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CHAPTER 1

INTRODUCTION

M.S. Blok

This is an exciting time to be a quantum physicist since we are in the midst of what has
been called ‘the second quantum revolution’. In the beginning of the 20" century, the
first quantum revolution introduced a new way to describe our world at the smallest scale
with very counter-intuitive consequences. Quantum mechanics predicts that elementary
particles such as electrons and photons behave like waves that can be in two places at the
same time (superposition) and cannot be observed without being perturbed (collapse of
the wavefunction). Many physicists found these concepts hard to grasp since they contra-
dict our everyday observations and Erwin Schrédinger tried to solve this paradox by stating:

“We never experiment with just one electron or atom or (small) molecule. In thought-experiments
we sometimes assume that we do; this invariably entails ridiculous consequences ... we are not
experimenting with single particles, any more than we can raise Ichtyosauria in the zoo.”

1.1 The Second Quantum Revolution

Since its development numerous experiments have verified the surprising features of quantum
mechanics in a variety of systems such as single photons, trapped atoms and ions, supercon-
ducting circuits and single spins in semiconductors or color centers. With the increasing
experimental control over quantum systems, efforts are shifting from testing quantum
mechanics towards using it in new technologies: The second quantum revolution.

Perhaps the most well-known example of quantum technology is the quantum com-
puter®® which performs calculations with hardware based on two-level quantum systems
called quantum bits or qubits. Like the bits in a classical computer these quantum bits
are encoding a logical state labeled 0 or 1, but unlike classical bits, qubits can also be in a
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superposition state: representing 0 and 1 at the same time. As a result the degrees of freedom
that can be represented simultaneously for a system of N qubits grows exponentially as 2.
Richard Feynman realized that this property could be used to simulate complex systems in
nature” that are incomputable even with the fastest modern computers. Roughly a decade
later the first quantum algorithms were introduced, predicting an exponential speed-up in
factorizing large numbers® and a quadratic speed-up for searching unsorted data”.

Another exciting idea is to connect remote locations via entangled quantum states to built
a quantum network®. This could facilitate the scaling up of small quantum processors
to a larger quantum computer. Furthermore it will enable secure communication since the
encryption of information sent over the quantum internet can be guaranteed by the laws of
quantum mechanics®.

Quantum systems can also be employed for precision measurements. Quantum sensors
based on single spins for instance can measure magnetic fields at the nanoscale’, while
atomic clocks allow for accurate frequency measurements™t,

The development of quantum technology is still in an early stage and most of the proof-
of-principle experiments to date involve only passive control. However, small perturbations
to quantum states can be detrimental and therefore many future applications will require
active stabilization of the system"#1%. The focus of this thesis is to develop robust quantum
measurements and active feedback protocols for quantum information and sensing. At the
same time these new techniques are used for further testing of quantum mechanics, because
even in the second quantum revolution the field of foundations of quantum mechanics is
still very active and questions about the reality of the wavefunction* or the measurement
problem still remain unanswered>.

1.2 Diamonds are for quantum

Atomic defects in diamond have recently emerged as promising building blocks for future
quantum technologies since they display atomic-like properties such as stable optical trans-
itions and long-lived spin states in a solid-state environment*®*Z, While many color centers
exist in the diamond lattice the Nitrogen-Vacancy (NV) center, consisting of a substitutional
Nitrogen atom and a missing atom at an adjacent site, is currently the most advanced in
terms of quantum control.

A remarkable property of the NV center is that even at room-temperature its effective
electron spin displays long coherence times'®"?) and can be initialized and read out via
optical excitation®??, Owing to the coupling to nearby nuclear spins the NV center forms a
natural multi-qubit spin register®"? that has been used for demonstrations of elementary
quantum algorithms*® and error correction®? as well as fundamental tests of quantum
mechanics®4,

The electron spin compatibility with room-temperature control and the robustness of the
diamond host lattice also make NV centers excellent quantum sensors®?. They can detect
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a wide variety of physical parameters such as temperature®®®”, strain“® and electric and

magnetic fields'%*. Because the electron wavefunction is localized to the atomic defect they
can reach very high spatial resolution and NV centers in nanocrystals can even be inserted
in living cells“’.

At temperatures below 10 K the Zero Phonon Line (ZPL) exhibits spin-selective optical
transitions that enable single-shot readout and high-fidelity initialization of the electron
spin“!' and the generation of spin-photon entanglement*2. This optical interface is a crucial
prerequisite for making quantum networks based on NV centers.

The NV center is a hybrid quantum system with its long-lived nuclear spins that allow for
storing quantum states, its electron spin for single shot readout and coupling to photons
that can be used as ‘flying qubits’. These properties make it an excellent system to study
quantum measurement and feedback protocols as presented in this thesis.

1.3 Thesis overview

Chapter 2 of this thesis provides a detailed description of the NV center as well as the
experimental methods used in this thesis (all at low temperature).

In chapter 3 a quantum non-demolition measurement of the electron spin and a variable-
strength measurement of the nitrogen spin are discussed. This allows a study of the funda-
mental trade-off between information and disturbance associated with quantum measure-
ments and to manipulate a quantum state using only the backaction of adaptive measurements
via a digital feedback protocol.

An analog feedback protocol based on bayesian estimation for magnetometry with the
electron spin is demonstrated in chapter 4. These results show that adaptive estimation
techniques can improve the performance of quantum sensors.

Chapter 5 presents two experiments where two electron spins in different diamonds,
separated by 3 meters are entangled using an heralded protocol. This protocol is then used to
demonstrate the unconditional teleportation of a nuclear spin in one diamond to the electron
spin of the other. This first demonstration of unconditional teleportation establishes the NV
center as a prime candidate for building quantum networks.

In chapter 6 and chapter 7 a theoretical model and initial experimental results to analyze
the ability of weakly coupled '*C-spins to serve as quantum memory for a local node in a
quantum network are presented.
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CHAPTER 2

EXPERIMENTAL CONTROL AND THEORY OF
THE NV CENTER

M.S. Blok

The Nitrogen-Vacancy (NV) center in diamond has recently emerged as an excellent
system to demonstrate quantum control of single spins. In this chapter we discuss its physical
properties and the experimental techniques that form the basis of the results presented in
chapters We first introduce the basic electronic structure and the detection of single NV
centers in a confocal microscope setup (section|2.1). In section[2.2] we discuss the devices that
enable optical initialization and single shot readout of the electron spin at low temperature
(section[2.3). The coherent control and characterization of the coherence times of the electron
spin are presented in section[2.4] Finally we show how the coupling of the central spin to
nearby nuclear spins allows us to extend our quantum register to multiple qubits.
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conduction band ‘

valence band

Figure 2.1 | Crystal and electronic structure of the NV center Figure from BernienlL.
(a) The Nitrogen-Vacancy center defect is formed by a substitutional nitrogen atom (N)
and a missing atom (vacancy, V) at an adjacant position in the diamond lattice. (b) The
electron occupation of the molecular orbitals in the electronic ground state, following Pauli’s
exclusion principle. The molecular orbitals are a linear combination of hybridised sp®-
orbitals. They are found by using the Cs,-symmetry of the NV center, taking into account
the Coulomb interaction of the diamond nuclei and the lattice electrons with the electrons
in the orbitals.

2.1 The NV center in diamond

The nitrogen vacancy center is a defect in the diamond lattice consisting of a substitutional
nitrogen atom and a vacancy at an adjacent lattice position (Fig. [2.1). In its neutral charge
state (NV?) it hosts 5 electrons: 2 donor electrons from the nitrogen and 3 from the dangling
bonds of the adjacent carbon atoms. Its negative charge state NV~ is formed by capturing
an electron from the environment. The experiments in this thesis are all performed on NV~
which can be prepared experimentally as discussed in section[2.3]

In the electronic ground state, the 6 electrons occupy the molecular orbitals as shown
in Fig. . Excluding electron-electron interactions, the electronic ground (2a%e) and
excited (1a’e) state are spin degenerate. This degeneracy is lifted by the Coulomb interaction
between the electrons which leads to spin triplet (S = 1) ground and excited states (3 A
and ®F respectively) as well as multiple intermediate spin singlet levels. The A5 to *F
transition energy of 1.945 €V lies in the optical regime (637 nm), well within the bandgap
of diamond (5.5 eV). Since all experimental techniques in this thesis aim to control the NV
center in the spin triplet manifold, we will not discuss the singlet levels in further detail. For
a more detailed discussion of the electronic structure of the NV-center we refer to a recent
review of Doherty et al2.
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Figure 2.2 | Detection of single NV centers Figure from Bernien. (a) Confocal micro-
scope setup. The NV centers are excited by focussing a green (532 nm) excitation laser onto
the sample using a microscope objective (MO). The sample is mounted on a piezo-stage
allowing three-dimensional scans. The emission is spectrally filtered using a dicroic mirror
(DM) and via a mechanically switchable mirror (FM) sent either to a spectrometer or to a
beamsplitter (BS) followed by two APDs in a HBT-configuration. (b) Confocal scan of a bulk
diamond sample. The intensity is plotted as a function of the stage position in x and y. Blue
is higher intensity. (c) Emission spectrum of a single NV center with the zero phonon line at
637 nm and the phonon sideband at higher wavelengths. (d) Second-order autocorrelation
function, with 7 the delay between detection events of different detectors. The solid-line is
a fit using a three-level model, including dark counts. The slow decay is associated with the
decay from the singlet levels.
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Figure 2.3 | Typical device Figure from Bernienll. (a) Electron microscope image of a
device. Below the SIL a gold strip line is fabricated for magnetic resonance pulses (RF and
MW). A DC voltage is applied to the gold gates on the top. (b) Confocal scan of the SIL with
excitation in green and detection in the PSB. The emission of the NV center is visible in the
middle.

We identify NV centers in bulk diamond at room-temperature in a home-build confocal
microscope setup (Fig. [2.2h). By scanning the sample and collecting the fluorescence signal
with a single photodiode (APD) we find multiple diffraction limited spots, corresponding to
NV centers (Fig. [2.2p). Here we off-resonantly excite the NV center to a phonon level above
the 3 F level, which quickly decays non-radiatively to * E. The reflections of the excitation
are separated from the fluorescence with a dicroic mirror. The emission spectrum from 3 E is
show in Fig. [2.2k. It shows a distinct peak around 637 nm, corresponding to the direct decay
from 3 E to ® A5 (zero phonon line, ZPL) and a broad sideband corresponding to the decay
to a phonon level above 3 A, (phonon side band, PSB). To verify that the signal originates
from a single emitter, we measure the second-order autocorrelation function g2(7) in a
Hanbury-Brown-Twiss configuration (Fig. [2.2[d). The low probability of simultaneous photon
detection (¢?(7 = 0) < 1/2) confirms that the signal comes from a single emitter.

2.2 Single NV center device

To enhance the collection and excitation efficiency of the NV center, a solid-immersion lens
(SIL) is milled in the diamond using a focused ion beam (FIB)13% (Fig. ). For an NV
center in the middle of the SIL, the hemisphere ensures that the emission from the NV center
reaches the diamond-air surface at normal incidence. This significantly reduces the loss due
to total-internal reflection. For precise placement of the SIL, a pre-characterized NV center
is located with respect to 1x1 pum gold markers that are fabricated on the surface of the
diamond using electron beam lithography. The hemisphere structure is then created using a
gallium ion beam by milling concentric rings of varying diameter around the position of the
NV center. After milling the SILs, the sample is cleaned for 30 minutes in a boiling mixture of
equal parts of perchloric, sulforic and nitric acid. This step removes the redeposited material
during milling. A small conductive layer of gallium atoms that is implanted during the FIB
process is removed by reactive-ion etching in an oxygen-plasma.

10
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A 200 nm thick gold microwave strip line for spin manipulation (Fig. [2.8|and[2.10) and DC
gates to DC stark shift the ZPL (see chapter[5) are fabricated near the SIL using electron beam
lithography. Finally a single-layer anti-reflection coating® (aluminium oxide) is fabricated
on top of the sample to further increase the collection efficiency and reduce the reflection
during resonant excitation (see chapter [5).

2.3 Addressing the electron excited state

The spin-orbit and spin-spin interactions introduce a fine splitting to the 3 E excited state
which can be observed at cryogenic temperatures. The six resulting transitions have a distinct
spin character (Fig. [2.4h) and allow for spin-selective optical excitation of the electron. The
transitions to the m, = 0 states (&, and F,) can occur upon absorption or emission of a
linearly polarized photon, while the four ms = +1 transitions couple to circularly polarized
light. The transition frequencies shift when an electric field or strain is applied. For an
electric field along the N-V axis this results in an offset to the spectrum, not changing the
energy level spacing. A perpendicular electric field affects the difference between the energy
levels. As a result, the spectrum of the excited state slightly varies between NV centers due
to local differences in strain and electric field. In Fig. we show measurements of the
spectra of three different NV centers, normalized to have the same parallel strain. The lateral
strain is determined from the difference between the transition energies of £, and E,. The
spectra show excellent agreement with the theoretical prediction (dashed lines). The strain
typically differs a few tens of GHz between NV centers measured in this thesis.

To address the spin-selective optical transitions in an experiment, we first verify that the
NV center is in the NV~ state and that the lasers are resonant with the desired transitions
before each experimental run. During this charge-resonance (CR) check, we simultaneously
apply two red lasers and monitor the fluorescence (Fig. [2.5p). The lasers can only excite the
electron spin for the NV center in NV~ and the number of detected photons is highest when
one red lasers is resonant with a mg = 0 transition and the other with a m, = %1 transition.
We therefore compare the signal to a threshold and only continue with the experimental
sequence when the threshold is passed (Fig. [2.5b). When the number of detected photons is
below the threshold we apply a green (523 nm) laser, perform another CR check and repeat
until success. The green laser can repump the center to NV~ by exciting trapped charges in
the environment, but also induces spectral diffusion of the optical transitions since the local
electric field is affected by the charge configuration in the environment. As an alternative to
the green laser, a yellow laser (A ~ 575 nm) can be used to resonantly excite the NV zero
phonon line”.

The electron spin is initialized by selectively exciting a single transition®: E, or E, to
prepare ms; = +1 or A1/ A3/E’ to prepare m; = 0. The slight spin mixing of the excited
states provides an optical pumping mechanism to prepare the opposite spin state (Fig. [2.6p).
The fluorescence observed during initialization (Fig. [2.6b) exponentially decreases with the
probability that the spin has flipped to a dark state that can not be excited by the pumping

11
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Figure 2.4 | Spectrum of the excited state (a) Energy level diagram of the fine structure of
the excited states. There are two levels with spin ms; = 0 (E,E,) and four ms = %1 levels
(A1,A2,E1 and Es). At finite strain the degeneracies between I,,F), and E,F5 are lifted.
(b) The energy spectra of three different NV centers is measured by varying the frequency
of the excitation laser and detecting the fluorescence in the PSB. The observed transitions
from the ground state to £ (blue), £ (red), E,, (green), E, (purple), A; (orange) and A,
(brown) are color coded and agree well with the theoretical prediction (colored dashed lines).
For each scan the transition energies AE, and AE, are determined to calculate the lateral

AE,—AE, AB,+AFE, . ini
(=*5—*) and parallel (=5—=—=) strain. The parallel strain is then substracted for each
scan. Laser frequency is with respect to 470.4 THz.

a < b Threshold
v | | 0.08 .
Verify Repump
Green 2 |
Red (A/E) | | L Experiment § 0.04 | | .
o
Red (E/E) | [~ & I
APD ) I
i .
o 1
cnts <thﬂ >thr 0 0 10 20 30 40 50
% Photon number

Figure 2.5 | Verifying the charge state and laser resonances. (a) Schematic of the
experimental sequence to verify the charge state of the NV center and the laser resonances.
The process is controlled by an ADwin microprocessor which turns on the two red lasers
and compares the number of photons detected by the avalanche photodiode (APD) to a
predetermined threshold (verify stage). When the number of detected photons is below the
threshold a green laser is applied to prepare the NV~ state (repump stage), otherwise the
experimental sequence is initiated. (b) Photon number distribution during the verification
stage, conditioned on the previous CR check being successful.
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2.4. Ground state spin control
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Figure 2.6 | Initialization by spin pumping. Figure from Bernienll. (a) Energy levels
used to initialize (and readout) the electron spin. We excite transitions with a well-defined
spin character of either ms; = 0 (bright arrows) or ms = +1 (dark arrows), resulting in
spin-conserving optical cycling (indicated by bended solid arrows). Dashed arrows indicate
the spin non-conserving decay paths. (b) Observed fluorescence when exciting E, (A1)
with the spin initially prepared in my = £1 (ms = 0). The signal is fitted to a single
exponential with an offset to account for dark counts. From the fit we find a lower limit for
the initialization fidelities: (99.7 £ 0.1)% for m, = 0 and (99.2 + 0.1)% for my = £1.

laser. The signal is fitted to an exponential decay to extract a lower bound for the preparation
fidelity. To ensure that a pure state is prepared (as opposed to a mixture of m, = £1) the
electron spin is typically initialized in m, = 0. For this state we find a lower bound of

(99.7 +0.1)%.

The observed fluorescence upon selective excitation provides a means to detect the elec-
tron spin state in a single shot®. To characterize the readout we plot the distribution of
photons detected in the PSB collected during a 10 us laser pulse exciting E, (Fig. [2.7p). The
distributions are clearly separated depending on the initial spin state, allowing us to assign
ms = 0 to the cases where one or more photons are detected and m,; = £1 otherwise. The
combined readout and initialization fidelity for m; = £1 (F} = 0.989 + 0.001) is reduced
by detector dark counts and off-resonant excitation, while for my; = 0 (F; = 0.956 £ 0.003)
the error is governed by the instances where the spin is flipped before a photon is detected.
This can be seen in Fig. where the readout fidelities are plotted as a function of readout
duration. The fidelity for m, = 0 initially increases with readout time and then saturates
indicating that the spin has flipped with high probability. The optimal mean readout fidelity
(Fro = % = 0.973 + 0.002) is reached after 10us.

2.4 Ground state spin control

In the orbital ground state, the m, = 0 and ms = £1 states are separated by the zero-field
splitting D ~ 2.88 GHz, while an external magnetic field lifts the degeneracy between
ms = +1 and —1 via the zeeman splitting. The Hamiltonian is given by

13
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Figure 2.7 | Single shot readout. (a) Histograms of the number of detected photons in
the PSB for initial state ms; = 0 (blue) and ms = £1 (red) during a 10 us readout on F,.
(b) Fidelities for reading out the electron spin state initially prepared in mys = 0 (blue) and
ms = £1 (red) as a function of readout duration. The mean readout fidelity is plotted in
grey. The inset is a zoom of the region where the optimal mean readout fidelity is reached.

Hgse=DS?+~.B-S (2.1)

with S = [S5;,5,,S;], S; the spin matrices for a spin-1 system and 7. = 2.8 MHz/G
the gyromagnetic ratio of the electron spin. We define our qubit in the ms = 0 (|0)) and
ms = —1(|1)) states (alternatively the ms; = +1 state can be used to encode |1)). The
electron spin is manipulated with electron spin resonance techniques by sending an AC
current through the stripline generating an oscillating magnetic field at the location of the
NV center. At the resonance condition the frequency of the control field matches the energy
difference between the |0) and |1) states resulting in coherent Rabi oscillations between
those levels as shown in Fig. Arbitrary qubit rotations are implemented by calibrating
the amplitude (which sets the rabi frequency) and length of the microwave (MW) control
pulses.

2.5 Electron spin coherence times

The NV center has a long-lived electron spin state. At low temperature 77 -relaxation times
(typical time of an eigenstate to be perturbed) were measured to be > 100 s in ensembles”.
The phase coherence times depend strongly on the microscopic environment of the NV
center. When the defect is located in bulk diamond (far away from any surface) the dominant
dephasing mechanism is the spin-bath of the diamond lattice itself. The devices studied in this
thesis are prepared from high-purity Ila CVD-grown diamond, where the spin bath consists
of 13C isotopes (natural abundance of 1.1 %). These spins create a fluctuating magnetic field
at the location of the NV center that can be described by a Gaussian probability distribution
with variance b2. This fluctuating field changes the energy level splitting of the electron
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Figure 2.8 | Electron spin manipulation and coherence. (a) Coherent qubit rotations
of the electron spin are performed by varying the length of a MW pulse. Solid line is a
sinusoidal fit from which we determine the Rabi frequency (7.67 4= 0.02) MHz. (b) Ramsey
measurements for two different NV centers where the wait time between two 7/2 pulses is
varied. From a fit to equation[2.2] we find T3 = (0.96 £ 0.03) and (3.09 & 0.05) ys for the
upper and lower panel respectively. The coupling to the nitrogen spin is A = (2.20 £0.01)
and (2.195 4 0.002) MHz. For the bottom panel two additional frequency components are
included in the fit to account for the strongly coupled >C. We find a coupling strength of
(384+3) kHz. All datapoints are corrected to account for imperfect readout and initialization.

spin via the Zeeman splitting leading to dephasing on a timescale 73 = 1/2/b. This effect is
measured in a Ramsey interferometry experiment where the accumulated phase during a
free evolution time (7) of a superposition state is monitored (Fig. [2.8p). The signal is fitted
with the function

1
P = Aexp(—(7/T5)*) > cos(2m(3f + kAT + ¢x), (2.2)

k=-1

where 0 f is a detuning of the rotating frame of the microwave pulses with respect to the
center frequency of the electron spin. The three frequencies arise from the coupling to
the host nitrogen spin which caries a spin I = 1. For the NV center in the bottom panel
two additional frequencies are included in the fit. They are associated with the coupling
to a single 13C spin (with spin I = 1/2), which is closer to the defect than the other spins
in the bath. In this case the coupling strength of the individual '*C spin to the electron
spin is strong (384 + 3) kHz compared to the dephasing rate 1/7 induced by the spin
bath and can therefore be individually resolved. From the gaussian decay of the fit we find
T3 = (0.96 £ 0.03) and (3.09 £ 0.05) us for the two NV centers. The coherence times can
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Figure 2.9 | Dynamical Decoupling of the electron spin. The coherence of the electron

spin as a function of the total free evolution time t g = 27N during an N-pulse dynamical
'FE

decoupling sequence™. The solid lines are a fit to the function Ae'™ Teon 105, For N = 64
we find T, = (14.3 +0.3) ms.

be extended by using isotopically purified samples as shown in chapter [4] of this thesis.

Alternatively the electron spin can be made insensitive to the static component of the
fluctuating spin bath by dynamical decoupling (DD) techniques’®'L. Here the spin is peri-
odically inverted by equally spaced 7 pulses as shown in Fig. For a spin echo (N = 1)
the single 7 pulse inverts the direction of the accumulated phase which leads to perfect
refocusing if the effective magnetic field is constant on a timescale of 27. By increasing the
number of refocusing pulses we demonstrate a coherence time (7,,) of (14.3 & 0.3) ms for
N = 64.

So far we presented the Ramsey and dynamical decoupling techniques as a means to
characterize the coherence times of the electron spin qubit. Alternatively, one can use the
observed decoherence to learn something about the microscopic environment of the NV
center. Because the NV center is an atomic defect it can sense DC (Ramsey interferometry)
and AC (dynamical decoupling) signals with very high spatial resolution. In chapter [4 we
present an experiment where real-time feedback techniques are implemented to improve
the performance of such a single-spin sensor in Ramsey interferometry. As an example, the
data in Fig. demonstrates the detection of single nuclear spins near the NV center.

2.6 Coupling to individual nuclear spins

Nuclear spins in the vicinity of the NV center can be used to define qubits, extending the
capabilities of the NV center to a multi-qubit spin register. In recent years full control of
both the host nitrogen spin?¢ and nearby !3C spins'7"22 has been demonstrated. Since the
gyromagnetic ratio of nuclear spins is typically three orders of magnitude smaller compared
to the electron spin, they are less sensitive to magnetic fluctuations and therefore exhibit
long coherence times®’, making them very suitable quantum memories.
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2.6. Coupling to individual nuclear spins

2.6.1 Host nitrogen spin

AIINV centers have an intrinsic nuclear spin associated with the nitrogen atom of the defect.
Here we will discuss the most common isotope, used in all experiments in this thesis, namely
1N (99.3% abundance) which carries a spin I = 1. The combined electron-nuclear spin
system is described by the following Hamiltonian:

Hen = Hgs,e — QIR + 8B -In — AyS.In, — AL(SoIN, + Syln,), (2.3)

with Iy, the nitrogen spin matrices, yn = 0.3077 kHz/G the gyromagnetic ratio of the
nitrogen spin, @ = 4.98 MHz the quadrupole splitting and the hyperfine parameters A =
2.19 MHz and A, =~ 2.1 MHz. The experiments reported in this thesis are performed at
magnetic fields where the separation between electron spin levels is large compared to
the energy scale of the flip-flop terms (S, Iy, and S, I, ). We therefore take the secular
approximation which neglect these terms such that the Hamiltonian becomes

Hen = Hgs,e — QI + 7B - In — A4S, 1. . (2.4)

For a magnetic field aligned along the z-axis of the defect, the quantization axis of the
nitrogen spin is aligned with the electron spin. The parallel component of the hyperfine
interaction introduces a splitting of the electron spin transitions that can be observed in
a pulsed ESR measurement (Fig. [2.10h). The three resonances correspond to the nuclear
spin eigenstates labeled m; = +1,0, —1. To encode a qubit we define the logical states as
|0) y : m; = —Lland |1) 5 : m; = 0 which can be manipulated with magnetic resonance
techniques analogous to the electron spin manipulation (Fig. [2.10p). The timescale of the
manipulation scales inversely with the gyromagnetic ratio, resulting in a rabi frequency of
(17.07 £ 0.01) kHz. The nitrogen spin state is initialized and read out by mapping it to the
electron spin and subsequently performing optical readout of the electron spin.

2.6.2 '3C spins

In addition to the nitrogen nuclear spin, each NV center is surrounded by a unique config-
uration of *C-spins (with spin Ic = 1/2) that randomly occupy sites in the spin-free >C
diamond lattice. Again taking the secular approximation, the combined Hamiltonian for a
single 13C-spin coupling to the NV center is given by:

Henec =Hen+7cB-Ic+ A cS.lo, + AL cS:c,, (2.5)

with I, the Pauli spin matrices for the carbon spin, yo = 1.0705 kHz/G the gyromagnetic
ratio of the carbon spin and the hyperfine parameters A ¢ and A ¢ that depend on the
distance between the carbon spin and the electron spin and on the angle with respect to the
quantization axis of the NV center. Carbon spins with high coupling strength compared
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Figure 2.10 | Manipulation of the nitrogen spin. (a) Pulsed electron spin resonance
measurement of the electron spin mgs = 0 to mgs = —1 transition. The three resonances
arise from the hyperfine interaction with the nitrogen spin. (b)) Coherent qubit rotations
of the nitrogen spin are performed by varying the length of an RF pulse. Solid line is a
sinusoidal fit from which we determine the Rabi frequency (17.07 £ 0.01) kHz.

to the dephasing time of the electron spin (A¢ > 1/T5) can be spectrally resolved via the
electron spin and allow for similar control techniques as used for the nitrogen spin 721 A
signature of a strongly coupled carbon spin can be seen in Fig. (bottom panel). Recently
it was shown that dynamical decoupling techniques can overcome the limitation set by the
electron spin decoherence to detect??2425 and control weakly coupled carbon spins. In
chapter|[6]and [7] we investigate the feasibility to use these weakly coupled carbon spins as
quantum memories that are robust against optical excitation of the electron spin.

2.7 Initialization by Quantum measurement

The nuclear spins (nitrogen or carbon) can be prepared via measurement-based initialization®.
According to Born’s rule a projective measurement associated with operator Aofa system
initially in a state [1)) collapses the system to one of the eigenstates |\; ) of A with probability
pi = | (\i|tbs) |2. When the system is initially in an unknown state described by the density
matrix pg the post-measurement density matrix, given measurement outcome J; is

1. .
PS|n; = ;PPSP (2.6)

with P = |\;) (\;], leaving the system in a pure state even if the initial density matrix is
mixed. For the nitrogen spin the qubit states are eigenstates of the operator I_. Thus to
initialize it we perform a measurement of this operator and continue with the experiment
when the measurement result corresponds to the desired state.
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Figure 2.11 | Measurement-based initialization of the nitrogen spin. Pulsed elec-
tron spin resonance for no initialization of the nitrogen spin (grey) and after performing
measurement-based initialization of the nitrogen spin in m; = —1 (red) and m; = 0 (blue).
The polarization of the nitrogen spin is inferred from the depth of the observed resonances.

We perform a measurement of I, of the nitrogen spin by implementing an indirect
von Neumann measurement using the electron spin (Fig. [2.11). In this scheme the system
(nitrogen spin) is first mapped onto a probe (electron spin) with an entangling operation. As
a result the information about the system is encoded in the probe which is then measured.
In our case the electron is initially prepared in ms = +1 and then flipped with a microwave
pulse that is conditional on an eigenstate of the nitrogen. When the subsequent electron
spin readout yields m, = 0, the nitrogen spin is projected to the corresponding eigenstate

as verified by electron spin resonance (Fig. [2.11).

For measurement-based protocols like initialization by measurement and quantum error
correction it is crucial that the measurement is quantum non-demolition (QND)28, meaning
that the final state of the system is exactly the eigenstate associated with the measurement
outcome such that two consecutive measurements of the same observable yield the same
result. In practice this is not always the case since a measurement could completely destroy
the system (as is the case for measuring a photon with an APD) or the measurement process
itself can introduce additional disturbance. An example is the optical readout of the electron
spin where a finite spin-flip probability in the excited state can leave the electron spin in
a dark state regardless of the measurement outcome. In chapter [3| we introduce a QND
measurement of the electron spin and use it to implement a partial measurement of the
nitrogen spin and study the measurement backaction. In chapter 5 of this thesis we use a
projective measurement to prepare two remote qubits in an entangled state.
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CHAPTER 3

MANIPULATING A QUBIT THROUGH THE
BACKACTION OF SEQUENTIAL PARTIAL
MEASUREMENTS
AND REAL-TIME FEEDBACK

M.S. Blok*, C. Bonato*, M.L. Markham, D.J. Twitchen, V.V. Dobrovitski and R. Hanson

®uantum measurements not only extract information from a system but also alter its
state. Although the outcome of the measurement is probabilistic, the backaction imparted
on the measured system is accurately described by quantum theory ", Therefore, quantum
measurements can be exploited for manipulating quantum systems without the need for
control fields*?. We demonstrate measurement-only state manipulation on a nuclear spin
qubit in diamond by adaptive partial measurements. We implement the partial measurement
via tunable correlation with an electron ancilla qubit and subsequent ancilla readout®”. We
vary the measurement strength to observe controlled wavefunction collapse and find post-
selected quantum weak values®*%, By combining a novel quantum non-demolition readout
on the ancilla with real-time adaption of the measurement strength we realize steering of
the nuclear spin to a target state by measurements alone. Besides being of fundamental
interest, adaptive measurements can improve metrology applications*? and are key to
measurement-based quantum computing?%,

This chapter has been published in Nature Physics 10, 189-193 (2014).
* these authors contributed equally to this work
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3. Manipulating a qubit through the backaction of adaptive measurements

3.1 Introduction

Measurements play a unique role in quantum mechanics and in quantum information pro-
cessing. The backaction of a measurement can be used for state initialization’*¢, generation
of entanglement between non-interacting systems”*%, and for qubit error detection!
These measurement-based applications require either post-selection or real-time feedback,
as the outcome of a measurement is inherently probabilistic. Recent experiments achieved
quantum feedback control on a single quantum system??22"2 by performing coherent control
operations conditioned on a measurement outcome.

Here, we realize real-time adaptive measurements and exploit these in a proof-of-principle
demonstration of measurement-only quantum feedback. Our protocol makes use of par-
tial measurements that balance the information gain and the measurement backaction by
varying the measurement strength. We accurately control the measurement strength and
the corresponding backaction in a two-qubit system by tuning the amount of (quantum)
correlation between the system qubit and an ancilla qubit, followed by projective readout of
the ancilla®’. In general, the backaction of sequential partial measurements leads to a random
walk™ but by incorporating feedback, multiple measurements can direct the trajectory of a
qubit towards a desired state**. Real-time adaptive measurements are a key ingredient for
quantum protocols such as one-way quantum computing®"# and Heisenberg-limited phase
estimation4,

We implement the adaptive partial measurements in a nitrogen vacancy (NV) center in
synthetic diamond. We define the system qubit by the nuclear spin of the NV host nitrogen
(Ihy: ): mr=-1), and the ancilla qubit by the NV electron spin (|0): )
mg=-1) (Fig.3.1p). The ancilla is initialized and read out in a single shot with high fidelity
using spin-selective optical transitions"®. We perform single-qubit operations on the ancilla
by applying microwave frequency pulses to an on-chip stripline.

3.2 Variable-strength measurement

We realize the variable-strength measurement by correlating the system qubit with the
ancilla through a controlled-phase-type gate (Fig.3.1b) that exploits the hyperfine interaction,
which (neglecting small off- dlagonal terms) has the form Hj, F= AS.I. (with A = 27 x
2.18440.002 MHz and S., I, the three-level Pauli z- operators for the electron, nuclear spin
respectively). During free evolution, the ancilla qubit precession is conditional on the state
of the system qubit. We choose the rotating frame such that the ancilla rotates clockwise
(anti-clockwise) around the z-axis if the system qubit is in [1) (|{}) and vary the interaction
time 7. For 7 = 0, there is no correlation between the ancilla and the system, whereas for
7> corresponding to the rotation angle § = 90°, the two are maximally correlated. A
subsequent rotation and projective readout of the ancilla then implements a measurement of
the system qubit, with a measurement strength that can be accurately tuned by controlling
the interaction time 7. A mathematical derivation can be found in Appendix[A]

T =
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3.2. Variable-strength measurement
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Figure 3.1 | Partial measurement of a spin qubit in diamond. (a) The NV center is a
natural two-qubit system where the system qubit is defined by the * N nuclear spin and
the ancilla qubit is defined by the electron spin. A solid-immersion-lens is deterministically
fabricated on top of the selected NV center to increase the photon collection efficiency.
Control fields for single qubit rotations are generated by applying a current to the gold
stripline (yellow). (b) A tunable strength measurement is implemented by a Ramsey-type gate
on the ancilla. We plot the probability to measure the state |0) for the ancilla, as a function
of interaction time 7, for two system input states |}) (red) and |1) (blue). The Bloch-spheres
show the state of the system (purple) and ancilla (orange) after the entangling-gate for the
different input states (red and blue vectors). The colour bar represents the measurement
strength, proportional to sin #, where § = %. Blue corresponds to a projective measurement

and white to no measurement. Solid lines are a fit to the function yg —|—e_(TL‘z*)2 cos (AT +9).
From the phase offset § we find the weakest measurement we can perform, corresponding
to § = 5°. This is limited by free evolution of the ancilla during the pulses (see Appendix[A).
Error bars depict 68 % confidence intervals. Sample size is 500 for each data point.

25



3. Manipulating a qubit through the backaction of adaptive measurements

We investigate the measurement-induced backaction by preparing an initial state of the
system (|1) , |=) and |y)) and performing a partial measurement with strength 6, followed by
state tomography (Fig.[3.2h). First, we neglect the outcome of the partial measurement, which
is mathematically equivalent to taking the trace over the state of the ancilla qubit. In this
case the backaction is equivalent to pure dephasing as can be seen by a measured reduction
of the length of the Bloch vector (Fig.[3.2b). Next, we condition the tomography on the
ancilla measurement yielding state |0) (Fig.). We observe that for a weak measurement
(0 = 5°), the system is almost unaffected, whereas for increasing measurement strength it
receives a stronger kick towards |1) (Fig.[3.2k). Crucially, we find that the length of the Bloch
vector is preserved in this process, as expected for an initially pure state. This shows that
the partial collapse is equivalent to a qubit rotation that is conditional on the measurement
strength and outcome and on the initial state. By performing quantum process tomography,
we find that both measurement processes agree well with the theoretical prediction (the
process fidelities are 0.986 £ 0.004 and 0.94 =+ 0.01 for the unconditional and conditional
process, respectively; see Appendix [A).

3.3 Generalized weak value

By combining a partial measurement with post-selection on the outcome of a subsequent
projective measurement, we can measure the generalized weak value ;(I.) (conditioned
average of contextual values®, see Appendix@ of the nuclear spin in the z-basis. In the
limit of zero measurement strength (§ = 0°), this quantity approximates the weak value®
W = % , where 9, (1) is the initial (final) state of the nucleus and from here we

define I, as the Pauli z-operator reduced to a two-level system with eigenvalues +1 and —1.
By post-selecting only on the final states having small overlap with the initial state, ;(I,)
can be greatly amplified to values that lie outside the range of eigenvalues of the measured
observable. As shown in Fig.[3.3] by sweeping the angle between the initial and final states we
observe up to tenfold amplification (¢([.) = 10 % 3) compared to the maximum eigenvalue
of I, (+1). This amplification is the highest reported for a solid-state system to date”. As
predicted“®, we observe that values of ¢(I,) lying outside of the range of eigenvalues of I,
can be found for any finite measurement strength.

3.4 QND-measurement of the ancilla qubit

Using the partial measurements for measurement-based feedback requires reading out the
ancilla without perturbing the system qubit. In our experiment the system qubit can dephase
during ancilla readout both through a spin-flip of the electron in the course of optical
excitation (Fig.[3.4p) and as a result of the difference in the effective nuclear g-factor in
the electronic ground- and optically excited state“”. Note that for the characterization of
a single partial measurement (Fig.[3.2) we circumvent this dephasing by interchanging the
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3.4. QOND-measurement of the ancilla qubit
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Figure 3.2 | Measurement backaction for variable-strength measurement. (a) We
prepare an initial state of the system (|1), |z) and |y)), perform a partial measurement with
strength 6, and characterize the measurement backaction on the system by quantum state
tomography. Quantum state tomography is implemented by an ancilla-assisted projective
measurement, performed with the same protocol, setting 7 = 229 ns for = 90°. The
nuclear spin basis rotation is performed with a 5 radio-frequency pulse (along either =
or y). The basis rotation pulse for the tomography is applied before the readout of the
ancilla, to avoid the dephasing induced by the state-characterization measurement (see
main text). The data is corrected for errors in the readout and initialization of the system
qubit, both of which are obtained from independent measurements (see Appendix[A). (b,c)
Measurement backaction for a partial measurement of increasing strength, independent of
the measurement result for the ancilla qubit (b), or conditioned on the ancilla in |0) (c).
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Figure 3.3 | Generalized quantum weak value. Measurement of a generalized weak
value for the nuclear-spin qubit, performed by a partial measurement of strength 6, followed
by a strong measurement and post-selection of the state |]), as a function of the basis
rotation angle ¢ of the strong measurement (Fig.[B-2h). Solid lines are simulations using
independently determined parameters. The asymmetry in the curve can be explained by
asymmetric nuclear spin flips arising during ancilla initialisation by optical excitation of the
forbidden transition of L. Inset: the generalized weak values as a function of the strength
0 of the partial measurement, setting the basis rotation angle of the strong measurement to
the optimal value ¢ = 7 — 6. All error bars depict 68 % confidence intervals. The sample
size varies per data point because each data point has different post-selection criterion.

measurement basis rotation and the ancilla readout; this interchange is not possible for
real-time adaptive measurements.

To mitigate the nuclear dephasing during ancilla readout we reduce the ancilla spin-flip
probability using a dynamical-stop readout technique. We partition the optical excitation time
in short (1 ps) intervals and we stop the excitation laser as soon as a photon is detected, or after
a predetermined maximum readout time when no photon is detected (Fig.[3.4p). This reduces
redundant excitations without compromising the readout fidelity. In Fig.[3.4p we show the
correspondence between pre- and post-measurement states for the two eigenstates of the
ancilla. For the state |0) the dynamical-stop readout increases the fidelity (¥ = (v;|pm |9:).
where p,, is the density matrix of the system after the ancilla readout) from 0.18 + 0.02 to
0.86 £ 0.02. The latter fidelity is solely limited by the cases where the spin flipped before
a photon was detected: we find F' = 1.00 £ 0.02 for the cases in which a photon was
detected. As expected, the fidelity is high (F' = 0.996 £ 0.006) for input state |1) as this
state is unaffected by the excitation laser. The dynamical-stop technique thus implements a
quantum non-demolition (QND) measurement of the ancilla electron spin with an average
fidelity of 0.93 + 0.01 for the post-measurement state.
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Figure 3.4 | Quantum non-demolition measurement of the ancilla qubit (a) The an-
cilla is initialized in |0) (|1)) by optically pumping the A (E,) transition. The ancilla is
then read out by exciting the I, transition for 100 ;s (conventional readout), or until a
photon was detected (dynamical-stop readout). Finally, we verify the post-measurement
state with a conventional readout. (b) Fidelity of the post-measurement state of the ancilla
for conventional readout (left graph) and dynamical-stop readout (right graph). Results
are corrected for the infidelity in the final readout. All error bars depict 68 % confidence
intervals. Sample size per datapoint is 5000.

The dynamical-stop readout of the ancilla significantly reduces the dephasing of the
nuclear spin qubit during measurement as shown in Fig.[3.5] Starting with the nuclear
spin in state |z) = %, a conventional readout of the ancilla completely dephases the
nuclear spin, leading to a state fidelity with respect to |z) of 0.5. In contrast, the fidelity of
the dynamical-stop readout saturates to 0.615 & 0.002 (probably limited by changes in the
effective g-factor of the nuclear spin). The dynamical-stop readout thus leaves the system in
a coherent post-measurement state that can be used in a real-time feedback protocol.

3.5 Control by adaptive measurements
Preserving coherence of the post-measurement state enables a proof-of-principle realiza-

tion of measurement-only control, by implementing sequential measurements and tun-
ing the strength of the second measurement in real time conditioned on the outcome

29



3. Manipulating a qubit through the backaction of adaptive measurements

tomography

system [X> L UG) e—

0.75

1

ancilla |0>—- [0> —c

1 1 1 1 :{ conventional
0 25 50 75 100 '} dynamical-stop
ancilla read-out time (us)

fidelity

0.5 fé

+

Figure 3.5 | System qubit coherence during ancilla readout. Coherence of the system
qubit state after ancilla readout. For the dynamical-stop protocol we define the ancilla
readout time as the predetermined maximum readout time. The graph shows the fidelity of
the system with respect to |z) for conventional readout (red) and dynamical-stop readout
(blue). The z-component of the system is unaffected as shown by the constant fidelity
with respect to [1) (grey). All error bars depict 68 % confidence intervals. Sample size per
datapoint is 2000.

of the first measurement (Fig. .) We choose as our target the creation of the state

|¢) = cos (§ ) [4) +cos (§ — —) [1) from initial state |x) using only partial measure-
ments of . The ﬁrst measurement with strength 6; will prepare either the desired state,
or the state [turong) = cos (T — L) []) + cos (£ + &) |1) , each with probability 0.5. We

adapt the strength of the second measurement 92 according to the outcome of the first
measurement: we set §o = 0 if the first measurement directly yielded the target state, but if
the wrong outcome was obtained we set the measurement strength to

(3.1)

0y = sin ~* [2 sin by }

1+ sin26; |’

such that the second measurement will probabilistically rotate the qubit to the target
state (see Appendix [A). The total success probability of this two-step protocol is psye =

( + cos 01) and a successful event is heralded by the outcome of the ancilla readout. In
prlnc1ple the protocol can be made fully deterministic? by incorporating a reset in the form
of a projective measurement along the x-axis.

To find the improvement achieved by the feedback, we first compare the success probability
of our adaptive measurement protocol to the success probability for a single measurement
(Fig.[3-6p right panel). The success probability clearly increases with the adaptive protocol
and is proportional to the readout fidelity of the |0) state of the ancilla, which is maximum
for readout times > 25 us. The fidelity of the final state (Fig. left panel) is limited by the
remaining dephasing of the system during readout of the ancilla as shown in Fig.[3.5 This
constitutes the trade-off between success probability and state fidelity.
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3.6. Methods

We show that the increase in success probability is enabled by feedback by comparing the
final state fidelity with and without feedback (Fig.[3.6p left panel). In principle the success
probability can be increased in the absence of feedback by accepting a certain number of
false measurement outcomes at the cost of a reduced fidelity. We calculate the maximum
fidelity that can be achieved in this way by performing only the first measurement and
increasing the success probability to that of the adaptive protocol using post-selection (grey
line in Fig.[3.6p, left panel). We find that the measured state fidelity in the adaptive protocol
is above this bound (Fig.[3.6p, green area), which indicates that the adaptive measurement
indeed successfully corrects the kickback from the first measurement, thus yielding a clear
advantage over open-loop protocols.

We note that, in contrast to pioneering adaptive measurement experiments on photons
that only used experimental runs in which a photon was detected at each measurement
stage™, our protocol is fully deterministic in the sense that the partial measurement always
yields an answer. In particular, the data in Fig.[3.6 includes all experimental runs and thus
no post-selection is performed, as desired for future applications in metrology and quantum
computing.

The performance of the protocol can be further improved by increasing the ancilla readout
fidelity (either by improving the collection efficiency or reducing spin-flip probability) and
by further reducing the dephasing of the system during readout. A particularly promising
route is to use nuclear spins farther away from the NV center (for example carbon-13 spins)
that have much smaller hyperfine couplingsY and are more robust against changes in the
orbital state of the electron spin.

Our work is the first experimental exploration of a fundamental concept of control-free
control**®!  Furthermore, the use of adaptive measurements as presented here can increase
the performance of spin-based magnetometers"!12, Finally, our results can be combined with
recently demonstrated methods for generating entanglement between separate nitrogen
vacancy centre spins®4%J, Taken together, these techniques form the core capability required
for one-way quantum computing, where quantum algorithms are executed by sequential
adaptive measurements on a large entangled "cluster’ state2"4.

3.6 Methods

We use a naturally-occurring nitrogen-vacancy center in high-purity type Ila CVD diamond,
with a <111>-crystal orientation obtained by cleaving and polishing a <100>-substrate.
Experiments are performed in a bath cryostat, at the temperature of 4.2 K, with an applied
magnetic field of 17 G. Working at low-temperature, we can perform efficient electron spin
initialization (F = 0.983 4 0.006) and single-shot readout (the fidelity is 0.853 & 0.005 for mg =
0 and 0.986 + 0.002 for mg = —1) by spin-resolved optical excitation’®. Initialization of the
nuclear spin is done by measurement®, with fidelity 0.95 + 0.02. Single-qubit operations can
be performed with high accuracy using microwave (for the electron) and radio-frequency
(for the nucleus) pulses applied to the gold stripline. Note that the single-qubit operations
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Figure 3.6 | Manipulation of a nuclear spin state by sequential partial adaptive
measurements with real-time feedback. (a) Adaptive measurement protocol. The an-
cilla qubit is initialized in |0) and the system qubit is prepared in |z). The strength of the
second measurement (62) is adjusted according to the outcome of the first measurement.
The system is analysed by state tomography at each intermediate step. The result of the
tomography is plotted on the bloch spheres (blue vector) and compared with the ideal case
(grey vector). (b) Fidelity of the output state with respect to the target state as a function
of ancilla readout time (dynamical-stop readout) with feedback (only the cases where the
protocol heralds success). The grey line is obtained by performing one measurement and
adding negative results to artificially increase the success probability to that of the adaptive
protocol (red line in right panel). In the right panel we show the probability that the protocol

ancilla measurement
outcome

system \

0>
11>
T T 1 T T
feedback %adaptive protocol
= 1 measurement
- .
5 05F - T
%) -
a -
no feedback
1 1 0 1 1 1
25 50 75 100 0 25 50 75 100

ancilla readout time (us) ancilla readout time (us)

heralds success for one measurement and for the adaptive protocol.
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3.6. Methods

on the nucleus are only used for state preparation and tomography, but not in the feedback
protocol. The dephasing time 75 is (7.8 & 0.2) ms for the nuclear spin and (1.35 £ 0.03) us
for the electron spin.

Further information about the implementation of partial measurements and the feedback
protocol is presented in Appendix [A]
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CHAPTER 4

OPTIMIZED QUANTUM SENSING WITH A
SINGLE ELECTRON SPIN USING REAL-TIME
ADAPTIVE MEASUREMENTS

C. Bonato*, M.S. Blok*, HT. Dinani, DW. Berry, M.L. Markham, D.J. Twitchen and
R. Hanson

®uantum sensors based on single solid-state spins promise a unique combination of
sensitivity and spatial resolution '72%. The key challenge in sensing is to achieve minimum
estimation uncertainty within a given time and with high dynamic range. Adaptive strategies
have been proposed to achieve optimal performance but their implementation in solid-state
systems has been hindered by the demanding experimental requirements. Here we realize
adaptive d.c. sensing by combining single-shot readout of an electron spin in diamond with
fast feedback. By adapting the spin readout basis in real time based on previous outcomes we
demonstrate a sensitivity in Ramsey interferometry surpassing the standard measurement
limit. Furthermore, we find by simulations and experiments that adaptive protocols offer
a distinctive advantage over the best-known non-adaptive protocols when overhead and
limited estimation time are taken into account. Using an optimized adaptive protocol we
achieve a magnetic field sensitivity of 6.1 = 1.7 nT Hz 2 over a wide range of 1.78 mT.
These results open up a new class of experiments for solid-state sensors in which real-time
knowledge of the measurement history is exploited to obtain optimal performance.

This chapter has been accepted for publication in Nature Nanotechnology doi:10.1038/nnano.2015.261 (2015).
* these authors contributed equally to this work
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4. Optimized quantum sensing using real-time adaptive measurements

4.1 Introduction

Quantum sensors have the potential to achieve unprecedented sensitivity by exploiting
control over individual quantum systems" . In a prominent example, sensors based on single
electron spins associated with Nitrogen-Vacancy (NV) centers in diamond capitalize on the
spin’s quantum coherence and the high spatial resolution resulting from the atomic-like
electronic wavefunction®®, Pioneering experiments have already demonstrated single-spin
sensing of magnetic fields®™, electric fields®, temperature®!? and strain'?. NV sensors
have the potential to have a revolutionary impact on biology"4*?, nanotechnology'® ¥ and
material science?%%.,

4.2 D.C. Magnetometry

A spin-based magnetometer can sense a d.c. magnetic field B through the Zeeman shift
E, = hyB = h2w fp (where 7 is the gyromagnetic ratio and fp the Larmor frequency)
between two spin levels |0) and |1). In a Ramsey interferometry experiment, a superposition
state %(|O> + 1)), prepared by a 7/2 pulse, will evolve to \%(\0) + €' [1)) over a sensing
time t. The phase ¢ = 27 fpt can be measured by reading out the spin in a suitable basis, by
adjusting the phase 9 of a second 7/2 pulse.

For a Ramsey experiment that is repeated with constant sensing time ¢ the uncertainty
0, decreases with the total sensing time T as 1/(2 7V/tT) (the standard measurement
sensitivity, SMS). However, the field range also decreases with t because the signal is periodic,
creating ambiguity whenever |27 fgt| > 7. This results in a dynamic range bounded as
fBmazl0py < m\/T/t. Recently, it was discovered! that the use of multiple sensing times
within an estimation sequence can yield a scaling of oy, proportional to 1/T, resulting in
a vastly improved dynamic range: fg maz/ 0ty < T/ Tiin, Where Ty is the shortest
sensing time used. A major open question is whether adaptive protocols, in which the
readout basis is optimized in real time based on previous outcomes, can outperform non-
adaptive protocols. Although examples of scaling beating the standard measurement limit
have been reported with non-adaptive protocols““?, feedback techniques have only recently
been demonstrated for solid-state quantum systems®% and adaptive sensing protocols
have so far remained out of reach.

Here we implement adaptive d.c. sensing with a single-electron spin magnetometer in
diamond by exploiting high-fidelity single-shot readout and fast feedback electronics (Fig.[4.1).
We demonstrate a sensitivity beyond the standard measurement limit over a large field range.
Furthermore, via experiments and simulations, we investigate the performance of different
adaptive protocols and compare these to the best known non-adaptive protocol. Although
the non-adaptive protocol improves on the standard measurement limit for sequences with
many detections we find that the adaptive protocols perform better when the overhead time
for initialization and readout is taken into account. In particular, the adaptive protocols
require shorter sequences to reach the same sensitivity, thus allowing for sensing of signals
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Figure 4.1 | Experiment concept and apparatus. The adaptive frequency estimation
protocol consists of a sequence of initialization, sensing, measurement operations. After
each measurement run, the outcome 1 is used to update the estimate of the frequency fp,
which is then used to optimize the sensing parameters for the following run. Experimentally,
the frequency estimation and adaptive calculation of the phase are performed in real-time
by a microprocessor.

that fluctuate on faster timescales.

Our magnetometer employs two spin levels of a single NV center electron in isotopically
purified diamond (0.01 % '3C). We make use of resonant spin-selective optical excitation,
at a temperature of 8 K, for high-fidelity initialization and single-shot readout’” (Fig.).
Microwave pulses, applied via an on-chip stripline, coherently control the electron spin state.
From Ramsey experiments, we measure a spin dephasing time of 75 = (96 & 2)us (Fig.).
To characterize the performance of different sensing protocols in a controlled setting, the
effect of the external field is implemented as an artificial frequency detuning, where the
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Figure 4.2 | Single shot readout and Ramsey. (a) The experiment is performed using the
states |0) = |my = 0),|1) = |ms = —1) of the electronic spin of a NV centre in diamond.
The electronic spin is readout by resonant optical excitation and photon counting?Z, where
detection of luminescence photons corresponds to detection of the |0) state. We plot the
probability of detecting a photon after initializing either in [0) or |1). The readout fidelities
for the states |0) (outcome 0) and |1) (outcome 1) are Fy = 0.88 £ 0.02, I} = 0.98 £+ 0.02,
respectively. (b) Each measurement run consists of a Ramsey experiment, in which the
phase accumulated over time by a spin superposition during free evolution is measured. The
measurement basis rotation is controlled by the phase ¥ of the final 7/2-pulse. From the
measured phase, we can extract the frequency fp, corresponding to an energy shift between
the levels |0) and |1) given by an external field (magnetic field, temperature, strain...). Here,
to test the performance of different protocols, we set fp as an artificial detuning, set by the
microprocessor by adding ¢ = 27 fpt to the phase 9.

control pulses are applied on resonance with the |0) to |1) transition and the detuning is
implemented by adjusting the relative rotation axis of the two pulses by adding ¢ = 27 fpt
to the phase ¥ of the final 7/2-pulse.

To achieve high sensitivity in a wide field range, an estimation sequence is used that
consists of N different sensing times21H23028 varying as 7, = oWN=n)r . (n=1.N). The
value of 7,,,;,, sets the range. Here, we take 7,,,;, = 20 ns, corresponding to a range |fp| < 25
MHz, equivalent to |B| < 0.89 mT for v = 27 x 28 MHz mT~1.

4.3 Adaptive frequency estimation protocol
The key idea of adaptive magnetometry is that for each Ramsey experiment the measurement

basis is chosen based on the previous measurement outcomes such that the uncertainty
in the frequency estimation is minimized (Fig.[4.1). After every Ramsey experiment, the
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outcome is used to update a frequency probability distribution P(fp) according to Bayes’
rule, taking measured values for detection fidelity and coherence time into account (see
methods). The current estimate of P(fp) is then used to calculate the phase 9 of the final
m/2-pulse which allows for best discrimination between different possible magnetic field
values in the next Ramsey experiment®, In our experiment, this process is realized by a
microprocessor, which receives the measurement outcome, performs the Bayesian estimate,
calculates the phase 1 and subsequently sends a digital signal to a field-programmable gate
array (FPGA) to adjust the phase of the final 7/2-pulse accordingly (Fig.[4.1).

To reduce the undesired effects of quantum projection noise and imperfect readout fidelity
we perform M,, Ramsey experiments®! for each sensing time 7,,, where M,, = G+ F(n—1).
For all protocols, extensive numerical simulations were performed to find the optimal values
for G and F (Appendix[B] Fig. -[B.6). For the short sensing times (large n), corresponding
to the measurements that make the largest distinction in frequency (where an error is
therefore most detrimental), we perform the most Ramsey experiments. We will compare
several protocols that differ in the strategy of adaptive phase choice. As a first example, we
consider a protocol where the phase ¥ is adjusted each time the sensing time is changed
(“limited-adaptive” protocol).

An example of the working principles of the limited-adaptive protocol is illustrated in
Fig.[4.3|for an estimation sequence comprising N = 3 sensing times and one measurement
per sensing time (G = 1, F = 0). We start with no information over fp, corresponding to a
uniform probability density P(f5) (solid black line). For the first Ramsey experiment, the
sensing time is set to 47,,;,. P(fp) is updated depending on the measurement outcome. For
example, the outcome 1 indicates maximum probability for the values fp = £6.25, £18.75
MHz, and minimum probability for fp = 0, £12.5, +25 MHz. This indeterminacy in the
estimation originates from the fact that, for this sensing time, the acquired phase spans the
range [-4m, 47], wrapping multiple times around the [-7, 7] interval. The sensing time is
then decreased to 27,,;,,. Given the current P(f5) for outcome 1 (black curve), the filter
functions that would be applied to P(f5) after the Bayesian update for detection outcomes 0
and 1 are represented, respectively, by the light red and blue areas. For ¥ = —7/2, maximum
distinguishability is ensured: outcome 0 would select the peaks around fp = -6.25, +18.75
MHz, while outcome 1 would select the peaks around fp = -18.75, +6.25 MHz. The same
process is then repeated, decreasing the sensing time to 7,,,;,. The remaining uncertainty,
corresponding to the width of the resulting peak in P(fp), is set by the longest sensing time
47—min~

Figure shows the probability density yielded by experimental runs of the limited-
adaptive protocol with different numbers of sensing times N = 1,3,5,7,9. Here, fp = 2 MHz,
and each estimation sequence is repeated 101 times, with G = 5, F = 7. For increasing N, the
width of the distribution becomes more narrowly peaked around the expected value of 2
MHz, while the wings of distribution are strongly suppressed.

To verify that the protocol works over a large dynamic range, we measure the uncertainty
as a function of detuning fp. To account for the periodic nature of phase we use the Holevo
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Figure 4.3 | High dynamic-range adaptive magnetometry. Limited-adaptive protocol,
in the case of one Ramsey experiment per sensing time (G = 1, F = 0). In each step, the
current frequency probability distribution P(f5) is plotted (solid black line), together with
conditional probabilities P(u|fp) for the measurement outcomes p = 0 (red shaded area)
and p=1 (blue shaded area). After each measurement, P(fp) is updated according to Bayes’
rule. The detection phase ¥ of the Ramsey experiment is set to the angle which attains
the best distinguishability between peaks in the current frequency probability distribution
P(fp). Ultimately, the protocol converges to a single peak in the probability distribution,
which delivers the frequency estimate.
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Figure 4.4 | Frequency dependence of uncertainty. (a)-(b) Frequency estimate example,
for (G =5, F = 7). An artificial detuning fp = 2 MHz is fixed and different instances of the
limited-adaptive frequency estimation protocol are run with increasing N. The resulting
probability density P(fp) is averaged over 101 repetitions. (c) Holevo variance as a function
of the frequency fp for N = 2, 4 (limited-adaptive protocol, G =5, F = 7). We vary fp by
adjusting the phase of the final m/2-pulse. Solid lines correspond to numerical simulations,
performed with 101 repetitions per frequency point and experimental parameters for fidelity
and dephasing. Experimental points (triangular shape), were acquired with 101 repetitions
each. Error bars (one standard deviation) are calculated by bootstrap analysis.
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4. Optimized quantum sensing using real-time adaptive measurements

variance Vi = (| < 2™/ B Tmin > [)=2 — 1 as a measure of the uncertainty. We estimate

5! by taking the mean of the probability density P(fp) resulting from a single run of the
protocol. A fixed initial phase (¢ = 0 in our experiments) results in a specific dependence of
the variance on the magnetic field. For example, for N = 2, only four measurement outcomes
are possible { 00, 01, 10, 11 }, corresponding to fp = 0, -25, -12.5, +12.5 MHz, respectively.
These specific detunings can be measured with the highest accuracy since they correspond to
measurements of an eigenstate of our quantum sensor at the end of the Ramsey experiment,
while for other frequencies larger statistical fluctuations will be found due to spin projection
noise. Figure shows Vi as a function of detuning for the parameters G = 5, F = 7. Both
the experimental data (dots) and the numerical simulation (solid lines) confirm the expected
periodic behavior.

4.4 Comparison between adaptive and non-adaptive protocols

We now use our adaptive sensing toolbox to compare different sensing protocols by investig-
ating the scaling of n? = VT, averaged over different detunings, as a function of the total
sensing time T. First, we will ignore the overhead time due to spin initialization and readout.

We compare the limited-adaptive protocol to the best known non-adaptive protocol and
to an optimized adaptive protocol. In the non-adaptive protocol?"2d, the readout phase for
the m!" Ramsey experiment is always set to ¥,, ,, = i, (with m = 1.M;,). In the optimized
adaptive protocol®"", the phase ¥ is updated before each Ramsey and, additionally, a phase
19;";; that depends only on the current values of n,m and the last measurement outcome
fin,m, is added. This additional 192{?% is determined by a numerical minimization of the
Holevo variance, via swarm-optimization techniques, taking experimental parameters into
account. A detailed description of all protocols is reported in Appendix

We plot experimental data for the sensitivity scaling for the three protocols in Fig.[4.5h
alongside simulations using known experimental parameters. In these graph, the SMS limit

corresponds to a constant Vg T'; any scaling behavior with a negative slope thus improves
beyond the SMS.

We observe that, for the setting (G = 5, F = 2), the non-adaptive protocol reaches only the
SMS limit, while both adaptive protocols yield VT scaling close to 1/T. When the number
of measurements per interaction time is increased to (G = 5, F = 7) the non-adaptive protocol
also shows sub-SMS scaling (Fig.[4.5h, blue line). We find this behavior to be quite general:
both adaptive and non-adaptive protocols can reach 1/T scaling, but the adaptive protocols
require fewer measurements (see Appendix[B.1). By comparing the best-known non-adaptive
and the best adaptive protocol we find that they reach the same sensitivity of (6.1 &= 1.7)
nT Hz~ 2 when the longest sensing time reaches 75 . The non-adaptive protocol however,
requires significantly more measurements (611) than the adaptive protocol (221).

The advantage of adaptive measurements becomes clear when overhead is taken into
account (Fig [4.5p). We consider all overhead relevant for comparing the protocols, namely
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Figure 4.5 | Scaling of sensitivity as a function of total time. (a) The three protocols are
compared by plotting n? = VT as a function of the total sensing time T (not including spin
initialization and readout). For (G = 5, F = 2) the non-adaptive protocol (green triangles) is
bound to the SMS limit, while for both the limited-adaptive (orange circles) and the optimized
adaptive (red triangles) protocols 1? scales close to 1/T. The sensitivity of the limited-adaptive
protocol is, however, worse than the optimized-adaptive one. When increasing the number
of Ramsey experiments per sensing time to (G = 5, F = 7), the non-adaptive protocol (blue
triangles) reaches Heisenberg-like scaling, with a sensitivity comparable to the optimized
adaptive protocol for (G=5, F=2). (b) By including spin initialization and readout durations,
the superiority of the optimized adaptive protocol (red triangles), which requires less Ramsey
runs per sensing time (smaller F, G) to reach 1/T scaling, is clear. The optimized adaptive
protocol can estimate magnetic fields with a repetition rate of 20 Hz, with a sensitivity
more than one order of magnitude better than the non-adaptive protocol. The solid lines
in the plot correspond to the sensitivity of the non-adaptive protocol, simulated for a few
values of F (G = 5). Inset: The best achieved sensitivities for the optimized adaptive and
non-adaptive protocols as a function of F (G = 5). Simulations of other values of G are
reported in Appendix[B] Fig.[B-6] All data are taken with 700 repetitions per data-point. In
both plots, error bars corresponding to one standard deviation of the results are obtained
using the bootstrap method.
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4. Optimized quantum sensing using real-time adaptive measurements

initialization and readout (for both protocols) and computational time for he Bayesian update
(adaptive only). Because the time required to compute the controlled phase is shorter than the
initialization time, the two operations can be performed simultaneously, with no additional
overhead required by the adaptive protocol (Appendix [B.3.1). An additional overhead for
preparing the experiment results in a non-deterministic wait time (Appendix B.3.3). This
wait time affects all the different protocols in the same way, so it has no influence on our
findings and is not taken into account. Although the two best-known protocols still achieve
similar minimum sensitivities, the optimized adaptive protocol requires significantly less
measurement time. At any fixed measurement time, the adaptive protocol estimates the
magnetic field more accurately, allowing a higher repetition rate for the estimation sequences.
This is advantageous in the realistic situation that the magnetic field to be estimated is not
static. In this case, the estimation time is required to be shorter than the timescale of the
fluctuations. Our data shows that at an estimation repetition rate of 20 Hz, the non-adaptive
protocol can estimate a magnetic field with an sensitivity 7 = (749 = 35) nT Hz~ 2, while the
optimized-adaptive protocol yields i) = (47 + 2) nT Hz 2.

While the record sensitivity reported here is enabled by single-shot spin readout at low
temperature, adaptive techniques can prove valuable also in experiments at room temperat-
ure® where spin-dependent luminescence intensity under off-resonant excitation is typically
used to measure the electronic spin. By averaging the signal over multiple repetitions an
arbitrarily high readout fidelity can be achieved (F = 0.99 for 50,000 repetitions®?). Inter-
estingly, we find that the benefits given by adaptive techniques persist also for the case of
lower readout fidelities and that the combination of adaptive techniques and optimization of
the number of readout repetitions yields a significant improvement (see Appendix [B.2).

In conclusion, by combining high-fidelity single-shot readout at low temperature with a
single electron spin sensor and fast electronics, we achieve an unprecedented d.c. sensitivity
of (6.1 £ 1.7) nT Hz * with a repetition rate of 20 Hz. Another relevant figure of merit
for sensors is the ratio between the range and the sensitivity; the best value found in
this work (B,qz/1 ~ 1.5 - 10°Hz?) improves on previous experiments by two orders of
magnitude®#%, Furthermore, we found that the best known adaptive protocol outperforms
the best known non-adaptive protocol when overhead is taken into account. These insights
can be extended to other quantum sensors and to the detection of different physical quantities
such as temperature and electric fields. A remaining open question is whether this adaptive
protocol is optimal. Perhaps further improvements are possible by taking into account the full
measurement history. In a more general picture, the adaptive sensing toolbox demonstrated
in this work will enable exploration of the ultimate limits of quantum metrology and may
lead to practical sensing devices combining high spatial resolution, sensitivity, dynamic
range and repetition rate.
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4.5 Methods

4.5.1 Sample and experimental setup

We use an isotopically-purified diamond sample (grown by Element Six Ltd.) with 0.01% 3C
content. Experiments are performed in a flow cryostat at the temperature of 8 K. A magnetic
field of 12 G is applied to split the energies of the ms = +1 spin states, in order to provide
selective spin control by resonant microwave driving. A solid immersion lens was fabricated
on top of the NV center using a focused ion beam, then covered with an anti-reflective layer
to increase photon collection efficiency. The experiment is controlled by an Adwin Gold
microprocessor with 1 MHz clock cycle. The microprocessor updates the frequency estimate
based on the measurement outcomes and calculates the controlled phase. The phase is then
converted to an 8-bit number, sent to the FPGA. The FPGA outputs an IQ modulated, 30
MHz sinusoidal pulse, with the specified controlled phase, which drives a vector microwave
source.

4.5.2 Adaptive algorithm

For the ¢-th Ramsey experiment, with outcome i, (0 or 1), the estimate of the magnetic field
is updated according to Bayes rule: P(fp|pu1...pte) ~ P(fB|p1.--pt(e—1))P(pe| fB), with a
normalizing proportionality factor. P (| f5) is the conditional probability of outcome fi, (0
or 1) given a frequency fp:

P(M — 0|fB> — (1 + F; - Fl) + (FO + 51 - 1)6_(%2*)2 COS[Q?Tth + 19]
Pu=1|fp) = 1-P(u=0|fp)

where t = 2V ~"7, ... Due to its periodicity, it is convenient to express P(u|fp) in a Fourier
series, resulting in the following update rule:

1+ (=) (Fy — F1) (41
o DR R ey
— ()2 (F Fi)—1r71 . _ ) _
+e (7g) 7( 0+ 41) [ez(““ww')p,(f,;z)v,n + eﬂ(“”H%)P,(fﬁlz\)pn}

The Bayesian update is performed using the experimental values Fj = 0.88, F = 0.98 and
T3 =96 us. The Holevo variance after each detection, expressed as Vi = (27| pg;v_,lg )72
1, can be minimized by choosing, at each step, the following controlled phase for the second

7/2-pulse?®:

1 -
9ot = iarg{pgiv_lzﬂ (4.1)
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4. Optimized quantum sensing using real-time adaptive measurements

In the limited-adaptive protocol, this phase is recalculated every time the sensing time is
changed. For the optimized-adaptive protocol, the controlled phase is recalculated before
every Ramsey experiment and the phase of the second 7/2-pulse is set to J = 792% + 192;‘5’; ,
where 9}{‘5{ is a phase increment that depends on the last measurement outcome®’. To
avoid exceeding the memory bounds of the microprocessor, and to optimize speed, we
need to minimize the number of coefficients to be tracked and stored. This can be done by

determining which coefficients are non-zero and contribute to pg},l,n +1 and neglecting the

rest. Moreover, since the probability distribution is real, (p,(f))* = pf_ i.; therefore we only
store and process coefficients p,(f) with k > 0. For each Ramsey run, in the case (G =5, F =
2), the time taken by the microprocessor to perform the Bayesian update ranges between 80
ws and 190 ps. This time is comparable to the spin initialization duration, so both operations

can be performed simultaneously, with no additional overhead (see Appendix|B} Section

B3.1).

Further information about the adaptive protocols and experimental techniques is presented
in Appendix
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CHAPTER 5

HERALDED ENTANGLEMENT AND
UNCONDITIONAL TELEPORTATION BETWEEN
SOLID-STATE QUBITS SEPARATED BY THREE
METRES

H. Bernien, W. Pfaff, B. Hensen, M.S. Blok, T.H. Taminiau, S.B. van Dam, G. Koolstra,
L. Robledo, MJ. Tiggelman, R.N. Schouten, M. Markham, D.J. Twitchen, L. Childress, and
R. Hanson

Quantum entanglement between spatially separated objects is a unique resource for
quantum information processing and communication. Entangled qubits can be used to
establish private information or implement quantum logical gates. Such capabilities
are particularly useful when the entangled qubits are spatially separated®™, opening the
opportunity to create highly connected quantum networks® or extend quantum cryptography
to long distances”®. Here we present two key experiments towards the realisation of long-
distance quantum networks with solid-state quantum registers. Firstly, we have entangled
two electron spin qubits in diamond that are separated by a three-metre distance. Our robust
entangling protocol is based on local creation of spin-photon entanglement and a subsequent
joint measurement of the photons to herald spin-spin entanglement. The resulting shared
Bell-pair between the two nodes then enables the unconditional teleportation of a single
nuclear spin state by combining a deterministic Bell-state measurement with real-time feed-
forward. These results establish diamond spin qubits as a prime candidate for the realization
of quantum networks for quantum communication and network-based quantum computing.

The results in this chapter have been published in Nature 497, 86 (2013) and Science 345, 532 (2014).
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5. Heralded entanglement and unconditional teleportation between remote qubits

5.1 Introduction

A quantum network can be constructed by using entanglement to connect local processing
nodes, each containing a register of well-controlled and long-lived qubits®. Solids are an
attractive platform for such registers, as the use of nano-fabrication and material design
may enable well-controlled and scalable qubit systems®. The potential impact of quantum
networks on science and technology has recently spurred research efforts towards generating
entangled states of distant solid-state qubits11¢,

A prime candidate for a solid-state quantum register is the nitrogen-vacancy (NV) defect
centre in diamond. The NV centre combines a long-lived electronic spin (S=1) with a robust
optical interface, enabling measurement and high-fidelity control of the spin qubit!®Z12
Furthermore, the NV electron spin can be used to access and manipulate nearby nuclear
spins?24, thereby forming a multi-qubit register. To use such registers in a quantum network
requires a mechanism to coherently connect remote NV centres.

5.2 Heralded entanglement

First we demonstrate the generation of entanglement between NV centre spin qubits in
distant setups. We achieve this by combining recently established spin initialisation and
single-shot readout techniques”® with efficient resonant optical detection and feedback-based
control over the optical transitions, all in a single experiment and executed with high fidelity.
These results put solid-state qubits on par with trapped atomic qubits®* as highly promising
candidates for implementing quantum networks.

Our experiment makes use of two NV spin qubits located in independent low-temperature
setups separated by 3 metres (Fig.[5.1). We encode the qubit basis states 1) and ||.) in the NV
spin sub-levels ms = 0 and mg = —1, respectively. Each qubit can be independently read
out by detecting spin-dependent fluorescence in the NV phonon side band (non-resonant
detection)?’. The qubits are individually controlled with microwave pulses applied to on-
chip strip-lines"®. Quantum states encoded in the qubits are extremely long-lived: using
dynamical decoupling techniques’® we obtain a coherence time exceeding 10 ms (Fig.
section [2.5).

We generate and herald entanglement between these distant qubits by detecting the
resonance fluorescence of the NV centres. The specific entanglement protocol we employ is
based on the proposal of S. Barrett and P. Kok, and is schematically drawn in ﬁgure
Both centres NV A and NV B are initially prepared in a superposition 1/v/2(|1) +|)). Next,
each NV centre is excited by a short laser pulse that is resonant with the |1) to |e) transition,
where |e) is an optically excited state with the same spin projection as |1). Spontaneous
emission locally entangles the qubit and photon number, leaving each setup in the state
1/v/2(|1 1)+|) 0)), where 1 (0) denotes the presence (absence) of an emitted photon; the joint
qubit-photon state of both setups is then described by 1/2(|Ta1s) |1a1p) + [4ads) [0a08) +
[Tads) [1408) + [4aTs) [0alp)). The two photon modes, A and B, are directed to the input
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Figure 5.1 | Experimental setup. a Each nitrogen vacancy (NV) centre resides in a syn-
thetic ultra-pure diamond oriented in the (111) direction. The two diamonds are located in
two independent low-temperature confocal microscope setups separated by 3 metres. The
NV centres can be individually excited resonantly by a red laser and off-resonantly by a
green laser. The emission (dashed arrows) is spectrally separated into an off-resonant part
(phonon side band, PSB) and a resonant part (zero-phonon line, ZPL). The PSB emission
is used for independent single-shot readout of the spin qubits??. The ZPL photons from
the two NV centres are overlapped on a fiber-coupled beamsplitter. Microwave pulses for
spin control are applied via on-chip microwave strip-lines. An applied magnetic field of
17.5 G splits the mgs = =1 levels in energy. The optical frequencies of NV B are tuned by a
d.c. electric field applied to the gate electrodes ((b) scanning electron microscope image of
a similar device). To enhance the collection efficiency, solid immersion lenses have been
milled around the two NV centres2Z.
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Figure 5.2 | Protocol. Entanglement protocol (details in main text), illustrating the pulse
sequence applied simultaneously to both NV centres. Both NV centres are initially pre-
pared in a superposition 1/v/2(|1) + |1)). A short 2 ns spin-selective resonant laser pulse
creates spin-photon entanglement 1/4/2(|1 1) + || 0)). The photons are overlapped on the
beamsplitter and detected in the two output ports. Both spins are then flipped, and the NV
centres are excited a second time. The detection of one photon in each excitation round
heralds the entanglement and triggers individual spin readout.

ports of a beamsplitter (see Fig. ), so that fluorescence observed in an output port could
have originated from either NV centre. If the photons emitted by the two NV centres are
indistinguishable, detection of precisely one photon on an output port would correspond
to measuring the photon state |1,0p) & ¢ ~%¥ |05 1) (Where ¢ is a phase that depends on
the optical path length). Such a detection event would thereby project the qubits onto a
maximally entangled state [¢)) = 1/v/2(|Tads) £ €7 [{aTs)).

Any realistic experiment, however, suffers from photon loss and imperfect detector effi-
ciency; detection of a single photon is thus also consistent with creation of the state |11). To
eliminate this possibility, both qubits are flipped and optically excited for a second time. Since
|11) is flipped to [{{), no photons are emitted in the second round for this state. In contrast,
the states |¢)) will again yield a single photon. Detection of a photon in both rounds thus
heralds the generation of an entangled state. The second round not only renders the protocol
robust against photon loss, but it also changes ¢ into a global phase, making the protocol
insensitive to the optical path length difference? (see . Furthermore, flipping the qubits
provides a refocusing mechanism that counteracts spin dephasing during entanglement
generation. The final state is one of two Bell states [¢)T) = 1/v/2(|Tals) & |[1aTs)), with
the sign depending on whether the same detector (+), or different detectors (—) clicked in
the two rounds.
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5.2.1 Implementation

A key challenge for generating remote entanglement with solid-state qubits is obtaining
a large flux of indistinguishable photons, in part because local strain in the host lattice
can induce large variations in photon frequency. The optical excitation spectra of the NV
centres (Fig. ) display sharp spin-selective transitions. Here we use the F transition
(spin projection mg = 0) in the entangling protocol and for qubit readout; we use the A;
transition for fast optical pumping into |1)". Due to different strain in the two diamonds, the
frequencies of the E, transitions differ by 3.5 GHz, more than 100 line-widths. By applying
a voltage to an on-chip electrode (Fig.[5.1p) we tune the optical transition frequencies of one
centre (NV B) through the d.c. Stark effect™” and bring the Ej transitions of the two NV
centres into resonance (Fig. bottom).

Charge fluctuations near the NV centre also affect the optical frequencies. To counteract
photo-ionisation we need to regularly apply a green laser pulse to re-pump the NV centre
into the desired charge state. This re-pump pulse changes the local electrostatic environment,
leading to jumps of several line-widths in the optical transition frequencies“. To overcome
these effects, we only initiate an experiment if the number of photons collected during a
two-laser probe stage (Fig. [5.3p) exceeds a threshold, thereby ensuring that the NV centre
optical transitions are on resonance with the lasers (see Fig. section[2.3). The preparation
procedure markedly improves the observed optical coherence: as the probe threshold is
increased, optical Rabi oscillations persist for longer times (see Fig.[5.3p). For high thresholds,
the optical damping time saturates around the value expected for a lifetime-limited line-
width8, indicating that the effect of spectral jumps induced by the re-pump laser is strongly
mitigated.

Besides photon indistinguishability, successful execution of the protocol also requires
that the detection probability of resonantly emitted photons exceeds that of scattered laser
photons and of detector dark counts. This is particularly demanding for NV centres since
only about 3% of their emission is in the zero-phonon line and useful for the protocol. To
minimise detection of laser photons, we use both a cross-polarised excitation-detection
scheme (Fig. inset) and a detection time filter that exploits the difference between the
length of the laser pulse (2 ns) and the NV centre’s excited state lifetime (12 ns) (Fig.[5.3f). For
a typical detection window used, this reduces the contribution of scattered laser photons to
about 1%. Combined with micro-fabricated solid-immersion lenses for enhanced collection
efficiency (Fig.[5.1p) and spectral filtering for suppressing non-resonant NV emission, we
obtain a detection probability of a resonant NV photon of about 4 x 10~% per pulse — about
70 times higher than the sum of background contributions.

The degree of photon indistinguishability and background suppression can be obtained
directly from the second-order autocorrelation function g(2), which we extract from our
entanglement experiment (see . For fully distinguishable photons, the value of ¢(*) would
reach 0.5 at zero arrival time difference. A strong deviation from this behaviour is observed
(Fig. ) due to two-photon quantum interference® that, for perfectly indistinguishable

55



5. Heralded entanglement and unconditional teleportation between remote qubits

a b J fail pass
-~ > > —
3 Ay i I g #photons : experimental
o T >threshold? [}  sequence
2 Di——— 1 =
2 charge probe
9 repump resonance
= T = : ; . :
= NV A . N
= g"f,,’ R °
9 2 516F ee o 1 : : ]
=y 5 = .
S Q=2 @ | 1
e c = =
S0 UV T 8 gl % . ]
= J . U > =
815_ . ‘u . “’f IN‘. b § @ L . Time (ns) % .
0 5 10 15 20 [s] 0 20 40 60
Frequency (GHz) Preparation threshold
d d
e, o T e00ns |
NV B N e I e
APD — — NV A APD1 ol
% 10’3 det'ection T Sé T 10_4 10F T T T T T T T T T
c o0t vndow 55| 40 {00
o %5 =
£ 200 \\ e e Ak s
o 2 Detection & 051
ko] J—% 10° \ olarization 4 107 el
o
8107 10
&108 s . 10° 0.0
0 30 60 —600 -50 0 50 600
Time (ns) Detection time difference dt (ns)

Figure 5.3 | Generating and detecting indistinguishable photons. a, Excitation spec-
tra; frequency relative to 470.4515 THz. By applying a voltage to the gates of NV B the
E, transitions are tuned into resonance. b, Dynamical preparation of charge and optical
resonance. Top: Preparation protocol. A 10 us green laser pulse pumps the NV into its
negative charge state?). The transition frequencies are probed by exciting the E, and A,
transitions for 60 us. Conditional on surpassing a certain number of photons detected
the experiment is started (pass) or preparation is repeated (fail). APD, avalanche photodi-
ode. Bottom: Line-narrowing effect of the preparation shown by the dependence of the
decay time of optical Rabi oscillations on preparation threshold. Dashed line indicates
lifetime-limited damping2. ¢, Resonant optical excitation and detection. The polarisation
axis of the detection path is aligned perpendicular to the excitation axis. The dipole axis
of the E| transition is oriented in between these two axes (inset). Remaining laser light
reflection is time-filtered by defining a photon detection window that starts after the laser
pulse. d, Two-photon quantum interference using resonant excitation and detection. The
g correlation function is obtained from all coincidence detection events of APD 1 and
APD 2 during the entanglement experiment (see[C). The side-peaks are fit to an exponential

decay; from the fit values, we obtain the expected central peak shape gf) (red line) for

non-interfering photons. The visibility of the interference is given by (gf) - g(z))/gf).
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5.2. Heralded entanglement

photons, would make the central peak fully vanish. The remaining coincidences are likely
caused by (temperature-dependent) phonon-induced transitions between optically excited
states® in NV A. The visibility of the two-photon interference observed here — (80 & 5)%
for |dt| < 2.56 ns — is a significant improvement over previously measured values™** and
key to the success of the entangling scheme.

To experimentally generate and detect remote entanglement, we run the following se-
quence: First, both NV centres are independently prepared into the correct charge state and
brought into optical resonance according to the scheme in figure[5.3p. Then we apply the
entangling protocol shown in figure [5.2] using a 600 ns delay between the two optical excita-
tion rounds. We repeat the protocol 300 times before we return to the resonance preparation
step; this number is a compromise between maximising the attempt rate and minimising
the probability of NV centre ionisation. A fast logic circuit monitors the photon counts
in real time and triggers single-shot qubit readout on each setup whenever entanglement
is heralded, i.e. whenever a single photon is detected in each round of the protocol. The
readout projects each qubit onto the {|1), ||)} states (Z-basis), or on the {|1) & ||}, |1) F [4)}
states (X or —X basis). The latter two are achieved by first rotating the qubit by 7/2 using a
microwave pulse before readout. By correlating the resulting single-qubit readout outcomes
we can verify the generation of the desired entangled states. To obtain reliable estimates
of the two-qubit state probabilities, we correct the raw data with a maximum-likelihood
method for local readout infidelities. These readout errors are known accurately from regular
calibrations performed during the experiment (see|C).

5.2.2 Demonstration of remote entanglement

Figure[5.4]shows the obtained correlations. When both qubits are measured along Z (readout
basis {Z,Z}), the states )™ and 1/~ (as identified by their different photon signatures) display
strongly anti-correlated readout results (odd parity). The coherence of the joint qubit state is
revealed by measurements performed in rotated bases ({X,X}, {—X,X}), which also exhibit
significant correlations. Furthermore, these measurements allow us to distinguish between
states ¢ and ¢ ™. For ¥ the {X,X} ({—X,X}), outcomes exhibit even (odd) parity, whereas
the ¢~ state displays the opposite behaviour, as expected. The observed parities demonstrate
that the experiment yields the two desired entangled states.

We calculate a strict lower bound on the state fidelity by combining the measurement
results from different bases (see [C):

F = (@*|plt*) > 1/2(Pr, + Py + C) — /PPy, (5.1)

where P;; is the probability for the measurement outcome ij in the {Z,Z} basis (i.e. the
diagonal elements of the density matrix p) and C is the contrast between odd and even
outcomes in the rotated bases. We find a lower bound of (69 + 5)% for ¢~ and (58 + 6)%
for 1™, and probabilities of 99.98% and 91.8%, respectively, that the state fidelity is above the
classical limit of 0.5. These values firmly establish that we have created remote entanglement.
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|wr)

Probability

™ ot T ot Ll
State State

Figure 5.4 | Verification of entanglement by spin-spin correlations. Each time that
entanglement is heralded the spin qubits are individually read out and their results correlated.
The readout bases for NV A and NV B can be rotated by individual microwave control (see
text). The state probabilities are obtained by a maximum-likelihood estimation on the raw
readout results (see. Error bars depict 68% confidence intervals; dashed lines indicate
expected results for perfect state fidelity. Data is obtained from 739 heralding events. For ¢,
the detection window in each round is set to 38.4 ns, and the maximum absolute detection
time difference |07| between the two photons relative to their laser pulses is restricted to
25.6ns. 6T = 1o — 71, where 71 is the arrival time of the first photon relative to the first
laser pulse and 75 the arrival time of the second photon relative to the second laser pulse.
For 1" the second detection window is set to 19.2 ns with |§7| < 12.8 ns, in order to reduce
the effect of photo-detector after-pulsing.
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The lower bound on the state fidelity given above takes into account the possible presence
of coherence within the even-parity subspace {|11), |{4)}. However, the protocol selects out
states with odd parity and therefore this coherence is expected to be absent. To compare
the results to the expected value and to account for sources of error, we set the related
(square-root) term in Eq. 1 to zero and obtain for the data in figure [5.4] as best estimate
F = (73+4)%forv¢~ and F = (64 £ 5)% for ¢)*.

Several known error sources contribute to the observed fidelity. Most importantly, imper-
fect photon indistinguishability reduces the coherence of the state. The fidelity is further
decreased by errors in the microwave pulses (estimated at 3.5%), spin initialisation (2%), spin
decoherence (< 1%) and spin flips during the optical excitation (1%) (see . Moreover, ¥)™
is affected by after-pulsing, whereby detection of a photon in the first round triggers a fake
detector click in the second round. Such after-pulsing leads to a distortion of the correlations
(see for example the increased probability for || ) in figure and thereby a reduction in
fidelity for ¥ (see . Besides these errors that reduce the actual state fidelity, the measured
value is also slightly lowered by a conservative estimation for readout infidelities and by
errors in the final microwave 7/2 pulse used for reading out in a rotated basis.

The success probability of the protocol is given by Py = 1/2nang. 1; is the overall
detection efficiency of resonant photons from NV 7 and the factor 1/2 takes into account
cases where the two spins are projected into |}]) or |11), which are filtered out by their
different photon signature. In the current experiment we estimate Py, ~ 1.6107". The
entanglement attempt rate is about 20 kHz, yielding one entanglement event per 10 minutes.
This is in good agreement with the 739 entanglement events obtained over a time of 158
hours.

Creation of entanglement between distant spin qubits in diamond, as reported here, opens
the door to extending the remarkable properties of NV-based quantum registers towards
applications in quantum information science. A natural path forward is the incorporation
of auxiliary nuclear spin qubits at the local nodes. In the following we discuss a second
experiment where the nitrogen spin initialization and decoherence protected gates are
combined with an improved entanglement protocol to realize a deterministic Bell-state
measurement which enables teleportation between a single nuclear spin and a distant
electron spin.

5.3 Teleportation

Teleportation allows quantum information to be faithfully transmitted over arbitrary dis-
tances provided the two parties (“Alice” and “Bob”) have previously established a shared
entangled state and can communicate classically. In the teleportation protocol ( Fig.[5.5])
Alice is initially in possession of the state to be teleported (qubit 1) which is most generally
given by 1)) = a|0) + 3 |1). Alice and Bob each have one qubit of an entangled pair (qubits
2 and 3) in the joint state [~ ),, = (|01),5 — [10),5)/v/2. The combined state of all three
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qubits can be rewritten as

901 |97 )y = 5 (127),, @ (a]1); — 510))
+]27),, @ (af1); + 810)3)
+ ‘\1/+>12 ® (—al0); + B11);3)
- ‘\IF>12 ® (a|0); + 8 |1>3))v (5.2)

where |®*) = (|00) +|11))/v/2 and |[I'*) = (|01) & [10))/+/2 are the four Bell states. To
teleport the quantum state Alice performs a joint measurement on her qubits (qubits 1 and
2) in the Bell basis, projecting Bob’s qubit into a state that is equal to [¢)) up to a unitary
operation that depends on the outcome of Alice’s measurement. Alice sends the outcome
via a classical communication channel to Bob, who can then recover the original state by
applying the corresponding local transformation.

Because the source qubit state always disappears on Alice’s side, it is irrevocably lost
whenever the protocol fails. Therefore, to ensure that each qubit state inserted into the
teleporter unconditionally re-appears on Bob’s side, Alice must be able to distinguish between
all four Bell states in a single shot and Bob has to preserve the coherence of the target
qubit during the communication of the outcome and the final conditional transformation.
Several pioneering experiments have explored teleportation between remote nodes*"** but
unconditional teleportation between long-lived qubits®**%has so far only been demonstrated
within a local qubit register758,

We demonstrate unconditional teleportation between diamond spin qubits residing in
independent setups separated by 3 meters. This result is achieved by fully separating the
generation of remote entanglement (the preparation of the teleporter) as from the two-qubit
Bell-state measurement and feed-forward (the actual teleportation action). In particular, a
photonic channel is used to generate heralded remote entanglement between two nitrogen-
vacancy (NV) center electronic spins, while the teleportation protocol solely exploits matter
qubits that — unlike photonic qubits — allow for a deterministic Bell-state measurement with
current technology. The source state is encoded in a nuclear spin close to one of the NV
electron spins after preparation of the teleporter. We preserve the target qubit’s coherence by
dynamical decoupling while the measurement outcome is forwarded and the final correction
pulse is applied. This protocol ensures that the source state is successfully teleported in each
of the experimental runs.

Alice and Bob each operate an independent low-temperature confocal microscope setup
that addresses a single NV center. The two NV electronic spins (labeled as qubits 2 and 3) are
initialized in the non-local entangled state [ ¥~ ),, = (|01),; — |10),,)/v/2 according to the
protocol described in[5.2] with the following improvements: We have further enhanced the
efficiency of photon collection from our device through optimization of the SIL fabrication
and by adding an anti-reflection coating. Also, we have significantly improved both the
spectral stability of the NV center’s optical transition and the charge state initialization by
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1. Bell-state measurement 2. Communicate result 3. Feed-forward operation

Fﬂ/ﬁm, K )

Bell-state measurement

Figure 5.5 | Teleportation scheme. General scheme for teleportation. In our experiment
Alice and Bob each control a single NV center in a single-crystal CVD-grown diamond by
operating an independent cryogenic confocal microscope setup (T = 8 K for Alice and T =
4K for Bob).

resonant re-pumping on the neutral-charge state zero-phonon line®?. As a result we were
able to increase the generation rate of the entangled state | ™), fivefold to 1/250s™! and
improve the entangled state fidelity from 0.73 to an estimated 0.87.

The additional qubit in Alice’s node — essential for making the teleportation unconditional
— is provided by the nitrogen-14 nuclear spin of Alice’s NV (qubit 1). Before establishing the
entanglement link, this nuclear spin is initialized into state |1) by a projective measurement
via the electron spin’. We reinitialize the nuclear spin after each 250 entanglement attempts
in order to preserve its purity (Figs. [5.6p,b). We prepare the source state after establishing
remote entanglement, thus avoiding possible dephasing of the source state by repeated
optical excitation of the nearby electron*?*!' during entanglement generation. We employ
a decoherence-protected gate’® on Alice’s side to set the nuclear spin to the source state
|t)) = a|0) + S |1). This gate combines two nuclear spin rotations with a refocusing pulse
on the electron spin such that the entangled state is efficiently preserved for the duration
of the gate (Figs.[5.7p). This operation concludes the preparation of the teleporter and the
insertion of the source qubit, with the three-qubit system left in the state [¢), ® [¥7),, =

(a ‘0>1 + 5 |1>1) ® (|01>23 - |10>23)/ﬁ~

At the heart of unconditional qubit teleportation is a deterministic Bell-state measurement
(BSM) by Alice on qubits 1 and 2 that generally involves two steps. First, the four Bell states
are mapped onto the four different qubit eigenstates |i), |j), by quantum gate operations. In
the second step each of the two qubits is read out in a single shot and the two measurement
outcomes are sent to Bob. Our implementation of this scheme is shown in Figs.[5.7p. We
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Figure 5.6 | Preparation of the teleporter. (a) Circuit diagram for the periodic
measurement-based re-initialization of the nuclear spin (qubit 1) in between remote entan-
glement generation attempts. Both the probability for success per attempt and the time
duration of a single attempt are indicated for the initialization by measurement of qubit 1
and the generation of entanglement between qubits 2 and 3. (b) Measured probability P(|1))
to preserve the initialized nuclear spin state |1) as a function of number of entanglement
generation attempts Nept. A fit (solid line) to a rate-equation model yields a probability of
(0.85 4 0.05) x 1073 per entanglement generation attempt that the nuclear spin flips. The
dashed line marks the maximum number of attempts before the nuclear spin is re-initialized
(Nent = 250)

implement the Bell-state mapping by applying a two-qubit controlled-NOT gate (CNOT)
followed by a /2 rotation on the nuclear spin using another decoherence-protected gate.
Then we read out the electron spin in a single shot (average fidelity 0.963 £ 0.005). Finally
we read out the nuclear spin by mapping its state onto the electron spin followed by electron
spin readout. The two single-shot readout results give the outcome of the BSM.

We benchmark the BSM by preparing each of the four Bell states as input states in
Alice’s register (Fig.|5.7b). This procedure yields an uncorrected mean fidelity, given by the
probability to obtain the measurement result corresponding to the prepared Bell state, of
0.89 £ 0.02. To gain more insight into the sources of imperfections we compare the data
with numerical simulations that use the independently determined infidelities of the nuclear
spin initialization, CNOT gate, and electron single-shot readout as input. These simulations
predict an average fidelity of 0.9 (Fig.[5.7p), in excellent agreement with the data. Taking
known errors in the preparation of the input states into account, we infer a BSM fidelity of
0.93 +0.02.

The final challenge for successful unconditional teleportation is to maintain the coherence
of Bob’s target qubit (qubit 3) during the BSM and feed-forward. In our experiment, Bob’s
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Figure 5.7 | Deterministic Bell-state measurement (BSM) and real-time feed-
forward. (a) Circuit diagram of our implementation. The label ‘¢’ (‘N’) indicates operations
acting on the electron spin (nitrogen nuclear spin). To enhance the readout fidelity for the
nuclear spin, we perform the mapping to the electron spin via a CNOT and the subsequent
electron readout twice. While Alice is performing her BSM Bob applies an XY4 decoupling
sequence on his electron qubit. After receiving the BSM outcome from Alice, Bob applies
the feed-forward operation U and reads out his qubit. 7, , denote rotations around the
x-axis and y-axis, respectively. (b) Calibration of the BSM by inserting the four different
Bell states on Alice’s side and determining the probability with which the ideal outcome
is observed (blue bars). Data is not corrected for imperfect preparation of the input states.
Expectations based on independently determined experimental imperfections are shown in
orange. Error bars are two statistical s.d.

qubit is mostly affected by interactions with the surrounding nuclear spin bath. We counteract
this decoherence by applying an XY4 dynamical decoupling sequence®. The time between
entanglement generation and the triggering of the feed-forward operation based on the BSM
outcome is 300 ps. For this duration the decoupling protocol preserves the qubit state with
an average fidelity of 0.96 £ 0.02.

We first verify that the teleporter is calibrated correctly by applying it to the nominal
input state |Y) = (|0) +1|1))/+/2 and performing tomography on the state that appears on
Bob’s side. The reconstructed density matrix (Fig.[5.8B) shows that the target state vector is
aligned well with Y and therefore that the reference frames of Alice and Bob are correctly
set.

To prove that our quantum teleporter outperforms any classical communication strategy,
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Figure 5.8 | Demonstration of unconditional quantum teleportation between re-
mote qubits. (a) Bloch sphere with the six mutually unbiased basis states that we tele-
port. |+£X) = (|0) &+ [1))/Vv2, |£Y) = (J0) £i|1))/v/2. (b) State tomography after
teleportation of the input state |Y). We determine the density matrix py, by measuring
the expectation values of the Pauli spin operators, (o), (0,), (¢.), where the required
qubit rotations before readout are performed conditional on the BSM outcome. The meas-
ured (ideal) entries of the density matrix are po9 = 1 — p11 = 0.52 = 0.08 (0.5) and
po1 = pip = 0.05 £+ 0.08 — 10.28 +10.07 (—i0.5), respectively. (c) Average teleportation
fidelity from the measured fidelities of the six states (blue bars). Sample sizes are (left to
right) 54, 89, 73, 49, 52, and 47. Predictions from simulations are shown in orange. Without
feed-forward, the target state is completely mixed (white bar). The horizontal line marks the
classical limit of 2/3. Data is not corrected for source state initialization errors. Uncertainties
are one statistical s.d.
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we teleport an unbiased set of six basis states |t) (Fig.[5.8)A) and determine the fidelity of the
teleported state on Bob’s side with respect to the ideal input state. In these experiments we
use a feed-forward operation that maps the ideal state of qubit 3 onto a qubit eigenstate such
that the readout directly yields the teleportation fidelity. Since the feed-forward operation is
conditional on the BSM outcome, ignoring the BSM outcome yields a completely mixed state
and random outcomes ensuring that no information is transmitted. Without feed-forward
we indeed observe an average teleportation fidelity of (F') = 0.50 £ 0.03 (Fig. ). In
contrast, including the feed-forward loop we find (F') = 0.77 £ 0.03. This value exceeds
the classical limit of 2/3 by more than 3 standard deviations, thus proving the quantum
nature of our teleporter. We note that this fidelity presents a lower bound on the actual
teleportation fidelity because it does not take into account initialization errors of the source
state. Importantly, this result is obtained without any post-selection: each teleportation
attempt is included in the data presented here.

We also simulate the outcomes by using independently determined infidelities in the
protocol. The only unknown parameter is the fidelity of the entangled state shared by Alice
and Bob. We find that our data is well reproduced by the simulations if we assume a fidelity
to the ideal Bell state [¥ ™), of 0.87 (Fig. ). The simulations also enable us to quantify
the effect of imperfect initialization of the source qubit on the measured fidelities. In this
way we estimate the teleportation fidelity to be ~ 0.86.

The ability to generate remote entanglement and to control and read out multiple qubits
per node as shown in the present teleportation experiment makes NV centers a leading
candidate for realizing a quantum network. Our teleportation scheme is both unconditional
and scalable to large distances as it can mitigate photon loss by heralding and purification of
the distributed entangled state2. In future experiments we aim to supplement our current
capabilities with quantum memories that are robust against optical excitation of the electrons,
enabling remote entanglement purification and the connection of multiple nodes into the
network. A promising route is the use of weakly coupled nuclear spins*** on which
multi-qubit quantum control has very recently been demonstrated®. For such nuclear
spins, coherence times of over 1 second under optical excitation have been reported,
while the incorporation of NV centers into optical cavities may enable remote entanglement
generation on millisecond timescales*”. Furthermore, the entanglement and readout fidelities
reported here are sufficient for a violation of a Bell inequality with the detection loophole
closed, making NV centers a promising system for realizing a loophole-free Bell test and
device-independent quantum key distribution®.
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CHAPTER 6

ANALYSIS OF A QUANTUM MEMORY WITH
OPTICAL INTERFACE IN DIAMOND

M.S. Blok*, N. Kalb*, A. Reiserer, T.H. Taminiau and R. Hanson

Wingle defect centers in diamond have emerged as a powerful platform for quantum optics
experiments and quantum information processing tasks’. Connecting spatially separated
nodes via optical photons? into a quantum network will enable distributed quantum com-
puting and long-range quantum communication. Initial experiments on trapped atoms and
ions as well as defects in diamond have demonstrated entanglement between two nodes over
several meters® ™, To realize multi-node networks, additional quantum bit systems that store
quantum states while new entanglement links are established are highly desirable. Such
memories allow for entanglement distillation, purification and quantum repeater protocols
that extend the size, speed and distance of the network” % However, to be effective the
memory must be robust against the entanglement generation protocol, which typically must
be repeated many times. Here we evaluate the prospects of using carbon nuclear spins
in diamond as quantum memories that are compatible with quantum networks based on
single nitrogen vacancy (NV) defects in diamond. We present a theoretical framework to
describe the dephasing of the nuclear spins under repeated generation of NV spin-photon
entanglement and show that quantum states can be stored during hundreds of repetitions
using typical experimental coupling parameters. This result demonstrates that nuclear spins
with weak hyperfine couplings are promising quantum memories for quantum networks.

This chapter has been accepted for publication in Faraday Discussions doi:10.1039/c5fd00113g (2015).
* these authors contributed equally to this work
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6.1 Introduction

Spins associated with the nitrogen-vacancy (NV) center, an atomic defect in diamond, have
recently emerged as a promising platform for quantum networkstY. The NV-center’s long-
lived electron spin state (S = 1) can be controlled by magnetic resonance and can be initialized
and read out optically. At cryogenic temperatures (< 10 K), coherent optical transitions allow
for the generation of spin-photon entanglement’? and of entanglement between spatially
separated NV center electron spins®®?,

In addition, the electron spin couples to nuclear spins in the environment through the
hyperfine interaction. Control over the host nitrogen spin and over multiple nearby 3C
spins has been demonstrated*%?, As these nuclear spins can be well isolated from their
environments, coherence times of more than one second have been demonstrated“!, making
them interesting candidates for quantum network memories.

A major challenge for realizing quantum memories based on nuclear spins is to overcome
the dephasing that is introduced while using the electron spin as an optical interface to
generate spin-photon entanglement. Consider the general case of an entanglement protocol
that is inherently probabilistic due to lossy optical channels. The protocol therefore must be
repeated many times in order to establish an entanglement link between adjacent network
nodes. Whenever the entanglement attempt fails, the electron spin is projected in a random
state. A fast and practical solution is to re-initialize the spin by optical pumping after each
repetition. Because the exact time at which the electron spin is reset is uncertain (optical
pumping is a stochastic process) and the electron-nuclear interaction is always present, the
electron reset can cause nuclear spin dephasing (Fig[6.1). A promising route to overcome this
dephasing of the quantum memory is to use relatively distant '3C spins with weak hyperfine
couplings, which are less sensitive to fluctuations of the electron spin.

In this manuscript we explore the storage of quantum states in 13C spins during the
repeated generation of NV spin-photon entanglement. We first demonstrate a method
to directly measure the frequency difference df for the electron-state-dependent nuclear
spin precessions, which governs the nuclear dephasing (Fig. 22. We then analyze the
spin-photon entanglement protocol, develop a model to describe the dephasing of nuclear
spins, and calculate the fidelity of nuclear spin quantum memories with realistic coupling
parameters under many repetitions of the entanglement protocol.

6.2 Control and Characterization of nuclear spins in diamond

We start by discussing the experimental methods to control the NV center and nearby C
nuclear spins. We then introduce a Ramsey-spectroscopy method to directly determine
the frequency df and characterize four candidate '>C spins near a single NV-center. These
experimental results highlight the universal presence of controllable nuclear spin memories
and provide a realistic set of input parameters for the theoretical calculations.
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Figure 6.1| The NV-center as a network node including a quantum memory. Asingle
electron spin (orange) is coupled (purple curly arrows) to individual carbon spins (blue) via
the magnetic dipole field (black dashed lines) associated with the electron spin. A laser
beam (red straight arrow) is used to prepare and read-out the spin state by collecting the
florescence (red curly arrow). (a) Scanning electron microscope image of the sample. A
solid-immersion lens is fabricated with a focused ion beam in single-crystalline diamond for
high collection efficiency. An on-chip gold stripline (bottom) enables microwave-control. (b)
Level scheme for the quantum memory (*3C spin, I = 1/2). The hyperfine coupling introduces
energy level splittings (wp and wy) that depend on the state of the electron spin, where wy
= (27) ¢ B with v¢ the gyromagnetic ratio of the carbon spin and B the magnetic field
and w; depends on the hyperfine coupling, which is set by the distance to the electron
spin. (c) Relevant ground-state energy levels of the electron spin (S = 1). The degeneracy
of the my = *1 states is lifted by applying a magnetic field along the quantization axis
of the NV-center. We define the electron spin qubit in the |0) = m, = 0,]1) = ms = +1
manifold. Here B, = (303 & 1) G leading to an energy level splitting w, ~ (27) 3.73 GHz. (d)
Diagram of the electron spin including the relevant ground-, and excited-state levels. At low
temperature the zero phonon line (~ 637 nm) exhibits spin-preserving optical transitions
that can be addressed selectively. In the experiment, two lasers with different frequency
are used to address the E’ transition for electron spin initialization (dashed red) and the F,
transition for readout (fidelity = 0.93(5)) and generating spin-photon entanglement (solid
red).
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6. Analysis of a quantum memory with optical interface in diamond

At the heart of the experiment is a single Nitrogen-Vacancy (NV) center in high purity
(Type IIa) single-crystal diamond grown by chemical-vapor-deposition. The diamond is held
at a temperature of T = 4.2 K in a Helium bath cryostat. The diamond has a natural abundance
(1.1%) of 13C spins (I = 1/2) in an otherwise '2C spin-free lattice. The NV electronic spin is
polarized and measured optically by spin-selective resonant excitation#4”4%_ To obtain high
single-shot readout fidelities, a solid-immersion lens was fabricated on top of the NV center
and a single-layer aluminum-oxide anti-reflective coating was deposited™ (Fig[6.1h). The
electronic spin is controlled by microwaves applied through an on-chip line (Rabi frequency:
3.3 MHz).

We detect and control multiple 3C nuclear spins in the spin bath surrounding the NV cen-
ter using recently developed methods that coherently exploit the electron-nuclear interaction
by periodically switching the electron state at well-defined times“?<"<”, We apply sequences
of the form (7 — m — 27 — m — 7)M/2, where 7 denotes a microwave pulse that rotates the
electron by 180 degrees, 27 is the interpulse delay and M the total number of 7w-pulses. For
T precisely resonant with the electron-nuclear dynamics, this sequence imprints a phase on
the electron spin conditional on the nuclear spin state.

Because the hyperfine interaction is determined by the specific position of each nuclear
spin relative to the NV center, the resonance condition for 7 is different for each nuclear
spin. We can thus characterize the nuclear spin environment“’ by preparing the electron in
a superposition state and measuring the phase that is acquired when sweeping 7. Here we
select four individual *3C spins to study in more detail, and design controlled gates following
Taminiau et al.“’,

The nuclear spin dynamics are characterized by the nuclear spin precession frequencies
wp and w; corresponding to the electron spin being in ms = 0 and m, = 1, respectively (see
also Methods). To directly determine the frequencies wy, w; and df = (w1 —wy) /2 for each
of the four nuclear spins we perform the experimental sequence® shown in Fig. . The
electron is prepared in state pg . = |0) (0|, whereas the nuclear spin state is un-polarized
(mixed state p,,.c = (]0) (0] 4 |1) (1])/2 ). The first set of gates correlates the electron state
with the X-projection of the nuclear spin state, so that the state is pg e ® pg,c + p1,e ® p—z,C
,with py x,c = |£X) (£X| and |£X) = (|0) % |1))/V/2. The controlled nuclear spin
rotations are realized by the pulse sequences described above, with 7 resonant for that
specific spin. Second, the nuclear spin evolves freely, either with wg or with w;, depending
on the electron state. Finally the phase accumulation of the nuclear spin is measured by
correlating it to the electron spin before reading out the electron spin.

The beating observed in the signal directly yields the frequency difference df and therefore
the additional phase picked up due to the time the electron spent in ms = +1. For the four
spins we find df = (29.64+0.6), (—32.2+0.3)(38.6+0.2) and (45.6+0.6) kHz respectively.
These values show that several nuclear spins with coupling strengths between approximately
20-50 kHz are readily available in diamond samples with a natural abundance of 13C.
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Figure 6.2 | Characterization of single '3C spins. (a) Circuit diagram to determine wy
and w; of individual *C spins via the electron spin. The conditional gates on the carbon
spin are implemented using resonant dynamical decoupling techniques as explained in
the main text. Because the evolution of the carbon spin is correlated with an eigenstate
of the electron spin during the interference, a coherent signal can be observed even for
T3> T3 cjectron = (418 £0.01) us (b)-(e) The resulting interference signal measured for four
individual '3C spins near a single NV-center. Grey lines are fits to the data with function
F = g cos(woT + ¢o) + g cos(w1T + ¢1). We find wp /2w = (326.0 4 0.2), (325.9 £ 0.2),
(325.1 £ 0.5), (325.9 + 0.4) kHz (b-e), consistent with the gyromagnetic ratio of a 13C spin
in a field of (303 4 1) G. For the second frequency component we find wy /27 = (364.6 +
0.1), (293.7 + 0.2), (354.7 + 0.5), (371.5 & 0.4) kHz. The data is taken with 500 repetitions per
data point and the error bars correspond to one standard deviation.
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6. Analysis of a quantum memory with optical interface in diamond

6.3 Modeling the dephasing of a carbon spin during entanglement
generation

We analyze the performance of '3C spins as quantum memory in the context of the heralded
entanglement protocol proposed by Barrett and Kok, which was implemented by Bernien
et al.®. The protocol is based on the creation of spin-photon entanglement at both nodes,
followed by two-photon interference and measurement of these photons. The protocol is
probabilistic since it is susceptible to photon loss. Importantly, successful generation of
entanglement is heralded by the detection of the two photons and thus the sequence can be
repeated until successful.

Spin-photon entanglement is created using the following sequence (Fig. [6.3h). The
electron spin is prepared in state |0), by optical pumping (Fig. ). Using microwaves
the electron spin is then brought in a coherent superposition. Next, the NV center is
optically excited with a short laser pulse that is only resonant if the spin is in state |0),.
Spontaneous emission generates a photon that is entangled with the state of the spin:
@) = (|0).[1), + 1), |0>p)/\/§ where [1) (|0),) denotes the presence (absence) of a
photon. The goal is that the nuclear spin memory reliably stores quantum states during
many repetitions of this sequence.

The performance of a quantum memory can be characterized by its ability to store an
unknown quantum state [¢)) = «|0) + B¢’? |1) . During the spin-photon entanglement
sequences the phase ¢ of the nuclear spin state is affected in two ways. First, when the emitted
photon is lost (heralding fails), the electron spin state is randomly projected into either
|0), or |1), resulting in nuclear spin evolutions with wy or wy, respectively. Second, before
the next repetition, the electron spin is reset by optical pumping, a stochastic process that
introduces a distribution of spin flip times. These two effects are now analyzed separately.

After a single round of optical excitation that generates spin-photon entanglement, the
electron spin is projected into an unknown eigenstate if the photon is lost. The carbon spin
acquires a phase dwt if the electron is projected in |1) _, where dw = 27df and t the time at
which the reset is applied. When this process is repeated N times, the number of times k
that the electron is projected in |1) _ is given by a binomial distribution and the final state
fidelity F of the carbon spin state is given by:

N
1 1 N

F= 3 + SN TT E (k:) cos[kdwt] (6.1)
k=0

where the electron spin reset is taken to be instantaneous and we only consider the initial
memory state is [¢)) = (|0) + |1) /+/(2), which is most sensitive to dephasing. Fig.
shows the calculated fidelity as a function of the time ¢, for two carbon spins that were
identified in Fig. For each carbon spin there is a unique condition at t =27 /dw, for
which the phase is independent on the electron state resulting in F = 1. Note that in the full
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Figure 6.3 | Simulations of the dephasing of a 1*C spin quantum memory while gen-
erating entanglement. (a) Diagram for the protocol to create spin-photon entanglement.
(b) Simulations of the fidelity for different 13C spins after N = 50 repetitions of the protocol,
assuming that the reset is instantaneous (¢’ = 0, formulaof main text). The initial state
of a carbon spin can be perfectly preserved by choosing the time between the 7/2-pulse
and the reset to t = 27 /dw. (c) The effect of the spin pumping process on the fidelity of
the memory after N = 50 repetitions. Orange dots are a Monte-Carlo simulation where for
every electron spin reset, a time ¢’ is drawn from an exponential probability distribution
with T,eset = 390 ns. Grey line is a comparison with an ideal reset. dw = (27) 38.6 kHz. (d)
Dependence of the memory fidelity on the characteristic reset time 7,¢s¢t using formula
(e) Dephasing of the memory as a function of entanglement attempts for different coupling
strengths, fixing T,eser = 1 s.
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6. Analysis of a quantum memory with optical interface in diamond

entanglement protocol®?® an electron 7-pulse is applied between rounds of excitation, so

that this phase difference can be cancelled for all .

In reality the reset of the electron spin by spin pumping is a stochastic process involving
multiple transitions to the optically excited state as well as mixing between multiple excited

states. Here we model the dynamics of this process as an exponential distribution ¢ Treser
with a characteristic time 7,¢s¢;. In Fig. we compare the results of a monte-carlo
simulation that includes the probabilistic reset time ¢’ for 7,.eser = 390 ns with the curve
of equation [6.1] As expected the same behavior is observed, but the maximum fidelity is
reduced since the stochastic reset leads to dephasing of the carbon spin.

To analyze the effect of the electron spin reset on the nuclear spin in detail we now assume
that t = 27 dw which allows us to derive an analytical expression for the fidelity of the
carbon spin (see methods for the derivation of this result):

1 1 N

_1.2 a2
F = 5 + W (1 +e 2 reserd ) . (6.2)

In Fig. we plot the resulting memory fidelity after 250 entanglement repetitions
versus the reset constant 7,.sc¢, for different values of df. Although for an instantaneous
reset (Treset — 0) the state can be perfectly preserved, a finite uncertainty in the reset time
constant reduces the fidelity, with the effect being stronger for higher coupling strengths df.
A natural lower limit to the reset time 7.5+ is the slowest decay rate involved in the spin
pumping process. For the NV center this is expected to be the singlet lifetime 75,7+ ~ 390
ns. For this value, Fig. predicts that for coupling strengths of df < 10 kHz the state
can be preserved with a fidelity of > 98 % even after 250 entanglement attempts.

The reset constants currently reported in the literature are approximately 1 us®. In Fig.
we plot the fidelity as a function of number of entanglement attempts for 7,¢ser = 1 ps.
These calculations predict that 25 repetitions of the entanglement protocol will yield a fidelity
of 90.3 % for the lowest coupling strength found in Fig. which would already provide
significant speed advantages in establishing entanglement links®. For coupling strengths
df < 10 kHz, hundreds of repetitions become feasible. Such lower coupling strengths are
available in isotopically purified diamonds?Y,

We emphasize that the model presented here does not include the detailed excited state
dynamics of the spin pumping process, which could alter the number of possible repetitions.

We have modelled the dephasing of nuclear spins quantum memories coupled to an NV
electron spin that is repeatedly used to establish spin-photon entanglement. We find that
nuclear spins with weak hyperfine couplings (20-50 kHz) are readily available in natural
abundance diamonds. Our analysis shows that these spins can be used to store quantum
states during 25 entanglement attempts with a fidelity of 90.3 %, while nuclear spins in
isotopically purified samples with coupling strengths below 10 kHz can even enable hundreds
of repetitions. These results demonstrate that nuclear spins with weak hyperfine coupling
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strengths are promising quantum memories for quantum networks providing a route towards
entanglement distillation and quantum repeaters.

6.4 Methods

We take the limit of y¢ B > A, (with A, the hyperfine component perpendicular to the
static magnetic field) such that the eigenstates of the 1>C-spin are independent of the electron
and the only net effect of the electron-carbon coupling is that the carbon acquires a phase
depending on the state of the electron. Choosing the rotating frame of the carbon resonant
with the energy splitting for the electron in |0),, the carbon state will acquire a phase e’
for the electron in |1), (with dw = 27 df) and does not evolve otherwise.

We derive an expression for the maximally achievable memory fidelity. The scheme of
Fig 3a is repeated N times. Phase errors occur if the electron spin has to be reinitialized by
pumping it to another spin state. During every execution of the protocol, the electron spin
is projected into |0), or |1)_ with equal probability. The probability for k repumping events
is then given by a binomial distribution

N
Pek:;j\/(k) (63)

Every time the electron is reset from [1), into |0), the memory spin will pick up a random
phase 60 = dw(t’ — Ty.eset) Which is given by the difference between energy levels of the
carbon spin conditional on the electron spin dw and the deviation (¢’ — 7,¢se¢) from the
mean repumping time. The overall acquired phase for k repumping events is then the sum of
the individual random phases. The fidelity with the initial memory state after N repetitions
is thus given by

1
Fk:§ <1—|—cos

ZN: 594 ) (6.4)

k=0

Under the assumption that the distributions for all repumping events are independent the
problem can be seen as a random walk in accumulated repumping time. Each step of this
random walk is then exponentially distributed around the mean repumping time 7,sc:. The
probability distribution of the summed repumping time is given by="

k-1 ’ 1 @' —m)?
Pt)= ———— ¢ t/Treset e 2% 6.5
( ) Tﬁeset(k - 1)' Vv 2ro ( )

where we use the central limit theorem to approximate this distribution by a normal
distribution with width ¢ = Treset\/E and mean j1 = Tresetk , as we are interested in
solutions for a large number of repumping events. The expected fidelity after N experimental
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runs is calculated by summing over the probability distributions for the electronic state and
the corresponding accumulated repumping time

1 N
+ W (1 + eiéchsetduﬂ) . (66)
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CHAPTER 7

STORING A QUANTUM STATE DURING
OPTICAL EXCITATION OF A QUANTUM
NETWORK NODE

M.S. Blok, K. van Bemmelen, N. Kalb, A. Reiserer, T.H. Taminiau and R. Hanson

The ability to locally store a quantum state in a quantum network node while establishing
entanglement with a distant node is a crucial prerequisite for implementing entanglement
distillation, purification and quantum repeater protocols™™. For quantum network nodes
based on NV centers in diamond, nearby '3C-spins are a prime candidate for such a quantum
memory. The challenge is that these nuclear spins have a constant coupling to the optically
active electron spin, resulting in possible dephasing of the stored state when the electron
is reset multiple times as required for generating remote entanglement. In chapter [6] we
discussed an analytical model to describe this process and found that nodes with low electron-
nuclear coupling strength and fast electron reset are expected to provide the best performance.
Here we present preliminary experimental results to test our model in an isotopically purified
sample where '*C-spins with coupling strengths of < 1 kHz can be located and controlled.
We find that multiple resets of the electron spin indeed induce dephasing of the nuclear-spin
quantum memory and that this process can be suppressed by reducing the electron reset
time. While the data qualitatively agrees with our model, the observed dephasing rate is
faster than predicted indicating that we are limited by an additional decoherence process.
Nonetheless our results show that a 13C-spin allows for the storage of a quantum state
during 200 repetitions with very little loss of fidelity (99% fidelity with initial state).
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7. Storing a quantum state during optical excitation of a quantum network node

Here we investigate the ability of a weakly coupled '3C-spin to store a quantum state
while optically addressing the electron spin to generate remote entanglement (as presented
in chapter . Since this protocol®® is inherently probabilistic it must be repeated many
times until success, requiring the electron spin to be reset before each repetition. Because
the exact time of our reset method is uncertain (the optical pumping is a stochastic process)
and electron-nuclear interaction is constant, this can induce dephasing of the nuclear spin
memory. From the simulations presented in chapter [6| we conclude that this dephasing
process can be suppressed by using relatively distant 3C-spins with low hyperfine coupling
and implementing a fast reset that minimizes the time-uncertainty. To locate distant 13C-
spins we use an isotopically purified diamond (0.01 % '3C) and show that we can control
nuclear spins with a hyperfine coupling constant in the order of ~ 200 Hz. We characterize
the reset timescale by varying the time and the power of the repumping laser pulse. Finally
we measure the dephasing of the nuclear spin as a function of number of times that the
electron spin is reinitialized.

7.1 Controlling a weakly coupled '*C-spin in isotopically purified
diamond.

We detect weakly coupled '3C-spins in the vicinity of an NV center via the electron spin
using dynamical decoupling spectroscopy”™. In Fig. we vary the time between N = 128
equally spaced m-pulses on the electron initially prepared in an equal superposition and
plot the probability of recovering my = 0 after a final 7/2-pulse. The observed periodical
collapses” are well explained by the interaction of the electron spin with a *C-spin bath in
a magnetic field of 22.7 G. We align the magnetic field along the quantization axis of the
NV-center by minimizing the average of the my = 0 — —1 and my = 0 — +1 transitions.
From these measurements we find a magnetic field B, = (22.5+0.1) Gand B, = (2.4 £ 2)
G.

In a higher resolution measurement around the second collapse (Fig. [7.1p) we observe
two additional resonances associated with single >C-spins. The location and shape of these
resonances are determined by the hyperfine parameters of the carbon spin”. By comparing
the data with simulations of the electron-nuclear interaction we estimate hyperfine constants
of Ay c =220Hzand A| ¢ =200Hz (4 ,c = —1.02kHz and A ¢ = 190 Hz) as plotted
in red (green). In comparison, previous experiments have demonstrated control of strongly
coupled '3C-spins with interaction strengths between ~ 100 - 1 MHz"¥ and weakly coupled
nuclear spins in the order of 50-30 kHz" in natural abundance samples. In isotopically
purified samples, manipulation of a strongly coupled 2.6 kHz '3C-spin was demonstrated™®.

We control an individual '*C-spin by applying 7-pulses to the electron spin and by
choosing the time between the pulses on resonance with the electron-nuclear coupling”%>.
This results in a rotation of the nuclear spin conditional on the initial electron spin state,
hence by choosing the initial state of the electron we can construct one-, and two-qubit
gates. The 3C spin is initialized and measured by entangling the electron and nuclear spin
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7.1. Controlling a weakly coupled > C-spin in isotopically purified diamond.
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Figure 7.1 | Detection and control of individual '3C spins. (a) Dynamical Decoupling
spectroscopy of the 13C-spin bath. Grey lines are the expected collapses of the signal due
to interaction with the 13C-spin bath. They occur at 75, = %j”, with £ =1,2,3... the
order of the resonance and wy, the larmor frequency of the *C spins.(b) Two 3C-spins can
be identified, red (green) line is a simulation of the resulting signal for the interaction with a
single spin with hyperfine constants of A ¢ = 220 Hzand A ¢ = 200 Hz (4 ¢ = —1.02
kHz and A ¢ = 190 Hz), plotted in red: carbon 1 (green: carbon 2). (c) Free induction
decay of carbon 1 with and without repetitive reset.

and subsequent readout of the electron spin. In Fig. we show a Ramsey measurement
of carbon 1. By measuring the precession frequency of the carbon spin depending of the
electron spin state we find the frequency difference df = (227 4+ 6)Hz. This parameter
is expected to be relevant for the nuclear spin dephasing rate upon repetitive reset of the
electron spin as discussed in chapter [} The free induction decay of the nuclear spin is
measured for the electron spin in an eigenstate (Fig. right panel) and when the electron
spin is reset every ~ 12 us (Fig. left panel). By comparing the resulting decoherence
times Tgecqy, we find that repetitive reset of the electron spin reduces the coherence time
roughly with a factor of 50. From equation[6.2|we find the product of the frequency difference
df and the reset time 7,..s.; to set the timescale of dephasing. We therefore now characterize
the optical spin-pumping process of the electron.

83



7. Storing a quantum state during optical excitation of a quantum network node

b
g i
g 4
. -
L [ ] q
0 1 2 3 4 5 6 250 500
Repump time (us) Reset power (nW)

Figure 7.2 | Reset of the electron spin. (a) Measurement of the timescale of the reset
process. Plotted is the probability of preparing m, = 0 after preparing m; = —1 as a

T—To

function of repump time and power. Solid lines are fits to the function S = 0 — Ae™ 7resct —

(1—Ae Treset,2 (b) Largest of the two fitted time constant of the reset process as a function
of reset power.

7.2 Fast optical reset of the electron spin.

To measure the time required to reset the electron spin we prepare ms = —1 and plot the
probability to prepare m, = 0 after applying an optical pulse on the E’ transition for a
variable time (Fig. [7.2h). We find that the data can be fitted to a double exponential function,
consistent with previous measurements of the fluorescence during optical repumping on E,,
and A1, This indicates that the spin pumping process involves transitions to multiple levels
in the excited state, such as the meta-stable singlet state. In Fig. we plot the largest of
the two time constants obtained from the fits in Fig. as a function of laser power. For
low laser power the reset time is likely to be limited by the excitation rate to the excited
state. Increasing the laser power significantly reduces the reset time until it saturates around
200 ns, which could indicate that here the spin pumping is limited by the lifetime of the
meta-stable singlet state'”.

For a 500 nW repump pulse we find that the electron spin can be reset within a microsecond,
with a characteristic time constant 7,eset = (220 = 27) ns. Apart from reducing dephasing
of the nuclear spin due to electron spin flips, this also allows for an increased entanglement
generation rate since the repetition rate of the experiments presented in chapter [5| was
limited by the 5 jus repump pulse. However in figure[7.2]the electron spin is reset once, while
the heralded entanglement protocol requires repetitive initialization steps. We find that for
repetitive electron initialization with a 500 nW pulse there is a significant probability to
ionize the NV center after several hundreds of repetitions. We therefore now analyze the
carbon dephasing for a maximum laser power of 100 nW where no significant ionization is
observed.
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Figure 7.3 | Coherence of the carbon spin upon optical excitation of the electron.
(a) Tomography of carbon spin 1initially prepared in a superposition as a function of number
of repetitions of the heralded entanglement protocol. The repumping pulse is applied for 20
us with a power of 100 nW, the time before and after the microwave pi-pulse is 200 ns. (b)
Dephasing of the carbon spin for different repumping powers, with the same repump time
and interpulse delay as in (a). Inset: the decay constants obtained from a fit to the data in
(b) as a function of 7,4 for that laser power.

7.3 Dephasing of a carbon spin upon optical excitation of the
electron spin.

We demonstrate the robustness of the carbon spin quantum memory by measuring its ability
to store a coherent quantum state while performing the local operations for generating
heralded entanglement on the electron spin (Fig. . We prepare carbon spin 1 in a
maximum superposition [¢)) = (|0) + |1))/V/2 and perform state tomography after a
variable number of protocol repetitions (sequence on electron spin is (7/2 — m— reset)”,
see Fig. [5.2). We omit the two optical 7-pulses to generate spin-photon entanglement. We
expect their influence on the carbon spin to be negligible since they effectively perform a
measurement of the electron spin which in this case can be incorporated into the reset.

In Fig. we show that after 200 repetitions the initial state is almost perfectly recovered
for 100 nW repump power (Treset = (870 & 100) ns). The oscillation in the XY-plane of
the Bloch sphere is due to the larmor precession of the carbon spin. In a realistic protocol
where the number of required repetitions is probabilistic, this oscillation can be correct with
real-time feedback. We therefore take the quadratic sum of the expectation values < X >¢
and < Y > as a figure of merit and find that this quantity is preserved with a fidelity of
(99 + 1)% after 200 repetitions.

85



7. Storing a quantum state during optical excitation of a quantum network node

Strikingly when we plot the full decay curve (Fig. [7.3p) we find that the signal is best
fitted with a Gaussian as opposed to an exponential function as expected from equation|[6.2]
Furthermore, while the measured decay constants for variable reset duration (inset of )
can be fitted to the model, they are two orders of magnitude smaller than expected from the
independently measured reset time and coupling constant. Since the decoherence rate is also
faster than the intrinsic 75 of the carbon spin, we conclude that the electron reset induces
an additional decoherence process that is not included in our model. One hypothesis is that
the perpendicular component of the hyperfine interaction (Aperp, neglected in chapter@)
induces dynamics that lead to a T} -type of decay. This can be verified by measuring the
decay of an eigenstate of the carbon spin upon repumping the electron spin. Secondly the
model simplifies the spin pumping process which in reality involves multiple transitions in
the excited state.

These experiments establish weakly coupled carbon spins as promising candidates for a
memory in a quantum network node based on NV centers. Although further measurements
are required to understand the limiting decoherence mechanism, the ability to store a
quantum state for hundreds of repetitions can significantly improve the rate at which remote
entanglement is established. These results show that in an isotopically purified diamond it is
possible to preserve the coherence of a carbon spin during 200 repetitive resets of the electron
spin. This is the maximum number of consecutive attempts to generate remote entanglement
in previous experiments with NV centers®®, However, in protocols that aim to improve
the entangling rate by using a quantum memory, the overhead associated with gates on
the memory needs to be taken into account. Finding an optimal carbon spin for a quantum
memory therefore poses a trade-off between its robustness against optical excitation of the
electron spin and the gate-time, since the minimum time required to perform a gate between
the nuclear spin and the electron spin is inversely proportional to the coupling strength.
Furthermore, all errors in preparing and storing a state in the carbon spin will propagate to
the resulting remote entanglement fidelity and therefore the carbon manipulation needs to
be improved. In future work the incorporation of a quantum memory in a local node could
be combined with the experiments presented in chapter [5/to demonstrate entanglement
purification® and eventually quantum repeaters®.
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CHAPTER 8

CONCLUSIONS AND OUTLOOK

M.S. Blok

Future quantum technologies have the potential to have great impact on the fields of
computation, communication and metrology. The work presented in this thesis capitalizes on
recently developed low temperature control techniques of the NV center in diamond to study
quantum measurements and implement real-time feedback protocols. This transition from
open-loop control to feedback control experiments will aid the development of diamond-
based quantum technologies. In this chapter I give an overview of the main results and
conclusions and provide an outlook for future research directions.
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8.1 Conclusions

The results of this thesis can be summarized as follows.

+ A variable-strength measurement of the nitrogen spin of an NV center can be imple-
mented via the electron spin. The backaction of sequential variable-strength measure-
ments can be used to manipulate the nitrogen spin when digital feedback is incorpor-
ated.

+ The advantage of adaptive frequency estimation protocols using the electron spin of
an NV center is that fewer measurements are required to reach the same sensitivity
compared to the best non-adaptive protocols. When overhead is included in the
analysis this results in a more accurate estimation at any fixed measurement time.

« Two electron spins in spatially separated diamonds can be entangled by performing a
joint measurement of photons originating from the two NV centers.

« Remote entanglement between two NV centers established via an heralded protocol
can be used to unconditionally teleport the state of a nuclear spin to a distant electron
spin.

« Weakly-coupled carbon spins in an isotopically purified diamond can maintain their
coherence even after 200 repetitive resets of the electron spin.

This thesis reports the first experiments with spins in diamond where measurement out-
comes are used as input for subsequent control operations thereby closing the loop between
measurement and control. Furthermore they establish NV centers as a leading platform
for building quantum networks. Other systems are of course being developed in parallel
and like spins in diamond each have their advantages and disadvantages. Recent advances
include generation of remote entanglement between trapped ions" and atoms“? and atomic
ensembles® and the implementation of real-time feedback protocols using superconducting
circuits®® and photons”®. The following sections will provide an outlook for future research
directions with NV centers in diamond.

8.2 Quantum Information Processing with NV centers in diamond

A scalable solution for implementing quantum information technology with NV centers
remains a long-term goal and making predictions of how this technology can be developed
unavoidably contains some speculation. However it is possible to identify short-term chal-
lenges and provide possible solutions to overcome them. The demands on the system will
depend on the application. A quantum computer will probably require a vast amount of
physical qubits, while a big challenge for a quantum internet lies in entangling nodes with a
relatively small amount of qubits over large distances. I will first discuss the challenge of
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locally scaling up the number of qubits and then proceed to connecting remote quantum
nodes.

Protection quantum states against errors is a major challenge that can be overcome using
measurements and real-time feedback. A promising way to deal with noisy operations
is to redundantly encode a logical qubit in multiple physical qubits and detect errors by
measuring joint properties of the physical qubits without destroying the logical state. When
an error is detected it can be corrected with real-time feedback based on the outcome of the
multi-qubit measurements. This measurement based quantum error correction has recently
been implemented using three weakly coupled '*>C-spins and the quantum non-demolition
measurement of the electron spin presented in chapterto correct for one type of error?.,
The next step is to increase the number of encoding qubits to protect against arbitrary single-
qubit errors and to improve the gate fidelities to reach the scalability threshold. Higher
gate fidelity could be achieved using asymmetrical dynamical decoupling sequences'? or
via numerical optimization*2 Using dynamical decoupling spectroscopy techniques it
has been demonstrated that six individual carbons can be identified*?. It is still an open
question how many carbon spins can be controlled with the electron spin. However it seems
impractical to control a large amount of carbon spins via a single electron spin because all
operations need to be applied sequentially and optimizing gates will become increasingly
difficult for larger systems.

A promising way to engineer a scalable system is to adopt a modular approach where
individual nodes consisting of one electron spin and a few nuclear spins are entangled using
the optical interface. A recent proposal to implement the surface code using this quantum
network architecture showed that the error thresholds of the entanglement generation can
be reasonably high (10%) if the local error rates for initialization, control and measurement
are in the order of a percent'®. For this approach the heralded entanglement protocol as
presented in chapter [5| would have to be improved, given the current entanglement rate of
1/250 s~ 1. To this end the NV center can be placed in a fiber-based microcavity to enhance
the photon collection efficiency and the emission in the zero phonon line via the Purcell
effect>7. When a highly connected quantum network is realized it would also lend itself
for performing measurement-based quantum computing*®® where highly entangled graph
states are first created and then the computation is performed by adaptive measurements.

To increase the separation between nodes in a quantum network for quantum commu-
nication one needs to overcome the optical losses. For photons emitted in the zero phonon
line (wavelength 637 nm) the attenuation in an optical fiber is in the order of 12 dB/km. In
a recent result entanglement over a distance of 1.3 km between two NV centers has been
demonstrated?, In this experiment the entanglement rate was severely reduced by losses in
the fiber. One way to overcome this is to down-convert the photons to telecom wavelength
as was recently demonstrated with quantum dot emission“’%2, Furthermore by employ-
ing weakly coupled nuclear spins as memories, entanglement purification®® and quantum
repeater protocols®* can improve the efficiency of probabilistic entanglement generation.
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8.3 Single spin sensors

Employing NV centers in diamond as quantum sensors*'% has gained a lot of interest since
the electron spin is sensitive to many physical quantities like temperature’?8 strain’®® and
electric and magnetic fields®**% with very high spatial resolution. There are several methods
to bring the NV center close to the sample. The use of shallow NV centers in bulk diamond
has enabled the detection of Johnson noise®!' and spin waves“ as well as the magnetic field
of biological samples®?. Alternatively, an NV center can be embedded at the end of a sharp
tip that is scanned across the sample®*™8, Finally NV centers in nanocrystals with a size of
a few nanometer can be used and it has been shown that they can be inserted into living
cells”?. A severe limitation of shallow NV centers is that surface effects can significantly
deteriorate the stability of NV centers since nearby charges can lead to a conversion to NV’
and magnetic noise reduces the coherence times of the spins. It was recently shown that a
combination of surface treatment and annealing can improve the optical stability of shallow
NV centers in bulk diamond“".

The basic experimental protocols for quantum sensing are relaxometry, Ramsey interfero-
metry and dynamical decoupling spectroscopy. The performance of these protocols is in
part determined by intrinsic properties of the system like coherence times and preparation
and readout fidelity. Increasing these parameters for example by using isotopically purified
samples or increasing the collection efficiency for better readout can therefore improve the
sensitivity. Another interesting way to improve the sensing capabilities is to search for
better protocols for instance by adopting adaptive strategies. In chapter [4] of this thesis we
demonstrated that adaptive measurements have advantages over non-adaptive protocols for
Ramsey interferometry. Extending these techniques to dynamical decoupling spectroscopy
but also to room-temperature experiments can be a compelling route towards better quantum
Sensors.

8.4 Fundamentals of quantum mechanics

Improving the control over increasingly complex quantum system can also aid to get a
better understanding of quantum mechanics. As an example the ability to entangle two
remote electron spins in diamond has enabled the first loophole-free violation of Bell’s
inequality®’. Here I will briefly discuss three other open questions that may be resolved in
future experiments.

Pusey et al*!' recently proposed an experiment that relates to the interpretation of the
wavefunction and tries to answer the question if this is merely a state of knowledge (psi-
epistemic interpretation) or a unique description (psi-ontic interpretation) of the underlying
reality.

The theory of weak values, predicting that the measurement result of a spin-1/2 particle
can yield an arbitrarily large number, has been subject to heavy debate concerning the
foundational significance. It has been argued that this is a purely statistical feature of pre-
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and post-selection®? while recent work states that they are a proof of contextuality™*?. On
this subject no concrete experimental proposal has been put forward.

Finally there is a long-standing debate on the measurement problem which can be formu-
lated in many ways. Part of the question is how the non-unitary evolution associated with
the backaction of quantum measurements can be reconciled with the postulate that systems
undergo unitary evolution described by the Schrodinger equation. There are many different
interpretations that aim to resolve this paradox, but these do not propose an experiment
where they can be distinguished. Gravitational collapse theories are an exception since they
modify the Schréodinger equation leading to the prediction that unitary evolution breaks
down for sufficiently large quantum superpositions due to gravity**#?, It has been suggested
that these theories can be tested by coupling NV centers to sufficiently large mechanical
resonators. 4
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APPENDIX A

IMPLEMENTATION OF PARTIAL
MEASUREMENTS

Levels and Hamiltonian

The NV center forms a natural two qubit system: the electron spin serves as the ancilla qubit,
while the system qubit is implemented on the spin of the NV nitrogen atom. The relevant
levels are plotted in Fig. the full level scheme can be found in the Supporting Online
Material of Pfaff et al™.

The electron spin is given by the collective spin of the the six unpaired electrons of the
negatively-charged state of the center, which constitute a spin S = 1 system. The ms =0
state is separated from the m, = *£1 states by the zero-field splitting (D = 2.878 £ 0.001
GHz). The ms = —1 and my = +1 states are split by 98 MHz by an external magnetic
field (B = 17.5G). The ancilla qubit is defined by the m; = 0(|0)) and m, = —1(|1))
states. Electron spin rotations are performed by microwave pulses, with a Rabi frequency of
7.67 MHz. The probability to excite the m, = +1 spin state when driving microwaves is
negligible. The electron spin coherence time has been measured to be T = (1.35 4 0.03)
us by a Ramsey experiment.

The NV’s nitrogen atom (14 N) carries I = 1 spin and the system qubit is defined by the
my; = —1(|1t)) and m; = O(|{})) levels, separated in frequency by Qn = |Q| + gnpn B ~
2w x 5 MHz, where @ is the nuclear quadrupole splitting () = —27 x 4.98 MHz. The
hyperfine interaction between the electron and nuclear spin has the form ’;‘:[;L P~ AL I - S’z
(neglecting small off—diagonal terms), which further splits the nuclear levels by an amount
A, = =271 x 2.184 £ 0.002 MHz when the electron is in the my; = —1 manifold. Nuc-
lear spin rotations are performed by radio-frequency pulses, with a Rabi frequency of 17
kHz. The nuclear spin coherence time has been measured by a Ramsey experiment to be
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Ty = 7.8+ 0.3 ms (Fig.[A2).
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Figure A.1| On the left, scheme of the relevant energy levels for the electron and nuclear spin
qubits. On the right, level energies in a doubly-rotating reference frame, rotating at frequency
we = A — |A.|/2 for the electron spin, and w,, = |Q + A.| for the nuclear spin.

The Hamiltonian of the system is H= 7:10 + "Hd”'ve, with:

Ho = —[Q[10,1) (0,4 + AL, 1) (1, 4| + (A = |Q + A 1,1 (1, ] (A1)

and:

Harive = Quw ()8 @ Iy + Qrr(t) 1) (1| ® I, +h. . (A.2)

where A = D — gepueB = 2.8288 + 0.0002 GHz and S’i, fZ are respectively the Pauli
operators for the electron spin and the nuclear spin.

The Hamiltonian in Eq. is time-dependent and state evolution has, in general, no
analytical solution. In order to simplify the problem, we apply the rotating-wave approx-
imation?, using a doubly-rotating frame: one rotating at the driving frequency for the
electron spin, and the other one at the driving frequency for the nuclear spin. We set the
microwave frequency (w, = A — |A,|/2) such that it is detuned by |A,|/2 from both hy-
perfine transitions and the RF-field is on resonance with the nuclear spin transition in the
mg = —1 electron spin manifold (wy = |@Q + A.|). Applying the unitary transformation

U= eil(wN ToxLtweS.x1y)t and retaining the secular terms, the Hamiltonian, in the basis

{|07 U> 9 |07ﬂ> ) ‘15 ‘U> 3 |1,'ﬂ>}, becomes:

0 0 Oy 0

0 |A. | 0 Qrrw
Quw 0 |A]/2 Qgp

0 Quw  Qrr |AZ|/2

(A3)
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The energy levels, in the rotating-wave approximation, are shown on the right side of Fig.
We define the positive quantity A to be A = | A,| in the rest of the Supplementary

Information.

Qubit initialization

The electron spin is initialized in the my = 0 state by optical spin-pumping with a fidelity
0.983 & 0.006%. We use the forbidden transition of E, which is detuned by A from the
spin-preserving F,-transition. This transition is well suited for a reset of the electron spin
during the protocol, since flip-flops with the nuclear spin are suppressed due to selection rules.

T
MW 2.75 ps RF /2 /2

0.8
1.08
? 0.5
£
T ‘
no init ¢
0.5F e ml=0
M 0 mi=1 0.2
2.825 2.828 2.830 2.832 2 4 6 8 10 12 14
MW frequency (GHz) free evolution time (ms)

Figure A.2 |On the left, nuclear spin initialization. The nuclear spin is initially unpolarized
(gray): the ESR spectrum for the mg = —1 < 0 transition shows three hyperfine lines, cor-
responding to m; = —1,0,+1. By measurement-based initialization (MBI we can initialize
the spin in any of the nuclear spin states (blue/red). On the right, nuclear spin Ramsey. The
nuclear spin is initialized by MBI after which the free evolution time T between two 7 /2-pulses
—(75)

is varied. The solid line is a fit to the function y, + e " cos (WaetT + @) from which we

find the dephasing time T35 = 7.8 £ 0.2 ms.

The nuclear spin is initialized by measurement” as shown in Fig. We prepare the
electron spin state in |m, = £1) by spin-pumping on the E,, transition. We apply a selective
microwave m-pulse (fq5; = 181.8 kHz) to the electron, on resonance with one of the three
hyperfine lines. We then read-out the electron spin state, by exciting the F, transition.
In case of photon detection, the electron state is projected to m; = 0, and the nuclear
spin is projected on the state that was addressed by the microwave pulse. During the
selective microwave pulse, the electron spin undergoes significant dephasing, reducing the
success probability, but not the initialization fidelity of the nuclear spin. The measured
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Figure A.3 |Coherent single-qubit rotations of the electron spin ancilla qubit (orange) and the
nuclear spin system qubit (purple) are performed by varying the length of a MW (RF) pulse.
Solid lines are sinusoidal fits from which we determine the Rabi frequency (7.67 & 0.02) MHz /
(17.07 £ 0.01) kHz.

initialization fidelity is 0.95 £ 0.02, obtained from the fitting the heigth of the peaks in Fig.
and the success probability is around 0.07. The success probability is determined by
P = Pmo=—1"DPm;=—1 " Pe—flip - Pphot> Where the relevant parameters are:

* Pm.=—1 ~ 0.5 is the probability to spin pump the electron spin in ms; = —1 (in the
remaining cases it’s in mg = +1).

© Pm;=—1 ~ 1/3 is the population of the desired state m; = —1 for an initially
unpolarized nuclear spin.

* Pe—yiip ~ 0.6 is the success probability of nuclear-dependent electron spin rotations.

* Pphot ~ 0.6 — 0.8 is the probability to detect a photon when reading-out the ms; = 0
state, limited by the collection of the optical system and the finite photon detection
efficiency.

Nucleus-independent electron spin rotations

The maximum Rabi frequency we achieve in the setup is ~ 8 MHz (Fig. [A.3). Given the
hyperfine splitting of 2.184 MHz, these pulses introduce off-resonant driving errors that limit
the weakest measurement we could achieve to § = 15 degrees (C' = 0.27, see equation[A.9).
To overcome this problem, we use CORPSE pulses®?, a composite pulse sequence designed
to compensate for off-resonance errors. The weakest measurement we achieve with the
CORPSE pulses is 0,,;n, = 5 degrees, corresponding to 7 = 12 ns (obtained from a fit of the
Ramsey fringes in Fig. of the main text).
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Electron-independent nuclear spin rotation

For quantum state tomography and for weak-value measurements, we need to be able to
perform nuclear spin rotations, unconditional on the electron spin state. This is not straight
forward if the electron and nuclear spins are entangled. In particular, when the electron is in
the |ms = —1) state, the splitting between |{}) and |{}) is wj(\,_l) =|Q+ A,| =27 x 7.164
MHz, while when the electron in the |ms = 0) state, wj(\(,)) = |Q| = 27 x 4.98 MHz. Given
that the Rabi frequency of the nuclear spin is much smaller than the hyperfine interaction,
the simple use of a hard w-pulse, as done for the electron, does not work.

We implemented the unconditional nuclear spin rotation using the scheme depicted in Fig.
. First we apply an RF pulse (RF-1) at w(fl), to rotate the nuclear spin when the electron
spin is in the |mg = —1) manifold. We then apply a hard 7-pulse to the electron and apply
a second RF pulse (RF-2) at the same frequency WY

As explained in Section [A](Eq. [A.6), the partial measurement introduces a phase shift to the
system qubit that depends on the measurement strength. The phase shift is proportional to
the interaction time 7 of the measurement. In order to characterize the phase shift, we used
the following protocol:

« we set the pulse length of RF-1 and RF-2 corresponding to a 7/2 pulse (Trp_1/2 =
14.6us)

« we only apply the RF-1 pulse and sweep the phase of RF-1 for different values of 7.

Fitting the resulting sinusoidal signal, we recover the phase offset go(()RF_l) (1)

- we then set the amplitude of RF-2 to the value corresponding to a m/2-pulse and
without RF-1 apply a m-pulse on the electron followed by RF-2. We then sweep the
phase of RF-2 for different values of 7 and fit the sinusoid to reconstruct the phase

offset cp(()RF_2) (1)
The values of the phase offsets as a function of 7 for RF-1 and RF-2 (cp(()RF_l)(T) and

gp(()RFfl)(T)) are plotted in Fig. . These values can be used to make sure that the
resulting entangled nuclear-electron state has the correct phase when performing quantum
state tomography (projections along x and y with a 7 /2-pulse along the corresponding axis
and projection along z).

Furthermore, care should be taken that in general, while applying the first RF pulse (which
rotates the nuclear spin by an angle ® conditioned on the electron being in [ms; = —1)),
the nuclear spin in the electron m, = 0 manifold will undergo free-evolution, acquiring
an additional phase shift proportional to the temporal length of the pulse (therefore to
®). Therefore, we need to characterize this phase offset for all situations different from a
7 /2-pulse. This was done by fixing 7 and sweeping the phase of RF-2 for different value of
the length of the RF-1 pulse (Trp_1). After fitting the resulting sinusoidal oscillation, we
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A. Implementation of partial measurements

retrieved the extra phase offset p2(®P) to RF-2 such that it is applied in the correct rotating
frame.

a) unconditional nuclear spin rotation b) | Partial measurement unconditional

strength ~ © nuclear spin rotation

m
()
[
RF-1 RF-2 g
nucleus g
S
@ 40
T g
electron o
. . L
nuclear spin rotation nuclear spin rotation 20
for electron in m=-1 for electron in m=0 o
@ e RF-1
s e RF-2

0 20 40 60 80 100 120 140 160
free evolution time 1 [ns]

Figure A.4 |On the left, pulse sequence for unconditional nuclear spin rotation. On the right,
phase of the nuclear spin as a function of the free evolution time 7, for the two electron-spin
manifolds (mg = —1 and mg = 0).

Partial measurements with controlled strength: Theory

The protocol starts by initializing the nucleus in |¢x) = % () + 1)) and the electron in

[Ye) = |0).
The tunable-entangling gate consists of three steps. First, a 7w/2-pulse is applied around z to
the electron spin, creating the equal superposition state:

9 = 5.(10) — 1) () + ) (a4)

Then the system undergoes free evolution of a variable time 7 (according to the Hamiltonian

in Eq. :

[9) = 5 {100 + e 0, ) — i AT L) —ie L) (as)

A second electron 7/2-pulse, now around y, creates the state:

1 - JAT T - AT
) = 5 {10 [B+ () ) + e 7B (7) 1] + €™/2 1) [B-(7) 14) +ie 47/ 4B..(r) 1] }
(A.6)
where $4 = cos(n/4+ At /4). We define 6 as § = A7 /2, and the measurement strength as
sin 6.
For 0 = 0 (1 = 0), the electron and nuclear spins are in a separable state:

(T =0)) = % (10) + @ [1)) [ + i [1)] (A7)
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and a measurement of the electron spin gives no information about the state of the nuclear
spin. On the other hand, for # = 90 degrees (corresponding to 7 = 7/A = 229 ns), the
electron and nuclear spins are in a maximally-entangled state:

1
NG

and a measurement of the electron spin results in a projective measurement of the nuclear
spin. Performing the electron-spin read-out by resonantly exciting the E, optical transition
(therefore probing the population of the |ms = 0) state) we project the nuclear spin on the
|mr = —1) (J1)) state when a photon is detected and on the |m; = 0) (|{})) state when no
photon is detected.

In the intermediate cases, 0 < 7 < 7/A, the concurrence of the state as a function of 7 is
given by:

[Y(r =7/A)) = —=[10,1) —i|L, )] (A.8)

C(7) =sinf = sin (A7/2) (A9)

if |4 ) is initialized in |z). The value of C corresponds to the strength of the measurement
performed on the system qubit.

Note from Eq. that a 7-dependent phase shift ¢ = + A7 /4, unconditional on the electron
spin, is imposed on the nuclear spin state after the measurement, as a result of the variable
free evolution time. We compensate by adjusting the phase of the final RF pulse (see Section
[A]for details).

The nuclear spin density matrix, unconditioned on the result of the electron spin measure-
ment, can be derived by tracing over the electron spin, resulting in:

1 1 cos? (At /2) }

Puncond = 5 |: COSQ(AT/Q) 1 (AIO)

Increasing the measurement strength, the initial pure state becomes increasingly mixed,
resulting in a completely mixed state for = 90 degrees.
Conditioning on measuring the electron spin in the state |0), the nuclear spin state is:

o0 :% { 1+4sin(A7/2)  cos?(Ar/2) }

cos?(AT/2) 1 —sin(Ar/2) (A.11)

Now, the resulting state remains pure, but it is increasingly rotated towards |{}) for increasing
measurement strength.

Characterization of the partial measurements

The partial measurement was characterized by performing quantum state tomography, as
explained in the main text. In Fig[A.5] we plot the elements of the density matrix of the nuclear
spin after the partial measurement as a function of the measurement strength, for three
different input states {|}) ,|z), |y)}. On the upper row we do not take the measurement
outcome of the electron into account, while on the lower row we show the data conditioned
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Figure A.5 |Density matrix elements of the states after a partial measurement, as a function of
the measurement strength, for three different input states. On the upper row, data not taking
the electron spin readout into account. On the lower row, data conditioned on detection of a
photon (electron spin projected to mg = 0). Solid lines represent theoretical prediction from

Eq.[A1and Eq.[AT]

on the detection of a photon (ancilla projected to |0)).

When we condition on a measurement result for the ancilla, the operation on the system
qubit is a projection with increasing strength (completely projective along z for measurement
strength 1). In the unconditioned case, we observe measurement-induced dephasing.

We characterized the collapse process by quantum process tomography®. Results are
plotted in Fig. On the upper row, the process matrix for the unconditioned case shows
a continuous transition from the identity process to a collapse process consisting of equal
contributions of 1 and &.: the absence of off-diagonal terms represents the increasing
dephasing. The theoretical process matrix for the unconditioned case is:

1+4+cosf® 0 O 0
N 1 0 0 0 0
Xuncond = 5 0 0 0 0 (A.12)
0 0 0 1-—cosé

On the bottom row, we plot the process conditioned on the measurement result of the electron
spin: this is a non-trace-preserving process, with state-dependent success probability. The
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unconditioned

conditioned on ancillain |0>

Figure A.6 | Quantum process tomography for the tunable-strength measurement for different
strength values (defined by the value of T and the corresponding values for 0 = At /2 and
measurement strength C' = sin 0). On the upper row, the real part of the process matrix for the
unconditioned case. On the lower row, the process matrix conditioned on a measurement of the
ancilla giving the result |0).

theoretical process matrix as a function of 6 is:

14+cosf® 0 O sin 6
N 1 0 0 0 0
Xcond = 5 0 0 0 0 (A13)
sin 6 0 0 1-—cos@

In this case, the process is coherent and the off-diagonal terms are, in general, non-zero.
The fidelity between the ideal process matrix and our experimentally reconstructed one is

plotted in Fig.

Weak value and conditioned average

Given an observable Z, the weak value of the associated quantum operator I, as introduced
by Aharonov, Albert and Vaidman® is defined by

Iy = oLV (A14)

(Yrli)

This quantity does not depend on the context of the specific measurement, but only on
the operator A and on the initial and final states (respectively [¢;) and [¢)¢)). For a
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® conditioned on ancilla in [0>

process fidelity
o
o]
T
1

0.6 | A unconditioned

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
measurement strength C

Figure A.7 | Fidelity of the reconstructed quantum process matrices X cond and Xuncond, as a
function of the measurement strength (C' = sin 6). The fidelity is calculated with the formula:

2
F(Xerp-,Xth,) - Tl’{ \ Xer,pXth,\/Xeacp} o

qubit, with initial state [¢;) = |z) and final state |¢)) = cos ¢ |0) + sin¢ [1), we have
(5.)w = cos2¢/(1 4 sin 2¢).

Given an observable A, one can measure it with a series of operators, which can be projectors
{Il;, I1? = T} or, more generally, POVMs { E; = M ; M;}. The associated measurement
outcomes are, respectively, the eigenvalues {ay } and the generalized eigenvalues (or contex-
tual values) {a;}?, such that the spectral decomposition of the operator I can be written

as:
P=3 0B = Y i, (a15)
J k

Consider now a sequence of two measurements, M and M, and suppose to condition
the average of the result of M; to a measurement result for Ms. The generalized weak
value (or conditioned average) of the observable is defined as:

P =3Pl (A.16)
J

where {04;»1)} are the possible measurement outcomes of M (generalized eigenvalues) and
PGlf) =pir/ (> i Dj ) is the conditional probability to detect the outcome 0451) in the first

measurement, given the outcome a(? ) for the second measurement.

Unlike the weak value, the conditioned average encodes information not only about the
observable A, but also on the specific measurement context. However, it can be shown"
that, under certain conditions (namely minimal state disturbance), the dependence on the
measurement vanishes. For a pure initial state, a pure POVM and a projective final measure-
ment, it reduces to the weak value of Eq.[A14].

In our case, for a measurement operator F; = (1/2)(1+sin #1.), the generalized eigenvalues
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are 1/ sin 6 and the conditional average is:

1 poo — P10 cos 2¢
f <Iz> = = = - (A.17)
sin® poo +pio 1+ cosfsin2¢

This quantity reduces to the quantum weak value for sin # = 0 and does not diverge for finite
measurement strength. Note that from this expression®L, it is possible to observe values
lying outside the range of the operator eigenvalues for any finite measurement strength.

Experimental quantum weak value for a spin qubit

A measurement of the conditional average s (I ) is performed with the pulse sequence shown
in Fig. of the main text, starting from the initial state |z) = (1/v/2) ([I}) + |[f})). The
scheme consists of a partial measurement (strength 6) followed by a projective measurement
in a rotated basis (angle ¢), post-selecting on the result of the projective measurement. In the
first set of measurements (large panel in Fig. of the main text) we fix the strength of the
first measurement and sweep the basis rotation angle ¢ before the projective measurement.
For the inset of Fig. of the main text we sweep the measurement strength 6 and choose
¢ to yield the maximum weak value.

We post-select on the measurement outcome |0) for the ancilla read-out (system in |1})),
corresponding to the detection of a photon (electron spin in m4 = 0).

The conditional average can be calculated with the expression in Eq.[A.17|where p;; is the
probability of outcome ¢ for the ancilla read-out of the partial measurement and measurement
outcome j for the ancilla read-out of the projective measurement (assuming perfect readout).
From Eq. we calculate the dependence of p;; on ¢ and 6:

1

P =5 [B-(0) cosd+ 4 (0) sin 6"

P10 = = [B—(8) sin — By (8) cos 6]’

[3—(0) sin ¢ + B (6) cos ¢]*

(A.18)
Po1 =

Poo = 5 [B-(0) cosd — B4+ (0) sin ¢]2

where (4 (0) = cos(n/4 +0/2).

=N N

Since our read-out is not perfect, it must be calibrated to take into account the finite
detection efficiency and the dark counts. For the state m; = 0 we are limited by our
detection efficiency (~ .80), while for the m, = —1 read-out we suffer from dark counts. We
define F; as the fidelity of the mg = 0 read-out and G; as the read-out fidelity for mgs = —1,
in the ¢—th measurement. Then, given the ideal probabilities p;;, the measured fractions n;
are:

107



. Implementation of partial m

easurements

ni Gle Gl(lng) (1*F1)G2 (17F1)(1*F2> P11
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The theoretical curve in Fig. [3.2]
the read-out correction of Eq.

d of the main text is calculated without fit-parameters, using
A.19and assuming an asymmetric spin-flip rate f = 0.02

between the first and second read-out. This spin-flip probability arises during the reset of
the ancilla by optically exciting the forbidden transition of Ey. The value f is determined
from independent measurements.

Partial measurements as probabilistic rotations

Starting from the state |;n;:) = cos; [{}) + sin 6, |f}), we perform a partial measurement
with strength 6,,,. With probability cos? 6, we obtain the state:

1
[o) = A [cos (m/4 + 0,,/2) cos 0; |) + cos (7/4 — 0,,,/2) sin 6; |11)] (A.20)
0
where 1/A is the normalization factor. The state, initially at an angle 6;, is rotated to the

angle:

On the other hand, with probability psycc = sin? 6, the measurmeent leads to the state:

3 91’7’7,
0y = arctan {tan 0; cos (A.21)

1—sinb,,

1
|11) = N [cos (m/4 — 01, /2) cos O; |) + cos (7/4 + 0,,,/2) sin 6; |11)] (A.22)
1
Therefore, the initial state rotated to the angle:
1«
f, = arctan {tan QiSIHQm} (A.23)
cosf,,

In other words, as shown in"’%, a partial measurement is equivalent to a probabilistic state
rotation, with a rotation angle which depends on the strength of the measurement and on

the initial state (see Fig. [A.8).

Heralded sequential measurements: un-collapse and steering

In Fig. we implement two heralded sequential partial measurements. We post-select on
the case of photon detection, using short read-out times to minimize electron spin-flips, at
the price of reduced success probabilities. We can do this with high fidelity, maintaining
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Figure A.8 |A partial measurement is equivalent to a probabilistic rotation. Given a an initial
superposition with angle 0; (|0init) = cos6; [|}) + sin6; |t)) and a partial measurement with
strength 0,,,, one gets the rotation angle plotted on the upper left subplot in case the electron
spin is measured to be in |0) (probability cos? 6;, plot on the bottom left) or the rotation angle
plotted on the upper right in case the electron spin is measured to be in |1) (probability sin® 6;,
plot on the bottom right).
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heralded sequential measurements uncollapse '
(62=61=20°)
Partial Partial
measurement #1 measurement #2
0, =20° 0,
system \T>
ancilla |0} [0
cond 0> cond 0>
steering
1> 1A (02=39°)

Figure A.9 | Two sequential heralded partial measurements, both post-selected on the case of
photon detection. The density matrices are the result of state tomography, performed after
the two partial measurements. For the uncollapse (upper density matrix), first a measurement
with strength C' = 0.34 (01 = 20 degrees) is performed, after which the initial state is restored
by a second measurement with 02 = —20 degrees. For the lower density matrix, the second
measurement is set to 0o = 39 degrees, such that the system, that was projected towards | | >
after the first measurements, is steered towards | 7> through the backaction of the second
measurement.

a good coherence of the state after two measurements. No spin-pumping between the
two measurements is performed, in order to avoid electron spin-flips that would destroy
nuclear-spin coherence.

We first perform a measurement with strength 0; = 20 degrees, followed by a measurement
with the same strength but projecting on the opposite electron state (equivalent to a meas-
urement with strength 85 = —20 degrees). This brings us back to the original quantum state,
in a probabilistic un-collapse of the state. This technique has been used to probabilistically
recover a state subject to amplitude-damping decoherence™ 3,

In general, a partial quantum measurement is equivalent to a probabilistic rotation. For
01 = 62 = +20 degrees, two successive measurements result in a combined rotation of 39
degrees, with success probability 0.16. In our case, heralding on photon detection, this can
be done quite effectively (fidelity 0.78).
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State steering by real-time adaptive measurements

Ideal protocol

We start in the state |1)o) = |2) = (1/v/2) (|4} + |1})), with the goal to reach a target state
|r) = cosbp [{}) + sin b |1).

First, we do a measurement with strength 6, = 7/2 — 20. With probability 0.5 the system
reaches the target state, while in the rest of the cases it is shifted in the oppposite direction,

to the state:
s 91

|41) = cos <4 — 2) [J) + cos <Z + 321) I (A.24)

In order to try to steer it back, we perform a second measurement, with strength 5. In case
of success, we get the state:

[10) = 3 [cos (5 — %) cos (5 + %) [4) +cos (5 + %) cos (5 — %) 10)] (a25)

where N = [cos? (T — &) cos? (T + £) + cos? (Z + %) cos? (T — %)]1/2. The sys-

tem can be steered to target state, by setting:
1 0 0 0
N cos <Z — 21) oS (Z + ;) = cos (Z + 21) (A.26)
After simplification, this leads to the equation:
(14sinf;) (1 —sinfy) = (1 —sinby) (1 — sin b sinhs) (A.27)

Solving for 69, we find that the strength of the second measurement can be tuned as:

in6
0y =sin~' [2—— 1 (A.28)
1+ sin“ 64
The probability to steer the state to the desired target, after two measurements, is:
1+ cos@
Psuccess = 9 ! (A29)

Error analysis

The protocol described in the last Section assumes ideal measurements. In practice, however,
we are subject to several non-ideal conditions®:

« the electron-spin read-out is not perfect. Given that the electron is in my = 0, if we
excite the F, transition, we are supposed to detect photons. However, such photons
are detected with a finite efficiency (due to losses in the diamond, the collection optics
and the finite efficiency of the detector). This results in a read-out fidelity Fy < 1. In
the first measurement, this leads us to make the wrong decision and apply a correction
although we had already reached the target state.
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Figure A.10 |On the left, strength of the second measurement, as a function of the desired
target state. On the right, success probability of the two-step algorithm.

+ due to dark counts, we detect photon clicks even in the absence of photons. This
probability is quite small, so we neglect it in the following analysis

« during electron read-out, there is a probability (¢) that the electron spin flips. This
results in dephasing of the nuclear spin. Moreover, with a small probability it results
also in a nuclear spin-flip (we measured the probability to get a nuclear spin-flip as a
result of an electron spin-flip to be around 0.02). We neglect the nuclear spin flip and
just consider the effect of dephasing.

The read-out efficiency and spin-flip probability are not independent: the longer the
read-out, the higher the detection efficiency, but, at the same time, the electron spin-flip
probability is also increased. The read-out fidelity F and the electron spin-flip probability g,
as a function of read-out time, are shown in the inset of Fig. The best trade-off is for a
read-out time T ~ 5us, where Fy ~ 0.6 and ¢ ~ 0.2.

We prepare the initial |z) state and perform the first measurement. With probability
pc = 0.5Fy, the ancilla readout outcome is |0) (corresponding to a photon detection event)
and we take the upper branch of Fig. The resulting density matrix is:

pc = (1 - q) [vo) (Wol + api™"
1 1—sinf;  (1—q)cosbt (A.30)

2| (1—¢q)cosb;  1+sinb,

The density matrix p(?*P") is the completely-mixed equivalent of the density matrix p,

with zero off-diagonal elements. For no electron spin-flips (¢ = 0) this would just be the
density matrix of the pure target state. On the other hand, for perfect ancilla readout fidelity
(Fp = 1), the measurement outcome |1) would lead to the following density matrix (in the
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Figure A.11 |Description of the adaptive scheme. Ancilla readout |0) corresponds to the
detection of a photon when optically exciting the E, transition, while no photon detection
corresponds to ancilla projection to |1). Inset: experimental data for electron spin read-out
fidelity Fy and spin-flip probability q as a function of read-out time.

lower branch of Fig. [A.11):

pw = (1= a) [9r) (W] + ap™™"
1 1+sin6; (1 —¢q)cosby (A31)

21 (1—q)cosfy 1—sinb,

However, we get into the lower branch of Fig. also when we are supposed to get the
outcome |0) but, due to the imperfect read-out (fidelity Fy < 1), we missed the corresponding
photon, which lead us to believe that the measurement outcome was |1). Taking this into
account, the density matrix results for ancilla measurement outcome |1} is composed by two
terms:

pn ~ 0.5pw + 0.5(1 — Fy)pc (A.32)

The total probability to be in the lower branch of Fig. [A11]is pw = 1 — 0.5F.

If we are in the lower branch, we try to reach the target state by performing a second
measurement, which is successful (ancilla projected to |0)) with probability p; (61 ). In this
case, the component pyy is rotated back to the target state, with some spin-flip probability
and the corresponding dephasing:

phy = (1= ) [ (1 = 0) [v0) (ol + o™ | + gpf "™ (A33)
The component p¢ is, on the other end, rotated in the wrong direction:
po = (1= ) [(1 = g) [92) (W] + apf"™™ | + ol (A39)
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The density matrix, for ancilla measurement outcome |1) in the second measurement is:

pPNC [0.5py +0.5(1 — Fo)pc] (A.35)

B 1
" 1—-0.5F,

It consists of three terms: a contribution [t¢)g) (10| which has been correctly recovered by
the adaptive measurement, an error contribution |1)2) (12| (due to wrong feedback) and a
dephased contribution (due to imperfect read-out).

The density matrix pgycc, taking into account the cases where our protocol heralds success
(so either detecting a photon in the first measurement, or only detecting a photon in the
second measurement) is:

[0.5Fypc + p1pnc] (A.36)

Psuce =

p1 + 0.5F,

The state fidelity is then calculated as F = (¢g| psuce |t00)- The results of the simulation
are plotted in Fig. For each of the four plots on the left, we show the three elements of
the density matrix (poo, po1 and pi11).

For measurement outcome |0) in the ancilla readout in the first measurement, we take the
upper branch in the scheme in Fig. resulting in the density matrix pc. This density
matrix shows correct values for the z-components, independently of the read-out time.
Increasing the read-out time, we increase the probability of taking the upper branch, up
to a maximum value 0.5 X 0.8 = 0.4, in the case Fy = 0.8. However, the dephasing also
increases, together with the success probability, as shown on the right plot (green curve,
success probability measurement-1).

For measurement outcome |1), we take the lower branch and get the state described by the
density matrix py. The elements of pn (Eq. are, as expected, the opposite of the target
state: for longer read-out time, however, they do not saturate to the exact opposite value,
since there is also a component of state that would be the correct one, but is in the wrong
branch because the associated photons were not detected.

Considering the second measurement, ancilla measurement outcome |0) leads us to pyc. In
this case, we manage to invert the matrix elements and restore a density matrix more similar
to the target one, but not completely because the restoring transformation has been also
applied to the correct component, making it wrong (state described by p/ in Eq. .
Combining pc and py¢, we get psuce- Two features are important: the longer the read-out
time, the higher read-out fidelity and therefore the more frequently the right choice is made
in the adaptive step. This reflects in a higher fidelity of the z components of the density
matrix and higher success probability (red curve on the right plot). On the other hand, for
longer read-out time, the probability of ancilla spin-flips is higher, which results in increasing
dephasing. In the right plot, this is clear from the trade-off between state fidelity and success
probability.
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Figure A.12 |Realistic model for the adaptive scheme. On the left, density matrix elements
for the different states in Fig. On the right, success probabilities and state fidelity as a
function of electron spin read-out time.
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Figure A.13 |Experimental results for success probability (on the left) and state fidelity (on the
right) for the adaptive measurement protocol, using full electron-spin read-out
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A. Implementation of partial measurements

In Fig. we plot the experimental results obtained using full electron-spin read-out.
Compared to the results reported in the main text (Fig. 4, dynamical-stop read-out), the state
is completely dephased after about 20us and the fidelity decreases quickly to around 0.6.

Dynamical-stop electron read-out

As described in the main text, dynamical-stop electron spin read-out allows us to reduce
the dephasing on the nuclear spin induced by electron measurement. To model the effect of
dynamical-stop read-out we take the assumption that read-out stops as soon as a photon is
detected, causing no electron spin-flip and no nuclear-spin dephasing. The assumption of
no nuclear-spin dephasing is not confirmed by experimental data in Fig. 3¢ of the main text:
however, it is justified to use it here for a simple model that gives a higher bound on the
expected fidelity.

The results of the model for dynamical-stop read-out are reported in Fig. Compared
to Fig. the state p¢ is not dephased, while py is similar to the one for full read-out.
This results, in a much less dephased state in case of success (psycc). The fidelities for the
case when using full electron-spin read-out or dynamical-stop read-out are plotted on the

right side of Fig.
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Figure A.14 |Model of the adaptive scheme results, using dynamical read-out. On the left,
density matrix elements for the states at different stages of the protocol on Fig. On the right,
comparison between state fidelity using conventional electron read-out and dynamical-stop
read-out.
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APPENDIX B

ADAPTIVE SENSING PROTOCOLS

B.1 Comparison of sensing protocols: numerical simulations

In the following, the performances of different single-qubit frequency estimation protocols
will be compared through numerical simulations. We will describe and analyse three main
sensing algorithms, defined using a pseudo-code in Fig. [B.1and Fig. the limited-adaptive,

non-adaptive and optimized-adaptive protocols.

In order to achieve high dynamic range, each estimation sequence consists of N different
sensing times, multiples of the shortest sensing time 7,4, = 20 ns: 7, = 2V " 7, (n=1 ..
N).

After each Ramsey, the electron spin is measured: the result of each detection is indicated
in the pseudo-code by the Ramsey (4, 7) function. The input parameters of this function
are the sensing time 7 and the phase ¥ of the second 7/2 pulse. In the simulation code, this
function generates a random value p (i = 0,1), using the python library numpy.random,
chosen according to the probability distribution [pg, p1 = 1 - po], where:

14+ Fy—F  Fo+F—1 (=)
po = P(0|f5) = 4+ ¢ 5 cos[2nfar+9] (B

Fy, Iy are, respectively the readout fidelities for ms; = 0 and ms = 1. In the following
simulations we use the values: F{ = 0, 0.75, 0.88 or 1.00 (ms = 0), F} = 0.993 (ms = 1), T3 =
5 us or 96 us.

For each Ramsey experiment (indexed here by the label /), the detection result u, is
used to update the estimation of the magnetic field using Bayes rule: P(fg|u1...00) ~

P(fB|p1.--pre—1)P (el f5). Thisis indicated in the pseudo-code by the function Bayesian_update
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B. Adaptive sensing protocols

Limited-adaptive protocol Non-adaptive protocol
forn=1toN: forn=1toN:

t =2 t =2\

choose 9 ! M, =G+ F(n-1)

M, =G +F(n-1)

form=1toM:
form=1toM: 8, =mn/M_
u=Ramsey (=9 1=t 1) 1 =Ramsey (3 = 8 T=ET

min

o)
Bayesian_update(res = 1, $=8 ', 1=t 1_ ) Bayesian_update(res=, =9, 1=t 7 )

Figure B.1 | Pseudo-code for the non-adaptive and limited-adaptive protocols.

(res, ¥, 7). Due to its periodicity it is convenient to express P(fp) in a Fourier series, resulting
in the following update rule:

, 14 (=1)(Fy — Fy) (e
(=2 (Fyg+Fy)—1. . .
€ (Tz*) ( 2 1) [el(ﬂlﬂ+19€)pi‘::l2N7n e_z(ww—‘rﬂﬂpi;lszn}

4

Given the periodic nature of phase, the uncertainty is better estimated using the Holevo
variance Vi = (| < e2™/BTmin > )72 1 = (27r|pEl27V1,),,L+1 |)~2 — 1. The Holevo variance

can be minimized by choosing the controlled phase':

(e-1)

1
Yot = 5 arg{p2N4+1 (B.3)

One Ramsey experiment per sensing time does not allow to reach the Heisenberg-like
scaling since the resulting probability distribution, despite being strongly peaked around the
expected value, has very large wings with non-zero probability of outlier outcomes. Outliers,
although occurring infrequently, can significantly alter the estimate statistics. While this is
true for perfect readout (£ = F; = 1) the algorithm performance is reduced even further by
imperfect readout®. A solution to these problems is to perform M,, Ramsey measurements
for each interaction time?, with M,, = G + F'(n — 1).

For each protocol it is crucial to find the optimal values for F and G, given the experimental
readout fidelities Fyy and F}. The relevant figure of merit is the sensitivity 7, defined as
n* = Vg T. Simulations are performed by running the protocol for 315 different values of
the frequency fp, over 315 repetitions for each value. The detection phase v of the Ramsey
is initially set to zero.
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Figure B.2 | Non-adaptive vs limited-adaptive protocol. Simulations comparing the
limited-adaptive and non-adaptive protocols for G = 5, for different values of F, with
T5 = bus. On the top row, perfect readout fidelity (Fy = 1), on the bottom row, F{y = 0.75.
The shaded areas correspond to uncertainties (one standard deviation, calculated by a
bootstrap technique). Note that the sensitivity is not further improved after the limit of 7%
is reached (total sensing time T" ~ 10us).

B.1.1 Limited-adaptive vs non-adaptive protocols.

The limited-adaptive protocol? is described by the pseudo-code in Fig. (left). The
controlled phase 9! is updated every time the sensing time is changed. In this section, the
performance of the limited-adaptive protocol will be compared to the non-adaptive protocol
described by Said et al.% and demonstrated experimentally by Waldherr et al.? and Nusran
et al®. The pseudo-code for the non-adaptive protocol is reported in Fig. (right). In
this case, the phase of the Ramsey experiment is not updated in real-time based on the
estimation of magnetic field given by the previous measurement outcomes, but its value
is swept between 0 and 7 according to predefined values. If, for a given sensing time, M,,
Ramsey experiments are performed, the Ramsey phase is increased at each step by 7w/M,,.

A comparison of the sensitivity as a function of sensing time T for different values of F
(fixing G = 5) is shown in[B.2] The data-points correspond to estimation sequences with
increasing N (N= 2..10). The total sensing time T, for each estimation sequence, is calculated
as:
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Figure B.3 | Simulation results for the best achieved sensitivity, comparing the
limited-adaptive and non-adaptive protocols as a function of F. Here, we assume
perfect readout fidelity (Fp = 1) and 75 = 5us. On the top x-axis, the total number
of Ramsey experiments in the estimation sequence for N = 10 is reported. Error bars,
corresponding to one standard deviation, are calculated by bootstrap.

T = Trmin[G2Y = 1) + F(2N — N —1)] (B.4)

In top row of [B.2[the sensitivities for the adaptive and non-adaptive protocols are com-
pared in the case of perfect readout fidelities. In this case, the adaptive protocol follows a
Heisenberg-like scaling already for F = 0, even though the minimum sensitivity can only be
reached for F = 1. On the other hand, the non-adaptive protocol requires at least F = 2 to
reach Heisenberg-like scaling. On the bottom row, we compare the sensitivities for reduced
readout fidelity (Fp = 0.75). Here, the adaptive protocol reaches HL-scaling for ' > 2, while
the non-adaptive protocol can only get close to it with ' = 5. It is important to stress that,
in both cases, there is a big improvement when M, is a function of n (¥' > 0) compared to
the case where M,, is independent of n (F' = 0). In other words, it is beneficial to repeat
more often Ramsey experiments with shorter sensing time. The reason is two-fold: on one
end they contribute less to the total sensing time, on the other end they are related to larger
frequencies which, if estimated wrong, would give a larger error.

Comparison between protocols is easier when plotting only the minimum sensitivity vs
F. This is shown in Fig. [B:3|for perfect readout fidelity Fy = 1. We find that for F' < 2, the
limited-adaptive protocol outperforms the non-adaptive protocol. This is expected since in
this region only the limited-adaptive protocol exhibits Heisenberg-like scaling. However,
once the non-adaptive protocol achieves Heisenberg-like scaling (F' > 2) it reaches a lower
sensitivity.

On the scale at the top of Fig. the number of Ramsey runs corresponding to an
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estimation sequence with N = 10 different sensing times is reported. By increasing F, the
number of Ramsey experiments increases as:

FN(N —1)

Rn =GN + 3

(B.5)

For perfect readout fidelity, the limited-adaptive protocol reaches HL-scaling for F' = 0:
therefore it only requires Ry = 50 Ramsey runs in the estimation sequence. On the other
hand, the non-adaptive requires F' = 2,i.e. Ry = 140 Ramsey runs. Each Ramsey comprises
an initialization/measurement duration, labelled as ‘overhead’, not included in the plots
(where we only take the sensing time into account). In practice, it is however necessary to
minimize the total time of the sequence (including overhead), so that protocols that achieve
Heisenberg-like-scaling with smaller F' (and therefore less detections R ) are to be preferred
as discussed in the main text (Fig. [4.5).

A striking result is the fact that once the non-adaptive protocol reaches Heisenberg-like-
scaling it achieves a better sensitivity than the limited-adaptive one. Since non-adaptive
protocols are a particular case of the most general class of adaptive protocols, this indicates
that the limited-adaptive protocol is not optimal and that protocols with better performance
must exist.

B.1.2 Optimized adaptive protocol.

Optimized adaptive protocol
=0 (init)
forn=1toN:
t =2\
M =G +F(n-1)

form=1toM:

choose 3 <
— nm

if ( w=0)then:
Srwi““ =u0 [m,n]
else:

SW"‘”: ul [m,n]
ﬁ =Ramsey (3 = Sn,m‘"' + Srwi”“, t=t 1)

n “min

Bayesian_update(res = ﬁ, 9= SW‘"‘+ SHVmi““, T=t 1t )

n “min

Figure B.4 | Pseudo-code for the optimized adaptive protocol.
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@ choose 9" only when changing sensing time (limited-adaptive)

A choose 9" before every Ramsey (full-adaptive)

107

G=3, F=0 G=3,F=5| N
Lk, £
i~ T A ° r:lc
E 7 A N\ P ©
~ 10 X kel =
-{g A © A g A e - o o e
— A — A ——
— A o . ° I—I 10% A e = & &
>I A > A o ° =
A £
‘ Ay € 10° . :
1 10 1 0 oo 0 1 2 3 4 5
total sensing time [ps] total sensing time [us] F

Figure B.5 | Comparison adaptive protocols Adaptive protocols: simulation results
comparing sensitivities obtained when updating the controlled phase only when changing
sensing time (blue) and updating it before each Ramsey (red). We assume perfect readout
fidelity and T = 5us. Shaded areas represent error bars corresponding to one standard
deviation (bootstrap method).

In order to improve the performance of the limited-adaptive protocol, we consider two
modifications:

Firstly, the controlled phase is estimated not only when changing sensing time, but before
each Ramsey measurement (full-adaptive protocol). The improvement achieved with this
modification can be observed in Fig. where we compare simulations for controlled phase
updated only when changing sensing time and before each Ramsey. In the left plot, we
compare the sensitivity, for increasing number of measurements N (N = 2..10) in the case
(G = 3,F = 0). Both protocols scale better than the standard quantum limit only for the first
few data-points (until N > 4). However, the absolute sensitivity of the full-adaptive protocol
is a factor two better. In the central plot, the same curves are displayed for (G = 3,F = 5).
For these parameters, Heisenberg-like scaling is maintained until the coherence time limit is
reached. Again, the full-adaptive protocol is better than the limited-adaptive for all N. In
the right plot, we show the minimum achieved sensitivity for both protocols, as a function
of F. In all cases the full-adaptive protocol outperforms the protocol which updates the
optimal phase only when changing the sensing time. Additional simulations (not shown) for
different values of G, or imperfect readout fidelity, confirm the improvements gained by the
full-adaptive strategy.

The second modification was suggested by A. J. Hayes and D. W. Berry™. They proposed a
hy I

A phase increment ﬂzchn), dependent only on the last measurement outcome, is added to the

controlled phase ﬂfﬁbﬂm). The phase increment is obtained by numerically optimizing the final
variance in frequency estimation for the specific experimental parameters through a swarm

optimization procedure®Z, In the pseudo-code this step is represented by the functions u0, ul.

protocol where the detection phase of the Ramsey experiment is ¥y, ) = ¥
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Figure B.6 | Comparing all protocols. Simulations comparing the best achieved phase
sensitivities for different protocols (G' = 5 left and central plots, G = 3 for the plot on the
right). We assume T = 96us. The optimized adaptive protocol performs always at least as
well as the non-adaptive protocol. For a fixed value of GG, the optimized adaptive protocol
reaches the best sensitivity for a smaller value of F.
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Figure B.7 | Contrast for room-temperature readout Effective readout fidelity as a
function of readout repetitions, for measurements at room-temperature (no single-shot
readout).

The optimized adaptive protocol, described in Fig. combines phase increments with
update of the controlled phase before each Ramsey. A comparison between the minimum
sensitivity achieved by the limited-adaptive, non-adaptive and optimized-adaptive protocols
is reported in Fig. The optimized adaptive protocol appears to perform always at least
as good as the best between the limited-adaptive and the non-adaptive protocols. For lower
values of F, the non-adaptive protocol fails to reach HL-scaling, while both adaptive ones do.
For higher values of F', both the non-adaptive and the optimized adaptive reach the minimum
sensitivity. Note that, for a readout fidelity F{y = 0.88, while the optimized adaptive protocol
reaches HL-scaling for (G = 5,F = 2) the non-adaptive one needs at least F' = 4.
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Figure B.8 | Adaptive protocol for room-temperature Simulations comparing the min-
1

imum magnetic field sensitivity (in nT Hz™2) for the optimized adaptive and the non-

adaptive protocols at room-temperature and low-temperature (175 = 96us, N = 10, G = 5).

B.2 Application to room-temperature sensing.

At room-temperature, the spin-selective optical transitions within the zero-phonon line
are not spectrally-resolvable and therefore single-shot spin initialization and readout by
resonant optical excitation is not possible. Instead, the readout exploits the small difference
in luminescence intensity by off-resonant optical excitation (in the green) when the electron
spin is in m, = 0, compared to m, = 1. In the following, we will use numbers from Nusran
et al ¥, that report ag = 0.031 photons per shot when the electron is in ms = 0, a; = 0.021
photons per shot when the electron is in ms = 1. Since one shot is not enough to perfectly
distinguish between the two states, room-temperature experiments are repeated R times.
The resulting signal level is then, respectively, ag R and a;; R. The contrast C' for a single
repetition scales as®:

1 . 2(0[0 +011)
G- \/1 + (@ — o2k (B.6)

This contrast C' is related to the fidelity with which the two states can be distinguished
and, since luminescence detection is shot-noise limited, the error scales at the standard
quantum limit as R~%. Nusran et al. achieve a fidelity of 0.99, in their experimentm, by
using 50000 readout repetitions per step. The achieved contrast as a function of readout
repetitions is plotted in Fig A contrast C = 0.75 can be achieved with R = 1350
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repetitions, while R = 3600 repetitions are needed for C' = 0.88, significantly less than
the repetitions (50000) needed for almost perfect readout (C' = 0.99). In the simulations
in Fig. for consistency with previous results, we assume asymmetric readout fidelity
(Fy = 0.993,Fy = C' + (1 — F})), based on the contrast C' achieved with a given number
of readout repetitions. The asymmetry of the readout fidelity can be controlled at will by
choosing the threshold in photo-counts distinguishing m, = 0 from m, = 1.

Simulation results show that, at room temperature, the use of 50000 repetitions can
achieve a sensitivity of n ~ 1 uT Hz™ 2, either using the adaptive or non-adaptive protocols.
However, using 3600 repetitions per step (with a lower effective readout fidelity), a better
sensitivity n ~ 0.4 uT Hz~? can be reached. Moreover, for F' = 2, the performance
of the optimized-adaptive protocol with 3600 readout repetitions per step surpasses both
the performance of the non-adaptive for the same conditions and the performance of the
protocols with 50000 repetitions per step. For F' > 4 adaptive and non-adaptive reach the
same sensitivity: however, as discussed above and in the main text, a smaller value of F’
allows a higher repetition rate of the estimation sequence.

This suggests the possibility that adaptive sensing, which reaches Heisenberg-limited
scaling for a reduced number of measurements even in situation of lower fidelity, may be
advantageous for room-temperature sensing, compared to non-adaptive protocols. Sim-
ulations confirm the superior performance of the protocol in the case where single-shot
readout is available, enabling sensitivities on the order of a few nT Hz_%, as demonstrated
experimentally by the data reported in the main text.

B.3 Experimental techniques

Microwave (MW) signals to drive the NV centre electron spin are generated by a Rohde
Schwarz SMB100A source, with IQ modulation. To create the two 7/2 pulses for each Ramsey
experiment, the MW source output frequency is modulated (single-sideband modulation)
by two pulses with rectangular envelope and 30 MHz carrier frequency. The first pulse is
generated directly by an AWG (Arbitrary Waveform Generator, Tektronix AWG5014), the
second by a field-programmable logic array (FPGA). The FPGA receives the value for the
phase ¥ chosen by the control microprocessor (ADwin Gold) and generates the modulation
pulse with the proper IQ parameters, with timing triggered by the AWG. The value for the
phase ¥} is specified as an 8-bit integer (256 levels), leading to a resolution of 1.4 degrees (0.025
radians). Due to the hyperfine coupling to the host *N spin, the electron spin transition is
split into three frequency-separated lines. As discussed in Section [B.3.2] these three lines are
addressed separately by three Ramsey experiments, realized by driving the electron spin at
the three frequencies. This is achieved by an additional frequency modulation, imposed to
the vector source by the AWG. The microprocessor (Adwin Gold) manages the sequence of
control pulses (optical and microwave) and counts the luminescence photons during spin
readout. Moreover, it performs the Bayesian update of the probability density distribution
P(fp) and chooses the proper controlled phase and phase increments.
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N initialization sensing readout computational
time [ms] time [ms] time [ms] time [ms]

5 9.0 0.004 1.80 4.0

7 15.4 0.018 3.08 8.0

8 19.2 0.035 3.84 10.8

9 234 0.071 4.68 13.9

10 28.0 0.140 5.60 17.6

12 38.4 0.573 7.68 26.8

Table B.1 |Temporal budget of the estimation protocol. Total time, measured by the
internal microprocessor clock, spent by the optimized-adaptive protocol in different tasks
within the whole estimation sequence. The computational time (i.e. the time spent by the
processor in performing the Bayesian update), is similar to that spent on spin initializa-
tion. Given that initialization and Bayesian update can be performed simultaneously, the
computational time represents no additional overhead.

B.3.1 Bayesian estimation with microprocessor

The microprocessor code for Bayesian update minimizes the number of coefficients p (Eq.
S-E2) to be tracked and stored, to avoid exceeding the memory bounds of the microprocessor,
and to optimize speed. We only use the coefficients which are known to be non-zero and
contribute to the choice of the controlled phase 1, neglecting the rest. Since the probability
distribution is real (p; = p_), we can further reduce the computational requirements by
only storing the coefficients for £ > 0. Considering all this, the number of coefficients that
needs to be processed, at each step n, is on the order of M = G 4+ F(n — 1).

In the case (G = 5, F' = 2), the time spent by the microprocessor in the Bayesian update
after each Ramsey experiment increases linearly from 80 us (for n = 2) to 190 us (for
n = 12). This time is comparable with the spin initialization duration (200 us). In Table
[B.1] we show the total times associated with sensing, initialization, and computation of the
Bayesian estimate. While in this work we performed the initialization and the Bayesian
estimate sequentially, both operations can be performed simultaneously. In this way the
real-time Bayesian estimation, a crucial prerequisite for the adaptive technique, does not add
any temporal overhead to the protocol. In future implementations, the Bayesian estimation
could be implemented with a dedicated FPGA, instead of a general-purpose microprocessor,
which would allow a further reduction of the calculation time.

B.3.2 Microwave pulses and coupling to the *N spin

When using the electron spin of the NV center as a sensor in a Ramsey interferometry
experiment, the coupling to its host 14N nuclear spin has to be taken into account. The
hyperfine interaction (H, 5= Any S.1., neglecting small off-diagonal terms) effectively
splits the electron spin mg = 0 to ms = —1 transition in three lines (Fig. [B.9p). Although
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these three lines can be addressed simultaneously by selecting a Rabi frequency larger than
the coupling strength, the phase acquired during free evolution will depend on the state of
the '*N spin. This creates ambiguity in the frequency estimation protocol, since the aim is
to sense only the change in energy levels introduced by the Zeeman shift induced by the
applied magnetic field, not the coupling to the N spin.

To circumvent this problem, we perform three sequential Ramsey sequences where, in
each sequence, the microwave pulses are resonant with one of the three my = 0toms = —1
transitions and the acquired phase only depends on the Zeeman shift. We choose the Rabi
frequency (140 kHz) such that the pulses in each sequence only address selectively one of
the three transitions. In Fig. we show that we can perform Rabi oscillations selectively
on the Nitrogen spin. Here the microwave pulses only drive the electron spin m; = 0
to m, = —1 transition if they are on resonance, thus for the 4N spin in a mixed state, a
contrast of 1/3 is expected. Full contrast is recovered when the three pulses are applied

sequentially (Fig. [B.9).

We note that this method requires the electron transition energies and therefore the static
magnetic field to be known within the bandwidth of the pulses (~ 140 kHz). This is not
a problem for our implementation, where the effect of an external field is implemented as
an artificial detuning by adjusting the phase of the final 7/2 pulse. When estimating a real
magnetic field possible solutions would be to initialize the nitrogen spin, adjust the frequency
estimation protocol to allow for sensing of multiple frequencies with fixed offset or adjust
the interaction times such that the phase acquired during free evolution is independent of
the state of the nitrogen spin (2 = TApy).

B.3.3 NV charge state and optical resonance pre- and post-selection.

Due to environmental charge noise, the optical transitions of the NV centre shift in frequency
on a range larger than the linewidth. Moreover, resonant excitation can result in ionization
of the NV~ charged state into the neutral NV state. Before each estimation sequence,
we check that the centre is in the NV~ state, with optical transitions resonant with the
excitation lasers. We turn both the initialization and readout lasers (on transitions E” and
E,, respectively) for 150 us and count luminescence photons. Only if the luminescence
photo-counts are larger than a given threshold (40 counts), the estimation sequence is started
(charge and optical resonance pre-selection). We take the absence of luminescence photo-
counts as an indication that the centre is ionized into the NV state: the correct charge state
is restored by resonant optical excitation of the NV transition at 575 nm. An estimation
sequence can consists of a large series of Ramsey experiments, with spin initialization and
readout. Ionization of the defect or large frequency shifts of the optical transitions during
the sequence results in incorrect spin readout and errors in the magnetic field estimation.
Therefore, we perform a new check of the charge and optical resonance conditions at the
end of the estimation sequence and consider it as a valid estimation only if more than
10 luminescence photo-counts are detected (charge and optical resonance post-selection).
In the histograms in Fig. we report an example of the number of rejected runs for
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Figure B.9 | Electron spin driving. a) Rabi oscillations of the electron spin conditional on
the state of the nitrogen spin (YN, I = 1). We tune the frequency of the microwave pulses
in resonance with one of the three ms = 0 to ms; = —1 transitions, corresponding to the
nitrogen spin being either in m; = —1,0 or +1 (top, middle bottom) and vary the length of
the pulse. From a sinusoidal fit (grey line) we find Rabi frequencies of (144, 140 and 142 + 2
kHz) respectively b) Energy level spectrum for the electron mg, = 0 to ms = —1 transition.
We initialize the electron spin in mgs = 0 and then vary the frequency of a microwave
pulse with fixed length. The pulse detuning is with respect to a reference frequency of
2.845334 GHz. The spectrum shows three lines owing to the hyperfine interaction with the
YN spin with |4} ¢| = 272(2.185 £ 0.006) MHz. c) Rabi oscillation of the electron spin
unconditional on the state of the nitrogen spin. We apply three sequential microwave pulses
each on resonance with one of the hyperfine lines. From the sinusoidal fit (grey line) we
find a Rabi frequency of (142 + 3) kHz.
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Figure B.10 | Charge resonance statistics. Histograms of the percentage of rejected runs
in charge and optical resonance post-selection.

225 repetitions of the estimation sequence. While the average number of rejections in the
post-selection process is around 50%, we have a consistent fraction of events (75/252) with
no rejections, and other runs with 80% failure rate. This large spread is due to the fact that
the data was taken in long automated measurement session during nights, with infrequent
optimizations of the experimental parameters (like spatial overlap of laser beams on the
NV centre). We believe that the percentage of rejected runs can be drastically reduced by
optimizing the experimental settings and procedures.
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APPENDIX C

HERALDED ENTANGLEMENT

C.1 Setup

We perform the experiments with two home-built low-temperature confocal microscopes.
Each setup features lasers for off-resonant and resonant excitation, cryogenic piezoelectric
positioners and high-efficiency/low background fluorescence detection paths. The zero-
phonon line (ZPL) detection paths of both setups lead to the common beam splitter and
photon detectors used for the entanglement generation. Each setup has an independent
microwave (MW) source (Rohde & Schwarz SMB100A) and MW amplifier (Amplifier Research
20S1G4 and AR 40S1G4 for setups A and B, respectively) to drive the NV centre electron
spins.

Sample A is mounted on a XYZ stepper/scanner piezo stack (Attocube) in a Janis ST-500
flow cryostat and kept at 7" ~ 8 K. Sample B is mounted on a XYZ stepper (Attocube) inside a
custom-built Cryovac bath cryostat with optical access and kept at a temperature of 7' ~ 4 K.

Off resonant green excitation is provided for each of the setups by 532 nm lasers (Spectra
Physics Millenia Pro and Laser 2000 Cobalt Samba for setups A and B, respectively). Two
tuneable 637 nm lasers (New Focus Velocity) for independent resonant excitation are used for
optical spin-pumping. For the resonant excitation pulses used to generate the entanglement
both setups share a tuneable continuous wave 637 nm laser (Sirah Matisse DS). Its output is
sequentially fed through an acousto-optic modulator (AOM; Crystal Technologies) and an
electro-optic modulator (EOM; Jenoptik). After passing through the AOM & EOM, the beam
is split using a 50/50 beam splitter, and a 30 cm adjustable delay line is inserted in one arm
for fine-tuning the temporal overlap of the excitation.

The photon emission of each NV is split into a ZPL part and an off-resonant phonon
sideband (PSB) part by a dichroic long-pass filter (Semrock LPD01-633RS). The PSB emission
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is independently detected for each setup by avalanche photo-diodes (APDs; Perkin-Elmer
SPCM). The ZPL emission is further filtered by a second dichroic filter (to remove green
excitation light) and a tuneable band pass filter (Semrock TBP-700B). After filtering resonant
excitation light by cross-polarisation rejection the ZPL emission of NVs A and B is coupled
into the input ports of a fibre-coupled beam splitter (Evanescent Optics) by polarisation-
maintaining fibres. The photons leaving the output ports of the beam splitter are detected by
fibre-coupled avalanche photo-diodes (Picoquant Tau-SPAD) and time-tagged by a Picoquant
Hydraharp 400 system.

C.2 Rejection of resonant excitation light

The experimental protocol requires the resonant excitation of a single optical transition
and the detection of indistinguishable resonant photons from spontaneous emission of
this transition. We use polarisation rejection and time-filtering to filter residual resonant
excitation light — stemming from reflections from optical elements and the sample surface —
from the signal.

The excitation laser is linearly polarised and rotated using a half-wave-plate (HWP) to a
non-zero angle ¢ with respect to the (linear) dipole of the |1) <> | E}) transition it excites
(Fig.[C.1). In the detection path, the combination of a half-wave plate and polariser sets a
detection axis with an angle 6 in the opposite direction with respect to the NV transition
dipole. A further quarter-wave-plate (QWP) corrects for circular polarisation components of
the signal that are induced by optical elements in the detection path. We find the optimum in
laser-rejection, NV excitation efficiency and NV collection efficiency by varying the angles

¢, 6 while keeping ¢ + 6 = 90°.

As can be seen in Fig.[C.8] reflections of the two-nanosecond excitation pulse can be
clearly distinguished from the exponentially decaying NV centre emission. In this manner
laser reflections that are not removed by the polarisation rejection can be removed by
time-filtering.

C.3 Experimental control

For the experiment to be feasible, a high repetition rate of the entanglement generation
sequence is crucial, because the success probability per shot is small, P, = 1/2 X nang =
10~7. We achieve a reasonable repetition rate by employing a conditional protocol as follows
(Fig.[C.2): We first ensure that both NV centres are in the negative charge state and on
resonance. To this end we independently re-set the charge and resonance state of the two
NVs with green laser pulses until the resonant excitation lasers are on resonance, After
this preparation we run the spin-preparation and entanglement generation sequence. In
case of successful generation of entanglement we read out both spins in a single shot and
return to the charge and resonance (CR) check. Otherwise, we repeat spin-preparation
and entanglement generation. After 300 unsuccessful entanglement attempts we start over
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(a)

NV frame
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detection axis \ R \ra_b
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Figure C.1 |Resonant detection and excitation. a, Working principle of cross-polarisation
rejection. b, Optical setup. See text for details.

with the CR check. The success probabilities for passing the CR check, Pcr ~ 2%, and
for successfully generating entanglement let us predict an entanglement generation rate of
~ 1/10 minutes. For comparison, an unconditional protocol in which charge/resonance and
entanglement generation are only verified in post-processing would yield an entanglement
rate of only ~ 1/50 hours.

fail failed 300 x fail
&
¢ J ‘ ¢ J
charge initialisation entanglement monitor .
and resonance check protocol photons spin readout
(ADWIN 2x) - (AWG) *1 (cPLD) (ADWIN 2x)
L
success success
< » < N
~ ld P=2% ) L P=1E-7
70 ps 11 ps 60 ps

Figure C.2 |The conditional sequence to implement the entanglement protocol. Two pro-
grammable micro-controllers with integrated DAC- and counter modules (ADwin 2x) inde-
pendently initialise each NV centre and perform the charge-resonance check described in
the main text. If both checks pass, a trigger is sent to the Arbitrary Waveform Generator
(AWG) that executes the entanglement protocol. The protocol is run up to 300 times until it
is successful. A successful attempt is recognised by a logic device (CPLD) that looks for a
success-signature in the stream of photon clicks produced, and sends a halt trigger to the
AWG when it does. The readout is then performed by the ADwins, after which the sequence
starts over.

Conditional operation is implemented in the following manner: The CR check and readout
is done independently for the two setups by two programmable micro-controllers with DAC-
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and counter modules (Adwin Gold I and Adwin Pro II for setup A and B, respectively). Once
both CR checks pass, a start trigger is sent to the Arbitrary Waveform Generator (Tektronix
AWG 5014C) that sequentially executes the entanglement protocol up to 300 times. For each
round, the photon clicks are recorded and time-tagged by a Picoquant Hydraharp 400 system.
In addition, the photon clicks are also monitored in real time by a programmable logic device
(CPLD; Altera Max V development kit) that time-filters the signal and recognises a successful
entanglement event; if a success occurs, a stop trigger is sent to the AWG within 50 ns to
prevent it from running the next entanglement cycle. Furthermore, the logic device triggers
both ADwin micro controllers to start their readout sequence. Further (more selective) time
filtering is done in post-processing for the successful events, by combining the time-tagged
data and spin readout data.

C.4 Optical Rabi oscillations

On resonance (i.e. in the absence of quasi-static spectral diffusion), the exponential damping
time Ty,p; of the Rabi oscillations is determined by the pure optical dephasing time T, " '
via®
1 3 1
= — 4+ ——, C.1
Trabi 4T1 2T2* 0Pt ( )

where 77 is the NV centre optical lifetime (about 12 ns).

As can be seen in Fig. 2b in the main text, and Fig. Teabi Saturates to the lifetime-limited
value for high thresholds. Similar saturation behaviour is observed for different optical Rabi
frequencies.
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Figure C.3 |Line-narrowing effect of the dynamical initialization of charge and resonance

for NV B, exemplified by the dependence of the decay time of optical Rabi oscillations on
preparation threshold. See Fig. 2b in the main text for details of the pulse sequence used.

136



C.5. Fidelity measure

C.5 Fidelity measure

We want to estimate the fidelity of the generated two-spin state |1)) with respect to the ideal
Bell state. We take the example of the Bell state U+:

(UF) = ()4 g + A NB)/V2= (1L + [11)/V2, (C2)

where |1) and ||) denote the ms = 0 and mg = —1 spin sub-levels of the NV centre ground
state and subscripts A, B indicate the two NV centres used. The density matrix for this state
is

0000
1{fo 110

P@+:|\I/+><\I/+|:§ 0110 (C.3)
0000

The fidelity of the state |¥') with density matrix p, for both spins in the z-basis, is therefore

1 1
F = <‘I’+| P “I’+> = 5(/)22 + p3z + R(p23) + R(ps2)) = §(P22 + p3z +2R(p23)). (C.4)

The term coming from the diagonal elements, pas + ps3, is given by the fraction of spin-
readouts in which the outcomes from NVs A and B are anti-correlated. To estimate the
off-diagonal terms we measure both spins in the X-basis by applying 7 /2-rotations around
Y, yielding the density matrix

= (Wevy), (W evw'), (©5)
where the operator Y describes a 7-rotation around the y-axis,
VY = e w57m/2, (C.6)

where Sy is the y-component of the spin-1 operator. The contrast between measured
correlations and anti-correlations in this basis is

P11+ Paa — paz — paz = 2R(p23) + 2R(p14)- (C.7)
It follows from the definition of the density matrix that the absolute of $(p14) is bounded by

| R(p14) |< V/p11pas, (C.8)

and therefore
2R(p23) > P11+ Pas — P22 — P33 — 2y/P11Paa- (C9)

In terms of measured quantities in two bases, the fidelity has thus a strict lower bound of*
1 5 - - -
F > 3 (P22 + p3s + P11 + Paa — Pa2 — P33 — 2+/p11paa) - (C.10)
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The treatment for the Bell state |[¥~) = (|1]) — |[{1))/+/2 and for rotations around other
axes is analogous. For the best estimate of the fidelity as mentioned in the main text, the term
\/P11p14 is set to zero in the inequality above. To obtain coherence within the even-parity
subspace, several errors are required to occur within the same entanglement attempt (such
as two dark counts of the detector while not exciting the NV centers with the laser). The
probability of such a string of events happening is negligible.

C.6 Spin readout

We perform single shot readout (SSRO) of the NV spin states by spin-resolved optical
excitation. The fidelity for reading out |1) correctly is given by the probability with which
at least one photon is detected when |1) is prepared:

Fr=p(>1]1). (C.11)

Conversely,

FL=p(0] ), (C.12)

after preparation of |). The mean fidelity for readout of an unknown spin-state is therefore
Fssro = (Fr + Fy) /2.

Infidelities are due to photon losses and ‘incorrectly’ obtained photons (e.g., due to off-
resonant excitation or detector dark counts), leading to wrong assignment of the spin-state.
The readout result of the two-spin-state

V) = e [T1) + ey 1) + ey [U1) + ey D) (C.13)
is therefore
Prt |CTT|2
R=| P | =g ool | (C.14)
pit |C¢T|2
DLy ey

where p;; is the probability for measurement outcome 4, j € {1, 1}, and the induced error is
described by E = E4 @ EB, where E4'B describe descirbe the independent readout errors
on both NV’s.

C.6.1 Single-shot readout characterisation

To obtain a characterisation of the electron SSRO we perform a calibration every three hours
during the entanglement measurements (Fig.[C.4). We use the statistical mean and standard
deviation of the fidelities from all calibration measurements as values and uncertainties for
FA FA, ]:P and .7-'%3 as required for state estimation.
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For the calibration measurements we take into account imperfect spin-initialisation due
to incomplete optical spin pumping®. Measuring the probability P (p™) that the initial-
isation into |1) (|4)) is successful, the readout fidelities then become

£ 1= pi — p(0] Tinit) + P P(O] Tinit) — Pimt (= 1] dinit) (C.15)
T p(0| Tmlt) +P(Z 1| \l/imt) ’ .

f . 1- pinit _p(> 1| \Linit) 1n1t (0| Tmlt) +pmltp(> 1| \I(lnlt) (C 16)
v <0| Tlmt) +p(> 1| szlt) -

(0] Tinit) (P(= 1] Jinit)) are the probabilities to measure 0 (> 1) photons during the calibra-
tion after imperfect initialisation into |1) (|{)). From independent initialisation measurements
presented in Fig.|C above we estimate plet A = (99.5+0.1)%, p mlt B — (98.3+0.6)%,
plmt A = (99.7 +0. 2)%, and pmlt B = (99.6 + 0.3)%. The results of the calibration meas-
urements, shown in Fig.[C 1nc1ude this analysis.
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Figure C.4 |Readout characterisation for both NVs. Imperfect spin-preparation before
calibration measurements are taken into account. Histograms and means (red) of the SSRO
fidelities, for both NVs, A and B, and both spin states, mg = 0 and mg = +1, measured
during all entanglement measurements.
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C.6.2 Maximum likelihood estimate of the state probabilities

To estimate the eigenstate measurement populations |c;;|? from a number of raw events
n;; in which outcome 7 has been obtained for NV A and outcome j for NV B, we perform a
maximum likelihood estimation.

The raw events are distributed according to a multinomial distribution f(n;;) with para-
meters P, Pry, P> and pyp = 1 — pyy — ppy — Dys, the probabilities for each possible
outcome, that are in turn a function of the state probabilities |c;;|?, as defined from Eq. (C.14)
above.

The Likelihood function for the probabilities, parametrized by the measurement outcomes
N, Mpls Mg, Ny, and N = nyp + nqgy + 1y + nyy, is therefore

L [pi;(E,|ci)?)] = ———————p 0 Tpy p i plth (C.17)
[ v v ] ”TT!”N!”iT!"u! ™ P Pl AL

The values |c;;|? that maximise the likelihood are the desired populations. We verify that the

found maxima are also global maxima by sampling through the parameter space numerically.

From the Likelihood function we also obtain Bayesian confidence intervals® (or credible
intervals) by integration. We assume a uniform prior on the intervals p;; € (0, 1). The error
bars in Fig.[C.5 and Fig. 3 in the main text correspond to 68% confidence intervals of the
marginal probability distributions obtained from integrating over the two other probabilities.
We note that the uncertainty originating form the uncertainty in the SSRO fidelities .FTAy iB is
negligible compared to the statistical uncertainty.

C.6.3 Maximum likelihood estimate of the fidelity

From the likelihood for a set of probabilities pfj’z (for both spins measured in the Z-basis),

pi’x (both spins measured in the X-basis) and p;jX’X (spins measured in the X and —X-basis,
respectively), the likelihood for any value of F can be obtained,

L(F) = /F Hdp?;zdpévxdp;jxvx L5 L)L), (C.18)
2,]

where the integration is taken over a constant value of F1,g or F. The expression for Fp is
given in Eq. (C.10); for our best estimate for the fidelity, 7, we set the square-root term in
this expression to zero.

We perform this integration numerically (Fig.[C.6) for a set of values for 715 and F.
Because of the finite resolution of the numerical calculations, we fit the resulting distribution
with a normalised Gaussian (free parameters are only the mean and the standard deviation)
to obtain the best value and the 68% confidence interval, from the standard deviation of the
Gaussian fit. Fig.[C.6|shows that this procedure is justified for our results.
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Figure C.5 |[Raw events and MLE of the state populations |c;;|?, for both prepared states
U~ U, and all three measurement bases Z,Z; X,X; and -X,X as described in the main text.
Each of the six subplots represents an independent MLE. We note that the MLE for the
ZZ-basis measurement of ¥~ lies on the boundary of the physical space.

C.7 Error estimation

C.7.1 Spin state initialization

We initialise the electron spin of each NV in the m¢ = 0 ground state by optical spin pumping
on the |mg = £1) <> |A;) transition. The residual population in the mg = £1 states can be
estimated from the fluorescence time-trace obtained during the pumping (Fig.[C.7). With the
initial fluorescence amplitude A and the residual fluorescence level y, an upper bound for
the remaining population in mg = 1 is given by (yo — yng)/(A + Yo — Yng), where ypg is
the calibrated background level™.

The fluorescence time-trace shows a clear double exponential behaviour with a fast
component, on the order of a hundred nanoseconds, and a slower component on the order of
microseconds. The fast timescale indicates a fast transition to a dark state that we attribute
to the meta-stable singlet state.
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Figure C.6 |[Maximum likelihood estimation for the state fidelity. We plot the likelihood
density for resulting fidelities F and Fi,p for values spaced by 0.02. Thick lines are gaussian
fits from which the means and standard deviations are obtained. Here we show the resulting
distribution for U, with a length of both detection windows of 38.4 ns, and a maximal
window for |[§7| of 25.6 ns.

C.7.2 Spin-flips in the excited state manifold

During the two optical excitations in the entanglement protocol, a spin flip can occur
due to spin-spin interactions in the excited state manifold. We can obtain an estimate
of the probability of a spin-flip in the excited state, from the fluorescence time-trace of
the used E, transition, given in the insets of Fig. Since this time-trace corresponds
to driving near saturation, we can extract both the average number of photons detected
(Ngetected) = A1t1 + Asts, and the detection efficiency n = 2%. Here, Aq,t1, A1,
are the fit parameters obtained from the double exponential fit of the data and I is the NV
optical lifetime. From this we can calculate the average number of optical cycles (n) before
a spin-flip occurs:

<n> _ <ndetected>

n

; (C.19)

and finally, an estimate for the spin-flip probability per cycle pg;, = ﬁ 0f 0.46% £ 0.01%
(0.53% £ 0.01%) for NV A (NV B). We note that pgy, corresponds to a crude estimate for
the combined probability of a direct spin-flip due to spin mixing and a transition into the

meta-stable single state.

C.7.3 Microwave Pulse Errors

The fidelity of the microwave (MW) 7 and 7 /2 pulses is limited by the static magnetic field
applied and the hyperfine interaction with the NV host nitrogen nuclear spin. Because the
nitrogen spin is not initialized, the MW pulses are randomly either on resonance or detuned
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Figure C.7 |Fluorescence time-traces during spin pumping on the |mgs = 1) <> |A;) trans-
ition for a, NV A and b, NV B. The laser power is the same as in the entanglement protocol
and corresponds to near saturated driving. Insets show the curve for the |ms = 0) <> |E,)
transition (used for single-shot readout characterisation). The curves are fitted with a single-
(light line) and double-(dark line) exponential decay with vertical offset. As can be seen the
single exponential decay does not accurately describe the fluorescence for short time scales.
From the double-exponential fits we obtain a total initial amplitude A of (89 +2) kHz and a
offset yo of (0.90 + 0.03) kHz for NV A, and for NV B an amplitude (62 £ 1) kHz and offset
(1.00 + 0.02) kHz. Background y1, for NV AB is 350 Hz and 80 Hz respectively. From this
we calculate an initialisation error of (0.61 £ 0.05)% for NV A and (1.46 + 0.05)% for NV B.

by the hyperfine splitting of the 14N(2.2 MHz), depending on the state of the nitrogen spin.
The error due to this detuning decreases with higher Rabi frequency. In the applied static
magnetic field of 17.5 G, the ms = +1 transition is 98 MHz detuned from the ms = —1
transition. Therefore pulses with too high Rabi frequency will populate the mg = +1 level.
We drive Rabi oscillations for NV A of 10 MHz, and 8.6 MHz for NV B. For NV B we apply
CORPSE pulses to reduce the effects of the detuning and to limit the population of the
mg = +1 level. For NV A we apply conventional pulses to avoid heating of the sample. We
simulate the effect of the two errors on the combined state of the two NVs by numerically
solving a three level driven system for the pulses used for each NV and calculating the 9 x 9
density matrix of the joint state. From this simulation we expect to reduce the fidelity of
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our final Bell State to 96.5% due to pulse errors. From the same simulation we find that the
population of the mgs = +1 state is less than 0.4% at the end of the protocol. The pulse
simulations agree with independently measured 7 pulse contrasts for both NVs.

C.7.4 Spin Coherence and Dynamical Decoupling

The main source of decoherence of the NV electron spins is the interaction with a spin bath
of '3C nuclear spins (S = 1/2). We measure a free induction decay time T of (3.07 4 0.06)
us for NV A and (0.96 £ 0.03) us for NV B. The spin echo of the electron spins periodically
collapses and revives due to entanglement and disentanglement with the surrounding 13C
spins precessing in the external field”. The revival amplitudes decay with a coherence time
T, = 687 us (NV B).

For the dynamical decoupling we use a XY16 sequence® and choose the inter pulse delay
to be twice the Larmor period of the '3C spins, thus measuring always the amplitude of the
revivals. When applying more than 16 pulses, the pulse errors due to off-resonant driving
of the mg = +1 level become significant. To circumvent this limitation we initialize the
14N nuclear spin by a projective measurement™. This allows for a lower Rabi frequency (1.6
MH2z) and therefore suppresses off-resonant driving of the mg = +1 level.

C.7.5 Residual laser photons

After polarization rejection and time-filtering of the reflected laser photons there is still a
finite probability of detecting a laser photon. Figure[C.8|shows the combined count histogram
during the first detection window on one APD, as well as the histogram counting only laser
reflections, measured under similar conditions. With the chosen detection window settings
there remains a ~ 1% probability that a detected photon comes from the laser instead of from
either NV. Counting the possible two click events (NV+NV, NV+laser, laser+NV, laser+laser),
this yields a 2% probability for a fake heralding event. Assuming that fake heralding events
actually correspond to totally mixed states in the ms = 0, mgs = —1 subspace with F = 1/4,
this yields a state infidelity of 1.5%.

C.7.6 Detector dark counts

Our detectors have been selected for low dark counts, with an average dark count rate of less
than 25 Hz. Taking into account the two detection windows and the probability of detecting
a NV photon, we estimate a relative probability of 1.3% for detecting a dark count. This
yields a state infidelity of 2%.

C.7.7 Off-resonant excitation

The 2 ns optical 7 pulses applied, have a small probability of exciting an off-resonant excited
state transition. From Fig. 2a in the main text it can be seen that the nearest transition corres-
ponding to a ms = —1 spin is detuned by ~ 5 GHz. We estimate the off-resonant excitation

144



C.7. Error estimation

normalized clicks

1075 1 ol [PE | 11 L
-20 0 20 40 60 80
time (ns)

Figure C.8 |To estimate the remaining laser photons in the time filtered signal we compare
a time trace of the combined laser reflections and NV emission (light), and a time-trace
showing only the laser pulse and reflections (dark). The NV data shown corresponds
to the summed histogram of a single detector of the first excitation pulse of the whole
entanglement dataset. The laser-only data was taken overnight under identical conditions,
but with the excitation laser far detuned from the NV resonances. For both traces background
is subtracted. The dashed line marks the start of the chosen detection window.

by simulating a 4-level driven system master equation in the Born-Markov approximation.
Starting with an initial superposition of two ground states corresponding to the m¢ = 0,
ms = —1 levels, and two excited states corresponding to the resonantly driven mg = 0
excited state level and the nearest off resonant mg = +1 level, we find a ~ 1% probability
to excite the mg = —1 state.

C.7.8 APD After-pulsing

With the APDs used in the experiment we observe after-pulsing, fake events that are triggered
some time after the actual registration of a photon. In our entanglement scheme this can
lead to fake heralding events: if a photon is detected in the detection window following the
first laser pulse, there is a finite chance of obtaining a click on the same detector during the
second detection not coming from a photon. Such events lower the fidelity of the produced
entanglement.

We perform a control experiment to estimate the chance to detect such fake heralding
events (Fig.|C.9). With the excitation laser strongly detuned from resonance we run the
entanglement sequence, ideally (i.e., for no after-pulsing occurring) only expecting clicks from
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the laser reflection and background/dark counts. Identified after-pulsing events triggered by
laser pulses are shown in Fig.[C.9. To identify these events we assume that a click preceded
by a click during a laser pulse is due to after-pulsing, neglecting the possibility of accidental
double-events due to background/dark counts. This analysis implicitly includes erroneous
entanglement heralding due to background/dark counts.

We obtain an estimate for the ratio of probabilities for real and fake heralding of U+
generation as follows. We compare the probability for detecting an NV photon after excitation
by the second laser pulse in the entanglement measurement and the probability for registering
during the same window an after-pulsing event triggered by the first laser pulse (Fig.[C.9p).
For fake heralding events the after-pulsing event is triggered by an NV photon. Therefore,
after-pulsing events are expected later than those triggered by the laser. We neglect this time-
difference because the probability for an after-pulsing event during the detection window is
almost constant.

For the chosen detection window of 19.2 ns after the second excitation we find an 8.8%
relative probability to measure an afterpulsing event instead of an NV photon. Assuming that
fake heralding events actually correspond to totally mixed states in the mgs = 0, mg = —1
subspace with F = 1/4, this leads to an infidelity of 6.5%. Note that this error only applies
for the U™ state.

C.7.9 Dephasing

The largest contribution to the state infidelity is dephasing of the produced Bell state due
to distinguishability of the photons emitted by the NV centres. An estimate for the distin-
guishability of the photons can be gained from the two-photon interference presented in
figure 2d of the main text. The interference shows a reduced visibility due to distinguishabil-
ity of the photons. As explained in more detail in the section on phase evolution below, the
visibility V' gives an upper bound for the Bell state fidelity: F < 1/2 + 1/2V.

The photon distinguishability is likely caused by phonon-induced transitions between
optically excited states, mainly in NV A, which is operated at a higher temperature. Another
contribution is the resonance check performed before the entanglement protocol to ensure
both NV’s are on resonance: to minimize the time necessary for the resonance check,
the NV’s are excited with a laser power near saturation. This can however decrease the
frequency-selectivity of the resonance check, as the lines will be power broadened.

C.8 TPOQI signature

As a measure of the indistinguishability of the photons from NV A and B we evaluate the
difference between the measured () (dt) function and the expected function g(f) (dt) that

would be obtained in the case of perfectly distinguishable photons. We define the visibility
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Figure C.9 |After-pulsing. a, After-pulsing events following laser pulses, measured on one
APD after the beam splitter. We identify detection events (green histogram curves) that
are registered after a laser photon from the first and second laser pulse, respectively. The
black curve shows events that are not preceded by another detection event (laser photons
and dark/background counts). Dashed lines mark the range used to identify entanglement
events. The high probability for a click obtained during the second laser pulse after obtaining
a click during the second (data point encircled red) is not due to after-pulsing but due to the
comparatively high probability of detecting a photon from both pulses in the same run. b,
Detection probabilities for NV photons and after-pulsing events. The green curve shows the
probability to detect in the second detection window an after-pulsing event triggered by
the first laser pulse. The grey curve shows for comparison the typical probability to detect
an NV photon.

as
g (dt) — g@ (dt)

9P (dr)

V(dt) = (C.20)

g?(dt) is proportional to the histogram of all coincidences obtained between photons
detected on the two APDs after the beam splitter, where dt = t1 — o, and ¢; (t2) is the arrival
time of the photon detected by APD 1 (2). We only take into account photons obtained
during the same entanglement attempt. Because our pulse scheme consists of two optical 7
pulses, coincidence peaks only occur around dt = 0 ns (two photons detected after the same
excitation pulse) and dt = +600 ns (one photon detected after each excitation pulse).

. 2 o
To determine gﬂ_ ) (dt) from our measurement we can use the coincidence count-rates of
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the side peaks around dt = £600 ns. The shape of gf) (dt) for two single emitters in our
pulse scheme is given by

g(f)(dt) = Z A; exp(=T|dt — i x 600ns|), (C.21)
i=—1,0,1

where the relative amplitudes A; are determined by the spin-dependent excitation probab-
ilities: The full state of the system after the first excitation round has the form (see main
text)

9 = 5 (D) 111) + 10 100) + [14) [10) +]14) 01)). (c22)

Neglecting initialisation and microwave errors, the |00), |11) states both contribute to the
Ay peak only, and the |01), |10) states contribute to the A1, peaks only. Because all states
occur with equal probability (1/4) and collection efficiency factor (74715 ), we have

AO == A,l + A+1, and A,l = A+1. (C23)

The amplitudes A, can be extracted from the measurement of ¢(?)(dt), because for the
side peaks, ¢(?) (dt) = gf)(dt).

We note that in Fig. 3 of the main text we have renormalised the central peak such that
gf) (Ons) = 1/2, the expected result for a conventional pulsed TPQI experiment, with an
infinite pulse sequence and two single emitters, for clarity. As the same normalisation factor
is applied to the measured central peak of g(?)(dt), this does not change the visibility.

C.9 Phase of the entangled state

Considering all relevant phases, the quantum state of the system after the first excitation
before the beam splitter is

1 —iw? —iw? ikaza—iwaT
2 (e7 it |1) 4 10) 4 + e T [1) 4 eFaTaTioaT 1) ) (C.24)

—iw?B —iw? ikprp—iwpT
®(eT ) g|0) g — e T ) g ethBTETIvn |1>B):|’

where w, and wy, correspond to the energy levels for the two ground states {|]) , |1)}. w is
the transition frequency from the excited state |e) to the corresponding ground state and k
the corresponding wavenumbers k = w/c. x is the photon path length from the NV-centre
to the beam splitter, the time ¢ corresponds to the time after the first MW /2 pulse and
time 7 to the time after the excitation pulse. The labels { A, B} denote the two NV centres.

See also Fig.[C.10]

After a single click in one of the output ports of the beam-splitter at a time 7 >
kaza,kpxp after the excitation (caused by one or two photons in that port), the two
NV spins are projected onto the mixed state

0 |9%) 45 (B | ap + BRI AN 5 (T4 (Ms (C.25)
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Figure C.10 |Schematic showing the energy levels involved in the protocol, and the defini-
tions for the various frequencies w involved, where j labels the NV centre j € {AB}

with the (—)-sign if we detect a click on the detector on output port 1 and a (4) for a click on
2, and amplitudes «, 8 depending on the collection efficiencies for NV A and B, respectively.
|vb%) 4 is an entangled state, with, at time # 5y after the first MW 7 /2-pulse, the following
phase relations:

’w:l:>AB — L [e—iwftMW |\L>A e—iwftMW |T>B X eiszB—in‘rl

V2

+ e_iw?tMW |T>A e—iwftMW ‘\L>B . eikAmA_i“’ATl} . (C.26)

Here we have assumed identical NV-optical lifetimes I'"! and identical path-lengths from
the beam splitter to the two different detectors, for simplicity.

At this time, the MW 7-pulse is applied, flipping all ||) <— |1) in Eqns. (C.25), (C.26).
Then the second excitation round proceeds, and after again detecting a single click in one
of the output ports of the beam-splitter at a time 7 > k/;2's, kKza’z, the two NV spins are
projected onto the pure state:

1 A . ’a . B . 'p
— W taw ,—twa "t w —twr tpyw ,—tw, tarw
73 e M Te [T g e nTmwe™ s
itkprp—iwpT Jik'y 'y —iw’y T2
X e e rATATTEA
A LA . B . 'B
:l: ewaT t]\/jwef’bwi tvw H/>A 67“"@ t]uweflw,r tvmw |T>B
. o NI
% elkACEA zwA'rlesz:L’B sz7'2:| , (C27)

at the spin-echo time ¢ = 2 X ¢y after the first MW 7 /2-pulse. Here we have denoted
variables corresponding to physical quantities during the second round with a prime (*). The
(4)-sign corresponds to a click in the same detectors, the (—)-sign to different detectors.

The phase of the final entangled in Eq. contains terms that oscillate with the photon
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frequency. To produce useful entanglement, a stable phase is required, suggesting that spatial
interferometric stability of the setup and prohibitively small detector time jitter are needed.

However, the time 7" between the two excitation rounds is short (7' = 600 ns) compared
to many environmental drifts of e.g. the optical path lengths and electric and magnetic
fields. This suggests we should consider certain assumptions about the relation between
the physical quantities in the first and second excitation rounds. In particular, possible
assumptions are:

1. wt = wj andw| = w|, requiring stability of the magnetic field as felt by the NV centre
on the time-scale 7T'. From independent spin-echo measurements in e.g. figure 1b in
the main text we know that this assumption satisfied.

2. x = 2’ requiring stability of the setup on the order of a wavelength (637 nm) on the
time-scale 7. With T being only 600ns, the setup is expected to be stable.

3. w = w’ (and therefore also k = k'). This assumption is harder to justify by independent
measurement, and in fact would not be satisfied if phonon-induced transitions occur
in the excited state.

If all three assumptions are satisfied, the phase relation in Eq. simplifies:
1 i
7 (WM ap £ 1M an) s (C.28)
with
o(11,72) = (12 — 71)(wa — WB), (C.29)
so that the overlap with the wanted Bell states is:

F(p) = % + %cos(go). (C.30)

This analysis shows that whenever the two NV centers are on resonance, perfect state
fidelity could be obtained independent of the photon arrival times. Also, if the photon arrival
times are identical, no dephasing is present independent of the detuning between the NV
centers’ optical frequencies.

C.9.1 Relation to TPQI visibility

Following Legero et al®, we have for the two-photon correlation function ¢(® (1, t5) of two
photons with identical polarisation exiting from the beam-splitter:

9 (01 12) =  [Ea(t)E(12) — En(t2)Ea(ta), )

150



C.9. Phase of the entangled state

where £(t) describes the spatio-temporal mode of the state of a single-photon light field,
at time ¢t. When these modes are written as the product of a real amplitude and a complex
phase, &;(t) = €;(t) exp[—i¢;(t)], the correlation above function can be rewritten:

g(2) (tl, f,z) = gf) (tl, tg) — K(tl, tg). (C.32)

Here, g(f) (t1,t2) is the correlation function for two fully distinguishable (perpendicularly
polarised) single photons,

((ea(tr)en(t2))? + (ea(t2)en(t1))?) | (C33)

A~

9P (b1, to) =

which is independent of the phases ¢. K (t1,t2), however, does depend on the phase:

K(t1,t2) = %(EA(tl)GB(tz)ﬁA(t2)€B(t1)) cos(pa(t1) — ¢a(t2) + ¢p(ta) — d5(t1)).

(C.34)
Finally, the visibility of the two photon interference in Eq. is given by
(2) _ (2
Vit t) = 20— = K/g1?. (C.35)
91

Relating the above to photons emitted by our two NV centres in the situation in our
experiment, and assuming the excitation time ¢y, we have

€i(t) =Texp[l'(t —to — x;/c)], (C.36)

where we have assumed as before identical optical lifetime I'~! for the both NV’s. Further-
more:

¢z(t) = (t — t())o.)i — klel (C37)

In this case, V (t1, t2) above reduces to
V(t1,t2) = cos|[(ta — t1)(wa — wB)]. (C.38)
Comparing this result with Eqns. 1} above, we have 1 + 1V (dt) = F(p(67)),
with - as before - dt = to — t; and 67 = 7o — 7y. Since rejecting any of the assumptions

(1-3) made in the previous section to arrive at the simplified expression for F will in general
decrease the fidelity, V sets an upper limit for the fidelity overlap with the Bell states.

151



C. Heralded entanglement

C.10 Bibliography

(1]

(2]

(3]

152

L. Robledo et al. High-fidelity projective read-out of a solid-state spin quantum register.
Nature 477, 574 (2011).

W. Pfaff et al. Demonstration of entanglement-by-measurement of solid-state qubits.
Nat Phys 9, 29 (2013).

L. Robledo, H. Bernien, I. van Weperen and R. Hanson. Control and Coherence of the
Optical Transition of Single Nitrogen Vacancy Centers in Diamond. Phys. Rev. Lett. 105,
177403 (2010).

B. B. Blinov, D. L. Moehring, L.-M. Duan and C. Monroe. Observation of entanglement
between a single trapped atom and a single photon. Nature 428, 153 (2004).

J. K. Lindsey. Parametric Statistical Inference. Clarendon Press, Oxford, UK (1996).

H. K. Cummins, G. Llewellyn and J. A. Jones. Tackling systematic errors in quantum
logic gates with composite rotations. Phys. Rev. A 67, 42308 (2003).

L. Childress et al. Coherent dynamics of coupled electron and nuclear spin qubits in
diamond. Science 314, 281 (2006).

T. Gullion, D. B. Baker and M. S. Conradi. New, compensated carr-purcell sequences. J.
Magn. Reson. 89, 479 (1990).

T. Legero, T. Wilk, A. Kuhn and G. Rempe. Characterization of Single Photons Using
Two-Photon Interference. M. O. Scully and G. Rempe (editors), Advances In Atomic,
Molecular, and Optical Physics, Academic Press, 253-289 (2006).



APPENDIX D

TELEPORTATION

D.1 Conventions

The basis states used for the electrons are |0) = |ms = 0) and |1) = |ms = —1). For the
nitrogen, |0) = |m; = 0) and |1) = |m; = —1). When specifying joint quantum states, the
first qubit is the nitrogen on site A, the second the electron on site A, and the third the
electron on site B. Teleportation is performed from qubit 1 onto qubit 3.

By x,y, z we denote /2 rotations around the +X, +Y, +7 axes respectively. Bars over
gate symbols indicate negative rotation sense. In the measurement sequences, rotations
around +.X, +Y correspond to phases of the applied driving pulses of +90° and 0°, respect-
ively. We prepare |z) = (|0) + [1))/v/2 by y|0) and |y) = (|0) +i]1))/+/2 = Z |0). Capital
letters X, Y, Z indicate 7 rotations.

Hamiltonian of Alice

The relevant energy levels of the electron and nuclear spins of Alice are depicted in Fig.[D.3.
We chose the rotating frame (Fig.[D.3p) such that the relevant Hamiltonian without driving
can be written as

(D.1)

o O o o
o O oo
o O O O

where A = 27 x 2.19 MHz is the parallel hyperfine coupling constant of electron and
nitrogen at low temperatures. The spin eigenstates are |00) , [01),]10) , |01).
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D.2 Desired state evolution

D.2.1 Source state preparation

After generating entanglement, we start with the state
1) (01) — [10)) /v2. (D.2)

We perform the desired rotation on the nitrogen spin for the m¢s = —1 manifold, then apply
a m-pulse to the electron and repeat the operation. In this way the operation on the nitrogen
spin is unconditional on the electron state and the electron phase is protected by a spin-echo.
With an RF operation |1) — «/|0) + §|1) this procedure yields

% ((e—iA(t—to)a 0) + 8 |1>) 100) + (]0) + B]1)) |11>) . (D.3)

Note that the states associated with |00) on Alice’s side accumulate a phase during free
evolution time, ¢, due to the choice of rotating frame. ¢ is the time at which the 7-pulse on the
electron is performed during preparation. By chosing the evolution time such that A(t — t)
is a multiple of 27 the initial state can be factorized. We implement the unconditional rotation
of the electron spin with a CORPSE pulse that provides a 7 rotation that is insensitive against
detuning over a range of a few MHz".

D.2.2 Bell-state measurement

The BSM consists of a CNOT rotation around the +Y" axis on Alice’s electron spin, condi-
tional on the nitrogen spin being in |0), followed by a /2 rotation around the +Y" axis on
the nitrogen spin. We implement the CNOT by rotating m; = —1 by = and m; = 0 by 27,
achieved by a pulse with Rabi frequency A/+/3. During this pulse Alice’s states |00) and
|01) are not unaffected. In particular, the time-dependent phase of the state |00) is reduced
compared to not performing the pulse (or compared to the case of an ideal CNOT gate in
which only a real 1 operation would be applied to this state) because some population tem-
porarily leaves this state. Conversely, |01) will acquire some phase because some population
will temporarily be in |00). An unconditonal rotation of the nitrogen spin is achieved in the
same was as for preparation, by performing the operation twice, with an electron flip in
between. After these gate operations we have

;h%(ﬂO—ea 1))
+101) (e—h4“1 to)—ir |0>+—ﬁ|1>)
+H0(ﬁ ra[1))

+[11) (e” t1m>m|mﬂu»}, (D.4)
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D.2. Desired state evolution

where t; is the time of the m-pulse on the electron and A, k are the additional phases on |00)
and |01).

D.2.3 Phase calibration

We can eliminate the undesired phases before the teleportation experiment by calibrating
the rotation axis of the 7/2 operation on the nitrogen in the BSM and the evolution times.
After initializing the nitrogen and electron spin states of Alice into |1) (]0) — |1))/v/2
(equivalent to the entanglement operation on Alice, ignoring Bob), we prepare the nitrogen
in |z) = (|0) — |1))/+/2 (preparation operation is y) and perform the BSM, yielding

1 .
WG [ 00) (=1 — )
+101) (—1 4 e*iA(tlfto)fin)
+ [10) (1 — ei)‘)
(1) (14 oAt in) } .

before readout (Fig.[D.4). We sweep the rotation axis of the RF pulse on the nitrogen (affecting
the phase i)\) and subsequently the evolution time between the CNOT and Y operations
during the BSM (affecting the phase —iA(t; —to)—ik). Calibration is achieved by maximizing
the probabilities for outcomes |00) and |11).

Dynamical decoupling of Bob’s electron spin To protect the target state against de-
phasing during the BSM, we perform an XY4 decoupling sequence in parallel. The first
m-pulse of this echo sequence is the 7-pulse performed during the entanglement generation
attempt. The remaining X-Y-X sequence is executed during the BSM. Taking these additional
rotations into account, the total state before readout, including phase calibration, is

1 100) (a]0) + 5 11)

+101) (=510) + 1))
+110) (a[0) — B[1))

+11) (B 10) + «|1)) |. (D.6)

Because we do not intialize the nuclear spin on Bob’s side we perform all electron spin
rotations with CORPSE pulses'™.

Feed-forward

The required feed-forward operations to re-create |1/} on the target spin can be taken straight-
forward from Eq. For the estimation of the fidelity of the teleported state with the
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ideal source state it is sufficient to read out in the basis aligned with the source state vector.
We achieve this readout by modifying the feed-forward operation such that we rotate the
target state U; ; |¢) directly into the z-basis, conditional on the outcome of the BSM. The
operations we apply in practice are summarized in Table

D.3 Data analysis

For each input state we determine the number of events n¢ and n; that give measurement

outcomes mg = 0 and mg = —1, respectively. The probability amplitudes ¢y and c; for
|0) and |1) are obtained by performing readout correction using the readout fidelities
and F_; for mg = 0 and mgs = —1, respectively. We obtain F and F_; from calibration

measurements performed periodically during the experiment. The teleportation fidelity of
the state is given by either ¢ or ¢; (see TableD.1).

The uncertainty of ¢y and c; is determined by the standard deviation of the binomial
distribution with probabilities ng/(ng + n1) and ny/(ng + n1) = 1 — ng/(no + n1), and
the measurement uncertainties of Fy and F_1 (for both readout fidelities the measurement
uncertainties are 0.005).

D.4 Error model

In the following we describe the errors we take into account for modeling our experimental
results. Any further errors are considered small in comparison and we ignore them in this
discussion. In particular we assume that the preparation of the source state |¢) is not subject
to errors resulting from RF or microwave pulses.

Note that we model the experimental results numerically with the best guesses of the
empiric parameters described below, without treatment of their uncertainties.

In general we simulate the experimental results by modeling the system by a2 x 2 x 2
dimensional density matrix that is subjected to operators that correspond to the operations
physically applied. Treatment of errors is included in the description of the types of errors
taken into consideration in the following. Operations for which no error is listed are assumed
to be perfect.

D.4.1 CNOT pulses

The fidelity of Alice’s electron spin rotations that are selective on the *N spin state are
limited by the finite linewidth of the electron spin transitions. We simulate the effect of
the pulse on the different hyperfine populations by evaluating the probability for inversion
versus detuning using a master equation solver?, and integrating over the transition line
shapes. In this way we compute the probabilities for an erroneous inversion for m; = —1
and non-inversion for m; = 0 to be both 0.01. Our calculation is based on a finite linewidth
that is determined by the electron spin dephasing time, 75 = 2 us. In our model we assume
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that in case of an error the spin state is dephased (i.e., we numerically set the respective
coherences in the resulting density matrix to zero).

D.4.2 Nuclear spin initialization

When preparing the source state to be teleported, the following errors can occur: (1) Initial-
ization by measurement into m; = —1 succeeds with a fidelity p_1, and fails for the initial
state in either m; = 0 or m; = +1, with probabilities py and p 1, respectively; (2) After
each failed attempt to generate entanglement between Alice and Bob the electron is reset
by optical spin-pumping®. During this reset to ms; = 0 the nuclear spin can flip — with
Amy = +1 — with a probability pg,™.

Assuming that the conditional probability for a nuclear spin flop accompanying an electron
spin flip, pgyp, is identical for all Am; = =1, the equations describing the changes of
populations in dependence of the number of electron spin flips, n, are

p—1(n) —p—1(n —1) = paip (po(n — 1) —p_1(n — 1))
po(n) —po(n —1) = paip (—2po(n — 1) + p_1(n — 1) +py1(n — 1))
P+1(n) —pr1(n—1) = payp (Po(n — 1) —pri(n —1)). (D.7)

The measured population of m; = —1 in dependence of n is shown in Fig.

From independent calibration measurements we estimate the nuclear spin to be initialized
by measurement with p_1(0) = 0.97, po(0) = 0.02, and p11(0) = 0.01. Together with
the nuclear spin depolarization during subsequent entanglement generation attempts we
determine (p_;) = 0.88, (po) = 0.10, and (p1,) = 0.02 from the solution of (D.7), for a
maximum of 250 entanglement generation attempts before re-initialization by measurement.
Here,

L&
(pi) = N sz(n) (D.3)
n=0

is the average population of the nuclear spin state 7 for a maximum of 2N entanglement
generation attempts. Note that the electron spin is in a superposition before reset, and
thus the number of spin flips is half the number of entanglement generation attempts. The
probability for successful entanglement generation is independent of the attempt number.

In the simulation of the experimental data we calculate the projected outcomes for each
of the nuclear spin states and determine the combined result by weighing the average with
(p-1), (po), and (p1). Because population in m; = +1 is outside the simulated space of
two-level systems we treat this case in a separate simulation before weighing. The net effect
of detuned MW pulses in this case is determined by calculating the electron spin rotation
versus detuning and integrating over the m; = +1 transition line shape.

The influence of imperfect nuclear spin initialization can also be approximated inituitively
as follows: for m; = +1 none of the operations on Alice’s side are performed since all pulses
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applied are off-resonant, leading to dephasing of the state and ultimately a fully random
outcome of Bob’s readout. Initialization in m; = 0 = |0) results in the opposite outcome
than the one obtained from correct intialization in m; = —1 = |1). Thus, with probability
2(po) + (p+1) the target state is fully mixed.

D.4.3 Readout

The major limitation of the Bell-state measurement fidelity is the finite single-shot readout
fidelity of both electron and nuclear spin on Alice’s side. Electron spin readout is achieved
by resonant optical excitation of F,. Detection of a least one photon during this interval is
registered as readout result mg = 0, otherwise the result is mgs = +1. Nuclear spin readout
is achieved by re-setting the electron spin to ms = 0, mapping the nuclear spin state onto
the electron spin by a CNOT, and reading out the electron spin. This procedure is performed
twice in order to maximize the readout fidelity®. Readout result m; = 0 is obtained for
detection of at least one photon during either round.

The electron spin readout is limited by finite photon collection efficiency and electron
spin mixing in the excited state”. For Alice, we measure a mean single-shot readout fidelity
of Foro = 0.963 & 0.005. The nuclear spin readout is additionally limited by the CNOT
fidelity. With two readout rounds we estimate a mean readout fidelity of Fyro = 0.985
from the electron spin readout and CNOT pulse simulations.

In the simulation of the experimental results we use the single-shot readout fidelities to
determine the conditional density matrices that arise after measuring the electronic and
nuclear spin.

D.4.4 Photon indistinguishability and entangled state fidelity

The entangled state between the two electronic spins can be modeled as

p= VU (U +

@ (|01 (01] + |10} (10]), (D.9)

where the visibility V' describes the distinguishability between the photons emitted from
Alice and Bob. Here we assume that all other imperfections are negligible compared to the
photon distinguishability. The limitations of the Bell state fidelity are discussed in detail in
Bernien et al”

For modelling we treat V' as a free parameter used to match the average teleportation
fidelity. Using the parameters as described above and setting V' = 0.74 (corresponding to
a Bell-state fidelity of F\y— = 0.87) our simulation yields a mean teleportation fidelity of
F=0.77
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D.5 Further analysis of the teleporter performance

D.5.1 Effect of the feed-forward operation

Figure 4B of the main text shows the teleportation fidelity when no feed-forward is performed.
This data is extracted from the teleportation data including feed-forward in the following way.
We first determine the probability for obtaining the expected readout result independently for
each BSM outcome by postselection. We then invert the readout result for all operations with
a negative rotation sense. In this way we obtain the result that would have been measured if
for each BSM outcome the same qubit rotation was performed (i.e., no feed-forward). We
assume that any experimental errors in the final readout pulse are small and thus neglect
them in this treatment.

D.5.2 Correction for intialization

After determining the entangled state fidelity as described above we can estimate the actual
teleportation fidelity by assuming perfect intialization in our simulation. Setting p_; = 1
we compute a mean teleportation fidelity of Fiorrectea = 0.86 (Fig. )

D.5.3 Teleportation fidelity by Bell-state measurement outcome

Due to the different readout fidelities for each of the four Bell states (see above and Fig. 3
in the main text) we can expect different teleportation fidelities as well. We find that
the teleportation fidelity by outcome of the Bell-state measurement is consistent with
expectations (Fig.[D.6B), but the statistical uncertainty prevents a more detailed discussion.

D.5.4 Probability of BSM outcomes

We verify in more detail that the teleportation works as intended by examining the distribu-
tion of BSM outcomes obtained from all teleportation events (Fig. D.6[C). The simulations
are in good agreement with the data. The deviation from an equal probability of 0.25 for all
BSM outcomes is mainly due to the asymmetry in the readout fidelities of the electron spin
states®.
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Figure D.1 | Saturation measurements on SILs with and without antireflection coating.
Fluorescence count rates in dependence of off-resonant green excitation power (kcts = 1000
counts). Solid lines are fits to A - x/(x + Psy). In the case of a bare SIL, photons emitted
from the NV centre and the excitation laser can be reflected at the interface due to the
large refractive index of diamond. This effect is overcome by an antireflection coating which
further increases the count rates and significantly reduces reflections of the excitation laser.
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Figure D.2 | System initialization. A, We verify charge and resonance condition of Alice
and Bob (asynchronously) by applying laser pulses on E, and E; > simultaneously and
putting a lower threshold on the number of phonon side band photons detected during
those pulses. If the threshold is not met we reset the charge state: On Alice, we repump
NVY — NV~ using a laser at 575 nm, on resonance with the ZPL of NVOE On Bob, we
use off-resonant excitation at 532 nm. We repeat verification and repump until success.
B, Following spin-pumping into my = +£1 by excitation of E, we apply a CNOT on the

electronic spin, such that rotation to ms = 0 is only performed for m; = —1. A PSB photon
detected during a short readout pulse on £ signals a high-fidelity measurement of ms = 0
and projection of the nuclear spin into m; = —1. If no photon is detected, we re-try for a

maximum of N times (here, N = 100), before charge and resonance are re-evalutated. In
between attempts we apply 50 us of illumination on both £, and E; 5 in order to randomise
the nuclear spin owed to off-diagonal terms in the hyperfine interaction in the optical
excited state (not shown in the diagram). C, As soon as both Alice and Bob are initialised,
we attempt to generate entanglement between them. Each attempt starts with an electron
spin reset to mg = 0. Two rounds of optical excitation with optical m-pulses on E, follow,
separated by a MW m-pulse. Detection of exactly one ZPL photon after each pulse heralds
creation of entanglement. We perform a maximum of M attempts before re-initialisation
(here, M = 250). D, When entanglement is created, we prepare the '*N spin of Alice
unconditional on the electron spin state, while preserving the electron spin phase. The RF
pulse that generates the rotation is only resonant for ms = —1; we perform the rotation
twice, separated by a 7-pulse on the electron.
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Figure D.3 | Relevant spin states on Alice’s side. A, Lab frame. B, Rotating frame chosen.
D = 27 x 2.878 GHz is the NV electron zero-field splitting, wp ~ 27 x 50 MHz is the
Zeeman splitting of the electron, A = 27 x 2.19 MHz is the electron-nitrogen hyperfine

coupling constant.
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Figure D.4 | Calibration of the Bell-state measurement. A, Calibration of the driving phase
of the Hadamard operation, and B, subsequent calibration of the evolution time between the
CNOT gate of the BSM and the electron m-pulse for the unconditional rotation of the nuclear
spin. The solid lines are sinosoidal fits to the BSM outcomes to be maximised. The legend
indicates the correspondence between two-qubit measurement results ¢j and Bell-state
detection. The calibration is performed with the full teleportation protocol including the
MW pulses during entanglement generation attempts (but without optical w-pulses). Error
bars are 1s.d.
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Figure D.5 | Nuclear spin state depolarization as function of electron spin flips by optical
spin-pumping. We measure nuclear spin flips that are conditional on electron spin flips
when optically pumping on E; 5. We prepare the nuclear spin in mgs = —1 and measure the
probability for its preservation dependent on the number of cycles of electron spin-pumping
|1) — |0) and re-preparation of |1) by a microwave m-pulse. The solid line is a fit to
the solution of that is given by p_1(n) = 1/6 (2+ (1 — 3ppip)™ + 3(1 — prip) ™)
(neglecting initial population in m; = 0 and m; = +1). Because the data shown
here is not corrected for finite initialisation fidelity of the nuclear spin and nuclear spin
readout errors we include an offset o and scaling factor A in the fit function, p_1(n) =
A/6(2+ (1= 3ppip)N + 3(1 — prip)™) + 0. The fit yields a nuclear spin-flip probability
of prip = (0.17 £0.01) % per spin pumping cycle, and A = 0.83 £0.02, 0 = 0.13 £ 0.01.
Note that the data shown in Fig. 2D of the main text has been corrected for nuclear spin
readout errors. Error bars are 1 s.d.
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Figure D.6 | Further analysis of the teleportation fidelity. A, Correction for imperfect
initialization of the source qubit. We simulate the teleportation outcomes using perfect
intialization, p_; = 1. The simulation yields and average fidelity of 0.86. B, We determine
the average teleportation fidelity for each outcome of the Bell-state measurement. Within
the statistical uncertainty the fidelities do not differ substantially. C, Probability for each
BSM outcome, as measured (blue) and predicted from the model (orange). The dashed line
marks 0.25. Error bars are 1 s.d.
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Table D.1 | Feed-forward and readout operations applied for each BSM outcome.
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Summary

Gaining precise control over quantum systems is crucial for applications in quantum in-
formation processing and quantum sensing and to perform experimental tests of quantum
mechanics. The experiments presented in this thesis implement quantum measurements
and real-time feedback protocols that can help to achieve these goals using single electron
and nuclear spins in diamond. Spins associated with the Nitrogen Vacancy (NV) center in
diamond recently emerged as an excellent testbed to demonstrate quantum effects and are a
promising building block for future quantum technology.

The NV center is an atomic defect in the diamond lattice consisting of a substitutional
nitrogen atom next to an empty lattice site. With its effective electron spin and nearby
nuclear spins it forms a natural multi-qubit register with long-lived spin states that can be
manipulated with magnetic resonance techniques. At temperatures below 10 K it displays
spin-selective optical transitions that can be individually addressed and thereby provide an
optical interface enabling high-fidelity single-shot readout and the generation of spin-photon
entanglement.

In chapter 3 the fundamental trade-off between information gain and state disturbance
associated with a quantum measurement is investigated. A variable strength measurement
of the nuclear spin associated with the host nitrogen atom is implemented via an indirect
measurement using the electron spin. The measurement strength can be tuned by varying
the amount of entanglement between the two spins. To avoid dephasing of the nuclear
spin, due to spin-flips of the electron spin during its readout, a dynamical-stop readout is
used to perform a QND measurement of the electron spin. This enables sequential partial
measurements that can manipulate the nuclear spin using only the backaction of quantum
measurements combined with real-time feedback.

The electron spin can be used to sense static magnetic fields by performing repetitive Ram-
sey sequences. The experiments presented in chapter 4 address the open question whether
adaptive measurements can out-perform non-adaptive protocols for sensing applications. An
adaptive strategy is implemented where the readout basis is optimized in real-time using a
Bayesian estimation based on previous measurement outcomes. The experiment shows that
this adaptive protocol outperforms the best known non-adaptive protocol when overhead is
taken into account.

The results in chapter 5 demonstrate the generation of measurement-based entanglement
between two electron spins separated by 3 meters. By locally entangling each electron spin
with a photon and performing a subsequent joint measurement of the photons, entanglement
between the electron spins is heralded. The generated Bell-pair shared between remote

169



Summary

locations is then used to unconditionally teleport the state of a nuclear spin in one diamond
to the electron spin in the other diamond. To this end the nuclear spin is prepared in the state
that is to be teleported followed by a local measurement of the electron and nuclear spin
in the Bell-basis. This measurement projects the electron spin in the other diamond to the
initial state of the nuclear spin up to a unitary operation that depends on the outcome of the
Bell-state measurement. The original state is then recovered via a feed-forward operation.
The fact that the protocol to prepare the remote Bell-pair is heralded and that the local Bell-
state measurement can distinguish all four Bell-states, allows for unconditional teleportation.

The final two chapters of this thesis discuss the use of weakly coupled '3C spins as
a quantum memory that is robust against optical excitation of the electron spin. The
ability to store a quantum state in a quantum register while remotely connecting it to other
registers enables the implementation of entanglement purification and quantum repeater
protocols. A theoretical model is introduced to analyze the dephasing of a carbon spin
during repetitive resets of the electron spin (which is required in the presented heralded
entanglement protocol). This model is then tested experimentally in an isotopically purified
diamond with a carbon spin that is relatively insensitive to perturbations induced by electron
spin-flips owing to its low coupling strength (200 Hz). Although the observed dephasing
is stronger than predicted by the model the results indicate that it is possible to store a
quantum state in the '3C spin while optically exciting the electron spin.
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Het nauwkeurig controleren van quantum systemen is essentieel zowel voor toepassin-
gen in quantum informatica en quantum sensoren als voor experimentele tests van de
quantum mechanica. De experimenten die in dit proefschrift worden beschreven, introdu-
ceren quantum metingen en terugkoppelingsprotocollen met enkele spins in diamant om
deze doelen te bereiken. Spins nabij het stikstof-holte (nitrogen-vacancy, NV) centrum in
diamant zijn uiterst geschikt om quantum effecten te demonstreren en zijn een veelbelovende
bouwsteen voor toekomstige quantum technologie.

Het NV centrum is een atomisch defect in het diamant rooster bestaande uit een stikstofa-
toom in plaats van een koolstofatoom en een ontbrekend koolstofatoom op een naburige
roosterplek. Met zijn elektronspin en nabijgelegen kernspins vormt het NV centrum een
quantum register bestaande uit spins met lange coherentietijden die gemanipuleerd kunnen
worden met magnetische resonantie technieken. Bij temperaturen lager dan 10 K vertoont
het NV centrum spin-selectieve optische transities die individueel aangeslagen kunnen
worden. Op deze manier kan de electron spin zeer betrouwbaar worden geinitialiseerd,
gemeten en verstrengeld met een foton.

In hoofdstuk 3 wordt de fundamentele balans tussen het verkrijgen van informatie en
het verstoren van een quantum toestand die hoort bij een quantum meting onderzocht.
Door een kernspin te meten via de elektronspin kan de sterkte van de meting gevarieerd
worden. Hierbij bepaalt de mate van verstrengeling tussen de twee spins de meetsterkte.
Een nieuw ontwikkelde QND meting van de elektronspin kan decoherentie van de kernspin
tijdens de uitlezing van de elektronspin verminderen. Dankzij deze QND meting kunnen
opeenvolgende gedeeltelijke metingen op de kernspin worden gedaan. Tot slot laten we
zien dat de terugslag van opeenvolgende gedeeltelijke metingen gebruikt kan worden om de
toestand van de kernspin te manipuleren door gebruik te maken van tergkoppeling.

De elektronspin kan worden gebruikt om statische magneetvelden te meten door opeen-
volgende Ramsey sequenties uit te voeren. De experimenten die besproken worden in
hoofdstuk 4 richten zich op de open vraag of het gebruik van terugkoppeling kan helpen om
een quantum sensor te verbeteren. In het gedemonstreerde protocol met terugkoppeling
wordt de meetbasis van de elektronspin geoptimaliseerd door een Bayesiaanse schatting
te maken van het magneetveld gebaseerd op de voorgaande meetuitkomsten. De experi-
menten tonen aan dat het gebruik van terugkoppeling voordelig is wanneer men de overhead
meerekent.

De resultaten in hoofdstuk 5 demonstreren dat de spin van twee elektronen in diamanten
op een afstand van 3 meter met elkaar verstrengeld kunnen worden door middel van metin-
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gen. Door de individuele elektronen spins lokaal te verstrengelen met een foton en vervolgens
de fotonen gezamenlijk te meten, worden de elektronen spins in een verstrengelde toest-
and geprojecteerd. Het resulterende Bell-paar dat gedeeld wordt tussen de twee locaties
wordt gebruikt om de toestand van een kernspin in de ene diamant te teleporteren naar een
elektronspin in de andere diamant. Hiertoe wordt de kernspin in de te verzenden toestand ge-
bracht waarna de kernspin en de elektronspin lokaal gemeten worden in de Bell-basis. Door
het resultaat van deze meting via een klassiek kanaal te communiceren naar de ontvangst
locatie kan met terugkoppeling de elektronspin in de andere diamant in de gewenste toestand
gebracht worden.

In de laatste twee hoofdstukken van dit proefschrift wordt de mogelijkheid onderzocht
om zwak gekoppelde '3C spins te gebruiken als een quantum geheugen dat robuust is tegen
verstoringen die kunnen optreden wanneer de elektronspin optisch aangeslagen wordt.
Het vermogen om een quantum toestand op te slaan in een quantum register terwijl het
tegelijkertijd verstrengeld wordt met een ander register maakt het mogelijk om entanglement
purification en quantum repeater protocollen te implementeren. In een theoretisch model
wordt de decoherentie van de koolstofspin beschreven wanneer de elektronspin herhaaldelijk
geinitialiseerd wordt (net zoals in het hierboven genoemde protocol om elektronen over
afstand te verstrengelen). Dit model wordt getest in een diamant met relatief weinig '>C
isotopen waarin de koolstof spins dankzij hun lage koppelingssterkte (200 Hz) minder
gevoelig zijn voor verstoringen door de elektronspin. Hoewel de waargenomen decoherentie
sterker is dan het model voorspelt, laten de resultaten zien dat het mogelijk is om een
quantum toestand op te slaan in een '3C spin terwijl het elektron optisch aangeslagen wordt.
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