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1 Introduction

“A scientist in his laboratory is not a mere technician:
he is also a child confronting natural phenomena that
impress him as though they were fairy tales.”
Marie Curie, 1933

23rd October 2019, for the first time, the supremacy of a quantum computer over a
classical system can be demonstrated. Based on 53 superconducting qubits, physicists
from Google can solve a problem within 200 seconds, which would take 10000 years for
a classical present-day supercomputer!!l. It is probably a matter of definition whether
the moment of quantum superiority has really already taken place, since the solved
problem was perfectly designed for the quantum computer and thus no universally
usable device is yet available. However, the enormous progress in applied quantum
physics in recent years is indisputable.

Besides superconducting qubits, spin-bearing color centers in solid state systems are
of great interest for applied quantum physics®®!. These are less suitable for quantum
computing due to the limited scalability, but more attractive for quantum communica-
tion, quantum memory and especially quantum sensing!*~"). A major advantage over
superconducting qubits and spin centers based on ion traps or quantum dots® are
excellent coherence properties available at room temperature with comparably little
effort. It has already been possible to demonstrate novel sensors that can probe mag-
netic fields or even spin-carrying nuclei in the environment on the nanometer scale !,
For instance, local NMR measurements can be performed with single NV~ centers in
diamond, providing insight into areas of biology, chemistry and medicine!'*'!, Fur-
thermore, first quantum mechanical operations in the field of quantum information
have already been demonstrated at room temperature!’. In the long term assuming
a better scalability, these could also offer an alternative to cryogenically cooled super-
conducting qubits, with the result that quantum computing may one day find its way
into data analysis, quantum simulation and decryption at ambient temperatures. So
far, though, such spin defects are known only in 3D materials, which limits their sen-
sitivity to the environment. For example, the frontrunner NV~ in diamond currently

possesses the best coherence properties in this field, but loses them if positioned too



1 Introduction

close to the surface e.g. due to a graphitization of the diamond surface!'> 3!,

Another relevant field of solid state physics is dealing directly with surface effects, es-
pecially of single monolayers. 2D materials have gained increasing popularity in the
last few years, spurred on by graphene!'*. Thus, a completely new field of solid state
physics has been established within a very short time!'”!. Monolayers of materials
show partly completely unique properties. Bismuth and its physical properties, for
example, have been widely understood for a long time. A single layer of bismuth on a
SiC substrate, in contrast, promises features such as topological insulation to occur al-
ready at room temperature '), which has only been a low-temperature phenomenon
so far'”, In addition, an indirect semiconductor such as MoS, exhibits different pro-
perties during the transition to a monolayer and turns into a direct semiconductor,
thereby becoming an ideal candidate for nanometer-sized new electronic devices!'®!.
Besides many other novel features of individual 2D materials, the possibility of stacking
them is a major focus of current research!'”!. The compatibility of individual van der
Waals materials permits the design of novel nanometer-sized devices. An example of
such devices are transistors'?!, consisting of only a few atomic layers based on van der
Waals materials, which could supersede the existing silicon technology in the future.
Furthermore, the stacking can not only be utilized for novel nanodevices, but also for
the creation of metamaterials with tailor-made properties. Oriented on superconduct-
ing copper oxides, for example, newly stacked structures are conceivable, bringing the
holy grail of room-temperature superconductivity one step closer?%!.

In this work, a bridge was built between the so-far separate fields of spin defects and
2D systems: for the first time, an optically addressable spin defect (V) in a van der
Waals material (hexagonal boron nitride) was identified and exploited. The results of

this thesis are divided into three topics as follows:

1.) Identification of Vg (published in Nature Materials'*')

In the scope of this chapter, the defect - the negatively charged boron vacancy V; -
is identified and characterized. An initialization and readout of the spin state can be
demonstrated optically at room temperature and its spin Hamiltonian contributions
can be quantified.

2.) Coherent Control of Vg (published in Science Advances'*))

A coherent control is required for the defect to be utilized for quantum applications,
which is demonstrated in this chapter at room temperature. Using this ability of co-
herent manipulation, it is possible to determine relevant relaxation times such as 77,

T», and T,'. Furthermore, phonon influences can be investigated by analysing the tem-



perature dependence of the spin relaxation rate and influences of the magnetic envi-

ronment of surrounding nuclear spins are verified.

3.) Application of V; as a Sensor (published in Nature Communications'**))

First applications of a V; -based sensor are demonstrated and discussed here. It is
shown that a shift of the zero-field splitting parameter with temperature variations is
attributed to changes of the lattice parameters. The same effect can also be induced
and ultimately exploited by externally applying pressure to hBN. Thus, in combination
with magnetic field-dependent Zeeman splitting, the defect can be used for tempera-
ture, pressure, and magnetic field sensing, which potentially enables atomic V; -based

sensors at the nano-scale in the future.






2 Theory

In the following chapter, the theoretical background of the negatively charged boron
vacancy is presented. Starting with the material system, theoretically predicted defects
are then discussed in order to be able to better assign the later measurement results.
Subsequently, the contributions of the spin Hamiltonian are discussed in order to pro-

vide a basis for the measurement routines presented later.

2.1 Defects in hexagonal Boron Nitride

2.1.1 Material System: hexagonal Boron Nitride

Hexagonal boron nitride (hBN) is a van der Waals (vdW) material which, as the name

suggests, consists of boron and nitrogen atoms. These atoms are arranged alternately

in a hexagonal lattice (see Figure 2.1). The honeycomb structure of a monolayer strongly
resembles the one of graphene, which is why hBN is also known as white graphene!'*.

However, the physical properties of these two materials differ significantly, which makes
hBN a suitable complement to graphene.

Strong sigma bonds with Bls and N1s orbitals (bond energies of 190.4 eV and 398.0 eV,

respectively'>?*!) are formed between the atoms of a layer. Between separate layers
only weak van der Waals forces (81 meV for hBN bilayer **!) are present, which allows
easy exfoliation as in graphene " (see Figure 2.1b). hBN is an excellent insulator with
its relatively large band gap of 6 eV?”). The breakdown voltage is relatively high with
12 MVem ™! 281 which promises sufficient insulation even for a few layers®®!. In ad-
dition, hBN is transparent in the visible range (if non-treated/ unirradiated) *” with
a reflection index of 2 — 2.4, This makes hBN an excellent encapsulation mate-
riag[19:31-341
Furthermore, hBN has only a low thermal expansion®”! and is stable up to tempera-
tures of 2000 K!'”!, Thermal conductivity, on the other hand, is relatively high and
comparable to that of pure copper!'>3%. Moreover, hBN is a very elastic 2D material
since it exhibits a large Young’s modulus of about 270 Nm™! 7! and it is mechanically

highly robust, as it also possesses a high tensile strength of approximately 41 MPa %!,
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a b c
hBN Crystal hBN Monolayer
e aWrorce ¥ w0 Exfoliation

Figure 2.1: Structure of hexagonal Boron Nitride. a hBN Crystal with van der Waals (vdW)
forces between the different layers. b Multi layered flakes and monolayers are obtained
by exfoliation of a hBN crystal. ¢ A hBN monolayer is depicted with its Wigner-Seitz cell
revealing the periodic honeycomp structure.

The material can be present as a van der Waals crystal, but also single monolayers can
be exfoliated and are stable under normal conditions, since no dangling bonds are
present!'®!. This 2D character of the material is also manifested in the phonon modes.
Characteristic for hBN is the in-plane E»¢ mode, which can be accessed in Raman mea-
surements. In the bulk it is observed at 1366 cm™! and for monolayers at 1370 cm ™! 59,
From a crystallographic point of view, hBN belongs to a large number of other 2D ma-
terials'*’!. Especially the in-plane lattice parameters (angy = 2.50 A) of hBN are al-
most identical to those of graphene (dgraphene = 2.46 A) and close to MoS; (amos, =
3.16 A) 3541421 This allows a stacking of this class of materials, enabling completely
novel devices based on these heterostructures. Particularly because of its aforemen-
tioned insulating properties, hBN is the standard material for the encapsulation of
emerging 2D structures and is thus already well established. One example are field
effect transisotrons consisting of the 2D materials graphene as a conductive gate elec-

trode, molybdenum disulfide as semiconductor and the insulating hBN as dielectric*?.

2.1.2 Theoretically predicted Defects

Theoretically, a wide range of defects in hBN is envisioned: intrinsic vacancies or de-
fects with impurities like oxygen, silicon, sulfur and carbon. Oxygen and carbon in par-
ticular can be easily incorporated in the lattice during the manufacturing process .

Silicon, on the other hand, is a suitable candidate, since silicon substrates are often

10



2.1 Defects in hexagonal Boron Nitride

used in the annealing process of the sample and thus individual silicon atoms can dif-
fuse into the hBN lattice [**!.

® Nitrogen
© Carbon

Figure 2.2: Selection of theoretically predicted defects in hBN. The upper defects are rep-
resentative for antisite defects. The lower defects for atomic defects showing intrinsic de-
fects (right) and with carbon incorporation (left).

A particular focus is on intrinsic and carbon-related defects, as these promise high sta-
bility*!. A few are exemplarily shown in Figure 2.2. Antisite defects (upper half of
Figure 2.2) such as VyCp and ViyNp are of interest. These exhibit a C,, symmetry. The
Vi Np is a representative antisite defect with a nitrogen substitution of a boron atom
adjacent a nitrogen vacancy*®!. For this defect a non-trivial ground spin state is to be
expected [*) - a feature which makes the defect attractive for quantum applications in
2D. Other potential antisite defects are a substitution by a foreign carbon atom in the
immediate vicinity of a missing boron and nitrogen atom, respectively (see VyCp and
VBCn). There is no direct evidence of these defects, however, the single photon emitter
around 2 eV in hBN is associated with carbon related defects, for which the V Cz(\;) is
identified as a leading candidate. It is worth mentioning that during this work as part
of a side project an ODMR signature was assigned to the carbon related defect. The
results were published in Nature Materials'“”), but are not part of this thesis.

More interesting for the scope of this work are the atomic defects, since these conform

with their D3; symmetry to the angle-dependent observations (see Chapter 5.4.3). Vy

11
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and Vg could already be confirmed as stable by means of STEM[“®!. It turned out that
the boron vacancy is two orders of magnitude more common than the nitrogen va-
cancy. However, an assignment of a photoluminescence or even a spin state remained
illusive until the start of this work. Simulations indicate a non-trivial spin state for
Vg 151 which makes this defect interesting especially for applications in quantum in-
formation, communication and in the field of nanosensing!*!. Within the results of

(1] this non-trivial spin state was confirmed

Chapter 5 published in Nature Materials
and the spin Hamiltonian of the defect was analyzed in more detail.

Following theoretical publications confirmed these parameters and pointed out that
the spin density is localized in-plane on the surrounding nitrogen atoms. This raises
the assumption that many of the effects observed in this thesis can also be transferred
from the bulk to a monolayer. Theoretical calculations show, for example, that the
calculated zero-field splitting value of Dvuix/h = 3.467 GHz shifts only slightly to higher
values (Pmonotayer/h = 3.471 GHz) when transitioning to a monolayer (491 1n addition, the
relatively strong hyperfine coupling to the neighboring nitrogen atoms (47 MHz) can
be corroborated for the bulk (4suix/h = 47.2 MHz) which, like the zero-field splitting pa-
rameter D, should not significantly differ for a monolayer (Amonotayer/n = 47.9 MHz) (491,
A detailed explanation of these parameters in general is presented in the following sec-

tion.

12



2.2 Spin Hamiltonian

2.2 Spin Hamiltonian

The spin Hamiltonian is used to describe a spin and its interaction with the environ-
ment (e.g. coupling to surrounding nuclei) by means of the Schrodinger equation %21,
This results in the eigenstates and their corresponding eigenenergies, which can later
be addressed spectroscopically (in the case of this work by applying magnetic reso-
nance). The spin Hamiltonian of the whole system considering all relevant influences

can be formulated additively from the single contributions:

H:Hez+HZF5+HHF]+an+HQ] (2.1)

The individual contributions will now be discussed in detail °%-3!,

2.2.1 Electron Zeeman Effect

Electrons can couple to an external magnetic field By via

their magnetic moment. The coupling is proportional to A
their angular momentum: ms=+1
. o o
L=vyS withy = —gus/n 22 2 l\ms
. . . . =1
The proportionality constant g is approximately 2 (g = iy

Magnetic Field
2.00231930436256 for a free electron!®*!). A significant de- agnefierie

viation from 2 indicates a strongly localized electron while the g-factor shift reveals the

[55]

influence of the spin-orbit interaction”'. The spin Hamiltonian contribution based

on the Zeeman effect is composed as follows:
H,z = gusBS (2.3)
This results in the energy eigenvalues
Ec.z(ms) = msgupBy (2.4)

depending on the respective magnetic quantum number mg of the corresponding
state. For a spin S one obtains the spin quantum numbers mg=-S§,-S+1,...,S—-1,S.
Thus, a spin 1/2 splits twice whereas a triplet (S = 1) splits into three (see illustration on
the right).

13
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2.2.2 Zero-Field Splitting

Besides the interaction with the external magnetic field, the electron spins for spin sys-
tems of higher order S > 1/2 can also interact with each other within their orbital®!!,

This is called fine splitting or zero field splitting. It can be formulated as

Hzps=SDS (2.5)
Where D is considered to be a tensor in general. When multiplied out it leads to
Hzps=DyS5+D,S;+D,S; (2.6)

This can also be converted to the ZFS parameters D and E, which are more common

in the literature.

S+1
HZFS:D(si—ST

+E(s2-82) 2.7)

14

Here D is the axial contribution D = 3/2D, and E is

A the rhombic or off-axial E = 1/2(D, — D,). Taking the
— PZEmszﬂ previous S = 1 example into account, the D value de-
=] M scribes the splitting between mg = 0 and mg = +1.
ﬁ D The energy eigenvalues are given for this example
L] e by
D=0 D>0 D>0
B0 B0 B0 Ezps(mg) =D (mé - %) : 2.8)

thus the energy level is lifted by 1/3D and lowered by

O *‘ o r y'.):b
A A Je > A —2/3D, respectively. For the non-zero case of the off-
* “\UWJ- ¥ axial contribution (E # 0) the mg = —1 and mg = +1
AV . J,‘ states are further splitted by 2E(see left illustration).
D=0 - . . .
= e x i For a description of the spin system, the axial contri-
x('_"‘“ - e : “'yb bution is often sufficient. The sign of the D value de-
£ u o termines the electron distribution. For a D value of
* “'\u 9 9 0, an isotropic electron distribution ensues. An ax-
lL. VA : J‘ ial distribution results for a non-zero ZFS parameter.
D>0
X L While a positive D value yields to an oblate distribu-
‘- O ‘I . . . .
l_ o " o b tion, a negative value results in a prolate one (cigar
) Q shape). The different electron distributions are shown

£ A hape). The different electron distributi h
F “"U 20 B | schematically on the left).

: VA -‘,) Off-axial terms occur mainly for strains in materials
D<0
h 1 1



2.2 Spin Hamiltonian

which lead to an asymmetry of the spin orbital °!!. The ZFS can range from a few GHz
as in the well-known NV~ (Dyy- = 2.87 GHz?!) in diamond over a few MHz for Vg;

(Dy,; = 70 MHzP%' 57y in SiC up to quasi zero (or not resolvable).

2.2.3 Hyperfine Interaction

Since nuclei can also carry a spin, it is possible that elec- A o mE
tron spins interact with the dipole moments of nuclear mS=+1_“'T;__:'f(1)
—tmes
spins, depending on their localization. ) ——my=-
2 mg=-1 ——~—1r—m=0
w —rm;=+1
Hypr=)_SAI (2.9)
3 mg=0 ——-—m;=%1,0

In many cases, it is sufficient to assume a scalar hyperfine constant instead of a hyper-
fine tensor. For n non-equivalent nuclei with the nuclear spin I one obtains (27 +1)"
sublevels of the original energy level. For n equivalent spins the scheme simplifies to
only 2nI + 1 sublevels°®!. In the right illustration an exemplary spin system with S = 1

and one I = 1 nucleus spin is shown (e.g. NV~ diamond). The sublevels are splitted by

Egrpi(ms, my) = Amgmy. (2.10)

2.2.4 Nuclear Zeeman Effect

As known from NMR, the nuclear spins also undergo a Zee-

man effect similar to the electron spin, however, this effect 1 =1
is much smaller due to the smaller gyro magnetic ratio °?!. _ [};
As soon as the nuclear spins of the system are coupled to E,’ m=0
the electron spins via hyperfine interaction, the nuclear “
Zeeman effect leads to a small shift/splitting of the signal. m=+1
Magnetic Field
H,z=—-ynBI (2.11)

The corresponding energy scheme for a I = 1 is shown on the right. The energy levels

are splitted, given by the corresponding eigenvalue

Enz(mp) =—-myyBy (2.12)

15
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2.2.5 Quadrupole Splitting

Another interaction specifically affecting the nuclei, and

thus indirectly the electron spins, is nuclear quadrupole

splitting. Nuclei with a nuclear spin of I > 1/2 exhibit an

=0 electric quadrupole moment. The mathematical structure
e e Sk ;

- é Q  isrelatively similar to that of the ZFS of electron spins and

Energy

~~f Lq canbeformulated as follows:

Hor=1QI (2.13)
The eigenvalues for the previous example I =1 (e.g. nitrogen) are derived by

2
Eor(my) :Q(m%—g). (2.14)
Therefore, the energy levels are lifted by 1/3Q and lowered by —2/3Q, respectively °” (see
illustration). In general, this value is also much smaller than the other contributions
and is usually negligible for continuous wave measurements. An indirect addressing by
means of ENDOR (electron nuclear double resonance) or ESEEM (electron spin echo

envelope modulation) can resolve such a small contribution.

16



3 Method

The following chapter will focus on the used measuring techniques. Most of the ob-
servations and results of this thesis are based on optically detected magnetic reso-
nance (ODMR), a further developed form of the established electron paramagnetic
resonance (EPR). First, the basics of EPR will be discussed, subsequently followed by
ODMR [51,52,58,61,62]

3.1 Electron Paramagnetic Resonance

In the preceding chapter the individual contributions of the spin Hamiltonian of an
electron system were discussed. For small magnetic fields (e.g. By <1 T), the energy
differences of the intrinsic energies of the aforementioned spin Hamiltonian parame-
ters are in the order of u eV, which is in the range of microwave photon energies. An
optimal method for addressing such small energy differences is EPR. Its fundamental
principle is a resonant absorption of incident microwaves, which matches the respec-
tive energy differences.

For the simplest case of a spin S = 1/2, which is exposed to a magnetic field By, the

following resonance condition is obtained according to the selection rule Amg = +1:
AE = hv = gugBy (3.1)

To satisfy the resonance condition, the external magnetic field and the incident mi-
crowave frequency must match accordingly. This can either be achieved by scanning
the incident microwave frequency or by sweeping the external magnetic field. Usually,
the latter is swept by driving a defined current through a Helmholtz coil pair. The fre-
quency, on the other hand, is fixed, since reflection cavities are used by default in EPR
to increase the sensitivity. The interaction of microwaves and spin system is increased,
as far as the microwaves are equal to the resonance frequency of the cavity, which is
given by its geometrical dimensions. If the external magnetic field is swept to tune the

transition, microwave absorption can be observed for the resonant case.
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Figure 3.1 illustrates the schematic configuration for cw EPR employed in this work

as described elsewhere °!.

AMETEK
o o vt

Microwave Bridge
Attenuator Phase Shifter
. b4

Ref

| Detector

I

<= p
E =

o88a008 o 2

0000000 O -

B, B, Function
Generator

Figure 3.1: Continuous wave EPR setup. The sample is placed on a quartz rod inside a
gold-coated microwave cavity (orange box). An external magnetic field By with an ad-
ditional modulation field B, is applied via Helmholtz coil pairs. Microwaves are inserted
and detected via a microwave bridge (gray box) and measured with a lock-in amplifier (see
main text for further details). An optional laser can be inserted in order to spin polarize
the sample.

The external magnetic field By is applied via Helmholtz coils depicted in gray. Between
the two coils is a gold-coated box resonator in whose center the sample is positioned
via a quartz rod. Microwaves are injected and detected via a so-called microwave
bridge (in this work from a Bruker spectrometer). It operates as follows: A microwave
source emits microwaves matching the resonant frequency of the cavity. A part is out-
coupled into the reference arm (upper part) and the rest remains in the signal arm. The
power of the microwaves is adjusted by an adjustable attenuator and injected into the
cavity via a circulator (B field of microwaves outlined in blue). The reflected part of
the microwaves travel through the circulator to the detector. If the cavity is critically
coupled, no microwaves are reflected. However, as soon as the system is in resonance
with the spin system, this critical coupling is disturbed and microwaves are reflected,
which are registered by the detector. Depending on the design, the reference arm, in
which the power and the phase of the microwaves can be adjusted separately, has a dif-
ferent function. In the present case, a Schottky diode is used, which generates a voltage

proportional to the incoming microwave power. To ensure its proportionality, the re-

18



3.1 Electron Paramagnetic Resonance

ference arm acts as a bias. In more recent models (e.g. Magnettech, see quantitative
EPR measurements Figure 6.9), a mixer detection is used. In this case, the microwaves

of the reference arm are used to down convert the actual signal.

To increase the signal-to-noise ratio, a lock-in based detec-

tion is often chosen, where the magnetic field is addition-
ally sinusoidally modulated. This is accomplished via an

additional (small) pair of coils. The current is generated gueBo=hv

Energy

by a function generator (Keithley 3390) with the proper

modulation frequency (usually 100 kHz to avoid !/f noise)

and amplified to the required power by an amplifier. The
voltage proportional to the microwave power from the mi-

crowave bridge is fed to a lock-in amplifier (Signal Recov-

Absorption

ery 7230 lock-in amplifier) whose frequency is locked to

the modulation frequency of the function generator. The

resulting EPR signal is sketched in the margin: A Amg = +1
transition leads to microwave absorption at the magnetic

field corresponding to the resonance condition. The natu-

EPR Signal

ral line width is given by a Lorentz profile and can be addi-

tionally broadened by Gaussians or a more complex struc- Magnetic Field

ture (e.g. unresolved hyperfine splitting). Due to the mo-

dulated magnetic field, the lock-in detection results in a signal, which is proportional
to the slope of the absorption peak at the different magnetic field positions. This yields
to the first derivative of the microwave absorption signal. It should be noted that mi-
crowaves can only be absorbed if there is also a difference in the two energy levels
involved. This is usually the case due to the Boltzmann statistics. At low temperatures,
this difference is larger and therefore the EPR signal is typically larger as well. However,
by using an externally coupled laser, the population difference can also be artificially
manipulated to detect spin polarizations of electron spin states. This is realized in the
present work with a 532-nm laser (Cobolt Samba 100). Dark measurements of EPR,
on the other hand, have the advantage that in addition to providing insight into the
spin Hamiltonian, they also provide quantitative information on the number of spins
involved. They are proportional to the total microwave absorption (area under the ab-
sorption curve). This in turn is given by the double integral DI of the detected EPR sig-

nal. Summarizing, the double integral is proportional to the following influences [**':

DI VPB,,QngS(S+1)ng (3.2)

19
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with the microwave power P, the modulation amplitude B,,, the quality factor Q of the
resonator, the Boltzman factor np, the total spin S and finally the number of involved
spins ng. Influences such as the spatial distribution of the microwave field are neg-
ligible for point samples which can be considered as the samples from the presented
work. By comparing the DI of an EPR signal with the DI of a sample with a known spin
number, the absolute spin number can be calculated, taking into account all measure-
ment parameters. In this work, the material BDPA is used as a reference sample, since
it has one radical with spin S = 1/2 per molecule (see later measurement Figure 6.9).
The number of molecules and thus the number of EPR spin involved can therefore be
derived from the amount of material.

Another general advantage of EPR (for both dark and illuminated measurements) is the
possibility of performing angle resolved measurements. For this purpose, the sample
is adjusted on a quartz rod (or fixed in an EPR tube) and rotated with a goniometer.
Depending on the orientation of the sample in the external magnetic field, different
projections of the By field onto the defect axis can be studied. A disadvantage of EPR,
however, are the limitations to large ensembles and only one frequency (the resonant

frequency given by the resonator).
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3.2 Optically Detected Magnetic Resonance

3.2 Optically Detected Magnetic Resonance

One of the best ways to study optically active spins is optically detected magnetic re-
sonance or in short ODMR !/, ODMR combines the optical properties of a system
with its spin properties. For a mere characterization of the system, as with EPR, the cw
mode is appropriate initially. Afterwards, the pulsed mode will be introduced, which

gives insight into time-resolved processes and characteristic times such as 77 and T>.

3.2.1 Continuous Wave

The principle of ODMR will be exemplified by

the following pumping scheme of an optically

spin-polarizable triplet!®’]. The system consists cs I+1)
of a ground state triplet, an excited triplet and a _ 10)
metastable state. If the system is illuminated with 5 Y - lE% |\/|S/

a laser of sufficiently high energy, spin-preserving 2 ¢ I 'S
excitation of the spins to the excited state oc- " v | 41)
curs. Subsequently, the system relaxes via two GS (%) B
paths: either by emitting photons via photolumi- v | 0)

nescence or via intersystem crossing (ISC) using
the metastable state. Assuming a spin-selective
transition at ISC, spin polarization of the ground state ensues. If microwave photons of
suitable energy are now inserted, transitions within the ground state (also possible for
the excited state, although not relevant for this work) can be induced. A manipulation
of this equilibrium manifests itself in an increase/decrease of the photoluminescence,
as long as it differs in intensity depending on the spin state. The resulting difference
depends on the investigated material system and can be enhanced by external influ-
ences such as low temperatures. Material systems such as NV~ diamond and SiC, for
example, exhibit values in the range of 10 % and 0.1 %, respectively [+,

The quantity to be measured is therefore the change in photoluminescence. Analogous
to EPR from the previous section, the magnetic field can be swept and the microwaves
- now with higher power to achieve saturation - can be applied. Detection of the photo-
luminescence under optical excitation of the sample would already provide the ODMR
signal. This is also called high field ODMR and is often used for larger ensembles (e.g.
in organics).

A much more sophisticated approach is to use a confocal microscope, which allows
the addressing of much smaller ensembles theoretically down to single emitters!'".

The setup for this is shown in Figure 3.2.
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Figure 3.2: Confocal continuous wave ODMR setup. The sample is excited via a laser. The
emitted Photoluminescence is detected by an APD and digitized by a lock-in. In order to
induce transitions between spin levels a microwave is inserted through an amplifier into a
stripline. The on/off modulation frequency is locked by the lock-in amplifier.

N

The upper part is the microscopic section of the setup, consisting of a white LED
and a USB camera. With these it is possible to focus through a lens (Olympus: LM-
PLN10XIR, LMPLFLN50x and MPLN100x depending on the sample) on the sample
lying on a microwave stripline. A 523-nm laser is used to excite the sample (Cobolt
Samba 100 and Laser Quantum opus532 for power dependent measurements). The
laser is coupled into the setup via multiple mirrors using a fiber that acts as a pin-
hole. The light is reflected by a dicroic mirror and focused on the sample. The PL of
the sample is then separated from the excitation wavelength by a second dicroic mir-
ror and reflected into the detection path. To block the remaining laser light and cut
the correct PL band from the spectrum, several long-pass filters are also incorporated
(532 nm and 700 nm. The avalanche photodiode (Thorlabs APD440A) is fiber-coupled
to the setup and the voltage, which is proportional to the incident photons, is digitized
with alock-in (Signal Recovery 7230 lock-in amplifier). To induce transitions according
to the above energy scheme, a microwave source (Stanford Research Systems SG384)
is used to generate microwaves that are amplified to a sufficient power (Minicircuits
ZVE-3W-83+) and passed through the stripline. The corresponding B field is parallel
to the surface at the center. The remaining microwave power is absorbed by a 50 Q

terminating resistor. The microwave source is on/off modulated for a /v enhance-
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3.2 Optically Detected Magnetic Resonance

ment to observe small changes in PL. The lock-in is tuned to the modulation frequency
(677 Hz). In addition, a permanent magnet can be positioned below the stripline for
an external magnetic field up to = 20 mT. With this setup, it is possible to perform
microwave frequency sweeps for arbitrary magnetic fields while tracking changes in

photoluminescence.

3.2.2 Pulsed Mode

Camera

Digitizer Card

Trigger
PL

AN
PC \/f

Filter

AOM

, = 2]
e~ ag
8 o0

=]

|_ M o000
: Switch MW Source \— Laser (532nm)
=T b

High Power Amplifier

Figure 3.3: Confocal pulsed ODMR setup. The sample is excited via a laser pulsed by an
AOM. The emitted photoluminescence is detected by an APD and digitized with a digitizer
Card. In order to induce spin flips microwave pulses are created by a microwave switch
and amplified by a high power amplifier. The whole measurement routine is controlled by
a pulse blaster card, sending TTL pulses to the trigger of the digitizer card, the AOM for
laser pulses and the microwave switch.

apPoL

For quantum mechanical applications in general, the spin states must also be exa-
mined and comprehended in a time-resolved manner. Relevant times are T} and T»,
which have to be determined. The required pulse sequences are relatively similar to
those used in NMR [°671 However, in order to apply such sequences, the setup has to
be modified accordingly.

On the one hand the laser (Cobolt Samba 100) has to be pulsable, which in this case is
provided by a TTL controllable acousto-optic modulator (AOM: AA.MT250-A0,2-VIS).
On the other hand, the microwave source needs to be pulsable as well, which is ac-
complished by an external microwave switch (ZASWA-2-50DR+) that is also TTL con-

trollable. To generate microwave pulses with a sufficiently high B, field, a high power

23



3 Method

25 W MW amplifier (Vectawave VBA2060-25) is implemented. Finally, the detection is
done with an APD (Thorlabs APD120A/M, Hamamatsu C10508-01, Hamamatsu MPPC
C14455-3050A) with a higher bandwidth compared to cw ODMR. The output voltage
is recorded with an oscilloscope (in this case a digitizer card built into the measuring
PC). A controlled triggering of the single components with 2 ns accuracy is achieved
by a Pulse Blaster card (PulseBlasterESR PRO 500 MHz), which is also integrated in the
measuring PC.

The most important pulse sequences are discussed below.

Rabi-Oscillations

S,=| - 1y

Microwave \1
Laser
Detection

Figure 3.4: Pulse sequence for Rabi measurements. The current spin state during the
pulse sequence is represented by a bloch sphere exemplary for the |0) —— |—1) transition.
A laser pulse (green) is used for an initialization and read-out (red) of the spin state. Mi-
crowave pulses (blue) are used for flipping the angle of the spin on the Bloch sphere.

The fundament for all further pulse sequences is the demonstration of Rabi oscilla-
tions in order to accomplish a coherent control of the system. The coherent control is
achieved in three steps, which will be introduced in the following using the example of

Rabi measurements.

1) Initialization:

Initialization is accomplished by optical pumping via laser, polarizing the ground state
as previously seen in cw ODMR. In the example shown here, the net magnetization is
flipped to the |0) (mgs = 0) state, as illustrated by the Bloch sphere in Figure 3.4. Subse-
quently, the laser is switched off and the system remains in this state within the relevant

relaxation times (see later described T; and T>)
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3.2 Optically Detected Magnetic Resonance

2) Manipulation:

Afterwards, the manipulation is performed by resonantly injected microwaves of vari-
able length. The spin vector shown here in pink rotates on the Bloch sphere between
|0) and |-1). Its rotating angle ¢ depends on the B field but also on the length 7 of the

microwave pulse ¢ = 27 fr(B;)1.

3) Read Out:
For read out, a second laser pulse is applied to the sample, measuring the photolumi-

nescence immediately at the beginning, before the state is initialized.

The corresponding pulse sequence is shown in 3.4 with a Bloch sphere displaying the
current spin state. Additionally to the theoretical steps 1-3, the measurement has to
be repeated for a reference measurement. The reference pulse consists of an arbitrary
but fixed length of a microwave pulse in order to exclude heating effects from the laser
or unwanted oscillations from the AOM. On the one hand Rabi measurements are an
evidence for a coherent controllable system, on the other hand, they are the calibra-
tion tool for defined microwave pulses and spin flips on the Bloch sphere in order to

perform more complex measurement routines.

Spin-Lattice Relaxation T;

S.=I- 1) SEl- 1) S=1-1)

' T1Relaxation B

Sl

T1Relaxation

S.=| 0) S.=| 0) S.= 0)

éz=|0)
1 1
Microwave \l T |/ T / / T /
Laser | | | | | i | |
Detection E PL E PL
1 1
+At +At

Figure 3.5: Pulse sequence for spin-lattice relaxation measurements. A Bloch sphere
represents the current spin state for the |0) — |—1) transition. Alaser pulse (green) is used
for an initialization and read-out (red) of the spin state. Microwave m—pulses (blue) are
used for a controlled change into the |—1) state. The temporal evolution into the thermal
equilibrium corresponds to the T} time.

One of the most important spin parameters is the spin-lattice relaxation time T}

which is an upper limit for the spin coherence time. The spin lattice relaxation time
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T, describes the time required for a state to relax to thermal equilibrium 1,

A simple excitation of the spin system with an additional read-out after a specific time
would be sufficient to determine the T; time. However, in order to exclude other de-
cays due to heating, again, a reference pulse method is chosen as depicted in 3.5.
First, the system is initialized into the |0) state. In the first half of the sequence the
system is flipped by a m-pulse into the |-1) state, where a relaxation of the net mag-
netization occurs back into the thermal equilibrium. The current spin state is mapped
after different times 7 which is increased by an increment of A ¢ after each repetition. In
the second half the system is initialized and relaxes directly back into the equilibrium.
The decay of the difference of both measurements reveals the spin lattice relaxation

time T of the system.

Spin-Spin Relaxation T,

Especially for quantum application, the spin-spin relaxation is the limiting time scale
on which quantum operations can be performed. It describes the coherent properties
of the investigated system. The pulse protocol is based on the well-known Hahn-Echo
sequence which is one of the standard sequences in NMR. The adapted pulse scheme
for pulsed ODMR is shown in Figure 3.6 %7,

Identically to the other pulsed measurements, the system is first initialized into the
|0) state with a laser pulse. Afterwards, a 7/2-pulse flips the spins into the transversal
plane. Here, the spins are dephasing with their individual precession during a waiting
time 7/2. To reduce this influence a n-pulse is applied, which refocuses the spins. The
remaining contribution is flipped back after 7/2 into the |0) state by a 7/2-pulse. The
reference pulse scheme is identically except that the refocused spins are projected into
the |—1) state by a 37/2-pulse. A variation of the increment At results in a sampling of

the temporal coherence of the system, revealing the coherence time 7.

3.2.3 Multifrequency ODMR

Another powerful ODMR-related measurement technique is the so-called hole burning

spectroscopy 04711

. This multifrequency magnetic resonance method is actually in-
spired by optical spectroscopy, where two lasers of different wavelengths are used. The
first laser is typically taken as a conventional probe, whereas the second "pump laser"
is applied to saturate transitions. For optically detected magnetic resonance, this effect
has already been demonstrated and exploited for both NV in diamond and Vg; in SiC.
It is suggestive to apply this measurement method also to a comparable system - like

the color centers in hBN considered in this work (see Chapter 6.5). In the following, the
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Figure 3.6: Pulse sequence for spin-spin relaxation measurements. A Bloch sphere rep-
resents the current spin state for the |0) —— |—1) transition. A laser pulse (green) is used
for an initialization and read-out (red) of the spin state. A #7/2—microwave-pulse (blue) flips
the initialized state into the transversal plane where a dephasing occurs. A m—pulse refo-
cuses the spins and an additional 7/2—(37/2—)pulse is used for flipping the spins further
into a well-defined spin state in order to enable a read-out.

observable effects of this technique will be briefly addressed:

Hole burning spectroscopy is a sophisticated technique to explore the structure of
broadened spectra in more detail. A magnetic resonance spectrum e.g. an ODMR spec-
trum can be homogeneously but also inhomogeneously broadened. The fundamental
mechanism for the individual material system is often unclear, which corresponds, for
example, to a broad Gaussian without structure (see Figure 3.7a). If the system is in-
homogeneously broadened, the whole peak consists of a superposition of single nar-
rower spectra. In cw ODMR only the broad peak would be detectable, with the multi-
frequency method of hole burning, however, also the substructures can be dissolved as
follows. By applying a second frequency suitable for the sub-transition, it can be sat-
urated at sufficient power, preventing it from contributing to the conventional ODMR
spectrum. This manifests itself in a decrease of the ODMR amplitude at the irradiated
resonance frequency which finally yields a hole (gray). A cw ODMR spectrum (swept
frequency modulated as normal on/off) with a continuously irradiated central hole fre-
quency is illustrated in Figure 3.7b. This is often sufficient as evidence for an indication
for inhomogeneous broadening!”?'. To obtain the actual hole spectrum, the signal can
be subtracted from the original cw ODMR spectrum or - much more efficiently - ex-

tracted directly via an appropriate modulation (see Figure 3.7).

27



3 Method

a
1.0
%
©
=
S
v 05
=
a
o)
\\
0.0 SN

Frequency

Figure 3.7: Principle of hole burning. a Inhomogeneous broadened spectrum (black)
consisting of different contributions (coloured gaussian curves). In hole burning spec-
troscopy a second frequency saturates one of the sub-transitions resulting in the gray
curve (saturation of the center transition). b Types of hole burning measurements: In the
top panel the swept frequency is modulated, whereas the hole frequency in inserted con-
tinuously. In the bottom panel the hole frequency is modulated resulting in the pristine

hole spectrum.
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If the hole frequency is modulated on/off, a probe is located at the peak which is ex-
pressed in the value of the ODMR contrast (in this case continuously 1). When sweep-
ing the continuously injected frequency, a sweeping of the conventional spectrum oc-
curs. If the frequency approaches the modulated hole, the ODMR signal collapses and
the signal corresponds directly to the pristine hole spectrum.

For a realization of this measurement method the same setup as for cw ODMR is used.
In addition, a second microwave source (Stanford Research Systems SG384) is coupled
using a microwave combiner (Minicircuits ZFRSC-183-S+). Depending on the choice

of modulation (or swept microwave source), both measurement modes from Figure 3.7

can be employed.
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Figure 3.8: Multifrequency ODMR setup. A second microwave source is added to the pre-
viously shown cw ODMR setup. The microwave sources are connected via a combiner and
can be addressed individually.
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4 Sample

Hexagonal boron nitride is a commercial material and, like other 2D Materials, can be
obtained from companies such as HQ Graphene and Graphene Supermarket, respec-
tively”>74. At the beginning of this thesis, it was unknown how to create the investi-
gated defects the best way. In the meantime there are a lot of publications about gen-
erating the vacancies via neutrons, electrons, protons, different ions and femtosecond
laser pulses!”>~"%!, Figure 4.1 shows an overview of the three samples types investigated

in the work: an hBN single crystal, ultrafine hBN powder and multi-layered hBN flakes.

b L

Figure 4.1: Overview of the samples used in this thesis. a Neutron irradiated single crystal
of hBN. b Ultrafine hBN powder of randomly oriented flakes. ¢ Ion irradiated flakes.

4.1 Single Crystal of hexagonal Boron Nitride

Most of the results here are based on an hBN single crystal. The single crystal is pur-
chased from the company HQ Graphene, which synthetically fabricated monocrys-
talline hexagonal boron nitride to comparatively large crystals!”®!. The thickness is
about 60 ym and the diameter was initially about 1 mm. As the work progressed, the
sample decreased in size due to normal wear, but also due to W-Band EPR measure-
ments where the maximum sample volume is severely limited due to the short wave-
length. In the last chapter, where the surface area is of significant importance (see
Chapter 7.3), the contact area was approximately 0.24 mm?.

The defects studied in this work were created by neutron irradiation. This was real-
ized in the brazilian nuclear reactor Triga Mark I IPR-R1 of the Nuclear Technology

Development Center (CDTN). The neutron flux was about 4-10'? n cm™2s™! resulting



4 Sample

in an integrated dose of 2.3-10'® n cm™2. The sample was encapsulated in cadmium
in order to block thermal neutrons whereas higher energetic neutrons penetrate the

sample.

4.2 Powder of hexagonal Boron Nitride Flakes

A second sample is a commercial ultrafine hBN powder consisting of randomly orien-

ted flakes with a size of about 70 nm "

. The sample was acquired from Graphene
Supermarket. The defects were created identically with neutron irradiation with the
same flux etc. Since the flakes are randomly oriented and therefore the spin defects,
they are not the best choice for a precise analysis of spin Hamiltonian contributions.
However, the volume is larger than for the crystal which makes it ideal for large ensem-

ble measurements e.g. high-field ODMR (see later Figure 5.4).

4.3 Oriented hexagonal Boron Nitride Flakes

The third sample type are thin multilayered hBN flakes on Si»/Al,O3 substrates. The
exfoliated flakes are purchased by HQ Graphene with a size below 100 um. The spin
defects were created by different ion irradiations (lithium, gallium) in order to reveal

the intrinsic nature of the investigated defects (see Section 5.9 for further details).

32



5 lIdentification of Spin Defects in

hexagonal Boron Nitride

ABSTRACT: Optically addressable spins
in wide-bandgap semiconductors are a
promising platform for exploring quan-
tum phenomena. While colour centres
in three-dimensional crystals such as di-
amond and silicon carbide were studied
in detail, they were not observed exper-
imentally in two-dimensional (2D) ma-
terials. In this chapter, spin-dependent
processes in the 2D material hexagonal
boron nitride (hBN) are reported. Fluo-

rescence lines are identified associated

with a particular defect, the negatively

charged boron vacancy (Vg), showing a triplet (S = 1) ground state and zero-field split-
ting of ~ 3.5 GHz. Furthermore, a coupling of the spin defect to its surrounding ni-
trogen atoms resulting in a hyperfine splitting of A =47 MHz is observed. This centre
exhibits optically detected magnetic resonance at room temperature and a spin po-
larization under optical pumping, which leads to optically induced population inver-
sion of the spin ground state - a prerequisite for coherent spin-mainpulation schemes.
These results constitute a step forward in establishing 2D hBN as a prime platform for
scalable quantum technologies, with potential for spin-based quantum information
and sensing application.

This chapter is based on A. Gottscholl et al. "Initialization and read-out of intrinsic
spin defects in a van der Waals crystal at room temperature", Nature Materials, 19 540-
545 (2020) 21,
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5.1 Introduction

The emergence of two-dimensional (2D) materials and van der Waals crystals has en-
abled the observation and realization of unique optoelectronic and nanophotonic ef-
fects, such as Moiré excitons and quantum spin Hall effect at elevated temperatures, to
name a few!"?8% Amidst the large variety of van der Waals crystals studied, hBN offers
a combination of unique physical, chemical and optical properties ®!!. Most relevant
to this work is the ability of hBN to host atomic impurities (or point defects), which give
rise to quantized optical transitions that are well below its bandgap®>%*!. hBN colour
centres are ultrabright with narrow and tuneable linewidth ®*-%°! and photostability
up to 800 K®”1. Whilst the nature of many of the defects is still uncertain*+*>88-91],
they are being extensively studied as promising candidates for quantum photonic ap-
plications requiring on-demand, ultrabright single-photon emission.

A step forward, which will significantly extend the functionality of hBN emitters for
quantum applications, is to interface their optical properties with spin transitions,
§ 192,931

and realize spin polarization and optical spin readout scheme The concept

of the spin-photon interface has been extensively studied in quantum dots®* and

95]

the nitrogen vacancy centre in diamond®!. The latter has been harnessed to realize

basic two-node quantum networks ! and a plethora of advanced quantum-sensing

schemes[10:96:97]

. The basic principle is that the high-spin ground or excited state of
the defect can be polarized, manipulated and read out optically owing to the spin-
dependent excitation, decay and intersystem crossing pathways available to the sys-
tem during the optical excitation-recombination cycle !,

Yet, extending the optical control of single-spin states beyond defects in three-dimen-
sional (3D) crystals to those in 2D systems has remained elusive. If achieved, it will
open up a range of possibilities both fundamental and technological. The two-dimen-
sional nature of these materials inherently allows for seamless integration with hetero-
geneous, optoelectronic devices where the hosted solidstate qubits can be readily in-
terfaced with cavities, resonators and nanophotonic components from foreign materi-
als. Further, it naturally grants nanoscale proximity of the spin probe to target samples
for high-resolution quantum-sensing realizations. Reliable and deterministic transfer
of hBN layers on stacks of other 2D materials is well established and is part of one of
the most relevant endeavours of condensed matter physics at present—engineering
heterostructures made with purposefully chosen sequences of atomically thin 2D ma-

terials 47!,
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5.2 Photoluminescence of the Defect
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Figure 5.1: Photoluminescence of an hBN single crystal at room temperature, T = 300 K.
a Photoluminescence spectrum of the sample at room temperature displaying a sharp Ra-
man peak at 574 nm and a pronounced emission at 850 nm. b Zoom of the Raman peak
plotted over inverse centimeters. The peak is located at 1364 cm ™! and corresponds to the
in-plane E>g mode. ¢ Transient photoluminescence data (gray) revealing an excited-state
lifetime of T = 1.2 ns.

(Transient measurement provided by I. Aharonovich, M. Kianinia, C. Bradac and M. Toth)

Most of the investigated quantum emitters in hexagonal boron nitride are emitting
around 2 eV (= 620 nm) 38588 The samples which are studied in this work reveal a
broad emission around A,,2x = 850 nm under Aexe = 532 nm laser excitation after ir-
radiation with e.g. neutrons (see Chapter 4). The corresponding photoluminescence
(PL) spectrum of a neutron irradiated single crystal of hBN is shown in Figure 5.1a.
Besides the dominating PL band in the near infrared a sharp peak is located around
ARaman = 574 nm which can be addressed to the Raman scattering process of the hBN
lattice. Figure 5.1b depicts a detailed zoom of the peak plotted over cm ™! to reveal the
Raman shift position. The peak is located at 1364 cm™! and coincides well with the ex-
pected in-plane E;g mode?!, which confirms the 2D properties of the van der Waals
system and the quality of the hBN single crystal. While the sharp peak can be attributed
to scattering processes of incident light with the lattice, the PL created by neutron ir-
radiation can be explained by defects laying inside the wide bandgap of 6 eV!*"!. Their
excited-state lifetime can be determined to 7.y, = 1.2 ns by time resolved PL measure-
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ments presented in Figure 5.1c. Most interestingly, the PL which is found from this hBN

colour centre is spin dependent.

5.3 Spin read-out via Optically Detected Magnetic

Resonance
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Figure 5.2: ODMR of an hBN single crystal at room temperature, T =300 K. a ODMR
spectra measured at zero magnetic field (bottom) and at magnetic field B = 10 mT (top)
with the corresponding ODMR frequencies vy, v; and v, respectively. b Dependence of
ODMR frequencies on the magnetic field (B | ¢). Experimental data (red) and fit (blue line)
obtained using Equation 5.1 with parameters D/n = 3.48 GHz, E/nh = 50 MHz and g = 2.000.
The gray dashed lines represent the positions of the left ODMR spectra.

Figure 5.2 shows the ODMR spectrum recorded for an hBN single crystal at T =
300 K. As described in Chapter 5.3, in ODMR experiments, microwave-induced mag-
netic dipole transitions between spin sublevels manifest as changes in PL intensity
(APL). The prerequisite for optical (PL) detection of EPR is thus the existence of a de-
pendence between the optical excitation-recombination cycle and the spin orienta-
tion of the defect. Figure 5.2a shows the spectrum of the investigated sample as nor-
malised change of PL intensity (APL/PL) -that is, ODMR contrast- as a function of the
applied microwave frequency v for two static magnetic fields, B = 0 and B = 10 mT.
Even without an external magnetic field, the ODMR spectrum shows two distinct res-
onances, v; and v, located symmetrically around the frequency vy. These are tenta-
tively assigned to the Amg = +1 spin transitions between triplet energy sublevels with
completely lifted threefold degeneracy, due to a splitting induced by dipolar interac-
tion between the unpaired electron spins, forming the triplet. This so-called zero-field
splitting is described by parameters D and E (see Chapter 2.2.2), which can be derived
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from the spectrum as D/n = vy and v, = (D+E)/p, with h being Planck’s constant, to
express the interaction energies in frequency units. To verify this assignment, the de-
pendence of the v; and v, resonant microwave frequencies on the magnitude of the
external static magnetic field is studied.

The evolution of the ODMR spectrum with the field applied parallel to the hexagonal
¢ axis (B | ©) of hBN is presented in Figure 5.2b. To explain the observed transitions
and their variation with magnetic field, the standard spin Hamiltonian given by equa-
tion 5.1 is used, with Z as the principle symmetry axis oriented perpendicular to the
plane (collinear with the c axis of the hBN crystal).

(S+1)

H:D(sﬁ—s )+E(s§—s§)+gu31§§ (5.1)
where D and E are the ZFS parameters, S is the total electron spin (S =1 for triplets),
g is the Landé factor, up is the Bohr magneton, B is the static magnetic field and S Xz
are the spin-1 operators. According to Equation 5.1, and for B applied parallel to the ¢

axis, the resonant microwave frequencies at which the transitions occur vary as
1 ” 2
Via=Vo+ n E%+(gugB) (5.2)

where vo = D/n. The dependence of ODMR frequencies v; and v, on the magnetic
field shown in Figure 5.2b can be perfectly fitted by Equation 5.2 with g = 2.000, D/n =
3.48 GHz and a small off-axial component of the ZFS £/n = 50 MHz. This demonstrates

a highly symmetrical, almost uniaxial, defect structure.
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5 Identification of Spin Defects in hexagonal Boron Nitride

5.4 Spin Hamiltonian analysis via Electron

Paramagnetic Resonance

So far, it was shown that the investigated hBN defect is an S = 1 system, which can be
optically addressed and read out using ODMR. From the ODMR measurements alone,
however, it is difficult to conclude whether the defect is in an excited, metastable or
ground state. It is essential to know this so as to determine the correct spin-dependent

91 proposed a defect in hBN

recombination pathway. Notable is that earlier results!
with a singlet ground state to possess a spin-triplet metastable state. However, from
the EPR results presented below, it becomes clear that another defect is investigated
here. A second consideration is that zero-field ODMR measurements alone are not
sufficient to deduce the microscopic structure of the defect. To address these points,
highfield ODMR is applied on previously studied exfoliated hBN flakes!'°”! (see Chap-
ter 5.5, as well as highfield EPR to the hBN single crystal as studied by ODMR shown
in Figure 5.2. It is also notable that defects in hBN single crystals and in the hBN exfo-
liated flakes were introduced in the same way (see Chapter 4), and the PL emission at
800 nm and ODMR signal are only seen after implantation/neutron irradiation. These

defects (which may be present) were not optically active in pristine samples.

5.4.1 Spin polarization of a Triplet State

Figure 5.3 shows X-band EPR spectra taken at a fixed microwave frequency (v = 9.4 GHz)
while scanning the static magnetic field aligned parallel to the c axis of the crystal
(E | ©). Due to the amplitude modulation of the B field, EPR spectra look like first
derivatives of the absorption signals (see Chapter 3.1). The spectra are recorded with
(green trace) and without (black trace) optical excitation and consist of two groups of
signals originating from two different types of paramagnetic species. The first group
(centred at B = 330 mT) is characterized by g = 2.003 and consists of three EPR lines
of nearly equal intensities corresponding to a paramagnetic centre with electron spin
S = 1/2 interacting with a nuclear spin I = 1 (see Figure 5.3c for a detailed zoom of the
relevant range). The origin of such a splitting is hyperfine interaction. This group of
lines remains the same with and without optical excitation and is not observe in ODMR

under the same conditions (see Figure 5.4).
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Figure 5.3: X-band EPR studies of the V; centre in the hBN single crystal at T=5K. a
Spectra measured with (green trace) and without (black trace) 532-nm optical excitation
in the magnetic field orientation 6 = 0° (B || ©). Doublet lines associated with the S =1
centre with splitting of AB = 260 mT (equivalent to 2D/r = 2-3.6 GHz are labelled B,;,B,.
b Zoom into the left B,; transition displaying a spin polarization. ¢ Zoom of the central
S =1/2 related spin signature. d Zoom into the right B, transition revealing a population
inversion.

Concluding, the spin transitions that cause these EPR signals are optically inactive.
Although spin S = 1/2 centres in hBN were reported in the late 1970s and assigned to
a one-boron-centre or three-boron-centre defect!?”), it can be assumed that there is
a S = /2 center occupying a boron site in the lattice interacting with a 14N (I = 1).
However, this interpretation is beyond the scope of this work. On the other hand, the
second group of EPR lines in Figure 5.3b,d (labelled B;;, B, with [, h indices denoting
low and high magnetic field transitions and the principal symmetry axis ¢ the defect
orientation B || ¢ || Z) consists of two widely separated transitions, which are strongly
responsive to optical excitation (532 nm laser). The splitting between the lines B,; and
B, (AB = 260 mT) is the same as in the ODMR experiments under the same condi-
tions performed on the hBN flakes (see Figure 5.4). The EPR signals can be satisfyingly
described by the spin Hamiltonian (equation 5.1) with the following Zeeman and ZFS
parameters: S=1, g =2.000, O/n = 3.6 GHz.

39



5 Identification of Spin Defects in hexagonal Boron Nitride

ODMR (9.4 GHz)
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100 200 300 400 500
Magnetic Field (mT)

Figure 5.4: X-band (high field) ODMR spectrum (red) and simulation (blue) of
randomly-oriented exfoliated hBN flakes. Five peaks are displayed corresponding to
changes in fluorescence intensity (APL/pL), as a function of the applied static magnetic
field B. Four distinct resonance features corresponding to the selection rules Am; = +1,
which are labeled B, B;p, Bxyi, Bxyn together with a "half-field" resonance at 5o/2, cor-
responding to the double-quantum transition with Am; = £2. The latter feature is often
used to identify triplet states (S = 1) and to distinguish these from higher spin states. D
indicates the zero-field splitting parameter. T =5 K and A,y = 532 nm.

The EPR transitions between these triplet sublevels are also visible without optical
excitation (black trace in Figure 5.3), suggesting that the investigated triplet state is in
the ground state.

The ZFS parameter E, which became apparent in ODMR measurements at B = 0 (Fig-
ure 5.2), could not be easily resolved in X-band EPR due to its small magnitude. It
is, however, noticeable that the EPR measurements yield a slightly larger value for
the ground-state ZFS parameter P/n = 3.6 GHz than was determined from zero-field

s198l and this difference can be attributed

ODMR. This is expected for triplet spin centre
to a pronounced temperature dependence of D varying between 3.6 GHz at T =5 K
(determined via EPR and ODMR) and 3.48 GHz at T = 300 K (ODMR). Assuming a li-
near dependence, this would lead to a slope of approximately 0.4 MHz/k, which can be
reasonably expected for the temperature-induced hBN lattice expansion (see Chap-
ter 7.2 for a detailed analysis).

Notably, while the signal of B, is increasing under optical excitation revealing a spin
polarization (see Figure 5.3b), the phase of the B}, signal shown in Figure 5.3d becomes
opposite (up-down to down-up) upon optical excitation and an emission is observed
rather than absorption for the EPR transition B;j. This can be explained by an optically
induced population inversion p taking place amongst the spin-triplet sublevels of the

ground state—with either the mg = +1 or mg = 0 sublevels being lower lying at B = 0.
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5.4 Spin Hamiltonian analysis via Electron Paramagnetic Resonance

5.4.2 Sign of the Zero-Field Splitting

ESE Signal (a.u.)

3200 3250 3300 3350 3400 3450 3500
Magnetic Field (mT)

Figure 5.5: Dark W-band Electron Spin Echo (ESE) EPR spectra. Experimental data
(black solid line) and simulations (blue dashed trace) show a pronounced transition for
higher magnetic fields. The difference is indicated with Ap for different temperatures
(T =8,25,50K).

(Measurements provided by V. Soltamov, S. Orlinskii and G. Mamin)

The order of the energy sublevels ms = 0,+1 is determined by the sign of the ZFS
parameter D, which is positive in this case (D > 0). To prove this independently, EPR
studies without optical excitation are conducted and different signal intensities for B;;
and B, transitions are found. Since the expected differences are quite small due to
the Boltzmann statistic, very high magnetic fields and low temperatures facilitate the
effect on the signal. Therefore, the EPR spectra are performed in a W-band v =94 GHz
(B =3-3.57T) spectrometer at cryogenic temperatures.

Figure 5.5 shows a W-band electron spin echo (ESE)-detected EPR spectrum of the
hBN single crystal for B =| ¢ orientation measured in the dark at T =8 K, T = 25 K
and T =50 K, respectively. The spectrum clearly reveals that the intensity of the low-
field transition (B;) is lower in magnitude than that of the high-field transition (B,j,).
The effect is pronounced for lower Temperatures (Apgx > Ap2s x > Apso k). Since the
relative magnitudes of the EPR transitions under such experimental conditions are de-
termined only by the difference Ap of the thermal populations of the Zeeman levels,
the less intense B,; EPR line can be attributed to the transition ms =0 — mg = +1 and
deduce the sign of D to be positive (see Chapter 2.2.2). Schematic comparison of the
energetic order of spin sublevels for positive (D > 0) and negative (D < 0) ZFS is shown
in Figure 5.6a. This result is in line with ab initio theoretical predictions of D having a

positive sign in the ground state of the V,; defect!*?..
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Figure 5.6: Energy level scheme of the V; centre in the hBN. a Schematic comparison of
the energetic order of spin sublevels for negative (D < 0) and positive (D > 0) ZFS. b Sim-
plified energy-level diagram illustrating the optical pump cycle between ground state (GS),
excited state (ES) and metastable state (MS) resulting in population inversion p, between
|0) and |-1) ground-state spin sublevels. Optical excitation (green), photoluminescence
(red) and intersystem crossing (purple) are indicated by arrows.

In Figure 5.6b, the tentative energy-level scheme of the spin defect consistent with the
observations of Figure 5.3, 5.5 and 5.6 is proposed. Zeeman splitting of the mg = +1
levels results in the crossing of mg = —1 and mg = 0 sublevels, while optical pump-
ing induces population transfer (via excited and metastable states) from mg = +1 to

mg = 0,and results in microwave emission at the B, field.

5.4.3 Symmetry of the Defect

To test the symmetry of the defect more closely the angular dependencies of the EPR
signals are analysed for rotations around the polar and azimuthal angles 6 and ®, re-
spectively. Figure 5.7 shows the EPR signals measured for a polar rotation (8) of the
magnetic field from parallel (B || ¢) to perpendicular (B L &) orientation and for az-
imuthal rotation @ in the (0001) plane (B L &) of an hBN single crystal. The angular
variation of the resonant magnetic fields is described by numerical simulation (shown
with blue traces in Figure 5.7b,e) of equation 5.1 employing the full set of the previously
derived parameters (S, g, D, E). In addition, the simulation for the central S = 1/2 sig-
nature is shown in red in Figure 5.7c,f.

For both polar (Figure 5.7a) and azimuthal rotation (Figure 5.7d) an exceptionally good
agreement of the overlaid simulated traces and the magnetic field positions of the ex-
perimentally observed transitions can be found. For the angular dependence shown
in Figure 5.7e the splitting between the lines remains unchanged. These results point
at the ¢ axis being the axis of symmetry of the almost uniaxial ODMR active triplet. Al-

though hBN can accommodate a large number of defects (either intrinsic or extrinsic)
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Figure 5.7: Angular dependence of EPR spectra (green traces) and simulations (blue/red
traces) in hBN single crystal. a-f, Vy centre consits of a vacancy (red sphere) surrounded
by three nitrogen atoms (blue spheres). a-c, Rotation of the magnetic field B (black arrows)
relative to the ¢ axis (red arrow) by angle 6 from parallel (6 = 0, B || ©) to perpendicular (§ =
90, B L &) orientation a with resulting EPR spectra b (simulation in blue). ¢ Zoom of centre
transition in order to resolve the angular variation of the S = 1/2 centre (central EPR group,
see text). The corresponding simulation is shown in red. d-f Rotation of the magnetic field
B (black arrows) by angle @ in the (0001) plane of hBN ( B L &) d with resulting EPR spectra
e. f Zoom of centre transition.

in its lattice sites (see Chapter 2.1.2), the combined EPR and ODMR data allow us to
pinpoint the type of defect. The common defects include boron vacancies (Vp), nitro-
gen vacancies (V) and anti-site complexes (for example, a nitrogen atom on a boron
site next to a vacancy (VyNp), or substitutional carbonrelated defects, such as Cp or
even VyCp. The complex defects, such as VyNp and VN Cp, were shown to have in-

45,1011 “which is inconsistent with the observations of an almost

plane C,, symmetry!
axial defect with respect to the ¢ axis (see Figure 5.7). On the other hand, it was also
shown that point defects V3, Cp and Vyy are characterized by the uniaxial D3, group
symmetry, with a Cs rotation axis parallel to the c axis. These defects are thus compa-
tible with these findings and must be considered. Recent theoretical investigations of

point defects in hBN have shown that the neutral VI(\), and Cg defects should be S =1/2,
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5 Identification of Spin Defects in hexagonal Boron Nitride

but they may become non-magnetic in their energetically preferred charge state V,
Vy, Cf, while the negatively charged boron vacancy (V) has been predicted to be sta-
ble with an S = 1 ground state!'%?, In addition, the optically induced spin polarization
of the V} triplet ground state through the spindependent intersystem crossing path-

way has already been theoretically proposed [**.

5.4.4 Hyperfine Splitting and the Magnetic Environment

To discern between possible hBN lattice sites for the defect, the hyperfine structure of
EPR and ODMR signals is analysed. The two simplest possible environments for a D3,
group symmetry are illustrated in Figure 5.8a,b for a boron and a nitrogen vacancy, re-
spectively. Figure 5.8c,d shows the B,; EPR line together with the zero-field ODMR v,
transition.

c Microwave Frequency (GHz)
3.0 3.2 3.4

I
~N

ODMR
(10 mT)

I
~

EPR
(9.4 GHz)

200 210 220
Magnetic Field (mT)

Figure 5.8: Magnetic enviroment of the defect. a Surrounding of a boron vacancy (V)
consisting of three equivalent nitrogens. b Surrounding of a hypothetical nitrogen vacancy
(V) consisting of three boron atoms. ¢ Hyperfine splitting of ODMR v; (red trace) line. d
Hyperfine splitting of EPR B,; (green trace) transition. Vertical bars indicate seven tran-
sitions caused by hyperfine interaction with three equivalent nitrogen nuclei. The blue
traces are the simulated EPR/ODMR spectra of the (Vg) defect with equation X, where the
hypferfine term with a splitting constant 4/rn = 47 MHz is considered. The orange trace is
a simulated ODMR spectrum for a nitrogen vacancy (Vy) for comparison. In total 10 (19)
hyperfine peaks are expected which differs from the measured spectra.
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5.5 Vg in other hBN Samples

The hyperfine splitting is known to be due to the interaction of the electron spin with
the surrounding nuclear spins, sometimes called superhyperfine interaction - which in
turn reflects the nature of the nearest atoms (in this case either three boron or three ni-
trogen atoms). It can be described by adding the term " SA I to equation 5.1, where
Ay is the hyperfine interaction and I, is the nuclear spin. The number of observed hy-
perfine lines is seven (Figure 5.8c,d). This is consistent with a spin S = 1 point defect lo-
calized at the boron site interacting with n = 3 equivalent nitrogen atoms (nuclear spin
I=1,14N, 99,63 % natural abundance) and it thus supports the cases of the Cp and
Vp defects with 2nI + 1 = 7 hyperfine transitions. Conversely, for Vyy there is hyperfine
interaction of the electron spin with n = 3 equivalent boron atoms, each having two
isotopes (I = 3/2, 1B 80.2 % natural abundance and I = 3, !°B, 19.8 % natural abun-
dance), resultingin2nl+1 =10 plus 2nl+1 = 19 transitions. The Vx simulation shown
in orange takes the natural isotope abundance into account and is dominated by the
ten hyperfine transitions for ! B. Consequently, ruling out Vy, the numerical simula-
tions of the hyperfine structure agree well with a carbon atom or a vacancy localized at
the boron site (see Figure 5.8c,d) yielding a hyperfine splitting constant 4/» = 47 MHz.
Looking more closely, there are no obvious spectral features pointing at hyperfine in-
teractions with second neighbours (boron). These n = 6 equivalent boron atoms would
have a much smaller coupling constant A with 21 + 1 = 20 plus 38 transitions for '1°B
and ! B, respectively. The spectral features would fall within the observed linewidth
and would only result in slight broadening and miniscule modulations on top of the
spectrum. Alternatively, the lack of obvious secondneighbour hyperfine interaction
could be a sign of a very localized wavefunction. Future simulations, in combination
with electron nuclear double resonance experiments, could help to clarify the wave-

function extent.

5.5 V3 in other hBN Samples

Note that while the defect symmetry (Dsj,) and lattice site (boron) can be determined
on the basis of EPR data alone, it cannot be fully discerned whether the defect is in-
trinsic (V) or extrinsic (Cp). Consequently, irradiation of pristine hBN material is
performed (see Chapter 4) with various species: ion implantation with different ions
(lithium, gallium and carbon) on hBN flakes, as well as neutron irradiation on exfo-
liated flakes and an hBN single crystal. The 800-nm PL band (Figure 5.1) can be ob-
served for all of these samples (Figure 5.9a) except the carbon implanted sample. The
PL of the carbon (gray) enriched sample is significantly shifted towards lower wave-
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5 Identification of Spin Defects in hexagonal Boron Nitride

lengths (2 eV emission) and fits to a defect with another ODMR signature (see!*”! for
futher details). Furthermore, ODMR is detected (Figure 5.9b) for all but the gallium-
implanted flakes, due to damage from the gallium beam and very low PL intensity to
yield an ODMR contrast. The Li-implanted flakes show the same v; and v, resonances
as the single crystal. Additionally, an asymmetrical ODMR signal at vy = 3.5 GHz is
visible. This central peak in the Li-implanted flakes can be tentatively attributed to
the same spin defects found in single crystals, but randomly oriented at the edges and
surfaces. Strong angular dependence of EPR transitions known for single crystals (see
Figure 5.7) may result in a spectral collapse of v; and v, resonances. To backup this
spectrum with simulations, the superposition of the simulation of the oriented sample
is calculated with an additional spectrum using the same EPR parameters - but with
randomly oriented spin-defects. We can thus deduce that the investigated defect is in-

deed of intrinsic nature and is most likely the V.
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Figure 5.9: Comparison of PL and ODMR spectra of various hBN samples at room tem-
perature and Aexc = 532 nm. a PL spectrum of the neutron irradiated single crystal (same
as Figure 5.1) together with spectra of neutron irradiated exfoliated flakes (same as Fig-
ure 5.2) and ion implanted flakes (on glass substrate). All samples except the carbon im-
planted hBN flakes show a similar PL at 1,4 = 800 nm, therefore only the central part of
the spectra is shown. b ODMR spectrum at 10 mT of the neutron irradiated single crystal
with Easyspin simulation (same as Figure 5.2,5.8) together with the spectrum of lithium
ion implanted flakes on glass substrate.
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5.6 Conclusion

To conclude, a room-temperature optical initialization and readout of ensembles of in-
trinsic S = 1 defect centres in hBN have been demonstrated. From rigorous EPR mea-
surements performed on hBN single crystal, exfoliated and ion-irradiated flakes,the
proposed investigated defect is the negatively charged boron vacancy V. An overview

of the determined spin Hamiltonian parameters is listed in Table 5.1.

] Parameter \ Value \ Measurement \
S 1 X-EPR, ZFODMR
g 2.000 ZfODMR

D/p (T =300K) | 3.48 GHz ZfODMR at 300 K
D/n (T =5K) 3.6 GHz | X-EPR, X-ODMR at5K

D >0 W-EPR at 8, 25, 50 K
Eln 50 MHz ZfODMR
Al 47 MHz ZfODMR, X-EPR

Table 5.1: Overview of the extracted spin Hamiltonian parameters.

Furthermore, a spin polarization under optical excitation and optically induced popu-
lation inversion in the triplet ground state has been demonstrated, which provides the
basis for coherent spin manipulation. While the research into spin defects always starts
with ensembles, it can be confidently expected that in the future it will be possible to
address individual V; defects, particularly using super-resolution techniques (1031 The
main challenge lies in the means to increase the quantum efficiency and engineer de-
fects deterministically at various densities. One particularly promising approach is to
use resonant excitation to select one or a few defects out of an ensemble, at cryogenic

sl104 This stimulates further research in hBN-based heterostructures for

temperature
quantum-sensing applications and drives interest into deterministically engineering
single V centres. The work will also accelerate the research into spin optomechanics
with hBN, particularly given the established theoretical framework!'%”! and advances
in nanofabrication of resonators!'°®!, The very fact that spin echo experiments were
possible on hBN clearly proves that the investigated system is a coherent spin system
characterized by a spin-spin coherence time that is long enough for coherent spin ma-
nipulation by microwave fields. The spin—spin coherence time at cryogenic tempera-
tures can be estimated to be several microseconds and is limited by the nuclear bath, in
particular by boron nuclei with high gyromagnetic ratio, so that isotopic purification
in hBN will be necessary. As reported, isotope purification of 2D materials is much
easier than for conventional 3D systems and coherent manipulation of spin states may
become feasible, yielding potentially high coherence time'°"). In this context, the V;;
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defect identified here may be advantageous due to weaker coupling of the defect elec-
tron spin with the surrounding ¥ N nuclear bath compared to other possible defect

configurations.
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6 Coherent Control of the Boron

Vacancy

ABSTRACT: Optically active spin defects are
promising candidates for solid-state quan-
tum information and sensing applications.
To use these defects in quantum application
coherent manipulation of their state is re-
quired. Here, a coherent control of ensem-
bles of boron vacancy centers in hexagonal
boron nitride (hBN) is realized. Especially,
by applying pulsed spin resonance proto-
cols, a spin-lattice relaxation of 7; = 18 us
and a spin coherence time of 7> = 2 us is

measured at room temperature. The spin-

lattice relaxation time increases by three or-
ders of magnitude at cryogenic tempera-
ture. By applying a method to decouple the spin state from its inhomogeneous nuclear en-
vironment the optically detected magnetic resonance linewidth is substantially reduced
to several tens of kilohertz. These results are important for the employment of van der
Waals materials for quantum technologies, especially in the context of high resolution
quantum sensing of two-dimensional heterostructures, nanoscale devices, and emerging

atomically thin magnets.

This chapter is based on A. Gottscholl et al. "Room temperature coherent control of

spin defects in hexagonal boron nitride", Science Advances, 7 eabf3630 (2021) (221,



6 Coherent Control of the Boron Vacancy

6.1 Introduction

Van der Waals (vdW) crystals have recently emerged as a promising family of materials
to investigate light matter interaction at the nanoscale [**' %1101 Qut of a growing suite
of vdW crystals, hexagonal boron nitride (hBN) stands out owing to its ability to host
optically active defects that emit single photons of light while displaying spin-optical
quantum properties at room temperature *"%!, A specific defect of interest is the ne-
gatively charged boron vacancy (V) center (see previous Chapter 5). This atom-like
defect has a spin triplet ground state (S =1) (451" which can be prepared, manipulated,
and optically read out through a combination of microwave and laser excitation cy-
cles'®!; a feat that makes it particularly appealing for quantum sensing and spintronic
applications. In the realm of vdW heterostructures, having an optically active spin sen-
sor confined in an intrinsically atom-thin, two-dimensional (2D) host is highly desir-
able, as it allows for achieving high-resolution sensing strategies with specific require-
ments such as, for instance, imaging the magnetic domains in 2D ferromagnets!''!~=!13]
or magnetic superlattices!''*!. However, before these defects can be used in practical
implementations, full understanding and, ultimately, control of their coherent prop-
erties must be acquired. In this chapter, a coherent control of an ensemble of V de-
fects in hBN is demonstrated. While coherent control of spin qubits in 3D crystals (e.g.
diamond, silicon carbide (SiC), or rare earth ions in glass) ''>~''9l has been demon-
strated, spin defects in vdW crystals are still unexplored. It is further shown that the
coherence properties of V,; spin ensembles are influenced by the coupling with the
surrounding nuclei spin bath (M N with I = 1,19B with I = 3, and ! B with I = 3/2). By
applying optically detected two- and three-pulse electron spin-echo envelope modu-
lation (ESEEM), magnetic and quadrupole fields of surrounding nuclei is probed and
information about hyperfine coupling and quadrupole splitting is obtained, although
an exact assignment to nitrogen or boron in their corresponding coordination shells
remains ambiguous. By implementing a two-frequency optically detected magnetic
resonance (ODMR) technique to the V spin system, the ability is demonstrated to
selectively saturate one of the hyperfine transitions and effectively decouple the elec-
tron spin system from the nuclear bath, which allows estimating the upper limit of the

highest achievable coherence times.
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6.2 Coherent manipulation of V;
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Figure 6.1: V; defect in hBN. a V; defect energy diagram and the optical pumping cycle
comprising excitation to excited state (ES) (green), radiative recombination (red), and non-
radiative decay to ground state (GS) via metastable state (MS) (dashed lines). D denotes
ZFS. The |0) — |-1) transition is represented on a Bloch sphere. The ground state |0)
is spin polarized by a laser (green) and can be manipulated to an angle ¢ after applying
microwaves with the Rabi frequency fg for a time 7. b Continuous wave (cw) ODMR spec-
trum with two charecteristic transitions in a magnetic field of 8.5 mT. Both signals reveal
structure due to hyperfine interaction (HFI) with three next neighboring nitrogen atoms.
The blue arrow indicates the frequency of the resonant transition at which the pulsed mea-
surements were performed.

The corresponding simplified energy level diagram is shown in Figure 6.1a. The de-
fect has a nominal D3;, symmetry as demonstrated in the previous chapter (lower sym-
metries are expected because of strain and reorganization), and the main optical tran-
sition takes place between the 3E” and 3 A}, levels. When excited with a 532 — nm laser
source, the defect emits at a wavelength centered at ~ 850 nm. The inset shows the
evolution of the |0) substate on the Bloch sphere under the action of the microwave
field.

Figure 6.2b shows the continuous wave (cw) ODMR spectrum of the V; defects at
room temperature. The signal is centered around the 3.5 — GHz frequency, correspon-
ding to the zero-field splitting (ZFS) (see previous chapter for detailed information).
The photoluminescence (PL) intensity signal is frequency dependent. The two dis-
tinct features at frequencies v, and v, correspond to the ground-state spin transitions
|0) — |—1) and |0) — |+1) and occur because the ground m; = +1 states scatter less
photons than the m; = 0 state, through the excited state. Both features show a clearly
resolved hyperfine splitting with seven peaks due to three equivalent nitrogen nuclei

(2nI+1=7,with n =3, I = 1) in the hBN plane surrounding the missing boron atom.
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6 Coherent Control of the Boron Vacancy

To explain the observed transitions and their variation with the magnetic field, the spin
Hamiltonian, which describes electron spin-spin interaction (ZFS), electron and nu-
clear Zeeman interaction, electron-nuclear hyperfine interaction (HFI), and electric

quadrupole interaction (QI) is used.

(S+1) (I+1)

H=D (5§ _S ) +E(S2-82) + gupBS-+ SAT + Q(zg 1 ) _gnunBI 6.1)
where D and E are the ZFS parameters, S is the total electron spin (S =1 for V), g
is the Landé factor, up is the Bohr magneton, uy is the nuclear magneton, B is the
static magnetic field, Sy, . are the spin-1 operators, A is the HFI tensor, I and I are
nuclear operators, and Q is the quadrupole coupling constant. The hyperfine coupling
constant due to coupling with 47 (I = 1) in the first coordination shell A = 47 MHz is

known from the experiment and confirmed by calculations**%,
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Figure 6.2: Coherent manipulation of V; spin centers in hBN at room temperature. a
Optically detected Rabi oscillations on transition [0) —— |—1) after initialization into |0)
state for different microwave (MW) powers. The inset schematically shows the pulse se-
quence, in which the first excitation laser pulse (green) is used for the initialization of the
spin state and the second one for a readout (red) of the current state after the microwave
pulse (blue). b Rabi frequency frapi versus square root of microwave power B, which is pro-
portional to Bj field.

To get access to the spin dynamics of the V, and to determine their spin relaxation
times 77 and T», pulsed ODMR measurements are performed. They are based on
preparing the ground spin state of the system by optical excitation, applying microwave

pulses of variable length to coherently manipulate the spin state, and lastly perform-
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6.3 Spin-Lattice relaxation T,

ing an optical readout of the state. Figure 6.2a shows Rabi oscillations with a charac-
teristic frequency fr in the megahertz range, which depends on the microwave power
and, hence, the strength of the B; component of the microwave field, as shown in Fig-
ure 6.2b. These measurements allow calibrating the microwave pulse length at a given
power for subsequent pulsed ODMR experiments.

The microwave protocol for measuring the Rabi oscillations (Figure 6.2a) can also be
used to estimate the upper limit of the spin-dephasing time T, induced by surroun-
ding magnetic moments by fitting the Rabi oscillations with the function f(z) = fo + A-

exp (—7/13) cos (27 frapiT) as T,” = 100 ns.

6.3 Spin-Lattice relaxation T;

6.3.1 Room Temperature T;
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Figure 6.3: Spin-lattice relaxation dynamics of Vj spin centers in hBN at room temper-
ature. a ODMR signal decay with waiting time 7 at T = 300 K for different microwave
powers (2,4,8 W). The pulse sequence is schematically shown, in which the duration of
microwave n-pulse is known from Rabi experiments and the waiting time 7 is varied. The
T time slightly increases for lower microwave powers (inset). b T; versus external mag-
netic field (0 to 15 mT)(bottom). The gray background indicates the magnetic field range
where two ODMR transitions v, and v, overlap (top).

The upper limit for spin coherence is given by the spin-lattice relaxation time 77,

[115,116] '35 shown in Figure 6.3.

which is determined with a standard n-pulse sequence
The T; time is around 18 us and does not seem to be influenced by an external mag-
netic field, even if the two ODMR peaks collapse and form a single peak at B = 0 (see

Figure 6.3b). The gray background indicates the overlap of the two transitions v; and
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6 Coherent Control of the Boron Vacancy

vy below 5 mT. This can be explained by the large ZFS compared to the small external
magnetic field applied. Note that ZFS of V; centers in hBN is 3.5 GHz and the magnetic
fields applied in the experiments are not large enough to induce the level anticrossing
(B =125 mT). Hence, the local magnetic field at the spin defect site dominates the spin
properties. This leads to a robust spin-lattice relaxation dynamic of the V; defect, in-
dependent of external magnetic perturbation fields. To gain further insights into the
nature of spin-lattice relaxation mechanisms, e.g. the interaction with lattice phonons,
the temperature dependence of T) is probed. In this case, one would vary the spec-
trum of vibronic lattice modes, which are an effective relaxation channel if they have
energies comparable to the Larmor frequency of the electron spin. The Vj ZFS is very
large, so one can expect a relaxation behavior similar to the nitrogen vacancy (NV) cen-
ters in diamond, where the direct one-phonon absorption and emission processes are
neglected at higher temperatures!'?”), Nevertheless, the 2D character of the hBN and
the symmetry of the spin defects are expected to influence their vibronic properties
compared to 3D crystals!'?"'??! although detailed calculations about these effects in

the presence of spin defect or experimental data are not available yet.

6.3.2 Temperature dependence of T

To study the behavior of spin-phonon contributions to T7, the pulse sequence shown in
Figure 6.3a is used and the temperature is varied between 300 and 20 K. Figure 6.4a re-
veals a monotonic growth of T3, as the temperature decreases, up to a value of 12.5 ms
at T = 20 K (see Figure 5.5b). In general, the T time is governed by the following pro-
cesses (07123

1/T1=A0+A1T+A5TS+L (6.2)

exp (ﬁ‘T) -1

Single-phonon scattering processes are considered by the linear term A;. Two-phonon
processes (direct transition, Stokes, anti-Stokes, and spontaneous emission) are de-
scribed by the A, term (higher orders s+ 1 and s+ 2 are neglected), where s = 4v +2d —
301231 Because d is the dimension of the system and v is a phenomenological spin-
phonon coupling factor reflecting the symmetry of the lattice (v = /2 for a noncubic),
one expects s = 5 for the NV centers in diamond and silicon vacancies (Vs;) in SiC. For
a noncubic 2D system such as hBN (d = 2, v = 1/2), one expects s = 3. Orbach-type
processes resulting from quasi-localized phonon modes are described by an exponen-
tial contribution with the characteristic energy A = fiw;,. and its fitting parameter R
with dimension per second. Therefore, the spin-lattice relaxation rate is ultimately
limited by Ay, which provides the longest achievable T; time. To quantify the observed
temperature dependence shown in Figure 6.4b, a double logarithmic scaling of the
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Figure 6.4: Spin-lattice relaxation dynamics of Vj spin centers in hBN at different tem-
peratures (20 — 300 K). a Normalized ODMR signal decay with waiting time 7 plotted on
a logarithmic time scale.b Temperature dependence of the spin-lattice relaxation time of
Vg spin centers in hBN. The T time increases by three orders of magnitude from 18 us to
12.5 ms, when lowering the temperature to 20 K. ¢ Log-log plot for the spin-lattice relax-
ation rate (1/7;) shows a T”? behaviour over a broad temperature range. An upper boun-
dary for the fastest spin-lattice relaxation rate can be estimated by assuming a saturation
of the T time at 20 K (highlighted in blue).

spin-lattice relaxation rate 1/7; is depicted in Figure 6.4c. All observed values can be
fitted with only one line with a slope of s = 5/2 that corresponds to 1/1; ~ T5/2 (see Fig-
ure 6.4c). This value differs from the expected values of s = 3 (s = 5) for a 2D (3D) sys-
tem mentioned above. Because the experimental values are all in the linear regime (in
the log-log scale), it is not possible to make any further assumptions regarding other
spin-lattice rate contributions such as linear terms or Orbach-related effects. Never-
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6 Coherent Control of the Boron Vacancy

theless, an estimate for the lowest relaxation rate corresponding to the longest mea-
sured T; = 12.5 ms can be given. Assuming that the spin-lattice relaxation rate starts to
level off and becomes temperature independent at temperatures below 20 K (67116120
an upper limit for the term Ay < 80 s™! can be set, as highlighted in blue in Figure 6.4b,

c. After determining the T) relaxation time, the 75 time is following.

6.4 Spin-Spin relaxation T,

6.4.1 Room Temperature T,
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Figure 6.5: Spin-spin relaxation dynamics of V; spin centers in hBN at room temper-
ature. a The applied spin-echo pulsed sequence including the projection pulse #/2 and
the ODMR contrast versus waiting time 7 (green) is shown. The expected exponential rise
(black dotted line) is superimposed by the oscillations (green and blue) due to the coupling
of electron spins to nuclei (ESEEM effect, see text). The fit with modulated exponential
function (blue) allows estimating the ESEEM frequencies and the T» time. b Top: T5 time
versus magnetic field. T» slightly decreases in the magnetic field range where ODMR tran-
sitions v; and v, overlap (gray area), indicating the presence of additional decoherence,
e.g. due to HFI. Bottom: ESEEM frequency versus external magnetic field according to the
observed oscillations in the spin-spin relaxation measurements.

The T time of the V;; defects is measured with a Hahn spin-echo sequence '**~'2%].

The pulse sequence applied is 7/2 — 7 — 7 — 7 — echo, and the results are shown in Fig-
ure 6.5. Note that to enable optical detection of spin echo, an additional #/2-pulse ["1-127128]
is required after the standard spin-echo pulse sequence to read out the spin polariza-
tion of a well-defined state (bright state |0)) versus dark states |+1)). The ODMR tran-
sient shows the exponential rise from which T, is determined. A room temperature

coherence time of T, = 2 us can be extracted for an external magnetic field of 8.5 mT.
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Figure 6.6: Energy diagram corresponding to spin-Hamiltonian (Equation 6.1) with
6 possible ESEEM frequencies taking three equivalent '°N nuclei into account
(B =8.5mT). a Overview of all energy levels. b-d Zoom into the energy levels correspond-
ing to the different mg states, 6 possible ESEEM frequencies are derived. Since the hy-
perfine coupling A = 47 MHz contributes to v; » and vsg, they are not observable for the
mentioned ESEEM measurements in the 100 kHz regime leaving v3 4 as the detectable fre-
quencies. The colors of the energy levels are representing the spin states Zm = +1 (pink),
Xmj =0 (green) and Zm = —1 (green), respectively (see Chapter 6.5 for further details).

As shown in Figure 6.5b, T5 increases slightly to about 3 us by increasing the magnetic

field above the region where the ODMR signals overlap (gray zone). Furthermore, the

ODMR transient is superimposed by oscillations containing two frequencies, as deter-

mined by Fourier analysis and plotted for different magnetic fields in Figure 6.5b. The

effect is known as ESEEM['?"! and is widely used to study interactions between elec-

tron and nuclear spins. In ESEEM, the electron spin-echo envelope exhibits amplitude

modulation that corresponds to the nuclear magnetic resonance (NMR) frequencies of
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6 Coherent Control of the Boron Vacancy

nuclei, which are coupled to the electron spin. For the V', only one ESEEM frequency
is expected if the HFI of the electron spin with three equivalent nitrogen nuclei (I = 1)
in the first coordination sphere is considered. For all nuclei with I > 1/2, however, the
quadrupole term becomes important, as described in Equation 6.1 because it modifies

the NMR frequency spectrum considerably.
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Figure 6.7: Three-pulse ESEEM of V; spin centers in hBN at room temperature. a In or-
der to confirm the ESEEM frequencies extracted from the T> measurements a three-pulse
ESEEM measurements is applied to the system. The corresponding pulse sequence for
the microwave and laser pulses is depicted in the inset. In contrast to three-pulse ESEEM
in pulsed EPR measurements, a fourth pulse is required at the position of the expected
echo in order to return the spin system into a well-defined state, which enables the op-
tical readout. The resulting curve is then limited by 7} instead of 7> which can be fitted
with two frequencies. b ESEEM frequency versus external magnetic field. Plotted are fre-
quencies obtained from the two-pulse (blue) and three-pulse (pink) ESEEM. The ESEEM
frequency is proportional to the applied magnetic field according to the nuclear Zeeman
effect (+yB), while the offset is given by a quadrupole Q splitting due to surrounding nu-
clei.

In this case, one expects six frequencies derived from the combination of the Zeeman
nuclear and the quadrupole splitting of the surrounding nuclei, as shown in Figure 6.6.
Note that additional splitting (with corresponding frequencies) are expected when the
10 B (T = 3) nuclei are taken into account. Because of experimental limitations, only two
of them can be resolved. Figure 6.5b plots a global fit over all T, transients measured at
different magnetic fields (blue circles). Additional frequency values for other magnetic
fields obtained by three-pulse ESEEM (see Figure 6.7) are also shown (pink diamonds),
and they complement the field dependence obtained by the two-pulse ESEEM within
the error margin (shown in light blue). The ESEEM frequencies evolve linearly with the
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6.4 Spin-Spin relaxation T,

magnetic field B following the law vgsgem =| vo £ Y B |, where y = 4.54 + 0.59 kHz/mT and
vo = 382.9 + 4.4 kHz is the frequency at B = 0. In the absence of magnetic field, the
nuclear Zeeman splitting is zero, and ESEEM arises only from the nuclear QI and/or
HFI!'*%! and can be used to determine the quadrupole coupling as Q = v, = 383 kHz
(Equation 6.1), as shown in Figure 6.7b. The experimentally derived vy is close to the
tabulated value of the B nuclear gyromagnetic ratio (y(}°B) = 4.575 kHz/m1); thus, the
observed oscillations are possibly due to the coherent coupling of the electron spin
with the B nuclear spin bath. Note that the coupling of the electron spin V; with the
neighbouring * N nuclear spin with slightly smaller gamma (y(}*N) = 3.076 kHz/mr)
cannot be fully disregarded because it is also within the error margins of the vgsgem (B)
dependence in Figure 6.7b. The three nearest '* N nuclei strongly coupled to Vy viahy-
perfine interaction (A = 47 MHz) cannot be excited with the available B; field, which
is in the range of 0.33 mT because the condition y.B; > A, where y, = 28MHz/mT is not
fulfilled, and therefore, they cannot be seen in the modulation pattern of the ESEEM.
A slight increase in the spin coherence time T, with increasing magnetic field (Fig-
ure 6.5b) may be due to the partial suppression of heteronuclear or homonuclear spin
pair flip-flop processes (cross-resonances) in a moderate magnetic field (1311, however,
the nuclear spin bath of the hBN lattice with *N (99.6 %) (nuclear spin I = 1), !B
(80.1 %), and B (19.9 %) that have nuclear spin of 3/2 and 3, respectively, remains a
major factor of decoherence. Observed ESEEM frequencies clearly show that the elec-
tron spin of V;; is coherently coupled to nuclear spins in the distant coordination shells

from the vacancy, but the exact decoherence mechanism is not understood yet.

6.4.2 Temperature dependence of T,

An increase of the spin-spin relaxation time at low temperatures can be achieved for
many coherent systems!®”1%?l, For this purpose, the temperature dependence of the
T, time is examined. Figure 6.8a shows a nearly temperature-independent 7> time
when varying the temperature between 300 and 50 K. Also the observable ESEEM fre-
quencies remain constant within their error bars (see Figure 6.8b). The behavior of
temperature-independent 75 can be attributed to the high defect density in the sample
(see Figure 6.9) together with the smallness of the Boltzmann factor to polarize nuclear
and electronic spin systems and, thus, to suppress the decoherence in these magnetic
field and temperature ranges and is also reported for NV centers in diamond!"*?! and

silicon vacancies in SiC !,
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Figure 6.8: Spin-spin relaxation dynamics of V; spin centers in hBN at different tem-
peratures (50 — 300 K. a 7> time versus temperature at 8.5 mT. b ESEEM frequencies ex-
tracted from two-pulse ESEEM. T, as well as vgsgem are almost constant within the error
bars.

6.5 Hole-Burning spectroscopy

To further explore the origins of the ODMR line broadening and, hence, the spin--
dephasing, a two-frequency cw ODMR technique is applied, which eliminates the con-
tributions of the magnetic nuclei. The so-called “hole-burning” technique**~"! is re-
alized by introducing a second frequency (pump), which is fixed within the inhomo-
geneously broadened ODMR line. In Figure 6.10a, a standard cw ODMR spectrum is
shown (black curve). Applying a second microwave frequency results in a sharp dip in
a particular ODMR transition at the position of the applied frequency. This is shown for
three selected resonances at 3.2 GHz (pink), 3.25 GHz (green), and 3.3 GHz (orange),
respectively. The pump microwave field excites modes in certain spin packets, and if
the power is sufficiently high, then it saturates them, resulting in a reduction in ODMR
contrast.

To evaluate the spin hole-burning and extract the “hole” spectrum directly, a selected
transition at 3.25 GHz is zoomed in, as shown in Figure 6.10b. The spectral shape of the
hole can be fitted by a Gaussian function with a full width at half maximum (FWHM)
of 15.5 MHz with a sharp spike in the middle. The linewidth of the broad component is
much narrower than the ODMR signal with the linewidth of several hundreds of mega-
hertz due to hyperfine broadening. Thus, by saturating an individual hyperfine transi-
tion, the linewidth contribution from magnetic nuclei is eliminated and a spin package
separated. As shown in Figure 6.10c, a 500 — kHz frequency sweep around the center

of the hole reveals a spike that is perfectly reproducible by two Lorentz functions with
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Figure 6.9: Quantitative EPR measurements for defect density determination. a Dark
X-band EPR spectrum of hBN at T = 5 K. The two outer peaks correspond to the V de-
fect. b low-field EPR transition (top) and the integral of the EPR signal (bottom). The
absolute spin number 7 is proportional to the area under the EPR absorption curve. ¢ EPR
spectrum of a reference sample (BDPA) with a known spin number of 3.6-10'7. Taking
the EPR settings into account, the obtained absolute number of boron vacancies results in
n =3.3-10'3 which corresponds to the defect density of N = 5.4-10'" cm™3.

84.7 — kHz (blue) and 25.5 — kHz (yellow) linewidths, respectively. This narrow spike
can be explained by coherent population oscillations, where the ground-state popula-

tion of a two-level quantum system oscillates at the beat frequency between the pump

and probe (swept frequency) fields!®~"%1, These oscillations can be observed only if

the beat frequency is less than, or approximately equal to, the inverse of the popula-
tion relaxation time. Projecting the spectral hole-burning in optical spectroscopy to
the V; spin system, the width of the spike can be related to the population decay rates
(relevant spin-relaxation processes) >33, Because there are two contributions to the
linewidth, the narrow contribution (25.5 kHz) is assigned to the spin-lattice relaxation
rate and extracta T IHB of 25.0 us. Consequently, the second contribution (84.7 kHz)
is assigned to T2HB of 7.5 us. In particular, the spin-spin relaxation time estimated in
this way exceeds the value measured directly by pulsed ODMR by a factor of three af-

ter the broadening contributions are strongly suppressed by the surrounding nuclear
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Figure 6.10: Cw multifrequency ODMR measurements at T =300K. a A standard cw
ODMR measurement is plotted in black. The application of a second microwave fre-
quency (pump) leads to a dip (hole) indicated by an arrow (3.20 GHz, pink; 3.25 GHz,
green; 3.30 GHz, orange) A second peak (indicated by an asterisk) appears symmetrically
to the center of the spectrum (3.48 GHz) for the transitions from mg = 0 to |-1,—1) and
|+1, —1) substates, respectively. b The hole spectrum. By modulating the fixed (pump) fre-
quency instead of the swept (probe) frequency the pristine hole spectrum can be obtained
directly. The signal consists of a broad inhomogeneously broadened Gaussian peak and a
very narrow spike on top in the center. ¢ The narrow peak is due to coherent population
oscillations, it consists of two contributions, and can be fitted with two Lorentz functions
(vellow and blue, sum of both in green). The inset shows the respective full width at half
maximum (FWHM) and the inverted values assigned to spin-relaxation times T and T».
d Simplified energy diagram illustrating the hyperfine splitting due to three equivalent ni-
trogen nuclei with the respective electronic and nuclear spin quantum numbers mg and
mry.

bath and can therefore be regarded as the upper limit for the relaxation rates for V;; in
hBN at room temperature. Note that the spectral hole is mirrored relative to the ODMR
spectrum symmetry axis at P/n = 3.48 GHz and also appears in the second ODMR tran-
sition (~ 3.7 — GHz range), as indicated by asterisks in Figure 6.10a. To understand this
phenomenon, one can use a simplified energy diagram of Figure 6.6 in which only the
HFI with three equivalent nitrogen nuclei is considered (see Figure 6.10d). As soon as

the pump frequency has saturated the transition, e.g. between the mg = 0 state and the
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|—1,—1) substate of mg = —1 state, the hole in the left (low-frequency) ODMR signal is
burned. Hence, the state mg = 0 is already depleted and is kept so, therefore, the in-
tensity of the transition to the substate |+1,—1) of the state mg = +1 (high-frequency
ODMR signal) will also be lower. This applies to all transitions that correspond to the

nuclear spin quantum numbers ;.

6.6 Conclusion

To conclude, a coherent control of the V; spin ensemble in hBN is demonstrated at
room temperature. The results suggest reasonably long spin-relaxation times T; = 18 us
and T» = 2 us at room temperature that can be substantially increased to 77 = 12.5 ms
at cryogenic temperatures. The behavior is governed by spin-phonon interaction and
follows a power law of T=”?. Using a spin hole-burning technique, the upper limit of
the spin-relaxation times is determined to TlHB ~ 25.0 us and TzHB ~ 7.5 us at room
temperature by suppressing the inhomogeneous broadening due to the surrounding
nuclear bath. In addition, the electronic spin system can be further decoupled from the
detrimental nuclear bath, as was demonstrated for other 3D systems 34135 whereby
the spin coherence time needs to be seen in relation to other properties depending on
the applications!"'®*7l. The ability to engineer Vj; defects in thin hBN flakes on de-
mand !"”! offers promising perspectives for deploying quantum sensing with vdW crys-
tals. For instance, positioning a monolayer or few layer hBN with embedded Vj; within
a stack of 2D materials can provide an in situ magnetometer to sense the surrounding

S [9,138]

electromagnetic field or couple the spin to the valley degree of freedom from the

surrounding excitons in transition metal dichalcogenides!*".
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7 Boron Vacancy as a local
Temperature, Pressure and

Magnetic Field Sensor

ABSTRACT: Spin defects in solid-state
materials are strong candidate systems
for quantum information technology and
sensing applications. Here the recently
discovered negatively charged boron va-
cancies (V) in hexagonal boron nitride
(hBN) are explored in detail and their
use as atomic scale sensors for temper-
ature, magnetic fields and externally ap-
plied pressure is demonstrated. These

applications are possible due to the high-

spin triplet ground state and bright spin-
dependent photoluminescence (PL) of
the V. Specifically, the frequency shift in optically detected magnetic resonance
(ODMR) measurements is not only sensitive to static magnetic fields, but also to tem-
perature and pressure changes which are related to crystal lattice parameters. This

work is important for the future use of spin-rich hBN layers as intrinsic sensors in het-

erostructures of functionalized 2D materials.

This chapter is based on A. Gottscholl et al. "Spin defects in hBN as promising tem-
perature, pressure and magnetic field quantum sensors", Nature Communications, 12
4480 (2021) ?31,



7 Boron Vacancy as a local Temperature, Pressure and Magnetic Field Sensor

7.1 Introduction

Spin defects in three-dimensional (3D) wide band-gap semiconductors have exten-
sively been utilized in both fundamental and practical realizations in quantum science.
The most prominent systems are the nitrogen-vacancy center in diamond®! and var-
ious types of spin defects in silicon carbide (divacancy and silicon vacancy)!'!"!4%,
These systems reveal optically detected magnetic resonance (ODMR), which allows
for polarization, manipulation and optical readout of their spin state and consequent
mapping of external stimuli (magnetic/electric field, temperature, pressure, etc.) onto
it[141-1431 * A variety of reports has demonstrated outstanding nanoscale sensing ap-
plications of NV-centers (particularly NV™) in physics and biology including detection
of individual surface spins®! and nanothermometry in living cells'®"!. However, NV-
centers in diamond and spin centers in SiC possess intrinsic limitations. The three-
dimensional nature of the material makes it challenging to position the spin-defects
close to the sample surface, and thus, to the object/quantity to be sensed. Further-
more, the proximity to the surface deteriorates their spin coherence properties and
hinders their sensitivity as nano-sensors 44,

A remedy to these limitations may be provided by recently discovered defects in lay-
ered materials. One of the most prominent stackable 2D materials is hexagonal boron
nitride (hBN) which hosts a large variety of atom-like defects including single photon

S [81,85,86,145]

emitter . Spin carrying defects have been theoretically predicted and ex-

N [21,45,47,49,146]

perimentally confirmed in hB . Currently, the most understood defect

is the negatively-charged boron vacancy center (V) 22 which can be readily created

s77781 Due to its

by neutron irradiation, ion implantation or femtosecond laser pulse
spin-optical and properties, the V; center is proving to be a promising candidate sys-
tem for quantum information and nanoscale quantum sensing applications and has
thus expanded the already large suite of unique features displayed by 2D materials !/,
The recently identified V; in hBN displays a photoluminescence (PL) emission band
around 850 nm and has been found to be an electronic spin-triplet (S = 1) system with a
ground state zero-field splitting (ZFS) Dgs/h = 3.5 GHz between its spin sublevels m; = 0
and m, = +1?!1, In this chapter, the effect of external stimuli on the defect’s properties
is studied and its suitability for sensing temperature, pressure (as lattice compression)
and magnetic fields is demonstrated. Notably, these experiments show that the resolu-
tion and range of operation of the hBN V;; center is competitive or exceeding those of

similar defect-based sensors!'*7],
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7.2 Temperature Sensing

7.2 Temperature Sensing

The results presented in this chapter were obtained on single-crystal hBN (see Chap-
ter 4.1). The Vy centers were generated in the sample via neutron irradiation (= 2.3 -

108 n cm™2), as described elsewhere 212

. More specifically, the absolute number of
Vy; defects was determined as 10'3 spins by electron paramagnetic resonance in the
dark, giving the defect density of = 5.4-10'7 cm™3. Since a neutron irradiation is used, it
is assumed that the defects are homogeneously distributed in the sample. The hBN sin-
gle crystalline sample consists of a stack of a few thousand mono layers. The distance
between two identically aligned layers is ¢ =~ 6.6 A, while the in-plane distance between
two identical atoms is a = 2.5 A (Figure 7.1a). As shown by temperature dependent
X-ray data'®®!, the hBN lattice undergoes highly anisotropic thermal expansion with c
and a changing in opposite directions, i.e. while ¢ decreases with cooling, a increases,
as schematically shown in Figure 7.1b. This crystallographic feature can be used to mo-
nitor local temperature variations optically, via ODMR, since the temperature-driven
compression/expansion of the lattice parameters a and c¢ causes a direct change in

the ZFS parameter Dg; of the triplet ground state!'*?

. Figure 7.1c shows continuous
wave (cw) ODMR measurements for three different temperatures, with (dark blue) or
without (cyan) an external magnetic field B applied. At room temperature and in the
absence of the external magnetic field, the ODMR spectrum of the V; shows two re-
sonances (vi, v») centered symmetrically around vy, which corresponds to the ZFS
parameter Dgs/n = vy = 3.48 GHz with the splitting due to the non-zero off-axial ZFS
parameter Egs/h = v = 50 MHz When applying an external static magnetic field B, v,

and v, split further following:

V1,2 = Daslh+1/n\/ B2, + (gupB)” (7.1)

Here, h is Planck’s constant, g is the Lande factor and up is the Bohr magneton. The
separation of the two resonances v; and v, can clearly be seen in Figure 7.1c (dark blue
traces). The visible substructure in both ODMR peaks is due to hyperfine coupling of
the electron S = 1 spin system (negatively charged boron vacancy) with three equi-
valent nearest nitrogen atoms, each possessing nuclear spin I = 1 for the most abun-
dant “N isotope (99.63 %). In total, seven hyperfine peaks can be resolved, whose
relative separations are temperature and magnetic field independent. A closer look at
Figure 7.1c reveals that cooling down the sample results in a shift of the ODMR peaks
to higher frequencies. Thus, the dependencies of the ODMR spectrum on temperature
and magnetic fields can provide a basis for the use of the V; center as a thermometer

and magnetometer at the nanoscale.
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Figure 7.1: Temperature dependence of hexagonal boron nitride. a Schematic of the hBN
crystal, its hexagonal structure with alternating boron (yellow) and nitrogen (blue) atoms
and the lattice constants a and c. b Lattice contraction and expansion due to temperature
variation, according to crystallographic data'**!. ¢ Cw ODMR spetra measured with (dark
blue) and without (cyan) external magnetic field at different temperatures T = 295K, 160 K
and 10 K. Lowering of the temperature causes the resonances vy, v; and v, to shift to larger
microwave frequencies indicating an increase of the zero-field splitting Dg

7.2.1 Temperature induced ZFS Shift

The observed shift of the resonances to higher frequency values (Figure 7.1c) is inde-
pendent of the applied magnetic field and is solely due to a increasing of the ZFS pa-
rameter Dg;. Over the temperature range 295-10 K, Dg; undergoes a variation ADg =
195 MHz. This is a relatively large change compared to analogous spin systems in
3D materials (= 30-fold). For instance, the NV~ center in diamond exhibits a shift
ADg =~ 7 MHz!"*¥), while the Dg; of Vg; in SiC is almost constant over the same range.
Only more complex spin defects such as Frenkel defects (Vs; —Si;) in SiC display a com-
parably strong effect (ADgs ~ 300 MHz) 4],

To quantify this temperature-induced shift of the ground state triplet energy-levels
temperature- and magnetic field-dependent ODMR measurement are combined. Fi-
gure 7.2 summarizes the shift of Dgs in the ODMR spectrum as a function of temper-
ature both, in the presence (a) and absence (b) of an external magnetic field. In Fig-
ure 7.2a, an external magnetic field of 8.5 mT is applied. A monotonic, nearly linear
increase of the resonance frequencies associated to a change in the zero-field split-
ting parameter D¢, can be observed for temperatures down to 50 K. Zero-field ODMR
(Figure 7.2b) shows the same behavior. The ZFS values Dgs/h are now extracted from

68



7.2 Temperature Sensing

Figure 7.2a, b and plotted against temperature (Figure 7.3a). Both temperature depen-
dencies, represented by dark blue and cyan diamonds, match perfectly and thus con-

firm that the temperature scaling of D, is indeed independent of the magnetic field.
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Figure 7.2: Temperature dependence of the ODMR spectrum of V. a Color map repre-
sents the peak positions of the normalized ODMR spectrum for different temperatures in
an external magnetic field of B = 8.5 mT. b The same color map representation of the peak
positions but without an external magnetic field.

7.2.2 Model of ZFS and Lattice Parameters

The temperature dependency can be explained by considering the change in the delo-
calization of the spin-defect wave function due to temperature-induced structural de-
formations of the crystal lattice. This is consistent with e.g. the case of the NV~ center
in diamond!'*®'*9 The latter shows a linear behavior for the shift of the ZFS associ-
ated to the relative change of the lattice constant n!'*?! ADgst/n = On(T), where 6 is the
proportionality factor, explicitly written as 4D/dn and n(T) is the relative change of the
lattice parameter. Applying the same concept to hBN with its two lattice parameters a

and c results in the equation:
Dgs(T) = Dgs(295K) +04nq(T)h +0.nc(T)h (7.2)

Here, Dgs/n is the experimentally measured ZFS frequency. Dgs(295 K/ = 3.48 GHz is the
ZFS at T = 295 K that is chosen as reference, and n,(T), 1.(T) are relative changes of a
and c, respectively (see also Equations 7.6 and 7.7 below). The temperature-dependent
lattice parameters a(T) and c(T) for hBN were determined in Ref."*®! and are plotted
in Figure 7.3b in addition to the ODMR data. The proportionality factors 8, and 6, are
the significant parameters that connect lattice deformation and ZFS and will be de-

rived from the experimental data in the following. To do so, Equation 7.2 is fitted to
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Figure 7.3: Comparison of temperature dependence of lattice parameters and ZFS be-
haviour. a ZFS parameter Dgs/h obtained from 7.2 a (blue diamonds) and b (cyan dia-
monds) vs. temperature. The monotonic increase while lowering the sample temperature
is unaffected by the magnetic field. The data can be fitted using Equation 7.2 describing
the temperature-dependent change of the lattice parameters a (gray line**!) and ¢ (black
line ) that are plotted in b. The fits are shown as solid lines (blue for 8.5 mT and cyan
for 0 mT) on top of the diamonds and reproduce the temperature dependence perfectly.
The difference between measurement and fit (4/r) is shown in the bottom panel. b Lattice
parameters extracted from %!,

the experimentally measured ZFS Dy, as shown in Figure 7.3 a. The fit perfectly repro-
duces the experimental data, which highlights the remarkable linear response of the
resonance frequency to changes of the lattice constants in this case due to tempera-
ture. More specifically, the maximum error between the polynomial function and the
measured data is < 5 MHz, which is within the measured data scatter. Figure 7.3a (bot-
tom panel) shows the difference between the fit and the measured data.

Figure 7.4 shows the relationship between temperature-dependent lattice parameters
and ZFS by combining the three separate functions (a(T), ¢(T) and Dg(T)) of Fig-
ure 7.3b in one plot. By inserting the crystallographic data for the hBN lattice para-
meters” (Figure 7.3b) into Equation 7.2, partial shifts of the ZFS ADg; , and ADgs
are obtained with respective slopes 8, and 6., as shown in Figure 7.5b, c. This enables
the extraction of the values for 6, of (-84 +15) GHz and (-78.2 + 8.8) GHz or 6. of
(—24.32+0.59) GHz and (-24.6 £ 1.0) GHz at B = 0 mT and 8.5 mT, respectively. The
out-of-plane 6, can be determined more precisely, since the relative change of lattice

parameter c is one order of magnitude larger.
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B=8.5mT

D,/h (GHz)
NS Bs)]

Figure 7.4: Zero-field splitting dependence on the lattice parameters a and c. Equa-
tion 7.2 is fitted (solid lines) to the experimental data displayed as diamonds. The ZFS
reference temperature T = 295 K is marked by a red dot. The assignment of colors of fit-
ting lines (blue for 8.5 mT and cyan for 0 mT) is the same as in Figure 7.3. a,b Combined
3-dimensional representation with the slopes 6, and 6, (shown also in Figure 7.5b, c) for
the dataset with magnetic field (B = 8.5 mT).b is rotated by 180° relative to a. ¢,d Combined
3-dimensional representation for the dataset without external magnetic field (B = 0 mT).d
is rotated by 180° relative to c.

The values coincide within the experimental error and can be combined as:
0,=(-81+£12) GHz (7.3)

0.=(-24.5+0.8) GHz (7.4)

Remarkably, the ratio 64/6, = 3.3, which means the influence of the lattice distortion on
the ZFS in-plane is at least three times stronger than the influence of the interplanar
distance on the same, indicating a localization of the V spin density in the plane as

predicted by the theory!*?!.
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Figure 7.5: Zero-field splitting contribution of the lattice parameters a and c. a Compa-
rison of the lattice parameters in the temperature range 5 — 350 K. b Change of the ZFS
ADygs q caused by temperature-dependent lattice parameter a. ¢ Change of ADgg . caused
by the temperature-dependent lattice parameter c.

Finally, a polynomial is proposed which allows a direct determination of Dgg from

the sample temperature T

Dgs(T)=h)_ A T*(k=0,1,2,3) (7.5)
k

where T is the temperature, h is Planck’s constant, k is an integer, and the polynomial
coefficients Ay are summarized in Table 7.2 for different temperature ranges. To obtain
the coefficients Ag, the essential step is to determine the relative changes of the lattice

parameters from the crystallographic data!®® by using the Equations 7.6 and 7.7:

_a(T)-a(295K)
T a@95K)

Na(T) (7.6)

c(T)—c(295K)
c(295 K)

(7.7)

nc(T) =

To assess the heating effect induced by the laser, ODMR spectra at different laser po-
wers between 200 and 1000 mW are measured. An overall shift of < 10 MHz due to laser
heating is observed. The data is shown in Figure 7.6a,b. The observed effect is negli-
gible for other measurements, since all other measurements presented in this chapter
were performed with laser power < 100 mW. To estimate the heating induced by the
microwaves, ODMR spectra at different microwave power between 0.03 and 3 W are
measured at room temperature (ambient laboratory conditions). This data is summa-
rized in Figure 7.6c,d. A change of the ZFS of about 5 MHz is observed, which corre-
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Figure 7.6: Influence of laser power and microwace power on the ODMR signal. a Cw
ODMR signals for different laser powers. b Change of the ZFS parameter Dgs/h as a func-
tion of the applied laser power. A total shift of < 10 MHz due to laser heating is observed.
This effect can be neglected for other measurements, since all other measurements pre-
sented in this work were performed with laser powers < 100 mW.c Cw ODMR signal at
room temperature (pink) and for a temperature stabilized stripline at T' = 300 K (purple)
for different microwave powers. The spectra without temperature stabilization (pink) are
shifted towards lower frequencies for higher microwave powers. d Change of the ZFS pa-
rameter Dgs/h as a function of the applied microwave power. A total shift of 5 MHz due to
the resistive heating of the stripline is observed (pink speres). However, the local temper-
ature (purple spheres) remains unaffected.

sponds to a heating of 10 K (pink symbols). However, the main effect can be assigned to
the resistive heating of the stripline and not to the power absorbed by the spin system

in resonance. The two effects can be separated by a precise measurement in a stabi-
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lized cryo-system (shown in purple). The local sample temperature is constant within
the error bars, which means that the resonant absorbed microwaves have very little or

no influence on the temperature dependent ZFS in this microwave power range.

7.3 Pressure Sensing

a b 532 nm
850 nm

0g
Og
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hBN
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Figure 7.7: Pressure sensing with V. a A three-dimensional representation of the param-
eter space (see Figure 7.4b) according to the linear model. The blue curve shows the lattice
parameters and therefore the ZFS dependence given by heating/cooling the sample. Ex-
ternal pressure in z-direction (c) or x,y-direction (a) also results in a shift. b Modified setup
for pressure sensing: weights (e.g. 100 g) are pressing on a transparent sapphire substrate
applying a pressure on the sample. A copper wire coil is placed between stripline and ex-
ternal offset magnetic field in order to perform a magnetic field modulation for a high S/n.

The observation that a temperature-induced change in the lattice parameters di-
rectly results in a shift of the ZFS Dg; leads to the consideration of utilizing the V
center also as a sensor, for externally applied in-plane or out-of-plane pressure. The
basic idea is illustrated in Figure 7.7. Figure 7.7a shows the extracted linear model
where a ZFS shift due to a change of the temperature can be explained by moving on
the blue curve. An external pressure enables an arbitrary movement on the surface in
c-direction (external pressure in z, see Figure 7.7b) and in a-direction (external pres-

sure in x,y) resulting in different ZFS values.

7.3.1 Theoretical Calculations

For a first-order estimation an isothermal system is assumed without shear strain and
derive the perspective sensitivity based on reported elastic moduli for hBN crystals!!°% 1511,

In cartesian coordinates, the pressure vector oy is given by the elastic moduli tensor
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C multiplied with the relative change of the lattice parameters 7):

Ox Ci1 Ci2 Ciz| [N«

oy|=|Cz2 Cun Ciz||ny (7.8)

0 Cis Cis Cs3)\n2
The reported elastic moduli for hBN are: Cy; = (811 +£12) GPa, C;2 = (169 £ 24) GPa,
C13 = (0£3) GPa and Cs3 = (27 +5) GPa!"""!, The hBN lattice parameters a and c are
oriented along the y- and z-direction, respectively. This simplifies Equation 7.8 by in-

corporating 1, . and removing Ci3, which is 0:

Ox Na(5C11+3Cr2)
oy |=[na(5Ci2+3Ci1) (7.9)
0z 1:C33

This can be rewritten to obtain 1, . directly:

o= 7 = 7 (7.10)
5Cn+3C2  5Ci2+3Cn
776:2 (7.11)
Cs3

Substituting these relationships into Equation 7.2 yields the ZFS as a function of the

applied pressure:

Dgs(ax, Uy, Uz) = Dgs,295 K + ADgs,x + ADgs,y + ADgS,Z
Hao-xh " an-yh + QCO-Zh (7.].2)
fCn+3C2 5C+3Cn Gss

= Dgs295 K +

Based on these estimates for 6, in Equations 7.3 and 7.4 and the reported elastic
moduli’®”, the sensitivity to measure the ZFS shifts for each direction of the applied

pressure can be obtained:

Hz

ADgs. =0, h(—0.136 +£0.028) — (7.13)
85x Pa
Hz

ADgSy = Uyh(—0.212 +0.052) P_a (7.14)

Hz

ADyg =0,h(—0.91+0.20
gsz zh( ) Pa

(7.15)
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Consequently, the ZFS shift ADg; vy, is directly associated with external compression
of the hBN lattice and therefore V; can be utilized as a pressure sensor. Remarkably,
the out-of-plane sensitivity along the c-axis is much higher due to the small Cs3 coeffi-
cient. This makes this type of sensor particularly useful to measure vertical indentation

in 2D heterostructures.

7.3.2 External Pressure in z-Direction
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Figure 7.8: Pressure dependence of the zero-field splitting parameter Dgs/h. a ODMR
spectra of V; with microwave modulation (on/off) (blue) and sinusoidal magnetic field
modulation (orange). The partially resolved hyperfine peaks are blurred due to an in-
tentional overmodulation of the spectrum that allows a linear fit in the vicinity of the
zero-crossings for a precise determination of the resonant transitions v; (b) and v, (c)
and therefore the parameter Dgs/h. d Dgs/h as a function of pressure, follows a slope of
(1.16 +£0.15) Hz/pa which is close to the expected value (0.91 + 0.20) Hz/pa according Equa-

tion 7.15.

To verify the above considerations, pressure-dependent experiments are performed.
Pressure is applied in the c-direction of the hBN lattice by stacking weights on the sam-

ple (see Figure 7.7b).
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Figure 7.9: Influence of the magnetic field modulation on the ODMR spectra. a A mag-
netic field modulation leads to the first derivative of the standard cw ODMR signal. b The
peak-to-peak amplitude can be enhanced by increasing the magnetic field modulation. ¢
The overmodulation results in line broadening of the signal.

To improve the sensitivity, sinusoidal modulation are applied to the static B-field in-
stead of amplitude modulation (on/off) of the microwave while sweeping the frequency.
The results are shown in Figure 7.8. The sine-wave modulation of the B-field yields
the first derivative of the spectrum (see Figure 7.9 for the modulation behavior of the
spectrum), which increases the signal-to-noise ratio by a factor of four (Figure 7.8, or-
ange). For an accurate determination of the resonant transitions v; and v, and their
shift with the applied pressure, the spectra were linearly fitted near the zero cross-
ings, as shown in zoomed-in Figure 7.8b and c. The resulting pressure dependence
of the parameter Dgs/h is shown in Figure 7.8d. The experimentally determined slope
of (1.16 £ 0.15) Hz/pa is close to the theoretically expected slope (0.91 +0.20) Hz/pa ac-
cording to Equation 7.15. As shown in Figure 7.10, the method can also be potentially
used to study local and temperature-induced strains in the sample by measuring the
off-axis ZFS parameter Eg;. However, the sample in this work reveals no changes in Eg;

neither at different temperatures nor at different position in the crystal.
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Figure 7.10: Off-axial zero-field splitting term Egs/h. b Ezs/h measured at different sites on
the sample. The Egs/h values are scattered around 49 MHz, but without a clear trend. b Egs/n
measured at different temperatures (110 — 350 K).

7.4 Magnetic Field Sensing

As shown in Figure 7.2a, the two resonant transitions v, are equally separated with
respect to vg over the entire temperature range between 5 K and 350 K. It should be
pointed out that the magnetic field sensing is based on the g-factor, which is indepen-
dent of the lattice parameters. In Figure 7.11, the principle suitability of a V; center in
hBN for magnetic field sensing is demonstrated, where the resonant microwave transi-
tions v, and v, are shown over a broad range (0 —3500 mT) and exemplarily simulated
for two distant temperatures, T = 295 K (dark blue) and T =5 K (light blue). For a mag-
netic field applied in the c-direction of the hBN lattice, the behavior can be described
with Equation 7.1. Due to the non-zero off-axis Eg;, the Zeeman splitting term gugB
leads to a linear regime only for B > 3 mT, when the applied magnetic field is large
enough to separate the two otherwise partially overlapping v, » transitions.

To extend the magnetic field range of the measurements beyond the confocal ODMR
setup limit of = 20 mT, continuous wave electron paramagnetic resonance (cw EPR)
and electron spin-echo detected (ESE) EPR is applied (Figure 7.11b). The advantage
is that the cw EPR measurements are performed at a microwave frequency of 9.4 GHz
(X-band) (light green diamonds) and the ESE EPR measurements at a microwave fre-
quency of 94 GHz (W-band) (dark green diamonds) which allow extending the mag-
netic field range to 3500 mT. The multifrequency spin resonance approach enables us

to determine the g-factor with extremely high accuracy as g =2.0046 + 0.0021.
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Figure 7.11: Experimental (diamonds) and simulated (dark and light blue traces) reso-
nant frequencies of V for different temperatures and magnetic fields. a ODMR mea-
surements (pink diamonds) at B < 20 mT. b A cw EPR measurement at 7 = 5 K and mi-
crowave frequency of 9.4 GHz (light green) and electron spin-echo detected EPR measure-
ments at T = 8 Kand 94 GHz (dark green). Note the axes are shifted for better visibility and
comparability.

7.5 Sensor Resolution: Discussion and Comparison

As mentioned, one of the crucial parameters for high-sensitivity sensing is the distance
between the sensor and the object to be sensed. In this regard, sensors based on the
hBN V; center are particularly appealing as - based on the presented model of lattice
constant variations - the required hardware ideally consists of only three hBN layers,
with the intermediate one hosting a V; center. This corresponds to a minimum dis-
tance of the defect to the surface in the sub-nanometer range of = 0.33 nm. A further
thickness reduction, e.g. to a single monolayer, would indeed eliminate the interlayer
contribution ¢(7T), but make the sensing effect completely dependent on the interac-
tion of the V; wave function with the parameters of the adjacent material. For sin-
gle layers, Dg; 295 x would differ from the theoretical calculation (491" and a calibration
would be required to determine the set of parameters (Dgs 295k, 04, 6c) specific for
the adjacent material. To substantiate this hypothesis, however, further measurements
and calculations must be carried out.

In the following, the properties of the hereby proposed sensor based on V; centers
in hBN is benchmarked against other defect-based sensors in silicon carbide and di-

amond. For this purpose, the general sensitivity is derived, which includes the re-
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spective coupling coefficient I' 7, p representing the sensitivity of the ODMR frequency
shift due to the corresponding external influence, and the general resolution in relative
change of frequency in relation to acquisition time and noise level '*?!. An overview of
all calculated coupling coefficients and resolutions is summarized in Table 7.1.

6295 K 6295 K 6295 K 550 K ’

| Tmen I"diamond Tsic | |

hBN diamond SiC hBN
B | 28.0kHz/ur  28.0kHz/yr  28.0KHz/ur | 85.14T/viz  300/viz  10KT/ViLz | 4.330T/Vi
T —623kHz/x ~ —74kHz/gk  —1.1MHz/x | 3.82K/yVHz 0.76mK/yHz  1K/VHz 0.19K/vHz
oy | —0.136Hz/pa 17.5MPa/ iz 0.891MPa//Hz
oy | —0.212Hz/pg 11.2MPa/ /Hz 0.572MPa//Hz
oz | —0.91Hz/pa 2.62MPa/\/Hz 0.133MPa//Hz

Table 7.1: Three spin hosting systems in comparison: coupling coefficient I and general
resolution ¢ at room (T = 295 K) and cryogenic (T = 50 K) temperatures calculated for
magnetic field B, temperature T and pressure o. Also shown are the reference values for
spin defects in diamond ['*+15%153 and SiC!'*?, respectively (see main text).

In order to facilitate comparison with other color centers in 3D materials, first a linear
regime (50 — 350 K) is considered in the analysis. In this range, a proportionality be-
tween ADg; and T is given by the factor I'y = ADgs/AT = —623 kHz/K. This value is almost
one order of magnitude (> 8-fold) larger than the corresponding factor for NV~ centers
in diamond (—74 kHz/k) %] This remarkable difference is in particular due to the larger
relative change of the lattice parameters as a function of temperature in hBN, while 0
is of the same order of magnitude. For NV~ centers, a value of Oy = —14.41 GHz is
reported !'*?), which is comparable to 6, ~ —24 GHz for V; in hBN. Note that 6, can
be neglected here, since on the one hand the relative change of the lattice parameter
a is negligible and on the other hand it counteracts the effect due to the expansion
of the in-plane distance while cooling the sample. Interestingly, for temperatures be-
low = 50 K, the quantity Dg, remains almost constant in NV~ centers in diamond !>,
which limits their operating range. Conversely, Dgs/n in V' centers maintain a measur-
able temperature dependence well-below 50 K, down to a few K (see Figure 7.3a). A
dDgs/aT(T = 10 K) = —87 kHz/K is estimated for hBN, while dDgs/aT(T = 10 K) in the NV-
diamond is in the range of —7-1072kHz/x 1] je. three orders of magnitude smaller.
This is particularly intriguing for applications that require monitoring temperature
changes, with high spatial resolution, in cryogenic conditions. The general resolution
52T95 K obtained at room temperature is approximately 3.82 K/viiz which is of the same
order of magnitude as defect-based temperature sensors in SiC (1 X/vHz) using the same
cw ODMR set-up!'#?!. It should be noted, however, that at cryogenic temperatures the
resolution of theV center is enhanced by a factor of =~ 20 (65T° K'=0.19 X/vHz), as both
the ODMR contrast APL/pL and the PL intensity increase, which significantly reduces the

required measurement time. Despite the smaller coupling coefficient, a temperature
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sensor based on NV’s in diamond is still more sensitive (0.76 mK//fiz) [153]

, mainly due to
stronger PL emission, higher ODMR contrast and an optimized pulsed measurement
protocol that exceeds the sensitivity of standard cw ODMR measurements performed
here. Analogously, the magnetic field resolution of the V; can be quantified at room
temperature as 65> X = 85.1 #T/Viz (6% X =4.33 #T/vAz at T = 50 K). This is comparable
to Vg; in SiC (10 uT/viiz) '*?) but lower than for NVs in diamond (3 nT/viiz) '°%. How-
ever, spin defects in 3D materials can lose their superior properties if they are close to

t[144 which also leads to an inevitable limitation of

the surface of the crystalline hos
the minimum achievable sensor-to-object distance. This can significantly hinder the
effectiveness of the spin defects-based sensors in 3D materials, highlighting the poten-
tial advantages of the V; center as a nanometer scale sensor.

Finally, an estimate of the minimum detectable magnetic field is performed, which is

based on the spin-projection noise analysis!'*?. Accordingly:

1
0B= (7.16)

gupR\/My/NLT;

where g is the electronic Landé factor and up is the Bohr magneton, so that gug =
28 MHz/mT, the ODMR contrast for Vg centeris R=0.1 %, n is the collection efficiency;,
N is the number of active spins and ¢ = 1s is taken as measurement time. Since the V
density and the voxel size of about 10 um diameter is known, a number N = 2.6-10° of
simultaneously addressed spins is estimated, and from the previously measured Rabi
oscillations!?”! (see Chapter 6.2) the dephasing time T; =100 ns is derived. The value
for n is limited by both the efficiency of the detection setup and the optical properties
of the spin-hosting sample, and is therefore important. On the one hand, the photon
extraction efficiency of V; defects in hBN is very high (near-unity for hBN monolay-
ers) compared to, e.g. that of spin systems such as color centers in diamond. This is a
consequence of the 2D nature of hBN which renders it less prone to phenomena such
as total internal reflection or scattering. On the other hand, a crystal is present (even if
the refractive index is lower than diamonds) and in the optical detection system a lens
with low numerical aperture NA=0.3 is used. This leads to a consideration of a con-
servatively low - but realistic - value of n = 1 %. Note however, that higher values of n
are feasible using objectives with higher NA and/or nanophotonic structures (e.g. solid
immersion lenses). With the selected parameters a 6 B = 20 nT/yHz is estimated. Note
that the spectral linewidth is deliberately considered to be constrained by the recipro-
cal T; time and not by longer spin-echo T»> or dynamically decoupled spin-coherence

times.
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7.6 Conclusion

In this chapter, spin properties of V; lattice defects in van der Waals hBN crystals have
been analysed in terms of their sensitivity to external perturbations and their advan-
tages and disadvantages for possible applications as a nanoscale quantum sensor have
been evaluated. The advantages include the simple intrinsic nature of the defect basi-
cally consisting of a missing boron atom, but also the potentially accessible very small
distance between the sensor and the object to be sensed. In particular, the focused laid
on the influence of temperature on the ground-state zero-field splitting, which can be
directly measured by cw ODMR and is explained by the temperature-dependent lat-
tice compression/expansion. It has been shown that externally applied pressure in-
duces lattice deformations and therefore can be mapped onto the defect ODMR spec-
trum of the V;. However, temperature and pressure measurements need to be per-
formed isobar or isothermal, respectively. Nevertheless, V; can be used for simulta-
neous magnetic field measurements with high sensitivity, due to the invariability of
its g-factor with respect to temperature and pressure. By comparing three spin defect
hosting solid systems, diamond, SiC and hBN, it has been discussed that the V defect
has comparable and, in some cases, even superior properties compared to 3D hosts.
The coupling coefficient between zero-field splitting and temperature in the tempera-
ture range 50-350 K is eight times larger than the corresponding factor for NV~ centers
in diamond. Moreover, hBN is particularly interesting for temperature sensing under
cryogenic conditions, i.e. at temperatures down to a few K, since Vj; centers exhibit a
measurable temperature dependence of ZFS there, while it is nearly constant for NV~
centers in diamond. For completeness, a temperature sensor based on NV centers in
diamond is still more sensitive, mainly due to stronger PL emission, higher ODMR con-
trast and an optimized pulsed measurement protocol that exceeds the sensitivity of cw
ODMR measurements. Regarding temperature sensing, it has been demonstrated that
heating effects due to laser excitation and absorbed microwave power are important,
but they can be controlled. The resolution of V; to external magnetic fields is compa-
rable to that of silicon vacancies in SiC, but lower than that of NV centers in diamond.
However, it can be expected that the favorable optical properties of this 2D system,
recent demonstration of coherent control of V; spins in hBN together with the over-
coming of inhomogeneous ODMR line broadening by multifrequency spectroscopy %!
will stimulate the development of advanced pulse protocols!”? and lead to a further
increase in the resolution of this sensor. In addition, during preparation of this chap-
ter, a relevant work on V;; in hBN was published by'">" reporting its high temperature

stability up to 600 K. Finally, the unique feature of hBN is its non-disturbing chemi-

82
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cal and crystallographic compatibility with many different 2D materials, which gains a
new fundamental functionality with the embedded spin centers and allows sensing in

heterostructures with high resolution serving as a boundary itself.

Appendix: Calculation of polynomial coefficients

for tem perature measurements

In the main text a relationship between the ZFS Dy (74,7¢) and the relative changes 1,
7. of the temperature-dependent lattice parameters a (7T) and ¢ (T) are derived. In the
following, this will be extended and an expression derived to compute D¢ (T) directly.
First, the temperature-dependent lattice parameters a (T) and ¢ (T) are required. The
mathematical description in terms of a third-order polynomial is used as described
in3%,

a(T) =) A4T*(k=0,1,2,3) (7.17)
k

c(T) =Y AT (k=0,1,2,3) (7.18)
k

Af and Aj are the polynomial coefficients given in Table 3 of 35 and k is an integer.

The relative changes of the lattice parameters with respect to room temperature are:

a(l)-a@95K) _ a(l)
a(95K)  a(295K)

Na(T) = (7.19)

c(T)—c(295K) B c(T)
c295K)  c(295K)
Inserting the polynomials of Equation 7.17 (7.18) into Equation 7.19 (7.20) results in

Ne(T) =

(7.20)

Aa Aa Aa Aa
Na(l)=—"—-1+———T+—2_T?4 3 __73 (7.21)
a(295K) a(295K) a(295K) a(295K)
Al AS AS AS
ne(T) = 0O _ 1+ L 74 272 33 (7.22)
c(295K) c(295K) c(295K) ¢ (295K)
. . . . . Na,c,
These expressions are grouped in polynomials with coefficients A “*:
Na(T)=Y Al*T*andn (1) =) Al T* (7.23)
k k
Al AS
do=—3% _ _Jand A= ——2—-1fork=0 (7.24)
a (295 K) c(295K)
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7 Boron Vacancy as a local Temperature, Pressure and Magnetic Field Sensor

A? Al
Alt=—F* _andAl‘=—% fork=1,2,3 (7.25)
a(295K) ¢(295K)

Next, 1, (T) and i (T) will be implemented into Equation 7.2 of the main text:
Dgs (rla’rlc) = Dgs295 K+0anah+0cnch (7.26)

Finally, this results in a polynomial for the ZFS D¢, (T) with coefficients A? that are
directly calculated from the polynomial coefficients A} and Aj for the temperature-
dependent lattice compression®®! together with reference parameters at T = 295 K:
a(295K) =2.5047 A, ¢ (295 K) = 6.6532 A, Dgs295 /n = 3.48 GHz.

Dgs(T)=h)_ APT* (7.27)
k
D A5 A5
AP = Dyoros /n+0, | —2—-1|+0,| —2——1| fork=0 (7.28)
a (295 K) ¢ (295 K)
A“ AC
AP=g,—* +0,—L_fork=1,23 (7.29)
a295K)  “c(295K)

Since Af and Aj_ are sectionally defined for different temperature ranges, the same sec-

tions are obtained for the coefficients Ai’ . The results are shown in Table 7.2.

Temperature range (K) | AP (GHz) | AP (MHz/x) | AD (KHz/i2) | AD (He/id) |

5-128 3.6367 0 -4.4308 11.468
128-189 3.6109 0.22839 -3.8805 5.522
189-350 3.6664 -0.55659 -0.2383 0

Table 7.2: Calculated polynomial coefficients AE for Equation 7.27. The three different
temperature regions arise from the sectionally defined polynomial for the temperature-
dependent lattice parameters a and ¢ *°.
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8 Outlook: Defect Engineering

ABSTRACT: Optically accessible spin de-
fects in solid-state materials are optimal
candidates for applications in quantum
information and sensing. One of the
most limiting factors for their application
is the coherence time of the respective
system. For spin defects like Vs; in SiC
or NV~ in diamond it is well-known that
the defect creation (including the result-
ing defect density) has an influence on

the T time. Here, an improvement of the

coherence properties of V is exemplary
demonstrated using ion-treated hexago-

nal boron nitride flakes.




8 Outlook: Defect Engineering

In the following section, defect engineering will be motivated, as it was already the
case for the more established materials such as diamond and SiC!”!. The coherence
time T =~ 2 us of the system is long compared to systems such as quantum dots®!, but
short with respect to other defects in other (but 3D) materials. This is partially due to
the magnetic environment, but probably also, as shown in Figure 6.9, due to the high
defect density, resulting in the interferences between the defects as well. In SiC, for

example, the correlation
(pristine)
T Ly 8.1)
2= — .
1+ Tz(prlsnne)KNV

can be observed assuming a linear dependence of the spin dephasing rate and the de-
fect concentration!”!! . The T» time collapses strongly for high defect densities Ny, and
deviates significantly from the 7> time of an unirradiated system (quasi single defect
in the crystal). A similar dependence can be expected for hBN especially since also
for NV~ diamond a drop of the dephasing time for higher defect densities can be ob-

served 1981,
a b

MW - T MW % z - z %
+ SN I I . o |Ee L
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Figure 8.1: Comparison of a neutron irradiated hBN single crystal (green) and a lithium
irradiated hBN flake (pink). a Spin-lattice relaxation dynamics of V spin centers at room
temperature. The T; time is almost identical (= 18 us) for both samples. b Spin-spin re-
laxation dynamics of V spin centers at room temperature. The T, time of the lithium
irradiated sample is approximately 3 times larger than for the neutron irradiated sample.

The majority of the results in this work are based on the highly neutron irradiated sin-
gle crystal of hBN. In addition to this sample, cw ODMR has also been demonstrated on
lithium irradiated flakes (see Chapter 5.5). Since the PL of this sample was significantly
lower than those of the single crystal, it can be assumed that this is caused, partly, by
a lower defect density. The sample consists of only a few layers of hBN, thus, quanti-

tative EPR measurements for determining defect density as performed for the crystal
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are not possible. In Figure 8.1 T; and T> measurements are shown for both the neutron
irradiated sample (green) and the lithium (pink) irradiated sample.

The spin-lattice relaxation time is about 77 = 18 us for both samples. This almost con-
stant behaviour is also observable for SiC!”!. The coherence time for the lithium irra-
diated sample, however, is a factor of 3 higher than the coherence time of the neutron
irradiated sample and reaches T» = 6 us. A more detailed systematic analysis with sam-
ples of known defect density would be desirable here to confirm the trend and allow

PTisting v, he determined based on Equation 8.1. It would

the maximum 7>, time Tz(
be interesting to know whether the coherence of a boron vacancy is limited by other
defects or by the magnetic environment of surrounding nuclear spins. Nevertheless, it
is worth emphasizing that even the T time of 2 us is already sufficient to use V; for
first applications. Many applications of NV~ diamond are theoretically transferable to
hBN. These include simple magnetic field/temperature measurements, direct inves-
tigations in/on biological samples or more complex pulse sequences for NMR mea-

surements !

. It is important to highlight that hBN is considered as an insulator in
heterostructures and in general as an encapsulating material for 2D materials and thus
can contribute to study many novel 2D phenomena using V.

Besides this advantage, hBN may eventually replace NV~ diamond in terms of sensing
on the (sub)nanometer scale, since it is expected that the defect does not change its
properties close to the surface, in contrast to NV~ diamond!'?!. In addition to D and
Abeing maintained constant!*”!, initial depth-dependent T; and T, measurements by
other groups have already shown that the relaxation times remain unchanged '°%!. The
goal here is to move on to single defects to investigate the sub-nanometer resolutions
asin NV~ diamond. Previous disadvantages of hBN such as the lower PL or the smaller
ODMR contrast can be overcome by plasmonic structures and optical cavities "% %%,
Optical cavities such as bullseye cavities, for example, can selectively increase the PL
band of the defect by a suitable resonance frequency. Plasmonic structures like addi-
tional gold layers to hBN can further enhance the optical rates and thus increase the
ODMR contrast. Xingyu Gao et al. has recently demonstrated an ODMR contrast of
46 % for the negatively charged boron vacancy at room temperature, which surpasses

even the previous record of NV~ diamond '*?].
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O Summary

In this work, an optically addressable spin defect in a Van der Waals material (hexago-
nal boron nitride) was detected for the very first time. The 2D character of the material
hBN is of particular importance, as it is used as the standard material for the encapsu-
lation of other 2D materials and thus makes a wide variety of applications of the newly
discovered spin defect conceivable.

In the first experimental chapter, the evidence of this intrinsic defect is provided and
the photoluminescence band (maximum at 850 nm) is assigned to the defect. It can
be shown that this defect is the negatively charged boron vacancy (V). It possesses a
triplet ground state which degeneracy is lifted by a zero field splitting of Dgs/h = 3.48 GHz
(Dgs > 0) and Egs/h = 50 MHz, respectively. The defect can be intialized and read out by
an optical excitation (e.g. 532 nm) which is based on a spin polarization of the mgs =0
state. This effect can be detected already at room temperature. Furthermore, spin
Hamiltonian parameters such as the g-factor (g = 2.00) and hyperfine splittings from
the neighboring nitrogen atoms (I = 1) can be observed and determined. The latter
is characterized by seven equidistant side peaks with a spacing of A = 47 MHz, which
can be observed in ODMR (small magnetic field, room temperature) as well as EPR
(large magnetic field, T = 5 K) independent of the measurement method. The symme-
try of the defect belongs to the D3j, group and can be confirmed by angle-dependent
EPR measurements. Finally, it is demonstrated that the defect is not only produced in
strongly neutron irradiated hBN crystals, but can also be implanted in hBN flakes by
irradiation with ions such as gallium and lithium, revealing the intrinsic nature of the
defect.

In the second experimental chapter, a coherent control of the spin defect is demon-
strated by means of pulsed magnetic resonance experiments - and that already at room
temperature. At first, Rabi oscillations are realized by irradiating microwave pulses of
variable length, which allows to manipulate the spin system quasi arbitrarily on the
Bloch sphere. The limiting spin-lattice relaxation can be determined to be T; = 18 us.
The phonon influence can be studied by temperature-dependent measurements of
the T) time, yielding a maximum spin-lattice relaxation of 77 = 12.5 ms observed at

low temperatures (T = 20 K) by freezing of phonons. For most quantum applications,



9 Summary

the coherence of the system is relevant, which is quantified by the spin-spin relax-
ation T». This is determined to be T» = 2 us independent of the ambient temperature
(50—-300 K). Here, a modulation of the signal due to the surrounding nuclear spins can
be observed, which can be attributed to the nuclear Zeeman effect and quadrupole
splitting by 3-pulse ESEEM measurements. Finally, a multi-frequency ODMR method
is applied to the system to decouple the spin state from its inhomogeneous nuclear en-
vironment. Here, the observable ODMR linewidth can be significantly reduced (some
10 kHz), which is considered as an estimation for an upper limit of the relaxation times.
In the third experimental section, first applications of the defect as a potential sensor in
2D materials and van der Waals hetero structures are discussed. By means of ODMR, it
is shown that an optical readout of the spin state allows measurements of temperature,
external pressure on the crystal, and magnetic fields. A shift in the zero-field splitting
D¢ can be observed, for example, upon variation of the temperature. This shift can be
attributed to a change in the lattice parameters based on a linear model. This shift can
equally be realized by external pressures, making V" in hBN an ideal pressure sensor.
Exemplarily, this effect is experimentally confirmed in the c direction, coinciding ex-
cellently with the calculated predictions. Finally, the splitting due to the Zeeman effect
is examined quantitatively to motivate V as a magnetic field sensor for a broad mag-
netic field range (3 —3500 mT).

Finally, a short outlook illustrates how one of the few disadvantages of the boron va-
cancy - its comparably low coherence - can be improved. By optimizing the defect
creation, a significant increase of T, is conceivable, which would enable even broader

fields of application for the boron vacancy.
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Zusammenfassung

Im Rahmen dieser Arbeit konnte zum allerersten Mal ein optisch addressierbarer Spin
Defekt in einem Van-der-Waals Material (hexagonales Bornitrid) nachgewiesen wer-
den. Hervorzuheben ist hierbei der 2D Charakter des Materials hBN, welches als das
Standardmaterial zur Verkapselung anderer 2D Materialien verwendet wird und somit
unterschiedlichste Anwendungen des neu entdeckten Spindefektes denkbar macht.
Im ersten Ergebniskapitel wird der Nachweis dieses intrinsischen Defektes erbracht
und dessen Photolumineszenzband (Maximum bei 850 nm) zugeordnet. Es kann gezeigt
werden, dass es sich bei diesem Defekt um die negativ geladene Borfehlstelle (V) han-
delt. Diese besitzt einen Triplett Grundzustand, dessen Entartung durch eine Nullfel-
daufspaltung von Dgs/h = 3.48 GHz (Dgs > 0) bzw. Egs/n = 50 MHz aufgehoben ist.
Der Defekt kann durch eine optische Anregung (z.B. 532 nm) intialisiert und ausge-
lesen werden, was auf einer Spinpolarisation des mgs = 0 Zustandes beruht. Dieser
Effekt kann bereits bei Raumtemperatur nachgewiesen werden. Des Weiteren kon-
nen Spin Hamiltonian Parameter wie der g-Faktor (g = 2.00) und Hyperfeinaufspal-
tungen von den benachbarten Stickstoffatomen (I = 1) beobachtet und bestimmt wer-
den. Letzteres zeichnet sich durch sieben dquidistante Seitenpeaks mit einem Ab-
stand von A = 47 MHz ab, was unabhingig von der Messmethode sowohl bei ODMR
(kleines Magnetfeld, Raumtemperatur) als auch bei EPR (groes Magnetfeld, T = 5 K)
beobachtet werden kann. Die Symmetrie des Defektes zdhlt zur Dsj,-Gruppe und kann
mittels winkelabhédngigen EPR Messungen bestétigt werden. Zuletzt wird gezeigt, dass
der Defekt nicht nur in stark Neutron bestrahlten hBN Kristallen erzeugt, sondern auch
durch Bestrahlung mit Ionen wie Gallium und Lithium in hBN Flocken implantiert
werden kann, was die intrisische Natur des Defektes belegt.

Im zweiten Ergebniskapitel wird mittels gepulster Magnetresonanz Experimenten eine
kohédrente Kontrolle des Spin Defektes nachgewiesen - und das bereits bei Raumtem-
peratur. Zuerst konnen Rabi-Oszillationen durch Einstrahlen von Mikrowellenpulse
variabler linger demonstriert werden, was nun als Grundlage dient um das Spin-System
quasi beliebig auf der Bloch-Sphédre manipulieren zu kénnen. Die limitierende Spin-
Gitter-Relaxation kann zu T; = 18 us bestimmt werden. Der Phononeneinfluss kann
durch temperaturabhidnge Messungen der T; Zeit untersucht werden, sodass bei tiefen
Temperaturen (T = 20 K) durch Ausfrieren von Phononen eine maximale Spin-Gitter-
Relaxation von T = 12.5 ms beobachtet werden kann. Fiir die meisten Quantenanwen-
dungen ist die Kohdrenz des Systems relevant, welche durch die Spin-Spin-Relaxation
T, quantifiziert wird. Diese kann zu T» = 2 us unabhéngig von der Umgebungstemper-
atur (50—-300 K) bestimmt werden. Hierbei kann eine Modulation des Signals aufgrund
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9 Summary

der umliegenden Kernspins beobachtet werden, welche durch 3-Puls ESEEM Messun-
gen auf den Kern-Zeeman Effekt und Quadrupolsplitting zuriickgefiihrt werden kann.
Zuletzt wird eine Multifrequenz-ODMR Methode auf das System angewendet um den
Spin-Zustand von seiner inhomogenen Kernumgebung zu entkoppeltn. Hierbei kann
die beobachtbare ODMR Linienbreite deutlich reduziert werden (einige 10 kHz), was
als Abschitzung fiir ein oberes Limit der Relaxationszeiten gilt.

Im dritten Ergebnisteil werden erste Anwendungen des Defektes als potentieller Sen-
sor in 2D Materialen und Van-der-Waals Hetero Strukturen diskutiert. Es wird gezeigt,
dass mittels ODMR ein optisches Auslesen des Spin-Zustandes Messungen der Tem-
peratur, externen Druckes auf den Kristall und Magnetfeldern ermoglicht. So kann bei
Variation der Temperatur eine Verschiebung der Nullfeldaufspaltung D beobachtet
werden. Dies kann mittels eines linearen Modells auf eine Anderung der Gitterpa-
rameter zuriick gefiihrt werden. Diese Anderung kann ebenso durch duflere Driicke
realiert werden, was V; in hBN zu einem idealen Drucksensor macht. Exemplarisch
wird dieser Effekt in c-Richtung experimentell bestétigt, was sich hervorragend mit den
berechneten Vorhersagen deckt. Zuletzt wird die Aufspaltung aufgrund des Zeeman
Effektes quantitativ untersucht um V als Magnetfeldsensor fiir einen breiten Mag-
netfeldbereich (3 — 3500 mT) zu motivieren.

Zum Schluss wird in einem kurzen Ausblick gezeigt, inwiefern einer der wenigen Nachteile
der Borfehlstelle -die vergleichsweise niedrige Kohdrenz- verbessert werden kann. Durch
eine Optimierung der Defektherstellung, ist eine deutliche Steigerung von 7> denkbar,

was der Borfehlstelle noch breitere Anwendungsfelder ermoglicht.
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