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Abstract

In this Thesis we use single Nitrogen-Vacancy (NV) center electronic spins in diamond to investi-
gate magnetism in atomically thin chromium triiodide (CrI3) – a recently discovered van der Waals
(vdW) magnet. A scanning probe technique with an NV center embedded in a diamond pillar is
employed for quantitative, magnetic imaging. We determine the monolayer magnetization of CrI3 to
be ⇠ 16 µB/nm2, close to the theoretically expected value of 14.7 µB/nm2. In our studies we further
observe the effect of antiferromagnetic interlayer exchange coupling – in literature often referred to as
the even-odd effect – from few-layer ( 9 layers) down to monolayer CrI3. An odd number of CrI3
layers shows a magnetization comparable to one fully polarized magnetic layer whereas the magne-
tization in even-layered CrI3 vanishes. Importantly, we were able to induce switching between ferro-
and antiferromagnetic interlayer ordering by structural modifications of the material. These findings
imply a connection between the interlayer exchange coupling and the crystal structure of CrI3. Our
results open the way to nanoscale studies of two-dimensional magnetism in vdW magnetic materials.
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1 Introduction

The discovery of two-dimensional van der Waals (vdW) magnets has attracted widespread
interest due to their potential for a novel, atomic-scale platform with promising applications
in spintronics [1, 2]. The study of magnetism in two-dimensional materials is crucial to under-
stand spin behavior and properties in low dimensions. One of these recently discovered vdW
magnets is chromium triiodide (CrI3), which shows magnetic order down to the monolayer [3].
First experiments on CrI3 suggest – against predictions from theory – that the material ex-
hibits antiferromagnetic interlayer exchange coupling at low temperatures [3], which is often
referred to as the even-odd effect : An odd number of CrI3 layers reveals a magnetization com-
parable to one fully polarized magnetic layer whereas the magnetization for an even number
of layers vanishes. However, to date only qualitative studies on CrI3 exist and quantitative
evidence for the even-odd effect is still lacking.

Measurement Approach

Here, we quantitatively investigate magnetism in atomically thin CrI3 using single-spin Nitro-
gen -Vacancy (NV) centers for magnetic imaging. NV centers are paramagnetic defects in dia-
mond and capable of measuring magnetic fields due to their spin dependent fluorescence [5, 6].

a

hNV

Figure 1.1: Nitrogen-Vacancy (NV) scanning probe technique for magnetic imaging. A
single NV center at the bottom of a diamond pillar (blue) scans the sample surface to detect magnetic
stray fields (black circular lines) at a height h

NV

. We examine magnetism in the van der Waals (vdW)
magnet chromium triiodide (CrI3) (red and blue layers), which supposedly reveals antiferromagnetic
interlayer coupling (indicated by white arrows) at low temperatures. Image adapted from [4] with
permission from Lucas Thiel.

2



Introduction 3

The NV center is a suitable tool for high precision sensing as it is a non-perturbative sen-
sor. It operates both at room temperature and under cryogenic conditions with a spatial
resolution down to the nanometer scale for a small NV-to-sample distance [5]. We employ
a scanning probe approach as illustrated in Fig. 1.1, where a single NV spin (gray arrow) is
embedded in the tip of a diamond pillar, which scans the sample surface and detects magnetic
stray fields. Our measurements investigate the interlayer exchange coupling (antiferromag-
netic versus ferromagnetic) in CrI3 and shed light on the correlation between structural order
and magnetization of the material.

Findings and Outline

Our measurements on encapsulated CrI3 flakes at low temperatures confirm:

• Consistent with antiferromagnetic interlayer coupling, we observe a magnetization only
for odd-layered CrI3 devices, whereas zero magnetization is detected from even-layered
CrI3 samples.

• The magnetization of several CrI3 samples with an odd number of layers (down to mono-
layer) was determined to be ⇠ 16 µ

B

/nm2, comparable to the theoretically expected
value of 14.7 µ

B

/nm2 [7].

• We observe a connection between the interlayer exchange coupling and the crystal struc-
ture of CrI3.

• In our experiments we were able to determine the nucleation field required to induce a
domain in tri-layer CrI3 and an upper bound on the coercive field for monolayer CrI3
was found.

The outline of this Thesis is as follows: First, we discuss the properties of the vdW magnet
CrI3 and the basic principles of NV magnetometry in Chap. 2. Second, in Chap. 3 the mea-
surement apparatus and the studied devices are presented. Third, in Chap. 4, we discuss the
measurement results on antiferromagnetic interlayer coupling in CrI3 in Sect. 4.1. Afterwards,
the correlation between stacking order and magnetization in CrI3 is elucidated in Sect.4.2. In
the last section (Sect.4.3) of Chap. 4, we discuss magnetization reversal and domains in CrI3.
Finally, we summarize our results and give an outlook in Chap. 5.

Research Context

This work was carried out in the quantum sensing lab of Prof. Patrick Maletinsky at the
University of Basel. The CrI3 project is a collaboration with the quantum electronics group of
Prof. Alberto Morpurgo at the University of Geneva. The devices were fabricated in Geneva
and the data presented in this Thesis were measured in Basel together with Lucas Thiel.
Personally, I independently performed the measurement of the dataset shown in Fig. 4.1, the
annealing tests discussed in Sect. 4.2.3, the data and analysis of Sect. 4.3 (except Fig. 4.9)
and the g(2)(⌧) measurement (appendix A). The room-temperature Raman data from Fig. 4.7
were taken in the Nanophononics lab together with Dr. Marta De Luca. The low-temperature
Raman spectra (Fig. 4.6) were recorded in Geneva. All other datasets shown in this Thesis
were collected in collaboration with Lucas Thiel and a manuscript is currently under review [4].



2 Theoretical Background

A ferromagnet is defined as a material, where the spins of the magnetic moments align with
respect to each other without the necessity of an external magnetic field. The magnetic order
in such materials is present for temperatures below the Curie-temperature (T

c

) and is caused
by exchange interactions between the individual spins [8, 9]. Ferromagnetism is well known in
bulk but has only recently been discovered in two-dimensional vdW structures [3]. The study
of atomically thin vdW magnets requires a method for the quantitative determination of the
material’s magnetization. In this chapter, we first discuss the origin of magnetism in the vdW
magnet CrI3 and then cover the basic concept of NV sensing, a magnetic field measurement
technique with single spins in diamond.

2.1 Van der Waals Magnet CrI3

Two-dimensional vdW crystals are atomically thin layers of covalently bonded atoms. Weak
vdW forces in between the individual layers keep a stack of two-dimensional structures to-
gether [11]. In this work we study magnetic order in the trihalide CrI3. A trihalide is composed
of a transition metal atom (A) and a halogen atom (Z) [12]:

AZ3, in the case of CrI3 : A = Cr,Z = I. (2.1)

a b

IodineChromium

Figure 2.1: CrI3 structure. a Chromium (Cr) atoms (red) of a single layer CrI3 arrange in a
honeycomb structure. One Cr atom is bound to six neighboring Iodine (I) atoms (blue). View along
the a-b-plane. A unit cell contains two Cr atoms and six I atoms, as indicated by a black rhombus.
b Side-view of CrI3 showing the spin orientation (black arrows) of the magnetic moments of Cr ⇠ 3 µB .
A single layer of CrI3 was measured to be 0.7 nm in thickness [3]. The atomic structures were created
with the visualization program VESTA and the crystallographic data was taken form [10].
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Theoretical Background 5

In a single layer CrI3 the Cr atoms form a honeycomb structure, as illustrated in Fig 2.1a.
Each Cr atom is bound to six neighboring I atoms in an octahedral symmetry. A magnetic
moment of 3 µ

B

is attributed to each Cr atom due to the three remaining electrons in the
3d shell and similarly to bulk CrI3, the magnetic polarization is oriented perpendicular to the
atomic plane, c.f. Fig 2.1b [7]. Throughout one atomic layer the coupling of the individual
spins is ferromagnetic [13].

In theory, long-range magnetic order in two-dimensional isotropic spin systems is pro-
hibited by the Mermin-Wagner theorem [14]. However, the breaking of rotational invariance
and hence the presence of anisotropy can lift this restriction and lead to magnetism in two-
dimensional crystals [13]. The origin of magnetism in CrI3 is attributed to anisotropy along
the off-plane axis [13]. Super-exchange interactions between two Cr atoms separated by one
I atom lead to ferromagnetic coupling in the system due to the approximately ⇠90� angle
between the atomic bonds [15]. The anisotropic interactions in CrI3 result from spin-orbit
coupling in the material and the correct Hamiltonian describing CrI3 is still under debate.
Lado et al. conclude from their density functional theory (DFT) calculations that anisotropic
symmetric exchange coupling stabilizes the magnetic order [13]. While their DFT results sug-
gest that Dzyaloshinski-Moriya (DM) interactions are negligible in CrI3, Chen et al. found
evidence for the presence of a DM term in the Hamiltonian with neutron scattering experi-
ments on CrI3 [16].

Predicted by DFT calculations and approved by experiments is the fact that CrI3 is a
semiconductor with a band gap of 1.2 eV [13]. Furthermore, it is known that in its bulk form
CrI3 is a ferromagnet with a Curie temperature of 61K. Magneto-optical Kerr effect (MOKE)
measurements by Huang et al. [3] suggest that the ferromagnetism persists down to monolayer
CrI3, for which a Curie temperature of 45K was found.

Experiments and theory predict that CrI3 arranges in two different crystal phases, which
are both linked to the magnetic interlayer coupling [7, 17]. For temperatures above 220K,
CrI3 is in the monoclinic phase, which is predicted to exhibit antiferromagnetic interlayer
coupling, c.f. 2.2a [17]. Upon cooling below 220K the material arranges in the rhombohedral
phase, which is associated with ferromagnetic interlayer coupling, c.f. 2.2b. In contradiction
to this, Huang et al. observed with MOKE indications of a layer dependent magnetic phase

a

Chromium Iodine

Rhombohedral (low temp.)Monoclinic (high temp.) b

Figure 2.2: Crystal phases of CrI3. a Monoclinic (high temperature) stacking of CrI3 (brown
atoms =Cr, grey atoms = I). b Rhombohedral (low temperature) stacking order. Picture adapted
from [17].
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in few-layer CrI3 at low temperatures: While samples with odd numbers of CrI3 layers show
a nonzero Kerr angle, attributed to the presence of a net magnetization, even-layered devices
exhibit no measurable Kerr angle, i.e. vanishing magnetization. This so called even-odd effect
could be explained by antiferromagnetic interlayer coupling, where the magnetic moments of
two adjacent atomic CrI3 layers reveal opposite polarization, which leads to zero net mag-
netization for an even amount of layers. The existence of the even-odd effect would imply
that an encapsulated stack of CrI3 layers is coupled antiferromagnetically at T <T

c

, instead
of ferromagnetically as expected for the low-temperature phase.

One drawback of MOKE is its inability for a quantitative magnetization determination:
The observed rotation of the Kerr angle differs by orders of magnitude between a monolayer
sample and a tri-layer sample [3]. This is in strong contradiction to the even-odd effect based
on antiferromagnetic interlayer coupling, where one would expect to measure the same signal
from any odd-layered CrI3 structure. Moreover, it has been shown that MOKE measurements
can yield a non-zero magnetization for antiferromagnets [18].

To address the question whether or not the even-odd effect exists in CrI3 a quantitative
measurement method for determining the magnetization is needed. A promising candidate for
non-invasive high precision quantum sensing is the NV center in diamond. In the next section
we explain the fundamental principles of NV spins, their ability to sense magnetic stray fields
and the analysis procedure used to determine the magnetization from the measurement data.

2.2 Magnetic Sensing based on Nitrogen-Vacancy Spins

The NV center is a paramagnetic defect in diamond whose spin can be prepared and read out
optically, allowing for the detection of local magnetic fields [5, 6]. The non-perturbative nature
of this solid state spin make it a suitable tool for high precision quantum sensing [19, 20].

An NV center is formed by the replacement of two carbon atoms in the diamond lattice by
a Nitrogen atom and a Vacancy, c.f. Fig. 2.3a. In our magnetometry measurements we studied
the negatively charged NV�, which has an additional sixth electron in combination with the
five electrons coming from the dangling bonds of three carbon atoms and the Nitrogen-Vacancy
pair. In this work, we will for simplicity refer to the NV� as the NV center.

The localized electronic states associated with the defect have a ground state spin S = 1
that can be initialized and read out via optical transitions. Both, ground state (GS) and
excited state (ES) of the NV center have three spin sub-levels: m

s

=0 and m
s

=±1. The zero-
field splitting of the GS (ES) originates from spin-spin interactions and was measured to be
2.87GHz (1.42GHz) [22]. A schematic of the NV level structure is shown in Fig.2.3b.

The NV spin can be excited optically with illumination of above-resonance 532 nm laser
light into the ES, which has a lifetime of about ⇠ 13 ns [23]. Spin-preserving decays to
the GS occur via the emission of a 637 nm photon in the zero-phonon line (ZPL) or the
emission of phonons along with photons in the phonon-sideband (PSB), which extends from
⇠ 650 nm to ⇠ 750 nm. The majority of the NV luminescence is coming from the PSB and
only about ⇠ 3% of the emission comes from the ZPL [24, 25]. While quantum entanglement
applications rely on indistinguishable photons from the ZPL, the full emission spectra is of
use in NV magnetometry measurements. Essential for optimal readout and initialization are
the non-spin conserving decay channels, which predominantly occur from the ES m

s

=±1
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Figure 2.3: The Nitrogen-Vacancy (NV) center in diamond. a Replacing two carbon atoms
(black) in the diamond lattice by a Nitrogen atom (blue) and a Vacancy (white) creates the NV center.
Picture modified from [21]. b NV spin state level scheme: Above-resonant laser light (green arrow)
can excite the GS spin triplet into the ES. Decays from the ES sub-levels occur under the emission
of red fluorescence (red arrows) or via the non-radiative singlet states. In addition to the zero-field
splitting of the GS (ES) 2.87GHz (1.42GHz), the spin sub-levels split linearly with the field strength
of an applied magnetic field along the NV-axis. The transitions between the ms=0 and ms=±1 GS
can be driven by microwaves with frequencies ⌫+/� (blue arrows). c Optically-detected magnetic
resonance (ODMR) measurement. The NV fluorescence is probed under continuous illumination with
green laser light while the microwave driving frequency is being swept. Dips in fluorescence occur
whenever the microwave frequency is in resonance with a spin transition. Image c is shown with
permission of Lucas Thiel.

states via metastable singlet states that have longer lifetimes than the triplet ES (142 ns
at 450K, 462 ns at 4.4K) [26]. These pathways are non-radiative and hence lead to spin-
dependent fluorescence: The m

s

=±1 states couple more strongly into the dark, long-lived
metastable states, from where they cannot emit photons and are prevented from immediately
undergoing another excitation cycle. Additionally, since these non-radiative decays are not
spin-conserving and primarily take place from the ES m

s

=±1 states, optical pumping into
the m

s

=0 GS occurs. The system can thereby be initialized into the m
s

=0 GS with an 80%
yield by 532 nm laser light illumination [26].

A magnetic field along the NV-axis, i.e. along the bond from the Nitrogen to the Vacancy,
shifts the NV spin sub-levels due to Zeeman shifting, c.f. Fig.2.3b, left side. Microwave fields
can drive the transitions between the m

s

=0 and m
s

=±1 GS at frequencies ⌫+/�. Illuminat-
ing the NV center with above-resonance laser light and recording its photoluminescence while
varying the microwave driving frequency allows for the detection of optically-detected mag-
netic resonance (ODMR). Once the microwave frequency matches a spin transition from the
m

s

=0 to the m
s

=±1 GS the system starts populating the m
s

=±1 states. Upon illumination
with laser light the system is then excited into the ES m

s

=±1 states. From there the state can
relax back to the GS via the non-radiative pathway, which leads to a reduced fluorescence. A
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typical ODMR measurement is shown in Fig. 2.3c. The dips in photoluminescence occur each
time the microwave frequency is on resonance with the NV spin transition from the m

s

=0 to
the m

s

=±1 GS. The splitting � of the dips is proportional to B
NV

, the magnetic field along
the NV-axis [22]:

� = 2gµ
B

·B
NV

, (2.2)

where gµ
B

=�
NV

=27.9 MHzmT�1 is the gyromagnetic ratio. Determining the splitting � is
therefore a direct measurement of the local magnetic field projected onto the NV symmetry
axis. Fields orthogonal to the NV symmetry axis lead to a mixing of the spin sublevels, which
alters the Zeeman response [22]. However, this effect is negligible for fields studied in this
work (fields smaller than 5mT) and we can therefore assume that the NV sensor is mostly
insensitive to transverse fields.

For magnetic imaging we employ a scanning probe technique, where a single NV sensor
is embedded in a diamond pillar, which scans the sample surface (c.f. Fig. 1.1). ODMR
spectra are acquired at multiple points in a plane above the sample. The spatial resolution is
thereby limited by the NV to sample distance [20, 27], which was typically around ⇠ 60 nm in
our experiments (c.f. Chap. 4). Acquiring two-dimensional magnetic field maps with ODMR
measurements can be very time consuming, as it usually requires an integration time of a few
seconds at each point in order to achieve sufficient ODMR contrast. An alternative, faster
measuring technique for obtaining magnetic contrast images is isomagnetic field (iso-field)
imaging, which is illustrated in Fig. 2.4.

Figure 2.4a shows the NV GS m
s

=0 to GS m
s

=1 transition, which is split by the zero-
field splitting and the Zeeman shift from an applied magnetic field. Instead of sweeping the
microwave frequency as it is done in ODMR measurements the microwave output is set to the
frequency ⌫0. Simultaneously, the NV’s luminescence is being recorded as the sample surface is
scanned below the NV center. Whenever magnetic structures are scanned, the corresponding

2.
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Figure 2.4: The principle of iso-field imaging. a Level scheme of the NV GS ms=0 to ms=1
transition, which is split by the zero-field splitting of 2.87GHz and an applied, static magnetic field.
b During iso-field imaging the microwave frequency is fixed at ⌫0 = ⌫

ESR

+ �
NV

B
iso

while the NV
fluorescence is constantly being probed. Whenever the NV is scanned over a magnetic structure, the
corresponding stray field leads to an increase or decrease in fluorescence. Maximal magnetic contrast
is achieved for magnetic fields B

iso

. Figure created by Lucas Thiel. Taken from the supplementary
information of [4].



Theoretical Background 9

stray fields change the NV level splitting, which leads to an increase or decrease in fluorescence.
Maximal contrast is observed for magnetic fields

B
iso

=
⌫0 � ⌫

ESR

�
NV

. (2.3)

Iso-field imaging is a useful technique to acquire magnetic contrast images in a short time.
However, such images only depict magnetic structures qualitatively. For a quantitative mea-
surement the magnetic stray fields are first mapped out with ODMR measurements and
afterwards transformed into the corresponding magnetization using two different methods as
described in the section below.

2.3 Determining the Surface Magnetization

It is possible to determine the magnetization �(x, y, z = 0) of a sample from the measured
magnetic field B

NV

(x, y, h
NV

) along the NV-axis, if the magnetization of the sample is uniax-
ial [28]. This calculation is performed in Fourier space, where the measured field is directly
related to �(k

x

, k
y

, 0), the Fourier transform of the real space magnetization. Lucas Thiel has
implemented this reverse propagation method based on [28, 29]. A brief description is given
below and more details can be found in the supplementary information of [4].

It can be shown that the field above a perpendicularly magnetized thin film can be written
in Fourier space as [4]:

H(k, z) = �r
✓
�(k, 0)

2
e�kz

◆
, (2.4)

where r = (ik
x

, ik
y

,�k) and �(k, 0) = �(k
x

, k
y

, 0) is the magnetization is Fourier space.
With the relation B = µ0 ·H, the in-plane (B

x,y

) and perpendicular (B
z

) components of the
magnetic field in Fourier space are then:

B
x,y

(k, z) = �µ0 · ikx,y ·
e�kz

2
· �(k, 0) =: T

x,y

· �(k, 0), (2.5)

B
z

(k, z) = µ0 · k · e
�kz

2
· �(k, 0) =: T

z

· �(k, 0). (2.6)

Rewriting the magnetic field along the NV-axis in Fourier space with B
x

, B
y

and B
z

yields:

B
NV

(k, h
NV

) = sin(✓
NV

) cos(�
NV

) ·B
x

+ sin(✓
NV

) sin(�
NV

) ·B
y

+ cos(✓
NV

) ·B
z

=: T
NV

(h
NV

,�
NV

, ✓
NV

) · �(k, 0), (2.7)

where h
NV

is the NV to sample distance and �
NV

and ✓
NV

describe the NV orientation: �
NV

is the azimuthal angle in the x-y-plane and ✓
NV

is the angle with respect to the z-axis, which
for NV centers in [001] oriented diamond tips is ✓

NV

= 54.7�. Equation 2.7 shows that in
Fourier space B

NV

is linearly related to the magnetization �(k
x

, k
y

, 0). However, solving for
�(k

x

, k
y

, 0) using Eq. 2.7 exponentially enhances high-frequency components and hence noise
since the field B

NV

(k, h
NV

) will be divided by the term e�kz from Eqs.2.5, 2.6, i.e. it will
be multiplied by e+kz. The use of a low-pass filter function W (k), as described in [4], solves
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this problem. Rewriting Eq. 2.7 including the filter function W (k) yields an expression for
�(k, 0):

�(k, 0) =
W (k) ·B

NV

(k, h
NV

)

T
NV

(h
NV

,�
NV

, ✓
NV

)
. (2.8)

In the following part we list the individual steps of the reverse propagation method imple-
mented in this work:

• First, at each point of the scan the measured ODMR curves are fitted and the electron
spin resonance frequency ⌫

ESR

is determined. The field along the NV-axis is calculated
via the relation:

B
NV

(x, y, h
NV

) =
|⌫

ESR

�D0|
�
NV

�B
Bias-NV

, (2.9)

where D0 = 2870MHz is the zero field splitting, �
NV

=27.9 MHzmT�1 is the gyromag-
netic ratio and B

Bias-NV

is the externally applied magnetic field along the NV-axis.

• Second, the magnetic field B
NV

(x, y, h
NV

)1 is two-dimensionally transformed into Fourier
space: B

NV

(k
x

, k
y

, h
NV

).

• In Fourier space B
NV

(k
x

, k
y

, h
NV

) is related to the magnetization �(k
x

, k
y

, 0) via Eq. 2.8.
Inserting guess parameters for the NV to sample distance h

NV

and the angles �
NV

and
✓
NV

(which can both be measured with the field coils in our cryostat) in the tensor T
NV

allows for the calculation of �(k
x

, k
y

, 0).

• Afterwards, �(k
x

, k
y

, 0) is transformed back to real space �(x, y, 0) and the domain
boundaries are found. All areas of the sample are then assigned to a homogeneous mag-
netization value �

approx

= �0 · sign(�(x, y, 0)), where �0 is the monolayer magnetization.

• The magnetization �
approx

is then Fourier transformed into k-space. By comparing
�

approx

(k
x

, k
y

, 0) to the original data set, fit values for h
NV

, �
NV

and ✓
NV

can be
extracted with a least square fitting routine. These fitting parameters are then used to
calculate �

final

(k
x

, k
y

, 0) via Eq. 2.8.

• Finally, �
final

(k
x

, k
y

, 0) is back transformed into real space to obtain �(x, y, 0).

The reverse propagation method allows to transform the measured field along the NV-axis
B

NV

into a homogeneous magnetization map. In order to independently determine the mag-
netization � along the z-axis with an alternative method, we employ analytical fits to line cuts
of the magnetic field over a flake edge [30, 31]. The outcome of the latter protocol are fitted
values for the angles �

NV

, ✓
NV

, the NV-to-sample distance h
NV

and the magnetization �.

After having discussed the underlying principles of NV magnetometry, we will focus on
the implementation of the measurement technique and the studied devices in the next chapter.

1
For all data sets, which did not contain the entire flake within the scan range, the magnetic field data

BNV (x, y, hNV ) was extended outwards with a Gaussian drop-off to zero. This is necessary because our reverse

propagation method assumes that no magnetic sources are present outside the scan range. If this condition

is violated, additional (undesired) frequencies appear in the Fourier transformation. Therefore, the reverse

propagation yields more reliable values for � if the magnetic structure is entirely depicted in the scan range.



3 Setup and Devices

In this chapter we focus on the experimental setup and the geometry of our devices. In the
first section of this chapter, Sect. 3.1, the measurement apparatus is described. Afterwards
in Sect. 3.2, we present the studied CrI3 devices.

3.1 Measurement Apparatus

Magnetic imaging of the devices was carried out in a low temperature AFM with a diamond
scanning probe: A single NV quantum sensor is embedded in a diamond pillar, which scans
the sample surface, as illustrated in Fig. 3.1. While the diamond tip records the topography of
the device during a scan, the NV center is continuously probed with laser light and measures
magnetic fields. The magnetometry measurements were performed in a liquid helium (He)
bath cryostat (attoLIQUID 1000), as depicted in Fig. 3.1a, with a measurement temperature of
⇠ 7K due to microwave heating. A built-in three-dimensional vector magnet allows us to apply
magnetic fields up to 0.5T in all directions. We assured that neither the microwave power nor
the green laser light induced any significant back-action onto the sample, c.f. Appendix B.
Optical access to the NV center is provided by a home-built confocal microscope, which is
placed on top of the cryostat.

Diamond Scanning Probe

The diamond scanning probe we employed in our experiments was fabricated by Lucas Thiel
and Dominik Rohner. Since the nano fabrication was not part of this Thesis only a short
description is given here and more details are provided in [33].

As a first fabrication step, nitrogen atoms were implanted into a chemical vapor deposition
(CVD) grown diamond plate. Upon annealing, NV centers start to form and stabilize in the
diamond lattice. Afterwards, electron beam and optical lithography together with multiple
etching steps were used to fabricate the cantilever structures including the diamond pillars. As
a part of this Thesis, individual devices were characterized and a suitable tip containing only
one single NV center was chosen. The coherence function g(2)(⌧) was measured to identify
single NVs, c.f. Appendix A. In a next step the cantilever (c.f. Fig. 3.1c) was glued to a quartz
tip. The quartz tip was then attached to the tuning fork of the AFM head, see Fig. 3.1b.
This configuration allows for topography measurements of the sample surface while the NV
center can constantly be addressed and read out optically.

11
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100µm

a b

3µm

c

c

Figure 3.1: Atomic force microscope (AFM) with a diamond scanning probe. a Measure-
ments were performed at ⇠ 7K in a low-temperature liquid helium (He) cryostat. The diamond
scanning probe and the device are placed on two separate three-axis stages and optical access to the
NV is provided by a confocal microscope on top of the cryostat (not depicted here). Schematic taken
from [32]. b Representative false-color electron beam image of a quartz tip (golden), which is attached
to a tuning fork at one end and to the diamond cantilever (white dashed box) at the other end. c
Diamond cantilever (blue), which is glued to a quartz tip. The NV center is embedded in the bottom
of the diamond pillar. Images b and c are taken from [33].

Optics and Microwave Circuit

As discussed in the previous chapter (Sect. 2.2), above-resonance light (532 nm) and microwave
signals are required to initialize, manipulate and readout the NV spin. In this section the
main parts of the optical setup and the microwave circuit are reviewed. A schematic of the
experimental setup is shown in Fig. 3.2. The optical setup is assembled out of three main
components:

1. The acousto-optic modulator (AOM) setup together with an arbitrary waveform gener-
ator (AWG), which enables control of the laser light intensity and pulsing.

2. The confocal microscope, which guides green laser light to the NV center and sends
back the red fluorescence through a dichroic mirror.

3. The avalanche photodiode (APD) for measuring single photons emitted from the NV
center.

First, green laser light (532 nm, LaserQuantum, GEM532) is sent through fiber polarization
controllers (Thorlabs FPC560), which are used to optimize the polarization of the beam. A
subsequent polarizing beamsplitter (PBS) transmits p-polarized (parallel) light into a double-
pass AOM system, which controls the intensity and pulsing of the laser light. Inducing strain
in an AOM crystal modulates its refractive index, which leads to diffraction of the incoming
light. This mechanism is used to control the laser beam: A pinhole after the AOM filters out
the diffracted light from the first order such that the beam is only passed through the system if
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Figure 3.2: Schematic of the setup. Laser light (532 nm, green lines) is sent via a polarizing beam
splitter (PSB) into a double pass acousto-optic modulator (AOM) system, which enables control of the
laser intensity and pulsing. A dichroic mirror reflects off the green excitation light into the cryostat
where it is focused on the NV center by an objective. The emitted photons (red line) are transmitted
through the dichroic and captured by an single photon counting avalanche photo diode (APD). Spin
manipulation of the NV center is achieved with microwave signals from a signal generator. The radio
frequency (RF) signal is sent to a gold wire (orange), which is bonded over the sample and acts as an
antenna.

the AOM is nominally "on". An AWG (Spectrum DN2.663-04) turns the AOM "on" and "off"
via a switch, which transmits or blocks the input signal sent to the AOM. The input signal
consist of the mixture of an oscillating signal from an oscillator (Mini-Circuits, ZX95-209-S+)
and a programmable analog direct current (DC) voltage. The latter sets the laser intensity
since the maximal DC signal yields largest possible diffraction of the light into the first order.
Furthermore, two lenses are used to minimize the beam waist in the AOM, which allows for a
minimal rise time (⇠ 13 - 23 ns, AOM Crystal Technology, Inc. Model 3200-146). A �/4-plate
behind the AOM changes the polarization of the light from p- to s-polarized (perpendicular)
since the beam passes the plate twice upon reflection on a mirror. The s-polarized light is then
reflected off the PBS and guided via a fiber to a confocal microscope and to the NV center. A
built-in dichroic mirror reflects the green light and transmits the red NV fluorescence. Finally,
the emitted photons are sent to an APD (Excelitas, SPCM-AQRH-13), which converts single
photons to electric pulses. Digital acquisition cards (National Instruments) together with
MATLAB software are used for data acquisition and scan control.

In order to drive the NV transitions with microwaves, a gold wire (�= 25 µm) is bonded
over the sample and serves as an antenna. Microwaves are generated from a signal genera-
tor (Stanford Research Systems, SG386), amplified (Mini-Circuits ZVA-183W-S+) and sent
through a circulator and DC block to the antenna. The circulator prevents reflected signals
coming from the antenna from re-entering into the amplifier and the DC block filters out any
remaining DC components in the radio frequency (RF) signal. A switch and the AWG enable
control over the microwave pulse length.
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3.2 Devices

The devices we study in this work were fabricated in Geneva in the group of Prof. Alberto
Morpurgo. Single CrI3 crystals were grown by the Chemical Vapor Transport method or pur-
chased from the company HQ graphene. The material was handled in the inert atmosphere
of a glovebox. CrI3 flakes were first exfoliated from the bulk crystals and subsequently encap-
sulated in either graphene (3 - 10 nm) or hexagonal boron nitride (hBN) (5 - 20 nm) to avoid
degradation of CrI3 in air. The number of layers of a flake was determined via the relative
optical contrast between the CrI3 crystals and the 90 nm silicon dioxide (SiO

2

) substrate.
Additionally, AFM measurements were performed on the encapsulated flakes. In this work
we investigated magnetism in three different CrI3 samples: A monolayer sample (CrI3 from
HQ graphene), a bi- and tri-layer sample (self-grown CrI3) and a few-layer sample (self-grown
CrI3). In the sections below we present optical images of the devices, qualitative iso-field
scans and AFM measurements. Thereafter, the quantitative magnetic imaging data will be
discussed in Chap. 4.

Monolayer Device

Fig. 3.3a shows an optical image of the exfoliated monolayer device D1. The single layer is
attached to a bi-layer flake next to two thicker pieces of CrI3 (greenish color). The material was
encapsulated with graphene. During the encapsulation process bubbles between the different

a Exfoliated flake Encapsulated flake Iso-B scan

Topography

b c

d

3 µm

c

d
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10-10 0
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Figure 3.3: Monolayer device D1. a Optical image of the exfoliated monolayer flake. The single
layer is attached to a bilayer flake and encapsulated with graphene as shown in b. c Iso-field scan
(B

iso

= 0.27mT, integration time = 0.8 s) of the area illustrated with a white dashed box in a and b.
d AFM measurement of the encapsulated device. The figures were created by Lucas Thiel and taken
from the supplementary information of [4] and are slightly modified here.
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materials can emerge, as visible as dark spots in Fig. 3.3b. The iso-field scan of sample D1

shows magnetic contrast from the monolayer region and the thicker CrI3 parts but no magnetic
field from the bi-layer part, c.f. Fig. 3.3c. The scanned area of Fig. 3.3c is illustrated with
a white dashed box in Fig. 3.3a. Interestingly, the AFM image in Fig. 3.3d reveals that the
monolayer part was covered by a bubble, which is further discussed in Sect. 4.1.1.

Bi- and Tri-layer Device

The bi- and tri-layer device D2,3 is shown in Fig. 3.4. In the optical microscope picture
in Fig. 3.4a the two- and three-layer regions are visible. The device was encapsulated with
graphene, as shown in Fig. 3.4b. The iso-field scan in Fig. 3.4c was taken while a magnetic
domain was induced in the sample after first applying a negative field of B

z

= -495mT and
then changing the field to B

z

= +91mT. The region of the iso-field scan is indicated in
Fig. 3.4a with a white dashed box. Figure 3.4d shows an AFM measurement of D2,3 and
the line cut plotted in Fig. 3.4e confirms the thickness of the flake to be around 2.1 nm, as
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Figure 3.4: Bi- and tri-layer device D2,3. a Optical image shows the two layer part adjacent to the
three layer region. b Optical image of the encapsulated device. Encapsulation: graphene. The white
dashed box indicates the image section of a. c Iso-field scan (B

iso

= 0.12mT, integration time = 0.2 s)
of sample D2,3 after a domain was induced. The scanned area is highlighted in a with a white dashed
box. d The sample’s topography was measured with AFM. The line cut denoted with 1○ is plotted in e
together with the expected thickness of for a three-layer flake of 2.1 nm (black dashed line). Figures
created by Lucas Thiel, taken from [4] and slightly modified.
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expected for three 0.7 nm thick CrI3 layers.

Few-layer device

The third sample we study in this Thesis is a few-layer device D5,9 with a five- and a nine-
layer part as shown in the optical image of Fig. 3.5a. For this sample hBN was used for the
encapsulation, c.f. the optical microscope image in Fig. 3.5b. The iso-field image of D5,9 is
plotted in Fig. 3.5c. During one of the scans a hole was punctured into the device, as discussed
in Sect. 4.2.1. The data in Fig. 3.5c was taken before the puncture. The topography of the
few-layer sample after the puncture is shown in Fig. 3.5d. The puncture occurred in the upper
right corner of the nine-layer region. Two line cuts confirm the thickness of five layers to be
⇠ 3.5 nm (line scan 1) and the difference of four layers between the five and nine-layer part
to be ⇠ 2.8 nm (line scan 2).
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Figure 3.5: Few-Layer device D5,9. a The five and nine layer regions of sample D5,9 are visible in the
optical microscope picture. b Sample D5,9 was encapsulated in hBN. The white dashed box denotes
the image and scan sections of a, c and d. c Iso-field scan (B

iso

= 0mT, integration time = 0.18 s) of
sample D5,9 before the puncture of a hole. d AFM topography after the hole was punctured into the
device. Line scans in e show the thickness of five (line scan 1) and 9-5 = 4 (line scan 2) layers together
with the expected thicknesses (black dotted lines) of 3.5 nm and 2.8 nm respectively. Figures created
by Lucas Thiel, taken from [4] and slightly modified.



4 Results

In this chapter we discuss our findings on magnetism in the vdW magnet CrI3. An NV
scanning probe technique for quantitative magnetic imaging is employed to study the even-odd
effect (antiferromagnetic interlayer exchange coupling) in Sect. 4.1. Subsequently, in Sect. 4.2
we present evidence for a correlation between the stacking order and magnetic phase in CrI3.
In the last part of this chapter, Sect. 4.3, magnetization reversal and domain nucleation in
thin CrI3 are described.

4.1 Antiferromagnetic Interlayer Coupling in CrI3

Experiments on encapsulated CrI3 flakes at low temperatures suggest that the interlayer cou-
pling in this vdW magnet is of antiferromagnetic nature – instead of ferromagnetic as expected
from DFT calculations [3, 17] (c.f. Chap. 2). Antiferromagnetic interlayer coupling would
imply zero stray field emerging from even numbers of CrI3 layers and a net magnetization
of one fully polarized layer for odd numbers of layers. This peculiar even-odd effect in few
layer CrI3 has yet to be studied and verified using a quantitative measurement technique.
Here, we investigate the interlayer exchange coupling in CrI3 with an NV scanning probe for
quantitative magnetic imaging at the nanoscale. We report on the results of measurements
on three different devices D1, D2,3 and D5,9: First, in Sect. 4.1.1 a monolayer sample (D1)
is studied. Next, we discuss the magnetic field measured above a flake with bi- and tri-layer
areas (sample D2,3) in Sect. 4.1.2. Finally, a few-layer flake with five and nine layer sections
(sample D5,9) is examined in Sect. 4.1.3.

The standard procedure we apply for magnetic imaging is to acquire ODMR spectra at
different points in a plane above the sample. From this dataset the magnetic stray field along
the NV-axis can be calculated, c.f. Sect.2.2. Using the reverse propagation technique described
in Sect.2.3, the surface magnetization of the sample is determined. Typical measurement
parameters employed in the datasets and frequently used abbreviations are summarized in
the table 4.1.

�
mono,theor

= 14.7 µ
B

/nm2 Expected magnetization of one fully polarized CrI3 layer [7]
B

Bias-NV

⇠ ± 172.5mT External field along NV-axis (optimizes ODMR contrast)
P

laser

⇠ 40 µW Power of the green excitation laser
h

NV

⇠ 60 nm Typical NV-to-sample distance

Table 4.1: Commonly used parameters in our experiments.

17



Results 18

4.1.1 Monolayer CrI3

To study the magnetization of a monolayer CrI3 flake (monolayer sample D1: see Sect. 3.2), we
first cooled the sample down to ⇠ 7K in zero magnetic field. Afterwards, the external field was
set to B

Bias-NV

=172.5mT for an iso-field image and thereupon the field was decreased back
to zero, where a two-dimensional ODMR map of sample D1 was acquired. At zero external
magnetic field a small residual magnetization of B

Bias-NV

=0.15mT was observed, possibly
arising from, for example, a small current still present in the coils of the superconducting
magnets or a slight magnetization of components of the setup (such as the objective).

In Fig. 4.1a the measured magnetic stray field along the NV symmetry axis is plotted
(B

Bias-NV

=0.15mT). The prominent red (blue) edges results from positive (negative) projec-
tions of the stray field along the NV-axis as the tip is scanned across the flake. We deduce
the magnetization of the flake from the stray field map using the reverse propagation method
described in Sect. 2.3. The magnetization map of the monolayer flake is shown in Fig. 4.1b.
The nearly homogeneous magnetization is comparable to the theoretically expected value
of 14.7 µ

B

/nm2 for a monolayer [7]. On the right side of the monolayer flake a negatively
polarized CrI3 region is visible. However, this negative magnetization could possibly be a
measurement artifact, as we may have tracked the wrong NV spin transition after the m

s

=0
to m

s

= ±1 transition frequencies have crossed at zero field. If that was the case indeed, any
positive field would have wrongly been interpreted as a negative field in this region. To resolve
such an uncertainty an ODMR map has to be acquired at a higher external magnetic field
where the two NV transition frequencies (m

s

=0 to m
s

= +1 and m
s

=0 to m
s

= -1) cannot
cross.

Furthermore, the dataset from Fig. 4.1a is noisy due to small ODMR contrast (about 3%)
at almost zero external field. Therefore, the fits of the electron resonance frequency ⌫

ESR

in the ODMR spectra were rather poor, which made it difficult to transform the frequency
map into a reliable magnetic field map. Measuring the NV contrast as a function of external
magnetic field showed that working at B

Bias-NV

⇠ ±172.5mT (in z-direction B
z

=91.5mT)
yields the best ODMR contrast (⇠18%, see Appendix C). To date we do not understand
why the ODMR contrast changes significantly as a function of applied magnetic field in our
cryostat. One hypothesis is that the superconducting magnet generates more magnetic noise

a magnetic stray-field map b

BNV-BBias-NV (mT)
-0.35 0.35
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Figure 4.1: Monolayer CrI3 flake imaged in a small external field BBias-NV= 0.15mT.
a Magnetic field along the NV-axis calculated from the ODMR resonances. b Monolayer magnetization
map obtained from the reverse propagation method.
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Figure 4.2: Monolayer CrI3 flake imaged in BBias-NV=�171mT. a Magnetic field along the NV-
axis, relative to the external field B

Bias-NV

. b Magnetization map of the monolayer flake. Black arrow
denotes the position of the line cut plotted in c. Fitting the the line cut determined the monolayer
magnetization �=16.1 µB/nm2. Stray field data from the line cut was inverted to obtain a positive
value for �. Images created by Lucas Thiel and taken from [4].

at small fields. This would lead to a reduction in the NV spin relaxation time T1, the time-
scale on which a polarized NV spin state decays into thermal equilibrium [22], and would
hence make ODMR measurements inefficient. In the future it would be important to study
the reason for the dependency of the ODMR contrast on the applied magnetic field. In our
experiments, the ODMR spectra were usually acquired in an external magnetic field applied
along the NV-axis, which was later subtracted from the dataset for analysis. Working in
external fields did not disturb our measurements of the even-odd effect since the critical field
required to magnetize bi-layer CrI3 is around 600mT [3], which is above the maximal field of
500mT we can apply with our magnet.

Figure 4.2a shows a high resolution two-dimensional scan of the monolayer CrI3 flake
measured in a field B

Bias-NV

= �171mT. The spatial resolution of the scans is limited by
the NV-to-sample distance h

NV

[27], which was typically ⇠ 60 nm in our experiments (deter-
mined from fits to line cuts, c.f. Fig. 4.2c). From the reverse propagation method we obtain
the magnetization map shown in Fig. 4.2b. Again we observe a magnetization comparable to
�

mono, theor

. To independently determine the magnetization with a different method, we took
a line cut across the sample edge (black arrow in Fig. 4.2b) and fitted the corresponding stray
field data to an analytical fit [30, 31]. As a result we obtain a magnetization of 16.1 µ

B

/nm2.

The monolayer magnetization resulting from our data sets in Fig. 4.1b and Fig. 4.2b
are comparable to the theoretically expected value of �

mono,theor

=14.7 µ
B

/nm2. To verify if
antiferromagnetic interlayer coupling is present in multi-layer (n

layers

>1) CrI3 we determined
the magnetization of a bi- and tri-layer CrI3 flake, as described in the next section.

4.1.2 Bi- and Tri-layer CrI3

We imaged the magnetic stray field resulting from a bi-layer region of CrI3 adjacent to a
tri-layer region (sample D2,3: see Sect. 3.2). If antiferromagnetic interlayer exchange coupling
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Figure 4.3: Magnetism in bi- and tri-layer CrI3. a Magnetic stray field of sample D2,3. Data
recorded at B

Bias-NV

=172.5mT. The black dotted arrow indicates the location of the line cut plotted
in d. b Magnetization map obtained via the reverse propagation method. c Histogram of the magne-
tization values on the tri-layer part shows an average magnetization of �=13.0 µB/nm2. d A fit to the
line cut of the magnetic field along the NV-axis (black dotted arrow in a) independently determines
�=15.2 µB/nm2. Figures originally created by Lucas Thiel. Taken from [4], rearranged and slightly
modified.

is present in CrI3 we would expect the tri-layer part to show a magnetization of one fully
polarized CrI3 layer and zero stray field from the bi-layer part.

In Fig. 4.3a the magnetic stray field along the NV-axis is plotted. The data was taken
in an external magnetic field of B

Bias-NV

=172.5mT, which was subtracted from the dataset
in Fig. 4.3a. A strong signal arises predominantly at the edges of the flake, as expected
for a uniformly magnetized layer [30]. This indicates that the tri-layer part exhibits a stray
field, which is in good agreement with antiferromagnetic interlayer coupling. Moreover, no
comparable stray field emerges from the bi-layer area. A very faint signal along the bi-layer
flake edge is visible. The origin of this small field is not understood so far. It may be caused
by a narrow monolayer part protruding at the flake edge or by magneto-electric effects [34],
where local electric fields can influence magnetism in bi-layer CrI3.

Using the reverse propagation method we deduce the magnetization map shown in Fig.4.3b.
On the tri-layer part an average magnetization of 13.0 ± 2.4 µ

B

/nm2 is found and the bi-layer
region shows no net magnetization, c.f. the histogram in Fig. 4.3c. Additionally, the magne-
tization was independently determined via an analytical fit to a line cut across the tri-layer
sample edge (c.f. black dotted arrow in Fig. 4.3a) plotted in Fig. 4.3d. The fit yields a value
of �=15.2 ±0.3 µ

B

/nm2.
We observe a magnetic signal from the tri-layer part with a field-strength comparable to

�
mono,theor

and no net field from the bi-layer. These findings are in perfect agreement with
antiferromagnetic interlayer coupling. To further validate the presence of the even-odd effect
in CrI3 we next study another multi-layer device (n

layers

>3).



Results 21

4.1.3 Few-layer CrI3

To verify whether the even-odd effect persists beyond three CrI3 layers, we studied a few-layer
(n

layers

< 10 layers) sample with a nine layer and a five layer part (few-layer sample D5,9, see
Sect. 3.2). Figure 4.4a shows the magnetization of the five layer CrI3 region obtained from the
reverse propagation protocol. A line cut of the corresponding stray field (indicated by a black
dotted arrow) across the sample edge was used to determine the surface magnetization �, as
shown in Fig. 4.4c: From the fit we find �=16.4 µ

B

/nm2. In Fig. 4.4b the magnetization on a
nine-layer CrI3 flake is shown. Again, a line cut (black dotted arrow) was used to obtain the
surface magnetization �=14.1 µ

B

/nm2, as plotted in Fig. 4.4d. From both the five and the
nine layer part, a magnetization comparable to the single layer magnetization was measured,
as expected for antiferromagnetic interlayer coupling.

Even though the magnetization maps from Fig.4.4 are very homogenous, we nevertheless
observe some magnetic defects, such as the circular structure in Fig. 4.4b in the middle of
the flake. Small defects and inhomogeneities in the sample could originate from curling or
wrinkling up parts of the flake during the fabrication process. Further studies on CrI3 could
investigate the nature of such defects.
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Figure 4.4: Magnetism in five- and nine-layer CrI3. a Magnetization map of a five-layer part
(a) and a nine-layer part (b). c and d: Line cuts across the sample edge (black dotted arrows) of
the corresponding magnetic stray fields are plotted in red. The magnetization was determined by a
fitting routine and the stray field from line cut (c) was inverted to obtain a positive value for �.

Domain Regions

In another part of sample D5,9 we observed a region with domains (c.f. iso-scan Fig. 3.5c in
Sect. 3.2). Figure 4.5a shows the magnetization map of the corresponding area. We observe
domains with a magnetization quantized to integer multiples of one monolayer magnetization
�

mono

. A possible explanation for this observation is the occurrence of spatial variations of
the exchange coupling in the flake in all three dimensions. Locally, the coupling between
the layers could change from antiferromagnetic to ferromagnetic due to a change in crystal
structure or stacking order.

Interestingly, in some areas of sample D5,9 only even or odd multiples of �
mono

are ob-
served, as illustrated with dotted lines in Fig. 4.5a and confirmed by the histograms in
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the material. b Histograms of the magnetization pattern in a confirm the occurrence of regions with
only odd or only even multiples of �
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. Figure by Lucas Thiel and taken from [4].

Fig. 4.5b. We tentatively attribute the difference between even and odd �
mono

regions to
the removal or addition of a piece of monolayer CrI3, which may have occurred during the
fabrication process.

The data in Fig. 4.5 suggest that the interlayer exchange coupling in CrI3 can locally vary
between antiferromagnetic and ferromagnetic. This could be explained by the correlation
between crystal structure and magnetization, which we will further explore in the next section.

4.2 Controlling and Understanding Stacking Order in CrI3

From literature it is known that CrI3 arranges in two different structural phases: in the
rhombohedral phase below 220K and in the monoclinic phase for temperatures above [7].
DFT calculations have shown that in the low-temperature phase (rhombohedral) the interlayer
exchange coupling is expected to be ferromagnetic, and antiferromagnetic interlayer coupling is
expected for the high-temperature phase (monoclinic) (c.f. Sect.2.1). However, this prediction
is in contradiction to measurements, which consistently found antiferromagnetic coupling in
CrI3 at low temperatures [3]. This raises the question of how the crystal structure of CrI3 is
related to the magnetization of the material and whether this can be controlled or not.

In this section we first discuss how we were able to induce a change from antiferromagnetic
to ferromagnetic coupling in CrI3 by a structural modification of the crystal (Sect. 4.2.1).
Raman measurements were performed to distinguish between different crystal phases of CrI3,
which are also presented in Sect. 4.2.1. Subsequently, more detailed Raman studies on CrI3
are discussed in Sect. 4.2.2. Finally, in Sect. 4.2.3 we present the idea of controlling the
structural phase of CrI3 by annealing of encapsulated flakes.

4.2.1 Switching from AFM to FM Stacking Order in CrI3

The observed switch from antiferromagnetic to ferromagnetic coupling in CrI3 was a fortunate
accident: During one of the scanning probe imaging experiments, the diamond tip of our
scanning probe unintentionally punctured a hole into the nine-layer CrI3 flake as indicated
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Figure 4.6: Increase in magnetization upon structural modification of CrI3. a During a scan
the diamond tip unintentionally punctured a hole into the nine-layer part (indicated with a white
dot). b The magnetization of the nine-layer part (scan section of b is denoted with a white dashed
box in a) increased after the puncture. c From fits to line cuts over the sample edge before (red line)
and after (blue line) the puncture we deduce a factor of 9.7 increase in magnetization. d Unpolarized
low-temperature Raman measurements confirm a structural difference between a native flake and the
punctured flake. Figure created by Lucas Thiel and taken from [4].

by the white dot in Fig. 4.6a. An AFM measurement of the punctured device is shown in
Fig. 3.5b. Upon the creation of this hole the sample magnetization increased by roughly a
factor of nine.

Figure Fig. 4.6b shows the magnetization of the bottom part of the nine-layer CrI3 flake
(area indicated with white box in Fig. 4.6a). The faint colors represent the magnetization
before the puncture and the inset of Fig. 4.6b illustrates the increase of magnetization in the
same area after the puncture of the device. By fitting line cuts over the nine-layer sample
edge (Fig. 4.6c) we conclude that the magnetization increased by a factor of ⇠9.7.

Subsequent low-temperature Raman measurements show that the change in magnetization
was related to a structural change of the CrI3 flake. The Raman measurements on the flake
after the puncture (Fig. 4.6d blue line) show a different spectrum compared to the Raman
data taken on a native, unpunctured reference flake (Fig. 4.6d red line). The Raman peaks
from the device after the puncture are closer to each other than the peaks from the native
flake are. Also, the Raman peaks between 106 cm�1 and 109 cm�1 seem to merge into one
peak after the change in magnetization. The changes in the Raman spectrum indicate a
modification of the crystal structure of the material.
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One possible explanation for the change in interlayer coupling from antiferromagnetic to
ferromagnetic is that the structural modification released strain from the encapsulation, caus-
ing the sample to rearrange itself in the low-temperature phase with ferromagnetic interlayer
coupling. However, it is important to note that we did not perform polarization-selective
Raman measurements, and we can therefore not unambiguously verify that the flake is in the
rhombohedral or monoclinic phase by comparing the Raman peaks to the literature (where
polarization-selective Raman spectra are reported) [35].

Future studies should investigate the correlation between magnetic phase and structural
order in CrI3. To that end, low-temperature Raman spectroscopy performed in parallel to NV
magnetometry could shed light onto the different structural phases of CrI3. First attempts of
obtaining more precise Raman spectra on few-layer CrI3 are presented in the next section.

4.2.2 Raman Spectroscopy on few-layer CrI3

As shown in the previous section, Raman spectroscopy is a useful tool to determine the crystal
structure of encapsulated CrI3 flakes. Whereas Raman studies on bulk and few-layer (> 10
layers) CrI3 crystals have recently been reported [35, 36], this spectroscopy technique has not
been established on very thin (< 10 layers) CrI3 yet. Here, we present room-temperature
Raman measurements on few-layer (⇠ 12 layers) and bi-layer CrI3.

The Raman experiments on encapsulated CrI3 were performed in the Nanophononics
Group at the University of Basel, with the help of Dr. Marta De Luca. We excited the
sample with the 514.5 nm line of an Ar+- Kr+ laser and the laser power was set to 0.5mW to
avoid heating or damaging effects. Using a high numerical aperture (NA = 0.8) 100x objective
we achieved a spatial resolution of about 600 nm for the 514.5 nm laser (the laser spot size
was measured to be ⇠ 600 nm). The polarization of both the incident laser light and of the
backscattered beam were controlled and selected using polarization optics. In the parallel
polarization (cross-polarization) mode, the incident laser beam is parallel (perpendicularly)
polarized with respect to the backscattered beam. We collected the scattered light with a
triple spectrometer with a 1800 g/mm grating and a liquid nitrogen-cooled CCD detector
(spectral resolution between 0.5-1 cm�1).

Raman spectra were measured on the bi-layer region and on a thicker flake of CrI3 from
sample D1, as shown in Fig.4.7a. The device was encapsulated in graphene. We discuss the
Raman spectra acquired on three different points across the sample:

• p1: Point on a thick ⇠9 nm CrI3 flake (⇠ 12 layers, height determined in an AFM).

• p2: Spot on the bi-layer region of sample D1.

• p3: Reference point on the graphene encapsulation to distinguish between Raman peaks
from CrI3 and from the substrate.

The corresponding Raman spectra are shown in Fig.4.7b,c. An offset in intensity is observed
due to background signal from light reflected directly off the sample surface. From the Ra-
man spectra in Fig.4.7b we conclude that the signal at 107 cm�1 results from CrI3. The
corresponding Raman peak is strong on the thick flake and still visible on the bi-layer part,
even though much weaker, as expected for thinner layers. The 107 cm�1 signal at p2 is



Results 25

ba c

-1) -1)

230 250 27090 110 130

100

150

50

In
te

ns
ity

 (c
ou

nt
s/

s)

In
te

ns
ity

 (c
ou

nt
s/

s)

200

400

p1 thick CrI3

p2 thin CrI3

p3 graphene
Bilayer 

p1 thick CrI3, parallel pol.
p1 thick CrI3, cross-pol.
p3 graphene

p3

Thick CrI3

p1 p2

10 µm

10 µm

Figure 4.7: Raman measurements on CrI3 at room-temperature. a Optical images of sample
D1 before (upper image) and after (lower image) encapsulation with graphene. White dashed box
denotes the range of the upper image. Raman spectra were acquired at three different points: p1
was measured on a thick (⇠9 nm, determined with AFM) CrI3 flake, p2 was measured on the bilayer
region of the sample and p3 is a reference point on the graphene encapsulation. b Raman spectra
with parallel-polarization. c Raman spectra in a different spectral range with parallel and cross-
polarization.

distinguishable from the reference point on graphene, since it has a slightly different center
frequency and is stronger in intensity. Also, we attribute the Raman peak at 129 cm�1 to a
signal from CrI3 since no comparable peak is observed in the reference spectra and similar
results were seen in [35]. The other two peaks in the spectra between 112 cm�1 and 125 cm�1

are probably related to yet not so extensively investigated low-frequency Raman modes in
few-layer graphene [37]. Figure 4.7c shows the Raman spectrum in a different spectral range.
A peak around 235 cm�1 was measured in both polarization detection modes (parallel- and
cross-polarization), which is in good agreement to the results of Shcherbakov et al. in [36].
Additionally, a broad Raman peak at 250-260 cm�1 is measured in parallel polarization. The
peak probably occurs from a 2-phonon-process and was also observed in [36].

Our Raman spectroscopy results on CrI3 are promising: we observe similar Raman peaks
for thick CrI3 as reported in literature and we were furthermore able to acquire a signal from
bi-layer CrI3, which opens the way to the yet unexplored Raman studies on single layer CrI3.
In future experiments we hope to measure a stronger signal from bi-layer CrI3 by increasing
the laser power without damaging the flake. However, it remains a challenge to avoid the
Raman peaks between 112 - 125 cm�1, which we attribute to the graphene encapsulation.
Possibly, these signals could vanish if very thin (< 3 layer) graphene or hBN is used for
encapsulation of future devices [37].

4.2.3 Annealing

As discussed in Sect.4.2.1, we would like to further investigate the correlation between struc-
tural modification and magnetic order in CrI3. Especially, we are interested in examining why
encapsulated CrI3 flakes couple antiferromagnetically at low temperatures instead of ferro-
magnetically, as expected from DFT calculations, c.f. Sect. 2.1. One hypothesis is that strain
of the encapsulation is responsible for keeping few layer CrI3 in the monoclinic phase at low
temperatures. This could possibly be tested with thermal annealing: We would like to verify
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if upon annealing – and thus releasing strain – the encapsulated CrI3 devices start to arrange
in the ferromagnetically coupled structure (rhombohedral phase) at low temperatures.

We performed a series of test-anneals on two CrI3 samples to determine a suitable anneal-
ing temperature. The flakes were annealed in a high vacuum (⇠ 6⇥ 10�7mbar) annealing
oven for one hour at temperatures between 200�C and 500�C. A minimum of 200�C was cho-
sen, since the material should be robust at this temperature as it was heated up to similar
temperatures during the fabrication process. The maximum was set to 500�C in order not to
melt the material.

Figure 4.8 summarizes the results from the annealing tests. The CrI3 flakes survive an
annealing and stay intact at 300�C. We define "intact" by the criterion that no obvious
change in shape and structure of the flake occurred (as visible via the magnification of an
optical microscope). An example of a device, which stayed "intact" is shown in Fig. 4.8b,
upper row. On the other hand we consider a device to be "dead" once the shape of the flake
altered simnifically during the annealing process, as shown in Fig. 4.8b, lower row.

In future experiments it would be interesting to test the hypothesis of controlling mag-
netism in CrI3 with thermal annealing. Therefore, a CrI3 device with an even number of layers
(i.e. a bi-layer) would be measured in a Raman microscope at low temperatures, annealed
at 300�C and afterwards measured again with Raman at low temperatures. This would al-
ready give a first hint on whether or not a structural change in the material occurred due to
annealing. Afterwards, NV scanning probe magnetometry at cryogenic temperatures can be
used to verify if the initially non-magnetic sample changed to a magnetic state by structural
modifications due to thermal annealing.
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4.3 Magnetization Reversal

The study of domain formation in vdW materials is important for the understanding of mag-
netism in two dimensions. Fudamental material properties, such as the strength of exchange
interaction, can be determined from domain characterization [38]. In this section, we investi-
gate magnetization reversal in atomically thin CrI3. To that end, we determine the magnetic
field required to reverse the magnetization of an initially fully polarized CrI3 flake. When
discussing magnetization reversal it is important to distinguish between two cases: the co-
herent reversal of the spin polarization, as described by the Stoner-Wohlfarth model, and
the reversal via domain propagation [8]. In the first case, an external magnetic field, which
is defined as the coercive field B

c

, is applied to the sample and the magnetization changes
its sign instantaneously throughout the entire flake. In the second case, a domain starts to
nucleate in the device and changes the spin polarization step by step until the entire flake
reverses its magnetization. The magnetic field needed to induce a domain is defined as the
nucleation field B

nuc

.
In this section we will first discuss how a domain was induced in a tri-layer CrI3 flake and

give an upper and lower bound on the required nucleation field B
nuc

(Sect. 4.3.1). Following
this, the determination of the coercive field B

c

in a monolayer CrI3 is described in Sect. 4.3.2.

4.3.1 Inducing a Domain in CrI3

During an initial attempt of measuring the coercive field B
c

in tri-layer CrI3 (sample D2,3) a
domain nucleated in the flake. Therefore, our measurement of B

c

turned into the determina-
tion of the nucleation field B

nuc

instead.

b c da
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Figure 4.9: Magnetic hysteresis cycle of a domain in tri-layer CrI3. a Positively magne-
tized tri-layer flake imaged in an external field of B

Bias-NV

=172.5mT. b First a maximal positive
field in z-direction (Bz=495mT) was applied and subsequently we induced the domain. For good
ODMR contrast a field of B

Bias-NV

=�172mT was applied for imaging the domain. c Negatively mag-
netized tri-layer sample imaged at B

Bias-NV

=�172mT after a initializing the magnetic moments in
Bz=�495mT. d First, a field of Bz=�495mT was applied to align the spins along the -z direction.
Afterwards a domain was induced and later on imaged at B

Bias-NV

=172.5mT.
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Figure 4.9 shows the cycle of inducing a domain in an initially positively (Fig. 4.9a,b)
polarized and initially negatively polarized (Fig.4.9c,d) flake. During each measurement we
applied a field B

Bias-NV

along the NV-axis. For the study of magnetization reversal in CrI3,
however, only the transverse component B

z

of the applied field is relevant since the magnetic
moments of the material are aligned along the z-axis (c.f. Sect. 2.1). The domain observed in
Fig. 4.9b,d consistently nucleated at B

z

=±111mT and was typically stable up to B
z

⇠137mT
(the latter value was only determined in a positive field). From this we conclude that the
domain was not affected by a change in field B

z

<(137mT�111mT) = 26mT along the z-axis.
Therefore, we could apply the nucleation field B

nuc

=111mT to create the domain but image
the flake at a slightly smaller field B

z

=±91mT, which corresponds to B
Bias-NV

=172mT along
the NV-axis and yielded the best ODMR contrast.

Repeating the measurements consistently induced the same domain as depicted in Fig. 4.9,
and the nucleation always started from the right lower corner of the device. We speculate that
the CrI3 flake had an energetically favorable region for the domain to nucleate there due to
impurities, which could have locally lowered the anisotropy in the sample. However, it was not
possible to capture the domain in a small corner of the flake – it would only appear at once in
the middle of the flake. From this we conclude that a very strong pinning site was present in
the sample, but it is not known what caused it. As visible in Fig. 4.9a, small inhomogeneities
in the sample occur within the entire flake, especially along the domain pinning site. The
nature of these impurities is yet to be investigated.

4.3.2 Coercive Field B
c

for Monolayer CrI3

In this section we describe the measurement procedure for determining the coercive field
B
c

required to coherently flip the magnetization of monolayer CrI3. First, a negative field of
B

Bias-NV

=�450mT (�238mT in z-direction) was applied to align all spins anti-parallel to the
+z-direction. Subsequently, we increased the external field in multiple steps and determined
the magnetic orientation of the flake with line scans over the sample edge. Again, we point
out the the external field was always applied along the NV-axis (B

Bias-NV

) but the relevant
parameter for studying the coercive field in CrI3 is the transverse component of the field: B

z

.
Figure 4.10 summarizes the individual steps for determining the coercive field B

c

in a
monolayer CrI3 flake. In Fig. 4.10a the stray field from a negatively polarized single CrI3
layer is shown together with the diamond scanning probe. The NV orientation is depicted
as a gray arrow, i.e. the NV points away from the sample edge. The line scans were always
taken perpendicularly to the sample edge as illustrated with the black arrow in Fig. 4.10b.
Analytical fits to the line cuts yielded values for the magnetization �. It is important to note
that the noisy data of the linecuts in in Fig. 4.10c-f (due to the inhomogeneities in the sample
and the coarse spacing between the data points) could not be fitted nicely. Therefore, the
two NV orientation angles �

NV

and ✓
NV

were fixed during the fitting routine (the parameters
obtained from reverse propagation on sample D1 were chosen). We thus emphasize that here
the fits in Fig.4.10 are rather a guideline to the eye than a reliable, quantitative source for
determining �.

After the magnetic moments were initialized in a negative field B
z

=�238mT in a first step
(B

Bias-NV

=�450mT), the field was increased to B
z

=�92mT (B
Bias-NV

=�172.5mT) in a sec-
ond step. The corresponding line cut is plotted in Fig. 4.10c and shows a negative field with a
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Figure 4.10: Finding an upper bound for the coercive field Bc of monolayer CrI3. a Diamond
scanning probe (blue) including the embedded NV center (gray, arrow denotes the NV orientation
relative to the sample) above a negatively magnetized monolayer CrI3. b Monolayer flake (image from
Fig.4.2b) with a black arrow denoting the position of the line cuts taken in c to f. c -e: Line cuts at
Bz=�92mT, Bz=�31mT and Bz=5mT correspond to a negatively polarized flake. f Magnetization
reversed in a field of Bz=80mT, which sets an upper bound to the coercive field Bc.

fitted value of �= -13.5 ± 1.4µ
B

/nm2. Subsequently, the line cut was repeated at B
z

=�31mT
(B

Bias-NV

=�60mT), as shown in Fig. 4.10d. Again we observe a negative field, and the fit
yields �= -11.7 ± 2.1µ

B

/nm2. Applying a positive field B
z

=5mT (B
Bias-NV

=10mT), as illus-
trated with the line cut in Fig. 4.10e, did not flip the magnetization (�= -9.4 ± 3.9µ

B

/nm2)
of the flake. Only in a field B

z

=80mT (B
Bias-NV

=150mT), the magnetization changed its
sign as shown in Fig. 4.10f, �= +12.5 ± 1.7µ

B

/nm2.
After the last line scan we verified with a two-dimensional ODMR map that the magne-

tization was indeed reversed. The corresponding magnetic field map and the magnetization
image are shown in Fig. 4.11. From our measurement an upper bound for the coercive field
in z-direction B

c

6 80mT can be stated, which is below to the values of B
c

around 130mT
reported in [3, 39]. Unfortunately, it was not possible to determine B

c

more precisely, i.e.
with a lower bound since during these measurements the NV ODMR contrast was too small
(<1%) at fields between 5mT6 B

z

680mT, respectively for the corresponding fields along
the NV-axis 10mT6 B

Bias-NV

6150mT.
Surprisingly, the magnetization map in Fig.4.11b looks different compared to previous

measurements: in the middle of the monolayer flake the field and the magnetization vanish,
which was not observed before (c.f. Fig.4.2). We assume that the bubble above the monolayer
was damaged by the diamond tip during a scan, which could have also destroyed the CrI3
layer underneath. Subsequent AFM images (performed in a Bruker Dimension 3100 AFM,
AFM tip diameter ⇠10 nm) of the device corroborate this hypothesis. Figure 4.12a shows
the topography of the monolayer part. The bright spot corresponds to the bubble over the
flake. By comparing its shape to the original bubble (c.f. Fig. 3.3) it is evident that a change
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Figure 4.11: Monolayer CrI3 after magnetization reversal. a Magnetic stray field arising from
the monolayer flake measured at B

Bias-NV

=170mT. b Magnetization map revealing that part of the
material in the center of the flake has vanished.

occurred. A line cut showing the height profile (red lines in Fig. 4.12a and b) confirms that a
crater was formed in the middle of the monolayer flake: Figure 4.12b plots the height profile
of the line cut. The first points of the line cut belong to the surface of the encapsulation
material (graphene) only. Moving roughly 0.8 µm towards the right along the line cut, a first
pump appears. Afterwards, the topography reaches the zero-level again, i.e. the level of the
encapsulation, which agrees with the assumption that the middle part of the monolayer CrI3
has vanished and a crater was formed. Furthermore, we measure a difference between the level
of encapsulation and the level of bi-layer CrI3 at the end of the line cut (black dotted line
in Fig.4.12b): The difference in height amounts to roughly ⇠1.4 nm, as expected for bi-layer
CrI3 (2 x monolayer-height = 2 · 0.7 nm = 1.4 nm).

It is noteworthy that damaging the bubble in Fig. 4.11b did not affect the magnetization
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Figure 4.12: Damaged bubble above monolayer CrI3. a Atomic force microscope (AMF) image
(taken in a Bruker Dimension 3100 AFM) of the monolayer region. The bubble (bright spot in the
center of the image) was punctured probably by the diamond tip. b Height profile along the line
cut (red arrow in a) starting at the level of encapsulation and ending on the bi-layer region. Height
difference from bi-layer to encapsulation ⇠1.4 nm as indicated by the black dotted line.
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Figure 4.13: Scanning electron beam (SEM) images of sample D1. a Black outline denotes
the bi-layer flake and the blue outline highlights the monolayer area. The diamond tip crashed into
the sample surface and cut open parts of the bilayer flake. b Tilted view of sample D1.

of the adjacent bi-layer. Similarly, poking a hole into nine-layer CrI3 did not change the in-
terlayer coupling in the adjacent five-layer part (c.f. Sect.4.2). This suggests that a structural
modification (and possibly a change in magnetic coupling) only has a local impact on the
CrI3 layer without affecting any adjacent layers. Possibly, the mono- and bi-layer part of the
sample were not connected as it was also the case for the five- and the nine-layers parts in
sample D5,9.

Unfortunately, any further investigations on structural modifications were interrupted as
during an overnight scan the diamond tip unexpectedly crashed into the sample surface and
the pillar containing the NV center broke off. Subsequent scanning electron beam (SEM)
images in Fig. 4.13 show that the diamond tip scratched open a trench in the bi-layer region.
For clarification the bilayer part is outlined with a black line and the monolayer part is hi-
lighted with a blue line. Surprisingly, the monolayer parts around the crater are still visible in
image Fig. 4.13, which means that they did not degrade in air during the transportation from
the measurement setup to the SEM. Either the crater sealed all the transitions between air
and monolayer CrI3 or the sample was more robust to air exposure than expected. The shape
of the bubble above the monolayer flake from Fig. 4.13a (blue lines indicate the monolayer
part and the bubble on top has a light gray color) is similar to the shape observed in AFM,
c.f. Fig. 4.12. Furthermore, a tilted view onto the sample, c.f. Fig. 4.13b, shows that the
entire flake – including the altered bubble – was possibly placed on top of another, larger
bubble.

SEM images in Fig. 4.14 confirm that the NV tip broke off at its end while crashing into
the sample. In the center of the cantilever (Fig. 4.14a, upside down view of the cantilever)
the broken pillar is visible. A close-up view of the pillar in Fig. 4.14b shows that the tip broke
off. Probably, the diamond pillar got caught somewhere on the flake surface during the scan
and broke off as the cantilever moved further.
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Figure 4.14: SEM image of the cantilever after the pillar broke off. a Upside-down view
of the diamond cantilever with the pillar (framed with a white dashed box) in its center. A second
arrangement of sharp spikes (indicated by white circle, residuals from the fabrication process) is
present. b Diamond pillar with broken tip.

In summary, in this section we discussed our measurements showing magnetization rever-
sal in tri-layer CrI3 via inducing a domain in the center of the flake. The required nucleation
field was determined to be B

nuc

=±111mT. For monolayer CrI3 it was possible to set an
upper bound to the coercive field B

c

6 80mT.



5 Conclusion and Outlook

In this Thesis we report on our study of magnetism in the two-dimensional vdW magnet CrI3
using single NV quantum sensors in diamond for quantitative magnetic imaging. A scanning
probe technique with NV centers embedded in a diamond pillar was employed to measure
the stray field emerging from thin CrI3 flakes at cryogenic temperatures. Using a reverse
propagation method for ferromagnetic thin films we could determine the magnetization of
few-layer CrI3 down to the monolayer limit.

• We consistently find an average magnetization of ⇠ 16 µ
B

/nm2 for an odd number of
CrI3 layers, which is comparable to the theoretical value of one fully polarized layer of
14.7 µ

B

/nm2. Furthermore, we verified that bi-layer CrI3 shows no net magnetization.
We conclude from our measurements that antiferromagnetic interlayer exchange cou-
pling is present in CrI3 at low-temperatures and therefore we can confirm the even-odd
effect.

• We demonstrated a switching of the magnetic order in CrI3 from antiferromagnetic to
ferromagnetic interlayer exchange coupling by a structural modification of the crystal
(via a puncture of the material). This implies a correlation between crystal structure
and magnetic order in CrI3. Such a relation could also explain the observation of
domains with a magnetization in even or odd integers of the monolayer magnetization
�

mono

: Local variations of the interlayer exchange coupling due to changes in the crystal
structure could lead to differently coupled domain regions in CrI3.

• Low-temperature Raman spectroscopy was used to shed light onto different stacking
orders in CrI3. Additionally, we were able to record room-temperature Raman signals
from few-layer and bi-layer CrI3 devices. Our measurements show that acquiring a
Raman spectrum on thin (n

layers

<10) encapsulated CrI3 flakes is challenging due to
strong background Raman signals at low frequencies, which probably result from low-
frequency modes of the graphene (n

layers

> 3) encapsulation.

• Finally, magnetization reversal in CrI3 was studied. First, we were able to induce
a domain in tri-layer CrI3 and determined the corresponding nucleation field to be
B

nuc

=±111mT. Second, for monolayer CrI3 we were able to determine an upper bound
on the coercive field required to coherently flip the magnetization as B

c

6 80mT.

Our studies on CrI3 demonstrate the potential of NV-based quantum sensing as a useful tool
for the study of vdW materials. Such experiments could help develop two-dimensional mag-
netic materials into novel, atomic-scale platforms for spintronics and magnonics applications.

33



Conclusion and Outlook 34

In the future, our NV scanning probe could be used to measure gated CrI3 devices.
This would permit to verify wether recently observed changes in bi-layer CrI3 by means
of electrostatic doping or applied electric fields are indeed based on a change in the spin
configuration from antiferromagnetic to ferromagnetic, or simply result from broken inversion
symmetry [1, 39]. Furthermore, we would like to establish Raman spectroscopy on very
thin CrI3 layers as a useful characterization tool for stacking order in the vdW magnet.
In general, further investigations on the correlation of interlayer exchange coupling and the
crystal structure of CrI3 are required. In this context we would like to investigate with thermal
annealing if strain from the encapsulation affects the coupling nature (antiferromagnetic or
ferromagnetic) in CrI3 devices. In the long term it would be interesting to study magnonic
excitations in CrI3 [40]. By inducing a domain in the material, the anisotropy is locally zero
(at the domain itself), potentially making it possible to excite low-frequency spin waves in
CrI3.
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A Correlation function g(2)(⌧ )

By measuring the correlation function g(2)(⌧) we verified that our employed NV center was
indeed a single spin. As shown in Fig. A.1 below, the g(2)(⌧ = 0) dip goes below 0.5, which
is expected for a single quantum emitter [41].

Figure A.1: g(2)(⌧) of a single NV center.
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B Heating from Laser Irradiation and

Microwave Power

This figure is based on the section "non-invasiveness of imaging method" in the supplementary
of [4].
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Figure B.1: Impact of laser power and microwave heating. a Influence of the 532 nm laser
power on the magnetization �. For laser powers above 100 µW the measured value of � decreases
compared to the results obtained at lower laser powers. Choosing a power Plaser ⇠ 40 µW for all
measurements ensures that no significant back-action from the laser power was induced onto the
samples. The magnetization � was determined by analytical fits to line scans over the sample edges.
The measurements on the nine-layer flake were performed after the puncture (hence a larger value
of � is observed compared to the five-layer data points). b The cooling power (red dotted line) of
the He bath cryostat is plotted with respect to the temperature. The black dashed line represents
the estimated microwave power arriving at the cryostat. From the plot we conclude that heating
due to microwave power leads to a measurement temperature of ⇠ 7K, which is far below the Curie
temperature of monolayer CrI3 (Tc = 45K [3]). Therefore, we infer that heating from the microwave
antenna did not influence the magnetization of the sample.
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Figure C.1: ODMR contrast measured as a function of applied external field along the
NV-axis. a Maximal contrast is observed for fields between ±150mT and ±200mT. b A more
detailed measurement shows that the maximal ODMR contrast of ⇠ 18% is achieved in a external
field of ±172.5mT along the NV-axis.
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hBN Rorschach Flakes - special Appendix

Optical microscope images of our two favorite hBN flakes. Personally, I see: a A dinosaur
with a red hat. b Ein Männchen im Schneegestöber. Both creatures are ⇠200 µm in size.
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