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ABSTRACT

Superconductor-ferromagnet heterostructures have potential for use in topological quantum
computing schemes. Of particular interest are heterostructures that utilize FesGeTes, an air
sensitive van der Waals (vdW) material known to host nanoscale magnetic whirlpools called
skyrmions. The vdW nature of Fe3GeTes means we can exfoliate 2D layers that can be easily
incorporated into a wide range of devices. Behaving as particles that can be manipulated,
skyrmions are potentially useful for topological quantum computing and low-energy spintronic
devices. To work towards creating superconductor-ferromagnetic heterostructures we (1) designed
and constructed a setup for deterministic placement of air sensitive, 2D materials, (2) developed
fabrication procedures to produce FesGeTey Hall bar devices and (3)characterized the field and
temperature-dependent magnetic properties of FesGeTes using magnetometry, magnetic force
microscopy and electrical transport measurements. We found that the magnetic properties of
Fe3GeTey are highly dependent on the thermal and magnetic history and the thickness of the
sample. In addition, we have observed non-collinear magnetic domains including
skyrmions,labyrinths and stripes. We have also observed that adding a layer of WTey on top of
the Fe3GeTey can increase the Dzyaloshinskii-Moriya Interaction energy, which is the cause of
non-collinear magnetic domains. Results from the magnetic characterization inform us on the
conditions under which skyrmions and a variety of magnetic domains form in the Fe3GeTes. In
the future this will be used for studies on the proximity effects in FesGeTes-superconductor

heterostructures.
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CHAPTER 1
INTRODUCTION

1.1 Skyrmions

Skyrmions are nanoscale magnetic domains that have a whirlpool-like structure formed by the
canting of magnetic moments. A graphical representation is shown in Figure 1.1. Skyrmions have
potential to be used for low energy, e cient, spintronic devices such as race track memory [1, 2].
Additionally there have been proposed schemes for skyrmion-based topological qubits [3].
Topological qubits have the potential to be much more resistant to the environmental noise that

causes high error rates in modern quantum computing schemes([4].

() (b)

Figure 1.1 (a) A graphical representation of a Neel type skyrmion, the arrows represent the
direction of the magnet moments of each atom. (b) A graphical representation of a Bloch type
skyrmion.

Skyrmions are formed because of spin-orbit coupling in a ferromagnetic material. Speci cally,
they are caused by a Dzyaloshinskii{Moriya Interaction (DMI) which causes the canting of

neighboring magnetic moments. This e ect can be represented with the Hamiltonian in equation



1.1. The DMI term is represented byDjj and S; and Sj represent neighboring spins.
H= J;(S §)+ DS §) (1.1)

The rst term in the Hamiltonian describes the ferromagnetic nature of the material, where in
an applied magnetic eld magnetic moments align parallel to each other. The second term is the
DMI term, in which Dj is the DMI energy and is small compared toJ; , which is the exchange
constant. This term indicates that the magnetic moments will align perpendicular to the nearest
neighbor, but becauseDj; is small, the term is very weak. As a result the magnetic moments are
canted with respect to the nearest neighbor creating the whirlpool con guration of atomic
moments shown in Figure 1.1. When the DMI term goes to zero, the material behaves like a
normal ferromagnet and the magnetic moments align parallel to each other, as shown in

Figure 1.2.

Figure 1.2 When the DMI term is nonzero, magnetic moments become canted with respect to
each other.

Skyrmions can be directly measured using Lorentz Transmission Electron Microscopy (LTEM)
and x-rays. LTEM can directly measure the magnetic moment of each atom based on how
electrons are de ected around the atom. Therefore the canting of each moment can be directly
imaged. Instead of using de ection, x-rays use the di erence in absorption caused by the
magnetic moment of an atom between two di erent polarizations to create an image of atomic
magnetic moments. For our measurements we used Magnetic Force Microscopy and electrical

transport measurements to detect skyrmions, which will be explained in sections 4.2.1 and 4.3.1.



1.2 Fe3GeTes

FesGeTe, (FGT) is a ferromagnetic van der Waal (vdW) material, and is one of the few
known to host skyrmions [5, 6]. A vdW material is a layered crystal held together by weakly
interacting forces. A single layer is classi ed as a 2D material. FGT has a hexagonal lattice
structure and a layer thickness of 0.8nm [7]{a graphical representation is shown in Figure 1.3. In
addition to skyrmions, FGT will also host other non-collinear magnetic domains such as stripes
and labyrinths. Notably, these domains can only form if there is a DMI present to break the
inversion symmetry in FGT. In this case, the DMI's are interfacial meaning the they occur at the
boundary of FGT and another material. Calculations have shown that a DMI can be created by
sample oxidation [6]. Experiments have also shown that a heavy metal with large spin orbit

coupling can induce DMI's [8].

Figure 1.3 The hexagonal lattice structure for FGT.

The magnetic domains that FGT hosts are highly dependent on the thermal and magnetic
history of the sample as well as its thickness. Figure 1.4 from Ref. [9] shows a phase diagram and
the magnetic history required for di erent magnetic domains. The skyrmion domain is labeled as
Sk+ or Sk-, which changes considerably depending on the thermal and magnetic history of the
sample. Field cooling (FC), zero eld cooling (ZFC) and eld sweeping (FS) each lead to di erent
results. For us to reliably study skyrmions we will need to determine the conditions under which

we see skyrmions in our devices.



Figure 1.4 A phase diagram created by Ref. [9] showing the temperatures and elds and if the
sample was eld cooled (FC) or zero eld cooled (ZFC) or if the eld was swept (FS). Thicker
materials, t, and eld cooling widen the region where skyrmions are present. This gures was
reused with permission under a Creative Commons Attribution 4.0 International License.



CHAPTER 2
DETERMINISTIC PLACEMENT OF 2D MATERIALS

We designed and built a system that enables us to deterministically pick up and place akes of

2D materials so that we can fabricate devices and heterostructures from them [10, 11].
2.1 The Deterministic Transfer System

The deterministic transfer system is shown in Figure 2.1.

Figure 2.1 The deterministic transfer system is made from a series of positioning stages and a
long range microscope.

The system consists of a long working range microscope made from a series of lenses connected
to a camera. The camera displays the image on a monitor, removing the need for eyepieces. The
long working range of the microscope allows for plenty of space to work underneath it. Beneath
the microscope is a series of precision translation stages that allow for precise positioning of a
target substrate and a ake mounted to a glass slide. These stages enable deterministically
picking up, aligning and placing the ake. The exact methods for picking and placing the ake
will be discussed in later chapters and varies by material. The substrates rest on a stage that can
be heated to enable more methods of transferring akes. Additionally, the entire system is placed

in a nitrogen lled glovebox, shown in Figure 2.2 to allow work with oxygen sensitive materials.



Figure 2.2 The deterministic transfer system sits in a nitrogen lled glovebox to enable working
with oxygen sensitive materials.

2.2 Testing the System with Graphene

Graphene is one of the easier 2D materials to work with, making it a good candidate for
testing the system prior to loading into the glovebox. The system was tested using the
viscoelastic dry transfer method [10, 11] . In this method graphene is exfoliated using scotch tape
and is directly deposited onto a PDMS gel stamp (Gel-Pak® PF-0065). The PDMS is mounted
to a glass slide connected to a set of translation stages. The microscope looks through the glass
and PDMS at the graphene. A light is placed beneath the PDMS, transmitting light through the
akes. We can identify thin akes based on how much light is transmitted through each ake as
shown in Figure 2.3.

The translation stages connected to the glass slide are used to position the ake of graphene in
X, Y and Z. The target substrate sits on the translation stages directly under the microscope,
allowing for precise control of the substrate location in X, Y and . The PDMS can then be

lowered near or in contact with the target substrate to align and place the ake.



(a) (b)

Figure 2.3 (a) The glass slide with PDMS is mounted to a translation stage at a slight angle. (b)
More light transmits through the thinner akes of graphene.

Graphene is released from the PDMS by lowering the ake into contact with the substrate and
very slowly peeling the PDMS o . The slightly angled glass slide holding the PDMS allows for
gradually peeling back the PDMS by slowly lifting the glass slide with the Z stage. This method
also works for releasing akes of graphene onto other akes of 2D material. As such we can
deterministically add layers of 2D materials on top of each other to form heterostructures. This
process for stacking layers of graphene is shown below in Figure 2.4. It is worth noting that the
PDMS must be pulled back at an extremely slow rate, only a few microns per minute or the ake
will not be released and will come up with the PDMS.

Creating the stack of graphene layers was a helpful way to test the deterministic transfer
system prior to loading it into the glovebox and working with more di cult materials. Several
adjustments to the system were made to allow for precision control of raising the stage and
aligning the ake. In addition it was good practice for the basic techniques of exfoliation and

deterministic ake placement.



Figure 2.4 Slowly peeling back the PDMS allows for a controlled release of the 2D ake. The
yellow region is where the PDMS is pressed against the surface



CHAPTER 3
EXFOLIATION AND FLAKE PLACEMENT METHODS

Introduced in chapters 2 was the simple case for exfoliating a 2D material (graphene) and
deterministically placing it. However, graphene is considerably easier to work with than FGT and
the same methods do not work without modi cation. Trying the same methods for exfoliating
FGT yields almost no 2D akes. FGT is highly sensitive to the substrate it is being deposited
onto and PDMS does not work. Therefore, the same placement methods for graphene will not
work. Due to the amount of research done on various vdW materials, there was a signi cant
amount of literature to assist in developing a process for working with FGT [12, 13]. We tested a
few of these methods until we found one that worked consistently for us. The vdW crystals we

are using were purchased from HQ Graphene.

3.1 Review of Exfoliation Methods

3.1.1 Gold Assisted Exfoliation

Gold assisted exfoliation is a common method for increasing the yield of monolayer, large area
akes in materials such as FGT where yield may be low. References [14{16] each deposit gold onto
a Si substrate, use tape to exfoliate the vdW material then deposit it onto the gold layer. Ref. [16]
uses a sacri cial layer of polyvinylpyrrolidone and a gold etchant to then transfer the ake to a
standard SiO, substrate. This is di erent than Ref. [14] where they just leave the 2D ake on the
gold. According to ref [15] this method works because the interaction between Au and the rst
vdW layer is stronger than that of the rst layer and the rest of the crystal. However, this was
highly dependent on how clean the surface of the gold was, waiting even 15 minutes drastically
reduced the yield of akes. Ultimately, this time constraint stopped us from using this method as
our gold deposition systems were not working correctly. In addition, we were concerned about the

gold causing a short across the ake, preventing us from doing electrical transport measurements.
3.1.2 Al ,03 Assisted Exfoliation

Another method for FGT exfoliation we looked into was Al,O3 assisted exfoliation [7]. This

method is very similar to the Au assisted method described in Sec. 3.1.1. In this case ADs3 is



deposited onto the bulk crystal, and then exfoliated. This leaves behind a monolayer of FGT on
the Al,0O3, which can then be placed on the target substrate. This method has an advantage over
Au assisted exfoliation because AlO3 is not conductive so does not need to be removed for
electrical transport measurements. We did not end up using this method because our deposition
systems were down and we did not have a controlled way of growing an oxide layer. In addition,
the Al,O3 is beneath the ake making it di cult to place the ake on top of gold contact pads for

electrical transport measurements.
3.1.3 Heating Method

We adapted the heating method for exfoliation from Ref. [17]. In this method we Q plasma
clean the SiG, immediately before pressing the exfoliated FGT onto the surface. Then before
removing the tape, we heat the substrate and tape under a small amount of pressure to help the
FGT adhere to the SiO, and be released form the tape. This process drastically increases the
yield of FGT akes, although true mono layers and akes greater than 30x60 m are low yield.
Even still, with each attempt we have 1-3 akes over 30x60 m and several smaller area akes.
This compares to no large area akes and only a few small area akes without this method. A
diagram of the process is shown in Figure 3.1. We have continued to use this method because we
can consistently get akes that are usable and we do not have additional layers of gold or A3
that could interfere with our measurements.

The full paramters and procedure we use is as follows:

1. Clean a large SiQ wafer with acetone then isopropyl alcohol and blow dry with nitrogen. A

300m oxide layer works best for optical contrast with the 2D akes.

2. Spin coat the wafer in photoresist ( we used AZ5214E, spun at 5000rpm for 45 seconds),

then cut the wafers into 5x5mm pieces.
3. Sonicate the 5x5mm SiQ wafers in acetone for at least 1 hour.

4. In the nitrogen lled glove box, place a bulk FGT crystal on a piece of Nitto SPV224 tape
and exfoliate. Make sure to get a good rst layer and keep track of that one. Leave the tape

folded and in the glove box when nished.

10



Figure 3.1 1. Exfoliate and thin the FGT with tape 2.0 ; Plasma clean the SiQ substrate. 3.
Press the ake and tape against the SiQ substrate. 4. Heat the substrate, ake and tape with a
weight on top of the substrate. 5. Remove the tape, 2D akes will be left behind on the substrate.

5. O, Plasma clean the SiQ for 3 minutes at 120 watts, at a ow rate of 20 SCCM. Clean the

plasma etcher using these same parameters before inserting the SiO
6. Immediately after removing the wafers from the plasma cleaner store them under vacuum.

7. Quickly, ideally in less than 15 minutes get the wafers back to the glovebox and press the
exfoliated ake onto the wafers. It works best if you use the original, thinned cleave on the

tape.

8. Smooth out the piece of tape by pressing down with tweezers against the SjO Its helpful
to place the wafer on a larger glass slide. Carbon tipped tweezers work much better than

metal tipped for this.

9. Place the wafer/tape on a hot plate set to 100C, for 1 minute with a 500g weight placed on

top.
10. Remove the wafer/ tape and allow them to cool.

11. For 1 minute smooth the tape on the wafer with the tweezers and apply a little pressure.

11



12. Slowly pull the tape o. 2D akes should be left behind.
3.2 Deterministic Transfer of 2D Materials

To work with the FGT we must remove it from substrate it was deposited onto, and place the
ake onto another substrate or device, such as electrical leads. Originally we had tried simply
using PDMS as explained in section 2.2, however this did not work because we were unable to
deposit FGT onto PDMS.

Another frequently used method of deterministcally placing akes of 2D materials is the
"pick-up method" [12, 13, 17]. The pick up method uses a drop of polypropylene carbonate
(PPC) in place of the PDMS. The drop of PPC is pressed against the 2D ake and heated to
make it stick to the PPC then lifted o the surface. The ake and PPC can be reheated to either
pick up another ake, or release it onto the target substrate. We ended up pursuing a variation of
this method using drops of nitrocellulose instead of PPC [18, 19]. The process is shown in
Figure 3.2 and Figure 3.3

The full procedure is as follows:

1. Place the target substrate covered with FGT in the deterministic transfer system stage.

Make sure it is secured down.

2. Using the tip of a syringe place a small drop of nitrocellulose (Revlor? Clear 771) near the

end of a glass slide. The drop should be round and only about 2mm in diameter.

3. Let the drop dry for 7 minutes, and load the glass slide into the deterministic transfer

system.

4. Lower the drop near the surface of the substrate and the target ake. The drop should act
as a lens magnifying the ake. Align the target ake at the focal point of the drop, this is

close to where the drop will rst make contact with the substrate.

5. At the end of the 7 minutes, lower the drop into contact with the ake and a small area

around it. The region in contact will appear yellow under the microscope.

6. Wait for 20 minutes and let the nitrocellulose dry

12



10.

11.

12.

13.

14.

After the end of the 20 minutes quickly raise up the nitrocellulose on the slide.
Adjust the focus of the microscope to see if the ake of FGT was picked up.

Remove the substrate with the akes of FGT and replace it with substrate the ake will be

placed onto.

Align the ake to the desired position and lower it into contact.

Heat the substrate to 110C and let it sit for 3 minutes to melt o the nitrocellulose
Raise up the glass slide, the nitrocellulose and ake should release onto the substrate

Dissolve the nitrocellulose away by placing substrate in acetone for 2 minutes, gently
swirling it. Quickly remove it and place it in isopropyl alcohol for 1 minute. Remove and

gently blow dry with nitrogen.

Repeat for each additional layer

13



Figure 3.2 The process for deterministically picking up a 2D ake (1) The FGT ake is deposited
onto a SiO, substrate (2) The nitrocellulose stamp is pressed onto the FGT ake. The yellow
region is where the stamp has made contact with the Si@ and ake (3) The ake is lifted o the

substrate and sticks to the stamp,

14



Figure 3.3 The process for determistically placing the 2D ake. (4) The ake of FGT is aligned to
the target position and pressed into contact. (5) The substrate and stamp are heated to 11,
metling o the stamp. (6) After soaking the device in acetone and isopropyl alcohol the ake is
left on the device.
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CHAPTER 4
MAGNETIC PROPERTIES OF BULK AND THICK FGT

4.1 Magnetometry on Bulk FGT

We used a Quantum Design SQUID magnetometer (MPMS3) to characterize the temperature
and magnetic eld dependent magnetization in the FGT bulk crystal. In a SQUID magnetometer,
the sample is moved through a SQUID, creating a voltage dependent on the magnetic moment of
the sample. By conducting magnetometry measurements we can extract the Curie Temperature
(T ¢) and the magnetization under di erent conditions. The measured FGT was purchased from

HQ Graphene.

@ (b)

Figure 4.1 (a) Field-dependent magnetization isotherms (b) At 1.8K there is clear hysteresis in
the magnetization. The hysteresis rst occurs below 25K, which is far below the temperature
region we are interested in. The magnetic eld was swept at 0.005 T/s. Data collected by Farai
Mazhandu.

Figure 4.1 shows results from measuring eld-dependent magnetic moment at di erent
isotherms. At low elds, small changes in eld create larger changes in magnetic moment than at
higher elds. This is because as magnetic moments align, there are less remaining magnetic
moments to align so the e ect is smaller. At 1.8K the magnetic hysteresis is distinct
(Figure 4.1(b)), however is rst observable below 25K, which is much colder than where

skyrmions form according to Figure 1.4. The magnetic moment curves also have a clear change in
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slope at low elds around 200K, which is close to the Curie Temperature T¢). This can be seen
in Figure 4.1(a) but is clearer in Figure 4.2 where the magnetic moment is plotted as a function of
temperature. Figure 4.2 shows a sharp change in magnetic moment at 196K, which is thg..

This is made clearer by the plot inset in Figure 4.2 which shows the change in magnetic moment
with respect to temperature as a function of temperature.

The magnetic moment of FGT also depends on if the sample is eld cooled (FC) or zero eld
cooled (ZFC). Figure 4.2 shows the magnetic moment is higher if the sample is eld cooled. The
sample was cooled at a eld of 0.1T. At temperatures warmer than theT. the magnetic moment
is the same. This is because the FGT is in a paramagnetic state abovg. and then becomes
ferromagnetic belowT.. The di erence below T, occurs because under zero eld the magnetic

domains are randomly oriented whereas under eld cooling the domains align.

Figure 4.2 The magnetization changes depending on if the sample is eld cooled (FC) or zero eld
cooled (ZFC). The temperature was swept at a rate of 5K/min. The eld was 0.1T for the eld
cooled measurements. Data collected by Farai Mazhandu.

Recall in Figure 1.4, the magnetic phases are di erent depending on if the sample is eld
cooled or zero eld cooled. This makes sense given Figure 4.2 shows that the magnetic moment

changes depending on the cooling procedure.
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The magnetic moment data of bulk FGT will primarily be helpful for electrical transport
measurements on FGT to help extract the Topological Hall E ect, which will be explained in Sec
4.3. Thin akes create too small of a signal for the MPMS3 to detect so for magnetic moment
measurements we need to use the bulk FGT crystals. For MFM this will help identify the where
on a hysteresis curve we are measuring. This will change for thin FGT but can serve as a starting
point. The di erence in magnetic moment shown in Figure 4.2 also con rms that eld cooling vs

zero eld cooling will lead to di erent results.

4.2 Magnetic Force Microscopy on Thick FGT

4.2.1 Magnetic Force Microscopy Overview

Magnetic Force Microscopy (MFM) is a scanning probe technique that can be used to image
magnetic domains such as skyrmions. MFM starts by taking a tapping mode Atomic Force
Microscope (AFM) measurement, which involves dragging a micro-scale tip on a cantilever across
the surface of the sample. The tip taps the surface of the sample as it moves and measures the
topography of the sample. Then, the tip is raised o the sample by about 20nm and follows the
same path that was just traced out. While the tip scans, it continues to oscillate, but because the
tip is magnetized the resonant frequency of the oscillation changes due to the local magnetic eld.
By measuring this change in resonant frequency we can image the magnetic eld gradient; this is
called a Phased Locked Loop(PLL) measurement. The dual pass technique (AFM then PLL)
removes the e ect of topography on the measurements, ensuring that magnetic features are not
caused by changing surface roughness. The MFM tip continues into raster scan the sample and
stitches the image together. A diagram showing the MFM measurement process is shown in
Figure 4.3. For our measurements we are using a Attocube Attodry 2100 cryostat and the
Attocube MFM sample stage. An optical microscope next to the MFM is used to position the tip
over the ake at room temperature. This needs to be adjusted after moving the MFM insert into
the cryostat and cooling down.

It's important to note that MFM cannot measure individual atomic magnetic moments so can
not truly identify a skyrmion. Instead the MFM measures the local magnetic eld gradient.
However, if its known through other measurement techniques (such as LTEM) that skyrmions

form under the same conditions in the same material, we can extrapolate the images are
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skyrmions. MFM is particularly well suited to imaging magnetic domains over a wide range of

magnetic elds and temperatures.

(@ (b)

Figure 4.3 (a) Atomic force microscopy measures the topography of the sample by tapping across
the surface of the sample (b) For MFM we then raise the tip 20nm, trace the same path we just
measured and measure the change in resonant frequency of the oscillating tip due to the local
magnetic eld.

4.2.2 Magnetic Force Microscopy on Thick FGT results

The thick FGT/hBN heterostructure is about 1.5 m thick as measured by the AFM scan.
Note that there is a thin ake of hBN capping the FGT to prevent oxidation. The magnetic
textures are signi cantly less de ned then in thin FGT that will be shown in Section 5.2. Itis
unclear whether the thick ake of FGT is in a labyrinth, striped, or mixed magnetic domain.
However, the MFM image does demonstrate that even thick FGT still has a non-uniform
magnetization. If we want to clearly image skyrmions or observe stripes and labyrinths, we need
to use a thin ake of FGT, this will be further shown in chapter 5. Unfortunately the exfoliation

process yields more thick akes, meaning we do have to be very selective with the akes we use.
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