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ABSTRACT

SPIN ORIENTATIONS AND SPIN-ORBIT TORQUE IN
MAGNETIC NANOSTRUCTURES

In this thesis three different spintronic devices and their static behaviours are
studied under external magnetic field or applied current. We started to work on the
static properties of magnetic antivortices, formed in a special geometry called astroid,
and achieved stable antivortex nucleation, annihilation and manipulation. We also

observed the response of antivortex to the external magnetic field.

Another study was the observation of magnetic radial vortices in the presence
of interfacial Dzyaloshinskii-Moriya interaction (i-DMI) in Pt/CoFeB/Ti nanopillar
multilayers. By tuning the magnetic anisotropy via interface engineering and postpro-
duction treatments, we achieved to stabilize a variety of magnetic configurations such

as Néel skyrmions, horseshoes and radial vortices at room temperature and under zero

bias field.

Lastly, we have focused on the observation of self-torque of (100) oriented IrMnj
antiferromagnet. We observed the exchange field shift with respect to applied current.
Additionally, we studied the effect of spin orbit torque by measuring DC current de-
pendence of Hall bar resistance. The efficiency of different types of heavy metals, which
have different spin Hall angles, was studied to compare their resistance variation of the

device.
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OZET

MANYETIK NANOYAPILARDA SPIN YONELIMLERI VE
SPIN YORUNGE TORKU

Bu tezde ti¢ farkh spintronik aygitin statik ozellikleri, uygulanan dig manyetik
alan ya da akim atmasi altinda incelendi. Astroid olarak isimlendirilen geometride
olugan manyetik antivorteksin statik ozelliklerini incelemek ile ige bagladik. Kararli an-
tivorteksi dig manyetik alanla olugturmay1 ve yok etmeyi basardik. Ayrica antivorteksin

dis manyetik alana verdigi tepkiyi inceledik.

Bir diger ¢aligmamizda, Pt/CoFeB/Ti ¢ok katmanli nano-siitunlarda arayiizey
Dzyaloshinskii-Moriya etkilegimi (i-DMI) sayesinde olugan manyetik radyal vorteksi
gozlemledik. Cok katmanl filmin manyetik anizotropisinin, tiretim agsamalarinda maruz
kaldig1 kosullarin yardimi ile degistirilebilmesi sonucunda kararli Néel skyrmion, atnali
ve radyal vorteks gibi manyetik konfigiirasyonlar1 oda kogullarinda sifir dig manyetik

alan altinda gozlemledik.

Son olarak 6zellikle (100) kristal yonelime sahip IrMng antiferromiknatisinin 6z-
torkunun gozlemlenmesine odaklandik. Degis-tokug alaninin, uygulanan dig akim at-
malar1 ile orantili sekilde kaymasini gozlemledik. Ayrica Hall bar geometrisine sahip
aygitin, spin orbital torku etkisinden kaynakli DC akima karsi direncindeki degigimini

caligtik. Farkli spin Hall acili agir metaller kullanarak verimliliklerini kiyasladik.
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1. INTRODUCTION

Magnetism has a long history dating back to ancient times. It had many appli-
cations in the past and still has great pottential for future technology [9]. Magnetic
materials can be classified as diamagnets, paramagnets, ferromagnets, ferrimagnets and
antiferromagnets as whose spin configurations are as shown in Figure 1.1. Magnetism
plays a significant role in spectacular physical phenomena in which spins of electrons

may exhibit unique characteristic behaviour with external magnetic field.

Diamagnet Paramagnet Ferromagnet Ferrimagnet Antiferromagnet

Without external magnetic field
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Figure 1.1. Spin orientation in magnetic materials

Origin of magnetism stems from orbital and spin angular moment of their mutual
interactions. Heisenberg shown that Pauli exclusion principle is responsible for ferro-
magnetism in 1929 [10]. Ferromagnetic materials (FM) can display unusual behavior
under applied external magnetic field or current which motivated their study over half
a century. They are considered to be technologically essential materials for their po-
tential spintronic applications such as magnetic sensor, detector and memory due to

their nonvolatility and easy manipulation [11].



Figure 1.2. Schematic drawing of the Magnetization dynamics driven by the

Landau-Liftshitz equation(precession term) [1]

1.1. Magnetization Dynamics LLG Equation

Today’s data storage technology is far from satisfying the current requirements
in terms of data storage capacity, scalability, write and read speeds etc. Therefore lots
of research groups are still trying to build new data technologies with benefits such as
less power consumption, high durability and compatibility with current complemen-
tary metal oxide semiconductor (CMOS) technology. For the spintronic applications,
understanding spin dynamics is an essential ingredient. Traditional electronic appli-
cations utilize electronic properties of the electron, however spintronic based devices
also utilize spin properties of the electron. With less consumption of power, spin infor-
mation can be transferred from one point to another with or without charge transfer.
Landau and Lifshitz proposed an equation to explain magnetization precession in 1935.
Magnetization switching dynamics provide means for writing and reading the informa-

tion in magnetic memory based applications [12]. Equation of motion for dynamics of



spin can be represented by the following Landau-Lifshitz (LL) equation:

—— = —y(M x He) (1.1)

where M is the magnetization (the magnetic moment per volume), ~ is the gyromag-
netic ratio and Heg is the effective magnetic field which takes into account anisotropy
(H,), demagnetization (H,), exchange (H,,) and external applied field (Hgp)):

— — —

Her = Hy + Hy + Hep + Hypp- (1.2)

Landau-Lifshitz model assumed that total magnetic moment is related to the total
angular momentum. Furthermore it experiences the net torque resulting in pecessional
motion [9]. As a result the magnetization vector precesses around the effective mag-
netic field as shown in Figure 1.2. But in reality magnetization precession magnitude
gradually decreases with time and LL equation was modified by Gilbert in order to
account for damping. When Gilbert damping parameter is introduced, magnetization

vector follows the trajectory shown in Figure 1.3.

The LLG equation becomes:

dM - - ag (o dM
W = —h/’M X Heff + MS (M X E) (13)

where ag is the Gilbert damping parameter and M, is the saturation magnetiza-

tion.

From experimental point of view one of the common techniques to study mag-
netization dynamics is ferromagnetic resonance (FMR). FMR can be defined as the
collective dynamics of spins in ferromagnets where the magnitude of the spin wave
amplitude is infinitely large under external magnetic field. Resonance occurs when the

frequency of the external ac field matches with the precession frequency of magneti-
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Figure 1.3. Schematic drawing of the Magnetization dynamics driven by the

Landau-Liftshitz-Gilbert equation(precession, damping terms) [1]

zation in the ferromagnet [9]. This was first observed experimentally by Griffiths in

1946 [13)].

1.2. Micromagnetic Structure and DMI

Magnetic configuration is affected by size, thickness and shape of thin films lead-
ing to different energy terms and material properties. This property enables manufac-
turing spintronic devices like magnetic memory elements, nano-RF-oscillators, detec-
tors and magnetic sensors. They are soft magnetic materials which have weak magne-
tocrystalline anisotropy energy and therefore allow various configurations of magnetic
microstructures when fabricated into small dimensions like a couple of microns or

smaller (nano-magnets).

One such magnetization configuration called antivortex that has a core with out
of plane polarization around which the magnetization curls away from the core. Such

states have been shown to exist in larger films together with vortices (like in cross-tie



Figure 1.4. Astroid geometry

walls) but have been hard to isolate unlike vortices [14-16]. Antivortices form stray
fields and therefore are difficult to stabilize. Several geometries, such as astroid shown
in Figure 1.4, have been suggested to lead the flux lines so that an antivortex can be
stabilized at the center of the film [7,15,16]. In Figure 1.5, magnetic force microscopy
(MFM) image of an antivortex is shown at the center of an astroid, a double 8-like
geometry which allows closure of magnetization lines and favors the formation of an
antivortex at its center [7,16]. Stabilizing the antivortex depends not only on the
geometry but also on the production and post-production conditions [7,15] and is a

challenging task.

In this thesis, the first study was regarding the stability of antivortices at the
center of patterned nanomagnets. The characteristics of antivortex formation are
studied through micromagnetic simulations and after determining a suitable geome-
try, nanomagnets were manufactured using DC magnetron sputtering and lithography

techniques.

Exchange interaction together with anisotropy in magnetic materials results in
collinear spin alignments whereas with broken inversion symmetry, strong spin—orbit
coupling at the interfaces of heavy metal (HM) and FM layers, the Dzyaloshinskii-Moriya

interaction stabilizes helical magnetic order such as magnetic skyrmions, particle-like
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Figure 1.5. Magnetic Force Microscopy image of an antivortex located at the center
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Figure 1.6. Micromagnetic simulations of a) Néel skyrmion, b) horsehoe and c) radial

vortex



chiral spin textures that are topologically isolated and can be manipulated with rela-

tively low current densities [17].

Bulk DMI arises as a result of lack of inversion symmetry in chiral magnets,
whereas the interfacial DMI (i-DMI) stems from the interaction between ferromagnetic
atoms and strong spin-orbit coupling (SOC) atoms of an adjacent heavy metal [18,19].
[-DMI strength is parameterized by a constant D and can be incorporated into the
effective field in Landau-Lifshitz-Gilbert (LLG) equation competing with other energy
terms such as exchange, anisotropy and magneto-static energies. The resulting mi-
cromagnetic configuration in systems with i-DMI can lead to a range of interesting
canted spin orientations such as Néel skyrmions [20,21], horseshoes [21,22], spider-web
domains and radial vortices [21,23]. These spin structures are demonstrated by sim-
ulations in Figure 1.6 and experimentally observed in 60 and 15 repeat multilayers of
Pt(5)/CogoFegoBao(1)/Ti(1) partially and fully patterned nanopillar disks (all thick-
nesses in nm). The disk diameter, i-DMI strength D and magnetic anisotropy play the

prominent role in determining the resulting magnetic configuration.

As a second objective this project focuses on the effects of DMI at the surface of
the nanomagnet by depositing a strong spin-orbit coupling heavy metal like Pt, W or
Ta underneath the magnet. Effects are studied via direct observation of skyrmions at
the surface. Understanding and therefore controlling the micromagnetic configurations
in nanomagnets is a challenging task however it opens a window of opportunities in
functional nanodevices. I aimed to shed light on the formation and functionality of

nanomagnets having antivortices and skyrmions.

1.3. Magnetization Dynamics Driven by Spin Torque

In order to understand the dynamics of magnetic materials, in the presence of an
electrical current we need to work with the final version of magnetization dynamics
equation called Landau-Lifshitz-Gilbert-Slonczewski(LLGS) equation, schematically
shown in Figure 1.7. The initial equation of Landau and Lifshitz predicted the preces-

sion motion of the magnetic moment under the effective magnetic field. The equation
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Figure 1.7. Schematic drawing of the Magnetization dynamics driven by the
Landau-Lifshitz-Gilbert-Slonczewski equation(precession, damping and spin torque

terms) [1]

was modified by Gilbert who added the term describing the damping, and finally the
effect of the spin polarized current was added with the spin-transfer torque (STT) term

by Slonczewski and Berger independently [24,25].

LLGS equation can be written in the following simplified form where 7g7r is the

term representing the spin-transfer torque.

dM L ag [ - dM
M (0 d, ) Mx 22 47 1.4
I 7( X Hef +MS ( X dt>+TSTT (1.4)

Spin-transfer torque has two contributions which can be defined as 77, field-like and

Tpr, anti-damping torque:

TsTT = TFL + TAD (1.5)



TrL, =M pP=—
a (1.6)
Tpr, = M X (m X ]7) = E

Whichever will dominate is determined by the spin-carrier lifetime of the material,
whether the spin has enough time to precess around the local magnetic moments or not.
If we have low spin-carrier lifetime, there is no or very little time for precession, resulting
in the field-like torque, Trr, where spin polarization of the delocalized electrons acts
as an effective field on the localized moments. If we have high spin-carrier lifetime,
there is significant precession resulting in anti-damping torque,7s,,, , where the angular
momentum of the polarized electron spin is transferred to and exerts a torque on
the local magnetic magnetization [2]. Field-like STT can only cause precession of
local magnetic moments whereas anti-damping STT might cause switching/flip of local
moments or high frequency oscillation of magnetic moments. The direction of the spin
polarization can be written in the following form.

— -

ﬁ: Je X Jg (17)

Unlike the case with spin valves where the electrons are polarized through the fixed
layer, this results in pure spin current which is expected to be more efficient, meaning
less power consumption. The spin carrier lifetime is a material dependent parameter,
but generally we observe anti-damping torque as dominant and field-like torque gives

a small correction.

The physical phenomena which are the primary sources of action in our exper-
iments are spin-orbit coupling (SOC), spin Hall effect (SHE) and spin-orbit torque
(SOT). Spin-orbit coupling is a quantum mechanical effect due to the interaction be-
tween the electron’s spin and the electromagnetic field generated by the electron’s
orbital motion. It allows us to manipulate the spin without the aid of a magnetic field,
and it is especially strong in heavy metals as its strength goes by the forth power of

atomic number, Z4, which can be derived by a simplistic perturbation theory. SHE
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Figure 1.8. Schematic representation of anti-damping and field-like torques. a) In the
case of anti-damping torque, absorption of the transverse part of the spin current
rotates M towards the direction of m, and b) in field-like torque, M precesses about

the exchange field created by m

was predicted by two Russian physicists M.I. Dyakonov and V.I. Perel in 1971 [26].
It is analogous to classical Hall effect. However in this case an electric current gener-
ates a transverse spin current which leads to accumulation of spins of opposite signs.
Just like STT in spin polarized charge current, such pure spin current can be utilized
to manipulate magnetization via spin orbit torque. SHE is caused by high SOC and

occurs without an external magnetic field.

Exciting vortex dynamics is possible via a spin polarized direct current (DC).
This can be achieved by using a spin-valve structure as shown in Figure 1.9 in which
a dc current injected through the first ferromagnet (permalloy, Nig;Feg, in this case)
becomes spin polarized depending on the direction of magnetization in the layer. This
current then exerts a torque on the magnetization of the second layer [27]. Vortex
dynamics triggered this way is not only due to the torque, but also due to magne-
tostatic interactions between the layers [28]. Vortex nucleation can be induced via a

nanocontact in similar multilayer structures. In such a device spin polarized current
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Figure 1.9. Spin valve Structure

is injected through nanocontact region(s) between the magnetic layer and the metallic
layer above it instead of the whole area [27,29,30]. The application of a DC current
through the device nucleates vortices near the nanocontact and excites high frequency

oscillations of the vortex core [27].

1.4. Antiferromagnets

Another class of materials potentially interesting for spintronics are antiferromag-
nets which have spontaneous magnetization of two sublattices with opposite directions
below a critical temperature called Néel temperature, T. As a result, they have no
net magnetization and act like paramagnets in the sense that their susceptibility is
positive but very low, and it increases with temperature below Néel temperature and

above Néel temperature they have a phase transition to paramagnetism [31].

Recently there has been a renewed interest in AFMs for potential use in spintronic
devices. In the famous Nobel lecture by Néel, AFMs are called therotically interesting
but useless. Indeed AFMs found limited application in magnetism up until now. They
have been used to harden ferromagnetic layer, forming the fixed layer in spin valves by

the interaction called exchange bias which was discovered by Meiklejohn and Bean in
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Figure 1.10. Typical temperature dependence of magnetic susceptibility for a)
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General Electric Laboratories in 1956 [32]. In order to use AFMs spintronic devices, we
need to be able to read and write. Just like FM spintronic devices, antiferromagnetic
spintronic devices need giant magnetoresistance (GMR) or tunneling magnetoresistance

(TMR) like effects to read and spin torque effects to write.

Unfortunately, STT originating from spin polarized current cannot be used to
write AFM memory as it can be seen in Figure 2.26 with a calculation of torque
directions in a FM/AFM bilayer system. The spin polarized current only flips the
magnetization of AFM moments from parallel to perpendicular configuration once and
they cannot be switched back by changing the current direction in either case of anti-
damping or field-like torque being dominant.This is where the SOT originating from
SHE comes into the story.

In addition to possible spintronic applications, there are other significant advan-
tages of antiferromagnets over current ferromagnet based technology such as AFM’s
insensitivity to external magnetic perturbations thanks to their low susceptibility; and
their potential for high density storage. This is possible due to their zero net mag-
netization which prevents any stray fields, there is no magnetic cross-talk between

neighboring bits. AFMs also provide magnetic cloaking which means stored informa-
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Figure 1.11. a,b) STT on AFM through spin polarized current from FM layer c,d)
SOT on AFM through pure spin current from normal metal [2].
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tion is invisible to magnetic probes and insensitive to common magnetic fields. AFMs
have super radiation hardness allowing them to be used for space memory applications.
It is theoretically predicted that they have equivalent responses/effects of GMR, STT,
spin pumping, etc. Enabling the possibility of their usage as magnetic tunnel junction

(MTJ) and spin valve devices.

AFMs could also provide intrinsic high frequency, on the order of terahertz, dy-
namics, which would enable the manipulation of motion of the charges on the fem-
tosecond timescale, ultrafast control of the spin degree of freedom. THz dynamics also
implies higher quality factor meaning sharp oscillations and less damping resulting in

a lower rate of energy loss.

Characterization of the materials which we are going to use to fabricate the
aforementioned devices is explained in Chapter 2. Different methods for patterning the
thin films and manufacturing different types of devices are given in detail in Chapter
3. The study on the magnetic antivortices is given in Chapter 4. Several magnetic
configurations from radial vortices to Néel skyrmions are thoroughly illustrated in
Chapter 5. Lastly, the work on the antiferromagnets, especially (100) oriented IrMng,
is described in Chapter 6. All in all, this thesis provides a perspective for future

investigations on spintronics and antiferromagnetic spintronic.
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2. MATERIAL CHARACTERIZATION

2.1. Thin Film Deposition

2.1.1. Deposition Rate Calibration

We choose to lay the groundwork to experiments by characterizing the materials
we use. In order to have precise control over the thicknesses of the materials, we
devised a systematical procedure for the calibration of thin films. For this, we started
by designing the specific samples called calibration grating. The purpose with this
design is to directly measure the thickness of thin films so that we can produce devices
in the exact thicknesses needed. Also the uniformity of the thin film has to be checked,
so an array of approximately a hundred patterns used for calibration. As a result,
calibration grating design is basically an array of the same pattern consisting of steps
with different widths indicating how the deposition works with different features. The
design of the samples are drawn on the software, Layout Editor shown Figure 2.1, that
is generally used to create the input for the final lithography instrument that will write

the pattern to the substrate.

After the design, the production process, shown in Figure 2.2 is followed. The
design feature size is in micrometers, shown in Figure 2.3, photolithography precision
suffices for calibration procedure. Lithography technique can be conducted by two
ways either using a photomask along with a mask aligner or laser writer. A photomask
is a fused quartz plate with chrome film on top allowing light to shine through in a
defined pattern. It has 1:1 dimensions of the original design but it can be exactly the
same or mirror image of the design according to the type of process, direct lithography
or image reversal, respectively. Direct photolithography process, also called positive
lithography, involves single exposure to the sample with the photomask and a single
bake (pre-bake); the parts that come off when developed will be the places that had
been exposed, open areas on the mask. On the other hand, for image reversal, also

called negative lithography, there will be two exposures and two bakes (pre- and post-
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Figure 2.1. Calibration grating design drawing with Layout Editor software

bake). First one will be with the mask and the second exposure will be a flood exposure
without a mask. As a result, the places that will come off will be the unexposed parts
(chrome parts on the mask). Image reversal is a commonly used process and preferred

to direct lithography as it provides sharper features.

The photomask provides as the base for pattern generation and it will be used in
a mask aligner, under UV light in the photolithography step to write the patterns to
the substrates. Another way is to use a laser writer shown in Figure 2.4b and directly
write the pattern to the substrate.The resist coating, by spin coater shown in Figure
2.5a, and exposure procedures are the key points for pattern generation. After exposing

and developing, shown in Figure 2.5b, the sample is ready for deposition.

As an example of direct photolithography process, AZ5214E photoresist is coated
at 4000 rpm for 45 seconds and baked at 105 °C for 1 minute. The sample is exposed
under mask for 4.5 seconds. After the exposure, developing the sample is followed by
soaking it in AZ 726 MIF Developer for 35 seconds. DI water is used as a stopper for
chemical reaction. In case of a patterning process with the laser writer, Shipley S1813
positive photoresist is used under 3000 rpm for 45 seconds and baked at 115 °C for 1

minute and then exposed. It is developed for 45 seconds in CD 26 and water is used.
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Figure 2.2. Steps of calibration grating sample production a) Precleaning of Si
substrate, vibration inside first acetone and then isopropanol, ends with Ny blow dry.
b) Resist coating with spin coater. After the coating of appropriate resists, the
substrate is either ¢) exposed in a mask aligner under a photomask or d) directly
exposed in a laser writer with UV light. Both options are followed by e) developing
the resist by soaking it in a specific chemical and sample is ready for f) material
deposition by magnetron sputtering, lastly g) Lift-off with acetone and cleaning any
residue by vibrating inside isopropanol and blow drying with nitrogen gas. With this,
substrate has only the calibration grating patterns left, ready for thickness

measurement with profilometer



18

a 2000 pm b 810 um

il e

—_
200
———
400
600
800
1000

50

Figure 2.3. The calibration grating design, all dimensions given in micrometers. a)

the part of an array, b) single pattern

SERWRITER LWA05 ———
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Figure 2.5. a) Spin coater in a filtered room of the clean room. Resist drops are

applied to the center of the substrate while it is either spinning at low speed or not
spinning at all. The substrate is then rotated at high speed to spread the resist by
centrifugal force, and as a result it is coated. b) Microscope image of a calibration

grating sample after we found the right parameters and successful developing.

Following the determination of proper exposure and spin coating, we proceed
with the material deposition. Materials are deposited in AJA Sputtering system in
Ar environment. Sputtering is a deposition process where particles are ejected from a
solid material called target, due to bombardment of the target by energetic gas ions,
in a vacuum chamber. This is possible with the generation of plasma state on top
of the target material with the aid of DC voltage applied (AC voltage for insulators,
RF sputtering) through the material. Ejected particles are deposited onto whole inner

surface of the chamber and substrate.

The opposite of the sputter deposition process is the ion milling process where
accelerated ions hit the surface of the substrate, hence etching away the material. Ion
milling can be used as a way of cleaning the substrate surface or for patterning with
different techniques as the etch rate differs from material to material like sputtering

rates.

The optimal operation condition for the sputtering system is 2 mTorr Ar pressure,
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Figure 2.6. Vision64 software for DektakXT Stylus Profiler which is equipped with a

microscope. We choose a random set of calibration gratings from top, bottom and

middle of the sample, we measure the section from the middle of the pattern

5x10~8 Torr base pressure and 5 sccm gas flow rate. For the contact layer, Au is used.
Conditioning is carried out for 5 minutes as the natural oxide layer on top of metals
also influences the deposition rate and uniformity of thin film. Conditioning is done in
the following way: before sputtering process power should be turned on, igniting the

plasma, without opening the shutter for the required duration.

After deposition calibration, the sample is taken out from the vacuum chamber
of system and put in acetone for the lift-off process. At this point sample is vibrated in
ultrasonic bath with acetone and isopropanol respectively. If there is any resist residue
after lift off process, oxygen plasma which etches organic materials can be used. As
an alternative method for removing residue is to ion mill just before deposition inside

vacuum chamber.

Thickness measurement for calibration grating is done by profilometer, shown in

Figure 2.4a, an instrument to measure a surface’s profile. It measures profile by moving
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Figure 2.7. Measurement of a section with cursors after the levelling the data. The

thickness is read with respect to the adjacent plateaus.

a stylus across the surface while making contact with it. The sample is placed onto
chuck. The equipment is connected to a computer and Vision64 software is installed for
DektakXT Stylus Profiler with an embedded microscope shown in Figure 2.6. Adjust-
ment may be needed for the position of the sample to align the steps so that they will
be perpendicular to the stylus scanning direction. Random set of calibration gratings
from top, bottom and middle of the sample are scanned to figure out the uniformity of
the film. The force applied by the stylus onto the surface and the speed with which it
scans through the designated length according to the material may be adjusted to get

accurate measurement result. As an example of profilometer is shown in Figure 2.7.

For thickness calibration AJA sputter system is used with typical power setting
for sputter deposition about 100 Watts DC power sources. All sputtering processes are
done with 5 sccm Ar flow rate and at 2 mTorr Ar pressure. The resulting deposition

rates are given in the following Table 2.1.
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Table 2.1. Typical Deposition rates of materials for different power values

Target | Pressure (mTorr) | Power (Watt) | Sputter Rate (A/sec)
Ti 2 100 0.343 £+ 0.01
Ta 2 100 0.703 = 0.01
Ta 2 40 0.251 £ 0.01
Pt 2 100 1.074 £ 0.01
Au 2 80 1.907 £ 0.01
Cu 2 20 0.795 £ 0.01
Cu 2 20 0.312 £ 0.01
IrMn 2 100 1.004 £ 0.01
IrMn 2 20 0.414 £ 0.01

2.1.2. Ton Milling Rate Calibration

For the calibration of ion mill rates, the following procedure is carried out. While
sputtering the material for deposition calibration, we put another wafer full of calibra-
tion gratings beside the original one (or use a big wafer and cut the half of it after
the deposition). After we are done with the calibration of deposition rates of all ma-
terials, we know the thickness of the material on the other wafer. We use this already
deposited calibration gratings for ion mill calibration. We put it back into vacuum
chamber and mill for a while according to an approximate rate. Then we take it out
and again measure in the profilometer to determine how much of material was milled
by measuring the new thickness and subtracting it from the first one. one should be
note that the wafer ion mill calibration will still have photoresist on it, but the resist is
very thick, on the order of 1 micrometer, so it does not affect the result even if some of
it gets milled down. Most of the resist is still left which can be removed it with lift-off

as in the case of the deposition calibration.

After deposition rates, ion milling rates of all materials are calibrated with typical
milling parameters; 300 V beam voltage, 60 V accelerator voltage, 12 mA beam current

at 2 mTorr Ar pressure. Silicone grease is used between wafers and sample stage for



23

Table 2.2. Typical Mill rates of materials for standard ion mill parameters of system

Target Pressure Beam Accelerator Beam Ion Milling
(mTorr) | Voltage (V) | Voltage (V) | Current (mA) | Etch Rate (A/sec)
Ti 2 300 60 12 0.358 4+ 0.01
Ta 2 300 60 12 0.323 £+ 0.01
Pt 2 300 60 12 0.510 £+ 0.01
Au 2 300 60 12 0.524 £+ 0.01
Cu 2 300 60 12 0.351 + 0.03
IrMn 2 300 60 12 0.305 £+ 0.01

better heat conduction and the milling is operated with shutter 30 open/ 30 closed
seconds to prevent the resist from getting hard baked. After the sample is taken out
of the chamber, the unpolished backside of the wafers is wiped with isopropanol to
remove silicon grease. This is done so that thin film does not get contaminated with
grease during lift off procedure. The resulting mill rates are given in the following

Table 2.2.

2.2. Electrical Characterization

For experiments and simulations of devices, the electrical properties of materials
should be characterized. Required procedure involves two lithography and two sput-
tering steps which consist of overlapping patterns with alignment marks, first bow tie
and second the contact pads. The bow tie design is essentially a thin wire between two

contact area as shown in Figure 2.8.

After sputtering the material the sample taken out for lift-off (vibrate the sample
in acetone overnight and vibrate isopropanol and dry with nitrogen gas). then second
aligned lithography is done for gold contact leads by aligned (Midas mask aligner)
photolithography, by overlapping the matching patterns on each side of the sample.
After the coarse alignment is done, we check the alignment marks around each bow

tie pattern. Subsequently, we put the sample back into vacuum chamber 150 nm Au
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Figure 2.8. Optical microscopy image of contact pads over bow tie pattern before

deposition

is sputtered for the contact pads and sample production is concluded after the second

lift-off process.

Wafer piece is glued to resistivity option puck shown, in Figure 2.9, with GE
varnish (a specific adhesive chemical commonly used in vacuum on a range of very
high and very low temperatures; thinned with ethanol and toluene during application,
takes at least a day to dry). The sample is connected to Physical Property Measurement
System (PPMS) through LEMO cable connector. Sample is placed inside PPMS and
the resistance measurement is done. Obtained data is analyzed; we calculate the
resistivity of material after deriving the required formula with respect to the geometry

shown in Figure 2.10 of samples.

Our sample is not an ordinary cylindrical wire, we cannot use the ordinary equa-
tion used for Ohm’s law. So, we will use an integration implemented version of Pouillet’s

law. We start with ordinary resistance equation and derive the ones for our geometry
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Figure 2.9. Sample mounted onto the resistivity option puck with GE varnish, before

it is wirebonded to the corresponding channels such as 2V+, 2V

\\

\

Figure 2.10. The calculation variables given on a schematic trapezoid
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which involves trapezoid and rectangles. Ordinary Pouillet’s law,

= p— 2.1
R=p (2.1)
modified to integration becomes
dx
- = 2.2
R=p 1 (2.2)

where A is the cross-sectional area of our thin film. In this case, it is thickness t
multiplied with width y. Hence, the resistance for the trapezoid shape becomes,
dx
R=p | — (2.3)
y-t
where y = “T_ba: + b due to similarity. Using this relation, the resistance of a trapezoid

shaped wire is calculated with the following integration.

x=L
d
t =0 aTl' + b
And as a result, we get:
p L a
R=- In (- 2.5
t(a—Db) " (b) (2:5)

After we derived the equation of resistivity for trapezoid, we used the following equation

for the rectangle parts.

l

l
— . — 2.6
P (2.6)
We are done with derivation part and using the microscope images, an example shown
in Figure 2.11, we divide the sample geometry into rectangles and trapezoids in order

to proceed with the resistivity calculation. For this, we took precise x100 microscope

images and measured the dimensions with Leica microscope software.
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Figure 2.11. Bow tie resistivity measurement sample of Ta after it is wire bonded to

PPMS puck and connected to the rest of the circuit

[-V measurements are conducted at temperatures varied in the range of 10 K
and 300 K by Electrical Transport Option of PPMS (Physical Property Measurement
System) by Quantum Design. We calculated the geometric constants to extract the
resistivity values for each sample with the aid of microscope images. Finally, we deter-
mined the resistivities and plotted the resistivity versus temperature graphs shown in

Figure 2.12, 2.13, 2.14, 2.15 for Ti, Cu, IrMn, Ta materials respectively.

Ion mill thickness is the amount we mill after the second lithography before the
deposition of contact Pt, this was done in order to observe the effect of milling to the

quality of interface. As can be seen in Figure 2.12 for the case Ti.

The average resistivity values at room temperature for all materials except Au

and Pt are given in the following Table 2.3.



28

a b
80 100
® 1 1
]
m 2 2 e 2
) A 3 E 80f 4 3 -
o e ]
S60f o 4 1 . i &
S S
z ) S z 60} =" 8]
% 40 " ¢ % - ¢
-2 R L i [ ]
& 1 ¢ & aof e 4 ]
* 4]
20 1 1 1 20 1 1 1
100 200 300 100 200 300
Temperature (K) Temperature (K)
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Figure 2.13. Resistivity versus temperature graph for 4 samples of 50 nm Cu
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Table 2.3. Resistivity values of materials at room temperature

Material | Sample Thickness (nm) | Ion Mill Depth (nm) | Resistivity @QRT
Cu 2 15 12.4 + 0.1
Ta 2 15 30.0 £ 0.1
Til 2 15 67.4 £ 0.1
Ti2 2 3 60.8 £ 0.1
[rMn 2 15 96.6 £ 0.1

2.3. Magnetic Characterization with Vibrating Sample Magnetometer and

SQUID

After the thickness calibration of our materials and the determination of electrical
properties, we moved on to the magnetic characterization of our materials such as IrMn.
We want to detect Néel temperature of IrMn, the temperature at which IrMn goes
through phase transition and becomes a paramagnet. Since antiferromagnets have no
net magnetic moment, the presence of a ferromagnetic layer is necessary to identify the
magnetic properties of antiferromagnets. IrMn was reported to have good combination
of exchange fields, corrosive resistance and temperature stability when coupled with

NiFe [33).

PPMS Vibrating Sample Magnetometer (VSM) Option and SQUID (Supercon-
ducting Quantum Interference Device) magnetometer were used for magnetic moment
versus magnetic field measurements, software panel shown in Figure 2.16, and the cor-
respondent magnetization of the material was found by dividing the magnetic moments

with thin film dimensions, giving us the hysteresis loop of magnetic material.

For the characterization, IrMn/NiFe thin films were fabricated instead of solely
IrMn thin films. Exchange Bias is the shift in magnetic field axis in the hysteresis
loop. It occurs when an FM-AFM interface is cooled through the Néel temperature
in presence of an external magnetic field. The cooling process should start from a

temperature above Néel temperature and below Curie temperature. Curie temperature
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Figure 2.16. Moment versus field procedure for VSM measurement on DynaCool

MultiVU software by Quantum Design

of ferromagnetic material must be larger than Néel temperature. Hysteresis loop of
FM-AFM system generally shifts in the opposite direction of the external magnetic field
after the field cooling process. The magnitude of the exchange bias field is equal to the
average of the values of magnetic field which hysteresis loop intersects with magnetic
field axis [34]. The blocking temperature is the temperature at which the exchange
bias field goes to zero. Blocking temperature can be lower than Néel temperature or
can be around Néel temperature. Blocking temperature can be different from domain
to domain. This means that we can only talk about an average blocking temperature

for an antiferromagnetic material.

After the fabrication of the samples, Vibrating Sample Magnetometer (VSM)
measurements were done on PPMS. VSM systems are used to measure the magnetic
properties of materials as a function of magnetic field, temperature, and time. The
magnetic field is generated by an electromagnet. Temperature control is accomplished

through cryostat. When sample is placed inside the chamber and special VSM coil
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Figure 2.17. PPMS SQUID sequence for magnetization versus magnetic field

(hysteresis) measurement

set; a uniform magnetic field is applied meanwhile the sample undergoes vibration, i.e.
sinusoidal motion. The magnetic flux through the coil changes as a result of induced
magnetic moment of the sample and induces a voltage to the coils that is proportional
to the magnetic moment of the sample. In our system, we can change magnetic field
from 10 T to -10 T and temperature from 1.3 K to 400 K. The sequence shown in
Figure 2.17 is used for PPMS SQUID measurements.

Since antiferromagnetic materials do not have net magnetic moment we use an in-
direct method such as demonstration of exchange bias.In order to confirm the antiferro-
magnetic property of IrMn, we used thin film stacks of Si/SiOx(300nm)/Pt(5nm)/NiFe(3nm)/Cu(5

where (100) p-type silicon substrate is used and thickness t of IrMn is varied.

To obtain the exchange bias effect, IrMn should be grown on a <111> oriented
surface. The silicon wafers which are used in experiments were <111> oriented. Silicon
can be easily oxidized, and oxidized silicon loses its orientation and become amorphous.

To have <111> orientation for IrMn, one needs to get rid of oxidized surface of the
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silicon wafer. For this purpose, we have used RF bias techniques for sputtering and HF
spin (spinning the Si wafer at high rpms and pouring 18% Hydrofluoric acid solution
onto wafer for 15 seconds, after that the surface is washed with ethanol) in a spin
coater on silicon wafers. 7.5 nm thickness of IrMn is needed in order to provide large
exchange. It has been observed that exchange bias field is inversely proportional to the
thickness of the FM. However, if the FM layer is too thin, some discontinuities occur
on the interface therefore this relationship does not hold anymore. In case of the AFM

thickness; if it is over 20 nm, exchange bias field will be independent of AFM thickness.

The relatively higher blocking temperature of [rMn provides temperature stability
to it. However, thickness of the IrMn affects its blocking temperature. For thickness
above than 20 nm, the blocking temperature is in the range of 200-250°C [35]. Below
this thickness, the blocking temperature decreases with decreasing thickness and is
found about 130°C for 7.5 nm thickness [35]. For our measurements, we have chosen

the IrMn thickness to be 50 nm.

The silicon wafers are cleaned with RF substrate bias prior to deposition. De-
position is done under 500 Oe longitudinal magnetic field at 300 K and 3 mTorr Ar
pressure with 5 sccm Ar gas flow. 1, 1.5, 2, 3, 4, 5, 10, 15, 25 and 50 nm thick IrMn
films are used for each configuration. 10 W and 30 W powers are used for ultrathin

and thicker sample thicknesses respectively.

We have investigated how coercivity and exchange bias depends on temperature,
how HF spin process effects exchange bias and coercivity, training effect and the effect
of annealing in higher temperatures. HF Spin cleaning process is done to observe any
effect on the exchange bias and coercivity of the sample. We had a control sample
which we did not apply HF spin. There were also two sets of measurements; the one
measured after field cooling (FC) and the one with zero field cooling (ZFC). For zero
field cooling, we cooled the samples from 300 K to 4 K without any magnetic field; and
we cooled the samples under 1 Tesla external magnetic field for field cooling. Then we
measured their magnetization in different temperatures: 8 K, 50 K, 100 K, 150 K, 200

K, 250 K, 300 K. Figure 2.19 and Figure 2.20 shows the magnetization vs. magnetic
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Figure 2.18. Effect of HF on a) coercivity and b) exchange bias field

field graphs of HF-spun and not-HF-spun samples for each temperature and each of
the graphs contains both FC and ZFC. The resulting data were plotted, coercivities
and exchange bias fields for these samples in different temperatures are given in Figure

2.18.

It is seen from the graphs that coercivity is higher in the sample with HF spin
for each temperature and there is no remarkable amount of change in exchange bias

magnitude whether it is HF spun or not.

We can see that coercivity increases with decreasing temperature. We plotted
coercivity values for ZFC and FC for different temperatures in the same graph in order
to see how coercivity was affected from field cooling process, shown in Figure 2.21. It
can be seen from the graph that coercivity increased with field cooling process. Figure

2.22 also shows that the shift in exchange bias field is larger in lower temperatures.
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Figure 2.22. Temperature dependence of a) coercivity and b) exchange bias field and

the shift for HF spun samples with ZFC and FC for all temperatures
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2.4. Structural Characterization with X-ray Diffraction and X-Ray Photo

Electron Spectroscopy

A large number of techniques are available for physical and chemical material
analyses. In all of those techniques the sample is excited with electrons, photons or

ions and ejected electrons, photons or ions are measured [36].

X-ray photoelectron spectroscopy (XPS) and Electron spectroscopy for chemi-
cal analysis (ESCA) are techniques for analyzing the surface chemistry of a material
which can measure the elemental composition, empirical formula, chemical state and
electronic state of the elements within a specimen [37]. XPS technique makes use
of photoelectric effect, first discovered by Hertz in 1887 and outlined by Einstein in
1905, by exciting the sample surface with energetic photons and analysing emitted

photoelectrons.

The analyser measures the kinetic energy of the emitted photoelectrons. Binding

energy is extracted using the following equation:

E}, is the binding energy of the excited photoelectron, hv is the energy the photon that
excites the photoelectron Fj, is the kinetic energy of the photoelectron and @ is the

work function of the specimen from which the photoelectron is excited.

X-ray radiation of Al K, of 1486.7 eV or Mg K, of 1253.6 eV is most commonly
used as the monochromatic light sources in XPS. Binding energy of its electrons is a
characteristic of an element, so the analysis of the binding energies of photoelectrons

yields the atomic content of a specimen.

Though Equation 2.7 seems to be straightforward, there are two inherent exper-

imental problems which make it difficult to make an accurate measurement of Ej [38].
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Figure 2.23. Photoemission process of atoms. A visual representation of Equation 2.7.

First, work function ® of a specimen often depends on factors such as crystallinity

which makes it a hard task to determine the accurate value of it.

Second, a photoelectron must overcome the work function of spectrometer (¢’) in
order to be detected. @’ is most likely different than the work function of the specimen.
Moreover, the binding energies measured by a spectrometer (E}) are measured relative
to that spectrometer’s Fermi level which in general is not the same as Ej. Thus, binding

energies measured are dependent on the spectrometer.

One can eliminate the latter obstacle by making a good electrical connection
between the sample and the spectrometer to equalize their Fermi levels. And the work
function of the spectrometer (®’) can be extracted by examining a specimen with a
known binding energy. This process is called calibration. It requires an extra effort to

calibrate the XPS spectra of insulating specimen.

In XPS technique, a low resolution survey scan is sufficient for elemental iden-
tification. However, a study of chemical states requires a deconvolution analysis on
high resolution scans by fitting synthetic peaks to elemental peaks. Usually, element

identification from survey scan spectrum is an easy job as elemental peaks are sepa-
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Figure 2.24. Energy diagram of photoemission process from 2s and 2p orbitals

rated on binding energy axis well enough to leave no ambiguity. In contrast, synthetic
peak fitting is always laborious as it involves not only logical algorithm but also hu-
man interpretation that comes along with human error. Most of the time, there are
infinitely many ways to make "good” synthetic peak fits, yet almost one in infinity
of those possibilities represent a physically meaningful case. This is the main reason
why compound peak locations given by different references in NIST (National Insti-
tute of Standards and Technology) database [39] are diverse. Nevertheless, accepting a
peak location approximately close to the previously report values and performing the
same peak deconvolution procedure for all measurements enhances the credibility of

the result.

2.4.1. Auger Effect

When a core level electron is liberated from the atom, an electron from outer levels
fills its place releasing a photon. This photon can excite another electron from outer
levels resulting in an Auger electron emission. The escape depth of low-energy Auger
electrons is on the order of a nanometer only [36]. Auger effect can be observed in XPS
spectra with broader peaks when compared to the peaks of photoemission process.
Kinetic energies of Auger electrons are unique for every element and useful for the
identification of the elemental structure of a specimen. Auger electron spectroscopy

(AES) makes use of Auger effect for material analysis. AES and XPS are similar as
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both techniques measure low energy electrons that originate from the sample surface

only. Yet, in AES sample surface is excited by electrons [36].

2.4.2. Inelastic Mean Free Path

The distance that electrons can travel without suffering inelastic collusions in
a specimen is called inelastic mean free path (IMFP) which is on the order of a few
nanometres. That is, the photoelectrons and Auger electrons liberated from deep
enough regions of the sample can not make it to the detector without being inelastically
scattered. Therefore, XPS can only measure the elemental or chemical composition of a
specimen at the surface. Those inelastically scattered photoelectrons lose kinetic energy
at arbitrary extents and contribute to the background of XPS spectra. That is why an
XPS spectrum has step like background where each step starts with a photoelectron
peak and extends towards the increasing binding energy (decreasing kinetic energy)

direction.

2.4.3. The Spectroscope

The spectroscope consists of two subsystems that are in an ultra high vacuum
environment. The first contains the X-ray source and the sample on which the photoe-
mission process occur. The second one encloses the electron energy analyser and the

detector [38].

An electron gun accelerates electrons towards an aluminium anode. Those accel-
erated electrons excite Al atoms resulting in an X-ray emission from Al target. This
emission spectrum consists of some peaks on a background radiation which is called
bremsstrahlung background. Bremsstrahlung background consists of continuous X-ray
radiation due to the emissions from decelerating electrons that enter the Al target.
Sharp peaks on this background are called characteristic X-ray with energies unique to
the target material. A quartz monochromator selects only Al K, line and filters the

rest of the spectrum. Then using a lens this radiation is focused on the specimen.
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2.4.4. Calibration of Insulating Specimens

For an insulating specimen the Fermi level is not well defined, so it is not con-
venient to measure binding energy relative to the Fermi level. In such cases, XPS
spectra must be calibrated with respect to a peak of well known binding energy in
order to conduct a proper XPS analysis. Fortunately, all specimen that are exposed to
the atmospheric environment carry a surface contamination of carbon element which
constitutes a reference for calibration. In calibration process C 1s peak is constrained

to have 285 eV binding energy, which is the experimentally acknowledged value.

2.4.5. Charging Effect

When an electron (a negative charge) is liberated, a neutral sample gains positive
charge. If the sample is conducting, a good electrical connection to XPS instruments
ground supplies electrons to neutralize the sample again. This not the case for insu-
lating samples where the negative charges required to neutralize the sample can not
be supplied and a positive charge build up occurs. As a result, electrons that move
away from the sample after the photoemission process are attracted to the sample. So
they lose kinetic energy. Equation 2.7 dictates if Ex is decreasing, Ej, must increase.
Therefore, in XPS spectra photoemission peaks are shifted towards increasing binding
energy direction. Those peaks are also widened. This makes identification of those

peaks difficult and deconvolution analysis unreliable.

To tackle this issue, an XPS instrument must contain a flood gun which deluges
the insulating sample surface with low energy (0 - 20 eV) electrons. If the power of flood
gun is set too low it can not supply enough charge to neutralize the sample. On the
other hand, if the power is set too high it can overcharge the sample by causing negative

charging. Flood gun should be optimized to properly neutralize the sample [38].
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Figure 2.25. Bruker Dimension Edge Atomic Force Microscopy [3]

2.5. Measuring Morphology with Atomic Force Microscopy

Scanning probe microscopy (SPM) is a collection of techniques which use a sharp
nano scale tip on a cantilever to scan the sample. The interaction of the tip with the
surface is measured. This interaction can be physical distance (sensed by the tunnelling
current between the tip and the surface in the scanning tunnelling microscopy, STM)

or magnetic, capacitive, chemical or many other interactions [36].

The atomic force microscope which has nanometer scale resolution, is a favorite
metrology tool in microfabrication. In the atomic force microscopy technique, the
force in question can be mechanical contact force, Van der Waals force, electrostatic

or magnetic forces between the tip and the surface atoms at very short distances.

Van der Waals interactions arise due to a temporary redistribution of electrons
in the atoms and molecules. This results in the occasional formation of dipoles, Due
to the formation of dipoles, the two molecules experience a mutual attraction, which is

referred to as a van der Waals interaction. Forces can be explained by van der Waals
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Figure 2.26. Atomic force microscopy diagram

forces, approximated by Lennard-Jones potential [40]:

Urn(r) = Uy {—2 (i—°)6 n (%)12} (2.8)

where Uy is the depth of the potential well, ry is the finite distance at which the

inter-particle potential is zero, r is the distance between the particles.

Working principle of atomic force microscopy, schematically shown in Figure 2.26,
is as follows: laser spot reflects from cantilever to the photo diode, when cantilever faces
with the a bump or well laser deflects and this deflection after turning to the signal
image can be obtained. Many materials can be used for tips (e.g. silicon, silicon nitride
etc.) on silicon cantilevers. Atomic force microscope setup includes optical instruments
to measure the deflection of the tip due to either repulsive or attractive forces with a

precision as good as 0.01 nm.

Bruker Dimension Edge [3] was used as the imaging tool (See Figure 2.25).
Atomic force microscopy module is placed on top of a vibration isolation table. First,

an appropriate atomic force microscopy tip (TESPA tips in this case) is placed on the
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Figure 2.27. Atomic force microscopy surface roughness measurement of silicon

dioxide thin film coated on silicon substrate. Surface RMS roughness is 0.73 nm

cantilever holder and attached to it with a clip. This cantilever holder is mounted on
the head of atomic force microscopy scanning module so that the tip faces towards
the sample stage. Second, proper laser adjustments are made and the sample is placed
onto the stage. Then, phase tuning adjustments are made, operated with the computer
software. At last, the tip is engaged to the surface to take measurements. The detailed
operation procedures can be found in the computer as a text file named "AFM quick

guide”.
2.5.1. Surface Roughness Measurement

One of the most common uses of atomic force microscopy is surface roughness
measurement. For example, surface roughness of silicon dioxide thin film is measured
using " Roughness” function of NanoScope Analysis software which is commonly used
to analyse atomic force microscopy data. In addition to the silicon dioxide surface,
polished silicon wafer’s surface roughness is measured, shown in Figure 2.27. Surface
root mean square (RMS) roughness is measured to be 0.73 nm for silicon dioxide thin

film and 1.12 nm for silicon substrate. Expectedly, silicon dioxide coating decreased
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surface roughness by smoothing defects such as grain boundaries.

2.6. Magnetic Imaging with Magnnetic Force Microscopy

Magnetic force microscopy (MFM) can be defined as a modified style of the
atomic force microscope. Basically working principle depends a magnetic probe, which
is close to a surface of the sample and sense the magnetic stray fields. Magnetic
interaction determines by means of motion of the tip along with the z direction when
it scans through the sample. MFM was introduced after the discovery of the atomic
force microscopy [41], and became one of the most common techniques providing high

resolution images at room temperature.

The force occurring between the tip and sample can be defined as follows:

F~ (mtip : V) Hsample (29)

where Hgqmpie is the stray field originating from the magnetic sample and my;), is the

magnetic moment.

MFM operation principle is based on Hooke’s Law:

F, = —kAz (2.10)

§F/9z = F! (2.11)

where k (typical values ~0.01-0.1N/m) is the spring constant of the cantilever, Az is
the displacement of cantilever from the equilibrium position, F, is the force applied by

MFM acting on the cantilever and F} is the force gradient. The cantilever starts to
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Figure 2.28. Attractive and repulsive interactions [4]

oscillate as if it has a modified spring constant, ks s:
kepr =k — F'. (2.12)

Magnetic force acting on the flexible cantilever results in a shift in the resonant fre-

quency, wy:

wh=wy [l = F! 2/{:%
o =woll = £/2K . (2.13)
Awp = w) — wo = =52 F7, Awy << wo

In the case of an attractive interaction (dF/dz>0), negative phase shift cor-
responds to dark image contrast whereas in the existence of repulsive interaction
(dF/dz<0), positive phase shift introduces bright image contrast, shown in Figure
2.28. The difference between atomic force microscopy and MFM is the usage of a
magnetic tip (atomic force microscopy tip covered by a layer of ferromagnetic material
with specific magnetization) and noncontact mode (lift mode). Basically, MFM mea-
surement introduces two scans. First scan is a tapping mode scan sensing the surface
topography by van der Waals interactions. In second scan, lift mode is enabled where
van der Waals interactions are negligible, long-range magnetic and electrostatic forces
are dominant. Two types, low moment and high moment, magnetic tips are available

for this measurement. They have an end radii around 25-80 nm, shown in Figure 2.29,
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Figure 2.29. Scanning electron microscopy image of a magnetic tip [4]

and MFM resolution is limited by the size of the magnetic volume at tip apex and

radii.

For MFM measurement, another limitation is the coercivity of the tip when the
stray fields from the sample are high, or the tip coercivity is small, the sample can

remagnetize the tip:

Bsample > ﬂ/OHzip (214)

High tip coercivity, H,, tip prevents surface-induced remagnetization.

The advantages of MFM are high spatial resolution, operating under ambient
conditions, measuring bulk samples, allowing in-field and low-temperature (not rou-
tinely practiced) measurements whereas the possibility of influencing the sample with

the magnetic tip is one of the disadvantages of this technique.

During measurements, we can face with tip defects that occurs due to the inter-
action of the tip with the sample, and scanner artifacts due to the peculiarities of the
piezoelectric scanner. For example, tip-sample convolution (shown in Figure 2.30, is

an inherent feature of MFM and it can never be fully removed.



49

\ \
\)_fo\. ‘\jif"\
\ /

|
\ / ‘\ !I

e e \/
| “\\ /!
\J \W/

Figure 2.30. Schematic drawing and AFM measurement of tip-sample convulation

artifact

Figure 2.31. MFM images taken with a clean (on the left) and dirty (on the right)
tip [5].

Another artifact occurs due to the scanning by dirty or contaminated tips shown

in Figure2.31.

When the tip is broken, ”double tip” artifact may show up. An illustration of a
double tip artifact is shown in Figure 2.32.

Laser misalignment results in an interference artifact which is seen as broad

"stripes” in MFM images, shown in Figure 2.33.

One of the most common artifacts we face during MFM measurements is flying

tip artifact which means the tip is not properly scanning the surface, shown in Figure
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Figure 2.32. MFM images taken with a new (on the left) and broken (on the right)

tip [6].

Figure 2.33. MFM image of laser interference artifact [6].
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Figure 2.34. MFM image of flying tip artifact [6].

2.34.

For this technique, we generally use the following parameters for Bruker MESP

Low Moment tip:

e Laser Sum: 1.722 V

e Set Point: 1.2V

e Tuning Frequency: 69.450 kHz
e Proportional P: 0.920

e Integral I: 0.330

e Derivative D: 0

e Lift height: 60 nm

However these parameters depend on the magnetic properties of the sample. For
example, 80 nm lift height may be not sufficient to detect the magnetic signal of the

sample and we may need to decrease the distance between the tip and sample surface.

We show some applications of the MFM technique where the formation and ma-
nipulation of magnetic configurations such as anti-vortex, Neel skyrmion, horse-shoe,
radial vortex(shown in Figure 2.35) and Skyrmion lattice have been observed in pat-

terned nanomagnets under external field.
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Figure 2.35. MFM image of radial vortices a) height sensor and b)tapping phase scan.
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3. FABRICATION OF NANOPILLAR, THREE
TERMINAL AND HALL BAR DEVICES

Device production processes consist of multiple lithography and deposition steps.
Depending on the device geometry, several techniques including evaporation, sputter-
ing, ion milling, plasma etching, etc. may be required. Material deposition can be
done by means of DC sputtering, chemical vapor deposition (CVD), plasma enhanced
chemical vapor deposition (PECVD), molecular beam epitaxy (MBE), etc. In this
chapter, the production procedures for three types of devices, that were necessary for

our investigations, are elaborately described.

3.1. Preparation of wafers

A wafer serves as the substrate for microelectronic devices to be built in and
undergoes many fabrication process steps such as doping (ion implantation), etching,
material deposition, lithographic patterning, etc. Finally, the individual chips are

separated (dicing) and packaged.

Watfers are pure single crystal materials which can be obtained with elaborate
processes such as Czochralski method [42] shown in Figure 3.1. Impurity atoms can be
added to the molten intrinsic material in precise amounts in order to dope the crystal,

thus changing it into n-type or p-type extrinsic semiconductor.

Silicon wafers are most commonly used in experiments as the cheapest option.
Usually four inch wafers with a thickness of 525 um are used in our experiments.
Cleaving the wafer can be accomplished with various different equipments such as
diamond scribers, wafer cleaving pliers, dicing saws, etc. The easy axis for the wafer
to be cut easily occurs only in a few well-defined directions, depending on the crystal
orientation of the wafer such as (100) or (111). Scribing the wafer along cleavage planes

allows it to be easily diced into individual chips.
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Figure 3.1. Fabrication of silicon ingot with Czochralski method which later on will

be sliced with chemical mechanical saw and polished to make wafers. a) Melting of

polysilicon and doping, b) introduction of the seed crystal, ¢) beginning of the crystal

growth, d) crystal pulling, e) formed crystal with a residue of melted silicon

3.1.1. Wafer cleaving with a dicer

During dicing, wafers are typically mounted on dicing tape which has a sticky

backing that holds the wafer on a thin sheet metal frame. Dicing tape has different

properties depending on the dicing application. UV curable tapes are used for smaller

sizes and non-UV dicing tape for larger chip sizes. We use DAD-320 Dicing Saw by

Disco which has a 6” chuck shown in Figure 3.2 , multiple blade options, 1.5kW spindle.

Operation Steps of Dicer

(i) Turn on DAD-320 Dicing Saw
(a) Turn on the cooling water by a quarter,
(b) Turn on the high pressure air,

¢) Press ON on the device keyboard, shown in Figure 3.3,

)

()

(d) Release emergency button,

(e) Turn on the key switch,

(f) Press SYS INIT to initialize the system,
(g) Check the blade type.

(ii) Mount the sample to UV sensitive dicing tape

(iii) Remove the cover of the machine and place the wafer to the middle of the chuck.
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Figure 3.2. DAD-320 Dicing Saw by Disco
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Figure 3.4. Wafer chip mounted on UV sensitive tape, ready to be diced

(iv) Press C/T VAC button and turn on the vacuum.
(v) When initialization is completed select recipe then press “F1” to continue.
(vi) Press F1 and check parameter of the recipe.
Choose Recipe Device No. 111
Work thickness: 525 um
Tape: 110 um
Blade height: 2500 um
Horizontal distance it cuts — 105 mm (max. 150mm)
Feed Speed: 10.00 mm/s
Blade thickness: 80 um
(vii) Press F7 to select Semi Auto mode and check the parameters.
Kerf width is 40-400 um.
Period: 20 mm
Alignment escape amount: 20.000 mm
(viii) Adjust focus.
(ix) Align the first line by using “X” “Y” and “©” buttons.
(x) When the alignment is done enter the number of lines and select the direction of

repetition by pressing F5 or F10.
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(xi) Press START to run the dicing process when everything is ready.
(xii) When dicing is finished press “C/T VAC” to get the sample.
(xiii) Press “SPNDL” to stop blade rotating.

(xiv) EXIT command till we reach main menu.
(xv) Turn off by turning the keyswitch.
(xvi) Lower the pressure to 50 PSI.
(xvii) Turn off the water.

)
)
)
)
)
)
)
)

(xviii) Unmount the tape after finishing the dicing.

3.1.2. Wafer cleaving with a scriber

We use Precision Diamond Scriber model SV-129 by ATV Tech which is a stage
with a diamond tip scriber, rotating vacuum chuck for maximum 200 mm wafer, mi-
croscope, digital gauge (electronic ruler) and fine angle adjustment screws to manually

cut the wafer.

Figure 3.5. Precision Diamond Scriber model SV-129 by ATV Tech
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Figure 3.6. Spin coater keyboard

Operation steps

(i) Before starting, make sure that the microscope is aligned with the scriber tip.
(ii) Place the sample on the sample holder and turn on the vacuum.
(iii) Adjust the alignment of the sample with angle screws and checking with the
microscope.
) Check alignment marks by pulling the sample stage back and forth.
) Align and lower the tip of the scriber.
(vi) Pull the drawer outwards and cut the wafer.
) The electronic ruler is synchronized with the movement of the scriber tip.
) In order to cut the wafer perpendicular to the direction, turn the sample holder
exactly 90° with handles by snapping it to the slot hence we will not need to align

the sample again.
3.1.3. Spin coating

Spin coating is a procedure used to deposit uniform thin films to wafer. Resist
is a thin organic polymer which undergoes chemical changes when exposed to UV or
e-beam. The wafer is immersed into acetone and isopropanol respectively and dried
with nitrogen blow before the process starts. The wafer is placed on the spin coater
chuck and an appropriate amount of resist is applied on the center of the wafer, which
is either spinning at low speed or not spinning at all and then rotated at high speed in

order to spread the coating material by centrifugal force.
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Operation Steps of Spin Coater

(i) Set the temperature of the hot plate.
— Baking temperature for EBL: 170°C (5 minutes)
— Baking temperature for Photolithography: for photoresist AZ5214
« Direct lithography: 105°C (1 minute)
« Image Reversal: First bake (prebake) 90°C for 2 minutes, second bake
(postbake) 115°C for 2 minutes.
(ii) Turn on water over the sink for circulation.
(iii) Open the spinner:
— Turn the spinner power on by rotating the switch clockwise.
— Press any key on the keyboard, shown in Figure 3.6, following the instruc-
tions on the panel.
— Test the lid switch following the instructions.
— Panel should say, Test is OK and then press any key on the keyboard. It is
ready to use and program according to chosen recipe.
(iv) Replace the protective liner with a new one if it is too dirty.
(v) Enter the values. We can program process in a few steps or in a single step. For
example, for photolithography we use a program which has a single step:
— 4000 rpm
— 45 seconds
— 500 rpm/sec
VAC: * means vacuum is ON it should be checked for every step.
(vi) Place the sample to the middle of the chuck with tweezer, turn on vacuum.
(vii) Put 1 ml resist per inch.
(viii) Take the resist with appropriate disposable pipette.
— Plastic for photoresist
— Glass for EBL resist
(ix) If there are any bubbles in the pipette, pour them to liner and then pour the
resist onto the sample.
(x) Close the lid tightly.
(xi) Pressing I/O starts the process.
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Figure 3.7. Midas Mask Aligner in the yellow room of SUNUM clean room

(xii) After spincoating the sample, prebake it to drive off excess resist solvent.

3.2. Photolithography

The technique of engraving patterns, geometric shapes forming the devices, on
a resist coated wafer with ultra violet (UV) light or electron beam exposure is called
lithography. The feature size of the device geometry determines which type of lithog-
raphy is going to be performed. Photolithography (optical lithography or UV lithog-
raphy) and electron beam lithography (e-beam lithography, EBL) are used for micro-

fabrication and nanofabrication, respectively.

Photolithography is the process of writing the pattern on the photoresist with
UV light exposure. We use contact photolithography which usually makes use of pho-
tomasks with approximately 5 micrometer precision. For multilayer processes we have
alignment marks on the sample and the mask. We can choose the contact type accord-
ing to design. There are four different types of contact: vacuum contact, hard contact,
soft contact and proximity. While having the best resolution, vacuum contact requires

the use of an O-ring which contaminates the mask irreversibly. Whereas proximity is
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safer, mask damage is reduced to minimum. With soft and hard contact, mask and
the wafer are brought into contact. They have better resolution than in proximity

exposure.

In our processes, AZ5214E image reversal photoresist by MicroChemicals is gen-
erally used. The samples are spincoated 1 ml resist per inch for 45 seconds with rotation
of 4000 rpm. The baking and exposure differ according to which type of lithography
we are aiming to do. Direct lithography, called positive lithography, which involves
single exposure to the sample with the photomask. We use MDA-60MS Mask Aligner

4” by Midas, shown in Figure 3.7. The parameters we use are the following:

Mask thickness: 2.34 mm

Sample thickness: 527 pm

PR thickness: 1 ym (photoresist thickness)

Align Gap: 30 pm

Power: 23.66 (Lamp power constant)

The steps for direct lithography we practice on the samples will be the following:

e coat the sample with photoresist AZ5214E with the standard parameters,

e bake the coated sample in 105°C for 1 minute,

e expose the sample for 4,5 seconds with the mask,

e develop the sample with AZ 726 MIF Developer for around 35 seconds, stop when
the patterns look clearly,

e stop the developing process by soaking sample into DI water for around 1 minute.

For image reversal, also called negative lithography, there will be two exposures. First
one will be the exposure with the mask. After postbaking the sample, the sample will

be exposed without a mask (flood exposure). The steps are the following:

e coat the sample with AZ5214E,

e bake the sample at 90°C for 2 minutes,
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Figure 3.8. A typical lift-off process. a) Clean substrate, b) resist coated substrate, c)
developed resist after exposure, d) material deposited on top of the resist and the

pattern, e) remaining resist dissolving in acetone, f) patterned substrate

e expose the sample for 2.5 seconds with the mask,

e bake the sample at 115°C for 2 minutes,

e flood expose the sample for 12 seconds,

e develop the sample with AZ 726 MIF Developer for around 35 seconds, stop when
the patterns look clearly,

e stop the developing process by soaking sample into DI water for around 1 minute.

According to the type of photolitography process (positive or negative), exposed
or unexposed parts of the resist will dissolve. As a result, the pattern on the resist
will be ready for either lift-off or etching processes, shown in Figure 3.8 and Figure
3.9, respectively. For the lift-off process, the material is deposited onto the patterned

wafer. An example of a lift-off process is given in Figure 2.2.
3.3. Electron Beam Lithography
Electron beam lithography performs the same action as the photolithography

with greater precision (~5 nm) due to focused beam of electrons. The beam exposure

changes the solubility of the resist. The exposure occurs completely automated and
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Figure 3.9. A typical etching process, the steps between ¢ and d differ depending on
the pattern that needs to be produced. a) Clean substrate, b) full film deposited
substrate, ¢) resist coated on top of the film, d) developed resist after exposure, e)

material etched, f) remaining resist dissolving in acetone, g) patterned substrate

software based, and no masks are used. It is an excessively slow process for mass
production which is the reason photolithography is mostly still in use for microdevice
making. The working principle of EBL can be very simply formalized in the following

manner [43]:

D-A=T-1I (3.1)

where T is the exposure time in seconds, I is the beam current in nano amperes, D
is the dose in coulombs per centimeter square, C/cm? and A is the area exposed in

centimeter square, cm?.

The resolution is limited not by the electron beam size but the secondary electron
effect in the resist due to high energy collusions. There is the proximity effect correction,
PEC, operated by the software for small isolated features of the pattern. It mainly
adjusts the beam dose taking into account the scattering of the beam. Otherwise the

sharpness and the high resolution of the pattern around the edges would be lost.
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The spin coating recipe for EBL resist (PMMA):

e Set the hotplate on 170°C.
e Process is programmed on spin coater software in 3 steps.
— First one is at 4000 rpm for 4 seconds,
— Second step is at 5000 rpm for 50 seconds,
— for the last step it decelerates at 0 rpm for 3 seconds. This is done in order
to obtain a uniform coating.
e Take out the sample, put on the hotplate and start the timer,
e Sample is baked for 5 minutes at 170°C. The same procedure is repeated for

additional layers of resist.

The developing procedure for the EBL resist after the exposure:

e Prepare 3 beakers and 2 timers. The developing time, the time sample spends in
each solvent is very critical.

e Soak the sample into 25% MIBK 75% ISO for 1 minute, this part functions as
high resolution and low sensitivity developing.

e Second, soak it into 50% MIBK 50% ISO for 5 seconds which functions as low
resolution and high sensitivity developing,

e Transfer it to ISO and rinse it for 1 minute.

3.3.1. Wafer chip production

For most of processes, the first step is to have 2x2 cm? square wafer chips.
For EBL, the maximum chip size is 2x2 cm? due to the sample holder of Vistec

EBPG5000plusES, the e-beam lithography equipment.

In order to produce 2x2 cm? square wafer chips precisely, we made a 5” photomask
with a grid of squares, shown in Figure 3.10, to apply onto 4” wafers. We manufactured

the mask with EBL with the following parameters:
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Figure 3.10. Layout Editor drawing of the 5”7 mask with grids

e Beam current: 120 nA
e Dose: 800 pA
e No PEC because the mask does not require high precision, the smallest feature

is 100 pm.

The chrome masks come precoated and after exposure we develop the mask with

following solvents:

Developer I: 93% MEK, 7% Anisole. Soak the mask in this for 1 minute and 20

seconds.

Soak the mask in 50% MIBK, 50% ISO for 10 seconds.

Soak in ISO for a few minutes, ISO is the stopper of the developing process for
EBL.

Dry the mask with nitrogen blow gun.

This was done to develop the resist on the chrome coated mask. In order to
complete the mask production process, we need to apply etch. For this purpose, we
use Chrome ETCH N°1, we soak the mask in this for 2 minutes in the ultrasonic bath.
While etching process occurs, bubbles form. To dispel these bubbles, we dip the mask
to DI water and put it back into the etch. After etching is done, place the mask in DI

water while preparing for piranha cleaning which is the last step for mask production.
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Piranha cleaning is a sensitive process involving acid usage. Before starting pi-
ranha cleaning, wear eye protection, acid gloves over usual gloves and additional acid
resistive apron over usual gown. Piranha solution we prepared consists of 25% hy-
drogen peroxide (35% Hy05) and 75% sulfuric acid (95-98% H2SO4). The treatment
should be done with glass (Pyrex glassware), stainless steel and PTFE(Teflon) tools or
containers as the solution reacts violently with organic materials such as plastics and

the solution should not be put in direct contact with isopropanol or acetone.

The mask is put inside the solution for 5 minutes. A hotplate may be used at
100°C in order to have a stronger reaction. Later it is placed in another container
filled with DI water, taken out and sprayed DI water with the gun, put in acetone and

isopropanol to clean off any solution residue, and lastly blown dry with nitrogen gun.

We spincoat 4”7 wafer with AZ5214E photoresist and apply photolithography.
After we get the grid of chips pattern on the 4”7 wafer, we cleave the wafer with a dicer
or scriber with the guidance of the grids. Because we apply photoresist which is very
thick on the wafer, it protects the wafer in the process and keep them clean till we use

them but we need to thoroughly clean the chips before we start the process.

3.4. Nanopillar Device

In order to investigate certain micromagnetic structures such as radial vortex,in
chapter 5, nanopillar devices were produced. Before the production of the nanopillars,
the materials which were going to be used were determined, their deposition and ion
mill rates were calibrated. After the magnetic characterization of the different repeats
of full film Pt/CogoFegoBag/Ti stack, we began the nano pillar process by the following

steps:

(i) thin film deposition of full film Pt/CoggFegoBag/Ti stack,
(ii

(iii

e-beam evaporation of carbon on top of the full film,

e-beam lithography of nanopillar pattern,

)
)
)
)

(iv) O plasma etch to remove resist residue on the pattern,
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The deposition and ion mill rates of all materials; CogoFegoBog, Pt, Ti, are deter-
mined. The repeated stack is deposited with a programmed sequence by the software

of AJA magnetron sputtering system at 2 mTorr Ar pressure.

After the thin film deposition, the sample is C coated with e-beam evaporation.
Carbon is a relatively tough material for evaporation because it needs adjustment of the

applied current to reach stable evaporation rate due to the its instant rate increment
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during evaporation.However we found the rate was to be 0.2 A/s, our target carbon
thickness for this process was 50 nm. The deposition was performed at 10~° Torr
pressure, the current was adjusted throughout the deposition in order to keep the rate
steady. As evaporation material, we used 1/8” x 12”7 carbon rods cut into 0.5 cm long
pieces. We mounted our samples on a 47 dummy wafer. Our parameters for carbon

evaporation were as follows: 150% tooling factor, 2.25 g/cm? density, 3.26 Z factor.

Two different e-beam resists, C2 495 and C 950, are used for the patterning of
nanopillars. They give 130 nm and 100 nm thicknesses, respectively. First C2 495 is
spin coated at 5000 rpm for 50 sec, then the sample is baked at 170°C for 5 minutes.
Subsequently, C2 950 is coated with the same parameters and baked at 170°C for
another 5 minutes. After coating the resists, next step is to exposing the sample to
e-beam for patterning and developing. For developing process, three different solutions
are prepared: first one containing 25% MIBK developer and 75% isopropanol, second
one containing 50% MIBK and 50% isopropanol, third one is 100% isopropanol which
functions as the stopper. In order to develop, the sample is soaked into the first
solution for 1 minutes, then taken out quickly and soaked into the second solution for

30 seconds, finally taken out and soaked into the stopper which is isopropanol.

After developing process, O, plasma is applied for 3 seconds at 10°C with 5 A /s
rate to make sure that there is no resist residue before Cr coating. Next, the sample is
coated 6 nm Cr with e-beam evaporation with the following parameters: 117% tooling
factor, 7.21 g/cm?® density and 0.31 Z factor. Cr evaporation rate was found to be 0.3
A/s. For the lift off process, Cr coated sample is soaked in acetone for 2 days and
later sonicated in acetone and isopropanol separately at 50% power for 4 seconds. The

sample is exposed to O, plasma at 10°C to get rid of 50 nm C layer.

After Oq plasma etch, we have 56 nm thick pillars of C (50 nm) and Cr (6 nm) on
top of the magnetic full thin film stack, as shown in step 7 of Figure 3.11. Etch rates
of C and Cr are smaller than metallic stack (Pt/CosgFegoBag/Ti) so that we could get

110 nm nanopillar structure at the end of the milling operation.
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Figure 3.12. TORR International e-beam & thermal evaporator

Finally, in order to remove remaining C layer on the nanopillar, Oy plasma etch

was used for 90 seconds.
3.4.1. E-beam evaporation

Electron beam evaporation technique is used for carbon and chromium deposition
steps. The specific system, TORR e-beam & thermal evaporator shown in Figure 3.12,

used during the nanopillar production is operated by the following steps:

) Turn on the chiller of the system.
) Turn on the system from main switch shown in Figure 3.13.
(iii) Open the chamber door handles and open the chamber door.
) After opening the main chamber, check the appropriate boat/crucible (shown in
Figure 3.14a), place the required boat/crucible and enough material.
(v) Select appropriate pocket for the crucible by pressing the “pocket indexer” but-

ton. Press the button “one at a time” so the pocket rotation do not end up at
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Figure 3.14. E-beam evaporator a) pocket and b) sample holder

half rotation.

Take the sample holder, shown in Figure 3.14b, out by rotating it clockwise and
using screws on it, use vacuum tape and stick the samples onto the sample holder.
After placing the wafer into the system, start the vacuuming sequence by turning
on the vacuum switch.

For appropriate vacuum level we should wait until ~8x107% Torr. Vacuuming to
that level takes generally 45 to 60 minutes. Pressure can be read from pressure
gauge.

After reaching to desired vacuum level, set the thickness monitor. Press “pro-
gram” button and turn the knob for selecting the film number, if it has been
already set and press “next” button till the end of the menu and press “pro-
gram” button again to exit the menu.

Turn on the “e-beam shutter”.

Turn on the main power on the high voltage power supply, press “FIL ON” and

wait 3-5 minutes for warming and press “HV ON”.
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Figure 3.15. Hall bar design, drawn in Layout Editor, all dimensions in micrometers

(xii) Increase the current with the current knob until we see some rate on thickness
monitor.
(xiii) After reaching the desired thickness, turn off in this order:
(a) Turn the Shutter off
(b) Turn the current knob off slowly
(c) "HV” off/reset
(d) Filament “FIL OFF”
(e) Turn off the main power for e-beam high voltage source.
(xiv) When the deposition is finished, turn off the vacuum switch and wait 15 minutes
for turbo pump to slow down.
(xv) When pressure level is reached to 8x10~3 Torr level, turn on the “VENT” switch.
(xvi) Open the chamber, take the samples out, put the sample holder back in, close

the chamber, close the system from the main switch, turn off the chiller.

3.5. Hall Bar Device

We started by designing Hall bar device, chapter 6, and the contact area that
will come on top. The dimensions of a typical Hall bar are known in literature. We
chose the area of magnetic material without the contact area to be around 400 x 50

pm. We preferred to have as wide contact area as possible and extended the length of
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Figure 3.16. Hall bar contact designs a) first type: simple and dense wirebonder only
contact pads, b) second type: contains everything in the first design and the probe
pads for Hall voltage measurement, c¢) third type: everything in the first design and

the probe pads for 4-probe electroresistance measurement, all dimensions in

micrometers

the bar by 100um at each end where large electrodes will emerge. Main current will
be passing through these electrodes. We also need the other contact points to measure
the response of the material to the current such as ordinary Hall effect and spin Hall
effect. In this study, we focus on electroresistance, the change in the resistance of the
material with changing current but, we would also like to be able to do other standard

experiments performed on Hall bars with our design.

We use 2x2 cm? wafer chips Figure 3.17 because, this is the maximum size we can
put in e-beam lithography stage and GMW electromagnet stage. We divide the square
chip in four 1x1 cm? parts. There are two photolithography steps for the production
of these samples. First one is for the deposition of the magnetic material, shown in

red in the drawings, for stripes, sample numbers, cross alignment marks and the chip
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Figure 3.17. Hall bar regular chip design with dimensions of 2x2 cm?, four 1x1 cm?
parts, each part containing 24 samples, drawn in Layout Editor. Alignment marks at
the corners of every 1x1 piece, A and C labels are there to enable determination of

the chip orientation

frame. In the second step, we deposit contact material for electrodes. Au is deposited
for the electrodes, shown in green in the drawings. For electroresistance experiments
we designed three types of electrodes for different applications. The initial design has
wide contact pads suitable only for wirebonding, dimensions shown in Figure 3.16a.
First design has the highest density with 24 samples in each quarter, 1x1 cm? pieces.
We also designed the other two types for room temperature applications with the use

of RF probe.

Second design Figure 3.16b has RF Probe pads with dimensions of 100x100 gm for
ordinary Hall effect measurements such as Hall voltage and Hall resistance in addition
to the wirebonding contact pads. Each quarter can contain 18 samples with this

type. Lastly the third design Figure 3.16c has RF Probe pads for electroresistance
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Figure 3.18. PPMS Electrical Transport Option sequence for temperature versus

resistance measurement from 10 K to 350 K

measurements, 2-probe and 4-probe. This large design allows only 9 samples per each
quarter. The distance between pads are arranged in a way to prevent shortage but
to maximize the contact area in order to decrease the contact resistance and provide
space for multiple wirebonding trials. On the other hand, there was not much freedom

on probe pad design as the distance between each arm is fixed.

With two lithography and two deposition steps, the samples were developed and
ready for the experiments. PPMS is used for field cooling, resistance (R) vs current
(I), R vs temperature (T), magnetization (M) vs magnetic field (H) measurements. An

example sequence is shown in Figure 3.18.

The samples are divided into small parts by dicer to fit them into chip carriers.
These small pieces are then glued to the 8-pin chip carriers with GE varnish. In order to
apply magnetic field in different directions inside PPMS, a regular electrical transport

puck was transformed to an in-plane chip carrier holder, shown in Figure 3.19b.
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Figure 3.19. a) Technical drawing of the part for modification of PPMS puck
(dimensions given in milimeters) and b) in-plane chip carrier holder mounted on

PPMS puck

In detailly, in-plane sample holder was milled out of bronze, schematic drawing
shown in Figure 3.19a, mounted onto PPMS puck with a screw and, a 16-pin IC
socket was glued to the bronze piece with GE varnish, shown in Figure 3.19b. This
sample holder was designed to hold an 8-pin chip carrier and, the connections between
8 of the IC socket pins and the gold pads on the puck corresponding LEMO channel
connections were made by soldering very thin copper magnet wire. We used lead-free
solder to improve the conductivity of our connection and, we used least flux possible
to avoid any shorting between very small and in close proximity channels. While using
thin magnet wire, we removed the insulating layer from the tips of the wire with a

razor blade and etched the remaining insulating material with the hot soldering tip.

After the samples are glued to the chip carriers, the last step before we start the
measurements is the wirebonding. The electrodes are connected to the pads on the
chip carriers with wirebonder as shown in Figure 3.20c. An aluminum piece, schematic
drawing shown in Figure 2.11a, was machined to enable operation of the wirebonder
on chip carriers. The aluminum stage also functions as a shorting bridge, as shown in

Figure 3.20b, to protect the samples from static electric during wirebonding process.



76

a ~5mm

*

e
e

7,imm ~5mm ~2mm
7,9mm J

2,11mm‘

6,37mm
~4mm

Figure 3.20. Wirebonding equipment a) schematics of the wirebonder stage and 8-pin
gold plated CERDIP (Ceramic Dual Inline Packages) chip carrier, b) chip carrier
mounted on wirebonder stage with our custom made aluminum stepping stage and c)

Hall bar electrodes wirebonded to chip carrier gold pads under the microscope
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4. MAGNETIC ANTIVORTEX

In order to observe and investigate the stability of magnetic antivortices, micro-
magnetic configurations that have not been intensively explored, we work with permal-
loy (NigiFejg) nanomagnets. We used a special geometric shape called astroid that can
allow antivortex nucleation, predicted by micromagnetic simulations [7]. According
to this theoretical study, nucleation and annihilation of stable antivortex conditions
were determined. AC demag state and -10 mT external magnetic field applied state
where stable antivortex forms at the crossing point (red and blue arrows) were shown

in Figure ?77?.

We fabricated nanomagnets with e-beam lithography and aimed to observe the
magnetic configurations under magnetic force microscopy. Several contact designs have
been tried and different electrical setups have been constructed for room temperature

and low temperature measurements under magnetic magnetic field.

Magnetic imaging with MFM and anisotropic magnetoresistance measurements
proved that nucleation and observation of antivortex micromagnetic configuration in
astroid shaped nanomagnets were successfully achieved. Manipulation of antivortex

motion by interaction with applied magnetic field was also accomplished.

Figure 4.1. Micromagnetic simulations of a) AC demagnetized state, b) -10 mT
magnetic applied field at 135°. Local magnetic moments are mapped by blue and red

arrows [7].



78

4.1. Anisotropic Magnetoresistance

Magnetoresistance is the inclination of magnetic materials (most commonly fer-
romagnets) to have a change in their electrical resistance under a magnetic field [J.
Anisotropic Magnetoresistance (AMR) is the change in the resistance of the material
according to the applied magnetic field. AMR was first discovered by William Thom-
son, also known as Lord Kelvin. The observation of an increase in the resistance when
a large magnetic field is applied parallel to the conduction current and a decrease
in the resistance when applied field is perpendicular to the current in iron and then
the more significant change, especially with longitudinal magnetization, in nickel were

reported [44].

The change in resistivity of a ferromagnetic material due to AMR can be defined

with the following Equation [45],

ple) = p1+ (py) — pr) cos® o = pi + Apcos® ¢ (4.1)

where ¢ is the angle between the magnetization direction and current direction flowing
through material, p is the longitudinal resistivity of the material, p, is the resistivity
of the material when magnetization and current are perpendicular to each other, and
p;) is the resistivity of the material when they are parallel. Additionally, Ap can be

defined as the difference between parallel and perpendicular resistivities.

In this study we focused on astroid shaped patterned nanomagnet made up of 35
nm NijgFeg; (Py), soft ferromagnet, because Py is a special material that has almost 5%
of anisotropic magnetoresistance (AMR) ratio. To nucleate antivortex spin aligment
at the center of the device geometry AC demagnatization process was done with a 1 T
out of plane magnetic saturation. We used the lock-in technique to conduct the AMR
measurement. The sample was connected to a lock-in amplifier, a resistance box, a
DC power supply and our custom made circuit box that contains Wheatstone bridge

to obtain AMR signal.
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Figure 4.2. Experimental setup for the anisotropic magnetoresistance measurements.
a) Schematic drawing of the probe station design, b) sample and probes mounted

onto the manufactured station of GMW electromagnet.
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Figure 4.3. Circuitry of the AC measurement setup

Measurement were done at room temperature using the GMW electromagnet
shown in Figure 4.2b. In order to incorporate RF Z probes onto our electromagnet,

custom made sample stage was machined.

Wheatstone bridge was used to detect the AMR signal and mathematical cal-
culation was done through applying Kirchhoff’s Rules in each loop, electrical circuit

schematic is demonstrated in Figure 4.3.
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We read the output voltage V,,; by balancing the base resistance, Rsqmpie, With
the decade resistance box. Resistance variation of the sample, §, with respect to the
angle between the applied current and magnetization directions was read via V.
Derivation of the V,,; formula in terms of Rggmpie = Ry + 0 and Ryo, = R, for electrical

measurement setup is given below.

. € . €
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[:[1+IQ

[2:[—11
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Figure 4.4. Energy Dispersive X-Ray Spectroscopy measurement performed on 20 nm

Nig Feqg thin film and the calculated percentages of resulting elements.

4.2. Experiments

4.2.1. Characterization of Permalloy Thin Films

Before the antivortex measurements, we needed to characterize the physical and
magnetic properties of ferromagnetic Nig; Feig (Py) thin films. We calibrated deposition
rate of Py in 2 mTorr Ar pressure, at 100 W supplied by a DC power source, to fabricate
the magnetic thin film in optimal conditions. After the calibration, the magnetic films
were characterized chemically by Energy Dispersive X-Ray Spectroscopy (EDX) and
magnetically by Vibrating Sample Magnetometer (VSM). In EDX measurement done
on 20 nm Nig;Feyg thin film, Ni, Fe, Si, O peaks can be seen in Figure 4.4. Detected
Si and O are due to the fact that thin film has been grown on Si substrate. Another
reason for the detected O is that the thin film prepared for EDX measurement did not
have an oxidation passivation layer. Calculating Ni/Fe ratio from EDX measurement,

we find 8.97/2.14=4.2 which is very close to our target ratio 81/19=4.3.
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Figure 4.5. Vibrating Sample Magnetometer measurement of 20 nm Nig; Feg thin
film, a) magnetic hysteresis at room temperature and b) saturation magnetization vs

temperature measured at 1 T external field

As shown in Figure 4.5, our thin film has ferromagnetic properties with 800
emu/cm? saturation magnetization and 3.5 Oe coercive field at room temperature. We
also observed that saturation magnetization increases with decreasing temperature up

to 2400 emu/cm? at 2 K.

4.2.2. Determination of EBL resists and parameters

Following the optimization of magnetic thin film fabrication, we proceeded with
patterning astroid shaped nanomagnet. Dimensions of the astroid design are given in
Figure 4.6 on Layout Editor drawing. These dimensions were determined via simula-
tions [7] and proved to produce antivortices [16]. As this geometry contains nanometer
sized features, its patterning can only be achieved by electron beam lithography. Fabri-
cation steps of astroid shaped nanomagnets are given in Figure 4.7. The process starts

with a cleaning Si substrate and followed by spin coating EBL resist.

The first set of samples we produced had no contacts. They were fabricated only
to observe the magnetic structure inside astroid shape under magnetic force microscopy.
After MFM measurements, we worked on different contact ideas. The first scheme we

tried was using a pattern design that will contain the astroid geometry and the contacts
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Figure 4.6. Dimensions of the astroid shaped nanomagnet design

together. This would enable us to have the device and the contact area with a single
electron beam lithography step. We were successful with patterning of an isolated
astroid geometry, but we needed to perform additional tests in order to determine
appropriate EBL parameters for this scheme. The result of our EBL exposure dose
test is shown in Figure 4.8. Later this contact scheme was abandoned, but the findings

from this dose test proved to be useful.

With the exposure dose test, we determined the optimal parameters for astroid
fabrication shown in Table 4.1. Fine features include nanometer sized astroid devices
and alignment marks whereas coarse features include the wafer chip frame, coarse
alignment marks and device numbers. The maximum chip size we could use with EBL
sample holder was limited to 2x2 cm? square, we divide this square chip into 1x1 cm?

squares by including frames to our lithography pattern.

In addition to adjusting EBL parameters, we also tried different EBL resist com-
bination that will provide the necessary features for our device. We used a single layer
resist, PMMA C2 495 at 5000 rpm for 50 seconds which is supposed to result in 130
nm thickness. On another sample, we coated our chip with PMMA C2 495 first, 130
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Figure 4.7. Fabrication of astroid shaped nanomagnets, a) cleaning Si substrate in
acetone and isopropanol, b) spincoating EBL resist, ¢) e-beam exposure and

development, d) deposition of permalloy by magnetron sputtering, and e) lift-off

Figure 4.8. Atomic force microscopy images of astroid shaped nanomagnets, EBL

dose test with a) 400 uC/cm?, b) 500 uC/cm?; ¢) 600 uC/cm? and d) 650 uC/cm?

exposure doses.
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Table 4.1. EBL parameters for the first set of astroid devices

Features Fine Coarse
Beam Current | 300 pA 80 nA
Beam Dose 400 pC/em? | 600 uC/cm?

Resolution 2 nm 25 nm

Figure 4.9. Scanning electron microscopy (SEM) images of 2x2 ym? Py astroid
devices. a) Measured dimensions of a fabricated astroid device and b) astroid devices

with lift off problems.

nm, and for the second layer we coated PMMA C2 950 with 100 nm thickness. For
additive process, we need high undercut profile. We decided to use PMMA C2 495 for
the first layer and PMMA A2 950, 100 nm, for the second layer.

Permalloy deposition on our astroid patterns is performed with DC magnetron
sputtering at 2 mTorr Ar pressure. The first samples consisted of 1 nm Ti, 30 nm Py, 5
nm Ta. 1 nm Ti is seed layer and 5 nm Ta capping layer in order to protect permalloy
from getting oxidized. Although the fabrication was successful with these samples, the
magnetic signal was hindered by thick Ta layer which we decided to thin down to 1

ni.

Images taken with scanning electron microscopy and atomic force microscopy of

fabricated astroid nanomagnets are given in Figure 4.9 and Figure 4.10, respectively.
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Figure 4.10. Atomic force microscopy images of fabricated astroid samples a) without

contacts and b) with contacts.

4.2.3. Magnetic force microscopy measurements

Patterned Py astroid devices went through conditioning with an electromagnet
before the magnetic force microscopy measurements. In order to have a reproducible
starting point, all samples went through in plane AC demagnetization starting from
1.6 T with 50 mT steps, and then 1 T out of plane saturation magnetic field. After
this conditioning, the samples were removed from the presence of external magnetic
field, scanned by MFM and antivortex-vortex pairs were consistently observed in all of

them.

In Figure 4.11, successful nucleation of antivortex and its manipulation with
external field were observed. In order to move the antivortex, the sample was applied
10 mT in plane magnetic field by the electromagnet, taken out of applied field and then
observed under MFM. The movement of the antivortex core after in plane magnetic

field application occurs as predicted by Ragusa et.al [7].

4.3. Results

Anisotropic magnetoresistance measurements require us to connect the astroid
devices to our electrical circuit. A design which would allow us to do 2-probe and
4-probe measurements was needed, hence we manufactured a photomask that will not

only form a circuit but also provide contact pads compatible with both Cascade Z
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Figure 4.11. MFM images of astroid devices after application of a) AC
demagnetization, b) 1 T out of plane magnetic field, c-d) 10 mT in plane magnetic

field applied in the specified directions.

probes and wirebonding. This photomask, shown in Figure 4.12, incorporated align-
ment marks matching the ones patterned along with astroid devices in EBL step. This
contact design also supported current application in directions parallel and perpendic-

ular to magnetic field without moving the sample.

Figure 4.12. Layout Editor drawing for the astroid photomask, including contact pads

compatible with both RF probes and wirebonding for our electrical measurements.

The samples mentioned above had high resistance, around 900 ohms, which pre-
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Figure 4.13. AMR measurement of 30 nm thick astroid device. Positive field values
correspond to the applied field parallel to the current direction, and negative field

values correspond to field applied antiparallel to the current. Red and green data

points are for decreasing and increasing in plane parallel field, respectively.

vented us from obtaining a detectable AMR signal. AMR data taken with these samples
is shown in Figure 4.13. Additionally, due to high resistance of the samples we could
not apply more than 3 mA DC current as the samples were blowing up due to Joule
heating. To eliminate the heating problem we decided to change device and contact
geometry. To make sure that the signal we receive from the device is coming from only

the antivortex, we removed the top and bottom current paths.
New designed geometry, shown in Figure 4.14, was a reduced version of the initial
geometry and contact pads, shown in Figure 4.15, were wider than the previous one to

get rid of blowing of the contact leads.

Astroid devices were patterned by e-beam lithography. Si/SiO, wafer chip was
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Figure 4.14. Dimensions of the reduced astroid design on Layout Editor drawing

EHT =30.00 kV
WD =10.2 mm Aperture

Figure 4.15. Scanning electron microscopy image of the new designed geometry and

the contact pads
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first coated with PMGI SF6 at 4000 rpm for 45 seconds and baked at 230°C for 6
minutes. Then it was coated with 1:1 ZEP 520/Anisole mixture at 4000 rpm for 45
seconds and baked at 180°C for 3 minutes. The resist coated sample was exposed to
80 1C/cm? dose, 30 kV, 10 nm step size and 25.42 pA beam current. Then the sample
was developed in two steps. First, it is soaked in ZED 50 for 2 minutes then the stopper
isopropanol. Second, it is soaked in A101 for 2 minutes and stopper DI water. After
reduced astroid pattern was developed, 5 nm Ti and 35 nm NiggFegy were deposited
by e-beam evaporation. Lift off was performed by leaving the sample in PG Remover

overnight.

Resistance vs field (Oe) measurements were taken to determine under what condi-
tions the antivortex was nucleated and annihilated. The measurements were conducted
under 10 uA DC applied current with 41000, —1000 Oe sweeping field with respect
to parallel or perpendicular to applied current directions as a function of tempera-
ture, ranging from 10 K to 300 K. Device resistance was around 53 €2 level at room

temperature.

we have seen stable antivortex at zero field in parallel case. When the applied cur-
rent was flown to parallel to the field direction, antivortex nucleation and annihilation
were detected as shown in Figure 4.17 which is consistent with previous result shown
in Figure 4.13. When the current was flown to perpendicular to the field direction,
there were some steps as shown in Figure 4.16 that may stem from defects or there can
be nucleated antivortex or vortex-antivortex pairs. Simulations are in progress by our

Italian collaborators to clarify the measurement.

All in all, we successfully fabricated stable antivortex in nanoshape geometry.
Also, the nucleation and annihilation conditions of antivortex were explained both

theoretically and experimentally.
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5. EVOLUTION OF MAGNETIC STATES FROM NEEL
SKYRMIONS TO RADIAL VORTICES

Recently discovered exotic magnetic configurations, namely magnetic solitons ap-
pearing in the presence of bulk or interfacial Dzyaloshinskii-Moriya Interaction (i-DMI),
have excited scientists to explore their potential applications in emerging spintronic
technologies such as race-track magnetic memory, spin logic, radio frequency nano-
oscillators and sensors. Such studies are motivated by their foreseeable advantages
over conventional micro-magnetic structures due to their small size, topological sta-
bility and easy spin-torque driven manipulation with much lower threshold current
densities giving way to improved storage capacity, and faster operation with efficient
use of energy. We show that in the presence of i-DMI in Pt/CoFeB/Ti multilayers by
tuning the magnetic anisotropy (both in-plane and perpendicular-to-plane) via inter-
face engineering and postproduction treatments, we can stabilize a variety of magnetic
configurations such as Néel skyrmions, horseshoes and most importantly for the first
time, the recently predicted isolated radial vortices at room temperature and under
zero bias field. Especially, the radial vortex state with its absolute convergence to or
divergence from a single point can potentially offer exciting new applications such as
particle trapping/detrapping in addition to magnetoresistive memories with efficient
switching, where the radial vortex state can act as a source of spin-polarized current

with radial polarization.

5.1. Nucleation of Magnetic Configurations

Magnetic skyrmions are spin configurations with a topology that has perpen-
dicular to plane magnetization components at the core and the edges with opposite
directions [46,47]. They can be Bloch or Néel type depending on the chirality of
the transition region between the core and the edges, being circular or radial, re-
spectively [23]. Unique properties of skyrmions such as their intrinsically small size,

topological stability and efficient manipulation with much lower threshold current den-
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sities compared to conventional micromagnetic structures have recently attracted the
attention of researchers to look for ways of utilizing them in technological applications.
Envisioned skyrmionic devices [46,47| are expected to possess the benefits of combining
storage, logic operations and microwave functionalities at the same level with efficient

use of energy [48,49].

Skyrmions appear due to Dzyaloshinskii-Moriya Interaction in the bulk of chi-
ral magnets (Bulk DMI), at the interface of heavy metal/ferromagnet thin film stacks
(interfacial DMI) [50-52] or in perpendicular magnetic anisotropy materials as a re-
sult of long range dipolar interactions [53,54] in the presence of DMI. Bulk DMI
arises as a result of lack of inversion symmetry in chiral magnets, whereas the in-
terfacial DMI (i-DMI) stems from the interaction between ferromagnetic atoms and
strong spin-orbit coupling (SOC) atoms of an adjacent heavy metal [18,19,55]. [-DMI
strength is parameterized by a constant D and can be incorporated into the Landau-
Lifshitz-Gilbert (LLG) equation competing with other energy terms such as exchange,
anisotropy and magneto-static energies. The resulting micromagnetic configuration in
systems with i-DMI can lead to a range of interesting canted spin orientations such as

Néel skyrmions [20], horseshoes [22], spider-web domains and radial vortices [23].

We demonstrate an evolution of these spin structures in 60 and 15 repeat Pt(5)/
CogoFegoBag(1)/ Ti(1) multilayers (all thicknesses in nm), partially and fully patterned
into nanopillar disks, respectively. The disk diameter, i-DMI strength D and magnetic
anisotropy play the prominent role in determining the resulting magnetic configuration.
An advantage of using repeated magnetic multilayer stacks is the enhancement of the
magnetic signal and the interface quality with increasing number of repeats. Most
importantly, we were able to tune the magnetic anisotropy by adjusting the number of
repeats in the thin film stack as well as performing a set of post-production treatments
such as ion irradiation during milling and annealing, in order to be able to stabilize
both radial vortices and Néel skyrmions at room temperature. In fact, we were able to
detect these solitons via Magnetic Force Microscopy (MFM) with an in situ parallel to
the thin film surface plane magnetic field application capability. This technique serves

as a quick, straightforward and cost effective method unlike conventional skyrmion
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imaging techniques such as Lorentz Transmission Electron Microscopy [19], Scanning
Tunneling Microscopy [50] or Small Angle Neutron Scattering [55] at the cost of a
reduced spatial resolution limited by the magnetic tip diameter (on the order of 50 nm

in our case).

Heavy-Metal /Ferromagnet /Spacer-Metal multilayer stack with variable number
of repeats n, patterned into a nanostructure provides a unique workbench for the study
of various micromagnetic structures nucleated within both in-plane and perpendicular-
to-plane anisotropies in the presence of i-DMI. The ability to investigate exotic mag-
netic states with i-DMI and in-plane anisotropy allowed us to discover for the first time
the nucleation of recently predicted radial vortices that are stable under zero bias field
and at room temperature. These radial vortices can potentially offer novel applications
such as particle trapping/detrapping by applying a magnetic field with radial symme-
try in addition to non-uniform magnetization magnetoresistive memory where radial
vortex chirality is fixed for one layer and free to switch for the other, providing full read
out signal. The radial vortex can also act as a source of spin-polarized current with

radial polarization for spin-torque memory and microwave nano-oscillator devices.

5.2. Manipulation of Radial Vortex via Magnetic Field

The experimental studies were performed on [Pt(5)/CogoFegoBao(1)/Ti(1)]n) mul-
tilayers (all thicknesses in nm) with number of repeats n being 1, 10, 15, and 60. Mate-
rial stack, including a 5 nm Ti adhesion layer and a 5 nm Pt capping layer, was grown
on Si/Si05(500 nm) substrate via DC magnetron sputtering in 2 mTorr Ar pressure

starting from a base pressure of ~1079 Torr.

Sample naming convention: Abbreviations: C for continuous, A for annealed, I for
ion-irradiated during milling, PP for partially patterned, FP for fully patterned Table
5.1 uses the sample label convention where the number of repeats in multilayer stack is
1, 10, 15 or 60, C stands for continuous films as shown in Figure 5.1a. Post production
treatment A stands for annealed at 170°C for 45 minutes and I for ion-irradiation during

milling with 300 V beam voltage, 60 V Accelerator voltage, 12 mA Beam current for
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Figure 5.1. a) 60 repeat continuous film, sample 60C, b) 15 repeat partially
patterned, sample 15PP-A ¢) 15 repeat fully patterned, sample 15FP-AL

Table 5.1. Production parameters and measurement techniques for individual samples

Post-production Treatment
Measurement | Continuous | Partially | Completely None ) )
Name | # of Repeats Annealed | Ion-irradiated
Technique Film Patterned | Patterned | (As deposited)
1C 1 BLS X X
10C 10 BLS X X
15C 15 VSM X X
VSM, XRD
60C 15 X X X
and MFM
15C-Al 60 VSM and XRD X X
45 extend. MFM
15PP-A X X
15 pattern. (nanodisk)
MFM
15FP-AI | 15 pattern. X X X
(nanodisk)
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Figure 5.2. BLS measurements of the full film samples

2 hours. The sample 15PP-A consists of 45 repeat continuous film underneath the 15
repeat nano disks as shown in Figure 5.1b and the sample 15FP-AI, obtained by ion
mill etching of 45 repeats of sample 15PP-A, is completely patterned into 15 repeat
nano disks as shown in Figure 5.1c. The measurement techniques are Brillouin Light
Scattering (BLS), Vibrating Sample Magnetometer (VSM), X-ray diffraction (XRD)
and Magnetic Force Microscopy (MFM).

Red circle for 10 repeat (10C) sample and blue square for single repeat sample
(1C). Frequency difference, between Stokes and anti-Stokes peaks is plotted against
wave vector k for 500 mT bias field applied parallel to the film plane; k values are
inverted for negative bias field -500 mT. Line fits to the data of samples 10C and 1C

are shown by a red line and a blue dashed line, respectively.
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Brillouin Light Scattering (BLS) has been exploited to evaluate the i-DMI strength
D originating at the interface of Pt/CoFeB for a single repeat, 1C, and 10 repeat stack,
10C. In ultrathin films, the presence of i-DMI induces a noticeable frequency asymme-
try between oppositely propagating Damon-Eshbach (DE) modes, which increases as
a function of the wave vector k following the relation [56]:
29D

Af = four(k) = fomr(—k) = — k (5.1)

where v is the gyromagnetic ratio [57], and Ms is the saturation magnetization of
the magnetic layer. Using BLS the frequency asymmetry caused by i-DMI can be
quantified by measuring the frequency difference, A f, between Stokes and anti-Stokes
peaks corresponding to spin waves propagating in opposite directions. Figure 5.2 shows
A f measured (points) as a function of wave vector k for both samples, applying a bias
field of +500 mT and -500 mT. The strength of i-DMI has been determined by a
linear fit of the experimental data, using Equation 5.1. The D values were found
to be 1.4940.05 mJ/m? and 1.4540.02 mJ/m?, for single repeat (1C) and 10 repeat
stack (10C) samples, respectively. It is known that the D value, for a fixed CoFeB
thickness of 2 nm, saturates [56] at 0.45 mJ/m? for Pt thicknesses greater than 2
nm whereas for a CoFeB thickness of 0.8 nm, D increases [57] to 1.04+0.1 mJ/m?.
In our samples characterized by a CoFeB thickness of 1 nm and a Pt thickness of 5
nm (greater than the saturation thickness of 2 nm), we found D values of 1.4 - 1.5
mJ/m?, which are larger than the previously reported [57] value of 1.0£0.1 mJ/m?.
These higher D values can be ascribed to the slightly different Co/Fe ratio of 20/60
as compared to 40/40 in refs. [8,58] and different deposition conditions. Remarkably,
we found that for [Pt(5)/CogoFegoBaoo(1)/Ti(1)n) stacks where n>1, the presence of a
non-heavy metal Ti interlayer 1 nm thick, successfully avoids degradation [51, 58] of
i-DMI strength due to symmetric contribution of bottom and top Pt electrodes. The
fact that D saturates as a function of number of repeats (approximately the same D
values for sample 1C and sample 10C) implies that Ti interlayer tends to delete the
spin-orbit coupling from the top Pt. Figure 5.3a shows room temperature, in-plane field

Vibrating Sample Magnetometer (VSM) measurements of 15 and 60 repeats of the full
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film stack [Pt(5)/CogoFegoBao(1)/Ti(1)|n) (as deposited samples 15C, 60C and with
the post-deposition treatment of annealing at 170°C for 45 minutes and ion-irradiation
during milling for 2 hours for sample 15C-AI). The post deposition treatments were
done to clarify the role of nano patterning of resist bake and ion mill etch procedures

on the resulting device performance.

The first trend evident in Figure 5.3a is the reduction of magnetization, at an
applied field of 500 mT, from 60 kA/m for sample 15C to 31 kA/m for sample 60C
as a result of the increase in number of repeats. The linear M-H curve suggests an
in-plane hard axis, i.e. an out-of-plane anisotropy which gets stronger as the number
of repeats increase. We estimated a perpendicular anisotropy constant K=2.1x10*
J/m? for sample 60C and K=1.3x10* J/m? for sample 15C, whereas we found that
postproduction treatment of annealing and ion irradiation during milling switched
the easy axis direction towards in-plane for sample 15C-Al with in-plane anisotropy
constant K=1x10* J/m®. Furthermore, the magnetization at 500 mT for sample 15C-
Al increased to 141 kA /m as compared to 15C and 60C. The inset of Figure 5.3a shows
a zoomed in version of the data for sample 15C-Al. Unlike the other two samples 15C
and 60C, sample 15C-Al displays a clear hysteresis with 1 mT coercive field. For

completeness, the corresponding out of plane M-H curves were plotted in Figure 5.4.

In order to gain more insights into the behavior of sample 15C-Al with weak
in-plane anisotropy, we investigated the magnetic configuration under Magnetic Force
Microscopy (MFM) with a custom-made magnetic stage, shown in Figure 5.5, that has
in-plane field application capability, after saturation with 1 T in-plane field. Figure
5.3c and Figure 5.3d show the MFM images of the remnant state and in the presence
of 20 mT in-plane field, respectively. The effect of increasing the in-plane magnetic
field from 0 to 20 mT was the growth of average size of the dark domains from 122 nm

to 135 nm in figure 5.6.

Furthermore, domain walls were observed to move incrementally as a function of
increasing field consistent with low field behavior seen in the VSM measurement Figure

5.3a inset. We attribute this gradual change in the domain sizes and accompanying
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Figure 5.3. In-plane external field VSM, XRD ; MFM and SEM measurements.a)

Room temperature VSM measurements with in-plane external magnetic field for
samples 15C (red dash-dotted line), 15C-Al (brown-red solid line) and 60C (purple
dashed line). The inset shows the zoomed in version for sample 15C-Al, the only one
showing hysteresis. The arrows indicate the field scan direction. b) XRD data for
samples 15C-Al (orange solid line) and 60C (red dashed line) are shown along with
Si/Si04 substrate data as background (blue solid line). The crystal orientations
corresponding to the diffraction peaks are identified as being due to Pt [8] and Ti
that gets progressively oxidized to TiO thin films suggesting a strong <111> texture.
For reference JCPDS card data of TiO is included20. c¢-d) MFM images of sample
15C-Al after saturation with 1 T in-plane field, (c) at remanence, (d) under 20 mT
in-plane field applied along the direction indicated by the arrow. e-g) Scanning
Electron Microscopy (SEM) images of nano disk with various diameters, ) 300 nm f)

500 nm and g) 1200 nm.
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Figure 5.4. Room temperature VSM measurements with out-of-plane external

magnetic field for samples 15C-Al (brown-red solid line) and 60C (purple solid line).

The inset shows the zoomed in version for sample 15C-Al, showing the hard axis loop

Figure 5.5. Custom-made in plane magnetic field stage for in situ magnetic field

application during MFM measurements, a) schematic drawing and b) machined stage

and screw.
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Figure 5.6. MFM images of a set of three 300 nm diameter disks from sample type

15FP-Al The measurement was done after the field conditioning (-4 T out-of-plane

field following an AC demagnetization process with a maximum 1 T in-plane field).

MFM images taken under a) zero field, b) -13 mT, ¢) zero field after the application
of -25 mT and d) 13 mT in-plane field

incremental domain wall motion to the presence of defects acting as pinning centers.
Most importantly, the formation of the stripe domains confirm that the post-production
treatment causes a reduction of the out-of-plane magnetic anisotropy and consequently

the rotation of the easy axis from the perpendicular direction towards the surface plane.

To understand the role of number of repeats and post-production treatments on
the anisotropy direction, X-ray diffraction (XRD) measurements with Cu K,, radiation
were performed on 60C and 15C—AI samples. The results are shown in Figure 5.3b
which also displays the Si/SiO2 substrate background data. Thin film crystal orienta-
tions were identified by the corresponding 26 values of each individual peak. Highest
intensity peaks of both 15C—AI and 60C occurred at 40.15° which indicate preferred
Pt <111> crystal orientation [8] while the peaks appearing at 42.3° and 36.1° were
identified as Ti<200> and Ti<111> peaks. Pt <111> peak intensity was doubled for
60C as compared to 15C—AI. We observed the presence of TiO peaks in accordance
with Joint Committee on Powder Diffraction Standards (JCPDS) card data [59]. This
behavior can be understood considering the fact that the substrate temperature gradu-
ally increases from 20°C to 60°C in the course of 4 hourlong deposition of the multilayer
stack promoting further oxidation of Ti interlayers in Figure 5.7 and Table 5.2, which
indicates that the ratio of TiO to Ti increases with number of repeats. From liter-
ature [60], lattice constants of Ti, TiO and Pt can be found as 4.68 A, 4.18 A and

3.92 A, respectively, corresponding to a decreasing lattice mismatch from 16% to 6%
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Figure 5.7. MFM images of a single array of 300 nm diameter disks sample type
15FP-Al
Table 5.2. Percentage values of oxidation states of titanium in thin films deposited at

20°C and 60°C. Residual amounts of Ti(IIT) and Ti(IV) states are not listed here.

Ti — Metallic TiO

(atomic percent) | (atomic percent)

Deposited at 20° C | 59.97 34.51

Deposited at 60° C | 49.22 41.77

with increasing oxygen content. The decreasing lattice strain favors strong Pt <111>
orientation and the perpendicular magnetic anisotropy (PMA) induced by this crystal
structure in sample 60C whereas the increasing magneto-elastic energy due to larger
lattice strain alleviates PMA in sample 15C—AI. This also explains why the PMA of
sample 15C is much weaker than sample 60C. Enhancement of the quality of CoFeB/Pt
interface and Ti/Pt interface results in modification of anisotropy as evidenced by the

evolution of spectrum of possible micromagnetic configurations [23|, shown in Figure

5.8 and Figure 5.11.

Following the BLS measurements of i-DMI strength, magnetic characterization
with VSM and structural characterization with XRD, top down method involving elec-
tron beam lithography and ion mill etching were utilized to pattern the films into nano

disks with diameters ranging from 100 to 1200 nm. Figure 5.3 e-g show SEM images
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Figure 5.8. MFM images of disk arrays for 15PP-A (a-b) and 15FP-AI (c-d) samples
taken under no external field after in-plane AC demagnetization with 1 T maximum
field and application of 3 T perpendicular-to-plane field. MFM images belong to
arrays of disks with diameters a) 500 nm, ¢) 300 nm, b) and d) 1200 nm

of 300, 500 and 1200 nm diameter nanopillar disks that are of interest in our MFM

studies.

Figure 5.8a and 5.8b show MFM images of the sample type 15PP-A for 500 nm
and 1200 nm diameter disks, respectively. The samples were ac-demagnetized with a
maximum in-plane field of 1 T followed by the application of a 3 T out-of-plane field,
prior to imaging. The continuous film underneath the pillars was observed to have a
maze-like domain pattern as expected due to PMA in these samples. The i-DMI at the
CoFeB /Pt interface together with PMA leads to stabilization of Néel skyrmions in 500
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Figure 5.9. MFM images of sample 60C after in-plane AC demagnetization with a

maximum field of 1 T a) with no external field b) under 35 mT external

perpendicular to plane magnetic field in the indicated direction.

nm disks as shown in Figure 5.8a and horse-shoe domain patterns in 1200 nm disks of

Figure 5.8b.

MFM images in Figure 5.8c and Figure 5.8d were obtained on 15FP-AI type
samples having in plane anisotropy (IPA) after AC demagnetization process with a
maximum in-plane field of 1 T and a subsequent 3 T out-of-plane magnetic field appli-
cation. 1200 nm disks of Figure 5.8d show a multi-domain pattern including stripe-like
domains reminiscent of a spider web configuration [23]. On the other hand, 300 nm
disks display stable exotic magnetic configurations that appear as dots or extended
dots as seen in Figure 5.8c. It is rather difficult to identify the nature of the magnetic
ordering in this case since there are multiple possible magnetic structures such as Néel

skyrmions or magnetic vortices that show similar contrast in an MFM image.

One way to diagnose the type of ordering is to analyze the characteristic be-
havior under the effect of an external magnetic field [23]. The possibility of having
Néel skyrmions is eliminated by the fact that these samples (15FP-AI) have in-plane
anisotropy and under 15 mT perpendicular-to-plane field they expand as predicted [61]

shown in Figure 5.9. The other two candidates, namely circular vortices and radial vor-
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Figure 5.10. Micromagnetic simulation results obtained by using the experimental

parameters indicate radially a) outward b) inward radial vortices.

tices, both of which are stable in samples with in-plane anisotropy can luckily be easily
distinguished by their response to external magnetic field. If they are circular vortices,
they are expected to move in a direction perpendicular to the field whereas the recently
predicted radial vortices are expected to move parallel or antiparallel to the applied
field depending on the radial chirality coupled with core polarity (In Figure 5.10 radi-
ally inward - core into the plane for the former or radially outward - core out of plane

for the latter [23]).

Results of our external field dependent response analysis are summarized in Fig-
ure 5.11. The MFM data belong to 300 nm diameter disks that went through two
different magnetic field conditioning procedures. Figure 5.11a shows the zero external
field configuration of the array after an in-plane AC demagnetization process of 1 T
maximum field and a subsequent 3 T out-of-plane field application. Majority of the
disks display the dot and extended dot structures. Due to the finite diameter of 50
nm for the low moment magnetic tip used in this imaging, the minimum feature size
that can be resolved is limited to 50 nm. Therefore, the dot sizes we observed in the
range of 50 to 100 nm merely imply an upper bound of 100 nm dot diameter. Figure
5.11b shows the same disks imaged under an inplane magnetic field of 10 mT along

the direction indicated in the figure. The response to the external field is highlighted
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Figure 5.11. MFM images of 300 nm diameter disks sample type 15FP-AI under
different conditions. a-b) 3 T out-of-plane field and c) -4 T out-of-plane field, both
following an AC demagnetization process with a maximum 1 T in-plane field. The

response to the external field is highlighted such that an upward or downward motion
is indicated by triangles, appearance of the dots in disks after field application is
denoted by a — sign. ¢) Motion under different in-plane magnetic fields. Relative

displacement versus applied in-plane field
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such that an upward or downward motion (parallel or antiparallel to the field direc-
tion) is indicated by triangles, appearance of the dots in disks after field application
is denoted by a — sign. 23 % of the disks showed no clearly resolvable features in
Figure 5.11a but revealed dots when the field was applied in Figure 5.11b; e.g. the
disk A6. One plausible explanation is that the diameters of the dots are much smaller
than the resolution of the MFM tip and seem to be visible under the application of
an external magnetic field. The striking behavior in Figure 5.11b was that 49 % of
the dots moved downward, opposite to the external field whereas 9 % moved upward
along the field direction. This motion was either in the form of the dot relocating
such as in disk E6 or extending in the vertical direction as in B3 and C7, the latter
possibly due to pinning [61] effects which also explains how for example in disk A6 a
dot becomes resolvable after the field application. For the remaining 19% of the dots,
the behavior was not clear. Figure 5.7 used for the analysis of a larger array including
90 nanopillar disks. Figure 5.7a-b, shows a bigger array of disks (90 disks for better
statistics) that went through the same field conditioning described in Figure 5.11a-b
(3 T out-of-plane field following an AC demagnetization process with a maximum 1 T
in-plane field) including the same array of disks labeled with rows A-E in Figure 5.11.
In Figure 5.7b, as compared to Figure 5.7a, 36% of the dots moved downward whereas
3% moved upward and 22 % of the dots appeared in the disk under in-plane external
magnetic field of 10 mT. For the remaining 39%of the dots, the behavior is not clear.
It is evident from this experiment that majority of the dot-like structures move either
parallel or anti-parallel to the direction of the field. These results support the idea that

the observed magnetic features are radial vortices.

Figure 5.11c shows the observed behavior of a radial vortex in response to an
in-plane field. Due to difficulties in keeping the magnetic tip magnetization stable
at in-plane fields greater than 20 mT, all the in-plane field dependent measurements
were done for fields below 20 mT. However, in order to confirm the change of behavior
with changing polarity we focused on one device and performed measurements at zero
field, -13 mT, zero field after -25 m'T application, +13 mT and 420 mT. The relative
displacement of the core is positive for negative fields and negative for positive fields.

The core displacement is observed to be larger for larger applied fields and also polarity
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dependent as expected.

We observed a variety of magnetic structures in nano-disks made of alternating
layers of [Pt(5)/CogoFegoBao(1)/Ti(1)]) with i-DMI at the interface of the heavy metal
Pt and the magnetic CoogFeggBog layer. Previous studies report an i-DMI parameter
of ~1 mJ/m? for Pt/ CoyoFeByo interface [57], [62] and ~2 mJ/m? for Ir/Co/Pt
heterostructure that has two heavy metal layers [51] having opposite i-DMI signs to
prevent the cancellation in repeated structure. From BLS analysis we found that
[Pt(5)/CogoFegBao(1)/Ti(1)] multilayer stacks are characterized by a quite large D
parameter of ~1.5 mJ/m?, even if they contain only one heavy metal layer. This is due
to the presence of a thin Ti spacer layer which successfully avoids the degradation of
i-DMI from symmetric Pt electrodes. Moreover, BLS measurements suggest that the
i-DMI strength in the CoFeB /Pt interface is affected by the CoFeB composition. More
specifically, we have shown that i-DMI together with dipolar field in these multilayers
stabilizes the radial vortex structure for in-plane24 anisotropy and Néel skyrmions for

perpendicular [63] to plane anisotropy.

The magnetic characteristics of the repeated stacks are sensitive to the number of
repeats as well as manufacturing conditions. XRD measurements suggest the presence
of oxygen in Ti interlayers. Further x-ray photoelectron spectroscopy (XPS) studies
confirmed partial oxidation of Ti interlayers resulting in predominantly TiO such that
the oxide to metal ratio increases with increasing substrate temperature during long
hours of deposition example Figure 5.7,5.12 and Table 5.1). Therefore, sample 60C,
with higher final substrate temperature of 60°C compared to that of sample 15C (20°C),
has improved interface quality due to decreasing lattice mismatch from 16% to 6%
between Ti and Pt which induces a strong Pt <111> orientation and favors strong
PMA. Consequently, samples 15C and 60C both have PMA yet due to more oxidation
in Ti layers of the latter, PMA is observed to be enhanced.

While PMA is expected to be weaker in sample 15C-Al as well, the post-production
treatment of annealing at 170°C for 45 minutes and ion-irradiation during milling for

2 hours further weakens PMA and switches the easy axis to in plane. A similar effect
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was observed previously [64] with ion irradiation for the case of Co/Pt. lon irradiation
was reported to cause lattice distortion resulting in an increase in lattice mismatch

favoring in-plane anisotropy.

In sample 15PP-A which displays PMA, magnetic structures like Néel skyrmions
and horse-shoes appear in the disks with 500 and 1200 nm, respectively. Whereas the
in-plane anisotropy in sample 15FP-AI leads to the observation of dot-like features
with core radii 50-100 nm in MFM for disks of 300-500 nm diameter. Majority of these
dot-like structures responded to in-plane external magnetic field by propagating along
the field axis either parallel or anti-parallel to the field direction. Our results are in-line
with the predictions of referace [23] which indicate the nucleation of radial vortices at

the interface of Pt/CoFeB in structures with in-plane anisotropy.

The magnetic structures revealed here were nucleated with an external magnetic
field treatment but did not require a dc bias-field to be stabilized afterwards which
was found to be necessary in some earlier studies [51,65]. Other skyrmion nucleation
techniques include the application of external magnetic field pulses [22] or injection of
current pulses through a constriction [20,66]. Usually, demonstrated skyrmions are in

a single ultra-thin magnetic layer with a few exceptions [51,63].

The Pt/CoFeB/Ti multilayer whose magnetic anisotropy can be tuned with num-
ber of repeats and post-production treatments, provides a unique experimental work-
bench to study the spectrum of micro-magnetic configurations from Néel skyrmions,
horse-shoes, spider-web like domains to radial vortices thanks to interfacial DMI and
dipolar field. These extraordinary micromagnetic configurations can potentially find
applications in magnetic memory, logic and sensor technologies. The radial vortex
state which has been stabilized at room temperature for the first time in this work
paves the way to unique applications such as particle trapping/detrapping in addition
to nonuniform magnetization memories with efficient switching, where the magnetic
layer that accommodates the radial vortex can act as a source of spin-polarized current

with radial polarization.
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6. ELECTRORESISTANCE AND EXCHANGE BIAS
MANIPULATION BY
CURRENT IN ANTIFERROMAGNETS

Antiferromagnets have become an attraction point for their functional component
in spin transport devices [67]. Recently it has been discovered that antiferromagnetic
order, prepared via field cooling below the Neel temperature, can be susceptible to spin
orbit torques (SOT) originating from a heavy metal underlayer [68]. Furthermore, a
(100) oriented antiferromagnetic metal IrMn has been shown to generate substantial

self-torque due to a large spin Hall angle [69].

Exchange bias forming at the interface of ferromagnet/antiferromagnet bilayers
results in a shift in the hysteresis loop. In 1956, Meiklejohn and Bean showed that
the loop shift was equivalent to the assumption of a unidirectional anisotropy energy
[32,70,71]. The stability of the antiferromagnet is crucial for the stability of exchange
bias and hence the functioning of the device [70,72].

More than a couple of decades studies focusing on FM-AFM exchange couples has
become popular thanks to the effective bias, Hg, on a FM thin induced by the interfacial
exchange with an AFM film provides broad application spectra for information storage
industry. IrMng is an antiferromagnet which has a large exchange bias, anisotropy
coming from its Ljy ordered phase with a cubic symmetry [73] and thermal stability,
is commonly used in the industry. In this study, we focus on ultrathin (100) oriented
IrMng due to its extraordinary response to the applied current such as electroresistance

and exchange bias manipulation by pure spin current.

6.1. Magnetic Characterization of (100) Oriented IrMn; Thin Film

Magnetic characterization of the thin film was done by SQUID (Quantum De-

sign), shown in Figure 6.1, as a function of the thickness of IrMnjy layer. Blocking
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Figure 6.1. Coercivity(red), Exchange bias (blue) vs IrMns thickness at 10 K

temperature of IrMng, coercive field enhancement and variation of exchange bias mag-
nitude were examined for the stack of Si (100)/ SiO, (300nm) / Pt (5nm) / NiFe (3nm)
/ Cu (15 nm) / NiFe (3 nm) / IrMnj (t) / Pt (5nm). We determined that 3 nm IrMng
layer was the minimum thickness in terms of having AF magnetic properties close to
room temperature and high exchange bias field. Field cooling was done from 350 K to

10 K, for two different directions, parallel and perpendicular to the current direction.

For ultrathin layer of antiferomagnet, like 1, 1.5, 2, 3 nm samples, magnetization
vs field measurement was conducted at 10 K, 200 K and 300 K, Figure6.2, 6.3, 6.4,
6.5, hence we figured out where is the blocking temperature of the stack since above

the blocking temperature exchange bias is zero.

6.2. Structural Characterization of (100) Oriented IrMn; Thin Film

We used MgO/[IrMn3(3nm)/Py(2 nm)]/Ti(2nm) multilayer for electrical mea-

surement as well as material characterization. We grew the sample on (100) oriented
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Figure 6.3. Magnetization vs field measurements at a) 10 K and b) 200 K for 1.5 nm
IrMn;
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MgO substrate with the DC magnetron sputter system in 3 mTorr Ar pressure. Pre-
bake was done at 825°C for 1 hour before starting Ir;sMngs deposition. We followed
the prodecure explained by Zhang et. al. [69] in order to grow (100) oriented IrMns

which gives the highest spin Hall angle among all the crystal orientations.

We decreased the temperature to 550°C then 3 nm IrMnjg thin film growth process
was started and needed 2 nm NiygFegy layer for forming exchange bias was coated at

the room temperature. 2 nm Ti layer used as a capping layer.

Crystal structure of the MgO/IrMns (3 nm)/Pt (2 nm)/Ti (3 nm) was performed
by X-Ray diffraction (XRD) technique, peak location can be seen in Figure 6.6 and
observed peak locations are consistent with literature [69]. Furthermore determina-
tion of the chemical composition of the samples was obtained by X-Ray photoelectron
spectroscopy (XPS) technique. We started to mill from top to bottom layer and a few
layers later we corrected for the relative sputter yields. Composition in the bulk of the

material was found to be 3 for Ir and Mn ratio, as shown in Figure 6.7.

Also we performed tunneling electron microscopy measurement to prove crystal

ordering was formed along (100) crystal orientation as shown in Figure 6.8.

6.3. Exchange Bias Manipulation by Spin Orbit Torque

We showed the SOT effects on the antiferromagnetic ordering of 3nm thick (100)
oriented IrMnj thin films deposited on heated MgO (100) substrates. The IrMns layer
is overcoated with a 2 nm NigyFegq layer followed by patterning into a Hall bar. Upon
cooling from 350 K below the Neel temperature of the IrMnj layer (300 K) with an
external field of 1 T applied perpendicular to the bar, anisotropic magnetoresistance
measurements of NiygFegy samples were performed. We can see that there is no field
cooling direction dependence to form up exchange bias in system, as shown in Figure
6.10, As shown in Figure 6.9, the exchange bias was successfully manipulated by the

SOT.
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Figure 6.8. Transmission electron microscopy (TEM) of MgO/IrMn3(3 nm)/ Au(200

nm)
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Figure 6.9. Resistance vs Magnetic Field for 1 mA (black), 2 mA (red), 3 mA (green),
5 mA (blue) applied current for the sample MgO/IrMn3(3 nm)/Py(2 nm)/Ti(2 nm).

In Figure 6.9, we showed that manipulation of the exchange bias has been achieved
by spin orbit torque induced spin orbit coupling. As a conventional method ex-
change bias is measured by hysteresis loop shift but we can understand this shift with
anisotropic magnetoresistance measurement as well. We gradually increased the ap-
plied current value as 1, 2, 3 and 5 mA, loop shifted to the left. There are two possible
explanations for this loop shift, one of them is current assisted joule heating and the
other one is spin orbit torque acting on the interface of permalloy and IrMnj layers.
To understand which mechanism was dominant, exchange field vs current, resistance
versus current and resistance versus temperature measurements were implemented, as

shown Figures 6.10, 6.11 ,6.12, respectively.

Exchange bias field, H,,, is reduced to zero at 10 mA. H., vs temperature mea-
surement shows that He, is not even zero at 300 K (13 Oe). So one would need

significant heating to see this effect. Resistance vs current data shows that resistance
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change with current is negligibly small whereas resistance vs temperature data shows
that for a temperature change around 300 K causes a 200 ohm change in resistance.
Therefore, we conclude that the effect that we observe can not be accounted for by

Joule heating mechanism. So it must be due to spin orbit torque.

Furthermore, the manipulation of the exchange bias in system is possible with ap-
plied current for the sample MgO/IrMns(3nm)/Py(2 nm)/Ti(2nm) as shown in Figure
6.9.

6.4. Electroresistance in Antiferromagnet

We started with the Si/SiO,/Ti(5A)/Pt(10 nm)/IrMns(3nm)/Ti(3 nm) sample
but we realized that 10 nm Pt was too thick to observe spin orbit torque effect. Resis-
tance vs temperature measurement result was shown in Figure 6.13. Then we decreased
the thickness of Pt layer to enhance current density that was flowing through IrMnjg
layer, we observed a drastic change in resistance vs temperature measurement shown

in Figure 6.14 where resistance decreased with increasing temperature.

We tried to measure the change in resistance with respect to the applied current.
Before starting measurement, field cooling (H¢) was done under three different cooling
directions as shown in Figure 6.17 with a 1 T external field. For Si/SiO2/Ti(5A)/Pt(10
nm)/IrMns(3nm)/Ti(3 nm), no resistance drop was observed for negative and positive
applied current. Since big portion of current density passed through Pt layer instead
of IrMn because there is an order of magnitude difference in resistivities [74], SOT
was not dominant in the process. Then we decreased the thickness of Pt layer from
10 nm to 2 nm. Hence we were able to observe resistance variation for the sample
Si/Si0,/Ti(5A)/Pt(2 nm)/IrMns(3nm)/Ti(3 nm). We observed a resistance drop for
all field cooling directions at the level of 20 ohm.

It is recently reported that (100) oriented IrMns has a huge spin hall angle,
05 =0.35 [69]. We wanted to observe the effect self torque of IrMnj, coming from its

high spin orbit coupling, as a resistance change in Hall bar device. So, we observed
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Figure 6.13. Resistance vs Temperature of Si/SiO5/Ti(5A)/Pt(10 nm)/IrMns(3
nm)/Ti(3 nm)
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Figure 6.15. Resistance vs Temperature of MgO /IrMn3(3nm)Pt(2 nm)/Ti(3 nm)

more variation in resistance for sample MgO/IrMns(3nm)/Pt(2 nm)/Ti(3 nm) than
sample Si/SiO5/Ti(5A)/Pt(2 nm)/IrMns(3nm)/Ti(3 nm) with the applied current on
Hall bar device. We observed resistance drop for all field cooling directions at the level

of 30 ohm for MgO/IrMn3(3nm)/Pt(2 nm)/Ti(3 nm).

Also we tried to understand the effect of field cooling value on resistance vari-
ation for the sample MgO/IrMn3(3nm)/Pt(2 nm)/Ti(3 nm). We changed the ap-
plied field as 3T, 7T shown in Figure 6.20 and Figure 6.21. We showed there was no
correlation between the resistance variation and field cooling value. For three cases,
we observed resistance drop for all field cooling directions at the level of 30 ohm for
MgO/IrMn3(3nm)/Pt(2 nm)/Ti(3 nm). We decided to change the heavy metal of stack
to enhance the ultimate spin orbit torque which plays an important role on exchange
bias manipulation. Then we used W instead of Pt layer because beta phase W also
have a relatively large spin hall angle [75,76]. We applied current negative and positive

direction up to 10 mA then we observed huge resistance drop around 1450 ohm as
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Si/Si0,/Ti(5A) /Pt (2nm)/IrMns (3 nm)/Ti (3 nm) at 10 K with zero external field.

(Green, red and blue curves show parallel, perpendicular and out of plane field

cooling directions respectively.)
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nm)/Pt(2nm)/Ti(3nm) at 10 K with zero external field. (Green, red and blue curves

show parallel, perpendicular and out of plane field cooling directions respectively for

a) 1 T, b) 3 Tandc) 7T field cooling magnetic field value.)



133

JPRLL
E=—JPRLL ==
— PRPNDCLR 2600 4 —e— PRPNDCLR
2800 —A—QOP —A— Q0P
2600 2400
2400 4 2200
2200 4 2000 -
2000 1 1800
= 1800 - =]
G & 1600
T 1600
1400
1400
1200 1200 -
1000 1000
800 800 4
10 8 6 4 2 0 0 2 i 6 8 10
I(mA) I(mA)

Figure 6.22. R vs Ipe (positive left, negative current right) measurements for
MgO/IrMn3(3nm)/W (2 nm)/Ti(3 nm) at 10 K with zero external field. black and
red curves show parallel, perpendicular and out of plane field cooling directions

respectively, for 1 T field cooling magnetic value.)

shown in Figure 6.22, and also resistance vs temperature graph shown in Figure 6.12.

This spin orbit torque induced resistance variation was around 65%, to enhance
resistance variation we decided to use 5 repeats of [IrMns(3nm)/W (2 nm)] multistack.
During deposition temperature was 580°C only for the first layer of IrMns hence that
was the only (100) oriented layer. The other layers were grown at room temperature so
ultimately film had polycrystalline crystal structure. However we have observed very
large resistance drop around 1200 ohm with the applied current as shown in Figure

6.23.

As a summary, we achieved the manipulation of exchange bias at the interface
IrMn3 /Py of by self torque (100) oriented IrMnj. Also giant resistance variation due
to spin orbit coupling effect was observed for samples IrMns(3nm)/W(2 nm) and 5

repeats of [IrMns(3nm)/W (2 nm)] multistack.
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7. CONCLUSION

In this thesis, we have talked about experiments which were conducted through
three different geometries. First geometry was an astroid shaped Py nanomagnet de-
fined on Si/Sio, substrate fabricated with e-beam lithography and photolithography.
Patterned nanomagnets have a variety of applications from nanoscale memory devices
to on-chip nano-oscillators, detectors, magnetic sensors. Because they display a variety
of features like AMR, high frequency oscillations of magnetic structures, spin waves
etc. By adjusting the size and shape of our nanomagnet we can make a specific micro-
magnetic configuration energetically favorable. In this geometry, micro magnetic con-
figurations arise from the interplay between different energy terms like magnetostatic
energy, exchange energy, Zeeman energy etc. At the end, the antivortex nanomagnetic

configuration which has minumum energy is favoured.

AC demagnetized astroid shaped nanomagnet allows the nucleation of the an-
tivortex. We observed the magnetic configurations under magnetic force microscopy
and examined the interactions of the micro-magnetic antivortex configuration with
magnetic field and electric current. Our aim was to move the position of the antivortex
continuously, creating a high frequency motion, a nanosecond periodical motion which
will eventually give an RF signal in the range of 100 MHz all the way to a couple of
GHz.

In literature there are many studies focusing on vortex but there is a gap for
antivortex so we investigated the stability of magnetic antivortices. Magnetic imag-
ing with MFM and anisotropic magnetoresistance measurements proved that nucle-
ation, observation and annihilation of antivortex micromagnetic configuration in as-
troid shaped nanomagnets were successfully achieved. Manipulation of antivortex mo-
tion by interaction with applied magnetic field was also accomplished. Several contact
designs have been tried and different electrical setups have been constructed for room

temperature and low temperature measurements under magnetic magnetic field.
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We have worked with different device geometries to eliminate the high sample
resistance, around 900 €2, which prevented us from obtaining a detectable AMR signal.
To make sure that the signal we receive from the device is coming from only the
antivortex, we removed the top and bottom current paths in the astroid shape. After
determining the final device and contact geometry, device resistance was around 53 €2
level at room temperature. By means of resistance vs field measurements, nucleation

and annihilation conditions of the antivortex were figured out.

Detailed studies of the stability of antivortices presented in Chapter 3 showed
that we have seen stable antivortex at zero field in parallel case. When the applied
current was flown parallel to the field direction, antivortex nucleation and annihilation
were detected. When the current was flown perpendicular to the field direction, there
were some steps that may stem from defects or there can be nucleated antivortex or
vortex-antivortex pairs. Simulations are in progress by our Italian collaborators to

clarify the measurement.

Our second geometry was Pt/CoFeB/Ti multilayer nanopillar device grown on
Si/Sio, substrate fabricated with e-beam lithography. In Chapter 4, we have stud-
ied the nucleation and observation of several magnetic configurations such as Néel
skyrmions, horseshoes and radial vortices by magnetic force microscopy. Also the evo-
lution of radial vortices from Néel skyrmions is achieved in Pt/CoFeB/Ti multilayer

nanopillar device.

The configurations observed in the nanopillar device appearing in the presence
of interfacial Dzyaloshinskii-Moriya Interaction (i-DMI), have potential applications in
emerging spintronic technologies such as race-track magnetic memory, spin logic, radio
frequency nano-oscillators and sensors. The foreseeable advantages of these configu-
rations over conventional micro-magnetic structures are their small size, topological
stability and easy spin-torque driven manipulation with much lower threshold current
densities giving way to improved storage capacity, and faster operation with efficient

use of energy.
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The magnetic structures revealed here were nucleated with an external magnetic
field treatment but did not require a dc bias-field to be stabilized afterwards which was
found to be necessary in some earlier studies. Other skyrmion nucleation techniques
include the application of external magnetic field pulses or injection of current pulses

through a constriction.

We changed the repeat of multistack by means of milling technique resulting in
the minimization of total energy of the system. Furthermore it is found that lattice
mismatch is decreased and crystal structure is improved by enhanced oxidation. So
the easy axis of the multistack switched from perpendicular to inplane allowing us to
observe stable radial vortex. The Pt/CoFeB/Ti multilayer whose magnetic anisotropy
could be tuned with number of repeats and post-production treatments, provides a

unique experimental workbench to study a spectrum of micro-magnetic configurations.

Lastly in Chapter 6, we worked on Hall bar geometry made of [rMn3 constructed

on MgO substrate (by a procedure originally developed by Weifeng Zhang).

We achieved the exchange bias manipulation and electroresistance effect on (100)
oriented IrMns which is an antiferromagnet with three-fold symmetry resulting in a
large positive spin Hall angle. Also giant resistance variation due to spin orbit cou-
pling effect was observed for samples IrMn3(3nm)/W(2 nm) and 5 repeats of [IrMnjz(3
nm)/W (2 nm)] multistack.

We demonstrated the magnetic, structural and morphological characterization
of materials to understand the microscopic origins of the magnetic behaviour of the
devices by techniques such as vibrating sample magnetometer, x-ray diffraction, x-ray
photo electron spectroscopy, atomic force microscopy and magnetic force microscopy

in Chapter 2.

We used DC magnetron sputtering system for deposition and ion milling of thin
films. Using bow tie design, electrical properties of materials were characterized and

their resistivity values are found.
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By means of the dicer wafer is divided into the pieces and glued to resistivity
option puck. A LEMO cable was designed to conduct low temperature measurement in
PPMS. Also magnetic characterization of the materials are studied by Vibrating Sample
Magnetometer (VSM) and SQUID magnetometer. Magnetic moment versus magnetic
field measurements and exchange bias observation at the interface of IrMn/NiFe thin
films are examined. Structural characterisation is done to understand the composition

and crystal orientation of the samples that were especially used for Chapter 6.

We described the fabrication processes for nanopillar and Hall bar devices start-
ing from the preparation of chips, followed by patterning with photolithography and
electron beam lithography in Chapter 3.

For future work, we are planning to study dynamic properties of magnetic an-
tivortices, formed in a special geometry called astroid. We want to detect gyration
frequency of antivortex which is expected to be around GHz frequncy level. This will
provide novel spintronic application such as detectors, sensors and oscillators. Also we
will create an array of nanopillars containing radial vortices to have a spin torque nano-
oscillator. For this purpose we started to fabricate the 3 terminal device which can be
found in the appendix. Additionally with this geometry, dynamics of the spin valve

structure can be detected with much less current density by means of nano contact.

All in all, this thesis provides a perspective for future investigations on spintronics

and antiferromagnetic spintronics.
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APPENDIX A: 3 Terminal Device

In order to study the manipulation of the antiferromagnet layer by spin orbit
torque of (100) oriented IrMng which has three-fold symmetry [77] resulting in a large
positive spin Hall angle [78], we designed the three terminal device, shown in Figure
A.1. Basically it is a spin valve structure containing free and fixed 3 nm NiygFeg
layers, separated by a non-magnetic 15 nm Cu spacer layer. IrMns has been used as
the antiferromagnet creating the exchange bias and fixing the adjacent ferromagnet.
Pt is used as the heavy metal generating a pure spin current due to its spin Hall
angle. Along with IrMns, we expect the generated torque to add up and switch the
magnetization of free layer by pure spin current. Additionally with this geometry,
dynamics of the spin valve structure can be observed with much less current density

by means of nano contact.

Device fabrication started with the calibration of deposition and ion milling rates

shown in Table A.1 and Table A.2.

Following the calibration, we grew the multistack Au(100)/NiFe(3)/Cu(15)/NiFe
(3)/IrMn3(t) /Ru(5) on Si/SiO, substrate, to grow (100) oriented IrMns we switched
to MgO substrate. We added 5 nm Ru capping layer on top of the multistack, because
we used chemical etching instead of standard carbon deposition and etching technique
during the fabrication of this device. We coat trilayer omnicoat/PMMA /HSQ resist
combination that provide to get 1x1 um? top contact region. If there is not Ru layer
below omnicoat, the lift off process does not work and omnicoat does not stick well
onto Pt or Ta [79] so the whole resist will peel off during development after e-beam

lithography.

After the deposition, we started patterning by coating the sample with Shipley
1813 photoresist at 4000 rpm and baking it at 115°C for 1 minute. Green layers shown

in Figure A.2 were patterned with laser writer using the following parameters:
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Figure A.1. Schematic drawing of three terminal device

Table A.1. Deposition rates of the three terminal device materials

Target | Pressure (mTorr) | Power (Watt) | Sputter Rate (A /sec)
Ti 2 100 0.343 £ 0.01
W 2 30 0.211 £ 0.01
Ru 2 30 0.319 £+ 0.01
Pt 2 30 0.314 £ 0.01
Au 2 80 1.907 £ 0.01
Cu 2 30 0.464 + 0.01
[rMn 2 30 0.242 + 0.01
NiFe 2 30 0.225 £+ 0.01




Table A.2. Ton milling rates of the three terminal device materials
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Target Pressure Beam Accelerator Beam Ion Milling
(mTorr) | Voltage (V) | Voltage (V) | Current (mA) | Etch Rate (A/sec)
Ti 2 150 30 6 0.177 + 0.01
W 150 30 6 0.162 £ 0.01
Pt 2 150 30 6 0.255 4+ 0.01
Au 2 150 30 6 0.261 4+ 0.01
Cu 2 150 30 6 0.174 + 0.03
IrMn 2 150 30 6 0.151 4+ 0.01
NiFe 2 150 30 6 0.186 4+ 0.01

Figure A.2. Layout Editor drawing of three terminal device design
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Figure A.3. Optical microscopy images of the three terminal device after the

developing omnicoat/PMMA /HSQ resist combination, a) magnified 5 times, b)

magnified 20 times.

e Filter: 3%

e D step: 4

e Position speed: 5

e Lens: 3

e Gain: 14.5

e Center to X Y enabled
e Plane enabled

e Interferometer enabled

Then the sample was developed with CD 26 for 1 minute after the UV light ex-
posure. Descum was performed at 170 mTorr Oy pressure, 50 watt power, 24 sccm
O, flow rate for 30 seconds with MARCH CS-1701 Reactive Ion Plasma Etcher. The
optical microscopy image of the sample after descum is shown in Figure A.3. Later
the sample was sputtered 5 nm Ti and 100 nm Au and lift off was done with ace-
tone and isopropanol as shown in Figure A.4. Then the sample was coated with the
same photoresist and put into the laser writer to isolate the device with the same pho-
tolithography parameters. The optical microscopy image of the sample after develop

is shown in Figure A.5. After developing, the sample was milled till SiO, layer.
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Figure A.4. Optical microscopy image of the sample after Au deposition and lift off

Figure A.5. Optical microscopy images after isolating the device, a) magnified 20

times, b) magnified 50 times.
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Figure A.6. Optical microscopy image after defining 30x30 pum device area

When we finished the sample isolation process, 30x30 um? device area was defined
with aligned photolithography as shown in Figure A.6. Next step for the three terminal
device is defining the 1x1 um? pillar by aligned e-beam lithography. For this purpose,
the sample was first coated with omnicoat at 1000 rpm, spinned twice for 45 seconds
and baked at 170°C for 1 minute, resulting in approximately 30 nm thickness. Secondly,
it was coated with PMMA A2 495 at 4000 rpm for 45 seconds and baked at 170°C
for 15 minutes that results in approximately 50 nm thickness. Lastly, the sample was
coated with HSQ XR1541006 at 3000 rpm for 45 seconds and baked at 170°C for 2
minutes, resulting in approximately 100 nm thickness. For the exposure of the sample,
we performed dose test between 1000 and 10000 C/cm?. The sample was then exposed
with 2000 C/cm? and developed with 1:3 MIBK/ISO solution for 45 seconds. PMMA
and omnicoat were etched by O, plasma at 100 Watt and 24 sccm flow rate for 2

minutes.

After plasma etch, the sample was ion milled until IrMn layer and then 30 nm
MgO was deposited by e-beam evaporation. Following MgO deposition, lift off was
performed by soaking the sample in PG Remover for 24 hours at 90°C and sonication.

Optical microscopy images of the device are shown in Figure A.7.
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Figure A.7. Optical microscopy image after MgO deposition and lift off

Figure A.8. The final state of the three terminal device

The last step in the fabrication of the three terminal device was the formation of
the top contact. Patterning was done by aligned e-beam lithography where we coated
the sample with PMMA C2 495 at 1000 rpm for 45 seconds and baked at 170°C for 5
minutes. Then the sample was exposed with 100 xC/cm? and developed. Finally, the

sample was deposited 5 nm Ti and 100 nm Au, as shown in Figure A.8.





