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ABSTRACT

ULTRA-HIGH-RESOLUTION LOW-TEMPERATURE MAGNETIC FORCE
MICROSCOPY

Badami Behjat, Arash
Master of Science, Physics
Supervisor: Prof. Dr. Ahmet Oral

September 2019, 103 pages

Scanning probe microscopy is a conventional technic which has opened new methods
to investigate surface properties. Imaging atoms or manipulating them as well as
measuring surface structures with high resolution and accuracy are fantastic features
which are utilized in surface science to study the characterization of materials. Atomic
Force Microscopy (AFM) a standard popular method can measure the interaction
forces between the sharp tip and the sample surface. This method allows us imaging
atoms individually with the atomic resolution or the structure of molecules. AFM
could measure various types of forces like van der Waals, electrostatic, friction or
magnetic forces under the different environment condition, high vacuum or Ultra high
vacuum, ambient, and aqua, as well as high magnetic field at room or cryogenic
temperature. Affordable price, easy sample preparation, and operation, specifically
high resolution down to the nanometer are the advantages of this method. Moreover,
ability to image almost any type of samples such surface of the ceramic material, or
the dispersion of the metallic nanoparticles, or so soft material, such very flexible

polymers, the human cell, and DNA is the most considerable advantages of AFM.

Magnetic Force Microscopy (MFM) is another standard method for surface
investigation of magnetic properties, which is the aim of this thesis. MFM is one of

the significant roles in material science that magnetic resolution of 10 nm and less,



provides critical information in the different area of science such as spintronics, spin
glass system, magnetic nanoparticles, superconductivity, high-density magnetic
recording media, magnetic phase transition, etc. The capability of AFM/MFM in
working at a low-temperature range of 300 kelvin to hundreds of millikelvin increases

the versatility of the microscope.

Principally, low-temperature Atomic/Magnetic Force Microscope (LT-AFM/MFM)
Is working with the measuring the cantilever deflection; This means the fiber
interferometer which directs the laser light to the cantilever tip by a fiber cable can
measure the deflection with calculating the percentage of laser light coming back from
the tip. The significant role here is the operation of the microscope in extremely low
temperature for further material evaluation and also the reliability of working that in

various temperature properly.

The critical issue is microscope alignment, which the cantilever and fiber respectively
could collapse in the cooling status. Therefore, the design of the microscope head
should be wholly centric, and a particular mechanism aligns considering the different
thermal contraction of the material. Besides, most cryogenic systems are limited in the
sample space; consequently, this limitation should be applied in the whole design and

system alignment.

In my master thesis, | have improved a Low-Temperature Fabry-Perot Atomic Force
Microscope / Magnetic Force Microscope (LT-AFM/MFM). This instrument was
developed earlier in our group and used standard tips and a Fabry-Perot fiber
interferometer for measuring the cantilever deflection. The earlier version of this LT-
AFM had some reliability issues with the fiber nanopositioner at low temperatures.
Principally, in a Fabry-Perot AFM/MFM it is required to reduce the distance between
cantilever and fiber by moving the latter. This issue is also an essential means to
improve the resolution because thereby, the signal intensity of the reflected light can
be increased. In the previous setup, the piezo nanopositioner was not able to move the

ferrule that holds to fiber, due to the limited space in the vertical direction in the

Vi



cryostat. Therefore, | modified the design, resulting in improved reliability of the fiber
nanopositioner. This was achieved by (1) centering the AFM tip at the piezo tube; (2)
improving the surface quality of the groves in which the ferrule is sliding; (3)

increasing the inertial mass of the fiber holder.

The new concentric design enabled the piezoelectric nanopositioner not only to move
the fiber forward and backward in the vertical direction but also worked reliably and
precisely at extremely low temperatures down to 300 milliKelvins. The movability of
the fiber to optimize its position with respect to the cantilever is essential for the
performance of the microscope. Thereby the slope is increased, i.e., the change of the
signal at the photodiode with respect to a change of cantilever position, of the reflected
laser signal, and hence the vertical resolution of the AFM. With this new design, a
slope of 148 (mV/A) was reached using a laser power of 3.5 mW, whereas before the
slope only amounted to 120 (mV/A). Increasing this slope also means improved

vertical resolution in AFM and MFM as well.

In this research, we have improved the previously developed AFM/MFM Fabry-Perot
low-temperature microscope with an outer dimension less than 25.4 mm which is
completely commercialized for various types of cryogen-free cryostats from different
manufacturers or liquid He bathes. All measurements conducted in the newly installed
cryogen-free cryostat with the capability to reach 1.3 K from Cryomagnetic
instrument; This ultra-low temperature is a vital issue in material science and also
physics investigation on many phenomenon. The working potential of the
microscope, in both AFM and MFM mode at various temperature, besides ultra-low
noise level around 25 fm/Hz? in 300 K and 12 fm/HzY? in 1 K gives high-resolution

images.
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Keywords: Atomic force microscope, AFM, magnetic force microscope, MFM, low
temperature, magnetic field, high resolution imaging, cryostat, milliKelvin, fibre

interferometer, fibre Fabry-Pérot interferometer
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ULTRA-YUKSEK-COZUNURLUK DUSUK SICAKLIKLI MANYETIK
KUVVET MIKROSKOPISI

Badami Behjat, Arash
Yuksek Lisans, Fizik
Tez Damismani: Prof. Dr. Ahmet Oral

Eylil 2019, 103 sayfa

Tarama probu mikroskobu, yiizey 6zelliklerini arastirmak i¢in yeni yontemler agan
geleneksel bir tekniktir. Atomlar1 goriintiilemek veya bunlar1 manipiile etmek, ayni
zamanda yiizey yapilarmi yiiksek ¢oziiniirlilk ve hassasiyetle 6lcmek, malzemelerin
karakterizasyonunu incelemek igin yiizey biliminde kullanilan fantastik 6zelliklerdir.
Atomik Kuvvet Mikroskobu (AFM) standart bir popdler yontemdir, keskin ug ile
numune yiizeyi arasindaki etkilesim kuvvetlerini 6l¢ebilir. Bu yontem atomlar1 atomik
cozunurluk veya molekillerin yapist ile ayri ayr1 gériintiilememize izin verir. AFM,
farkli ortam kosullar1 altinda van der Waals, elektrostatik, siirtiinme veya manyetik
kuvvetler, yliksek vakum veya Ultra yiliksek vakum, ortam ve su ve ayrica oda veya
kriyojenik sicakliktaki yiliksek manyetik alan gibi cesitli kuvvetleri dlgebilir. Uygun
fiyat, kolay numune hazirlama ve isletme, Ozellikle nanometreye kadar yiiksek
¢ozlnlirliik bu yontemin avantajlaridir. . Ayrica, seramik malzemenin yiizeyi veya
metalik nano partikiillerin ya da ¢ok yumusak polimerlerin, cok esnek polimerlerin,
insan hiicresinin ve DNA'nin dagilmasi gibi hemen hemen her tiir numuneyi

goriintiileyebilme yetenegi, AFM'nin en 6nemli avantajlaridir.

Manyetik Kuvvet Mikroskobu (MFM), bu tezin amaci olan manyetik 6zelliklerin
ylzey arastirmasi i¢in bagka bir standart yontemdir. MFM, 10 nm ve daha diisiik

manyetik ¢oziiniirliige sahip malzeme bilimi alanindaki 6nemli rollerden biridir;



spintronics, spin cam sistemi, manyetik nanopartikiller, stper iletkenlik, ylksek
yogunluklu manyetik kayit ortami, manyetik faz gibi farkli bilim alanlarinda kritik
bilgiler saglar. gegis, vb. AFM / MFM'nin 300 kelvin ila ytlizlerce millikelvin diistik

sicaklik araliginda ¢aligma kabiliyeti mikroskobun ¢ok yonliiliigiini arttirir.

Prensip olarak, diisiik sicaklikta Atomik / Manyetik Kuvvet Mikroskobu (LT-AFM /
MFM), konsol sapmalarinin Ol¢lilmesi ile ¢alismaktadir; Bu, lazer 1s1gm1 bir fiber
kablo ile konsol ucuna ydnlendiren fiber interferometresinin, sapmadan geri donen
lazer 1518mi1n yiizdesini hesaplayarak sapmay1 Ol¢ebilecegi anlamina gelir. Buradaki
onemli rol, mikroskobun daha fazla malzeme degerlendirmesi i¢in son derece diisiik
sicakliklarda calismasi ve ayn1 zamanda ¢esitli sicakliklarda uygun sekilde ¢alismanin
giivenilirligidir.

Kritik sorun, konsol ve elyafin sirasiyla sogutma durumunda ¢okebilecegi mikroskop
dizilimidir. Bu nedenle, mikroskop kafasinin tasarimi tamamen merkezli olmal1 ve
malzemenin farkli termal biiziilmesini gdz 6ntinde bulundurarak belirli bir mekanizma
ayni hizada olmalidir. Ayrica, cogu kriyojenik sistem numune alaninda sinirlidir;

sonug olarak, bu siirlama tiim tasarim ve sistem uyumunda uygulanmalidir.

Yiiksek lisans tezimde Diisiik Sicaklikta Fabry-Perot Atomik Kuvvet Mikroskobu /
Manyetik Kuvvet Mikroskobu (LT-AFM / MFM) gelistirdim. Bu cihaz grubumuzda
daha once gelistirildi ve konsol sapmasin1 6l¢mek i¢in standart uclar ve bir Fabry-
Perot fiber interferometre kullanildi. Bu LT-AFM'nin 6nceki versiyonunda diisiik
sicakliklarda fiber nanopozlayici ile bazi giivenilirlik sorunlar vardi. Prensip olarak,
bir Fabry-Perot AFM / MFM'de, ikincisini hareket ettirerek konsol ile fiber arasindaki
mesafeyi azaltmak gerekir. Bu sorun ayni zamanda ¢oziiniirliigli iyilestirmek icin
gerekli bir aragtir, ¢iinkii yansiyan 1s1gin sinyal yogunlugu artabilir. Onceki
kurulumda, piezo nanopozlayici, kriyostattaki diisey dogrultuda sinirli alan nedeniyle
elyafi tutan yiiksiigii hareket ettiremedi. Bu nedenle, tasarimi degistirdim, bdylece

elyaf nanopozitoriiniin giivenilirligini arttirdim. Bu, (1) piez tiiplinde AFM ucunun



merkezlenmesi; (2) yiiksiik kaydig1 yivlerin yiizey kalitesini iyilestirmek; (3) elyaf

tutucunun atalet kiitlesinin arttirilmasi.

Yeni esmerkezli tasarim, piezoelektrik nanopozitifin sadece fiberi dikey yonde ileri
ve geri hareket ettirmekle kalmayip, ayn1 zamanda 300 miliKelvin'e kadar olan asir1
diisiik sicakliklarda da gilivenilir ve hassas bir sekilde ¢alisti. Elyafin konsoluna gore
konumunu optimize etme hareketi mikroskobun performansi i¢in 6nemlidir. Boylece
egim, yani, fotodiyottaki sinyalin, konsol pozisyonunun, yansiyan lazer sinyalinin
degismesine ve dolayisiyla AFM'nin dikey ¢dziiniirliigline bagli olarak degismesi ile
artar. Bu yeni tasarimla, 3.5 mW'lik bir lazer giicii kullanilarak 148 (mV / A) egime
ulasilirken, egimden once sadece 120 (mV / A) degerindeydi. Bu egimi arttirmak,

AFM ve MFM'de de dikey ¢oziiniirliigiin artmas1 demektir.

Bu aragtirmada, daha once gelistirilen AFM / MFM Fabry-Perot diisiik sicaklik
mikroskobunu, 25,4 mm'den daha diisiik bir dis boyutu olan, farkl iireticilerden veya
stvi He banyolarindan gelen cesitli kriyojen icermeyen kriyolar i¢in tamamen
ticarilestirilmis sekilde gelistirdik. Yeni kurulan kriyojensiz kriyostatta yapilan ve tiim
Olclimler Kriyognetik cihazdan 1,3 K degerine ulasabilir; Bu ultra diisiik sicaklik,
malzeme biliminde hayati bir konudur ve ayn1 zamanda birgok fenomen iizerinde fizik
arastirmas1 yapar. Mikroskopun hem AFM hem de MFM modunda cesitli
sicakliklarda calisma potansiyeli, 300 K'da 25 fm / Hz!/2 ve 1 K'da 12 fm / Hz!/?

civarinda ultra diisiik giiriiltii seviyesi yiksek ¢ozunurlukli géruntiler verir.

Anahtar Kelimeler: Atomik kuvvet mikroskobu, AFM, manyetik kuvvet mikroskobu,
MFM, diisiik sicaklik, manyetik alan, yiiksek ¢oziintirliiklii goriintiileme, kriyostat,
milliKelvin, fiber interferometre, fiber Fabry-Pérot interferometre
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CHAPTER 1

INTRODUCTION

1.1. Introduction and Overview

Atomic force microscopy (AFM), an innovative method that enables to map the
structures of the surface with fabulous resolution and precision. Images with a high
resolution of single atoms arrangement on the surface of a sample or the formations
of individual molecules are the fascinating capability of this microscopy method.
Imaging in a cryogenic temperature with an ultra-high vacuum provides the possibility
to measure a sample's surface properties with an atomic resolution [1]. Besides, not
necessarily AFM needs to be operated under this extreme condition; it can be
performed in the physiological buffers at 37 C to map biological reactions in real-time
[2-4]. Different kinds of samples like the surface of ceramic materials such as a very
hard one or distribution of metallic nanoparticles as well as very soft, like cells of the
human body, very flexible polymers, or DNA fragments could be carried out by the
AFM. The great advantages of this imaging method made it such a versatile
application since the 1980s which has employed to be utilized in all experimental
science areas like chemistry, physics, biology, material and nanotechnology science,
medicine, and etc. These days AFM is the most reliable technique to deliver highly
quantitative images with ultra-high resolution in the industrial, academic, and also

government labs.

An AFM microscope is rather varied from other microscopes which are operating with
light or electron focusing on a surface such as an optical or electron microscope. The
AFM is an almost mechanical technique and touches the material surface with a very
sharp probe, that maps the features as well as the height of the surface, in other words,

it projects the sample surface in three dimensions. The data provided by an AFM must



be analyzed by the software to generate the topography image, also analysis possibly

helps to remove artifacts from the surface of the image as well.

The first AFM (Figure 1.1) was a stylus profiler including a lever with optical
properties that could observe the movement of the lever with a tip at the end and a
small bar that was dragged through the surface of the sample and mapped the surface
topography. The common problem of this method was the probability of lever bending
due to the horizontal force made by surface large features. Becker presented this
problem [5] in 1950 and proposed to oscillate the lever in the initial state. The
vibration method somehow prevents the lever from bending, collapsing to the surface,

and damaging the sample.

Photographic Film
(moving with sample)

Light Source

.9

mirror

Sample

<>

Moving Sample Stage

Figure 1. 1Earliest design of the AFM with an optical lever in the 1920s. [6]

In 1971, the non-contact type of scanning probe microscopy was claimed by Russell
Young which made of a sharp metal probe and works with the electron field emission
current principal [7] in between the metal probe and the sample surface. He mounted
the sharp tip on the piezoelectric ceramic elements to move the Z direction.
Monitoring the probe motion in three directions (X, Y, and Z) provides the 3-

dimensional image of the sample surface.

In 1981 [8-10] Binnig and Rohrer tried to improve this method and apply the vibration

isolation. In such a way, it was possible to observe the tunneling of the electron rather



than electron emission among the tip and sample. This method was the first generation

of scanning tunneling microscopy (STM).

STM is able to measure individual atoms or molecules as well as measuring the local
density of state (DOS) [11]. Figure 1.2 depicts an explanation of the STM method. By
applying a bias voltage to a conductive sample and a very sharp metallic tip which
basically has one atom at the apex of the tip, the tunneling current can be felt. The
tunneling current explicitly depends on the distance of the tip-sample with an
exponential factor.

Feedback
Circuit

Figure 1. 2 schematic of scanning tunneling microscopy. [12]

The tip-sample distance here is the main factor in controlling the microscope
sensitivity; technically, the probability of electron tunneling strongly depends on this
factor and is much more sensitive than the electron emission. Binnig and Rohrer
applied the isolation vibration by floating all instrument magnetically, then the result
of the early experiments was so startling; the single atoms of the silicon on a surface
were recorded [13-14]. Finally, this incredible innovation was awarded the Nobel
Prize in physics in 1986. Although STM reveals the new technique in the scanning

probe microscope, it has a limitation to work only on electrically conductive samples.
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Figure 1. 3 STM image, (a) Topography, (b) Size of the Graphite on the HOPG.

The invention of the AFM provides an opportunity not only to image conductive
samples but also image isolating samples. In AFM, distance dependency of the sample
and the tip plays a vital role in dominating either repulsive and attractive force
interaction. In AFM contact mode, the probe touches the sample surface and maps the
surface in the repulsive force regime. In the contact mode, the periodicity [15] and
lateral friction force [16] could be studied. By increasing the tip-sample distance, the
role of an attractive force is so essential, and in which the tip does not touches the
surface and in any contact with the surface of the sample, we can call AFM non-
contact mode [17]. Tapping mode or semi-contact mode [18] or phase image mode
[19] AFM works in both attractive and repulsive force regime, which is the commonly
used mode these days. The capability of measuring Magnetic, Electrostatic, friction,
or Van der Wall forces besides imaging the sample surface by utilizing the specific
tips are the advantages of AFM. These forces could be measured when the specific tip
is manufactured; for instance, for measuring the magnetic features of the material, the
tip should be coated by magnetic materials. This technique is named magnetic force
microscopy (MFM). Technically, the method's name obtained by the force name

which is measured in AFM.
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Figure 1. 4 AFM image of the 200 nm Nickle Oxide coated on the glass

Magnetic force microscopy is one of the essential measurements in exposing the
magnetic properties of the material [20]. Moreover, this technique is comparatively
easy and typical like AFM measurement, which is performed in a variety of
environments like the large magnetic field [21], vacuum, low temperature and so on.
Magnetic imaging in different temperatures and the high magnetic field has a
significant role in vortex imaging or manipulation of vortices [22-29] in
superconductors, domain wall in ferromagnetic thin films [30-31], magnetic phase

separation [32-33], topological isolators [34].

Low-temperature AFM and MFM (LT-AFM/MFM) measurements have limitations
such as small spaces, approximately a few centimeters, inside the cryostats; hence
there is a limited description in the literature [35-36] specifically temperatures below
the 4K. Measuring the cantilever deflection is relatively hard and fiber interferometer
[37-39] is the logical and reliable method for this sort of measurements. Here the
cantilever should be aligned entirely concerning the fiber due to a thermal contraction

in the low temperature.
1.2. Work Plan

In the aforementioned thesis, the ultra-low noise, self-aligned low-temperature Fabry-
Perot AFM/MFM which is working based on fiber interferometer and temperature
range of 1.3 K to 300 K was redesigned and developed. In this type of microscope,



there is no need for optical alignment between the fiber and cantilever. Obtaining the
graphene single layer image represents the capability of reaching a high resolution.
Technically, we used Nanosensor alignment chip [60] to perform the alignment-free
system and very simplistic to operate. The design of the mechanical parts in LT Fabry-
Perot AFM/MFM was precisely engineered and tried to minimize the thermal
contraction of the material, and suitable for different temperature ranges. In the design
of the microscope, we attempted to eliminate all the unnecessary positioning
procedure mechanism to eliminate the complication as well as utilizing as less mass
as possible in order to make the microscope suitable for limited space inside the
cryostat and cooling the system with less power.

The principals and the theory of atomic force microscopy and magnetic force
microscopy operation are described in chapter 2. In chapter 3, LT Fabry-Perot
AFM/MFM instrumentation and a new design with all modification and operation

principles are described.

In chapter 4, the experiments at the low temperature and noise sources and
measurements are explained. And finally, AFM and MFM images are presented. The
Mika single layer at the low temperature presents the high functionality of the

microscope.

Chapter 5 is a description of the low-temperature dry cryostat which is newly installed
in our lab with the capability of working in 1.3 K. Moreover, an isolation vibration
platform is designed to decrease the noise. The value of noise in both on and off status
of isolation platform is measured and incredibly we were able to image the single-

layer graphene while microscope inside the cryostat and pulse tube cold head working.

In chapter 6, the Fabry-Perot interferometry principle is described as well as the
modified mechanism of fiber movement to reach the Fabry- Perot basics and increase
the resolution based on increasing the laser power gain. And at the end, this
mechanism is tested at low temperature and the reliability of working in various

temperature ranges is proved.



CHAPTER 2

MAGNETIC FORCE MICROSCOPY

2.1. Magnetic Force Microscopy (MFM)

MFM is one of the AFM sub-branches with the potential of measuring magnetic
features of the sample which is soon realized in AFM history [40-42]. In MFM
measurements, it is so significant that the probe stays in very close distance to the
surface as magnetic stray field decays promptly with the distance factor. To obtain the
magnetic image, the probe should be magnetically coated to feel the distribution of
direct magnetic stray field above the surface. Typically, the probe consists of same
AFM silicon cantilever which is coated by a thin layer of magnetic material. The
typical materials which could be utilized for MFM cantilever are cobalt, cobalt-nickel
and cobalt -chromium [43]. Coating the cantilever due to magnetization brings
detrimental effects, firstly increasing the tip radius which decreases the resolution,
secondly increasing the wear rate as these materials are softer than the silicon itself.
Normally, on the sample surface, magnetic forces are being measured in certain
distance respect to the surface (of the order of approximately a few to a few hundreds
of nm). There are also some techniques to measure magnetic forces which particularly
have pros and cons. In "lifting"-type methods, firstly the topography is measured and
in the following by raising up in a certain amount, the cantilever can feel and measure

the magnetic forces.

One method is mapping the surface topography and then set a z set point to raise the
tip and collect the magnetic image. This method works in a flat surface and possibly
the thermal drift effects the MFM image (Figure 2.1).



First scan: topography Second scan: MFM

Magnetic domains

Figure 2. 1 lifting the tip of the surface. [6]

Bard [44] mentioned an improved method, which firstly records the sample surface
topography, then by lifting the probe in a certain height and following the same
topography collects the MFM image (Figure 2.2). In this method, the probe scans a
surface in the forward and backward lines. In the forward scan, topography image is

collected, then in the backward line with a fixed lift, MFM image is being measured.

First scan: topography Second scan: MFM

A « 4

Figure 2. 2 schematic descriptions of the Bard method. [6]



In the other method, the probe changes the height in the Z direction during the scan,
in the other word, it will be continually shifting toward the sample to check the

topography and away to see the magnetic field (Figure 2.3).

Setpoint 2

. Setpoint 1

Figure 2. 3 z set-point oscillation. [6]

Finally, according to Hosaka's description [45] at every pixel, the tip is raised above
the sample surface to record the magnetic field in various heights then it moves to the

next side points, lifted again and repeats. Although this method is slow, it can reduce

thermal drift effects (Figure 2.4).
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Figure 2. 4Schematic descriptions of the Hosaka method. [6]
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Typically, the MFM measurements are conducted in one of these dynamic modes and

the phase images expose the magnetic effects.

-300

-200

~100

Figure 2. 5 MFM image of the Sony hi8 tape which is conducted in 300K.
Topography (a) image is recorded by a forward scan and backward is used to record
the magnetic image (b).

2.1.1. Applicability

Magnetic force microscopes are of prime importance in scientific and industrial fields.
Particularly, the data storage industry relays on this accurate technique to investigate
the magnetic nanodomains of the hundred nanometers size range [46-47]. Study of
magnetic nanoparticles is the other tense interest within the scientific society which
MFM has a great use [48].

2.2. Operation Theory

AFM imaging measurement is operated in different ways which can be listed in two
parts: Static mode and Dynamic mode. The Dynamic mode itself divided in two: semi-

contact mode (which is called tapping mode) and non-contact mode.
2.2.1. Dynamic Mode

The cantilever in the dynamic mode is oscillating at its own resonance frequency with

utilizing a Piezo actuator. This motion can be modeled resemblance to a simple

10



harmonic oscillator in a spring-mass system (Figure 2.6) and solved by Newton's 2™

low of motion.
0%z
F=ma=mﬁ=—k(z—zo) (2.1)
0%z
mﬁ+k(z—zo) =0 (2.2)
|k
fo= |~ (2.3)

Respectively k, m, and f; are cantilever spring constant, mass, and natural resonance
frequency. In the absence of the force field, z, is the cantilever position, and z is

distance among the sample surface and the cantilever apex.

Sample

Figure 2. 6 The schematic resemblance of a spring-mass system and cantilever. [49]

Including the friction force, the oscillatory system can be described by a damped

harmonic oscillator:

0%z 0z
-~ - — = 2.4
mat2 +94 PR +k(z—25) =0 (2.4)
5= (2.5)
fo@Q '

Where § is damping factor and Q is the quality factor.
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In the presence of a driving force provided by Piezo actuator:

F,;(t) = F, cos wt (2.6)
0%z 0z
=>ma—t2+SE+k(z—zo) :Fd(t) (27)

By including the tip-sample interaction the equation would be:

2

0°z 0z
=>ma—t2+55+k(z—zo) :Fd(t)+FtS(Z) (28)

The tip-sample term makes non-linearity in the equation. Therefore, F;;(z) should be

expanded by a Taylor series:

9Fis(2)
¢ 9)

Fi5(2) = Fis(20) +

Approximately, F;¢ isequal in these two terms with enough oscillation amplitude and

small interaction force.

0%z dz oF
moz + 6% + k(z — zy) = F;(t) + Frs(2) + a—Zts | =2, (Z — 7o) (2.1)
0%z 0z F, .,
zmﬁ+6a+[k——az | 222,z — 20) = Fa(t) + Fis(2) (2.2)

Theterm k — % is called effective spring constant, k.

The above differential equation solution can be written as:

z(t) = zy + Acos(2nfyt — @) (2.3)
And
k 10F;
= —_——— S 24
fa m m 0z 24
A
A= /m

(2.5)

oo 8
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In the cantilever resonance frequency, Phase and Amplitude would be:

0 =

F
A, = "QZ (2.16)
mfy
I
Dy = > (2.17)
If we assume k>>0F,;/dz and v1 — x = 1 — x/2 the Eq 2.14 would be:
fO aFts
~— 2.18
af 2k 0z (2.18)

In fact, in the force field present, the resonance frequency of the cantilever would
change and the gradient of the force could be calculated with measuring the amount
of this shift, or by measuring the Amplitude change (AA) as well as the phase change
(AQ@) (Figure 2.7) when oscillation frequency is kept constant.

_ 2A,Q 0F;, (2.19)
Q Fts

== 2.20

AQ " 3y (2.20)

In the dynamic mode of our system, the excitation frequency and oscillation amplitude
are kept constant. Changing the scanner piezo tube length helps to keep the amplitude
constant, and finally, the topography image is measured by the piezo tube length
change.
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Figure 2. 7 The oscillation amplitude and phase versus frequency. The blue line
indicates cantilever oscillation amplitude in the free status and the red line is in the
condition which cantilever is brought to the surface and there is the force field
interaction. The first plot shows the amplitude which is decreased by AA and the
second plot corresponds to the phase shift A@ . [49]

2.2.2. Static Mode

Almost the probe is like a spring which in interaction with the surface could be bend.

This force is explained by Hook’s low.

AZ =" (2.27)
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Here AZ is the amount of the displacement, k is the cantilever spring constant and F;,
Is the sample-cantilever interaction force. By measuring the cantilever deflection,
accordingly, the force could be calculated. This method is not suitable for MFM
measurements. In this mode, the cantilever always is in contact with the surface in

contact with the sample surface and its sensitivity is poor.

2.2.3. Tip-Sample Magnetic Interaction

As it previously discussed MFM measurements is conducted between a magnetic
sample and a magnetic cantilever, therefore, the total magnetostatics energy would be:

.uO — — N -

m=[Mdv (2.23)
Where H is a stray field, M magnetization, m magnetic moment, and u, Permeability

of free space.
As the two integrals are equal, the energy equation would be:
E=—up [f MtipﬁSampledV] (2.24)

Over the surface scan, the cantilever displaces only in the vertical direction, hence, we

need to consider the vertical magnetic component of the force.

Fts(Z) = —VE =y, f V(MtipﬁSample)thip (2-25)
Vtip
_ 0Hgamp
Fs@) = o | Mty o v, (2.26)
Vtip
0F; — azﬁSample
T2 = o [ My g Vi 2.27)
Vtip

2.2.4. Lennard-Jones Potential
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A couple of natural atoms or molecules interaction can be mathematically modeled by

Lennard-Jones Potential. Here this method is employed in Tip-Sample interaction.

v =1e[(D) =)= (@) - 2(®)] 2.29)
wherer, o, €, and r;, are the distance between the particle, the finite distance at which
the potential of inter-particle is zero, the potential well depth, and the distance which
the potential reaches its minimum respectively. At the 7, the potential would be —¢.

(Figure 2.8)

Vie

-1 T 4

0 11y, 2

rlo

Figure 2. 8 Lennard-Jones potential, strength vs distance

The repulsive force term is defined by the term =12 ; the Pauli repulsion when
electron orbitals overlap in the short, and attractive long-term range is defined with
the term r~° to depict long term attractions like dispersion or Van der Waals force.
[49]

The form which is simplified for software simulations is:

A B
Vi = 12 76 (2.29)

Where A = 4e0'? and B= 4¢0°
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In the tip-sample interaction, the r term is the same z in the vertical direction,

coefficients A and B depends on the system. Consequently, the potential and the force

turn to be:
A B
v B
F(Z)=_$=1ZZ?_6Z_7 (231)

Force : :
Repulsive Forces

Force Response Curve

T Distance

-\ . ‘
P \_ Attractive Forces

/ l

Inm

Figure 2. 9 The graph represents the attractive and repulsive regime in Lennard-
Jones potential [50]
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CHAPTER 3

MICROSCOPE INSTRUMENTATION

3.1. Microscope Instrumentation
3.1.1. Low-Temperature AFM/MFM Head

LT AFM/MFM s technically designed for extreme low-temperature operations like
the millikelvin range. Therefore, the design should be considered according to the
standard sample space of the cryostats from various vendors. And basically, cryostats
sample space is around a few centimeters; hence, this limitation makes the head form
with a 22.2 mm outer dimension (OD) and 100 mm length. Two centric Piezo
employed for the main operation role: the inner piezo in order to scan the surface, and
the outer piezo responsible for positioning the sample. The figure below shows the
scanner piezo with 3" length that has the capability of operation in 4K with around 17
pm XY scan range and approximately 1.4 um Z range. It is composed of the quadrant
electrodes for XY and Z movement as well as a dither piezo on the top for oscillating
the cantilever in dynamic modes. Sample Slider piezo is 1.5" long with the same
quadrant and glass attached at the end. With the stick-slip method, the sample mounted
on the sample holder (Puk) can be slid on the glass tube. The Puk itself is loaded on
the glass and held with a leaf spring. The stick-slip motion has the capability to move
the sample along the XY Z direction. Actually, this is the approach mechanism to reach

the sample surface.
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Piezo Holders Scanner Piezo Puk Sample

Figure 3. 1Low-Temperature Atomic/Magnetic Force microscope Head with the
Puk and sample mounted.

3.1.2. LT-AFM/MFM head design optimization

The most crucial aspect here is the mechanism for aligning the fiber and cantilever as
there is a particular danger of collisions during cooling due to thermal contraction.
Here, a concentric design helps to prevent any failure. Furthermore, both the size and
the thermal mass of the microscope head should be minimized to reduce the time
required for cooling and to meet the rigorous space limitations inside the cryostat.
Therefore, it is tried to reduce the thermal mass of the microscope head as much as
possible. For instance, some pieces were made of plastic (Polyphenylene sulfide
(PPS)) (Figure. 3.2, part 1). Furthermore, | increased the inertial mass of the brass
weight (Figure. 3.2, part 3) that holds the zirconia tubing that acts as ferrule (Figure.
3.2, part 2) to improve the reliability of the Nanopositioner in the wide range of
working temperatures from room temperature down to 1.3 K. Moreover, regarding the
space limitations inside the cryostat, | have strived to design the microscope head to
remain within 22.2 mm the outside diameter, and below 100 mm length to fit inside
the 30 mm diameter standard helium cryostats. Thereby, our microscope head is

compatible with various commercial cryostat designs.
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Figure 3. 2 1: holder, 2: zirconia tubing (ferrule) (0.050 g), 3: brass weight (1.5 g),
4: leaf spring to hold the tubing, 5: V-shaped MFM holder 6: leaf spring for the
cantilever.

Technically all these designs are manufactured as a holder alignment and mounted on
the top of the scanner piezo. Figure 3.2, part 7, shows the schematic design of all parts
mounted together.

Therefore, the design is modified and results in improved reliability of the fiber
Nanopositioner. This was achieved by (1) centering the AFM tip at the piezo tube; (2)
improving the surface quality of the groves in which the ferrule is sliding; (3)

increasing the inertial mass of the fiber holder.
3.1.3. Microscope Insert

The LT AFM/MFM is divided into two main part, the head and insert. The inset part
Is detachable from the docking part to the microscope head which provides the
compatibility to various types of cryostats as well as using different heads like AFM,
SHPM, STM, etc (Figure 3.3). The variable-length makes it possible to arrange the
microscope in the center of the cryostat in order to adjust in the center of magnetic
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field or cold part. The radiation shields applied on the stainless-steel insert length due

to eliminating radiation originating from the environment.

Radiation Shields PCB Distributor

!

m_.

g
}

LT AFM/MFM

i
—

Connector  KF 40 Neck Docking Station Head
Figure 3. 3LT AFM/MFM Insert and Head.

The other end of the insert has KF 40 connector to fit the cryostat variable temperature
insert (VTI) with three vacuum seal connectors (LEMO Inc) and fiber passed through

the insert and the sealed part (Figure 3.4).

Head Fiber

Protection

Apparatus

#19 pin Lemo Connector

Figure 3. 4 The connector head.
3.1.4. Operation mechanism
Piezoelectric materials have a leading role in scanning probe microscope systems.
These materials are electromechanical transducers, which can transform the electrical

potential to the mechanical movement. They could be used in the opposite sense in
other applications as well. Piezoelectrics occur naturally and can be amorphous,
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polymeric, and crystalline. In AFM applications, mostly synthetic ceramic materials
are used. Due to applied voltages to the opposite side electrodes of the piezoelectric
devices, the geometry would alter based on the amplitude of the applied voltage,

material, and device geometry. (Figure 3.5)

da

T

Figure 3. 5 Expansion of the Piezoelectric disk due to the applied voltage.

Technically, these materials have a specific coefficient of expansion with an order of
around 0.1 nm by each drive volt, which makes entirely controllable tiny movements
for AFM systems. When Piezo materials are under mechanical tension, the strength of
the electric polarity would be altered. This phenomenon is called the ‘direct’ effect of
piezoelectric. In reverse, if an electric field is applied due to unit cell distortion,
material changes its shape, which is called 'transverse' piezoelectric effect. As it is
mentioned, the piezoelectric ceramics ideally should expand in a linear regime and
contact in a direct proportion to the applied voltage, but unfortunately, all these
materials show some non-linear behavior. The first problem is hysteresis, in which the
piezo tube tends to maintain the previous shape. And on the other hand, imposing the
sudden impulse such a voltage step function to the ceramic makes creep.

The piezo tube used in LT AFM/MFM microscope is made by lead zirconium with
four-quadrant electrodes outside the wall and one single electrode inside. When two
reciprocal quadrants with grounded inner electrodes are under the opposite applied
voltage, the piezo tube will bend in X-Y planes (Figure 3.6). Accordingly, applying

the reverse voltage to all four quadrants, regarding the inner electrode, provides Z
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direction motion which is used to keep the constant height to the surface throughout

the scan.

Inner piezotube

2

.
Sem—eme- ~ Tip oscillation

o T ¢
.x<®>— +X
\_l—/

Figure 3. 6 schematics of the Inner piezo tube with the electrode contacts. The dash
lines represent the piezo motion. (a) describes the four quadrants outside the tube
wall and motion in the x-y plane. (b) shows the five contacts which are conducted
within the inner piezo tube due to the scanning procedure in X, y, and Z directions.

(c) represents oscillatory motion for cantilever oscillation with a single electrode on
the top of the piezo tube. (d) the electrical contacts of a single oscillatory motion

electrode, given by Z'. [51]

Piezoelectric is such sensitive materials which can be collapsed when subjected to
various voltage values and operation under different temperatures during long term

use.
The equation below represents the vertical displacement of the piezo tube scanner.

_ dylU, (3.1)
B S

Al
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Here the ds;is transverse coefficient, | tube length, U,The electrodes employed
voltage and s the tube wall thickness. Values for d3; @ 300 K is — 1.73A/V, U, is
100 V, l'is 3 inch, and s is 0.5 mm.

Also, the piezoelectric lateral displacement can be calculated:

_ 2v2dy 17U, (3.2)

A
x Dt

D denotes the otter dimension of the piezo tube with 6.35 mm.

& 500V

Figure 3. 7 The amount of the applied voltage to the scanner piezo tube quadrant.
The maximum voltage is between + 100V.

Scanner piezo is being manufactured in different length due to the various design.
Table 3.1 shows the scanning range values for different length piezo at different

temperature.

Here Based on the used piezo length, the piezo operation should be calibrated, which

generally the microfabricated grating can be used for this purpose.
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Table 3. 1 Scanner piezo tube scanning capacitance value in different temperature.

[49]
Type and 4K 77K 300 K
size of X-y z X-y z X-y z
scanner
piezo
(EBL#2)
3inch 18 um 1.44 um 39 um 2.4 um 108 um | 7.08 um
2 inch 6 um 0.80 um 15 ym 1.40 pm 57 pm 4.80 um
1inch 3.5um | 0.40 um 6 um 0.74 um 17 um 2.26 um

Also, the capacitance value of the scanner piezo due to the change in the temperature

is changing. Technically, reducing the heat make the capacitance drop; typically, with

the same ratio in the scan range.

Table 3.2 gives the 3-inch scanner piezo tube capacitance value at different

temperature.

Table 3. 2 Scanner Piezo tube capacitance values

Type (EBL#2)

300K

200K

77K

3K

3” Scanner

~12

~8

~4

~3

As already mentioned, calibration eliminates artifacts and keeps imaging with a right

scale. But there are such drawbacks in the piezo tube scanner which coefficient of X-

axis differs from Y-axis. Therefore, piezo should be calibrated carefully and separately

for different axis. (Figure 3.7)
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Figure 3. 8 3” scanner piezo tube calibration coefficients in different temperatures.

3.1.5. Approach and Retract Mechanism

Approaching and retracting movement of the sample respect to the probe is performed
by the outer piezo tube and the quartz tube glass attached to the end, which so-called
stick-slip method [52].

The schematic of the stick-slip principle shown in the figure below (Figure 3.8).
Firstly, the sample holder mounted on the quartz tube and tightened with a leaf spring;
then a voltage ramp should be applied to the outer piezo tube (technically extending
/contracting the piezo around a few ms). During this period, the sample holder and the
quartz tube move together because of the existence of the friction. And finally, the
voltage is changed to be zero in a micro s (the outer piezo is contracted/extended). As
a result, the sample holder can be slid on the quartz tube.

Piezo is capable of sliding hundreds of gram of mass in low temperature like 4K with
this mechanism. The critical issue in this method is keeping an equilibrium between
the friction force, and the inertia of the sample holder, which can be controlled by the

leaf spring pressure on the quartz tube.
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Piezotube Helder “Stick” Slip

Figure 3. 9 Schematic design of the slip-stick mechanism. [51]

This scheme is a representation of the LT-AFM/MFM, showing the quartz tube, outer
piezo tube, and sample holder (Puk). The three steps, A, B, and C, describe the holder
displacement. In A, the holder is mounted on the quartz tube; then between A and B,
the applied voltage pulse makes an extension or contraction in the piezo tube. In the

end, the voltage goes to be zero, and the holder moves on the glass tube.

The real image of the pulse with the three steps on an oscilloscope is presented in
Figure 3.10.

[ M 2.50ms

Figure 3. 10 Exponential pulses applied to the slider piezo in order to displace the
holder.

3.1.6. Sample Positioning in the X-Y direction

Sample displacement in X-Y direction is the crucial issue, especially in low

temperature. The Puk (sample positioner) design is capable to displace the sample
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holder in a 3 mm diameter. The holder is responsible for holding the sample which is
loaded via five pins on the Puk. One pin is for sample bias, and the rest are spare. The
holder itself fiber-cantilever on the two couple parallel Zirconia rales, which one
couple is in the X direction and another one is in the Y direction. These rails are placed
on V-shape grooves beneath the sample holder and let the holder move in X and Y

directions.

The sample holder displacement at the orthogonal directions is handled by the slider
piezo. An applied high voltage to two neighbor quadrant couples concerning the

opposite couples’ quadrant provides the expected motion.

Spring loaded

screw
Sample holder
Back pi
ack piece Rail
Base plate V-groves for rail
Capacitive
Encoder

Figure 3. 11 Sample positioner and holders. [49]
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Figure 3. 12 Mechanism for sample movement in X-Y direction with slider piezo

for sample positioning. The applied pulses to the AB-CD scanner piezo electrodes

make the sample displace in X-axis, and AD-BC electrode makes it move in Y-axis
[53]

3.1.7. Fine Approach Mechanism

The fine approach mechanism means landing the probe precisely controllable to the
sample surface. In order to obtain this, the slider, as well as the scanner piezo, should
be operated together. Firstly, the scanner piezo is retracted from the surface with a
specific applied voltage. Then via the given pulse, the slider piezo approaches toward
the surface one step. Moreover, the final step approaching the slider piezo through the
sample slightly. During this procedure, to find out the interaction, the system controls
the feedback and check any interplay among the sample and the deflection sensor. In

case there is no interaction, the process continues until reaches the surface.
3.2. MFM Alignment Holder
3.2.1. Alignment Holder Design

The low-temperature AFM/MFM head is capable of operating in low temperature and
positioning the cantilever in three-axis XYZ regarding the fiber with a self-aligned

cantilever holder design.
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Figure 3. 13 Alignment holder schematic design.

The new modified design allowed us to improve the alignment holder. Changing the
spring which pushes the cantilever. This helps to keep the cantilever more tighten on
the chip holder and eliminate other noises interfering with the cantilever resonance
frequency. Centralizing the probe tip precisely in front of the fiber which is moving in
close vicinity of the tip. This achieved by providing the V-shape groove to embed the
fiber and holding it with a leaf spring to move the fiber efficiently and accurately
focused on the back of the tip. Also centralizing the fiber improves the slope value as

well.

The main point which can be achieved by the self-aligned mechanism is compatibility
for using a different type of cantilevers. Besides, the cantilever chip holder is
machined with three protrusions, and cantilever back has groves in the same size of
protrusions. This issue is a great advantage in fiber-cantilever alignment design in

mounting the cantilever accurately.

Figure 3. 14 Cantilever Alignment holder chip and cantilever.
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In the design, it is attempted to apply the similarly thermal contraction coefficient
material. (Table 3.3) The body which is manufactured of the Titanium is screwed on
the glued plastic holder (Polyphenylene sulfide (PPS)) on the top of the scanner piezo
tube. Technically the titanium part is assembled by the fiber piezo, cantilever
alignment chip, and the spring in the way that the fiber piezo sandwiched between two
small ceramic parts to avoid high voltage leaks and on the top of the ceramic the
cantilever alignment chip is positioned. All these parts are glued with a compatible
epoxy to the low-temperature. And the assembly is designed to stay in around 11
degrees tilted using a titanium holder that allows just the cantilever tip to get in contact
with the sample surface. In summary, the new alignment design is entirely reliable at

the low temperature, working range of 1-300 K without any collapse.

Figure 3. 15 Alignment holder of the cantilever in front of the fiber tubing

Table 3. 3 The dimensions and contraction coefficients a of the utilized material at

the design
Material Component a (10%/K) Size Z (mm) | Size XY/OD
(mm)
Alumina, Ceramic 8 0.5 3x4
AlxO3
Lead Fiber piezo 6 2 3x3
Zirconate
Titanium
Silicon, Cr | Alignment chip 6 0.53 2.9x6.7
coated
Titanium Alignment 8.6 6 11x11
holder
Silica, SiO; Fiber 0.75 7 0.125
Zirconium Ferrule tubing 8 7 11
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3.2.2. Fiber Cable

The standard single-mode, 1310 nm wavelength, fiber cable (TTAF Inc.-Turkey, OZ

Optics-Canada) utilized to manufacture the microscope.

At first, the fiber is cleaved and then using the Zirconia ferrule tubing (Kientech Inc.,
USA), the fiber is inserted. It is attempted to position the fiber inside the ferrule tube
respect to the cantilever back tip. Moreover, we tried to keep the fiber a few
micrometers away from the ferrule tip to avoid any damage and reflectivity waste.

3.2.3. Cantilevers

Typically cantilevers which are manufactured by NanoSensors [60] are used in the
design. Different types of cantilevers with their properties from NanoSensors Inc are
listed in table 3.4. To increase the efficiency of the reflectivity, the backside of the
cantilever is usually coating with Al. Moreover, MFM cantilevers are being coated by
hard magnetic materials with various coercivity and magnetic moment, suitable for
the imaging sample to restrict any damage to the sample magnetization. One of the
significant parameters in enhancing the MFM resolution is the usage of a sharp tip.
There are various ways in the fabrication of the MFM cantilever, like CoFe coating of
carbon nanotubes[54], Fe-Filled carbon nanotubes [55], Co tips grown by electron
beam [56], focused ion beam milled CoPt tips [57], Co spike tips by electron beam
induced deposition [58], and paramagnetic material coating on the tip [59] which help

to improve the MFM resolution around 20 nm.

Table 3. 4 cantilevers type with properties

Cantilever Tip Radius of Curvature | fo (kHz) | k (N/m) | Dimensions
(nm) (LxWxXT) (um)
PPP-FMR <10 45-115 | 0.5-9.5 225x28x3
SSS-MFMR <15 45-115 | 0.5-95 225x28x3
PPP-MFMR <30 45-115 | 0.5-9.5 225x28x3
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Figure 3. 16 the Silicon made MFM cantilever scanning electron microscopy image
(SSS-MFMR). [60]

3.3. Optical laser Interferometer method

Optical Laser Interferometer method is being used for measuring the cantilever
displacement in a way that the back of the cantilever is focused by a laser beam (I)
through an optical fiber. At the end of the fiber, the surface will reflect the laser light
partly (Irs), and the remaining light will go toward the cantilever back. The cantilever
will act as a mirror and reflect part of the laser (Irc) through the same fiber to the source
where they interfere. The interferometer pattern is a function of the optical path of
each beam and hence the fiber-cantilever separation to represent the cantilever
bending.

Fibre

Interferometer Pattern

Interference

Fibre-cantilever distance

2
&

Cantilever

Figure 3. 17 Schematic design of the interferometry method. The laser beam (I) go
through the fiber to the cantilever and part of that reflected from the fiber surface
(Irs), part of the rest beam again reflected from the cantilever (lrc) back to the source.
The ds.c is fiber- cantilever distance.[51]
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3.3.1. Michelson Fiber Interferometer Principal and design

In order to measure the cantilever displacement, a low noise fiber interferometer with
the Michelson principal is designed, which is similar to Rugar design [37-38]. A 1310
nm laser diode with a constant power is coupled into 2x2 single-mode 50% fiber

splitter.
Reference
FD
1310nm, S 2x2 500, 4 T
laser source CDLipler
100% Input 50y Cavity
S — > 1 S ................_.._.._.._.._.__...".__.---,"..

Interference signal

IE

Signal
FD

Figure 3. 18 Michelson fiber interferometer schematic design. [49]

After coupling the input laser, 50% goes through the fiber to the end of the cantilever
and reflected through the same cleaved fiber. The other 50% is connected to the
reference photodiode in order to monitor the laser power. Part of the reflection laser
is reflected from the end of the fiber (usually around 3%), and the rest light passes to
the cantilever. Both reflection light and light from reference photodiode is being
directed to the signal photodiode to interfere. The photocurrent generated by the

interference can be described as:

dmrdy_ 3.3
Linter = 1o [1 - Vcos< Af C)l (33)
] = Imax + Imin (3.4)
° 2
V= Imax = Imin (3.5)
Imax + Imin
Vsignal - RF—signal (3.6)

R =
VReference + RF—Reference
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Where lo is midpoint current, V is visibility, dr. the fiber-cantilever separation, R the

reflectivity, and A the laser wavelength. The most sensitive positions in the

A 34 51

interferometer are the quadratures, d= 558

Also, the slope of the interference can be calculated by:

m= ﬁ_cll = 47t10; (3.7
Here respectively Ad and m are the displacements of the cantilever and interference
pattern slope. The standard value for the interferometer interference slope is around 4
mV/A. To maximize the precision of the measurement the equilibrium distance within
the cantilever and the fiber is arranged to be maximum of the interferometer slope
pattern. The max slope, which is the quadrature point on the interferometer could be
defined by mapping the pattern of the interference via displacing the cantilever with

the stack fiber piezo underneath it. The applied voltage to the fiber piezo in the two

directions of the forward and backward regard to the fiber is 0-100 V.

Figure 3. 19 Michelson Interferometer Interference pattern. The average slope is
4.27 mV/A with visibility 0.27and at 327uWquadrature power.

3.3.2. LT-AFM controller
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As already is explained, the interferometer measures the bending of the cantilever
which is received by Phase Lock Loop (PLL) card that is responsible to excite the
cantilever and the resonance frequency. Moreover, measuring the phase and amplitude

of the output signal from the cantilever.

A power supply system with very low noise is provided for the LT-AFM/MFM
controller which has a high voltage amplifier with four channels that drives the piezo.
An exponential pulse up to 400 V is generated to run the stick-slip mechanism from
the slider card.

The control mechanism description for LT-AFM/MFM microscope is presented in the

figure below.

Interferometer [ == === === ===+ Phase Locked Loop

Ag

Excitation
Scan Piezotube

—————————--R -1

Fiors e o SN ’
AFM probe v

Controller and software

Figure 3. 20 LT-AFM control scheme.[51]

Dash lines represent the connection between the microscope and different elements in
the controller. The interferometer records the information of the AFM probe
displacement and then transmits to the Phase Locked Loop card. Both the frequency
or amplitude shift is utilized for the feedback in the controller operation.
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CHAPTER 4

LOW-TEMPERATURE EXPERIMENTS

4.1. Low-Temperature alignment mechanism Tests

Possibly the thermal contraction in the Z-direction could be calculated using the
interferometer directly. During the cool down the system, usually, at the
interferometer pattern 6 periods (A4/2) shifts are measured. mathematically, this shift

resembles around 3.93-micron Z-direction displacement.

The drift in the XY direction can be measured via the laser spot size. Technically, the
fiber core diameter is 10 micrometers and its value of a nominal numerical aperture

(NA) is 0.14 and the cantilever width is 28 micrometers.

The spot size made by the fiber on the cantilever can be measured with the following

equation:
NA =nsin@ 4.1

n is the medium reflective index; the air numerical value is 1 and 6 is the half-angle

of the light maximum cone.

O

cladding B
core

3
G 10um
r

- L

~280m

Figure 4. 1 schematic calculation size of the laser spot. [49]
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Figure 4.2 represents the spot sizes based on the gap among the cantilever and fiber
aperture which falls on the backside of the cantilever. In the Fabry-Perot LT
microscope, the gap between the fiber and the cantilever is usually 1 micron or less,
accordingly, the spot size is calculated to be around 10 microns. The typical drift in
XY direction is less than 5 microns in variable temperature from room temperature to

hundreds of millikelvin.

N w w
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Diameter of the spot size (um)
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Cavity Gap (um)

Figure 4. 2 Cavity gap vs spot size diameter.

Figures below depict the interference pattern in 300K and 3 K. The maximum power
value in both patterns is 3 mW. At the 3 K, the piezo displacement will be about 400
nm with 150 Vpc. (Figure 4.3 b)
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(b)

Figure 4. 3 sustaining the interference pattern in different temperatures represents
the durability of cantilever-tip durability (a) 300K, (b) 3K

As the capacitance is proportional to the piezo displacement, due to cooling the
microscope, the piezo capacitance will decrease from around 85 nF to around 15 nF.

The piezo displacement is proportional to its capacitance, hence, due to cooling the
microscope, the piezo capacitance will decrease from around 85 nF to around 15 nF.
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Figure 4. 4 Fiber Piezo capacitance change at the different Temperatures.

4.2. Noise Analysis

There are three main categories of noises that are affecting the fiber interferometer
deflection sensor, namely, laser noise, shot noise, and electrical noise. The electrical

noise itself is divided to Johnson noise, voltage noise, and current noise.

Table 4. 1 Noise sources affecting the deflection sensor.

1. Shot Noise
I.  Johnson Noise
2. Electrical Il.  Voltage Noise
Total Noise Noise
IIl.  Current Noise
3. Laser Noise

4.2.1. Laser Noise

The random fluctuations of various output parameters are summarized in a short term
of Noise in the laser. This is a frequently encountered aspect that has an intense
influence on various applications in photonics, especially in the area of accurate
measurements. Consider e.g. variations of the transmission spectroscopic

measurements or optical phase can affect interferometric position measurements,
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where fluctuations of intensity restrict the feasible sensitivity. Furthermore, noise
issues at least partially limit the data rate and the transmission distance for fiber-optic

links.

Based on the different impact of the quantum noise and fluctuation of the several
technical origins, the output of a laser noise constantly includes some noise. In a

single-frequency laser, there are intensity or amplitude noise and phase noise.

The origins of the laser noise can be classified in quantum noise, in particular,
correlated with the spontaneous emission in the gain medium and technical noise such
as the excess noise if the pump source, or vibration of the resonator, or from

temperature changes.

Moreover, the laser intensity is affected by many intrinsic noise sources of the laser

diodes. The laser intensity noise can be described as:

vz v 4.2
1/Zintensity = SIEDPZR,% x 10713 <E>

Here Spp is the photodetector responsibility, P is the optical power of the incident
beam, and Rris, the feedback resistor to the photodetector I-V converter.

The laser phase noise also depends on the cavity gap between the cantilever and fiber.
The laser noise can be defined as :

v V? 4.3
Vzphase = SgDP2R1%4T[AV 72 % 10713 <£>

The 7 is the length difference of the optical path in the cavity gap which is divided by
the light speed, and Av is the laser diode bandwidth.

4.2.2. Shot Noise

Poisson or Shot noise is a sort of noise that could be determined with a Poisson
process. The shot noise arises from the discrete feature of the electric charge. The

electronic current random fluctuations are the origination of the shot noise in the DC
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mode electronic circuits. This occurs due to the consistency of the flow of discrete
electron charge and originally defines as arising from the random occurrence of
photon absorption events in a photodetector. Shot noise is independent of the

temperature and frequency.
4.2.3. Electrical Noise
4.2.4. Johnson Noise

The thermal noise is the general form of the electronic natural noise in circuits, that is
produced by thermal motions of the electrons within any conductive and
semiconductive materials. The thermal noise would cease to exist in the absolute zero
(0 K). Itis also known as Johnson noise. Due to the fact that the power spectral density
of thermal noise across the full frequency spectrum is flat, that is also defined as White

noise. The white noise voltage spectral density is given by:

— |4 4.4
1/Zfohnson = 4kpTRF (\/ﬁ)

4.2.5. Current and Voltage noise

These two noises are organized within the amplifiers intrinsic features which are

employed for the fiber interferometer.
4.2.6. Total Noise

The total noise is the contribution of all these discussed noises which is already
calculated to be around 11 fm/Hz*? [61].

4.2.7. Noise measurements

All noise sources which are discussed above can be measured as the cantilever thermal
noise or the deflection sensor spectral noise density. The noise is measured by the
Rohde-Schwarz spectrum analyzer when the fiber interferometer is locked at the

quadrature, and the dither and scanner piezo are grounded.
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The spectral noise density can be calculated mathematically and fitted to the

experimental data [62]:

2kgT 1 4.5
fokQ 2\ 2 2
(- - ()

Where fo, f, T, Q, k and Kg respectively are resonance frequency, frequency,

temperature, Q-factor, cantilever spring constant, and Boltzmann constant.

The experiment was done in 300 K with the normal tapping, non-contact mode
cantilever from NanoSensors Inc (PPP-NCLR) which has a spring constant of 21-98
N/m. Mathematically, the cantilever spring constant is calculated to be 70 N/m using

the thermal noise spectrum.

Ultra Low Noise Fabry-Perot Interferometer
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Figure 4. 5 The fiber interferometer spectrum noise density at 300 K.

Also, the graph is fitted by the theoretical calculation with fo 168 kHz, Q factor 500,
Kk is 70 N/m.

The laser power also has an effect on the deflection sensor. Decreasing laser power

makes extreme noise. The main reason for this dramatic noise is shot noise.
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The figure below shows the noise level of the interferometer in various laser power.

Laser Power Verses the Noise Density

[ e T
oON B O
o O O o

Noise (fm/Hz2)
N B O

0 0.5 1 15 2 2.5 3 3.5 4
Laser Power (mW)

Figure 4. 6 The laser power versus the noise density conducted in 300 K.

The laser power of 2.5-3 mW is determined to be an optimum value in all operation

and measurements.
4.3. Images
4.3.1. Tapping Mode AFM Image

Tapping mode AFM [27] technique maps the topography with smooth taps on the
sample surface by and a sharp AFM probe tip when it oscillates at its own resonance
frequency. In this mode, a scanner piezo excites the cantilever substrates vertically
and generates the vertical oscillation of the cantilever. Principally the cantilever
reflects the laser beam from the backside in a regular pattern over a photodiode array

which generates a sinusoidal electronic or detector signal.

Typically, the cantilever oscillates close to the resonance of its frequency at the air
and before engaging to the sample surface. When the probe approaches and finds the
surface, the oscillation amplitude decreases and by controlling the changes in the
amplitude and continuously feeding back on an amplitude setpoint, the tip maps the

surface by moving up and down to maintain constant oscillation amplitude. By this,

46



we can reach the high-resolution three-dimensional image of the sample surface

topography.

1. Cantilever oscillates in free air. 2. Tapping on the sample. Cantilever
Amplitude is larger than the set point. oscillates at setpoint amplitude.

3. Tip encounters a particle. Cantilever 4. The piezo lifts due to the feedback to
oscillation amplitude drops returns the Amplitude to the setpoint.

Figure 4. 7 cantilever motion in tapping mode. [63]

The tapping mode technique is one of the important methods in scanning probe
microscopy as it overcomes some of the restrictions in contact mode AFM by
eliminating the lateral forces to the surface which can distort or damage the sample.
The capability of working in both air and the fluid environment as well as routine
imaging of the soft and delicate samples, or samples which are weekly attached to a
substrate which are difficult to be operated in contact mode AFM are the vital features

of tapping mode AFM.
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When the drive frequency is at or close to the resonance frequency of the cantilever,
the shacking of the piezo can provide a large cantilever oscillation around 2-100 nm
in free air. Though, drive frequency away from the cantilever resonance frequency
results in the amplitude drop immediately. This is because the cantilever's natural
response is out of phase and the piezo shaking energy is less efficiently transfer to the
cantilever. Therefore, driving the cantilever at its resonance frequency results in the
constant oscillation amplitude. And when the cantilever is brought close to the surface
the force gradient between the tip and the sample effects to the resonant frequency and
potentially makes the shift and the amplitude of the oscillation reduces. The attractive
forces make the resonance frequency shift get lower, and repulsive forces, make the

frequency shift higher.

Cantilever in

Tip-sample has free air
1 attractive force
// ~, ra
1/ ’
/
/

Tip-sample has
repulsive force

Cantilever Amp.

L4

Driving Frequency

Figure 4. 8 Cantilever oscillation amplitude vs. drive frequency. [63]

Additionally, to the topography image, the phase image can be recorded by the tapping
mode. The phase image provides data about the material hardness, both charge or
magnetic field distribution within precise measurements and composition. Also, the
tapping mode is utilized for MFM measurements in the way that forward scans with
the same principal present the topography image and the backward scans give the

phase shift as well as magnetic image.

Figure 4.9 shows the atomic steps of the Mika layers imaged with the tapping mode
technique. For the sample preparation, firstly the Mika is cleaved by scotch tape and

etched with a 49% HF solution for 4 hours. Then washed with the deionized water and
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dried with dry nitrogen. principally the atomic layer of the Mika is 1 nm at different
temperatures. Imaging the single layers of materials with the LT Fabry-Perot
microscope shows the great capability of reaching to high-resolution operation

specifically in low temperatures.

0.0 05 1.0 1.5
(b) (©)
Figure 4. 9 (a) 3D image of Tapping mode Mika sample topography which is HF
etched and recorded at 3 K. (b) tapping mode topography image. (c) cross-section of
the image depicts the atomic single layer and multilayers steps.
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Figure 4. 10 The Bluray disk sample topography image in tapping mode (a) at 300
K()at3K

4.3.2. MFM Images
4.3.3. Magnetic Poles

The oppositely magnetized domains on the sample produce different domain magnetic
poles which would result in the stray field on the surface. This stray field can be
detected by the magnetic tip. For example, in such this setup, moving the MFM probe
across the sample surface will experience two various forces on the domain wall
caused by the different magnetic poles. Therefore, the two repulsive and attractive
forces can cause different oscillations on the tip between the different regimes during
imaging and conclusively the image representing the state of the stray field can be

recorded.

Tip
Y

Magnetic

domain

Figure 4. 11 Magnetic stray field produced on the sample surface. [64]
4.3.4. Lift-Height Adjustment
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The other force sources like Van der Wall forces aside from the magnetic force
influence on the tip, therefore it is necessary that the probe kept in a specific distance
through imaging. Here the importance of the two-pass technique is obvious, recording
the topography image in forwarding and magnetic image in backward in specific lift
height. The lift-amount is so critical to image an ideal magnetic image. This provides
the chance to keep the tip in a specific height to interact with magnetic stray field
better and away from other interactions. In case the lift amount is not sufficient, the
magnetic image can be contained with the topographic features as the tip still under
the effects of the short-range forces.

10
() (d)
Figure 4. 12 Sony hi8 tape MFM images with different lift height parameters. (a) 80
nm, (b) 100 nm, (c) 120nm, (d) 150 nm
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In Figure 4.12 (c) with the 120 nm, lift-off value seems an ideal value and there is no
artifact. Besides, the resolution is much higher and clear compared to other images.

The artifacts of the sample topography on the image (a) is apparent.

Also, increasing the lift amount makes the resolution get worse. This is due to
decreasing the magnetic stray field strength with a factor of 1/r3. And mathematically,

increasing the lift height decrease the phase shift as well.
4.3.5. The MFM tip Size

One of the significant roles in determining the high-resolution magnetic image is
utilizing the optimized size magnetic tip. Although increasing the coating material due
to increasing the magnetic moment of the tip helps to record a better resolution image,
increasing the tip size is such a disadvantage for a high-resolution image. Moreover,
the signal contrast, and resolution spontaneously influence the MFM image quality.
This means that lateral resolution decays when the tip diameter increase. On the other
hand, the contrast will drastically improve by increasing the tip diameter, until the
optimized diameter size. This fact can be contributed to two outcomes: firstly,
increasing the effective diameter would increase the number of actual magnetic poles.
The stronger interaction will happen between the tip and magnetic domains of the
sample surface because of more magnetic poles on the tip. This fact enhances contrast.
Secondly, The intrinsic feature of the magnetic lines. Figure 4.13 shows the behavior
of the interaction between the tip and magnetic domain according to the tip diameter.
Based on the magnetic field lines the interaction can be defined. The smaller tip
diameter, less magnetic field passes and vice versa the tip can feel more magnetic field
as the diameter increases. However, when the tip size reaches in a certain value the
opposite magnetic field lines also interact with the tip and complementarily reduce the
force gradient. This fact implies the adequate tip size helps to obtain a better quality
MFM image.
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Figure 4. 13 Tip interaction in the magnetic field domain.[64]
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CHAPTER 5

LOW TEMPERATURE

5.1. The Cryogenic temperature

The definition of the cryogenic temperature starts from -150 °C to the absolute zero -
273 °C, which is the temperature that molecular movement becomes close to the

theoretically possible to completely stop.

Principally, the cryogenic temperatures happen below the temperatures which are
faced in the common physical processes. In that severe circumstances, the features of
the materials such as ductility, strength, thermal conductivity, and the electric
resistance are changed in both theoretical and commercial importance, as the heat is
generated by the random movement of the molecules. Materials in the extremely low

temperature are highly ordered and close to the static state.

In 1877, after cooling the oxygen to its liquid point for the first time (90 K), the
cryogenics had begun. Then the theoretical development due to the development of
the refrigeration systems started. In 1895, it was the possibility to reach to 40 K and
liquified the air and separate into the main components. The helium liquified at 4.2 K,
in 1908, and then after the attempt to supercooled materials and lose the resistance to
electricity led to discover the superconductivity phenomenon. The absolute zero was
reached in the 1920s and 1930s. And since 1960, laboratories are capable to

experiment a millikelvin temperature.
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Figure 5. 1 The schematic description of the cryogenic temperatures.

5.2. Introduction to LT-AFM/MFM

The capability of the microscope working at a low temperature of around 300 mK
carries vital significance in various areas of material science. This would be a great

opportunity to investigate material properties.

Different kinds of cryostats provide various temperatures from a few kelvins’ ranges
to millikelvin. The cryostats which have a cooling ability to decrease the temperature

down to 300 mK are called ®He cryostats.

In this type of cryostats, two cryogens liquid Helium and *He are used. At the first
step, the liquid Helium cooled the temperature of the sample down to ~1.5 K, and the
3He gas is introduced to the system that liquefies at 3.19 K. In the high vacuum space

of the cryostat, finally, the temperature drops below 300 mK.
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5.2.1. Dry Cryostat

A cryogen-free design is meaning that no liquid cryogens are required to cool the
system or during normal operation. The cooling system consists of a cold head
mounted on the cryostat and an external compressor. The cold head cools both the
magnet and radiation shields within the cryostat as well as the recirculating helium
gas in the gas handling system (GHS). Respectively the radiation shield and magnet
can arrive at their base temperatures of 40 K and 3.5 K.

The system uses helium gas in the gas handling system (GHS) to cool the variable
temperature insert (VTI) as an exchange gas inside the sample space. Because of this,
both the GHS and the sample space must be filled with helium gas before the system
is cooled.

Without the gas recirculating, the VTI and sample will cool to about 150 K when the
system reaches its base temperature. In the GHS, the helium gas is pumped into the
cryostat connection lines and cooled as it passes through a series of heat exchangers
attached to the cryocooler, before passing through a needle valve in the VTI. As the
helium gas exits the needle valve, it expands and cools via the Joule-Thompson
principal, and enabling the VTI to reach temperatures below 1.8 K. The expanded gas
is then pumped back out of the cryostat and reinjected in a continuous cycle.

The sample itself sits in a helium exchange gas which is not part of the circulation
loop. This greatly reduces any chance of contamination of the recirculation loop gas
when changing samples.

The procedure can be operated by balancing the cooling and heating power,
respectively with recirculating helium to cool and heaters, as a pair of cartridge heaters
positioned on the tail of the VTI. The sample heater controls the sample temperature
under normal conditions from 1.3 K to 300 K. Therefore, the cryostat provides the

capability for all ranges of temperature for different experiments.
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Figure 5. 2 The cryostat and gas handling system schematic design. [65]

5.3. Cryocoolers

A refrigeration machine which is the main part of the cryostats with the capability of
cooling lower than123 K and a small refrigeration space is called the cryocooler.
Principally, recuperative and regenerative are two types of cryocoolers. The former
includes the Brayton and Joules Thomson type, and the latter involves Stirling and
Gifford-McMahon type cryocooler. Mainly cryocoolers are utilized to cool the
infrared sensors in the missile guided system and satellite-based surveillance, the
cooling of superconductors and semiconductors, as well as applications such as in
cryopumps, liquefying natural gases, cooling of radiation shields, SQUID
(superconducting quantum interference device), Magnetometers, Semiconductor

fabrication, etc.
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Classification of cryocoolers

v
Regenerative cryocoolers Recuperative cryocoolers
with Valve Valve less
! 1 Joule-Thomson  Brayton Claude
stirling
Gifford-McMahon Vuilleumier
Pulse Tube Pulse Tube

Explicitly the high usage demand for cryocoolers, small size, long lifetime,
performance efficiency, reliability, low vibration, and weight become important
aspects in the development of cryocoolers. The smaller heat transfer loss and higher
efficiency of the Stirling and Gifford-McMahon (G-M) type cryocoolers bring them
to a widely used in many applications. Due to the construction simplicity by
eliminating the moving part at the cold end, pulse tube cryocoolers have more
advantages over other cryocoolers and reliable in operation. Generally, there are two
types of pulse tube cryocoolers. The table below represents the overall comparison of

these two systems.

Table 5. 1 Stirling and G-M type Cryocoolers Comparison.

G-M type cryocooler Stirling type cryocooler
Use of oil-lubricated compressor Use of dry compressor
Working at Low frequency (1-5Hz) Working at high frequency (20-120Hz)
A compressor connected to the expander | Compressor directly connected to the
through a valve expander
Pressure ratios are high Pressure ratios are low
Low Coefficient of performance High Coefficient of performance
Compressors are bulky (capacity is in | Compressors are small (capacity is in
kW) few hundreds Watts)
Can a below 2K using two stages of Can attain 20K using two stages of
cooler cooler
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Pulse Tube cryocoolers or Refrigerators are pulsing the pressure from one end of a
hollow tube and observing cooling effect from the other end for the first time is
recognized by Gifford and Longsworth in the early sixties. This was the initiation of
the most promising cryogenics refrigerators Comparison which is classified as basic
pulse tube refrigerators (BPTR). This type of refrigerators is more in the attention
because of enhanced reliability, long lifetime, and simplicity because of the absence

in the moving part at the cold temperature region.

The pulse tube refrigerators (PTR), unlike the other typical refrigerators which are
using the vapor compression cycle based on the classical thermodynamics, is achieved
by the oscillatory compression theory and gas expansion within the enclosed volume
to reach the desired refrigeration. Based on being oscillatory, a PTR is not a steady
system that demands the time-dependent solution. However, PTRs are a quasi-steady
periodic state (steady-periodic mode). Principally, a periodic steady system is a cycle
that will reach the same state in the next cycle and so on. The PTRs are working in a
closed system with using the oscillation pressure which is regularly provided by an
oscillatory piston in one end to generate a flow of oscillating gas in the rest of the
system. Here the gas is responsible to carry the heat away from the point with low

temperature (cold heat exchanger) to the hot end exchanger.

Figure 5. 3 (a) Stirling (b) G-M type BTR Schematics. 1.Compressor, 2.
Aftercooler, 3. Regenerator, 4. Cold heat exchanger, 5. Pulse tube, 6. Hot heat
exchanger, 7. Valve [66]
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The heat of compressor compression in a Stirling type PTR is removed by the
environment with a heat exchanger which is placed between the regenerator and
compressor. The heat exchanger is known as an aftercooler or precooler. These
principles are used in PTRs, present a capability to reach a temperature around 50 K.
Although the Stirling type can produce higher cooling power due to the absence of the
valve, the required rapid flow oscillation of the fluid heat exchange in this type limits

the performance at the low temperatures, such 10 K and below.

The G-M type PTR by utilizing the valve, it can dispense low/high-pressure gas into
the pulse tube. In this type of system, pulsation pressure is produced by the periodic

opening/closing operation of the high/low-pressure valve.

The main components of the PTR are Compressor, aftercooler, regenerator, cold heat
exchanger, pulse tube, and warm heat exchanger. Respectively each part are
responsible for supplying the pressurized and depressurized gas to the closed chamber,
ideally to extract all the heat which is produced in the compressor volume during the
gas compression and release to the environment, as the most important component in
the pulse tube refrigerators which is functionalized to absorb the heat during the
forward stroke from the incoming gas and return that heat back to the gas in return
stroke, the best resemblance to the evaporator in the vapor compression refrigeration
cycle where the system absorbs the refrigeration load, to carrying the heat with
enthalpy flow from the cold end to the warm end, and rejecting the generated heat

from the gas.

The most recent invention is the inertance tube PTR. In the aforementioned type, the
orifice valve is replaced by a long inertance tube which has a very small inner diameter
and adds reactive impedance to the system. This modification generates a phase shift

inside the pule tube and provides an enhanced enthalpy flow.
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Figure 5. 4 The inertance tube PTR schematic diagram. HHX: hot heat exchanger,
CHX: cold heat exchanger, Q: Heat rate, Ww: Power [W], cp: Compressor,
Qy: Heat transfer from the hot end. [66]

As it is impracticable to reach a very low temperature with a single PTR, the multistage
PTR is introduced. Hence, one PTR can be used to pre-cool the other. For temperatures
below the 30 K, the system is split into two. And finally, the three-stage PTRs are able
to cool down to 1.78 k using the *He as a working fluid.

The rotation of the valve disk that opens the high pressure, starts the refrigeration
cycle. At first, it releases the high-pressure helium gas to pass inside the regenerating
material and the expansion space. Next, the pressure differential drives the displacer
"up", enabling the gas at the bottom to expand and cool. And then, the rotation of the
valve disk next opens the low-pressure path, allowing the cold gas to flow through the
regenerating material and removing heat from the system. Eventually, the pressure

differential returns the displacer to its original status, and the cycle is done.
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Figure 5. 5 The schematic of the cryocooler working principal. [67]

The cryostat system in all these experiments is the top-loading (TL) C-Mag from
Cryomagnetics Instruments Inc. consists of a cold head mounted on the cryostat and
an external compressor. The cold head has the capability of reaching 1.3 K. And the
superconducting magnetic can provide 9 Tesla magnetic field which is integrated

inside the cryostat.

Figure 5. 6 (a) The cryostat, and (b) Isolation Vibration Platform.
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5.4. Vibration Isolation

There are various factors coming from the environment which affects drastically the
scanning probe microscopy (SPM) measurements. Technically, based on different
environments in which the device has housed, these effects play a critical role. The
vibration noise is the main issue that AFM measurements are highly susceptible to
interference with. The two foremost types of vibration sense by AFM are mechanical
and acoustic vibrations. Almost the acoustic nose could be eliminated by locating the
instrument in an ideal place, far from the crowded place and audible activities as well

as providing a sealed cabinet covered with soundproof material or damping one.

Transmission mechanical vibration to the AFM stage is more important as there are
more sources of this strong type of vibration. Hence, all vibration sources in the
laboratory should be considered particularly. For instance, the laboratory floor noises
coming from the place that dry cryostat parts are positioned like cryocooler, pumping

and connection lines, chiller, and etc.

The dry cryostats that are more common in scientific sections have affordable prices,
easy to use, and elimination of He expense which is such advantages. The central
drawback of this system is the vibration generated by the pulse tube transferring
straight to the microscope. Here, the isolation vibration stage which specially designed
for the cryostat can solve the mechanical noise problem by decoupling the pulse tube
vibration. (Figure 5.6) In this design, the microscope is positioned on the vibration
isolation stainless steel platform with around 300 Kg which is held on three air
damping isolation legs [68].
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Figure 5. 7 The vibration isolation table schematic design. (a), (b), and (c) are air
damping isolation legs, (d) is an edge welded bellows, (e) platform.

The vibration table is connected with a cylindrical spring-type extension part to adsorb
and separate the cryostat vibration from the microscope stage. Manufacturing the
design with nonmagnetic material helps for high field application researches.
Additionally, the compressor line connections are passed through a tighten concrete
hole to decrease the noise coming from the circulation of the Helium gas.

Moreover, to diminish the noise pathing through the electronic connection cables,
directly to the microscope, a heavy block of the 50 Kg is manufactured in the way that
cables can sandwich in between two heavy block parts and then tighten with screws.
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Figure 5. 8 The cable noise-canceling block, (a) Screwed position and (b) Parts.

5.4.1. Vibration Isolation Performance:

In order to measure the vibration Isolation stage noise due to explaining the
applicability of the stage in decreasing the noise, a HOPG sample scanned in a
10pmx10 pm scan range with a 20 nm scan speed in both status when the stage of off
and on, and then the noise calculated.

Topography_Fwd (nm)

0 2 4 6
‘ ; ., Position {pm)
0 5 10
Figure 5. 9 10 pm x 10 pm HOPG scan image with the cross-section when the stage
is off.
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Roughness Parameters
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Figure 5. 10 Roughness parameters on the 10 pm x 10 pm HOPG image when the

stage is off.
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Figure 5. 1110 pm x 10 pm HOPG scan image with the cross-section when the
stage is on.

Roughness Parameters

Coefficient Value

Average (Ra) 0.12 nm

[Root Mean Squre (Rg) (015 nm ]
(Skewness (Rsk) ](-0.064 ]
(Kurtosis {Rku) J[4.012 ]
[Maximum (Rp) J[1 J0 Am ]
[Minimum (Rv) (0,00 nm )
(Peak To Peak (RY) (170 am ]
(Ten Point Height (Rz)  J(1.70 nm ]

Figure 5. 12 Roughness parameters on the 10 pm x 10 pm HOPG image when the
stage is on.
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The obtained the RMS noise in the existence of all noise around without utilizing the
isolation platform was 1.2 nm while performing the isolation stage the noise level is
reduced to 0.16 nm. This is suitable for most of the MFM applications using force
microscopy as well as the atomic resolution imaging or manipulation. Furthermore,
the histogram FWHM analysis claims the same level of the noise in both situations.
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Figure 5. 13 histogram FWHM analysis of the scanned 10 pm x10pm HOPG (a)
Vibration isolation platform is off, (b) Vibration Isolation platform is on.

5.5. Images

In order to examine the functionality of the microscope inside at the cold temperature,

an iPhone camera chip was imaged by the AFM tapping mode in different
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temperatures. Furthermore, the applicability of the vibration isolation platform is
monitored by imaging the single layers of the graphene (0.34 nm).
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Figure 5. 14 AFM topography images of the iPhone camera chip in Tapping mode,
(@) 225K, (b) 77 K, (C) 1.3 K.
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Figure 5. 15 Single-layer Graphene.

5.6. Conclusion

In this chapter, we demonstrate the reliability and functionality of the self-aligned LT-
Fabry Perot AFM/MFM working at such a low temperature of 1.3 K in a newly
installed cryostat. This is as well as a highly applicable isolation vibration platform
design that eliminated the noises coming from the environment as well as the pulse
tube refrigerator. Consequently, a better than 4 A noise is obtained on the flat HOPG
sample which represents the applicability of the isolation vibration platform design.
This is sufficient for most MFM and AFM application which uses force microscope

except the atomic resolution imaging or manipulation.
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CHAPTER 6
FABRY PEROT INTERFEROMETER

6.1. Introduction

Technically Michelson fiber interferometer has such a limitation in obtaining the
deflection with high sensitivity based on its intrinsic noise coming from shot noise.
The laser shot noise is a kind of electronic noise that occurs by a finite number of
photons that are carrying the energy and making statistical fluctuations in the
measurements. The impact of striking the electrons on the photodiode is the generation
of a photocurrent i.
i =SppP 6.1

i is proportional to the power P and Spp, is responsivity of photo photodetector. The

average root-mean-squared variation of the current noise is given by:

- A 6.2
Ishot = +/2€SppP (m)

e is the electronic charge, 1.6x107° C. If this current passes through a resistor, R, the
average root-mean-squared variation of the voltage noise is given by:

_ 4 6.3
Ushot = +/ 2€SppPRF (m)

Obviously, increasing the optical power falling to the photodetector makes increase
the signal sensitivity with the same ratio. Despite that, the shot noise will be increased
by the ratio of the square root of the signal. Admittedly, the noise would be reduced
by increasing optical power. As a result, the fiber Fabry Perot interferometer (FFPI)

is developed according to this approach for the deflection sensor.

Principally, the FFPI is expected by two reflections, first from the fiber-air surface
interface and then the backside of the cantilever. In order to have a reflection from the

fiber surface, the end part of the fiber should be cleaved and then coated by TiO..
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Coating the fiber provides multiple reflections and respectively the interference

pattern in a much sensitive way that is detected by the photodetector.

There are few groups [69-74] that developed FFPI in the literature to obtain the high
sensitivity deflection sensor for the atomic resolution image. Technically, coating the
fiber end to increase the reflectivity and creating the parallel mirror system, adjusting
the fiber in the best position regarding the cantilever as close as possible, as well as
increasing the optical power falls on the photodetector are three critical points that are
raised from FFPI design. To achieve these basics the end of the fiber is cleaved and
then coated by suitable material, then a stick-slip approach mechanism is designed to
adjust the fiber in the gap between the fiber and cantilever, and finally a fiber optic

circulator in embedded inside the interferometer instead of a 2x2 coupler.

Coated Fiber

Reflectivity:
Incident Beam
| 30-70%

v

v > —

/

Cantilever

Multiple Reflections

Figure 6. 1The fiber Fabry-Perot interferometer (FFPI) Schematic principal. To
increases, the ratio of the internal reflection of the fiber and provides multiple
reflections between two parallel mirrors the fiber end should be coated.

6.2. Fiber Coating
There are two major advantages of coating the fiber end from the optical view. Firstly,
coating the fiber end increase the bare reflectivity from 3% to 39-70 %, and secondly,

the cantilever and the fiber stays like two parallel mirror and multiple reflections can

occur among these two plates. Consequently, utilizing the Fabry-Perot interferometer
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helps to increase the finesse, visibility and slope values that contribute to high-

resolution imaging.
6.2.1. Fiber coating with TiO2

To achieve the higher interference slope as well as higher quality factor values the
cleaved end of the fiber is coated with the reflectiveTiO, [75]. Firstly, to cleave the
fiber end a high precision fiber cleaver (Fujikura CT-30) is used to get 2-3% bare
reflectivity. The next step is dipping the fiber end for a few seconds in Titanium (1V)
2-ethylhexyloxide solution which is diluted by xylene with the ratio of one to five and
then burning the fiber end with a propane torchlight. Within this process, the TiO>
would be coated on the fiber and provides a reflectivity of 15-30%. [75]

6.3. Fiber Slider

The importance of the LT Fabry-Perot AFM/MFM is obtaining a higher slope of the
interference pattern. This can be achieved by adjusting the fiber in the best position
regarding the cantilever in a distance between the fiber and the cantilever. Normally
in the design of the Michelson interferometer, the distance is fixed and around 30 pm
with a @19 um laser spot size which keeps a secure distance for the tip replacements.

As the fiber is adjustable, moving the fiber towards the cantilever makes a laser spot
size smaller and be equal to the fiber core. Hence, the signal gain would be enhanced
at the interferometer. This is where the misalignments of the fiber and cantilever which
could be made by fabrication are such a drawback with causing a loss of the

interferometer signal.
6.3.1. Fiber Slider Design for Low Temperature

To achieve this purpose with a certain functionality at low temperature, the MFM
alignment holder is modified [49] in a way that fiber can slide toward the cantilever

and vice-versa.

Therefore, the new design resulted in improved reliability of the fiber nano positioner

that is established by three major impressions: (1) centralizing the cantilever tip at the
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piezo tube; (2) enhancing the surface quality of the groves in which the ferrule is

sliding; (3) increasing the inertial mass of the fiber holder.

(@) (b) (©)

Figure 6. 2 Parts of the LT fiber slider. (a) MFM V-shaped holder, (b) ferrule
tubing made of Zirconia, and (c) PhBr Leaf spring.

According to the design, the zirconia tubing with @1 mm which is polished, placed on
the V-shape titanium holder part. Similarly, the titanium holder is perfectly polished
to have a pure and smooth surface due to eliminating any struggle during the ferrule
slid. The zirconia surface is sandwiched between the two-titanium surface and a leaf
spring surface that press the tubing for replacement precisely in one direction toward
the cantilever tip. All these processes have done under an optical microscope to have
an absolute alignment and reach the minimum cavity gap as described earlier. The
zirconia tubing has a 0.5 mm z-range gap to approach and retract to the cantilever.
Obviously, the alignment maintains the same interferometer signal that obtains for

repetitive motions.

The motion of the fiber is implemented by scanner piezo. Here the brass weight which
IS mounted on the zirconia tubing has a vital role in generating a momentum of the
sliding part with an order of the magnitude. Without the additional weight on the
ferrule, the fraction below the 125 K stops the ferrule motion. The PPS (Polyphenylene

sulfide) part is designed to hold all the assembly and house the ferrule. Also, the ferrule
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motion is restricted by the PPS design in retract motion and at the other end, the spring

terminates the ferrule motion when the brass weight touches the leaf spring.

(a) (b)
Figure 6. 3(a) PPS holder, (b) Brass Weight (1.5 gr)

*) ®)

r

v

(a) (©)
Figure 6. 4 The V-shaped MFM holder schematic design which is assembled o top
of PPS part at the end of the scanner piezo tube for sliding mechanism. (b) Scanner
piezo, (c) Assembly of the microscope head.

6.3.2. Drive Mechanism of the Fiber Slider

The controller slider card applies the exponential slider pulse to the scanner piezo

tube to retract and approach ferrule respect to the cantilever.
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The figure below represents the ferrule tubing motion regarding the cantilever.
Normally, the motion is continued till the fiber touches the cantilever, then the ferrule
is retracted to find the maximum slope of the interference pattern.

B

Step 1: Gap ~ 600 pm Step 2: 300 pm
Step 3: 100 pm Step 4: Gap < lpm

Figure 6. 5 Fiber Approach by Stick-Slip Approach Mechanism.

6.3.3. Testing the Slip-Stick Mechanism at Low Temperature
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Figure 6. 6Slider Piezo Step Length in 300K, 225K, 77K, 4K. (a) Forward motion,

(b) Backward motion.

The slider mechanism is examined and optimized in all operation temperature rages

successfully and represents a fully linear motion. Normally the applied voltage to the
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slider should be increased by decreasing the temperature as the piezo capacitance is
dropping by the temperature drops.

The step sizes are tunable with adjusting the pulse height of the slider and controlling
the applied voltage in the software. The figure below presents an example of the

ferrule motion. The pattern was moved with a single approach step.

—— Photo Diode Power
——— Photo Diode Power

600

500

400 |

300

Photo Diode Power (uW)

200

100

02 00 02 04 06 08 10 12 14
Fiber Position (um)

Figure 6. 7 Measuring fiber step on the interference pattern at 300 K. A single step
with 300 V height slider pulse applied for approaching. The red plot is the
interference pattern of the fiber position after one step moved toward the cantilever
which is measured 74 nm displacement.

6.3.4. Slope and Visibility Behavior vs gap distance between the Cantilever and
Fiber

As this is already mentioned, decreasing the gap makes the smaller laser spot and
increased signal gain that aims to increase the slope value of the interference pattern.
Here, the type of the cantilever is also important in increasing the reflectivity which
results in the higher slope value. Hence, each cantilever can provide a specific
maximum value of the slope. Besides, the visibility has unique behavior with a

maximum of 1 that does not change depends on the cantilever.
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According to the unique behavior of the visibility which is measured and plotted at
300 K, the gap distance can be determined based on the plot with visibility value.
Therefore, in order not to damage the cantilever tip in cold temperature inside the
cryostat, firstly, the visibility and also the max slope value was monitored and plotted,
then during the approach toward the cantilever, the distance could be calculated and

in a close distance where the slope is maximum, the scanning operation was started.

1.2
140
1
120
.s 100 . . oy 0.8
E Visibility >
< 80 Slope =
s y =-0.192In(x) + 1.2223 06 B
o R = 0.9306 y = -31.11In(x) + 186.05 =
= 60 R2 = 0.9469 'S
§ 0.4
40
0.2
20
0 0
0 50 100 150 200 250

Distance between cantilever to fiber
(um)

Figure 6. 8 Slope and Visibility behavior vs gap distance between the cantilever and
fiber.

6.3.5. Fiber Optic Circulator

Ideally, to increase the measurement precision by means of increasing the power
which is falling to the signal photodiode at the interferometer, it would be better to use
most parts of the laser beam for measuring the cantilever deflection. Typically, the
standard Michelson fiber interferometer uses 2x2 50% coupler to divide the laser
beam. One is used as a reference at the photodiode to monitor the power and the

second one is employed to measure the deflection.
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To full fill this purpose the fiber optic circulator can be used which possibly utilizes
100% power. This is a non-reciprocal optical device with three ports that allow the

light to travel just in one direction.

Laser
Diode

Figure 6. 9 fiber optic circulator diagram for fiber interferometer [64].
The entering laser to port 1 will exit port 2, and in the way back the entering signal to

the port 2 will exit port 3.

Theoretically, utilizing the circulator [64] in the interferometer will enhance the
optical power 4 times that falls into the signal photodetector. This issue increases the

slope value, expectedly, in the same ratio.

Table 6. 1 The fiber optic circulator and the 2x2 coupler Comparison.

Slope (mV/A) Power in the Fiber
(mW)
Circulator 120 3.0
2x2 50% Coupler 30 1.5

6.4. Fiber Fabry-Perot interferometer

The cleaved and coated end of the single-mode fiber will normally reflect 30-70% of
the laser light in the LT AFM/MFM system. The rest of the light passes the fiber end
to hit the cantilever back surface. The multiple reflections occur between these two
parallel mirrors. And increase the optical power on the photodetector as well as

increasing the internal reflectivity.

80



By sending a laser beam (with electromagnetic field Einc ) to fiber, part of the beam

is reflected back from the fiber end ( F?r), and the rest passes the fiber end to the

cantilever. Then the rest beam is reflected again from the cantilever back and goes

through the fiber to photodetector (ES).

Consequently, the photodetector takes the absolute value of total electromagnetic

fields as current.

Ri

E nc
PEN—
Ey

E:S ;

4
&3

Cantilever

Figure 6. 10 schematic design of the fiber-cantilever reflectivity. E, , E, , E; are
respectively the incident beam, the fiber surface reflected beam, the summation of
the cantilever and fiber reflected beam, R1 fiber surface reflectivity, R> cantilever

Reflectivity.
Eone = Eel @0 69
E, = Eel(@t+ka) (6.5)
Es = Eej(wt+kz+2kd) (6'6)
- 2 =4 o]
|Ecwcll” = (Etot| Eior) (6.7)
— 2 _ —>2 —’2 - = (68)
> ||Etoe|| = E2 + EZ + 2E, E; cos(2kd)
. 2
Bl "
A It
e I = I, + I, + 2y/T,T; cos(2kd) (6.10)
{Imax =L+ I+ 2L I (6.11)
Lnin =1 + 13 — 2/ L1 .

The I, I are the current generated by fiber surface reflected beam, and fiber surface

and the cantilever surface reflected beam.

We can define visibility and the average of the current:
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Lnax = Imin (6.12)
Imax + Imin’

lo = (Imax + Imin )/2 (6.13)
On the other hand, considering P,, fiber optical power, with fiber surface reflectivity

V=

of R,, and cantilever surface reflectivity R,, we can obtain that :
PT = POR1 ,and PS = Po(l - R1)2R2 (614)
Additionally,

IT (o8 PORl 1] and IS (o8 Po(l - RI)ZRZ (6.15)
P, P; are optical power of fiber surface reflected beam, the optical power of the fiber

surface and the cantilever surface reflected beam.

As a result, the visibility can be written as:

. 2(1 - R)+/R{R, (6.16)
" Ri+(1-R)?R,

And define the sensitivity:

4 A7
sensitivity = T vV (6.17)

Based on the reflection coefficient of the Fabry-Perot interferometer we can model the
signal and find the most sensitive position which is the quadrature points d= A/8, 3A\/8,
5M/8 and the slope is much greater than the Michelson one.

4R sin? 2771 d (6.18)

(1+R?) + 4R sin2 (3 )

Reflection Coef ficient =

Defining F, the coefficient of finesse:

4R (6.19)

Ty

The reflection coefficient ould be:

F sin? 277[ d (6.20)

Reflection Coef ficient = 5
1+ F sin? D
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Figure 6. 11 The Fabry-Pérot interferometer (Blue) and Michelson (Red) Modeling
for 1,310 nm wavelength.

Figure 6.11 shows the modeled interference signals of both interferometer types. Here
the value of V is around 0.9 and finesse of 50. Obviously, the Fiber Fabry-Pérot

interferometer has a higher slope value and higher sensitivity at the deflection sensor.
6.5. Experimental Results
6.5.1. Fabry-Perot Interferometer signal

The signal of the Fabry-Perot interferometer with fiber optic circulator in different
drive laser power is presented in Figure 6.12 Ideally, the circulator will enhance the
power at the signal PD about 4 times. The relationship of the laser power at the
quadrature point in the signal PD is presented in Figure 6.13. As it is exposed there is
a linear relationship between the drive laser power and the quadrature point power.

The maximum slope of the 2x2 fiber optic coupler which is achieved is ~30 mV/A

while fiber-optic circulator reaches ~140 mV/A.
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Figure 6. 12 Different drive laser power in the Fibre Fabry-Perot interferometer at
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Figure 6. 13 Representation of the Linear relationship between the interference
slope & Average power at quadrature point Vs drive laser power @ 300K.

The table below represents the difference interference slope obtained by different
interferometers.

Table 6. 2 Fabry-Perot and Michelson interferometers Comparison

Slope (mV/A) Visibility Power (mW) Finesse
Fabry-Perot 148 0.9 3.5 4.4
Michelson 30 0.73 3.5 2.74
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6.5.2. AFM Images:

To check the functionality of the microscope different samples in various temperatures
were recorded. Initially, the AFM image of the calibration grating Figure 6.14 is
recorded in 300 K. The interference pattern with a slope value of ~60 mV/A was used
for this experiment. And the Q factor is 234.

In Figure 6.15, 6.16 depicts the tapping mode AFM image of the Graphite in both 300
K and 77 K with interference slope value of 52 mV/A and Q factor of 482.

0 5 10 15 20 0 5 10 15 20

-300

15- g8

10-

0 5 1‘0 1I5 2‘0
(€
Figure 6. 14 AFM image of the grating sample in Tapping mode at 300 K. (a)
Sample Topography, (b) Amplitude (Feedback) and, (c) Phase images.
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Figure 6. 15 AFM image of the Graphite in Tapping mode at 300 K. (a)
Topography, (b) Amplitude (Feedback). (c) Graphite layers size.

86



20. Rt ‘ ..u..,»t%*m

g
o

0 10 20 30
(b)

100+

150

--100

Topography_Fwd {nm)
[$)]
<@

-50

0 5 10 15 20

0 Position (pm)

6 1‘0 20 3‘0
(c) (d)

Figure 6. 16 AFM image of the Graphite in Tapping mode at 77 K. (a) Sample
Topography, (b) Amplitude (Feedback). (c) Graphite layers size.

Figure 6.17 also is the tapping mode AFM image of the Mika which shows the single
layers in 300 K.

Reaching to the Mika single layer image represents the high resolution as well as the
functionality of the microscope in AFM mode.

87



201

. 0i3m
1 5, 316nm
0.16um

10 .y

5_ 1.88nm

Topography_Fwd (nm)

F-'osition (Mm)

(d)
Figure 6. 17 Tapping mode AFM image the Mika at 70 K. (a) Topography, (b)
Amplitude (Feedback). (c) Mika single layers.

6.5.3. MFM Images

The ability of the microscope in measuring the magnetic materials is tested at various
temperatures. For the MFM application, we recorded the magnetic properties of the
Sony hi8 tape as well as the 80 GB hard disk sample.
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Figure 6. 18 MFM image of the Sony hi8 type sample at 77 K: (a) Topography and

(b) Magnetic image. Lift-off amount was 100 nm. (c) Cross-section of the magnetic
image.
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Figure 6. 19 MFM image of the 80 GB/Platter hard disk sample at 300 K: (a)
Topography and (b) Magnetic image. Lift-off amount was 85 nm.
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Figure 6. 20 MFM image of out of plane magnetic field on the floppy disk surface
(a)Topography, (b) MFM image with 300 nm Lift-off value at 300K, (c, d) Cross
section of magnetic image measurements.
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Figure 6. 21 Large laser bumps at the no load- unload ramps on the hard disk
surface also known as the landing zone for the head of the hard disk. (a, b)
Topography, and MFM image at 300 K, (c, d) Topography and MFM image at the
77 K.

6.5.4. Conclusions

We redesign and improve the LT Fabry-Perot AFM/MFM head by means of
increasing the reliability of fiber tubing movement in various temperature ranges of
300 K to 1.3 K. The functionality of slip-stick fiber slider is established and the new
design provides a better resolution with obtaining the higher interference slope value.
The new coating material benefits to enhance the reflectivity from the fiber surface
and implementing the mirror-like surface between the fiber end and cantilever in order
to increase the laser gain and lose much less. This is as well as utilizing the circulator

in the interferometer which contributes much less loss of the laser.
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CHAPTER 7

CONCLUSION

In this thesis, we demonstrated a self-aligned low-temperature Fabry-Perot atomic
force/ magnetic force (LT-AFM/MFM) microscope with the ability of operation in
different temperatures from 300 K to 1.3 K. The alignment-free design provides the
compatibility of using different types of cantilevers as well as eliminating time-
consuming procedure for aligning the cantilever respect to the fiber with complicated
alignment setup. This microscope is exclusively designed for low-temperature
experiments and tried to reduce the outer dimension to be completely compatible with

various cryogenic systems.

For enhancing the reliability of the microscope operation, the head is redesigned and
modified. To achieve higher performance of fiber movement specifically in low
temperatures, the parts are altered and fully optimized. And the fiber end is coated by
TiO2 in order to increase the initial reflectivity from the fiber end and the laser gain in
the photodetector.

Redesigning the fiber nano positioner, enhancing the accuracy and optimizing the
parts provides reliable slip-stick operation in various temperatures and increased fiber
reflectivity to gain a higher slope value of the interference pattern.

The table below represents the critical Slope, Visibility and Finesse value where the

fiber positioned in a 1um to the cantilever.

Table 7. 1 Slope, Visibility and Finesse value of old design Microscope

Old Design Power in the | Slope (mV/A) Visibility Finesse
Fibre (mW)
Michelson 35 6 0.43 1.81
Interferometer
Fabry-Perot 35 120 0.89 431
Interferometer
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After developing and enhancing the microscope design, with the newly manufactured
parts, we were able to reach the higher values and increase the lateral resolution. The
table below shows the enhanced values by the new design where the fiber stands in

1um to the cantilever.

Table 7. 2 Slope, Visibility and Finesse value of old design Microscope

New Design | Power in the | Slope (mV/A) Visibility Finesse
Fibre (mW)
Michelson 3.5 19 0.73 1.74
Interferometer
Fabry-Perot 3.5 148 0.90 4.40
Interferometer

To decrease the floor noise and pulse tube vibration during the low-temperature
experiments inside the cryostat, the isolation vibration platform is designed to
decouple the noise. With this design, we eliminate the noise to A range. And reaching
the single layer, Graphene denotes the higher resolution and functionality of the

microscope.

Additionally, the Fabry-Perot interferometer was employed to measure the cantilever
deflection with remarkably high sensitivity. This interferometer has ultra-low noise
around 8 fm/Hz'? at room temperature and around 1 fm/Hz'? at 1.3 K which allows
measuring the cantilever spring constant with the help of spectral noise density. The
ultra-low noise of the deflection sensor is a magnificent feature to measure the

magnetic media down to a few nm magnetic resolution.

Measuring the cantilever spring constant with fitting the calculated Brownian noise
plot with spectral noise density is an important and new method that provides precision

to estimate cantilever spring value.
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