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Abstract

Scanning Hall probe microscopy, which uses a Hall-cHect sensor to non-invasively
image magnetic fickds at the surtace of samples, is a powerful tool in condensed matter
physics that can be used to study magnetisin on mesoscopic length scales. The work
done for this thesis was in the design, construction and characterization of a low
temperature scanning Hall probe microscope for our lab, We have based some parts of
our design, such as the 500 g range piczo scanner, on other microscopes in the field.
However, compounents such as the “double-gimbal” rotation stage for the sensor, and
the sample stage with capacitive touch-down sensor and thermal control, are unique
to our design. Alrcady the first of its kind in Canada, with the intended addition
of a scanning ncar-ficld optical probe to the same scan-head as the Hall probe, this

microscope will have unique features not available in any other lab.
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Chapter 1
Introduction

The bulk of the work done for my Masters project has been in the design, coustruction,
and characterization of a low temperature scanning Hall probe microscope (SHPM).
This i1s the first instrinent of its kind here at SFU, or even in Canada for that mat-
ter, and the first part of this thesis (Chapters 1 and 2) is devoted to background on
the techuique and on the Hall probes used in scanning Hall probe microscopy. This
will serve to give those entering the ficld, particularly new graduate students, useful
information prior to or during their projects using the SHPM. Having said that, this
mtroductory chapter focuses on how scanning Hall probe microscopy, when compared
to other techuiques, cmerges as a powerful tool i experimental mesoscopic physics,
onc of the frontiers in condensed matter physics. Some of the magnetic and super-
conducting materials of interest are also discussed here, with an emphasis on type 11
superconductors and the vortex state, in which many interesting magnetic phenoni-
cna of theoretical importance arise. Chapter 2 is about Hall probe fundamecntals and
technology. Included here is a discussion of the fundamental Ihnits on flux sensitivity
and spatial resolution for Hall probes, followed by a description of the state-of-the-art
150 nm GaAs/AlGaAs Hall probes we have been provided by Clifford Hicks, a Stai-
ford PhD candidate, to get started with, Chapter 3 starts off the sccond part of the
thesis detailing the mechanical design of our SHPM and its characterization. Chapter
4 describes the thermal design of our SHP M, an nnportant clement for an experiment

routtinely being i at 4.2 K| and Chapter 5 is on the electronics and software used
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to run the SHPM. Finally, to demonstrate the operation of the SHPM we have built,
Chapter 6 shows an image of magnetic bits on a floppy disk taken with the SHPM.
This is followed by a sunnnary of the project, highlighting some of the issues that

causcd considerable difficulty, and the insight that 1 ultimately gained from them.
r '
\ & ﬂ /

Electronics PC
PZT fine -
scanner MFM tip
/ Magnetic probe — SQUID
Y v/} .
o ——  Sample stage N Hall probe

X,Y,Z Coarse motion

Figure 1.1: A schematic of a typical scanniig magnetic microscope. For cryvogenic use
it. would be mounted in a helinm eryostat or dilution refrigerator.

1.1 Scanning microscopy

The proliferation of scanning microscopy began in the carly 1980°s with the inven-
tion of the scanuing tuimeling microscope (STM) by Binnig and Rohrer [1], and was
soon followed by the development of another well known instrmunent, the atowmic force

microscope (AFM) [2], invented in 1986, Since theu, many other scanuing probe
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nticroscopy techniques have arisen, all sharing the sance basic operating principle, de-
picted schematically in Figure 1.1: « microscopic sensor, mounted on a piczo scanner,
is scanned over a grid of points at the surface of a sample, locally measuring a physical
property at cach point to create an image. The range of sensors available, and the
relatively compact size of the apparatus, makes the scaiming probe microscope a very
powerful and productive tool in condensed matter physics.

The scanning microscope I designed and built for this thesis uses a Hall probe
as a local magnetic sensor to image magnetic ficlds at the surface of samples. With
the intended addition of a near-ficld scanning optical probe to the same scan head as
the Hall probe, our microscope has the potential to be a unigue scientific instrument,
worldwide. The primary focus of the rescarch done with this microscope will be on
niesoscopic superconductivity and magnetism, where ‘mesoscopic” describes length
scales that are larger than atomic dimensions, but still small enough so that the
physical behaviour can be strongly imfluenced by the laws of quantiin mechanices.
Magnetic vortices in type II superconductors are naturally quantized structures that
exist i the mesoscopic regime, and will thus be the subject of much study with
this microscope.  Furthermore, with the near-ficld optical probe, one will be able
to “write” superconducting nanostructures by persistent photodoping of otherwise
insulating cuprates, and then inmmediately iimage their magnetic properties with the
Hall probe; no such system exists today so there are many opportunities for rescarch
here.

The range of applications for this microscope is not restricted to magnetic vortices
or mesoscopic phenomena. Inuovations in piezoceramic scanner design [3] have allowed
for low temperature scan ranges of ~0.5 nun, and with Hall probes now offering sub-
micron spatial resolution, the scope of applications encompasses magnetic structures
existing ou length scales spanmming three ovders of magnitude.  Much of the most
interesting physics to rescarchers today is, however, on the small side of this spectrnn,
which includes mesoscopic phenomena, so continued cffort is being put into Hall probe
desien and fabrication to make smaller and more sensitive devices.

Hall probes are now being fabricated down to the 100 mm-scale [4]; combined with

flux scusitivities of around 10 p®y/vHz, and a broad operating temperature and
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ficld range, scanning Hall probe microscopy has cmerged as one of the kev players
i scanning magnetic imaging. The other scanning magnetic imaging technigques are
magnetic force microscopy (MFM), and scanning SQUID microscopy. These tech-
niques cach have their own advantages and are compared in detail in the following
sccetion. Although the STM was used carly on by Hess and coworkers to be the first
scanning probe microscope to inmage maguetic vortices in type I superconductors [5],
it docs not measure the magnetic fickd at all, but rather the local density of states at,
the surface of the sample, which is also correlated with vortex phenoniena. This type
of STM imaging is called scaiming tunneling spectroscopy, and is still a very useful
tool to study vortices and mnconventional superconductivity. Conventional scanning
tunneling microscopy has nonctheless played a central role in scanning magnetic mi-
croscopy, where it is often used to guide the magnetic probe along the surface of the
sample at a constant height,.

Since scanning probe microscopy techniques rely on the probe being at the surface
of the sample, some sort of topographic feedback is essential. Topography is the
primary domain of the STM and the AFM, so they are often part of a scanning
magnetic microscope. The STM works by scanning an atomically sharp metatlic tip
biased with a small voltage, over a grounded conducting sample. As the tip gets closer
to the surface, the quantum tunncling current increases exponentially. In constant.
current, or topography mode, the tunneling current is fed back to the hieight control of
the tip, which is adjusted during the scan so that the current remains constant. These
heights are recorded, and the height map represents a surface of constant conduction
clectron energy. For this to be incorporated into a scanning magunetic microscope, the
scnsor, cither Hall probe or superconducting quantum interference device (SQUID)
has a tunncling tip microfabricated alongside the device. The AEFM is sensitive to the
atomic forces at the surface of the sample acting on a tip at the end of a cantilever. It
maps the surface by adjusting the height of the cantilever as it is scanned so that the
force remains constant. This is combined with magnetic microscopy when the tip is
coated with a ferromagnetic material, making it sensitive to magnetic forces as well.

Now it is a magnetic force microscope.
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Figure 1.2: A plot showing the evolution in performance of mesoscopic magnetic
probes in recent years from the literature, in terms of their mininnun fHux sen-
Hall probes: (A) Chang ct al. [6],
(D) Oral et al. [9] at 77 K,
(F) Moler rescarch group.
(H) Kirtley ot al. [11],
MEM scensors do not

sitivity (white noise floor) versus sensor size.
(B) Davidovi¢ et al. [7], (C) Oral et al. [8] at 77 K,
(E) Grigorenko ot al. {77 K; GaAs/InAs/GaSh|,
SQUIDs: (G) Vu et al. [10],
(I) Stawiasz ct al. [12], and (J) Hassclbach et al. [13] [Al].

have as good fux sensitivity, but can have spatial resolution of ~20 mn using

(F) Moler rescarch group,

carbon nanotube tips [14]. Unless otherwise noted: 70 < 5 K, Hall probes were

GaAs/AlGaAs, and SQUIDs were Nb. Figure is adapted from Ref {15].
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1.2 Overview of scanning magnetic imaging tech-
niques

Imaging microscopic variations of magnetic ficlds at surfaces can be done by vari-
ous techniques and Bending gives a thorough overview of those that are available
for the investigation of superconductors [16]. Among them are three techniques in
particular that involve scanning maguetic probe microscopy: MEM, scanning SQUID
microscopy, and scanning Hall probe microscopy. These techniques arve all ciploved
at a statc-of-the-art level by the Moler rescarch group at Stanford University to study
vortices i high temperature superconductors, and as such have been discussed to-
gether extensively in their publications. Here T give an overview of the techniques,

highlighting how they compare in the following key arcas:
e spatial resolution
e niagnetic ficld, and flux scusitivity
e invasiveness
e possibility of quantitative and interpretable measiurenent
e operating tempoerature rauge
How they perfornn in these arcas determines the scope of applications the technique

catl be used for.

1.2.1 Magnetic force microscopy

Maguetic force microscopy, MEM, uses an AFM cantilever with a magnetic tip to
measure the force between the tip and the sample magnetic ficld as it is scanned
across the surface. The quantity measured is F = jnp V(M - B)dV, where M is the
magnetization of the tip, and B is the magnetic field; thus it is not straightforward
to interpret an MEM hmage in ternms of magnetic field, since it is convolved with M,

which is hard to characterize. The main strength of MEM is its spatial resolution,
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which is currently better than for SQUIDs and Hall probes, occupying a spatial region
of the plot in Figure 1.2 not yet reached by the other techniques, Spatial resolution in
MFEFM depends on the tip size, shape, and its height above the surface of the sample.
An example of a commercially available MEM tip is shown in Figure 1.3(a), which has
a thin magnetic coating and is reported to have a tip diameter of < 50 mn'. Recent
v thin magnetic coating and is reported to h tip diamceter of < 50 nmt. R t
innovative MFM probes;, including iron-filled [17] and metal coated multiwalled carbon

nanotubes [14], are likely to bring MEFM resolution to ~10 nu.

(b)

Figure 1.3: (a) Optical microscope image of a high resolution MEM tip. Courtesy of
NanoScience Instrinments. The tip diameter is < 50nm. (b) A 20 x 20 gan? MEM image
of a hard disk. Imaged with an Asyhn Rescarch MEFP-3D Atomic Force Microscope,

courtesy Asylum Rescarcl, Santa Barbara, CA.

Not only does MEM have uimnatched spatial resolution, it also requires no special
sample preparation nor does the probe need to be at low temperatures to operate.
These qualitics make the applications and possibilitics for this techmique quite plenti-
ful. The most obvious applications are for nanomagnetic materials [18] and magnetic
storage mcedia; in fact, MEM has been the standard for measuring the dimensions of

magnetic bits, and for characterizing the bit structure irregularities on hard disks.

'This image is taken from the NanoScience Tnstruments website.



CHAPTER 1. INTRODUCTION 8

Figure 1.3 shows a 20x20 jan? MFM immage of a conventional hard disk with tracks of
bits written on it. Perpendicular magnetic storage, with bit sizes of ~20 mn [19], con-
tinues to place inereased demand on MEM and its new probes for the characterization
of these new media.

A feature of MEM, which is often undesirable, is its invasiveness: the magnetic
ficld of the tip makes a non-negligible perturbation of the structure under study. This
may scem to hmit the objective investigation capabilitics of the technique to hard
magietic structures; however, it is taken advantage of in the investigation of things
stch as vortex pinning forces, and vortices have even been drageed around to create

2

structures out of them?*. MFM has also recently been used to control the magnetic

states of ferromagnetic nanodots [18].

1.2.2 Scanning SQUID microscopy

The Superconducting QUantum Interference Device is currently the niost sensitive
detector of magnetic flux, with a sensitivity down to ~0.3 wI)O/\/—H;, where @g 1s the
superconducting flux quantum he/2e. The device consists of a superconducting loop
with two Joscphson junctions and mecasures the flux (¢ = _f[OOpB~(1a) threading the
loop no matter how the ficld is distributed inside it. This makes for an mterpretable
measurcinent, with results that arc quantifiable, mecting some of the criteria for scan-
uing magnetic microscopy. SQUID pick-up loops can be made very large to achicve
unrivaled magnetic field sensitivity; however, for scaiming SQUID microscopy, good
spatial resolution demands that the devices be made very small, which is technically
difficult due to their complex design. The sunnnary article by Kirtley in 2002 gives
an overview of the advances in and recent uses of mesoscopic scanning SQUIDs [20].
Scamuing SQUIDs arc typically made with niobiwmn, the material nsed for most su-
perconducting electronics, and the best flux sensitivity reported is slightly above 1
;L(I)O/\/—H_z for 4-10 g pick-up loops. The Ihnitations for SQUIDs lie in their spatial

resolution, operating temperature and field range.

2Tmages of this can be found on the Centre for Probing the Nanoscale (CPN) website,
www.stanford.edu/group/cpn/index. htul
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Scanning SQUID microscopy is a good technique when high ficld sensitivity is
called for and high spatial resolution is not. Superconducting vortices with low spatial
density are therefore ideal systems to study with this technique. In 1996, Kirtley and
coworkers used a 4 pm SQUID (the state of the art for its time) to obscerve half-
integer flux quantization occurring on grain boundarics of the high 7, superconductor
YBapCuzO7 5 grown on a tricrystal substrate [21]. They write that “half-integer
Hux quantization is a powerful tool tor probing the symmetry of the superconducting
gap in both YBa,CuzO7_s and other unconventional superconductors™. A more recent
SQUID design, from Martin Huber of CU, Denver and Per Bjornsson then of Stanford
University [22], is more sophisticated.  Although still 4 pan in size, it includes an
outer loop, which is used to apply a local field to the sample allowing for scanniug
susceptonietry to be carried out, as well as for the manipulation of vortices [23].
Bjornsson writes in his 2005 thesis that “to make smaller SQUIDs, continuing work on
ltegrating e-bean lithography (or some other higher-resolution processing method)
in the process will be necessary.”

The size of a SQUID is not only limited by the technical difficulty of fabricating
these devices, but more fundamentally by the penetration depth, A, of the super-
conducting material used. A fundamental quantity in superconductivity, A describes
the length scale over which a magnetic ficld penctrates the material. When the line-
width of the superconducting pick-up loop approaches A, the squid loses sensitivity
[22]. A typical value for A in thin- fihm Nb, the most conmmonly used material for
superconducting electronics, is 90 mmn. In practice, this likely limits the effective size
of a SQUID to a few hundred nanometers.

Different materials have different penetration depths, so other superconductors
may be explored with small A to make smaller devices. But besides the fabrication
challenges other materials may present, these materials would have a different super-
condicting transition temperature, 7,. For wiobimu, 7, = 9.3 K and it is 1 K for
alimimum, another material used for SQUIDs. Since the SQUID pick-up loop must
be superconducting, its operation is restricted to temperatures below the 7. of the
matertal used, which greatly lhmits the versatility of the technigue in general. To

broaden their temperature range, high 7. materials can be used for SQUIDs, but
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their sensitivity is about an order of magnitude worse than for low-T, SQUIDs with
equivalent spatial resolution [15].

The operation of a SQUID 1s affected by the magnetic field it is in, causing flux
to be trapped, and as such, its use is limited to low ficlds. The clectromagnetic fields
from the sensor itself however, are relatively weak, having little effect on the sample,

making the technigue non-invasive,

1.2.3 Scanning Hall probe microscopy

Hall probes are direct magnetic ficld sensors based on the Hall effect: when a current
1s exposed to a perpendicular magnetic ficld, the electrons are defiected to one side by
the Lorentz force, thereby inducing a transverse voltage that is directly proportional
to the magnetic ficld. Generally speaking, a Hall probe device consists of a cross of
conducting material, where the active region (sensor) is the junction of the cross. A
bias current is passed throngh the cross i one direcetion, while the transverse voltage
is measured across the perpendicular direction.

Hall probes arc non-invasive, having a self field of only ~0.4 mG [15], and can
be made much smaller than SQUIDs, and almost as small as MEM tips.  These
attributes, as well as their broad operating temperature and ficld range make Hall
probes an attractive choice for scanning magnetic microscopy. They have hikewise
led to a significant amount of development in Hall probe technology in recent years.
Clifford Hicks of the Moler rescarch group at Stanford University has been a part
of this cffort during his PhD work, fabricating statc-of-the-art low-temperature Hall

probes from GaAs/AlGaAs 2-dimcensional clectron gas heterostructures with litho-

graphic sizes down to 80 mm and sensitivity of a few Gauss [4]. Although in its carly

stages, a collaboration has developed between the Moler group aud ours; Clifford

Hicks has Deen kind cuough to give us three 150 i Hall probes to use in our SHP M.
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_—ogate: 5nm Ti +
10nm Au

0.13 mT

Figure 1.4: Low-temperature scanning Hall probes can be made as small as ~100 nm,
like the GaAs/AlGaAs probe in (a) fabricated by Clitford Hicks of Stanford University.
Image courtesy of Clitford Hicks [24]. (b) Scanning Hall probe microscopy hmage of
magletic vortices i YBasCuzOg . Iimage courtesy of Janice Guikema [15]. The

lmage was taken with a ditferent Hall probe from that in part (a).

Low-temperature scanning Hall probe microscopy with a GaAs/AlGaAs Hall probe
was demonstrated as carly as 1992 by Chang et al. [6]. They used a Hall probe
with an cffective size of ~0.35 g to iimage mdividual vortices in high 7T, materials
and supcerconducting circuits. Since then, the probes have become smaller and more
scensitive, with Moler’s group at Stanford being at the forefront of this effort. The
evolution of the GaAs/AlGaAs Hall probe is scen in Figure 1.2, showing a plot of Hux
sensitivity vs. sensor size for Hall probes and SQUIDs. GaAs/AlGaAs is the material
of choice for low-temperature Hall probes due to low carrier density and high inobility
in the 2DEG, resulting in a high Hall cocfficient. and low Jolmson noise for the device.

These devices are siinpler in their geometry than SQUIDs, and can thus be made
smaller than SQUIDs with current fabrication technigues. A fundamental limit on
size, however, oceurs when the Hall cross gets much smaller than the mcan-free path
of the charge carriers. In this case, known as the ballistic linit, the carriers move

ballistically through the region, following deterministic classical trajectories that are
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curved due to the Lorentz force. The problem arises when the corners of the Hall cross
are rounded, which in practice they are, and multiple collisions with these corners
quickly leads to chaotic trajectories of the charge carriers. In this situation the charge
carriers explore the sciniclassical phase space at an exponential rate, randomizing
the probability that they will leave via the left or right lead. and the Hall cffect
is said to be quenched. To make sensors that approach the size of MEM tips, while
avoiding Hall effect quenching, other materials and techmiques may have to be sought.
More details on GaAs/AlGaAs Hall probes, and how the fundamental properties of a
material affect the noise floor and mininunn size of these devices will be disenssed in

greater detail in the following chapter.

1.3 Magnetic imaging and spatial resolution

Some magnetic domain structures, such as perpendicular bits on recording media, can
be modeled in two dimensions as mesoscopic magunetic dipoles. In order to properly
image these dipoles with a magnetic sensor, the seusor imust not be too big. otherwise
the field will in large part cancel out within the sensor.

Spatial resolution in scanuing SQUID or Hall probe wmicroscopy is not simply
determined by the size of the probe size s, but also by the height A of the probe from
the surface of the sample. Even as you go short distances away from the surface of
the sample, the magnetic field distribution changes rapidly from what it was inside
the sample, therefore lmiting ones ability to resolve surface magnetic features by
scanuilg a agnetic sensor at too great a height. The xy spatial resolution scales
roughly as vs? + A2, so there is no point having an extremely small seusor unless it

can be brought correspondingly close to the sample.
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Figure 1.5: Cartoon of a magnetic sensor above a superconducting vortex. The field
of a vortex above a superconductor can be modeled as that of a magnetic monopole
situated a distance A beneath the surface [25]. Spatial resolution of SQUIDs and Hall
probes scales roughly as v/s? + A2 so it is not only important to have a small sensor,

but that it be very close to the sample as well.

R

sample

Figure 1.6: Alignment of Hall probe to obtain the minimum sensor height Ay, for

optimal spatial resolution.

To achicve optimal spatial resolution with SQUIDs and Hall probes the sensor
arca must be brought very close to the surtace when scanning. Since these devices
arc fabricated on chips, the sensor is fabricated very near the end of the chip. so

that with carcful chip alignment, the sensor can be brought as close as possible to
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the sample. Shown in the schematic of Figure 1.6 is the technique used to do this.
The probe-chip is set at a shallow angle ~1-2° relative to the saple so that the end
with the sensor touches fivst. The scusor is at its closest to the surface of the sample
when this end is just touching. If the sensor is on the surface of the chip but sct
back by a distance d from the contact tip, then the minimum height of the sensor is
hopin = dsm 8 ~ df. For SQUID the device s typically fabricated on the swtace of
the chip, but in GaAs/AlGaAs Hall probes, the sensor is fabricated on a 2DEG that

is ecmbedded in the heterostructure, so for these probes
h/rn,'z'n, = (1 S‘lll 9 + C COS ()’

where C is the depth of the 2DEG. Hall probe 2DEGs can be as shallow as 39 mn, as
with the most recent devices fabricated by Hicks [4]. These Hall probes also include
a deep eteh to form a contact tip, so that with proper polishing ot the chip, this tip
touches down first and dpy, ~1 pia. With these numbers, and it the chip is aligned
at a 12 angle, we can use the above equation to determine the mininnamn sensor height
for our 150 mm probes is Ay, ~60 nm. This is incredibly close, and in practice it
would rarcly be that good, but it means that in theory, the spatial resolution of these
probes is almost limited by the size of the probe and not by the height. This is a

particularly important development should future Hall crosses become smaller,

1.4 Vortex imaging in scanning Hall probe microscopy

Up to this point in the thesis, several figures have depicted magnetic vortices without
much mention of their importance. A vortex is the fundamental magnetic entity in a
superconductor and consists of a quantized tube of magnetic flux, @q, surrounded by
a whirlpool of supercurrent. The nucleation and motion of vortices are physical pro-
cesses of primary importance, as together they determine the niacroscopic behaviour
and technological utility of superconductors,  As discussed in the previous scetion,
magnetic vortices in superconductors can be imaged by all three technigues; however,
the study of vortices is particularly conducive to scanning Hall probe microscopy,

due to the technique’s non-invasiveness, high spatial and ficld resolution, and broad
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temperature range. Furthermore, the study of vortices with scanning Hall probe mi-
croscopy 1nay help uncover the highly sought after mechanism at work in the high
temperature superconductors.

The nmaging of individual vortices with a SHPM has been used to measure the-
orctically important quantities in the high 7, cuprates since 1992 [6] and has more
recently been used to set a semi-quantitative upper it on the cnergy scale for a
theory of spin-charge separation (SCS) formulated by Senthil and Fisher (2000) [26].
Before deseribing these studies in further detail however, as well as a new experi-
ment to be carried out with our microscope to further test for SCS; T will give a brief
theorctical introduction to type Il superconductors, the group of superconductors of

which the high 7T, cuprates are a part.

1.4.1 Type II superconductors and the vortex state

Type I superconductors were discovered in the mid fiftics wheu the ceritical ficlds
of carefully grown thin films were being studied by Abrikosov and colleagues [27].
They realized that the pliase transitions did not agree with what was predicted by
the celebrated Ginzburg-Landau (GL) theory of superconductivity proposed just a
few years carlier [28]. In this theory, the material propertics enter the equations as a
single parameter x = A/€, made up of the two characteristic length scales from the
nicroscopic Bardeen Cooper Schrieffer theory: A is the peuctration depth describing
the length scale over which maguetic ficlds pencetrate the superconductor, and € is the
coherence length, the length scale over which the superconducting order parameter
changes. It turned out that the fihns being studied had large values of x, which
according to GL theory led to a negative surface encrgy between the superconducting
and non-superconducting regions i the intermediate state. This unlikely scenario
had not been a priori considered by Ginzburg and Landau, whose theory scemed (o
explain beautitfully the phase transitions of the materials studied up to that point.
Abrikosov went on to show that using the large » in GL theory not only led to

the negative surface energy but also to the sccoud order magnetic phase transitions
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to the normal state observed in the carlier experiients. Furthernmore, he showed an-
alytically that for a range of fields superconductivity coexists with “normal” material
to form an cxotic vortex lattice state (see Figure 1.7). Duc to their unique proper-
tics, Abrikosov called these materials “superconductors of the sccond group”. The
vortex state was subscquently coufinmed experiimentally with the Bitter decoration
teclhmique, and these materials became known as type IT superconductors. They are
characterized by having & > 1/v/2. Having been first thonght of as exotic, virtually
all new superconducting compounds discovered since the carly 1960s, including heavy
fermion, organic, and high temperature (high-7,) cuprate superconductors, are type
IT. Their magnetic propertics proved to be very interesting and have made possible
the application of superconducting materials in high ficld environments such as for
MRI inagnets.

Unlike conventional type I superconductors, tyvpe I materials have a so-called
“mixed state”™ where for a range of ficlds the flux penetrates the material in an array
of quantized bundles (vortices), interacting to form what is known as the Abrikosov
Flux Lattice. The ficld vs. temperature phase diagram for type IT materials is shown
in Figure 1.7. The mixed state is actually broken up into two parts for the high 7,
cuprates. For low fields between H.p and H,.o, the vortices are fixed in place and form
a “solid™, and for higher ficlds within that range the vortices go into a liquid phase
where the vortices can get pulled around by the field. When the ficld reaches Ho

supcerconductivity is destroyed.
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Mixed state

’

Meissner state

T T,

Figure 1.7: (a) Ficld versus temperature phase diagram for type II superconductors.
Below H. magnetic ficld is expelled from the superconductor. Above H.y supercon-
ductivity is destroyed in the material, and between Hep and H.o is the mixed state in

which the field penctrates as a regular array of vortices.
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Figure 1.8: Magnetic ficld and superconducting wave-function profiles through the
centre of an individual vortex, showing how they scales with the fundamental paran-

eters € and A.

The ficld profile of an individual vortex in the bulk of a superconductor is shown

in Figure 1.8, adapted from ref. [29], where it is seen that the strongest field variation
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oceurs on a length scale » = X from the vortex core. Near the surface of the super-
conductor however, the flux spreads out further starting at a depth of approximately
A (see Figure ?7?) . The exact magnetic field profile inside and outside superconduc-
tor can be solved from London theory [15]. Pearl has modeled the field of a vortex
above the sirface to be like that of a magnetic monopole located beneath the surface
a distance A [25]. Since scanning Hall probe microscopy images the ficld just above
the surface, this monopole model can be used to determine the penetration depth of
a material from the image of a single vortex. The relevant penctration depth for the
layered cuprates is the in-plane penetration depth Agp,, and is retated to the superfluid
density, n,/m*, by the relation 47\ /¢* = m™/nze?, where m™ is the effective mass of
the quasiparticles, and ng is the mmnber density of superconducting clectrons. The
penetration depth is thus an mmportant quantity to mecasure experimentally because
it can give direct imformation on the superconducting state. For high-T,. supercon-
ductors in particular, measurciments of the superfiuid density are of great theoretical

nuportance.

1.4.2 Scanning Hall probe studies of high 7. cuprates

The high temperature cuprates and scanning probe microscopy both have their be-
ginnings in the 1980s at IBM rescarch labs in Zirich, but it is somewhat of a coinci-
dence that they ended up recouvening to produce theoretically important work in the
cuprates in recent years, The discovery of superconductivity in LaBaCuO (LBCO)
with a T, of 35 K camc in 1986 after a systematic study of various ceraniic con-
pounds by J. Goerg Bednorz and Karl Miiller. Considered to be a giant leap in 75
relative to the previous 75 years” worth of rescarch, their results were quickly verified
by other groups around the world, only to be cclipsed less than a year later with
the discovery of a related compound YDBayCuzOgyp, having an optimal 7. of 93 K,
and making superconductivity available at liquid nitrogen temperatures. Since then,
many other similar compounds have been found to be superconducting with critical
temperatures up to 135 K. Although only about a factor of 2 away from room tem-

perature, further advances in T, have proven clusive and have prompted a barrage of
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theoretical and experiimental work nvolving many teclmiques including scanuing Hall
probe microscopy, to understand the uderlying mechanisim at work in these strange

materials.
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Figure 1.9: The unit cell for the high temperature superconductor YBasCuzOgoy

(YBCO).

Unlike conventional superconductors, high T, cuprates are highly anisotropic in
their composition, with superconductivity oceurring mainly in the copper oxygen
planes.  Fignre 1.9 shows a representative unit cell for YBap,CuzOgy, (YBCO). It
has been established for some thme that, in these materials, d-wave superconductivity
arises with the addition of oxygen dopants to a parent Mott insulator compound.
Furthermore the evolution of the physical properties fromn the insulator to the su-
perconductor as a function of doping has been extensively studied in the last several
years, As a conscquence, the phase diagram sketched i Figure 1.10 has emerged for
the cuprates. Agrecinent on the niecchanisim of superconductivity in the cuprates has

not been reached, liowever.
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Figure 1.10: Idecalized temperature-doping phase diagram of the cuprate supercon-

ductors. Comrtesy of Wendell Huttema.

Some of the most clegant, suggestions tor the theory of high temperature super-
conductivity have come from implementations of Anderson’s resonating valence bond
model [30]. The most striking result to emerge is the prediction of spin-charge sepa-
ration (SCS), iu which the physical clectron fractionalizes into a chargeless spin-half
fermion (spinon) and a spin-zero charge-e boson (holon). A recent gquantitative mi-
croscopic theory of SCS was formulated by Senthil and Fisher in 2000 [31], where they
introduced an excitation called a vison that is accompanicd by the existence of he/e
Hux quautization in the underdoped cuprates. Advances i the preparation of hcavily
underdoped YBayCuzOg, . single erystals [32] made possible the testing of this theory

by scanning SQUID and scanning Hall probe microscopy 126, 33] soon afterward.
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In [26] Wynn et al. looked for the predicted he/e Hluxoids in YBagsCugOg 35 sammples
with scanning SQUID and Hall probe microscopies. They imaged over 170 vortices,
all of which carried the usual lux ®g = he/2e. This set an upper limit on the vison
cnergy that was mch lower than that predicted by the theory. In case the lack of
he/e vortices was duc to metastable he/2e vortices, they also performed an experiment
proposed by Senthil and Fisher [34] that addressed the dynamics of visons and is thus
a more stringent test of the theory. I this experiment, described in [33], they looked
for a vortex memory effect in a 10 g superconducting ring, the signature of a vison,
ouly to again yicld null results.  Although there has been debate about the extent
to which these experiments can settle the issue of SCS in the cuprates, Wynn writes
that they deemn unlikely at least one group of theories for the cuprates that predict
visons and/or a vortex memory cffect in the cuprates.

This was not the end of the story for SCS however, as Senthil and Lee have devised
a new version of the experiment in which a pair of coucentrie superconducting rings
must be fabricated on a non-superconducting backgronnd [35]. The inner ring has a
critical temperature T whicly is lower than that of the outer ring, 7.1, so that by first
cooling the sample in a maguetic ficld to a temperature 75, such that Ty < 15 < T,
the outer ring is used to trap an odd mmumber of flux quanta in the inner normal
region. In a spin-charge scparated medium this must be accompanied by the presence
of gange flux.

Upon further cooling the sample just to get the inner ring to go superconducting,
it will trap the odd flux quanta vortex. With the thickness of the mner ring heing
smaller than the physical penctration deptly, most of the Hux will escape; however,
there will still be a small residual flux due to the cuwrrent in the inner ring associated
with the induced vortex. This residual magnetic flux can then be detected.

According to their theory, this cffect only occwrs if the initial vorticity in the
outer ring is odd. If on the other hand it is even, there will be no induced physical
flux when the inner ring goes superconducting and therefore nothing to detecet. Owmr
scanning hall probe microscope, when ontfitted with a near-ficld optical probe for
the persistent photodoping of single crystal YDBay,CuzOgy, will provide an excellent

nicans of fabricating such a device and to perform this experiment. The key point is
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that using this method, the material in between the rings can be highly underdoped,
allowing the experiinent to be cavied out in the non-supercondncting part of the
phasce diagram, beyond where the Moler group could access, and where SCS is more

strongly expected on theoretical grounds.



Chapter 2
Sub-micron scanning Hall probes

Hall probes have flux sensitivity approaching that of SQUIDs and spatial resolution
rivaling MEM; along with their quantitative, interpretable mcasurciment and non-
Invasive nature, they possess all of the qualities to be the premier sensor for mesoscopic
magnctic microscopy. There are still efforts to make smaller Hall probes; and unlike
SQUIDs, they can in theory be arbitrarily small.  Howcever, to improve upoi, or
maintain the Hux sensitivity, details in the clectronic and thermal propertics of the
material used, as well as in the device geometry need to be considered. A thorough
understanding of these issues is important for us, as Ricky Chu, a fellow masters
student in our group, has started his rescarch work on making sub-micron Hall probes
using SEFU’s facilities for scimiconductor growth, processing, and fabrication.
Following a brief review of the classical Hall effect, this chapter begins with a
theoretical discussion of how thic magnetic ficld sensitivity, and the fundamental -
its on the size of small Hall sensors, depend on the properties of the material used.
This is based on derivations carried out by David Broun. A scction is then devoted
to GaAs/AlGaAs Hall probes, as this material has been proven to possess excellent
propertics for Hall probe performance and has readily available fabrication technolo-
oies. As mentioned in the previous chapter, we have been given some state-of-the-art
150 nm GaAs/AlGaAs Hall probes by Clifford Hicks, a collaborator from Stanford
University; these being the first devices to be used with our SHPM, their operating

characteristics will be discussed here.

23
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| T d

Figure 2.1: A Hall sensor consists a conducting cross of thickness ¢, A current is
passed through one dircction and, in the presence of a magnetic field that is normal
to the dashed region, a voltage appears across the trausverse direction.

2.1 The Hall effect

Hall probes rely on the simple principle of the Hall effect for their operation as mag-
netic sensors.  Discovered by Hall in 1879, the Hall cffect occurs when a current
carrying conductor is exposed to a perpendicular magnetic field; the charge carriers
are deflected in the transverse divection by the Loventy force, and a voltage (the Hall
voltage Vi) appears across this direction. This voltage is proportional to the current
and ficld, and inversely proportional to the carrier density, n, of the conductor. The
Hall effeet is thus often used to determine noand the sign of the charge carriers in a
material. However, it cann also be used to quantitatively mceasure the magnetic field,
thic mode of nsage that is of nost inportance to us.
To use the Hall effeet for ficld detection, a conducting material is fabricated into
a cross of thickness ¢, shown in Figure 2.1, and a current [ is driven in one direction
while the voltage Vg is measured across the other direction. The eqnation for the
Hall effect in three dimensions is given by
| 1B,
Vg = ——, (2.1)
napte
where B, is the average magnetic ficld penetrating the active region in the nonnal

dircetion, and nzp is the carrier density, Looking at this equation one can sce that
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by decreasing the charge density, the response of the Hall voltage to magnetic fields
inereases. For this reason Hall probes are often nade from a two-dimensional conduc-
tor such as AlGaAs (deseribed in Scction 3.4) where the carrier density is very low.
In 2D the thickness of the sensor drops out, and the Hall effect equation becomes

IB.

Nop€

Vi = = RulB., (2:2)

where Ry = (nape)™ is defined as the Hall coefficent, which determines the response
of the device to magnetic ficlds. Since small n leads to large Ry, and thus large ficld
response, it is desivable to use a material with small n for a Hall probe. Ry for a

device 1s normally found by calibrating the device in known magnetic ficlds.

2.2 Theoretical limits on Hall probes

2.2.1 Magnetic field sensitivity

Here 1 will show how fundaimnental properties of the material can be used to obtain a
rather elegant form for the minimum detectable field of a Hall probe. Starting with
the three dimensional Hall voltage,

1B
onte’

Vi (2.3)

where the subscripts on the right haud side have been dropped, we can rearrange and

substitute to find the mininnun detectable ficld B,

nte
Bm'i.n, = _‘/min
I
nte -
- ”T‘ s TRAT. (2.4)

Here we assume that the mininun detectable field corresponds to a signal-to-noise
ratio of 1, and that we only have Johnson noise. In practice, however, this is not the
only source of noise to contend with, because it is very likely that most semiconducting
Hall sensors will show strong excess noise in the presence of a bias current, leading to

1/ f-like noise. This type of noise is discussed further in the following section.
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I order to recast the expression for the minimum detectable field into a more trans-

parcnt. form it is usctul to make the following definitions:

Py, = 4kgTAf the noise power at temperature 7' in a bandwidth Af
Py.. = I*R the power dissipated in the active region by the bias current.
) pl p m” . : : .
R = —===— the resistance of the active region

At ne*rt
Where 7 is the charge carrier life-tiime. Usiug these definitions to rewrite Equation

(2.4), the minimun detectable field becomes
B, = nteR

(2.5)

The effective mass is the ratio of the Fermi momentum to the Fermi velocity:

. pr hkp h
m =  — = — = R
UF Up A FUF

where Ap is the Fermi wavelength,  (Another uscful relation involving the Fermi
wavelength is that the electron density n & 8/A%, implying that the average spacing
between charge carriers is Ag/2.) Finally substituting the effective mass in terms of

the Fermi wavelength and velocity, the minimum detectable field is

}
Bmm. - !
EAFUET
P P.
Buin = — th (2.6)

/\FA Pbias

Here ©y = % is the magnetic Hux quantim for a single clectron, and A is the mean
free path of the charge carriers in the material. It will be shown below that the
ratio P/ Phigs can be as small as 1072, putting the Hall sensor into the realm of the
SQUID for flux sensitivity. In fact, the expression for B, closely rescibles that of
the SQUID, with the arca of the SQUID loop replaced be the product ApA, which
onc should try to maximize subject to Himitations placed by Hall-cffect quenching and

carricr density.
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Sensor self heating — limits on the bias power

[ the absence of excess noise, we can improve the sensitivity greatly by operating the
sensor under a large current bias. In this case, the maximumn bias current is set by
how much sensor sclf-heating we can tolerate; however, in some cases, if the voltage
drop across the active region associated with this bias current is large cnough, it can
cause charge leakage, cffectively washing out the spatial definition of the Hall cross.
We will assmne that the temperature rise, AT, of the sensor above its surroundings

is set by the thermal conductivity, w, of the sensor material.

Taking this approacly, the bias power is limited to

cA
Priqs = ,[ AT.

The heat is being conducted through the active region into its substrate, so A = d*
and [ = t. We can relate the thermal and clectrical conductivities of the material
with the Wicdemann Franz law, and make the following substitions to get Pyes 111to

2 more uscful form:

7 8 ANFURT
/\3 h
A

N /”B AL

3

The bias power is then

872 KL TAT Ad?

P as — T L o o
bias 3 h  Apt
and so the ratio Py, / Fyies becomes
.Pth - 3 hAf IL/\2
Pons 272 kpAT Ad?
015 hAf tAZ

kAT Ad>
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The minhmnn detectable ficld is

Bmin -

(2.7)

To put this in perspective, a 1 K temperature rise corresponds to a frequency of
20 GHz, making the last factor 7 x 107% for a 1 Hz measurciment bandwidth. For
sensors fabricated from three dimensional metals, the electron mean free path is likely
set by the thickness of the sensor, so the factor /t/A will he of the order of unity.

With these numbers, the mininnnn detectable fickd is

) (I)0
Boin =~ 2.8 x 10—,
" Ad

The result is independent of Ap o that is, it is independent of the clectron concen-
tration. This means that we are free to explore materials ranging from lightly doped
scunconductors, through to heavily degenerate semiconductors and on to semi-metals
and good metals like gold and ahuninmn,  This gives us a lot of scope to address
the problem of excess noise. The calculation above assumes that the heat will be
trausferred cetficiently from the Hall sensor to the substrate, where it would have to
be carried away by phonons. This may be overly optimistic i many cases depending
on the substrate, but if the coupling to phonons becomes a problem we may want to
turn to epitaxially grown sciconductor heterostructures where, because of their crys-
talline nature, there should be very efficient coupling of phonons through the various

layers of the structure.

2.2.2 Fundamental limits on length scales

The material the Hall sensor is constructed from is described by two parameters, the
Fermi wavelength Ap and the mean free pathh Ao The calculation in the preceding see-
tion suggests that the Hall sensor performance will be independent of Ap (or electron
concentration), leaving us to focus on optimizing the mean free path.

The width of the Hall sensor, d, places a fairly fundamental it on how long the

mean free path can be. If A < d it is called the diffusive linit, in which cach clectron
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makes multiple collisions within the active region of the Hall sensor.  After cach
collision, the Lorentz force accelerates the clectrons in the direction of the negative
lead of the Hall device where some of them accuimulate, building up a Hall voltage in
proportion to the applied ficld. The disadvantage of this regime is when the carriers
make too many collisions in the active region; the device then becomes very resistive,
incrcasing the Johnson noise. Also in this limit, the current density extends partially
into the voltage leads and approximately doubles the cHective arca of the probe. This
makes for harder spatial interpretation of images when the magnetic ficld variations
arc on length scales smaller than the probe, and necessitates the computation of a
response function for the Hall probe [15].

I the opposite limit, d << A, the clectrons move ballistically through the active
region, relatively free of collisions with other clectrons. However, the clectrons can
make multiple collisions with the boundaries of the Hall junction before scattering
from an impurity. For the most connnon Hall sensor geometries, where the corners
of the Hall cross are rounded, the semiclassical clectron trajectories are chaotic and
they bounce aromd the active region like billiards. It the mean free path is long
cnough the chaotic bouncing has the cffeet of randomizing which lead the clectron
ends up . The Hall voltage arises because there is a difference in the probability of
an clectron scattering into the left and right leads due to the Lorentz foree; however,
if the motion is sufficiently chaotic, the probabilitics are equal and the Hall voltage is
said to be quenched. To avoid Hall effeet quenching while maximizing ficld sensitivity
we require A ~ d. This scenario would also likely make the effective arca of the Hall

probe closer to its lithographic size instead of doubling it like in the diffusive limit!.

2.3 GaAs/AlGaAs Hall probes

As mentioned above, fundaniental properties of the material used for Hall probes
strongly influcnce their performance. GaAs/AlGaAs has proven to be a very good

semiconducting heterostructure because the two dimensional electron gas (2DEG),

The website http://www.sp.phy.caniac.aik/SPWeb /rescarch /quueh. html contains more informa-
tion on Hall effect quenching.
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onto which the Hall sensor is patterned, can have a low carrier concentration (large
Rpy), and high mobility g for rcasonably high conductance, reducing Johmson noisce
and allowing a high drive current. The term 2DEG vefers to a thin sheet of con-
duction clectrons that formus just beneath the swirtace of specially grown wafers. At
low temperature, the clectrons can have an extremecly long mean free path, and long
coherence times, making these systems ideal for studving coherent, ballistic transport,
through nano-scale devices. The ballistic lmit in Hall probes, as discussed above, is
undesitable; however the smallest GaAs/AlGaAs 2DEG Hall probes, at 100 nm, arc
approaching the mean free path of the clectrons from above, putting these devices

mto the optimal regime where A ~ d.

2.3.1 Clifford Hicks’ 100 nm-scale Hall probes

These heterostructures have been used for more than a decade to make low temper-
ature sub-micron Hall probes with flux resolution of 1 x 107° (I>0/\/—H'm conmpara-
ble to the best scanning SQUID systems (8], In recent years, some of the smallest
GaAs/AlGaAs devices have beeu coming from the Moler rescarch group at Stanford
University [15], who cncourage and are willing to assist other scientists who want to
duplicate their probes. Clifford Hicks, a PhD candidate from the group, has given
us three 150 mm Hall probes from his fatest fabrication run in August 2005 to get
us started [24]. The smallest functioning devices from this run were 100 nm, a step

closer to reaching the spatial resolution of MEM.
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Figure 2.2: (a) A cross-scction of the heterostructure grown by IQE Corporation

showing the doping scheme that gives rise to a 2DEG 39 nin below the surface. (b)

A plot showing the caleulated couduction band energy as a function of the depth for
O O,

the structure in (a) [24].

To obtain optimal spatial resolution in scanning magnetic microscopy it is not
only nccessary to have a simall seusor, but the sensor must also be brought close to
the sample. The ultinate lower limit on the height of the sensor for GaAs/AlGaAs
Hall probes is the depth of the 2DEG, onto which the Hall cross is patterned — a
shallow 2DEG is therefore essential.  For the 150 mm Hall probes we have, Hicks
used an extremely shallow 39 mn 2DEG in a d-doped heterostructure grown by 1QE
corporation. A sketch and conduction band energy plot of the structure are shown in
Figure 2.2, The structure has been doped such that at 4.2 K the wupatterned 2DEG

has carrier density n = 3.5 - 101 e =2 and mobility g = 2.5 - 10° cm?/(V - 5).
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Shallow dry-etch g

Gate

Figure 2.3: A picture of a 150 mn GaAs/AlGaAs Hall probe, fabricated by Clifford
Hicks, taken through an optical microscope. There are six olunic contacts on the
deviee; the leftmost one is unused and is not connected to anything, the rightmost is
for the gate clectrode, and the middle four are the usual Hall sensor contacts. The
wircbonding was done here in the lab using 100 g gold wire, and Epotck H20E silver
cpoxy. The mset is an SEM image of one of these probes courtesy of Clifford Hicks

[24].

A picture of one of our 150 mm Hall probes is shown in Figure 2.3. These probes
were fabricated 20 to a wafer and then cut into individual probes. The first step in the
fabrication process is the metallization for the ohmic contact pads which arc 210 mm
thick (Au, Ni, Ge). The thickness and constituents of the contacts are important
to know when choosing a wire-bonding technique.  After many attempts at gold

wire-bonding with Bill Woods of Engincering at SFU, aud another facility at UBC,
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we ended up using silver epoxy (Epotck H20E) to bond 100 g gold wires to the
pads. Hicks suggested using aluminum wedge-bonding: however, no facilities for this
technique were available at SEFU or UBC.

An SEM image of once of these Hall probes is shown in the inset of Figure 2.3,
indicating the subsequent fabrication steps [24]. The Hall cross itsell is patterned by
clectrou-beam lithography and reactive ion ctehing. This technigue allows for the later
deposition of a blanket gate for shielding from stray clectric charges during scauning.
The depth of the shallow dry cteh defining the Hall cross is around 30 ni: enough to
go throngh the dopant layers, but not through the 2DEG. It 1s sufficient however to
cut off conduction in the 2DEG, and any deeper was found to increase the resistance
tlirough the device [4]. These trenches are also very narrow (20 nm) to facilitate the
construction of the smallest possible functioning Hall probes. As a consequence, there
1s current leakage across the 20 mn lines at ~100 mV at 4 K, and ~10 mV at 77 K, so
the operation of these probes is restricted to low temperature aud moderate current.

When operating a forcignn Hall probe, it is very usctful to have some previous
characterization of the devices to compare to. Thankfully, a thorough characterization
has been reported in Hicks” 2006 APS March Meeting preseutation [24] and in an
unpublished paper of his [4]. The 2-point lead-lead resistance is any casy thing to
check first, and then the Hall coefficient. At low temperature and zero gate bias, we
liave measured these to be aronnd 18 k€, and 0.24 Q/G respectively for the probe

4

pictured above. The plots in Figure 2.4, from [24], show that the probe we were using

was functioning as it should.
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Figure 2.4: Plots from [24] showing the 2-point resistance (between two contact pads)
as a function of gate voltage in (a), and the gate voltage versus Hall coefficient in (b)),

courtesy of Clifford Hicks.

Field sensitivity

Much work has been done to characterize the noise in small Hall probes because,
as discussed in the previons scction, it deterines the minimun detectable field or
sensitivity of the devices. The main sources of noise in Hall probes arc Johnson noise,
and excess noise (1/f noise). The expected Johuson noise limit for these devices is
(AKTR)Y2 /IRy ~ 05G/Hz"? at 77 K, where typical values for the 2-point resistance,
drive current, and Hall resistance were used in the calculation [24].

Unfortunately the excess noise is the lmiting factor on the sensitivity, and it comes
in the form of random telegraph noise (RTN). RTN is a conunon phenomenon in small
GaAs/AlGaAs devices, and can be secen clearly in the time traces of Figure 2.5 as
discrete steps in the signal. It is strongly suspected that the RTN is caused by chianges
in the remote hnpurity or dopant configuration in the device, and that one nnpurity
or donor hopping between two states constitutes a switcher at a single frequency.
Telegraph noise from a single switcher is a Lorentzian in frequency space, but if the

spectra of multiple independent switchers are added together the result reseinbles a
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L/ f spectrum. 1/f noise can plague many larger devices, so continued rescarch into
RTN, which is likely the source of 1/f noise, could be of great iimportance not just to

the operation of sinall Hall probes.
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Figure 2.5: Plot from [24] showing time traces of the signal from a 150 nm Hall probe
for various gate voltages. With around 20 mV between the gate and the Hall cross
the random telegraph noise is nearly tuned out. Figure courtesy of Clifford Hicks.

Hicks has found that the amplitude of this excess noise grows vapidly for probes
simaller than ~3500 mmn; thus mininnzing it becomes essential if the devices are to
continue to shrink. This is the subject of the study discussed in [4] where he systein-
atically investigates how the sensitivities of 100 mmi-scale Hall probes can be optimized
by tuning the gate voltage and drive current. The largest switching events observed
for 150 mn Hall probes were 9.6, 14, and 57 €2, cach for a different probe or cool-
down, which for a Hall cocflicient of 0.2Q/G, would correspond to field noise of 48,
70, and 285 Gauss respectively. Time traces of the signal fromn a 150 mm Hall probe

for various gate voltages are shown in Figure 2.5. Hicks found that tuning the gate is
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more ctfective than tuning the drive current, and sensitivitics of a few Gauss can be
achicved for 100 m-scale GaAs/AlGaAs Hall probes  good enough to image vortices
i superconductors. Since imaging vortices will be the primary use for our SHPM, the
150 mm Hall probes we have are of great value to us, and they can be casily optimized

for scnsitivity on cach cool down with our tunable gate voltage source.
. O ten}



Chapter 3

Mechanical design of the scanning

Hall probe microscope

I the mechanical design of this scanning Hall probe microscope (SHPM), we have
naturally drawn on concepts that are proven to be working in other systems. We felt
however that sonie itaportant commponents could be redesigued for our SHPM, and are
therefore unigque. A “double-gimbal” rotation stage for sensor angle adjustment, and
a capacitive touch-down sensor incorporated into the sample stage are two examples.
To aid in the complex design of the many compounents, and in the visnalization of
how they all fit together, the solid modeling software TronCAD was used extensively
throughout the process. This allowed for slight modifications in the design to be
made, and inspected i 3D, before machining any parts. I a physics experinient,
mechanical design does not just involve the rendering of a drawing on the computer;
the design has to work, and this involves calculations and careful material and adhesive
choices, This chapter deals with the technical considerations associated with the key
components of the mechanical design, and the characterizations thercof. But before
lannching into the details, T give an overview of the design and briefly discuss the

functions of the various components involved.

37
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Scanning stage

- X,y,Z fine motion

- double-gimbal rotation
stage

Sample stage

- thermat control

- capacitive touch-down
sensor

X,Y,Z coarse motion

- Attocube inertial stick-
slip positioners

- capacitive position
read-out system

Figure 3.1: An IronCAD rendering of the SHPM showing an overview of the mechan-
ical design.

3.1 Overview of the design

One of the design constraints that we had to work around from the beginning of the
project was that the experiment be compact. This is important for a few reasons: one
is that helium, the lquid used to bathe the experiment while in use, is expensive and
therefore should be conserved if possible. By having a narrow helium dewar, and an
experiment that fits neatly inside, one is making good use of the helit to cool the
experiient, and not wasting it in void spaces. Another reason for a compact SHPM is
that 1t must fit into a relatively narrow superconducting solenoid, as a homogencous
magnetic ficld is necessary to study vortices effectively. Finally we would like this

experinient. to be casily adapted to our dilution refrigerator, possibly as a “load-in”
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experinient, necessitating a compact desigi.

I scanning Hall probe microscopy. it is desirable to have a large ay scan range so
that one can image cither many vortices in a single scan or larger magnetic features.
The scamner should also be rigid to minimize vibrations and compact to fit into a
sutall space as mentioned above. To meet this need we have nsed a design based on
four piczoceramic S-benders that has been demonstrated to have a very large scan
range at low temperatures [3}.

To study high temperature superconductors with versatility, one must have very
good control over the temperature of the sample. Oue must also make sure that the
probe does not crash mto the sample. These criteria have been taken into account in
the design of an innovative sample thermal stage with a built-in capacitive sensor for
touch-down detection.

Wlhen carrving out scanning probe microscopy, sample loading and scusor tonch-
down arc done very caretully, so as not to destroy the probe or the sample. It s
ideal to be able to pull the sample safely away from the probe when reloading or
preparing, but also to be able touch down in a gentle yet rapid fashion. For this we
have used commercially available Attocube positionerst, which give us linear, inertial
stick-slip 2.y, z coarsc motion of up to 7 nun per axis, and single steps down to a
few nanometers. We have also addressed the need for an accurate absolute position
read-out on these positioners by retrofitting them with variable coaxial capacitors
designed by Taras Chouinard in our group. This could prove to be a powertul tfeature,
cnabling navigation between multiple samples in the same cool-down,

As discussed in the scction on spatial resolution, it is important to he able to
control the angle that the probe makes with the sample, to bring the sensing region
of the probe as close as possible to the surface of the sample. For this we have come
up with a novel double-gimbal design for the chassis of onr scanner.

Another component that is crucial for placing vortices in a sauple is a solenoid,
which in our case is wound around the vacim cain. Previous studies show that o field

of the order of one Gauss yiclds a density of vortices appropriate for SHPM [15], given

LWe use the AND 150x,y,% models, available from Attocube Systems, for onr coarse motion.
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the spatial resolution of the technique. This is useful information when designing our

solenond.

3.2 Sample stage with touch-down sensor

The sample stage sits on top of the coarse motion stage and gets positioned underncath
the scanning stage with the Hall probe on it. For the sample stage we have come up
with a unique design that combines thermal control and touch-down sensitivity for
sensor approacht and topography.

For this touch-down sensor, we needed to be able to detect siall deflections caused
by the sensor as it runs into the sample. To do this we used a parallel plate capacitor
whose separation changes as the sensor touches the sample (sce Figure 3.2). The sam-
ple platform with thermal control sits on the middle of a cover slip that is supported
at its cuds, on 200 gan spacers. It therefore is like a trampoline for the sample and
with a 100 nm fihn of gold on the underside of it, it foris the upper clectrode of the
parallel plate capacitor. The other clectrode is a solid brass dise embedded into the
copper base of the sample stage. It has an arca of 0.64 cm?. We measure the capac-
itance of this configuration with an Andeen Hagerling capacitance bridge; by using
the relation |Ad/dy| = |AC/Cyl for small displacements, the deflection response of
the sensor is 0.014pF /pm. Here dy is the equilibrinm distance between the electrodes.
and Cj is the corresponding capacitance.

The sensitivity of the bridge allows us to detect deflections above a noise floor
of ~2 mnt. Thus, we can detect very light touch-downs, which protects the scusor
and the sample from damage and allows us to calibrate our z motion by compressing
the trampoline over small distances. This also enables high resolution topographical
imaging for calibrating our zy scanner. The touch-down sensor is most importantly a
key component during scanning Hall probe imaging, where the sensor must ideally be
scanned at a constant height above the surface of the sample. To do this, we perform
touch-downs at multiple points over the intended scan range, then fit a surtace to the
resulting topograph. The sensor is then scanned over this surface, adjusted to be just

above the sample. This is discussed m greater detail in the following section.
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(a)
(b) Samples
Th
Gold film on cover slip / Cermnox Thermometer
(capacitor electrode)
\ __—1 kQ Kapton strip heater
Round brass electrode
(A= 0.64 cm?) Copper base
200 um glass spacer (not to scale) Stycast epoxy

Figure 3.2: Sample thermal stage with capacitive toucli-down sensor.  Deflection
scusitivity of ~2 nm is achieved using an Andeen Hagerling capacitance bridge for

the sensor read-out.
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3.3 Scanning stage

The scanning stage controls the fine motion of the Hall probe, as well as its angle
with respect to the sample. The zyz piczo scanner is mowmted on a chiassis that has
two axcs of rotation (double gimbal) and can be taken in and out for casy repair
or replacement. Here I discuss the details of the S-bender scanner and the double

gimbal, and their characterization.

Figure 3.3: Picturces of the scanning stage. The gray strips scen in (a) are for the a)y

fine motion scanner. The Hall probe gets mounted on the underside, pictured in (b).

3.3.1 Large area x,y scanner

Gerd Binnig, one of the winners of the Nobel prize for the invention of the STM, de-
veloped the piczoclectric tube scanner, which is well suited for small-range (less than
one micron) and atomic resolution imaging. More recently, other scanming microscopy
techuiques have been developed such as scanning Hall probe microscopy, which mea-
sures spatial variations of magnetic ficld on a scale much lavger than an atom. Iu that

case, scan ranges of over 100 microns are sometites desived. To address this need.,
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sceveral approaches have been taken to design scanners with 2, y ranges on the order of
ten to a hundred microns. One is to simply use a longer piczo tube but, since scanning
Hall probe microscopy has been adapted to low temperatures, where the piczoclectric
response is reduced, this approach would require a tube that is too long and floppy
for practical purposes. The answer lies in an alternative design first demonstrated by
Sicgel and coworkers in 1995 that uses a configuration of piczo S-benders and Macor
(a machinable ceramic), to create a compact, large range cryogenic scanner [3]. With
2.5 inch long benders, a low temperature scan range of 270 pm was achicved; this is
much greater than that of the largest tube scanner at the time with a range of only
9 . This design is superior to the piczo tube scanner in terms of its translational
respounse, vigidity, and thermally compensated conliguration; it is thercfore particu-
larly successtul in mecting our criteria, and has been adopted by the Moler rescarch
group at Stanford for their scanning Hall probe microscope to produce reliable images
of vortices.

Our scanner is constructed of segiented PZT piczoceramic bimorph benders (S-
benders)?, and Macor, see Figure 3.4(a). These materials are well matched in terms
of their thermal expansions, and thus can be bonded together with cyanoacrylate
(Superglue) without cracking during thermal cycling.  Although the coustruction is
fairly complex, it can be made precise with proper design and carefnl machining of
the Macor picees. The use of a jig during the assembly of the scanuer with Superglue
cnsures this precision and makes for a robust structurce. The clectrodes on the benders
must be segmented and wired in the particula way shown in Figure 3.4(h),; so that
when a voltage is applied across the opposite paivs of clectrodes, the lower half of the
bender carves in oue direction while the other half curves in the opposite direction.
This way, both cnds of cach bender remain at all times perpendicular to the direction
of motion, as required by the boundary conditions imposed by the Macor pieces to
which they are glied.  Unsegimented benders curve ina “C7 shape, and a scanner
built. with these would not work. Independent. @,y motion of the scanning head, to

which the fine z motion and probe are mounted, is achicved by applying equal bipolar

[y . . . . . |
“The piezo bimorph material was purchased from Piezo Systems, Inc.
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(Z motion gets mounted underneath)
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Figure 3.4: The scanner is made of a coufiguration of segmented piczoceramic benders
and Macor picces (a). When voltage is applied, the benders take on the =S™ shape
shown in (b). This design is basced on one originally demonstrated by Sicgel et al. in
1995 [3] and has since been used by various groups for scanning Hall probe microscopy.

voltages to the x or y pairs of benders. Having the two identical pairs of benders
configured in this way also leads to thermal compensation of the scanning head; when
the scanner is cooling, the 2 and y pairs contract by the same amount, leaving the
probe height nnchanged.

The high performance PZT bimorph material came in sheets 1.25 x 2.5 x 0.019
inches thick. Being bimorphs, they consist of two layers of oppositely poled PZT
ceramic separated by a centre brass shim. For clectrodes, they have a thin nickel
coating on cach face, and when voltage is applied across them, an clectric field is set
up through the Layers such that one layer of PZT contracts, while the other expaids
causing the whole thing to bend. To build a short range (1.25 inch long benders).
and a long range scanner, the sheets first needed to be precisely cut into strips 0.3
inches wide using a wire saw. The clectrodes were then segmented and wired. The

scgientation was doue hy coating all but a 1 nun strip across the middle of the nickel
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clectrode with conformal coating®, which is a clear enamel that masks the nickel from
being etehed. This strip was then etched with a 20% Nitric acid solution, taking about
10 minutes for the two new clectrodes on cach face to become clectrically isolated.
They were then wired as shown in Figure 3.4(b) nnder a microscope using small dots
of solid core solder; and flux to contact the ulckel surface.
The governing equation for the deflection of an S-bender is given by
2
€r = dgl‘/%, (51)
13], and it is casy to show why it is halt the response of an unsegemented bender.
Here Vois the applied voltage, L is the length of the bender, T its thickness, and ds,
the piezoclectric constant (strain per applied clectrie ficld). Tt was demonstrated in
[3] that the low-temperature (4.2 K) respouse is decreased by a factor of 8 from room
temperature.  This was verified during an carlier dip-probe experiment we carried
out, where we characterized the response of a bender at 300 IS, 77 K, and 4.2 K. Oue
thing that is not discussed in [3] however, is the uercase in the depolarization field
of the material at low temperatures. As scen in the above equation, the maximum
deflection is limited by the length of the bender and the maximum applied voltage,
which depends on the depolarization ficld. With an incrcased depolarization ficld you
can drive the benders harder, and achieve the same scan range with a shorter beuder.
We showed that the benders could be driven to about 600 V' before the respouse
became hysteretic and non-reproducible, meaning that the bender was irreversibly
damaged. This is twice the voltage applied in [3], where the discussion focuses on
comparing the response and resonance of a tube scanner with the double S-bender
design. The S-benders win out in both categories. Sicgel’s design was not, however,
fully optimized for a high resonant frequency. The lengths of the benders come into
the resonant frequency as 1/L%) so by applying twice the voltage, the lengths of the
benders can be reduced by 1/\/§ for the same range, thereby incereasing the resonant.
frequency by a factor of 2.
Calibration of our 2.5 inch long scanncr showed it to have a room temperature

response of 3.3 pm/ Vo and a 4.2 K response of 0.43 pan/V, imiplying a low temperature

fConformal coating is made by M.G. Chemicals.
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600 V scan range of 520 pm; almost double the range demonstrated in [3]. This sort.
of range exceeds what would normally be needed for most practical scans, but should
find some good applications, possibly in the writing of superconducting devices with
the near-ficld scanniug optical probe. Sinee our method of calibrating the 2,y motion
depends on the calibration of the z motion, discussion of z,y calibration is deferred
nntil later in the chapter.

Self-resonance in the scanner becomes a tactor when scans need to be taken quickly.
Morcover, as probe sizes continue to shrink, small vibrations in the probe can coms-
promisc spatial resolution. A stiff scanner is not as susceptible to these vibrations and
allows for faster scanning, so a scanner should be optimized to have a high resonant
frequency. Cited in [3] is the resonant frequency of the z and y pairs of benders:

T /Yy

— (3.2)

where Y is the bulk modulus of the material, and p its density. By comparison,
in ters of translational sensitivity s = 2/V, the resonant frequency of a tube is
Jo = 0.0895d3,/Y11/p/(sT), whereas it is fo = 0.262d3;/Y11/p/(sT) for the beuders;
nearly three times higher. So clearly the configuration of S-benders, althongh more
difficult to construct. is better for our purposes. The actual resonant frequencies of
the pairs in the scamner get lowered however, due to the additional mass of the Macor
picces and fine z motion. Using an optical interferometer, Siegel et al. have measured
the amplitude response of the scauner to a small sinusoidal voltage to determine the
room temperature resonances in the o and y directions. They were at 45 Hz and 73
Hz respectively; the ¢ resonance being lower since the @ benders carry the additional
mass of the y benders and the secondary Macor stage. Using the stiffness of the PZT
bimorph material given in the data sheet, T calculated the resonances of omur scanmer
to be roughly the same.  Although fairly low, the steps the scanner takes during a

raster scan arce at most 10 Hz, well clear of these modes.
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3.3.2 Fine z motion

To design a long-range fine z positioner we employed the same set of principles as the
2,y motion and used segmented benders. We use two benders that are segimented
twice, one quarter of the way in on cach side. In this way, they bend with a lnunp in
the middle, while the ends stay horizontal and parallel. By spacing the euds of these
benders with Macor picces and driving them with opposite polarity, we were able to
get a range of around 14 pm at 4.2 K. One bender gets fixed to the scanning head in
the middle with Superghue, and a Macor platform is glued to the middle of the other

bender where the sensor gets ounted.

Twice segmented Z piezo benders

Base
-/

= — .

(a) (b)

Probe mount

Figure 3.5: We have used two twice segimented piezo benders spaced apart at the ends

to achieve £ 7 g of z motion for the probe.

3.3.3 Fine motion calibration

For the calibration of the scanner we use the capacitive “trampoline” sensor described
carlier.  Recall that the room temperature response of the touch-down scensor is
0.014 pF/pn, and it can measure displacements down to ~ 2 m. The z motion
is calibrated first by simply compressing the touch-down scensor: then for the lateral

motion, we use an STM tip tonch down at series of points over a grating, and use the
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resulting topograph for calibration. A schematic of the set-up used for topography

and calibration is shown in Figure 3.6.

,..ﬂ-—JJL———LL««.Nl

—_—] e

Calibration sample —goa0  ——— Tungsten STM tip

i

Figure 3.6: A schematic showing the set-up we use for topography and calibration of

the scanner. Everything is to scale except for the grating shown on the sample stage.

z calibration

Because the cover slip used for the upper clectrode is Hlexible, it takes little foree to
compress, making it idcal to calibrate our z motion over small distances. Calibration
of the z motion must be done first because the topography technigue we use for lateral
calibration relics upon it. To do this we mounted a tungsten STM tip where the Hall
probe is meant to go, and then gently stepped it into and out of the sensor over less
than a micron while recording the capacitance. Figure 3.7 shows the data from this
procedure. The fat part on the bottom left is from when the tip had not yet veached
the sample stage. The inclined section is from the tip compressing and decompressing
the trampoline a couple of times.  Since points are all lying on top of cach other,
we can say that there is very little hysteresis associated with this motion. The slope
of this line gives a response of 11 mn/V for the z motion. The D/A card we use
from National instriments (PCL-6703) has 16 bit resolution, meaning that with the

amplificr sct at a gain of 10, we should still have sub-angstrom precision on our 2
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motion, however; precision on the order of nanometers is fine for our purposes.

Figure 3.7: A plot showing the calibration of the z motion at 4.2 K

MECHANICAL DESIGN OF THE SHPM
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For the lateral (2, y) calibration of the scanner we use the calibrated z motion com-

800 p——— , i
| 5
600 e 5T .
v
|4
/—‘g
; .
400 | - Jé,:__ | S
g |
.
Y
200 |- A
ﬁ,g Az/AV =11 nm/V
® | |
!
O OO0 O (r,ll o AL : . 1 _ ]
| | | |
PRI |- PN (S L L
-20 0 20 40 60

Volts on z benders

49

bined with the capacitive toucli-down sensor to obtain the surface topography of a

silicon calibration grating? shown in Figure 3.9(h). First we stick the sample down to

the capacitive stage with GE varnish so that the grid lines are oriented perpendicutar

to the x or y dircction of the scanner wishing to be calibrated. In this way, a single

line topograplt of the grating is sufficient to calibrate cither direction of the motion.

To obtain the topograph, we wrote a LabVIEW script to do a scries of touch-downs

with the STM tip along a line or for a grid of points. At cacli poiut, the tip starts

4The calibration grating we usc is an Ultrasharp TGF11 borrowed from John Bechhoeffer. They
arc available from MikroMasch Tuc., www.spmtips.com.
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from about 1 g above the surface of the sample, then steps towards it in increments
of ~0.2 pm, between which the capacitance is checked, until it changes enough to in-
dicate a light touch-down. The tip is then retracted and moves to the adjacent point
for another touch-down and so on. For cach a, y point on the grid or line, the z posi-
tion of the tip upon touch-down subtracted by the small deflection of the capacitor,
when plotted, gives an inverted topograph of the surface of the sample. Multiplying

by negative oue gives the actual surface topography.
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Figure 3.8: The first calibration attempt of our short range scauncer. This 1s a line
topograph in the x direction on a sample provided by Sacid Kamal. It was a test
picce from a cleanroom course where he usced photolithography to define 100 mn
thick features on silicon. The sample was oriented here such that a set of 100 g
spaced lines were oricuted perpendicular to the scan direction. With omr short range
scanner we could only pick up one of these lines, but the plot demonstrates the height
sensitivity of the technique and could be used to crudely calibrate the 2 motion nsing

only one duty cycle of this “erating”.
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(a) -
———— e
1.75 mm
(b)
1.8 um

Figure 3.9: The tools used for calibration of the scanner. (a) A tungsten STM tip
made using John Bechhoefer's facilitics. Tungsten is good because it is strong and
docs not. deform casily during touch-downs.  (b) SEM image of the TGFI1 silicon

calibration grating we use for lateral calibration.

In a first atteipt of using topography for calibration at room temperature we used
a picce of silicon patterned by Sacid Kamal during a clean room class. He niformed
me that the thickness of the patterned structures was 100 nmm. Figure 3.8 shows
a line topograph taken perpendicular to a pattern of 50 pn stripes on the saple.
This demonstrates the height sensitivity of the technigue, which is very important
in scanning. The step in the middle comes out to be about 100 mm tall, and the
insct shows the platean region to have a scatter of < 15 nm. Since we have only one
full duty cycle of the pattern in our scan range, the sample is not ideal for lateral

calibration.
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Figure 3.10: A room temperature topographic line-scan in the y divection of the
TGF11 calibration grating illustrating the technigue used for lateral calibration of

the scanner.

Figure 3.10 shows a single line topograph in the y direction of the TGF11 grating
taken at room temperature with our short (1.25 in.) scanner. It is one of the first and
the best line-scans I took, demonstrating the capability of this technique using this
grating, as well as indicating that this scanner was working in the y direction by the
uniformity of the profile. This plot rescibles well the profile seen in the SEM image of
the TGEF11 grating, and even the nominal sinrface roughness is scen as slight variations
in height on the plateau regions. Most importantly for calibration purposes, the pitch
of the grating is clearly visible; however, the troughs are not 1.8 pm deep as they
should be according to the spec sheet. This is likely due to the tip not being sharp
cnongh to get down to the bottoms of them. Larger scans make for better analysis
and calibration of the motion, however from this scan the y respouse can be caleulated
to be ~1 pm/V by taking the voltage spacing from the three duty-cveles in the the
profile, which occur over 30 pm. At low temperature, the response is dearcased by a
factor of 8 and thus becomes ~ 0.13 pm/V.,

Shortly after this topograph was taken, I accidentally crashed the tip into the
grating, deforming the tip enough to compromise the nice lateral resolution scen in

Figurce 3.10. This was not the only sct-back however. With a new tip mounted, the
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Figure 3.11: A topographic line-scan in the @ divection of the TGE11 calibration grat-
ing taken at 4.2 K. From this data the response of the pair of 2 benders is determined
to be 0.44 g/ V.

scanuer was cooled dowr for an all-important low-temperature, long range calibration;
but in the process, with about 550 V on the benders, we believe there to have been
arcing across the clectrodes that produced a burst of heat, boiling off about a liter
of helim i a matter of seconds. After things had settled down, repeated attempts
were made to detect the touch-down of the tip, but with no snccess. Upon warining
up the experiment and inspecting it, I discovered that the piezo scanner had come
apart at multiple glue joints, and there was evidence of oxidation on some materials.
Extreme heat is not good for the piezo clements as they have a Curie temperature
of 190 C, above which they may be irreversibly damaged due to depolarization, so a
new scaimier needed to be built. This ordeal set us back but, ou the bright side, 1t did
give us a new upper limit ou the voltage to apply to the benders.

Using the procedures discussed earlier in this section, I constructed and calibrated
a new scanner, this tinie, however, with piczo benders twice as long. The 2.5 inch long

benders had already been segimented, with the intention of building a very Large range
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scanner, and were thus readily available for building a new scanmer. The drawback
in using benders twice as long, is a reduction by 1/4fg in the resonant frequency of
the scanmer. A future student will build another shorter range scanner to address this
CONCCT,

The data from a low temperature calibration of this 2.5 inch scanner in the a
direction is shown in Figure 3.11. Although this topograph is not as nice looking
as the one from Figure 3.10, the periodicity of the grating is still apparent and was
used to determine the response of the o pair of benders to be 0.44 p/V. Using the
16 bit voltage resolution available from the D/A card, then dividing by the amplifier
gain of 30 (the low-temperature setting for large-range scans), a minimun step size
of less than a nanometer should be possible with this scanner. Not only can it take
small steps at low-temperature, the long benders allow for a large-range. If we say the
naxinnun voltage we can apply without risk of arcing is 500 V, then this scanner has
a maxiimiun range of 440 pm. This is a very large range refative to other scanners,
but if even larger images wish to be taken, we can use the coarse motion 1o access
adjacent scan arcas and then stitch the images together.

Topographic nnaging is not only uscd for calibration of the scanmer but, of cqual
importance, it 1s uscd to determine the surface over which the sensor will be scanned
during magnetic imaging. The details of this surface fitting procedure will be discussed

i a following scction.
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3.3.4 Double-gimbal angular positioner
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Figure 3.12: The probe angle adjustment is made possible by having the scanner
mounted on au arrangement of three rings held together with Hexure pivots, known
as a double-gimbal. The hall probe sits on the probe mount which is on the innermost
ring shown in (a). Adjustments are made by pushing or “pulling” on the rings using
a spring loaded sct screw. The drawing in (b) shows this to be doue with miniature

inertial stick-slip motors from Attocube; something that is planned for the near future.
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As mentioned in the scction on spatial resolution in the introductory chapter,
the alignment of the Hall probe chip with the sample is very important to optimize
spatial resolution in the SHPM. The Hall probe chip must be adjusted so that the
active region of the probe, which detects the magnetic field, is as close as possible
to the surface of the sample. The way this is commonly done in other groups is
to introduce a small angle of 1-2° between the sample and the Hall probe at room
temperature, by putting the sample on an angle adjustable stage. This method has
had success i producing good images, however it does not leave the option of fine

tuning the angle in situ to obtain optimal resolution.
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Figure 3.13: Each trajectory of points represents a line topograph in the 2 direction of
a clean sapphire sample. The angle of the scan plane was adjusted by about 1/4 turn
of the set serew on one gimbal axis between cach line-scan.

Rather than mounting our sample on a rotation stage, we have incorporated the
angle adjustment into our scanning stage by mounting the scanner on the inner ring
of a two-axis gimbal chassis, borrowing from acrospace navigation and shipboard

technology. In this way, the angle of the probe relative the sample can be adjusted as
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scen in Figure 3.12(b), and cveutually controlled in situ using miniature inertial stick-
slip Attocube positioners. These have 3.5 mm of travel, giving us an angular range
of 10 degrees tor cach axis, which is more than enough. The 1-2° will be introduced
at room temperature and then fine adjustinents will be made with these positioners
at low temperature to get the sensor parallel to the sample for optimal resolution.
While we wait for the opportunity to buy or make these miniature positioners, we
use the brackets designed to take the Attocubes, but with spring loaded set screws
threaded through them nstead. It is casy to fine tune the angle of the probe relative
to the sample with the aid of an optical microscope, while turning these sct screws.
Figure 3.13 shows various line topographs on clean sapphire, taken one after the other
with ~1/4 turn angle adjustments between cach scan. Using this type of data one

could calibrate this method of room temperature adjustient.

3.3.5 Flat surface topography

As shown in the previous line topographs, there is cinrvature in the data for samples
that arc meant to be flat. This is an important cffect to understand for scanning
because we would like to be able to scan at a constant height above this surface for
magnetic imaging. Because of the geometry of the scanner design (See Figure 3.4),
the scan head gets closer to the sample as it moves ont in x, and farther away as it
moves out in y. For this reason, when a large topograph of a flat surface is taken, it
shows up as a saddle, and not a plane. A topograph of a clean sapphire surface is
shown i Figure 3.14. Since it 1s so smootl, we can do a non-lincar fit to this surface
nsing the funiction z = a+bx + cy + day + ex? + fy?, but with fewer data points. This
is what Adam Schneider has done for the scanning software. It the magnetic sanple
surface is flat, like that of the sapphire sainple shown, we can perform this fit and
then scan the Hall probe over the sample without much height variation. However,
the degree of height variation can be tested by watching the capacitance read-out of

the trampoline sensor while scanning,.
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Relative sample height (microns)

Figure 3.14: A 660x660 g surface topograph of a clean sapphire sample showing

| O O
the height change in the scan head as it scans, This surface can be fit to and then
scamed over during Hall probe imaging to ensure the sensor is at a constant height

above the sample.

3.4 Coarse motion

3.4.1 Three axis Attocube coarse motion system

The sample thermal stage sits on top of a stack of three z,y, 2 Attocube positioners
designed for low temperature use, cach with 7 mm of travel. They consist of two main
parts: a picrzo stack, which is able to expand and contract by small amounts under
applied voltage, and the motiou stage, which is clamped around a bar that is glued to
the end of the piczo stack. The clamp is only so tight however that it takes 5 newtons
of force for it to slide along the bar. This is inportant because the Attocubes operate
usiug a stick-slip mechanism.

A sawtooth voltage signal is applied to the piczo stack, which enables the stage

to move. In one cycle, the voltage ramps up causing the stack to expand, and the
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Figure 3.15: The three axis Attocube sample positioning systemn with capacitive read-
out. Each axis has 7 nun of travel, and moves using an inertial stick-slip process
lstigated by a piczo stack being driven by a sawtooth signal, causing a clanp (stage)
to work its way out or back along a bar on the end of the stack. The capacitive sensors
arc part of the brass brackets shown mounted around the z and 4 attocubes.

stage clamped around a bar at the end of the stack moves with it; then the voltage
drops, pulling the bar back so rapidly that it slips in the clamp. Over many cycles,
the clamp works its way out in steps; the size of which range from tens of nanometers
to microns depending on the peak voltage of the signal.  The speed of extension
or retraction of the clamp is determined by the frequency of the signal. These two
operating parameters arce casily tuncd manually on the Attocube amplifier or in a
LabVIEW window on the PC, where you choose the munber of steps you want to
take at a given voltage and frequency.

Position read-out for the Attocubes cannot be done by simply counting steps

because of the friction mvolved in the stick-slip process. Although the step size can
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be tuned, the friction causes it to vary stochastically about an average size, making

micro-navigation less and less precise as the number of steps increases.

3.4.2 Capacitive position read-out

There is a position read-out available from Attocube, which uses an optical inter-
ferometer. However, we decided to retro-fit our cubes with a homebuilt capacitive
position read-out system.  As mentioned, because of the stochastic nature of the
stick-slip proceess, without a position read-out, it is not possible to move the sample
by a precise distance by counting the nmumber of steps taken and multiplying by an
average step size. The actual position will deviate from this average in a random walk

like fashion; increasing roughly as the square root of the number of steps.

X Attocube

Stycast epoxy

Outer eletrode

Inner electrode

(a) (b)

Figure 3.16: (a) The @ and y Attocubes were retrofitted with coaxial capacitive
sensors.  (b) The variable capacitor is made up of two coaxial brass cylinders for
clectrodes, whose radii differ by a small amount so that one can just shde nside the
other without touching. When the clectrodes are well aligned, and shiclded, as they
are i our design, the capacitance varies linearly with the length of overlap between
the two cvlinders.

To address this, we used a variable coaxial capacitor developed by Taras Chouinard,
in our group. It consists of two thin-walled brass cylinders whose radii differ by a small

antount so that onc just fits inside the other without touching. One clectrode is glued
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to the sliding clamp picee of the Attocube, while the other is attached to the base (sce
Figurc 3.16). As the clamp moves, the length of overlap between the two electrodes
changes, as docs the capacitance. This capacitive sensor was calibrated by recording
the capacitance for a nuber of translations, the distance of which was measured with
calipers. The data are plotted in Figure 3.17, and shows that, as expected, the capac-
itance varies ronghly lincarly in distance with a lincar best-fit stope of 0.4 pF/nun. A
better curve fit can be done, by another student, and with the sensitivity of the A H.
capacitance bridge, repositioning of the Attocube with sub-micron precision will be

achicvable with this systein.
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Figmre 3.17: The capacitive scusor was calibrated by measuring a nmmuber of extensious
of the Attocube clamp with calipers, while recording the read-out on the Andeen
Hagerling capacitance bridge. Here is shown the data, with a lincar fit giving a slope
of 0.4 pF /.

This capacitor sctup is a promising solution for navigating around large sainples or

between multiple samples with great precision. The first gencration retrofit design to
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the Attocubes had its glitelies when cooled to liquid heliun, possibly due to differential
thermal contraction causing misaligniment of the clectrodes. Howcever, the system
did show great potential at room temperature. Taras has constructed a new coarse
positioner with the capacitive sensor built in. This design should be more robust
on cooling to low temperatures because of its simple design, leaving less chance for

misalignment of the eylindrical electrodes.

3.5 Superconducting magnet

To create a homogencous magnetic ficld for the sample, and to obtain a suitable
density of vortices appropriate for imaging with SHPM, a little thought must go into
the magnet design. An appropriate upper bound on the density of vortices would be
one Hux quantwn per square micron. With this density, one could image many vortices
in a single scan without being limited by the spatial resolution of the technique.

If we assume that the free space Hux density B, iuside our solenoid is just vedis-
tributed in bundles in the sample, and the overall Hux stays the same, then the flux

through onc square micron due to this ficld is just the fux quantu:
B, x 1 n* = &, (3.3)

So the maximum field we need at the sanple is
‘ —15
P M =2mT = 20 Gauss. (3.4)
10-12m?

To achieve a homogenous field on this order, I have wound 850 turns of supercon-
ducting niobium titanium wire aronnd the vacuun cain, sec Figure 3.18(b), centered
on the sample. The wire has a diameter of 0.18 nun, giving us a superconducting
solenoid 15 ¢ long with a radius of 2.8 ci. The axial ficld at the sample per Amp
of current in the wire is therefore

B ton . Gauss

= = 66 ,
! VI2 4 492 Amp
using the equation for a non-infinite solenoid. The current is provided by an HP 6642A
power supply operating in constant current mode.  Ouly about 1/3 of an Amp is

needed to produce the maxinnun field discussed above.
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Figure 3.18: The scanning Hall probe microscope (a) goes inside the vacuum can with
an 350 turn superconducting solenoid wound around it shown in (b).



Chapter 4
Thermal Design

Thermal cousiderations were inherent to the mechanical design of the SHPM, dis-
cussed in the previous chapter, where sound material choices needed to be made to
cnsure the structural integrity of the microscope and the cfficient transfer of heat
through it. In this chapter I will discuss some of the more specific aspects pertain-
ing to the thermal design inchided i the cryostat, the sample stage, and the SHPM
inscrt, through which the wiring goes. Proper thermal design of these components is

important in having a reliable low temperature experiment.

4.1 Cryostat

For the SHPM we have built a cryostat out of old components from around the
department (sce Figure 4.1). The cryostat consists of a large glass nitrogen dewar for
pre-cooling, which houses a smaller glass helivm dewar, into which the SHPM iusert
fits nicely. These two dewars are mounted into a vefitted cryostat rack with wheels
for casy transport to other locations. The helium dewar is mounted on the underside
of an almnimun plate; particular carc was required here as this must be a hermetic
scal so that air cannot get in and freeze out on the inside of the dewar when it is
cold. To allow for good pumping and venting of the helimn bath, we have made a
custom collar for the top of the cryostat with a KF 50 port on it. A Stokes pump

m the basenent can be hooked up to this port for pumping on the bath to reach a

64
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base temperature of 1.2 K. The SHPM insert has a flange that gets bolted to the top
side of the collar, and with rubber o-ring scals on either side, the dewar is leak tight.
Leak testing was standard protocol throughout the construction of the cryostat and

likewise for the SHPM insert, which is under high vacuum during experiments.

Helium venting or

Top of SHPM insert
pumping line

Nitrogen fill port Aluminum plate

Nitrogen dewar
(helium dewar inside)

Figure 4.1: A picture of the cryostat we built for the SHIPM.

The outer nitrogen dewar, or “jacket”, is large for practical reasous: chief among
them is that during multi-day cool-downs, refilling the liquid nitrogen will not be
necessary i the middle of the night to keep the experiment cold until the following
day. Furthermore, it will seldom need filling throughout the days. If, for some reason,
the experiment needs to be thermally cycled in a reasonable amount of time, we have

built in a means of pumping out the wsed hguid nitrogen to speed up the process.
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We have put two nitrogen ports into the top plate of the cryostat. Using one port, we
put an over-pressiire of nitrogen gas into the nitrogen space of the dewar. The liquid
nitrogen is then drawn from the bottom of dewar throngh a tube that fits down the
other port.

To apply an over-pressure in the nitrogen space of the dewar, we needed to join,
aid seal, the rim of the dewar to the nunderside of the aluminmmn plate. For this, we
uscd part of o stainless steel salad bowl as a transition between the points, duct tape
to scal the joint at the dewar, and a bolted glie-joint for the underside of the plate.
We have also put two holes in the side of the salad bowl for extra venting while filling
the dewar with liquid nitrogen. During nitrogen extraction, these holes are plugged
with rubber bungs to maintain an over-pressure of nitrogen gas in the dewar,

Duct tape has found another good use in shatter-proofing the glass dewar in case of
a mishap. We covered the entire nitrogen dewar with duct tape except for a viewing
strip down the middle where one can look through both dewars to sce the SHPM

insert and most importantly, the helinm level in the inner dewar.

4.2 Sample thermal stage

The sample stage was discussed briefly in the previous chapter for its mechanical
design, which includes a capacitive touch-down “trampoline” sensor, allowing for sen-
sitive topography measurcients to he done with the SHPM. But of equal importance
i the cffective use of the SHPM are the temperature control capabilities also built
into the sample stage. Because the microscope is designed primarily for the study
of high tcemperature superconductors, which exist over a broad range of tempera-
tures, thermal considerations were weighted heavily in the design of the sample stage.
Following an overview of the bulk heat trausfor away from the sanple stage to the
heliun bath, in this section I will discuss the sample thenmometry and heating and
show some thermal caleulations based on a siimple model that indicate sound perfor-
mauce of this system. The systen hias beeu tested at low temperatures and works in

good accordance with these calculations.
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4.2.1 Heat transfer from the sample stage

The sample stage is not i direct. contact with the helimm bath and sits on top of
the a.y, 2 Attocubes, which are mounted to the lowest level of the experient, so
the heat from the sample necessarily takes a long path away from the sample to the
bath. To ensure good heat transfer along this path through the expernment, we have
used materials with good thermal conductivity to connect the various stages.  We
usced copper posts as stand-offs between the hid of the vacumm can and the scanning
stage, and the coarse motion and sample stage are held under the scanning stage by
a1l aluminum pipe.

The most thermally resistive elements along the heat path from the saanple to the
bath were the piczoceramic stacks, which are integral parts of the Attocubes. To short
circuit these, I used pieces of copper braid to thermally link the base Hange, on which
the Attocubes sit, to the sample stage and to two other points along the positioners.
The picture of Figure 4.2 shows how the thermal link is made to the copper base of
the sample stage, and the others are made in a shnilar fashion, These thermal links
arc very cffective in extracting the heat produced by the Attocubes when they move,

as well as from the heated sample when it needs to be cooled back down.
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Thermometer

Heater

Figure 4.2: The sample stage consists of a capacitive touch-down sensor (a glass cover-
slip), with an open ended sapphire box on top of it, which acts as an isotherimal sample
platform. The temperature of this platform, and thus of the sample, is controlled using
and a Cernox SD-1050 thermometer and a 1 kQ Kapton strip heater that ave glued

to the mside of the box.

4.2.2 Sample thermometry and heating

Rescarch on high T, cuprates using ouwr SHPM would be very limited in scope if
the sample could only he at the base temperature of the Hquid nitrogen or helinm
bath. Thercfore temperature control of the sample is of paramount importance in
our experiment. Accurate temperature control requires accurate thermometry, and to
enable this we have used a Cernox SD-1050 thermometer! glued to the mderside of a,
sapphire platform, on to which the sample 1s mounted. Sapphirve has a high phonon
thermal conductivity at low temperatures, making the sample platform essentially an
1sothermal structure. Measuring the temperature inside the sapphire enclosure, there-
fore, gives an accurate measure of the sample temperature. The 4-wire mcasurcment

is made by a Cryocon 62 temperature controller. To heat the sample, we use a 1 kQ2

'Cernox thermometer was purchased tfrom LakeShore Cryotronics, Ine.
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Kaptow strip heater, the placement of which inside the sapphire box is important to
cusure cfficient and synunetric heat transfer to the sample.

Before constructing of the rather complex sample thermal stage, T caleulated the
power needed from the heater to hold the sample at a temperature of 100 K (the
highest temperature we will routinely require), in order to provide an estimate of
the maximum current required through the Kapton strip heater. Too high a current
would be undesirable, possibly requiring design changes. Another quantity of interest
that is affected by design parameters is the time for the sample to cool from 100 K
back down to 4.2 K: this was calculated as well.

To carry out these calculations 1 used an approximate model of the systenn, as-
stiing the sapphire platfori was isothermal at temperature Ty, and the copper base,
as well as the fixed ends of the cover-slip trampoline seusor, to be at the tenperature
of the bath Tg (sce Figure 4.2). T this model, the thermal gradient oceurs ouly across
the sections of cover-slip on cither side of the sapphire platforn. It is therefore simple
to calculate the rate of heat transfer away from the sapphire box using the following

formula:

_2A /T w(T)dT. (4.1)

{ Ty

which is the equation for conductive heat transfer through a material of thermal
conductivity x(T). A is the cross-scctional arca of the cover-slip perpendicular to
the heat How, and is multiplicd by two because heat Hows out from both sides of
the platforin; and [ is the length along which the heat Hows. Empirical data for the
thermal conductivity of pyrex glass was found in [36], and the integral involving <(T)
from Th = 4.2 K to Tg = 100 K is approximately 305 mW /em. Taking our final design
parameters, A = 1.8 x 1072 em? and [ = 0.7 ¢y, as an example, the heat flow, and

thus the maxinum Joule heating needed by the heater is

Q=1%,R=157mW. (4.2)
And since the resistance of the heater is ~1 k€2, the maximum current required to
keep the sample at 100 K is

Lae &~ 4 mA
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in this approximation, well within design constraints.
To calculate, In the absence of lhicat, the cooling thime of the sample from 7; = 100

Kto Ty = 4.2 K, we start with the time derivative of the first law of thermodynaiics,

dU .
¢
dt ?

where U is its internal energy of the sapphire box, and @ is again the heat How
through the cover-slip. Using the chain rule on the left hand side, we have

dl7 dT; :
—— = —(). 4.
dT, dt : (4:3)

But dU/dT,=C,(Ty) is just the heat capacity of the sapphire box at temperature 7.

We can substitute this into the above equation, and rcarrange to obtain

dT, _ Q(Ty) |
At C,(Ty) (34)

of T, C;'», T
At/ (lt’"/ .‘( S)dTS. (4.5)
0 Ty Q<T>>

It is useful to first take the simple example of a metallic stage at low temperature,

The cooling time is then

where k(T) = kT and C,(T) = ~T. Iu this casc, the thermal conductivity integral

of Eq. 4.1 becomes

. 2‘,4 ek 14 v v
Q=27 [ - ST ), (4.6)

and so the cooling time 1s

~ (T T.dT,
a- L[ LT a7
Aro Jr, (77 ~ T7)

Since the base temperature is much smaller than the sample temperature for most of

its range, we can neglect Ty, and the cooling time is simplified to

AT, Al T,
/ dls by Ly (4.8)
Ty

vl
Af — _
A/CO JTy Ts ‘4""70
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Solviug for the final temperature here shows that it is an exponential decaying function

of tine,

A:"\T()At

Ty = Ty exp(————), (4.9)
/,r

In this simple situation, the characteristic decay time is 7 = %
< 0

In omr case we can solve for the cooling time more accurately by using therial
properties characteristic of the glass and sapphire used to construct the thermal stage.
In the temperature range 4 K to 100 K, the thernnal conductivity integral of pyrex
glass is O(T) =~ ©uT¥?* = 0.03 T*? W /1 [36]. For the sapphire box, which has a mass
of 0.5 g, the heat capacity is Cy & CoT? = 8 x 107873 J/K in the same temperature

range. We can uow cvaluate the cooling time using Eq. 4.5 to be

Ay Col /T T3dT, Gyl
2460 Jr, TP 5AO

(177 - 1), (4.10)

Neglecting the final base temperature, which is small compared with T;, the cooling
thne is

At ~ 200 s,

which Is in very good accord with experimental obscervation.

4.3 SHPM insert design

The insert holding the SHPM and the vacuum can was designed and built by David
Broun and Patrick Turner, both of whom have past experience building low temper-
ature mmserts. The lid of the vacummn, to which the SHPM is connected, is held about
2.5 ft below the top flange of the insert by four picces of stainless steel tubing. This
tubing provides structural integrity to the insert and acts as conduit for the wiring to
be brought down frour the connectors at the top of the insert to the components of the
SHPM. Stainless steel is a good material to use here for its low thermal conductivity,
minimizing the heat-leak from the top of the insert, which sits in the lab at room
temperaturce. I have added three copper baffles along the tubing to help break up
the convection of the helimn vapor above the bath, thereby making the most of its

cooling power on the tubing and reduciug helinm boil-off in the process.
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The high voltage wires for the scanner are brought down the central tube, while
those for the capacitance, thenometry and heating, Hall probe, and the coarse motion
arc brought down the other tubes. Since the wires are coming froim roon temperature,
they needed to be heat-sik before going to any of compenents, whose operation
rely on this. particularly for temperature control, where we want to measure the
temperature of the sample, not the ends of the wires. For heat sinking, we fixed
copper bobbins to the underside of the lid of the vacumn can and wrapped cach wire
tightly around them about 10 tines. To cnsure good thermal contact between the
wire wrap and the bobbin, we first wrapped the bobbin with a picce of thin paper
soaked in GE varnish. More importantly, however, we ensured good thermal contact
between the bobbins and the brass id. To do this, we put through holes down the
central axes of the copper bobbins and then used brass bolts to attach them to the
lidd. Brass has a larger thermal contraction than copper, causing the bobbins to be

pressed onto the underside of the lid upon cooling down.



Chapter 5
Scanner electronics and software

The clectronics necessary for the operation of the SHPM come from a combination
of commercially available and home built instrmments.  Comnnumication with these
instruments for such things as scanning, sensor touch-down, and temperatire control
is made possible using LabVIEW ! the programming of which was done i large part.
by Adam Schneider, a recent indergraduate group meinber. Figure 5.1 is a schematic
outlining owr clectronic design. The instriunents are mounted in a rack beside the
cryostat and are conncected to the computer with GPIB cables where possible. I this

chapter I will deseribe the electronics used for the different components of the SHPM.

5.1 Scanner electronics

To apply voltages to the piczos of the z,y, 2 fine motion, we use three channels on a
16 bit National Instruments D/A card iustalled in our Dell PC. This analog output
has a range of ouly 00 10 V. To obtain the large voltages necessary to drive the piczo
benders, we have had a custom amplifier built, by the SFU clectronics shop. The single
imput from the D/A card is output from the amplifier as two signals svinmetric about
ground. The amplifier has three gain settings, with a maximum of gain of 30, capable
of producing a 600 V differential signal for low temperature use. An interlock can
also be set at 100, 300, and 600 V to protect the piczo clements from depolarization

at room temperature,
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Dell PC ] _| Attocube
e wit electronics
LabVIEW GPB .

__| A.H. capacitance

bridge for sensors

1
N.I. 16 bit | Temperature
D to A card controller
custom built 600V __| Lock-in amplifier
amplifier for Hall probe

SHPM

Figure 5.1: A schematic of the clectronics for the SHPM.

5.2 Thermometer and heater electronics

To mcasure the temperature of the sample, we pertorm a 4 wire measurcient on
a Cernox SD 1050 thermometer. It was calibrated using the SQUID magnetometer
sctup at UBC. The calibration curve was downloaded onto a Cryvocon 62 temperature
controller. Heating is done by passing a current, from the Cryocon, through a 1000 Q
kapton strip resistor. After power settings are taken for the heater at various tem-
peratures, the Cryocon can do its job and precisely control the temperature of the

sample throughout our range of interest.
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5.3 Attocube electronics

To drive the Attocube anpl00 x,y,z coarse positioning system, we purchased an am-
plifier from Attocube Systems that outputs a sawtooth signal of varying amplitude,
and frequency. This has LabVIEW drivers that we have incorporated into prograims
for the sample approach, cool-down motion, and sample repositioning with feedback

fromr the capacitive sensors.

5.4 Capacitive sensor electronics

The capacitance measurciuents are taken using an Andeen Hagerling bridge.  For
optimal measurciment precision, the bridge requires that cach capacitor clectrode be
conuected using the center conductor of a coax hine; in addition, the outer conductor
of the line, as well as the surroundings of the clectrode are grounded.  Since we
have three capacitive sensors the touch-down trampoline, and the two coax position
scusors ou the Attocubes we purchased a multiplexor, which allows us to switch

between measurcineuts of the three.

5.5 Hall probe electronics

We have used a Stanford SR-810 DS lock-in amplificy for the bias cinrent and the
Hall voltage measurement. The bias current is taken from the sine out on the lock-in,
which is a voltage output. For the Hall probe to operate, the bias cinrent must be
of the order of 10 gA. To convert the voltage output to the required current source I
have put i a 220 k€2 resistor in series with the sine out. As discussed in Chapter 2, a
bias voltage can be put outo the gate lead of the Hall probe to optimize the noise in
the device. For this I have made a box with a battery and a voltage divider, including
a 10 turn pot resistor. This provides a bias voltage which is very stable, and ranges

from 0 to 0.5 V.
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5.6 Scanning software

The programmming was all done in LabVIEW and for the most part by Adam Schneider.
He used the feedback from the capacitive sensors and conmnunicated with the large
arca scanner and the Attocubes to make important VIs enabling key functions of the
SHPPM. Those that involve feedback from the capacitive sensors include the surface
topography and calibration, and the micropositioning of the Attocubes. A particularly
important VI that is used frequently for topograply and magnetic imaging is one that
automates the coarse approach of the sample towards the tip or Hall probe, stopping
it as soon as it touches softly. This allows one to manually position the sample a
safe distance away, and then let the program do the rest. He also programmed a
sclf-contained console for the scanning magnetic imaging with a munber of user input.
parameters including x, y scan ranges, scan height above the sample and scan angle.
An integral part of the scanning software is the fitting algorithim for the scan surtace.
As mentioned carlier, to scan at a constant height over a flat surface, the z position
of the sensor needs to be scanned over a saddle-like surface as a function of its a,y
position.  Adam programined a fitting algorithm that occurs before cach scan to

accomplish this.



Chapter 6
Preliminary results and discussion

The last part of my work involved the wiring up of a 150 min Hall probe, calibrating
it i a dip probe, and then imaging magnetic ficlds with it,  Before carrying out
these tasks however, a carrier chip needed to be fashioned for the Hall probe. The
carricr chip is an interiediate point of strain relief for the wires connecting to the Hall
probe, and thus needs to have five isolated conducting pads, matching the number of
contacts on the Hall probe. The chip must also have good thermal conductivity to
cusure the Hall probe can dissipate as much heat as possible produced by the bias
current. To nicet this objective, we chose to use a picce of intrinsic semiconductor
wafer and cvaporate the gold contacts on to it. A thin layer of chromium ~100 mmn
was cvaporated frst as an adhesion layer, and then at least 500 mn of gold was added
on top, sufficient for wire-bonding to. The first chips I made in this way scemed
promising, but it twmed out that the silicon wafer I used, obtained from Dr. Mike
Thewalt, was conducting cnough to short the contact pads, making these carrier chips
unusable. Subsequent attempts were made with this procedure using an insulating
semiconductor substrate, but in these cases the wire-bonding did not take consistently
to the pads of the carvier chip. Wire-honding to the Hall probe contacts also proved
inconsistent. In the end, instead of the evaporated gold pads, T used five miniature
conducting pads from a flexible edge connector, stuck down with GE varnish. The
wire-bonding was also abandoned, and I used sitver epoxy for both the carrier chip and

the Hall probe. Shown in Figure 6.1 is the carrier chip with the Hall probe mounted
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onto the scanning head of the SHPM.

Figure 6.1: Picture of the scanmer with Hall probe mounted.

The 150 mn Hall probe, now mounted on the carrier chip, was first calibrated using
a copper solenoid in a dip probe at 77 K to obtain a Hall cocflicient of Ry = 0.24 Q/G.
This was with a bias current of 4 pA, and a gate voltage of 150 mV. Hall probe
was then mounted on to the SHPM, and we were able to cool the scanner to 77 K
and obtain hmages of a magnetic structure on a high density Hoppy disk shown in
Figure 6.2. Although there is clearly magnetic structure in the image, the vertical
stripes scemn to be wider than bits, which are usually the order of a couple microns
for these types of disks. For the next tests, to be carried out by Ricky Chu in our
group, we have some garnet film samples. The maguetic structures in garnet filims,
known as “worm-domains”, arc of the order of ~ Suan, and are thus ideal for inaging
with scanning Hall probe microscopy. We are also able to inage these samples usiug
Dr. Bret Heiurielh's magneto-optical microscope, giving us something to compare our

SHPM images with.
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Figure 6.2: Scanning Hall probe iinage of a floppy disk at 77 K taken with a 150
mn Hall probe. This scan has 2500 pixels, and took approximately 10 minutes to

complete,

During this thesis work I designed, built and clraracterized many components of
this scanning Hall probe microscope. To start with, I built a large-range cryogenic
dual S-bender scanner for the Hall probe to be mounted on. Although this design had
alrcady been demonstrated [3], T comuissioned a custonr high voltage amplifier to be
built, and using this established that at low temperatures the piczos could be driven
at a siguificantly higher voltage than was demounstrated in (3], This allows for the
length of the scanner to be shorter, thereby increasing the resonant frequency without
COMPLOMISIIE SCA-LAlIZC,

Another key component of the SHPM, which T desigued and built, is a sample stage

that has built-in temperature control and a capacitive touchi-down sensor. Without
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STM feedback in our SHPM, this capacitive scusor, with ~ 2 nm deflection seusitiv-
ity, is indispensable for high-resolution SHPM imaging, and for our automated sample
approach. I used this sensor to carry out topographical iimaging in the characteriza-
tion, and calibration of the scanner at room temperature, 77 K, and 4.2 K. During the
somce of these cool-downs of the SHPM, T also tested the temperature control capabil-
ities, which worked according to design. Finally, T wired up a Hall probe, as discussed
above, and obtained a low-temperature magnetic image of a floppy disk. There is,
however, still room for some improvements to be made to optimize the performance
of this SHPM

The Hall probe we used in the initial proof-of-principle tests was not polished to
minimize the height of the active region above the sample surtace. We do however
have the tools and the technique to do this, so I think the next step will be to properly
polish a Hall probe, which will bring the sensor closer to the sanple optimizing spatial
resolution.  Furthermore, in this case, the fit to the sample surface will be more

representative of the surface divectly under the Hall sensor.
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