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Abstract

Vortex Properties of the High-Temperature Superconductor Bi,Sr,CaCu;0s,, and

Controlled Deposition of Carbon Nanotubes
by

Yan Mei Aileen Wang

Doctor of Philosophy in Physics

University of California at Berkeley

Professor Alex Zettl, Chair

This thesis contains two sections. The first section discusses vortex matter behavior
in a high temperature superconductor, BizSr,CaCu;0s,s (BSCCO), studied using transport
and local magnetization measurements. Vortex matter phase transitions in micron-sized
BSCCO are investigated using GaAs/AlGaAs Hall sensors. We observe that the vortex
solid 3D-2D phase transition disappears below a temperature-dependent critical sample
size. Vortex penetration field measurements in micron-sized BSCCO show that the Bean-
Livingston surface barrier effect dictates the vortex penetration field at high temperatures,
and the bulk pinning effect dictates the vortex penetration field at low temperatures. When
measuring the c-axis magneto-resistance of BSCCO in tilted magnetic fields, we observe
that the in-plane pancake vortices arrange in a zigzag structure along the c-axis of the

sample at low tilt angles and high magnetic fields. This zigzag arrangement lowers the



interaction energy of pancakes with Josephson vortices. Finally, in order to avoid the Bean-
Livingston surface barrier effect, we measured vortex dissipation in BSCCO using a Corbino
disk contact geometry. We found that, the vortex matter transport properties in BSCCO are
determined by sample bulk properties, and not the Bean-Livingston surface barrier effect.

The second section of this thesis discusses the controlled deposition and manipu-
lation of single carbon nanotubes using MEMS (Microelectromechanical systems) devices.
Large-scale controlled deposition of individual nanotubes is a crucial requirement for real-
istic applications of nanotube-based electronic devices. Using novel substrate designs, we
deposit single aligned nanotubes with complete control utilizing capillary forces and di-
electrophoresis. We can also pull and bend the deposited single nanotubes in situ in a
Transmission Electron Microscope.

The majority of the measurements on BSCCO and carbon nanotubes discussed
here are made possible by the development of novel micro-fabrication techniques using the

Micro-fabrication Laboratory facilities at UC Berkeley.

Professor Alex Zettl
Dissertation Committee Chair
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Part 1

Vortex Matter in BSCC0-2212



Chapter 1

A High Temperature

Superconductor, BSCCO

1.1 Introduction to Superconductivity

In 1911, Kamerlingh Onnes discovered the first superconductor, mercury. which
superconducts at 4.19 K. Since then, people have been searching continuously for new su-
perconductors with higher T.. One obvious goal is to find a material that superconducts
at room temperature. Among single-element superconductors, niobium has the highest T,
of 9.25 K. Superconductivity at 23.2 K was discovered in the binary compound Nb3Ge in
1973 by Gavaler [1], and held the record of the highest T. until 1986. In 1986, Bednorz
and Miiller discovered LaBaCuQOy, which has a T, of 35 K [2]. Their discovery marks the
beginning of the High Temperature Superconductors (high T.) era. In 1987, Y,Ba;Cu30-_;

(YBCO-123) was found with a T, of 92 K [3] and in 1988, BiStCaCuO and TIBaCaCuO



(7, 8] were found with T, reaching as high as 110 K and 130 K, respectively. As of today,
the record for T, is 160 K for HgBa;Ca;Cu30s under pressure [9].

All of the above high T. materials are cuprates, which contain copper oxide planes
in their crystal structure. Typical cuprate materials include LaSrCuQO, YBaCuO. BiSr-
CaCuO and HgBaCaCuO. The superconducting transition temperatures of cuprates at at-
mospheric pressure range from ~ 35 K in LaSrCuO to 138 K in HgTIBaCaCuO. YBCO-123
and Bi;Sr,CaCu20s,s (BSCCO-2212) are two of the most studied cuprate superconductors.
My research focuses on the highly anisotropic high T. cuprate, BSCCO-2212, which I will

abbreviate as BSCCO.

1.2 BiySry;CaCuyOyg, s

The critical temperature T, of BSCCO depends on the stoichiometry of Bi and
Sr, and on the oxygen doping levels. By increasing the oxygen content level of a BSCCO
sample, BSCCO turns from an antiferromagnetic material to a superconductor, then from a
superconductor to a non-superconducting metallic material. In the superconducting phase.
T: can vary from 83 K to 93 K depending on the oxygen doping level [10]. As the oxygen
content increases, a BSCCO crystal can go from an underdoped, to an optimally-doped.
and finally to an overdoped sample.

Like all high T, cuprates, BSCCO is structurally and electronically an anisotropic

material. The anisotropy of high T. materials is characterized using an anisotropy parameter
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Figure 1.1: Crystal structure of Bi;Sr,CaCu,0s (Beskrovnyi et al. 1990).
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7. v is expressed as follows:

=("‘c)%=ic._§¢_b (1.1)

ab &

where m, X, and £ are the electron effective mass, penetration depth, and coherence length
of the material. For m and &, subscripts ab and c¢ refer to motion in the ab-plane and along
the c-axis of the material, and for A, refer to the direction of the screening supercurrent. ~
is ~ 7in YBCO and of order 100 in BSCCO. The exact value of ¥ in BSCCO is not certain:
measurements have obtained ¥ values ranging from 55 [11] to 700 [12].

BSCCO has a tetragonal crystal structure. Figure 1.1 shows a primitive cell struc-
ture of BSCCO with the ideal oxygen stoichiometry of eight oxygen atoms per cell. The
cell has unit vectors of ¢ = 30.7 A and a = b = 5.4 A. Each primitive cell contains two
pairs of CuO; double layers with Ca sandwiched in between both pairs of double layers.
The CuO; double layers are separated from each other by a SrO/BiO/BiO/SrO multilayer
with a thickness of 15 A. The CuOQ; layers are believed to be the carrier planes for super-
conducting current, and the SrO/BiO/BiO/SrO layers the charge reservoir for the CuQ,
planes.

In BSCCO, the c-axis penetration depth at 0 K, A;5(0), is 1500 A and the ab-
plane coherence length &,,(0) is =20 A. With an average value of Y2200, the c-axis coherence
length £.(0) is estimated to be on the order of 0.1 A. This value of £.(0) is shorter than the
separation of the two CuQO; layers of a pair, so a modified Ginzburg-Landau theory is neces-
sary in calculating the properties of BSCCO. In general, the anisotropic Ginzburg-Landau
theory and the two-dimensional Lawrence-Doniach theory are used in the phenomenological

description of BSCCO in magnetic fields. The electron pairing mechanism in BSCCO has



been confirmed to have a d-wave symmetry, contrary to the spin-singlet s-wave symmetry

in conventional low T, superconductors.



- Chapter 2

Introduction to Vortex Matter

2.1 Introduction

To discuss vortex matter properties in type-lI superconductors it is necessary to
introduce first the macroscopic Ginzburg-Landau (GL) theory. The GL theory gives a phe-
nomenological description of superconductors in magnetic fields by introducing a complex
order parameter ¥(r), and |¢(r)|? represents the density of superconducting electrons n,(r)
at location r within the sample.

Ginzburg and Landau postulate that when the space variation of v is small in
superconductors, the GL free energy density f of the superconductor can be expressed as

2 2
(2o 24)of 4
1 [

+50 (2.1)

1
4m,

ﬂ 3
f=fao+alp®*+ §|1/)|4 + E:l

where A is the vector potential. The first term of Eq. 2.1 is the normal state free energy
density when the superconducting electron density ||? is zero. The next two terms represent

the condensation energy gained when the sample transits from the normal state to the



superconducting state. The fourth term represents energies associated with magnetic fields
and gradients of the order parameter. The last term is the magnetic field energy density. u =
a, b, and c represent the principal axes of a superconductor. For isotropic superconductors,
mq = my = m,; for the anisotropic high T superconductor BSCCO, m, = my>>m, and Eq.
2.1 is the anisotropic GL equation. Here the mass m and charge e represent the mass and
charge of one electron. In Eq. 2.1, 2m and 2e are used to represent the mass and charge of
a cooper pair.

The minimization of the GL free energy density f with respect to ¢ and A4 yields

two important parameters: a penetration depth

_ 2m,c? z
= (saen) >
and a coherence length
1
h? d 5 -
6= (o) (23)

The penetration depth represents the characteristic decay length of magnetic field inside a
superconductor. The coherence length describes the variation scale of v in space: it can
also be thought of as the radius of a cooper pair.

The ratio of A and € is x,

it is defined as the GL parameter.



H.(0) H(T)
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Meissner state

Figure 2.1: Type-I Superconductor.

ch(o )

Normal state

Vortex state

H.y(0) Hci 1 (T)
Meissner state
0 0
Temperature Te

Figure 2.2: Type-Il Superconductor.

2.2 Type-II Superconductors and Abrikosov Vortices

Superconductors can be sorted into two categories, type-I and type-II. according
to their behavior in magnetic fields. The magnetic field and temperature phase diagrams
for type-1 and type-Il superconductors are shown in Fig. 2.1 and Fig. 2.2. The value
of x determines whether a superconductor is a type-I or a type-Il superconductor. When

K < 7'2-, the sample is a type-lI superconductor; when x > 715, the sample is a type-II

superconductor. BSCCO is an extreme type-II superconductor with x > 71-2-

For type-1 superconductors, a sample is in the Meissner state when the applied
magnetic fields and temperatures are below the critical field line H. as shown in Fig. 2.1.
In the Meissner state, magnetic fields are fully expelled from the superconducting sample.

Above H., the sample becomes normal and the magnetic field penetrates into the sample

freely. All high-purity single-element superconductors are type-I superconductors.
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h(r)

| 2

lw(r)l

1 |
05 A P

Figure 2.3: The structure of a vortex in a superconductor with x=~8 (Tinkham, 1996).

For type-II superconductors, there is an additional vortex state in between the
Meissner and the normal states. In the vortex state, individual magnetic vortices penetrate
the sample. Abrikosov first predicted the existence of vortices in type-II superconductors in
1957. He [13] showed that in superconductors whose x > -\}5, the surface energy is negative
and single vortices penetrate through the sample like magnetic columns. Magnetic induction
B (B = H; + 47 M) only exists inside individual vortices. The areas outside the vortices
are still diamagnetic (B = 0) and remain superconducting.

A vortex is a magnetic tube that penetrates through a superconducting sample. It
is formed by circulating cooper pairs. The formation of a vortex makes no changes to the
chemical composition and properties of a superconductor. Since the circulating electrons
resemble the flow pattern of a vortex formed in a tornado or a bathtub, the magnetic column
of circulating cooper pairs is also called a vortex. The magnetic flux through each vortex is
quantized to be one flux quantum of

he

®o = 5 =2.07 10°7G - cm?. (2.5)

As opposed to isotropic superconductors, vortices in anisotropic superconductors
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are called Abrikosov vortices only when they are parallel to the c-axis. The structure of
an Abrikosov vortex in a superconductor with k=8 is shown in Fig. 2.3. The core of the
vortex has a radius of £. In the center of the vortex core the sample is normal and the
wave function of superconducting electrons [¢| is zero. Qutside the core || resumes its
superconducting value. The local magnetic field density h(r) is the highest at the center of
the core and dies out at the penetration depth A. For the rest of this thesis, the term vortex
refers to an “Abrikosov vortex” unless otherwise noted.

Vortices repel each other via their supercurrent and magnetic field interactions.
A vortex interacts with all its nearest neighbors. For infinite sample dimensions, the net
repulsions are symmetric, and the net force on any given vortex is zero. The most stable
vortex configuration in equilibrium is a triangular lattice configuration (a square lattice is
an unstable lattice structure in equilibrium). Due to a numerical error, Abrikosov [13] had
originally calculated the vortex lattice to be a square lattice. Later calculations [14] and
magnetic decoration experiments [15] showed that the vortex lattice was triangular-shaped
with a lattice parameter of

®o

a0 = 1.075 (73-)% . (2.6)

In type-1I superconductors, the lower critical field H., separates the Meissner state
from the vortex state, and the higher critical field H.; separates the vortex state from the
normal state. When the field near a superconductor reaches H, it becomes energetically
favorable for a vortex to form inside the sample. The penetration depth of the supercon-

ductor A, which is also the radius of a vortex, is a relevant parameter in representing H;
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) Pancake vortex

=z

=z % =

el A e
Josephson string

Figure 2.4: Pancake vortices connected by Josephson strings (Blatter et al., 1994).

=9 -
= 471”\2(1,)111»2. (2.7)

H_; essentially equals to one flux quantum divided by the area of one vortex, and therefore
represents the average field distribution within the first vortex. As the magnetic field con-
tinuously increases, more vortices form in the sample. They pack more closely to each other
until the field reaches H.;. At H., their cores start to overlap. At the upper critical field
H.,, a magnetic field fully penetrates into the sample and superconductivity is lost. H_;

relates to the vortex core radius £ as

)

ch = 21l’_€2(T_). (28)

2.3 Lawrence-Doniach Model and Josephson Vortices

In extremely anisotropic superconductors such as BSCCO, magnetic properties

are calculated using the two-dimensional Lawrence and Doniach (LD) model [16], which
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Figure 2.5: Structure of a Josephson vortex (Blatter et al., 1994).

assumes that a layered superconductor can be treated as a stack of discrete two-dimensional
superconducting layers. The superconducting layers are separated by a distance d and couple
to each other through Josephson tunneling. Within the LD model, an Abrikosov vortex is
no longer a continuous straight column along the c-axis; instead it breaks into discrete
vortex segments that reside in the superconducting layers. The segments are called pancake
vortices. They connect to the neighboring layer pancakes by Josephson vortex strings in the
interlayers. Figure 2.4 shows the Josephson string-connected pancakes. Josephson vortices
in strongly layered cuprates are vortices formed in between the cupper-oxide layers when
magnetic fields are parallel to the ab-planes of the sample. The structure of a Josephson
vortex aloxig the y-axis is shown in Fig. 2.5. Here the phase core of the Josephson vortex
has the dimension of d and vd, and the field decays over a distance A. in the ab-plane
direction, and Ag = “;‘ in the c-axis direction. In contrast to an Abrikosov vortex, where
the superconducting order parameter goes to zero in the core region, the superconducting
order parameter in the phase core of a Josephson vortex is only weakly suppressed. Yet,
the region outside the phase core is roughly identical to that of an Abrikosov vortex with

circulating screening currents.
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2.4 Current-Induced Vortex Dissipation

When a current is sent through a superconductor in the vortex state, vortices in
the sample will experience a force due to the transport current. This force is called the

Lorentz force. The Lorentz force density on the vortices is [17]

F=Jx2Z, (2.9)

[

where J is the current density and c is the speed of light. The force on a single vortex is
then

f=Jx %. (2.10)

We can see from Eqgs. 2.9 and 2.10 that the direction of the Lorentz force on the vortices
is perpendicular to both the current and the magnetic field directions. Therefore, vortices
move in the Lorentz force direction. If we use the crystal structure of BSCCO as an example,
for a current applied along the b-axis and a magnetic field along the c-axis directions of the
sample, vortices (or pancakes) will move along the ae-axis with velocity v. As a direct
consequence, an electric field of

E=Bx§ (2.11)

is generated by the moving vortex lattice. The direction of E is parallel to J. Vortex
motion generated electric fields create dissipation inside a superconductor, which degrades
the superconducting performance of the material.

Vortex generated dissipation is a major obstacle for realistic application of type-II
superconductors. The main usage of type-Il superconductors is to take advantage of their

ability to carry high current densities without dissipation. High T superconductors are es-
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pecially desirable because of their high values of H.;. Since supercurrents passing through
a superconductor generate magnetic fields of their own, if the fields exceed H.; of the ma-
terial, the superconductivity of the material is destroyed. Due to the high value of H,; in
high T. materials, high T, materials should theoretically enable the passage of high cur-
rents without LJeing destroyed by their self-generated fields. However, the vortex-generated
dissipation limits the current density a superconductor can carry. This troublesome vortex
dissipation can be reduced or even eliminated only when the vortices are pinned down.
Vortices can move with the transport current freely when they are in the vortex
liquid state. In the vortex solid state, vortices are collectively pinned by random pinning
centers created by random inhomogeneities within the sample. The vortex motion is made
possible by the assistance of thermal activation across the pinning energy barriers. This
thermally assisted flux motion is called flux creep. Flux creep typically generates an Arrhe-

nius type dissipation of Ro:exp(-%), where U is the activation energy.

2.5 Vortex Matter Phases in BSCCO

2.5.1 Vortex Liquid, 2D and 3D Solid Phases

Because of the high superconducting transition temperature and the high anisotropy
of BSCCO, the vortex matter in the mixed state of BSCCO is extremely complicated.
Generally, the vortex matter can be separated into three phases: a liquid phase, a three-
dimensional (3D) vortex solid phase, and a two-dimensional (2D) vortex solid phase. Figure
2.6 shows these three phases in the vortex matter phase diagram for BSCCO. The lower

critical field H, is only of the order of 100 Oe in BSCCO, essentially zero on this scale.
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The upper critical field H; is of order 100 T (at low temperatures), therefore it is almost
vertical in Fig. 2.6 at high temperatures. The mixed state in between H., and H.; contains
vortex liquid, 3D vortex solid, and 2D vortex solid phases. The vortex liquid phase occupies
the high temperature and high field regime of the vortex state, the 3D vortex solid phase
occupies the low temperature and low field regime and the 2D vortex solid phase the low
temperature and high field regime of the vortex state.

Now we explain the vortex matter phases in detail. A perfect vortex lattice has
hexagonal symmetry with each vortex line at its fixed crystalline position. At high tempera-
tures, thermal energy moves the vortices away from their ideal straight-line positions. There
is a critical distance away from the equilibrium position that when the average motion of a
vortex is above it, the vortex lattice is considered to be in a liquid phase. The wavy vortices
are shown in the liquid phase of Fig. 2.6. Since the vibration motion is in all directions, a
mean-square thermal vibration amplitude A2 is introduced to express the displacement of
a vortex as

A? = clal, (2.12)

where ¢ ~0.15 is the Lindemann parameter and aq is the vortex lattice spacing. When the
mean-square thermal vibration amplitude A? is above 0.15aq2, vortices are considered to be
in the liquid phase.

The mean-square thermal vibration amplitude A? of a vortex can be expressed as

a function of temperature [17],

(2.13)

where K =~ (¥3%4)B is the restoring force constant per unit length of a vortex and €@ ~
re g pe
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Figure 2.6: Vortex matter phase diagram of BSCCO (Cubitt et al., 1993 and Crabtree et
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(%)2 is the vortex line tension. The vortex melting temperature T, which is defined as
the temperature at which A? = (0.15)%a2, can be obtained using Eqs. (2.12) and (2.13).
The melting temperature therefore is a function of the magnetic induction B inside the
sample [17):

(2.14)

where C is a constant. Figure 2.6 shows this B, vs. T plot of the vortex melting transition
line in BSCCO.

At fields and temperatures below the melting line, vortices form a nearly perfect
triangular lattice as shown in Fig. 2.6. They are in the 3D vortex line solid phase. In
this phase, random pinning centers in the sample pin the vortex lattice collectively and the
symmetry of the vortex line lattice is little affected. This situation changes when the 3D
vortex lines dissociate into 2D vortex pancakes at high fields and low temperatures. In the
2D vortex solid phase, pinning effects are non-negligible.

To fully understand the pinning effects in the 2D vortex solid phase, we need
to explain first how a 3D vortex line lattice dissociates into 2D vortex pancakes. In an
extremely layered superconductor such as BSCCO, a vortex line can be considered as a
stack of pancake vortices threaded together along the direction of the applied field. The
pancakes interact with each other through inter- and intra-layer interactions. When the
vertical inter-layer interaction (mainly Josephson coupling) is stronger, the pancakes form
a vortex line and the vortices are in the 3D phase. When the lateral in-plane pancake
interaction is stronger, pancakes in each plane are dissociated from pancakes in neighboring

planes and vortices are in the 2D state. Since the vertical pancake inter-layer interaction
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is independent of B and the lateral intra-layer interaction is proportional to B, a crossover
field at which the lateral interaction dominates can be obtained. The crossover field is a

function of the anisotropy parameter v as [18, 17)
-~ Do (215)

From Eq. 2.15, one can see that B, is independent of temperature. This temperature
independent vortex solid 3D-2D phase transition line is shown in Fig. 2.6. Cartoon images
of the dissociated 2D pancake lattices at high fields and the correlated vortex line lattice at

low fields are also shown.

2.5.2 Vortex Matter Phase Transitions

Vortex matter phase transitions, which include primarily the vortex lattice melting
transition and the vortex solid 3D-2D transition, have been studied extensively in BSCCO.
The melting transition has been predicted [19] and detected using a variety of measurement
techniques that include transport measurements [20], neutron diffraction studies [18], specific
heat measurements [21] and local magnetization measurements [22]. The melting transition
in BSCCO has been suggested to be first order [23]. This first-order nature was confirmed
most convincingly by the observation of a latent heat at the melting transition in both
the local magnetization and specific heat measurements [22, 21]. The vortex 3D-2D solid
transition was calculated {24, 17] and probed mainly using neutron diffraction [18] and local
magnetization methods [1]. Currently, the order of this vortex solid phase transition is still
under debate, although recent local magnetization [25] and Josephson Plasma Resonance

measurements [26] favor the first-order nature of the transition. In a later part of the thesis,
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Figure 2.7: Bean flux-density profile in an infinite type-II superconducting slab in (a) in-
creasing field and (b) decreasing field (Tinkham, 1996).

we will discuss how sample size influences the vortex matter phase transitions in BSCCO

[27].

2.6 Bean Model

Magnetization in type-1l superconductors is hysteretic and the flux-density distri-
bution inside samples is inhomogeneous. These phenomena can be explained using the Bean
magnetization Model [28], which postulates that all screening currents inside superconduc-
tors have the same field independent value of J.. In changing magnetic fields, screening
currents are created inside the superconducting sample to oppose the variation of the mag-
netic field. This screening current itself produces magnetic field, which together with the
external magnetic field, creates an inhomogeneous flux-density profile within the sample.

Figu?e 2.7 illustrates the flux-density profile within an infinitely long slab of thick-

ness d in an external magnetic field parallel to the plane of the slab, calculated using the
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Bean model. As the field is increased, flux-density [B(z)] decreases linearly from the sampie
edges into the center with a slope of 47J./c [Fig. 2.7(a)] [28, 17], where J. is the critical
current and c the speed of light. The highest field the current can screen out from tﬁe center
of the slab is H,. At H,, vortices penetrate fully into the slab. When the field is decreased.
the flux is trapped inside the sample until a reversed field of — H, is reached as shown in
[Fig. 2.7(b)]. As is evident from Fig. 2.6, the magnetization in type-II superconductors is
hysteretic. We show here the flux-density profile inside an infinite slab. For samples with
different shapes, the flux-density profiles can be very different. The Bean flux-density profile
inside the highly anisotropic BSCCO is even more complicated.

In order to study the flux-density profile within a type-II superconductor, magnetic
induction B inside the sample needs to be measured locally using a small probe. A local
Hall sensor became the ideal tool for this task. E. Zeldov is one of the main developers
of the GaAs/AlGaAs Hall sensor technique for studying local vortex behaviors in high T
superconductors [29]. To obtain the flux-density distributions in many regions of a sample
simultaneously, an array of closely packed local Hall sensors has been proven a powerful
probe [30]. Two chapters of my thesis describe local magnetization measurements of BSCCO

using a GaAs/AlGaAs Hall sensor.

2.7 Surface Barriers

In type-II superconductors, the lower critical field H., separates the Meissner state
from the vortex state. At H, the formation of vortices becomes energetically favorable.

However, when a vortex tries to enter the sample, it encounters additional energy barriers
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Figure 2.8: (a) Attractive force from the image vortex and (b) repulsive force from the
surface field on the vortex (Bean, 1964).

created by the sample’s boundary. The energy barriers against the entering vortices consist
of a geometrical barrier [31. 29, 32], a Bean-Livingston (BL) surface barrier {33. 34. 35]. and
a bulk-pinning energy barrier [36, 28]. The geometrical barrier and the BL surface barrier
together are called surface barriers.

We first describe the BL surface barrier effect. In 1964, Bean and Livingston
proposed that to keep the boundary condition of zero current normal to the surface, a
vortex near the sample surface should have an image [33]. The image vortex has the opposite
sign. Figure 2.8(a) shows the image vortex. The force between the vortex and its image is
attractive. At the same time, if the field direction is the same as that of the vortex thread.
the surface field repels the vortex inwards [Fig. 2.8(b)]. These two forces on the vortex
compete with each other. The image attractive force is a function of the vortex distance
to sample edge z, and the repulsive force is a function of both z and the magnetic field H.
The competition of the two forces leads to an energy-barrier profile for incoming vortices.

This energy barrier for a cylindrical-shaped type-II superconductor is shown in Fig. 2.9.
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Figure 2.9: Vortex line energy E vs. distance z from the sample edge at different fields
(Bean, 1964).

where the vortex line energy E vs. z is plotted for different magnetic fields. ¢ = 394—’:4 is
the vortex line energy at H,,, the field at which a vortex becomes energetically favorable to
form inside the superconductor neglecting the surface barrier effects. Notice that only at a
higher applied field H, does the BL surface energy barrier disappear for a vortex. In a later
chapter, we will describe our measurements of the BL surface barrier effect in micron-sized
BSCCO [37].

Now we discuss the geometrical barrier effect. When a vortex tries to enter a
sample from the edges, the top and bottom surface shielding currents bend the top and the
bottom segments of the vortex line inwards. Simultaneously, the vortex line tension tries to

spring back the bent vortex to its original straight-line geometry. The competition of the

two forces results in a sample-geometry-dependent energy barrier against incoming vortices.
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Figure 2.10: Vortex potential across a strip-shaped sample of width W (Zeldov. 1994).

Figure 10 shows the potential a vortex “feels” when entering a BSCCO strip of width W
at fields H, lower than the vortex penetration field H,. Only at fields higher than H, does

the geometrical energy barrier vanish and vortices penetrate into the sample freely.
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Chapter 3

Preparation of BSCCO Crystals

3.1 Single Crystal Growth

Single crystals of BSCCO are grown using the floating zone method [37]. We use
crystals grown at University of Tokyo (Tamegai group) and National Institute of Advanced
Industrial Science and Technology, Japan. In a typical crystal synthesis process, a BSCCO
boule (usually 2 cm long and 50 mm wide) is first produced. A boule can be considered a
large polycrystal of BSCCO, in which many millimeter-sized single crystals are embedded.

With a sharp scalpel and a pair of tweezers, we separate out large flat pieces of
BSCCO from the boule. The pieces are typically one millimeter in size. BSCCO is a layered
material, and the surface layers can be cleaved off using tape. We put a large BSCCO piece
on a glass slide (without the use of gluing) and then cleave it until both sides are flat and
shiny. At this point, the sample is usually much smaller and thinner than the original piece.

The cleaved sample thickness typically ranges from 10 um to 30 um. Below 10 um, the
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Figure 3.1: Schematics of fabricating micron-sized BSCCO. (a) Patterning photoresist on
the sample surface. (b) BSCCO, together with the photoresist. is exposed to 1000 eV Ar*
ion bombardment. (c) The Ar* bombardment stops when the sample is etched all the way
through. (d) The remaining photoresist is dissolved away using acetone.

the crystal becomes too thin and can be easily damaged if it is further cleaved. If samples
thinner than 10 um are desired, the crystals should be etched using the ion-milling method

to any desirable thickness within 10 um.

3.2 Fabrication of Micron-sized BSCCO

The challenge of machining micron-sized BSCCO lies in the deep etching of small
patterns. Previous methods using Ar*-ionmilling and photolithography etch up to 10 nm
in BSCCO at which point the photoresist begiis to burn [38]. Deeper etching is harder to
achieve with burned photoresist; in addition, the removal of the burned photoresist after
etching is difficult. By introducing an annealing procedure before the ionmilling step, and

using a thicker photoresist (Shipley 5740), we can consistently etch samples up to 10 um
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Figure 3.2: SEM image of a micro-machined (a) square, (b) disk, (c) pyramid array in
BSCCO. and (d) a cone in silicon.

thick.

Figure 3.1 shows the schematic of the fabrication process. The photoresist pre-
annealing step (30 min at 100°C) is applied after patterning the sample {Fig. 3.1(a)] and
before starting the ionmilling process [Fig. 3.1(b)]. The pre-annealing prevents photoresist
from burning during the milling process. The etch rate of pre-annealed photoresist is lower
than that of BSCCO, enabling one to mill for hours until the 10 pm thick single crystal
is completely etched through. BSCCQ, together with the photoresist, is exposed to 1000
eV Ar* ion bombardment. The Art bombardment stops when the sample is etched all
the way through. After the ionmilling, the pre-annealed photoresist is washed away using

acetone [Fig. 3.1(c)] and the original smooth surface of BSCCO is restored [Fig. 3.1(d)].
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Figure 3.4: BSCCO Mesa array.

Figs. 3.2(a) and 3.2(b) show an ionmilled BSCCO square and disk. respectively. We note
that by varying the size and shape of the photoresist, novel structures may be created in a
range of materials, such as a pyramid array in BSCCO [Fig. 3.2(c)], and a cone in silicon
(Fig. 3.2(d)].

The cone shapes illustrated in Figs. 3.2(c) and 3.2(d) are fabricated using a unique

photoresist annealing process. In a normal micro-fabrication process, developed photoresists
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Figure 3.5: Array of 10x 10 um? square-shaped photoresist.

have a small edge profile as shown in Fig. 3.3. When this photoresist is used as a mask
for ionmilling samples, the thinner edges of the photoresist are milled through first. Con-
sequently, when the sample is etched through later. it will also have a side profile. BSCCO
Mesa array structures etched using this method are shown in Fig. 3.4 (this Mesa-array-
structured BSCCO sample has been used to study the sample size effect on vortex matter
in BSCCO using Josephson Plasma Resonance measurements [40}). notice the side profiles
of each Mesa. If the photoresist shrinks down to below 10 um (Fig. 3.5), then the resist
is nearly pyramid-shaped after the developing process. After further annealing, the edges
of the resists smooth out and round dome-shapes form as shown in Fig. 3.6. The cones in
Figs.3.2(c) and 3.2(d) are micro-fabricated using those small dome-shaped photoresists as

masks.
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Figure 3.6: After the annealing process, round photoresists become dome-shaped.

3.3 Fabricating Micron-sized Contacts onto BSCCO

In order to perform transport measurements in millimeter-sized BSCCO crystals.
contact pads frequently need to be micron-sized to fit onto the small sample. Simple con-
tacts, for example the conventional four-dot contact pattern for four-probe measurements.
can be drawn by hand onto the BSCCO surface using silver paint. However, when the con-
tact geometry becomes complicated, microfabrication techniques provide the best solution.
Figure 3.7 shows micro-fabricated gold contacts on BSCCO. The ring and arcs on the right
and the four bars on the left are two sets of four-probe contacts.

The procedure of fabricating the best contacts for transport measurements (con-
tacts with good adhesion to sample surface and low contact resistance) is as follows: (a)
Use Stycast epoxy (2850FT) to anchor a freshly cleaved BSCCO sample onto a substrate
(typically sapphire) at four corners. (b) Evaporate gold (= 2000 A) onto the whole chip.
which includes the sample, the Stycast and the substrate. (c) Pattern and develop the

desired contact shapes onto the sample using photo-lithography as shown in Fig. 3.1(a).
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Figure 3.7: Micron-sized gold contacts on BSCCO.

(d) Anneal the photoresist at 90°C for 20 min. (e) lon-mill the gold away at the uncovered
areas using the resists as the masking layer. (f) Wash away the photoresist. The last step
is to anneal the contacts at a higher temperature to decrease the contact resistance. This
step can be combined with the oxygen-annealing step discussed in the next section. The

contacts in Fig. 3.7 have contact resistances of order 0.2 Q2 per contact pair.

3.4 Annealing for Proper Oxygen Doping

In terms of the oxygen content level, a BSCCO sample can be an as-grown sample.
an overdoped sample and an underdoped sample. Since T. and the vortex matter properties
of BSCCO depend on the oxygen doping level, we anneal our samples to achieve a proper
oxygen doping level before measurements. Qur BSCCO sample are typically overdoped by

annealing in air for over 14 hours at an average temperature of =500°C.
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We put BSCCO single crystals (or microfabricated BSCCO crystals glued on a
sapphire chip with Stycast epoxy resin) in a small clean alumina boat, then we put the boat
into a preheated oven. The temperature of the oven should be 550°C if a T, of 87 K is
desired or 450°C for a T, of 81 K. The annealing time should be a minimum of 14 hours.
After the annealing, the alumina boat is taken out of the oven. Since alumina boats usually
take a long time to cool down, and a slow cooling time may affect the oxygen levels of the
doped sample. We remove the samples while the boat is still hot and place them on a clean
glass slide for the next step of sample preparation.

The annealing process also burns off the Stycast (which we use to glue the BSCCO
samples on the substrate) and the sample now sits on the substrate freely. They are very
light and can be easily blown away by the slight turbulence of breathing, so the samples

should be handled with care and shipped in a closed container.

3.5 T. Characterization

We use two methods to characterize the T, of our superconductor samples: a trans-
port measurement method and a SQUID (Superconducting Quantum Interference Device)
magnetometry method.

In the transport measurement method, the electrical resistance of a sample is
measured as a function of temperature using both dc and low frequency ac measurements
(AC Resistance Bridge, 16 Hz). The superconducting transition temperature T, is defined as
the temperature at which the resistance drops to zero. Figure 3.8 shows an ac resistance vs.

temperature curve of a BSCCO sample measured using Corbino disk geometry contacts and
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Figure 3.8: Determination of T, using ac resistance measurements (16 Hz). T, here is 93 K.

a current value of 1 mA. Normally, there is a temperature interval of AT for the resistance
to drop from its normal value above T, to the absolute zero. For the sample in Fig. 3.8, the
temperature interval is &~ 5 K. We take the temperature at the half-height of the resistance
curve within AT as the superconductivity transition temperature; in this case, T, is 93 K.

In the SQUID magnetometry method, we use a SQUID magnetometer manufac-
tured by Quantum Design to measure the magnetization of our samples. We determine
T, from field-cooled and zero-field-cooled magnetization measurements. Figure 3.9 shows a
SQUID measurement for a 2mmx3mm x20um BSCCO single crystal. T, is defined as the
temperature at which both the zero-field-cooled and the field-cooled magnetizations start
to drop. The irreversible temperature T}, is defined as the temperature at which the two

magnetization curves begin to split. For this sample, T. is 90.5 K and T}, is 88.5 K.
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Figure 3.9: SQUID measurements of T, and T,.,.

34



35

Chapter 4

New Vortex-matter Size Effect

Observed in BSCCO

4.1 Background

Vortex matter, comprising the vortices in the mixed state of a high T, supercon-
ductor, is considered a model system for the study of phase transitions. The competition
between three important energy scales (vortex-vortex interaction, pinning, and thermal)
gives rise to a rich vortex matter phase diagram. At high temperature, thermal energy
causes vortex lattice melting [22], while at low temperature, pinning can drive a transition
of the vortex solid in layered anisotropic superconductors in which a three dimensional(3D)
vortex line lattice dissociates into two-dimensional (2D) vortex pancakes with mainly ab-
plane correlation [41, 18, 42]. The relevant parameters that determine the state of vortex-

matter, temperature and applied magnetic field (analogous to pressure in atomic matter),



36

may each be varied independently over several orders of magnitude. In addition, the effects
of tuning a wide range of materials parameters have been studied, such as disorder type
and strength, anisotropy, and doping level. However, the effects of finite sample size on the
state of vortex matter have received relatively little attention [43, 44]. Size effects, which
have been important in the study of atomic matter phase transitions (45, 46], should also
provide useful insight in the study of vortex matter. In addition, the richness of the vortex
matter phase diagram offers the possibility of studying new size effects that have no atomic
matter analogs.

In this chapter we investigate the effect of greatly reduced sample size on the
disorder-driven 3D-2D vortex transition in BSCCO. Various models other than vortex solid
3D-2D transition have been proposed to explain the second magnetization peak (SMP) in
BSCCO, including onset of vortex entanglement [47, 48] and order-disorder phase transitions
[49, 50]. In the rest of our discussion the term “vortex solid 3D-2D phase transition” is used
to collectively represent also these models for the SMP, the signature of a vortex-solid
structural phase transition.

At low fixed temperatures, we find through local magnetization measurements that
the SMP, the signature of a possible vortex solid 3D-2D transition, disappears for samples
smaller than a temperature-dependent critical length. Existing models of the SMP are
unable to account adequately for our observations. We suggest instead that the observed
critical length R, reflects the 2D vortex lattice ab-plane correlation length R2D. For samples
smaller than R?D the vortex lattice becomes insensitive to the disorder potential, and the

disorder-driven vortex 3D-2D phase transition is absent. The magnitude and temperature
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Figure 4.1: GaAs/AlGaAs Hall sensors device.

dependence of R, agree with R?D in the Larkin-Ovchinnikov collective pinning model [51].
This correlation-length-driven size effect represents a new size effect mechanism in the vortex

state.

4.2 Experiments

4.2.1 Experimental Set-Up

Single crystals of BSCCO were grown using the floating zone method [38]. The
crystals were cleaved into 10 gm and 4.5 um thick pieces. Disks and squares of lateral
dimensions ranging from diameter D = 30 ym to 180 um were then micro-fabricated from
these pieces using photolithography and Ar-ionmilling. The samples were slightly overdoped
(T = 87 K) after the fabrication by annealing in air at 550°C for 20 hours. The local magne-

tization of the samples was determined by placing the samples in a superconducting solenoid
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Figure 4.2: SEM image of the whole sensor device with two BSCCO disks mounted in place
on two of the sensors.

with the applied field H, parallel to the crystal c-axis. All local magnetization measure-
ments were taken at the face center of the sample using a microfabricated GaAs/AlGaAs
Hall sensor [22]. Figure 4.1 shows a whole Hall sensor device that contains three independent
Hall sensors. Currents (typically 10 pA dc or ac) are applied through the two horizontal
end contacts and Hall voltages are measured simultaneously at the three pairs of vertical
contacts. One of the three sensors is used for calibration against magnetic fields, the other
two can be used to measure two BSCCO samples simultaneously. Figure 4.2 shows a SEM
image of the whole device with two BSCCO disks mounted in place on top of two sensors.
A close up of the Hall sensors is shown in Fig. 4.3. This sensor has an active area of 10x10
pm?. The BSCCO disk has diameter of 93 um and thickness of 4.5 um.

What is the advantage of using small local Hall sensors over SQUID magnetome-
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Figure 4.3: Zoom in of a Hall sensor (a) with no sample and (b) with a BSCCO disk mounted
on top of the Hall sensor.

ters? The answer lies in the fact that SQUID magnetometers measure the global mag-
netizations of the whole sample. Due to pinning and surface barrier effects, flux-density
distribution inside a type-II superconductor is not uniform. Therefore, global magnetiza-
tion measurements are insufficient to elucidate the local flux-density profile within a sample.
Only local magnetization measurements performed using a Hall sensor can provide this pre-
cise information.

Local magnetization measurements on zero-field-cooled samples were made at a
magnetic field ramp-rate of 1 G/s for both increasing and decreasing fields. As a test of
time-dependent effects, for one sample the ramp-rate was varied from 0.01 G/s to 20 G/s

with no obvious differences in the magnetization.

4.2.2 Characterization of a GaAs/AlGaAs Hall Sensor

A GaAs/AlGaAs Hall sensor is characterized by measuring the Hall resistance R
of the sensor as a function of the applied magnetic field. Hall resistance relates to Hall

voltage as Vg = RI, where I is the applied current. Figure 4.4 shows the Hall resistance
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Figure 4.4: R vs. H, of a Hall sensor at 26 K.

R vs. magnetic field H, of a bare Hall sensor. The curve is a straight line and the slope of
the line defines the coefficient of the Hall sensor. We use this Hall sensor coefficient later
in data analysis for conversion of resistance value to local flux-density. When a BSCCO
sample is mounted on top of a sensor, the sensor measures the local magnetic induction B
of the sample (which is also the local flux-density). We apply an ac current of 10 zA to
the sensor. This current density is reaching the limit of the maximum allowed current for
our sensor area of 10x10 um?. Higher current densities run the risk of burning up the Hall
sensor. With a nano-voltmeter, our Hall sensor is enable to detect magnetic fields as low
as 5x10~* G. For the sensor area of 10x10 um?, it is able to detect one-tenth of a single

vortex.
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Figure 4.5: The Second Magnetization Peak in a large BSCCO sample taken from Ref. [1]
(Khaykovich et al., 1996).

4.3 Detecting the Second Magnetization Peak

Figure 4.5 shows a typical local magnetization measurements of the SMP in a
large BSCCO sample. The SMP is the sudden magnetization onset in the B, — H,, vs. B.
curve as denoted by B, in the decreasing field and by SMP in the increasing field. In our
experiments, various micron-sized BSCCO samples were studied for SMP variations.

Figure 4.6 compares the local magnetization, B, — H,, vs. B, for two different
size BSCCO disks at two selected temperatures, 25 K and 30 K. H, is the applied field
parallel to the c-axis of BSCCO, and B, is the local magnetic induction as determined by
the Hall sensor. The two disks have diameters D of 70 um and 30 um, and thickness t of
10 um and 4.5 pm, respectively. The most striking feature of Fig. 4.6 is that the SMP, as
denoted by the arrow at =550 G in the 70 um disk data, is absent in the 30 um disk at

both temperatures. From Fig. 4.6 we infer that at both 30 K and 25 K the critical lateral
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size R at which the SMP disappears lies somewhere between 70 um and 30 um.

4.4 The SMP Changes with Sample Size

In order to determine accurately R.(T), magnetization measurements for a given
sample were repeated at a series of fixed temperatures. Figure 4.7 shows representative data
for a different BSCCO sample, in this case a 90 um square with ¢ = 10um. For this sample
the SMP is observed only at temperatures somewhat below 38 K, again at a temperature
independent B, of 550 G. B, is consistent with the previously published SMP field B, of
macroscopic overdoped BSCCO samples [1). We thus find that when the SMP is observed
at all in small BSCCO sampiles, it occurs at the same magnetic induction as that for larger
samples. Figure 4.7 shows that as the temperature is increased, the SMP anomaly becomes
successively smaller. Above a (sample-size dependent) critical temperature T, the SMP
disappears completely. In order to determine T, accurately, we plot the SMP peak height
(defined as the difference of the local hysteretic magnetization for magnetic induction just
before and just after the SMP anomaly) as a function of temperature, as shown in the
inset to Fig. 4.7. The peak height can be fit empirically with a logarithmic temperature
dependence indicating an abrupt trend to zero height at finite temperature. Extrapolation
of the peak height to zero defines T.,. For the 90 um sample of Fig. 4.7, the SMP disappears
definitively at 35 K. Hence, R (T = 35 K)= 90um.

We have repeated the measurements of Fig. 4.7 for eight different samples of differ-
ent size ranging from 30 um to 180 um, thus generally determining T..(R), or equivalently,

Rc(T). Figure 4.8 shows the results, which define a new SMP phase diagram for BSCCO
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Figure 4.6: Local magnetization curves, B, — H, vs. magnetic induction B, at (a) 25 K

and (b) 30 K for BSCCO disks with identical thickness-to-diameter ratio of t/D=0.15.
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Figure 4.7: B, — H, vs. B. for a 90 um square at selected temperatures. The inset shows
the SMP peak height as a function of temperature on a logarithmic scale.

incorporating sample size. The temperature interval plotted is 20 K to 45 K. which is the
relevant temperature interval for the SMP using local magnetization measurement [1]. All
samples used for this plot are 10 um thick. R, represents the diameter for a disk and
the width for a square. Filled squares and circles represent measurements on square and
circular samples, respectively. The line is a fit to the Larkin-Ovchinnikov ab-plane vortex
correlation length R, = (1.8um)exp(T/9K) [51]. We find no appreciable difference in the

phase diagram between circular and square samples.
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Figure 4.8: Critical sample size R (T) below which the SMP is absent, shown as a function
of temperature.

4.5 Analysis

We now discuss these results more fully. We first consider the expected geometry
dependence of the various contributions to the total (measured) hysteretic magnetization.
There are two mechanisms which give rise to hysteresis in the magnetization: one is bulk
impurity pinning [28], which represents pinning of vortices by point disorder in the bulk
of the sample; the other is surface barriers, which include the Bean-Livingston surface
barrier [33] and geometrical barriers [29, 52]. The total local magnetization hysteresis is
the sum of bulk pinning hysteresis My,;x(B;) and surface barrier hysteresis Myarrier (B:)
(35], where Myuix(B;) = |(B: - H,)1 - (B: = H,)}| with 1 and | representing ascending
and descending field directions, respectively. Each pinning mechanism is expected to have

a different dependence on sample dimension: My xexDJ, according to the Bean model [28].
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where J. is the critical current density and D the sample diameter; and Mja,rier is expected
to be a function of the thickness-to-diameter ratio t/D for both Bean-Livingston surface
barrier and geometrical barrier [52, 35, 53, 54, 34]. Because My, rier increases and Mpyix
decreases as D decreases, the barrier magnetization overwhelms bulk magnetization in small
samples [55]. While the continuity of Msqs,rier at the 3D-2D transition remains unclear [56],
ideally, samples of similar Mis,rier should be studied such that differences in My, would
be evident.

For Fig. 4.6 we have in fact carefully chosen samples of similar thickness-to-
diameter ratios (t/D~0.15 for both samples) in order to achieve a similar value of Myarrier.
Confirming the theoretical prediction, the vortex penetration field H,, defined as the value
of H, at the first negative peak of the local magnetization, H, = B, — (B; — H,), is in-
deed identical for both disks (with values H,~380 G at 25 K and 330 G at 30 K). Thus
these two samples have the same value of Mia,ricr above Hp, and the total hysteretic mag-
netization difference between the two disks is strictly the difference in the bulk pinning
magnetization—surface effects have been eliminated. It is thus instructive to further com-
pare the magnetization data of these two samples, as seen in Fig. 4.6.

Below the SMP, the total magnetization, and thus My, is narrower in the 30
pm disk, in agreement with the Bean model [28] where My, xoxDJ.. The 70 um disk has
a magnetization jump at B,=550 G, indicating a 3D-2D phase transition (not observed in
the 30 um disk). It is believed that across the SMP line of the vortex phase diagram, a 3D
vortex-line solid dissociates into a randomly pinned pancake vortex solid. As the pancake

vortex solid, with its smaller correlated volume [51], can better adapt to the random pinning
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centers, the critical current increases upon the transition from the 3D to the 2D state. The
SMP signifies the increase of critical current since MyuroxDJ.. We expect that if the vortex
3D-2D transition exists in the 30 um disk, the increase in J. should be the same as in the
70 pm disk, and a magnetization peak of approximately 3/7 (30 #m/70 pum) the magnitude
of that in the 70 um disk should be observed. This is inconsistent with our observations.
The absence of an observed peak in the 30 um disk at temperatures higher than 25 K (Fig.
4.6) allows us to put an upper bound on the peak height of at least 10 times smaller than
this estimate, indicating a dramatic suppression of the critical current increase associated
with rearrangement of vortices at the 3D-2D transition. We can draw similar conclusions

for our other sample sets.

4.6 Interpretations and the Larkin-Ovchinnikov Collective
Pinning Model

What is the physical origin of the shrinking of the SMP line in very small BSCCO
samples? Kopelevich and Esquinazi recently proposed vortex avalanches as a source of the
SMP in BSCCO [43]. Their model suggests that in bulk BSCCO the heat generated by
vortex motion cannot be dissipated fast enough due to the large lateral sample size. Sample
heating lowers the energy barrier for vortex influx, which results in the SMP. In small
samples, heat is released faster than its generation rate due to the short lateral dimension,
and therefore the SMP may be absent. Unfortunately, this model predicts [43] a temperature
dependence of R, at odds with our findings in Fig. 4.8.

Another possibility is that the shrinking of the SMP line in small samples is a
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Figure 4.9: Vortex lattice melting transition is unaffected by sample size.

result of a sample-size-induced overall downward shift in temperature of the vortex lattice
melting line and its associated critical end point. This is relevant since in BSCCO the vortex
solid SMP line is connected to the vortex lattice melting transition line by the critical end
point [22]. Since at B,x550 G, the ratio of the number of edge vortices to the bulk vortices
reaches ~3% in the 30 um disk, the phase transition in consideration may no longer be
in the thermodynamic regime. If vortex lattice melting were indeed affected by the large
surface-to-volume ratio of small samples (as in atomic matter melting), there could result
a compression of the SMP line at low temperatures. We have tested this hypothesis by
independently examining the sample size dependence of the vortex lattice melting line.
Above T = 60 K, the melting onset field B, (melting) and the magnitude of the melting

jumps are independent of sample size and agree with reported results on over-doped BSCCO
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[1]. Figure 4.6 shows the vortex lattice melting jump in the B, — H, vs. H, curve of BSCCO
at 83 K. The melting jump can be clearly seen as denoted by the arrow. At low temperature
(but still above the SMP temperature T,.), the large barrier magnetization owing to small
sample size obscures the observation of the small magnetization jump upon melting. Thus
at present we cannot resolve the melting jump below T = 60 K. Thus, an overall downward
shift of the melting line is ruled out as the origin of the shifting of the SMP.

We propose here a new model that accounts naturally for the SMP disappearance
above T, in small samples. The SMP signifies an increase in bulk vortex pinning, and
hence an increase in J., as the vortex lattice structure changes from 3D. with primarily
out-of-plane vortex correlation, to 2D. with primarily in-plane vortex correlation. In the
Larkin-Ovchinnikov (LO) collective pinning model the vortex lattice is treated as correlated
within 2 volume defined by the ab-plane correlation length R.. and the c-axis correlation
length L.. The vortex lattice may rearrange to lower its energy in the pinning potential only
on scales larger than the correlation volume. The 3D LO correlation volume is shown in Fig.
4.10. Upon the conventional 3D to 2D transition. L. decreases. while R, increases. The
net effect is an increase in the pinning energy of the 2D state. which favors its formation.
However, the LO model should break down for samples with one or more dimensions smaller
than the relevant correlation lengths.

In our samples for certain temperatures the lateral sample dimension becomes
smaller than the 2D ab-plane correlation length R?D. In this case. the 2D vortex lattice in
each superconducting layer is correlated across the entire sample. The ability of the vortex

lattice to rearrange in response to the disorder potential is reduced. and hence the 2D state
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Figure 4.10: Larkin-Ovchinnikov 3D collective pinning model (Tinkham, 1996).

becomes less favorable energetically. Hence we expect a suppression of the 2D phase in
samples smaller than the 2D ab-plane correlation length R2D.

Our model may be tested quantitatively. We estimate the magnitude and temper-
ature dependence of R?P using the 2D LO collective pinning model (33, 51] in order to make
comparison with the experimentally determined R (T). In the 2D LO collective pinning
model the out-of-plane pancake vortex correlation length is taken as the interlayer distance,

and the ab-plane correlation length is given as [17]

CssC
J.B:§

RED = ag, (4.1)

where the shear modulus of the vortex lattice Ces=~B.H /167, the critical current

Je(T)=J(0)exp(—T/To) [54], € is the ab-plane coherence length, c is the speed of light,
and the inter-vortex distance ag = /®/B;, with ®¢ the superconducting flux quantum.
The temperature dependence of R?P comes primarily from the exponential temperature

dependence of the critical current J.; thus we expect an exponential dependence of R?P
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on temperature. lf we assume reasonable values of £ = 2.5 nm, H,; = 100 G (57]. and
Jo(0) = 5z10° A/cm? [17), we find R. = (2.2um)exp(T/2To) at B, = 550 G, where Ty is
the temperature exponent of the critical current, estimated to be of order 10 K in BSCCO.

The solid line in Fig. 4.8 is a fit of Eq. 4.1 to the experimental data. vielding
R = (1.8um)exp(T/9K). The exponential temperature dependence agrees with the ex-
pected behavior of R?P, giving a reasonable Ty = 4.5 K for the critical current temperature
exponent. The agreement in the prefactor is excellent, given the uncertainty in H,, and
J:(0).

In conclusion, we have investigated in detail using local magnetization measure-
ments the effect of finite sample size on the SMP in BSCCO single crystals. We suggest
that the 2D vortex lattice correlation length R?D sets, at a given temperature. the limit for
sample size below which the SMP, the signature of the vortex lattice 3D - 2D transition,
is not observed. Complementary studies, such as neutron diffraction [18], would be highly
desirable to further elucidate the vortex dimensionality in BSCCO samples smaller than

R,
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Chapter 5

Vortex Penetration into

Micron-sized BSCCO

5.1 Introduction to Vortex Penetration

In type-II superconductors, the lower critical field H., separates the Meissner state
from the vortex state. At H.;, the formation of vortices becomes energetically favorable.
However, when a vortex tries to enter the sample, it encounters additional energy barriers
created by the sample’s boundary. A magnetic field different from H,, is required for a
vortex to overcome these barriers. When the required magnetic field is higher than H,, a
vortex penetration field H, higher than H,, is observed in experiments. Investigation of H,
should provide direct information concerning the energy barriers acting against the entering
vortices, which in turn should lead to a better understanding of the vortex entry mechanism

in type-II superconductors.
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The energy barriers against the entering vortices consist of a geometrical barrier
[29, 31, 32], a Bean-Livingston surface barrier [33, 34, 35, and a bulk-pinning energy barrier
(36, 28]. The geometrical barrier and the Bean-Livingston surface barrier together are called
surface barriers. Various models show that both the surface barriers and the bulk-pinning
barrier vary with sample size and geometry, though differently because of their different
origins. The geometrical barrier is caused by the competition between two forces on a
vortex: the inward Lorentz force due to the Meissner shielding current and the outward
force due to line tension [29, 31, 32]. It varies with the sample thickness-to-width ratio t/D
[32, 53, 54, 58, 59]. The Bean-Livingston surface barrier, which is the result of the outward
attractive force on a vortex by its image, also depends on t/D, though indirectly through
the demagnetization factor [33, 34, 35]. The bulk pinning energy barrier is caused by point
impurity pinning in the sample. It increases with the sample width D [36, 28]. By studying
the variation of H, with sample size and shape, one can experimentally obtain the sample
geometry dependence of the above energy barriers.

In this chapter, we investigate the vortex penetration field H, in BSCCO. The high
anisotropy associated with BSCCO makes a study of H, particularly desirable. However,
experimental studies of H, in BSCCO have been challenging due to the difficulty associated
with fabricating small samples. In particular, the typical thickness of BSCCO single crystals
is of order 10 um and the surface barriers are functions of t/D. Thus, in order for t/D to

be of order unity, the width of a sample must be micon-sized.



Figure 5.1: A 30 um BSCCO disk mounted on top of a Hall sensor.

5.2 Experiments

We etched micron-sized BSCCO samples using the Ar-ionmilling method described
in a previous chapter. For the present study, ionmilled samples of BSCCO were slightly over-
doped (T. = 87 K) after fabrication by annealing in air at 550°C for 20 hours. The local
magnetization of the samples was determined by placing the samples in a superconduct-
ing solenoid with the applied field H, parallel to the crystal c-axis. All local magnetiza-
tion measurements were taken at the face center of the sample using the microfabricated
GaAs/AlGaAs Hall sensor. Figure 5.1 shows a 30 um disk on the Hall sensor. Local magne-
tization measurements on zero-field-cooled samples were made at a magnetic field ramp-rate
of 1 (Oe/s) for both increasing and decreasing field.

Figure 5.2 shows the local magnetization, B, — H, vs. applied field H, at 30 K for
10 zm thick BSCCO disks with diameter D ranging from 20 um to 180 pm, where B. is the

local magnetic induction. H, at the first peak of the B: — H, vs. H, curve is defined as the
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Figure 5.2: B, - H, vs. H, of BSCCO disks with diameter D of 20 pm, 35 um, 70 um, and
180 um at 30 K.

vortex penetration field H,. We attribute the early deviation from linearity of the 20 um and
35 um disks to the comparable size of the sample and the Hall sensor area. The arrowhead
indicates the field-sweep direction. Since the Hall sensor is located under the center of the
sample, the Hy reported here measures the full vortex penetration field, representing the
magnetic field at which the vortices reach the center of the sample. As shown in Fig. 5.2.
at 30 K H, increases as the diameter of the sample becomes smaller. The measurements of
Fig. 5.2 have been repeated for square- and disk-shaped samples at temperatures ranging
from 5 K to 83 K. H, exhibits distinctively different sample size dependences above and
below 15 K.

Above 15 K, H,, decreases with sample size as a function of \/t/D. Fig. 5.3 displays

Hyp vs. /t/D for BSCCO (a) disks and (b) squares at selected temperatures above 15 K.
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Figure 5.3: Vortex penetration field H, vs. \/t/D for BSCCO (a) disks and (b) squares at
selected temperatures.
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Figure 5.4: B, — H, vs. H, for the 50 um BSCCO square at various temperatures.

Here D represents the diameter of a BSCCO disk and the width of a square, respectively.

The solid lines are linear fits of Hp to Vt/D in units of Qe:

Hy, = H),(-0.2+ 7/t/D), (5.1)
for BSCCO disks and
Hp = H.,(-0.6+ 7\/t/D), (5.2)

for BSCCO squares, respectively, where H/, is the adjusted lower critical field taking into
account the surface barrier effects at a field ramp-rate of 1 (Oe/s) [57). H!,=170 Oe, 120
Oe and 5 Oe at 20 K, 30 K and 83 K, respectively [57].

Figure 5.4 shows the B, — H, vs. H, curves of a 50 um BSCCO square at selected

temperatures ranging from 15 K to 78 K. As temperatures increases, H, decreases. H, vs.
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Figure 5.5: Hp vs. T for the 50 um and 90 um BSCCO squares. The inset compares Hysg)
with H, of the 90 um square in a logarithmic scale.

T is plotted in Fig. 5.5. Hp vs. T of a 90 um square is also plotted for the purpose of
comparison with the 50 um square. The solid lines below 15 K in Fig. 5.5 are exponential
fits of H; as a function of temperature. The exponential fits of the 50 p#m and the 90 um
squares meets at 15 K. Therefore we consider 15 K to be the transition point at which the
behavior of H, changes: H,(90um) > H,(50um) below 15 K and vice versa above 15 K:
H, increases abruptly below 15 K and is smooth above 15 K. In the following sections, we

discuss separately H, at temperatures above and below 15 K.
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5.3 Analysis Using the Surface Barrier Models

Above 15 K. the bulk pinning energy barrier is negligible [58], so we consider
only the surface barriers when analyzing H,. Since the surface barriers are assumed to be
functions of \/tTE [32, 34, 35, 53, 54, 58, 59], we plot, for the purpose of comparison with
the surface barrier models, Hy, vs. /t/D as shown in Fig. 5.3. Brandt’s geometrical barrier

calculation of pin-free BSCCO disks [53] predicts

Hp(GB) = Hc,tanh[O.GTVt/D]. (5.3)

Using the 20 um disk at 30 K as an example, we obtain from Eq.(5.3) H,gg) = 63 Oe with
H. = H[, = 120 Oe [57]. It is eight-fold smaller than our experimental value of H, = 522
Oe. Comparison at other temperatures above 15 K yields similar results. On the other hand.
Kuznetsov’s geometrical barrier calculation for type-Il superconductor disks with pinning

predicts

V/a

Hycp) = H“T’ (5.4)

where 7 is a dimensionless parameter, a is the width-to-thickness ratio D/t of the disk. and
N is the enhancement factor [54]. Given that \/7/N is of order unity for our sample sizes
(54], Hpgp) is six-fold lower than our experimental H,. Thus, the geometrical barrier is
ruled out as the dominating energy barrier at temperatures above 15 K for micron-sized
BSCCO.

We now consider whether the Bean-Livingston surface barrier vortex penetration

field H, determines H, at temperatures above 15 K. The Bean-Livingston model predicts

Hysp) = \/t/DH(T)ezp(-T/To), (5.5)
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where H. is the thermodynamic critical field and Ty is the characteristic temperature [34].
The magnitudes of the Bean-Livingston H,(sp) and our experimental H, are comparable.
We compare the temperature dependences in the inset to Fig. 5.5 for a 90 um disk. By
using H.=«/InkH,, [35], where x = A/§ is the ratio of the penetration depth A and the
coherence length &, and Hy(T)= Hc1(0)[1 — (T/T.)%] [17), Eq. 5.5 can be written as Hysg)
= t/Dk/InkH (0)[1 - (T/T.)*lexp(—T/To). The solid line in the inset to Fig. 5.5 is the
best fit of Hy(sp) to the 90 um square, which gives reasonable fitting parameters: To = 35
K [34] and x/InkH . (0)=~2000 Oe, knowing that x/Inx is of order ten [35] and H(0)=200
Oe [58]. Hysp) agree well with H, above 15 K. Similar agreements are obtained for other
sized samples. We conclude that above 15 K, H, in micron-sized BSCCO is determined by
the Bean-Livingston surface barrier effect.

Below 15 K. H, rises sharply and is approximately proportional to the sample
width D as shown in the main body of Fig. 5.5. The Bean bulk pinning model prediction
of H, is [28, 17]

Hp(BP) = 27I’JCD/C, (5.6)

where the critical current J.(T)=J.(0)exp(—T/T;) [54], T is the critical current temperature
exponent and is of order 10 K, and c is the speed of light. The solid lines below 15 K in

Fig. 5.5 are exponential fits of H, as a function of temperature:
Hp = 186D(um)ezp(-T/5K)(Oe). (5.7)

When comparing with Eq. 5.6, Eq. 5.7 gives reasonable values of J.(0)~3x10% (A/cm?)
[17] and T} = 5 K. T} = 5 K is consistent with our previous resuit of T in Ref. [27]. We

consider Hy, to be in reasonably good agreement with H, gp) below 15 K.
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We thus find that for BSCCO of our sample sizes, below 15 K, the Bean bulk pin-
ning energy barrier determines the vortex penetration field; above 15 K, the Bean-Livingston
surface barrier effect dominates (The distributed surface barrier model [60] also supports
our results). For larger samples (millimeter-sized) with similar sample thickness of order
10 pm, t/D is much smaller in comparison to our micron-sized samples. Thus, at a given
temperature, the dominating energy barriers in large BSCCO samples can differ from those

in micron-sized samples.
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Chapter 6

Josephson Vortex Locking in

BSCCO

6.1 Introduction

In the vortex liquid state of BSCCO, the triangular vortex line lattice dissociates
into triangular 2-D pancake lattices in the CuQ; planes as the magnetic field applied along
the c-axis increases. When the high magnetic field tilts away from the c-axis, a triangular
Josephson vortex lattice forms in between the layers. There are now pancake and Josephson
vortices coexisting inside the sample [61, 62]. They influence each other through magnetic
coupling [62]. To lower the sample’s total free energy, the relative position of the triangular
pancake lattices are adjusted to a new configuration.

Vortex pinning also plays a role in rearranging the pancakes. Pancake vortices

are pinned by the random in-plane pinning centers, so they cannot move far from their
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original positions. The Josephson vortices are pinned as well through their interaction
with the pinned pancake vortices [63]. It is the sum of the magnetic coupling interaction
and the mutual pinning interaction of the two vortices that determines the final vortex
configuration. Since pinned Josephson vortices influence the c-axis critical current, this new
pancake configuration can be probed using the c-axis resistance measurements. For the
purpose of better understanding the pancake and Josephson vortices’ interactions in tilted
fields, we have studied the c-axis magneto-resistance of BSCCO single crystals in tiited
magnetic fields.

We have observed that at a given magnetic field and temperature, the c-axis
magneto-resistance decreases with @, the angle between the applied magnetic fields and
the ab-plane of BSCCO, until angles within one degree of the ab-plane direction. Near
one degree, the resistance peaks suddenly. Similar phenomena have been observed in other
c-axis magneto-resistance measurements [64, 65, 66); however, the origin of this narrow re-
sistance peak remains unclear. The width of the resistance peaks increases linearly with the
applied field H, in a manner that agrees with the zigzag pancake arrangement model [65].
According to the zigzag pancake arrangement model, pancake vortices arrange in a zigzag
structure along the c-axis instead of stacking on top of each other and forming a straight
vortex line. A c-axis critical current maximum (resistance minimum) occurs whenever the
tilt angle is suitable for the formation of a zigzag pancake arrangement.

We have also found that our center peak phenomena were identical to that in ab-
plane magneto-resistance measurements [2, 3, 67]. This coincidence is surprising since it is

not obvious that the origins of the in- and out-of-plane magneto-resistances are the same,
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Figure 6.1: (a) Schematics of our donut-shaped four-probe contact geometry on a sample
in a tilted magnetic field H,. 8 is the angle between H, and the ab-plane direction of the
sample. (b) R vs. @ curve at 65 K and 8 T. The inset emphasizes the sharp dissipation peak

at 0 =0.
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especially in tilted fields. Koshelev has shown that the in- and out-of-plane dissipations of
BSCCO have the same origin for magnetic fields parallel to the c-axis [68]. Since the exper-
imental parameters of our peak phenomena fit Koshelev’s model, we propose his calculation

to be applicable to all tilt angles.

6.2 Experimental Set-Up

The sample for our measurements is 1.3mmx1mmx20um in size. Four-probe
silver paint contacts are patterned onto both sides of the sample. Figure 6.1(a) shows the
schematics of the contact configuration. The donut-shaped current contacts cover most of
the sample surfaces to ensure a homogeneous current flow across the sample layers. The
voltage probes are located at the center on both sides of the sample. The sample is overdoped
(T, = 81 K) by annealing in air at 450°C for 14 h. Then the sample is mounted onto a
rotational stage probe that is placed in a superconducting solenoid. The angular resolution
of the rotational stage is 0.01°. The angle between the applied magnetic field H, and the

ab-planes of the sample is denoted by & as shown in Fig. 1(a).

6.3 C-axis Resistance Peaks

Figure 6.1(b) shows the resistance R vs. 6 curve at 65 K and 8 T. The current
density is 0.1 A/cm?. The resistance decreases with # continuously and drops sharply at
near 20°. At angles near § = 0, the resistance peaks suddenly. The inset to Fig. 6.1(b)
shows a detailed view of the peak with a width of within two degrees.

Figure 6.2 shows the center resistance peak at 70 K for H, ranging from 1 T to
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Figure 6.2: Rvs. # at 70 K. H, ranges from 1 T-8 T. All peaks are within 1° t0 8 = 0. The
width of the peaks is defined as the angular difference between the two resistance di

ps. The
width of the peaks increases linearly with H,.
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Figure 6.3: 6; vs. H, at 70 K. 8 increases linearly with H, as 6, = —0.13 + 0.07H,.

8 T. The angle difference between the two resistance dips next to § = 0 is defined as the
width of the peak Af. Notice that A8 is < 2° for all fields. A# also increases with H,. Here
we define 1/2A48 as 6, representing the angle at which the resistance dip occurs (indicating
the zigzag pancake arrangement). 6 and H, have a linear relationship at all temperatures

where the center peak phenomena are observed as

6 = —0.13 + 0.07H,. (6.1)

Figure 6.3 plots the linear 6) vs. H, curve at 70 K.
Figure 6.4 shows the center peaks at different temperatures at 8 T. The values of
0y are identical at all temperatures. For the two temperatures of 45 K and 50 K, Fig. 6.5

shows that the center resistance patterns are different from the peak structures at higher
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Figure 6.4: Dissipation peaks at temperatures ranging from 45 K to 75 K at 8 T. The dashed
lines are guides for the eye that all peaks have the same half width of 0.8°.

temperatures. The resistance vs. 8 plot show a dip at § = 0.

What is the origin of the resistance peak at § = 0?7 The answer lies in the in-
teraction of pancakes and Josephson vortices at low tilt angles and high magnetic fields.
When the magnetic field tilts away from the c-axis of a BSCCO sample, H, can be dis-
composed into an H, component parallel to the ab-planes and an H,, component parallel
to the c-axis of the crystal, respectively. The in-plane component of the field H,, creates
a Josephson vortex lattice in between the layers. When the c-axis component of the field

H,; reaches the ab-plane vortex penetration field H.;(1 - N) (H,, is the lower critical field
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Figure 6.5: A detailed view of the resistance peak and dips at 55 K, 50 K and 45 K and 8
T. Notice that the resistances dip at 8 = 0 for the 50 K and 45 K data.

and N is the demagnetization factor), pancake vortex lattices form in the ab-planes of the
sample. Both vortices have a triangular lattice structure and they coexist in the sample [62].
The c-axis dissipation has contributions from both vortices. Josephson vortices generated
c-axis dissipation originates from their in-plane motion driven by a transport current. The
pancakes’ contribution originates from thermal fluctuations which induce phase fluctuations
in the c-axis tunneling Josephson current [68]. Pancakes interact with Josephson vortices
through the kinetic energy of currents in the layers and Josephson coupling [65]. Since the
pancakes are pinned in the layers by random pinning centers, their interaction with Joseph-
son vortices in turn pins the Josephson vortices as well. When the Josephson vortices are
pinned, the c-axis critical current J. increases and the out-of-plane resistance decreases. As

a result, we observe resistance dips by 8 = 0. The dissipation peaks are observed when the
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Figure 6.6: Zigzag arrangement of pancake vortices in BSCCO at low tilt angles and high
fields (Bulaevskii et al.,1996).

Josephson vortices are not pinned strongly by pancake vortices, at § = 0.

6.4 Zigzag Pancake Arrangement Model

We now discuss how measurements of the width of the center peaks allow us to
obtain the pancakes’ new arrangements relative to the Josephson vortices. Pancake vortices
enter the sample when H,, at low tilt angles exceeds the lower critical field H., (1 — N) [65]
(where N = 0.8 for typically plate-shaped BSCCO samples). H, has to exceed a critical

high field limit Hg for the magnetic field to penetrate into the layers freely and form a
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Josephson vortex lattice. That is,

®
Hy > Ho = -n"y%’ (6.2)

where ®; is the superconducting quantum flux, 4 is the anisotropy ratio and s =16 A is
the spacing between copper-oxide double layers [69]. L. N. Bulaevskii et al. have calculated
the pancake and Josephson vortices interaction within these high field and low tilt angle
limits and predicted that the pancakes arrange in a zigzag configuration along the c-axis
to lower the total free energy of the sample. The vector jointing the nearest neighbors
of the ab-plane pancake vortex lattice points along the Josephson vortex direction. This
pancake arrangement occurs whenever the lateral pancake lattice spacing matches that of the
Josephson vortex at a proper tilt angle. Figure 6.6 shows this zigzag pancake arrangement in
alignment with the underlying Josephson vortices. The Josephson vortex pinning maximum
(resistance dip) occur whenever there is a matching of the vortex lattice spacing. The first

matching angle for the zigzag pancake arrangement is shown to be [65]

2
6o = =8 v3_ 0.061B, (6.3)
29,

here B stands for the applied field H,.

To compare our measurements with the zigzag pancake arrangement model, we
need to verify that our experimental parameters match that of the model. Both components
of our magnetic fields are within the range of the model. We observe center dissipation peaks
only at fields above 1 T (H, =1 T). This cutoff c-axis field of 1 T meets the high-field limit
of the model of H,| > Hox1 T using y2200. Our H,, at fields above 1 T exceeds the lower

critical field H.;(1 — N) required for pancakes to enter the sample. At 1 T and the first
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zigzag configuration onset angle of 8y = 0.8°, H,; = 1(T)sin(0.8°) = 140 Oe, higher than
H.(1 — N) of order 100 Oe for temperatures above 45 K [57].

Now we can compare our data to the zigzag pancake arrangement model. Equation
6.3 for the first pancake onset angle is compared to our first resistance dip angle 6. Our
observed 6 = 0.13 4+ 0.072H, agrees nicely with 6y = 0.061H, in Eq. 6.1. In addition,
agreeable with 8, we have shown that 6, was temperature independent.

The zigzag pancake model predicts an additional lattice matching resonance at
lower matching angles

6o

b = =5, (6.4)

where m is an integer. Additional dissipation dips should appear at ,s with m > 1. At

8 T, the second resonance (m = 2) should appear at §; = %& = °'f° =02° 6 at8T

matches our second dissipation dip at 0.2° in the 50 K data (Fig. 6.5). The small shoulder
at —0.2° in the 55 K data and the center resistance dip in the 45 K data are all signatures
of this second resonance. For our experiments, the second resonance resistance dip at 6,
is only observed at high field and low temperatures (8 T, T< 50 K). These are reasonable
because the center peak height increases with the field, and the resistance dip decreases with
temperature (due to stronger pancake and Josephson vortex pinning at low temperatures
[70]), so only at high fields and low temperatures can the resistance contrast between the
peak and the dip be large enough for us to observe.

The center resistance peaks are observed only at temperatures above 50 K, this
range of temperature agrees with our value of the current density. The center dissipation

peaks are current density dependent. When the applied current J is higher than the c-axis
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critical current J., the higher the current, the higher the center resistance peak and the
c-axis dissipation is proportional to (J — J:){4]. When J is lower than J., less dissipation
should be observed at @ = 0. At 50 K, the lower temperature boundary for the center
dissipation peaks, our current density J = 0.1 A/cm? is higher than J. of order 0.01 A/cm-.2
(at 7.5 T) [70]. Below 50 K, J. increases by ten-fold within 10 K and our current density
becomes lower than J.. Therefore, we do not observe dissipation peaks. Instead, we observe

dissipation dips at 6 = 0.

6.5 Identical Origin for In- and Out-of-Plane Dissipations

We have observed another puzzling phenomena when comparing our c-axis mea-
surements to similar ab-plane magneto-resistance measurements in tilted fields [2, 67. 3].
The ab-plane R vs. 6 measurements show identical center peak structures as our c-axis
measurements. Figures 6.7(a) and 6.7(b) show the ab-plane R vs. 6 measurements in
BSCCO taken from Refs. [2] and (3], respectively. Figure 6.7(a) shows the center peak
structures of a BSCCO single crystal measured at 4 T and 50 K. Identical to our results, all
center features are within 1° to # = 0. The peak height increases with the current density,
like the c-axis resistance measurements in Refs. [65] and [66]. Figure 6.7(b) shows the R vs.
6 curves of a BSCCO film at different temperatures at 5 T. Center dip structures appear
at low temperatures, just like our data in Fig. 6.5. We thus speculate that the in- and
out-of-plane dissipations have the same origin in BSCCO in tilted fields.

For magnetic fields parallel to the c-axis of BSCCO, Koshelev has shown that

the in- and out-of-plane magneto-resistances are caused by the same fluctuating pancake
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Figure 6.7: (a) R vs. # in a BSCCO single crystal at various applied current densities.
The data are taken from Ref. [2]. The applied field is 4 T and the temperature is 50 k.
Notice that the peak width and height increase with the current density. (b) R vs. 8in
BSCCO films at 5 T and at temperatures ranging from 45.35 K to 74.36 K. The data are
taken from Ref. [3]. Similar to our result, the center resistance dip structures appear at low
temperatures.
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vortices [68). As a result, the c-axis and ab-plane conductivities are proportional to each

other as [68]
®os’E?

a,_.zC Wdab,

(6.5)

where E; is the electric field induced by pancakes’ motion, B is the magnetic field and
C = 2x/In(nr? . )In(rmaz/ag), with n being the pancake vortex concentration, rpmgz the
cutoff phase coherence distance and ag the average inter-vortex spacing. Our experiments
differ from Koshelev’s model in that our peak phenomena are observed in tilted fields. We
speculate that Koshelev’s calculation can be applied to tilted angles for the following reasons:
First, our o, and the o,; shown in Fig. 6.7 also have a linear relationship according to their
identical center peak features. Secondly, according to Koshelev’s calculation, the a‘—’; ratio
depends only on magnetic field, temperature, and sample parameters, it is independent of
the exact mechanisms that cause the dissipation. So even if the dissipation mechanisms in
tilted fields differ from that of fields parallel to the c-axis, the f; ratio could still stand.
Finally, Eq. 6.5 is valid at the temperatures range of 50 K and 70 K, this agrees with
the temperature range where the peaks are observed. We thus believe that the in- and
out-of-plane dissipations have the same origin at low tilt angles, possibly due to fluctuating

Josephson vortices.
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Chapter 7

Study of Bulk Vortex Matter using

Corbino Disk Contacts

7.1 Background for Using Corbino Disk Contacts

A Corbino disk is a contact pattern for transport measurements that confines
transport current within a disk structure. Since the conventional four-probe contact pat-
tern has been shown to be vulnerable to the Bean-Livingston (BL) surface barrier effect
[30], Corbino disk contact geometry has been widely used in BSCCO to probe bulk vortex
properties [71, 72, 73, 74]. According to vortex measurements of strip-shaped samples using
the four-probe contact geometry, the vortices flow across the sample driven by a transport
current. The BL surface barrier effect acts against the vortices’ entry into and exit from
the sample at its edges. As a result, a higher proportion of the transport current flows on

the sample edges to overcome the BL surface barrier. This uneven current flow pattern in
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Figure 7.1: Transport current mainly flows on the surfaces of a sample due to the Bean-
Livingston surface barrier effect.

a strip-shaped sample is shown in Fig. 7.1. Consequently, vortex properties probed using
the conventional four-probe contact geometry are mainly edge vortex properties. Yet in
a Corbino disk geometry, current and vortices are confined inside the disk. Since vortices
never cross the sample edges, the BL surface barrier effect is avoided.

Although there have been many studies on vortex matter in BSCCO using a
Corbino disk contact geometry, it still remains a controversy whether it is the BL surface
barrier effect or the sample bulk properties that determine its vortex transport properties
[72, 73]. To resolve this issue, we have performed sensitive transport measurements to probe
the vortex lattice melting transition and vortex solid dissipation using a Corbino disk con-
tact geometry. We have also designed a “Corbino disk flux-transformer” contact geometry
to study the c-axis vortex correlation, avoiding the BL surface barrier effect (75, 76, 77). All
our findings via the Corbino disk method are identical to those found using the conventional
four-probe geometry where the vortex properties were claimed to be determined by the BL
surface barrier effect [30]. We therefore conclude that sample bulk properties determine the

vortex transport properties in BSCCO.



Figure 7.2: Schematics of lithographically patterned Corbino disk contacts on BSCCO.

7.2 Experimental Set-Up

The sample measured in this experiment has a dimension of 1.2mm x 1.3mmx20um.
Gold Corbino disk contacts are fabricated onto the sample using photolithography tech-
niques. Figure 7.2 shows the schematics of the contacts. The outer disk has a diameter
of 1 mm. Current goes in from the center and comes out of the outer ring. Since vortices
move perpendicular to currents, they circulate inside the disk and never cross the sample
edges. V) is a pair of surface contacts and V; is a pair of “hole” contacts at 3 um below the
sample surface. The shaded areas of V; contacts are the actual gold contacts and the outer
boxes are the edges of the etched holes. Since the design of V, contacts is unconventional,
we explain below in detail the design and fabrication of our “Corbino disk flux-transformer”

contacts.
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Flux-transformer contact geometry is mainly used in high 7. materials for transport
measurements of c-axis vortex correlation. It usually contains two current contacts on the
top of a sample, and two voltage contacts on the bottom. In order to study c-axis vortex
correlation in BSCCO while avoiding the BL surface barrier effect, we need to put a set of
flux-transformer contacts inside a Corbino disk contact. In this case, the outer disk and the
center dot are the current contacts, and we need to place two voltage contacts within the disk
on the bottom side of the sample. However, because BSCCO is not a transparent material.
alignment of the back voltage contacts to within the top Corbino disk is nearly impossible.
We in turn designed a new method to fit a pair of flux-transformer voltage contacts into a
Corbino disk. We first etched holes first in the sample using the Ar*-ionmilling technique
described in a previous publication at a depth of 3 um [37]. Then gold V, contacts were
deposited into the etched holes (V; contacts and the Corbino disk pattern are also deposited
at the same time). For our Corbino disk flux-transformer geometry, V; contacts measure the
vortex dissipation R; at the sample surface and V, contacts measure the vortex dissipation
R; at the BSCCO layer 3 um below the sample surface. Comparison of R; and R, provides
information on vortex correlation along the c-axis avoiding the BL surface barrier effect.

After the gold contacts are deposited, the BSCCO sample is then slightly overdoped
(Te = 87 K) by annealing in air at 550°C for 20 hours. This annealing process also helps us
achieved low contact resistances of less than 0.5Q per contact pair. It is this exceptionally
low contact resistance that later enables us to measure the low vortex solid dissipation with
such high precision. The sample is then placed in a superconducting solenoid with magnetic

fields applied parallel to the c-axis of the sample. The resistance is measured using a 16 Hz
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Figure 7.3: R; vs. T curves at magnetic fields ranging from 56 Oe to 1000 Oe. The sharp
kinks represent the vortex lattice melting transition. Notice the decreasing resistances in
the vortex solid state below T,,.

Ac Resistance Bridge (Model LR-700) at a current density of 10 mA.

In the following sections, we discuss R, and R; independently before comparing
them in the end. All our Corbino disk results are compared to similar measurements using
the conventional four-probe contact geometry. Because Corbino disk contact geometry
totally avoids the BL surface barrier effect, when a result is found to be the same as that
measured using the four-probe contact geometry, it can be inferred that this vortex behavior

is determined by the sample bulk properties.
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Figure 7.4: Arrhenius plots of R, at magnetic fields of 56 Oe, 100 Oe, 200 Oe, 300 Oe and
400 Oe. The solid lines are the best fits to the data.

7.3 Bulk Vortex Melting and Vortex Solid Dissipation

We first discuss the surface R, vortex dissipation patterns. Figure 7.3 shows the
resistance R; vs. temperature curves at magnetic fields ranging from 56 Oe to 1000 Oe.
At all fields, the resistance decreases with temperature and drops sharply at the vortex
melting temperature T, seen at the kinks. These kinks at T,, are signatures of the vortex
lattice melting transition. The kinks begin to smear at around 1000 Qe. indicating that the
melting transition is approaching the critical end-point. Our melting phase transition line
and critical end-point agree with that measured in BSCCO using the four-probe contacts
and other measurement methods [1, 18].

Below T, we enter the vortex solid phase. The vortex solid resistance can be

clearly probed as shown in Fig. 7.3. These vortex solid dissipations are measured with the
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highest precision among similar measurements [72, 73]. Figure 7.4 plots the vortex solid
resistance in the Arrhenius form, R; vs. 1/T, for various applied fields H,. The solid lines

are the best fits to data in the Arrhenius form

p = mezp(22), (7.1)

where pg is the resistivity coefficient and U is the activation energy of the thermally ac-
tivated flux flow (TAFF). (The resistivity coefficient po is also a function of temperature
and magnetic field. However, at our vortex solid phase where T < 0.5T,, the temperature
dependence of py is almost constant [78]. Therefore we may only concern ourselves with Po

dependence on the magnetic field.) Up is a function of H, as
Uox H,™?, (7.2)

where a is a coefficient. Here we compare our U, obtained using a Corbino disk contact
with Up obtained using the four-probe contacts.

The activation energies for different magnetic fields are extracted from the Ar-
rhenius fittings in Fig. 7.4 and plotted in Fig. 7.5. The solid line is the best fit to data
as

Uo(K) = 10850H %46, (7.3)

Here 0.46 is the value for a in Eq. 7.2. This value of a is equivalent to a =1/2 measured
using the conventional four-probe contacts in BSCCO [78] (the magnetic field dependent
magnitude of Up is equivalent to that measured in Ref. [72]). Therefore the vortex solid

activation energy Uy is the same for both contact geometries, and is determined by the
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Figure 7.5: Activation energy Ug(K) vs. the applied field H, curve.

sample bulk properties. We thus conclude that the surface vortex dissipations (vortex

liquid and vortex solid dissipations) are determined by the sample bulk properties.

7.4 Corbino Disk Flux-transformer in BSCCO

We now discuss the hole R, pancake resistance patterns. R; vs. T curves are
plotted in Fig. 7.6 for H, ranging from 0 Oe to 400 Oe. At all fields, the resistance
drops rapidly to the noise level of our measurement (10-7Q at 10 mA) at T.. At lower
temperatures, the resistance rises again and reaches a plateau before it drops again at Tr,.
We interpret this resistance plateau as an incomplete sublimation of the 3D vortex solid to

2D pancakes (79, 80]. That is, the pancakes at deeper layers of the sample are still partially
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Figure 7.6: R; vs. T at various fields. The resistance drops to the noise level at T, and then
gradually increases at lower temperatures. R; drops sharply again at Tr,.

correlated to the surface pancakes. If this were not true, when a vortex line dissociates
completely into 2D pancakes, only the top layer pancakes would be mobile and the pancakes
at 3 um below the sample surface (= 2000 layers of pancakes using the interlayer spacing
of 16 A) would be insensitive to the surface transport current. We believe that the vortex
sublimation process completes at the resistance valley below T. where R, is at the noise
level. Our Corbino disk flux-transformer measurements as shown in Fig. 7.6 are identical

to that measured using the conventional flux-transformer contact geometry (75, 76, 77].
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Figure 7.7: Comparison of R; and R: at 300 Oe. Their melting transitions and vortex solid
resistances coincide.

7.5 C-axis Correlation of Bulk Vortex

Finally, we compare the surface and hole resistances in Fig. 7.7 at 300 Oe. Their
melting transitions occur simuitaneously and vortex solid resistances coincide. R;/R; is of
order 10° at T, and approximately 1 at temperatures < Tr,. The resistance drop from T to
Tm is 10% for R; and 102 for R,. These resistance ratios and resistance drops are the same
as that measured using the conventional flux-transformer contacts [77]. If the BL surface
barrier dominates the vortex liquid dissipation, the resistance ratios and resistance drops of
R; and R; should be different for the two flux-transformer contact geometries. The identical
vortex solid resistances of R; and R, also indicates that the pancakes are fully correlated

along the c-axis, for otherwise R; would be less than R;. The applied current at the surface
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. of the sample drives the whole vortex line (at least down to 3 um below the sample surface)
circulating inside the Corbino disk. It can be inferred that the c-axis vortex correlation in
BSCCO is determined by the sample bulk properties.

Through our numerous measurements of the bulk vortex dissipation using Corbino
disk contacts, our results agree with those measured using the conventional four-probe con-
tact geometry. These resuits cover the vortex melting transition, vortex solid dissipation
and c-axis vortex correlation. From these results, it is concluded that the sample bulk prop-
erties determine the vortex transport properties in BSCCO [71], rather than the previously

claimed BL surface barrier effect.
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Chapter 8

Controlled Deposition of Single

Aligned Carbon Nanotubes

8.1 Introduction

The hexagonal arrangement of covalently bonded carbon atoms into stacks of
planes is known as graphite. When a layer of graphite, known as graphene, is rolled up
into a tube, this tube is called a single-walled carbon nanotube.

Carbon nanotubes (CNTs) were discovered in 1991 by ljima (80]. The tubes are
usually microns long and nanometers in diameter. Carbon nanotubes can be single walled or
multi-walled, where many concentric layers of graphene nest into a shell. Figure 8.1 shows
the Transmission Electron Microscope (TEM) image of a multi-walled carbon nanotube
synthesized using the pyrolysis method [81). All nanotubes used in our experiments are

synthesized using this method.
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Figure 8.1: TEM image of a multi-walled carbon nanotube (courtesy of Wei-Qiang Han).

Electronically, single-walled CNTs can be metallic or semiconducting depending
on their chiralities [82, 83, 84]. Semiconducting single-walled CNT's are especially desirable
for application since they are the building-block material for nanotube-based transistors
[85]. Mechanically, carbon nanotubes are reported to be the strongest fiber [86]; therefore,
measurements of their elastic properties are important. In this chapter, we discuss the
controlled deposition of multi-walled CNTs using MEMS (Microelectromechanical systems)

devices. We will also discuss the bending of a single CNT in situ in a TEM.
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8.2 Aligning Single CNTs Using Capillary Forces

Since the discovery of carbon nanotubes (CNT) in 1991 [80], CNT has been sug-
gested to be a prominent building-block material for the next generation of nano-scale
electronics. CNT-based devices include room temperature transistors [85], random access
memory devices [87], p-n junctions [88] and sensitive gas sensors [89, 90]. However, the
device-fabrication technique is impeded by the use of the conventional “deposit and find”™
method, in which nanotubes are successively deposited and then located one at a time. This
laborious method cannot meet the commercialization requirement of CNT-based electronics.

An innovative method to assemble single nanotubes at predetermined locations is called for.

Prior efforts on controlling the CNT depositions mainly take two approaches -
synthesizing CNTs from patterned catalysts directly [91, 92] or depositing suspended CNTs
onto pretreated substrates [93, 94, 95, 96, 97]. Neither approach allows complete control of
the locations, the orientations, and the quantity of the nanotubes deposited.

U.S. Pat. No. 6,346,189 issued to Kong et al. discloses a method for growing single-
walled carbon nanotubes from pre-patterned catalyst islands [91]. According to this method.
the patterned catalysts on a substrate are heated in flowing carbon-containing gases (e.g.
methane). Individual single-walled carbon nanotubes grow from the islands in all directions.
Although this method is effective in fixing the locations of the nanotubes, the orientations of
the nanotubes are not controlled. In addition, the number of nanotubes grown on one island
is also not fixed. When one of the many nanotubes out of an island reaches another catalyst

island, a functional device is formed. This method of forming random single nanotube-
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Figure 8.2: (a) SEM image of the silicon MEMS device for CNT deposition. The device is
50 pm thick. The inset is the blow up of the teeth pairs in the center of the device. (b) A
straight CNT lands across a pair of contacts.
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Figure 8.3: Other single nanotubes deposited on the same device as in Fig. 8.2(a).

devices by chance is insufficient for large-scale production of nanotube-based devices.

Yamamoto et al. have used the electrophoresis method to align suspended multi-
walled carbon nanotubes onto a chip [94, 95, 96]. According to this method. a pair of
parallel electrodes is pre-patterned onto a substrate, then a voltage drop is applied across
the two electrodes and suspended nanotubes are deposited. When the solution dries. a large
number of aligned nanotubes is deposited across the two electrodes. Although this method
successfully positions nanotubes across the electrodes, individual nanotubes are not isolated
out from the aligned nanotube bundles to form functional devices.

We have invented a simple method to deposit aligned single CNTs at predetermined
locations. This method involves only a Si MEMS device, a pair of tweezers, a pipette, and
a power supply. The time scale of the process is minutes. We deposit a drop of suspended
CNTs onto the pre-patterned device. When the solvent (acetone) dries, 50% of the contact
pairs are connected by individual CNTs. With the application of an electric field, we achieve
100% connection rates. Semiconducting nanotubes can be selectively deposited by burning

off the metallic nanotubes after deposition. We consider this technique a crucial step towards
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Figure 8.4: (a) Circular trenches in the center of the device. (b) A single nanotube and (c)
three parallel nanotubes stretch across the trenches.

the large-scale integration of CNT-based devices.

Multi-walled CNTs are synthesized using the pyrolysis method [82]. They are
suspended in acetone by sonication for 15 min. The 50 um thick Si MEMS device [Fig.
8.2(a)] is made from a silicon-on-insulator (SOI) wafer. The teeth pairs in the center of the
device [inset to Fig. 8.2(a)] are the predetermined locations for CNT deposition.

The device is held in the air by a pair of tweezers and a nanotube droplet is
deposited using a glass pipette. The droplet bulges out on both sides of the device. Within
one or two minutes, the droplet dries and both surfaces of the teeth pairs are connected
by individual CNTs. Figure 8.2(b) shows a single carbon nanotube connecting a contact

pair. The nanotube is suspended straight across without sagging. The area in the vicinity
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is clean. Two other connected single nanotubes on the same device are shown in Fig. 8.3.
The ratio of the number of teeth pairs connected by one or a few nanotubes to the total
number of pairs on the device is defined as the successful deposition rate. For this simple
“fluid drying” deposition method using teeth pair contacts, the successful deposition rate is
20% to 50%.

Alternative geometries also trap and align nanotubes. Figure 8.4(a) shows a
concentric-rings geometry. For the same deposition method, nanotubes align perpendic-
ularly across the trenches. Figures 8.4(b) and 8.4(c) show a single and three parallel CNTs
stretching across the trenches.

What mechanism attracts the suspended CNTs towards the teeth pairs? We be-
lieve it is the strong capillary force generated by the narrow center trench. The width of the
trench ranges from 2 um at regions in between a teeth pair to more than 10 pm between
pairs. Micron-sized gaps are narrow enough for capillary force to come into play. When
a droplet is deposited, the trench sucks in the acetone from all directions. Since capillary
pressure is inversely proportional to the size of an opening, the strongest force locates in
between a pair of teeth. The magnitude of the force is just strong enough to grab one CNT
at a time with the inflowing acetone. The nanotube makes good contacts with Si when it
lands and stays intact through the rest of the drying process.

To confirm our capillary force model, we observe the acetone drying process using a
microscope. The side openings of the device dry first and the acetone retrieves to the center
of the device. In the center, acetone dries away from the center trench and forms droplets in

the upper and lower regions of the device as denoted by the darker dots on the device (Fig.
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Figure 8.5: CNT droplet drying process on the device. The solvent moves away from the
center gap in directions denoted by the arrows. The final droplets formed on the device are
marked as darker dots.

8.5). The acetone takes unconnected nanotubes to where it dries last. This assumption
is confirmed by observing nanotubes at the upper and lower centers of the device. During
this time, the center trench has always been filled with acetone. Now it starts to dry. The
capillary force must have been continuously drawing nearby acetone into the trench until

the acetone runs out.

8.3 Electrophoresis Alignment of Single CNTs

Capillary forces trap only a fraction of the nanotubes in a droplet to the teeth
pairs. To trap all nanotubes, we use electric fields. We custom design the chip so that the
electric field and the electric field gradient work together to trap and align all nanotubes in
a droplet. The method of using a non-uniform electric field to move a polarized dielectric

particle in a dielectric medium is called dielectrophoresis. Nanotubes (semiconducting and
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metallic) can be considered as point dipoles when polarize in electric fields [98]. The electric

field’s force on a dipole moment P is

F = V(P-E). (8.1)

Since P E for dielectric particles with a linear response in electric fields, FxcV(E-E).

The Si device for depositions using dielectrophoresis is shown in the inset to Fig.
8.6(a). The structure consists of two Si islands separated by an array of teeth pairs. DC
voltages are applied across the center trench. In a cylindrical coordinate system with the
z-axis alone the trench direction, the electric field is inversely proportional to the azimuthal
distance r as Eo1/r. The nanotubes can be treated as point dipoles that are always aligned
with the electric field. The force FxV(E-E) on a nanotube anywhere on the chip points
towards the center trench. When the nanotube arrives at the trench. it strongly binds to
the teeth pair contacts.

We can observe the nanotubes flying towards the center under a microscope. Figure
8.6(a) shows the aligned nanotubes at a voltage of 6 V. All teeth pairs are connected by one
or a few CNTs. Excess nanotubes land on the anode side of the trench. A few nanotubes
(less than 5%) are observed outside the center region. Using a higher voltage and a more
dilute nanotube solution, we are able to deposit single nanotubes only. In Fig. 8.6(b). single

nanotubes are aligned at 8 V with no nanotubes observed anywhere else on the chip.



Figure 8.6: Depositions using electric fields. (a) At 6 V, all the teeth pairs are connected
by single or a few nanotubes. Excess nanotubes land on the anode. {(b) At a higher voltage
of 8 V and a lower nanotube concentration, teeth pairs are connected by single CNTs.



98

Figure 8.7: Trapping CNTs using gold electrodes at 10 V. All the nanotubes in the droplet
are trapped within the center gap aligning with the electric field lines.

8.4 Nanotube Traps

We have also studied “gold” teeth patterns on oxides (inset to Fig. 8.7. At 10
V, all nanotubes are trapped within the gap along the electric field line directions. No
nanotube are observed outside. We call this technique nanotube trapping. Since CNTs
can be metallic and semiconducting, this technique apparently is effective in trapping both
types of nanotube. However, we speculate that only semiconducting CNTs are connected
for the following reason: There are 200 teeth pairs on the device and the resistance of this
nanotube-connected gold device is 57 KQ. If we assume that each contact pair in the device
is connected by 20 nanotubes, and half of the connected nanotubes are metallic. then the

metallic nanotubes should determine the resistance of the device. Using R,,~100 Kf2 as the
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Figure 8.8: Si MEMS spring for pulling and bending of single CNTs.

two-probe resistance of a metallic CNT [99], the resistance of the device should be

Rm
k= 10x200

509. (8.2)

this value is 1000 times lower than our measured resistance of 57 KQ. Could the device
be connected by only semiconducting nanotubes? We calculate the current through each
metallic nanotube at 10 V to be / = 10V/(50022x2000) = 100 uA. This current is high enough
to burn up metallic nanotubes within one second [100]. Therefore. the logical explanation

and conclusion are that only semiconducting nanotubes are left connected.
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Figure 8.9: Center gap in the Si spring.

8.5 Bending of a Single CNT

The Si device for CNT deposition in Fig. 8.2(a) can be modified into a MEMS
spring device as shown in Fig. 8.8. A 2 um wide gap (Fig. 8.9) is etched in the middle of
the center strip of the device. The spring-like nature stems from the thin and long outer
rings of this device. This enables it to be elastically pulled and compressed up to a few
hundred microns. It is designed to have the same size as a TEM sample grid for studving
single CNTs in situ in TEM. In experiments, this spring device functions as a sample holder
as well as a manipulator for the deposited single CNT.

Single nanotubes are deposited across the center gap of the spring (Fig. 8.9) using
the “fluid drying” deposition method as described in previous sections. F igures 8.10 and
8.11 show the connected single nanotubes. The device is connected to a manipulator that
contains a piece of Piezoelectric material. Figure 8.12 shows the schematics of the set-up.
The Piezoelectric material retrieves or extends with the variation of an applied voltage. and
therefore it pulls and pushes the spring device. The deposited single CNT on the device is
thus pulled and pushed in situ in TEM.

Figure 8.13 shows the successive bending of a multi-walled carbon nanotube. We

can see that the multi-walled CNTs are very robust under stress, for they can be bent
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Figure 8.10: TEM image of a few carbon nanotubes deposited across the gap.

Figure 8.11: One nanotube is deposited across the gap.
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Figure 8.12: Schematics of the set-up for manipulating single CNTs in situ in TEM.
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Figure 8.13: Bending of a single carbon nanotube (Wang and Demczyk).
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repeatedly for more than 180 degrees with no observable damages to the tube structure.
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Appendix A

Fabrication of GaAs/AlGaAs Hall

Sensor

Since we use GaAs/AlGaAs Hall sensors in local magnetization measurements of
BSCCO, we describe here the Hall sensor fabrication techniques. GaAs/AlGaAs wafers are
supplied by Prof. Tamegai at University of Tokyo, Japan. Local Hall sensors are fabricated
from those GaAs/AlGaAs wafers using the facilities here at the Microfabrication Laboratory
(MicroLab) at UC Berkeley. Figure A shows a whole Hall sensor device containing an array
of six Hall sensors. Since GaAs is a fragile (and expensive) material that can be easily
damaged, cautions should be taken when handling GaAs chips. I describe below the Hall
sensor fabrication procedure starting with a 15mmx15mm GaAs chip.

(a) Cut a small scratch on one side of the chip using a scriber. Put the scriber
underneath the scratch and then push down on both side of the chip with two fingers. The

chip breaks easily.
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Figure A.1: Array of six Hall sensors.

(b) Obtain 5 x 5 mm? chips. Since photoresist does not adhere to GaAs surfaces
well, the chips are first placed in a DCE bubble bath for 5 min to help in its adhesion of
photoresist in the next step.

(c) Spin on photoresist (Shipley 1818) at 6000 rpm, anneal at 90°C for 6 min. and
then expose and develop the Hall sensor structure.

(d) With the photoresist covering the Hall sensor area as a mask, the chip is dipped
into a H;SO4:H,0:H;0, mixture to etch away the unwanted areas. This etching step is to
isolate the 2D electron gas layer between the GaAs and the AlGaAs layers. The 1:8:80 ratio
mixture is made by adding water first, sulfuric acid second, and H,0O; last. The mixture
should be stirred well before etching. The etch rate of GaAs is =0.5 pm/min.

(e) After etching, rinse the chip in de-ionized water.

(f) Pattern and develop contact pads on top of the etched Hall sensor.



114

(g) Evaporate germanium (500 A) and then gold (1000 A) without breaking the
vacuum.

(h) Lift off the photoresist to reveal the Hall sensor with contacts.

(i) Since germanium forms Schottky barriers at GaAs interfaces, the contacts are
annealed in “forming gas™ (10% H; and 90% N,) at 380°C for 30 sec to reduce the contact
resistance from the original MQ range.

(j) “Wire-bond™ the contacts using the techniques described in Appendix B. Or-

dinary wire-bonding should not be used here because of the fragile GaAs surface.
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Appendix B

Wire-bonding of Micron-sized

Contacts

We normally use three methods to connect wires to a sample. In one method.
silver paint (or silver epoxy) is used as glue and gold wires are connected to samples by
hand. This method requires a contact that is at least 200x200 um? in size. For contact
areas in the range of 100 um wide, wire-bonding methods may be used on hard materials.
For delicate single crystals like BSCCO, the wiring-bonding method will damage the sample
surface. When contact areas smaller than 100 um are required, as with the micron-sized
Corbino disk contacts on a BSCCO single crystal (Fig. B.1), the wire-bonding method is
also insufficient. We have developed a new technique to connect gold wires to micron-sized
contacts without damaging the sample surface. This method uses a commercial wire-bonder
to connect gold wires of one or one half of a mil wide (= 30 um) onto sample surfaces using

silver paint as glue. Here we describe this wire-bonding method. The manipulators of
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Figure B.1: Corbino disk contacts on a BSCCO single crystal.

typical wire-bonders are very stable. This enables us to connect gold wires to patterned
contact pads with high precision.

a. One mil gold wires are cut into 1 cm long pieces. Place one wire in the clamp
of the wire-bonder (Westbond 7600 in MicroLab).

b. Mix a small puddle of silver paint with thinner (EB Acetate) on a small chip.
The viscosity level should be medium. Thinner or thicker mixtures are both harder to stick
onto gold wires.

c. The silver paint mixer is placed next to the sample on the bonder under the
microscope. Bend the tip of the gold wire slightly, then use the manipulator of the wire-
bonder to dip the wire’s tip into the silver paint. When a small silver paint ball forms at
the tip, quickly bring it to the contact pad on the sample and lower the handle to connect.

d. Stay still for approximately 40 second allowing the silver paint to dry. Open

the clamp, leaving the gold wire standing on the contact. Release the handle.
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Figure B.2: Wiring of micron-sized Corbino disk contacts.

Side profile

Figure B.3: Another Corbino disk pattern where disks are etched into the sample at different
depths.
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Figure B.4: An SEM image of the wiring Corbino disk contacts.

e. The silver paint mixture dries quickly and becomes too thick for good deposition
in a few minutes. It should be changed once every two or three depositions.

A bonded Corbino disk sample using this method is shown in Fig. B.2. Notice
the silver paint contacts are roughly the same size as the original contact pads underneath.
Figure B.3 shows a different Corbino disk pattern, where the disks are etched down into
the sample as shown in the side profile. This design is to study the c-axis correlated vortex
behavior where currents are sent from all depths. Figure B.4 is an SEM image showing the
wiring of this sample. Darker photoresists are seen around all contacts acting as protective

insulating-layers to keep over-spilled silver paint from touching neighboring contacts.



