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ABSTRACT
PERPENDICULAR GIANT MAGNETORESISTANCE IN THIN FILMS WITH
MICROFABRICATED SUPERCONDUCTING TOP CONTACTS
By
ROBERT D. SLATER

A new method to measure the position of a domain wall in a thin film is proposed.
By fabricating micron-size superconducting top contacts to produce micron size ar-
eas of perpendicular current flow in exchange bias spin valves (EBSVs) of Cog;Fegy
and NigsFe)q, the position of a domain wall can be measured using the giant (G)
magnetoresistance (MR) effect.

Exchange bias spin valves have the form: antiferromagnet (AF) /ferromagnet
(F) /non-magnetic (N) /ferromaget (F). For the purposes of this study the AF was
FesoMnsg , F was Cog; Feg or NigsFe s, and N was Cu. The AF layer serves to fix the
magnetization of the adjoining F layer in one direction. The other F layer is then
free to reverse with applied magnetic field. The GMR effect produces a large change
in resistance when the F layers magnetizations change from parallel to anti-parallel.
As the free F layer reverses, domain walls will move in that layer. If a domain wall
moves past a measuring contact, the change in resistance is related to the position of
the domain wall and can be used to measure its relative location.

To demonstrate this, a series of 1 x 10 mm EBSVs were patterned with micron
size superconducting top contacts of Nb. The results of transport studies showed that
shrinking the area of current flow had no affect on the transport properties of the
samples. Then a new series of EBSVs were shaped into long wires with dimensions
of order 1 x 20 um by electron-beam and photolithography. Micron size top contacts
were placed on top of the lithographed features and evidence of domain wall trapping

was observed in the MR of the samples.
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Chapter 1: Introduction

One of the most important areas of magnetic technology today is the study of
small features where the size of the ferromagnetic (F) elements used in a device is
comparable to the domain size. As those elements shrink those sizes, the mechanism
of domain switching and domain wall motion are strongly affected, and the physics
of such mechanisms is of great interest.

The goal of this research is to make high resolution studies of domain wall motion.
As the direction of magnetization switches in a magnetic element in the presence of a
changing magnetic field, a domain wall, representing the boundary between favorably
oriented magnetic moments and non-favorable magnetic moments, will move through
the sample. By using a giant (G) magnetoresistance (MR) multilayer with the current
perpendicular to the plane (CPP), it is possible to study the motion of the wall on a
scale of a few nm (Figure 1.1).

The GMR effect is a large change in resistance for a multilayer that depends on the
relative orientation of the magnetizations of the F layers within the multilayer. Al-
though the details are provided later, the basic effect is that when the magnetizations
of the F layers are aligned parallel (P), the resistance is low; when the magnetizations
are aligned anti-parallel (AP), the resistance is high. In these studies the magnetiza-
tion of one layer is fixed, while the other is free to respond to an applied field. When
the switching of the free layer takes place, it typically occurs by the propagation of
a domain wall. As that domain wall moves past the measuring contact, the move-
ment of the wall will be sensed as a resistance change since the regions of P and AP
magnetization are changing.

In order to provide a background for what this research encompasses, a brief
introduction to the subject of magnetic domains and the basic physics of GMR will

be given.



domain wall

P state AP state

Current Flow

Figure 1.1: The basis of this thesis research. A domain wall moves in a ferromagnetic
layer (F) that is free to reverse its magnetization (Top F layer) . As the wall moves
past the top measuring contact the resistance changes in proportion to the location of
the wall. The resistance change is from GMR where parallel F-layer magnetizations
will give a low resistance and antiparallel magnetizations give a high resistance.



1.1 Magnetic Domains

When placed in a sufficiently strong magnetic field, ferromagnets show a very
large magnetization. In addition, they can remain magnetized even when the applied
field is returned to zero. However, an ordinary piece of ferromagnetic material can
at first be demagnitized. Such a demagnetized initial state is due to the presence of
magnetic domains with randomly oriented magnetizations. When exposed to a slowly
varying magnetic field, the domain structure will change so that the sample becomes
magnetized. Due to the irreversible nature of the domain structure changes, the
magnetization will exhibit hysteresis. Magnetic domains redistribute themselves to
reduce the overall energy of the sample based on several competing energies. There are
two methods by which domains change their structure. First is the growth of favorably
oriented domains. Domain ‘walls’ move to incorporate more moments that have
switched to a favorable orientation. Second is coherent rotation where the magnetic
moments of an entire domain rotate together to a more favorable orientation. Wall
propagation happens at lower fields while coherent rotation occurs at higher fields
(Figure 1.2).

Domains form in ferromagnets due to competing energies. These energies can be
divided into local and non-local contributions. Local terms are derived from energy
densities which depend on the local value of the magnetization. The energy associ-
ated with each can be calculated by a single integral of the form [ f(m)dV where
f(m) is a function of the magnetization direction m(r) = J(r)/Js, where J(r) is the
magnetization [1].

Non-local energies are torques on the magnetization vector at each point that
depend on the magnetization vector at every other point. Generally, these energies

cannot be calculated with a single integral [1].
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Figure 1.2: Magnetic hysteresis of a ferromagnet. The rapid changes in magnetization
are due to growth of favorably oriented domains by domain wall propagation. The
slower changes near saturation are due to coherent magnetization rotation of domains.



1.1.1 Local Energy Contributions

The first local energy contribution is the exchange energy. The exchange energy
causes a preference for a constant direction of magnetization. Changes from this

equilibrium produce an energy of the form:
Eg. = A/(Vm)2 dv (1.1)

where A is a constant that depends upon the material. A is referred to as an exchange
stiffness constant and gives a measure of the strength of the coupling between the
spins in the material [1].

The second local energy contribution is the anisotropy energy E,. A ferromagnetic
crystal will have preferred axes of magnetization. These preferred directions arise from
the band structure of the material and the spin-orbit interaction [1,2]. The form of
the anisotropy energy is highly dependent on the crystal symmetry and is discussed
in detail elsewhere [3,4].

The third local energy contribution is the external field or Zeeman energy. This
is the contribution from the interaction of the external applied field Hap and the
magnetization [1]:

Ey= —J,/H,,, ‘mdv . (1.2)

1.1.2 Non-local Magnetic Energy Contributions

There is one large and one small non-local energy contribution. The large contri-
bution is the stray field energy or the energy of the magnetic field H,, created by the

magnetization. This usually takes the form [1]:

ESF%M,/H.,,? dV=—%/Hm-J v o (1.3)



The other is magnetostriction, which is the energy associated with the elastic motion
due to magnetic fields. This latter energy will not be an important contribution in

this research.

1.1.3 Interaction of Energy Contributions

All of the above energy components combine to give a domain structure. The best
way to explain this is with an example. Consider a square crystal magnetized entirely
in a single direction (Figure 1.3a). By dividing the configuration into two separate
oppositely magnetized domains, the stray field energy of the example has roughly
been reduced by a factor of two (Figure 1.3b). The addition of more oppositely
magnetized domains will continue to reduce the stray field energy until the energy
to produce a new boundary (both the exchange and anisotropy energies) between
domains is greater than the stray field energy reduction in the field (Figure 1.3c).

It is possible to form domain arrangements where the magnetic field is zero and
thus the stray field energy is zero outside the sample. By forming triangular domains
at the ends of the example with magnetization at 90° to the original domains, there
will be no surface poles of magnetization and the stray field energy will then be zero
(Figure 1.3d) externally. These types of domains are known as domains of closure.
The anisotropic energy may hinder the formation of the closure domains, since the

magnetization may fall along a hard axis of magnetization.

1.1.4 Shape Effects

Altering the external shape of a sample can also affect the domain structure of a
sample. In Figure 1.3 the example was a rectangle. It is well known the external shape
can significantly affect the preferred axis of magnetization, and it is also possible to
trap a domain wall using shape effects. For long narrow wires it is well known that the

magnetization prefers to align only along the long axis of the wire. This is so-called
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Figure 1.3: Domain formation in a single crystal. (a) A single crystal that is uniformly
magnetized. (b) Dividing the crystal into two magnetic domains reduces the stray
field energy. (c) Further division into domains will reduce the stray field energy until
the energy to create a new domain is greater than the reduction to the stray field.
(d) Closure domains can reduce the stray field energy to zero, but can contribute to
the anisotropy energy.



shape anisotropy and is a consequence of the stray field energy [1].

Consider a long narrow wire with a domain wall located in the lower half (Figure
1.4) . As an applied field is reversed, the domain wall will move along the wire
to accommodate the growth of the favorably oriented domain. If a narrow region is
placed along the wire, the wall will enter that region and if the field is being increased
slowly, the wall will remain in the notch area since the wall energy itself is reduced,
and the energy to facilitate domain growth in the narrow region is greater than the
wide region. Extra energy is needed to overcome this barrier. The wall will then stay
in the neck (trapped) until the applied field contributes enough stray field energy to

drive the wall out of the notch.

1.1.5 Domain Walls

The boundaries between domains are known as domain walls. These are regions
where the magnetic moment changes from one orientation to another. There are
several types of walls that form based on the previously mentioned competing ener-
gies. Before the different types of walls are described, it is important to see why the
competing energies lead to the formation of walls.

As mentioned before, it is energetically favorable to have domains. However, the
exchange interaction energy makes it more favorable for the transitions between the
differently oriented domains to be gradual rather than abrupt transitions. As shown
in standard physics texts [5,6], a gradual transition from one orientation to another
will reduce the overall energy of the system.

Starting with the Heisenberg model for the exchange energy Eg., we have
Eg, =-2JS;-S; , (1.4)

where J is the exchange integral. Replacing cos 6 with the small angle approximation
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Figure 1.4: Shape anisotropy is used to trap a domain wall in patterned wires. In (a)
through (c) a domain wall starts in the wider portion of the wall. (a) As an applied
magnetic field is increased in the up direction the wall will move towards the narrow
portion of the wire. (b) The applied magnetic field does not give a large enough
Zeeman energy contribution to allow the wall to enter the narrow portion of the wire.
The narrow portion of the wire has much larger stray field energy due to surface
and edge effects. (c) The magnetic field is increased enough for the wall to enter the
narrow portion of the wire. (d) through (f) repeat this sequence with a narrow neck
or notch region. The effect is the same, except once the wall gains enough energy to
leave the initial constriction, it most likely has enough energy to move entirely to the
end of the wire.



gives an exchange energy between two spins of J$262. Using /N as the angle between
nearest neighbors of a wall N atoms thick, one obtains that each neighboring pair
contributes JS?(7/N)2. The total energy of N+1 atoms would then be JS?(n2/N)
for large N. If there were no anisotropy energy, the wall would thicken to infinity, but
generally the spins are directed away from the easy axis of magnetization and thus
contribute an addition anisotropy energy (2, 5).

Two of the most common walls in thin films are the Bloch and Neel walls (Figure
1.5). Although Bloch walls are energetically favorable in thicker materials, Néel walls
become preferred as the layer thickness decreases, since the Bloch wall will produce
poles at the surface, creating a stray field energy (at the surface) which increases
with decreasing layer thickness. The Neel wall avoids this problem at the cost of
a large stray field energy inside the magnetic region (which makes the Néel wall
unfavorable in bulk materials). For the samples studied in this research, the Neéel
wall is energetically more favorable (7).

The width of the wall depends on both the exchange and anisotropy energies.
There is no widespread agreement on what defines the wall “width.” However, for
the current studies a precise definition of the width is not necessary. It has also been
proposed that a geometrically constrained wall in thin films may be a new type of
wall that has Néel tails extending several nm [8]. It is the domain wall propagation
or movement that is of interest to this study. Ono et al. showed by using a current-
in-plane GMR that observing domain wall trapping was possible [9,10]. CPP-GMR
can also be used to study the domain wall propagation down a long narrow (~ 1u m
wide) wire. By using external shape to create pinning sites (Figure 1.4), a domain
wall can be trapped in a narrow neck placed in the above-mentioned wire. For a
GMR sandwich with two F layers and well defined P and AP states, the trapping of a
domain wall in one of the layers will create an intermediate state where the resistance

is between the P and AP resistances. A further advantage of CPP-GMR is that the
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Figure 1.5: The two most common types of domain walls. The Neéel wall has the
magnetization rotating in x-z plane. The Bloch wall has the magnetization rotate
vertically in the z-y plane.
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current may be confined to the trapping region instead of flowing through the entire

sample, as occurred for the Ono samples.

1.2 Background of GMR

Magnetoresistance (MR) is the change in resistance in a conductor due to an
applied external magnetic field. Giant magnetoresistance (GMR) is a specific MR
effect in multilayers due to spin dependent scattering. Current in a ferromagnetic /
non-magnetic (F/N) multilayer can be thought as having two current components:
one current composed of up electrons (with spin parallel to the magnetization) and
one composed of spin down electrons (with spin anti-parallel to the magnetization).
Due to spin dependent scattering, the resistivity of one channel of electrons is less
than the resistivity of the other spin channel in the F layers (normally spin up has
a much less resistivity than spin down, but this is not always the case). When the
magnetizations of all F layers in the multilayer are parallel (P), the up electrons have
a much lower total resistance path than the down electrons. The total resistance
is ‘shorted,’ similar to two resistances in parallel, the total circuit resistance will be
approximately the lesser of the two resistances if one resistance is much smaller than
the other. If the F layers have an anti-parallel configuration (AP), both current paths
have identical resistances and the overall resistance is higher. A simple explanation
of GMR is shown in Figure 1.6. This effect can lead to resistance drops by a factor of
two or more in some layer configurations. This large change in resistance has many
practical applications such as magnetic read heads for hard drive storage, magnetic
sensors, and magnetic random access memories.

GMR was discovered in 1988 in a superlattice multilayer with alternating Fe and
Cr layers [11,12]. This discovery has opened a new field of research in the area of

multilayer structures, which is now known as spin electronics or spintronics. These
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Figure 1.6: An explanation of the basic GMR effect. On the left, when the magne-
tizations (white arrows) of the magnetic layers, F, are antiparallel, both the spin up
and spin down electrons have equal resistance paths. When the magnetizations are
parallel, the spin up electrons (in this case) have a lower resistance path compared
with spin down electrons. This leads to a much lower overall resistance.

first experiments were done on single crystal samples grown with molecular beam
epitaxy. Later investigations reproduced the results of the Fe/Cr multilayer as well as
Co/Ru and Co/Cu multilayers using polycrystalline samples deposited by sputtering
[13]. In addition, the first experiments were done in a geometry where the current
flows parallel to the planes of the multilayer (Figure 1.7).

The geometry where the current flows in the plane (CIP) of the multilayer is dif-
ficult to model experimentally. In order for an electron to show the GMR effect it
must sample several different magnetic layers. Since the current is travelling along
the multilayer, scattering must be responsible to get the electron to move across in-
terfaces and into several different layers. The mean free path is thus a very important

parameter with CIP geometry experiments.

1.3 CPP Measurements

An alternative geometry has been developed [14-22]. By passing the current
perpendicular to the planes (CPP), the electron current must now travel through

every layer. Since scattering is no longer required to move electrons across interfaces,



Figure 1.7: A diagram of the CIP geometry vs. the CPP geometry. In the CIP
geometry the current (black arrow) flows parallel to the multilayer interfaces. In
the CPP geometry the current flows perpendicular the layer interfaces (The diagram
dimensions are not to scale, typical layer thickness (vertical dimension here) is 1 - 10
nm, while the width and depth of the samples (horizontal and perpendicular out of
plane dimensions) are 0.1 to 10 mm) .

the mean free path is no longer an important parameter. Instead, the spin diffusion
length, l,5, becomes the dominating length scale. l,s is the distance an electron will
hold its spin direction while it is diffusing in a given material. Once electrons start
to spin flip scatter, the GMR effect is reduced.

CPP-GMR presents several advantageous over CIP-GMR. First, the GMR effect
is larger in the CPP geometry. Second, the CPP geometry allows easier access to the
fundamental parameters of GMR. The disadvantage of CPP-GMR is the very low
resistance of the samples. For example, a typical 100-nm-thick single layer of Cog; Feg

, 1 mm wide and 1 cm long in the CIP geometry will have a resistance of

pl Tuflem x lem
R A .lem x (100 x 10-7cm) 7 ’ (15)

for the CPP configuration a typical geometry is 1 mm X 1 mm for a 100 nm thick

Cog; Feg sample, which gives a resistance of

pl _ T0pfdem x 100nm _

R=A dem x .1em

() (1.6)
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well outside the range of traditional resistance measurements.

There are several methods used to experimentally measure CPP-GMR. Because of
the very small layer thickness, these fall into two major categories: (1) very sensitive
measurement techniques can be used; or (2) the area of current flow can be reduced
to produce resistances measurable by more traditional means.

The first measurements of CPP-GMR were done at Michigan State University
[14] by sandwiching a multilayer between two 1-mm-wide crossed superconducting
strips composed of Nb. This geometry provides a uniform current flow through the
multilayer, and a SQUID based self-balancing potentiometer circuit is used to detect
the n{Q resistance. Because of the use of superconductors, measurements are generally
done at liquid helium temperatures.

Additional techniques [16-18,22] have been developed which rely on lithograph-
ically microfabricated samples to eliminate the need for superconducting contacts.
This type of sample is several um in diameter and < 1 um thick. This type of
measurement is not straightforward since there are significant and not well defined
contributions from the contact resistance and additional resistance from the leads.
Also, the current flow is complex and not necessarily perpendicular to the planes
of the multilayer. Despite these drawbacks the first temperature dependent CPP-
GMR measurements were performed with this method. Later efforts [22] including
superconducting contacts to improve current flow, but this method used many (100)
contacts in series, providing an additional constraint of high yield lithography, since
a single poor contact in the series chain can ruin the measurement.

Another microfabrication method to produce small size samples is to use electrode-
posited nanowires formed in nuclear-track-etched polycarbonate membranes [19-21].
The very high aspect ratio, with a length of ~10 gm and diameter of 20-100 nm,
provides a more perpendicular current flow than the previous microfabricated sam-

ples. It is difficult, however, to determine the number of nanowires being measured in
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parallel [23]. This makes it difficult to determine the absolute value of the resistance
of an individual wire.

This thesis proposes a new type of CPP-sample measurement. By employing mi-
crofabricated superconducting contacts, micron size areas of current flow can be used
to study initially otherwise macroscopic (1 x 10 mm) samples. This method can
additionally be used to study multiple areas of the same sample. These microfabri-
cated contacts will provide uniform current flow through a small cross sectional area,
combining many advantages of superconducting leads and small areas of current flow,
while avoiding complex lithography. A secondary goal of this research is to produce
samples whose resistance is large enough to measure with a nanovolt system. Finally,
as the sample size is reduced, it will be possible to do high-resolution ‘imaging’ of

domain wall trapping.

1.4 Theory of CPP-GMR

The present theory of CPP-GMR has two forms based on the relative size of ¢
and the layer thickness, t. The first form describes [24] why the two current series
resistor (2CSR) model holds when [,;>> t. The second form was developed [24, 25]
for [y~ t and includes an extension of the 2CSR model for short [,;.

Before going into the details of CPP-GMR, it is useful to provide a simple picture
of the physics occurring in the multilayer. For example, in this simple picture, Co
can be thought of in terms of 4s and 3d parabolic electron bands [24,26,27]. It is
the 4s band that will be the primary conduction carrier, since the band has a very
low effective mass. The 3d electron bands can be split into spin up and spin down
bands. Because of the exclusion principle, electrons with spin up will begin filling the
3d-bands of the metals. Once all the spin up states are occupied the spin down states

will become partially occupied. From Fermi’s golden rule, the rate of scattering of the
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Figure 1.8: A simplified diagram of the 4s and 3d energy bands for Co. The up and
down arrows represent the bands for the up and down electrons, respectively. Since
the 3dT band fills with up electrons first, at the fermi level, the density of states for
down electrons is much larger giving a higher resistivity.

4s electrons (and thus resistivity) will be proportional to the density of states of the
3d electrons, so spin down electrons, having a higher density of states at the Fermi
level, will have a higher resistivity (Figure 1.8).

In the 2CSR model, the resistance of a multilayer is obtained by dividing the
current into independent spin up and spin down contributions and calculating the
resistance each current encounters in both the parallel (P) and anti-parallel (AP)
states. Each bulk and interface resistance can be thought of as a separate resistor.
To calculate the GMR one adds up the resistance contributions in series for each
current channel and combines them as two overall resistors in parallel. When the
resistances from both the P and AP magnetic states are known a simple calculation
of the specific resistance AAR = Area x (R4p - Rp) can be made, where A is the
area of CPP current flow.

Before taking a closer look at the 2CSR model it is important to define several

parameters used to make calculations and model the multilayer. (This review follows
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the notation and spirit of the original work by Fert as well as several review papers on
the matter [24,26,28].) The resistivity of each channel in a F layer is denoted as p}
for electrons with their spins parallel to the magnetization and pﬁ, for electrons with
their spin parallel anti-parallel to the magnetization. A useful parameter for such a
material is

1 !
. Ph+p

which provides a measure of the average resistivity for spin up and down electrons.

In addition, the spin asymmetry variables a, and 3 are also important:

i
_P .
a = E ) (18)
1 1

Pr—Pr _a—1
B = = . (1.9)

Pp+pp o+l

The resistance of each channel can then be related to p* by using 3:

pr=2pp(1 - B); (1.10)
pr = 20p(1+ P) . (1.11)

It is important to note for non-magnetic materials such as Cu that § = 0, giving

PN =208 - (112)

There is an interface resistance counterpart to 3. Instead of a resistivity, =y refers to a
specific resistance AR (= Area x Resistance; A is the area of current flow). v relates

the average AR}L /v to ARL}/ n for the individual spin up and spin down channels.

AR} = 2AR}/N(1 - 1) (1.13)
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Figure 1.9: A diagram of the two current series resistor model for the AP state. The
current is divided into two channels: spin up channel (top) and spin down channel
(bottom). One adds the series resistances for each channel and then combines the
series resistances as two resistances in parallel to produce the overall resistance for
both the AP states.

ARL,y = 2AR} (1 +7) (1.14)

Using these relations one can determine the resistivity for a F/N multilayer in terms
of p, P, 7, B, and AR}y where the subscripts denote which layer the parameter
represents.

If one takes the case of a F/N/F multilayer with layer thicknesses tr, ty, and
tp respectively (shown in Figure 1.9), the calculation is done in the following way.
Taking the case of the spin up channel in the AP state, one adds up the various

resistances from both the bulk and interface.

AR p = 203(1- B)tr+2ARpn (1-7) + 205 tn +2ARE N (147) +2pR(1+5) (1.15)
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This can be simplified to
AR)p = 4pytr + 4ARp N + 200t . (1.16)

Then one calculates the spin down channel, which gives the same result as Equation
1.16.

Calculating for the parallel state one gets for the spin up channel:
AR}, = 2p3(1~B)tr+2ARy (1-7) +20xtn+2ARp N (1-7)+205(1~B)tr , (1.17)
while the spin down channel gives:
AR} = 2p5 (14 B)tr+2ARs N (14+7) +20NtN +2ARE /N (147) + 205 (14 B)tr . (1.18)

The overall resistance of each magnetic state is a parallel addition of the spin-up and
spin-down channels resistances. The resistance of the parallel state, ARp, is:

ARLAR}

ARp = Z2PZ7P
"7 ARL + ARL

(1.19)

and the specific resistance of the AP state, AR4p, is computed in the same manner.
AAR is then just AR4p - ARp, and the GMR ratio is = (AR4p - ARp)/ARp.

This model holds as long as l,s>> t, as shown by Fert and Valet [24]. However,
for l;4 not > than tr (such as in the material NigsFe;¢) one must take into account
spin relaxation [24,25]. The 2CSR model must then be modified, and for many cases
only numerical solutions exist. However, for a F/N multilayer with M F/N bilayers,

where M is large, an algebraic solution exists [24):

ARpap = M(ARo +2AREp) (1.20)

with ARy = (1 - 8%)pktr + pntn +2(1 — v*)ARg)y (1.21)
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and

_ )2 2
(ﬁ‘ 2;) coth[tlx,] + chothltFF] +
AR,S>' _ Nl;j ilsf lpFlsf 2lsf N
tr
— coth Sl —= coth +
Py [213,‘}] wiF [215,]
ﬂ2
AR
= 1 F (1.22)
oth th
" ARpn {P~’sf [ ] ’F - [2’ ]}
- \
(6 17) tanh | 22| + 7Fcoth[t‘;]+...
AR%: _ pN;f _ilaf_ lFlaf t2laf N
— tanh X coth | —| +..
pnlly 20 | PRl [215,]
ﬂ2
AR
L .(1.23)

=4 _
1 1 1 tr
ot tanh + ——=coth
ARy { oy [21 ] oriE, [213,’,] }

Both the two current series resistor model and the extension for short I,5 are supported

by experimental evidence [15,26).
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Chapter 2: Sample Fabrication

2.1 Introduction

All samples were prepared and measured at Michigan State University. Although
there were four separate procedures for lithography, each sample underwent the same
basic fabrication procedure (Figure 2.1). The samples (in sequential processing or-
der) were: cleaned, sputtered with a multilayer, lithographically patterned, etched,
planarized with an insulating layer, cleaned to remove the lithographic pattern, and
finally sputtered with top Nb leads. The details of each specific sample type, or

category, are contained below.

2.2 Types of Samples

Four categories of photolithography sample were made (Figure 2.2). The samples
differed in the top portion of the multilayer or "cap” and whether the giant magne-
toresistance structure was etched or not. The multilayer consists of a bottom, 250
nm thick Nb layer, followed by an exchange bias spin valve (EBSV) or a hybrid spin
valve (HSV). The exchange bias spin valve structure is (beginning with the previously
mentioned Nb layer): Nb (250) / Cu (10) / FesoMnso (8) / F (x) / Cu (20) / F (x)
/ Cu (10), where F = NigsFejgor CogiFeg , x = 3-40, all units are nm. The HSV
structure is: Nb (250) / Cu (10) / F (x) / Cu (10) / F (y) / Cu (10), x = 3-30 and y
is 5-30, but x # y. The EBSV uses the FesoMnsq layer, which is an antiferromagnet,
to bias the adjacent F layer’s magnetization in a ‘pinned’ direction. This causes the
coercivity of that F layer to be very large. The other F layer is free, or unpinned,
and has a relatively low coercivity. For low magnetic fields the free layer will align

with the applied magnetic field while the pinned magnetization will remain fixed.
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Figure 2.1: An overview of the fabrication process. A side profile is provided on
the left (only half of the lithographic features are shown to conserve space), and
a complete top view is provided on the right. The dimensions of the system are
not to scale. A multilayer is sputtered onto a cleaned substrate (A). A lithographic
pattern/mask is placed onto the multilayer (B). A portion of the multilayer is etched
away, an insulting layer deposited and the lithographic pattern removed (C). The top
contacts are sputtered onto the sample (D).
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This setup allows good control of the anti-parallel and parallel states for GMR. The
HSV uses different layer thicknesses to achieve the same results. Since layer thickness
(especially when the lateral layer dimensions are small) will affect the coercivity, by
choosing one layer to be very thin and one very thick, good control of the anti-parallel
state can also be achieved using this method. Each spin-valve was then finished with
one of two types of “caps.” A layer of Au, 15 nm thick (although for some samples
this was increased to up to 150 nm), formed a type-I cap (Cy). A type-II cap (Cys)
was formed by a trilayer of Au (10 nm)/ Nb (20-250 nm), Au (15 nm). (The final
Au layer on the surface prevents oxidation during lithographic processing.) The C;
cap was easy to process, requiring no etching, but needed extensive cleaning to make
contact with the final Nb layer. The C;; cap required etching, but more easily pro-
vided low contact resistances with the final Nb layer. Each spin valve and its cap
were processed using techniques described below. A final Nb layer was added to the
top of the multilayer stack to complete the sample. Thus, each final multilayer has
three parts: 1) the initial(bottom) Nb layer followed by the GMR spin valve; 2) the

cap; 3) the top Nb layer.

2.2.1 Type-I Samples

Type-I samples were multilayer with a C; cap of 15 nm Au on the surface. Type-I
samples had the photomask placed on the Au, and the insulating layer evaporated
onto the entire sample. Removal of the photoresist exposed a trench, or via, through
the insulating layer to the multilayer. Through this via, sputtered Nb (through a
shadow mask) would make electrical contact with the multilayer below. This type of
sample was simple to process, but could suffer from interface resistance problems if

the Au/Nb interface was polluted due to insufficient cleaning.
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Figure 2.2: An overview of the different types of samples. Type-I has contact made
to a Au capping layer. Type-II has a partially etched Au/Nb/Au cap. Type-III has
the entire multilayer etched. Type-IV has a separate contact geometry on top of a
patterned multilayer

2.2.2 Type-II Samples

Type-1I samples consisted of multilayers capped with a C;; cap. After placing
a photolithography mask on the sample, the Nb/Au part of C;; was removed by
various methods depending on the thickness of each layer. Initially, Au was wet
etched with a KI / I, solution. However, this solution also attacked other portions
of the multilayer and therefore an ion milling process was introduced that did not
have these difficulties. The ion mill was then exclusively used for later samples. The
Nb layer, if 20 nm or less, was also ion milled. If thicker than 20 nm, the Nb layer
would take too long to remove using ion milling (up to several hours) and was instead
removed by reactive ion etching (RIE). This entire process left a short column of
Nb(x)/Au(20 nm), where x = 20 - 100 nm, underneath the patterned features. An
insulating layer was evaporated and the lithographic features were removed. Last, the
top Nb layer was sputtered onto the sample. This type of sample, in theory, makes

it easier to eliminate contact resistances, since the Nb/Au/Nb interface should be
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superconducting by proximity [29,30]. In addition, the important F/Au/Nb interface
is in effect ‘buried,’ and not exposed to lithographic processing. Type-II samples were
proposed before type-I samples, but due to problems with Reactive Ion Etching (RIE),
type-I samples were developed to eliminate the RIE step. These problems were later
solved (the details can be found in the reactive ion etching section). Both type-I and
-II samples were integral in the development of the type-III and -IV samples. Type-I
and -II samples were used exclusively in CPP-transport measurements to study the

AAR behavior.

2.2.3 Type-III samples

The type-III and type-IV geometries were used to detect domain wall trapping.
Whereas type-I and -II samples always employed square lithographic patterns, type-
III samples had a more complex wire geometry (Figure 2.3) . Typically, the type-III
samples were multilayers with a C; cap for photolithography and a modified C;
cap (with cap Au now 100-150 nm thick) for e-beam lithography. The increase in
Au thickness was needed because electrical contact into a ‘trench’ or via becomes
difficult or impossible once the dimensions are reduced below 2 um. The thicker
Au creates a ‘proud’ column (Figure 2.4) that, after ion milling, exceeds the level
of the insulating layer and avoids the contact problem with vias (Figure 2.2 shows
a photolithgraphy sample and thus shows a via instead of a proud column). After
the lithographic mask was placed onto the sample (this was done by both e-beam
and photolithography), the entire GMR spin-valve was ion milled to the bottom Nb
superconductor. An insulating layer was then evaporated onto the sample. Following
removal of the mask, Nb was sputtered onto the sample. This left the entire in-plane
geometry of the patterned multilayer in contact with the top superconductor. In
order to study only part of the wire, it was necessary for the superconducting contact

and the spin-valve to have different geometries.
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Figure 2.3: A diagram of the mask for fabricated wires with a neck. There were two
sizes of wire designed. Mask b is exactly a factor of two smaller than a. Each is
symmetric about the notch region.

Figure 2.4: The difference between a via and a proud column. A via is a trench or
window in the insulating layer through which contact with the top superconductor
(dashed line) is made. A proud column sticks above the insulating layer. Proud
columns become necessary when the feature size is below 2 ym.
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2.2.4 Type-1V samples

Type-IV samples underwent type-III processing up to and including the removal
of the lithographic mask, and then a second lithography step was used to produce a
top contact of different geometry (a square) than the original patterned multilayer
feature from the first set of lithographic procedures. This small square type-I contact
allowed study of particular regions of the previously patterned wire structure. The
second lithographic pattern was placed on the previously patterned features, SiO
was deposited, the lithographic mask was then removed and finally the top Nb layer
was deposited. In this dual procedure, a variety of different multilayer and contact

geometries could be produced.

2.3 Procedures

2.3.1 Substrate Cleaning

The sample fabrication process began by cleaning sample substrates in a class
100 cleanroom (measured to be class 100, although certified class 1000) . Either
silicon (100) or c-axis oriented sapphire substrates were used. Silicon was used for
the majority of samples. Sapphire was employed only for samples that needed to
be reactive ion etched (i.e., that had a Nb layer in the cap that was thicker than
20 nm). The substrates were first immersed in Alconox® at 40°C. An ultrasonic
cleaner agitated the substrates for approximately 15 minutes. All samples were then
rinsed in water to avoid a reaction between the Alconox® and the acetone used in
the next step. When mixed, Alconox® and acetone produce a dark film that hinders
lithography because it is difficult to remove. After rinsing with water, substrates were
placed in acetone at 40°C, agitated in an ultrasonic cleaner for 15 minutes, dried, and

visually inspected using a Olympus BX60 optical microscope at 20-100X. Samples
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with defects in the central area (specifically, where the multilayer would be deposited)
were scrubbed in acetone by rubbing the surface with a Q-tip and inspected again.
If non-removable defects such as scratches were present the substrate was discarded.
Substrates that passed inspection were placed in isopropyl alcohol (IPA) at 40°C and
agitated in the ultrasonic cleaner for 15 minutes. Finally, samples were immersed in
deionized water at 80°C for at least 15 minutes and left in water until placed in the
ultra high vacuum system for sputtering (a time of minutes to a few hours at most).

Thus samples were not stored for long periods of time in this cleaned state.

2.3.2 Sputtering

Sputtering was done in an ultra high vacuum system equipped with a cryopump
capable of producing pressures of 1078 Torr after 24 hours of pumping [31]. Sample
substrates were loaded onto a position and movement assembly (SPAMA) plate that
contained eight holders, each holder having the capability to hold two samples. The
holders sat in holes in the SPAMA plate and were attached to the plate via two
screws. In addition, a circular stainless steel rotating mask was attached to the base
of the sample holder which allowed the user to expose or protect the substrate by
rotating the mask to an open or closed position (Figure 2.5). A separate shadow
mask (stainless steel) was placed in the holder first, allowing the formation of a
pattern during sputtering. The sample substrate was placed on top of the shadow
mask. Copper heat sinks were placed on top of the substrates, and the entire stack
was held in place by removable “bridges” that attached to the holder with screws, to
apply pressure to the top of the heat sink (Figure 2.6). Any alignment of the shadow
mask with a previously made pattern on the substrate had to be done visually and
before the entire stack was secured.

After the substrates were loaded onto the SPAMA plate, the plate was placed

above a system of movable chimneys that allows the user to control sample exposure
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Sample Holder

Figure 2.5: The layout of the mask system. The rotating mask (inner circle) is
rotated to expose a sample to the sputtering plasma. A shadow mask (not shown)
over the substrate defines the actual pattern. The 12 o clock and 6 o clock positions
correspond to a closed position while the 3 o clock and 9 o clock position will expose
the sample. The rotating mask is aligned by lining up the pins of the rotating mask
to be in line with the bridges holding down the samples. The mask here is shown in
the 9 o clock position while the others are represented with dashed lines.

Heat Sink

] '

] ]
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R
Shadow Mask ! ) Substrate
N

Sample Holder

Figure 2.6: A exploded view of the sample holder. The bridge clamps the heat
sink/substrate/shadow mask together. The assembly is attached with screws to the
sample holder through the bridge. Each sample holder is designed to hold two as-
semblies.
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to the sputtered material. The system was pumped down to 4 x 1078 Torr. A
overnight baking of the chamber sped up the pump down process. Before sputtering,
a cold trap using liquid nitrogen was activated to reduce the overall pressure to 2 x
108 Torr.

Sputtering was done at an Ar pressure of 2.5 mTorr. Samples were cooled to
-30° C by a capillary system using cold compressed flowing N, gas. The pressurized
gas is allowed to expand in a network of capillary tubes, causing the system to cool.
A purifier produces ultra-pure Ar gas for sputtering. Samples were sputtered at
temperatures between -30 and 30°C. The sample to be made was exposed by rotating
the bottom mask to an open position using a wobble stick. The holder was then
rotated, via the SPAMA plate, over the gun containing the material to be sputtered;
and, when in place, the system of chimneys would rotate to allow deposition for a
specified time. When the desired thickness was reached, the chimneys were rotated to
their previous position to prevent deposition. The SPAMA plate was then rotated so
that the sample was over the next sputtering gun. This was repeated until the sample
was finished, and then the rotating mask positioned to prevent further deposition on

the sample.

Final Top Nb

When depositing the top Nb layer on a sample with completed microfabricated
features, a special alignment step was necessary. As shown in Figure 2.7, the protru-
sion on the sample strip had to line up with the first hole in the top contact shadow
mask. The layout of the lithographic features was intentionally designed to have one

sample contact within each top Nb window of the shadow mask.
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A B c

substrate multilayer
protrusion shadow mask (stainless steel)

top Nb leads

multilayer lithography mask Si0

Figure 2.7: A layout of the mask system to deposit top Nb leads. (A) The multilayer
with patterned mask features (exaggerated size, in black). Each feature is spaced
so that when the far right opening in the shadow mask (B) is lined up with the
protrusion in the multilayer (A), the individual exposed contact areas will each fall
within a single Nb contact (C)

2.4 Lithographic Procedures

The lithographic procedures described here employ a patterned resist mask on the
sample. Depending on the geometry and processing of the mask, the same exposure
procedure can create different types (Type-I-II, etc...) of samples. Lithography
defines small features from 75 to .3 pm

2.4.1 Photolithography

Photolithography began by placing a sample with a sputtered multilayer on a
vacuum spinner. The vacuum in the spinner chuck holds the sample in position on
top of a chuck while the sample is spun. A large drop, ~.1mL, of Shippley 1813 or
1805 photoresist is placed by a pipette on the surface of the sample, and the sample
is immediately spun for 60 seconds. The rate of spinning, in addition to the type of
photoresist, affects the thickness of the photoresist layer. For initial samples, Shippley
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1813 resist was spun at a rate of 4000 rpm to give a photoresist thickness of 1.3 to 1.5
pm. (Measured by exposing large features, developing the photoresist and scanning
the features with a profile stylus.) Later samples had Shippley 1805 photoresist spun
at 5000 rpm to give a thickness of 500 nm. The samples were then baked for 40
minutes at 95°C to harden the photoresist. Feature sizes from 10 to 75 pm were
processed using the thicker photoresist. When smaller 1-um features were made, the
thinner 500 nm thick photoresist was used. For a contact aligner, diffraction is the
limiting factor, and the critical dimension, or smallest feature size, can be estimated
as:

d=VkxAxz (2.1)

where k is 1.6 (index of refraction for the photomask), A is the wavelength of radiation,
and z is the distance between the mask and substrate. Using A of 365 nm and z of
1.5 ym givesd =~ 1 yum. A z of .5 um gives a d = .5 pm. Physical limitations,
such as buildup of photoresist on the corners of the substrate and the inability of the
substrate to flex which allows better contact with the mask, limited the resolution of
the 1.5 um photoresist layer to 7-10 um and the 500 nm photoresist layer to 1 ym.
After baking, the samples were placed in a contact mask aligner (ABM, INC). Using
a photomask from Align-Rite corporation, the samples were exposed in selected areas
to ultraviolet radiation of wavelength 365 to 400 nm. Both of the photoresists were
‘positive,” meaning that the photoresist forms strong chemical bonds (crosslinked).
When exposed to ultraviolet light, the chemical bonds of the positive photoresist break
down, making the exposed resist soluble in certain chemicals known as developers.
For these photoresists the developer was KOH (Shippley 452 developer). The portion
of resist underneath the mask is still crosslinked and insoluble in the developer. Two
different photomasks were used to expose patterns on the photoresist for our samples.
Both photomasks were clear field masks. That is the majority of the mask is clear

or transparent to ultraviolet light, while the features are dark chrome. The first
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photomask (layout shown in Figure 2.8 and Table 2.1) had only square patterns
ranging from 75 x 75 to 6 x 6 u m. The second photomask (layout shown in Figure
2.9 and Table 2.2) had square features from 75 x 75 to 2 X 2 g m in addition to
two wire geometries (Figure 2.3). The change in photomasks was made to produce
dimensions closer to the theoretical limit of the contact alignment system and give the
possibility to pattern wire geometries of appropriate size in the multilayer for domain-
wall trapping. In addition, the features on the second mask were produced with a
smaller spot size (the masks are produced with dedicated electron-beam writers)
which made the smaller features at higher resolution

After aligning the mask so that a pillar was aligned with the protrusion of the 1
X 10 mm strip, the samples were exposed to ultraviolet light for a fixed period of
time. The samples with 1.5 pum thick photoresist were exposed for 6 seconds. The
samples with 500 nm thick photoresist layer were exposed for 1.5 seconds. The ex-
posed photoresist was removed using Shippley 452 developer (KOH solution). Each
sample was placed in a bath of developer at room temperature for 25 seconds, next
immediately placed in a second bath of developer for an additional 25 seconds, and
then rinsed in a bath of deionized water. The two developer steps were used to avoid
contamination by removed photoresist redepositing on the surface of the multilayer.
Ideally, this process will reproduce the mask pattern on the photoresist. The pho-
toresist is now ready to be used as a mask for selecting which areas of the sample
will be processed. Any area underneath the photo resist is protected from processing

while the photoresist remains.

2.4.2 Electron Beam Lithography

When the limits of the photolithography equipment were reached, the procedures
employed were adopted to electron beam (e-beam) lithography. The basic principle
of the photolithography employed for this research was that the photoresist itself was
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Figure 2.8: A diagram of the layout and dimensions of the first photomask. A single
array of features was arranged as shown. The dimensions of the features are listed in

Table 2.1

Row 1
Row 2
Row 3
Row 4
Row 5

75
75
75
75
75

75
40
20

6
75

75
40
20

6
40

75
40
20

6
20

75
40
20
6
6

75
75
75
75
75

Table 2.1: The side dimension of each square listed for the features on the photomask

that is shown in figure 2.8. All units are in microns.

Row 1 | 75
Row 2 || 75
Row 3 | 75
Row 4 || 75
Row 5 || 75
Row 6 || 75
Row 7 || 75

W
\"

75
10

5

2
20
40
40

W40
W40

75
10
)
2
10

w
W

75
10
5
2
5
20
20

75
10

5

2

2
W20
W20

75
75
75
75
75
75
75

Table 2.2: The side dimension of each square listed for the features on photomask 2
that is shown in figure 2.9. All units are in microns. W40 and W20 refer to the wire
geometries of 40 microns length and 20 microns length, respectively, shown in Figure

23.
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Figure 2.9: A diagram of the layout and dimensions of the second photomask. On
this mask, the array was repeated multiple times on the mask. The dimensions of the
features are listed in Table 2.2

the mask that protected the multilayer or contact area. Because the nature of e-beam
lithography is one of much smaller exposed areas and since a reliable negative resist
process is difficult to develop, the e-beam mask instead patterns a secondary mask of
Al that protects the sample in a similar manner as the photoresist. The actual limits
of e-beam lithography are a function of the spot size which was much smaller (5 to 10
nm in diameter) than the feature size (500 to 2000 nm). Even though the spot size was
much smaller than the pattern, there are still parameters \Evhich need to be adjusted
to produce well-defined exposed areas. This was done by varying the parameters
of the exposure, such as the line to line and center to center spacing as well as the
dosage, and adjusting or tweaking the layout of the pattern. The e-beam exposure
has a proximity effect in that regions near the electron beam also get exposed. In
order to establish a well defined pattern, a small amount of trial and error is needed.
To select the correct exposure setting a line to line distance was chosen. Then a series
of identical patterns was made using dosages from 200 to 500 4C/cm?. This process

was repeated for the next line to line spacing to cover all the combinations of line
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to line spacing and dosage. In this manner the combination of 247 A line to line
spacing and 300 uC/cm? dosage were selected as producing the best pattern. Since
the pattern itself was simple and relatively large compared to the beam spot size, no
further modification of the writing pattern was needed to correct for proximity effects.
To create this mask, a layer of 9% copolymer in chlorobenzene was spun at 3000 rpm
onto the sample and baked for at least 1 hour at 155°C. (Copolymer is polymethyl
methacrylate (PMMA), 495k molecular weight, and 8.5% methacrylic acid (MAA).)
The sample was spun again, this time with 2% PMMA (in chlorobenzene) at 4900
rpm, and again baked at 155°C for at least 1 hour. The bilayer resist was then exposed
in a JOEL 840 electron microscope with a dose of 300 uC/cm? for features that were
in the .5 - 2 micron range at a 5 pA current. Since the current varied from session to
session, it was measured first, and the writing system would then adjust the timing
to produce an exposure of 300 uC/cm? at 1000X. The sample was then developed for
65 seconds in a 1:3 methyl isobutyl ketone (MIBK) to IPA mixture. The copolymer
is much more sensitive to secondary electrons from the multilayer and substrate than
the PMMA, and thus more of the copolymer is exposed, producing a large undercut
in the resist system after developing (Figure 2.10). After developing, the sample was
rinsed in IPA for 25 seconds and water for 30 seconds. The samples were then dried
and placed in a Edwards evaporator to have aluminum deposited.

Aluminum was evaporated at setting 2.2 A, giving a deposition rate of 6-10 A per
second. An Al layer, 150 nm thick, was deposited onto the sample. After removal
from the deposition system, the sample was placed in acetone at 40°C to remove the
Al that was not in contact with the surface. After approximately 1 hour, the excess

Al was removed and the mask was complete for further processing procedures.
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Figure 2.10: The bilayer of PMMA and Copolymer after evaporation. The devel-
opment removes the copolymer more than the PMMA causing the undercut. The
difference in removal is due the copolymer’s stronger sensitivity to the backscattered
electrons from the substrate. This allows the deposited Al feature, patterned from
the PMMA, to be isolated from the rest of the evaporated material. The bilayer will
be removed in the next step by Acetone, and only the Al on the sample will remain.

2.4.3 Etching

Once a sample had a lithographic mask in place portions of the thin film were
removed using one or both of the following techniques. Reactive Ion Etching (RIE)
was the only practical choice to remove thick (> 200 nm) Nb layers. Ion milling

removed thin (< 20nm) Nb and any other thin metal film.

Reactive Ion Etching

Samples to be reactive ion etched were taken to the Plasma-Therm BatchTop
Reactive Ion Etcher. This machine is capable of producing flows of SFg from 0 to 50
sccm and had a base pressure of 20 mTorr. Before the etching run, the entire chamber
was cleaned to remove debris from previous samples. The cleaning procedure began
by pumping down the vacuum chamber of the RIE to 20 mTorr. SF¢ was then bled
into the chamber at 5 sccm. The RIE was turned on with a power of 50 W. This
initial cleaning etch was performed for 10 minutes to remove any leftover debris from
previous SF¢ etches. After this, the chamber was purged with Ny gas and again
pumped to the base pressure of 20 mTorr. 5 sccm of SFg and O, each were bled
into the chamber. The plasma cleaning was started with a power of 50 W and again

allowed to run for 10 minutes to remove hardened debris that SFg alone could not
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remove. The chamber was then purged and bled with pure Oy at 5 sccm. This final
O etch was designed to remove any organic material left in the chamber and was
done with a power of 20 W for 10 minutes. This entire procedure was successful
at providing a clean system, although an ideal finishing step would be a physical
bombardment with Ar-plasma. (Ar gas was not installed on this system.) (Although
developed independently, a more detailed discussion of why this cleaning procedure
works is described elsewhere [32].)

After purging the chamber with N, gas and raising the pressure back to an at-
mosphere (again with N, gas), the sample was placed in the vacuum chamber of the
RIE . The top Nb layer was removed by using a 5 sccm flow of SFg at a pressure of 60
mTorr with a power of 50W. The etch was run until the multilayer was viewed to have
changed color—a sign the Nb was completely removed. The actual rate of etching
was not calculated, because when the Nb was removed, the etch will not continue;
SFe will not etch copper or Au under these conditions. Since SFg also reacts with
Si, SiO and SiO,, sapphire substrates had to be substituted for silicon to prevent
redeposition of Si etch byproducts on top on the multilayer.

This redeposition of etched Si onto the substrate, including the multilayer, led to
the development of type-I samples where no processing of the cap was needed. After
fine tuning the cleaning process and switching to sapphire substrates, successful type-
I1 samples were made using RIE. However, the RIE still did not give consistent results,
so the process of etching Nb was moved to ion milling, which gave more consistent

results.

Ion Milling

Samples which were ion milled were placed in holders consisting of a mask/sample
holder, copper heat sink, and magnetic disk. The holders were placed in a vacuum

chamber containing an evaporation boat for SiO and a 3 cm ion source for ion milling
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| Nb| Au| Cu|CoFe| Py |FeMn

10mA || 1.72 [ 9.75 [ 7.75 | 2.70 | 3.92 | 5.20
20mA | 3.92 | 38.5 | 25.8 90131 17.2

Table 2.3: Ion milling rates in A/s for various metals at 10 mA and 20 mA current.
For 10 mA, The Ar flow was 3 sccm and for 20 mA, 6 sccm.
(Commonwealth Scientific Corporation). The system was continuously pumped down
to < 1 x 107° Torr. Samples were loaded through a load lock with a magnetic arm.
Ion milling was performed at a base pressure < 5 x 1076 Torr. To start the ion
milling, Ar gas was bled into the chamber at 3 or 6 sccm giving a pressure of 3 X
104 Torr. A shutter shielded the samples while the ion gun was started. The current
was first increased to the desired level, either 20 or 10 mA and the voltage was then
increased to 500V. When ready, the samples were rotated via the sample plate over
the ion mill with the shutter open (Figure 2.11). Although sample heating took place,
the temperature of the substrates was measured to remain below 40°C for 3 sccm of
Ar flow and 70°C for 6 sccm Ar flow. Ion milling rates were calibrated beforehand,
and the sample exposure was timed to mill to the desired thickness. Ion milling rates
were measured by etching single layers of material patterned with a photo mask and
then etched for a predetermined amount of time. After etching, the photomask was
removed and the resulting profile height measured with a profile stylus. This was
done for multiple time intervals for each material, and then a linear regression was
plotted to calibrate the milling rate [33]. Those rates for specific conditions are listed

in Table 2.3.

2.4.4 SiO Evaporation

Once the samples were etched, an insulating layer of SiO was evaporated to pla-
narize and insulate the microfabricated features from the as-yet undeposited top
Nb-layer. (The material is only nominally SiO; it actually is SiO,, with x=1 to 1.5,

measured via its index of refraction [34].) If one uses the same deposition rate and
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Figure 2.11: The setup of the small chamber. The samples can be rotated to the
desired position on the sample plate. A shutter, independent of the sample plate, can
also be rotated to an open or closed position depending on source to be run. The
magnetic arm for loading samples through a load lock is in the upper right.
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pressure, fairly reproducible results can be achieved.) Deposition of SiO took place
in the same chamber as ion milling (Figure 2.11 ) at pressures < 2 x 1078 Torr.
A special tantalum boat (Figure 2.12) was slowly heated at a rate of .15 A per 30
seconds (primary current) using a variac. When the primary current reached 2.66
A, the boat was sufficiently hot to evaporate SiO. The SiO was 99.99% pure (metals
basis) 3 to 6 mm diameter rocks from Alfa AEsar. The SiO was placed in one end of
the boat. Between the SiO and the chimney of the boat were a series of baffles which
prevent spitting and provide a uniform deposition rate. (Much of the background for
this setup can be found in an article by Blevis [35).)

Heating the boat by the above method gave a deposition rate of 15 to 20 A/s.
Above the boat chimney was an additional 10 cm long chimney to prevent contami-
nation of the other devices in the vacuum chamber. The same shutter protecting the
samples during ion milling was also used to start and finish the SiO deposition. Each
sample had a deposited SiO layer thickness of 200 to 350 nm to provide insulation
from top contacts. During deposition, the sample was spun via the magnetic arm at
a rate of 60-100 rpm, and the evaporation source was offset at a 15 degree angle with
respect to the normal of the substrate to prevent the formation of pinholes (Figure

2.13).

Lift Off

Once the microfabracited features are planarized, the mask is removed by a pro-
cedure known as lift-off. Lift off or removal of the photoresist (Al for e-beam samples)
was done in a class 100 cleanroom. The samples with photoresist for a mask were
placed in an acetone batﬁ, while samples with an Al mask were placed in a bath
of KOH (Shippley 452 developer). Each sample with photoresist was individually
cleaned with a acetone dipped Q-tip to remove the hardened photoresist. (It was

sufficient to immerse samples with an Al mask in KOH for 5 minutes.) The sample
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Figure 2.12: The tantalum boat for SiO evaporation. The SiO is placed in the
loading area. The entire boat is heated using a current source. When the SiO
begins to evaporate it must flow through a series of baffles that prevent spitting. The
evaporated SiO then escapes vertically (side view) toward the sample.
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Figure 2.13: SiO, deposition. The insulator is evaporated at a 15 degree angle with
respect to the sample-surface normal. This and the rotation help to eliminate pin-
holes.
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was then visually inspected using an optical microscope at 20-100X to ensure that
the mask was removed. After confirmation that the bulk of the mask was removed,
the samples were again immersed in 40°C acetone or room temperature KOH and ag-
itated in an ultrasonic cleaner for 15 minutes. Samples with an Al mask were rinsed
with water and immersed in acetone (40°C) for 15 minutes. All samples were then
rinsed (with IPA) and immersed in 40°C IPA. Again, the samples were agitated using
an ultrasonic cleaner. Finally, the samples were rinsed in deionized water and placed
in 80°C deionized water, agitated for 10 minutes in the ultrasonic cleaner and allowed
to cool to room temperature. After this, the samples were taken for a final sputtering
deposition of Nb superconductor. Since the contact of the Nb to the multilayer was
critical, the Nb deposition was done as soon as possible after lift-off to help prevent

contamination processes which might increase the contact resistance.

2.5 Measurement Equipment

For a fully prepared sample, MR measurements were made by connecting three
separate pillars to the measuring apparatus. Although both a nanovolt and SQUID
null detection system were employed, the connections from the sample to both systems
were identical. The contact (and thus area of current flow) to be measured (#1) was
connected to both a voltage (V+) and current lead (I+). A second contact (#2) was
connected to the other current (I-) lead. The third contact (#3) was connected to the
final voltage lead (V-). This allows current to pass from contact 1 to contact 2 (via the
bottom Nb superconductor) without creating a potential drop in contact 3 (Figure
2.14). Placing two leads on each contact allows one to permute the leads connected to

the voltage and current measuring devices and thus measure each individual contact.
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Figure 2.14: Measurement setup and geometry of the sample. Input current and
voltage leads are attached to the contact to be measured (#1). Output-current
and second-voltage leads are attached to #2 and #3 contacts, respectively. Current
flows between contacts #1 and #2 (via solid arrows), and the voltage contact at #3
measures the potential of the bottom superconductor.

2.5.1 SQUID Based Null Circuit Voltage Measurements

Most field dependent resistance measurements were done on a low temperature
probe containing a supercondcuting quantum interference device (SQUID) null circuit
and a superconducting magnet. Samples were cooled to 4.2 K while connected to a
SQUID feedback circuit. This potentiometer circuit allows measurements of resistance
in the n{2 range (Figure 2.15). A known current, 14 is applied through the unknown
resistor R,. The SQUID, coupled to an inductor between points A and B provides a
very sensitive feedback current Irp which balances the circuit so that points A and
B are at an equipotential. The feedback current through the reference resistor Rg.s
(= 100 pf) is then measured with a 10 k Q2 feedback resistor (not pictured) in series
with the reference resistor. The equipotential balance gives R; x 14 = Rpes % Irp.
R, can then be calculated. Because of the sensitive nature of the measurement, all
leads connecting R; and Rg.y are superconducting.

The applied magnetic field in the probe can range over + 1.5 Tesla. This was
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Figure 2.15: The SQUID null feedback circuit. An RF SQUID system (SQUID,
inductor, RF LC circuit, and semiconductor electronics) balances the circuit so no
current flows from point A to point B. The voltage drop across both resistors is equal
in this balanced state. From Ohm’s law, one can then solve for R, and in terms of
14, Irp and Rpes. 14 is applied to the system and is known. This applied current
causes the SQUID system to go out of balance. The feedback current from the SQUID
system, Irp, is measured by a resistor in series with the reference resistor, Rres. Rres
is a precision resistor with a known resistance.

47



accomplished by applying a known current through a superconducting coil operating
in persistent mode (the sample sat inside the magnetic coil). The magnetic field was

calculated by using the known coil constant (533.2 Gauss/A) of the magnet.

2.5.2 Nanovolt measurements

A new multiplexer system with 12 current channels and six voltage channels was
built for four point MR measurements on samples with resistances > than 100 uf2
(Figures 2.16, 2.17, and 2.18). A Keithly 2400 current source supplied current while
a Keithly 2182 nanovoltmeter measured voltage. The sample was measured in liquid
He (4.2 K), and measurements were taken over a wider range of currents than was
possible with the SQUID system. The multiplexer system was designed to allow
different samples to be measured on a single substrate without removing the probe
from the liquid He dewar.

The probe consisted of six current and voltage Cu leads (12 total) that were con-
nected to the external measuring equipment at room temperature. Each connection
included shorting and grounding (including direct to ground and ground through a
1 M resistor) switches for each individual wire. These switches were installed for
future applications where static charges could have enough energy to burn out narrow
wires or features made by e-beam lithography. Each lead was then connected to the
multiplexer system. The current leads were connected via a Fisher seven-pin connec-
tor, while three all-Cu §2-Engineering thermocouple connectors were used to connect
the voltage leads (2 leads per connector, plus a ground connection). This all-Cu wire
and connection system minimizes voltage offsets and drifts due to the thermoelectric
effects at room temperature.

The Keithly 7001 multiplexer with 7011 card was used to switch the current
leads, while the voltage leads were connected to a Keithly 7168 low thermal offset

card. Due to the layout of the 7168 card only eight channels with low thermal offsets

48



were available for voltage multiplexing which meant that half of the channels were
hardwired as voltage high (or V+) connections and half hardwired as voltage low
(V-). The current connections had 40 channels and each wire could be connected to
the current high (I+) or low (I-) channel.

As shown in Figure 2.17, the measuring probe fits inside a separate sheath for low
temperature measurements with a superconducting solenoid of coil constant 506.6
Gauss/A. For room temperature measurements the probe can be separated from the
sheath and inserted into a standard electromagnet.

A LabView program was written to automate the measurement process. Using
the already existing computer code from the SQUID system to control the persistent-
mode magnet, seven measurements were made at each field setting by measuring
DC voltage versus DC current, where the current was reversed each time to null-
out thermoelectric offsets. In addition, each sample was given an overall current

dependence check to ensure that the resistance was not current dependent

2.5.3 Area Measurements

The areas of contacts were measured using a JOEL 840 electron microscope. Sam-
ples were photographed at an appropriate magnification and areas measured using
IP Lab software or a vernier caliper to measure dimensions and compare with the
distance marker placed by the microscope. (No self-consistent measurements were
possible.) These measurements were only good to 10% due to operational parameters
of the microscope [36]. Accuracy of the microscope is dependent on keeping parame-
ters such as the beam current, aperture size and magnification identical from image
to image. For our purposes this was not feasible. Every effort was made to minimize

these effects and obtain reproducible results.
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Figure 2.16: The circuit layout of the nanovolt probe. A Keithly 2400 current source
(1) is connected to a Keithly 7011 multiplexer card (2) with two electronically isolated
banks of connections that allow each wire coming from the probe to be selected as
either high or low in combination with any other wire. A Keithly 2182 nanovoltmeter
(3) is connected to the voltage leads. However, the Keithly 7168 multiplexer card can
only support one voltage connection per voltage lead. Thus half the voltage leads
are hardwired as V+ and the others are V- (4a,4b) The wires are then connected to
the probe (5,6; see Figure 2.18). Finally the leads are taken to the low temperature
portion of the measurement in the measuring probe and connected to the sample.
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Figure 2.17: The modular measuring probe used for nanovolt measurements. The
magnet, magnet leads, and persistent switch connections are self-contained in a sheath
that connects to the I-V portion of the probe via a quick connect. This sheath
surrounds the probe and the connection is placed at a pre-determined location to put
the sample in the middle of the magnet. The measurement portion of the probe can
be used with or without the magnet portion.
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Figure 2.18: A layout of the external connections to the measuring probe (one side
only, see items 5 & 6 in Figure 2.16). For both the current and voltage leads, each
wire is connected to a grounding system individually. The grounding system is also
wired to a switch which chooses between a direct ground or grounding through a 1
MSQ resistor to minimize currents induced by static charges. The shield for each cable
is directly connected to ground. Outside the probe, all current leads are inside a
single shielded cable and each pair of voltage leads has its own shielded cable
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Chapter 3: CPP-Multilayers with

Micron Size Top Contacts

3.1 Introduction

Since the initial work of Pratt et al. [14], CPP multilayers have been the source of
intense study. As mentioned previously several different methods have been developed
to cope with the inherently low resistance of the multilayer due to the very short
current path. These typically fall into two major categories: samples which employ
superconducting contacts; and those which employ lithography.

Recently Cyrille et al. [22] made initial attempts to join lithography and super-
conducting contacts in hopes of combining the advantages of both. However, the
complex lithography involved gave a very poor yield of useful samples. Part of this
difficulty was due to the geometry—many (100) lithographed areas were connected
in series, and a single bad contact could render the entire chain useless.

A new geometry was developed here [37], that combines simple lithography with
superconducting contacts. In addition to a simplified geometry, the size of the con-
tacts can be reduced to the physical limits of the lithography equipment. This should
increase the resistance of a single contact to a point were a nanovolt system may
be employed to perform magnetoresistance measurements. The process employed to

fabricate these samples (type-I & -II) was described in Chapter 2.
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3.2 Initial Work and Tests

3.2.1 Lithography Test

In order to test the initial fabrication procedure, several trial multilayers were
made of the form: Nb(250) / Cu(100) /Cog;Feg (x) / Cap / Nb(250) , all units in
nm, x = 10-60, Cap was type C; ( Au (15 nm)) or C;; (Au (10 nm) / Nb (20-50 nm)
/ Au (15 nm)). The thickness of the Cog;Feg layers was varied in order to measure
both the resistivity of the Cog,Feg layer and Nb/Cog, Feg interface resistance, since
the initial assumption is that the interlayers of Au will be superconducting by the
proximity effect.

The results of the test are shown in Figure 3.1 [37]. From the 2CSR model, one
can model the resistance as twice the Nb/Cog, Feg interface specific resistance plus

the specific resistance of the Cog Feg single layer:

AR = 2ARnNy/core + ARcore (3.1)

= 2ARnNy/coFe + pcoFetcoFe (3.2)

The resistivity of Cog;Feg can be found by plotting the specific resistance versus the
layer thickness where the resistivity is the slope of the line and the Nb/CoFe interface
resistance is half the intercept of the y-axis.

The resistivity of Cog; Feg in all cases agrees well with previously reported data [38].
Here the value is calculated from a linear regression for the two sets of samples with
multiple values of Cog; Feg layer thickness. For the type-I samples, the resistivity was
71 £ 5 nQm. Type-II samples gave a value of 61 + 8 nQdm. The previously reported
value of 70 £+ 10 nQ2m was performed using Van der Pauw techniques.

The Nb/Coq; Fey interface resistance is also in agreement with previously reported

results. Type-I samples give 2ARnp/core = 8.0 & 0.1 fQm?. The data for ultrasoni-
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Figure 3.1: A plot of the specific resistance for single layer Cog; Feg samples versus the
Cog; Feg layer thickness. The circles represent samples with a C; cap that underwent
a cleaning procedure without ultrasonic agitation. The triangles represent samples
that did have ultrasonic agitation (C; cap). The squares represent a C;; cap with
the original (non-ultrasonic) cleaning.

cally agitated type-I samples extrapolate (using the slope for previous type-I samples)
to 2ARny/core = 6.4 £ 4 fQm2. Both type-I values are not significantly different
than the previously published value of 7.0 + 1 fQm? for the 2 x Nb/Cog;Feq inter-
faces [38]. However, it appears that the ultrasonic agitation lowered the Nb/Cog, Feg
interface value, indicating that the final cleaning step is most likely very important
to produce a clean-interface resistance [37].

It was concluded from earlier studies [29,30] that the middle Nb layer (in Cy;) is su-
perconducting at 4.2 K, and thus most of the CPP resistance will come from the metal-
lic multilayer stack that was sputtered under UHV conditions. Since 2ARyy/core
= 5.1+ 0.2 fQm? (solid squares in Figure 3.1) for such typé—II structures, it appears
that direct contact between CoFe and Au (10 nm) (in place of 10-nm-thick Cu in 1

% 1 mm samples) lowers the effective Nb/CoFe interface resistance [37].

In addition, as previously mentioned, the ability to perform self-consistent mea-
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surements in the electron microscope was limited, and thus the accuracy of our mea-
surements is at best 10 % (verified by the manufacturer) [36]. However, because
most of the measurements were taken with similar setups: constant aperture size;
constant working distance (focal length); similar magnification; and similar current,

the precision of the measurements is probably much better than 10%.

3.2.2 Current Dependence

For superconducting contacts, the CPP current density Jopp will likely be limited
to a maximum of ~5 x 10 A/cm? (observed in our laboratory for sputtered Nb
films [39]). Below this range it is expected that there will be no current dependence
in the resistance of the sample. In order to confirm this, the resistance of the sample
was measured using our nanovoltmeter-based 4 point V-I technique. Only the smallest
samples have resistances large enough to be measured with this method. Because of
the limited nature of the SQUID feedback‘ system, a large range of currents was not
available in that setup, especially at the high current densities.

The highest the current density will most likely occur is in the vias of the samples—
between the top Nb contact and the multilayer. (Figure 3.2). Because of the ~100-nm
penetration depth of our Nb [39], current will only flow along the perimeter of the
vias. Thus the cross sectional area for current flow is roughly given by the product
of the penetration depth and the perimeter of the contact (feature size x 0.4 um?).

The measurements for several Cog;Feg EBSV samples are shown in Figure 3.3.
A secondary judge of the lithography is how close to the critical Jcpp of Nb can a
contact sustain a superconducting current. The 9.5 um? and 28 pm? samples exhibit
a significantly lower critical Jocpp of 10° A/cm?, but these samples were fabricated
in the earlier stages of the lithographic processing. In contrast, the 4.5 um? data
do approach the expected critical Jcpp of the Nb without significant increases in

resistance. This shows that the lithography again is not significantly affecting our
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Figure 3.2: An explanation of vias (black areas with white arrows). The portion of
the Nb (white, black for vias) where the current (block arrows) flows from the Nb that
lies on the SiO (grey) to the portion of Nb in contact with the multilayer. The current
only flows along the edges because the penetration depth of the superconducting Nb
is ~100 nm.

ability to perform CPP transport studies with a nanovoltmeter.

Ideally, one would like to take advantage of the ultra-sensitive SQUID based mea-~
suring system mentioned in Chapter 2 (Figure 2.15) for these small-contact samples.
However, the electronics of the SQUID setup limit the feedback current to ~ 1 mA.
The current through a 1 m§2 sample (a typical resistance for the smallest contacts)
will then be 0.1 mQ x 1ma / 1 mQ = 100 pA. If one increases the reference resistor
to 1 mS2, the sample current will then be increased to 1 mQ x 1mA /1 mQ = 1 mA.
For a 1 um? contact this gives Jcpp = 10° A/cm?, an acceptable current density even
for the worst of the samples shown in Figure 3.3. Since the voltage across the sample
is now 10 times larger than before, the precision of the measurement is significantly

increased.
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Figure 3.3: The current dependence of several of the smallest contact areas for Cog, Feg
samples. The right hand vertical line represents the expected Nb limit of 5 x 10°
A/cm? [39]. As the lithography improved over time so did the amount of current that
the superconducting contact could support. The sample with 28 um? was one of the
earliest samples while the 4.5 um? was one of the last fabricated samples. Also note
the high contact resistance of the 9.5 um? sample and how it will not support a high
current density.
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3.3 GMR Transport

Using the information gathered from these first experiments, exchange bias spin
valves (EBSVs) of permalloy and Cog Feg were fabricated: Nb(250) / Cu(10) /
FesoMns (8) / X(t) / Cu(20) / X(t) / Cap; with X = Cog;Feg (= ‘CoFe’) or NigsFe;q
(= Permalloy or ‘Py’). The majority of these are type-II samples with a 20 nm thick
Nb layer in the cap. This change was made to allow ion milling of a thin Nb layer
as opposed to reactive ion etching of a thick Nb layer. Initially, RIE was a difficult
process to control and gave inconsistent results due to a leak in the vacuum system,
and the reactivity between the gas used, SF¢, and Si which caused redepositing of Si
on the multilayer. Switching to sapphire substrates eliminated the second problem,
but ion milling gave a yield rate of nearly 100% while RIE gave only 60-75%.

One of the most important predictions of the 2CSR model is that AAR should
be unaffected by area of current flow. The results of the Cog Feg and permalloy
EBSVs [37] are shown in Figures 3.4 and 3.5. The variance of AAR with area is
similar to that of sputtered samples with current flow areas of 1 mm? (data points
along the far right hand side of the graph) . The variances in the 30 nm data in
Figure 3.4 correspond to pillars on different substrates. Each single substrate has
pillars that exhibit only small changes in AAR as A decreases.

Notice the Py data appear to have smaller variations in AAR (especially the 3
nm data). This is due to the implementation of refined lithography process and a
new mask (described in the Chapter 2). The introduction of the higher resolution
photomask greatly stabilized contact area and gave much better lift-off results. This
resulted in much better estimations of the area since irregular breaks or rounding of
the edges were much less common.

Most of the variations in AAR can be attributed to 2 sources. First, as can be seen
from the 1 x 1 mm data included at the far right of each figure, AAR sometimes varies

from sample to sample by more than the 5% uncertainty of the areas. Such variations
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Figure 3.4: AAR vs Area for several thickness of Cog;Feg . The variations in AAR are
similar to those seen in previously published data for samples with areas of current
flow of 1 mm? (far right). Note that while the 30 nm data has large variations,
individual substrates showed more consistent data, except for substrate 1 which had
a poorly defined contact area for one of the contacts (poor-lift-off)
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Figure 3.5: AAR vs Area for several thickness of Py. The variations in AAR are
similar to those seen in previously published data for samples with areas of current
flow of 1 mm? (far right hand side).
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Figure 3.6: Minor hysteresis loops of CPP resistance versus magnetic field for one
of the smallest contact-area Py samples compared with a 1 x 1 mm sample (tp, =
6 nm for both samples). The saturation and coercive fields have been affected by
processing.

are probably due to subtle changes in the sputtering conditions during deposition.
Second, irregular holes or improper lift-off makes the contact area difficult to measure
for the lithographed samples. When the lift-off of the resist is clean, the area is very
easy to measure as it is a square with well-defined borders.

During the study of Area versus AAR, it was discovered that while AAR was
reasonably constant the magnetic properties were affected by the fabrication process
[37). Ion milling increased the saturation and coercive fields of Py EBSVs when tp,
was less than 12 nm. (Figure 3.6). The change was not as significant in samples that
were: (1) reactive ion etched; (2) Cog,Feg samples; and (3) Py samples with Py layer
thickness greater than 12 nm. Better heat sinking of the sample during ion milling
also reduced this change. An extra piece of silicon substrate was placed in the sample
holders (Chapter 2) to be sure the sample was thermally anchored to the copper heat
sink.

A final test of the transport properties was to demonstrate that the spin diffusion

length remained unchanged in the new samples [37]. Previous work on Nig4Fe gand
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Figure 3.7: Minor hysteresis loops of CPP resistance versus field for (a) tp,=15 nm
and (b) tcore = 18 nm samples. Here the magnetic properties are very similar to
those at 1 mm? samples.
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Figure 3.8: The effect of the spin diffusion length l,on AAR. The experimental
results show that l,is indeed finite.

Cog; Feg [38,40] showed a finite diffusion length in both materials. This was shown by
comparing AAR and the layer thickness. If the spin diffusion length is infinite, AAR
will continually increase with increasing layer thickness. If [, is finite, then after a
certain layer thickness, AAR will no longer increase. This effect is shown in Figure
3.8 for 1 X 1 mm samples [38].

The results from the lithographed spin valves [37] and those from previous work
[38,41)(1 x 1 mm samples) show good agreement. (Figures 3.9 and 3.10). The
finite spin diffusion length for both ferromagnetic alloys is demonstrated again by
the micron size data where the areas range from ~5100 to 4 um2. In addition the
variation of AAR for fixed thickness is the same as or better than that for the 1 x 1
mm EBSVs. This improvement is likely due to the fact that multiple-size contacts are
available on the same multilayer (fabricated under identical conditions), while each
1 mm? data point represents a separate multilayer deposition. These figures clearly

demonstrate that CPP-GMR transport is unaffected by the lithographic processing.
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64



Chapter 4: CPP-Domain Wall
Trapping

Ono et al. showed [9], using a trilayer of NigoFeyo (5)/Cu(10)/NigoFezo (20) and a
CIP geometry, that domain wall trapping was possible in the narrow neck of a wire of
sub micron width. Based on MR measurements as the field was swept from negative
to positive, an intermediate “state” between the P and AP state was achieved where
a domain wall was trapped in a narrow neck of the long wire. Further work showed
that a source of domain walls was needed to provide a reliable method of injecting a
domain wall into the narrow wire [42]. Using a diamond shape F-pad [43] at the end
of a long wire helped to facilitate this injection and the eventual trapping of a wall
at the neck region.

By transferring this experiment into the CPP geometry, it may be possible to
study specific regions of the wire by using localized superconducting contacts. The
contacts in the CPP geometry can be made to lie only in the region of interest. This
allows a localized current to probe the area of trapping, and the resistance changes
from such a measurement as a domain wall sweeps past the contact would allow one
to study the relative position of the wall based on the size of the GMR in the AP and
P states.

The initial geometry of the sample was a long wire with flat ends (Figure 4.1) .
Continuing studies on domain wall formation show that flat ends of the wire are more
likely to produce domain wall nucleation. As mentioned before, a study by the Shinjo
group showed that placing a domain wall ‘source’ [42] at the end of the wire further
improves the likelihood of domain wall propagation. Otherwise it is uncertain where
the wall nucleates in the sample. Additional study showed that a diamond-shaped

pad on one end of the wire is most successful at injecting a domain wall into the
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sample [43]. This work was not published at the time of the initial photolithography

study but was incorporated into e-beam lithography samples fabricated later.

4.1 Initial Trials

A series of Nig4Fe;sexchange bias spin valves was fabricated as type-III samples.
Applying the previous photolithography work of superconducting contacts, the EBSV
was shaped into a wire geometry using the previously described methods for the high
resolution mask. This time, as mentioned in the fabrication section, all of the EBSV
layers were ion milled (excepting the portions under the photolithography mask).
After planarization with SiO, the entire wire was covered with a superconducting
contact. When measured, these Nig4Fe;cEBSVs did not show conclusive evidence
of domain wall trapping (Figure 4.2). Only the larger of the two photolithography
geometries were successfully fabricated at this time. The smaller samples were poorly
defined due to the buildup of photoresist along the edges of the sample which limits
the resolution of the mask aligner. These small samples had ends that resembled
Figure 4.1a; poor choices to study for domain wall trapping.

Previously measured Cog)Feg EBSVs, for the study of superconducting contacts
on macroscopic multilayers (Chapter 3), did show some evidence for domain motion
at small contact sizes. Very small, and unrepeatable states were visible at the smaller
contact sizes (Figure 4.3). Since this is comparable to the size of the wire geometry,
the decision was made to use Cog;Feg in the EBSVs for photolithography samples
with both pattern sizes.

Using Cog; Feg in the experiment was more successful. An initial experiment with
the Cog1Feg EBSVs showed some evidence of domain wall trapping. Although not
entirely reproducible, the experiment left a hint of the direction to go (Figure 4.4).

Clearly the domain wall was becoming trapped, not only in the notch but in other
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Figure 4.1: The layout of different wires used for domain wall trapping. (a) A poor
candidate for domain wall trapping as the ends will not easily produce domain wall
nucleation. Many of the initial 2-um-wide samples were shaped like this due to
poor contact in the mask aligner. (b) The flat ends will be better for domain wall
nucleation. This was the goal of the photolithography trials. (c) The best option is
to provide a source of domain walls. The diamond on the end will be multidomain
and nearly always inject a domain wall into the sample. This configuration was used
for e-beam samples.
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Figure 4.2: A NigsFe;gEBSV (tpy, = 60 nm) in the large photolithography geometry.
There is poor evidence of domain wall trapping
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Figure 4.3: A Cog;Feg EBSV (tcore = 30 nm) from earlier transport studies (Chapter
3) that gives indications of domain wall trapping behavior. Note the plateau (in the
transitions) between the P and AP states.
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places along the wire as well. This happened because the photolithography process
left the wire with edges that were not sharp, and the wire was populated with many
small “necks.” This occurrence of multiple intermediate states was evidence that
either the photolithography had to be refined further, or a transfer to an electron-

beam process was needed.

4.2 Improved Lithography

An attempt to improve lithography was made by reducing the buildup of photore-
sist along the edges of the square substrate. Using acetone and a Q-tip to remove
the excess buildup along the edge reduces the contact distance and ensures that the
resist is of uniform thickness over the entire sample (Figure 4.5).

This process improved the overall resolution by a roughly a factor of 2. The
smallest photoresist patterns (2 microns wide with a 1 micron neck) were now better
defined and produced better results (Figure 4.6). Still the results were not as clean
as the original CIP work by One et al. Several non-reproducible intermediate steps
were still observed in-between the P and AP states.

Type-IV samples combine all of the above mentioned techniques with the addition
of a second lithography process that independently defines the top contact area. The
first lithography procedure now shapes the multilayer feature into the wire geometry.
All of the previously described methods are used (unchanged) to produce the shaped
wire. Instead of a final step of sputtering top Nb contact, the sample is again processed
using the same procedures; this time, however, a square photolithographic mask is
used. The square features are placed directly over the notch area. A type-I procedure
is employed to shape a ‘window’ in the notch area, while the rest of the wire is
insulated from electrical contact. Now, only the area in the window is in contact with

the final sputtered Nb layer. This arrangement uses the current flow properties of
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Figure 4.4: The best domain wall trapping sample with the initial lithography. Al-

though decent results were obtained, they were not reproducible, as evidenced by
these two runs on the same structure. This is a CogFeg EBSV with tgore = 18 nm.
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Figure 4.5: Removing the buildup of photoresist with acetone and a g-tip greatly
increased the resolution of the photolithography. Before this improvement, the pho-
toresist along the edges was much thicker and hindered good contact with the mask.
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Figure 4.6: A domain wall trapping sample with the smaller of the 2 wire geometries.
Although decent results were measured they were not reproducible, as evidenced by
these two runs on the same structure. This data is from a Cog,Feg EBSV with tc,re
= 6 nm.
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Figure 4.7: A 5 um contact on the small wire configuration for a Cog; Feg EBSV (tcore
= 12 nm). The large plateaus in between the P and AP states are likely the domain
wall trapping. ARnotcn is roughly the same for both intermediate states. Based on
the total AR and the resistance noise, one can locate the domain wall in this sample
to about 10 nm.

the superconductor to study only the notch area.

The results from this modified sample were again better, but still unsatisfactory.
Again, non-reproducible results were shown. However, there were indications that the
samples did exhibit some behavior of domain wall trapping. As shown in Figure 4.7,
there is a wide plateau located in equivalent spots on opposite sides of the hysteresis

loop. There are still smaller plateaus located seemingly at random. The largest steps,

though, are located in proportion to where the square contact is situated in the notch.
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Figure 4.8: An SEM picture of a Type-IV sample. Notice that the top contact
(square) is off center. The location of the notch in top contact region determines
where the intermediate state will occur in the MR transition.

Note that the location of the large intermediate state is not half way in between
the P and AP states. This is in agreement with the observation that the top contact
is not perfectly centered over the notch, as shown in Figure 4.8. Furthermore one can
estimate from the data of Figure 4.7 that the standard deviation of the resistance
noise is ~ 240 nQ2. As the wall sweeps through the region of the 5-um contact, the
overall resistance change in R is AR = 0.12 mQ2. Thus one can resolve the motion
of the wall to ~ 10 nm (= 5 pm x 240 nQ / 0.12 mQ). Of course, further averaging
of R measurements would improve the ability to resolve small motions in the average
position of the wall. Also making the contact smaller should improve the resolution.
In Figure 4.7, the quantity ARncn (= 0.12 mQ) provides an estimate of the average
motion of the wall while it is trapped. One obtains ~ .5 pm ( = 5 pym x 0.012
m / 0.12 mQ) which is 50% of the neck length in the sample (Figure 2.3), a very

reasonable result.
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4.3 E-beam Lithography Samples

Since photolithography had been pushed to its resolution limits with the contact
aligner, the patterning process was adapted to an electron beam procedure. Now a
bilayer resist was used to pattern an Al mask on the sample. That mask shaped
the multilayer by ion milling, and the entire substrate was planarized with SiO. In
addition, since the size of the samples was approaching sub-micron dimensions, the ge-
ometry of the sample was changed to eliminate vias. The sample was instead initially
sputtered with a very thick top Au layer (150 nm) that protrudes from the insulating
layer. Contact will then be much easier to achieve with the top superconducting Nb.

Initially samples exhibited significantly increased coercive fields, similar to the
EBSV transport study of Chapter 3. However, this problem was significantly re-
duced by improving the thermal contact between the substrate and its copper heat
sink during ion milling and SiO deposition. Thermal grease was placed between the
substrate and a blank Si substrate in the sample holder to ensure good thermal an-
choring. Also, the blank Si substrate had grease applied between it and the Cu heat
sink. This arrangement was successful in reducing the damage to the samples. The
grease was removed by ultrasonic agitation in an acetone bath.

Also the layout of the sample was changed (Figure 4.9). E-beam lithography
allows flexibility in the geometry of the exposure, and the previously mentioned im-
provements in domain wall injection [42,43] were incorporated into the design. In
addition, the size of the sample has now shrunk to a size where experiments done
before have shown domain wall trapping in NigsFe;s, so that material may be used
again in an EBSV.

This procedure was successful in producing 1 and 2 ym wide geometries. The
results were promising. As shown in Figure 4.10 and 4.11, a single major plateau
is usually observed in each transition from the P to AP state and vise versa in a

NigsFe;6EBSV with tpy= 12 nm. The plateaus are now more reproducible and appear

76



VOIS

< <

2 um 4 um

Figure 4.9: The pattern for e-beam lithographed samples. A diamond at the end
of each wire is patterned to provide a source of domain wall injection. The aspect
ratio of each wire has also been increased to facilitate single domain wires. Ideally
the wide wire would have 40 um segments, but the pattern would exceed the range
of the writing microscope.
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Figure 4.10: A single MR curve for a NigFe;sEBSV (tp, = 12 nm). Notice the
intermediate state located nearly at the half way point.

at a point halfway between the P and AP state, as expected. Note that the top
Nb contact covers the whole sample, so the CPP-MR is sensitive to domain wall
motion everywhere. In spite of this, it is gratifying to see plateaus at the expected
intermediate position. Also note the area of the diamond-shaped pad is only 10% of
the total area of the narrow wire.) It appears that this particular size of sample will
yield the results desired (Figure 4.11). However, only by restricting the measurements

to the notch region can fully realize the potential of this experiment be fully realized.
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Figure 4.11: Repeated MR curves for a single sample 1 um wide (Py EBSV with tp,
= 12 nm). The trapping appears reproducible. Complete curves were not obtained
in some cases due to problems with the electronics .
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Figure 4.12: The motion of a domain wall (grey) after it becomes pinned by defect
or geometry (black circles). The ends of the wall tend to stay fixed while the center
will bow out.

4.4 Results

For all the results one thing is clear. When the intermediate state is achieved, this
state is not ‘flat,” but instead the resistance continues to change in same direction as
before, usually at a lesser rate as the field is changed. This could be due to bowing
of the domain wall. When a domain wall becomes trapped in the notch, the ends are
very strongly pinned while the center will move forward (Figure 4.12). This will lead
to the effect described above.

For the larger samples there also appeared to be multiple domains. Co is likely to
become single domain only at large aspect rations [44]. From the information in this
paper, it is unlikely that the photolithography samples patterned for this study were
single domain. However, the e-beam samples are of the proper size and aspect ration
to be single domain. Given the problems associated with photolithography at this
resolution, it is probably best to continue the e-beam study and develop a method to

place top Nb contact only in certain regions.
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Chapter 5: Conclusions

A successful attempt was made to fabricate samples with areas of CPP current
flow down to the micron size using superconducting contacts, but with macroscopic
sizes for the ferromangetic layers. The sample properties were relatively unchanged.
Although the coercive and saturation fields for some samples were increased, these
changes can be minimized by refined techniques described here. The CPP GMR for
both Cog;Feg and NigsFe s, two materials important for applications, is unchanged
in the samples with micron size contacts. The samples showed excellent P and AP
states down to 4 um? top contact sizes. Although it may be possible to push the
lithography further by adopting a larger wafer size to ensure a more uniform resist
when spinning, the results may only give an improvement in resolution of less than
50%. It would be better, if further studies are needed, to adopt the electron beam
techniques described for the domain wall trapping to produce top Nb contact sizes
down into the sub-micron range.

The study of domain wall trapping is only in its infancy. Now that a reliable
method for producing samples exits, further studies of the behavior of the domain
wall can be done. From the initial Cog;Feg work done with photolithography, it
is clear that domain wall trapping was occurring to varying degrees. For the final
electron-beam fabricated sub-micron wires, it is fairly clear that more reproducible
trapping is occurring.

The final step in this process in to perfect a technique to place the Nb only in
the notch region using e-beam lithography. Then it would be possible to gain further
insight into domain wall trapping by controlling the shape and position of the notch.
It has also been proposed to look for telegraph noise in the CPP-MR while the domain
wall is trapped, a possible signature of domain wall tunnelling between pinning sites.

Now that a procedure exists to produce samples, these studies can be done. So far in
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this project no magnetic force microscopy (MFM) studies of the trapped walls have
been made. This will be an important study to do for the future.

To accomplish this goal a new sample design (Figure 5.1) is proposed. By using a
new photomask layout along with e-beam alignment, one should be able to select the
areas of the wire to be studied and have only ~ 1 yum-wide Nb top contacts (Figure
5.1.)
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Figure 5.1: A proposed top view of the new fabrication to put Nb only in certain areas
of the sample. (a) Photolithography patterned leads are made by sputtering an entire
EBSV onto a substrate photoresist mask. The mask allows features down to several
pm to be patterned. Note: extensions of these patterned leads to mm size contact
pads are not shown here. (b) Using the unattached leads as rough alignment marks, a
wire mask feature is patterned on the center lead by e-beam lithography. The sample
is then ion milled to the bottom Nb (Au coated) leaving the EBSV structure only
underneath the mask (including alignment marks). (c) The sample is planarized. (d)
The alignment marks are used to align a pattern (photo- or e-beam lithography) that
will expose the notch region and a connection to the remaining leads. Sputtering Nb
into the exposed region completes the sample.
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