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ABSTRACT

QUANTITATIVE AND ANALYTICAL HIGH-RESOLUTION TRANSMISSION
ELECTRON MICROSCOPY STUDY OF EPITAXIAL Co/Cu GMR MULTILAYERS

By

John W. Heckman, Jr.

Co/Cu multilayers were grown on Nb layers by sputter deposition as part of
an effort to develop a system for producing epitaxial multilayer (ML) devices for
perpendicular to plane, giant magnetoresistance measurements (CPP-GMR).
Epitaxial MLs and a polycrystalline ML were analyzed using conventional,
analytical and high-resolution transmission electron microscopy. The Nb base
layer observed was a single defect-dense crystal on the sapphire substrate.
Apparently amorphous interfaces and non-equilibrium lattice structures were
seen in one epitaxial ML. This sample also showed a overall Cu mass deficit.
MLs In the other epitaxial specimens were broken into "island-like" regions
associated with Cu seed-layer discontinuity. These epitaxial MLs had strata
showing a crystal defect density like the Nb base and Co/Cu interlayer contrast.
The polycrystalline sample was small grained and textured in the [111] growth
direction. Co/Cu interlayer contrast in the polycrystalline ML and the epitaxial

island MLs arises from stacking changes in Co.
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CHAPTER 1 INTRODUCTION
1.1 Overview:

In the last decade great progress has been made in the application of thin-film
multilayer technology. Nowhere has this development been more apparent than
in the area of thin-film giant magnetoresistance (GMR) devices. The operation of
these devices is based on the property that certain layered structures, containing
a ferromagnetic/nonmagnetic/ferromagnetic layer motif, display a great change in
electrical resistance upon the application of an external magnetic field. Magnetic
random access memory (MRAM), GMR read heads, and magnetic position
sensors are commercial examples of the application of this technology.
Improvement and development of this technology will depend on the refinement
of the knowledge of the effects of the physical characteristics of the magnetic and
non-magnetic materials used on the resultant magnetic properties. For example,
an early discovery towards the facile production of these devices was that GMR
devices readily be made in high throughput sputtering devices. Already a wealth
of information exists describing the effects of elemental choice, crystal orientation
and size within the films, interfacial roughness and intermixing on the GMR
response. Developing fabrication protocols for single crystal epitaxial structures
is currently an important area of investigation. In this thesis, the results of
experiments aimed at the development of such protocols are evaluated by
transmission electron microscopy (TEM) techniques. For preliminary work, a well
characterized and technologically applicable Co/Cu multilayer was chosen.

Examples were sputtered under varying temperatures and annealing treatments



to develop epitaxial model systems for GMR studies. The focus of this
investigation was the crystallographic and compositional characterization of
these examples, at the atomic level, and their comparison to similar
polycrystalline preparations.

1.2 Giant Magnetoresistance:

One of the factors influencing electrical resistance in metals is the magnetic
condition of the medium. Giant magnetoresistance (GMR) refers to an
anomalously high resistance to electrical current passage through some
materials, as a consequence of their magnetic order [1]. This resistance can be

greatly reduced through the application of an external magnetic field (Figure 1a).

The GMR effect was first observed by the independent groups of A. Fert [2], in
France, and P. Gruenberg [3], in Germany. These groups noticed a drastic
reduction of electrical resistance in the plane of ultra-thin Fe/Cr muitilayers (MLs)
in the presence of an externally applied magnetic field. This effect was far
greater than the angularly dependent change seen in a single magnetic layer
(anisotropic magnetoresistance effect). Under the application of the external
field, the magnetic moments of the thin ferromagnetic layers change from their
minimum energy configuration, having their magnetic moments aligned
antiparallel to each other (i.e. antiferromagnetically coupled), to the parallel
condition. The MR effect stems from the spin dependence of the electron
conduction in the ferromagnetic layers. In the two-current model for conduction

in ferromagnets, two current channels + and - (from spins of +1/2 and -1/2 on



an absolute axis) are considered. These correspond to T and {, the majority and

minority spin directions in the ferromagnetic layers,
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Figure 1.1. Schematics of the GMR effect and mechanism. A) The
magnetoresistance of 3 Fe/Cr superlattices at 4.2K. The GMR effect was greater
for thinner Cr (nonmagnetic) layers. The authors applied the current long the
same [110] axis as the layers were grown (current in plane or CIP) [2]. B) A
schematic of the GMR mechanism. Electron trajectories are represented by the
straight segments, scattering by an abrupt change in direction [1].

The resistively in the ferromagnetic material can be expressed as a function of

the resitivities of each electron channel:



p= pT pl« +pTl (pT +p¢)

T plapty ()

The orientations of the magnetism in the ferromagnetic layers either promotes or
inhibits the mobility of the electron through the layer stack (Figure 1b).
The final resistance in the parallel state ML r, can be written as:

r.r.

b= M, +r. @)
and that in the antiparallel configuration (rap) as:
fo = (3)
The percent change in resistance between the two states is the GMR:
GMR =22"Te 109 (4)

e
This is the form generally reported in the literature [1].

1.3 Oscillatory Exchange Coupling and GMR in multilayer devices:

In MLs, consisting of alternating layers of non-magnetic (NM) and
ferromagnetic (FM) materials, the degree of exchange coupling in many systems
oscillates with variation in NM layer thickness, (Figure 2a), rather then decaying
monotonically with NM layer thickness [3]. The exchange coupling (the ability of
one magnetic domain to affect the alignment of another) in these layers promotes

a concomitant thickness dependent GMR effect [4, 5].
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Figure 1.2. Oscillatory exchange coupling and its effect on ferromagnetic layer
orientation. A) The effect of NM layer thickness on GMR [23]. B) The effect of
the coupling on alternating FM and NM layers, with and without an external
magnetic field.

Thus, the magnetizations of alternating ferromagnetic layers will exist in the
maximum antiferromagnetic (AF) configuration only if the interleaving non-
magnetic layers are of certain thicknesses. The magnitude of the
antiferromagnetic coupling is also dependent on (among other attributes) the
thickness of these NM layers and a decreasing effect can be seen as a damped

oscillating response in the GMR of the ML. This effect is seen in FM/NM MLs for

a number of elemental systems. Although the GMR effect appears to be the



highest for relatively thin NM layers (ca.1nm), the GMR effect is evident even in
Co/Cu MLs having NM layer thicknesses as great as 50nm [6].

With the ability to switch the magnetic order with an externally applied
field, materials exhibiting the GMR effect have progressed from the realm of
experimental novelties to engineering materials [e.g.7,8]. The sensitivity of a
GMR device to an external field can be improved in at least two ways. Highly
sensitive structures, known as exchange biased spin valves, can be made by
pinning the orientation of one ferromagnetic layer with an antiferromagnetic
material while leaving another to rotate in the applied field. These are currently
being used in sensor applications such as read-head devices for high-density
disk drives and non-volatile, magnetic memory devices (MRAM) [8]. Second, by
using a soft-magnetic adjacent layer (e.g. Vitrovac™ 6025, a Co based metallic
glass) the low field sensitivity of a simple ML, such as the Co/Cu motif, can be
greatly enhanced [9]. The various applications of thin-film GMR devices for
engineering materials share the common requirement of a precisely fabricated

ML metallic structure.
1.4 The Co/Cu multilayer system:

Early in the exploration of the GMR effect, Parkin, et al. [10] tested a number of
ML superlattices for oscillatory exchange coupling that promotes the GMR effect.
The system that possessed the highest GMR values was a configuration of
alternating Co (ferromagnetic) and Cu (non-magnetic) layers [11]. This system
has yielded the highest room-temperature magnetoresistance (65% at 295 K and

120% at 4.2 K) of any such superlattice and is still of research interest [12,13].



The Co/Cu system does have a high saturation field which limits its utility in
certain applications. The incremental change in resistance in these systems
decreases with increasing filed strength. However, the change in resistivity (and
therefore GMR) continues to increase for fields two orders of magnitude greater
than the magnetic saturation field and the GMR effect increase towards a limit

with bilayer number (Figure 1.3).
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Figure 1.3. The relationship between number of bilayers and GMR observed
with the current in the multilayer plane (redrawn from [14])

This may be due to a degree of Co disorder at the higher layer number interfaces
that contributes significantly to the electron scattering but not much to the
magnetism at higher fields [14]). Copper/cobalt MLs have been prepared on a
number of different substrate types and by several methods. The first Co/Cu

magnetic ML examples were deposited on single crystal copper via electron-



beam evaporation [15,16], while others have used a similar evaporation
techniques to build the MLs on oxidized silicon [17] and metal-sliced substrates
[18]. Another approach has been molecular bean epitaxy (MBE) [e.g.19-22].
However, probably due to the faster growth rate and economics, the vast majority
of preparations have been made with various sputtering systems [e.g. 23-27].
More recently, pulsed electrodeposition (plating) techniques have been used

[28].
1.5 Fabrication considerations in Co/Cu GMR multilayers:

To be useful as a model or as an engineering material, the behavior and
stability of a ML system during fabrication and in subsequent application needs to
be known. Aside from representing materials with the appropriate ferromagnetic
and non-magnetic properties, the more fundamental metallurgical characteristics
of the Co/Cu system and its substrates are important. Obviously, layer thickness
is important as evidenced by the oscillatory exchange coupling. As can be seen
in Figure 1.2, the AF period is about 1.0 nm and an additional £ 0.5 nm in the NM

layer thickness could destroy the GMR effect. As mentioned above, the number

of bilayers also is an important characteristic. For a Co 1nm/Cu 1nm bilayer
system, the GMR effect appeared to grow to a finite maximum with the number of
bilayers (Figure1.3). Thus, the ability to confirm layer geometry and quality is

important.

A second consideration in the fabrication of MLs is the effect of
crystallographic orientation and grain size on the GMR effect. Earlier work by

Cebollada, et al. [16] found that there was significant AF coupling in Co/Cu (100)



layers grown by MBE on Cu (100). Others found that the response was absent
in MBE Co/Cu MLs grown on Cu (111) [22,29], leading to the speculation that the
(100) grains in the sputtered examples were related to the GMR effect [29].
However, Parkin, et al. [6] found that there was significant AF coupling in a
system of Co/Cu MLs grown in a highly <111> texture on Pt buffer layers
deposited on (0001) sapphire. They suggested that the absence of AF coupling
seen in other <111> preparations, including those gown epitaxially on GaAs, may
be a result of structural imperfections. Greig, et al. [19] found that the GMR in
<111> epitaxial films grown on GaAs was highly dependent on the seed / buffer
layer. Their low angle X-ray data also show strikingly more distinct layers when
the buffer layer was Au rather than Cu. In a sputter deposited system, Modak, et
al. [30] found that by changing the order of growth larger single crystals could be

grown through a ML stack (short range epitaxy, Figure 1.4).

Figure 1.4. Proposed grain structures of Co/Cu MLs. A) Grown directly on a Fe
seed layer with a thick Cu capping layer. B) Grown on a 35 nm Cu base layer.
From [30]



Films grown on a 35 nm Cu buffer layer had larger crystals and exhibited
about 42% higher GMR than similar MLs grown directly on the Fe seed layer
(with the 35 nm Cu layer deposited on the top of the ML stack. Their TEM data
also show considerably larger single crystal domains in the Co/Cu ML when

grown on the thick Cu buffer layer.

The interfacial quality of the ML is a fabrication consideration that can also be
important in the GMR response. One of the variables in the interface quality is
roughness. There have been conflicting reports concerning the effect of
interfacial roughness on the GMR response. For example Chladek, et al. [31]
mention that the increased GMR seen in post deposition annealed systems is
due to roughness caused by partially broken MLs. In a study of the effect of post
deposition annealing, Ratzke, et al. [25] found that a 30 min anneal at 350°C
caused a layer break-up that was associated with an increased coercivity and an
initial increase in GMR. They consider the annealing effect to be one of lowering
crystallographic defects while also causing the break-up of the Co layer into
smaller domains. An annealing effect was also seen in Co/Cu multilayers, of
varying Cu thickness, grown on glass substrates. In this study post deposition
annealing over a range of Cu layer thicknesses, lead first to a slight increase in
MR then a monotonic decrease. This was ascribed to the resolution of crystal
defects , in the first part of the annealing, then to a decrease in MR with grain
size increase [32]. On the other hand, Miura, et al., [20] have demonstrated a
sharp drop in GMR with the increase of interfacial roughness in Co/Cu ML

systems. An imperfection related to layer break-up is in the form of "pinholes" in
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the Cu layers. These ferromagnetic material "channels" can easily happen in the
thin (ca. 1 nm) layers near the first AF peak and the theoretical maximum AF
exchange can be masked. Thus, the GMR is affected by FM coupling through

these defects [33].

Plaskett and McGuire [14] found that GMR increased rapidly at first then with
a diminishing rate with the number of layers. They postulate that, as roughness
increases with higher layer number, the electron scattering caused by these
rough high-order layers dilutes the overall GMR effect. This is supported by in-
situ X-ray diffraction analysis of a Permalloy / Ag ML system during fabrication in
[31], where it was found that interfacial roughness increased with layer number.
Kubinski, et al., present micrographs showing a slight serial increase in interfacial
roughness in a 16 bilayer stack (in another system) deposited on a Ru buffer
over an oxidized Si substrate [35]. However, in Co/Cu and a Co/ Cuy - Aui«
systems [34], TEM images of specimen cross-sections show no discernable
increase in roughness with layer number. Lastly, in an electrodeposited system

[28], the final surface roughness decreased at higher layer number.

Interdiffusion is a ubiquitous concern in thin films in general [36). For sensor
applications, the inter-diffusion rates between elements forming separate layers,
having distinct functions, are crucial concerns. Elements that have similar crystal
structures and lattice parameters generally form solid solutions [37]. However,
copper and cobalt are immiscible at temperatures below 422°C [38] and the
associated positive heat of mixing [39] should promote highly stable interfaces

(Figure 5). Nevertheless, the formation of ordered interdiffused regions has been
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reported [40] in Co/Cu systems. However, in other studies involving annealing,
coalescence leading to breakdown of the Co/Cu ML rather than diffusion has
been reported. This coalescence is implied by a decrease of saturation
magnetization field [12] and the presence of what appears to be Cu migrating
along Co grain boundaries as seen in TEM images [25]. Diffusion and/or

reactions with certain substrates has also been reported in GMR MLs [18,25].
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Figure 1.5. The immiscibility of copper and cobalt. A) The binary phase diagram
for Cu and Co [38]. B) The calculated free energy of mixing for Co and Cu [39].
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Reactions with Si substrates leading to the formation of silicides has been

reported and used to form a basis for epitaxial growth [18].
1.6 Epitaxial Co/Cu GMR MLs:

Although the GMR effect was first seen in MBE grown MLs, most of the work
in the Co/Cu system has been done with polycrystalline sputter deposited
samples. However, epitaxially grown Co/Cu MLs have also been prepared by
sputtering [e.g. 41]. The possibility of producing a more homogenous medium
through the fabrication of single crystal (i.e. epitaxially grown) layers in GMR
devices was early recognized as an intriguing approach for (at least)
experimental modeling [e.g. 6]. In polycrystalline Co/Cu MLs, involving identical
GMR layer stacks grown with differing crystallinity, Modak, et al. [30] found that
the CIP GMR showed a distinct increase (about 42%) with a grain size increase
from about 15 to 35 nm. These data may appear contradictory to the results of
Tomlinson, et al. who reported an increase in GMR with decreasing crystal size
[24). However, in the large crystal samples of Modak, et al., the film was <111>
textured and the large grains were usually epitaxial [30]. Early on, single crystal
epitaxial superlattices of Co/Cu had been grown using a single crystal Cu (100)
substrate [15], however this was accomplished by electron beam evaporation.
Sputtering systems are the practical method of choice in many thin-film
fabrication endeavors owing to their higher deposition rate, lower capital and
operation costs [36]. Co/Cu superlattices with large epitaxial areas have been
grown on MgO (110) and (100) substrates using Pt or Pd as a seed layers and

on sapphire (0001) using Pt as a seed layer [41]. Epitaxial growth in the Co/Cu
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ML system has been shown to be highly dependent on the initial composition,
dimensions, and structural quality of the initial layer and thus on the deposition
conditions. The copper-cobalt system should be amenable to the formation of
such epitaxial layers. Although the equilibrium structure of copper is fcc and
cobalt is predominately hcp, cobalt can also will exist as an fcc structure and this
is generally the form that has predominated when Co thin films are grown on Cu

in MLs [e.g. 30,42].

The discovery of the GMR effect and most subsequent GMR measurements
have been done by measuring the AR along the planes of the ML. Sensitive
measurement of the GMR effect, especially for experimental purposes, is more
effective in the current perpendicular to plane (CPP) geometry [43,44]. Super
conducting Nb contacts are fabricated on top and bottom of the specimen since
the resistances are very small in this geometry [43]. Nb is the contact material of
choice for measurements in this temperature range due to its relatively high (9.5
K) superconducting behavior, which remains intact well above the He boiling
point even in the presence of a strong magnetic field. The GMR across the
sample is then measured using a super conducting quantum interference device

magnetometer (SQUID) with a sample measuring temperature of 4.2 K.

The epitaxial growth of Nb on sapphire is quite facile, with the (110) planes of
Nb growing epitaxially on the (1 12Z0) of sapphire [45] with the Nb atomic lattice
patterning on the Al atoms of the sapphire. Extended Nb single crystals have
been made in this orientation by sputtering the Nb on heated single crystal

sapphire [44] substrates followed by a post deposition annealing treatment. The
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thermal expansion coefficients of the two materials are similar (Table1.1) and a
smooth-surfaced Nb layer is retained after cooling. The misfit between the Nb
and the sapphire has been explored for a number of orientations and the lattice
strain is accommodated by a network of dislocations [47-50]. However, the
mismatch between the Nb and the Cu of the next deposited layer is more sever.
The mismatch between the Nb (110) surface and the close packed planes of Cu
(111) is accommodated with a Kurdjumov-Sachs orientation relation [46,51]. The
fcc form of Co and Cu have a lattice mismatch of less than 2% that appears to be

elastically accommodated in epitaxial thin films.
1.7 Characterization of magnetic MLs:

To correlate the structural concerns outlined above with device performance
and predict their theoretical significance, unambiguous characterizations are
desired. However, there is no one technique that provides a comprehensive
measurement of all of the important characteristics of ML structures. For GMR
MLs, low angle (26 < 10°), and high angle (26>10°) X-ray diffraction of the
fabricated ML are attractive methods. Both can be accomplished during the

thermal annealing steps of the fabrication process [e.g. 31].

Low angle scans of ML devices are a rapid and nondestructive means of
characterizing the layer frequency, overall texture, and crystal structure. High
angle diffraction can be used to obtain the crystal structure, orientation (texture),
and average grain size. The rapid through-put and non-destructive nature of this
technique has made it the most commonly used characterization technique [1,

37]
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Table 1.1 Physical Characteristics of the multilayer materials

Material Al203 Nb Cu a-Co B-Co
Characteristic (sapphire)
structure corrundum bcc fcc hcp fcc
Strukturbericht | D5, A2 A1 A3 A1
space group | 167 229 225 194 225
point group | R-3c Im3m Fm3m P63/mm | Fm3m
c
lattice a=0.4763 a=0.3307 | a=0.3615 | a=0.2507 | a=0.3544
parameters | ._4 303 ¢=0.4070
Atomic - 41 29 27 27
number (2)
melting point 2030°C 2477°C 1085°C 1495°C 1495°C
coefficient of | a=5.0 x 10° 7.2-76 17.0-18.3 | 12.1-14.0 | 12.1-14.0
expansion | .- g03x10° |x10®  |x10° x10% | x10%

Nuclear magnetic resonance (NMR) is a second technique that has yielded

important structural information in multilayers [21,42]. By comparing the

resonance frequency (the frequency causing nuclear spin flipping) in a pulsed,

variable-frequency electromagnetic field, a spectrum of echo frequency maxima

is generated. These resonance frequencies are dependent on the environment of

the lattice atoms and, by comparisons to standards, the atomic environment

(crystal structure) of the atoms can be determined. The low frequency signal can

also give a measure of surface roughness in terms of Co nearest neighbors.

Reflection high energy electron diffraction (RHEED) is a diffraction technique

that involves the use of grazing incident electron waves to probe the surface

layers of the target. RHEED patterns are especially useful in determining the
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quality of layer surfaces. RHEED is a non-destructive technique and has the add
advantage of being applicable during the film growth process. RHEED devices
are de rigueur in commercial MBE systems and as such are the most common

film qualifying technique for MBE epitaxial studies [e.g. 19.]

Scanning electron microscopy (SEM) generally has not the resolution or
penetration to yield much information on completed devices. However, SEM with
polarization has been used to characterize both the crystalline and magnetic
structure of sputtered Co/Cu MLs [13]. SEM is also useful in the crystallographic
orientational analysis of MLs component by component [45] via electron back-
scatter diffraction (EBSP) techniques. Automated indexing systems allow

relatively large areas to be mapped for crystal orientation.

Transmission electron microscopy (TEM) of cross-sectioned materials has
also proven useful. Ordinary diffraction contrast can be used to differentiate
between thin metal layers in establishing layer dimensions r{ormal to the electron
beam. This process is straightforward for materials with significantly different
elastic cross sections and for differences on the order of Nb or Ag and Cu or
NiFe (AZ=17) [41, 54]. However, in the case of the layers in the Co/Cu system,
there is little differential scattering contrast due to closeness of atomic numbers
(AZ=2). One approach that has been used to delineate overall layer quality in
such systems is Fresnel defocus contrast [25, 28]. This technique makes use of
differences in the mean inner potential of the two materials (which is a function of
their densities and forward scattering factors) to generate focus sensitive

interference images. This interference is seen as a band of contrast change at
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the interface between regions with differing mean inner potentials [51,52]. Such
techniques allow the quantitative analysis of layer interfaces by evaluation of the

focus dependent fringe amplitude.

High resolution transmission electron microscopy (HRTEM) pushes the
resolution of the TEM to the atomic level. HRTEM allows crystallographic details
of such features as crystal defects, layer interfaces, local non-equilibrium
structures and grain boundaries to be explored at the lattice level [32,41,54].
Extraction of periodic information from HRTEM micrographs has long been
enhanced by the use of optical diffraction techniques [55]. Sinclair, et al. [56]
have presented extensive analysis of metal lattice images and note that the
technique allows the extraction of crystal orientation and local lattice variations
from very small areas of the HRTEM micrograph, giving spatial resolution far
better than practical with electron diffraction techniques. Combining HRTEM of
metal foils with image analysis via computer generated fast Fourier
transformation (FFT) allows rapid quantitative crystallographic analysis of regions

a few square nanometers from HRTEM lattice images [e.g. 54].

In the latest, intermediate-voltage field-emission analytical electron
microscopes (AEM)s, spatial analytical resolution has decreased to the
nanometer or smaller scale in the past few years. This allows the near atomic
level detection of individual metal ions [§7]. Surprisingly few GMR ML systems
have been studied using AEM [e.g.56]. AEM coupled with high resolution
imaging, which is increasingly important in the study of magnetic MLs, can

provide corroborative independent data for structural model testing [53].
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1.8 Relevance of Previous Work to This Study:

Considerable work has been done on the preparation, GMR characterization,
and structural analysis of variously prepared Co/Cu ML systems. Conflicting
results appear with respect to the effects of a number of structural variables on
the final device performance. It has been noted that, for a number of fabrication
techniques and structures, the preparation of uniform material with known
magnetic transport properties can be somewhat site (i.e. investigator) specific

(35, 37].

Epitaxial Co/Cu MLs have been fabricated by a number of groups. The
current study concerns the epitaxial growth of metal MLs like those used in GMR
devices, using the Co/Cu system as a model, between the Nb contacts required
for CPP measurement. The formation of an initial epitaxial layer is crucial to the
subsequent ML development. Recent work [46] has confirmed that sputter
deposited Nb will grow epitaxially on a (1 120) sapphire surface. Samples with
extensive layers of NB contact metal outside of the ML device to be tested make
CIP GMR measurement difficult due to the dilution effect of current through these
layers. However, preliminary qualitative comparative CIP GMR measurements
on epitaxial Co/Cu MLs revealed values much lower than the similarly configured
polycrystalline sample. It was important to determine the degree of epitaxi in
these samples. Possible structural correlations between the GMR observations
and comparisons to the polycrystalline sample were also sought. In the present
study, an initial series of 3 nominally identical epitaxially-grown Co/Cu MLs were

analyzed. A second Co/Cu ML, of identical layering dimension, was fabricated
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during the same production run, with the entire deposition conducted at room
temperature. This provided a polycrystalline sample for comparison. Previously,
CTEM has been used mainly to qualitatively analyze Co/Cu ML systems [e.g. 25-
28]. HRTEM has shown numerous short-range crystal defects exist in Co/Cu
systems [30,41]. Given the importance of structure, on many scales, to the
performance and of Co/Cu GMR devices, CTEM, HRTEM and HREDS were
used to analyze the structure and composition of the samples. The resulting
information should help to determine the fabrication variables to be considered in

attempting to increase the precision of epitaxial growth of GMR ML devices.
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CHAPTER 2 EXPERIMENTAL PROCEDURES AND MATERIALS
2.1 Magnetron sputtering ML device fabrication

The GMR ML devices investigated in this study were fabricated by Dr. Reza
Loloee in the MSU Department of Physics and Astronomy. The detailed features
of the fabrication system has been described elsewhere (60). Briefly, an UHV
compatible DC-magnetron sputtering system, with multiple sputtering heads, was
used to apply alternating metal layers on (1 120) surfaces of Al,O; single crystal
coupons (Union Carbide). Prior to film deposition, the sapphire surfaces were
washed with hot water/surfactant (Alconox) followed by serial rinses in acetone,
ethanol and de-ionized water. Cleaning was carried out in a class 1000 clean
room adjacent to the sputtering facility. The sapphire substrates received an
additional IR absorbing Nb coating (200 nm) on the back surface, prior to device
fabrication, to help maintain the temperature during deposition. Nominal
thicknesses of the layers were determined by timing of the sputtering process.
The timing was based on the independent analysis, by profilometery and atomic
force microscopy, of previously sputtered films. Up to four samples were
prepared in a single system pump-down (Base pressure = 2x10°°T).
2.2 Co/Cu GMR ML devices

The four GMR ML samples (Figure2.1) of the nominal form sapphire/Nb2so nm
/Cu20nm (C0enm/Cuesnm)X6/Nb1oonm investigated here were fabricated in a single
vacuum cycle in the apparatus described above. In addition, two single bilayer
samples of the form sapphire/Nbzsp nm /Cu20nm /C0O20nm fabricated in a prior run, as

fabrication trials, were prepared for TEM.
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Figure 2.1 Schematic cross-section diagrams of the test specimens. A) The
Co/Cu GMR ML pattern. B) A preliminary Co/Cu bilayer sputtered on a Nb
substrate.
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The GMR ML samples, serially fabricated, were denoted as 20-1, 20-2, 20-3 and
20-4. The two preliminary bilayer samples were 19-3 and 19-4. The growth
conditions for the MLs and bilayers examined are listed in Table 2.1.

In all samples, the first layer deposited was a nominally 250 nm thick Nb base
layer equivalent to that which is required for superconducting contacts in EBSVs.

This film was deposited on the pre-annealed (1 1 20) surface of the sapphire.

Ideally, in the coherent areas, the Nb (110) planes align with the Al atoms in the
sapphire. The generation of epitaxial growth is dependent on the establishment
of a suitable seed or buffer layer. Cu was chosen for this and for the NM layer in
the GMR ML. The growth of epitaxial Cu layers on epitaxial Nb base (contact)
layers has recently been investigated [46,60]. In those reports, the lower-energy
Nishiyama-Wasserman (N-W) relationship was determined to exist. The
interface between Cu and Nb has also been found to follow the Kurdjumow-
Sachs (K-S) relation (<110>{111}c.||<111>{110}np ) in thin Cu films grown on Nb
base layers and in multilayers [51,61]. This should form a close packed (111)
surface of Cu for further epitaxial growth. Figure 2.2A shows a schematic of the
K-S relation viewed in the plane of the TEM samples.

Ideally subsequent epitaxial layers of Co and Cu shouid form with uniform
planes of (111) fcc Co growing on (111) planes of Cu. The hcp to fcc structure
change in Co is generally found to occur martensitically at a temperature of 422°
C (Figure 1.5). The lattice mismatch is about 2% and in thin layers this should be
accommodated elastically. Figure 2.2B shows the relative relationship in the

TEM sample plane.
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Table 2.1 Co/Cu bilayer and GMR multilayer fabrication temperatures

SAMPLE | Layer | Deposition T | Anneal t@T | Comments
19-3 Nb 750 10 min @ 950 | Epitaxial
Cu 350 1 bilayer
Co 450 Cu20nm/C020nm
19-4 Nb 750 10 min @ 950 | Epitaxial
Cu 470 1 bilayer
Co 100 Cu20nm/C0O20nm
20-1 Nb 750 10 min @ 950 | Epitaxial
Cu1 150 350 (Coenm/Cugnm)x
Bal 90-100 - 6 layers
20-2 Nb RT RT Polycrystalline
(Coenm/Cuenm)x
Cuis RT RT 6 layers
Co1_6nm RT RT
20-3 Nb 750 10 min @ 950 | Epitaxial
Cu1 450 - (C0o6nm/Cugnm)X
Bal 90-100 - 6 layer
204 Nb 750 10 min @ 950 | Epitaxial
Cuf 450 - (Coenm/Cugnm)x
Co1 490 - 6 layer
Bal 90-100
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Figure 2.2. Schematics of ML stacking. A) Fcc Cu over bce Nb in the
Kurdjumow-Sachs orientation. B) The non-relaxed incoherent spacing between
Co and Cu in the fcc crystal structure.
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2.3 CIP GMR measurements

Although the Nb contact layer prevents direct comparison with previously
reported data collected for similar MLs, current in plane (CIP) measurements
were made between one epitaxial sample and one polycrystalline sample for a
relative comparison. Samples 20-1 and 20-2 were tested in conventional 4-
probe CIP configuration, at room temperature with a maximum applied field of 2
kOe. The general form (Figure2.3) of the CIP GMR response for sample 20-2
was similar to that reported previously for polycrystalline ML samples of this motif
[13, 62]. Sample 20-1 showed a AR/R of 1.3% while 20-2 showed 3.1% AR/R.
While these values cannot be directly compared to conventional CIP devices,
due to the large Nb conduction, these values are in agreement with those seen
previously in Co/Cu MLs with a 6 nm motif [13]. The two remaining samples, 20-

3 and 20-4<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>