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Abstract

We have studied the magnetic anisotropy in epitaxial Ni/Cu/Si (001) thin films and
Cu/Ni/Cu/Si (001) sandwiches. The Ni thickness ranged between 10 A and 150 A. The
films were deposited using molecular beam epitaxy and were characterized using several
techniques. The magnetic properties were determined in-situ using the magneto-optic
Kerr effect and ex-situ using a vibrating sample magnetometer. The average in-plane
strain eg(h) in the Ni films was measured ex-sit using an optical interferometry
apparatus. We discovered that the preferred direction of magnetization is perpendicular
to the films over an exceptionally broad Ni thickness range: from h=10 Atoh =60 A in
films characterized in-situ; it extends up to h = 125 A when the films are exposed to air or
capped with a Cu layer. In Fe/Cu (001) thin films, the perpendicular region extends only
up to h = 11 A. We have analyzed our quantitative measurements of the effective
magnetic anisotropy energy Keff as a function of film thickness in Cu/Ni/Cu sandwiches
using our measurements of the strain and a phenomenological medel that includes surface
magnetocrystalline (Ks/h) and both bulk (Bbeg) and surface (BSeg/h) magnetoelastic
anisotropy energies. We showed that one cannot explain the behavior of K¢ff(h) without
the inclusion of a surface magnetcelastic coupling coefficient BS in the free energy. We
find that Ks(Ni/Cu) (001) = + 0.85 erg/cm?2 and that Bs(Ni/Cu) (001) = - 50 erg/cm?. In
agreement with the Néel model, Ks and Bs have opposite signs. The origin of the strong
perpendicular magnetic anisotropy in Ni/Cu (001) lies in the surface energy K= and the
bulk magnetoelastic anisotropy energy. The surface energy Bsey favors an in-plane

magnetization. The effective magnetoelastic coupling coefficient B¢ = B® + B® depends

strongly on h for h <200 A and changes sign near h = 80 A. The two observed in-plane
to out-of-plane magnetization easy-axis transition thicknesses are also qualitatively
predicted by our phenomenological model. The lower transition thickness (10 A<h<20
A) is most likely not due to the onset of misfit dislocations at the Ni/Cu interface.
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results obtained by applying the phenomenological model of Eq. (8.1) to our data and to
the ones of Jungblut et al. [1994] on Cw/Ni/Cu (001) sandwiches. For our data, we have
used both a 1/h and a 1/h®7 Ni film thickness dependence of the strain. The results in the
last row are the ones reported by Jungblut et al. using the model of Egs. (6.3) and

8.2: Magnetic anisotropy energies characteristic of the fcc Co/Cu (111) epitaxial system.
Ks and Bs are the results of the fit Of Fig. 8.6........ccocovoiiiiiiiin 129
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Chapter 1
Introduction

Magnetic thin films have attracted tremendous attention in the past decade largely
due to the crucial role they play in information storage technology [Falicov et al., 1990;
Hadjipanayis and Prinz, 1991; Freeman and Gschneider, 1991; Gradmann, 1993;
Allenspach, 1994]. The ever-growing need for denser storage media and faster read-write
magnetic heads has led to very significant advances in the science and technology of
magnetic recording such as the discovery of the giant magnetoresistance (GMR) effect
[Falicov, 1992; White, 1992] and the demonstration of perpendicular magnetic recording
[Zeper et al., 1991], both of which require the deposition of high quality films and
multilayers often thinner than 100 A. In this thickness regime, unique physical and
chemical phenomena prevail in thin films, making them behave very differently from
bulk materials.

The surface of a solid is generally subject to relaxation strains normal tc the
surface which can be either tensile or compressive and which can be as large as 10%
[Freeman and Fu, 1987; Davis et al., 1992]. These strains are due to the broken
symmetry in the atomic coordination at the surface which yields different electronic and
spin density distributions there compared to the bulk. As a result, the first few atomic
layers near the surface of a cubic solid are generally distorted tetragonally compared to
the bulk. The surface of a thin film is subject to the same relaxation effects as the surface
of a bulk material. This can have tremendous consequences on the magnetic anisotropy
of the film through magnetoelastic interactions, especially when the film is ultrathin. In
addition, epitaxial thin films are subject to in-plane biaxial misfit strains arising from the
lattice mismatch between the thin film and the thick substrate {Nix, 1989]. These strains,
which also deform thin films tetragonally, are less than 10% in magnitade. Other sources
of strain which are potentially important but are not always well understood are
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interfacial misfit dislocations [Clemens er al., 1991], surface roughness [Spencer et al.,
1993], and film-substrate thermal expansion coefficient mismatch [Nix, 1989]. Two
important interfacial chemical phenomena are also significant in magnetic thin films:
interdiffusion and surface segregation.

The above modifications to the structural, chemical and electronic properties of
thin films due to interfacial phenomena can give rise to dramatic changes in the
fundamental properties of the films. These changes have been predicted theoretically and
observed experimentally, and include: enhanced or reduced magnetic moments at film-
substrate interfaces [Tersoff and Falicov, 1982; Zhu et al., 1984; Fu and Freeman, 1987;
Wooten et al., 1994]; strong uniaxial magnetic surface anisotropy [Gay and Richter,
1986; Gradmann, 1993] often considered to be the origin of the perpendicular magnetic
anisotropy in thin films and multilayers; enhanced or reduced Curie temperatures
compared to the bulk [Rau and Robert, 1987; Tjeng et al., 1991; Huang et al., 1994];
giant magnetoelastic coupling coefficients [Song et al., 1994; Weber et al., 1994]; and
anomalous elastic constants [Cammarata and Sieradzki, 1989].

These unique properties make magnetic thin films one of the most challenging
classes of condensed matter both from scientific and technological points of view. In
fact, the explosive growth witnessed in recent years in the field of thin film magnetism
has only been possible through an impressive development of several state-o1-the-art
experimental and computational techniques. Three major advances need to be
emphasized:

i) the development of very sophisticated ultra-high vacuum evaporation techniques, such
as molecular beam epitaxy (MBE), which are capable of depositing high-quality thin
films with sub-monolayer thickness resolution at temperatures ranging from below 100 K
to several hundred degrees.

ii) the availability of very high resolution structural, chemical, and magnetic
characterization techniques which are ultra-high vacuum compatible. Electron diffraction
techniques such as RHEED and LEED are used very frequently to study in-situ the
surface crystallography of thin films. Other techniques are capable of the nearly atomic
resolution of the topography and structure of thin films. They include scanning tunneling
microscopy (STM), high-resolution transmission electron microscopy (TEM), and high-
resolution X-ray diffraction requiring synchrotron sources. Auger electron spectroscopy
(AES) has been developed to investigate the chemical properties of thin films but it is
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also useful to indirectly measure the thickness and the growth mode of ultrathin films
because of its extremely shallow surface sensitivity. Measurement techniques capable of
a monolayer resolution have also been developed and include X-ray and UV
photoelectron spectroscopies [Egelhoff, 1994]. The magnetic properties of ultrathin films
can be investigatzd in-sire using the magneto-optic Kerr effect (MOKE) which can detect
the magnetic anisotropy of films as thin as one monolayer [Bader, 1991]. Other
instruments such the spin-poiarized SEM (known as SEMPA) and the magnetic force
microscope (MFM) are capable of resolving domain walls in ultrathin films [Allenspach,
1994].

iii) the development of very sophisticated ab initio computation techniques that can be
used to calculate the thickness dependence, crystallographic orientation dependence, and
interfacial dependence of the magnetic anisotropy in ultrathin films and superlattices
[Gay and Richter, 1986; Daalderop et al., 1992; Victora and MacLaren, 1993]. The
application of these complex calculations to realistic thin film systems has been made
possible by the increasing availability of fast, operationally inexpensive, and numerically
intensive computers.

Several epitaxial magnetic thin film systems have been investigated both
experimentally and computationally in the past ten years. In some of these systems, such
as fcc Fe/Cu thin films , bcc Fe/Ag thin films and multilayers, and Co/Pd superlattices, it
was found that the magnetization prefers to point perpendicular to the film plane over a
finite film thickness range. Other epitaxial systems, such as Co/Cu thin films and
multilayers, did not exhibit this unusual and intriguing property. The Ni/Cu epitaxial
system has received less attention than the above systems possibly because of the
relatively weak magnetic moment of Ni. However, Ni thin films are very appealing
because of the very strong magnetoelastic interactions in Ni which, coupled to a
significant misfit strain (2.6% in the case of Ni/Cu (001)), could give rise to an important
contribution to the magnetic anisotropy.

In this thesis, we present our experimental results on the magnetic anisotropy in
Ni/Cu (001) thin films and Cw/Ni/Cu (001) sandwiches. The rilms were deposited on Si
(001) wafers using MBE and were characterized in-situ using MOKE and ex-situ using a
vibrating sample magnetometer (VSM). The crystallographic orientation and the
interfacial properties of the films as well as the ihickness dependence of the strain have
been investigated using various in-situ and ex-situ techniques. We have discovered that
the Ni/Cu (001) system exhibits the largest thickness range of perpendicular
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magnetization of any epitaxial thin {ilm system reported so far. In order to understand the
origin of the strong perpendicular magnetic anisotropy in Ni/Cu (001) thin films, we have
analyzed our quantitative measurements of the effective magnetic anisotropy energy
density as a function of film thickness using a complete phenomenological model and our
own measurements of the thickness dependence of the strain in the Ni films. Although
the importance of misfit strain on the magnetic anisotropy of heteroepitaxial thin films
has aiready been pointed out [Gradmann, 1966; Chappert and Bruno, 1988], very few
research groups have simultaneously reported measurements of strain and magnetic
anisotropy in their thin films [Lee et al., 1990; Engel et al., 1991] and carried their
analysis to the level we did. Our analysis yields new and important results on the
magnetic surface anisotropy energy of the Ni/Cu (001) interface and the thickness
dependence of the magnetoelastic coupling coefficients in Ni/Cu (001) thin films.

This thesis is organized as follows. We will start by explaining the various forms
of magnetic anisotropy in bulk materials and in thin films. In chapter 3, we will review
the results of the recent pioneering works that led to the discovery of perpendicular
magnetic anisotropy in epitaxial thin films and multilayers. Based on these results and
the first study of the magnetic anisotropy in ultrathin epitaxial Ni/Cu (001) thin films
[Ballentine, 1989] we will ask a series of key questions on the complex behavior of the
magnetic anisotropy in Ni/Cu (001). These questions justify the directions that we have
undertaken and motivate the experiments that we have performed in this thesis. We will
attempt to answer these questions in chapters 6 1o 9. In chapter 4, we will review the
mechanisms of misfit strain accommodation in epitaxial thin films. We will emphasize
misfit strain relief through the onset of interfacial misfit dislocations and will
quantitatively describe the huge strain fields that develop around the dislocation cores.
We will also present recent measurements of the thickness dependence of average in-
plane biaxial tensile misfit strain in Ni/Cu (001) and compare them to the theoretical
predictions of the Matthews-Blakeslee thermodynamic model. The experimental
procedures we used to deposit and characterize our thin films are presented in chapter 5
which also includes the main experimental results on the growth mode in Ni/Cw/Si (001).
In chapter 6, we present our experimental results on the behavior of the magnetic
anisotropy in Ni/Cu (001) thin films and Cw/Ni/Cu (001) sandwiches. We will show how
the commonly used phenomenological model presented in chapter 2 is inadequate to
explain the thickness dependence of the effective magnetic anisotropy energy in
CuwNi/Cu (001). In chapter 7, we will present and explain a more complete
phenomenological model, developed recently by Chuang et al. [1994], which is based on
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the Néel model but that also includes strain-dependent interactions in the computation of
the magnetic surface anisotropy energy. In chapter 8, we will re-analyze the data of
chapter 6 in the light of the results of chapter 7 and propose an explanation for the origin
of the strong perpendicular magnetic anisotropy in Ni/Cu (001) thin films. We will also
analyze published data on the thickness dependence of the magnetic anisotropy and of the
misfit strain in fcc Co/Cu (111) superlattices using the model of chapter 7 and will obtain
new results on the magnetoelastic coupling in fcc Co ultrathin films and the magnetic
surface anisotropy energy corresponding to the fcc Co/Cu (111) interface. In chapter 9,
we will draw our main conclusions and in chapter 10 we will suggest a series of
experiments that can further extend our understanding of the magnetic anisotropy in
Ni/Cu (001) thin films. Finally, we will present our preliminary results on the
computation of the stress relaxation at the Ni/Cu (001) interface using the semi-empirical
embedded-atom method in the appendix.
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Chapter 2
Magnetic Anisotropy

The preference of the magnetization to lie in a particular direction in a
ferromagnetic solid is called magnetic anisotropy. It finds its origin in the shape of the
sample (magnetostatic anisotropy), in the symmetry of the crystal field of a bulk material
(magnetocrystalline anisotropy), in the broken symmetry of the atomic coordination at
the solid’s interfaces (magnetic surface anisotropy), or in the state of strain of the solid
(magnetoelastic anisotropy). The magnetostatic anisotropy has a macroscopic origin
based on the dipole-dipole interaction. The three other forms of magnetic anisotropy
have a microscopic origin based on atomic arrangements and on the spin-orbit
interaction. We will review each form of magnetic anisotropy separately from a
phenomenological point of view.

2.1. Magnetostatic Anisotropy

Magnetostatic (MS) or shape anisotropy has its origin in the dipole-dipole
interaction between neighboring magnetic moments in a magnetic material. When a
ferromagnetic material is magnetized along a certain direction, positive and negative
magnetic "charges" accumulate at the north and south pole respectively. These "charges"
create an internal field Hg (pointing from the positive to the negative "charges") which
tends to demagnetize the material in its own field! The larger the ratio of lateral extent to
the closeness of the boundaries bearing these charges, the stronger Hg. It is therefore
much easier to magnetize a rod along its length and a thin film in its plane than
perpendicular to it. This phenomenon is illustrated schematically in Fig. 2.1. Figure
2.1.a shows a sample magnetized parallel to a short direction. The orientation of
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magnetic moments inside the sample indicates that there are fewer North-South pairs
(head-to-tail arrows) relative to North-North (head-to-head arrows) and South-South (tail-
to-tail arrows) pairs. The dipole-dipole interaction, which favors the alignment of
neighboring magnetic dipoles in a chain, makes this a high energy configuration. The
situation depicted in Fig. 2.1.b with the external magnetic field applied along a long
dimension of the sample represents a much lower energy configuration. Even though the
magnetic "charge" density on the boundaries is the same as the one in Fig. 2.1.a there are
more North-South pairs relative to North-North and South-South pairs. That is the
extensive magnetostatic energy is what is important in making configuration b favored

over a.
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Figure 2.1: Illustration of the concept of shape anisotropy. a) Highest energy
configuration state in which the elongated material is magnetized in a dircction
perpendicular to its length thus creating a relatively large demagnetizing field. b) Lowest
energy configuration state in which the elongated material is magnetized along its length
thus creating a relatively small demagnetizing field. The small arrows drawn inside the
material represent the individual local magnetic moments.
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The energy density associated with the shape anisotropy of a thin film can be
expressed approximately as follows:

KMS = _ 21tM2 sin20, .1

in cgs units. M is the saturation magnetization and 0 is the angle that the magnetization
vector makes with the film normal. In agreement with the above discussion, this energy
reaches a minimum when 6 = 90°, i. e. when the magnetization lies in-plane. Among the
three ferromagnetic materials iron, nickel and cobalt, nickel has the smallest saturation
magnetization (2nM;2 = 1.5 x 106 erg/cm3) and hence has the smallest energy cost

associated with magnetization in a short direction.

2.2. Magnetocrystalline Anisotropy

In crystalline bulk ferromagnetic materials, the atomic coordination in the lattice
gives rise to the magnetocrystalline anisotropy. This form of anisotropy is responsible
for the preference of the magnetization to point along certain directions, called
magnetization easy-axes, in the absence of an externally applied magnetic field H. How
do the local magnetic moments distinguish between the different crystallographic
directions? The answer lies in the coupling between the spin part of the magnetic
moment to the electronic orbital shape and orientation (spin-orbit coupling & L.S) and in
the chemical bonding of a given atom to its local environment (crystal electric field)
[O'Handley, unpublished]. If the local atomic coordination seen by an atom in a crystal
has a low symmetry and if the bonding electrons of that atom have an asymmetric charge
distribution, then its atomic orbitals and the spin part of the magnetic moment interact
with the crystal field anisotropically. That is, certain orientations of the molecular
orbitals become energetically preferred.

Figure 2.2 illustrates the magnetocrystalline anisotropy in the three most common
ferromagnetic crystals along with the magnetization curves corresponding to three
crystallographic directions. As shown in the figure, in bcc iron the magnetization easy
axes are along the <100> directions and the magnetization hard axes are along the <111>
directions. That is, the field necessary to magnetize single-crystal iron to saturation along
the <100> directions is smaller than along any other direction. In fcc Ni, the easy axes
are the <111> directions whereas the hard axes are <100>. In hcp cobalt, the c-axis
represents the magnetization easy axis whereas the <1000> directions in the base plane
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constitute the hard directions. The field required to saturate the magnetization along a
hard axis is a quantitative measure of the strength of the anisotropy and is called the
anisotropy field Hy. Among these three materials hcp cobalt has the largest anisotropy
field, followed by bcc iron and then by fcc nickel, as shown in Fig. 2.2.
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Figure 2.2: Schematic illustration of the magnetocrystalline anisotropy in bcc iron, fcc
nickel, and hcp cobalt crystals. Also shown are the magnetization curves for the three
solids corresponding to different crystallographic directions {O'Handley, unpublished].

In a cubic crystal, the magnetocrystalline anisotropy energy density can be
phenomenologically expanded in terms of the direction cosines o, o, and o3 of the

magnetization vector M with respect to the <100> directions:

K% = Ki(afof + ofod + afaf) + Ko afofel Q2
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where K; and K; are the first order bulk magnetocrystalline energy densities and
represent a phenomenological measure of the ctrength of the magnetocrystalline
anisotropy. By expressing the direction cosines in Eq. (2.2) as a function of the polar
spherical coordinates 8 and ¢ and minimizing KMC as a function of these angles, one can
analytically find the magnetization easy and hard axes given the signs of K, and K.
Magnetocrystalline anisotropy in nickel is relatively small compared to that in other
materials and is essentially negligible in Ni thin films compared to the other sources of
magnetic anisotropy, as we will show later. For bcc iron, K = 4.8 x 105 erg/cm3 and K,
=- 1.5 x 105 erg/cm3 whereas for fcc nickel K| = - 4.5 x 104 erg/cm3 and K, =2.3 x 104
erg/cm3,

2.3. Magnetic Surface Anisotropy

The reduced symmetry in the atomic coordination at the surface or at the interface
of a heteroepitaxial system gives rise to the magnetic surface anisotropy (MSA) [Néel
1953, 1954; Gradmann, 1986] which can either favor a perpendicular or an in-plane
magnetization. In the simplest terms, the microscopic origin of MSA can be understood
in the following way. The broken atomic symmetry at a surface can cause the
confinement of the electronic orbitals to the plane of the film (which makes the orbitals
oblate-like). In this case the angular momentum L of the electrons would be normal to
the film which would favor the orientation of the spin part of the magnetic moments
perpendicular to the film through a positive spin-orbit interaction (§ L.S > 0), hence

giving rise to perpendicular magnetic anisotropy.

The energy density KMSA associated with this form of magnetic anisotrony may
be relatively large in the case of a film but decreases as the film gets thicker due to a
reduced surface to volume ratio. As proposed by Néel, this anisotropy energy density can
be represented phenomenologically in the following fashion:

KMSA = ﬁ;—l(l sin@, (2.3)

where h is the thickness of the ferromagnetic film and where K} and K} are the magnetic
surface anisotropy energy densities corresponding to the two interfaces of the film. If
these interfaces are identical, as in ideal Cu/Ni/Cu sandwiches, then K] + K = 2K°
and:
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KMSA = % sin2@. 2.4)

K3 and K3 have units of energy per unit area and are strongly dependent on the chemical
composition and the structure of the interface. For example, the Ni/Cu (100) and the
Ni/Cu (111) could have opposite contributions to the magnetic anisotropy: one could
favor a magnetization easy-axis perpendicular to the film while the other favors an in-
plane magnetization. By convention, depending on whether these energies are positive or
negative, they favor perpendicular or in-plane magnetization, respectively. We will
discuss the Néel pair-interaction model more in detail in chapter 7.

As we will show in chapters 6 and 8, the magnetic surface anisotropy energy
densities are obtained by measuring the effective anisotropy energy density as a function
of ferromagnetic film thickness and fitting the results with phenomenological models.
The magnetic surfac .sotropy energy densities for several heteroepitaxial systems are
summarized in publications by Gradmann [1986] and Bruno and Renard [1989].
However, recent state-of-the-art calculations on Co/Ni multilayers [Daalderop et al.,
1992], on Co/Pd multilayers [Victora and Mac Laren, 1993], and on Fe monolayers
[Wang et al. 1993] have shown that it is alsc possible to compute magnetic surface
anisotropy energies from first-principles with a good accuracy.

2.4. Magnetoelastic Anisotropy

Changing the direction of magnetization in a magnetic material by applying an
external field causes the material to strain anisotropically. This property is called
magnetostriction. Conversely, straining a magnetic material can produce a change in its
preferred magnetization direction or easy-axis. This property is called piezomagnetism.
In other words, strain gives rise to a magnetoelastic (ME) amsotropy whose energy
density KME can be phenomenologically expressed as a Taylor expansion in the strain
and the direction cosines of the magnetization vector. For cubic materials, the lowest
order term in KME can be written as follows [Chikazumi, 1964]:

2 2 2

where ejj (i, j = 1,2,3) refer to shear strain, ejj (i=1,2,3) refer to strain along the
crystallographic <100> directions and B and Bj are first and second order bulk ME

28



coupling ccefficients, respectively. o, &t and o3 are the direction cosines of the

magnetization vector in the <100> crystallographic coordinate system.

The strain experienced by an epitaxial cubic thin film growing in a {001] direction
on a (001) oriented cubic substrate is generally biaxial (e.g. misfit strain) and can be
represented approximately by the following tensor in the <100> crystallographic frame:

1 0 0
100 ~
e=¢e | 0 1 0 =eo(010) (2.6)
00 -1
0 -2v
1-v

where eg> 0 and ¢ < 0 mean that the film is under biaxial in-plane tensile and
compressive stress, respectively. Here we have assumed that the film is elastically
isotropic and have used the value v = 1/3 for Poisson's ratio which is reasonable for most
transition metals. As expected, Eq. (2.6) shows that when the film is under biaxial in-
plane tensile strain it is also compressed along its normal, and vice-versa. It is important
to realize that the strain e is an average strain and that the local strain e(x,y,z) can vary
significantly on an atomic scale especially in the film/substrate interface where misfit
dislocations are sometimes present [Clemens er al., 1991]. We will discuss this idea
mcre in detail in chapter 4. Substituting the strain tensor of Eq. (2.6) in Eq. (2.5) and
keeping only angle dependent terms leads to:

KME = 2 B, e, sin20 Q.7

which has the same form as the Néel magnetic surface anisotropy energy density
(equations (2.3) and (2.4)). When B > 0 and the film is under biaxial in-piane tensile
strain, as in the case of Ni/Cu {001) films, KME > (), i. e. bulk ME anisotropy favors
perpendicular magnetization as illustrated in Fig. 2.3.

In nickel, ME interactions are particularly strong and B; = 6.2 x 107 erg/cm3. A
strain eg = 2%, which is characteristic of Ni ultrathin films deposited on Cu (001)
substrates, implies a magnetoelastic energy density KME = 106 erg/cm3. This energy is
much larger than the magnetocrystalline energy density but comparable to the
magnetostatic energy density of Ni. It is important to note that the magnetoelastic
coupling coefficients at surfaces and in thin films can be very different from the ones of
the bulk so B;(buik) may not apply for Ni thin films [Sun and O'Handley, 1991;
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O'Handley and Sun, 1992; Song et al., 1994]. This is analogous to the idea that bulk
magnetocrystalline anisotropy is not necessarily adequate to explain the magnelic
anisotropy in a thin film due to the broken atomic symmetry at the film's interfaces. A
magnetic surface anisotropy may be necessary, as discussed in section 2.3. We will
ieview these important ideas in more detail in chapter 7.
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Figure 2.3 : Bulk magnetoelastic coupling in Ni thin films deposited on a Cu substrate.
As illustrated here, the film grows under in-plane biaxial tensile misfit strain along the
[100] and [010] directions. As a result, the bulk magnetoelastic coupling favors a
magnetization easy axis perpendicular to the film.

In summary, the total magnetic anisotropy energy density of an epitaxial (001)
ferromagnetic film with negligible magnetocrystalline anisotropy can be written as
follows:

F = K*f 5in20 (2.8)

S s s
Kiths _ kK 29)

where Keff = 2B ep-2nM2 + - b
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and where KY and Ks are the volume and surface magnetic anisotropy cnergics,
respectively. A plot of Keff. h versus h is often used to obtained the magnetic surface
anisotropy energy density [Gradmann, 1986]. This method will be illustrated with an
example in section 3.3. Depending on their signs, the bulk magnetoelastic anisotropy and
the magnetic surface anisotropy encrgy densitics either favor an in-planc or an out-of-
plane magnetization easy-axis but their magnitudes always decrease with increasing tilm
thickness. On the other hand, the magnetostatic anisotropy energy density always lavors
an in-plane magnetization and dominates the total magnetic anisotropy energy dengity in
thick films. The magnetostatic, magnetocrystalline, and magnetoelastic anisotropy
energy densities of bulk bce Fe, hep and fee Co, and fcc Ni are summarized in Table 2.1.

Table 2.1: Magnetostatic, first order magnetocrystalline, and first order magnetoclastic
anisotropy energy densities for bulk bcc Fe, hep and fcc Co, and fcc Ni. A strain of 2%
was used to compute the magnetoelastic energy density. Note that fcc Ni has the largest

ratio of B, eg to 2tM? with a positive magnetoelastic anisotropy energy density.

Experimentally, the effective anisotropy energy density is defined by:

M M;
Keff = I HydM - I H, dM (2.10)

0 0

where Hy, and H correspond to the magnetic field applied in the film plane and
perpendicular to it, respectively. In practice, Keff is the difference in work done by an
external magnetic field in taking the material from a demagnetized state to full saturation
with the field applied in-plane and perpendicular to the film. We use the convention that
K> 0 corresponds to perpendicular magnetization. The work done by the external
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field or conversely the value of an integral in Eq. (2.10) is illustrated schematically in
Fig. 2.4.

» H

Hk

Figure 2.4: Response of an initially demagnetized ferromagnetic material to an external
magnetic field. M, and Hy are the saturation magnetization and the anisotropy field,
respectively. The shaded area represents the work done by the external magnetic field in
taking the sample from a demagnetized state to full saturation along the direction of the
applied field.
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Chapter 3

Perpendicular Magnetic Anisotropy in Thin
Films and Multilayers

The issue of perpendicular magnetic anisotropy (PMA) in ultrathin films is a very
interesting and challenging concept since the magnetostatic anisotropy energy, which is
very strong in thin films, always favors an in-plane magnetization easy-axis. In the past
ten years, PMA and giant magnetoresistance (GMR) in thin films and multilayers have
been at the center of the attention of the international magnetism community.
Considerable experimental effort has been focused on PMA since the pioneering work of
Gradmann [1966, 1974, 1986] and the more recent theoretical predictions of Gay and
Richter [1986]). The number of experimental techniques used to study this phenomenon
is impressive and includes various forms of magnetometry, the magneto-optic Kerr effect
(MOKE), spin-polarized photoemission (SPP), secondary electron spin-polarized analysis
(SESPA), ferromagnetic resonance (FMR), and very sophisticated techniques such as
scanning electron microscopy with polarization analysis (SEMPA) which is capable of
resolving magnetic domains through its nanometer resolution [Allenspach, 1994].

The most important heteroepitaxial systems that have been investigated and that
have exhibited a strong PMA are bcc Fe/Ag (001) [Koon et al., 1987; Stampanoni et al.,
1987; Heinrich et al., 1987; Araya-Pochet et al., 1988; Ballentine et al., 1989; Qiu et al.,
1993, fcc Fe/Cu (001) [Pescia, Stampanoni, et al., 1987; Liu et al., 1988; Pappas et al.,
1990; Pappas et al., 1991; Allenspach and Bischof, 1992; Thomassen er al., 1992;
Swartzendruber et al., 1993], Co/Pd superlattices [Engel er al., 1991; den Broeder et al.,
1991], Co/Au (111) thin films and superlattices [Lee et al., 1990; Allenspach et al., 1990,
Kingetsu and Sakai, 1993], Ni/Cu (001) [Ballentine, 1989; Bochi et al., 1993; Huang er
al., 1994], Ni/Cu (111) {Ballentine, 1989; Huang et al., 1994], and Cw/Ni/Cu (001)
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sandwiches [Chang, 1990; Naik et al., 1993; Jungblut et al., 1994]. In other epitaxial
systems, such as fcc Co/Cu (001) thin films [Pescia, Zampierni, et al., 1987; Krams et al.,
1992], tcc Co/Cu (111) superlattices [Lee et al., 1990], and fcc Co/Ag (111) superlattices
[Kingetsu and Sakai, 1993], no experimental evidence of perpendicular magnetization has
been found. In most of the above structures exhibiting perpendicular magnetization,
PMA was found to dominate only in the first few atomic monolayers (ML) of the thin
film. However, as we will show in chapter 6, Ni/Cu (001) structures exhibit
perpendicular magnetization over an abnormally large range extending up to 100 A.

Although many of the experiments performed in the past few years have often
been carried out diligently and have involved statc of-thc-art measurement techniques,
the analysis of the behavior of the magnetic anisotropy has often been limited to
quaiitative arguments: the origin of PMA often has been attributed to the strength of the
magnetic surface anisotropy (due to the broken symmetry at the film's intertaces) relative
to the shape anisotropy which tends to keep the magnetization in-planc. Very few
research groups have achieved a quantitative understanding of the magnetic anisotropy
through a thorough characterization of their heteroepitaxial structures that includes
measurements of the saturation magnetization and of the film thickness dependence of the
strain in the films [Lee et al., 1990; Engel et al., 1991]. In the following section, we will
review the most important results on the magnetic anisotropy in the three most commonly
studied systems (bcc Fe/Ag, fcc Fe/Cu, and Co/Pd superlattices) and the early results on
Ni/Cu (001) thin films. We will conclude by asking some fundamental questions that
have served us as a guide throughout our work.

3.1. bcec Fe/Ag (001) Thin Films and Superlattices

The first direct evidence of perpendicular magnetization in Fe/Ag (001) was
found by Koon et al. [1987]. This epitaxial system is attractive because of the relatively
large magnetic moment of Fe and the small lattice mismatch (0.8%) between the o-Fe
(001) and the Ag (001) surface nets, which is particularly favorable for good epitaxial
growth. The Fe/Ag (001) superlattices were grown at room temperature and
characterized at T = 15 K by conversion electron Mossbauer spectroscopy. The
magnetization was found to be perpendicular to superlattices with 1.8 A and 4.3 A thick
Fe films. The magnetization easy-axis was found in-plane when the Fe film thickness
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was about iGC A Koon et al. suggested that the PMA in this system is mainly duc to a
uniaxial magnetic anisotropy arising from the broken symmetry at the Fe/Ag interface.

A very interesting study of magnetic anisotropy of epitaxial bcc Fe/Ag (001) thin
films was conducted by Stampanoni et al. [1987] using spin-polarized photoemission.
The Fe films were grown at room temperature and the film thickness ranged from 1.5 A
to 18 A. By applying a magnetic field normal to the films and measuring the spin
polarization of the photoemitted electrons, it was possible to make a direct observation of
the component of the magnetization perpendicular to the films. The experimental results
are shown in Fig. 3.1. After cooling the samples down to 30 K, Stampanoni er al. found
that the perpendicular remanence vanishes for films thinner (han 2 ML (3.6 A) and
thicker than 5 ML (8.9 A). For an intermediate thickness range - 3t0 4 ML (i.e. 5.3 10
7.1 A) - a perpendicular remanence amounting to almost full saturation was observed.
Moreover, above T = 100 K, perpendicular remancnce was found to vanish for all film
thicknesses. No satisfactory explanation was given as to the origin and temperature
dcpendence of PMA in these films. Stampanoni et al. only speculated that the most
likely cause of perpendicular magnetization in their films may be found in the
microstructure of the Fe/Ag interface.

Finally, magneto-optic Kerr effect (MOKE) studies on Fe/Ag (001) thin films
[Ballentine et al., 1989] grown at room temperature have shown that at T = 100 K the
magnetization easy-axis is perpendicular to the film for thicknesses smaller than 3.6 A
but in-plane for thicker films. As the temperature was decreased to 30 K, Ballentine ez al.
found that films up to 5.3 A thick exhibit a perpendicular easy axis. As far as the origin
of PMA in this epitaxial system is concerned, Ballentine et al. only mentioned that the
substrate can influence the magnetic properties of the film via electronic coupling effects
such as charge transfer and sp-d hybridization between the electronic states of the film
and the substrate.

In summary, bcc Fe/Ag (001) thin films exhibit a perpendicular magnetization
easy-axis for Fe film thickness between 4 A and 7 A and an in-plane magnetization for
films thinner than 4 A and thicker than 7 A. The PMA was shown to vanish at room
temperature. A quantitative mechanism explaining this complex magnetization easy-axis
"switching" behavior is still missing.
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3.2. fcc Fe/Cu (001) Thin Films

fcc Fe/Cu (901) is also a very attractive epitaxial system to study, not only
because of the relatively large magnetic moment of Fe but also because it allows one to
examine the magnetic properties of fcc Fe which is metastable at room temperature. In
fact, fcc Fe is thermodynamically stable only between 1184 K and 1665 K. Also, the
experimental investigations of this epitaxial system have been the source of many
controversial discussions on the growth mode of Fe ultrathin films on Cu (001) substrates
near room temperature [Steigerwald and Egelhoff, 1988; Pescia et al., 1988) and its
effects on the magnetic anisotropy [Swartzendruber ez al., 1993].

Fcc Fe films erown on Cu (001) substrates at room temperature were first studicd
by spin-polarized photoemission by Pescia, Stampanoni er al. [1987]). Their
measurements at T = 30 K indicate that 9 A thick Fe films have a perpendicuiar
magnetization easy-axis whereas thinner films are either magnetized in-plane or else
exhibit no detectable ferromagnetic order.

A very interesting experimental work on fcc Fe/Cu (001) was also performed by
Liu er al. [1988] where the Fe films were grown at various temperatures extending from
100 K to 350 K and characterized using the polar Kerr effect. Their results are
summarized in Fig. 3.2 where the region of predominant perpendicular magnetization is
bound by the solid line. The figure indicates that for all growth temperatures the
magnetization starts in-plane for ultrathin films, then prefers a perpendicular easy axis,
and finally falls in-plane again for thicker Fe films. This scenario qualitatively follows
the one we described in section 3.1 for Fe/Ag (001). However, the region of
perpendicular magnetization in Fe/Cu (001) is wider than in Fe/Ag (001). In fact, the
solid line in Fig. 3.2 indicates that this region extends up to 11 A (6 ML) in Fe/Cu (001)
compared to approximately 7 A in Fe/Ag (001). Liu et al. pointed out that their results
can be explained in the light of a competition between the magnetostatic anisotropy
energy and a uniaxial magnetic surface anisotropy energy which favors perpendicular
magnetization. However, their arguments remained very qualitative.

Other significant experimental studies of the magnetic anisotropy in Fe/Cu (001)
were conducted by Pappas et al. [1990, 1991] and Allenspach and Bischof [1992] who
deposited their films at temperatures close to 100 K. Their measurements support the
observations of Liu et al. [1988] on the extent of the region of perpendicular
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Figure 3.2: Magnetic anisotropy in fcc Fe/Cu (001) thin films deposited at temperatures
ranging from 100 K to 350 K [Liu er al.,, 1988]. The region of perpendicular
magnetization is outlined by the solid line. The Kerr effect measurements of the M-H
loops were carried at the growth temperature.
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magnetization for Fe films deposited and characterized at very low temperatures. Pappas
et al. [1991] also showed that the vacuum/Fe interface plays a fundamental role in
determining the PMA in the vacuum/Fe/Cu (001) epitaxial system. By depositing small
amounts of O; (approximately half a monolayer) on the surface of the Fe films, whose
thickness ranged from 6 A (3.4 ML) to 11 A (6 ML), Pappas et al. showed that the
magnetization easy axis switches from perpendicular to in-plane. This observation
supports the conclusions of Heinrich et al. [1989] drawn from ferromagnetic resonance
data on Fe/Ag (001) that the vacuum/Fe interface gives rise to a strong perpendicular
magnetic interface amsotropy.

3.3. Epituxial Co/Pd Superlattices

The Co/Pd epitaxial system has been investigated extensively because of its
potential applications as a magneto-optic recording medium [Zeper et al., 1991]. One of
the most revealing and thorough studies of this system has been conducted by Engel ez al.
[1991] who have quantitatively measured the behavior of the magnetic anisotropy and the
saturation magnetization in (100), (110), and (111) oriented Co/Pd epitaxial superlattices
and have characterized the state of strain of the Co layers using X-ray diffraction
measurements. The Pd spacer layer thickness was fixed at 10 A whereas the Co film
thickness was varied between 1 and 25 A. The results of the magnetic anisotropy
measurements are shown in Fig. 3.3 where the effective magnetic anisotropy energy
density times the Co film thickness is plotted as a function of Co film thickness for all
three growth orientations. The first conclusion that one can make from Fig. 3.3 is that
perpendicular magnetization (K*ff > 0) exists for all three orientations but its strength is
strongly orientation dependent. The superlattices with a (111) orientation exhibit the
largest extent of perpendicular magnetization (up to 25 A Co) whereas the (100) oriented
superlattices sustain the smallest range of perpendicular magnetization (up to 3 A only).
Engel et al. analyzed their results in terms of the phenomenological model presented in
chapter 2. The straight lines shown in Fig. 3.3 are the fits of the data points using a
equation similar to Eq. (2.9). The first and most important result of the fit is that all the
straight lines intersect the vertical axis 2t the same point. This intercept represents the
magnetic surface anisotropy energy density of the Co/Pd interfaces. The fact that all the
straight lines intersect at the same positive intercept indicates that the Co/Pd interfaces
contribute to perpendicular magnetic anisotropy to the same extent irrespective of
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Figure 3.3: Effective anisotropy energy density times the Co film thickness as a function
of Co film thickness for (100), (110), (111) oriented and polycrystalline Co/Pd
superlattices [Engel et al., Phys. Rev. Lett., 1991]. Note the convergence of the four
straight lines to a same intercept on the vertical axis indicating that the Co/Pd interfaces
all have the same contribution to magnetic interface anisotropy, irrespective of the
superlattice orientation.



superlattice orientation. The slopes of the lines in Fig. 3.3 are equal to the volume
component of the magnetic anisotropy which is comprised of the magnetostatic
anisotropy energy, the volume magnetoelastic anisotropy energy, and the
magnetocrystailine anisotropy energy (which we purposely had omitted in Eq. (2.9)).
After subtracting the contribution of the magnetostatic anisotropy energy, Engel et al.
showed that the main contribution to the volume magnetic anisotropy energy in (111)
" Co/Pd superlattices ariscs from the magnztocrystalline anisotropy energy of hcp Cu with
a relatively smali contribution from the magnetoelastic anisotropy energy favoring an in-
plane magnetization. For the (100) oriented Co/Pd superlattices, Engel er al. showed that
the main contribution to the volume magnetic anisotropy energy comes from the
magnelociasic anisotropy energy favoring an in-plane magnetization. This conclusion is
supported by the existence of a large strain in the (100) Co films, as indicated by X-ray
diffraction measurements [Engel ez al., 1991).

3.4. fcc Ni/Cu (001) Thin Films

The behavior of the magnetic anisotropy in Ni/Cu thin films has received less
attention than Fe/Ag and Fe/Cu thin films. This may be due to the relatively small
magnetic moment of Ni compared to the moment of Fe (un; = 1/3 pg), to the relatively
small Curie temperature of Ni (T, = 354 “C), and/or to the potential growth problems of
Ni thin films on Cu substrates, namely segregation of Cu atoms at the surface of Ni and
intermixing of Ni and Cu atoms at the Ni-Cu interface. However, the relatively small
magnetostatic energy density of Ni (KMS (Ni) = 1/10 KMS (Fe)), which constitutes the
main resistance to perpendicular magnetization, the large magnetoelastic coupling in Ni,
and the relatively small lattice misfit (2.6%) between Ni and Cu make the Ni/Cu (001)
epitaxial system very appealing for the study of magnetic anisotropy in thin films.

The magnetic anisotropy in Ni/Cu (001) thin films was first investigated by
- Ballentine [1989] using MOKE as the magnetic probe. The films were grown at room
temperature and characterized at T = 100 K. The magnetization was found to lie in-plane
for Ni thicknesses up to 3.1 ML (5.5 A). A mixed behavior in the magnetic anisotropy
was observed for 4.7 ML (3.3 A) thick films, manifested in the large remanence obtained
when the magnetic field was applied perpendicular to the films. The M-H loops showing
this behavior are displayed in Fig. 3.4. The appearance of a strong perpendicular
component of the magnetization at Ni thicknesses of about 15 A was also confirmed by
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Figure 3.4: Magnetic anisotropy in Ni/Cu (001) altrathin films (Ballentine, 1989]
measured using the magneto-optic Kerr effect (MOKE). The M-H loops ar¢ shown for
magnetic field applied perpendlcular to the film (left hand side) and for the field applied
in the film plane (right hand side). The thickness of the Ni film is shown on the left hand
side and is gxpressed in monolaxers (ML). The magnetization €asy axis is in plane for
~ 8§ ML (5 A) and 3.1 ML (5.5 A)buta mixed behavior can be seen at 4.7 ML (8.3 A)
where a large perpendicular remanence can be seen. The films were deposited at room

temperature but the MOKE measurements were performed at 100 K.
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Bochi er al. [1993] and Huang er al. [1994]. Ballentine pointed out that the
magnetization easy-axis reversal illustrated in Fig. 3.4 may be due to the onset of misfit
dislocations at the Ni/Cu (001} interface. Using positron annihilation spectroscopy,
Gidley [1989] experimentally found that a structural change in the Ni/Cu (001) thin films
occurs at a Ni thickness h < 9 A. He attributed this change to the appearance of misfit
dislocations at the Ni/Cu interface. Evidence of a strong correlation between a
magnetization easy-axis reversal and a plastic microstructural change has been observed
in fcc Fe/Cu (001) thin films [Thomassen et al., 1992] where the magnetization easy-axis
was found to switch from perpendicular to in-plane at an Fe film thickness coinciding
with a phase transformation of the Fe films from fcc to bce (11 A). An interesting
reversal in magnetic anisotropy has also been observed in Cuw/Ni/Cu (001) sandwiches
where the Cu layer thickness was 1000 A and which were characterized in air using a
vibrating sample magnetometer [Chang, J. Appl. Phys. 68, 4873 (1990)]. The
magnetization easy-axis was found to lie in-plane for Ni thicknesses of 500 A and above
and perpendicular to the film for 50 A thick Ni films. The out-of-plane to in-plane
transition thickness was around 100 A.

With the above intriguing observations in mind, we asked ourselves the following
questions on the Ni/Cu (001) epitaxial system:

a) Is the appearance of perpendicular magnetization easy-axis systematically
reproducible?

b) What is the Ni thickness extent of the perpendicular region?
¢) Whatis the perpendicular region due to?

d) Is the onset of misfit dislocations responsible for the in-plane to out-of-plane magnetic
easy-axis reversal?

e) What energies dominate the balance in causing PMA?

f) How can we explain the magnetization going out-of-plane and back in-plane (i. e. the
existence of two magnetization easy-axis transition thicknesses) based on the
phenomenological model of chapter 2?

8) What is the effect of the Ni thickness-dependent misfit strain on the magnetic
anisotropy?
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h) What are the signs and the magnitude of the magnetic surface anisotropy energy?
i) Are there any further tests of the importance of interfacial magnetic anisotropy?

We will attempt to answer all of the above questions in chapters 6 to 9. First, we
will review the growth mechanisms in the Ni/Cw/Si (001) heteroepitaxial system and the
experimental procedures used for the films preparation.



Chapter 4

Misfit Strain Accommodation in Thin Films

When a thin film is evaporated on a thick single-crystal substrate at a slow rate
and at a finite temperature, it may grow as a single-crystal if the film-substrate lattice
mismatch is small enough (typically less than 10%). This phenomenon is calied epitaxy.
In the early stages of epitaxy, i.e. when the film is ultrathin, the film tends to deform
elastically in order to adopt the lattice parameter of the substrate. A perfect registry is
then achieved between the film and the substrate. The film-substrate interface is said to
be coherent and the thin film is said to be pseudomorphic to the substrate. This
phenomenon is illustrated in Fig. 4.1 where an ultrathin film is grown on a substrate that
has a larger equilibrium lattice parameter than the film. The film is under an in-plane
biaxial tensile misfit strain and is compressed along its normal due to Poisson
contraction. The strain tensor describing this state of strain is given by Eq. (2.6). This
situation is experienced by Ni ultrathin films grown epitaxially on Cu (001) substrates
since Ni has a smaller bulk equilibrium lattice parameter (ag(Ni) = 3.52 A, at room
temperature) than Cu (ap(Cu) = 3.615 A, at room temperature). In Ni/Cu (001) thin films,
tensile strain occurs along the [100] and [010] directions. In a pseudomorphic film, the
in-plane biaxial tensile misfit strain appearing in Eq. (2.6) is equal to the film-substrate
lattice mismatch 1} which is defined by:

n- | @
where a and ay are the bulk equilibrium lattice parameters corresponding to the substrate
and the film, respectively. For Ni/Cu (001) thin films 1 = 2.6% at room temperature.

When the film reaches a critical thickness h, the elastic energy of the film
associated with misfit strain becomes too large and the onset of misfit dislocations at the
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Figure 4.1: Pseudomorphic growth of an ultrathin film on a single-crystal simple-cubic
substrate. The film has a smaller equilibrium bulk lattice parameter than the substrate.
As a result, the film is under a biaxial in-plane tensile misfit strain and is compressed
along its normal, as indicated by the arrows.

heteroepitaxial interface becomes thermodynamically favorable. The perfect registry
between the film and the substrate is then broken and the film-substrate interface
becomes semi-coherent. The heterointerface is then plastically deformed through the
presence of the dislocations. This situation is illustrated schematically in Fig. 4.2 for a
simple-cubic film with h > h; grown epitaxially on a simple-cubic substrate which has a
larger lattice parameter. The misfit dislocations shown here are edge dislocations
indicated with the symbol L and run along the [010] direction in the heteroepitaxial
interface corresponding to the y axis in Fig. 4.2. The misfit strain relief caused by the
dislocations in the film can be seen through the introduction of atomic plancs
perpendicular to the heterointerface and ending above the misfit dislocations. As a result,
the atomic spacing in the film plane is reduced, approaching the film's bulk equilibrium
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Figure 4.2: Schematic cross-sectional view of 90° misfit dislocations in a simple-cubic
heteroepitaxial system. The misfit dislocations lie in the film-substrate interface and run
along <100> directions. In this example, the film has a smaller equilibrium bulk lattice
parameter than the substrate and is under an in-plane biaxial tensile misfit strain. The

edge dislocations arc indicated with the symbol L. The distance S separating two
neighboring dislocations and the Burgers vector b are also shown in the figure.

spacing: there are seven atomic planes in the film for every six atomic planes in the

substrate. The direction & (also called the sense) of the dislocation lines shown in Fig. 4.2
is parallel to the direction of the positive y axis, while the Burgers vector b points along
the direction of the negative x axis. The Burgers vector is defined geometrically as
follows [Hirth and Lothe, 1992). Consider a plane perpendicular to the dislocation line,
for example the plane y = 0. In this plane, we form a closed clockwise circuit that
encloses the dislocation line and that follows the atomic positions shown in Fig. 4.2.
Then we draw the same circuit in the perfect reference lattice, i. e. the one containing a

47



perfectly coherent interface. The vector required to close the circuit in the
pseudomorphic structure is defined as the Burgers vector. In other words, the Burgers

vector is given by the line integral, taken in a right-handed sense relative to €, of the

elastic displacement around the dislocation. The condition § . b = 0 is characteristic of
edge dislocations. Another set of edge dislocations, not shown in Fig. 4.2, runs parallel
to the [100] direction which corresponds to the x axis in Fig. 4.2.

In fcc crystals such as Ni/Cu (001), the structure of the misfit dislocations is more
complex as it combines both an edge-like and a screw-like character [Tsao, 1993]. The
Burgers vector b makes an angle of 60 degrees with the direction that is both
perpendicular to the dislocation line and that lies in the heterointerface. For this reason,
these misfit dislocations are called 60° dislocations. It is important to note that only the
component of the dislocation that is edge-like and that has a non-zero projection of the
Burgers vector in the heterointerface contributes to relieving misfit strain. The 60°
dislocations glide on (111) planes and run along [110] and {110] directions in the
heterointerface forming a square grid in the Ni/Cu (001) interface. A transmission
electron micrograph indicating the misfit dislocations grid in the interface of Ni/Cu (001)
thin films is shown in Fig. 4.3 [Inglefield et al., 1993].

As we will show in section 4.2, the value of the critical thickness he depends on
the physical properties of the heteroepitaxial system, such as the lattice mismatch
between the film and the substrate and the elastic constants of the film and the substrate.
But most importantly h. is governed by the interplay between the energy needed to form
a unit length of misfit dislocation (energy cost) and the elastic strain energy recovered by
the film through the introduction of a misfit dislocation (energy relief).

In the above discussion of strain in thin films we have only focused on misfit
strain. Other forms of strain such as thermal strain, arising from the mismatch of thermal
expansion coefficients between the film and the substrate [Nix, 1989], and strain due to
film surface roughness [Spencer et al., 1993] are sometimes present in thin films.
However, we believe that in Ni/Cu (001) these other sources of strain are negligible
compared to misfit strain and we will therefore omit them in our discussions. We will
discuss roughness in Ni/Cu (001) briefly in chapter 5. Before reviewing the energetics of
misfit dislocations, we will describe the localized strain fields arising from dislocations in
the following section.
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4.1. Localized Strain Fields around Misfit Dislocations

The first quantitative model describing the localized strain created around edge
dislocations and taking into account the discrete nature of the lattice was proposed by
Peierls and Nabarro [Hirth and Lothe, 1992]. This one-aimensional model considers two
semi-infinite simple-cubic crystals with their [100] and [010] axes parallel but with an
initial lattice mismatch in the x direction across the z = 0 plane, where the (x,y,z)
cartesian coordinate system is the same as the one in Fig. 4.2. Antisymmeltric
displaccments about the z = 0 planc are then imposed on the two half-Crystals which are
then joined to form the edge dislocation shown in Fig. 4.2. The boundary conditions are
such that the lattice mismatch between the two half-crystals is nil at x = £ oo, By
convention, the sense and Burgers vector of this simple edge dislocation are given by § =
jand b = - b i, respectively, where i and j are the unit vectors along the x and y
directions, respectively. Assuming that the two media are elastically isotropic, the
localized stress field generated around the dislocation line is given by the following
equations in the (x,y,z) coordinate system of Fig. 4.2:

P 1. 3z+20 22(z+¢f (4.2)

202y (z40f  (x2+(z+gff
ubv z+§
o 43)
YAV g (o4t
_ nb z 2x27

o _ (4.4)
21:(1-\1)[,(2.,.(z+§)2 (x2+(z+C)z)2]

o mb [ 2xz(z+¢) (4.5)
28V y (24P (x4 (z+0Pf

where z > 0 and where § = —9— with d being the interplanar spacing. The stresses Gyy

2(1-v)
and oy, are nil for all (x,y,z). Here we use d =b = ap(Ni). W is the shear modulus and v is
Poisson's rauo. The value 2 is called the width of the dislocation and it gives a rough
measure of the extent of the core region which cannot be described by linear elasticity.
The strain field can be obtained from the stress field by using the following equations
which apply for linearly isotropic media [Hirth and Lothe, 1992]:
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€y = é—[c“ -V (Oyy + 0] (4.6)

Eyy = %[cs,,y -V (Oxx + 0z)] 4.7

€2 = %[crzz -V (Oxx + Oyy )] 4.8)
=1

Exz 2n Oxz 4.9)

where E = 2ju(1 + v) is Young's modulus. For Ni, L =9.47x1010 Pa and v = 0.276 [Hirth
and Lothe, 1992] yielding E = 2.42x1011 Pa .

The plots of the strains exyx, €,z, and e, as a function of the variable x (i.e. as a
function of distance away from the dislocation core) and with z = 0 (i. e. in the plane of
the interface) are shown in Figs. 4.4, 4.5, and 4.6, respectively. The strain eyy is nil for all
X, i. e. no strain is experienced along the length of the dislocation core due to the presence
of the edge dislocation. The first important result of Figs. 4.4 to 4.6 is that misfit
dislocations give rise to very large strains, especially when compared to the maximum
misfit strain of 2.6% for the N/Cu (001) system. In particular, the strain lexxl (z = 0)
achieves a maximum larger than 20% at the dislocation core (x = 0, z = 0). This huge
compressive strain due to the misfit dislocation is the strain that one would experience in
the x direction by crossing the dislocation line in the heterointerface (z = 0) along a
direction perpendicular to the dislocation line. On the other hand, the strain e, (z = 0),
which is the strain that one would experience normal to the interface by crossing the
dislocation line in the heterointerface along a direction perpendicular to the dislocation
line, is tensile, large, and reaches a maximum of approximately 10% at the dislocation
core (x =0, z =0). The second very important result of Figs. 4.4 to 4.6 is that the strain
field generated by a misfit dislocation is very localized. In fact, the large strains exx(z =
0) and e (z = 0) drop to zero when one moves away from the dislocation core by only 20
A in the heterointerface. A natural question arises following these observations: how fast
does the large strain e, at the dislocation core drop as one moves away from the core in a
direction perpendicular to the film? The answer is given by Fig. 4.7 which is a plot of
exx(x = 0) as a function of z for z > 0. The figure shows that the strain exx(x = 0) due to
the dislocation drops to nearly zero when one moves away from the core approximately
by a distance z = 20 A in the direction normal to the interface. This decay is very similar
to the one of exx(z = 0) when one moves away from the core in the heterointerface along
the x direction, as can be seen by comparing Fig. 4.4. and 4.7.
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Figure 4.4: Strain experienced along the x direction by crossing the dislocation line in the
heterointerface (z = 0) along a direction perpendicular to the dislocation line.
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Figure 4.5: Strain experienced along the z direction by crossing the dislocation line in the
heterointerface (z = 0) along a direction perpendicular to the dislocation line.
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Figure 4.6: Shear strain ex, experienced by crossing the dislocation line in the
heterointerface (z = 0) along a direction perpendicular to the dislocation line.
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Figure 4.7: Strain experienced along the x direction by moving away from the dislocation
core in a direction normal to the heterointerface (x = 0).
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Although the Peierls-Nabarro model takes into account the discreteness and the
periodicity of the crystal lattice and therefore removes the artificial divergence at the core
of the dislocation, which arose in previous idealized continuum theories, it suffers from
several shortcomings. First of all, the Peierls-Nabarro model assumes that the two
materials making up the heterostructure are semi-infinite in the direction perpendicular to
the interface. Second, the model considers a one-dimensional periodic simple-cubic
lattice which does not distinguish between bcc and fcc crystal structures. Third, it makes
use of linear elasticity theory. However, strains at the dislocation core are so large that it
is questionable whether Hooke's law applies. Fourth, the above model does not take into
account dislocation interactions. A more accurate description of the localized strain
around dislocation cores in thin films can be obtained by performing semi-empirical
atomic calculations using the embedded-atom potential method. We have done a
feasibility study of the stress relaxation in Ni/Cu (001) bicrystals using this method and
have obtained some interesting preliminary results which are presented and explained in
the Appendix.

The strain that we described in this section is the localized strain due only to the
dislocations. When this strain is superimposed on top of the 2.6% in-plane biaxial tensile
misfit strain due to the Ni-Cu lattice mismatch, one then obtains the total misfit strain in
the film. The average of the latter strain gives the in-plane biaxial misfit strain e of Eq.
(2.6). The dependence of ep on the Ni film thickness h above the critical thickness h,
forms the subject of the following two sections.

4.2. The Matthews-Blakeslee Thermodynamic Model

The equilibrium theory of strain relaxation in thin films was originally described
by Franck and van der Merwe [1949] and van der Merwe [1963], and was extended by
Matthews and Blakeslee [1974, 1975]). The Matthews-Blakeslee model yields useful
results and is the main subject of this section. Its primary limitations are that it induces a
singularity in the stress field at the dislocation core (a feature which is nonphysical) and
that it considers misfit dislocations as the only mechanism for misfit strain relicl.
Modified theories of misfit dislocation energetics have been proposed more recently
[Dunstan et al., 1991; Payne et al., 1993] which overcome some limitations of the
Matthews-Blakeslee model.
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In the early stages of epitaxy, the pseudomorphic film experiences an anisotropic
strain described by Eq. (2.6) with g = 1. The coherency energy per unit area associated

with the strain in the epitaxial layer is given by [Tsao, 1993]:

uwh=2u(ll_ﬂv)he5=2u(lﬁ¥)hn2, (4.10)

where h is the thickness of the fi'm. Above the critical thickness h,, the introduction of
misfit dislocations becomes energetically favorable and partially relieves the misfit strain
in the film. The dislocations form a square grid in the plane of the film-substrate
interface and are separated by a distance S. The linear density of dislocations running
along a specific direction (i. e. [110] or [110] in fcc crystals) is pma = 1/S. As mentioned
above, misfit dislocations in fcc crystals have Burgers vectors that make an angle of A =

60° with the direction that is both perpendicular to the dislocations and that lies in the
plane of the interface. Only the compcnent b cosA acts to relieve lattice misfit strain.

The average in-plane biaxial misfit strain remaining for h > h_ is given by:
€ =N - <€md>, 4.11)

where <epq> is the contribution of the misfit dislocation to the strain in the film, averaged
over the volume of the film. The incoherency strain in Eq. (4.11) can be approximated by
[Tsao, 1993):

€ =M -b—c—gﬂ-=n - Pmd b cosA. (4.12)

In a fully coherent interface S = =, and one recovers the result g = 1. For h > h, the
dependence of the incoherency strain energy density on misfit dislocations density is then
given by:

Uincoh = 2 1 (—ll%vy-) hej=2u (ll_+\y'_) h ('r| - Pma b cosl)z. (4.13)

While acting to relieve misfit strain, misfit dislocations also cost energy due to the
disruption in bonding associated with the atoms located in the interface around the cores,
and to the huge strain fields generated away from the cores. The arcal energy density
associated with each of the two dislocation arrays is given by the linear dislocation
density times the energy of an isolated dislocation [[sao, 1993]:

_ M b? ‘l-vcoszﬁ m
= 1) )
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where P is the angle given by cosp =& . % = cos 60° = 1/2, for fcc crystals. For h > h,

the total areal elastic energy density is the sum of areal energy densities associated with
the incoherency strain and both of the dislocation arrays, i. e.:

Ut = Uincok + 2Umd 4.15)

u b?
2T

1 - vcos2f 1n{%) (4.16)

= Ut = 21 (ll-kﬁ)h(n - pmdbcosl)z * Pmd 1-v

The dependence of u on pg displays two distinct kinde of behavior. For thin films or
low misfit sysiems, the total energy density is minimum at pyg = 0. Misfit dislocations
cost more energy than is regained by the release of misfit strain. The fully strained
coherent epilayer is thermodynamically more stable. This situation corresponds to:

U0t

> 0. 4.17
apmd]Pmd =0 ( )

On the other hand, for thick films or high misfit systems, the total energy density is
minimum for pyg > 0. The introduction of some misfit dislocations costs less energy

than is gained by the release of misfit strain. The semi-coherent interface is
thermodynamically more stable. This siiuation corresponds to: |

Uy

—tot 0. 4.18
apmd]ﬂmﬂl =0 ) ( )

The critical thickness for the onset of misfit dislocations is given by the condition
Oioy

=0, or:
apmd]Pmd =0

. 2
_ b ‘l vcosZp ln(4 hc)' 4.19)
§ancosh - 1 +V b

1
i
yielding b = éao (film). Using p = A = 60°, one finds that h, = 18 A in Ni/Cu (001).

This value of b, has been observed experimentally by Matthews and Crawford [1970],
Inglefield et al. [1993], and Jungblut et al. [1994]. The equilibrium linear dislocation
density can be found by minimizing u, with respect to ppy:

The most conmon type of Burgers vectors in fcc crystals are of the - <110> type,
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n [ n 0l
= Pna = — 1 - Fh(4 hc)’ (4.20)

U)lv—-

We plot the dislocation spacing as a function of film thickness for the Ni/Cu (001)
system, as predicted by Eq. (4.20), in Fig. 4.8. The dislocations spacing decreases as the
film grows thicker and converges to the limit S = 50 A. Substituting Eq. (4.20) into Eq.
(4.12) yields the average in-plane biaxial misfit strain in a semi-coherent film:

|n(4_!l
egfh) = "I;TC'T%:" @.21)
inf*ge)

This strain can be approximated by:

eolh) = ';1_': (4.22)

which has been proposed by Chappert and Bruno [1988] and has been frequently referred
to in the thin film magnetism community. The strains of Eqs. (4.21) and (4.22) are
plotted in Fig. 4.9 for Ni/Cu (001) thin films. Notice the kink in the plots at the critical
thickness h. = 18 A. ' '

A very interesting result falls out of Egs. (4.19) and (4.21). Consider a thin film
growing epitaxially on two different substrates such as Cu (001) and CugoNigg (001)
where the lattice mismatch is 2.6% and 1.6%, respectively, and where the critical
thickness is 18 A and 35 A, respectively. Then, according to Eq. (4.21), the average in-
plane biaxial tensile misfit strain in the Ni film is the same in Ni/Cu (001) and in
Ni/CugoNi4o (001) for all thicknesses h > 35 A. This result is illustrated graphically in
Fig. 4.10. A phase diagram showing the critical thickness h. and the lattice mismatch n
corresponding to Ni thin films grown epitaxially on Cu;_xNi, (001) substrates for 0 < x <
50% is shown in Fig. 4.11. It was obtained using Eq. (4.19) and the fact that Ni and Cu
form a solid solution in the bulk.

Althvugh the Matthews-Blakeslee model gives a reasonable estimate of the
functional dependence of the strain on the film thickness, it sometimes underestimates the
strain remaining in the film [Nix, 1989]. This is because the Matthews-Blakeslee model
is based purely on thermodynamic grounds and therefore omits the energy barrier that
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Figure 4.8: Misfit dislocations density as a function of film thickness in Ni/Cu (001) thin
films as predicted by the Matthews-Blakeslee model.
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Figure 4.9: Average in-plane biaxial misfit strain as a function of film thickness for Ni/Cu
(001) thin films according to the Matthews-Blakeslee (Eq. (4.21), solid line) and to the
Bruno-Chappert (Eq. (4.22), dotted line) models.
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Figure 4.10: Average in-plane biaxial misfit strain as a function of Ni film thickness for

Ni/Cu (001) (1} = 2.6%, he = 18A) and for Ni/CugNigp (001) (n = 1.6%, he = 35 A),
according to Egs. (4.19) and (4.21).
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Figure 4.11: Lattice mismatch and critical thickness in Ni/Cu.xNi, (001) as a function of
Ni content (x) in the substrate.
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needs to be overcome for the nucleation of misfit dislocations at the film's surface. Itis a
limitation of kinetic nature.

4.3. Misfit Strain in Ni/Cu (001) Thin Films

Quantitative measurements of strain relaxation in the Ni/Cu epitaxial system were
first carried out by Gradmann [1966] for films grown with a (111) orientation. Matthews
and Crawford [1970] studied the accommodation of misfit strain in epitaxial Ni/Cu (001)
thin films evaporated on NaCl substrates. Their transmission electron micrographs
showed that the onset of misfit dislocations in Ni/Cu (001) occurs ath, =15+ 3 A, which
is in good agreement with the value predicted by the Matthews-Blakeslee theory (hc = 18
A). Matthews and Crawford found a close agreement between the experimentally
measured and the theoretically predicted dislocations density for Ni films with 15 A<h<
50 A. For films thicker than h, the misfit strain accommodated by dislocations was
determined from the average separation of the moiré fringes. Comparison of these
spacings and the spacings calculated from the bulk lattice parameters of Ni and Cu
enabled the elastic strain in the Ni films to be found. For films thicker than 50 A, the
elastic strain was found to be significantly larger than the predicted values. However,
Bruno and Renard [1989] showed that the elastic strain data of Matthews and Crawford
[1970] can be reasonably fit by the 1/h functional form of Eq. (4.22) for Ni thicknesses
up to 100 A. The data of Mattews and Crawford and the 1/h fit are shown in Fig. 4.12.

More recent characterizations of misfit strain accommodation in Ni/Cu (001) thin
films were done by Inglefield et al. [1993] and Inglefield et al. [1995]. The Ni/Cu (001)
bicrystals were evaporated on NaCl (001) and Si (001) substrates. The Cu layers were
2000 to 3000 A thick whereas the Ni film thickness was much smaller, ranging from 15
to 200 A. It was shown that the measured distance separating neighboring dislocations is
larger than the one predicted by the Matthews-Blakeslee model, especially at small Ni
thicknesses. The misfit strain in the Ni thin films was also measured as a function of film
thickness using the moiré fringes spacing. These measurements are shown in Fig. 4.13.
The solid line in the figure is the best fit to the data points using a power law functional
form. The equation of the solid line is:

ep ~ 40 (4.23)
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Figure 4.12: Thickness dependence of the strain in Ni thin films grown on Cu (001)
substrates. The experimental points are the ones of Matthews and Crawford [1970]. The
solid line is a plot of the Eq. (4.22) with h¢ = 15 A [Bruno and Renard, 1989].

61



K e N LA LS e B e
25F -
S - ]
£ 2F .
S 5 -
) i ]
o 1.5F ]
E i ]
[ 1 ]
0.5 -?
O:IIIJllllllllllllllIILIII:

0 50 100 150 200 250

h(A)

Figure 4.13: In-plane misfit strain in Ni/Cu (001) thin films evaporated on NaCl (001)
substrates, measured using the moiré fringes method [Inglefield et al., 1993]). The solid
line represents the best fit to the data points using a power law functional form which is

given by Eq. (4.23).

where hisin A. Equation (4.23) differs significantly from the Chappert-Bruno functional
dependence of Eq. (4.22). Inglefield et al. [1993] further showed that the residual strain
expected from the measured dislocation density according to Eq. (4.12) is larger than that
extracted from moiré fringes measurements. In other words the measured dislocation
density cannot account for the misfit strain measured through moiré fringes: other strain
relaxation mechanisms may also be at play. However, Inglefield et al. confirmed that
misfit dislocations in Ni/Cu (001) thin films are mostly of the 60 type and run in the Ni-
Cu interface along <110> directions. More recently, Inglefield et al. [1995] showed that
90° dislocations are also present at the Ni/Cu (001) interface. They also showed that the
onset of misfit dislocations occurs at 15 A < h, < 25 A, in agreement with other
experimental observations [Matthews and Crawford, 1970; Jungblut er al., 1994] and
with the theoretical prediction of the Matthews-Blakeslee model.
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Strain was also measured recently in Ni/2000 A CwSi (001) thin films using a
WYKO 6000 PC optical interferometer [Inglefield et al., 1995]. This instrument uses
optical reflection from a Si wafer compared with the reflection from a flat reference to
determine the curvature of the Si wafer. By measuring the curvature of the wafer before
and after deposition of the Cu layer, one can determine the curvature caused by the 2000
A Cu layer. The curvature of the Ni/2000 A Cw/Si (001) thin films was also obtained for
different Ni film thicknesses. By subtracting the "background" curvature due to the Cu
layer, one obtains the effective change in curvature Ak of the Si wafer due to the Ni film.
A modified version of Stoney's equation [Ohring, 1992] can then be used to find the
elastic strain in the Ni films for different Ni thicknesses:

_ h Mg; Ak

6 M (4.24)

where h and hg; are the thicknesses of the Ni film and Si wafer, respectively. Mg; =
1.805x10!! Pa and M)y = 2.23x10!! Pa are the biaxial elastic moduli of Si and Ni,
respectively. The resulting strain measurements, obtained by assuming that eg(h = 15 A)
= 2.6%, are shown in Fig. 4.14. The strain measured by optical interferometry is larger
than the strain measured using the moiré fringes and shown in Fig. 4.13. The solid line
shown in Fig. 4.14 is the best fit of the data points using a power law functional form.
The equation of the line is given by:

_ 18.15
0 = 10% (4.25)

with h in A. The functional form of Eq. (4.25) also differs from the one given by the
Chappert-Bruno model of Eq. (4.22).

In summary, the elastic strain in Ni/Cu (001) thin films has been measured using
different techniques which give different results. The discrepancies may be due to the
fact that all the techniques provide indirect measurements and require different kinds of
sample preparation prior to the actual strain measurement, which may or may not affect
the state of strain of the films. Moreover, all the above techniques are based on ex-siru
measurements which result in the exposure of the films to air. Inglefield et al. [1995]
have shown that the formation of a very thin oxide layer (hgxige < 10 A) at the Ni surface
could affect the state of strain of the film. More accurate measurements of the strain in
ultrathin films can be achieved in-situ using X-ray absorption fine structure techniques
such as EXAFS [Heckmann, 1993} which are capable of resolving lattice spacings in
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ultrathin films oaly a few monolayers thick. Unfortunately, these techniques are not
readily available as they involve complex experimental set-ups and X-ray synchrotron

sources.
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Figure 4.14: Thickness dependence of the strain in Ni/2000 A CwSi (001) thin films
measured by optical interferometry [Inglefield et al., 1995]. The solid line represents the
best fit to the data points using a power law functional form which is given by Eq. (4.25).



Chapter 5

Experimental Procedures

The Ni/Cu (001) thin films were evaporated on Si (001) wafers using a molecular
beam epitaxy (MBE) deposition system. The structure and chemistry of the films were
characterized in-situ using reflection high-energy electron diffraction (RHEED) and
Auger electron spectroscopy (AES) and ex-situ using plan-view and cross-sectional
transmission electron microscopy (TEM), X-ray diffraction, and optical interferometry.
Plan-view TEM allowed the determination of the type, orientation, and spacing of the
misfit dislocations located at the Ni/Cu interface whereas cross-sectional TEM was used
to characterize the Cw/Si (001) and Cw/Ni (001) interfaces. Thin-film X-ray diffraction
was employed to examine the crystallographic orientation of the Ni and Cu layers
deposited on the Si (001) wafers, and to identify the products of a reaction occurring at
the Cw/Si interface. The strain in the Ni and Cu films was measured ex-situ using a
WYKO optical interferometer which was described in section 4.3. The structural
characterization of Ni/Cu/Si (001) thin films forms the main subject of the doctoral thesis
of Heather E. Inglefield [1995]. Most of the result relevant to the present work are
summarized in section 5.3.

The magnetic anisotropy of the Ni/Cu films was characterized in-situ using the
magneto-optic Kerr effect (MOKE) and ex-situ using a vibrating sample magnetometer
(VSM). The experimental set-ups used in these characterizations are described in detail
in section 5.2 whereas the results of the magnetic measurements form the subject of
chapter 6. We will start by giving an overview of the MBE deposition system and of the
sample preparation in section 5.1.
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5.1. The Molecular Beam Epitaxy Deposition System

The metal films were all deposited on Si (001) wafers using a Perkin-Elmer
molecular beam epitaxy (MBE) system originally designed for semiconductor growth. A
schematic top view and a side view picture of the <hamber are shown in Figs. 5.1 and 5.2,
respectively. The chamber is equipped with a load-lock, two electron-beam evaporaltors
(Cu and Ni), a RHEED set-up, an Auger spectrometer which looks down on the sample
holder, a MOKE apparatus for in-situ magnetic measurements, and a mass spectrometer.
A cryogenic pump and an ion pump continuously evacuate the chamber, maintaining the
background pressure between 5x10-!! and 1x10-° Torr. During the Cu and Ni
evaporations, the chamber's walls, the evaporation guns, and the sample manipulator are
water-cooled. As a result, the pressure does not rise above 1x10-7 Torr during the
deposition of the Cu layer and does exceed 1x10-8 Torr during the deposition of the Ni
films. The load-lock introductory chamber is extremely useful as it allows one to
introduce and remove a sample from the main chamber without having to break the ultra-
high vacuum there, thus allowing the user to deposit and characterize several samples per
day under optimal conditions. A gate valve separating the introductory and main
chambers is closed at all times except for the introduction and removal of a sample.

Prior to loading in the chamber, the Si wafers, which are typically 340 um thick
and have a 5Smm x 5mm lateral extent, are first dipped in a 10% HF-deionized water
solution for 30 to 45 seconds and then immersed in deionized water for about 15 seconds.
This process removes the native silicon dioxide layer and terminates the Si surface with
hydrogen, making the epitaxial growth of Cu on Si possible. The Si wafers are then
attached onto a molybdenum sample holder using tantalum foils and loaded in the
introductory chamber. While the gate valve is closed, the introductory chamber is
pumped to ultra-high vacuum using liquid nitrogen sorption pumps and then a
combination of cryogenic and ion pumps. When the pressure in the load-lock is lower
than 1x10-8 Torr, which requires about one hour of pumping, the gate valve is opened and
the sample holder is transferred into the sample manipulator at the center of the main
chamber in such a way that the Si wafer is facing the Cu and Ni sources. The samples
were not heat-cleaned in the chamber before the growth which was always carried out at
room temperature. The deposition rates ranged between 1.5 AJs and 3 AJs for the Cu
layers and between 0.5 A/s and 1 A/s for the Ni films. The deposition rates and the final
" thickness of the films were computer-controlled. The evaporation guns were calibrated
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every time the main chamber was vented by separately depositing 1000 A thick Cu and
Ni layers on Si wafer substrates, measuring the real thickness of the metallic layers using
a DEKTAK 8000 mechanical profilometer (which has a resolution of 5 A), and adjusting
the rate-controlling computer accordingly. The total error in the films thickness was
approximately + 5%. In order to obtain a good film thickness uniformity, the samples
were spun in their own plane about their center at a rate of approximately 10 rotations per
minute during the depositions of the Cu and the Ni films. Following each deposition, the
Ni/CwSi (001) thin films were characterized in-siru by RHEED, AES, and MOKE.

RHEED is an in-situ film characterization technique capable of monitoring the
structure of films during and after growth. The RHEED electron beam, which has an
energy of 10 keV, is incident on the film's surface at a grazing angle. The outcoming
beam has a specular and a diffracted component, and produces a diffraction pattern on a
fluorescent screen diametrically opposed to the RHEED gun, as shown in Fig. 5.1. This
pattern is characteristic of the surface crystallography of the film. If the thin film is
epitaxial, both spotted and streaked patterns with a high degree of symmetry can be
observed on the screen. Spots occur as a result of three-dimensional volume diffraction
from islands or from a rough surface whereas parallel streaks are characteristic of a
smooth layer-by-layer film growth. We will discuss the RHEED patterns that were
obtained for CwSi (001) and for a Ni/Cu/Si (001) thin film in section 5.3. An important
attribute to the RHEED technique is that the measurement apparatus does not interfere
with the evaporation sources of the MBE system. This makes it possible to observe the
intensity oscillations in the RHEED during MBE growth. During film growth, the
intensity of the specular beam undergoes sinusoidal variations that monitor the layer-by-
layer growth of the film. The period of the oscillations is equal to the monolayer
formation time. Under optimal conditions the oscillations persist for many layers and
serve to monitor film growth mode and thickness with a monolayer resolution [Huang et
al., 1994]. Unfortunately, we were not able to observe RHEED oscillations while
growing our Ni/Cw/Si films because the deposition rates that we have used were t0o high.
Ohring [1992] and Lagally and Savage [1993] give more details on the physics and
measurement techniques of RHEED.

AES is a surface chemical characterization technique. It is broadly applicable to
detecting, with few exceptions, all of the elements in the periodic table. The elements
which are of particular interest to us are Ni, Cu and Si, as well as oxygen and carbon
which are the usual contaminants. AES is a true surface analytical technique since the
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detected Auger electrons are emitted from surface layers less than 15 A deep. The
surface coverage detection limit of the spectrumeter is about 1%. From the peak
intensities, it is possible to extract quantitative chemical analysis of the surface but the
composition error is of the order of a few percent. As shown in Fig. 5.1, our Auger
spectrometer is located right above the sample holder, also looking towards the
evaporation sources. Following a deposition, the sample holder is rotated by 180" so that
the Ni/Cw/Si sample can face the primary electron beam of the spectrometer. Ohring
[1992] and Slaughter et al. [1992] give more details on the physics and the technique of
Augzr spectroscopy.

5.2. Magnetic Anisotropy Measurement Techniques

The magnetic properties of the Ni/Cu thin films were studied in-sit by MOKE.
A schematic top view of the MOKE set-up, which was designed and partly machined by
ourselves, is shown in Fig. 5.3. Following a film deposition, the molybdenum sample
holder was rotated into a position which allowed us to apply an external magnetic field in
the film plane and perpendicular to it, as shown in Fig. 5.3. The beam incident on the
sample is a 10 mW He-Ne laser linearly polarized perpendicular to the plane of incidence
but in the film plane. The reflected beam is passed through a quarter-wave plate (which
compensates for the polarization distortion caused by the windows of the chambers) and
then through another polarizer which is perfectly crossed with the first polarizer (i. e. the
two polarizers are rotated by 90° with respect to each other). The intensity of the
outcoming light is monitored by a photodiode which is connected to a data acquisition
system through a lock-in amplifier. This intensity is proportional to the magnetizat.on of
the Ni film and a magnetization versus applied magnetic field can then be constructed by
sweeping the magnetic field between two extreme values in opposite directions.

The magneto-optic Kerr effect can be observed by monitoring the change in
polarization of a linearly-polarized light reflected from the magnetized ferromagnetic
medium. It is illustrated in Fig. 5.4 for a thin film magnetized along its normal. The
incident beam, shown on the left, is linearly polarized with the electric field E oriented in
a direction whici falls in the film's plane. This field induces an optical frequency current
density J given by:

I =0cE (5.1
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Figure 5.3: Schematic top view of the MOKE set-up used for the magnetic anisotropy
characterization of the films in the MBE chamber.
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Laser Beam

Tum

Figure 5.4: The magneto-optic Kerr effect for a thin film magnetized along its normal.
The laser beam incident on the film's surface is linearly polarized with an electric vector
E oriented in the film plane. Upon reflection of the beam, the electric field acquires a

component Ey. The field E' is rotated by the Kerr angle 8y with respect to the original
field E.

where ¢ is the optical conductivity of the metallic film. This current interacts with the
magnetization of the medium giving rise to a Kerr component Ey to the electric ficld of
the outgoing laser beam which is given by the following equation:

Eg =< JxM (5:2)

which is perpendicular to both J and M. In the configuration shown in Fig. 5.4, the
veclor Ey is also oriented along a direction that falls in the film plane and makes an angle
of 90° with E. The electric field of the laser beam therefore undergoes a rotation upon
reflection and the electric field of the outgoing beam E' = E + Ey makes an angle 6,
called the Kerr rotation, with the field E. A non-zero rotation 0 is what gets filtered
through the polarizer shown at the right of Fig. 5.3. The light intensity read by the
photodiode, which is proportional to 6, is therefore proportional to the magnetization of
the film. A plot of 6y versus applied external magnetic field thus bears the same
information contained in an M-H loop except that the 6y - H loop measures the sample's
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cross-section weighted by a factor e-# where z is the depth in the film measured from the
free surface and where & = YL 6  with 1 and ® being the permeability of the film and
the frequency of the laser, respectively. The experiment was done with the magnetic field
applied in the plane of the film but perpendicular to E (longitudinal MOKE) and
perpendicular to the film (polar MOKE). A very good review of MOKE and its
application in the characterization of ultrathin magnetic films has been given by Bader
[1991].

MOKE was shown to be an extremely sensitive and useful probe to study the
magnetic anisotropy of ultrathin films while they are kept under ultra-high vacuum. In
fact, magnetic hysteresis loops of films as thin as one monolayer have been detected with
MOKE [Beier et al., 1988]. With the MOKE set-up that we have built, the maximum
magnetic fields that one can apply in the film plane and perpendicular to it are 1,000 Oe
and 400 Oe, respectively. These fields are not enough to saturate the films in the hard
direction in Ni/Cu (001) thin films. In fact, when the magnetization easy-axis is in the
film's plane the anisotropy field that one needs to overcome in order to saturate the film
along its normal could be as large as 4nM; = 6100 Oe (for Ni) which is much larger than
the field that we can generate perpendicular to the film in the MBE chamber. Moreover,
one cannot measure the absolute saturation magnetization M of the thin magnetic film
with MOKE without knowledge of the optical constants. Rather one measures 6(H)
relative to the maximum value of 8 which is assumed to correspond to M. With
reference to Fig. 2.4 , we were therefore unable to extract the effective anisotropy energy
density of the Ni/Cu films as a function of Ni film thickness from in-situ MOKE
measurements because we were unable to saturate the Kerr rotation. We have theretore
decided to deposit a series of Cu/Ni/Cu (001) sandwiches by MBE (with an epitaxial Cu
capping layer 20 A thick) and characterize them ex-situ with a VSM. The advantages of
the Cu capping layer are that it prevents the Ni films from getting oxidized and it makes
the two interfaces of the Ni film identical. The advantages of our VSM are that magnetic
fields as large as 10,000 Cc can be applied both in the film plane and perpendicular to it,
and that the absolute value of the saturation magnetization can in principle be obtained.
Moreover, with the VSM one can automatically demagnetize the films and obtain initial
magnetization loops similar to the one shown in Fig. 2.4, making it easier Lo compule
magnetic anisotropy energy densities.
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5.3. Growth in the Ni/Cuw/Si (001) Epitaxial System

Before depositing the Cu layer, the surface crystallography of the Si wafer was
examined by RHEED. The diffraction pattern consisted of sharp parallel streaky lines
characteristic of a Si (1x1) surface. We were also able to observe the Kikuchi lines which
indicate a clean surface. Following these observations, a Cu layer was evaporated on the
Si (001) substrate at room temperature. In-situ RHEED measurements and ex-situ
standard X-ray diffraction and X-ray pole figures were used to determine the epitaxial
relationship between the Cu layer and the Si (001) substrate. The 6 - 26 X-ray diffraction
measurements indicated that the Cu layer grows as a single crystal with a (001)
orientation, confirming the observations of Chang [J. Vac. Sci. Technol. A 8, 3779
(1990); J. Appl. Phys. 67, 566 (1990)] and of Naik et al. [1993]. However, the difference
between the lattice parameters of Cu and Si is very significant which makes the epitaxial
growth of Cu (001) on Si (001), with their <100> directions parallel in the plane of the
interface, conceptually challenging. In fact, ag (Cu) = 3.615 A and a (Si) = 5.43 A at
room temperature which gives a lattice mismatch n = 50%. However, a much improved
in-plane epitaxial relation between the Cu and Si crystals can be achieved upon rotation
of the Cu layer by 45° about its normal. The [100] axis of the Cu crystal is then parallel
to the [110] axis of the Si crystal, thus decreasing the mismatch between the two lattices
to ' = 6% and making the epitaxial growth of Cu (001) on Si (001) more favorable. We
have confirmed this argument experimentally by in-sitt RHEED measurements and by
ex-situ X-ray pole figures [Inglefield et al., 1993]. Our observations are supported by ex-
situ grazing angle X-ray diffraction measurements [Chang et al., 1990] and by in-situ
RHEED patterns [Naik et al., 1993]. A RHEED pattern obtained from a 2000 A Cu layer
deposited on Si (001) is shown in Fig. 5.5. The sharp streaks that appear for a bare Si
(001) RHEED pattern are replaced by broad and rather diffuse spots, indicating that the
Cu layer is epitaxial but rough which is probably a consequence of a three-dimensional
film growth. The pattern shown in Fig. 5.5 also confirms the full fourfold azimuthal
symmetry of the fcc Cu (001) lattice.

The roughness of the Cu layer has also been confirmed by cross-sectional TEM
[Inglefield, unpublished] which has also revealed the presence of a 70 A thick
polycrystalline copper-silicide layer at the Cu-Si interface. The copper-silicide forms
slowly at room temperature after the epitaxial relationship between the Cu and Si layers
has been established since the portion of the Cu layer lying above the silicide remains a
single-crystal with a (001) orientation and with the Cu [100] axis parallel to the [110] axis
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of the Si. X-ray diffraction measurements [Inglefield, unpublished] also indicate that the
silicide layer consists of the tetragonal phase 1y’ - Cu3Si. The silicide grains are fine with
an average size of approximately 100 A and have a predominant (211) orientation. These
observations are consistent with the ones of Chang [J. Appl. Phys. 67, 566 (1990)]. In
order to make the as-grown silicide layer thin compared to the epitaxial Cu (001) layer
and prevent it from reaching the Ni film, we have decided to grcw the Cu with a total
thickness ranging between 2000 and 3000 A. Ex-situ wafer curvature measurcments
indicate that at these thicknesses the Cu layer is relaxed to less than 0.01% in-planc
strain.

Ni thin films evaporated at room temperature on the Cu/Si (001) substrates are
single-crystals and grow with a (001) orientatior, as shown with X-ray diffraction by
Chang [J. Appl. Phys. 67, 566 (1990); J. Vac. Sci. Technol. A 8, 3779 (1990)], Ingleficld
et al. [1993], and Naik ez al. [1993]. Good epitaxial growth without interdiffusion of Ni
thin films on Cu (001) single-crystals has also been shown by Mankey et al. [1991] and
Huang eral. [1993]). A RHEED pattern obtained after the deposition of a Ni thin film on
2000 A CwSi (001) is shown in Fig. 5.6. It was taken with the electron beam in the same
crystallographic direction as the pattern for Cu/Si (001) shown in Fig. 5.5. The spots
indicate that the Ni film is epitaxial and with a roughness comparable to that of the Cu
sublayer. The roughness of the film's free surface has been investigated with more detail
by cross-sectional TEM [Inglefield, unpublished]. The cross-sectional micrographs
indicate a Ni surface roughness of the order of + 20 A extending over 400 A in ihe film
plane. The full fourfold symmetry of the RHEED spots in Fig. 5.6 is characteristic of the
fcc (001) structure. Comparison of Figs. 5.5 and 5.6 indicates that the in-planc epitaxial
relationship between the Ni film and the Cu substrate is as desired: the [100] axes of the
two crystals are parallel.

Two important questions arise when one attempts to grow metallic thin films on
meltallic substrates. FFirst, is there any interdiffusion occurring at the metal-metal
interface? And second, is there any surface segregation of the substrate atoms? Mohamed
et al. [1989] and Chen et al. [1991}] showed that the Ni/Cu interfacc is thermally stable
against interdiffusion to cycling temperatures up to 490 K. Moreover, Ni and Cu form a
solid solution, so that the formation of an intermetallic phase is not expected at the Ni-Cu
interface. This expectation has been confirmed by cross-sectional TEM [Inglefield,
unpublished]. The answer to the second question is more involved and is particularly
relevant for thin magnetic films a few Angstroms thick. The growth mode of a thin film
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is very sensitive to the deposition rate of the film but most importantly to the substrate
temperature. At room temperature and in the early stages of epitaxy, Ni tends to
agglomerate (island growth) instead of wetting the Cu surface (layer-by-layer growth).
This may explain why the Ni films have a three-dimensional structure, as indicated by the
roughness measurements of RHEED and cross-sectional TEM. In addition, Cu atoms
tend to segregate or float to the Ni surface where they reduce the surface energy
[Egelhoff and Steigerwald, 1989]. These phenomena are also characteristic of the growth
of Fe on Cu (001) [Steigerwald et al., 1988] and have been shown to have tremendous
consequences on the magnetic anisotropy of the Fe thin film [Swartzendruber et al.,
1993]. In fact, a six monolayer thick Fe film deposited on a Cu (001) substrate at 80 K
was shown to be continuous and to have its magnetization easy-axis in its plane. But
upon deposition of only one monolayer of Cu, the magnetization easy-axis was shown to
prefer an orientation perpendicular to the film! The driving force behind the Ni or Fe
agglomeration and the Cu surface segregation is the lowering of the total surface free
energy of the epitaxial system. It has long been known that one monolayer of a high-
surface-cnergy metal will not wet the surface of a low-surface-energy metal when the
interfacial bonding is relatively weak (as it is between noble and transition metals). This
phenomenon, which is illustrated schematically in Fig. 5.7, is expected to happen in
Ni/Cu (001) since the surface free energy of Cu (001) (2300 erg/cmz) is significantly
lower than that of Ni (3050 erg/cmz) [Smith and Banerjea, 1987]. However, when the
thickness of the film exceeds a few layers, the islands coalesce, the segregated Cu
monolayer gets buried and a simpler homoepitaxial growth regime (i. e. Ni on Ni, or Fe
on Fe) is entered. In Fe/Cu (001), this happens when the Fe film is approximately 4
monolayers (7 A) thick, as confirmed by Scanning Tunneling Microscopy [Chambliss et
al., 1992]. The results of our experiments on Ni/Cu (001) are in agreement with these
observations. Our Auger electron spectroscopy (AES) studies show that for Ni film
thickness greater than 15 A there is no sign of Cu surface segregation. One way to avoid
the segregation problem for ultrathin films is to grow the films at temperatures below 100
K [Swartzendruber et al., 1993]. The same interfacial energy considerations make the
growth of Cu thin films on Ni substrates in a nearly ideal layer-by-layer fashion possible
at room temperature. This has been demonstrated by AES, RHEED and angle resolved
ultraviolet photoelectron spectroscopy [Chambers and Jackson, 1975; Rogge and
Neddermeyer, 1989]. The Cu layer is strained compressively to be coherent or semi-
coherent with the Ni substrate.

77



Ni agglomeration Cu surfaf: ©
segregation

Cu (001) substrate

Figure 5.7: Schematic side view of a couple of monolayers thick Ni film grown on a Cu
substrate at room temperature.
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Chapter 6
Experimental Results

In order to answer the questions asked at the end of chapter 3, we have designed
and performed four experiments on different Ni/Cu (001) heterostructures where the Ni
film thickness, the film capping layer, and the substrate composition were independently
varied. The films were deposited on Si (001) substrates using the MBE system and the
experimental techniques described in chapter 5. The magnetic anisotropy was
characterized with MOKE or VSM for the films kept under ultra-high vacuum and for
those exposed to air, respectively. The experimental results form the subject of this
chapter. We will discuss these results in the framework of the phenomenological model
of chapter 2 and will demonstrate that such a model is inadequate to fully explain our
quantitative data. We will review the Néel pair interaction model in chapter 7 and show
that new terms in the phenomenological model, not ccasidered in chapter 2, are predicted
by this model if one includes strain in the computation of the magnetic surface anisotropy
[Chuang et al., 1994]. We will rediscuss our data in chapter 8 in the light of the findings
of chapter 7.

6.1. Ni/Cu/Si (001) Thin Films

The first structure that we have examined is Ni/Cw/Si (001) thin films where the
Cu layer was 3000 A thick and where the Ni thin film thickness was varied between 10 A
and 200 A [Bochi et al., 1993]. This structure is shown schematically in Fig. 6.1. The
films were characterized both in-zitu with MOKE and ex-situ using VSM. The MOKE
loops obtained with the magnetic field applied in the film plane and perpendicular to it
are shown in Figs. 6.2 to 6.9. The M-H loops corresponding to the 150 A, 100 A, and 75
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Ni (001) 10 A <h <2004

Cu (001) 3000 A thick

Figure 6.1.: Schematic cross-section of the Ni/Cuw/Si (001) films.

340 um thick

A thick films are very similar and indicate that the magnetization easy-axis lies in the
film plane. In fact, the remanence of the loops taken with the magnetic field applied in-
plane is relatively large whereas the loops taken with the field normal to the films exhibit
a linear behavior and an insignificant remanence which are characteristic of hard-axis M-
H loops. These results are not surprising since, as we explained in detail in chapter 2, the
magnetostatic energy, which tries to keep the magnetization in the plane of a thin film,
always dominates at sufficiently large film thicknesses. The magnetic anisotropy changes
dramatically when the Ni film thickness is decreased below 60 A, as indicated by Figs.
6.5 10 6.8. The polar M-H loops corresponding to the 50 A, 35 A, and 25 A thick films
are square and have a 100% remanence, indicating that the magnetization easy-axis is
normal to the films. The corresponding longitudinal M-H loops are linear and have
essentially zero remanence.

We have observed another significant change in the magnetic anisotropy at a Ni
thickness between 10 A and 15 A. As indicated by Fig. 6.8, both the polar and the
longitudinal M-H loops have a 100% remanence when the Ni film thickness is h = 15 A,
Such a situation can be explained if the 15 A Ni film is cither discontinuous or
continuous but rough, with islands or regions magnetized in the film plane and others
magnetized perpendicular to the film. The roughness of the Ni/Cu (001) films has been
confirmed by RHEED and cross-sectional TEM, as explained in chapter 5. This mixed
behavior of the magnetic anisotropy at h = 15 A has been confirmed by Huang et al.
[1994] who have deposited their films at room temperature on Cu (001) single-crystal
substrates and characterized them at T = 160 K by MOKE. Huang et al. further
demonstrated that the magnetization easy-axis falls in-plane at h = 13 A. This transition
of the magnetization easy-axis from perpendicular to in-plane, observed when the Ni
thickness is decreased sufficiently, qualitatively supports the earlier results of Ballentine
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Figure 6.2: Longitudinal and polar MOKE loops of a 150 A Ni/Cw/Si (001) film.
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Figure 6.3: Longitudinal and polar MOKE loops of a 100 A Ni/CwSi (001) film.
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Figure 6.4: Longitudinal and polar MOKE loops of a 75 A Ni/CwSi (001) film.
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Figure 6.5: Longitudinal and polar MOKE loops of a 50 A Ni/Cu/Si (001) film.
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Figure 6.6: Longitudinal and polar MOKE loops of a 35 A Ni/Cw/Si (001) film.
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Figure 6.7: Longitudinal and polar MOKE loops of a 25 A Ni/CwSi (001) film.
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Figure 6.8: Longitudinal and polar MOKE loops of a 15 A Ni/Cw/Si (001) film.
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Figure 6.9: Longitudinal and polar MOKE loops of a 10 A Ni/Cu/Si (001) film.

83



11989]. By depositing his Ni/Cu (001) films at room temperature and characterizing
them at T = 100 K with MOKE, Ballentine showed that the magnetization lies fully in-
plane for h = 5.5 A and exnibits a strong out-of-plane romponent for h = 8.3 A. We tried
to study this in-plane to out-of-plane magnetization easy-axis transition with our MOKE
set-up by depositing Ni films thinner than 15 A. However, magnetic measurements at
these film thicknesses and at room temperature are very difficult since the saturation
magnetization is very small, making the Kerr rotation very weak. This is illustrated by
our MOKE M-H loops corresponding to h = 10 A shown here in Fig. 6.9. Tjeng et al.
[1991] and Huang et al. [1994] showed that the Curie temperature cf 9 A thick Ni [ilms
deposited on Cu (001) substrates is T = 300 K.

Following the MOKE measurements, the Ni/Cw/Si (001) films were brought up to
air and characterized by VSM. The variation with Ni film thickness of the perpendicular
remanence normalized to the saturation magnetization is shown in Fig. 6.10 both for
films characterized in-situ and ex-situ. The solid data points indicate that the films kept
under vacuum have a magnetization easy-axis perpendicular to the films up to a film
thickness of 60 A, as explained above. For films deposited by MBE and then exposed to
air, the region of perpendicular magnetization extends up to approximately 125 A, as
indicated by the open data points. This significant difference between films characterized
under vacuum and films characterized by VSM is due to the exposure of the films to air.
In fact, when a 75 A or a 100 A thick Ni film is exposed to air and then returned to the
MBE chamber, the MCKE loops indicate that the magnetization eaSy-axis remains
- ~perpendicular-to the films. It can be speculated that the shift of the out-of-plane to in-
plane magnetization easy-éxis transition thickness of Fig. 6.10 is due to any combination
o the following three possibilities: a loss of the Ni moment due to a significant oxidation
ot the Ni film, leading to a decrease of the magnetostatic energy of the film; a tensile
stress imposed on the Ni film by the growing oxide leading to an increase of the positive
bulk magnetoelastic anisotropy energy 2Beg of the Ni film; and/or a significant increasc
in the magnetic surface anisotropy energy density K of the film due to the coverage of
the Ni free surface by the oxide. Cross-sectional TEM studies have shown that the oxide
layer growing on the Ni free surface is thinner than 10 A [Kim, 1991; Ingleficld,
unpublished]. This would certainly not reduce the Ni moment enough to make a 100 A
oxidized film behave like an unoxidized 50 A thick film kept under vacuum. We can
evaluate the likelihood of the other two possibilities semi-quantitatively using the
phenomenoiogical model of Eq. (2.9) and the fact that the effective magnetic anisotropy
energy density K¢ goes through zero when the magnetization easy-axis switches {rom
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perpendicular to in-plane. Setting Kef = 0 and substituting the 1/h strain of Eq. (4.22) in
Eq. (2.9) yields:

KS =h. ZRME-ZBInr;]—C, 6.1)
where K* here represents the sum of the magnetic surface anisotropy energics
corresponding to the two interfaces of the film. For films kept under vacuum, the
switching thickness of the magnetization easy-axis is 60 A. Substituting this thickness
into Eq. (6.1) gives K = 0.32 erg/cm? for the combination of the vacuum/N: (001) and
the Ni/Cu (001) interfaces. Assuming that K¢ remains unchanged when the films are
brought up to air, we can estimate how much tensile strain the NiO layer would have to
impose on the Ni film in order to extend the region of perpendicular magneltization from
60 A to 125 A through the positive bulk magnetoelastic anisotropy energy 2B eg. From
Eq. (2.9), we obtain the following relationship between the misfit strain in the Ni film and
the other parameters of the model:
eah) = ﬁ[ZRME - K 6.2)

Substituting h = 125 A, K5 = 0.32 erg/cm? and the bulk values of B; and 2ntM? of Ni in
Eq.‘(6.2), we obtain eq(125 A) = 1%. According to Eq. (4.22), the residual misfit strain in
an uncapped 125 A thick Ni film deposited on a Cu (001) substrate is approximately
0.4%. Therefore the additional tensile strain that the NiO layer would have to impose on
the Ni film to extend the region of perpendicular magnetization to 125 A through bulk
magnetoelastic coupling is approximately 1% - 0.4% = 0.6%. We cannot excludc such a
possibility given the huge lattice mismatch between NiO and Ni. In fact, the lattice
parameters of Ni and NiO at room temperature are 3.52 A and 4.177 A [CRC handbook],
respectively, making the lattice mismaich between the two crystals approximately 199 .
Moreover, using wafer curvature measurements, Inglefield [unpublished] showed that the
NiO layer does impose a significant in-plane tensile strain on the Ni/Cw/Si films.

Using Eq. (6.1), we can also estimate how much the magnetic surface anisotropy
energy density K¢ of the Ni film would have to be increased in order to extend the region
of perpendicular magnetization from 60 to 125 A. By assuming that the strain in the Ni
film remains unchanged through the formation of the oxide layer and setting h = 125 A in
Eq. (6.1), we find that Ks would have to increase from 0.32 erg/cm?2 to 1.30 erg/cm? duc
to the substitution of the vacuum/Ni (001) interface by the Ni/NiO (001) interface. We

86



cannot exclude such a result since magnetic surface anisotropy energics of a single
interface are typically of the order of 0.5 erg/cm?2. We therefore conclude that the shift of
the out-of-plane to in-plane magnetization easy-axis transition thickness of Fig. 6.10 is
most likely due to both an increase in the magnetic surface anisotropy energy of the free
surface of the Ni film and a tensile misfit strain imposed on the Ni film by the NiO layer.

In summary, we have demonstrated that perpendicular magnetization in Ni/Cu
(001) thin films first observed by Ballentine [1989] is indeed reproducible. The Ni film
thickness range over which perpendicular magnetic anisotropy dominates is very striking,
as shown in Fig. 6.10. We were the first to report that the Ni/Cu (001) system exhibits
the largest range of perpendicular magnetization of any epitaxial system studied so far
[Bochi et al., 1993]. This range is particularly large compared to the one observed in
Fe/Cu (001), where the perpendicular to in-plane magnetization easy-axis transition
thickness does not exceed 11 A, as shown in chapter 3. This remarkable difference
between Fe and Ni films deposited on the same substrate, at the same temperature and
with the same crystallographic orientation is partly due to the fact that the magnetostatic
energy density of Fe is approximately ten times larger than the one of Ni. But a complete
understanding of this unique behavior of the magnetic anisotropy in Ni/Cu (001) can be
achieved only if the dependence of the magnetoelastic and the magnetic surface
anisotropy energies on film thickness is well understood.

6.2. Ni/CueoNi 49/Cu/Si (001) Thin Films

As mentioned in chapter 3, Ballentine [1989] suggested that the in-plane to out-
of-plane magnetization easy-axis transition occurring in Ni/Cu (001) as the Ni film
thickness is increased through h = 10 A may be due to the onsct of misfit dislocations. In
order to test this idea, we have studied the magnetic anisotropy in Ni/CugoNi4o/Cu/Si
(001) thin films as a function of Ni thickness. The mismatch between the equilibrium
lattice parameters of Ni and the CugNigo alloy is approximately 1.6% while the
corresponding thermodynamic critical thickness for tne onset of misfit dislocations is
approximately 35 A, as discussed in section 4.2. By measuring the magnetic anisotropy
of Ni thin films deposited on CugoNi4g substrates for film thicknesses below and above
35 A, one can then test the suggestion of Ballentire.

The choice of the alloy composition was made with two ideas in mind: the Ni
content in the substrate must he large to make the critical thickness h¢ large (Fig. 4.11); at
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the same time, the Ni comeni in the substrate must be small enough so that the subsirale
can remain non-magnetic. The bulk Cu-Ni equilibrium phase diagram is shown in Fig.
6.11. The figure shows that, near room temperature, Ni and Cu form a solid solution
which is non-magnetic provided that the Ni content in the alloy is less than 65 at. %. We
chose the composition 60% Cu - 40% Ni.
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Fig. 6.11: Equilibrium phase diagram of the Cu-Ni binary system [Massalski, 1990].
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Ni (001) 1I5A<h<100A

Alloy CusoNiso (001) 1000 A thick
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Q\\ \\N 340 pm thick

Figure 6.12.: Schematic cross-section of the Ni/CuggNi4o/Cw/Si (001) films.

The structurz of the films is shown in Fig. 6.12. A 1000 A Cu buffer Jayer is first
grown on the Si (001) wafer in order to make the epitaxial growth of the CugoNigg layer
with a (001) orientation possible. The Ni film thickness was varied between 15 A and
100 A. Before characterizing the Ni/CugNigo/Cu/Si films, we characterized a
CugoNi 40/Cw/Si film using MOKE. No hysteresis loops were detected indicating that the
alloy substrates were non-magnetic, as expected.

The M-H loops of the Ni/CugNi 40/Cw/Si (001) thin films, obtained using MOKE
while the films were kept under vacuum, are shown in Figs. 6.13 to 6.18. The M-H loops
indicate that the 100 A, 75 A, and 50 A Ni films have an in-plane magnetization easy-
axis. The magnetic anisotropy changes significantly around 40 A. In fact, as can be seen
in Figs. 6.16 and 6.17, the magnetization easy-axis is normal to the film plane for the 35
A and 25 A films since the remanence of the polar loops is 100%. Figure 6.18 shows the
MOKE loops for the 15 A film, the thinnest that we characterized. A weak hysteretic
behavior is observed both for the magnetic field applied in-plane and perpendicular to the
film, indicating that the 15 A film is ferromagnetic at room temperature. The relatively
small remanence in the polar loop indicates that the magnetization easy-axis may be
falling back in-plane at this thickness. However, the weakness of the Kerr signal makes it
difficult to draw a stronger conclusion. Nonetheless, Figs. 6.13 to 6.18 allow us to make
two major conclusions. First, we have shown that the region of perpendicular
magnetization extends from approximately 20 A to 40 A, which is narrower than the
perpendicular region in Ni/Cu (001) films which extends from 15 A to 60 A. Second, the
onset of misfit dislocations, which occurs above the thermodynamic critical thickness h,
=35 A, does not appear to be responsible for the in-plane to out-of-plane magnetization
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Figure 6.13: Longitudinal and polar MOKE loops of a 100 A Ni/CuggNisg (001) film.
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Figure 6.14: Longitudinal and polar MOKE loops of a 75 A Ni/CugoNi 49 (001) film.
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Figure 6.15: Longitudinal and polar MOKE loops of a 50 A Ni/CugoNigg (001) film.
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Figure 6.16: Longitudinal and polar MOKE loops of a 35 A Ni/CugoNi g (001) film.

M(Arbitrary Units) M(Arbitrary Units)
80
v N .'l-n-- 2(0) /‘# f,
10 4 Faalliei 2 20 4 !
0 N I i H(Oe) 0 = - H(Oe)
J -F H 3
wof LA v . =-
S= .-;.".._".-"' - " 7
2007 & .v-ﬁb’""-""vf‘-'\—f/
-750-500 -250 0 250 500 750 400 -200 0 200 400

Figure 6.17: Longitudinal and polar MOKE loops of a 25 A Ni/CugoNi4p (001) film.
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Figure 6.18: Longitudinal and polar MOKE loops of a 15 A Ni/CugoNigg (001) film.
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easy-axis transition which occurs near 20 A.

Two factors can explain why the region of perpendicular magnetization is
narrower for the Ni/CugoNigp (001) thin films than for the Ni/Cu (001) films. First, the
in-plane biaxial tensile misfit strain in the Ni films is smaller in Ni/CugoNi 4o (001) than in
Ni/Cu (001). This is due to the fact that Ni has a much smaller misfit with the CugoNi 4
alloy than with a Cu substrate, as illustrated in Figs. 4.10 and 4.11. As a result, the bulk
magnetoelastic anisotropy energy, which gives rise t0*an important contribution to the
perpendicular magnetic anisotropy in Ni, is smaller in Ni/CugoNigo (001) than in Ni/Cu
(001), at least up until approximately 40 A Ni. Second, as we will show in chapter 8, the
magnetic surface anisotropy energy of the Ni-Cu (001) interface is significant, positive
and therefore contributes to perpendicular magnetic anisotropy. The Ni-CugoNigg
interface is chemically and structurally more similar to a Ni-Ni interface (created
depositing a N1 thin film on a Ni single-crystal substrate) than the Ni-Cu interface is. To
a first approximation, one therefore expects the Ni-CugoNigo (001) interface to have a
magnetic surface anisotropy energy density which is positive but weaker than the one of
the Ni-Cu (001) interface. In other words, its contribution to the perpendicular magnetic
anisotropy is weaker than the one of the Ni-Cu (001) interface, leading to a less extended
perpendicular magnetization region.

6.3. Cu/Ni/Cu/Si (001) Sandwiches

In order to get a quantitative understanding of the remarkable behavior of the
magnetic anisotropy in Ni/Cu (001), we decided to measure the dependence on Ni [ilm
thickness of the effective magnetic anisotropy energy density in Cu/Ni/Cu (001)
sandwiches. The sandwiches were deposited by MBE and characterized ex-situ by VSM
where magnetic fields as large as 10,000 Oe were available to saturate the sandwiches
buth in their plane and perpendicular to it. The structure of these sandwiches is shown
schematically in Fig. 6.19. A 2000 A thick Cu substrate was evaporated on the Si (001)
wafer followed by a Ni thin film whose thickness ranged between 35 A and 150 A. A 20
A Cu layer caps the Ni film in order to protect it from oxidation and to makc both Ni
interfaces chemically identical so that they both give the same contribution to the
magnetic anisotropy. The advantage of the VSM is that it provides a quantitative
measurement of the effective magnetic anisotropy energy density of Ni films as thin as 3()

A,
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Cu (001) 20 A thick

Ni (001) 35A<h<150A

Cu (001) 2000 A thick

340 pm thick

Figure 6.19: Schematic cross-section of the Cw/Ni/Cu/Si (001) sandwiches.

The longitudinal and perpendicular M-H loops corresponding to five different
sandwiches are shown in Figs. 6.20 to 6.24. The maximum applied magnetic field in the
VSM is 10,000 Qe. In these figures, we show the data for a field range of £ 1,000 Oc
both in-plane and perpendicular to the sandwiches. The measured effective magnetic
anisotropy energy density times the Ni film thickness is plotied as a function of film
thickness in Fig. 6.25. The first important result is that the perpendicular magnetic
anisotropy dominates up to Ni thicknesses of approximately 125 A! This is in agreement
with the VSM measurements of Chang [J. Appl. Phys. 68, 4873 (1990)] on 1000 A
CwNi/1000 A CwSi (001) grown by electron-beam evaporation in a high vacuum system
(base pressure = 10-7 Torr), and the ferromagnetic resonance measurcments of Naik et al.
[1993] on 500 A Cw/Ni/500 A/Si (001) grown by MBE, both of which showed that the
magnetization easy-axis is perpendicular to the sandwiches up to a Ni thickness of
approximately 100 A. In reference to the results of section 6.1 on Ni/Cu (001), the extent
of the region of perpendicular magnetization essentially doubles upon depositing a Cu
layer on the Ni films. This extended range of perpendicular magnetization could be duc
to a dramatic change in the magnetic surface anisotropy energy density of the Ni/Cu
(001) system due to the replacement of the Ni (001) free surface with a Ni/Cu (001)
interface. This would be true only if the Ni-Cu (001) interface has a positive magneltic
suiface anisotropy energy density. Several research groups have already shown that the
deposition of a few monolayers of a capping layer on top of a thin ferromagnetic film can
significantly alter its magnetic anisotropy. Swartzendruber et al. [1993] demonstrated
tirat by evaporating one monolayer of Cu on a six monolayer thick fcc Fe/Cu (001) film,
the magnetization easy-axis goes from in-plane to perpendicular to the film. Similarly, in
Co/Pd (111) thin films, coverage of a 12 A Co film by a 2 A layer of Cu, Au, or Pd
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Figure 6.20: In-plane and perpendicular M-H loops for Cw/150 A Ni/CwS; (001).
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Figure 6.22: In-plane and perpendicular M-H loops for Cu/100 A Ni/CwSi (001).
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Figure 6.23: In-plane and perpendicular M-H loops for Cw75 A Ni/Cw/Si (001).
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Figure 6.24: In-plane and perpendicular M-H loops for Cw/50 A Ni/CwSi (001).

95




08F
- O6E PP [ ) M j
FIE . E .
= 04Ff .
) F °
= 02':' [ ] 1
= L
&% O;
-0.2F M
P [ ]
04f g‘
0 50 100 150 200

Film thickness (A)

Figure 6.25: Effective magnetic anisotropy times Ni film thickness as a function of Ni

film thickness for our Cu/Ni/Cu/Si (001) sandwiches. K¢ff > () corresponds to
perpendicular magnetization.

switches the magnetization easy-axis from in-plane to normal to the film [Wiedmann er
al., 1993]. However, in the case of Co/Au (111), Ould-Mahfoud et al. [1993] showed
that capping a 12 monolayer Co film by 1.5 monolayer of Au makes the magnetization
easy-axis go from perpendicular to in-plane. All these experiments prove that the
magnetic anisotropy of a thin film depends strongly on the chemistry and the atomic
arrangement of the interfaces of the film.

When the magnetization was found to lie in the plane of the film, we investigated
the magnetic anisotropy within the film plane. As explained in chapter 2, when the film
becomes thick enough, the magnetoelastic anisotropy and the magnetic surface
anisotropy energies become negligible, and the bulk magnetocrystalline and shape
anisotropies dictate the direction of the magnetization easy-axis. The magnetocrystalline
anisotropy makes the <111> directions of the Ni crystal the preferred directions of the
magnetization but at the same time the shape anisotropy of the film tries to keep the
magnetization in-plane. The combination of these two effects makes the magnetization
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prefer the in-plane <110> directions over the in-plane <100> directions in a thick film
magnetized in-plane. This result can be proved rigorcusly by expanding Eq. (2.2) in
terms of the spherical angular coordinates 6 and $ of the magnetization vector, setting 6 =
90" (or equivalenty o3 = 0), and minimizing the remaining expression with respect to ¢.
Our measurements on the only sandwich fully magnetized in-plane (150 A Ni) showed no
sign of in-plane magnetic anisotropy. However, Chang [J. Magn. Magn. Mater. 92, L1
(1990)] and Naik et al. [1993] demonstrated that when the thickness of the Ni film
exceeds 500 A the expected in-plane magnetic anisotropy can be detected.

Jungblut ez al. [1993] have also measured the effective magnetic anisotropy
energy as a function of Ni film thickness in Cu/Ni/Cu (001) sandwiches. The Ni layer,
which was wedge-shaped, was deposited directly on a Cu (001) single-crystal, and was
capped by 10 A Cu followed by a 25 A Au layer. Their plot of K¢ . h versus h, where h
is the Ni thickness, is shown in Fig. 6.26. Our data of Fig. 6.25 and the results of Fig.
6.26 are in relatively good agreement. However, the data of Jungblut et al. [1993] seems
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Figure 6.26: Effective magnetic anisotropy times Ni film thickness as a function of Ni
film thickness for Aw/CwNi/Cu (001) sandwiches as measured by Jungblut et al. [1994].
K¢ > 0 corresponds to perpendicular magnetization.
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to indicate that the perpendicular to in-plane transition occurs between 100 A and 125 A
whereas our results show that the crossover is between 125 A and 150 A. Moreover,
while our data indicate that K¢ . h peaks around 75 A, Fig. 6.26 exhibits a peak near 50
A. These differences between the data of Jungblut et al. and ours could be due to any of
the following reasons: their films werc grown directly on Cu (001) single-crystal
substrates whose roughness is probably different from the one of our 2000 A CwSi (001)
substrates; their Ni films are wedge-shaped whereas ours consist of a series of planar
films; their perpendicular anisotropies were found by forcing the magnetization away
from the film's normal using an external magnetic field which only has an in-plane
component whereas we measured the perpendicular anisotropy directly by applying an in-
plane field of sufficient strength to saturate the sandviches in the hard direction.

As explained in chapter 2, it is common practice to interpret the behavior of thin
film magnetic anisotropy measurements in terms of a phenomenological model where the
effective magnetic anisotropy energy density Keff is the sum of the bulk magnetostatic
anisotropy energy, the bulk magnetoelastic anisotropy energy, and a Néel
magnetocrystalline surface anisotropy energy. Multiplying both sides of Eq. (2.9) by h
and setting the two surface energies equal to K3 (corresponding to the Ni/Cu (001)
interface), one gets:

Keff . h = (2B, eo(h) - 2nM2). h + 2K° (6.3)

for (001) oriented sandwiches where the ferromagnetic film is under an in-plane biaxial
misfit strain eg(h). For h < h, the strain is thickness independent and is equal to the
coherent misfit strain, eg(h) = n =2.6%, for NiiCu (001). Equation (6.3) then predicts
Kef . h to be a linear function of h with a positive slope given by 2 B - 2rntM2 and an
intercept equal to 2Ks. For h > h¢, eqo(h) decreases with film thickness as explained in
chapter 4. Substituting the 1/h strain suggested by Chappert and Bruno, Eq. (4.22), in Eq.
(6.3) yields:

Kl _h = - 2tM2.h + 2 (B;n h, +K) (h>h) (6.4)

which predicts that a plot of K¢ . h versus h should be a straight line with a slope - 2tM32
and an intercept 2 (B n he + K5). The two straight lines would intersect exactly at h, thus
forming a kink in the K¢ff . h versus h plot. The data in Figs. 6.25 and 6.26 do suggest a
kink ath =75 A and h = 50 A, respectively. However, these thicknesses are significantly
larger than the experimentally measured critical thickness h. = 18 A in Ni/Cu (001) (see
chapter 5). Jungblut er al. [1994] argued that the shift of the peak in their data to a much
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Jarger thickness is due to the 10 A thick Cu capping layer which would push the critical
thickness for dislocation formation to approximately 40 A for CwNi/Cu (001)
sandwiches. This argument is hard to believe because they showed that misfit
dislocations, which constitute a plastic dcformation of the heterointerface, are present in
their Ni/Cu (001) films when the Ni film is as thin as 15 A. Morzover, Inglefield
[unpublished] has recently demonstrated that Cu/Ni/Cw/Si (001) sandwiches where the Ni
thickness is 30 A contain interfacial misfit dislocations. We therefore believe that all the
points in Figs. 6.25 and 6.26 lie above the critical thickness.

By moving the magnetostatic energy density to the left-hand side of Eq. (6.4), onc
obtains an equation which suggests that a plot of (K + 2tM2) . h versus h should be a
constant equal to 2 (B; 1 h + K®) if all the data points fall above the critical thickness.
Using our own data points of Fig. 6.25, we plot (K + 2xM2) . h versus h in Fig. 6.27
using the Ni bulk value for the saturation magnetization, 2ntM? = 1.5x106 erg/cm3. The
dashed line in Fig. 6.27 corresponds to the fit of the data points with a constant equal to
1.66 erg/cm?. The figure indicates that there is a strong disagreement between the
phenomenclogical model and the measurements of K¢ if all the films are above the
critical thickness. The inadequacy of the model may be due to the fact that bulk M of Ni
does not apply to Ni thin films. However, a careful study by Huang et al. [1994] has
shown that the Curie temperature of bulk Ni is valid for Ni films as thin as 35 A.
Another possible source of discrepancy between the model and the data could be the 1/h
dependence that we have chosen for the misfit strain eg(h). We have therefore plotted
(Keff + 2tM2) . h versus h using a 1/h®75 and a 1/h®5 thickness dependence of the strain.
Even in these cases there is still a strong divergence between the model and the measured
effective magnetic anisotropy energy.

Another important result that falls out of Fig. 6.26 is that the magnetization casy-
axis does not seem to have only one but two switching thicknesses: one necar 125 A which
our measurements confirm, as shown in Fig. 6.25, and another one below 20 A. As we
saw in section 6.1, there are also two switching thicknesses for the magnetization easy-
axis in Ni/Cu (001) thin films: one near 10 A and the other near 60 A. This result is very
challenging because Eq. (6.4) predicts that the effective magnetic anisotropy energy
density can change sign at most at one thickness. For example, if we choose K* = 0.5
erg/cm? we find that the solution to Keff =0 is h = 105 A. On the other hand, the solution
ish =18 A for Ks =- 0.155 erg/cm2.
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Figure 6.27: (K*ff + 2xtM2) . h versus h for our CWN¥/CwSi (001) sandwiches. The
dashed line represents the fit to the data points according to the model of Eq. (6.4).

All the above intriguing observations make us believe that the commonly used
phenomenological model presented in chapter 2 may be inadequate or least incomplete
for describing the magnetic anisotropy in Ni/Cu thin films. We have explained that the
reduced symmetry of the atomic environment about surface and interface sites gives rise
to a uniaxial contribution to the magnetic anisotropy which can significantly affect the
total effective magnetic anisotropy of a thin film:

Ksurface

Keff = Kbuik
T h

(6.5)

However, it is not widely recognized that strain-dependent magnetic surface anisotropy,
i.e. magnetoelastic surface anisotropy, comes as naturally from the Néel model [Néel,
1953; 1954] as does the strain-independent surface term Ks/h, even if the strain is uniform
and independent of film thickness [Chuang, 1994; Chuang etal., 1994]:

Beff = phulk Bi“;"’—° 6.5)
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Sun and O'Handley [1991] showed experimental evidence for a difference between the
magnetoelastic coupling at the suriace and that in the interior of Fe-rich and Co-rich
amorphous alloys. Lee et al. [1990] showed that it is necessary to use a modified bulk
magnetostriction coefficient to interpret their magnetic anisotropy data in epitaxial Co/Cu
(111) superlattices. More recently, Song et al. [1994] reported giant surface
magnetostriction in polycrystalline Ni and NiFe thin films where the effective
magnetoelastic coupling coefficients were found to diverge to posiiive values as the
ferromagnetic thin film thickness was decreased below 50 A. These observations
iindicate that knowledge of the surface magnetoelastic coupling coefficient BS can b2 as
important as the knowledge of the suiface magnetocrystalline anisotropy energy K* in
order to fully understand the behavior of the magnetic anisotrcpy in thin films.
Unfortunately, direct measurements of these magnetoelastic coefficients have not yet
been reported for any single-crystal material and are often omitted in phenomenological
models attempting to explain the behavior of the magnetic anisotropy in ultrathin films.
We will review the strain dependent Néel pair-interaction model and its results on the
phenomenological equations describing K*f in thin tilms in chapter 7. We will then
discuss the quantitative results of this section again in chapter 8 in the light of the results
of chapter 7.

In summary, we have shown that Cw/N/Cu (001) sandwiches exhibit a dominant
perpendicular magnetic anisotropy over an abnormally large Ni thickness range. The
results of sections 6.1 and 6.3 seem to indicate that the Ni/Cu (001) interface plays an
important role in supporting the perpendicular magnetization. The perpendicular
remanence normalized to the saturation magnetization is plotted as a function of the Ni
film thickness in Fig. 6.28 for Ni/Cu (001), Ni/CugoNiso (001), and Cw/Ni/Cu (001)
epilaxial structures showing the different ranges of the perpendicular magnetization. The
existence of two switching thicknesses for the magnetization easy-axis and the
disagreement between the phenomenological model and the data need 1o be addressed
again in order to explain the perpendicular magnetic anisotropy in Ni/Cu (001).

6.4. 100 A Ni/Cu;4Ni,/CwSi (001) Thin Films

In order to qualitatively test the effect of strain and of the magnetocrystalline
surface anisotropy energy of the Ni-Cu (001) interface on the perpendicular magnetic
anisotropy in Ni/Cu (001) thin films, we deposited a series of Ni/1000 A CuxNi,/1000
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A CwSi (001) films and have characterized them ex-siru by VSM. The structure of these
films is shown schematically in Fig. 6.29. As explained in section 6.2, the 1000 A Cu
buffer layer was first deposited on the Si (001) in order to make the epitaxial growth of
the 1000 A Cuy.,Ni, layer with a (001) orientation possible. Contrary tc the samples of
section 6.2, the Ni film thickness was fixed here to 100 A and the alloy composition was
varied, never exceeding 50% Ni.

The experimental results are shown in Fig. 6.30 which is a plot of the
perpendicular remanence normalized to the saturation magnetization as a function of :he
Ni content in the substrate expressed in atomic percent. As expected from Fig. 6.10, a Ni
thin film deposited on a pure Cu substrate (x = 0) and characterized in air has a
perpendicular magnetization easy-axis. As the Ni content in the substrate is increased,
the perpendicular remanence gradually decreases and essentially vanishes for x 2 25%.
One could think that as the Ni content in the substrate increases from 0 to 50%, the misfit
between the film and the substrate decreases from 2.6% to 1.3% (as shown in Fig. 4.11)
and would therefore decrease the misfit strain in the film accordingly. However, figurc
4.10 shows that according to the Matthews-Blakeslee model the misfit strain in the Ni
film is the same in Ni/Cu (001) and in Ni/CusoNisg (001) as long as the Ni thickness
exceeds the Ni critical thickness corresponding to Ni/CusgNisg (001) which, according to
Fig. 4.11, is 45 A. Even if the Matthews-Blakeslee model is not very accurate, especially
at large film thicknesses, the misfit strain remaining in a 100 A thick Ni film deposited on
Cu (001) is small enough that its contribution to perpendicular magnetic anisotropy is
probably weak. We therefore do not expect the change observed in Fig. 6.30 to be duc to
misfit strain. We believe that this change in magnetic anisotropy is rather due to the
change of the chemical composition of the Ni-substrate interface which affects the
magnetocrystalline surface anisotropy energy of that interface. This speculation is only
true if the Ni-Cu (001) interface favors perpendicular magnetic anisotropy which is very
likely given the results of sections 6.1 to 6.3. In fact, as one increases the Ni content x in
the substrate, the Ni-Cu,xNi, interface goes from being a Ni-Cu interface to something
closer to Ni-Ni, an interface which has zero magnetocrystalline surface anisotropy
energy. In other words, if the Ni-Cu (001) interface has a positive K¢, adding Ni atoms
into the substrate would weaken K* which would eventually make the magnetization
switch from perpendicular to in-plane when x is large enough.
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Alloy Cui-xNix (001) 0 < x < 40%
Cu (001) 1000 A thick

Figure 6.29: Schematic cross-section of the 100 A Ni/Cu 4 Ni,/Cw/Si (001) films.
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Figure 6.30: Perpendicular remanence normalized to the saturation magnetization as a
function of Ni atomic percent content in the substrate for the 100 A Ni/Cu; 4 Ni,/CwSi
(001) thin film characterized in air by VSM.
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Chapter 7
Phenomenological Model

In this chapter, we present the Néel pair-interaction model which represents the
microscopic foundation to the macroscopic phenomenological model described in chapter
2. We will show how the broken symmetry in the atomic arrangement at a surface gives
rise to the uniaxial magnetocrystalline surface anisotropy energy Ks which is of great
importance in ultrathin films. Chuang er al. [1994] have recently modified the pair-
interaction model to include the effects of an in-plane biaxial misfit strain in simple-
cubic, fcc and bee surfaces of different crystallographic orientations. Their calculations,
which included only first nearest-neighbor sites, showed that a surface magnetoelastic
anisotropy energy Bseg(h)/h arises from the Néel model as naturally as the Ks/h term
does. In the following sections, we will show how strongly this magnetoelastic surface
contribution modifies the phenomenological models describing Keff(h) in the most
commonly studied epitaxial systems: fcc (001), bcc (001), and fcc (111). We will also
investigate the effect of including the contribution of the second nearest-neighbors on the
total magnetic surface anisotropy energy.

7.1. The Néel Pair-Interaction Model

The pair-interaction model of the magnetic anisotropy, which was proposed by
van Vleck [1937]. is based on a pair-interaction energy w between any two neighboring
atoms in a ferromagnet. By summing w over all of the first nearest-neighbors of a bulk
atom, one obtains the bulk magnetocrystalline anisotropy energy and, if the bond lengths
are strained and/or distorted, one also obtains the bulk magnetoelastic anisotropy energy:
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Es = %Z wi, a.n
i

where the factor 1/2 accounts for double-counting. For example, in fcc and bee crystals
every bulk atom has 12 and 8 first nearest-neighbors, respectively. The magnetic pair-
interaction energy can be expanded in terms of Legendre polynomials as follows [Chuang
etal., 1994]:

w(ry) =G() + L(r) (cosz\p - :1’7) + Q(p) (cos“\p -gcosz\p -—%) + ... (12

This energy depends on the distance r between the pair of atoms and the angle y between
the direction of the magnetization and the atomic bond direction which are illustrated in
Fig. 7.1.

(
—@

Figure 7.1: Coordinates used in the Néel pair-interaction model: r is the distance

separating the pair of atoms and y is the angle between the magnetization vector and the
bond axis.

The first term G(r) in Eq. (7.2) is independent of the angle ¥ and does not
contribute to the magnetic anisotropy. It includes isotropic magnetic interactions such as
the Heisenberg exchange hamiltonian. The second term is dipolar in nature and gives rise
to the uniaxial magnetoelastic anisotropy. The third term is the quadrupolar term which
describes magnetic anisotropy of cubic symmetry. The coefficients in Eq. (7.2) are
functions of the distance r between the pairs of ators and can be expanded as follows for
interactions between first nearest-neighbors:

Lo = L(ny) + %l;(r,).e. rn (7.3)

Q) = Q(ry) + (—ld%(n).e .n (7.4)
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where r is the bulk unstrained first ncarest-neighbor bond length. When the summaton
in Eq. (7.1) is done over second nearest-neighbors, r; needs to be replaced by 2, the bulk
unstrained second nearest-neighbor distance. The term e . ry in Egs. (7.3) and (7.4)
represents the difference [r -r)| The strain used by Chuang er al. [1994] in their
calculations is given by Eq. (2.6) with eg(h) the average in-plane biaxial misfit strain
discussed extensively in chapter 4. For a given pure material and a given crystal
structure, the values of L(ry), Q(r;), and dL/dr (r;) are related to the bulk
magnetocrysialline anisotropy constant K; and the bulk magnetoelastic coupling
coefficients B, and B, as shown in Table 7.1. For example in an fcc crystal, where

n = %2_: L(n) = 2314‘ B_Z-; d—dLF(fl) n = 32—B2 - B;; and Q(r;) = K;. We have

computed these constants for Ni at 300 K and have included the resuits in Table 7.2.

B, B;

3L(n) + %%(r.) n | 2L@m) + %Lr—m) r

%L(rl) % [L(n) + gd%(rl) l’l]

Table 7.1: Relationship between the bulk magnetocrystalline anisotropy energy density
K,, the bulk magnetoelastic coupling coefficients B, and B, and the pair-interaction

model coefficients Q(ry), L(r;) and fg;-(rl) [Chuang, 1994].

oy | Loy | @udnr, |
(erg/cm3) | (erg/cm3) | (erg/cm3) |

| fcc Ni . . . -4.5x104 | 9.75x106 | 6.55x107 |

Table 7.2: Pair-interaction model coefficients Q(r;), L(r;) and (dL/dr) r; of fcc Ni at 300
K as derived from the bulk magnetocrystalline anisotropy energy density K; and the bulk
magnetoelastic coupling coefficients By and B, of Ni, according to the relationships of
Table 7.1.
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Using Egs. (7.1), (7.2), and (7.3), and keeping only the dipolar term Chuang er al.
[1994] first used the pair-interaction model to compute the bulk magnetic anisotropy
energy of cubic ferromagnetic films biaxially strained in their plane. As expected from
our discussion in chapter 2, they found that the bulk dipolar magnetic anisotropy energy
is given by 2 B, eg(h) sin?0 for a (001) oriented film, where 0 is the angle between the
magnetization easy-axis and the film's surface normal, i.e. the [001] direction. For (111)
oriented films, they found that the bulk dipolar magnetic anisotropy energy is equal to
2 B, eg(h) sin’0, where 0 in this case is the angle between the magnetization easy-axis

and the {111] direction.

Néel [1953, 1954] modified the pair-interaction model by allowing for missing
and/or distorted bonds which lower the symmetry of surfaces and thin films. The
magnetic surface anisotropy energy, which arises from these broken and/or distorted
bonds at the interfaces of the ferromagnetic material, is obtained by summing w(r, y)
over the missing nearest-neighbors whose positions and distances with respect to the
surface atoms need to be identified. Chuang et al. [1994] used the Néel model to
compute the magnetic anisotropy energy due to the surfaces of cubic ferromagnetic films
biaxially strained in their plane. It is important to point out that for interactions between
atoms of different chemical composition, which occurs at the heterointerface of epitaxial
thin films, the relationships in Table 7.2 become meaningless. Other interaction energies

such as Lf* (r;) and gl&r—r's (r;) need to be defined, where f and s correspond to the film

and the substrate atoms, respectively. Numerical values for these parameters can be
obtained by firs«-principles calculations [Victora and Mac Laren, 1993] or by comparison
with experimental measurements since the magretic surface anisolropy energies are

related to L (r;) and de—:s(rl) [Chuang et al., 1994), as we will show in the next

section.

7.2. Applications to selected (001) and (111) surfaces

The contribution of the surface to the magpetic anisotropy is determined by
summing the pair-interaction energy of Eq. (7.2) over the broken bonds at the surface.
Similarly, the contribution to the magnetic anisotropy of the film-substrate interface is
obtained by summing the pair-interaction energy over the hybrid bonds formed at the
interface. The total magnetic anisotropy of a thin film is then given by subtracting the
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contribution of the broken surface bonds and adding the contribution of the interfacial
hybrid bonds to the bulk magnetic anisotropy energy:

Efim = pruk . R ERRDE (15)

where h is the thickness of the film. By analogy, for a thin film sandwiched between two
identical layers, the total magnetic anisotropy energy is given by:

Erodich - pholk - g EREZ R (7.6)

In order to find ES=13* and Eiea¢ jpn terms of the interaction energies of Eq. (7.2) we
first need to identify the broken bonds at the film's surface. We will only discuss fcc
(001), bee (001) and fec (111) suifaces since they are the most commonly studied in
magnetic thin films.

The surface sites, the missing first nearest-neighbor sites and the missing second
nearest-neighbor sites are shown schematically in Fig. 7.2 for fcc (001) and bee (001)
surfaces. In both surfaces, every surface atom has 4 first nearest-neighbors and 1 second
nearest-neighbor missing. For fcc (111) surfaces, not shown in Fig. 7.2, every surface
atom has 3 first nearest-neighbors and 3 second nearest-neighbors missing. It is
important 1o ncte that when we try to account for the coniributions of the second nearest-
neighbors, we need to consider not only surface atoms but also sub-surface atoms. In
fact, the second nearest-neighbors of the sub-surface atoms are the first nearest-neighbors

of the surface atoms 2nd are missing. The distance r; is equal t0 vl-% and 121 a in fcc and

bee crystals, respectively. The distance r; is equal to a for both fcc and bee crystals.

Chuang et al. [1994] computed the surface contribution of the first nearest-
neighbors to the magnetic anisotropy for (001), (111), and (110) oriented sc, fcc, and bee
surfaces with and without steps. We used iheir results to compute the contributions of the
second nearest-neighbors. The results for the first and second nearest-neighbors are
given in Table 7.3 for fcc (001), bee (001), and fec (111) surfaces. The surface energies
of Egs. (7.5) and (7.6) are obtained by multiplying the energies in Table 7.3 by d, the
thickness of a2 monolayer. The first important resuit of Table 7.3 is that the magnetic
surface anisotropy energies generally have both a strain-independent and a strain-
~ dependent component. The latter arises from including the strain in the pair-interaction
energy w(r,y). The second important result is that the strain-independent magnetic
surface energy is nil for all bce (001) surfaces if one only inciudes first nearest-neighbor
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@ Surface site
O Missing first nearest-neighbor
] Missing second nearest-neighbor

{001}

\

cenadn

fcc (001)

Figure 7.2: Nlustration of the surface, missing first nearest-neighbor, and missing second
nearest-neighbor sites in fcc (001) and bee (001) surfaces. In the case of the fcc (00!)
surface, the missing sites are with respect to the atom located at the center of the surface.

First nearest-neighbors Second nearest-neighbors
contribution contribution

-[% L(ry) - 3eour.)] sin?0 [ + eoSie(ry) ra| sin%

g- eo L(ry) sin?0 - [L(l’z) + € %(l’z) rz] sin’ |

tec (111) (r1) 1| sin% 24 €9 L(ry) sin?0

Table 7.3: Surface anisotropy energy densities (expressed per unit volume) resulting from
first and second nearest-neighbor contributions for three different cubic structures. For
the (001) orientation, we used the coordinate system: x = [100], y = [010], z = [001]. For
the (111) orientation, we used the coordinate system: x = [112], y=[110], z=[111].
and r,, which are the first and second nearest-neighbor distances, respectively, depend on
the crystal structure. d is the monolayer height and depends on the crystal structure and

the crystaliographic orientation.
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contributions. The third important result is that for fcc (001) surfaces, but not for fcc
(111) surfaces, the first nearest-neighbor the strain-independent and the strain-dependent
magnetic surface anisotropy energies are proportional to each other.

The results for fcc (001) films and sandwiches are of particular importance to us
since we are interested in the magnetic anisotropy in Ni/Cu (001) thin films and
CwNi/Cu (001) sandwiches. In the case of an fcc (001) film sandwiched between two
identical non-magnetic layers, the first nearest-neighbors contribution to the magnetic
surface anisotropy energy is given by:

surface interface

'2h h

> + eo%fid (Lfs - L)| sinZ0 (1.7)
where we omitted the r; dependence of L in the equation and where eq = eq(h).
Combining this result with the ones of chapter 2, the total magnetic anisotropy energy of

the fcc (001) sandwich is then given by EA=Eb“1k+5m:—aci, where

Eulk = (c2nM2 + K + 2B,eo) sin20, and where ESUfece = (2K® + 2BSep) sin®6.
Neglecting the bulk magnetocrystalline anisotropy energy K; with respect to the other
bulk energies and using Eq. (7.7), the total magnetic anisotropy energy of the fcc (001)
sandwich reduces to E5 = K3k go;, $in?0, where:

Kgg(om) =-2nM? + 2(131 +%s-’ eoth) + 2—111(—5 (7.8)
d Lf-s - Lf-f

where K ooy = - ( 2———) (7.9)

and B o) = 3d (L - LF). (7.10)

Ks is the surface magnetocrystalline anisotropy energy defined macroscopically in
chapter 2. The appearance of the surface magnetoelastic anisotropy energy 2 _lz_‘ eo(h),

which we did not discuss in chapter 2, is the most important result of this section. The
presence of such a term means that the effective magnetoelastic coupling coefficient
Beff = B, +% is a function of the film thickness in an ultrathin film and can be

significantly different from the bulk coefficient By. The coefficient BT could even
change sign if B* has the opposite sign of B;. The coefficient B® has never been
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measured directly for any single-crystal material. However, using secondary electron
spin polarization analysis, Sun and O'Handley [1991] found that the surface
magnetoelastic coupling coefficient can differ sharply from the bulk value in Co-rich and
Fe-rich amorphous alloys. Their measurements on CoCrB amorphous alloys showed that
Beff = 3 x Bbulk jndicating that B¢ is shifted to more positive values due to surface
effects. More recently, Song et al. [1994] measured the effective magneioelastic
coupling coefficient by a direct in-situ method in polycrystalline NiFe/Ag/Si, NiFe/Cu/Si,
and Ni/SiO,/Si thin films. These coefficients were shown to take giant positive values
below 40 to 60 A due to a significant surface contribution. In particular, for Ni/SiO2/Si
thin films, it was found that B® = 20 erg/cm2. The plot of B®f versus h for Ni/SiO,/Si is
shown in Fig. 7.3. The figure indicates that Beff starts diverging from the bulk value to
more positive values for Ni thicknesses below 150 A. The thickness dependence of B
versus h can be fitted by:
s
Beff = Bbuk +El-3_5§ (7.11)

where h is in Angstroms. The 55 A shift in the thickness scale, which is not predicted by
the Néel model is not well understood. It may be due to the presence of a magnetically
different layer arising from the chemical intermixing at the film-substrate interface
confirmed by Auger depth profiling [Song et al., 1994]. Zuberek et al. [1988] have
measured the surface magnetostriction of Ni/Ag multilayers using strain-modulated
ferromagnetic resonance. They found ihat the cffective magnetoelastic coupling
coefficient of chese structures goes from positive to negative values as the Ni film
thickness goes to zero. The magnetoelastic coupling coefficient has also been measured
very recently in polycrystalline Fe/glass thin filras using a cantilever beam technique
while the films were kept under ultra-high vacuum [Weber et al., 1994]. Significant
deviations from the bulk value of the magnetoelastic coupling coefficient of
polycrystalline Fe were observed for Fe thicknesses below approximately 100 A. The
effective magnetoelastic coupling coefficient was shown to change sign when the Fe film
thickness was between 80 A and 30 A.

The second very important result of Egs. (7.8) to (7.10) is that the value and sign
of BS, just like the ones of K5, are characteristic of an interface and not of the bulk
material, unlike other magnetic anisotropy constants such as K; and B,. In fact, it
follows from Egs. (7.9) and (7.10) that the magnetic surface anisotropy energies of the
film-vacuum interface are given by:
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Figure 7.3: Solid data points: effective magnetoelastic coupling coefficient measured in
situ for polycrystalline Ni/SiO,/Si versus Ni film thickness expressed in nanometers.
Open data points: Beff x (h - 5.5) versus h showing the quality of fit to the Néel model.
Note that the vertical scale for Beff is in units of 107 J/m3 = 108 erg/cm3. The vertical
dotted line indicates the thickness h = 5.5 nm [Song et al., 1994].

f-f
Kivac 0oy = 95— (7.12)
and B;/vac(oon = - 3d Lf-f (713)

which are clearly different from the magnetic surface anisotropy energies of the film-
substrate interface if L5 # 0. Using Table 7.2, we find that according to the Néel model
Kiiirvac 001y =0-09 erg/cm? and Bjyyy,c go1) = - 0.51 erg/cm? at room temperature.

The third very important result that follows from Eqs. (7.8) to (7.10) is that, for
any fcc (001) sandwich and only first nearest-neighbor interactions, Bs and K¢ are
proportional and have opposite signs according to the Néel model:

BS = -6 K5, (7.14)

In fact, adding the contribution of the second-nearest neighbors listed in Table 7.3 to
Esurface 5nd Einterface yields:

Lf-s _ Lf-f
Kooy = -d |t ) 4 16y - L9 (@) (1.15)
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and  Bf 001y = d [3 (L5 (ry) - L (1)) - 12 (%:s' (r2) - d—%(l’z)u (7.16)

As explained earlier, L** (r) is not a known function of r a priori. For example, if L (r)
oc % which would be a relatively strong interaction at small distances, then

L(ry)/L(r;) = L(@)YL(aW2) = 0.7, where we used the fact that r; = a2 and r; =ainan
fcc crystal. In this case the contribution of the second nearest-neighbors to the

magnetocrystalline surface anisotropy energy of Eq. (7.15) would be large enough to
break the simple relationship between B (g01) and K§ (o1, as can be seen from Egs.

(7.15) and (7.16). The simple relationship in Eq. (7.14) between Bs and K$ does not
apply for bcc (001) and fcc (111) sandwiches even if one were to include only
contributions from first nearest-neighbors to the magnetic surface anisotropy. In
particular for bce (001) sandwiches, the Néel model predicts that K¢ is always equal to
zero, if one includes only first nearest-neighbor contributions. By analogy to Eq. (7.8)
and using Table 7.3, the effective magnetic anisotropy energy density for a bee (001)
sandwich where the film is biaxially strained in its plane is given by:

K™ oony = -2TMZ + 2(131 +-l?l—s’eo(h) (7.17)
where Bis ooy = 5 (L™ - L) (7.18)

and where we have omitted the r, dependence of the L's.

As explained in section 7.1, the bulk magnetoelastic anisotropy energy density of
an fcc (111) thin film biaxially strained in its plane is given by 2 Bj ep(h) sinZ0. It
follows from Eq. (7.8) and Table 7.3 that the total effective magnetic anisotropy cnergy
density in an fcc (111) sandwich is:

Kif iy = -2nM2 + 2(32 +BTS’eo(h) + % (7.19)

where Kfis iy = - % d(Lfs - L) (7.20)
. £ nd f-s f-f

and B?/s(m) = Zd(Lfs - l-”) + Ji_ (d{aT - d-%r— (7.21)

if we only include the contributions from first nearest-neighbors. Equations (7.20) and
(7.21) indicate that, unlike fcc (001) sandwiches, there is no simple relationship between
B?Is (111) and K?/S (111) for fcc (l 1 l) sandwiches.
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At this point, it would be interesting to discuss the predictions of the
phenomenological equations for the above three different surfaces when the average in-
plane biaxial misfit strain is proportional to 1/h. Substituting Eq. (4.22) into Eq. (7.8)
yields:

2B°nh

o (7.22)

[K‘f’g(oon + 21tM§].h =2(Binhe + K¥) +
Comparing Eqs. (7.22) and (6.4), we immediately see that the strain-induced magnetic
surface anisotropy dramatically changes the phenomenological model presented in
chapter 2. A plot of [Kﬁg oo + 2™ Mﬁ] . h versus h no longer needs to be a constant
given the 1/h dependence on the right-hand sicz of Eq. (7.22). Fitiing such a plot with

the functional form X + %would then yield Bs and K of the sandwich in question. A

similar result applies to fcc (111) sandwiches as can be seen by substituting Eq. (4.22)
into Eq. (7.19):

2B°*nh.

o (7.23)

[KE® 1y + 27M2].h = 2(Banhe + K°) +
which has the same form as Eq. (7.22) except that the bulk magnetoelastic coupling
coefficient B, is replaced by B,. The variables hc, Bs and Ks in Eqgs. (7.22) and (7.23)
need not be the same. In the case of bce (001) sandwiches, replacing the strain of Eq.
(4.22) into Eq. (7.17) yields:

2B°nh

K oory + 2wM2|.h = 2Binhe + — (7.24)
Fitting a plot of [Kf,fcfc oo +2X M%] . h versus h with a functional form X' + —Yh— would

yield Bs of the bce (001) sandwich. Contrary to X in Eqgs. (7.22) and (7.23), X' is not an
unknown but is equal to the constant 2 B, n he which is known a priori. In the case of
bee (001) sandwiches, the fit of [Kf,fcfc ooy + 2T M}] . h versus h would therefore have
only one degree of freedom, given by B, if only first nearest-neighbor contributions are
included.

We conclude this chapter by listing the possible limitations of the pair-interaction
model [Chuang et al., 1994]:

i) the model assumes structurally perfect films with sharp free surfaces and interfaces
with no interdiffusion nor roughness at the film-substrate interface;
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ii) the model assumes that the strain e(h) in the film is given by Eq. (2.6) where eg(h) is
the average in-plane biaxial residual misfit strain in the film. No other sources of strain
such as thermal strain or interfacial roughness strain are included. Further, the model
does not take into account the huge localized strains due to defects such as interfacial
misfit dislocations which we discussed in chapter 4;

iii) the model does not take into account the fact that the interactions potentials L(r) and
Q(r) may themselves be different between the film's interfaces and in the interior;

iv) the model predicts delta function surface magnetocrystalline and magnetoelastic
effects. Magnetic surface anisotropies can typically cause a significant departure from
bulk behavior only for ultrathin films (h < 10 A). However, surface effects have been
shown to dominate the total magnetic anisotropy of thicker films through the exchange
interaction which can drag the strong but localized magnetic surface anisotropy into the
interior of the film over a distance of the order of a few hundred Angstroms [O'Handley
and Woods, 1990]. This mechanism is not inciuded in the Néel model.
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Chapter 8

Discussion

In this chapter, we will re-analyze our experimental results and the ones of
Jungblut et al. [1994] on the magnetic anisotropy of CwNi/Cu (001) sandwiches using
the more complete phenomenological model developed in chapter 7. We will show how
a significantly improved fit to the data can be obtained by including a surface
magnetoelastic coupling coefficient Bs for the Ni/Cu (001) interface. The magnitude and
sign of this coefficient sheds some light on the existence of two magnetization easy-axis
switching thicknesses in Ni/Cu (001), which we discussed in chapters 3 and 6. This
analysis also yields an estimate of the surface magnetocrystalline anisotropy energy
corresponding to the Ni/Cu (001) interface. In the second section of this chapter, we will
discuss more in detail the energies that dominate the balance in the perpendicular
magnetic anisotropy in Ni/Cu (001), namely the magnetic surface anisotropy energies and
the bulk magnetoelastic anisotropy energy. We will conclude by applying the
phenomenological model of chapter 7 to published data [Lee et al., 1990; Lamelas et al.,
1989] on the magnetic anisotropy and the strain in fcc Co,/Cu (111) superlattices. This
study yields the surface magnetocrystalline anisotropy energy and the surface
magnetoelastic coupling coefficient of the Co/Cu (111) interface [Bochi et al., 1994].

8.1. Magnetic Anisotropy in Cu/Ni/Cu (001) Sandwiches

In chapter 6, we attempted to interpret our experimental results on the effective
magnetic anisotropy energy Keff in Cw/Ni/Cu (001) sandwiches and showed that the data
of [l(eff + 21:M§] . h versus h cannot be explained using the phenomenological model of
chapter 2 in which Keff is a sum of the magnetostatic anisotropy energy, the bulk
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magnetoelastic anisotropy energy, and a surface magnetocrystalline anisotropy energy.
In chapter 7, we showed that it is a natural consequence of the strain-dependent pair-
interaction model that the magnetic surface anisotropy energy includes a strain-dependent
term, the surface magnetoelastic anisotropy energy 2Bsep(h)/h. By including this term,
we showed that the phenomenological equation describing K¢ff{i1) for an epitaxial (001)
sandwich becomes:

[Keff + 2nM2).h = 2 (B. +%s-)eo(h).h + 2K, @.1)

Substituting the 1/h dependent strain given by Eq. (4.22) for h 2 h. into Eq. (8.1) yields:

B*nh

(Kt + 2nMZ] . h = 2(Binhe + K*) + 2=, (82)

which differs from Eq. (6.4) only through the presence of the BS term. Contrary to the
predictions of Eq. (6.4), a plot of [K’“ + 21:M§] . h versus h does not have to be a
constant but can be the sum of a constant and a 1/h dependent term which is multiplied by
Bs. We plot [K‘ff + 2aM2] . h versus h for our CwNi/Cu (001) sandwiches in Fig. 8.1.
The data points are the same as the ones in Fig. 6.27. The dashed line represents the fit to
the data using a constant term equal to 1.66 erg/cm2. The solid line is the fit to the data

points using a functional form X + }1—(, as suggested by Eq. (8.2). The figure clearly

shows that including the Bs/h term significantly improves the fit to the experimental data.
The equation describing the solid line is:

[Keff + 2rM2].h = 2.55 - 62=t-‘i ,in erg/cm?2. (8.3)

By comparing Egs. (8.2) and (8.3), we can obtain estimates of Bs and K* for the Ni/Cu
(001) interface. We use the values B; = 6.2x107 erg/cm? and 2nrM? = 1.5x106 erg/cm3
for bulk Ni. The lattice mismatch and the critical thickness for Ni/Cu (001) are given by
n = 2.6% and h. = 18 A, respectively, as explained in chapters 4 and 5. Using these
values, we conclude that Bs(Ni/Cu)(001) = - 67 erg/cm2 and K*(Ni/Cu)(001) = + 0.98
erg/cm?2 from the above fit.

We have also tried to fit our experimental data using the Ni thickness dependence
of the strain in Ni/Cu (001) thin films measured by optical interferometry [Inglefield et
al., 1995] and described by the fit eg(h) = Qlf(%%i of Eq. (4.25). Substituting this strain in

Eq. (8.1) yields:
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Figure 8.1: [Keff + 2nM2] . h versus h for our Cw/Ni/Cu (001) sandwiches. The dashed
and solid lines represent the best fit to the data points using the phenomenological model
of Eq. (8.2) with Bs =0 and Bs # 0, respectively.

+ 2(0.1815) B* .

o7 8.4)

[Keff + 2nM2 - 2Beg(h)]. h = 2K*
According to this model, a plot of [K“f + 2nM? - 2B1e0(h)] .h versus h can be
modeled by the sum of a constant equal 2Ks and a 1/h®7 term multiplied by Bs. Such a
plot also demonstrates that the Bs/h term improves the fit to our experimental data points.
The equation of the curve that best fits the data is given by:

[Ketf + 2aM2 - 2Bjeo(h)].h = 1.77 + 1-%-(%2 ,inerg/em2.  (8.5)

Comparing Egs. (8.4) and (8.5) yields Bs(Ni/Cu)(001) = - 52 erg/cm? and K¢(N/Cu)(001)
= + (.88 erg/cm2. The difference between these results and the ones of the previous
paragraph is due to the choice of the average in-plane biaxial misfit strain eg(h). In the
first case, we used eg(h) o< 1/h whereas in the second case we substituted the strain eq(h)
o< 1/h%7 into the phenomenological equation 8.1. This shows how sensitive the results of
the fit are to the choice of the thickness dependence of the strain in the film.
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We have also applied the phenomenological model of Eq. (8.2) to the
experimental measurements of Jungblut et al. [1994] on Cu/Ni/Cu (001) sandwiches;
their data are shown in Fig. 6.26. The plot of [K*®f + 2xM2] . h versus h for these data
points is shown in Fig. 8.2. The dashed and solid lines again represent the best fit to the
data for Bs = 0 and B* # 0, respectively. As with our data on Cu/Ni/Cu (001), figure 8.2
clearly indicates that the inclusicn of the surface magnetoelastic anisotropy energy
significantly improves our understanding of the behavior of Keff(h) in Cw/Ni/Cu (001)
sandwiches. The equation of the solid line in Fig. 8.2 is:

[Keff + 2aM2] . h = 1.94 - l&gi ,in erg/cm?2. (8.6)

Jungblut et al. [1994] showed that in their Ni/Cu (001) thin films, the onset of misfit
dislocations occurs at h, = 15 A. Using this value and = 2.6% gives the following
magnetic surface energies when we compare Egs. (8.2) and (8.6): Bs(Ni/Cu)(001) = - 37
erg/cm? and Ks(Ni/Cu)(001) = + 0.73 erg/cm2. In heir analysis, Jungblut et al. found
that Ks(N¥/Cu)(001) = - 0.40 erg/cm? by using the phenomenological model of chapter 6

2* v N
0,‘-_._._ 1.75¢
3]
s 15}
3
= 125¢
? 1
| 3
N 075¢
+
g 0.5
X,
0.25
0‘ 2 o 4 2 A " a
0 20 40 60 80 100 120 140
h (A)

Figure 8.2: [K* + 2rM2]. h versus h for the data of Jungblut et al. [1994] on CwWNV/Cu
(001) sandwiches. The dashed and solid lines represent the best fit to the data points
using the phenomenological model of Eq. (8.2) with B5 =0 and Bs 0, respectively.
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and setting Bs(Nv/Cu)(001) = 0 a priori.

We summarize all the above results on the surface magnetocrystalline energy and
the surface magnetoelastic coupling coefficient of the Ni/Cu (001) interface in Table 8.1.

CwNIi/Cu (001)
Sandwiches

Our data

_Mh
eo(h)—T

Our data
-0.1815
fo(h) 07
Data of Jungblut
etal. [1994]
eo(h) = L

Results of Jungblut ,
‘ sfmzougf] ’ 6.2 x 107 — -0.40
y ea\\>4 0y 02 - - 1 |

Table 8.1: Surface magnetoelastic coupling coefficient and surface magnetocrystalline
anisotropy energy for the Ni/Cu (001) interface. In the first three rows we display the
results obtained by applying the phenomenological model of Eq. (8.1) to our data and to
the ones of Jungblut ez al. [1994] on Cuw/Ni/Cu (001) sandwiches. For our data, we have
used both a 1/h and a 1/h07 Ni film thickness dependence of the strain. The results in the
last row are the ones reported by Jungblut et al. using the model of Egs. (6.3) and (6.4).

Bs (Ni/Cu)(001) | Ks (N¥/Cu)(001) |

The first two rows show the results of the fits of our data using two different Ni thickness
dependence of the misfit strain eg(h). The third row shows the results we obtain by fitling
the data of Jungblut et al. [1994] using the phenomenological model of Eq. (8.2). The
result in the last row of the table is the one reported by Jungblut eral. who set BS =0 a
priori and used the phenomenological model of Egs. (6.3) and (6.4) forh<h.and h 2 h,,
respectively. As explained more in detail in chapter 6, they also argued that h. = 40 A for
the Cw/N/Cu (001) sandwiches. They obtained Ks(Ni/Cu)(001) = - 0.40 erg/cm?2 which
has the same order of magnitude but the opposite sign of the surface energies we report in
Table 8.1. The surface magnetocrystalline anisotropy energies we found using the model
of Eq. (8.1) are all positive indicating that K$(Ni/Cu)(001) favors perpendicular magnetic
anisotropy. The average value of the surface energies of the first three rows of Table 8.1

121



is Ks(Ni/Cu)(001) = + 0.85 erg/cmZ. On the other hand, all the surface magnetoelastic
coupling coefficients of Table 8.1 are negative indicating that, contrary to the bulk
magnetoelastic anisotropy energy 2B, eq(h), the surface magnetoelastic anisotropy energy
2Bsep(h)/h favors an in-plane magnetization in NVCu (001) where the misfit strain is
tensile. The results summarized in Table 8.1 also indicate that the value of Bs cbtained
from the fit is sensitive to the measured K<f data and to the thickness dependence of the
strain in the Ni film. The average value is Bs(NV/Cu)(001) = - 50 erg/cm> which is
approximately 60 times larger than the absolute value of the average surface
magnetocrystalline anisotropy energy Ks(Ni/Cu)(001) = + 0.85 erg/cm?2.

In chapter 7, we showed that from the pair-interaction model one expects that Bs =
- 6 Ks for any fcc (001) surface if we include only first nearest-neighbor interactions at
the interfaces of the film: '
) d(Lf-s _ Lf—f)

Kfs 001y = — 8.7

B 001y = 3d (Lfs - Lr), (8.8

Our results disagree with this prediction which could mean that second nearest-neighbor
interactions are necessary in order to explain our measurements. In fact, as shown in
chapter 7, adding the contribution of the second-nearest neighbors in the computation of
Esuface gpd Einterface yields:

f-s -1 ff
Kfis oy = -d [L @ 2 L@ + L (rp - LI (rz)] (8.9)
and  Bf, ooy = d [3 (Lfs(rp) - LM () - ry (dl&’:—s (rp) - d-l&':i(rz)l)], (8.10)

r; and r, being the bulk unstrained first nearest-neighbor and second nearest-neighbor
distances, respectively. Unfortunately, since we do not know the interaction energy
LNiCY(r) a priori, we are not able to quantitatively find the effects of second nearcst-
neighbor interactions on the surface energies. Equations (8.9) and (8.10) indicate that if
the contribution of the second nearest-neighbors to the surface anisotropy energies is
large enough, it can break the simple relationship B (go1y = - 6 K{/ 001)- The results of
our fit however do indicate that Bs(Ni/Cu)(001) and Ks(N¥/Cu)(001) have opposite signs,
in agreement with the predictions of the pair-interaction model. It is interesting to note
that, according to our experimental results, Ks(Ni/Cu)(001) = - eg BS(N¥/Cu)(001) for a
strain g = 2% meaning that the surface magnetocrystalline and magnetoelastic anisotropy
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energies have comparable strengths but opposite contributions to the perpendicular
magnetic anisotropy. It is also interesting to note that large values of B = 20 erg/cm?
have been reported by Song et al. [1994] for polycrystalline Ni/SiC,/Si thin films.
Moreover, in section 8.3, we estimate B = -24 erg/cm? for the fcc Co/Cu (111) interface.

Using the average surface magnetoelastic coupling coefficient BS(Nv/Cu)(001) = -

50 erg/cm?2, we plot the effective magnetoelastic coupling coefficient B*f = B, + % in

CwN/Cu (001) sandwiches in Fig. 8.3. The figure indicates that deviations from the
bulk value B, occur for films as thick as 200 A and that Bef changes sign around 80 A
because Bs < O for the Ni/Cu (001) interface. This striking result implies that surface
effects on magnetoelastic interactions are not limited to the atomic layer located near the
film's interfaces but are dragged into the bulk of the film. Song et al. [1994) explained
that such a phenomenon could occur through exchange coupling which is not considered
by the pair-interaction model of chapter 7. As shown in Fig. 7.3, their measurements of
Beff in polycrystalline Ni/SiO,/Si indicate a departure from the bulk value for films as
thick as 150 A. Moreover, Weber et al. [1994] showed that the effective magnetoelastic
coupling coefficient in Fe/glass thin films changes sign at a large film thickness between
30 A and 80 A.

Using the magnetic surface anisotropy energies corresponding to the Ni/Cu (001)
interface, we can plot K<ff(h) versus Ni film thickness using Eq. (8.2) where the eg(h) =n
he/h is implicidy built into the equation. The result is shown in Fig. 8.4 together with our
experimental data points. We used the surface energies Bs and Ks reported in the first
row of Table 8.1. As in Fig. 8.1, the solid line gives a reasonable fit to the data points.
But most importantly the solid curve intersects the K*ff = 0 axis at rwo thicknesses: hjow =
30 A and hpign = 140 A_ At these thicknesses the magnetization easy-axis goes from in-
plane to out-of-plane and vice-versa, respectively, as we increase the Ni film thickness.
As explained in chapter 6 and as indicated by our data points, we did observe the
transition near 140 A. The lower thickness is predicted by the model and is a direct
consequence of the fact that we have included a negative surface magnetoelastic
coefficient. In fact, if we were to set Bs =0, equation 8.2 would predict that a plot of Keff
. h versus h should be a straight line with a negative slope equal to - 2xtM?2 which can
intersect the K< = 0 line at one thickness at the most. As explained in chapter 6, a
double cross-over in the magnetization easy-axis also exists in Ni/Cu (001) thin films
characterized under ultra-high vacuum by MOKE. In the latter case. hyy = 10 A and

hyign = 60 A.
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Figure 8.3: Dependence of the effective magnetoelastic coupling coefficient on Ni film
thickness in Ce/Ni/Cu (001) sandwiches. We used the average value B$(Ni/Cu)(001) = -
50 erg/cm2 obtained from the data in Table 8.1. The dashed line indicates the bulk value
of the magnetoelastic coupling coefficient of Ni.
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Figure 8.4: K*ff _ h versus Ni film thickness for our Cu/Ni/Cu (001) sandwiches. The
solid curve is a plot of K<f(h) of Eq. (8.2) using the magnetic surface anisotropy energies
reported in the row of Table 8.1.
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In summary, the inclusion of the surface magnetoelastic anisotropy energy in the
phenomenological model has significantly improved our quantitative understanding of
the behavior of the effective magnetic anisotropy in Ni/Cu (001). We were able to
estimate the magnetic surface anisotropy energies Bs(Ni/Cu)(001) = - 50 erg/cm? and
Ks(Ni/Cu)(001) = + 0.85 erg/cm2. This important result implies that the surface
magnetocrystalline and magnctoelastic anisotropy energies have opposite contributions to
the perpendicular magnetic anisotropy: Ks/h favors perpendicular magnetization whereas
Bseg(h)/h favors an in-plane magnetization easy-axis. The negative sign of Bs, which
makes the effective magnetoelastic coupling coefficient change sign near 80 A, provides
a good explanation for the existence of two thicknesses where the magnetization easy-
axis switches from perpendicular to the film to in-plane, a phenomenon which remained a
puzzle in chapter 6. This shows the importance of B$ and of the strain in determining the
total magnetic anisotropy in the Ni/Cu (001) epitaxial system. In the next section, we
discuss more in detail the energy balance that determines the perpendicular magnetic
anisotropy in Ni/Cu (001).

8.2. The Crigin of Perpendicular Magnetic Anisotropy in Ni/Cu (001)

In chapter 2, we briefly explained that the origin of perpendicular magnetic
anisotropy in Ni/Cu (001) can most probably be found in magnetoelastic interactions and
in the magnetic surface anisotropy. Since then we have shown that the magnetic surface
anisotropy can be further separated into the surface magnetocrystalline anisotropy energy
2Ks/h and the surface magnetoelastic anisotropy energy 2Bseg(h)/h and we have
estimated the surface energies B and K¢ corresponding to the Ni/Cu (001) interface. The
surface magnetocrystalline anisotropy energy 2Ks/h is strong and favors perpendicular
magnetization at ail Ni thicknesses but its strength decreases as 1/h with increasing film
thickness. However, magnetoelastic interactions in the Cuw/Ni/Cu (001) sandwiches have
two simultaneous but opposite contributions to the magnetic anisotropy at all film
thicknesses. On one hand, the bulk magnetoelastic anisotropy energy 2B;eq(h) is positive
for all h and therefore favors perpendicular magnetization. Its strength roughly decreases
as 1/h due to the strain eg(h). On the other hand, the surface magnetoelastic anisotropy
energy 2Bseg(h)/h is negative and tends to keep the magnetization easy-axis in-plane. 1ts
strength decreases roughly as 1/h2 since the strain eq(h) decreases approximately as 1/h.
The energies 2Ks/h, 2B eq(h), and 2 (B; + -%i’ eo(h) are plotted as a function of h in Fig.
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8.5 using eg(h) = n h/h (where n = 2.6% and h, = 18 A) and the average magnelic
surface energies BS(Ni/Cu)(001) = - 50 erg/cm2 and Ks(Ni/Cu)(001) = + 0.85 erg/cm?2.
The figure shows that the surface magnetocrystalline anisotropy dominates the
perpendicular magnetic anisotropy. Although bulk magnetoelastic interactions give an
important contribution to perpendicular magnetization, it seems that the effective
magnetoelastic anisotropy energy, 2 (Bl + Bhi) eo(h), is weak above about 60 A and goes

negative below that thickness, thus tending to keep the magnetization in-plane at small Ni
thicknesses.

0.4} £ B+ B eatt Ig
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Figure 8.5: Dependence of three different magnetic anisotropy energies on film thickness
in Cw/Ni/Cu (001).

It is important to emphasize that the strain eq(h) is an average in-plane biaxial
tensile misfit strain and that the local strain e(x,y,z) due to the misfit dislocations alone,
although very localized, is very large and compressive near the dislocations cores. The
strain e(x,y,z) could pin the magnetization easy-axis at the dislocation cores through the
local magnetoelastic anisotropy energy Bse(z = 0). This energy plus the exchange
interaction could make the magnetization easy-axis uniform throughout the film if the
film thickness and the dislocation spacing are small enough. This phenomenon is
completely ignored by the pair-interaction model.
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8.3. Magnetic Anisotropy in fcc Co/Cu (111) Superlattices

Lee et al. have grown a series of Co/Cu superlattices on GaAs (110) substrates by
molecular beam epitaxy [Lee et al., 1990; Lamelas et al., 1989]. Their work is among the
most complete and thorough in the literature on ultrathin films because it includes
measurements of magnetic anisotropy energy density, strain and saturation magnetization
as a function of Co film thickness. The Co thickness h was varied from 5 to 40 A while
the Cu thickness was fixed at 25 A. The total superlattice thickness was 1500 A in all the
samples. Their measurements of the effective magnetic anisotropy energy, which were
carried out using a superconducting quantum interference device (SQUID)
magnetometer, indicated the magnetization easy-axis to be in the film planc at all
thicknesses. They also measured the saturation magnetic moments in the various
superlattices and showed that the average, 1241 emwcm3, is a good value for all
thicknesses thus making 27Ms? = 9.7x10% erg/cm3. Their structural characterizations
indicated that the Co layers grow in a (111) orientation with fcc stacking. Finally, they
measured the strain in the Co layers as a function of Co thickness using X-ray diffraction
and demonstrated that it can be well fit by the following equation:

hey @.11)

h + hcy

eg(h) = n
where he, = 25 A and 1 = 1.9% is the fcc Co-Cu lattice mismatch.

Lee et al. [1990] found that an expression Keff(h) containing the bulk hcp Cc
magnetocrystalline energy, the bulk hcp Co magnetoelastic coupling coefficients and the
measured value for 2rM? does not fit their data of K¢t . h versus h for fcc Co/Cu (111)
superlattices. They limited themselves to showing that they can fit their anisotropy data
by arbitrarily reducing the magnetoelastic anisotropy energy to 82%, and the
magnetocrystalline anisotropy energy to 20% of the values of bulk hcp Co in the
expression of Keff(h). However, they attributed no physical significance to their fitting
parameters and assumed a priori that the surface magnetocrystalline anisotropy energy of
the Co/Cu (111) interface is nil. In contrast, we analyzed their data using a more general
phenomenological model that includes a surface magnetocrystalline as well as a surface
magnetoelastic anisotropy term, as shown below. When we fitted their data with this
model, we obtained physically plausible and meaningful results which was possible only
because they reported a careful measurement of the saturation magnetization and of the
thickness dependence of the strain in their superlattices.
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As shown by Taule 2.1, the magnetocrystalline anisotropy energy of fcc Co is
negligible compared to the other magnetic anisotropy energies at play; in particular KMC
(fcc Co) = 0.1 KMS (fcc Co). The dependence of the total effective magnetic anisotropy
energy density on Co film thickness h can therefore be described by the
phenomenological model of Eq. (7.19), where K* and Bseg(h) arc the surface
magnetocrystalline and surface magnetoelastic anisotropy energies of the fcc Co/Cu (111)
interface, respectively. Substituting the strain of Eq. (8.11) into Eq. (7.19) yields:

Keff = - 2nM2 + 2n(32+i—’)hThC;a + 2'}1—‘ (8.12)
where B; is the bulk magnetoelastic coupling coefficient of fcc Co. Equation 8.12 can be
writter more conveniently as follows:

[Keff + 2eM2] b . (h+hey) = 2(KS+ NheyBy). h +2he, (K*+1 B) (8.13)

By plotting [K*f + 2tM2] . h . (h + hcy) versus h and fitting the points with a straight line
we could therefore determine Ks(Co/Cu) (111) and Bs(Co/Cu) (111) knowing B, of fcc
Co. We emphasize the fact that although it may be possible to fit the magnetic anisotropy
data by omitting the B%h term, as one can see from Eq. (8.13), the physical significance
of the magnetic surface anisotropy energy that one would extract irom such a fit may
remain questionable. Figure 8.6 shows the plot of [K* + 2xtM2] . h . (h + hcy) versus h
for the data of Lee et al. [1990]. The straight line represents the fit to data points using
the model of Eq. (8.13). We used the measured value 2tMs2 = 9.7x106 erg/cm3 in
obtaining Fig. 8.6. The equation of the straight line is given by:

[Kef + 2neM2] . h . (h + hey) =0.3406 h + 0.1152 , in 10”7 erg/cm (8.14)

where h is in A on the right-hand side of the equation. Fujiwara et al. [1983]
extrapolated, from their data on fcc Co-Pd alloys, that for fcc Co Ay = -6.7x10° =

1 g—i atT = 0 K. Taking cqs (fcc Co) = 1.28x1012 erg/cm? [Landolt-Bomstein, 1984],

one can extrapolate B, = 2.6x10% erg/cm3 for fcc Co. This value is the best experimental
value available for the bulk magnetoelastic coupling coefficient of fcc Co [Chuang et al.,
1994]. Comparing Egs. (8.13) and (8.14), we obtain: Ks(Co/Cu) (111) = + 0.47 erg/cm?
and Bs(Co/Cu) (111) = - 24 erg/cm? which indicates that Bseg = - K5 for the fcc Co/Cu
(111) interface using a strain eg = + 2%. This result is very interesting because it means
that the surface magnetoelastic anisotropy energy is comparable in strength to surface
magnetocrystalline anisotropy energy for the fcc Co/Cu (111) interface. It also implies
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that Bsep and K5 have opposite contributions to the total magnetic anisotropy energy in
fcc Co/Cu (111): Bseg favors an in-plane magnetization whereas K¢ favors perpendicular
magnetic anisotropy. The magnetic anisotropy energies characteristic of the fcc Co/Cu
(111) epitaxial system are summarized in Table 8.2.
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Figure 8.6: [K‘" + 21|:M§] . h . (h + hgy) as a function of Co film thickness in fcc Co/Cu
(111) superlattices [Bochi er al., 1994]. The data points were obtained from Lee et al.
[1990]. The straight line represents the fit to the data points using Eq. (8.13).

B, (erg/cm3) Bs (erg/cm?) Ks (erg/cm?)

Table 8.2: Magnetic anisotropy energies characteristic of the fcc Co/Cu (111) epitaxial
system. K5 and B# are the results of the fit of Fig. 8.6.
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Using the above estimate of Bs(Co/Cu) (111), we plot the dependence on Co film
thickness of the effective magnetoel.stic coupling coefficient of Co in fcc Co/Cu (111)
superlattices in Fig. 8.7. The plot indicates that Bf decreases below 100 A due 1o
surface effects and becomes negative for h <9 A. This result therefore questions the
assumption, often encountered in the literature, that bulk Co magnetoelastic coupling
coefficients also apply for ultrathin Co films. The estimate B$(Co/Cu) (111) = - 24
erg/cm? for fcc Co might seem large at first sight. However, the surface magnetoelastic
coupling coefficient was recently measured in polycrystalline Ni/SiO,/Si thin films by a
direct method [Song et al., 1994] and was found to be approximately + 20 erg/cm?2.
Therefore, unlike magnelic surface anisotropy energy densities which are of the order of
1 erg/cm?2, surface magnetoelastic coupling coefficients B* can be an order of magnitude
greater and may strongly affect the value or even the sign of the effective magnetoelastic
coupling coefficient, as shown in Fig. 8.7.
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Figure 8.7: Effective magnetoelastic coupling coefficient Beff = B, + B® a5 a function

of Co film thickness in fcc Co/Cu (111) superlattices [Bochi et al., 1994]. The dashed
line indicates the bulk magnetoelastic coupling coefficient of fcc Co.
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Chapter 9

Conclusions

This thesis has described our studies of the magnetic anisotropy in Ni/CwSi (001)
films, Ni/Cu ,x Ni./Cw/Si (001) films (9 < x < 50%). and Cw/N/Cw/Si (001) sandwiches
under ultra-high vacuum conditions using the magneto-optic Kerr effect (MOKE) and in
air using a vibrating sample magnetometer (VSM). The Ni thickness ranged between 10
A and 150 A whereas the Cu substrates were 2000 A (o 3000 A thick. The films were
deposited at room temperature using a molecular beam epitaxy (MBE) system and were
characterized in-situ using Auger electron spectroscopy and RHEED and ex-situ using
plan-view as well as cross-sectional TEM and X-ray diffraction. The average in-plane
biaxial tensile strain in the Ni films was measured ex-situ using an optical interferometry
technique. The following is a summary of our main results:

e The Ni and Cu thin films grow epitaxially with a (001) orientation on hydrogen
terminated Si (001) wafers.

* The most stable growth of Cw/Si (001) occurs with the [100] axis of Cu parallel to the
[110] axis of Si.

o The Ni films are continuous but rough. Cross-sectional TEM showed that the Ni
surface roughness is of the order of + 20 A extending over a wavelength of 400 A in the
film plane.

« TEM micrographs also revealed the presence of a 70 A thick polycrystalline copper-
silicide layer at the Cu-Si interface. The Cu layer lying above the silicide remains single-
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crystal. This suggests that the silicide layer forms slowly at room temperature after the
epitaxial relationship between the Cu and the Si has been established.

« Ultrathin Ni films grow pseudomorphically on the thick Cu substrates with an in-plane
biaxial tensile misfit strain equal to the Ni-Cu lattice mismatch n = 2.6%. Above the
critical thickness h,, misfit dislocations form at the Ni-Cu interface to partially relieve the
strain in the Ni films. Plan-view TEM micrographs showed that 15 A < h < 25 A in
Ni/Cu (001), in close agreement with the prediction he = 18 A of the Matthews-Blakeslee
thermodynamic model.

« The experimentally observed misfit dislocations are of the 60° and the 90" type and run
along the <110> directions at the Ni-Cu interface thus forming a square grd.

« For h > h,, the dislocation density increases with h. This decreases the average in-plane
biaxial tensile misfit strain eg(h) in the Ni roughly as the nh./h functional dependence
predicted by the Matthews-Blakeslee model. Inglefield et a!. [1995] showed
experimentally that the strain in the Ni decreases with film thickness approximately as
1/h07,

» We emphasize that eq(h) is an average in-plane biaxial tensile misfit strain and that the
local strain e(x,y,z) due to the misfit dislocations alone, although very localized, is very
large and compressive near the dislocation cores.

» We have discovered that the Ni/Cu (001) epitaxial system exhibits the largest thickness
range of perpendicular magnetization of any epitaxial thin film system reported so far.

e When the films are kept under ultra-high vacuum, the perpendicular magnetic
anisotropy energy dominates the total magnetic anisotropy energy from h = 10 Atoh=
60 A in Ni/CwSi (001) (in similar epitaxial systems, such as Fe/Cu (001), the
perpendicular magnetic anisotropy dominates the total magnetic anisotropy only up to a
film thickness of approximately 11 A. This is because the magnetostatic anisotropy
energy 2tM2, which is much larger in Fe than in Ni, tends to keep the magnetization in-
plane in thin films).

* The perpendicular magnetic anisotropy energy dominates the total magnetic anisotropy
energy from h = 15 A to h =40 A in Ni/CugNi 4o/Cw/Si (001) thin films characterized in
ultra-high vacuum. We attribute the difference in the extent of the perpendicular region
between Ni/Cu (001) and Ni/CugoNi 49 (001) to the smaller tensile misfit strain and to the
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smaller positive film-substrate surface magnetocrystalline anisotropy energy in
Ni/CugoNigg (001).

« The region of perpendicular magnetization extends up to approximately 125 A when the
Ni/Cu (001) films are exposed to air or capped with a 20 A thick Cu layer.

« The in-plane to out-of-plane transition in the magnetization easy-axis occurring in
Ni/Cu (001) at h = 10 A is most likely not due to the onset of misfit dislocations at the Ni-
Cu irterface. In fact, in Ni/CugNigo (001), the onset of misfit dislocations occurs at h 2
35 A yet 25 A thick films have a perpendicular magnetization easy-axis.

« We have measured the effective magneltic anisotropy energy density K¢ as a function
of Ni film thickness in Cw/N/Cuw/Si (001) sandwiches. We have carried out the most
thorough analysis yet reported for the measured Kef(h) versus h by using our own
measurements of the strain and a more complete phenomenological model which includes
strain-dependent pair interactions in the computation of the magnetic surface anisotropy
energy. We have also exter. led this calculation to include the effects of second nearest-
neighbor interactions at the film's interfaces.

» In our phenomenological model for fcc (001) ferromagnetic films sandwiched between
two identical non-magnetic layers, K<f(n) can be written as follows:
K ooy = -27 M2 + 2‘3. +%s)eo(h) + 2K ©.1)

The magnetic surface anisotropy energy has two components: the surface
magnetocrystalline anisotropy energy 2Ks/h and the surface magnetoelastic anisotropy
energy 2Bseg(h)/h. Equation 9.1 also includes the bulk magnetoelastic anisotropy energy
2Bbulkeq(h) which favors perpendicular magnetic anisotropy in Ni/Cu (001), and the bulk
magnetostatic anisotropy energy 2xtM? which tends to keep the magnetization in-plane.
The bulk magnetocrystalline anisotropy energy K is relatively negligible in Ni films
thinner than 100 A and has therefore been omitted.

» Our quantitative analysis yielded Ks(Ni/Cu) (001) = + 0.85 erg/cm2. The large and
positive surface magnetocrystalline anisotropy energy 2Ks/h and the positive bulk
magnetoelastic anisotropy energy 2B jeq(h) are the origin of the strong perpendicular
magnetic anisotropy in Ni/Cu (001}).
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» The analysis also showed that the inclusion of a surface magnetoelastic coupling
coefficient Bs, often omitted in phenomenological models, is necessary in order to
explain our data. We have estimated that Bs(N¥/Cu) (001) = - 50 erg/cm?.

 The negative surface magnetoelastic anisotropy energy 2Bseg(h)/h favors an in-plane
magnetization easy-axis in Ni/Cu (001). For h <25 A, this energy dominates the positive
strain-independent magnelic surface anisotropy energy 2Ks/h and the posiiive bulk
magnetoelastic anisotropy energy 2B®“¥eq(h), thus forcing the magnetization in-plane.
This provides an explanation for the existence of the lower (h = 10 A) in-plane to out-of-
plane magnetization easy-axis switching thickness in Ni/Cu (001).

* The negative sign and the magnitude of B imply that the effective magnetoclastic
coupling coefficient B€ff = B, + BT‘ depends strongly on the Ni film thickness in Ni/Cu

(001) films thinner than 200 A and that it changes sign near h = 80 A.

e K5(Ni/Cu) (001) and Bs(Nv/Cu) (001) have opposite signs, in agreement with the
predictions of the strain-dependent Néel first nearest-neighbor pzir-interaction model.

e Our measured Bs is larger compared to K¢ than predicted by the first nearest-neighbor
pair-interaction model. For fcc (001) surfaces, the first nearest-neighbor model predicts
Bs =- 6 Ks. Inclusion of the second nearest-neighbors in the computation of the magnetic
surfacc anisotropy energy breaks this simple relation and may explain the larze value we
observe ior Bs.

* By fitting K<f(h) data with the Néel model one generally obtains larger than expected
magnetic surface anisotropy energies. We believe that this discrepancy reflects the fact
that surface magnetoelastic and surface magnetocrystalline effects are not limited to the
first few atomic layers located next to the film's interfaces but are dragged well into the
bulk of the film through the exchange interaction, a mechanism which is not considered
by the Néel model and which has received inadequate attention in the literature.

* The local strain e(x,y,z) due to the misfit dislocations alone, although very localized, is
very large and compressive near the dislocations cores. The strain e(x,y,z) could pin the
magnetization easy-axis at the dislocation cores through the local magnetoelastic
anisotropy energy Bse(z = 0) which in general will differ from the bulk and average
surface magnetoelastic energies. This energy plus exchange could therefore make the
magnetization easy-axis nearly uniform throughout the film if the film thickness and the
dislocation spacing are small enough. This effect is also ignored by the Néel model.
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e Our preliminary calculations on ultrathin Ni-Cu bicrystals show that semi-empirical
computations of the strain relaxation at the Ni-Cu interface are feasible using the
embedded-atom potential method. However, long and complex computations may be
necessary to achieve accurate and practical results.

In summary, we have studied the epitaxial Ni/Cu/Si (001), Ni/CugoNi4o/Cw/Si
(001), and Cw/Ni/Cu/Si (001) systems over thickness ranges and using techniques not
heretofore used in combination. New and important results have emerged from these
studies. In order to interpret our new data, we have had to carry the analysis of these
results to a higher level of completeness and have arrived to new frontiers. As we show
in the next section, more experiments can be performed in order to improve our
understanding of the complex behavior of the magnetic anisotropy in Ni/Cu (001).

The above unique results on Ni/Cu (001) not only have deepened our
understanding of the fundamentals of magnetic anisotropy in thin films but they also have
potential applications in the magnetic recording industry and some general implications
on the design of advanced magnetic devices. The strong perpendicular magnetic
anisntropy over an exceptionally broad Ni thickness range in Cw/Ni/Cu (001) sandwiches
make this epitaxial cystem a candidate for magneto-optical (MO) recording. Although it
still requires further development, the high dcnsity MO recording technology has attained
practical use [Hashimoto et al., 1990; Zeper et al., 1991]. A good MO recording medium
has the following properties: strong perpendicular magnetic anisotropy; square
perpendicular M-H lcops with a relatively large (= 1000 Oe) coercive field; large polar
Kerr rotation in the visible electromagnetic spectrum; thermal stability; and corrosion
resistance. Two systems are curtently being investigated for use as MO storage media:
amorphous rare-earth transition-metal films such as Gd-Tb-Fe and Tb-Fe-Co; and
ultrathin Co/Pt and Co/Pd multilayered films.

The rare-earth transition-metal systems are easily oxidized due to the rare-earth
elements, and so some protective layer as well as the addition of another element such as
Cr, Ti, or Pt is needed for corrosion resistance. The addition of the other elements
degrades the MO properties and the protective layer requires additional processing steps
during manufacturing. Nevertheless, Tb-Fe-Co MO disks are being made by companies
such as 3M. Although Co/Pt and Co/Pd media were shown to have high corrosion
resistance, large Kerr rotations, and square polar loops with appropriate coe:.ive fields,
they are difficult, slow, and expensive to manufacture. In fact, since Co/Pt and Co/Pd
thin films exhibit perpendicular magnetization over a small Co thickness range (see
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chapter 3), they are usually multilayered in order to obtain MO media with a large signal-
to-noise ratio and a high density. In these multilayers, which are deposited by MBE, the
tnicknesses of the Co film (typically a few Angstroms thick) and the non-magnetic spacer
layer (typically 10 A thick) as well as the roughness of the layers need to be controlled
with a high degree of accuracy thus making the manufacture of Co/Pt and Co/Pd based
MO media still challenging.

The CwNi/Cu/Si sandwiches, on the other hand, are much easier to fabricate.
Although MBE is preferred for the deposition of these structures, only three relatively
thick epitaxial layers are involved in the fabrication process. It is not known whether
sputtered or electrodeposited Cw/Ni/Cu sandwiches would also exhibit perpendicular
magnetization up to 100 A. Our studies showed that a 2000 A thick Cu substrate layer is
appropriate. The Ni thickness must be between 85 A and 100 A: in this thickness range
the sandwiches have a strong perpendicular magnetic anisotropy and squarc
perpendicular M-H loops. The capping layer must be chosen in such a way as to
strengthen the perpendicular magnetic anisotropy, enhance thc Kerr rotation, protect the
Ni films from oxidation, and increase the coercive field (which was only about 250 Oe in
our CwNi/Cu (G01) sandwiches). Our results clearly showed that a 20 A thick Cu
capping layer strongly enhances the perpendicular magnetic anisotrnpy in Ni/Cu (001).
However, we propose (o try other capping layers such as Ag, Au, Pd and Pt since they
oxidize less easily than Cu. Pt and P are particularly attractive since they tend to get
polarized by adjacent ferromagnetic layers (in our case Ni) thus enhancing the Kerr
rotation of the epitaxial structure (as was shown in Co/Pt and Co/Pd multilayers [Zeper et
al., 1991]). In order to increase the Kerr rotation, we also propose to alloy the Ni film
with other elements such as Co or Fe.

Our results on the magnetic anisotropy and magnetoelastic interactions in Ni/Cu
(001) thin films also have more general implications on the design of magnetic recording
heads and media which are currently dominated by thin films. The thickness of these
films is typically 4 microns for inductive heads, a few tenths of a micron for thin film
media, and about 400 A for magnetoresistive heads [O'Handley and Song, 1993). In the
near future, magnetic films thinner than 100 A are expected to be used in recording heads
(in particular, spin-valves and giant magnetoresistance heads). In the present thesis, we
showed that magnetcelastic interactions in the above thickness regime are sharply
different from those of the bulk due to surface effects. These interface effects can
significantly alter and even dominate the behavior of the magnetic anisotropy in a way
which is not known a‘priori but they are larger the larger the stresses imposed on the
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films. Thin films in magnetic devices are subject to large stresses from a variety of

sourc:s including epitaxial misfit, surface oxidation, entrapped sputtering gas, and,

perhaps most importantly, thermal expansion difference between the film and the coating

layers [O'Handley and Song, 1993]. Further, these stresses are often concentrated at

surfaces and interfaces where Befl is greatest. Hence, pinning of the surface

magnetization may result if stress or strain or B¢ is not controlled carefully. For

example, magnetoresistive heads are sandwiched by SiO; layers whose thermal

expansion coefficient is much smaller than that of permalloy or other magnetic metals.

The small thickness of the magnetic layers and their mechanical softness generally makes
them the victims of large thermal-expansion-induced strains. The next generation of thin

film magnetoelastic sensors will be particularly affected by the above giant:
magnetoelastic effects since the size of these devices is becoming smaller and smaller.

Efficient design will be achieved only if the appropriate surface magnetoclastic coupling
coefficients and strains are known a priori, and are taken into account in the
phenomenological equations with the appropriate reduced symmetry [O'Handley er al.,
1993; Chuang eral., 1994; Bochi et al ., 1994).
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Chapter 10
Suggested Future Work

In the previous chaptefs. we demonstrated that we have achieved a good
understanding of the behavior of the magnetic anisotropy in the Ni/Cw/Si (001),
Ni/CugpNi 4o/Cu/Si (001), and CwNi/Cw/Si (001) epitaxial structures. This was possible
only because we have performed a thorough analysis of the quantitative measurements of
the thickness dependence of the effective magnetic anisotropy energy and of the strain
using a complete phcnomenological model. In this chapter, we propose three specific
experiments that can further expand our unc.:standing of the complex behavior of the
magnetic anisotropy and its relation to misfit strain in epitaxial Ni/Cu (001) thin films. In
addition, we list several other areas where further work would be fruitful.

« Ni/Cu/Ni/Cu/Si (001) Mulsil

The first experiment consists in measuring the thickness dependence of the
effective magnetic anisotropy energy, the saturation magnetization, the magnetostriction,
and the strain in NVCw/Ni/CwSi (001) multilayers using VSM and high resolution X-ray
diffraction. Multilayers have two valuable advantages over thin film and sandwich
structures. First, the multilayers would contair. not one but several Ni thin films of the
same thickness scparated by Cu spacing layers of equal thickness. This should allow us
to obtain ex-situ VEM measurements of the thickness dependence of the effective
magnelic anisotropy energy Keff and of the saturation magnetization M; which are
significantly more accurate than the ones obtained with CwNi/Cu sandwiches, thanks to
an improved signal-to-noise ratio. We should also be able to measure K*T(h) and M;(h)
in Ni films thinner than 35 A and possibly thinner than the critical thickness for the onset
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of misfit dislocations (h, = 18 A in Ni/Cu (001)) using multilayers. The latter
measurements, which were impossible to perform in our Cu/Ni/Cu (001) sandwiches, are
very important because, as we will show below, they can allow us to investigate whether
or not the magnetic surface anisotropy energies K¢ and Bs corresponding to the Ni/Cu
(001) interface are the same below and above the onset of misfit dislocations. As
explained in chapter 6, the Curie temperature of 9 A thick Ni/Cu (001) films is
approximately 300 K so that Ni films thinner than 9 A are non-magnetic at room
temperature. This difficulty can also be overcome in the VSM since measurements of the
magnetization's behavior can be performed at temperatures as low as 77 K in our DMS
Magnetometer.

The second major advantage of multilayers is that we can obtain direct and
accurate measurements of the thickness dependence of the strain in the Ni thin films
using high-resolution X-ray diffraction, if the thickness of the Ni films is comparable to
the thickness of the Cu spacing layers. X-ray diffraction patterns would yield the average
interplanar atomic spacing in the Ni and Cu layers which can be easily translated into
average in-plane strain by comparing the average in-plane lattice parameter of the layers
wiih the bulk cquilibrium lattice parameters of Ni and Cu. Unfortunately, we were not
able to take advantage of X-rays for strain measurcmcnts in our Ni'Cu/Si (001) thin films
because the Cu substrates were at least ten times thicker than the adjacent Ni films and
because the (002) diffraction peaks of Ni and Cu are extremely close to each other. As
mentioned in chapter 4, the strain in Ni/Cu (001) thin films has already been measured
using several techniques but they all were based on indirect probes. On the other hand,
we also realize that studying strain relaxation in Ni/Cu (001) multilayers using X-rays is
not a trivial experiment since it requires an involved analysis of complex diffraction
patterns as well as the use of unique and not-easily accessible experimental set-ups such
as synchrotron sources or “-ray absorption fine structure diffractometers (EXAFS).
Hewever, when combined with measurements of Keff(h), X-ray measurements of strain
have proved to be extremely useful in understanding the quantitative behavior of
magnetic anisotropy in superlattices [Lee etal., 1990; Engel et al., 1991].

The only disadvantage of multilayers is that they require very careful preparation
and therefore very accurate control of the growth parameters such as the deposition rates
of Ni and Cu and the substrate temperature. Many depositions may be necessary before
one can achieve nearly-ideai Ni/Cu (001) superlattices with smooth interfaces, negligible
interdiffusion, and negligible Cu surface segregation during growth. [In-situ
characterization using RHEED and ex-situ characterization using cross-sectional TEM
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following every deposition are highly recommended. In order to avoid any potential
surface segregation of the Cu during evaporation and to control the smoothness of the
interfaces, one could grow the multilayers at very low temperatures (such as T = 100 K),
as explained in chapter 5. The superlattices may then need to be annealed following the
evaporation in order to smooth out the rough interfaces that may form as a result of the
low temperature growth.

The Cu substrate/buffer layer deposited directly on the Si (001) wafers has to be
thin enough so that it does not interfere with the X-ray measurements but it also has to be
thick 2nough in order to prevent the copper-silicide layer forming at the Cu-Si interface
fror: reaching the Ni/Cu multilayer, and in order to ensure that the multilayer grows
epitaxially with a (001) orientation. Chang [J. Vac. Eci. Technol., 1990] showed that
1000 A thick Ni films can be grown epitaxially by evaporation on Cu/Si (001) substrates
where the Cu is as thin as 50 A. Naik et al. [1993] have used 500 A thick Cu substrates
in their epitaxial Cw/N¥/CwSi (001) sandwiches. We therefore propose to use a Cu
substrate layer with a thickness ranging between 250 A and 500 A for the Ni/Cu (001)
multilayers. The Ni film thickness would have to range between 10 A and 200 A
whereas the Cu spacer layer thickness would have to be the same in all the superlattices.
A thickness of 50 A for the Cu seems reasonable but thinner and thicker layers also may
be worth trying in order to improve the growth of the multilayers. In order to achieve a
good signal-to-noise ratio in the measurements of the M-H loops and of the strain, we
propose to grow at least ten successive Ni-Cu bilayers on top of the Cu substrate/buffer
layer.

Following the MBE growth, the multilayers would be bronght up to air and Keff
and M, would be measured as a function of Ni thickness with a VSM. For h > h,, we
would plot [Keff + 2xM2] . h versus h and fit the data with the phenomenological model
of Eq. (8.1) using the strain eg(h) measured with X-ray diffraction. Such a fit should
allow us to obtain more accurate values for Ks and Bs corresponding to the Ni/Cu (001)
interface than the ones we measured in chapter 8. For h < h, the Ni films are
pseudomorphic with the Cu substrates which means that the average in-plane biaxial
tensile strain in the Ni is thickness independent and equal to the Ni-Cu lattice mismatch:
eo(h) = 1. Substituting this strain in Eq. (8.1) yields:

[Keff + 27M2] . h = 2Bjn . h + 2 (K® +1B°) (10.1)
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We therefore expect that a plot of [Keff + 2nM2] . h versus h in this thickness regime to be
a straight line with the known slope 2B m and the intercept 2 (Ks+ nBS). By comparing
[2(K® + NB%)}h < n. and [2(K® + NB%)] > 1, We can conclude whether or not the same
magnetic surface anisotropy energies apply to the Ni/Cu (001) films below and above the
critical thickness for the onset of misfit dislocations.

Finally, we propose to measure the effective magnetoelastic coupling coefficient
Beff in the Ni/Cu (001) multilayers using a direct method [O'Handley et al., 1993; Song et
al., 1994; Weber et al., 1994] and to compare it to the value obtained from fitting the
K<(h) data with the phenomenological modei of chapier 8. Very recently, iwo methods
have been proposed and applied successfully to measure Beff in polycrystalline Ni, NiFe,
and Fe thin films. Song et al. [1994] showed that they can measure Beff directly in thin
films kept under ultra-high vacuum by applying an external stress to the films and
monitoring the change in their magnetic anisotropy. Weber et al. [1994] showed that
they can measure the saturation magnetostriction (which is inversely proportional to the
negative of the magnetoelastic coupling coefficient [Chikazumi, 1964]) in ultrathin films
under ultra-high vacuum conditions. Their method is based on a cantilever beam
technique in which the displacements of the free end of a cantilever beam substrate can

be accurately detected upon applying an external magnetic field on the thin film. Both of

these methods show that Beff = Bbulk 4 BT

in magnetic thin films.

o In-situ Quantitative Measurements of Magnetic Anisotropy in Ni1/Cu/Si

The second experiment that we propose consists in measuring quantitatively the
effective magnetic anisotropy energy as a function of the Ni film thickness in Ni/2000 A
CwSi (001) thin films using MOKE while the films are kept under ultra-high vacuum.
The experimental set-up required for this experiment has been described in detail in
chapter 5. However, that set-up needs to be modified so that magnetic fields as large as
10 kOe can be applied both in-plane and perpendicular to films in order to saturate the
samples in both directions. We also propose that these experiments be carried out at
temperatures as low as T = 100 K in order to improve the signal-to-noise ratio in the
magnetic measurements. By plotting [Keff + 2nM2] . h versus h and fitting the data with
phenomenological model of chapter 8, we can determine K¢ and Bs corresponding to the
combination of the Ni/vacuum (001) and Ni/Cu (001) interfaces. In this analysis, we can
make use of the measurements of Mg(h) obtained in the previous experiment. Using the
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known surface magnetocrystalline and magnetoelastic anisotropy energies of the N/Cu

(001) interface, we can then extract Ks and Bs corresponding to the Ni/vacuum (001)
interface alone and compare them to the theoretical predictions Kyivac (0o1y = + 0.09

erg/em? and By, 001y = - 0-51 erg/cm? (at room temperature) of the first nearest-

neighbor pair-interaction model. The experimental values of Ks and B* for both the
Ni/vacuum (001) and Ni/Cu (001) interfaces will help us understand on a quantitative
basis why the region of perpendicular magnetization extends to higher thicknesses in
CwN1i/Cu (001) sandwiches than in Ni/Cu (001) films. As explained in chapter 8, we
suspect that the difference in these two epitaxial systems is due to the fact that

= ob e

Ks(Ni/vacuum}(001) is positive bui significanily smaller than K (Ni/Cu)(001).

» Magnetic Domain Observations in Ultrathin Films

In the third experiment, we propose to study the domain wall structure and the
behavior of the magnetization easy-axis on a microscopic scale in Ni/Cu (001) thin films
using magnetic probes such as a scanning electron microscope with polarization analysis
(SEMPA) or a magnetic force microscope (MFM). SEMPA consists of a scanning
electron microscope which is modified to detect the local behavior of the magnetization
by counting the spin asymmetry of the secondary electrons emitted from a ferromagnetic
sample. It has an in-plane resolution of approximately 100 A to 300 A. The
measurements are conducted while the sample is kept under ultra-high vacuum
conditions. The strength of SEMPA has been shown by Cepen and Kirschner [1989]
who demonstrated that one can resolve the rotation of the magnetization inside domain
walls in Fe crystals using this instrument. Using SEMPA, Allenspach [1994] showed
recently that, contrary to expectations, ultrathin films with perpendicular magnetization
arc not necessarily in a single domain configuration but can have anomalous decmain wall
structures. A SEMPA microscope is currently under construction in Dr. O'Handlzy's
laboratory.

From our perspective, SEMPA is an extremely powerful and unique tool becausc
it could allow us to investigate the effects of misfit dislocations lying at the Ni-Cu
interface on the localized behavior of the magnetization vector. As explained in chapter
4, the misfit dislocations are separated by several hundred Angstroms in Ni/Cu (001)
when the Ni thickness is smaller than about 50 A. One should therefore be able to
resolve the effects of misfit dislocations, if any, on the local magnetization in Ni/Cu (001)
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thin films using SEMPA. We also showed in chapter 4 that the local strain e(x,y,z) due
to misfit dislocations, although very localized around dislocation cores, is compressive
and significantly larger than the average in-plane biaxial tensile misfit strain eg. The
strain e(x,y,z) could therefore pin the magnetization easy-axis at the dislocation core
through the local magnetoelastic anisotropy energy Bse. One can imagine scveral
scenarios for the behavior of the local magnetization easy-axis depending on the distance
separating the dislocation lines, the film thickness, the magnitude and sign of Bs at the
Ni/Cu (001) interface and at the misfit dislocation cores, and the strength of the exchange
interaction in the Ni film.

An interesting scenario is likely to occur in Ni/Cu (001) thin films at Ni
thicknesses between 20 A and 50 A where the dislocations spacing is several hundred
Angstroms. As shown in chapter 6, the magnetization easy-axis is perpendicular to the
films in this thickness range. However, if the surface magnetoelastic coefficient at the
misfit dislocation core at the Ni/Cu (001) interface is large and positive, Bse would be
large and negative at the dislocation cores and could pin the magnetization in the film
plane there. Since the "average" magnetization easy-axis is perpendicular to the films in
that thickness range, the preferred direction of the magnetization must be normal to the
films in the rectangular regions surrounded by the dislocation lines. By scanning the
primary electron beam of SEMPA across a dislocation line along a <110> direction, one
could therefore observe the local magnetization going from perpendicular to in-plane and
back out-of-plane in an oscillatory, quasi-periodic fashion. We can determine whether or
not these very interesting interfacial magnetic phenomena really exist in Ni/Cu (001) thin
films only if we have access to a high resolution magnetic probe such as SEMPA.

Other experiments that can further extend our understanding of the magnetic
anisotropy in thin films and in particular of perpendicular magnetization include:

* in-situ quantitative measurements of the thickness dependence of the strain and of the
magneltic anisotropy in epitaxial Ni/Cw/Si (111) thin films to study the effects of the
crystallographic orientation of the films;

* in-situ quantitative measurements of the temperature dependence of the behavior of the
effective magnetic anisotropy energy in Ni/Cw/Si (001) and in Ni/Cw/Si (111);

* in-situ quantitative measurements of the thickness dependence of strain and magnetic
anisotropy in other thin film systems, especially fcc Fe/Cu and bcc Fe/Ag.
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Appendix

Semi-empirical computations of stress
relaxation at the Ni-Cu interface:
a feasibility study

We emphasized several times throughout this work the importance of strain for
understanding the magnetic anisotropy in thin films and multilayers. Strain affects the
preferred direction of the magnetization through magnetoelastic interactions. We showed
how the average in-plane biaxial misfit strain ey always appears in phenomenological
equations but we also pointed out that the localized strain e(x,y,z) around misfit
dislocations plays an extremely important role since it is very large and can therefore pin
the magnetization easy-axis at film-substrate interfaces. Several models have been
proposed to describe the thickness dependence of the average in-plane biaxial misfit
strain eg, the most commonly referred to being the Matthews-Blakeslee model. Although
this model gives a reasonable approximation to ep(h), it has several limitations: it is a
thermodynamic model; it considers misfit dislocations as the only mechanism for strain
relief; it ignores dislocation interactions; and as a continuum model, it induces a
singularity at dislocation cores. As far as the computations of the strain e(x,y,z) are
concerned, we showed in chapter 4 that the Peierls-Nabarro model yields very interesting
results by taking into account the periodicity of the lattice and removing the artificial
divergence at dislocation cores. However, this model has several shortcomings: the two
crystals that form the interface are both semi-infinite; the model makes use of lincar
elasticity theory; it ignores dislocations interactions; and it considers 90° dislocations as
the only mechanism for strain relief.

Atomistic simulations of the interface structure and energy provide significant
improvements over the simple thermodynamic and elastic models described above since
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atomic positions, dislocation strain fields, average strain fields, and absolute surface and
interface energies can be explicitly determined. Moreover, calculations at finite
temperatures are possible. In these computations, interatomic forces are described by the
embedded atom method (EAM) which is a many-body scheme that includes both
structure-dependent and density-dependent contributions to the total energy of the
interface. Although semi-empirical, the method ic based on density functional theory
which has successfully predicted many of the bulk and the defcct properties of fcc or
nearly-filled d-band transition metals. In particular, it has proved very effective in
reproducing the structural, chemical, and kinetic properties of certain crystalline

interfaces such as grain boundaries [

etal., 1952].

ajid et al., 1989; Needles et al., 1992; Countermen

We have performed preliminary computations on the Ni/Cu (001) interface at T =
0 K using the embedded atom method. The structure consisted of two atomic layers of Ni
and two atomic layers of Cu. The Ni square slab was formed by 38x38 unit cells (5776
atoms) whereas the Cu slab was made out of 37x37 unit cells (5476 atoms), thus creating
a near-coincidence site lattice with a mismatch of only 0.004%. Periodic boundary
conditions were used in the plane (x and y directions) of the structures and the
computation took into account the free surfaces of Ni and Cu. The duration of the full
relaxation was approximately two and a half hours on a Cray X-MP supercomputer. The
results of the calculations are shown graphically in Figs. Al to A9 which illustrate the
positions of the atoms in the four layers before and after the relaxation.

The flat Cu and Ni interface layers are shown in Figs. Al and A2, respectively,
before the relaxation is started. The Cu and Ni surface layers prior to relaxation are
identical to the ones shown in Figs. Al and A2, respectively. Figure A3 is a top view of
the Ni-Cu interface prior to relaxation. At the end of the relaxation, the Ni-Cu interface
becomes perfectly coherent, as illustrated by Fig. A4. The structures of the four atomic
layers following the relaxation are shown in Fig. A5 to A8. The figures indicate that the
layers become three-dimensional and have a four-fold symmetry. The structure of the Cu
surface layer is very interesting because it indicates that a square grid formed by atoms
running along the <110> directions is missing from that layer due to relaxation. This
phenomenon is illustrated even better in Fig. A9 which is a top view of the Cu surface
layer following the relaxation. It therefore seems that the four layer thick Ni-Cu ultrathin
bicrystal cannot support misfit dislocations which apparently propagate to the Cu surface
layer leaving behind a perfectly coherent interface. Figure A9 indicates that the
dislocations spacing is approximately 100 A in these structures. Although this
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preliminary study shows that computations of strain relaxation at the Ni-Cu interface are
feasible with EAM, further computations involving much thicker Cu layers are clearly
necessary if these calculations are tc accurately complement experimental measurements
of strain. If further work were contemplated along these lines, it is suggested to use at
least ten layers in the Cu substrate and various thicknesses for the Ni thin film. Further, a
larger grid size wculd reduce the chances that misfit dislocations spacing is influenced by
grid size. A full pursuit of these ideas was not possible because of limited computer,
manpower, and funding resources.
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The atoms indicate that the interface becomes perfectly coherent alter relaxation.

Top view of the Ni-Cu interlace alter relaxation. The Ni and Cu atoms are indicated by the x and +

symbols respectively.
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he x and y axes are in Angstroms.
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