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1 

Chapter 1 

Genera! introduction 

For magnetotactic bacteria, like the Aquaspirillum magnetotacticum, magnetism is of 
vita! importance [1,2]. These bacteria carry a chain of magnetite particles in their 
cytoplasm, which acts like a biomagnetic compass in the geomagnetic field. For some 

of these aquatic bacteria a propeller at one end makes that they can only move in 

one direction. Depending on the orientation of their magnetic dipole moment with 

Figure 1.1: The direction of migration 

( dotted arrow) of magnetotactic bacteria is 
determined by the direction of the geomag

netic field (thin lines) and by the direct ion 

Óf the magnetic moment (solid arrow). In 

the Northern Hemisphere a north-seeking 

bacterium is guided downward to the sedi

ments and will live, whereas a south-seeking 

bacterium heads upward to the more oxy

genated surface water and will die {Ij. 

respect to the position of the propeller they swim either parallel or antiparallel to the 
geomagnetic field, see Fig. 1.1. On this ground two types of magnetotactic bacteria 

can be discriminated: north- and south-seeking bacteria. Since these bacteria can only 
live in environments with little or no oxygen, it is essential for them to stay close to the 

sediments and away from the surface water where there is too much oxygen. Because 
of the inclination of the geomagnetic field, north-seeking bacteria migrate downward 
and south-seeking bacteria migrate upward in the Northern Hemisphere. This explains 

why in the Northern Hemisphere the population is predominantly north-seeking and 
in the Southern Hemisphere predominantly south-seeking•. 

Although human life does not depend so primarily on magnetism, magnetism plays 

an important role. A variety of magnetic materials is used for a large number of 
applications. The most significant market based on magnetics technology is recording, 

•in 1989 Futschik et al. [3] showed that magnetotactic bacteria can be used for domain analysis 
(e.g" visualization of the domain pattern of a credit card). 
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bath analog and digital. The revenues of the worldwide recording industry, media 
and equipment, is close the $ 100 billion per year [4]. In spite of what nature has to 
offer, many of the used magnetic materials are man-made today. Artificial structures 
with reduced dimensions are used to tailor the magnetic properties, to increase the 
area! density (the number of bits stored per unit area) and to decrease the sizes of 
the magnetic devices. Metallic magnetic multilayers are an example in which one of 
the dimensions (the thickness of the layers) is in the order of Á (10-10 m). Studies 
on the magnetism of structures with not only reduced layer thicknesses hut of lateral 
dimensions as wel!, are just beginning and very promising [5] . 

Magnetic multilayers are composed of a periodic repetition of two or more layers of 
different metals. The possibility to manipulate the chemica! and structural composition 

of these multilayers gives the opportunity to obtain (and/or optimize) properties not 
present in natura! systems, like perpendicular magnetic anisotropy, magnetic interlayer 
coupling, and giant magnetoresistance. Examples of the applications of these systems 
are as media for planar or perpendicular magnetic recording, media for triagneto-optic 
recording, and magnetoresistive materials for magnetic field sensors. 

Since the physical properties of multilayers depend strongly on their structural 
characteristics, like crystal structure, strain, and interface roughness, understanding 
the physical properties requires knowledge of these characteristics. Because interfaces 
and individual layers are embedded in the multilayer structure, this information is in 
genera! hard to obtain. Nuclear magnetic resonance (NMR) is one of the few techniques 
with the capability to determine the structural characteristics on a nanoscopic scale. 
The local sensitivity of NMR experiments originates from the fact that the magnetic 
field at the nuclei, which is measured with NMR, is mainly determined by the nearest 
neighbor atoms of the nuclei. Since the NMR sensitivity for Co is not very large the 
experiments are usually clone on multilayers. 

In this thesis the structural characteristics of vari.ous multilayered systems, as deter
mined with NMR, will be presented and, where possible, compared with the magnetic 
properties of the system. Before, at the end of this introduction, the scope of this thesis 
will be given, we wil! first briefl.y introduce the above mentioned physical properties: 
magnetic anisotropy, interlayer coupling, and magnetoresistance, and comment on the 
infl.uence of the structural characteristics on these properties. 

Magnetic anisotropy 

In the remainder of this chapter we will assume that the magnetic layers are ferromag
netic. The anisotropy of the electronic magnetization defines preferential directions for 
the magnetization. The anisotropy of a thin film can be described by the following 
empirica! equation [6,7]: K = Kv + ~, with K the total anisotropy, Kv the volume 
or bulk contribution, t the thickness of the film, and K. the difference between the 
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anisotropy of the interface (or Stlrface) atoms and the bulk atoms. This difference 
is a consequence of the breaking of the symmetry of the magnetic layer at the inter
faces [8]. Three sources of magnetic anisotropy can be distinguished; shape anisotropy, 
magnetocrystalline anisotropy, and magnetoelastic anisotropy. The magnetocrystalline 
and shape anisotropy contribute only to the volume term, whereas the magnetoelastic 
anisotropy can contribute to bath the volume and the interface term [9-11]. In gen
era! the shape anisotropy is the dominating contribution and the easy direction of the 
magnetization is parallel to the film plane. However, for very small layer thicknesses 
of the magnetic element, the contribution of the interfaces can be that large that a 
perpendicular easy direction is preferred. This perpendicular anisotropy is found for 
many multilayered systems [12]. 

The magnitude of both the volume and the interface term is strongly influenced by 
the structural characteristics. For Co the coexistence of fee and hcp phases influences 

the magnetocrystalline anisotropy [13,14]. Interface roughness affects both the shape 
anisotropy and the interface anisotropy [11,15,16]. 

Magnetic interlayer coupling 

Ferromagnetic transition metals separated by a thin layer of a non-magnetic metal 

(e.g. Fe/Cr/Fe, Co/Cu/Co) exhibit an exchange coupling which oscillates, as a func
tion of the spacer layer thickness, with a period in the order of 10 Á and which decays 
with increasing thickness of the spacer layer [17- 19]. Besides these long period oscil
lations also short period oscillations (about 2 monolayers) where predicted [20] and 
experimentally confirmed [21,22]. Recently also a dependence of the coupling strength 
on the thickness of the magnetic layers was found [23,24]. A review of the theory and 
experimental results concerning exchange coupling in magnetic multilayers is given in 
Ref. [25] and [26]. 

The influence of strain, misfit dislocations, and interface roughness on the interlayer 
coupling is discussed by Bruno and Chappert [27]. The infiuence of interface roughness 
on the period, phase, and strength of the interlayer coupling is theoretically studied by 
Inoue [28]. 

Magnetoresistance 

The discovery of the antiferromagnetic coupling in Fe/Cr multilayers was accom
panied by the discovery of giant magnetoresistance (GMR) in this system [29,30]. 
Subsequently, GMR was found in a number of multilayered and granular systems 
[25,26,31- 36]. The GMR originates from the spin dependence of the scattering rates 
of the conduction electrons, either in the bulk of the magnetic material or at the mag
netic / non-magnetic interface. The resistance is large for the antiferromagnetic state 
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(or random state for granular systems) and small for the ferromagnetic state. Tran

sitions between the different magnetic states can be created by applying an external 
magnetic field. For multilayers antiferromagnetic alignment can be obtained in several 

ways: antiferromagnetic coupling, different coercivities, and exchange biasing [32). The 
magnitude of the GMR depends on the combination magnetic metal / non-magnetic 
metal, the roughness at the interfaces [37], for multilayers on the thickness of the 

magnetic and non-magnetic layers, and for granular systems on the cluster size and 
distance. Recently, very large magnetoresistance values ( colossal magnetoresistance) 
were found in oxidic systems like LaCaMnO [38]. 

The work described in this thesis focuses on the experimental investigation of the 

structural characteristics of various series of multilayers with nuclear magnetic reso
nance. Before these studies will be presented we will review the theoretical background 

of NMR in chapter 2. In this chapter the effective field at the nuclear magnetic mo
ments and the influence of the environment on this field is discussed. At the end of 
this chapter we will explain how information about the interface roughness and inter

face topology can be deduced from NMR spectra of multilayers. In chapter 3 we will 
introduce the NMR spin-echo technique, the experimental setup, and the experimental 
procedures. 

In chapters 4 to 7 the results of NMR studies on a number of Co-based multilayers 
are presented. In chapter 4 the strain of the Co lat tice in series of multilayers with 
a largely different structural mismatch wil! be determined with NMR and compared 
with a model that is an extension of the model of Van der Merwe and Jesser [39,40]. 

This model will turn out to provide a good description of the strain in multilayers with 
very small mismatch (Co/Ni) and very large mismatch (Co/Ag). 

Chapter 5 subsequently deals with the structural characteristics of a variety of 

Co/Ni multilayers and some Co-Ni alloys. In this chapter the influence of the growth 
direction ((lll) or (100)), the deposition rate, and annealing t reatments on the struc
tural characteristics of Co/Ni multilayers will be discussed. 

An extensive study of the relation between the nanostructure and the magnetic 

and transport properties of granular Co/ Ag multilayers will be presented in chapter 6. 
The results of the NMR measurements show that, for Co/ Ag multilayers with thin 
Co thicknesses, the Co layers are discontinuous, which has important consequences 

for the magnetoresistance. The influence of annealing on the structural and magnetic 
properties of these granular Co/ Ag multilayers will be discussed in the second part of 
chapter 6. 

During the last decades most of the multilayered samples, including the samples of 
chapter 4 to 6, were grown by sputtering or molecular beam epitaxy (MBE). Recently 
it has been shown that electrodeposition may be used to grow magnetic multilayers and 
magnetic multilayered nanowires exhibiting giant magnetoresistance (41- 44] . To obtain 
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detailed information about the structure of the magnetic layers and about the interface 

roughness and topology of electrodeposited multilayers, we studied Co/Cu multilayers 
with 59Co nuclear magnetic resonance. In chapter 7 we will show the results of this 
study. We will discuss the stabilization of the fee structure of the Co by fee Cu, the 
presence of Cu impurities in the Co layers, and the influence of leveling agents on the 
microstructure. 



Chapter 2 

NMR as characterizing tool 

Abstract 

With nuclear magnetic resonance the interaction between the nuclear 

magnetic moment of an atom and the total magnetic field at the nucleus 

is measured. In the first section of this chapter the different contribu

tions to the magnetic field at the nucleus wil/ be reviewed. In the second 

section the infiuence of the local environment on the magnitude of this 
field is described. The possibility to obtain structural information from 

NMR spectra will be illustrated with some examples. 

2.1 Magnetic field at the nucleus 

7 

For an atom with a nuclear magnetic moment there are interactions between this mo
ment and the unpaired electrons of the atom itself and those of neighboring atoms. 
Usually these interactions are represented by an effective field: the hyperfine field. For 
paramagnetic solids the direction of the hyperfine field varies randomly, due to ther

mal motion of the d electrons with frequencies much higher than the NMR frequency. 
Therefore the hyperfine interactions have a small effect and the NMR resonance fre
quency is mainly determined by the externally applied magnetic field. However, for 
ferromagnetic metals, the directions of the atomie magnetic moments and the hyperfine 
field are fixed, due to strong exchange interactions between the magnetic moments. In 
this case the hyperfine field is much larger (20-30 T for the 3d elements) and becomes 
the dominant factor inducing the splitting of the nuclear energy levels (resonance can 
be observed without an externally applied magnetic field). 

The total magnetic field at the nucleus, Btot, is the sum of several contributions: 
a hyperfine field, B{u, a dipolar field, Bdip, possibly an external field, B"ppJ, and an 
induced field, Bind [45,46]. The energy difference 6.E between the resulting Zeeman 
levels equals 

ó.E = n>r 1 Biot 1= n1 1 B{u + Bwp + Bapp1 +Bind 1= nw (2.1) 

where w is the resonance frequency (w = 271" J) and 1 is the nuclear gyromagnetic ratio. 
In the following sections the various contributions to Biot will be discussed. 
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2.1.1 The hyperfine field 

In this section we wil! show that both the magnitude and the anisotropy of the hyperfine 

field depend on the local environment, which enables the study of the local environment 
with NMR. In Ref. [47] the magnetic hyperfine field is discussed in detail. 

The hyperfine field is the sum of three contributions: the contact field, Ëcon, the 
hyperfine dipolar field, and the orbital field [48-50]. For ferromagnetic materials is the 

contact field the largest contribution to the hyperfine field (for Co 1 Ëcon 1 ~ 20 T). It 
originates from the polarization of the electrons with a probability density not equal 

to zero at the nucleus [48]. Three contributions to the polarization can be distin
guished [51,52]: 
( 1) Ëcom the core polarization due to the exchange interaction bet ween the on-site 
magnetic moment of the 3d electrons and the inner s electrons 

(2) Ëcond, the spin polarization of the conduction s electrons due to the on-site mag

netic moment of the atom itself 
(3) Btrans, an overall (transferred) conduction electron polarization due to the moments 
of neighboring atoms (transferred hyperfine field). 

The total contact field at the nucleus of 3d magnetic atoms, located at a certain crys

talline site ( i), can be written as 

(2.2) 

In genera! the magnitude of the first two terms is proportional to the on-site magnetic 

moment, µ(i), whereas the magnitude of the third term is proportional to the number 
of nearest neighbor magnetic atoms, ni(i), and their magnetic moments µ(j) [51-56] 

1 Ëcore( i) 1 + 1 Ëcond( i) 1 = aµ( i) 

1Btrans(i)1 = C:Enj{i)µ(j) 

(2.3) 

(2.4) 

with a and c the hyperfine coupling constants. These equations straightforwardly 
show that the magnitude of the polarization depends on the magnetic moments of the 
neighboring atoms, which makes the hyperfine field sensitive to the local environment. 

The hyperfine dipolar field is caused by the dipolar interaction of the nuclear mag
netic moment and the unpaired 3d electrons within the same atom. The magnitude 

and anisotropy of this field depend on the symmetry of the crystal. For cubic symmetry 
the net hyperfine dipolar field is zero. For lower symmetries, such as hexagonal, the 

magnitude of the field depends on the angle between the c-axis of the material and the 
electron magnetization [57]. 

The last contribution to the hyperfine field is the anisotropic orbital field, which is 
created by the orbîtal angular momentum of the electrons in the unquenched d shell. 
The orbital field is proportional to (l/r3 ) [57,58], the expectation value of the angular 
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momentum operator L divided by the distance of the electrons to the nucleus, r, to 
the third power. 

2.1.2 The dipolar field 

Besides the dipolar interaction between the nuclear magnetic moment and the 3d elec

trons of the same atom, the nuclear magnetic moment also has an interaction with the 

magnetic moments of all other atoms. The field created by the other moments can be 
expressed by 

B. _ µo [- mi 3(mi · i;)T;] 
dip - 4 2: 1 ""'. 13 + 1 ""'. Is 7r i r. r1 

(2.5) 

with mi the magnetic moment of atom i and T; the relative position of the dipole 

i with respect to the nucleus. The summation includes all dipole moments except 
that of the atom considered. The dipolar field can be considered as being the sum 

of a demagnetizing field, Bdemag, and an isotropic Lorentz field, EL, which is equal 

to ~µ0M., with M. the saturation value of the electron magnetization [45,59]. The 
demagnetizing field is anisotropic and depends on the shape of the solid. In the case 
of a thin film, it can be described using an infinite thin plate approximation. For this 

geometry the dipolar field is given by 

(2.6) 

with () the angle between M. and the film normal, whose direction is indicated by the 
unit vector ë.,. In the remainder of this thesis we will combine the hyperfine field and 

the isotropic part of the dipolar field and use BhI = B{u + BL. 

2.1.3 The induced field 

The induced field is the result of the coupling of the electrons in the completely filled 

shells with the nucleus. The interaction between the nucleus and the motion of the 
electrical charges of the electrons gives rise to the chemica! shift, the interaction between 

the nucleus and the magnetic moment of the electrons gives rise to the Knight shift 
[60]. For diamagnetic and paramagnetic elements the induced field is zero if no external 
magnetic field is applied. Applying a magnetic field results in a polarization of the 
electron system and an extra splitting of the nuclear energy levels, due to the interaction 

with the polarized electrons. For ferromagnetic elements these extra splittings are also 

present without externally applied magnetic fields, but the contributions of these effects 
are much smaller than the other field contributions and in genera! can be neglected. 
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2.2 Effect of the environment on the hyperfine field 

As explained in the previous section, the magnitude of some of the contributions to the 
hyperfine field depends on the local environment. In this section the influence of the 
crystal structure, the strain, and the presence of foreign neighbors on the hyperfine field 
will be discussed. The possibility to obtain structural information from NMR spectra 

will be illustrated in section 2.2.4 for alloys, and in section 2.2.5 for multilayers. 

2.2.1 Structure 

In section 2.1.1 we noted that the magnitude and the orientation of the orbital and 
dipolar hyperfine fields are influenced by the crystal structure. By measuring the 
magnitude and anisotropy of the hyperfine field different crystallographic structures 
can be distinguished. For example, the hyperfine field of fee Co is isotropic and has a 

magnitude of about 21.6 T [14] whereas the hyperfine field of bcc Co is approximately 
19. 7 T [61,62]. For hcp Co the hyperfine field is anisotropic with an angular dependence 
given by 

B _ B · B { 3 cos 28 - 1 } 
hf- ,+ a 2 (2.7) 

In this equation 8 is the angle between the c-axis and the electron magnetization, 
B; ( ~ 22.6 T) the isotropic and B" ( ~-0.57 T) the anisotropic contribut ion to the 
hyperfine field [58]. The anisotropy of the hyperfine field can be determined by mea
suring the resonance field as a function of the angle between the applied magnetic field 
and the film plane of the sample. 

2.2.2 Strain 

Reflecting on the origins of the hyperfine field, it is clear that it is greatly influenced by 
the local environment of the nucleus. The dependence of the anisotropy on the crystal 
structure proves this. In this section the influence of the strain on the hyperfine field 
will be discussed. Strain in a material is the compression or expansion of the lattice 
caused by forces. For Co, Ni, and Fe it has been shown that there is a relationship 
between the pressure on the lattice, causing the strain, and the magnitude of the 
hyperfine field [63,64]. The dependence of the magnitude of the hyperfine field on the 
pressure is caused by the changes in the magnetic moment of the ion and in the spin 
density of the valence s electrons at the nucleus, when a material is compressed or 
stretched. For Co the relation between the hyperfine field and an isotropic pressure P 
is given by [63] 

8 1 B -12 -1 f)P n hf = 5.92 · 10 Pa (2.8) 

To derive a relation between the change in volume and the change in hyperfine field 
we use the bulk modulus, K, which relates the change in pressure to the change in 
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volume V. For Co, 1/ K = 5.26 · 10-12 Pa - 1 , at room temperature [65,66], yielding 

/).~bi = -1.12/j.: (2.9) 

2.2.3 Foreign neighbors 

In multilayers and alloys some of the atoms will have one or more foreign neighbor 
atoms. As stated in section 2.1.1, the contact field is sensitive to the magnetic moments 

of neighboring atoms, so atoms with foreign neighbors will have a different hyperfine 
field. In principle, the infiuence of a foreign atom in a host material can be feit several 

neighbor shells away [67,68). However, due to the line widths of a NMR spectrum, with 
NMR usually only the infiuence of foreign atoms in the nearest neighbor (nn) shells 
can be measured. 

NMR spectra reflect the distribution of the intensity over the different hyperfine 
fields. For multilayers and alloys NMR spectra are composed of a line from bulk atoms 
(i.e" atoms with only neighbors of the same kind), and of lines from atoms with one 
of more foreign neighbors in the nn shell. The first line wil! be called the main line, 
the latter lînes wîll be called satellite lines. Because the hyperfine field of atoms with 
foreign neighbors differs from the hyperfine field of bulk atoms, their line position will 
be shifted away from the bulk line. The sign and magnitude of this shift depend on 
the specific combination of elements. In Table 2.1 some values are given for the shift of 
Ebi at a Co nucleus if a Co atom is replaced by another atom in the nearest neighbor 
shell. The data refer to Co-x alloys. In a simple naive way the infiuence of substituting 
a Co atom by a foreign atom can be estimated by comparing the magnetic moment of 
the foreign atom with the moment of a Co atom [69]. Replacement by a non-magnetic 
atom (e.g. Cu) results in a decrease of the magnitude of Bhi of the host Co atom by 
about 2 T. Replacement of a Co neighbor by an atom with a magnetic moment smaller 
than that of a Co atom results in a smaller decrease (-0.7 T, Ni); if the moment is 

[ element [ shift (T) 1 Ref. I[ element 1 shift (T) [ Ref. 

Al -2.2 [54) Fe +0.9 [69] 
Si -1.6 [54] Ni -0.7 [70] 
Ti -4.0 [71] Cu -1.6 [69,72] 
v -4.0 [73] Ge -1.6 [54] 
Cr -3.2 [69] Nb -4.7 [54] 
Mn -3.7 [74] Ru -2.5 [69] 

Table 2.1 : Shift of the Co hyperfine field for some Co alloys when a Co atom in the 

nearest neighbor shell is replaced by a f oreign neighbor. 
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larger than that of Co Bhf increases ( +0.9 T, Fe). For atoms that carry a moment 

that is antiferromagnetically coupled to the Co moment, the decrease of Bhf is rather 
large (e.g. Cr, -3.2 T). It has to be noted that this argumentation is rather simplified. 
For accurate estimates of the shifts sophisticated calculations are required, which can 
account for, e.g., the reduction of the magnetic moment of the Co atoms due to non
magnetic neighbors, or the polarization of non-magnetic neighbors due to the magnetic 

moment of Co. The distances between the successive satellite lines, and the distance 
between the first satellite line and the bulk line, are approximately the same, since the 
addi tion of each foreign atom to the nearest neighbor shell has abou t the same effect 

on BhI, see Eq. (2.4). 
It is obvious that the position of a line in a NMR spectrum (i.e., the magnitude of 

BhI) gives information about the local environment. This, combined with the fact that 
the intensity of a line re:flects the number of atoms with that specific environment (see 

Eq. (3. 7) ), enables one to determine which environments are present in a sample and the 
relative number of atoms with a specific environment. Such information is extremely 

valuable when one tries to determine the interface topology and the interface roughness 
of multilayers or the distribution of atoms in alloys. In the remainder of this chapter 
we will illustrate which information can be deduced from NMR measurements by dis

cussing some examples of theoretica! NMR spectra of random alloys and multilayers. 

2.2.4 Random alloys 

Information about the distribution of atoms in alloys can be obtained by compar
ing measured NMR spectra with theoretica! spectra. As an example we will discuss 

Co1-c Xc alloys, with c the concentration of element x . The probability (P) to find 
a Co atom with n foreign neighbors depends on the concentration and distribution of 
the atoms of element x. For random alloys with closed packed structures (like fee and 
hcp) each atom has 12 nearest neighbors and this dependence is given by a binomial 

law [75) 

P( ) ( ) ( )12-n n 12! 
n, c = 1 - c 1 - c c ( 2 _ )' 1 1 n. n. 

(2.10) 

The first term in this equation, (1 - c), gives the probability of finding a Co atom in the 
alloy. The second and third term give, respectively, the probability of fin ding 12 - n Co 
neighbors and n foreign neighbors. The last term accounts for the different possibilities 
to arrange n atoms over 12 positions. In Fig. 2.l(a) the probability of finding a Co 
atom which has n foreign atoms at the nearest neighbor sites is plotted as a function 

of the concentration of element x. Using these probabilities and choosing appropriate 
values for the position of the main line, the shift per replacement of a Co neighbor by 
a foreign neighbor, and the width of the Gaussian lines, theoretica! NMR spectra were 
calculated. Fig. 2.l(b) shows some spectra for Co1_ c Xc random alloys. A comparison 
of such theoretica! NMR spectra with measured spectra gives information about the 
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Figure 2.1: The left part of this figure shows the probability to find a Co atom with 

n foreign neighbors as a function of the concentration of the foreign neighbors for a 

random alloy. In the right part theoretica/ NMR spectra for random Co1_cXc alloys 

with c=0.02, 0.06, and 0.15 are plotted. The spectra were calculated with the main line 
at 21. 6 T and a shift of - 0. 14 T per replacement of a Co atom by a foreign atom. 

concentration of the impurities and demonstrates whether an alloy is random, ordered, 

or that the elements have clustered. In the case of large clusters, the intensity of the 
main line will be larger than expected on basis of the binomial distribution. 

2.2.5 Multilayers 

For multilayers the intensity of the satellite lines arises from atoms at the interfaces. 

Analyzing the distribution of the intensity over the different satellite lines leads to 
information about the topology of the interfaces. Comparing the total interface in
tensity with the intensity at the bulk part of the spectrum gives information about 

the interface roughness. Two types of rough interfaces can be distinguished. The first 

type are diffuse interfaces, where at the interface an alloy is present. This alloy can 
have a constant concentration of the various atoms, a concentration gradient, or can 
be an ordered alloy. The second type of roughness occurs at compositionally sharp in

terfaces with steps at the interfaces, e.g" interfaces with mono-atomie steps, bi-atomie 
steps, 2-dimensional islands or 3-dimensional islands. An example of a compositionally 

sharp and a diffuse interface is given in Fig. 2.2(b) and 2.2(c), respectively. In this fig
ure different interfaces of multilayers and the corresponding theoretica! NMR spectra 

are presented. To calculate the spectra fee Co/Cu multilayers are used as example. 

In Fig. 2.2(a) a perfectly flat (lll) interface is shown. In this situation only two pos
sible Co surroundings can be distinguished: bulk Co atoms, with only Co neighbors, 

and Co atoms at the interfaces, with 9 Co neighbors and 3 Cu neighbors. The NMR 
spectrum shows two lines, the main line and the third satellite, with an intensity ratio 
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Perfectly flat (111) interface 

Interface with monoatomic steps 

Diffuse interface 
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Figure 2.2: Schematic presentation of three different types of interfaces with their 

corresponding NMR spectra. (a), (b), and (c) show, respectively, a perfectly smooth 

interface, a compositionally sharp int erf ace with monoatomic steps, and a diffuse in

terface. The numbers above the NMR spectra denote the numbers of Co and Cu nearest 

neighbor atoms. For an explanation see the text. 
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that varies linearly with the thickness of the Co layer. For perfectly flat (100) interfaces 
the main line and the fourth satellite would be found. In Fig. 2.2( b) the interfaces 
have a regular array of monoatomic steps (e.g., hexagonal islands or strips on the 
interface). Due to these steps more than 2 Co surroundings are possible. Note the fact 

that because of the regular symmetry some surroundings have a large probability and 
some surroundings do not occur. The occurrence and intensity of the lines reflect the 
symmetry (topology) at the interfaces and can be compared with models. Fig. 2.2(c) 
shows an example of a diffuse interface. In this case all possible surroundings are 
present and the distribution of the intensity over the interface lines depends on the 
concentration gradient at the interface. 

As already stated above, it is possible to determine the interface roughness of mul

tilayers by comparison of the total interface intensity (number of interface atoms) with 
the intensity at the bulk part of the spectrum (number of bulk atoms). In principle only 

one spectrum is needed to determine the interface roughness. In practice, however, not 
the total NMR spectrum is measured (only part of the interface spectrum is measured), 
and hence we cannot determine the interface roughness from one spectrum. Usually 
a series of multilayers with a variable Co layer thickness is measured and the ratios 
of the interface and bulk intensities are compared. It is assumed that the measured 

interface part is representative for the total interface spectrum and that the interface 
topology is constant as a function of the Co layer thickness. Fig. 2.3 shows the theo
retica! dependence of the bulk intensity, the interface intensity, and the ratio of these 
intensities on the Co layer thickness. In Fig. 2.3( a) the situation for perfectly smooth 
interfaces is shown. The interface intensity is constant for Co layer thicknesses larger 
than 4 Á ~ 2 ML (in this thesis 1 monolayer, ML, Co is defined as the distance between 
the close-packed (lll) planes in bulk fee Co, 2.05 Á). For these Co layer thicknesses 
some amount of bulk Co is present. This amount increases linearly with increasing Co 
layer thickness. Since the interface intensity is constant, the ratio between the bulk 
and the interface intensity is also a straight line with the same intersection at the Co 
layer thickness axis. This intersection gives the thickness of the interface region per 
Co layer, which equals two times the thickness of the mixed region per interface. In 
Fig. 2.3(b) the intensities are given for the situation of an interface with a constant 
roughness. Now the interface intensity is larger and the intersection with the Co layer 
thickness axis occurs at larger Co layer thicknesses. If the roughness increases linearly 

with increasing Co layer thickness, as shown in Fig. 2.3(c), the bulk intensity is still 
linearly proportional to the Co layer thickness, hut the ratio between the bulk and 
interface intensity is a curved line. 

In order to obtain the bulk intensity as a function of the Co layer thickness, one 
has to separate the bulk and the interface intensity of the measured NMR spectra. 
Due to the widths of the main line and the lines from Co atoms at the interfaces the 
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Figure 2.3: Theoretica[ dependence of the NMR intensity arising from the interfaces, 

the bulk, and the ratio of these intensities on the Co layer thickness. The intersection 

of the lines with the horizontal (Co layer thickness) axis gives a value corresponding 

to two times the interface region. In ( a) the intensities for perfectly fiat interfaces are 

given, in (b) for interfaces with a certain constant roughness, and in (c) the roughness 

of the interfaces increases with increasing Co layer thickness. For more explanation 

see the text . 
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Figure 2.4: IJ the contributions from the interface intensity and from the bulk intensity 

to the NMR spectra are hard to separate, the interface roughness can be obtained from 

the bulk integrals as a function of the Co layer thicknesses for various values of the 

boundary between the bulk and the interface part of the spectra. 

contributions from the bulk and from the interfaces are hard to separate. lf the inter
face intensity is independent of the Co layer thickness, this problem can be solved by 
calculating the integrals of the bulk parts of the spectra for various boundaries between 
the interface and the bulk part. This procedure is illustrated in Fig. 2.4. Fig. 2.4( a) 
shows four theoretica! NMR spectra with a constant interface contribution and a bulk 
contribution which is proportional to the Co layer thickness. The integrals of the bulk 

parts were calculated for five different boundaries ( denoted by the vertical lines in Fig. 
2.4( a)) between the interface and the bulk part . The intensity of the bulk part as a 
function of the Co layer thickness is plotted in Fig. 2.4(b) for the different boundaries. 
The sol id lines in Fig. 2.4( b) are fits of a straight line to these intensities. If the bound
ary is shifted to higher hyperfine fields in the region where only interfaces contribute 
to the intensity (20.7---+ 21.3 T), the lines are shifted downwards while their slope re
mains constant, since for all Co layer thicknesses the integrals diminish with the same 
amount. However, if the boundary is shifted to the hyperfine field range where some 
intensity arises from bulk Co atoms, the decrease of the integrals of the spectra with 
larger Co layer thicknesses is larger than for the integrals of the spectra with smaller 
Co layer thicknesses. This results in a decrease of the slope of the fitted line if the 
boundary is shifted to higher hyperfine fields. For these lines (boundary 21.3, 21.6, 
21.9 T) the intersections with the Co layer thickness axis give the correct value for the 
Co layer thickness where the intensity of bulk Co vanishes. This thickness equals two 
times the thickness of the interface region. 
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In principle, it is also possible to plot the maximum intensity of the main line as 
a function of the Co layer thickness. For many Co-based multilayers, however, the 
amount of fee Co, hcp Co, and Co in stacking faults depends on the Co layer thickness. 
If, in such a case, one only considers the maximum intensity of one line, the obtained 
value for the interface roughness is erroneous. 

. ' " ... · 
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Spin-echo experiment 

Abstract 

In the first section of this chapter the principles of the spin-echo exper

iment will be described. The N MR equipment will be discussed in the 

second section. In the last section some remarks about the parameters 

which determine the intensity of NMR lines will be made. 

3.1 Principles of spin-echo experiments 

19 

The magnetie moments of nuclei in ferromagnetic materials can give rise to a net 
magnetization M. When the moments are located in a statie magnetie field B0 , large 
enough to saturate the eleetronie ma.gnetizati<in, the nuclear magnetization will be 
directed antiparallel to this field,änd will have the saturation value M0 . If the nuclear 
magnetization is disturbed from this equilibrium position ( e.g" by a radio frequency 
pulse) it will return to this position with a dynamica! behavior described by the Bloch 

equations [60,76,77]. If Bo= Boëz the Bloch equations are 

d -M .... 
(3.1) dtMx = T

2 
x + 1(M X Boëz)x 

d -M .... (3.2) dtMy = T + 1(M X Boëz)y 
2 . 

d -(Mz - Mo) (3.3) dtMz T1 

with / the nuclear gyromagnetic ratio and T1 and T2 the characteristic relaxation 
times. The relaxation time T1 , the spin-lattice or longitudinal relaxation t ime, is a 
result of the interaction of the nuclèa.r magnetization with the lattice; T2 , the spin-spin 
or transverse relaxation time, is the result of interaetions between the nuclear mo
ments. During the experiment, a radio frequency (RF) magnetic field with frequency w, 

B1 (w) = 2B1 ëx cos wt, is applied pe"i'pendicular to the statie field. If the time during 
which the RF field is applied is much shorter than the relaxation times, the infiuence 
of relaxation can be neglected and the Bloch equations change into 

(3.4) 
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The problem one encounters when one tries to visualize the motion of the magnetization 

induced by an RF pulse, is the fact that these motions are superimposed on the rapid 
Larmor precession of the nuclear spins caused by the torque of Bo on M. The effect 
of the statie field can be cancelled by working in a coordinate system rotating around 
this field (the z-axis) with a frequency equal to the Larmor frequency (wr, = 1B0 ). In 
this rotating frame (x'y'z) the RF field can be decomposed in two components. One 

component is a statie field along the x'-axis and the other one a high frequency (2w) 
field, whose influence can be neglected [78,79] . In the rotating frame the equation of 
motion (3.4) becomes 

(3.5) 

When w ~ wr, the magnetization will precess mainly around B1ëx' in the rotating 

frame. In the laboratory frame the magnetization spirals up and down the z-axis [80]. 
During the experiment an RF field with a frequency wr, is applied for a time rp, during 
which the magnetization wil! rotate over an angle a with respect to the z-axis. The 
relation between a and the pulse time rp is given by a = ,B~ffrp. B~ is the effective 
RF field that is experienced by the nuclei. Due to enhancement of the applied RF field 

by the electronic magnetization this field is larger than the applied B1 . The influence 
of enhancement will be discussed at the end of this chapter. 

During a spin echo experiment a sequence of two RF pulses is applied. If, for ex
ample, the first pulse is a 7r /2-pulse (it turns the nuclear magnetization over an angle 

7r/2), the magnetization will lie in the x' - y' plane after this pulse, see Fig. 3.l(b). 
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Figure 3.1: The behavior of the nuclear magnetization during a ~7r-7r -pulse sequence. 

The behavior is given with respect to the rotating frame x'y' z . 
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Figure 3.2: A schematic presentation of the envelopes of the RF signals as a function 

of time for a !'lr - 7r-pulse sequence spin-echo experiment. 

Because of field inhomogeneities not all spins will precess with the Larmor frequency, 

hut there will be a distribution of frequencies. In the rotating frame this means that 

the spins will precess around the z-axis in different directions and with different fre

quencies (Fig. 3.l(c)). This dephasing of the nuclear spins results in a decrease of the 
magnetization to zero. The corresponding decrease of the induction signal in, e.g., a 
pick-up coil is called the free induction decay (FID) . After a delay time T a 7r-pulse is 
applied and all the spins will rotate in a way such that their angle with the z-axis is 

increased by 7r (Fig. 3.l(d)). This will make the spins to rephase and after a time T the 

magnetization reaches a maximum value. In general, this value will be smaller than 
the value of the magnetization just before the experiment, because of the spin-spin 
interaction. The induction signa! which can be detected after the spins have rephased, 
is called the spin echo [78,80] . The RF fields are applied with a coil that is wrapped 
around the sample. The same coil is used to detect the spin echo. In Fig. 3.2 the 
envelopes of the RF signals in the coil as a function of time are given. 

3.2 NMR equipment 

A schematic drawing of the experimental apparatus used for the NMR measurements 
is presented in Fig. 3.3. A short description of the different modules will be given. The 
generator consists of a HP synthesizer, a gate unit, and a wideband power amplifier. 

The HP synthesizer generates a continuous wave of the desired frequency (between 0.1 
and 1040 MHz). In the gate unit this wave is transformed into a pulse sequence with 

the desired amplitude. The pulses are amplified by the wideband power amplifier to a 

maximum of 100 Watt RMS. The wideband amplifier has a frequency range between 

0.1 and 500 MHz. 
The electronic switch leads the pulses to the LC circuit (with the sample) and the 

spin echo from the LC circuit to the receiver. In the receiver the RF signa! is amplified 
and mixed to an intermediate frequency, IF, of 70 (or 40) MHz. This IF signal is 
amplified and led toa demodulator unit, which splits the IF signa! in two signals with 
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Figure 3.3: Schematic diagram of the experimental apparatus. The terminal trans

fers all relevant parameters of the experiment to the controller and the data /rom the 
controller to a PC. The controller controls the signal generator, the electronic switch, 

and the receiver, and collects the spin-echo data. The RF pulse sequence of the desired 

frequency and power is generated by the RF generator. The pulses are led to the elec

tronic switch, which directs the pulses to the LC circuit and the spin-echo signa/ /rom 

the LC circuit to the receiver. The receiver amplifies and demodulates the spin-echo 

signa!. 

a phase difference of 90° (P and Q) and transforms these signals to signals centered 
around zero frequency. These P and Q signals are filtered and subsequently processed 

by a data-acquisition system. Besides the centra! frequency (the chosen RF frequency, 
or the zero frequency after demodulation) also contributions of nuclei with a slightly 
different resonance frequency are detected. The bandwidth is determined by the last 

filter in the demodulation unit. To discriminate the spin-echo signa! with the center 
frequency from the other contributions Fourier transformation is used. 

The LC-circuit consists of a copper coil that is wrapped around the sample, cov
ering it as much as possible. Two adjustable capacitors are used to obtain impedance 
matching between the characteristic impedance of the equipment (50 f!) and the LC

circuit. Besides being used to apply the RF field to the sample, the coil is also used to 
detect the induction signa!. 

The statie magnetic field is supplied by a split-pair superconducting magnet (max

imum field 6 T), which is placed in a liquid He bath in a cryostat. The sample with 

the LC-circuit is positioned in the center of the magnet. It is possible to rotate the 
sample such that the magnetic field makes an arbitrary angle with the film plane of 

the sample. By pumping the He bath, a temperature of approximately 1.6 K can be 
achieved during the experiments. 
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The pulse sequence that is used depends on the sample that is measured and the 

conditions of the measurements. Typical durations of the RF pulses and the time 
between the two pulses are lµs and lOµs, respectively. The choice of the Jatter time 
depends on the spin-spin relaxation time. The pulse sequence is usually repeated with 
a frequency of about 10 Hz. In determining this repetition rate, the characteristic 
spin-lattice relaxation time has to be taken into account. 

3.3 Experimental methods, spin-echo intensity 

One of the purposes of the spin-echo experiment is the determination of the hyper
fine fields in a sample. When the resonance frequency, f, and the magnitude of the 
statie applied field, Bappl, are known, the hyperfine field, Bhf, can be determined with 
Eq. (2.1). If the applied field is parallel to the film plane Eq. (2.1) becomes 

(3.6) 

since Bhf is antiparallel to the electronic magnetization. To measure the hyperfine field 

distribution it is possible to vary the applied field at a constant frequency or to keep 
to the applied field constant (e.g., equal to zero) and vary the frequency. 

Besides the determination of the magnitude of the hyperfine fields that are present 
in a sample, another point of interest is the determination of the relative number of 
atoms with a certain hyperfine field (see chapter 2) . This information can be obtained 
from the intensity of the spin-echo signal. Besides the number of nuclei (N), however, 
there are several other parameters that determine the intensity of the spin echo. In 

Eq. (3.7) the relation between the magnitude of the spin-echo signa!, S, and some 
important parameters is given [81] 

S f2N13l(I + 1) 
ex. T (3.7) 

In this equation f denotes the frequency, I the gyromagnetic ratio, I the nuclear spin, 
and T the temperature. In Fig. 3.4 the in-field NMR sensitivity, calculated with this for
mula, is given for some elements with their natura] abundance [81]. The sensitivities are 
scaled to the element with the largest sensitivity, hydrogen. The large NMR sensitivity 
of hydrogen is a consequence of its large gyromagnetic ratio, 42 MHz/T, compared to 
10 MHz/T for Co and about 1 MHz/T for both Ni and Fe nuclei. This large sensitivity 
immediately explains the universa! use of hydrogen NMR in organochemistry, biology, 
and recently also in body imaging (MRI). 

The intensity of the spin echo is not only determined by the nuclear parameters 
given in Eq. (3 .7), but also by the properties of the material, like the magnitude of 

the relaxation times, T1 and T2 . Because T2 represents the interaction between nuclear 
moments of various atoms, atoms surrounded by atoms of the same kind only (bulk 
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atoms) will have a T2 different from that of atoms partially surrounded by foreign atoms 
(interface atoms). Furthermore, the magnitude of T2 is dependent on the magnitude 

of the applied field. 

Another feature that plays a part in the determination of the intensity of a line is 

the enhancement of the RF signals by the electronic magnetization [45,55,82,83]. Two 
types of enhancement can be distinguished: transmitting enhancement and receiving 

enhancement. Transmitting enhancement is the enhancement of the applied RF field. 

In the case of ferromagnetic materials, the RF field excites not only the nuclear mo

ments hut also the magnetic moments of the 3d electrons. The motion of the latter 

moments produces a corresponding variation of the hyperfine field (the magnetic mo
ment and the hyperfine field are coupled via the contact interaction), which results in 
an RF component of the hyperfine field. The actual RF field at the nucleus, Bfff, is 

the sum of the applied RF field and RF field induced by the magnetic moments. The 

ratio of the RF field induced by magnetic moments and the applied RF field is called 

the enhancement factor. The magnitude of the enhancement factor depends strongly 

on the magnetic state of the sample. If the sample is a single domain , the enhance
ment is of the order of 10. However, for multi-domain samples very large enhancement 

factors, of the order of 1000, arise frorn the large mobility of the electronic rnornents 

in the domain walls. The correction for this type of enhancement occurs during the 

experiment, by deterrnining the optimum value of the duration of the pulses for the 

desired rotation of the nuclear moments. 

In addition to the enhancement of the applied RF field, the hyperfine interaction 
also enhances the observed NMR signa!: the receiving enhancement. The resonance 

precession of the nuclei causes a corresponding coherent motion of the electronic mo-
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ments. Since the magnetic moment of the electrons is much larger than that of the 

nuclei, the NMR signa! observed in a ferromagnetic material is much stronger than 
that induced by the nuclear precession alone. By dividing the measured signa! by the 
calculated enhancement factor a correction for the receiving enhancement is made. 
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Chapter 4 

Strain in Co-based multilayers 

Abstract* 

The strains in the Co layers of multilayers having largely different struc

tural mismatches (Co/Ni, Co/ Ag, and Co/Cu) have been measured with 

nuclear magnetic resonance and are compared with those expected from 

a model for strain in multilayers that is based on the model of Van der 

Merwe and Jesser. For the Co/Ni multilayers the measured strain de
pends on both the Co and the Ni layer thicknesses over a large range and 

f ollows the behavior expected from the model in the coherent regime. The 

strain in the Co/ Ag m ultilayers is proportional to 1 /tc0 and indepen

dent of the thickness of the Ag layers. This behavior resembles that for 

the incoherent regime. For Co/ Cu multilayers the results indicate that 

these multilayers are in the transition region from coherent to incoherent 
behavior. 

4.1 Introduction 

27 

Magnetic rnultilayers have been studied intensively in recent years because of their 
interesting magnetic properties like perpendicular anisotropy, exchange coupling, and 
giant magnetoresistance. The artificial nature of these systerns offers the possibility to 
tailor these properties by choosing the appropriate structure and composition. Apart 
from this it has been found, or at least predicted, that the aforementioned proper
ties can depend also on the microstructure, interface topology (roughness), and strain 
[9,10,84,85]. Since the interfaces and layers are buried in the rnultilayer structure, in
formation on these structural data is generally hard to obtain. In earlier publications 
it has been docurnented that in this respect NMR may be a very useful tool [86,87]. 

In this chapter we will focus on strain in multilayers. Because the hyperfine field, 

which is measured with NMR, depends on the atomie volume (see section 2.2.2 and 
references [63,64]), a change of the lattice parameters wil! result in a change of the 
hyperfine field. This enables the determination of the strain inside multilayers [86,87]. 

•Major parts of this chapter have been published in Phys. Rev . B 49, 17336 (1994). 
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In the next section ( 4.2) a model to obtain the strain both for coherent and for inco
herent multilayers will be presented. This model is an extension of the model of Van 

der Merwe and Jesser [39,40]. The relation between the strain and the hyperfine field 

will be discussed in section 4.3. Before the results of the NMR measurements will be 
presented, section 4.4 gives some information about the measured samples. In section 
4.5 we will present the data on the strain in two limiting cases, with small and large 
mismatch between the adjacent layers, and compare the results with the strain model. 
Moreover, we will compare the results with earlier reports on Co/Cu multilayers. In 

the last section ( 4.6) we will compare the present results with the strain in multilayers 
reported in the literature. The uniformity of the strain will be discussed and some 

comments on the model of Van der Merwe and Jesser will be made. 

4.2 Strain in multilayers, theoretica! model 

In multilayered samples strain is a common feature and can be caused by the mismatch 
bet ween the substrate or base layer and the actual multilayer, and by the mismatch at 

the interfaces in the multilayer. In this chapter we will only consider strain caused 
by the mismatch at the interfaces in the multilayer, since the contribution of the 
mismatch between the substrate and the first layer of the multilayer is expected to 
be much smaller [88]. The mismatch T/ at the interfaces of a Co/x multilayer is defined 
by 

aco - ax 
T/ = 1 

2(aco + ax) 
( 4.1) 

where a denotes the lattice constant. This mismatch may be relaxed by a homogeneous 
strain in the layers or through the introduction of interfacial dislocations. In the first 

case, one layer is compressed and the other is stretched in such a way that both 
layers have the same in plane lattice parameter. In this case the layers are called 

coherent. In the second case, the lattice registry of the layers is lost and the layers 
are called incoherent. Because the strain energy is proportional to the volume and the 
dislocation energy is proportional to the area, a critica! thickness (te) will exist below 

which coherent behavior is expected and above which incoherent behavior is expected. 
We will show that the critica! thickness and the strain in multilayers can be obtained 
from a minimization of the total energy, which contains elastic and dislocation energies. 
We will first give the equations for multilayers in the coherent regime and then we will 

describe how the magnitude of the strain in the incoherent regime can be obtained. 

For coherent multilayers the magnitude of the strain depends on the energy needed 
to strain the layers. For cubic a/b multilayers, with the interface planes parallel to the 
(100), (111), or (110) planes, the energy per unit area associated with the elastic strain 
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e parallel to the interface is given by [40,89,90] 

(4.2) 

with G the shear modulus, O' the Poisson ratio, and t" and tb the thicknesses of the 
layers of element a and b, respectively. Assumed is that the materials follow Hooke's 

law. By minimizing this energy, with the condition that the lattice constants parallel 

to the interfaces are equal ( a"(1 + e") = %( 1 + eb)), the strain in both layers can be 
determined 

(a" + ab) -T) ~ 
-T) 

(4.3) e" = ~ l+(~/(b.)t.. l+(Q._)t.. 
aa. zb tb Gb tb 

(aa + % ) T) 
~ 

T) 
( 4.4) eb 2ab 1+(~)2(~)~ l+(fu.)~ 

ab Za. ta. Ga. ta. 

where Zi = Gï(l + 0';)/(1 - O'ï) and i = a, b. The approximation is valid when O'a. ~ O'b 

and the mis match is small. Equations ( 4.3) and ( 4.4) show that in the coherent regime 

the magnitude of the strain depends on the mismatch at the interface, the ratio of the 
shear moduli, and the ratio of the thicknesses of the layers. 

When the multilayer is incoherent, the strain can be obtained by extending the 
model of Van der Merwe and Jesser [39,40], which was originally developed to calculate 
the critica! thickness of multilayers. For incoherent multilayers part of the mismatch 
is accommodated by dislocations at the interfaces. The remaining mismatch is accom

modated by a strain that will be called the misfit strain. The mismatch accommodated 

by the dislocations, fi, is given by 

ij = ri - 1 e" 1 - 1 eb 1 ( 4.5) 

where T/ is the natura! mismatch and e" and eb are the misfit strains. The misfit strains 
can be obtained by minimizing the total energy, which, assuming that the elastic energy 
(Ec1as, Eq. (4.2)) and the dislocation energy (Edisi) can be accounted for independently, 

can be written as 

(4.6) 

Most of the models for the dislocation energy · found in the liter at ure were developed 

for thin films grown on a substrate [91] . However, the model described by Van der 
Merwe and Jesser was developed for superlattices. In this model it is assumed that the 
interfaces are perfectly flat and that the elastic properties of the cubic materials are 

isotropic. The periodic interaction potential between the atoms across the interface is 
described by a succession of parabolic arcs. This interaction results in shear and normal 

stresses, which are periodic and depend on the relative displacements of the interfacial 
atoms with respect to their original positions. In order to account for the periodicity 
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of the multila.yer, boundary conditions for the stresses at the midplane of each layer 

are applied. The energy, per unit area interface, associated with the dislocations can 
be calculated by integrating the work needed for the creation of the dislocations. This 

work is the product of the relative displacements of the atoms at both sides of the 
interface and the forces that cause them 

l P/2 ex 
Erusl ex -Pxz(x)dx 

-p/2 p 
(4.7) 

In this equation pis the spacing between the dislocations, p = a"%/(a"-%), and Pxz(x) 
is the x component of the force in the interface plane. The net relative displacement 
is cx/p with c the reference lattice constant (c = (aaab)/!(a" + %)). The expression 
for Pxz( x) is very complicated and several approximations are made by Van der Merwe 

and Jesser to make the calculation of Erusl possible [39,40]. 

To determine the misfit strains, the total energy E;ncoh is minimized with respect 
to the misfit strains e" and eb. This is clone by using the additional criterion that the 
lateral force is equal in both layers. This means that 

(4.8) 

With this equation the relation between the misfit strains in the different layers can be 
written as: 

with r = t"/tb and 

1 eb I= rR 1 e" I= rR 1e1 

R = (1 + u")(1 - ub)G"% 
- (1 - u")(1 + Ub)Gbaa 

(4.9) 

(4.10) 

Minimizing the total energy, Eq. ( 4.6), with respect to e results in an implicit equa
tion for the misfit strains. To determine the misfit strain in one of the materials the 
total energy is calculated for misfit strains e ranging from 0 to the maximum value 
(emax = TJ/(l + rR)) and then the value of eis determined for which this energy has 
a minimum ( em). This procedure is shown in Fig. 4.1 where the dislocation energy, 

the strain energy, and the total energy, calculated for a Co/x multilayer, are plotted 
as a function of the strain in the Co layer. In Fig. 4.l(a) the situation is shown for 
coherent multilayers: the minimum of the total energy occurs at the maximum strain 

value, so the total mismatch is accounted for by elastic strains and no dislocations 
occur (Eclisl = 0). If one of the layer thicknesses is larger than the critica! thickness the 
layers become incoherent. Fig. 4.l(b) shows that now the mismatch is partly accom

modated by elastic strains and partly by dislocations. The magnitude of the strain is 
found from the minimum of the total energy. If the layer thickness is much larger than 

the critica! thickness, the number of dislocations increases and the strain is very small, 

see Fig. 4.l(c). 
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Figure 4.1: The strain energy, the dislocation energy, and the total energy as a func

tion of the misfit strain ec0 , for a Co/x multilayer. The arrows denote the misfit strain 

for which the total energy has a minimum, em. For more explanation see the text . 

By repeating this procedure for various layer thicknesses and making a plot of the 
results, the relation between the strain and the layer thicknesses can be obtained. This 
is shown in Fig. 4.2 for Co/x multilayers. In Fig. 4.2(a) the strain in the Co layer is 
shown as a function of the layer thickness of the other element ( tx) at a constant Co layer 
thickness. If tx increases from zero, the strain in the Co layers increases monotonously 

(coherent regime) until, at the critica! thickness of element x (tc(x)), dislocations are 
formed at the interfaces and the strain is partially relaxed by these dislocations. If tx is 
further increased the strain decreases, because of the increasing number of dislocations 
(incoherent regime). If tx is much larger than the critica) thickness, the strain in the Co 
layer is almost independent of tx. The magnitude of the strain in this regime (tx -t oo) 
depends on the thickness of the Co layer: the thinner the Co layer the larger the 
strain. Fig. 4.2(b) shows the dependence of the strain in the Co layer on the thickness 
of this layer (tc0 ) at constant tx. For very thin Co layers the strain is equal to the 
lattice mismatch. For increasing tc0 the strain in the Co layer decreases, because now 
the other layer is also strained. If the Co layer becomes thicker than the critica! Co 

thickness (te( Co)), the strain is decreased more progressively, because now part of the 
mismatch is accommodated by dislocations. Of course, for very thick Co layers the 
strain is zero. In the range tc0 » te( Co) the dependence of the strain ( f) on the Co 
thickness is usually approximated by E,...., l/tc0 [84), which is shown in Fig. 4.2(b) by a 
dotted line. 
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Figure 4.2: Typical behavior of the strain in the Co layers of Co/ x multilayers 

(ac0 < ax) calculated using the model of Van der Merwe and Jesser. In (a) the 

strain is shown f or multilayers with a constant Co lay er thickness and a variable thick

ness of element x, in (b) tc0 was variable and ix was constant. The transition from the 

coherent to the incoherent regime occurs at the critica/ thickness (tc(x), te( Co) respec

tively). The exact values of the strain and the critica[ thickness of the Co layers of a 
specific multilayer composition depend on the elastic constants, the mismatch, and the 

thickness of the other layer. For further explanation see the text. 
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4.3 Relation between the strain and the hyperfine field 

The possibility to study the strain by NMR arises from the dependence of the hyperfine 

field on the atomie distances. In the previous section the dependence of the magnitude 

of the strain on the mismatch, the layer thicknesses, and the elastic constants was 
discussed. This section focuses on the relation between the strain and the changes of 

the hyperfine field , especially in the case of anisotropic volume changes. 

For Co the following relation between the relative change of the hyperfine field and 

the relative change of the atomie volume can be derived (at room teroperature and 

under isotropic pressure, see section 2.2.2, Eq. (2.9) ): 

( 4.11) 

For isotropic volume changes b. V /V equals 3c However, for multilayers t he volume 

changes are generally not isotropic. In some cases the interfacial stresses result only 

in interfacial strains (the perpendicular lattice constant remains constant) [92,93] and 
b. V /V equals 2c U sually in-plane lattice contractions are accompanied by perpendic

ular lattice expansions. This tetragonal distortion has been shown, for instance, by 

LEED experiments on Co and Ni deposited on a Cu single crystalline substrate [94]. 
In order to understand the volume change in the case of tetragonal distortion, 

the impact of later~! forces on an elastically isotropic cube with volume V will be 

considered. The strain is the result of forces in the plane of the interface, caused by 
the interaction between the atoms of the materials. It is assumed that the stresses S 
(stress is the force per unit area) follow Hooke's law: S = Ye, where Y is Young's 

modulus. According to the theory of elasticity [95], forces in the x direction will not 

only cause a· change of the length lx of the corresponding side of the cube, but will 

also result in a change of ly and /2 • In the case of interfacial stress with the interface 

parallel to the x - y plane, the forces (F) and the st rains in the x and y directions 
are equal (ex = ey ), whereas the strain in the z direction ( e2 ) depends on the Poisson 

ratio, er (see also Ref. [96] and [97]) 

b.lx F ( ) ex - = --(1 - er)= e 4.12 
lx YA 

ey = b.ly = _J'.:_(1 - er) = e (4.13) 
ly YA 

b.12 2F er - 2er 
ez = - = - = --e (4.14) 

lz YA 1-er 

with A the interface area. Because er < 0.5, e2 will be negative when e > 0, resulting 

in a tetragonal distortion. The volume change is by approximation (neglecting higher 
order terms) the sum of the strains in the three directions and can be expressed by: 

ó. V 2( 1 - 2er) 
- ~ ex + ey + e2 = e v 1 - er 

(4.15) 
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In the case of coherent multilayers with tetragonal distortion, one can combine equa

tions (4.3), (4.11), and (4.15) to get the dependence of the hyperfine field on the 

thicknesses of the layers (using O"co = 0.31 [65] and q = Gc0 /Gx) 

!l.Bhf T/ 
-B = 1.2 x t 

hf 1 + q~ 
(4.16) 

4.4 Experiment 

Before we wil! discuss the results of the determination of the strain of the Co-based 
multilayers, we will first give some information about the preparation of the samples 
and about the conditions of the NMR experiments. The (111) fee Co/Ni multilayers 
were prepared at the Philips Research Laboratories with MBE. The multilayers were 
deposited at room temperature on oxidized silicon substrates with a base layer of 
300 A Au. The deposition rate was between 0.5 Á/s and 1 Á/s. X-ray diffractometry 
(XRD) in the() - 29 scan mode showed (111) texture and confirmed the superlattice 
modulations. The Co/ Ag multilayers were made by magnetron sputtering on Si(lOO) 
at the Michigan State University. The deposition rate was 4 Á/s for Co and 8 Á/s for 
Ag. XRD confirmed the superlattice modulations and showed ( ll 1) texture. 

The NMR experiments were performed partially with a coherent and partially with 
an incoherent spin-echo spectrometer at a temperature of 1.4 K. Magnetic fields, an 
order of magnitude larger than the saturation field, were applied parallel to the film 
plane in the easy direction of the magnetization. The hyperfine field Bhf was obtained 
from the resonance field B, and the frequency f using the relation 27r f = 1( Bhf - B,) 
(see Eq. (3.6)), where /is the 59Co nuclear gyromagnetic ratio ( 1/27r = 10.054 MHz/T). 

4.5 Results 

In this section we will present the results of the NMR measurements on the Co/ Ag 
and Co/Ni multilayers and compare these results with the model described in section 
4.2. The Co/Ni multilayers have a very small mismatch (0.6 3 ), and hence the critica! 
thicknesses are large (te (Co,Ni) > 1000 Á) and the layers are expected to be coherent. 
For Co/ Ag the mismatch is much larger (-14 %). Consequently, the critica! thicknesses 
are very small (te (Co,Ag) < 6 Á) and the multilayers are expected to be incoherent. 
In Fig. 4.2 it can be seen that if the Co and/or the Ag layer thickness is much larger 
than the critica! thickness the strain in the Co layer is expected to be proportional to 
l/tc0 and independent of the thickness of the Ag layer. 

4.5.1 Co/Ni multilayers 

A typical example of the NMR spectra of the Co/Ni multilayers is presented in Fig. 4.3. 
The spin-echo intensity of a 25 x (12 Á Co + 60 Á Ni) multilayer is plotted as a func-
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Figure 4.3: NMR spectrum of a 25 x {12 Á Co+ 60 Á Ni) multilayer. The spectrum 

was recorded at 190 MHz with the field applied parallel to the film plane and at a tem
perature of 1.4 K. The spectrum is corrected for receiving enhancement. The intensity 

for Bhf < 21.5 T arises from Co atoms at the interfaces. 

tion of Bhf. The main line in the spectrum (arising from Co atoms in the middle of the 
Co layers) is close to the value of bulk fee Co (21.54 T, measured fora 1000 À thick 
Co layer). The difference between the bulk value and the measured position is caused 
by strain in the Co layers. Because there is practically no intensity at the high field 
side of the main line, the amount of hcp Co and Co in stacking faults must be very 
small [86]. The shoulder at the low-field side of the main line probably arises from Co 
nuclei with one or more Ni atoms in the next nearest neighbor shell and no Ni atoms 
in the nearest neighbor shell (see Sec. 5.2). The intensity for Bhf < 21.5 T arises from 
Co atoms at the interfaces [86]. 

In Fig. 4.4 the position of the main line is plotted as a function of the ratio of the Ni 
and Co layer thickness (tN;/tc0 ). The experimental results for the (x À Co + 42 À Ni) 
multilayers are represented by circles, the data on the (12 À Co + x À Ni) series are 
denoted by squares. The bulk value Bhf = 21.54 T measured for a 1000 À thick Co 
film on the same substrate is alSo indica.ted. The figure shows that the stra.in in the Co 
layers is compressive (if the Co la.yer thickness is decreased or if the Ni la.yer thickness 
is increased the main line shifts to higher fields) and depends strongly on both the 
Co and the Ni la.yer thickness. It also appears tha.t the shift of the hyperfine field of 
the two series is approxima.tely the sa.me for a specific thickness ratio, as is expected 
for coherent multila.yers (see Eq. (4.16)). The maximum shift of the hyperfine field is 
0.17 T for the sample (12 À Co + 100 À Ni). Assuming a. tetra.gona.l distortion of the 
Co lattice, this shift corresponds, according to Eq. (4.11) and (4.15), toa. b.V/V of 
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Figure 4.4: The hyperfine field as a function of the ratio of the Ni and Co 

layer thickness for the two series of Co/Ni multilayers. The data on the series 

{x Á Co + 42 Á Ni) are from {86}. At 21.54 T the reference bulk Co hyperfine field is 

indicated. The fit ( dashed curve) is based on the coherent model. 

about 0. 7 % and an in-plane Co strain of approximately 0.6 %. It has to be noted that 
this experimental number agrees very well with the lattice mismatch between Co and 

Ni, showing that in this limit the thin Co layers adopt the Ni spacing, as is expected 
in the coherent regime. 

The dashed curve in Fig. 4.4 is a fit of the data on the two Co/Ni series with 
Eq. (4.16), which is expected to hold in the coherent regime. This fit results in 

1J =(LO± 0.1) % and q = 1.9 ± 0.6. Although both values are larger than the val

ues reported in the literature: 1/ = 0.6 % and q = 0.96 [98), the overall agreement of 
the theory and the data is rather good, corroborating the assumption that the Co/Ni 
multilayers are coherent. The deviations of 1/ and q may be caused by using Eq. (4.11), 
which is -strictly spoken- only valid for isotropic volume changes. Another explanation 
for the deviations is the fact that the literature values for 1J and q, and the constant 

in Eq. ( 4.16) are bulk values at room temperature, whereas the measurements were 
performed on multîlayers at 1.4 K. 

4.5.2 Co/ Ag multilayers 

In Fig. 4.5 a typical example of the NMR spectra of the Co/ Ag multilayers is given. 

The intensity for Bh! < 19 T arises from Co at the interfaces. The main line (around 

Bh! = 21.2 T) is much broader (,...., 3 times) than the main line of the Co/Ni multilayers 
and is composed of a mixture of lines from fee Co, hcp Co, and Co in stacking faults 

(see section 6.3.1) . In such a situation, a shift of the main line can in principle be 
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Figure 4.5: NMR spectrum of a 100 x (JO Á Co+ 20 Á Ag) multilayer. The spectrum 

was measured using several field sweeps at different frequencies. The magnetic field was 
applied parallel to the film plane, the temperature was 1. 6 K. The spectrum is corrected 

for enhancement. The line at about 17 T arises from Co atoms at the int erf aces. 

caused by two effects: strain and a change of the fractions of the different structures of 
Co. Because the shape of the main line of all Co/ Ag spectra was the same, except for 
the sample (100 Á Co + 20 Á Ag), the fractions of fee Co, hcp Co, and Co in stacking 
faults must be constant for the samples. 

Fig. 4.6 shows the variations of the average hyperfine field of the main line for series 
of Co/ Ag multilayers with varying Co or Ag thickness. Unlike the Co/Ni multilayers, 
shown above, for Co/ Ag the strain cannot be uniquely described by the ratio of the 

thicknesses: tAg/tc0 • Instead, it is observed that the series with varying Co layer 
thickness behaves completely different from the series with varying Ag layer thickness. 

For the first series, the shift of the hyperfine field is proportional to 1/tc0 , whereas in 
the Jatter series the variation of the Ag layer thickness does not alter the position of 

the main line and thus the strain appears to be independent of tAg· This behavior is 
exactly what would be expected for a completely incoherent system. 

Fig. 4.6 also shows that, in contrast to Co/Ni, Bhl shifts to lower fields with de

creasing Co thickness, showing that for Co/ Ag the strain in the Co layers is tensile, in 
accordance with the sign of the mismatch. The magnitude of the shift of the hyperfine 

field is much larger than for the Co/Ni multilayers. The sample with (10 Á Co + 
20 Á Ag) is shifted over 1.2 T with respect to the extrapolated 'bulk' hyperfine field. 

This shift corresponds (see Eq. (4.11)) toa Co volume change of about 5%. Assuming 
isotropic volume changes, the in-plane Co strain would be about 2 %. If the Co lattice 

is tetragonally deformed, the in-plane Co strain would be about 4 % (see Eq. ( 4.15) ). 
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Figure 4.6: The hyperfine field as a function of the ratio of the Ag and Co layer 

thickness for the two series of Co/ Ag multilayers. The solid lines are guides to the eye. 

4.5.3 Co/Cu multilayers 

Fig. 4. 7 shows earlier data [99] on the variation of the hyperfine field of two series of 

Co/Cu multilayers, (x A Co + 21 A Cu) and (x A Co + 42 A Cu), as a function of 
l/tc0 • This figure shows that the shifts of the hyperfine field are proportional to l/tc0 , 

which might indicate that the Co/Cu multilayers are incoherent. However, the fact 
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Figure 4. 7 : The hyperfine field as a function of l /tc0 for two series of Co/Cu multi
layers (data from {99]) . The solid lines represent least squares fits of a straight line to 
the data. 
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that the shift of the series with tcu = 42 A is larger than for icu = 21 Á suggests (see 
Fig. 4.2(a)) that either the layers are coherent or that the critica! thickness of the Cu 
layer is between 21 and 42 Á. A fit of the data on these multilayers with the coherent 
model results in values of q larger than 100, which is completely unphysical. 

One might therefore conclude that the Co/Cu multilayers, with a mismatch of 2 %, 
cannot be considered as a limiting case where the thicknesses of the layers are much 

smaller (like Co/Ni) or much larger (Co/ Ag) than the critica! thicknesses. 

4.6 Concluding remarks 

Before the results of the measurements of the strain will be discussed, we would like to 
remark that, in principle, a shift of the hyperfine field as a function of the layer thickness 
might also result from changes of the magnetization of the sample. However, because 
the temperature during the measurements was much lower than the Curie temperature 

(2 K compared toa Curie temperature larger than 600 K for tc0 > 6 Á [100]), changes 
of the magnetization are not very likely. The fact that the shifts of the hyperfine field 
are to higher values for Co/Ni and to lower values for Co/Cu (if tc0 decreases), and 
the fact that the shift of the Co/Cu multilayers depends on the thickness of the Cu 
layer, demonstrate that a reduction of the magnetization for thinner Co layers is very 
likely a minor effect, which, however, cannot be fully excluded. 

The qualitative behavior of the strain in the Co/ Ag multilayers resembles that 
expected for the incoherent regime of the model. The magnitude of the strain in these 
multilayers is comparable to that reported for other related large mismatch systems 
such as Co/Pt [93], Co/Pd [101], Co/ Au [102], and Ni/ Ag [103]. In this respect the 
results of an EXAFS study on sputtered Co/ Ag multilayers by Foiles et al. [104] are 
puzzling. Their measurements indicate that fora series of (x A Co+ 35 A Ag) the Co 
lattice parameter is equal to that of bulk Co and does not depend on the thicknesses 
of the Co layers. RHEED measurements of Kingetsu et al. [105] show that their MBE 
grown Co/ Ag multilayers are completely incoherent and that the layers are nearly 
strain free. On the contrary, XRD measurements on MBE grown Co/ Ag multilayers 
by Araki [106] show that the lattice constant of Co is about 2 % larger than in bulk Co. 
These differences among experimental results on the same Co/ Ag multilayer system 
may be caused by differences in roughness. One might presume that rough interfaces 

loek the structures of the two metals and prevent an abrupt completely incoherent 
behavior at the interfaces. 

X-ray scat tering measurements with the scattering vector lying in the film plane on 

Co/Cu multilayers with a Cu layer thickness of 25 A and a Co layer thickness between 
5 and 40 A by Lee et al. [102] showed that the Co/Cu multilayers were coherent for 
all Co layer thicknesses. The strain of the Co layer varied from about 0.8 % for the 
sample with 40 Á Co up to almost 2 % for the thinnest Co layers. The maximum shift 
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of the hyperfine field of the series with tcu = 21 Á that we measured was 0.75 T. This 
corresponds toa volume change of about 3.5 %. If we assume a tetragonal deformation 

and use the bulk Poisson constant, the in-plane Co strain would be about 2.8 %, which 
is larger than the lattice mismatch and thus not very probable. In a recent study on 

the structure of UHV evaporated Co/Cu multilayers by Pizzini et al. [92] it appeared 
that the in-plane lattice constant of Co was expanded, but that in the direction perpen
dicular to the Co/Cu interfaces the Co nearest-neighbor distance was close to the bulk 
value. In this case the volume change equals 2~ and the NMR measurements indicate 
an in-plane Co strain of 1.8 % for the sample (6 Á Co + 21 Á Cu). This value agrees 
very well with the results of Lee et al. [102]. 

Two comments can be made with respect to the information that NMR can provide 
about the strain in multilayers. In the analysis of the strain we have used the shift of 
the bulk NMR signa! (nuclei which are surrounded by 12 Co nearest neighbor atoms). 
In general, the NMR spectra also contain contributions from nuclei situated at or near 
the interface (see Fig. 4.3 and 4.5). The hyperfine field of these nuclei is decreased 
because of the reduction of the number of nearest neighbor Co atoms. Apart from the 
fact that these spectra contain information about the interface topology (see section 
2.2.5 and Ref. [99]), they also monitor the local strain. In Fig. 4.8 we have plotted 
the thickness dependence of the relative shift of the position of these interface signals 

for the Co/Cu (Fig. 4.8(a)) and Co/Ni (Fig. 4.8(b)) multilayers, together with the 
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Figure 4.8: Comparison of the relative shift of the hyper.fine field of bulk Co and of 

Co at the interfaces for Co/Cu (a) and Co/Ni (b) multilayers. 6..Bhf is the difference 

between the measured Bhf and the reference Bhf. The bulk reference was 21.54 T, the 

reference of the interface signa/ was 19.69 T for Co/ Cu and 20.11 T for Co/Ni. 
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relative shift of the corresponding bulk signal. For the Co/ Ag multilayers, a comparison 
of the strain in the bulk and at the interface is less reliable because the lines were 
rather broad, due to the mixture of phases of the Co in these multilayers, and because 
the position of the satellite line could only be determined for small Co thicknesses 

(tc0 < 20 Á). Fig. 4.8 clearly shows that for Co/Cu as well as Co/Ni the thickness 
dependence of Bhf is very similar for the interface and the bulk nuclei. If one assumes 
that the phenomenological relation Eq. (4.11) also holds for defect surroundings, such 
as encountered at the interface, the present result indicates that the strain in Co/Ni 
and Co/Cu is uniform. This observation supports the a priori implementation of a 

uniform strain in theoretica! models. 
Another source of information about the strain in the layers is the linewidth of 

the bulk NMR lines. For a uniform strain the linewidth of the bulk NMR line should 
be independent of the Co thickness. When a gradient in the strain would exist, a 

broadening of the line would be expected, since the strain induced shift is of the same 
order as the linewidth. This broadening will become more dominating for decreasing 
Co layer thicknesses. For Co/Cu and Co/ Ag a strain gradient would result in a tai! 
of the main line at the low field side, whereas for Co/Ni a tai! would be expected at 
the high field side. If a strain gradient is present, the strain of the interface atoms will 

always be larger than the strain of the bulk atoms. For the Co/Ni and the Co/Cu 
multilayers this behavior was clearly not observed. For Co/ Ag it is not possible to 
exclude this kind of strain. 

We would like to conclude with some comments on the model of Van der Merwe and 
Jesser that we used. In the model it is, among other things, assumed that the interfaces 
are perfectly smooth and that the average of the bulk values of the elastic constants 
(shear modulus and Poisson ratio) may be used at the interfaces. Both assumptions are 
not likely to hold for real multilayers [107,108]. To perform more reliable calculations of 
the strain and the critica! thickness, detailed knowledge is required about the influence 
of roughness, and the magnitude of the elastic constants of thin films and of interface 
regions (interfacial alloys ). Furthermore, it has been shown in the literature that 
the lattice and elastic constants are not the only parameters which determine the 

coherence at the interfaces. RHEED measurements on systems with very similar lattice 
and elastic constants (Co/Pd, Ni/Pd [109] and Co/ Au, Co/ Ag [105,110]) show large 
differences in coherence at the interfaces. This is attributed to differences in atomie 
bonding energy across the interfaces (105]. 
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Chapter 5 

Co/Ni multilayers and Co-Ni alloys 

Abstract 

In this chapter we will present the results of various NMR studies per

formed on Go/Ni multilayers and Co-Ni alloys. In section 5.2 the results 

of a study on a series of MBE grown (111) (x Á Co+ 2x Á Ni} mul
tilayers will be presented. The infiuence of the deposition rate on the 

magnetic anisotropy and the nanostructure of MBE grown (111) Co/Ni 
multilayers will be discussed in section 5.3. In section 5.4 the roughness 

and topology of the interfaces of Co/Ni multilayers with two different 

growth directions, (100) and {111), wilt be compared. In section 5.5 we 
wil! focus on the thermal stability of Co/Ni multilayers. In this section 

will be shown how annealing results in a gradual transition from a Co/ Ni 

multilayer to a Co-Ni alloy. In the last section of this chapter a NMR 
study on Co-Ni alloys made by different methods wilt be presented. 

5.1 Introduction 

43 

The magnetic properties of Co/Ni multilayers and Ni/Co/Ni sandwiches have been 
studied extensively [94,111- 115]. An interesting property of these multilayers is the 
predicted and experimentally confirmed perpendicular magnetic anisotropy [116]. The 
presence of this perpendicular anisotropy is surprîsing, since for Co/Ni multilayers (two 
magnetic elements) both layers contribute to the demagnetizing anisotropy, which fa

vors an in-plane easy dîrection. The structural properties of Co/Ni multilayers have 

been studied with X-ray diffractîon (XRD) and surface analysis techniques [117]. The 
results of NMR studies on the structural properties of various series of Co/Ni multi
layers will be presented in this chapter. 

5.2 (x Á Co + 2x Á Ni) multilayers 

A series of Co/Ni multilayers in which the thickness of the Ni layers is twice the 
thickness of the Co layers was studied to get information about the structure of the Co 

and the interface roughness and topology. The magnetic properties of these samples 
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are published in Ref. [112]. The ratio between the Co and the Ni layer thicknesses was 

kept constant for this series to facilitate the determination of the contribution of the 
Co/Ni interfaces to the total anisotropy [112]. 

The multilayers were grown by MBE on a mica substrate with a ba.se layer of 
200 Á Au. The base layer was annealed for 30 minutes at 200° C. The Co and Ni 
layers were grown at room temperature with deposition rates of 0.1 and 0.2 Á/s, re

spectively. The number of repetitions is such that the total amount of Co is constant, 
N · x = 240 Á. The thickness of the Co layers varied between 6 and 24 Á. 

In Fig. 5.1 the NMR spectra of the samples of this series are shown. The spectra 
are normalized to the thickness of the Co layers determined by chemica! analysis. The 
spectra can be divided in two parts: a bulk part (Bhf > 21.3 T) and an interface part 

(Bhf < 21.3 T). The intensity of the bulk part arises from Co atoms with only Co 
neighbors wherea.s the intensity of the interface part arises from Co atoms with one or 

more Ni neighbors (Co atoms at the Co/Ni interfaces). 
The maxima of the intensity in the bulk part occur close to the value of bulk fee 

Co, 21.6 T. The intensity for hyperfine fields larger than 21.8 T originates from Co 
in stacking faults and hcp Co. The intensity around 22.6 T (literature value of the 
hyperfine field of hcp Co) is rather small indicating that almost no hcp Co is present. 

---- (6 A Co+ 12 A Ni) 

2 ---- (8 A Co+ 16 A Ni) 
---6-- ( 10 A Co + 20 A Ni) 
---+-(12 A Co+ 24 A Ni) 
---(16A Co+32 A Ni) 
-o- (24 A Co + 48 A Ni) 

hcpCo 

20.0 20.5 21.0 21.5 22.0 22.5 23.0 
Hyperfine field (T) 

Figure 5.1: NMR spectra of {111} (x Á Co+ 2x Á Ni} multilayers. The total inten

sities of the spectra bet ween 19. 6 and 22. 95 T are normalized to the Co lay er thickness 

as determined by chemica[ analysis. The arrows denote the literature values of bulk fee 

Co, 21.6 T, and bulk hcp Co, 22.6 T. The spectra are corrected for enhancement. 
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The attribution of the fee Co phase to the intensity of the main line is justified by 
the anisotropy of the hyperfine field . The difference between the resonance fields of 
this line with the magnetic field applied parallel and perpendicular to the film plane, 
respectively, was 1.8 ± 0.1 T, averaged over the four samples with the thickest Co 

layers. For fee Co this difference should be µ0 M. = 1.79 T, whereas for hcp Co this 
difference should be 0.94 T (µ0 M. - ~ 0.57 T, see Sec. 2.2.1). 

If we look in more detail to the shape of the main line, we can see that it consists of 
two contributions. In Fig. 5.2 the results of additional NMR measurements of the bulk 
part are shown. This figure shows that for 16 Á Co the maximum of the line occurs 
at 21.69 T and a shoulder is visible around 21.53 T . For the sample with 10 Á Co 
the maximum of the bulk line lies at about 21.53 T . For the sample with 12 Á Co 
the width of the main line is larger and shows a kind of plateau between 21 .5 and 
21. 7 T. From this we can conclude that the main line consists of two lines; one at 
approximately 21.53 T and one at approximately 21.69 T. With increasing Co layer 
thickness the intensity of the line at 21.69 T increases with respect to the intensity of 
the line at 21.53 T. The distance of the two lines is approximately 0.16 T as indicated 
in the figure. 

For Co-Ni alloys Riedi et al. [70] also found a shoulder at the low hyperfine field side 
of the main line, the difference in hyperfine field being about 0.19 T. They attributed 
the line at the low field side of the ma.in line to Co atoms with no Ni atoms in the 

--6---(lO A Co+ 20 A Ni) 
-+-(12Á Co+24 A Ni) 
---(16 A Co+ 32 A Ni) 

0.16 T 

21.0 21.2 21.4 21.6 21.8 22.0 

Hyperfine field (T) 

Figure 5.2: Bulk part of the NMR spectra of (x Á Co + 2x À Ni) multilayers. The 
vertieal lines denote the positions of nnn Co, 21 .53 T, and bulk fee Co, 21.69 T. The 

spectra are eorrected for receiving enhancement and are not normalized. 
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nearest neighbor shell and with one Ni atom in the next nearest neighbor (nnn) shell. 
We wîll call this line the nnn line. The decrease of the hyperfine field when a Co 
atom in the nearest neighbor shell is replaced with Ni is larger than for a replacement 
in the next nearest neighbor shell; 0.74 T (Table 2.1) compared to 0.19 T. The nnn 
line arises from Co atoms nearby, hut not at, the interface. This straightforwardly 
explains the changes of the intensity ratio of the main line and the nnn line when 
the Co layer thickness is increased. If the interface roughness is independent of the 
Co layer thickness, the number of bulk Co atoms increases for increasing Co layer 
thickness, whereas the number of interface and nnn Co atoms remains constant (if 
the Co thickness is that large that the additional Co only contributes to the bulk Co 
signa!). 

The intensity at hyperfine fields lower than 21.3 Tin Fig. 5.1 arises from Co atoms 
at the interfaces with Ni. The lines at 20.2 T probably arise from Co nuclei with 10 

Co neighbors and 2 Ni neighbors. The difference between the hyperfine field of the 
main lines and these lines is on the average 1.44 ± 0.05 T. This value is close to two 
times the change of the hyperfine field resulting from the substitution of one Co atom 
with a Ni atom in Co-Ni alloys (0.74 T, Table 2.1). Fig. 5.1 shows that the intensity of 
the bulk line increases more or less linearly with increasing Co layer thickness, whereas 
the intensity of the interface part (19.5 - 21.3 T) remains approximately constant for 
most samples. The intensity of the interface part of the sample with 24 Á Co is 
significantly larger than that of the other multilayers. This indicates that for this 
multilayer the interface roughness is larger. In the following analysis this sample will 
not be considered. 

To obtain the interface roughness of this series, the decrease of the bulk intensity 
for decreasing Co layer thickness was analyzed. Since it is not possible to separate 
the bulk and interface part of the spectra, the interface roughness was obtained by 
plotting the integral of the bulk part of the spectra versus the Co layer thickness for 
various values of the boundary between the interface and bulk part (for an explanation 
see Sec. 2.2.5). In Fig. 5.3 the result of this procedure is plotted. From this figure the 
interface roughness is estimated to be 5 ± 1 Á for two interfaces. 

One has to keep in mind the assumptions on which this method is based. By 
normalizing the integral of the measured part of the spectra to the Co layer thickness 
it is assumed that the interface part is representative for the total interface part and 

that the topology of the interfaces does not depend on the Co thickness (see Sec. 2.2.5). 
Fig. 5.3 indicates that the interfaces are rather smooth (roughness ~ 2.5 Á per 

interface). For smooth interfaces of multilayers with a (111) texture, the third satellite 
is expected to dominate the interface part of the spectrum. This is, however, not what 
Fig. 5.1 shows; the third satellite is hardly visible, whereas the second satellite is much 
larger than expected. We will address to this problem in Sec. 5.4. 
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Figure 5.3: Bulk Co intensity integrals of the spectra plotted in Fig. 5.1 as a function 

of the Co layer thickness for various boundaries between the interface and bulk part of 

the spectra. 

5.3 Influence of the deposition rate 

Recently, den Broeder et al. showed that for MBE grown Co/Ni multilayers the mag
netic anisotropy depends on the deposition rate [114). This dependence was attributed 
to a difference in internal stress, i.e., a higher internal stress occurs at larger deposition 
rates. Stimulated by these results, similar Co/Ni multilayers were grown to investigate 
the relation between the structural properties and the deposition rate by NMR. 

The multilayers were grown by MBE on a mica substrate with a base layer of 
200 Á Au. The substrate and base layer were annealed for 30 minutes at 200° C. The 
nominal thickness of both the Co and the Ni layer was 16 Á. The thicknesses of the lay
ers were determined from a combination of magnetization and XRD measurements and 
are given in Table 5.1, together with the deposition rates and the magnetic anisotropy. 
The magnetic anisotropy was determined from the area between the in-plane and per
pendicular magnetization curves, measured with a vibrating sample magnetometer. 

For the present samples, (16 Á Co + 16 Á Ni), the total anisotropy is negative, 

which corresponds to an in-plane easy direction. For the Co/Ni multilayers studied 
by den Broeder, (2 Á Co + 4 Á Ni), the total anisotropy is positive (perpendicular 
easy direction). The in-plane easy direction of the present series is a consequence 
of the larger thicknesses of the layers, which results in a large negative contribution 
( demagnetizing anisotropy) to the total anisotropy. To compare the anisotropy values 
of den Broeder et al. with the present values, the demagnetization anisotropy Kd 
was subtracted from the total measured anisotropy Kioi for the present series. The 
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dep. rate Co dep. rate Ni tco tNi Ktot Kd Ku 

Á/s Á/s Á Á (kJ/m3 ) (kJ/m3) (kJ /m3 ) 

0.1 0.2 13.2 17.5 -414 -630 216 
0.5 1.0 13.3 16.9 -407 -642 235 
1.0 2.0 16.8 14.3 -447 -754 307 
2.0 4.0 18.4 14.5 -431 -775 344 

Table 5.1: The measured Co/Ni samples together with the thickness of the Co layers, 

tc0 , and of the Ni layers, tN;, determined from a combination of magnetization and 

XRD measurements. The deposition rate of Ni is twice the deposition rate of Co. The 
demagnetization anisotropy (Kd = -~µ0M;J was calculated using the bulk magnetiza

tion values for Co (1. 79 T) and Ni (0.61 T). The difference between the total anisotropy 

Ktot and the demagnetizing anisotropy is denoted by Ku : Ku = Ktot - Kd. 

demagnetization anisotropy was calculated from the thicknesses of the Co and Ni layers 
and the bulk values for the saturation magnetization. The remaining anisotropy, K 0 , 

contains the other anisotropy contributions: the magnetocrystalline, the strain induced, 
and the interface anisotropy. In Fig. 5.4 the values of K 0 measured for the present 
Co/Ni series and the total anisotropy of the series of den Broeder et al. are plotted as 
a function of the deposition rate. Although for both series an increase of the anisotropy 
for increasing deposition rates is found, the changes are smaller for the present series. 

To study the influence of the deposition rate on the microstructure, the Co/Ni 

multilayers were measured with NMR. In Fig. 5.5 the NMR spectra of the present 
series are shown. In all spectra the main line (21.68 ± 0.01 T) and the second 
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"' ~ 0.1 
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Figure 5.4; The total anisotropy versus Co deposition rate for (2 Á Co + 4 Á Ni} 

multilayers (data are taken from Ref. {114]} and the total anisotropy minus the demag

netizing anisotropy for (16 Á Co + 16 Á Ni} multilayers. 
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Figure 5.5: NMR spectra of {16 Á Co + 16 Á Ni} multilayers grown by MEE with 

different deposition rat es. The spectra bet ween 19.15 and 22. 65 T are normalized to 
the cobalt layer thickness given in Table 5.1. 

satellite (20.27 ± 0.01 T) can clearly be distinguished. The position of these lines 
is independent of the deposition rate. For the sample with the smallest deposition 
rate (Co 0.1 Á/s) the position of the first satellite can be determined and equals 
20.98 ± 0.03 T. The difference between the resonance fields with the applied field 
parallel and perpendicular to the film plane, respectively, amounts to 1.74 ± 0.04 T, 

which is approximately equal to the demagnetizing field of Co (µ0 M.). Given the mag
nitude and the anisotropy of the hyperfine field of the main line, one can conclude that 
the intensity of this line arises from fee Co. The intensity at the high field side of this 
line arises from Co atoms in stacking faults and/or from hcp Co. The shoulder of the 
main line at approximately 21.52 T arises from Co atoms with one or more Ni atoms 
in their next nearest neighbor shell (see Sec. 5.2). 

The hyperfine field of the bulk fee line is larger than the value for bulk fee Co 
(21.53 T). This difference is caused by the strain in the layers, which is a consequence 
of the lattice mismatch of Co and Ni. According to the coherent model, which de
scribes the strain in similar Co/Ni multilayers very well (see chapter 4), the strain 
depends on the ratio of the thicknesses of the Ni and Co layer. If the thickness ratio 
equals one, a hyperfine field of 21.63 T for bulk fee Co atoms is expected. The small 

deviation between this value and the measured value (21.68 T) might be caused by 
the difference in substrate (mica versus oxidized silicon) and/or base layer (200 Á Au 
versus 300 Á Au). 

The distance between the main line and the second satellite (1.41 ± 0.02 T) and the 
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difference between the main line and the first satellite (0. 70 ± 0.04 T) agree reasonably 

well with the value found in the literature for the change of the hyperfine field if a Co 
neighbor is substituted by a Ni neighbor in Co-Ni alloys (0.74 ± 0.1 T) [70]. 

At this point we will discuss the influence of the deposition rate on the microstruc
ture and the consequences for the different contributions to the magnetic anisotropy. 
Considering the fact that the differences between the intensity of the main line of the 
various spectra can be attributed to the differences in Co layer thickness ( see Table 5.1 ), 
the NMR spectra of the Co/Ni multilayers in Fig. 5.5 are very similar. The only differ
ence is found at the interface part of the multilayer grown with the smallest deposition 
rate. For this multilayer the second satellite appears to be relatively small. The posi
tion of the main line of the series is independent of the deposition rate, which implies 
that the strain in the Co layers is independent of the deposition rate and that the 
contribution of the magnetoelastic anisotropy to the total anisotropy is constant. For 

all samples the structure of the Co is mainly fee and the relative amount of stacking 
faults and hcp Co is independent of the deposition rate. This implies that also the con
tribution of the magnetocrystalline anisotropy to the total anisotropy is independent 
of the deposition rate. 

The only contribution left is the interface anisotropy. Although the interface spec

trum of the multilayer with the smallest deposition rate is clearly different from the 
others, no systematic change of the interface topology can be deduced from the NMR 
spectra. The relation between the interface roughness and the anisotropy is discussed 
by Chappert and Bruno [11] and by Bertero et al. [16]. Chappert and Bruno char
acterize rough interfaces by two parameters: a and ç·. a is the roughness, defined as 
the mean square deviation in the perpendicular direction from an ideally flat interface, 
and Ç is the correlation length, the average lateral size of flat areas on the interfaces. 
Roughness at the interfaces results in a reduction of the demagnetizing field and the 
interface anisotropy. The magnitude of the reduction depends on a and Ç. In genera!, 
the effect of roughness on the surface anisotropy is larger than the effect on the de
magnetizing anisotropy, and hence roughness results in an decrease of the anisotropy 
(less positive or more negative). 

From the increase of Ku for increasing deposition rates one would expect the in
terface to be smoother for larger deposition rates. The NMR spectra should have an 
increasing contribution of the third satellite and decreasing contributions of the other 
satellites. This is not what the NMR data show. 

To conclude we can say that, for the present series of multilayers, the increase of the 
perpendicular anisotropy for larger deposition rates is not a consequence of increasing 
internal stresses. On basis of the present measurements it is not possible to give an 
explanation for the dependence of the anisotropy on the deposition rate. 
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5.4 Comparison between (111) and (100) Co/Ni multilayers 

The dominant presence of the second satellite in the NMR spectra of MBE grown (111) 
Co/Ni multilayers is remarkable as we noted before (Sec. 5.2). The third satellite, 
which is expected to be dominating the interface part of the NMR spectra, is missing. 
In order to get more insight in the interface topology of Co/Ni multilayers, a series of 

(100) Co/Ni multilayers was studied with NMR. It was our aim to investigate whether 
also for this texture the second satellite is large and whether the fourth satellite, which 
is expected for a perfectly flat (100) interface, is present. Before we will elaborate on 
the interface topology of Co/Ni multilayers, we will first discuss the structure of the 
Co and the interface roughness of (100) Co/Ni multilayers. 

The Co/Ni multilayers were grown at room temperature by MBE on a Si(lOO) 
substrate with a base layer of 500 A Cu. The deposition rates were 0.3 Á/s for Co and 
0.4 Á/s for Ni. The number of repetitions was 50. The thickness of the Ni layers was 
kept at 16 A whereas the thickness of the Co layers was varied between 8 and 30 A. 
The (100) texture of these multilayers was confirmed by XRD [118]. 

In Fig. 5.6 the NMR spectra of all samples of this series are plotted. The spectra 
are normalized to the nomina! Co layer thicknesses. Fig. 5.6( a) shows that the bulk 

Co of these multilayers is mainly fee (the position of the main line is close to the value 
of fee Co, 21.6 T) . The amount of Co in stacking faults and the amount of hcp Co is 
small. The position of the main line depends on the Co layer thickness. Decreasing the 
Co la.yer thickness results in a.n increase of the hyperfine field, as expected for Co/Ni 
multila.yers (see Sec. 4.5.1). 
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Figure 5.6: NMR spectra of (100) (x Á Co + 16 Á Ni) multilayers. The total 
intensities of the spectra between 18.3 and 23.0 T are normalized to the nomina! cobalt 
layer thickness. 
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The intensity at the low field side of the main line arises from Co atoms at the 
interfaces bet ween the Co and the Ni layers. In Fig. 5.6( b) the interface part of the 
NMR spectrum of some of the (100) Co/Ni multilayers is displayed in more detail. The 
only satellite that can be distinguished is the second satellite around 20.2 T. However, 
the relative intensity of this satellite is much smaller than the relative intensity of the 
second satellite of (111) grown multilayers. This difference is clearly visible in Fig. 5.7, 
where the NMR spectra of (111) and (100) grown Co/Ni multilayers are compared. 

The interface part of the NMR spectra of the (100) multilayers resembles that of 
a diffuse interface; a broad tai! with no preferential surroundings (see Fig. 2.2(c)). 
Neither the fourth nor the second satellite are clearly visible. To estimate the interface 
roughness, the decrease of the bulk intensity for decreasing Co layer thicknesses was 
determined. In Fig. 5.8 this decrease is plotted for various values of the boundary 
between the bulk part and the interface part of the spectrum. From this figure the 

thickness of the Co layers in which no bulk Co is left is estimated to be about 5 Á 
(mixed region of 2.5 Á per interface). 

At this point we would like to address to the interface topology of the Co/Ni 
multilayers in more detail. We have seen that the interface roughness of both (111) 
and (100) grown multilayers seems to be approximately the same and very small; about 
2.5 Á per interface. This value is consistent with an upper limit of the interdiffused 
interface region of 4- 5 Á estimated from Auger spectra for MBE grown (111) Co/Ni 
multilayers [117]. The interface topologies of the (111) and ( 100) textured multilayers, 
however, are completely different and do not agree with the expectation. Fora perfectly 

--o--(13.3 A Co+ 16.9 A Ni) (111) 
-a-(16 A Co+ 16 A Ni) (100) 

0 ..__~ ....... ~~.._~___._~~ ....... ~---'...._~ ....... ~~.._~__. 
19 20 21 22 23 

Hyperfine field (T) 

Figure 5.7: Comparison of the NMR spectra of Co/ Ni multilayers grown by MBE 
in the {111) direction (on mica + 200 Á Au) and in the (100) direction (on 

Si(JOO) + 500 Á Cu). The NMR spectra are normalized to the cobalt layer thickness. 
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Figure 5.8: Bulk Co intensity versus Co layer thickness for various values of the 

boundary between bulk and interface intensity of the NMR spectra of the (100) Co/Ni 
multilayers plotted in Fig. 5.6. From this figure the interface roughness is estimated to 
be 2.5 Á per interface. 

flat (111) interface the third satellite is expected, fora perfectly flat (100) interface the 
fourth satellite is expected. However, in the case of (111) multilayers the measurements 
show a dominance of the second satellite, whereas for the (100) multilayers no specific 
surrounding is privileged. The Jatter observation can be caused by the presence of 
diffuse interfaces with no preferential surrounding. The dominant presence of the 
second satellite in the case of (111) Co/Ni multilayers remains rather peculiar. This 
large second satellite is found for both MBE grown and high vacuum evaporated (111) 
Co/Ni multilayers. The intensity and small line width of this satellite suggest that at 
the (111) Co/Ni interface a preferential surrounding fora Co atom with 2 Ni neighbors 
exists. 

A possible origin of such a preferential surrounding is the presence of an ordered 
alloy at the (111) interface. In the following we will discuss two possible ordered alloys 
which can account for the relatively large intensity of the second satellite. Since the 
interface roughness is rather small (about 2.5 Á per interface), we assume that the 
interface between the Co layers and the Ni layers contains only one mixed layer with 
both Co and Ni atoms. In Fig. 5.9 two possible arrangements of atoms in these mixed 
layers are plotted. One ordered alloy is based on the known bulk CoNb alloy [119], the 
second possibility is based on a CoNi2 alloy [120]. In Table 5.2 the predicted occurrence 
and relative intensities of the satellites for both models are given. The number of bulk 
Co layers equals n. The sub-interface layer is the monolayer between the bulk Co 
layer and the mixed monolayer. For the CoNi2 alloy, all Co atoms in the sub-interface 
layer have 2 Ni neighbors. One should note that these models not only predict a large 
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Figure 5.9: Two possibilities for an ordered (111) interface layer in Co/Ni multilayers. 

In ( a) an atomie arrangement for a CoNi3 alloy ( a known Co-Ni bulk alloy) is given, in 

(b) an arrangement fora CoNi-i. alloy is given. The lines in the NMR spectra occurring 

on basis of these symmetries are given in Table 5.2, together with their intensities. 

1 position Co 1 ML Co 1 bulk 1 2°d sat. 1 3rd sat. 1 gth sat. 1 

C0Ni2 mixed layer 2/3 - - - 2/3 
sub-interface 2 - 2 - -

bulk n n - - -

CoNiJ mixed layer 2/4 - - - 2/4 
sub-interface 2 - 3/2 1/2 -

bulk n n - - -

Table 5.2: The occurrence of the different surroundings of Co (in monolayers, ML) 

for Co/Ni multilayers with an ordered CoNi-i. or CoNi3 alloy at the (111) interfaces. 

The sub-interface layer is the monolayer between the layer with only bulk Co atoms and 

the mixed monolayer. The number of monolayers with only bulk Co atoms equals n. 

intensity of the second satellite, hut also a large intensity of the ninth satellite. 
For both models the intensity ratio between the second and ninth satellite equals 

3 : 1. To verify these models a NMR measurement was performed in a large hyperfine 
field range (13-24 T). In Fig. 5.10 the resulting spectrum is shown. The positions of the 
main line and of the satellites are given in Table 5.3. The assignment of the number 
( #) of Ni neighbors (the number of the satellite) to a line is obvious for hyperfine fields 
larger than 17.5 T. Since the distances between the lines observed at lower hyperfine 
fields deviate appreciably from the expected 0. 74 T, the assignment of these lines 
is more difficult. Despite these problems it is clear that for hyperfine fields smaller 
than 20 T the intensities of the satellites are monotonously decreasing without any 
i rregulari ties. 

From this we can conclude that the models introduced above are not adequate to 
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Figure 5.10: NMR spectrum of a MBE grown {111} {16 Á Co+ 16 Á Ni) multilayer. 

The Co layers of this sample were grown with a deposition rate of 0.5 Á/s. The positions 

of the lines are given in Table 5.3. 

1 Bh! (T) 1 /::,,. (T) 1 # Ni neighbors Il Bh! (T) 1 /::,,. (T) 1 # Ni neighbors 1 

21.69 - 0 17.90 0.70 5 
20.95 0.74 1 - - 6? 
20.25 0.70 2 16.20 1.70 7 ? 
19.50 0.75 3 14.95 1.25 8? 
18.60 0.90 4 14.33 0.62 9? 

Table 5.3 : Hyperfine fields of the different lines in the NMR spectrum of the 

{16 Á Co + 16 Á Ni} multilayer plotted in Fig. 5.10. /::,,. gives the distance between 

the successive lines. The identification of the lines is ambiguous for the lines with 

hyperfine fields smaller than 17 T. 

describe the NMR spectra of the (lll) Co/Ni multilayers. Since it is also not possible to 
explain the NMR spectra with other interface models ( e.g" strips, square or hexagonal 
islands), the interface topology of the (111) Co/Ni multilayers remains puzzling. 

5.5 Annealing of a (111) Co/Ni multilayer 

In thîs sectîon the infiuence of annealing on the microstructure of a Co/Ni multilayer 
is shown. The infiuence of annealing on the magnetîc propertîes of Co/Ni multilayers 
has been studied by den Broeder et al. [121]. They found that for (2 Á Co+ 4 Á Ni) 
multilayers the magnetic anisotropy and the coercivity dramatically decrease after an-
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nealing at temperatures in the 400-500° C range. 
The present (16 Á Co+ 16 Á Ni) multilayer, MBE grown with a deposition rate of 

1 Á/s for Co and 2 Á/s for Ni, was successively annealed for 15 minutes at temperatures 
of 340, 380, 440, 480, and 540° C, and then for 45 and 90 minutes at 540° C. To prevent 

oxidation the annealing treatments were carried out in a H2/N2 atmosphere. 
The NMR spectra of this sample after the annealing treatments at the lower 

temperatures are shown in Fig. 5.ll(a). After the first annealing treatment the in-
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Figure 5.11: NMR spectm of a {16 Á Co+ 16 Á Ni) multilayer that was successively 

annealed at various temperatures. In part (a) the NMR spectra after annealing at 380 

and 480° Care shown. For clarity the spectra after annealing at 340 and 440° Care 

not shown. These spectra are similar to the spectra after annealing at respectively 380 

and 480° C. The total intensities of the NMR spectra between 18.35 and 23.20 T are 
normalized to the Co layer thickness. In part {b) the NMR spectra after annealing 

at higher temperatures are shown. In this part of the figure the NMR spectra are not 
normalized. 
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tensity of all satellite lines increases with respect to the bulk intensity. The first 
(21.00 ± 0.04 T), the second (20.21 ± 0.03), the third (19.34 ± 0.08 T), and the forth 
satellite (18.38 ± 0.08 T) can be observed. For annealing temperatures between 340 

and 480° C the intensity of the interface part for hyperfine fields smaller than 20 T 
increases gradually. The amount of Co in stacking faults and hcp Co decreases after the 
first annealing treatment and remains more or less constant for the higher annealing 

temperatures. 
Fig. 5.ll(b) shows the NMR spectra of the Co/Ni multilayer after annealing at 

the higher temperatures. After 15 minutes annealing at 540° C the NMR spectrum 

has changed completely. The line arising from Co atoms with two Ni neighbors and 
the major part of the intensity arising from bulk Co atoms have disappeared. After 
annealing for 90 minutes at 540° C a broad line with a maximum around 17.3 T remains. 
After this annealing treatment almost no bulk Co is left, the chemica! modulation has 
disappeared, and a random Co-Ni alloy has formed. Since the layer thicknesses of Co 
and Ni in the original multilayer were equal, the formed alloy is 50 % Co - 50 % Ni. 
The relative probabilities for the occurrence of the different surroundings of the Co 
atoms can now be calculated with the binomial distribution for random alloys (see 
Sec. 2.2.4). For a 50 3-50 % alloy the surrounding with the largest probability is 6 
Co neighbors and 6 Ni neighbors. The probabilities for Co atoms with 5 or 7, 4 

or 8, 3 or 9, etc., Co neighbors are equal. This results in a symmetrical line with 
a maximum at the hyperfine field of Co atoms with 6 Co and 6 Ni neighbors. If 
we take the value for the shift per replacement of a Co atom by a Ni atom in the 
nearest neighbor shell from the literature (0.74 T) [70], the maximum of the broad 
line is expected at 21.67-6x0.74 = 17.2 T. The measured position of the maximum 
perfectly agrees with this expectation. In Fig. 5.12 the measured NMR spectrum 
after the last annealing treatment is compared with a theoretica! NMR spectrum of a 
50 3 Co - 50 3 Ni alloy. Parameters used for the calculation are: the position of the 
main line (21.67 T, position fee line of the as-deposited sample), the distance between 
the satellites (0.74 T, literature [70]), and the width of the lines (2.1 T). The width 
of the lines was adapted to obtain agreement with the width and the shape of the 

measured spectrum. The resulting value is approximately five times larger than the 
width of the main line and that of the second satellite of the as-deposited multilayer. 
This factor is a consequence of the difference of the symmetry in a multilayer and in a 
random alloy. In an alloy there are more different distributions of Ni atoms over the 
twelve nearest neighbor sites than in a multilayer, where the symmetry is determined 
by the interface topology [54]. A NMR study of Co-Ni alloys with Ni concentrations 

between 20 and 65 % by Takei and Maeda [75] also resulted in broad lines where the 
contributions of the different surroundings could not be separated. The width of the 
gaussians used by Takei and Maeda in their analysis was 1.3 T. 
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Figure 5.12: Comparison between the experimental NMR spectra of an an

nealed {16 Á Co + 16 Á Ni} multilayer and a theoretica! NMR spectrum of a 

50 % Co - 50 % Ni alloy. The field scan was corrected for enhancement. The frequency 

scan was measured with a broadband LC-circuit and is only corrected for transmitting 

enhancement. The theoretica[ NMR spectrum was calculated with the following para

meters: position main line 21.67 T, width of the lines 2.1 T, shift in hyperfinefield per 
substitution 0. 74 T. 

5.6 Co-Ni alloys 

In the last section of this chapter the results of a NMR study on various Co-Ni alloys 
are presented. The aims of this study were to see whether also for MBE grown alloys 
there is a preferential surrounding for a Co atom with two Ni neighbors, to study the 
difference between melted and MBE grown alloys, and to check the decrease of the 
hyperfine field if a Co atom is replaced by a Ni atom in the nearest neighbor shell. 

The melted Co-Ni alloys were homogenized by heating them for 3 days at 1000° C. 
Two series of Co-Ni alloys were grown with MBE on mica substrates: one without a 
base layer and one with a 200 A Au + 200 A Cu base layer. The percentage of Ni in 
the alloys varies from 2 to 10 %. The thickness of the MBE grown films is 2000 A. 

In Fig. 5.13(a) the NMR spectra of the Co-Ni alloys grown by MBE on a base 
layer are shown. The spectrum of the sample with 2 % Ni clearly shows the different 
contributions of hcp Co, Co in stacking faults, fee Co, and the first and second satellite. 
Increasing the Ni content results in a decrease of the relative amount of bulk hcp Co 
and, as expected, in an increase of the intensity of the satellite lines. The decrease of 
the relative amount of hcp Co can be explained by the stabilization of the fee phase of 
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Figure 5.13: NMR spectra of various Co-Ni alloys. (a) MBE grown on a 

200 Á Au + 200 Á Cu base layer, {b} MBE grown without a base layer, {c} melted. 

The total intensities of the spectra are normalized to the percentage of Co. The dashed 

lines de no te the hyperfine field values of bulk fee Co {21. 6 T) and bulk hcp Co {22. 6 T) , 

reported in the literature. 
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Co by the increasing amount of fee Ni. The NMR spectra of the Co-Ni alloys grown 

by MBE without a base layer are plotted in Fig. 5.13(b). For this series the structure 
of the Co in the sample with 2 % Ni mainly consists of stacking faults and a small 
amount of fee Co. Since the main line is very broad (full width at half maximum 
1 T), the contributions from the different satellites can hardly be distinguished. The 
situation is even worse for the melted Co-Ni alloys. As is shown in Fig. 5.13(c), the 

NMR spectra of these samples show only one broad line, in which neither the different 
contributions to the main line nor the different satellite lines can be discriminated. 
The location of the maximum of the main line of the sample with 4 % Ni indicates 
that the amount of stacking faults is probably very large for these samples. Due to the 
increased percentage of Ni atoms in the sample with 10 % Ni, the hyperfine field of the 
maximum in this sample is lower. 

To investigate whether the intensity of the second satellite for these Co-Ni alloys is 

larger than expected for a random alloy, the intensities of the different satellite lines 
of the NMR spectra of the MBE grown series with base layer are compared with the 
binomial distribution. In Fig. 5.14 the spectrum of the alloy with 2 % Ni is plotted 
together with a theoretica! spectrum. In the theoretica! spectrum only the contribution 
of fee Co is taken into account . Since for the measured sample the Co is a mixture 
of fee Co, hcp Co, and Co in stacking faults, the experimental data will deviate from 

80 
-o-200 A Au + 200 A Cu + fee Co 

2000 A (98% Co + 2% Ni) 

...-.. 60 
--theory hcpCo 

;:3 2% binomial distribution 
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Figure 5.14: Comparison of the measured NMR spectrum of the MBE grown 

(98 %Co-2 %Ni) alloy with a theoretica/ spectrum calculated with the binomial distribu

tion model. In the theoretica/ spectrum only the contributions /rom fee Co are taken 
into account. Parameters of the calculated spectrum: position of the main line 21. 50 T, 

shift per replacement of Co by Ni 0. 14 T , and width of the lines 0.2 T. 
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the theoretica] curve (e.g., at the position of bulk fee Co also satellites from hcp Co 
and from Co in stacking faults wil! contribute to the intensity). Although this fact 
precludes a detailed comparison of the intensities of the satellites with a binomial 
distribution, one can conclude from the figure that the intensity of the second satellite 

is not considerably larger than expected. Moreover, the intensity of the second satellite 
is smaller than the intensity of the first satellite, unlike the situation in (111) Co/Ni 
multilayers. This implies that no particular preferential surrounding exists for Co 
atoms with 2 Ni neighbors in MBE grown Co-Ni alloys. For the MBE alloys grown on 

base layers the positions of the main line, the first satellite, and the second satellite 
could be determined. The shift of the hyperfine field resulting from the substitution 
of one Co atom by a Ni atom in the nearest neighbor shell was deduced from these 
positions: 0. 75 ± 0.03 T. This value agrees very well with the value reported in the 
literature by Riedi et al. [70] 0.74 ± 0.1 T. 
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Chapter 6 

Granular Co/ Ag multilayers 

Abstract• 

The relation between structura/ properties, magnetization, and magne

toresistance of sputtered Co/ Ag multilayers with thin Co layers is stud

ied in as-deposited and annea/ed mu/ti/ayers. Nuc/ear magnetic resonance 

experiments and magnetization measurements showed that decreasing the 

nomina/ Co thickness below 10 Á causes a gradua/ transition from an 
anisotropic ferromagnetic layered system to a granu/ar system consisting 

of a /ayered array of Co pancakes. Annealing extends the granu/ar regime 

to /arger Co thicknesses, reduces the roughness, and transforms the Co 

clusters to a more isotropic shape. The effect of these structural changes 

on the magnetization and the magnetoresistance is discussed. 

6.1 Introduction 

63 

The magnetoresistance (MR) of the Co-Ag system has been widely studied. Co/ Ag 
multilayers have been measured with the current in the film plane [106,122,123] and 

were the first systems studied in the so called CPP (current perpendicular to the plane) 
geometry [124] . MR has been investigated not only in layered samples of Co and Ag 

hut also in Co-Ag granular alloys [35,125-127]. 
Recently there has been a great deal of interest in the influence of annealing of 

multilayers consisting of a stacking of very thin (thickness < 10 À) ferromagnetic layers 
(e.g., NiFe) and layers of an immiscible non-magnetic element like Ag [128- 131]. The 
purpose of the annealing treatment is to form discontinuous magnetic layers, which 
have low saturation fields and a large MR sensitivity (change in MR divided by change 
in applied field). Very low saturation fields (....., 20 Oe) result from the presence of a soft 
magnetic material like NiFe, together with the direction of the magnetic field, which is 
applied in the easy direction of the pancake-shaped magnetic clusters j128,132,133]. 

The first part of this chapter focuses on the relation between the microstructural 

"Parts ofthis chapter have been published in, J. Appl. Phys. 76, 6607 (1994), 
J . Magn. Magn. Mater. 140-144, 609 (1995), and Phys. Rev. B 51, 8182 (1995). 
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characteristics of the Co in as-deposited Co/ Ag multilayers and the magnetic and mag
netotransport properties of these multilayers. We will concentrate on samples which 
are in the transition region between multilayers and granular systems and demonstrate 
that these layered granular systems are formed when Co/ Ag multilayers are made with 
very thin ( < 10 Á) Co layers. The microstructural characteristics of the Co-Ag sam
ples were studied with 59Co nuclear magnetic resonance (NMR). This study provided 
information about the structure of the Co, the interface roughness, the strain of the 
Co lattice, and an estimate of the Co cluster size in the discontinuous Co layers. 

In the second part of this chapter we will study the effect of annealing of the 
Co/ Ag multilayers on the microstructure, as obtained from NMR spectroscopy, and 
the consequences for the magnetization and the magnetoresistance. The influence of 
the initia! microstructure on the changes of the MR upon annealing will be discussed. 

6.2 Samples and experimental methods 

Four series of Co/ Ag multilayers were studied. All samples were prepared by mag

netron sputtering on Si substrates at room temperature. For all series the top and 
base layer were 50 A Ag, whereas the number of repetitions was kept to 100. Two 
series were made with deposition rates of 4 Á/s for Co and 8 Á/s for Ag. One series 
had a variable Co thickness (x A Co + 20 A Ag) and one had a variable Ag thick
ness (20 A Co + x A Ag). The two other series were made with smaller deposition 
rates: 2 Á/s for Co and 4 Á/s for Ag. Again one series with a variable Co thickness 
(x A Co+ 20 A Ag) and one with a variable Ag thickness (6 Á Co + x A Ag) were 
made. X-ray diffraction (XRD) on the first two series confirmed the superlattice mod
ulations and showed (111) texture. In Fig. 6.l(a) a typical example of a 8 ; 28 scan 
is shown. From the distance of the multilayer satellites the multilayer period was 
calculated for the series (x Á Co + 20 A Ag) and (20 A Co + x Á Ag). The results 
are given in Fig. 6.l(b). For both series the fitted line is close to the expected one 
(D = 20 + 1 · x), indicating that the thicknesses of the grown layers are close to the 
nomina! thicknesses. The width of the rocking curves (full width at half maximum) 
was about 6° (not shown). 

NMR experiments were performed with a coherent spin-echo spectrometer at a 
temperature of 1.6 K. Magnetic fields, larger than the saturation field, were applied 
parallel to the film plane. During the experiments the applied field was swept at various 
fixed frequencies between 130 and 200 MHz. The hyperfine field Bh! was obtained from 
the resonance field Er and the frequency f using the relation 27rf = 1(Bhl - Er) (see 
Sec. 3.3). The transverse magnetoresistance was measured at various temperatures in 
fields up to 1.3 T using the standard four-probe method [134]. Successive annealing 
treatments were performed for 15 minutes in a H2 /N2 atmosphere. Magnetization 
measurements were dorre at room temperature with a vibrating sample magnetometer 
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Figure 6.1: Figure (a) shows a typical result of a CuK~ () : 2B scan of the Co/ Ag 

multilayers. From these scans the multilayer period D (D = tc0 + tAg} was deduced. 

This multilayer period is plotted in figure (b) for two series Co/ Ag multilayers. The 

series with a variable Co layer thickness is represented by solid cire/es, the series with 
a variable Ag layer thickness by open squares. 

in fields up to 1.6 Tand with a superconducting quantum interference device (SQUID) 

magnetometer at various temperatures in fields up to 5 T . 

6.3 As-deposited multilayers 

6.3.1 Structure 

Before we show the results of the magnetization and MR measurements on the Co/ Ag 

multilayers, we will first discuss the structure of Co in these multilayers. Fig. 6.2 

shows the bulk part (Co atoms with only Co nearest neighbors) of the 59Co NMR 

spectrum of the 100 x ( 40 Á Co + 20 Á Ag) multilayer. The line shape of this part of 

the spectrum is a typical example for all the Co/ Ag multilayers. For easy comparison 

the figure also contains the spectrum of a 1000 Á Co film, in which the different 

contributions of fee Co, hcp Co, and two stacking faults (sf's) between fee and hcp 

Co can clearly be distinguished [13,14] . For the Co/ Ag multilayer these contributions 
cannot be separated, hut the position of the maximum and the width of the line 

indicate that the Co in the Co/ Ag multilayers is a mixture of fee Co, hcp Co, and 

Co in stacking faults. This indication is supported by the observation that both the 

magnetic anisotropy (see Sec. 6.3.2) and the anisotropy of the hyperfine field of the 

Co/ Ag multilayers are between those of fee Co and hcp Co. The large amount of 

stacking faults in these Co/ Ag multilayers is probably produced by partial dislocations 

[135], which accommodate part of the lattice mismatch between Co and Ag [136]. 

We will now turn to the overall NMR spectra and their dependence on the nomina! 
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Figure 6.2: Comparison of the NMR spectrum of a 1000 Á thick Co film and the bulk 

part of the NMR spectrum of a JOOx (40 Á Co + 20 Á Ag) multilayer. The spectrum 

of the Co film shows clearly separated lines of fee Co (21.6 T), hcp Co (22.6 T), and 

Co in stacking faults (sf). 

tbickness of the Co layer in the range from 4 to 15 Á. In Fig. 6.3 these NMR spectra 
are plotted. The integral of the intensity is normalized to the nomina! Co thickness. 
Apart from the intensity which arises from bulk Co nuclei around 21 T, a clear contri
bution at lower fields can be observed. This intensity originates frorn Co atoms at the 
interfaces with the Ag layers. As will be clarified in Sec. 6.4.1, the maximum at 17.5 T 
can be identified with Co atoms at locally flat ( ll l) interfaces (Co atoms with three 
Ag neighbors). The remaining interface intensity arises from Co atoms in imperfect 
surroundings, e.g., atoms at steps at the interface with 1, 2, 4, or more Ag neighbors. 

Fig. 6.4 gives a survey of the different contributions to the spectrum as a function of 
the nomina! Co thickness. The intensities are obtained by dividing the spectra plotted 
in Fig. 6.3 in to two parts and integration of these parts (interface part 15-19.5 T, 
bulk part 19.5-23 T). The results do not depend critically on the exact location of the 
boundary between the bulk and the interface part. Moreover, comparing the height 

of the interface and bulk line gives similar results. To start with, the presence of the 
bulk Co signa! for the sample with a nomina! Co thickness of 4 Á, 2 monolayers (ML), 
is worth noting. This signa! implies straightforwardly that the Co did not grow in 
the layer-by-layer mode hut presumably in three-dimensional islands, because in the 
case of perfect layer-by-layer growth all Co atorns in the 2 ML thick Co layers would 
have Ag neighbors and no bulk Co signa! would be present (see section 2.2.5). If the 

nomina! Co layer thickness is increased from 4 to 10 Á, both the interface and the 
bulk intensity increase proportionally, as is shown in Fig. 6.4. This implies that the 
volume to surface ratio of the clusters remains more or less constant. This behavior 
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Figure 6.3: NMR spectra of the as-deposited (x Á Co + 20 Á Ag) multilayers for 
various nomina/ Co thicknesses. The integrals (between 15 and 23 T) of the spectra 

are normalized to the nomina/ Co thickness. The spectra are corrected f or enhancement. 

can only be understood if the growth mode is such that in the nomina! Co thickness 
range 4-10 Á, in first approximation, only the number of three-dimensional Co islands 
increases, without appreciable changes in shape or size. 

Figs. 6.3(b) and 6.4(a) show that for nomina! Co thicknesses increasing from 10 
to 15 Á the intensity of the interface signal remains approximately constant, while 
the number of Co atoms with bulk environment increases. Apparently, for nomina! 
Co thicknesses ic0 ~ 10 Á, the additional Co atoms are added to the bulk without 
changing the number of Co atoms at the interfaces. This observation shows that for 
nomina} Co thicknesses larger than 10 Á (5 ML) the islands mentioned above have 
merged to form a continuous layer. Since, as already mentioned above, up to this 
nomina! Co layer thickness the shape and size of the Co clusters remains constant, we 

conclude that in this range the Co layers are built with clusters of Co with a thickness 
of about 5 ML. 

As an additional check on this conclusion we can compare the ratio of the interface 
to the bulk part of the spectra of the multilayers with 4, 8, and 10 Á Co. Clusters with 
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Figure 6.4: lntensity of the interface part (a), the bulk part (a), and the ratio between 

the bulk and the interface part (b), as derivedfrom Fig. 6.3, as afunction of the nominal 

Co thickness. The dotted line in (a) is a guide to the eye; the solid line in (b) is in 

accordance with the model discussed in the text. 

a Co thickness of 5 monolayers would have at least 2 monolayers Co at the interfaces 
and at most 3 monolayers bulk Co, resulting in a bulk to interface intensity ratio of 
at most 3/2 (if the interfaces are flat and the islands a.re relatively large). Roughness 

as well as a finite lateral size would result in a ratio smaller than 3/2. The measured 

bulk/interface ratio of about 1 (Fig. 6.4(b)) fits reasonably in this model. 
Fig. 6.4(a) shows tha.t the bulk intensity increases from 4 to 10 A Co with a cer

tain slope. The fact that this line extrapolates approximately to zero corroborates 
the conclusion drawn a.bove that the Co grows in the three-dimensional island mode 

for nomina! Co thicknesses smaller than 10 A and not in the layer-by-layer mode. A 
layer-by-layer growth with perfectly smooth interfaces would result in all Co atoms 
ha.ving Ag neighbors for tc0 s; 2 ML and bulk Co atoms would only be present for 

tc0 > 2 ML. So this growth mode would result in huTu/ !interface = 0 for tc0 s; 2 ML. 
Layer-by-layer growth with a certain roughness at the interfaces results in an intersec

tion of hulk/ !interface with the Co thickness axis having a value of more than 2 ML; see 
Sec. 2.2.5. 

Using the same (simple) model of three-dimensional island growth for tc0 < 10 A 
and continuous layer growth for tc0 > 10 A, we can predict the increase of the 
bulk/interface ratio above the nomina! thickness of 10 A, since in this model all ad

ditional Co above this thickness contributes to the bulk intensity. The resulting pre
diction is shown by the solid line in Fig. 6.4(b) and agrees well with the experimental 
data for Co thicknesses above 10 A. 

The roughness of the interfaces of the Co/ Ag multilayers with continuous Co layers 

can, in principle, be derived from Fig. 6.4(b) (see Sec. 2.2.5, Fig. 2.3). However, since 
there are not enough data points in this regime (tc0 > 10 Á) a reliable estimate of the 
interface roughness is not possible for this series. 
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~~ 
Figure 6.5: Schematic representation of the microstructure of the sputtered 

{x Á Co + 20 Á Ag) multilayers with thin Co layers. 

In Fig. 6.5 a schematic view of the resulting model for the microstructure of the 
Co/ Ag multilayers is given: discontinuous Co layers for nomina! Co thicknesses smaller 
than about 10 Á and continuous Co layers for Co thicknesses larger than 10 Á. For the 
sample with a nomina! Co thîckness of 4 Á about 40 % of the area between two Ag layers 

is covered wîth Co, sînce the thickness of the Co clusters is about 10 Á. Transmission 
electron microscopy (TEM) on a similar (6 Á Co + 35 Á Ag) multilayer confirmed the 
discontinuity of the thin Co layers. The TEM pictures showed dumping and columnar 
growth with discontinuities at the boundaries [123). Earlier RHEED studies on MBE 
grown Co/ Ag multilayers (135] yielded, for some growth temperatures, similar results. 

We would like to emphasize that for the samples with thin Co layers (e.g., 4 Á Co) 
the arrangement of the clusters is not random, like in granular alloys, hut they are 
arranged in parallel planes. This regular, periodic, arrangement of the islands is evident 
from the XRD measurements, which showed mult ilayer satellites also for the Co/ Ag 
multilayers with discontinuous Co layers. 

The growth mode of the Co/ Ag multilayers observed in the present experiments is 
in accordance with the expectations based on a comparison of the surface energies of 

Co b eo) and Ag (/Ag) and the Co/ Ag interfacial energy (/coAg) [137,138]. Depending 
on the relative magnitudes of these energies, the growth can be in the Frank-van 
der Merwe mode {monolayer by monolayer, 2-dimensional), the Volmer-Weber mode 
(island, 3-dimensional), or in the Stranski-Krastanov mode (starting with layer by layer 
growth, followed by 3-dimensional growth). Monolayer by monolayer growth of Co on 

Ag occurs only when /co+ /CoAg - /Ag -5: 0 (neglecting the infl.uence of strain). Since /Co 
(2.6 J/m2) is much larger than /Ag (1.3 J/m2) and since / CoAg is positive (0.49 J/m2) 

Co is expected to grow in islands on Ag (for all Co layer thicknesses). For the growth 

of Ag on Co, however, /Ag+ /AgCo - 1c0 is indeed negative {IAgco=0.44 J/m2), and 
layer by layer growth of Ag on Co is expected. However, the growth mode is not 
completely described by these simple equations, hut also the deposition conditions 
play an important role. 3-dimensional island growth of the metal with the larger value 
of/ can sometimes be avoided by increasing the deposition rate or by decreasing the 
substrate temperature [137]. 
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6.3.2 Magnetization 

In this section we will focus on the magnetic behavior of the Co/ Ag multilayers and 

compare the results with the model of the microstructure of these layers proposed 
above. In Fig. 6.6 some of the magnetization curves of the series (x Á Co + 20 Á Ag), 
with the applied field both parallel and perpendicular to the film plane, are shown. 
Obviously, the magnetic anisotropy (the area between the in-plane and perpendicular 

magnetization curves) decreases steadily with decreasing nomina! Co thickness till, for 
tc0 = 2 Á, a completely isotropic behavior is observed (also a decrease of the remanent 

magnetization can be observed, which we will discuss later on). It would be tempting 
to relate this decrease of the anisotropy straight away to the aforementioned transition 

from continuous layers to clusters when tc0 decreases. One has to recall, however, that 

such a decrease of the anisotropy is qui te common also in multilayers with permanently 

continuous layers, where it is induced by the interplay of interface anisotropy and shape 
anisotropy, yielding a critica! thickness at which the two contributions balance each 
other (139]. 

In Fig. 6. 7 the magnetic anisotropy multiplied by the Co layer thickness is plotted 
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Figure 6.6: Field dependence of the magnetization of the JOOx (x Á Co + 20 Á Ag) 

multilayers for nomina[ Co thicknesses between 2 and 14 Á. The m easurements were 

performed at room temperature with the applied field parallel (open cire/es) and perpen

dicular (solid squares) to the film plane. The saturation magnetization of the sample 

with 2 Á Co was determined from the SQUID m easurements. 
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Figure 6. 7: Magnetic anisotropy times the Co layer thickness as a function of the Co 

layer thickness for 1 OOx (x À Co + 20 À Ag) multilayers. The solid and dotted lines 

are fits of straight lines to the data on the samples with a smaller and larger deposition 

rate, respectively. 

as a function of the Co layer thickness for the present series of Co/ Ag multilayers. The 
data points (all with tc0 > 10 Á, continuous Co layers) were fitted with a straight 

line: Kt = Kvt + 2K.. In Table 6.1 the results of the anisotropy determination of 
the two series (smaller and larger deposition rate) are compared with the results for 
Co/ Ag multilayers reported in the literature. The differences between the values of 
the volume anisotropy are probably caused by differences in the relative amount of fee 
and hcp Co (K!cc ~ -1.3 MJ/m3 , K:cp ~ -0.7 MJ/m3 [13,14]). Furthermore, it has 

to be noted that fitting the data with the relation Kt = Kvt + 2K, is only meaningful 
when the Co layers are continuous. Discontinuous layers result in different interface 

Co/Ag tAg Kv K. 
multilayer Á MJ/m3 mJ/m2 

Co 4 Á/s 20 -1.2 0.19 

Co 2 Á/s 20 -0.81 0.06 
Ref. [139] 24 -0.97 0.20 
Ref. [139] 48 -0.97 0.30 
Ref. [140] 50 -0.93 0.16 
Ref. [105] 20 -0.98 0.07 

Table 6.1: Comparison of the anisotropy constants determined from measurements on 

Co/ Ag multilayers with a variable Co layer thickness and a constant Ag layer thickness. 
The first two rows give the results of the present two series, the other results are from 

the literature. 
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areas (and different preferential directîons) and in erroneous values for the interface 

anisotropy [105]. 

From the values of the anisotropy constants of the present two series and from 

the anisotropy values of Co/ Ag multilayers found in the literature, one would expect 

that for Co layer thicknesses of about 3 Á a balancing of the volume and interface 
anisotropy occurs, resulting in isotropic behavior of the magnetization. Since this 

thickness is in the range tc0 < 10 Á it is not possible to relate the decrease of the 

anisotropy of the samples with nomina! Co layer thicknesses in this range directly to 

the transition from continuous layers to clusters. However, the strong increase of the 

saturation field for the (magnetically isotropic) 2 Á Co sample, apparent from Fig. 6.6, 
indicates a behavior different from that observed in continuous layers [141]. In order 

to discriminate between continuous and discontinuous layers the temperature and field 

dependence of the magnetization of the sample (2 Á Co + 20 Á Ag) have been studied. 

In Fig. 6.8 the results of these measurements are displayed. These magnetization 

curves resemble superparamagnetic behavior, as found for various granular systems 

[142- 145]. The magnetization (M) can be described reasonably well by the Langevin 
function L(a): 

M 1 
- = L( a) = coth a - -
M. a 

(6.1) 

with M. the saturation magnetization and a = (N µc0 H)/("8T) . N is the number 

of Co spins per cluster , µc0 is the magnetic moment per Co atom, H is the applied 

1.2 

~ 1 0.9 

5 e o.6 
0 

~ 

0.3 

(2 A Co + 20 A Ag) 

o 293 K 

o 160K 
D lOOK 
A SOK 
v 25K 

--N=300 
0.0 _ _.__.....__...___. _ _._ _ _.__.____._.....____, 

0 2 3 4 5 
Applied field (T) 

Figure 6.8: Field dependence of the magnetic moment of the sample 

1 OOx (2 Á Co + 20 Á Ag) measured at various temperatures between 25 and 293 K 
with the applied field parallel to the film plane. 
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field (B = µ0 H), and T is the temperature. Moreover, if we plot the magnetization 
versus the applied field divided by the temperature (H/T) all the curves coincide, as is 
shown in Fig. 6.9. Fitting the magnetization curves (not corrected for the contribution 
of the substrate) with the Langevin function yields the number of Co atoms per Co 

cluster (assuming µc0 = µ~':;"'). For the sample with a nomina! Co thickness of 2 Á this 
results in about 300 Co atoms per cluster. The magnetization at various temperatures 
calculated with Eq. (6.1) and N=300 is represented by the solid curves in Fig. 6.8. So 
these measurements corroborate the granular nature of the system as was found from 
the analysis of the NMR experiments on the samples in the range 4 < tc0 <10 A. 

Another indication for the presence of magnetic clusters is the observation of a 
blocking temperature (Ta) when the magnetic moment of the samples is measured as 
a function of the temperature. In Fig. 6.10 the field-cooled (FC) and zero-field-cooled 
(ZFC) behavior of three (x Á Co+ 20 Á Ag) multilayers is plotted. The temperature of 

the peak in the ZFC data is identified as the blocking temperature for the clusters with 
the mean cluster size in the sample. When the temperature is decreased, irreversibility 
between the FC and ZFC data will first occur for the largest clusters in the sample and 
next for successively smaller clusters. Hence the width of the peak gives an indication 
of the width of the cluster-size distribution [143,144,146,147]. 

For the sample with 2 Á Co, Fig. 6.IO(a) and (c), the peak in the ZFC curve 
(at 14 K) is rather small, indicating a narrow distribution of particle sizes. For the 
sample with 4 Á Co, Fig. 6.lO(b), the maximum of the ZFC curve occurs at a higher 
temperature (55 K), indicating that for this sample the Co clusters are larger. If we 
assume that the clusters are spherical and that the anisotropy ( K) is constant, we can 
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Figure 6.9: Magnetic moment of the sample 1 OO x {2 À Co + 20 Á Ag) as a function 

of the applied field divided by the temperature. 
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Figure 6.10: Field-cooled and zero-field-cooled magnetic moment measured in a field 

of 50 Oe applied parallel to the film plane for the samples (2 Á Co + 20 Á Ag) (a) 

and (4 Á Co + 20 Á Ag) (b). In figure (c) the data of figure (a) are plotted with an 

enlarged temperature scale. In figure ( d) the field-cooled and zero-field-cooled curves 

are given for the sample (6 Á Co + 20 Á Ag) . 

estimate the number of Co atoms per cluster for the sample with 4 Á Co from the 
equation KV = 25ki,Ts [146] (with V the volume of the clusters) using the values of 
the sample with 2 A Co. This results in approximately 1200 Co atoms per cluster and 
a mean radius of about 15 Á for the clusters of the sample with 4 A Co. The large 
width of the peak in the ZFC curve of the sample with 4 A Co and the fact that the 
clivergence between the FC and ZFC curves starts already at temperatures below about 
100 K indicate that for this sample the distribution of particle sizes is wider than for 
the sample with 2 A Co. 

The temperature dependence of the magnetic moment of the sample with 6 A 
Co, Fig. 6.IO(d), is completely different from the samples with 2 and 4 A Co (the 
samples with zero remanent magnetization). The FC magnetic moment is almost 
constant, which indicates ferromagnetic behavior. The peculiar ZFC curve starts with 
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a negative moment at low temperatures. The magnitude of this moment equals the 
remanent magnetization of this sample (see Fig. 6.6). It appeared that the combination 
of the small value of the coercive field of this sample and the remanent magnetic field 
of the SQUID magnetometer caused this behavior. Applying a field of 4 Oe during 
cooling before measuring the "zero"-field-cooled curve resulted in a positive moment 
at low temperatures; now the moment equals the positive remanent magnetization. 

It is obvious that increasing the Co layer thickness results in an increase of the block
ing temperature, whereas the slope of the FC and ZFC curves for temperatures above 
the blocking temperature changes from paramagnetic (,...., 1 /T) to ferromagnetic (al most 

constant). This observation, combined with the increase of the magnetic anisotropy, 
indicates that for increasing Co thickness a transition occurs from an isotropic gran
ular Langevin-like superparamagnetic system to an anisotropic layered ferromagnetic 
system. 

Besides the decrease of the anisotropy for decreasing tc0 , the in-plane remanent 
magnetization (M,) also decreases for decreasing tc0 , as shown in Fig. 6.11. In many 
studies, e.g" Ref. [148], also for Co/ Ag, the value M,/ M. is interpreted as an indication 
of the strength of the antiferromagnetic (AF) interlayer coupling (or the fraction of the 
sample that is coupled antiferromagnetically). AF coupling, however, is not the only 
mechanism which reduces M,; anisotropy [141], superparamagnetism, and demagneti
zation by interparticle magnetostatic interactions can also have this effect. Fig. 6.11 
shows that M, strongly depends on tc0 at a constant tAg, which reveals that for this 
system the deviation of M, from M. is not simply related to the AF coupling. 

To investigate whether AF coupling of the Co layers over the Ag layers is important 
in our Co/ Ag multilayers, we studied two series with constant Co layer thickness and 
variable Ag layer thickness. In one series the Co layers were continuous (tc0 = 20 Á); 
the other series had discontinuous Co layers (tc0 = 6 Á). In Fig. 6.12 some of the 
in-plane magnetization curves measured on the series with 6 A Co are shown. As 
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Figure 6.11: Remanent in-plane magnetization of the JOOx (x Á Co + 20 Á Ag) 

multilayers measured at room temperature. 
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Figure 6.12: Field dependence of the magnetization of the JOOx {6 Á Co + x Á Ag) 

multilayers for nomina/ Ag thicknesses between 6 and 60 Á. The measurements were 

performed at room temperature with the applied field parallel to the film plane. The 

inset shows the remanent magnetization as a function of the Ag spacer-layer thickness. 

is shown in the inset, the remanent magnetization shows a monotonie decrease for 

increasing Ag layer thicknesses. If the deviation of the remanent magnetization from 

the saturation magnetization would be caused by antiferromagnetic coupling of the Co 
over the Ag, one would expect the remanent magnetization to increase for increasing 
Ag layer thicknesses. This is clearly not what Fig. 6.12 shows. Even for a Ag layer 
thickness of 60 À, which is large enough to decouple the Co layers, the rema_._nent 

magnetization is small. The remanent magnetization of the series with continuous 
Co layers (tc0 = 20 À) was larger than 90 % of the saturation magnetization and 

independent of the Ag layer thickness. From this we conclude that the small values 
of the remanent magnetization for the samples with Co layer thicknesses smaller than 
10 À are not caused by antiferromagnetic coupling, hut are due to the transition from 

a layered ferromagnetic system to a granular superparamagnetic-like system. 
The decrease of the remanent magnetization for increasing Ag layer thicknesses for 

the series with 6 À Co is probably the result of a better decoupling of the Co clusters 

for thicker Ag spacer-layers. For instance, the influence of Co bridges through the Ag 
spacer-layer (pinholes ), which connect the Co clusters and couple the clusters ferro
magnetically (higher remanent magnetization), wil! be smaller for thicker Ag layers. 
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To summarize, the magnetic behavior of the Co/ Ag multilayers with variable Co 
layer thickness found from the magnetization measurements corroborates the model 
of the microstructure of the Co/ Ag multilayers proposed on basis of the NMR exper
iments. Moreover, the magnetization measurements show that the multilayers with 

very small nomina! Co thicknesses (2 and 4 Á Co) show superparamagnetic behavior. 
The samples with nomina! Co layer thicknesses of 6 and 8 Á show ferromagnetic char
acteristics probably because the interactions between the Co clusters is larger for these 
samples. 

We will end this section with the remark that a distinction between continuous 
and discontinuous Co layers cannot be made on basis of the in-plane and perpendic
ular magnetization curves measured at room temperature alone. For continuous Co 
layers (with Co layer thicknesses not equal to the thickness where the interface and 
volume anisotropy balance each other) the magnetization curves are anisotropic. For 

discontinuous Co layers with a regular arrangement of pancake-shaped Co clusters the 
magnetization curves are also anisotropic, and even for isotropic Co clusters in a regular 
array with intralayer coupling the magnetization curves are anisotropic. 

6.3.3 Magnetoresistance 

In this section we will try to relate the magnetotransport properties of the Co/ Ag 
multilayers to the microstructural and magnetic properties reported above. In Fig. 6.13 
the field dependence of the MR of some samples from the series (x Á Co + 20 Á Ag) 
with small deposition rates is given. lt is clear that the available magnetic fields (up to 
1.3 T) are not large enough to obtain complete saturation. In this chapter the change 
of the resistance in a field interval of 0 to 1.3 T (t..R), divided by the resistance at zero 
field, is therefore used as a definition of the magnitude of the MR. 

The shape of the MR curve for the sample with 2 Á Co resembles the behavior of 
the MR of a granular system. According to Xiao et al. (33] the MR of such a system 
can be described by -A(M/M.)2 , where M is the observed magnetization and M. 
the saturation magnetization. The solid line in Fig. 6.13 for tc0 = 2 Á is obtained 
from this equation, with (M/M.) deduced from the magnetization measurement at 
293 K (Fig. 6.8) and A equal to 0.16. The MR curves for the multilayers with larger 
nomina! Co thicknesses show a sharp drop in resistance at low fields and a large tai! 
at high fields. The MR of these samples is possibly the sum of spin-valve MR and a 
contribution of scattering by magnetic fluctuations (spin-disorder MR) (149,150]. 

The magnitude of the MR as a function of the Co layer thickness for the series 
(x Á Co+ 20 Á Ag) is plotted in Fig. 6.14, which shows a strong increase of the MR 
for nomina! Co thicknesses smaller than 10 Á. The small MR value of the sample with 
2 Á Co at room temperature is caused by the fact that this sample shows superpara
magnetic behavior and an applied field of 1.3 T at 293 K is not enough to saturate 
the magnetization, as is shown in Fig. 6.8. At 10 K the difference between the MR of 
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Figure 6.13: Field dependence of the magnetoresistance with the applied field parallel 
to the film plane for (x Á Co + 20 Á Ag) multilayers with nomina/ Co thicknesses of 2, 

4, 6, and 10 Á. The magnetoresistance (MR) is defined as (Rs=o - Rs=I.3T )/ Rs=o and 
was measured at room temperature. Note the different scales of the y-axes (magnitude 

of the MR (%)) . The MR data on the multilayer with 2 Á Co are compared with the 

function -A(M/M.)2 with A = 0.16 (solid line). 

the sample with 2 Á Co and that of the sample with 4 Á Co is much smaller. The 
largest MR value is found for the ( 4 Á Co + 20 Á Ag) multilayer and amounts to 
36 % at 10 K (56 % at 10 K for MR ::: !:l.R/ Rs=i.3T ). In this sample the Co layers 
are discontinuous and the sample ha.s characteristics of both a granular system and a 
layered ferromagnetic system. The magnitude of the MR is comparable to the values 
reported by Araki [106] and Loloee et al. [123] for similar Co/ Ag multilayers. 

The increa.se of the MR for decrea.sing nominal Co thicknesses, specifically below 
10 Á, a.s is shown in Fig. 6.14, reflects the transition from continuous ferromagnetic Co 
layers to a layered granular system that was observed by NMR. Since the size of the Co 
clusters is approximately constant for Co thicknesses below 10 Á, a further decrease of 
the nomina! Co thickness increa.ses the lateral cluster distances, which leads to further 
decoupling. The cluster formation and accompanying progressive decoupling of the 
clusters, also monitored by the reduction of Mr (Fig. 6.11 ), yield an array of clusters 
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Figure 6.15: Magnitude of the magnetoresistance with the applied field parallel to 
the film plane as a function of the nomina/ Ag thickness for the two series of Co/ Ag 

multilayers with a different Co layer thickness. The measurements were performed at 
room temperature. 

with more or less randomly oriented magnetic moments, which is one of the necessary 
ingredients for a giant magnetoresistance effect. The decoupling can be promoted 
by the isolation of pinholes between the layers, as suggested by Hylton et al. for the 
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NiFe/ Ag system [128]. 

Earlier reports suggest that, in the case of Co/ Ag also, pinholes stroogly dominate 
the ioterlayer coupling [151,152]. The decrease of Mr in (6 Á Co+ x Á Ag) multilayers 
with increasing Ag thickness, as shown in Fig. 6.12, strongly supports the view of 
decoupling by isolation of pinholes through the Ag layer. This effect can also be 
observed in Fig. 6.15, where the MR for continuous and discontinuous Co layers as 
a function of the Ag layer thickness is compared. For the Co/ Ag multilayers with 

continuous Co layers (tc0 = 20 Á) the MR rises from a low value for small Ag layer 
thicknesses, the regime of ferromagnetic pinhole coupling, to a higher value around 
40 Á Ag, where the density of pinholes will be drastically reduced [151,152] and the 
layers will be decoupled. For the granular-type layers (tc0 = 6 Á) the decoupling 
occurs at much smaller Ag thicknesses, since the discontinuity of the Co layers results 
in isolation of the pinholes that are present. 

6.4 Annealing 

6.4.1 Structure 

In this section we will present the results of our study of the effects of annealing of 

the above discussed Co/ Ag multilayers on the structural properties (monitored by 
NMR) and the magnetization, as well as the resulting changes in the MR. The NMR 
spectra of the (8 Á Co + 20 Á Ag) multilayer ( discontinuous Co layers) and of the 

(15 Á Co+ 20 Á Ag) multilayer (continuous Co layers) for different annealing tem
peratures are shown in Fig. 6.16. Several features are noteworthy and will be briefly 
discussed in the oext paragraphs. 

For both systems a systematic increase of the bulk intensity at the expense of the 
total interface intensity can be observed upon annealing. Simultaneously, the shape 
of the interface spectrum changes. For both systems the spectrum tends to narrow 
around 17.5 T. For the 8 Á Co layer this is accompanied by a gradual decrease of the 
spectra! intensity at 17.5 T, whereas for the 15 Á Co layer the decrease occurs abruptly. 

To interpret these features one should recall that the interface spectrum consists of 
contributions of Co atoms with imperfect surroundings together with the spectra! line 
at 17 .5 T, which represents the contribution of Co at perfectly flat ( ll 1) interfaces. 
The decrease of the interface intensity, except for the line at 17 .5 T, and the increase of 
the bulk intensity at the lower annealing temperatures must be caused by sharpening 
of the interfaces. Because Co and Ag are immiscible elements, annealing will result in 

smoothing of the interfaces. For a (ll 1) Co/ Ag interface this will result in a relative 
increase of the number of Co atoms at the interface having three Ag neighbors (flat 
(111) interfaces) and a decrease of the number of Co atoms with 1, 2, 4, 5, etc. Ag 
neighbors (imperfect surroundings). 
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Apart from this sharpening of the interfaces for both systems, the gradual increase 

of the number of bulk atoms, at the expense of the number of interface atoms, for higher 
annealing temperatures in · the 8 Á Co system can only be explained by a transition 

of the pancake-Eke clusters, already present in the system, to more spherical-shaped 
clusters or by growth of the clusters. Cluster growth upon annealing for Co-Ag granular 
alloys is reported in a.number of papers [35,153-155]. 

For the (15 Á Co + 20 Á Ag) sample with continuous Co layers this process is 

markedly different. Increasing the annealing temperature only results in a sharpen
ing of the interface, whereas the flat interface area (monitored by the intensity of the 

17.5 T line) persists until at a critica! annealing temperature this contribution is dras
tically reduced. This can only be explained by the transformation of the continuous 

layers to rather bulky clusters. Such a transition from continuous to discontinuous 
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Figure 6.16: NMR spectra of (8 A Co + 20 A Ag) and {15 A Co + 20 A Ag) 

multilayers after different annealing treatments. The spectra are normalized to the 
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82 Chapter 6 

magnetic layers upon annealing is also found by Hylton and co-workers [128,156] and 
Bian et al. [129] for NiFe/ Ag multilayers. 

Apart from this, Fig. 6.16 shows a clear shift of the position of the main line (bulk Co 
atoms) of both samples to higher hyperfine fields if the annealing temperature increases. 
These shifts are attributed to strain effects. For the as-deposited Co/ Ag multilayers 
these effects have been reported in chapter 4. The shift of Bhf upon annealing is caused 
by relaxation of the strain in the Co lattice, which is attributed to the growth of the 
Co clusters and to the reduction of the degree of coherence between the Co and the 
Ag lattice upon annealing [35,154]. In Fig. 6.17 the relaxation of the strain for the 
two annealed Co/ Ag multilayers is shown in more detail. From this figure it can be 
seen that the strain is mainly relaxed after the first two annealing treatments (300 and 
320°C). Ultimately, the strain is totally relaxed and Bhf almost equals the value of 
bulk hcp Co (22.6 T), which is larger than the value of Bhf of the as-deposited Co/ Ag 
multilayers extrapolated to infinitely thick Co layers (22.4 T). This implies that the 
shift of the hyperfine field upon annealing is caused not only by strain relaxation hut 
also, for a small amount, by a transition toa more hexagonal phase of Co. 

At the end of this section we would like to show that the growth of the Co clusters 
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Figure 6.17: Position of the main NMR line of the Co/ Ag multilayers as a function of 

the ratio of the Ag thickness and the Co thickness. The solid circles are the positions for 

the as-deposited samples (Fig. 4. 6). The solid line through the data points is a fit with 

the incoherent model (hyperfine field proportional to 1/teo, Sec. 4.2). The hyperfine 

fields of the main line after successive annealing treatments of the samples with 8 and 
15 Á Co are given by the diamonds and the squares, respectively. 
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Figure 6.18: Field-cooled and zero-field-cooled magnetic moment m easured in a field 

of 50 Oe applied parallel to the film plane Jor the sample {2 Á Co + 20 Á Ag) after 
annealing at 440°C. 

upon annealing is also evident from the FC and ZFC data. In Fig. 6.18 the temperature 
dependence of the magnetic moment after cooling in zero field and in a field of 50 Oe 
of the sample (2 A Co + 20 A Ag) annealed at 440°C is plotted. Comparing this figure 
with FC and ZFC curves of the same as-deposited sample (Fig 6.lO(a) and (c)) shows 
that the onset of irreversibility has shifted to much higher temperatures. This implies 
that the average Co cluster size is larger than that of the as-deposited sample [144,154]. 
The presence of the small, narrow peak at 14 K indicates that some of the Co clusters 
do not grow upon annealing. 

6.4.2 Magnetization and magnetoresistance 

In the previous section we have seen that annealing of the Co/ Ag multilayers with 
discontinuous Co layers results in a transition of the shape of the Co clusters from flat 
pancake-like to more spherical as well as in cluster growth. For the as-deposited con
tinuous Co layers, annealing results in breaking of the Co layers and subsequent cluster 
formation. In this section we will examine whether the behavior of the magnetization 
and the magnetoresistance can be related in more detail to these structural transitions. 

A typical example of the influence of annealing on the magnetization is given 
in Fig. 6.19, where the field dependence of the magnetization of the as-deposited 
(10 Á Co + 20 A Ag) sample and that sample after annealing at 400° C is plotted. 
This figure shows the genera! trends of the changes upon annealing for the Co/ Ag 
multilayers that display characteristic ferromagnetic-layer magnetization loops in the 

as-deposited state. As is apparent, both the magnetic anisotropy (the area between 
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Figure 6.19: Infiuence of annealing on the in-plane (squares) and perpendicular {cir

cles) magnetization of the sample lOOx (10 À Co + 20 À Ag). The as-deposited data 

are given by the open symbols, whereas the closed symbols represent the data after 

annealing at 400° C. The measurements were performed at room temperature. 

the in-plane and the perpendicular magnetization curve) and the in-plane remanent 
magnetization decrease upon annealing. For the samples with the discontinuous Co 
layers (tc0 < 10 Á) a similar trend was observed, although the as-deposited layers al
ready showed a reduced anisotropy and remanence compared to the Co/ Ag multilayers 

with continuous Co layers (see Fig. 6.6). As a consequence, the magnetization of the 
sample with 4 Á Co was almost isotropic after the first annealing treatment at 300° C. 
The observation that the annealed samples show a reduced magnetic anisotropy corre
lates perfectly with the NMR findings: flat pancake-like islands obviously have a larger 
shape anisotropy than more spherically shaped clusters. 

The effect of annealing on the MR was studied for a series ( x Á Co + 20 Á Ag) 

with x between 2 and 14 Á. As an example, Fig. 6.20 shows the influence of annealing 
on the MR of the sample (8 Á Co + 20 Á Ag) . Plotted is the MR measured at 
room temperature with the applied field parallel to the film plane for various annealing 
temperatures. The maximum MR is found after annealing at 380° C and is three times 

as large as the MR of the as-deposited sample. In Fig. 6.21 the magnitude of the MR 
as a function of the annealing temperature of this sample and the other samples of 

this series is shown. The figure clearly demonstrates that the infiuence of annealing 
on the magnitude of the MR strongly depends on the nomina! thickness of the Co 

layer. For the samples with 2, 12, and 14 Á Co the MR is approximately unaffected by 
annealing treatments, the MR of the sample with 4 Á Co monotonically aecreases upon 
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Figure 6.20: Infiuence of annealing on the field dependence of the magnetoresis

tance of the 100x (8 Á Go + 20 Á Ag) multilayer. The magnetoresistance defined 

as {RB=O - RB=1.3T )/ RB=O was measured at room temperature with the applied field 
parallel to the film plane. 

annealing, whereas for the samples with 6, 8, and 10 Á Co the MR shows a maximum 
at a certain annealing temperature. 

A study by Tosin et al. [157] on the changes of the MR of (15 Á Co + x Á Ag) 
multilayers, with 45 < x < 65 Á, upon annealing showed a maximum of the MR at 
about 350°C. For these electron-beam-deposited multilayers the maximum MR was 
approximately 5 % at room temperature. 

In order to understand the influence of annealing on the MR, we will discuss the 
changes in the microstructure upon annealing, and the consequences for the MR. For 
granular Co-Ag systems it has been shown that the cluster size, which depends on 
the deposition conditions, the fraction of Co, and the annealing treatment, is very im
portant for the magnitude of the MR [33,35,93,145,158]. In the present case, for Co 
thicknesses smaller than about 10 Á, the Co layers are discontinuous and consist of 
pancake-like Co clusters, which are partly ferromagnetically coupled. The ferromag
netic coupling of the clusters, either directly within the layer or indirectly via interlayer 
pinholes, depends on the distances between the Co clusters, which in turn depend on 
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Figure 6.21: Magnetoresistance as a function of annealing temperature for 

JOOx {x Á Co + 20 Á Ag) multilayers with 2 < x < 14 Á. The magnetoresistance was 

measured at room temperature and is defined as (Ra=o - Ra=t.3T) / Ra=o. 

the shape and sizes of these clusters. Annealing results in a transition of the shape 
of the Co clusters from flat pancake-like to more spherically shaped and in growth of 
these clusters. This leads to an increase of the lateral distances of the clusters, which 
results in a further decoupling of these clusters and, in principle, in an increase of the 
MR. However, the growth of the Co clusters also results in a decrease of the interface 
to volume ratio, directly monitored by NMR. Because for Co/ Ag interface scat tering is 
believed to be very important for the existence of MR [35,159], the MR depends on the 
ratio of the mean-free path and the cluster size and decreases if the Co clusters become 
too large. The influence of annealing on the magnitude of the MR is determined by the 
specific microstructure of the Co layers and the net result of above-mentioned effects. 

Taking this into consideration, the qualitative changes of MR upon annealing for 

the samples with different nomina! Co thicknesses, as shown in Fig. 6.21, are easy to 
understand. The MR of the sample with 4 Á Co is already very large in the as-deposited 
state: the Co clusters are decoupled and have an optimum size for the MR. The mean 
radius of the clusters (15 Á) that was estimated in Sec. 6.3.2 using the blocking 
temperature, is close to the value of 18 Á found by Lorenz et al. [160] for the Co 
cluster size with the maxima! magnetoresistance in Co-Ag granular alloys. Annealing 
of the sample with 4 Á Co results in growth of the clusters and an instantaneous 
decrease of the MR. For samples with a larger initia! Co thickness, the Co clusters are 
partly ferromagnetically coupled in the as-deposited state and annealing results in a 
maximum of the MR at a certain annealing temperature (e.g" 8 Á Co). Annealing 
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of samples with continuous Co layers results in breaking of the layers (as is shown 
by the NMR results presented in Sec. 6.4.1) and also in a maximum of the MR upon 
annealing. Nevertheless, the change of the MR upon annealing is very small, because 
the initial thickness of the magnetic layer is so large that the size of the clusters that 

are formed is larger than the optimum determined by the mean-free path (e.g., for 14 
A Co). Another explanation for the small changes of the MR upon annealing for the 
samples with relatively thick magnetic layers is the fact that for these samples it might 
be impossible to decouple the magnetic clusters sufficiently, because there is too much 
Co present. 

From the NMR study we have seen that, besides the growth of the Co clusters, 
annealing also results in smoothing of the interfaces and relaxation of the strain. Be
cause both these processes mainly occur during the first two annealing treatments (see 
Figs. 6.16 and 6.17) and because these processes behave monotonically, they cannot 

explain the observed maxima in the magnitude of the MR as a function of the annealing 
temperature. 

6.5 Conclusions 

NMR, magnetoresistance, and magnetization studies show that the magnetic behavior 
of (111) Co/ Ag multilayers depends strongly on the nomina! thickness of the Co layers, 
which determines the microstructure of these layers. The magnitude of the MR is 
determined by the following microstructural characteristics of the Co: continuous layers 
or clusters, size of the clusters, distances between the clusters, and pinholes. Two 
regimes can be distinguished. For Co thicknesses larger than about 10 Á the Co layers 
are continuous and a ferromagnetic layered system results. The magnitude of the MR 
in this regime depends strongly on the thickness of the Ag layer. If this thickness is too 
small, ferromagnetic bridges of Co through the Ag layer cause ferromagnetic coupling 
and strongly diminish the MR. For smaller nomina! Co thicknesses (2 - 8 Á) the Co 
layers are discontinuous and the system can be considered as a layered granular system. 
Due to the discontinuity of the Co layers the pinholes are isolated, which results in high 
MR ratios. For very small Co thicknesses (2 Á) the magnetization is isotropic and the 
Co clusters show superparamagnetic behavior: the magnetization can be reasonably 
described by the Langevin function and blocking occurs at a temperature of about 
14 K. 

In a recent study of magnetization, magnetoresistance, and TEM of as-deposited 
sputtered Co/ Ag multilayers in the regime 2 < tc0 < 35 A and 5 < tAg < 150 A, 
Loloee et al. [123] arrive at similar conclusions about the microstructure of the as
deposited systems. In contrast to the results of Loloee et al. [123] and of Araki [106], 
however, neither the magnetization nor the magnetoresistance measurements on the 
present Co/ Ag multilayers showed any indication of antiferromagnetic coupling. 
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The NMR measurements have shown that the microstructure of the Co layers de
pends on the annealing treatment . Since the MR depends strongly on the microstruc
ture, it also depends on the annealing treatment. The most important changes upon 
annealing are a decoupling of the Co clusters, for the continuous layers after breaking 
of the layers, and growth of the Co clusters. We have shown that, depending on the 
initia! microstructure of the Co, the MR can initially either increase or decrease upon 
annealing. Ultimately, at high annealing temperatures, the MR of all samples decreases 
upon annealing, due to the growth of the Co clusters. 

We would like to end this chapter with mentioning two examples which use the typ
ical magnetic properties of discontinuous Co layers. The first one is a study by Holody 
et al. [161,162] of the magnetoresistance of multilayers with continuous permalloy lay

ers and discontinuous Co layers, 15 x ( 4 A Co + 35 A Ag + 20 A Ni80Fe20 + 35 A Ag). 
The combination of very soft Ni80Fe20 layers (coercive field about 1 Oe) with the high 
remanent magnetization of the Co clusters at low fields leads to a high MR ratio at very 
low fields (35 % in about 10 Oe at 4.2 K). The largest change of t:J.R/ RB=O for these 
samples is as high as 6.5 % per Oe, which is very promising for sensor applications. 
One has to note, however, that these results were obtained at helium temperatures. 
At room temperature the Co layers become superparamagnetic (TB ~ 90 K) and the 
decrease of both the remanent magnetization and the coercive field of the Co clusters 

strongly reduces the maximum slope of the MR curves. For applications at room tem
perature an increase of the blocking temperature of the Co clusters above 300°C is 
required. 

The same system, continuous Ni80Fe20 layers separated by a Ag spacer-layer from 
discontinuous Co layers, is used by Steren et al. to study the angular dependence of the 
giant magnetoresîstance [163]. By applying a small magnetic field the magnetization of 
the Ni80Fe20 layers of these structures can be rotated without changing the remanent 
magnetization of the Co clusters. 
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Electrodeposited Co/Cu multilayers 

Abstract* 

In this chapter the results of NMR studies on the structural properties 

of different series electrodeposited Co/Cu multilayers will be presented. 

We wil/ discuss the stabilization of the fee structure of Co by fee Cu, the 

presence of Cu impurities in the Co layers, the interface roughness, and 

the infiuence of leveling agents on the microstructure. 

7.1 Introduction 

89 

Recently it has been shown that electrodeposition may be a competitive method to 
grow multilayered films [43,44,164,165], multilayered nanowires [41,42,166], and gran
ular alloys [167] exhibiting giant magnetoresistance. The structural characteristics 
of the samples, like the texture, modulation period, and composition profiles, have 

been studied with the usual techniques: X-ray diffraction (XRD) [168], transmission 
electron microscopy [41,169], scanning electron microscopy [166], electron backscatter 

diffraction patterns [164], energy dispersive X-ray spectroscopy [42], and Auger elec

tron spectroscopy [170]. To obtain more detailed information about the structure of 
the bulk magnetic material and about the interface roughness and topology of elec

trodeposited multilayers, we studied Co/Cu multilayers with 59Co nuclear magnetic 
resonance. 

Electrodeposition of a metal takes place by reduction of its ions at the cathode of 

an electrochemical cell. Since different metals have different reduction potentials, it 
is possible to deposit a two-component metal/metal superlattice by switching between 

two cathode potentials. A review of electrodeposition of multilayered thin films is 
given by Ross [171 ]. The Co/Cu multilayers were electrochemically deposited from an 

electrolyte containing both Co2+ and Cu2+ ions. Since during the growth of the Co 

layers also some Cu2+ ions are reduced, the Co layers of electrodeposited Co/Cu mul
tilayers contain some amount of Cu impurities. This complicates the interpretation of 
the NMR measurements. Three contributions to the NMR spectra of electrodeposited 

"Parts of this chapter will be published in J . Magn. Magn. Mater. 
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Electrodeposited Co/Cu multilayer 
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Interface Co atom 

Alloy Co atom 

eo 
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Figure 7.1: Schematic drawing of a cross section of an electrodeposited Co/Cu mul

tilayer. The three different possible surroundings of Co atoms are indicated: interface, 

bulk, and alloy Co atoms. 

Co/Cu multilayers can be distinguished. First of all the intensity from bulk Co atoms 
(Co atoms with only Co neighbors), second the intensity from Co atoms with some 
Cu neighbors at the Co/Cu interfaces, and third the intensity from Co atoms in the 
Co layer with one or more Cu neighbors. These contributions will be called the bulk, 
interface, and alloy intensity, respectively. The contributions from the interface and 
the alloy will be hard to separate, since they yield intensity in the same hyperfine field 
range. In Fig. 7.1 the different surroundings of Co atoms are drawn schematically. 

Before we discuss the results of the NMR measurements on the Co/Cu multilayers, 
we will first show in Sec. 7.3 the results of NMR measurements on thick Co films 
that were electrodeposited from a bath with only Co2+ ions. The spectra of these 
films contain only bulk Co intensity. In the same section we will present the results 
of NMR measurements on thick Co films grown from an electrolyte containing both 
Cu2+ and Co2+ ions. The NMR spectra of these samples contain two contributions: 
bulk and alloy intensity. The remaining part of this chapter is devoted to the results of 
the NMR measurements on Co/Cu multilayers. In Sec. 7.4 the measurements on two 
series (100)-textured multilayers are presented. In one series the Co layer thickness was 

varied, whereas in the other series the Cu layer thickness was varied. The results of 
the measurements on (111)-textured multilayers are presented in Sec. 7.5. The chapter 
is ended with some concluding remarks. 

7.2 The samples 

The Co/Cu multilayers were electrochemically deposited on Si(lOO) wafers at room 
temperature. Prior to electroplating a base layer of 200 Á Cu, or 500 Á Au, was 
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sputtered, respectively evaporated, on the Si wafers. Electrodeposition was performed 
in a single cell from a sulfate-based electrolyte containing Co2+ and Cu2+ ions. The 
multilayers were grown by pulsed potentiostatic deposition. The individual thicknesses 
of the Co and Cu layers were controlled by adjusting the time intervals of the growth 

such that the total charge, integrated over the time that a layer of a certain metal 
was deposited, was constant. XRD measurements revealed a (111) texture for the 

multilayers grown on Au base layers and a (100) texture for the multilayers grown on 
Cu base layers. The thicknesses of the Co and the Cu layers were determined from a 
combination of XRD and magnetization measurements. More information about the 

growth procedure, the XRD measurements, and the magnetoresistance of these samples 
is reported in Ref. [172]. 

7 .3 Thick Co films 

In Fig. 7.2 the NMR spectra of two thick Co films grown from an electrolyte containing 
only Co2+ ions are plotted. For both the film grown on a Cu base layer and that grown 
on a Au base layer the structure of the Co is a mixture of fee Co, hcp Co, and Co in 
stacking faults. Although for bulk Co at room temperature the stable phase is hcp, in 
thin films the other stackings can also be present. This was shown by a study of the 
influence of the deposition conditions on the formed Co phases in MBE grown Co films 
[13,14]. The large amount of stacking faults found in the electrodeposited films is also 
found in the films grown by MBE at moderate temperatures. For the film grown on a 

3 7000 A Co electrodeposited 
Co bath 

-+-Si + 500 A Au 
-o-Si + 200 A Cu 

Hyperfine field (T) 

Figure 7.2: NMR spectra of electrodeposited 7000 Á Co films. The films were grown 

in an electrolyte with only Co2+ ions. The spectra were measured at 1.6 K and are 

corrected J or enhancement. 
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Figure 7.3: NMR spectra of electrodeposited 7000 A Co films. The films were grown 

in a bath containing · both Co2+ and Cu2+ ions. The spectra were m easured at 1. 6 K 

and are corrected f or enhancement. 

Cu base layer the relative amount of fee Co is somewhat larger than for the film grown 
on a Au base layer. Since the mismatch between Co and Cu is much smaller than 
the mismatch between Co and Au (2 % compared to 14 %), the difference between the 
amounts of fee Co can be explained by the stabilization of the fee phase of Co by the 
fee Cu base layer. 

The NMR spectra of thick Co films, grown in an electrolyte containing both Co2+ 
and Cu2+ ions, are shown in Fig. 7.3. The intensity for hyperfine fields, Bh!, larger than 
20.75 T arises from Co atoms with only Co neighbors. For the sample grown on a Au 

base layer the structure is again a mixture of fee Co, hcp Co, and Co in stacking faults. 
For the film electrodeposited on a Cu base layer the structure of the Co is mainly fec. 

The intensity for Bhf < 20.75 T arises from Co atoms with one or more Cu neighbors. 
For the sample grown on Cu this part of the spectrum is also shown enlarged by a 

factor of seven. The intensities arising from Co atoms with 1, 2, and 3 Cu neighbors 
can clearly be distinguished in the figure and are labeled by a number. The decrease 
of the hyperfine field when a Co atom in the nearest neighbor shell is replaced by a Cu 
atom is about 1.2 T (average distance between the numbered lines in Fig. 7.3) . This 
value is smaller than the value 1.6 T reported in the literature (Table 2.1 and Ref. [69]). 

For the film grown on Au the lines are much broader and the different surroundings 
cannot be separated. 

For a random distribution of a certain percentage of Cu atoms in a Co layer the 
intensity ratios between the different alloy lines and the bulk Co line can be predicted 
using a binomial distribution (see Sec. 2.2.4). A comparison of this prediction with the 
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measured intensity ratios shows that the distribution of the Cu atoms in the Co layer 

is not random, as expected since Co and Cu are immiscible [69), and that the concen
tration of the Cu impurities in the Co layer is around 2 %. This value is comparable 
with the value of 4 % found by X-ray fiuorescence [172]. 

7.4 (100) Co/Cu multilayers 

Two series of (100) electrodeposited Co/Cu multilayers were studied with NMR. One 
series has a Cu layer thickness of approximately 40 Á and a variable Co layer thickness, 
the other series has a constant Co layer thickness, about 13 Á, and a variable Cu layer 
thickness. Fig. 7.4 shows the NMR spectra of the series with a variable Co layer 
thickness. The amount of hcp Co and Co in stacking faults is very small in these 
multilayers, which is a result of the stabilization of fee Co by the fee Cu base and 

spacer layers. The intensity for BbI < 20.75 T arises from Co atoms at the Co/Cu 
interfaces and/or from Co atoms in the Co layers with one or more Cu neighbors. The 
intensity arising from the alloy is proportional to the Co layer thickness, whereas if 
we assume that the interface roughness is independent of the Co layer thickness, the 
intensity from the interfaces is constant. The fact that the intensities below 20. 75 T 
coincide for the different samples ( except for the sample with 10 Á Co around 17 T) 

suggests that the contribution from the alloy is much smaller than the contribution 

2 
Si (100) + 200 A Cu + 
---<>--- 5 lx(7.5 A Co+ 40 A Cu) 
_,__ 50x(l0 A Co+ 40 A Cu) 

---0- 5 lx(I2.5 A Co+ 40 A Cu) 

- 63x(I6.5 A Co+ 40 A Cu) 

16 18 20 
Hyperfine field (T) 

22 

Figure 7.4: NMR spectra of {100} (x Á Co + 40 Á Cu) multilayers normalized to 

the Co layer thickness. The vertical lines denote the hyperfine field values of bulk fee 

Co {21.6 T) and bulk hcp Co {22.6 T). The intensity for hyperfine fields lower than 

20.2 T is also shown enlarged by a factor of five. The spectra were measured at 1.6 K 

and are corrected f or enhancement. 
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from the interfaces. This is not surprising, since for multilayers with small Co layer 

thicknesses a relatively large number of Co atoms is located at the interfaces, e.g., 
for 10 Á Co (5 monolayers) at least 40 % of the Co atoms are located at the Co/Cu 
interfaces. The intensity from these atoms is much larger than the alloy intensity 
arising from about 2 % Cu in the Co layers. From an analysis of the variation of the 
bulk Co intensity with the Co layer thickness (see Sec. 2.2.5, Fig. 2.4), we find that for 
Co thicknesses smaller than approximately 6 Á the bulk contribution to the intensity 
vanishes, which corresponds to an interface roughness of about 3 Á per interface. 

For (100)-textured multilayers with perfectly fiat interfaces only two lines are ex
pected in the NMR spectrum: one arising from bulk Co atoms in the inner part of 
the Co layers and one arising from Co atoms at the interfaces (Co atoms with four 
Cu neighbors) . This is not the case for the present (100) series. The broad maximum 
around 17 T, also found in many NMR spectra of (111)-textured Co/Cu multilayers 

[173-176], probably arises from Co atoms with three Cu neighbors. The difference in 
hyperfine field between this line and the main line of the spectra is about 4.5 T. This 
corresponds to a decrease of the hyperfine field of about 1.5 T per replacement of a Co 
atom by a Cu atom. The magnitude of this shift is comparable to the values found for 
a number of Co-Cu alloys [69,72,177] and Co/Cu multilayers [173-176] . The intensity 
from Co atoms at perfectly fiat parts of the interfaces (Co atoms with four Cu neigh
bors) is expected at hyperfine fields lower than 16 T [175,178]. NMR measurements 
on the present samples in the hyperfine field range 11-16 T (not shown) did not show 
an additional line. Combining the small value of the interface roughness (mixed region 
about 3 Á per interface) with the presence of intensity between 16 and 21 T (first, 
second, and third satellite) and the absence of a clear fourth satellite, we arrive at the 
conclusion that probably there are numerous small steps at the interfaces without a 
preferential surrounding. 

The NMR spectra of electrodeposited Co/Cu multilayers with a variable Cu layer 
thickness and a constant Co layer thickness of about 13 Á are shown in Fig. 7.5. The 
width of the main line decreases and the relative amount of fee Co increases for increas
ing Cu layer thicknesses. This is the result of a decreasing amount of stacking faults in 

the Co layer if the Cu spacer layers get thicker. The observation that the structure of 
the Co layers becomes more single phase fee for increasing Cu layer thicknesses agrees 
with the tendency reported for sputtered Co/Cu multilayers [179,180], and is a result 
of the stabilization of the fee Co phase by fee Cu. In Fig. 7.6 the width of the main 
line of the present series is plotted versus the Cu layer thickhess. For the limiting cases 
the results agree with the expectation: for 16 Á Cu the width of the main line is the 
largest and for 60 Á Cu the width is the smallest. However, for intermediate Cu layer 
thicknesses, a rather irregular behavior is found. This may be caused by the fact that 
the samples were not grown under identical conditions, and the reproducibility of the 
samples is not perfect [172]. 
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3 Si(lOO) + 200 A Cu + 
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Figure 7.5: NMR spectra of (100} (13 Á Co + x Á Cu) multilayers normalized to 

the Co layer thickness. The vertical lines denote the values of bulk fee Co (21.6 T) 

and bulk hcp Co (22.6 T). The spectra were measured at 1.6 K and are corrected for 

enhancement. 

The dependence of the magnetoresistance (MR) of these Co/Cu multilayers on 
the Cu layer thickness is shown in Fig. 7.7. The small values of the MR for Cu 
layer thicknesses smaller than 35 Á are probably due to the presence of pinholes. 
These bridges of Co through the Cu spacer layers couple the neighboring Co layers 
ferromagnetically, which results in small values of the MR [172]. Increasing the Cu 
spacer layer thickness from 0 to 35 Á results in a decrease of the pinhole density and 
in an increase of the MR. For Cu thicknesses around 35 Á the MR has a maximum. If 
the Cu thickness further increases generally the MR is reported to decrease [32,172] . 
This tendency is also found for the present series. 

In principle, it is possible that the presence or absence of pinholes results in differ
ences in the interface part of the NMR spectra. For the present series, however, the 
interface parts of the NMR spectra are largely independent of the Cu layer thickness 
(small deviations occur around 17 T for the sample with 24 Á Cu and around 19.5 T 

for the sample with 16 Á Cu). Since, on the other hand, the differences between NMR 
spectra of multila.yers with pinholes and that of multila.yers without pinholes depend 
strongly on the ratio of the width of the pinholes and the thickness of the Cu layers, 
it is very difficult to corroborate the presence or absence of pinholes on basis of the 
NMR measurements. 

The relation between the magnitude of the MR and the structure of the Co is not 
well known. A study of Le Dang et al. [181] showed that for sputtered Co/Cu multi-
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Figure 7.7: Magnetoresistance (MR) 

of the (100) Co/Cu multilayers (same 

samples as in Fig. 7.5) measured at 

room temperature. 

layers the sample with the highest MR exhibits a single small fee Co line. They state 

that stacking faults act as a source of electron scattering and reduce the probability for 

spin up electrons to remain unscattered through the Co layers and thus reduce the MR. 

Since the magnitude of the magnetoresistance depends also on the presence of pinholes 

and the thic.kness of the Cu layer (32], it is not possible to verify the statement of Le 
Dang et al. with the present experimental data. 

To reduce the interface roughness of electrodeposited multilayers, leveling agents 

(e.g., thiourea and triton X-100) are frequently used [171,182]. The NMR spectra of 

three (100)-textured Co/Cu multilayers with a Cu layer thickness of 40 Á and a Co 

layer thickness of approximately 16 Á are shown in Fig. 7.8. One sample was grown 
with the addition of thiourea to the electrolyte, one sample was grown with the addition 

of triton X-100, and, for comparison, one sample was grown without a leveling agent. 
For the samples grown with a leveling agent the intensity for hyperfine fields larger 

than 20.75 T (bulk Co intensity) is much smaller than for the sample grown without 

addition of a leveling agent to the electrolyte. The difference between the bulk Co 

intensities of the multilayer grown with thiourea and that grown with triton X-100 is 

due to the difference in nomina! Co layer thickness, 16 Á compared to 20 Á. For both 

samples, the intensity is shifted from the bulk part of the spectrum to the interface 

part. This indicates a larger interface roughness for the samples grown with leveling 

agents. The ratio of the bulk Co intensity and the intensity at the interface part 

of the spectra indicates intermixing at the interfaces over a region of at least several 

monolayers per interface. From these NMR measurements we can conclude that the use 

of leveling agents increases the interface roughness instead of decreasing it. The picture 

of very rough, diffuse interfaces is supported by XRD measurements: for the multilayers 



15 

Electrodeposited Co/Cu multilayers 

~(16.5 A Co+40ÁCu) 
_,._ (20 A Co+ 40 A Cu) Triton X-100 

- (16 A Co + 40 A Cu) Thiourea 

16 17 18 19 20 21 
Hyperfine field (T) 

97 

22 23 

Figure 7.8: NMR spectra of (100} Co/Cu multilayers grown with and without the 

addition of a leveling agent. The spectra are normalized to the Co layer thickness. The 

spectra we re measured at 1. 6 K and are corrected f or enhancement. 

grown with thiourea no multilayer satellites were observed [172]. Furthermore, the 

magnetoresistance of these samples was an order of magnitude smaller than that of 
similar multilayers grown without a leveling agent (less than 1 % compared to around 
10 %) [172]. So for these Co/Cu multilayers the used leveling agents do not have the 
intended result. 

7.5 (111) Co/Cu multilayers 

The NMR spectra of electrodeposited (lll) Co/Cu multilayers with a variable Co layer 
thickness and a constant Cu layer thickness are shown in Fig. 7.9. The widths of the 
main lines in the spectra are larger than for the (100) multilayers grown on Cu. This 

is probably due to the larger mismatch between the Au base layer and the multilayer, 
resulting in more hcp Co and stacking faults. The interface parts of the spectra vary 

with the Co layer thickness. This precludes an accurate determination of the interface 
roughness for this series. At around 16.5 T a satellite line can be distinguished for 

some of the multilayers. The hyperfine field of this line is somewhat smaller than 
the hyperfine field of the satellite of the (100)-textured Co/Cu multilayers (17.0 T). 

For reasonably flat (111) interfaces the third satellite is anticipated to dominate the 
interface part of the spectra. The relatively large intensity for hyperfine fields between 

18 and 20 T indicates that there are no large flat parts at the interfaces. 
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Si(lOO) + 500 A Au+ 
-sox(85 A Co+40ACu) 
----111--50x(9.8 Á Co+ 40 Á Cu) 
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Figure 7.9: NMR spectra of (111} (x Á Co + 40 A Cu) multilayers normalized to 
the Co layer thickness. The vertical lines denote the values of bulk fee Co (21. 6 T) 
and bulk hcp Co (22. 6 T). The spectra were measured at 1. 6 K and are corrected /or 

enhancement. 

7.6 Concluding remarks 

The microstructure of electrodeposited thin Co films and Co/Cu multilayers is com
parable to the microstructure of MBE grown and sputtered samples. The amount 
of impurities resulting from the deposition method (both Co2+ and Cu2+ ions in the 
electrolyte) appeared to be very small ( around 2 % ) . The interface roughness of the 

multilayers, about 3 Á per interface, is slightly larger than the value 2 Á found by de 
Gronckel et al. [99] for the thickness of the mixed region of UHV e-beam evaporated 
Co/Cu multilayers. 

Giant magnetoresistance values (around 10 % at room temperature) of similar elec
trodeposited Co/Cu multilayers were only found for Cu layer thicknesses larger than 

about 40 Á (uncoupled regime) [172]. To obtain larger MR values it is necessary to 
grow multilayers with continuous Cu layers with thicknesses smaller than 40 Á. In this 

thickness regime the Co layers can be coupled antiferromagnetically, which results in 
larger MR values. 
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Chapter 8 

Summary and outlook 

The magnetic properties of metallic magnetic multilayers, e.g., anisotropy, interlayer 
coupling, and magnetoresistance, are strongly influenced by the structural character
istics. In this thesis the structural characteristics of various multilayered systems, like 
crystal structure, strain, clustering, and interface roughness, were studied wîth 59Co 

nuclear magnetic resonance (NMR). For some systems the relatîon between the struc

tural characteristics and the magnetic behavîor was analyzed. 
In chapter 2 the theoretica! backgrounds of the NMR experiments are discussed 

and several models are descrîbed to illustrate which information can be deduced from 
NMR measurements on alloys and multilayers. The experimental methods and the 
equipment are briefly descrîbed in chapter 3. Chapters 4 to 7 contain the results of the 

NMR studies on various Co-based multilayers. 
Chapter 4 is devoted to the strain in multilayers. The strains in the Co layers of 

multilayers having largely different structural mismatches have been measured with 
NMR and are compared with those expected from a model describing the strain in 
multilayers that is based on the model of Van der Merwe and Jesser. For Co/Ni 
multilayers the measured strain depends on both the Co layer thickness (tc0 ) and the 
Ni layer thickness over a large range and follows the behavior expected from the model 

in the coherent regime. The strain in Co/ Ag multilayers is proportional to l/tc0 and 
independent of the thickness of the Ag layers. This behavior resembles that predicted 
for the incoherent regime. 

In chapter 5 the results of various NMR studies pedormed on MBE grown Co/Ni 
multilayers and Co-Ni alloys are presented. The influence of the deposition rate on 
the magnetic anisotropy of (111) Co/Ni multilayers could not be related to the nano
structure of these multilayers. The interface roughness (thickness of the intermixed 
region per interface) of both (100) and (111)-textured Co/Ni multilayers appeared to 
be very small (about 2.5 Á). The interface topology of the two textures is completely 
different. The interfaces of (100)-textured multilayers are diffuse (no preferential sur

roundings). For (111) multilayers a remarkably intense line, arising from Co atoms with 
2 Ni neighbors, was found. The dominant presence of this line could not be explained 
by an ordered CoNh or CoNi3 alloy at the Co/Ni interface. A satisfactory explanation 
is not found yet. The thermal stability of Co/Ni multilayers was studied by annealing 
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such a multilayer and performing NMR measurements after each annealing treatment. 

It was shown that annealing results in a gradual transition from a multilayer to a 

random Co-Ni alloy. 

An extensive study of the relation between structural properties, magnetization, and 

magnetoresistance of sputtered (ll 1) Co/ Ag multilayers is presented in chapter 6. The 
relation was studied for as-deposited and annealed multilayers. NMR experiments and 

magnetization measurements showed that decreasing the nominal Co thickness below 

10 Á causes a gradual transition from an anisotropic ferromagnetic layered system to 
a granular system consisting of a layered array of Co pancakes. Annealing extends the 

granular regime to larger Co thicknesses, reduces the roughness, and transforms the 
Co clusters to a more spherical shape. It was found that the magnetic behavior of 

Co/ Ag multilayers depends strongly on the nomina! Co layer thickness and hence on 
the microstructure of the Co layers. A clear relation between the magnetoresistance 

and the microstructural characteristics of the Co, such as continuous layers or clusters, 
size of the clusters, distances between the clusters, and pinholes, could be established. 

In chapter 7 the structural properties of different series electrodeposited Co/Cu 
multilayers are.discussed. The fee structure of the Co is stabilized by the fee Cu base 
and spacer layers. The presence of Cu impurities in the Co layers ( a result of the de

position method) was evident from the NMR spectra. The amount of these impurities 

was estimated to be around 2 %. The interface rough.ness of (100)-textured multilayers 

is comparable to the interface roughness of UHV e-beam evaporated Co/Cu multilay
ers. The interface topology of (100) and (111) multilayers seemed very similar. The 
infiuence of leveling agents, meant to make the interfaces smoother, appeared to have 
a catastrophic effect on the microstructure and on the magnetoresistance. 

In this thesis the results of NMR studies on Co-based, metallic multilayers are 

described. In the near future NMR might be used to study the structural properties 
of multilayers and thin films of oxidic materials or semiconductors, possibly combined 
with metals. Studies of the magnetic interlayer coupling across semiconducting (e.g., 

Fe/Si/Fe) or isolating interlayers and the giant magnetoresistance of these systems are 

promising [183] . The study of the magnetic properties of artificially made oxidic thin 
films and mult ilayers (e.g., Co0/Fe3 0 4 [184]) is another new and rapidly expanding 
field [185,186] . NMR can be used to study the structure of these materials, e.g., Co 

NMR in CoO or CoxFe3 _x04 [187-189], and Fe NMR in (enriched) Fe30 4 [190]. Other 
possibilities are multilayers of metals and oxides like Co/NiO, Co/MgO, Co/Fe3 0 4 , or 

Co/CoO [191]. 
Finally we would like to note that the information from NMR experiments is not 

limited to the magnitude of the hyperfine field. The relaxation times (T1 and T2 ) 

and the enhancement factor can be used in future experiments to obtain additional 
information about, e.g., local anisotropies and mobility of domain walls. 
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Samenvatting 

In dit proefschrift wo~den verschillende studies met betrekking tot magnetische mul

tilagen beschreven. Een magnetische multilaag is een kunstmatig gemaakte structuur 
bestaande uit een periodieke stapeling van lagen van verschillende elementen, waarvan 
er minstens één magnetisch is. Het accent van de studies ligt op de bepaling van de 
structurele eigenschappen van multilagen met behulp van kernspinresonantie. Waar 
mogelijk worden relaties gelegd tussen de structurele en de magnetische eigenschap
pen. De magnetische eigenschappen van metallische magnetische multilagen, zoals 
anisotropie, interlaagkoppeling en magnetoweerstand, zijn zowel uit het oogpunt van 
fundamenteel onderzoek als voor technologische toepassingen erg interessant. Daar 
deze magnetische eigenschappen nauw verbonden zijn met structurele eigenschappen, 
is kennis van deze structurele eigenschappen onontbeerlijk voor het begrijpen en opti
maliseren van de magnetische eigenschappen. Kernspinresonantie is een van de weinige 
meettechnieken waarmee het mogelijk is de specifieke structurele informatie over rnul
tilagen (met name informatie over de grensvlakken tussen de verschillende elementen) 
te verkrijgen. Met behulp van deze techniek wordt het magneetveld ter plaatse van 
de atoomkern gemeten. Daar de grootte van dit magneetveld bepaald wordt door de 
directe omgeving van het atoom, is het mogelijk om informatie te verkrijgen over de 
kristalstructuur, de oprekking van het rooster en over de ruwheid en topologie van de 
grenslagen in multilagen. 

Een van de verrichte studies is de bepaling van de oprekking van Co lagen door het 
verschil in roosterconstanten aan de grensvlakken in multilagen. Bij Co/Ni multilagen 
is dit verschil klein en door oprekking van de Ni lagen en samendrukking van de Co 
lagen worden de roosterconstanten aan beide zijden van het grensvlak gelijk (coherente 

multilaag). Bij Co/ Ag multilagen is het verschil in roosterconstanten echter veel groter 
en zijn er dislocaties aan het grensvlak waar het kristalrooster niet doorloopt (inco
herente multilaag). Zowel bij Co/Ni als bij Co/ Ag multilagen is het mogelijk gebleken 
om de oprekking van het Co rooster als functie van de laagdikte van beide elementen 
te beschrijven met een model dat een uitbreiding is van een model uit de literatuur. 

Verschillende series Co/Ni multilagen zijn bestudeerd. Onderzocht is onder andere 
de invloed van de groeisnelheid, thermische nabehandeling en de verschillen tussen 

multilagen gegroeid in de (111) en (100) richting. De ruwheid (dikte van het gemengde 
gebied per grensvlak) van de grensvlakken in de (111) en (100) gegroeide multilagen is 
voor beide oriëntaties ongeveer 2.5 Á. De topologie van de grensvlakken is echter totaal 
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verschillend. De (100) georiënteerde grensvlakken zijn diffuus; er is geen voorkeur voor 

een bepaalde omringing. Echter aan de ( ll 1) georiënteerde grensvlakken is er een 
sterke voorkeur voor Co atomen met twee Ni buren. Het is niet mogelijk gebleken om 
deze voorkeur te begrijpen met behulp van modellen voor geordende legeringen aan 

het Co/Ni grensvlak. 
Verder is er uitgebreid onderzoek verricht naar de relatie tussen de structurele 

eigenschappen, de magnetisatie en de magnetoweerstand van Co/ Ag multilagen. Uit 
de analyse van de kernspinresonantiemetingen blijkt dat de Co lagen van de Co/ Ag 
multilagen met een laagdikte van minder dan 10 Á (5 monolagen) discontinu zijn (Co 

clusters in een Ag omgeving), terwijl voor Co laagdiktes groter dan 10 Á de Co lagen 
continu zijn. Dit beeld van de microstructuur van deze multilagen wordt bevestigd 

door metingen van de magnetisatie als functie van het aangelegde magneetveld en als 
functie van de temperatuur. De overgang van continue lagen naar discontinue lagen als 

de Co laagdikte kleiner wordt, leidt tot een ontkoppeling van het Co, een afname van de 
remanentie en een toename van de magnetoweerstand. Thermische nabehandeling van 
deze Co/ Ag multilagen leidt bij de discontinue multi lagen tot een groei van de Co clus
ters en een afname van de magnetoweerstand. Bij de multilagen met continue Co lagen 
breken deze lagen eerst op in clusters, waarna bij nog hogere temperaturen groei van de 

gevormde Co clusters plaatsvindt. Bij deze multilagen vertoont de magnetoweerstand 

een maximum als functie van de nabehandelingstemperatuur. 
Onlangs is het mogelijk gebleken om met behulp van elektro-depositie multila

gen te groeien die een grote magnetoweerstand vertonen. De structurele eigenschap
pen van Co/Cu multilagen, gemaakt met behulp van elektro-depositie, zijn onder

zocht met kernspinresonantie. Daar deze multilagen gegroeid zijn uit een elektrolyt 
met zowel Co als Cu ionen, bevatten de Co lagen een klein percentage Cu veront
reinigingen. Met behulp van kernspinresonantie-experimenten zijn deze Cu atomen 
in de Co laag aangetoond. Uit een analyse van de experimenten blijkt dan ongeveer 
2 % Cu op niet willekeurige plaatsen in het Co verdeeld zit. Gebleken is dat de fee 

structuur van het Co gestabiliseerd wordt door de Cu basislaag en door Cu tussenla
gen. Het algemene beeld is dat de microstructuur van Co films en Co/Cu multilagen, 

gegroeid met elektro-depositie, vergelijkbaar is met de microstructuur van gesputterde 
of opgedampte preparaten. Het gebruik van glansmiddelen tijdens de groei van de 
Co/Cu multilagen resulteert in een minder goede structuur en in een veel lagere mag

netoweerstand dan bij multilagen gegroeid zonder glansmiddelen. 
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1. De aanname van Tosin et al. dat de oprekking in Co/ Ag multilagen niet 
verandert tijdens het thermisch nabehandelen is een ongeoorloofde vereen
voudiging. 

G. Tosin et al., J. Magn. Magn. Mater. 121, 399 (1993); 
dit proefschrift, hoofdstuk 6. 

2. Het bepalen van de roosterconstanten uit de afstand van de lijnen van een 
RHEED-patroon tijdens het groeien van een multilaag geeft niet de in-vlaks 
roosterconstante als functie van de dikte van een complete multilaag. 

T. Kingetsu and K. Sakai, Phys. Rev. B 48, 4140 (1993). 

3. De relatie tussen de magneto-elastische bijdrage aan de anisotropie en de 
opdampsnelheid, gesuggereerd door den Broeder et al. voor Co/Ni multila
gen, wordt niet bevestigd door NMR-metingen aan soortgelijke multilagen. 

F.J.A. den Broeder et al., IEEE Trans. Magn. 28, 2760 (1992); 
dit proefschrift, hoofdstuk 5, 

4. Een toename van het verzadigingsveld van multilagen met onmengbare ele
menten bij afnemende dikte van de magnetische laag is geen eenduidig 
bewijs voor een verandering van de interlaagkoppeling van ferromagnetisch 
naar antiferromagnetisch. 

S. Li et al., J. Appl. Phys. 78, 405 (1995); dit proefschrift, hoofdstuk 6. 

5. Bij publicaties over de groei van de eerste monolagen van een element op 
een substraat is een definitie van de term monolaag op zijn plaats. 

M. Kuhn et al., Surface Science 336, 1 (1995); 
Y. Wu et al., Surfa.ce Science 336, 123 (1995). 



6. Het feit dat Gregg et al. rekenen met een volume van een Co atoom van 
2 À 3 om de afmetingen van Co clusters te bepalen en dat de blocking
temperatuur die met deze afmeting berekend wordt in overeenstemming is 
met de metingen, is op zijn minst eigenaardig te noemen. 

J.F. Gregg et al" Phys. Rev. B 49, 1064 (1994). 

7. Het is merkwaardig dat in studies naar de invloed van verontreinigingen 
aan de grensvlakken op het magnetoweerstandseffect geen vergelijkende ex
perimenten gedaan worden waarbij die verontreinigingen in de lagen zelf 
aangebracht worden. 

P. Baumgart et al., J. Appl. Phys. 69, 4792 (1991); 
K.P. Wellock et al" J. Appl. Phys. 75, 7055 (1994). 

8. De opmerking van Hall et al. dat thermisch nabehandelen van Co/Cu mul
tilagen leidt tot diffusie van Cu atomen in de Co lagen en vice versa, is 
niet te rijmen met de eigenschappen van Co-Cu heterogene structuren en 
het groeien van de Co clusters bij het thermisch nabehandelen van deze 
structuren. 

M.J. Hall et al" J. Ma.gn. Magn. Mater. 121, 421 (1993); 
A.E. Berkowitz et al" Phys. Rev. Lett. 68, 3745 ( 1992). 

9. Het pauzeren om de vier games tijdens een tenniswedstrijd in het dubbel
spel, in plaats van om de twee gespeelde ga.mes, zou een betere verhouding 
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