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Abstract 

As-deposited and annealed Co/Ni and Co/ Ag multilayers were stuclied with 
nuclear magnetic resonance (NMR). The NMR spectra were used todetermine the 
structural properties. The results were used to get more insight in the magnetic 
properties of the multilayers. 

Four Co/Ni multilayers with different deposition rates for Co and Ni were 
investigated. The magnetic anisotropy of these multilayers depends on the depo
sition rate: higher rates corresponds to larger contributions of the perpendicular 
anisotropy to the total anisotropy. With NMR the influence of the deposition 
rate on the structural properties was investigated. The structure of bulk Co is 
mainly fee and equal for the four samples. The strain is also similar for all four 
multilayers. The only noticeable difference is the change in the interface topol
ogy for the multilayer with the lowest deposition rate. One Co/Ni multilayer 
was annealed to determine the thermic stability of the multilayer. No significant 
changes in the structural properties were observed for anneal temperatures below 
480° C. 

A series of sputtered Co/ Ag multilayers with an Ag thickness of 20 Ä and 
variabie Co thickness was investigated by NMR. The bulk Co is a mixture of fee, 
hcp and stacking faults. The strain of the bulk Co atoms can be described by the 
incoherent model. For nominal Co thicknesses smaller than 10 Ä, the Co layers 
are discontinuous ( three dimensional is lands) and for Co thicknesses above 10 Ä, 
the layers are continuous (layer by layer growth mode). 

Two Coj Ag multilayers, with a Co thickness of 8 and 15 Ä, were annealed at 
progressively higher temperatures. After the first anneal treatment, the interfaces 
become sharper, which confirms the immiscibility of Co and Ag, and gives the 
opportunity to determine the position of the third satellite: 17.5 ± 0.1 T (the 
position of bulk Co is 22.4 T for Co/ Ag multilayers with a not strained Co layer). 
The Co clusters of (8 Ä Co+ 20 Ä Ag) appear to grow aftereach anneal treatment 
and the Co layers of (15 Ä Co+ 20 Ä Ag) probably break up into Co clusters after 
the annealing at 320° C. At higher anneal temperatures the Co clusters grow. For 
(8 Ä Co + 20 Ä Ag) the magnetoresistance (MR) first increases upon annealing 
till 360° C after which the MR decreases. This behavior can be explained by the 
existence of an optimum Co cluster size for the MR. 
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1 Introduetion 

Since recent years, it has been possible to grow high quality thin films. This 
has led to a great interest in artificial made magnetic multilayers, which is caused 
by the physical properties of these materials, such as exchange coupling, giant 
magnetoresistance (GMR) and perpendicular anisotropy. These properties are 
not only interesting from a fundamental point of view, but also from a technica! 
point of view, because these materials can he used in several applications, e.g. 
magnetic sensors and magnetic storage mediums. This has led a cooperation of 
the group Cooperative Phenonena at Eindhoven University of Technology (TUE) 
and the group magnetism at Philips Research Laboratories. 

Multilayers are made up of a stacking of layers, up to a hundred times. Usu
ally, the layers are a repetition of two different metallic elements, of which one or 
both are magnetic ( magnetic multilayers). The thickness of one layer varies from 
a few to many monolayers. Before the multilayer is grown on a substrate, often 
a baselayer is grown on the substrate, which can determine the growth structure 
and direction of the multilayer. On the top, there can he a layer to prevent the 
multilayer from oxidation. Multilayers can he made hy sputtering, high vacuum 
evaporation, or molecular heam epitaxy. 

In 1986, it was found that the magnetic layers in multilayers, which exists 
of a repetition of magnetic and nonmagnetic layers, can he coupled [Grü 86]. 
The antiferromagnetic or ferromagnetic coupling of these multilayers appeared 
to oscillate as a function of the nonmagnetic layer thickness. The resistance of 
antiferromagnetic coupled multilayers depends strongly on the external applied 
field, which could he explained hy the spin-valve effect. This large change in 
resistance is called the GMR and can he defined as: 

GMR = Ro- Rsat 
Ro 

(1.1) 

with Ro the high resistance at zero field, where the magnetizations are aligned 
antiparallel, and Rsat the low resistance at fields larger than saturation field, 
where the magnetizations are aligned parallel, see tigure 1.1. 

Another typical feature of multilayers is the change in preferential direction of 
the magnetization from in-plane to perpendicular to the filmplane if the thickness 
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1: Introduetion 

ANTI-PARALLEL PARALLEL 

up 

down 

up down 

Figure 1.1: Electrans with the spin (anti-)parallel to the magnetization are called 
spin up (spin down) electrons. For cobalt, spin down electrans will scatter at the 
bulk and/or at the interface of a layer. On the left, an electron with a certain spin 
will be a spin up in one layer and a spin down in the other, thus all the electrans 
are scattered. This leads to a high resistance . On the right, the external applied 
field aligns the magnetizations parallel. Half of the electrans are continuous spin 
up, which are no longer scattered and have a low resistance. This leads to a short 
circuit of the resistance, thus to a low resistance (no spin flip is assumed). 

of the magnetic layer is smaller then a certain critica! thickness. The anisotropy 
of a thin film can be described by the following empirical equation [Blo 93): 

J< = f<v + 2/Cjt (1.2) 

with K the total anisotropy per unit volume and I<v the volume contribution 
of the bulk atoms. I<v is a summation of the shape anisotropy, magnetoelastic 
anisotropy and the magnetocrystalline anisotropy. I<s is the difference between 
the anisotropy of the bulk atoms and interface atoms caused by the breaking of the 
symmetry from the magnetic layers at the interface. The factor 2 accounts for the 
two interfaces in one layer and t is the thickness of the magnetic layer. In general 
I<s is positive, which favors the direction of the magnetization perpendicular to 
the filmplane and I<v is negative. Platting I< · t versus t will give a certain 
thickness, te, at which the easy direction of the magnetization changes from in 
plane to perpendicular to plane, see figure 1.2. 

The above mentioned physical properties: interlayer coupling, GMR and 
perpendicular anisotropy, depend strongly on the composition of the magnetic 
multilayer. Also structural properties, such as the microstructure, the interface 
topology (roughness) and the strain can be important. A method to change 
both the structural and magnetic properties is annealing. By studying both the 
structural and physical properties as a function of anneal treatments, one can try 
to relate these changes. The structural properties can be measured by nuclear 
magnetic resonance (NMR). This technique is sensitive to the local environment 
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1: Introduetion 
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Figure 1.2: An example of Kca·t versus tea plot of Co/Pd multilayers (tPd = llA) 
[Blo 93} 

of an atom, thus it is possible to investigate the crystal structure, strain and 
interface roughness of multilayers by NMR. One can investigate the structural 
properties of a series of samples with one variabie parameter, e.g. the magnetic 
layer thickness or deposition rate of the layers, and try to relate the changes in 
the structural properties to the physical properties. 

In the following chapter is explained how the hyperfine field, which is measured 
with NMR, can be related to the local environment. In chapter 3, the NMR 
experiment is explained and the experimental setup is given. This part will be 
rather detailed, because it is the first time that the new equipment is described. 

Chapter 4 describes the interface roughness, and crystal structure of Co/Ni 
multilayers as a function of the deposition rate. In this chapter will also show the 
influences of anneal treatments on the interface roughness and crystal structure 
of a Co/Ni multilayer. For Co/ Ag multilayers the interface roughness, crystal 
structure and strain is determined as a function of the cabalt thickness, see chap
ter 5. These multilayers were also annealed and the change in the structural and 
physical properties are described in chapter 6. 
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2 The hyperfine field 

With NMR the energy splitting, due to the total effective mag
netic field at a nucleus, is measured. This magnetic field de
pends on the local environment of the atom. The first section 
of this chapter explains the energy splitting caused by the mag
netic field. Beetion 2.2 describes the fields, which contribute 
to the total field. Beetion 2.3 discusses the influence of the 
structure, strain and foreign neighbors on the hyperfine field. 

2.1 Interaction of the nuclear spin with the 
magnetic field at the nucleus 

If a nucleus has a total spin angular-momentum f, the magnetic moment i1 
of the nucleus is related to the nucleus spin as: 

(2.1) 

with 1 the nuclear gyromagnetic ratio. The interaction between this moment 
and the total effective magnetic field Btot at the nucleus is given by the Zeeman 
Hamiltonian (1-lz): 

1-lz = -iJ· Btot 

The contributions to the total field Êtot are: 

..... ....., ..... ..... ..... 
Btot = Bhf + Bdip + Bappt +Bind 

(2.2) 

(2.3) 

with Êappl the external applied field and Bind the induced field, which is caused 
by the applied field. This induced field can he neglected for magnetically ordered 
materials as 59Co. The other contributions to Btot will he discussed in the next 
section. The Zeeman Hamiltonian leads to an energy splitting ó.E of: 

(2.4) 

with f the NMR resonance frequency. 
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2: The hyperfine field 

For 59 Co 1/(27r) = 10.054 (MHz/T) [Wal67] and the magnitude of Btat, 

without an external applied field is about 20 T. This lead to a NMR resonance 
frequency in the order of 200 MHz. 

A nucleus with spin greater than 1/2 possess an electric quadrupole moment, 
which causes an additional Hamiltonian splitting. Usually, this splitting can be 
neglected [Gro 93]. 

2.2 Origin of the magnetic field at a nucleus 

2.2.1 Hyperfine field 

The three main contributions to the hyperfine field Ê~1 are shortly discussed 
in this subsection. More information can he found in [Gro 93]. The three contri
butions are: 

1. the contact field, Bcant, arises from the Fermi contact interaction. 

2. the dipolar hyperfine field, Êdip,at, is due to the dipolar interaction between 
the nuclear magnetic moment and the spins of the d-shell electrons from 
the atom itself. 

3. the orbital field, Barb, arises from the interaction between the nuclear mag
netic moment and the unquenched part of the orbital angular momenturn 
of the valenee electrons. 

thus, in formula, Ê~1 can be written as: 

..... , ~ _, _, 
Bhf = Bcont + Bdip,at + Barb (2.5) 

The contact field 

This is the main contribution to the hyperfine field Ê~1 . Bcant is proportional 
to the spin density of the electrons at the nucleus [Fer 30]: 

(2.6) 

with f-LB the Bohr magneton and m(O) the spin density at the nucleus. The s 
electrons are the electrons with the largest spin density at the nucleus. The 
contributions of the inner electronic s wave functions ( the core s electrous) are 
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2: The hyperfine field 

not cancelled in equation 2.6, despite the pairing of these electrons. This is due to 
the intra atomie exchange interaction betweenthes orbitals of the core electrous 
and the magnetically polarized d shell. The majority core s electrous are pulled 
toward the d shell and the minority electrous are repelled from the d shell. This 
results in a net minority polarization of the core s electrous at the nucleus, thus 
a Bcont contribution antiparallel to the electron magnetization. 

Also the valenee 4s electrous are polarized and contribute to m(O). First, 
the polarization of the valenee 4s electron is due to the 3d moment of the atom 
itself (more majority and less minority 4s states are occupied). Secondly, the 
hybridization of the valenee 4s wave functions with the polarized 3d wave func
tions of the neighboring atoms causes a weak 4s polarization, which is called the 
transferred contribution. The sign and magnitude of the transferred contribution 
depends on the magnetic moment of the neighboring atoms, which makes Bcont 

sensitive to the local environment. 

The dipolar hyperfine field 

The dipolar hyperfine field arises from the dipolar interaction of the nuclear 
magnetic moment and the magnetic moment of the unquenced 3d electrous of 
the same atom. The wave functions of these electrous are spatial deformed due 
to the local environment of the atom. For cubic symmetry (e.g. fee) the dipolar 
hyperfine field is zero. For lower symmetry, e.g. hcp Co, Bdip,at gives rise to an 
anisotropy of Bhf [Per 65). 

The orbital field 

The orbital field is caused by the orbital angular momenturn of the un
quenched 3d electrous and is proportional to the expectation value of the angular 
momenturn operator L of the electrons, divided by the distance of the electrous 
to the nucleus, to the third power. 

In cubic symmetry the orbitals are normally quenched and thus no orbital 
field is expected, but the spin-orbit coupling induces a small orbital moment, 
which results in an orbital field (the contribution is antiparallel to the contact 
term). 

For non cubic symmetry, the orbital moment of the 3d electrous are un
quenced, yielding an anisotropic contribution to B~1 . The contribution of Êorb 

depends on the direction of (Î) and via the spin-orbit coupling on the direction 
of the electron-magnetization, [Per 65). 

6 



2: The hyperfine field 

2.2.2 Dipolar field 

Besides the dipolar interaction of the nuclear magnetic moment and the mo
ment of the 3d electrons of the same atom, there is a dipolar interaction of the 
nuclear magnetic moment and the magnetic moments of all the other atoms in 
the sample. This is called the dipolar field and is described by: 

(2.7) 

in which the sum run over all the moments (mi) of the atom (i), except for the 
moment of the own atom. ri is the relative position of mi to the nucleus. 

The dipolar field can he split in an isotropie part: the Lorentz field (Eh = 

~J1oMs) and an anisotropic part: the demagnetizing field Edemag [Col 71]. 
In the following of this report is Êhf defined as the sum of Ë~1 and the 

isotropie part of the dipolar field, the Lorentz field ÊL: 

(2.8) 

2.3 Relation between local environment and 
hyperfine field 

In the previous section it appeared that the magnetic field at a nucleus de
pends on the local atomie environment. This sensitivity is caused by the spatial 
distribution of majority and minority spins. In figure 2.1, the influences of struc
ture, strain and foreign neighbors are illustrated in a hypothetical spectrum. 
These influences will he discussed in the text below. 

2.3.1 Structure 

The local structure and symmetry determines the magnitude and the possible 
anisotropy in the hyperfine field. The valenee electrons polarization and the 3d 
magnetic moment depend on the local structure, which determines the magnitude 
of the hyperfine field. 

1f the symmetry is lower then cubic, there is an anisotropic contribution to 
the hyperfine field, which arises form the dipolar and orbital contribution to the 
hyperfine field. 

This leads for hcp 59Co to an anisotropic hyperfine field of about 22.4 T 
[Gro 93]. Assuming uniaxial symmetry and thin film geometry the anisotropy of 
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2: The hyperfine field 
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Figure 2.1: A hypothetical spectrum ofthe intensity versus the hyperfine field (with 
the applied field parallel to the film plane). The intensity of a line is proportional 
to the number of atoms with a specific local environment. The figure shows that 
the hyperfine field of atoms in a fee structure differs from atoms in a hcp structure. 
Resonance lines of atoms at the interface are shifted compared with the line of 
the bulk atoms. Uniform strain results in an overall shift of the spectrum. 

hep eobalt ean be determined by applying the external field parallel and perpen
dieular to the c-axis, whieh leads to [Ste 92]: 

2tr f = !( Bhf,l 1 - Bappt,l I) 

2tr f = !(Bhj,l. + /1oMs- Bappt,l.) 

(2.9) 

(2.10) 

in whieh I I and l_ means the applied field parallel and perpendieular to the film 
plane respeetively. Measured values of 11oMs for 59Co at 4.2 K are 1.79 T [Rie 87] 
and 1.85 T [Lan 86]. Splitting Bhf into an isotropie Bi and an anisotropie term 
Ba (Bhf./1 =Bi- !Ba and Bhf,l. =Bi+ Ba) [Ste 92], the last two equations ean 
be eombined to: 

3 
Bapp/,1. = Bappl,l 1 + /1oMs + 2 Ba (2.11) 

For hep 59Co, Bi = 22.60±0.01 Tand Ba = -0.57±0.01 T [Fek 78]. For fee 59Co, 
Bi = 21.6 T and Ba = 0 T [Gro 93]. 
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2: The hyperfine field 

2.3.2 Strain 

Strain means that the lattice is compressed or expanded, due to external 
stress. In a multilayer, strain can he caused by a difference in the lattice param
eters of the different elements at the interface. 

In the case of isotropie pressure on a crystal, the lattice will contract, which 
has two opposing effects on the hyperfine field. The magnetic moment will de
crease. This leads to a decrease in the polarization of the core s electrons, due 
to a decrease in the exchange polarization forces. Secondly, the spin density of 
the valenee 4s electrous at the nucleus will increase, due to the slight squeezing 
of the electrons. For the valenee 4s electrans this more than compensates the 
decrease of the 4s electrous caused by the decreasing magnetic moment. 

The change in the hyperfine field will be the net result of the two opposite 
contributions [Jan 79]. For cobalt the relation between hyperfine field and volume 
(V) is given by: 

D.Bhf 1:1 V 
-- = -1.13-
Bhj V 

(2.12) 

If the lattice parameters of the two elements in a Co/X multilayer are not 
equal, then the mismatch, "'' at the interface is defined as: 

aco- ax 
"1 = 1 

2(aco + ax) 
(2.13) 

where a denotes the lattice constant. The relaxation of the strain, E, due to this 
mismatch can be achieved in two ways [Alp 94a]. 

First, one layer can be stretched and the other compressed, so that both layers 
have the same in plane lattice parameter. The lattice parameter perpendicular 
to the plane will be compressed or stretched, the opposite way, according to 
the Poisson's ratio a. The energy to achieve this so called coherent strain is 
proportional to the volume ( the lattice is continuous in all the layers). 

Secondly, the strain can be partly relaxed by introducing interfacial dislo
cations. The lattice constauts of the two layers are not the same, and at the 
interface the two different lattices are fit together by introducing dislocations. 
The energy to achieve this so called incoherent strain is proportional to the area 
of the filmplane ( the dislocations are formed only at the interface area). 

Because the coherent strain energy is proportional to the volume of the sample 
and the incoherent strain energy is proportional to the area of the filmplane, it 
will be energetic favorable to have coherent stain below a certain thickness ratio 
of both layers and incoherent strain above this thickness. This certain thickness is 
called the critica} thickness, te. te depends on the mismatch, theelastic constauts 
and the layer thickness of the two elements, e.g. for a (X Á Co + 20 Á Ag) 
multilayer rt = -14%, which gives a te of about 2 Á [Vel 93]. If tco ~ te the 
dependenee of the strain is usually approximated by 1/tco [Bru 89]. 
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2: The hyperfine field 

2.3.3 Foreign neighbors 

The hyperfine field will also change when an atom is surrounded by one or 
more "foreign" atoms. In genera!, an atom in the middle of a layer will he 
surrounded by the samekind of atoms, the bulk atoms. At the interface, layers 
of one kind of atoms (host atoms) are foliowed by layers of another kind of atoms 
(foreign atoms). The host atoms situated at the interface will have one, or more 
foreign atoms in the nearest neighbor shell, or next nearest neighbor shell. 

The foreign atom will change the hyperfine field of the host atoms in two 
ways. First, the foreign atom will have an other electrastatic potential (i.e. nu
clear charge), which will he screened to maintain local charge neutrality. If the 
screening can not completely be performed by the foreign atom, the non local 4s 
and 3d wave functions of the surrounding atoms ( the host atoms) will slightly 
change to regain charge neutrality. The change in the spin density of the host 
atoms will change the hyperfine field. Secondly, the foreign atom will have a 
different magnetic moment and the hyperfine field of the host atoms is changed 
by the transferred polarization. 

The magnitude of change in the hyperfine field of the host atoms depends 
on the foreign atom. Substituting more than one foreign atom in the nearest 
neighbor shell of the host atoms will approximately give a change, which is equal 
to the number of foreign atoms multiplied with the change for one foreign atom. 
In general a foreign atom in the nearest neighbor shell will give rise to a satellite 
line separated from the bulk line, while foreign atoms in the next nearest neighbor 
shell give rise to a line broadening of the bulk line. 

10 



3 The experimental setup 

The NMR experiment, which is used to obtain the hyperfine 
field experienced by the nuclei, is explained in the first sec
tion. Next, the LC circuit and the various effects on the spin
echo intensity are explained. Section 3.3 describes the equip
ment, which generates the pulse sequence and detects the spin 
echo. The processing of the spin-echo data is described in sec
tion 3.4- In the last section, the parameters of the spin-echo 
experiments are given and it is explained how the spectra are 
obtained from the raw data. 

3.1 The NMR experiment 

In equilibrium, the total magnetization of a system of nuclear spins, M ( Mx, 
My, Mz), is directed parallel to the total effective field experienced by the nuclei; 
B = Boëz, thus M = Moëz. The dynamic behavior of the magnetization can be 
described by the so-called Bloch equations [Abr 61, Sli 78): 

M _ _ Mz-Mo 
z- Tl 

. Mx ..... ..... 
Mx = -y;; + 1(M x B)x (3.1) 

. My .... .... 
My = - T

2 
+ 1( M x B)y 

If, in equilibrium, a radio frequency ( r .f.) field pul se is applied perpendicular 
to the z-axis, e.g. B1 = 2B1cos(wt)ëx, with a pulse duration much shorter than 
the relaxation times T1 and T2, the relaxation can be neglected and equation 3.1 
can be rewritten as: 

(3.2) 

Introducing a frame rotating around the z-axis with frequency w, the r.f. field 
with frequency w can be decomposed into a right and a left circular polarized 

11 



3: The experimental setup 

component, of which one is a static field and the other a high frequency (2w) 
field component. Neglecting the high frequency field component in this rotating 
frame ( denoted with *' and ez• = ez) equation 3.2 transfarms into: 

(3.3) 

If the frequency w ~ 1B0 , called the Larmor frequency WL, the magnetization 
mainly rotates around the x* -axis. The angle of rotation, a, is given by: 

a= 1B;ff Tp (3.4) 

where Tp denotes the duration of the r.f. pulse and B;ff the total effective radio 
frequency field experienced by the nuclei. This field is larger than the applied B1 , 

because it is enhanced by the magnetization of the electron spin system. This 
magnetization will he directed along the total external field, i.e., the sum of Ê1 

and Êappl and thus also causes a r.f. field. The magnitude of the total radio 
frequency field is given by: 

(3.5) 

with "7 the enhancement factor [Gos 59, Gro 93]. 
At the start of the NMR experiment, the magnetization is almost at equilib

rium (M = Moez), see the last section of this chapter. Then a sequence of two 
r.f. pulses is applied. The first r.f. pulse, e.g. Ê1 = 2B1 cos(wt)ex, is applied for a 
time Tp, in which the nuclear spins turn 1r /2 around the x* -axis: from the z* -axis 
to the y* -axis ( the 1r /2 pulse ). The spins start to dephase in the x*- y* plane due 
to field inhomogeneities and the magnetization decrease to zero (free induction 
decay). Af ter a delay time of T from the start of the first pul se, again a r .f. pul se 
is applied with a duration of 2Tp· This second pulse flips the spins in the x*- y* 

plane ( the 1r pulse), so that aft er the same delay, T, the spins will refocus again 
and the magnetization has its maximum value, the spin echo, see figure 3.1. The 
spin-spin relaxation, characterized by T2 , gives rise to an irreversible dephasing 
of the nuclear spins, thus reduces the magnitude of the spin echo. 

3.2 The measurements 

If the static magnetic field is applied parallel to the film plane, the resonance 
condition given by equation 2.4 becomes: 

(3.6) 
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3: The experimental setup 

0 - z 
(b) 

Figure 3.1: In the up per picture the pulse sequence and spin echo are given 
schematically. In the lower picture, a: shows the turning of the nuclear spins 
over 1r /2, b: the dephasing of the nuclear spins, c: the turning of the nuclear 
spzns over 1r and d: the spin echo after the refocussing of the nuclear spins, see 
text. 

From this equation, one can see that the hyperfine field distribution can he 
obtained in two ways, namely: 

• frequency-scan: the applied field remains constant ( usually 0 T) and the 
frequency is varied, see appendix C. 

• field-scan: the frequency is constant and the applied field is varied. 

The spectra described in this report are obtained by field scans at different 
frequencies. The specific parameters used to obtain the spin-echo spectrum are 
given in section 3.5. For a spin-echo experiment, the sample is placed in a coil, 
which applies the r.f. field pulses and detects the induction signal of the spin 
echo. The coil is incorporated in a tuned circuit as given in figure 3.2. At each 
frequency, the variabie capacitors are tuned to obtain an impedance matching to 
the coax cable (50 !1) and the rest of the equipment. The Q factor is lowered 
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Figure 3.2: The LC ciruit used to obtain the field-spectra as described in the 
text. The sample is placed in the coil positioned in the middle of a magnet. The 
direction of the magnetic field with respect to the film normal of the sample can 
be varied. 

by adding a resistor with a value of about 1 n, which yields a broadening of 
the impedance versus frequency curve. The frequency dependenee of the LC 
circuit is given in appendix B. The matching of the LC circuit is achieved by 
minimizing the reflected power. An electronic switch leads the pulse sequence 
from the transmitter to the LC circuit and the spin-echo signal to the receiver, 
see next section. 

The spin echo induces an oscillatory flux in the coil. The EMF E can be 
expressed as [Hou 76): 

(3.7) 

where K (:::; 1) takes into account the inhomogeneity of the r .f. field due to imper
fectionsof the coil (not perfectly symmetrie and infinite) and also the skin effect 
(the magnitude of the r.f. field will decrease exponentially in the sample). Ys is 
the volume of the sample. 

B1 ,t and Mt are the perpendicular components of B1 and M, respectively. 
The magnitude of Mt is given by [Hah 50): 

(3.8) 

in which M0 , according to Curie's law, is the total magnetic moment generated 
by N nuclei per unit volume in thermal equilibrium at a temperature T: 

M _ N12n2 !(I+ 1)B0 
0

- 3kBT 
(3.9) 

From 3. 7, 3.8, 3.9, and the resonance condition 2nJ = 1Bo, it can been seen 
that the spin-echo intensity depends on T, j2, T2 and j1-7]J. The sample is placed 
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Figure 3.3: The signa/ generator generafes an r.f. pulse sequence of the desired 
frequency and amplifies the pulses to the desired power. Next the pulses are led to 
the electronic switch, which directs the pulses to the LC circuit and the spin-echo 
signa! from the LC circuit to the receiver. The receiver detects the spin echo. The 
controller controls the signa! generator, the electronic switch, and the receiver and 
receives the spin-echo data. The terminal transfers the data from the controller to 
the PC and transfers all relevant parameters of the experiment to the controller. 

in a cryostat to obtain low temperatures. 11 - TJ I is the receiving enhancement 
which is caused by the same mechanism as the transmitting enhancement of B1 

insection 3.1. The enhancement, T2 and j2 dependenee of the spin-echo intensity 
are discussed in section 3.5. 

3.3 The equipment 

In this section the hardware, which generates the pulses and detects the spin 
echo, is described. A global overview of the hardware setup is given in figure 3.3. 

In the following text a description of several modules and their connections 
are given. Part of the equipment is also described in [Roo 92] and a similar NMR 
equipment is described in [Kop 94]. 
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Figure 3.4: The controller consists of a PhyDAS system, a reference (REP) unit 
and frequency/phase reference (LOl, L02) units. Only one of the two L02 sec
tions is shown, see text. The connections of the interface units in the PhyDAS 
system to units in other modules of are not shown. These connections are shown 
in the figures of the other modules. 

3.3.1 controller 

The controller consists of a PhyDAS system and REF, LOl, and L02 units, 
see figure 3.4. The controller sets all the relevant parameters and generates 
the control signals for the other modules. This subsection describes these control 
signals and their generation in the units. The function of these control signals will 
he explained later at the description of other modules. The input of the relevant 
parameters is clone via the terminaland the spin-echo data of the PhyDAS system 
sent to the terminal. 
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PhyDAS system The PhyDAS system consistsof a communication, processor 
and memory unit and interface units, which control all relevant settings. This 
unit will not he discussed, but it performs the experiments and communicates 
between the terminal and interface units. The power of the r.f. pulses, the gains 
and the phase shift of the received spin echo are set with the voltage of digital 
analog converters. A DAC also supplies the control voltage of the local oscillators 
in the LOl unit. The lOS controls the wide/narrow filtering of the received spin 
echo (W /N), the selection of the local oscillator (Sl, S2), the 0° or 180° toggle 
of the pulses ( 0/180), the intermediate frequency ( 40/70) and the up per or lower 
frequency mixing of the spin-echo signal (U /L). These settings are explained later. 
The IEEE interface of the PhyDAS sets the frequency of the signal generator (r.f. 
frequency) and receives the spin echo data from the receiver. The RS232 interface 
sets the static magnetic field at the sample. The analog digital couverters ( ADC) 
are used to read the temperature sensor and the power reileetion of the LC circuit. 
The stepmotors 1 and 2 are used to tune the variabie capacitors in the LC circuit 
unit. 

A series of 7 preset scalers (PSC) generates the desired pulse sequence and 
the window strobe, see figure 3.5. The pulse sequence is used in the REF unit 
to generate various other strobes. The window strobe is used as a trigger signal 
for the data acquisition. The doek frequency of six preset scalers is a 20 MHz 
frequency from the REF unit. One preset scaler has a doek frequency of 0.2 
MHz, which is generated by the gate output of another preset scaler. This preset 
scaler determines the duration of the long delay in the range of 5 flS to about 
0.33 secouds with a resolution of 5 flS (a preset scaler can he set between 1 and 
216). The other 5 preset scalers determine the durations of the first pulse, first 
delay, secoud pulse, second delay, and window in the range of 50 ns to about 3.3 
ms with a resolution of 50 ns. 

REF unit The REF unit uses the pulse sequence of the PhyDAS system togen
erate an X-strobe, LOl-strobe, (0-180)-strobe, and DPLX-strobe, see figure 3.5. 
The first three strobes are used in the XMIT unit and the DPLX strobe is used 
to control the electronic switch. 

The REF unit is also fed with a stabie 10 MHz signal of the signal generator. 
This frequency is divided to a reference signal of 5 MHz, see figure 3.4. By a 
voltage controlled oscillator (VCO) a 20 MHzsignalis generated, which is used 
as a doek frequency for the six preset scalers in the PhyDAS. This 20 MHz 
frequency is divided back to a 5 MHz signal, which is led to a phase locked loop. 
In this phase locked loop, the 5 MHz signal is compared to the 5 MHz reference. 
The phase difference of these signals is used to adjust the control voltage of the 
20 MHz VCO. In this way the 20 MHzdoek signalis fully synchronized to the 5 
MHz reference signal. 
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Figure 3.5: The different strobes generated by the PhyDAS system and the REF 
unit. The preset scaters in the PhyDAS generate the pulse sequence and the 
window strobe. The REF unit uses the pulse sequence to generate the X, (0-180), 
duplexer (DPLX), and LOl strobes. The delay of 1.5 J-LS for the X and (0-180) 
strobes with respect to the trailing edge of the ( active low) DPLX strobe is needed 
for a correct timing of the electronic switch. 

LOl unit The LOl unit generates alocal oscillator frequency, which is needed 
at the receiver unit to transform the spin echo frequency to an intermediate 
frequency of 70 (or 40) MHz, see figure 3.4. The LOl frequency is 70 or 40 MHz 
above or below the r.f. frequency, generated by the HP synthesizer (see next 
subsection). 

The Sl, S2 logic outputs of the PhyDAS select the local oscillator (VCO 
A, B, C, or D), whose frequency is in the range of the desired LOl frequency, 
whereas a control voltage of a DAC in the PhyDAS sets the frequency of this 
local oscillator within a few MHz from the desired value. The output signal of 
this oscillator, 101-REF, is partly led to the receiver and partly to the signal 
generator, in which the frequency is mixed with the r.f. frequency. The resulting 
frequency (LOl-PL) is the frequency difference between the r.f. and LOl-REF 
frequencies (about 40 or 70 MHz). The LOl-PL frequency is led back to the LOl 
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unit. In the LOl unit, the L01-PL signal is fed into a phase locked loop, which 
is controlled by the ( 40/70) and (U /L) logic outputs of the PhyDAS system. The 
higher or lower mixing (U /L) setting means that the LOl frequency is higher or 
lower than the r.f. frequency. The 40 or 70 MHz setting ( 40/70) means that the 
difference between the r.f. frequency and LOl frequency equals 40 or 70 MHz. 
With these settings, the phase locked loop divides the LOl-PL frequency to a 5 
MHz signal. This 5 MHz signal is compared to the 5 MHz reference signal. From 
the phase difference of these signals, the control voltage of the local oscillator 
LOl is adjusted to obtain a local oscillator frequency for the receiver, which is 
exactly 40 or 70 MHz above or below the r.f. frequency. The LOl frequency 
generated by the local oscillators A, B, C, and D covers the frequency range of 
20 to 508 MHz [Roo 92]. 

L02 unit The L02 unit generates two (L02-P and L02-Q) signals of 70 or 40 
MHz for the receiver to transfarm the spin echo from the intermediate frequency 
to low frequency signal, see figure 3.4. The figure shows only one of the two 
frequency circuits ( 40 or 70). 

The (40/70) logic signalof the PhyDAS system selects the 70 or 40 MHz local 
oscillator. The output signalof this oscillator 70 ( 40) MHz is partly ledtoa phase 
locked loop, which is controlled by the (40/70) logic signal. In the phase locked 
loop, the L02 signalis divided toa 5 MHz signal. This 5 MHzsignalis compared 
with the 5 MHz reference signal. From the phase difference of these signals, the 
control voltage of the local oscillator is adjusted to obtain a fully synchronized 
40 or 70 MHz signal. The obtained output signal is partly led to a phase shifter. 
This phase shifter shifts the phase of the 70 or 40 MHz signal depending on the 
output voltage of the phase controller DAC of the PhyDAS. Finally, the signal 
is split in a phase splittertoa L02-P and L02-Q components. The phase of the 
L02-P component is shifted 90 degrees with respect to the L02-Q component. 

3.3.2 generator 

The generator consistsof a HP synthesizer, an XMIT unit, a wideband power 
amplifier, and 2 diode networks, as given in figure 3.6. It generates the pul se 
sequence with the desired frequency, pulse durations and power for the NMR 
experiment. The generated signal is led to the electronic switch. 

HP synthesizer The Hewlett Packard 8657 A synthesizer can generatea con
tinuous wave between 0.1 and 1040 MHz. The IEEE interface of the PhyDAS 
sets the frequency to the desired r.f. frequency, e.g. cos(wr.f. + 'PHP ). It also 
generates a stabie 10 MHz signal, which controls the REF unit. 
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Figure 3.6: Schematic representation of the the signa! generator. 

XMIT unit The XMIT unit transfarms the continuous wave of the HP syn
thesizer into the desired pulse sequence and controls the amplitude of the pulses, 
see figure 3.6. 

The incoming r.f. signal is split into 2 signals. One signal is mixed with the 
LO 1-REF signal, as described above in subsection 3.3.1. The other signal is led 
to a gate formed by three double balanced mixers. These mixers are used as 
switches. If the control input of the mixer is high, the signal is transmitted by 
the mixer and otherwise it is attenuated by about 40 dB. The control signals 
are respectively the LOl-strobe and two times the X-strobe. The first mixeralso 
inverts the polarity of the r.f. signal during the pulse sequence if the (0/180) logic 
signal of the lOS in the PhyDAS corresponds to the 180° mode. The resulting 
pulse sequence is ledtoa voltage controlled attenuator, which attenuates the pulse 
sequence depending on the GC-X voltage (set by the DAC of the PhyDAS). 

wideband power amplifier A wideband power amplifier supplied by IFI, 
model 5362X, amplifies the pulse sequence generated by the XMIT unit by 
47.5±1.5 dB to at most 100 Watt RMS. The wideband amplifier has a frequency 
range between 0.1 and 500 MHz. 

two diode networks The output signal generated by the XMIT unit contains 
a small background r.f. signal, due to crosstalk (-100 dB of the r.f. output 
signal). Amplified by the wideband amplifier, this yields a continuous wave signal, 
which significantly exceeds the noise floor of the receiver. The 2 diode networks 
transmit the pulses to the electronic switch with only minor power loss, whereas 
the background signal is sufficiently attenuated. 
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Figure 3. 7: The electronic switch given in the figure consists of a direction coupler, 
reflection meter and duplexer. 

3.3.3 electronic switch 

In figure 3.7, the elements of the electronic switch: the direction coupler, 
reileetion meter, and duplexer are given. The electronic switch leads the pulses 
to the coil and the spin echo to the receiver. The reileetion meter is used to 
optimize the matching of the LC circuit to the coax cable. 

directional coupler and reileetion meter The pulse sequence of the signal 
generator is led to a directional coupler, which directs the pulses to the duplexer, 
thus to the LC circuit. The directional coupler also directs the part of the signal 
that is reilected at the LC circuit, due to impedance mismatch, to the reilee
tion meter. The reileetion meter is controlled by the pulse sequence strobe and 
integrates the received signal if this strobe is high. The analog voltage of the 
reileetion meter is measured with an ADC of the PhyDAS. The obtained voltage 
is a measure of the mismatch of the LC circuit. 

duplexer The duplexer leads the pulses to the LC circuit and the spin echo to 
the receiver, see figure 3.7. The duplexer is controlled by the DPLX strobe of 
the REF unit. If the DPLX-strobe is low, the duplexer connects the directional 
coupler (signal generator side) with the coil and blocks the signal to the receiver. 
At a high DPLX-strobe signal the duplexer blocks the signal from the directional 
coupler and connects the LC circuit with the receiver. For a detailed description 
of the duplexer see [Ger 94]. 
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Figure 3.8: The elements of the receiver: the mixer unit, intermediale frequency 
(IF) unit, demodulator unit and HP oscilloscope . 

3.3.4 
. 

receiver 

The receiver consists of the mixer, IF, demodulator units, and oscilloscope, 
see figure 3.8. It transfarms the r.f. spin echo to low frequency voltage signals, 
after frequency independent amplifying of the spin echo. 

mixer First, the received spin echo from the duplexer is amplified by an ad
justable voltage controlled amplifier, which is controlled by the GC-RF voltage 
of the PhyDAS. Then the spin echo is split into two signals. One signal is led to 
the 40 MHz channel of the IF unit and the other to the 70 MHz channel of the 
IF unit. The additional 40 MHz circuit is needed to prevent interference in the 
IF unit if the r.f. frequency is about 70 MHz. The 40 and 70 MHz signals are 
obtained by mixing the split spin echo signal with the LOl frequency. One of 
the two IF signals is zero depending on the ( 40/70) logic signal. This frequency 
transformation of the spin echo is clone to realize a selective amplification of the 
spin echo, independent of the r .f. frequency. 

IF unit The two channels are led to the IF unit, which consistsof two separated 
electronic circuits for the 40 and 70 MHz frequency respectively, see figure 3.8. 
The major part of the amplification is achieved in the IF unit (roughly 90 dB). 
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The amplification is adjustable by a voltage controlled attenuator, which is con
trolled by the CG-IF voltage of the PhyDAS. The IF unit has a bandwidth of 
roughly 5 MHz. 

demodulator unit In the demodulator unit, a switch connects either the 70 
MHz or the 40 MHz IF output to a power splitter. This switch is controlled by 
the (40/70) logic signalof the PhyDAS, see figure 3.8. The two splitted IF spin 
echo signals are transformed toaPand Q voltage by mixing with the L02-P and 
L02-Q signal of the L02 unit, respectively. The signals are led to filters, which 
are controlled by the (W /N) logic signal of the PhyDAS. These filters filter both 
signals with a bandwidth of 2.5 MHz (wide band) or 0.8 MHz (narrow band). 
The outputs of the demodulator are connected to the oscilloscope. 

oscilloscope The oscilloscope is an HP 54510A, which displays the low fre
quency voltage of the P and Q channel of the spin echo as a function of time, see 
figure 3.8. 

This digital oscilloscope is triggered by the window strobe of the window pre
set scaler in the PhyDAS, which reflects the position of the spin echo in time 
domain. Usually the digital oscilloscope displays the time interval of [-10 J-lS, 
+10 J-lS] around the spin echo, which is actually an array of 500 elements for each 
channel (the sample frequency, fs, equals 25 MHz). The PhyDAS system sets the 
number of repetitions for one so called spin echo experiment. The oscilloscope 
averages the received data of the P and Q channel for this number of spin echo 
experiments and displays the averaged arrays of the P and Q channel. The IEEE 
interface of the PhyDAS system reacis out the P and Q channel. 

To illustrate the phase sensitive detection of the spin echo, the high fre
quency signal in the various modules is described mathematically. The r.f. signal 
generated by the HP oscilloscope can be expressed by cos(wr.f.t + 'Pr.J.)· After 
generation of the pulses in the XMIT unit, the frequency can be expressed by 
Êt cos(wr.f.t + 'Pr.f. + Wr.f.to), to refers to the start point of the first pulse. 

The frequency of the spin-echo signal from the duplexer to the receiver can 
be expressed by Ê~ cos(wr.f.t + 'Pr.f. + Wr.f.to + 'Pspin), 'Pspin represents the angle 
difference between Ê1 of the first pulse and Ê~ of the spin echo. 

The frequency transformation of the spin echo in the mixer can be expressed 
by multiplying the spin echo with e.g. a LOl frequency of 70 MHz above the 
r.f. frequency: Ê~ cos(wr.f.t + 'Pr.f. + Wr.f.to + 'Pspin) X cos( {wr.f. + 70}t + {wr.f. + 
70}to + 'PHP) "' cos(70t + 70to - 'Pspin), when the high frequency component is 
assumed to be filtered out. 

The spin echo demodulation in the demodulator unit can be described by 
mixing the spin echo of the intermediate frequency with both L02 frequencies: 

23 



3: The experimental setup 

102-P: cos(70t + 70to- 'Pspin) X cos(70t + 70to + 'PL02-P) "' cos( '?spin+ 'PL02-P) 

102-Q: cos(70t + 70to - '?spin) X cos(70t + 70to + 'PL02-P + !1r) "' cos( 'Pspin + 
'PLo 2_p + !1r) Again, the high frequency component is assumecl to be filterecl out. 

Because of the phase lockeelloops in the LOl ancl L02 units, the IF center 
frequency ancl L02 frequency are exactly the same and the demodulatecl signal 
will be centered around the zero frequency. The phase of the demodulated signal 
that depends only on 'Pspin and 'PLo2, where 'PLo2 can be adjusted. The phase 
shifts caused by the coax cable transmission are negleeteel for all signals. 

3.4 Processing of the spin echo data 

3.4.1 The spin echo in time domain 

The PhyDAS system processes the P and Q data of the spin echo obtainecl 
from the oscilloscope. After one spin echo experiment the data is transferred 
from the oscilloscope to the communication, processor and memory unit in the 
PhyDAS by the IEEE interface. The data is stored in the arrays pl and ql. 
Then, the spin echo experiment is repeated with a pulse sequence, in which the 
r.f. carrier is inverted. This data is stored in the arrays p2 and q2. For an 
example of these arrays see figure 3.9. 

The data-acquisition program subtracts the so called 0° and 180° spin echo 
experiments (the arrays p1, p2 and ql, q2 are subtracted and stored into arrays 
p and q). The arrays p and q are both correcteetfora possible change of the DC 
offset during the acquisition of the spin-echo signal by a subtradion of a straight 
line. The straight line is determined by two points, namely the averages of the 
elementsin the intervals [90, 110] and [390, 410]. The spin echosignalis assumed 
to be zero in these intervals, which correspond to about 6 11s before and after the 
spin echo, respectively. 

The arrays p and q [0, 499] are extended to arrays p and q [0, 511] by aclding 
si x zero-elements at the begin and end of the arrays (zero padding). In the next 
subsection, this extension of the arrays p and q will appear to be advantageous for 
further processing. A simulation of amplitude ( asynchronous) detection foliowed 
by a boxcar integrator is obtained by calculating the average of the absolute 
voltage: 

268 

hoxcar = L VPT + q[ (3.10) 
i=243 

The sum of i runs over the interval [243, 268], which corresponds to 1 11s in 
the time domain. This simulation is implementeel to compare results of the new 
NMR equipment with results of the old incoherent NMR equipment. 
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q2: 180° 

Figure 3.9: The p and q data from the oscilloscope for a so called 0° and 180° 
spin echo experiment. On the left the p arrays and on the right the q armys. 
The 0° spin echo experiment is shown in the upper part and the 180° spin echo 
experiment in the lower part. Each part shows integer data mnging from of 0 to 
34000 versus the array element of 0 to 499. The data is obtained from a {16 A 
Co+ 16 A Ni) multilayer) nr 931003 {see table 4.1)) annealed at 340° c) f = 193 
MHz and B = 2.51 T. The r.f. pulse power was 39 dBm. 

3.4.2 Fourier transformation of the spin echo 

The spin echo signal excited in a frequency band arom1d the r.f. frequency is 
transformeel by the mixer and demodulator unit to a low frequency voltage with 
a bandwidth determined by the last filter in the demodulator unit ( ~2.5 MHz 
for the wide band mode, see previous section). Thus contributions of nuclei with 
a slightly different resonance frequency to the spin echo signal are also detected. 
Fourier transformation is used to discriminate the spin echo signal with the r.f. 
center frequency from spin echo signals having slightly different frequencies. The 
discrete Fourier transformation is given by: 

N-l 
G[k] = L g[n]e-)21rkn/N (3.11) 

n=O 

in which N is 512 in our case and g[n] is an array [0, 511] of complex discrete 
samples of the spin echo ( the p array represents the real part and q array rep
resenting the imaginary part). G[k] is an array [0, 511], which representing the 
complex amplitude of the frequencies kfs/N (kin [0, 511] and fs = 25 MHz), 
thus representing the speetral contents of the spin echo. This time limitecl Fourier 
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Fourier Transformation Index 
Figure 3.10: The figure shows the modulus of the array G[kj, obtained from the 
arrays p and q as described in the text. The interval {216, 296} corresponds to 
{-2, 2} MHz in the frequency domain. The r.f. center frequency is positioned at 
pixel 256, which corresponds to 0 kHz. The data is obtained from the {16 A Co + 
16 A Ni) multilayer nr 931003 (see table 4.1), annealed at 340° C, f = 193 MHz 
and B = 2.57 T. The pulse power was varied; the respective values are indicated 
in the figure. 

transformation is allowed, because the spin echo is also limited in time. G[k] is 
a periodic function in the frequency domain with a period of 25 MHz. For sake 
of convenience the array G[k] is shifted 256 elements, so that it represents the 
frequency interval [-12.5 MHz, 12.5 MHz]. The program doesn't actually use the 
Fourier transformation algorithm given in 3.11, but uses the Fast Fourier Trans
formation (FFT). The FFT requires N to he an integer power of 2, which explains 
the extension of the arrays p and q from 500 to 512 elements. 

The spin echo intensity of the contribution with the r.f. center frequency 
is represented by the modulus of element 256 (0 Hz) of G[k]. This intensity is 
referred to as the Fourier Transformation Height: lfth· Spectra of the Fourier 
Transformation Height show usually very large statistica} fluctuations due to the 
small signal to noise ratio. These fluctuations can he reduced by a summation 
over 5 elements (254 .. 258) of the modulus of G[k]. This is called the Fourier 
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Transformation Integral UJti), which is used to obtain the spectra described in 
this report. In formula: 

258 

ljti = L jG[k]· G*[k] (3.12) 
k=254 

In the NMR experiment, the turning angle of the spin, o: in equation 3.4, is 
90°-180°, see section 3.1. The spin echo experiment satisfying this turning angle 
condition is obtained by repeating spin echo experiment with different r.f. pulse 
powers. In figure 3.1 0, examples of the Fourier transfarm of the spin echo are 
giVen. 

For pulse powers less than 39 dBm, the figure shows an increasing spin echo 
intensity for increasing pulse power. At 39 dBm, the pulses satisfy the 90°-180° 
turning angle condition and the Fourier transfarm bas its maximum at 0 kHz. 
For pulses power below 39 dBm, the turning angle is less than 90°-180° and hence 
the spin echo intensity is less. For pulse power above 39 dBm, the maxima of 
the Fourier transfarms are shifted from the center (0 kHz) frequency: ±200kHz 
for 41 dBm, ±275 kHz for 43 dBm and ±300 kHz for 45 dBm. This can be 
explained as follows: for pulse power above 39 dBm, the power at the r.f. center 
frequency is too high, so that the turning angle of the corresponding nuclear 
spins exceeds 90°-180° and therefore the 0 kHz intensity of the Fourier transfarm 
decreases. However, the r.f. power of the pulses is not concentrateel at the center 
r.f. frequency only, but is smeared out over a certain frequency range due to 
the finite pulse length. Therefore the 90°-180° turning angle condition will be 
satisfied at frequencies different from the r.f. center frequency, which gives rise to 
the observed additional maxima in figure 3.10. This is illustrated schematically 
in figure 3.11. 

If the pulse power is further increased, a secm1d maximum at 0 kHz of the 
Fourier transfarm will occur, if the pulse power is ~9.5 dB more than the pulse 
power corresponding to the 90°-180° turning angle condition. These pulses satisfy 
the ±270°-540° turning angle condition. 

3.5 Parameters and processing of the spin echo 
experiments 

The spin echo experiments are performeel at about 1.6 K. The duration of 
the 90°-180° pulse sequence is 1-2 JlS. The long delay of the pulse sequence is 
0.04 ms, thus the repetition rate of the spin echo experiments is about 25 Hz. 
Generally, the repetition rate is a campromise between the time it takes nuclear 
spin system to relax back to equilibrium and the number of spin echo experiments 
per second, see appendix A. Unfortunately, the repetition rate was limited by the 
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P=43 dBm 
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frequency (a.u.) 
Figure 3.11: In this figure, the power density of the pulse versus the r.J. frequency 
is given schematically for different pulse powers. The horizontal line reflects the 
90°- 180° (Tp-2Tp) condition. 

oscilloscope, toa maximum of 25 Hz. The number of repetition for one spin-echo 
experiment is 32, 64, 128 or 256. 

The modulus of equation 3.12 gives rise to a non zero offset in the data due 
to the presence of noise or background fiuctuations, which willlead toa non zero 
offset in the final spectrum. Therefore, the data is corrected by subtrading the 
spin echo data collected at a low pulse power (15 dBm). With such a low pulse 
power, the spin echo intensity is zero, so that only the offset is left. The offset is 
measured at each field point. After averaging of the offset, 0, the measured data 
points, Yi, are corrected for the offset: 

v *2 -2 Yi = Yi -0 (3.13) 

where it is assumed that the fiuctuations and the signal are uncorrelated. 
As mentioned above, the NMR spectra are obtained by optimized field scans. 
To obtain reliable intensities, each individual field point should be optimized, 
which means that the spins satisfy the turning angle condition of 90°-180°. This 
optimization of pulse power can be obtained by measuring at different pulse 
powers for each field point and fit these data with a gaussian [Pan 92]. The 
maxima of these gaussians yields the optimized spin echo intensity for each field 
point. In tigure 3.12 the boxcar simulation, the Fourier height and the Fourier 
integral data are plotted as a function of the pulse power. 

The data obtained from these fits still show some scatter. The signal to noise 
ratio is improved by using an algorithm, which smooths the data points of the 
spin echo signals collected with the same pulse power at different fields. Then 
for each field point, the data is fit with gaussians, as described above. The field 
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Figure 3.12: Boxcar simulation, Fourier height, and Fourier inlegral intw~dy as 
a function of the pulse power for {16 A Co + 16 A Ni} multilayer nr 931003 (sec 
table 4.1} annealed at 340° C at f = 193 MHz and B = 2.57 T. The drawn line 
is a fit of a gaussian positioned at 39.64 dBm with a width of 6.92 dBm and a 

height of 3. 79. 

dependenee of the width of these gaussians is smoothed using the same algorithm. 
The resulting widths are used as fixed parameter at each field in new gaussian 
fits of the data. The field dependenee of the resulting optimum pulse power is 
also smoothed using the same algorithm. Finally, the data at each field point is 
fit with the fixed gaussian width and fixed optimum of pulse power. 

The principle of the smoothing algorithm is given by: 

(Yi- y{) + K(y{+1 - y{) + K(yf_ 1 - y{) = 0 (3.14) 

in which y; is the field point with index i. The superscript means the final 
(smoothed) point and Kis a variable, which determines the degree of smoothing. 
For this algorithm begin and end points are needed. These are calculated by: 

LYie cx;-;b el) 
~ - ~·--~--~~ 

b,e - z::: e cx;-2 el) (3.15) 

' 
with Yb,e the begin or end point. Xi the field point and Xb,e the begin or end field 
point. C is a variable, which determines the charaderistic length of averaging 
[Pan 92]. 

The field scans are made at a fixed frequency by varying the applied field 
between (f/42.56-0.2) and 1 T with a step size of 0.03, 0.05, or 0.06 T. The 
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Figure 3.13: The theoretically calculated power of the r.f. field (solid line): 
P = c · Bf with c = 2.665 · 109

, see text, and the observed optimum of the 
pulse power in dBm {circles) versus applied field. The measurement was per
formed at 170 MHz for the as deposited {20 A Co + 20 A Ag) multilayer (see 
chapter 5). 

upper boundary is determined by the resonance of hydrogen (f/42.56) and the 
lower boundary is determined by the receiving enhancement correction. If Bappl 
is applied parallel to the film plane, the receiving enhancement correction is: 
11 -'IJl = 27r f /(/Bappt). This correction is reliable above about 1 T. Figure 3.13 
shows the logarithin of the theoretically calculated amplitude of B1 and the ex
perimentally determined pulse power in dBm versus the applied field. For a 90 
degree turning angle, B1 can he expressed by: BI = 21 ~I , see equation 3.4 

TJ- "fTp 

and 3.5. Substituting the enhancement correction, this gives the theoretica! value: 
BI = ~1~!1 

• The square of the generated r .f. field is proportional to the pul se 

power: P= c · Bf with P the pulse power in mW, BI in tesla and c a con
stant. From the figure, this constant is determined for an applied field of 2 T as 
c = 2.665 · 109

• In the figure, ten times the logarithm of the power is shown (P 
in dBm). 

The final spectra are not corrected for the spin-spin relaxation ( the difference 
of intensity for e.g. T2 = 250 J-lS and T2 = 500 J-LS is 5% , but T2 is unknown for 
ent i re the hyperfine field spectrum and the field dependenee is unclear). U sually, 
a NMR spectrum are obtained from several field scans at different frequencies, 
which have an overlap of ~ 0.4 T in hyperfine field range. The final spectrum is 
obtained by fitting these parts together. 

30 



4 Co /Ni multilayers 

In this chapter, the results of NMR measurements on 

{16 A Co + 16 A Ni) multilayers made with different de
positior~ rates and the results of NMR measurements on one 
Co/Ni multilayer, which was annealed, are presented. The 
first section motivates the study of these Co/Ni samples. Sec
tion 4-2 shows the NMR spectra of the as-deposited Co/Ni 
multilayers and compares the obtained structural information 
with anisotropy measurements. The following section dis
cusses the interface modelZing of the Co/Ni multilayers. In 
section 4-4, the results of the armealing experiments are given. 
The conclusions are described in the last section. 

4.1 Intro cl uction 

Recently, den Broeder et al showed a dependenee of the anisotropy on the 
deposition rate for 20x(2 A Co + 4 A Ni) UHV vapor-deposited multilayers 
[Bro 92], see figure 4.1. The multilayers were deposited on a glass substrate 
with a baselayer of 200 A Au, which was annealed for 20 minutes at 150° C. 
The temperature of the substrate during the deposition (Ts) was 20° C. This 
appeared to be important: similar multilayers with a Ts of -196° C did not show 
a dependenee of the anisotropy on the deposition rate. The dependenee of the 
anisotropy on the deposition rate is attributed to a difference in internal stress of 
the Co/Ni multilayers, higher internal stress at larger deposition rate. Stimulated 
by these results, similar multilayers were made to investigate the influence of the 
deposition rate on the structural properties. 

4.2 Results of as deposited Co/Ni multilayers 

Four multilayers made with different deposition rates are investigated with 
NMR, see table 4.1. The multilayers were deposited under similar conditions as 
the multilayers of den Broeder et al. The multilayers were made by MBE on mica 
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Figure 4.1: The anisotropy constant versus Co deposition rate for 
(2 A Co + 4 A Ni) multilayers, see text (Ta of the open symbols is -196° C). 

and have a baselayer of 200 Á Au. The substrate and baselayer were annealed 
for 30 minutes at 200° C. 

sample tea i Ni dep. rate Co I<vsm I<d I< u 
Á Á Á js (kJ/m3

) (kJjm3
) (kJ/m3

) 

931001 14.3 15.3 0.1 -414 -623 218 
931002 13.8 15.8 0.5 -407 -642 235 
931003 16.8 18.5 1.0 -447 -756 309 
931004 18.4 19.9 2.0 -431 -775 344 

Table 4.1: The measured Co/Ni samples with the thickness of the Co and Ni 
layers determined by chemica[ analysis. The deposition rate of Ni is twice the 
dep. rate of Co. The total anisotropy was measured with a Vibrating Sample 
Magnetometer and the demagnetization anisotropy (-htoM;) was calculated using 
the bulk magnetization values for Co (1. 79 T) and Ni (0.61 T). I<u = I<vsm- I<d. 

The cabalt and nickellayer thickness of the multilayers was about 16 Á, see 
table 4.1. In comparison with the samples of den Broeder et al, the thickness 
of the cabalt layer is increased from 2 Á to about 16 Á, which is necessary to 
obtain enough NMR signal. The bilayers are repeated 50 times. High angle XRD 
showed a fee structure for all the samples and a well defined [111] structure. 

The anisotropy of the samples is measured with a VSM and is given in ta
bie 4.1. This total anisotropy can not directly he compared with the anisotropy 
of the samples of den Broeder et al. For the present samples, the anisotropy 
is negative, which corresponds to an in plane easy direction in contrast to the 
perpendicular easy direction of the samples of den Broeder et al. This is due to 
the increased cabalt and nickel thickness, which causes a large shape anisotropy 
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4: Co/Ni multilayers 

Mica+ 200 A Au+ 50x(16 A Co+ 16 A Ni) [111] 

o Co: 0.1 Als, Ni: 0.2 Als 
Co: 0.5 Als, Ni: 1.0 Als 

• Co: 1.0 Als, Ni: 2.0 Als 

6 Co: 2.0 Als, Ni: 4.0 Als 
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Figure 4.2: The NMR spectra of {16 A Co + 16 A Ni) multilayers, with variabie 
deposition rate. The measurements are performed as described in section 3.5, 
except no offset correction is made and the modulus of the main r.f. frequency is 
shown in stead off the FT integral. The spectra are normalized to the chemica! 
determined co balt thickness between 19.15 and 22.65 T, see table 4 .1. The vertical 
Zin es are the boundaries used in table 4. 2. 

( also called demagnetization anisotropy). By subtracting the demagnetization 
anisotropy of the total anisotropy, /{u is obtained. IC is the sum of all the 
other anisotropy contributions, namely the surface, magneto-elastic and magneto
crystalline anisotropy. The magneto-crystalline anisotropy is almost zero for fee 
cobalt and nickel. The relation between Ku and deposition rate is similar to the 
results of den Broeder: an increasing Ku for increasing deposition rate. 

Figure 4.2 shows the NMR spectra of the four multilayers. All spectra show 
a main line at ±21.68 T, see table 4.2. This table also shows the positions 
of the main line for NMR experiments with the applied field perpendicular to 
the filmplane. These positions are obtained without continuously optimizing the 
pulse power. The pulse power is only optimized at one field point: the maximum 
of the NMR spectra. With this constant pulse power, the spin echo intensity 
as a function of the applied field is measured. The measurements will give the 
correct position of the main line, but will not give reliable spin echo intensities. 
For the four spectra, the averaged difference of the main line position parallel 
and perpendicular to the filmplane is 1. 73 ±0.07 T, which is equal to J-.toMs of 
Co. Thus the hyperfine field of the main line is isotropie and because the position 
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of the main line agrees with the position of bulk fee Co, the main line eau be 
attributed to bulk fee cobalt, see section 2.3. The intensity at the higher field 
side of the fee bulk cobalt in figure 4.2, arises from bulk atoms in hcp structure or 
stacking faults. The shoulder of the main line at 21.52 T arises from next nearest 
neighbor atoms. 

bulk 2e sat. fint /1e,sat /2e,sat 

sample B;; Bl_ 19.15-21.12 20.6:3-21.12 19.93-20.6:3 
(T)l (T)2 (T)l (Á ) (Á ) (Á ) 

931001 21.69 23.43 20.29 6.83 1.84 2.94 
931002 21.68 23.41 20.27 6.68 1.56 3.27 
931003 21.68 23.40 20.27 7.27 1.63 3.54 
931004 21.69 23.42 20.27 7.22 1. 75 3.49 

Table 4.2: In the table, the positions of the bulk (in plane and perpendien/ar to 
plane) and second satellite are given. The integrals of the interface, fir·st and 
second satellites are also given. 

The bulk fee line is shifted towards higher fields compared with the bulk 
position of fee cobalt in a 1000 A cobalt film (21.54 T [Alp 94a]). This shift of 
0.14 T is due to strain in the cobalt layer. According to the coherent model, 
which describes the strain of these Co/Ni multilayers [Alp 94a], the position 
of bulk fee cobalt is 21.63 T for a cobalt nickel thickness ratio of one. The 
small deviation between this value and the measured 21.68 T can be caused by 
the difference in substrate, baselayer thickness and annealing of substrate with 
baselayer. According to the coherent model, the difference of the hyperfine field 
due to the difference in the ratio of cobalt to nickel thickness is negligible for the 
different samples (at maximum 0.003 T). 

The position of the secoud satellite is given in table 4.2 and is about 20.27 T. 
This position is also slightly higher than the position of 20.19 T for an not strained 
Co/Ni multilayer, which is obtained by an extrapolation of the fit with the coher
ent model [Alp 94a]. For the sample with the lowest deposition rate, the position 
of the first satellite eau be determined and was 21.00 T. This proves that the 
position of the satellite arom1d 20.27 T is iudeed the secoud satellite. The dif
ference in hyperfine field between the bulk and secoud satellite of 1.41 ±0.06 T 
agrees with the shift of 1.42 T for similar multilayers [Vel 93]. The position of 
the secoud satellite compared with the secoud satellite position in Co-Ni alloys 
is shifted towards higher hyperfine fields due to the strain, but the difference 
between the bulk line and secoud satellite of 1.41 T agrees reasonably with the 
shift in Co-Ni alloys, e.g. 1.48 ±0.11 T [Rie 68] and 1.54 ±0.08 T [Col 93]. 

1 ±0.03 T 
2 ±0.04 T 
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The spectra are normalizeel to the chemical determinecl thickness between 
19.15 and 22.65 T. Thus, the integral of the interface [19.15, 21.12] gives an 
estimation of the amount of Co atoms at the interface, see table 4.2 (neglecting 
the contribution of spin echo intensity below 19.15 Tand attributing the intensity 
above 21.12 to bulk atoms). The total amount of Co atoms at the interface is 
for all multilayers about 1. 75 monolayers. The noticeable difference between the 
multilayers is the change in interface topology. For decreasing deposition rate, the 
contribution of the first satellite starts to increase at the expense of the secoud 
satellite, see figure 4.2 and table 4.2. Nevertheless, the contribution of the sec011d 
satellite is remarkable high, which will be discussed in the next section. 

For the as deposited multilayers, the spin-spin relaxation time (T2 ) was de
termined for bulk fee Co and satellite Co atoms, see appendix 0. 

4.3 Interface modeling 

For all the Co/Ni spectra, the main interface contribution arises from the 
secoud satellite, see figure 4.2. This large contri bution in comparison with the first 
or third satellite eau not easily be explained with interface moelels for multilayers 
such as the (bi)-step model, hexagonal island modelor diffusion model [Vel 93]. 

Because Co and Ni eau easily be mixed, it is possible that an alloy is formeel 
at the interfaces, therefore Co-Ni alloys were measured to see whether the secoud 
satellite is also unexpectedly high for Co-Ni alloys. The alloys were deposited 
with different deposition technique and basis layer. The alloys were made by 
melting and vapor deposition. There were two series of vapor deposition, with 
and without a base layer of 200 A Au and 200 A Cu. The nickel percentage was 
varied between 2 and 10% for the three series. The results of these measurements 
are already described in [Col 93], so that in this report only one typical spectrum 
is shown and the main results are described. 

In figure 4.3, the NMR spectrum of the Co98-Ni2 alloy with baselayer is given. 
The spectrum shows that the Co is a mixture of fee Co, hcp Co and stacking 
faults. This appeared in all the Co-Ni alloy spectra. The intensity below the 
hyperfine field of about 21 T arises from Co atoms with one or more Ni neighbors. 
The spectra are fit with the binomial distribution model. This model assumes a 
random distribution of nickel and cobalt atoms. The probability on a Co atom 
with n Ni neighbors depends on the percentage cobalt, (1- c), and nickel, c, and 
is given by: 

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

( 4.1) 

To verify this distribution, the spectrum is fit with gaussians. From the 
spectrum, the position of bulk fee Co atoms is determined to be 21.50 T and the 
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Figure 4.3: A typical spectrum of the measured Co-Ni alloys. The Co98 -Ni2 was 
made by va por deposition on a mica substrate with 200 A A u + 200 A Cu basis
layer. For more details see [Col 93}. The solid line is the sum of three gaussians 
(dashed lines), which are calculated with the binomial distribution, see text. 

distance between the bulk fee and first satellite, first satellite and second satellite 
etc. is 0.74 T. The width, a, is 0.21 for all the gaussians lines. The relative height 
of the gaussians can be calculated using the binomial distribution. 

The spectrum calculated from these gaussians is given by the solid line in fig
ure 4.3. Taking into account a possible difference in the intensity ratio of satellites 
to bulk atoms for fee, hcp and stacking faults atoms, this fit shows no significant 
deviation from the binomial distribution. In fact none of the measured alloys 
show a deviation from the binomial distribution. For all alloys, the intensity of 
the first satellite is higher than the intensity of the second satellite. Therefore, we 
can conclude that the second satellite is not general for Co-Ni alloy and it is not 
possible to relate the appearance of the second satellite to a special deposition 
process. 

However, in the literature an ordered fee alloy of Co1 Ni3 is known [Tay 50]. 
The structure of an ordered A and B3 alloyin a fee latticeis know for the Au-Cu3 

ordered alloy [Sai 59]. A fee structure is built up of four simple cubic structures, 
which are situated at different positions. In the ordered alloy of Au-Cu3 , one of 
the four cubic structures contain Au atoms and the other three cubic structures 
contain Cu. The result is given in figure 4.4. 
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Figure 4.4: On the left the fee strueture of an ordered fee A-.8:3 alloy. On the 
right the ( 111) plane of this strueture. 

Figure 4.4 also shows the positions of the atoms in the plane perpendicular 
to the [111] direction. If the ordered Co-Ni3 alloy is similar to this structure 
and the plane is the intermediate plane between full cobalt layers and fullnickel 
layers, then one can determine the possible surroundings of a Co atom and the 
distribution of the lines in the NMR spectra. For a Co layer of 7.5 monolayers 
the relative height of the lines is: 

bulk : 2e sat. 
5 1.5 

3e sat. 
0.5 

ge sat. 
0.5 

The intensity of other satellite lines is zero. Disturbance from the ordered 
alloy will give rise to intensity of the other satellites. Thus the ordered alloy eau 
explain the relative high intensity of the secoud satellite. 

4.4 Annealing of a Co /Ni multilayer 

If an ordered alloy is formed at the interface, this could be a meta-stabie phase 
[Loo 93]. Therefore the (16 Á Co + 16 Á Ni) multilayer with deposition rate of 
1.0 Á/s Co and 2.0 Á/s Ni was annealed. 

Den Broeder et al have investigated the influences of annealing on the mag
netic properties of Co/Ni multilayers [Bro 93]. For (2 Á Co+ 4 Á Ni) multilayers, 
the anisotropy and coercivity dramatically decreases after annealing in the 400-
5000 C range. The annealing experiments by den Broeder et al were performed 
for 15 minutes at progressively higher temperature, 200, 300, 400, 425, 450 etc. 

Before annealing the multilayer was measured again with NMR, but over 
a larger hyperfine field range. No significantly changes can be seen between 
the old measurements of figure 4.2 and the new measurement of figure 4.5, see 
[Col 93]. The Co/Ni multilayer was annealed for 15 minutes at progressively 
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higher temperatures, namely 340°, :380°, 440° and 480°. In order to prevent 
oxidation, the annealing experiments were carTied out in a H2/N 2 atmosphere, 
for more details about the annealing equipment see [Pan 94]. The NMR spectra 
of the annealed multilayer after the anneal treatments are given in figure 4.5. 

After the first anneal treatment, the intensity of all satellite lines increases 
and the position of the third and fourth satellite becomes visible at 19.34 ±0.08 T 
and 18.38 ±0.08 T respectively, see figure 4.6. The separation of the satellite lines 
seem to increase for increasing satellite number. The anneal treatment of 380° C 
does not change the interface of the multilayer. After annealing at 440° C, the 
intensity of the secoud satellite remains the same, while the intensity of lower 
satellites increases, see figure 4.6. The figure also shows a decrease of the sec011d 
satellite at expense of the other satellite contributions after the anneal treatment 
at 480° C. 

The NMR spectra of figure 4.5 also show that the strain of the multilayer 
does not change after the anneal treatments, the positions of the lines remains at 
the same hyperfine field. The structure of the bulk significantly changes after the 
first annealing experiment. The structure becomes more single phase fec. The 
bulk fee contributions slightly decrease after each annealing step. The relative 
intensity of the next nearest neighbor line to the fee bulk line is the same for all 
spectra. 

The spin-spin relaxation time T2 was cletermined for the bulk fee ancl satellite 
atoms after each anneal treatment, see appendix D. 
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Figure 4.5: The NMR spectra of the annealed (16 A Co+ 16 A Ni} multilayer· 
with a deposition rate of 1.0 Ajs Co. Section 3.5 describes the parameters of 
the NMR experiment. The spectra are rwr·malized to 16.8 A between 18.35 and 
23.2 T. 
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Figure 4.6: The figure shows the same NMR spectra of figure 4-5 for a limited 
intensity and hyperfine field interval, except the NMR spectrum after the 38(!' C 
anneal treatment. 
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4: Co/Ni multilayers 

4.5 Discussion and conclusions 

Four Co/Ni multilayers were prepared with different deposition rate. For each 
multilayer, the anisotropy Ku was determined by subtracting the calculated de
magnetization anisotropy from the total measured anisotropy. Ku is the sum of 
the magneto-crystalline, magneto-elastic and surface anisotropy. Ku appeared 
to increase for increasing deposition rate, which is similar to the samples of den 
Broeder et al. Den Broeder et al attributed this increase to the increasing internal 
stress of the samples. However, the NMR spectra do notshow a difference in the 
internal strain. The positions of the lines are the same within the experimental 
accuracy. This shows that the contribution of the magneto-elastic anisotropy to 
the total anisotropy is constant and does not depend on the deposition rate. The 
structure is mainly fee for all samples. Again, no difference can been seen within 
the experimental accuracy, so that the contribution of the magneto-crystalline 
anisotropy to the total anisotropy is constant (independent of the deposition 
rate). Therefore, the deposition rate dependenee of Ku can only arise from a 
change in surface anisotropy. The NMR spectra only show a significantly change 
in the interface topology for the sample with the lowest deposition rate. 

Remarkable is the relative high intensity of the secoud satellite line for all 
multilayers. Interface models for multilayers can not easily explain the large in
tensity of the secoud satellite. Co-Ni alloys do notshow such high secoud satellite 
intensity, but show a binomial distribution of the satellite lines. It is possible to 
explain the relative high intensity of the secoud satellite by an fee ordered Co-Ni3 

alloy at the interface. Such ordered alloy is know for Co-Ni alloys. lf this ordered 
alloy is formed in the intermediate plane between Co and Ni layers, the ordered 
alloy will give rise to an interface contribution of 1.5 monolayers for the secoud 
satellite, 0.5 for the third satellite and 0.5 for the ninth satellite for one Co layer. 
The measured maximum of 1. 75 monolayers for the intensity of the secoud satel
lite of table 4.2 is possible, because interface roughness will influence the satellite 
intensities and the normalization of the spectra was limited to a hyperfine field 
range of the bulk line, first and secoud satellite. An ordered Co-Nb alloy also 
explains the absence of the relative high secoud satellite for Co-Ni alloys, because 
the maximum percentage of Co in the measured Co-Ni alloys is 10 % and the 
ordered alloy is formed in a fee structure, while the bulk line of the measured 
Co-Ni alloys show a mixture of different phases. 

A multilayer is annealed to determine the thermal stability of the multilayer. 
Den Broeder et al also annealed Co/Ni multilayers and measured a sharp de
crease of the anisotropy and coercivity at 400°-500° C. The measured multilayers 
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4: Co/Ni multilayers 

probable show a different annealing temperature dependency of the structural 
and magnetic properties, because the annealing course is different and the layer 
thickness of cobalt and nickel is much larger. After the first anneal treatment, the 
bulk becomes more single phase fee and the interface roughness increases (a third 
and fourth satellite becomes visible), but the relative second satellite intensity 
stays remarkable high. The NMR spectra remain the same after the second an
neal treatment and an increase of the third and fourth satellites can he seen after 
the third anneal treatment. After the last anneal treatment of 480° C, the NMR 
spectrum shows a decreasing second satellite intensity. Further annealing should 
he clone to see whether this decrease continues at higher anneal temperatures. 
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5 Co/ Ag as deposited samples 

The motivation of this study on the Co/ Ag system is given in 
the first section, which also describes the studied Co/ Ag mul
tilayers. Section 5.2 compares the results of the bulk measure
ments with earlier NMR measurements on the same samples. 
Section 5.3 discusses the interface and 5.4 the growth mode 
of the Co/ Ag multilayers. The discusion and conclusions are 
given in section 5.5. 

5.1 Introduetion and experimental 

Co/ Ag multilayers are of great interest because of the observed giant magneto
resistance (GMR) effects. The GMR effects of Co/ Ag multilayers are measured 
for the current in plane [Ara 92] and the current perpendicular to the plane 
[Pra 91]. Because little is known about the structural properties, it is interesting 
to study Co/ Ag multilayers with NMR. 

Co/ Ag multilayers are also interesting for a study of the strain in multilayers 
[Alp 94a]. This strain is caused by the large mismatch (17 = -14%) at the 
interface of Co (a = 3.55 A) and Ag (a = 4.09 A). According to the theory 
[Vel 93], a mismatch of 17 = -14% and an Ag thickness of 20 A gives a critical 
thickness of 2 A for Co. Thus the Co/ Ag multilayers are expected to he incoherent 
above a Co thickness of 2 A. 

The Coj Ag multilayers were made by magnetron sputtering at the Michigan 
State University. The Co/ Ag multilayers were grown on Si [100] with a base layer 
of 50 A Ag. The deposition rate was 4 Ajs for Co and 8 Ajs for Ag. The Ag 
layer thickness is 20 A for all samples and the Co layer thickness varies between 
4 and 100 A. The bilayers are repeated up to a hundred times and are covered 
with a top layer of 50 A Ag. XRD showed a superlattice structure with [111] 
texture. 
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5: Co/ Ag as deposited samples 

o Si + 50 A Ag + l OOx( 40 A Co + 20 A Ag) + 50 A Ag 

o 1000 A Co film on mica, T. = 300° C 
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Figure 5.1: Bulk part of the NMR spectrum for the (40 A Co + 20 A Ag) multi
layer and the NMR spectrum of a 1000 A Co film on mica with a Ts = 300° C 
[Ste 92}. A description of the NMR measurement method for the multilayer is 
given in section 3.5. 

5.2 Strain and structure of Co/ Ag multilayers 

The bulk NMR spectrum of ( 40 A Co + 20 A Ag) is given in tigure 5.1 and 
is representative for all Co/ Ag multilayers, except for the (100 A Co + 20 A Ag) 
multilayer. The tigure also shows the NMR spectrum of a 1000 A Co film [Ste 92]. 
In the spectrum of the Co film, the contributions of fee Co (21.6 T), hcp Co 
(22.6 T) and stacking faults can clearly be distinguished. The broadness of the 
bulk line for the Co/ Ag multilayer indicates that this line is a mixture of fee Co, 
hcp Co and Co in stacking faults, but no individual phases can be seen. The bulk 
line of (100 A Co + 20 A Ag) does show shoulders of different phases. 

Besides the magnitude of the Bhf also the angular dependenee of Bhf gives 
information about the structure. The hyperfine field anisotropy is 0 T for fee 
Co and -0.84 T for hcp Co, see section 2.3.1. The hyperfine field anisotropy was 
already measured [Vel 93] and showed a hyperfine field shift of about -0.7 T, 
which indicates mainly a hcp structure. 

A third way to discriminate between fee and hcp is the determination of the 
volume contri bution to the magnetic anisotropy. For these Co/ Ag multilayers, 
the volume contribution, I<v, equals -1.10 ±0.01 MJ/m3 , which indieates mainly 
a fee strueture (I<tcc = -1.27 MJ/m3 , I<t;cp = -0.66 MJ/m3 ) [Kam 93]. 

From all these points we eau eonclude that the bulk strueture of Co is a 
mixture of fee, hep and staeking faults. 
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Figure 5.2: The positions of the bulk line for the new measurements (cirles) and 
old measurements (squares} {Vel 93}. The new NMR measurements are described 
in section 3.5. The new data points are fit with 1/tca (solid line). 

Due to strain, the hyperfine field of the bulk line decreases with decreasing Co 
thickness, see figure 5.2. This figure also shows the bulk line positions measured 
with the old NMR equipment [Vel 93], which, within the experimental accuracy, 
do agree with the new measurements, but the positions of the bulk line are shifted 
towards higher hyperfine fields due toa possible fault in the absolute value of the 
external magnetic field. The new data points are fit with a 1/tca dependenee of 
the bulk line position, according to the incoherent model [Vel 93]. The fit shows 
an extrapolated hyperfine field position of 22.4 T for the bulk line position of an 
infinite Co layer thickness. This limit is between the values of bulk fee Co and 
bulk hcp Co, which also indicates a mixture of phases for the Co layer. 

Measurements of the spin-spin relaxation time for the bulk and third satellite 
(see next section) are given in appendix D. 

5.3 Co-Ag alloys and interfaces of Co/ Ag mul
tilayers 

In contrary to the new NMR experiments, the old NMR measurements were 
not optimized for the turning angle condition of the spins and the measure
ments reflect a limited hyperfine field range. To get reliable spectra over a large 
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Figure 5.3: The NMR spectr'Um of (8 A Co + 20 A Ag). For the exper·imulfal 
parameters of the NMR experiment, sec section 3.5. The spectr'Um is normalized 

to the Co thickness of 8. 3 A between 15.05 and 23.19 T. 

Bhf range the Co/ Ag multilayers were measured again. The NMR spectrum of 
(8 Á Co + 20 Á Ag) is given in figure 5.3. 

The figure shows a line at 17.4 ±0.2 T of Co atoms with one or more Ag 
atoms (Co atoms at the interface). Co/ Ag mul tilayers wi th a Co thickness up 
to 15 Á do show this satellite line. If the Co thickness is further increased, the 
spectra do not show this separated satellite anymore, but show a plateau. The 
specific surrounding of the satellite is unclear. To our knowledge, no literature 
values are known for the hyperfine field change due to a substitution of an Ag 
atom in the nearest neighbor shell of a Co atom. The satellite lines are broad 
due to the phase mixing of the Co in the multilayer. The large mismatch of Co 
and Ag at the interface gives rise to dislocations, which can also give rise to a 
broadening of the satellite lines. Therefore, not all the satellite lines have to be 
clearly visible and the satellite line at about 17.4 T does not have to be the first 
satellite. To identify this satellite, Co-Ag alloys were measured. The alloys were 
high vacuum sputtered on Si[100]. The thickness of the films is 1000 Á and the 
percentage Ag is 2% or 4%. 

Figure 5.4 does not show clear satellite lines for the Co-Ag alloys. Zero field 
NMR measurements on Co-Ag also showed no clearly separated satellite lines 
[Hei 93]. This is partly caused by the mixture of phases Co in the Co-Ag alloys. 
Another reasou is the lower than expected interface intensity. The intensity of 
the interface is to low according to the binomial distribution. This is caused by 
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Figure 5.4: NMR spectra of Co98 -Ag2 and C:o96 -Ag4 alloys. The NMR mca
surement methad is described in section 3. 5. The spectra are normalized to tlu 
percentage cabalt between 17.2 and 23.5 1'. 

the clustering of the Ag atoms in the Co film, due to the immiscibility of Co and 
Ag. It will reduce the interface intensity and no clear satellite distribution can 
be seen. 

In the remaining part of this report, the satellite at about 17.5 T is assumed 
to he the third satellite, because the hyperfine field shift between the limit value 
of bulk (22.4 T) and third satellite is 4.9 T, which agrees reasonably with a 
hyperfine field shift of 5. 7 T for a si mil ar nonmagnetic element as Cu [ Gro 91]. 
Other nonmagnetic elements have approximately a similar hyperfine field shift, 
e.g. 4.8 T for Si and Ge [Kob 66]. This assumption is strongly supported by 
annealing experiments on the Co/ Ag multilayers, which are described in the next 
chapter. 

5.4 Growth mode of Co/ Ag multilayers 

Figure 5.5 shows the NMR spectra for the Co/ Ag multilayers with a Co 
thickness between 4 and 10 Á. These and all the other NMR spectra shown 
in this section are normalizeel to the Co thickness between 15.05 and 23.19 T. 
The Co thicknesses were determined from the magnetic moment of the VSM 
measurements, except for the ( 4 Á Co + 20 Á Ag) multilayer for which the 
nominal Co thickness of 4 Á was taken. 
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5: Co/ Ag as deposited samples 

Si+ 50 A Ag+ lOOx( X A Co+ 20 A Ag) [111] 
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Figure 5.5: The NMR spectra of {X A Co + 20 A Ag) multilayers with X = 4} 
8 and 10 A. The spectra are normalized to the Co thickness between 15.05 and 
23.19 T. For an experimental description of the measurements see section 3. 5. 

Remarkable is the presence of bulk Co atoms for the ( 4 Á Co + 20 Á Ag) 
multilayer in figure 5.5. If the multilayer grows layer by layer then the Co layers 
will consists of 2 monolayers, w hich ( without roughness) would give only Co atoms 
with 9 Co and 3 Ag neighbors ( third satellite atoms) and no bulk contribution. 
The presence of the bulk signal indicates three dimensional island growth. If the 
Co thickness is increased from 4 Á to 10 Á, the increase of interface and bulk 
intensity is approximately the same. This implies a constant volume to surface 
ratio, which can he achieved by an increase in three dimensional islands or larger 
islands ( the last possibility only if the influences of the edges are negligible). 

For Co layer thicknesses of 10 to 15 Á, the intensity of the interface remains 
constant and only the bulk intensity increases, see figure 5.6. This suggests that 
a continuous Co layer is formed at the Co thickness of 10 Á and for increasing Co 
thickness, the Co layer thickness increases with a constant interface. The forming 
of a continuous layer at 10 Á and the constant bulk to interface intensity ratio 
till 10 Á Co, implies a cluster thickness of 10 Á ( 5 monolayers) Co. 

In figure 5. 7, the Co/ Ag multilayers spectra for the Co thicknesses of 15 to 40 
Á are given. The spectra show an increasing bulk as well as interface intensity. 
For the Co thicknesses above 30 Á Co, a line occurs at about 20.7 T, which can 
arise from interface atoms, impurities, dislocations and grain boundaries. The 
origin of this line is not clear, so that the appearance of this line can not be 
attributed to an increase of the interface roughness for these samples. 
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Si + 50 A Ag + I OOx( X A Co + 20 A Ag) [ 111] 

o (lOACo+20AAg) 
4 o (12ACo+20AAg) 

t>. ( 15 A Co + 20 A Ag) 

15 16 17 18 19 20 21 22 23 24 

Bhf(T) 

Figure 5.6: The figure shows the NMR spectra of (X A Co + 20 A Ag) with 
X = 10, 12 and 15 A. The spectra are normalized to the Co thickness between 

15.05 and 23.19 T. 
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Figure 5.7: The NMR spectra for (X A Co + 20 A Ag) with X= 15, 20, 30 and 
4 0 A. The spectra are normalized to the Co thickness between 15.05 and 23.19 T. 
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5: Co/ Ag as deposited samples 
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Figure 5.8: Intensity of the bulk Co (a: defined by the integral between 19.5 T and 
23.19 T) and Co at the interface (b: {15.05 T, 19.5 T}). ft also show the ratio 
between the bulk as wel! as interface integral (c). The data are obtained from the 
NMR spectra of the Co/ Ag multilayers. 

Figure 5.8 illustrates the above described behavior by the bulk (Fig. 5.8a) and 
interface (5.8b) Co intensity contributions to the NMR spectra. It also shows the 
ratio of the bulk to interface intensity ( 5.8c). The three dimensional island growth 
for Co is confirmed by the approximately zero crossing of the extrapolation of 
the bulk intensity for Co layer thicknesses below 10 A. A layer by layer growth 
would give a positive intersection of at least 4 A (perfect flat interfaces). As men
tioned before, the interface intensity is approximately constant for the Co layer 
thicknesses of 10 to 15 A, which indicates an island thickness of 5 monolayers. 

If the interfaces of the islands are sharp and if the islands are relatively large 
than is the bulk/interface ratio 3/2 for islands with a thickness of 5 monolayers. 
Interface roughness as well as finite island size will reduce this ratio. The fig
ure 5.8c shows a constant ratio of bulk/interface of 1 for the Co layer thicknesses 
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5: Co/ Ag as deposited samples 

below 10 Á, which agrees with the assumption of island forming of Co. Assuming 
a 5 monolayer thickness for the three dimensional islands and an island growth 
in cubes or cylinders, one can calculate a laterallength of about 50 ±25 Á for a 
bulk/interface ratio of 1 for these islands. 

From the NMR results it appears that the Co grows in three dimensional 
islands for Co thicknesses below 10 Á and in a layer by layer mode for Co thick
nesses above 10 Á. We will now discuss the VSM measurements to see whether 
these differences in Co growth can be seen in the magnetization curves. These 
curves show for all Co thicknesses, except for 4 Á Co, a remanent magnetization 
Mr equal to the saturation magnetization Ms, which indicates a ferromagnetic 
layer by layer structure. The magnetization curve of the sample with a Co thick
ness of 4 Á, shows a decrease in both the Mr and the magnetic anisotropy ( defined 
by the area between the magnetizations curves of the applied field perpendicular 
to the filmplane and parallel to the filmplane). This can not be caused by an 
increase of antiferromagnetically coupling, because magnetization measurements 
on (6 Á Co + 40 Á Ag) show a similar behavior for the Mr and the anisotropy 
[Alp 94b ]. The change of the Mr and the magnet ie anisotropy can be caused 
by the change in the demagnetization anisotropy due to the decreased Co layer 
thickness, which causes perpendicular magnetization. This change can also be 
caused by a changing demagnetization and surface anisotropy due to a kind of 
isotropie situation (clustering). The deviation of the VSM measurement for a Co 
thickness of 4 Á from the other VSM measurements agrees with the smallest Co 
cluster size for the ( 4 Á Co + 20 Á Ag) obtained from the NMR results. 
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5.5 Discussion and conclusions 

The bulk part of the spectra of Co/ Ag multilayers is measured again with 
the new NMR equipment and compared with the old NMR measurements. The 
strain and bulk characterization obtained by the old NMR measurements seems 
to be correct [Vel 93]. The bulk is a mixture of fee, hcp and stacking faults and 
the dependenee of the strain on the Co thicknesses can he described with the 
incoherent model. 

The hyperfine field shift due to a substitution of one Ag atom in the nearest 
neighbor shell of Co could not be determined from the Co/ Ag multilayer or the 
Co-Ag alloys. Maybe this can he determined by MBE grown samples (perfect 
flat interfaces). 

In the past, interface models and an extrapolation of the bulk to interface ratio 
were used to describe the interfaces of Co/Ni and Co/Cu multilayers [Jon 92]. 
This is useless for an interface description of the Co/ Ag multilayers, because 
the intensity of the interface is not constant due to the growth of Co in tree 
dimensional islands for small Co layer thicknesses. 

The growth mode of Co - Ag can be predicted by the comparison of the 
surface energies of Co and Ag ({Co, 1 Ag) and the interfacial energy ( {Co,Ag =(Ag,Co) 

[Bau 86]. The condition for layer by layer mode (Frank-van der Merwe mode) 
is: D.1 < 0. For Co grown on Ag: D.1 = {Co + {Co,Ag - {Ag and with {Co = 1.3 
Jjm2

, {Co,Ag = 1.3 Jjm2
, {Ag= 0.5 Jjm2 [Boe 88], it is expected that Co does 

not grow in the layer by layer mode, but in three dimensional islands (Volmer
Weber mode) [Bau 86]. For Ag grown on Co: D.1 < 0, thus Ag is expected to 
grow in the layer by layer mode, so that Ag will cover the three dimensional 
islands of Co to lower the surface energy. 

The expected growth mode is confirmed by the measurements described in 
this report and also by RHEED measurements on MBE grown Co/ Ag multilayers 
[Sak 93]. The estimated lateral cluster size of about 50 ±25 A is reasonable 
compared with literature values for Co cluster diameters in Co-Ag films: 25 Á 
(with Ts = 250° C) [Par 93], and smaller than 30 Á (for T8 < 300° C) [Lio 91]. 
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6 Annealing of Co/ Ag 
multilayers 

The introduetion motivates the Co/ Ag multilayer annealing 
experiments and shows the magnetoresistance versus anneal 
temperature curve for three Co/ Ag multilayers. Section 6.2 
gives the NMR results of the (8 A Co + 20 A Ag) and 
( 15 A Co + 20 A Ag) multilayers aft er the various anneal 
treatments. In section 6.3, the results are compared with the 
literature and conclusions are made. 

6.1 Introduetion 

Annealing of multilayers will change the physical as well as the structural 
properties, e.g. annealing of Co/ Ag multilayers will change the magnetoresis
tance (MR) [Tos 93]. Tosin et al measured the influence of annealing on the MR 
for high vacuum evaporated Co/ Ag multilayers. The Co thickness was 15 Á and 
the Ag thickness was between 45 and 65 Á. The MR increases by annealing at 
progressively higher temperatures till a certain maximum, after which the MR 
decreases [Tos 93]. Tosin et al explain the MR by a small portion of domains in 
adjacent layers that couple antiferromagnetically. The increase of MR by anneal
ing of Co/ Ag multilayers is attributed to the immisciblility of Co and Ag, which 
causes smoother interfaces. The decrease of the MR for anneal temperatures 
higher then 360° C is attributed to the breaking up of Co layers into clusters. 
Tosin et al assumed that anneal does not influence the phase and strain of Co 
and attribute the change in anisotropy to the surface anisotropy. 

To compare the MR behavior of the present Co/ Ag multilayers with the results 
of Tosin et al and todetermine the interesting annealing temperature interval, the 
(10 Á Co+ 20 Á Ag) multilayer is annealed at progressively higher temperatures. 
The multilayer is annealed for 15 minutes under a H2/N2 atmosphere, for more 
details see [Pan 94]. The MR versus anneal temperature is given in figure 6.1. 
The behavior of the MR curve for the (10 Á Co + 20 Á Ag) multilayer is similar 
to the MR curve of Tosin et al [Tos 93). 
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Figure 6.1: The magnetoresistance of (X A Co + 20 A Ag) multilaye7'S versus 
annealing ternperatures, with X= 8, 10 and 15 A. The MR is defined by Rof-t:13 

with R0 and R1.3 the resistance of the multilayer at an applied field of 0 and 1.8 T 
respectively. 

In order to relate the changes in the MR to the changes in the structural 
properties, MR and NMR measurements were performed after each anneal treat
ment for the (8 Á Co + 20 Á Ag) and (15 Á Co + 20 Á Ag) multilayer. The 
MR curves are given in figure 6.1 and the NMR results are described in the next 
section. 

The structural properties of (8 Á Co + 20 Á Ag) multilayer as a function of 
the anneal treatments are also interesting to study the infiuence of annealing on 
the Co clusters. The cluster size or number of clusters can change. The annealing 
of (15 Á Co + 20 Á Ag) multilayer can reveal whether the Co layer breaks up 
into clusters or not. 

The NMR spectra of a Co/ Ag multilayer after anneal treatments can also 
reveal the immisciblility of Co and Ag. lf annealing causes "back-diffusion" of 
Co and Ag due to the immisciblility of Co and Ag, the NMR spectra will show 
smoother interfaces after the anneal treatments. This gives the opportunity to 
identify the position of the third satellite, because smoother interfaces lead to a 
decrease of all satellites intensities except of the third satellite intensity. 
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6: Annealing of Co/ Ag multilayers 

6.2 Structural properties of annealed Co/ Ag 
multilayers 

The preparation of the (8 Á Co + 20 Á Ag) and (15 Á Co + 20 Á Ag) multi
layers is already described in section 5.1. The annealing procedure of the samples 
is similar to the one described in the previous section for (10 Á Co + 20 Á Ag). 
The NMR spectra of the multilayers as a function of the anneal temperatures are 
given in figures 6.2 and 6.3. 

The immisciblility of Co and Ag is confirmed by the NMR spectra of both 
multilayers. The NMR spectra show a decrease of the total interface intensity 
after the anneal treatments. This implies a back-diffusion of Co and Ag, thus 
imisciblility of Co and Ag. 

The spectra of (8 Á Co + 20 Á Ag) multilayer shows a enormously decrease 
of the total interface intensity after the first anneal treatment, except for the 
interface line at 17.6 T. This satellite line can be attributed to the third satellite, 
because the interface is smoothed due to the back-diffusion and a flat ( 111) inter
face will only show a third satellite line. Furthermore, we can see an increases of 
the bulk intensity after the first anneal treatment. This is caused by the smooth
ing of the interfaces and probable also by cluster growth. The NMR spectra show 
a gradual increase in the number of bulk atoms at expense of all interface atoms 
after further anneal treatments. This is caused by cluster growth of the Co. 

The spectra of (15 Á Co+ 20 Á Ag) multilayer also show back-diffusion of Co 
and Ag. After the first anneal treatment, the intensity of the interface decreases 
except for the increasing intensity of a satellite line at about 17.45 T. The bulk 
intensity increases due to the smoothing of the interface. The NMR spectrum 
after the secmld anneal treatment shows a slight decrease of the satellite line, 
which indicates a breaking of the Co layer into clusters. This implies a continuous 
Co layer for the sample after the first anneal treatment, which means that the 
interface line at about 17.45 T is the third satellite line. The amount of bulk 
atoms slightly increases after the secoud anneal treatment. A rapid decrease of 
the third satellite intensity at expense of the bulk line intensity can be seen after 
the anneal treatment of 340°, which is caused by cluster growth of Co. 
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Figure 6.2: The NMR spectra of (8 A Co + 20 A Ag) after different anneal 
treatments. The experimental parameters of the NMR experiment are described 
insection 3.5. The spectra are normalized to 8.3 A Co between 15.48 and 23.95 T. 
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Figure 6.3: The NMR spectra after different anneal treatments for the (15 A Co 
+ 20 A Ag) multilayer. See section 3.5 for the experimental setup of the NMR 
experiment. The spectra are normalized to 14-1 A Co between 1{85 and 23.75 T. 
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6: Annealing of Co/ Ag multilayers 

annealing Bulk height 3e sat. height 
temper at ure 8 A Co 15 A Co 8 A Co 15 A Co 
as-deposited 2.07 4.52 1.24 1.34 

300° c 2.85 5.35 1.13 1.56 
320° c 3.70 6.53 0.75 1.25 
340° c 4.23 9.00 0.65 0.70 
360° c 4.51 0.63 
380° c 5.15 0.53 

Table 6.1: The table shows the heights of the bulk and :F satellite Zin es for the 
(8 A Co + 20 A Ag) and (15 A Co + 20 A Ag) multilayers. The heights are 
obtained from the NMR spectra of figures 6.2 and 6.3. 

The described behavior of Co clustering is illustrated by the heights of the 
bulk and third satellite lines in table 6.1. The table shows the heights of the lines, 
because the maxima of the lines are clear and an integral of the lines in stead off 
the heights will give a similar view. 

The ratio of bulk to interface height versus anneal temperature is given in 
figure 6.4. The ratio curve shows that the Co cluster size for (15 A Co + 20 A Ag) 
after the anneal treatment of 340° C is already larger than the Co cluster size of 
(8 A Co + 20 A Ag) after annealing 380° C. 

3.0 

2.5 

E 2.0 
~ 

~ 1.5 

1.0 

0.5 

-6- FWHM of (8 A Co+ 20 A Ag) (I) 

-o- FWHM of(l2 A Co+ 20 A Ag) (I) 
-+-Ratio of (8 A Co+ 20 A Ag) (r) 

-•-Ratio of(l5 A Co+ 20 A Ag) (r) 
• 

6 

0.0 L..-_._---L.-ff----L.---L.---L--L---I----1---1"--L--L.........J 

0 20 300 320 340 360 380 

Anneal temperature (0 C) 

18 

16 

14 

"" <.) 

12 
<!!! 
i.; 
ë ......... 

10 ~ 
:::0 

....t:J 

8 0 
-~ 
.... 

6 .a 
.~ 
~ 

4 ..c:: 

2 

0 

Figure 6.4: The figure shows as a function of the anneal temperafure the FWHM 
of the bulk line (left y-axis} and the ratio of bulk/interface (right y-axis) for the 
(X A Co + 20 A Ag) multilayers with X = 8 and 15. 

56 



6: Annealing of Co/ Ag multilayers 

Now, the results of VSM measurements will he discussed to see whether the 
Co cluster growth can he seen in the magnetization curves. The VSM measure
ments of (8 Á Co + 20 Á Ag) show as a function of the anneal temperature, a 
decrease of both the remanent magnetization Mr and the magnetic anisotropy 
(the area between the magnetization curves with the applied field parallel and 
perpendicular to the filmplane). This can not he caused by an increase of the 
antiferromagnetically coupling, because the coupling between Co layers is (if any) 
weak [Alp 94b]. The decrease of Mr and magnetic anisotropy indicate a more 
isotropie situation, which is can caused by a chance in the surface and demagne
tization anisotropy due to the clustering of Co. 

Figure 6.4 also shows the Full Wide Half Maximum (FWHM) of the bulk line 
for both multilayers. The behavior of the FWHM is similar for both multilayers 
and decreases with increasing anneal temperatures (the FWHM almost halves). 
This suggests a phase transition of the bulk to more one phase. The composition 
of the bulk is almost constant for the (8 Á Co + 20 Á Ag) multilayer after the 
anneal treatment of 340° C. 

Figure 6.5 shows the position of the bulk line for both multilayers and the 
position of the third satellite for (8 Á Co + 20 Á Ag). Although the position 
of the bulk line differs for the as deposited multilayers, the positions of the bulk 
line is similar for both multilayers after the anneal treatments. The strain of the 
bulk mainly relax after the first anneal treatment of 300° C. The slight increase 
of the bulk line position for anneal treatments above 300° C is probably not even 
caused by strain relaxation, but by the phase change of the bulk line during the 
anneal treatments. The limit value for the position of the bulk line after several 
anneal treatments of the (8 Á Co + 20 Á Ag) is about 22.55 T. This limit value 
is higher than the extrapolated limit value of 22.4 T for the not strained Co layer 
of the as deposited Co/ Ag multilayers. This confirms the phase change of the 
bulk from a mixture of fee, hcp and stacking faults to more one phase, namely 
hcp. The strain change of the third satellite is negligible compared to the bulk 
atoms. 

Some spin-spin relaxation time (T2 ) measurements are performed for the an
nealed multilayers. The results are described in appendix D. 
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Figure 6.5: The bulk line position for the (X A Co + 20 A Ag) multilayers is 
given on the left y-axis (X = 8 and 15 A). For (8 A Co + 20 A Ag), the third 
satellite line position is given on the right y-axis. 

6.3 Discussion and conclusions 

This section will first discuss the structural properties: phase, strain, third 
satellite, and Co clustering, and then the relation between the structural proper
ties and MR will he discussed. 

It is well know that temperature infl.uences the phase of cobalt. The sta
bie phase of bulk Co is hcp below 420° C and fee above 420° C [Hou 60]. The 
phase of Co films depends among other things on the substrate temperature. For 
1000 Á Co films grown on mica with a substrate temperature of 500° C, the 
phase is hcp and a mixture of fee, hcp and stacking faults for higher and lower 
substrate temperatures [Alp 93]. The phase transition of cobalt as a function of 
the anneal temperature can not be caused by loss of coherency at the interfaces, 
because the strain mainly relax after the first anneal treatment, while the line 
width continuously decreases after the first three anneal treatments. The change 
in Co thickness due to the cluster size growth is also not the reason, because the 
previous chapter showed no phase transition for the bulk as a function of the Co 
layer thickness. Therefore, the phase transition of cobalt is probable a tempera
ture effect. As quoted above, the stabie phase usual depends on the temperature. 
The phase of the bulk Co line appears to become more hcp. The bulk line is still 
a mixture of phases, because the FWHM of the bulk line is about 1.2 T after 
several anneal treatments, while the FWHM is about 0.13 T fora pure hcp Co 
line of a 1000 Á Co film [Ste 92]. 
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6: Annealing of Co/ Ag multilayers 

The strain of bulk Co atoms mainly relax after the first anneal treatment of 
300° C. This can be caused by the change in interface topology or the increase 
of bulk Co thickness. The last possibility is unlikely, because the bulk of cabalt 
atoms continuously increases, while the strain mainly relax after the first anneal 
treatment. Furthermore, the (15 Á Co + 20 Á Ag) multilayer will probable 
consist of continuous Co layers with an increased bulk Co thickness after the first 
anneal treatment. Figure 5.2 of section 5.2 showed a same bulk line position of 
22.05 T for the (30 Á Co + 20 Á Ag) multilayer. It is very unlikely that the Co 
layer thickness of the (15 Á Co+ 20 Á Ag) multilayer is increased toabout 30 Á 
after the first anneal treatment. Therefore, the relaxation of the strain for bulk 
Co atoms can be attributed to the changing interface topology. 

The NMR spectrum shows an decrease of the total interface intensity after 
the anneal treatments, which shows a back-ditfusion of Co and Ag and confirms 
the immisciblility of Co and Ag. The enormously decrease of the total interface 
intensity after the first annealing treatment is caused by an interface smoothing. 
This means that the relaxation of the strain for the bulk Co atoms after the first 
anneal treatment is probable caused by a loss of coherence at the interface due 
to a flat interface. This is confirmed by RHEED measurements of MBE grown 
Co/ Ag multilayers with a flat interface, which show no strain at all for the Co 
layers [Kin 93]. Annealing studies of Co-Ag granular systems have shown that 
initial strained Co and Ag do relax to the bulk lattice constauts after annealing 
of the alloys [Ber 93]. The assumption of a loss in coherency of Co and Ag atoms 
due to flat interfaces is also confirmed by the position of the bulk line after the 
anneal treatments. These positions are similar for both multilayers while the 
strain of the bulk Co atoms differs for the as deposited multilayers. Thus the 
Co thickness is unimportant and the NMR spectra of both multilayers show flat 
interfaces after the first anneal treatments. 

Tosin et al assumed that annealing does not effect the stain and crystal struc
ture, but the NMR spectra shows a strain relaxation and a phase transition of 
Co as discussed above. Therefore, the change of anisotropy upon annealing can 
not only he attributed to a surface anisotropy change. 

After the first anneal treatment both multilayers show only a clear line at 
a bout 17.5 T. Because the interfaces are smoothed and a smooth ( 111) interface 
will give rise to a third satellite, this line can be attributed to the third satellite. 
The change in the position of the third satellite line after anneal treatments is 
much smaller than the change of the bulk line position. No conclusions can be 
made about a possible strain effect of the third satellite. 

The NMR spectra of (8 Á Co+ 20 Á Ag) shows a possible cluster growth after 
the first annealing treatment and a clear cluster growth as a function of the anneal 
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6: Annealing of. Co/ Ag multilayers 

temperature after further annealing. The NMR spectra of (15 Á Co + 20 Á Ag) 
shows that the Co layer probable breaks up into clusters after annealing at 320° C 
and cluster grow after annealing at 340° C. The clustering of Co and cluster 
growth is also confirmed by annealing of Co-Ag alloys [Ber 93, Xio 92]. 

With the knowledge of the changes in the structural characteristics, we will 
now discuss the dependenee of MR on the anneal temperature and try to relate 
the MR behavior to the changes in the structural properties. 

The MR curves of Co/ Ag multilayers with a Co thickness of 8 and 10 Á show 
a similar behavior as the MR curve of Tosin et al with a maximum of the MR 
at about 360°, while the MR curve of (15 Á Co + 20 Á Ag) shows only a small 
increase of the MR. Tosin et al attribute the increase of the MR to the smoothing 
of the interfaces and the decrease of the MR to the breaking of Co layers into 
clusters. The MR curve of the present Co/ Ag multilayers can not he explained by 
the above called arguments, because the (8 Á Co+ 20 Á Co) multilayer already 
exists of Co clusters. 

The NMR spectra of the Coj Ag multilayers show that the position and 
FWHM of the Co bulk line as a function of the anneal treatments is similar 
for both multilayers. The strain of the bulk Co atoms is mainly relaxed after the 
first anneal treatment. After the first three anneal treatments, the FWHM of the 
bulk line is gradually decreased for both multilayers and the bulk becomes more 
single phase structure. The MR change after each anneal treatment can not he 
explained by a singlestrain relaxation after the first anneal treatment at 300° C. 
The increase and decrease of the MR can also not he explained by a continuous 
change to more single phase structure, which is also already achieved after the 
first three anneal treatments. Furthermore, the change in strain and phase struc
ture is similar for both Coj Ag multilayer, while the MR of (8 Á Co + 20 Á Co) 
is much larger then the MR of (15 Á Co + 20 Á Ag). Because the interface is 
mainly smoothed after the first anneal treatment and because the MR does not 
change significantly for both Co/ Ag multilayers after the first anneal treatment, 
the interface scattering is probable not the main reasou for the MR of Co/ Ag 
multilayers. 

However, the MR curve can he explained by the cluster growth and changing 
cluster si ze. For granular systems as Co-Ag, the cluster size is believed to he very 
important for the magnitude of MR. For these systems the cluster size is manipu
lated by the percentage of Co, deposition temperature, and anneal temperatures. 
Various papers [Chi 93, Lio 91, Xio 92] have shown astrong dependenee of the 
MR on these parameters. For the as deposited (8 Á Co + 20 Á Co) multilayer, 
the clusters are small and partial uncoupled. After annealing, the cluster size and 
distance between the clusters increases, which leads to an increase of uncoupled 
clusters, thus the MR increases. After further annealing, the Co clusters grow too 
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6: Annealing of Co/ Ag multilayers 

large and the MR will decrease. The maximum of MR is caused by the optimum 
between the effective free mean path and cluster size [Xio 92]. The MR of the 
( 15 Á Co + 20 Á Co) multilayer increases aft er the second anneal treatment of 
320° C, at which the Co layer probably breaks up into clusters. The cluster size is 
already large, see figure 6.4, and increases enormously after annealing at 340° C. 
The MR of the (15 Á Co + 20 Á Co) multilayer stays smaller than the MR of 
(8 Á Co + 20 Á Ag) multilayer due to the already large size of the clusters. 
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A The optima! repetition rate 

The optimum of the signa! to noise ratio for the spin echo experiment is 
defined by the square root of the number of experiments per secoud and the 
number of nuclear spins back into saturation, which is determined by the spin
lattice relaxation T1 , and the dur at ion of the experiment. In formula: 

signa! c ( _ _!_) 
--.-"' yn · 1- e T1 

nozse 
(A.l) 

with t the time of one spin echo experiment in seconds and n = } the number of 
experiments per second. Minimizing this equation with respect to t leads to: 

(A.2) 

The numerical solution of this equation gives a optimum of the spin echo 
duration of t = 1.2.55T1 , which means that about 71% of the nuclear spin are 
back into saturation. For a NMR experiment with T1 = 0.02 s, this leads to an 
optimum of 0.025 s for the time of one spin echo experiment. The T1 is measured 
for the Co98 - Ni 2 alloy, of section 4.3. Unfortunately, the minimum time per 
experiment of the oscilloscope is 0.04 s. 
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B Frequency dependenee of the 
LC circuit 

The parallel LC circuit used for the field scans can he expressed in a serial LC 
circuit, as given in figure B.1 The substitutions of Rp and CP to Rs and Cs are 
given by: 

1 
Rs = Rpw2C2R2 + 1 

p p 

(B.1) 

w2C2R2 + 1 
C - C p P (B 2) 
s- P 2C2R2 . 

w p p 

Rp is the 50 n of the coax and CP is called the earth capacitor, Ce. The circuit 
is tuned, if the total impedance of the circuit is 50 n. This leads to: 

Rs + R + Re(Zcoii) = 50 (B.3) 

-.-
1

- + -.-1- + jwL = 0 (B.4) 
JWCc JWCs 

with R the 1 n and Re(Zcoit) the real part of the coil impedance. Cc is the 
capacitor in series with the coil and Lis the induction of the coil (the imaginary 
part of the coil impedance). 
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B: Frequency dependenee of the LC circuit 

~Cc 

L L 

Figure B.1: On the left the used parallel LC circuit and on the right the equivalent 
serial LC circuit. The relationship between the parallel and serial circuits is given 
in the text. 

Combination of Equation B.1 and B.3 give the solution forCe: 

1 1+Re(Zcoil) 
Ce = 50w 49 - Re( Zcoil) 

(B.5) 

with this solution of Ce and equation B.4, Cc can he calculated: 

(B.6) 

Substitution of typical parameters: w = 211" · 190 · 106
, L = 70 pH and 

Re(Zcoit) = 0 n gives: Ce = 2.4 pF and Cc = 11 pF. (Re(Zcoit) is neglectable 
compared with the 1 !1). 
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C The wideband LC circuit 

The NMR spectra described in this report are obtained by varying the applied 
field at a constant frequency. NMR spectra can also he obtained by varying the 
frequency at a constant applied field. If this applied field is zero, the spin echo 
intensity will increase enormously, because the spin echo intensity will arise from 
nuclear spins situated in a domain wall, whose enhancement is caused by domain 
wall displacement and is ah out 103 - 105 • The enhancement of nuclear spin 
situated within a domain is caused by domain rotation and is about 10 - 100 
[Pan 91]. 

The LC circuit used during the measurements has to he tuned for each fre
quency to obtain an impedance matching to the 50 n coax cable. The commercial 
capacitors used in the LC circuit are not usabie for automatic tuning, and hence 
the optimization of the LC circuit is very time-consuming. 

Frequency scans can also he obtained by using a wideband LC circuit. Such 
LC circuits use constant capacitors, thus the LC circuit is not tuned for each 
frequency. This saves a lot of time, but the detected spin echo intensity decreases 
due to low quality factor of these circuits. For spin echo experiments at zero 
field, the increase due to the enhancement will compensate this effect, and thus 
wideband LC circuits can he used for zero field frequency scans. Two possible 
wideband circuits are given in figure C.1 

The LC circuit, with a coil parallel to a 50 n resistor and capacitor, is more 
or less matched to the 50 n coax cable by the 50 n resistor and the capacitor will 
compensate the induction of the coil. NMR spectra measured with this LC circuit 
are described in [Hei 93]. The disadvantage of this LC circuit is the uncertainty 
about the dissipation of the pulse power and the spin echo signal in the parallel 
50 n resistor. This will hamper the quantitative determination of the frequency 
dependenee of the spectrum. The test results of such an LC circuit also seemed 
to he worse than the test results of the other LC circuit, so that the experimental 
work was focused to the latter one. 

The secoud LC circuit tries to imitate an ideal transmission line by using 
compensating induction and capacity values and is called the transmission LC 
circuit. For instance, an infinitely long strip with a width of 1 mm parallel to 
an infinite plate will have a an impedance of 50 n for a distance of 0.2 mm 
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-································· • • • electronic switch • • • •••••••••••••••••••••••••••••••• 

. . . . ~. . ..... 
: osc!lloscope • 
••••••••••••• 

Figure C.l: On the left a wideband circuit as used by P. Panissod in Strasbourg, 
France is conneeled with the electronic switch. In the middle a wideband LC 
circuit as used by Ried i in St. A ndrews, England, is connected. The coil is 
wrapped with Cu foil. On the right, the same LC circuit is conneeled to the 
electronic switch, but a shunt circuit and an oscilloscope are added. This wil! be 
explained in the text. 

between the strip and plate [Jes 69). The frequency dependenee of the LC circuit 
is determined by adding a shunt circuit between the LC circuit and the 50 !1 
termination resistor, see figure C.l. With the shunt circuit, the voltage of the 
pulses transmitted through the coil can he measured, without influencing the 
original LC circuit. The shunt circuit is symmetrie with respect to the LC circuit 
and oscilloscope. The impedance of the circuit is 49.36 !1 and the voltage transfer 
is 1.64 %. 

The voltage of the pulses is measured with an oscilloscope. The voltage is pro
portional to the total current. With neglecting the capacitive losses, the magnetic 
field E 1 generated in the coil is approximately proportional to this total current, 
thus the E 1 generated in the LC circuit is measured. The capacitive losses are 
proportional to the frequency, but in a relative small frequency range the metbod 
can he used to check whether the LC circuit displays strong resonances. Thus, 
the frequency dependenee of B1 can he determined by varying the frequency of 
the pulses. The frequency dependenee of B1 was also measured with a coil placed 
at the end of the LC circuit. The frequency dependenee inferred from this direct 
E 1 measurement was largely similar to the frequency dependenee obtained from 
the pulse voltage measurement, but the shunt circuit measures absolute voltages, 
so that different transmission LC circuit can quantitatively be compared. Unfor
tunately, for some coils the measurements appeared to by disturbed by spurious 
signals, which make these measurements unreliable. 
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The voltage at the output of the shunt circuit also reflects the frequency 
dependenee of the signal generator. It appeared that the 2 diode networks and 
duplexer influence the frequency dependenee of the pulses dramatically. The 2 
diode networks induce a significant frequency dependenee of the pulse power in 
the frequency range of 190 to 230 MHz and the duplexer below ±160 MHz. The 
voltage, measured with the oscilloscope, will reileet this frequency dependence. 
For the actual spin-echo measurements, the frequency dependenee of the signal 
generator is not important, because this dependenee will he corrected for by 
determination of the optimum pulse power. The main problem is the frequency 
dependenee of the receiver, which can not he determined with this measurement. 
However, some conclusions could he drawn about the design of the wideband 
circuit: The connections of the wideband circuit with the semi rigid coax cable 
have to he as short as possible and the grounding of the wideband circuit should 
he well defined. 

Other criteria like the power reileetion also involve the effect of the signal gen
erator and appeared to he unreliable. On the other hand, NMR measurements 
themselves may he used to test the quality of the LC circuits. With an applied 
field, the hydrogen or fluor lines can he measured over a large frequency range ( the 
intensity of these lines is expected to he large enough). However, such measure
ments will take too much time for all circuits and untilnow it was not possible to 
measure these lines. If possible, NMR test measurements should he performed at 
room temperature in order to save time, because even then it will still he a time
consuming method. Although, these NMR test measurements yields information 
about the LC circuit over a limited frequency range, the observed spin echo inten
sity can directly he compared with other LC circuits. Such measurements were 
performed on cobalt bulk atoms of a 2x5000 Á (Co-Ag 2%) sample. Recently, 
another way of testing the wideband circuit to the 50 n impedance matching 
became available. A wobbulator (Polyskop II, Rhode & Schwarz) generates radio 
frequency waves over a large frequency range and detects the reileetion of the 
wideband circuit, so that directly the frequency response over a large frequency 
range is measured. 

Two series of coils were measured. One series has 8.5 turns and the other 
series has 13.5 turns. The totallength of the LC circuit is about 12 mm for both 
series. The filling factor of the sample in the coil appeared to he very important, 
thus the area of the coils is minimized to 3 x 6 mm2 • The outer capacitor is a brass 
plate with a thickness of 0.5 mm. The thickness of the plate is not important, 
but 0.5 mm is the most handy. The coil with 13.5 turns is made of 0.5 mm Cu 
wire, while the coil with 8.5 turns is made of a Cu strip with a width of 1 mm. 
From NMR measurements appeared that a coil made of a Cu strip generally gives 
better results under the same conditions. The induction of the coil with 13.5 and 
8.5 turnsis about 0.29 pH and 0.12 pH, respectively (L = 0.197 9~

2

..:;~ 1 with length 
l = 1.2 cm, diameter d = 0.48 cm and L in pH). For the first coil, the reileetion 
appeared to he higher, the transmission lower and the spin echo intensity of NMR 
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measurements arom1d 220 MHz higher. The distance between the coil and outer 
capacitor is varied by varying the number of layers of Teflon (PTFE) tape around 
the coil. The measurements with the shunt circuit yielded no clear indication for 
the optimum number of Teflon layers, due to the uncertainties mentioned above. 
Test measurements of the sample of 2x5000 A (Co-Ag 2%) shows a higher spin 
echo intensity for the coils with 13.5 turns. The maximum of the spin echo 
intensity is measured for the wideband circuit of 13.5 turns without an outer 
capacitor. This circuit has probably a resonance frequency at ±220 MHz and 
thus no conclusions can be drawn from these NMR measurements. The 8.5 turns 
coil with one Teflon layer shows the best results for the measurements with the 
wobbulator, which directly measures the reflection of the wideband circuit. The 
difference between the minimum and maximum reflection is about 2 dB, whereas 
it is at least 6 dB for the coils with 13.5 turns (if no LC circuit is connected at 
all, the difference is slightly larger than 10 dB). A 100x(20 A Co + 20 A Cu) 
multilayer made by IBS has intensity in a broad frequency range and should be 
measured to see whether the response of the 8.5 turns coil is indeed flat and the 
response of the coil with 13.5 turns varies with frequency. This measurement will 
also show the efficiency of the coil with 8.5 turns. 
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D Spin-spin relaxation time (r2 ) 

measurements 

This appendix gives the results of spin-spin relaxation time (T2 ) measure
ments. First is described how the spin-spin relaxation time of a bulk or satellite 
line is obtained, then the results are given and some remarks are made. 

The field and frequency is set to obtain the hyperfine field position of the line, 
see equation 2.4. The pulse power is optimized for the turning angle condition of 
equation 3.4. Then the spin echo intensity (I) is measured as a function of first 
delay (Dl) at a constant applied field and pulse power. During the first delay 
scan the second delay (D2) is equal toa constant plus the first delay ( the position 
of the spin echo will vary as a function of the first delay, see section 3.1). The 
obtained data points are fit by: 

(D.l) 

with Pl and P2 the pulse durations of the first and second pulse respectively. 
The data is always fit with this exponential, although the relation between the 
spin echo intensity and time is not necessary this simple exponential, because the 
spin echo intensity contributions can arise from atoms with different T2 • In the ta
bles D.l and D.2 the determined spin-spin relaxation times for several samples are 
given. Figure D.l shows the hyperfine field and pulse power dependenee of the T2• 

The hyperfine field dependenee of T2 is measured by varying the external applied 
field at a constant frequency and the figure shows a inverted relation between the 
hyperfine field dependenee of T2 and the spin echo intensity. It appears that T2 

depends on the amount of nuclei with the samehyperfine field in the surrounding, 
an increase of atoms with an equal hyperfine field in the neighborhood gives rise 
toa decrease of T2• This similar behavior can beseen from the tables, namely the 
shortest T2 for the bulk nuclei (200-300 J.LS ). The fact that T2 is shorter for higher 
pulse power than for lower pulses might be explained by the increasing spin echo 
contributions of nuclei with another hyperfine field at higher pulse power, which 
have a lower spin-spin relaxation. In figure D.2 the field dependenee of T2 for a 
bulk line is given (measured at the samehyperfine field by varying the frequency). 
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A literature study should be clone to understand more about the spin-spin 
relaxation dependenee on the applied field and the nuclei environment. For a 
general introduetion see [Nar 67]. For the Suhl-N akamura interaction see [Suh 58, 
Suh 59, Nak 58] and further see also [Hon 69, Bar 69]. 

(16 Á Co + 16 Á Ni) multilayers of chapter 41 

sample fee Co 1. sat 2. sat 3. sat 4 sat. 
(fis, (T)) (fis, (T)) (fis, (T)) (fis, (T)) (fis, (T)) 

0.1 A/s Co, as-dep. 272 (1.88) 672 (2.65) 573 (3.28) 
0.5 Á/s Co, as-dep. 272 (3.26) 650 (2.56) 400 (1.86) 
1.0 Á/s Co, as-dep. 256 (3.28) 649 (2.60) 353 {1.85) 
2.0 Á/s Co, as-dep. 254 {3.28) 567 (2.58) 444 (1.88) 

1.0 A/s Co, @ = 340° C 256 (2.08) 460 (3.10) 4.57 (1.73) 670 (2.30) 640 (1.30) 
247 (2.45) 
263 (3.47) 

1.0 Á/s Co, @ = 380° C 245 (2.45) 584 (2.55) 507 (1.72) 760 (2.25) 417 (1.73) 
507 (1.73) 2 

461 (3.15) 

Table D.1: The spin-spin relaxation time for the {16 A Co+ 16 A Ni} multilayers. 
Between brackets the external applied field during the T2 measurements. 

1 Fourier Height for the as deposited samples and Fourier Integral for the annealed samples. 
20.12 T beside the position of the secoud satellite line 
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(X A Co + 20 A Ag) multilayers of chapter 5 and 6 

sample main line 3. sat 
(ftS, (T)) (fls, (T)) 

4 ACo, as-dep. 181 (2.10) 
8 ÁCo, as-dep. 481 (2.15) 
10 ACo, as-dep. 253 (2.12) 460 (2.05) 

450 (2.05) 
15 ÁCo, as-dep. 247 (2.35) 422 (2.25) 

253 (2.:35) 490 (2.25) 
730 (2.25) 3 

40 ACo, as-dep. 310 (2.83) 917 (2.25) 
100 ACo, as-dep. 310 (2.35) 4 527 (2.25) 

232 (3.05) 5 

8 ACo, @ 300° C 171 (2.84) 
15 ACo, @ 320° C 239 (3.66) 454 (2.32) 

203 (2.68) 
15 ÁCo, @ 340° C 205 (3.05) 530 (2.34) 

Table D.2: The spin-spin relaxation time for the (X A Co + 20 A Ag) multilayers. 
Between brackets the external applied field during the T2 measurements. 

3 Short time delay scan interval, but same data points as above 
4 fcc Co 
5 hcp Co 
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mica+ 200 A Au+ 50x(l6 A Co+ 16 A Ni)@ 440° C 

400 

30() I I 1 I I 500 
19.8 20.0 20.2 20.4 20.6 36 38 40 42 44 46 

Bhf(T) Pulse power (dBm) 

Figure D.l: In figure a: the T2 versus hyperfine field obtained with a constant 
pulse power of 40 dBm and the spin echo intensity versus hyperfine field. In 
figure b: T2 versus pulse power with a constant applied field of 2.2 T (Bhf = 
20.43 T). The measured sample is (16 A Co+ 16 A Ni) with Co dep. rate of 0.1 
A /s and annealed at 44ff C. The frequency is 183.27 MHz. 

mica+ 200 A Au+ 50x(16 A Co+ 16 A Ni)@ 480° c 
Bhf= 21.64 T 
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Figure D.2: The figure shows the applied field dependenee of the spin-spin relax
ation time, T2 for fee Co of (16 A Co + 16 A Ni) with Co dep. rate of 0.1 A /s 
and annealed at 4Bff C (Bh! = 21.64 T). 
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