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Chapter 1 

Introduetion 

In science and technology, as well as in daily life, magnetism plays an impor
tant albeit often hidden role. Examples can be found in the earth magnetic field, 
protecting us from the life-endangering sol ar winds, the conversion of fossil or nucle
ar energy into electricity by the use of dynamos, the magnetic yokes in cathode ray 
television tubes, the strong magnets in the modern high energy partiele accelerators 
as basic to elementary partiele physics, the compression and enelosure of plasmas in 
nuclear fusion technology, etc .. The most far reaching aspect of magnetism in our 
present technological society can, however, be found in the ability of magnetic ma
terials to store data: on rigid and flexible disks for computer data, tapes for audio 
and video software and magnetic strips on credit cards. Recent advances in this area 
have in many respects been driven by the improvements in the magnetic materials. 
Especially, the artificially made, ordered materials have become a pillar of late-
2Qth_century advanced technology. 

A special class of promising artificial made materials are the so called magnetic 
multilayers or superlattices, systems consisting of alternate layers of magnetic and 
non-magnetic elements. The possibility to change the properties of these systems 
drastically through changes in the structural and chemica! composition of the sam
ples and through relative modest forces such as magnetic fields and uniform and 
non-uniform stresses gives them the potential of exhibiting many new and interest
ing effects (Iikely leading to technological ad vances ). This potential, as well as the 
advent in recent years of ultra high vacuum deposition techniques giving unprece
dented control over the chemica! and structural composition, has made them to 
todays most intensively researched area in magnetism [ICM 91, Ben 93, Hei 93]. 

In magnetic multilayers the layered structure and the role of the interfaces are 
crucial to the occurrence of the new phenomena. For instance, in the 11 perpendicular 
magnetic anisotropy11 effect [Car 85, Jon 93] the altered local electronic structure of 
the magnetic material at the interfaces is responsible for the change in the preferen
tial direction of the magnetization for small layer thicknesses of the magnetic ele
ment from the commonly shape induced in-plane orientation to a direction perpen
dienlar to the film plane [Daa 91]. Another example is the dependenee of the sign 
(ferromagnetic or antiferromagnetic) and strength of the coupling between the mag
netic layers on the thickness and chemica! composition of the non-magnetic layers 
[Grü 86, Maj 86, Par 90, Par 91a] . In the 11giant magnetoresistance effect 11 [Bai 88, 
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Bin 89, Par 91b, c, Fer 92] this possibility for antiferromagnetic alignment of the 
magnetic layers is, together with the spin dependent scattering at the interfaces, 
responsible for an unprecedented large decrease in the electrical resistance upon the 
application of a magnetic field . (For reviews on these and other phenomena see, 
e. g., [Yin 89, Fal 90, Shi 91, Gra 91, Hei 93, Ben 93]). 

Because of the crudal role played by the interfaces the occurrence and magni
tude of the effects is sensitively dependent on the detailed structure of the inter
faces, including impurities introduced during fabrication [Bro 88, Ino 93, Ful 92, 
Eng 91, Pur 92, Grü 86, Ung 91, Pur 91c] . In a study of the new phenomena the 
structural characterization is thus of paramount importance. Yet, this appears to be 
one of the major problems in this field of research. 

For surfaces, detailed information on the topology can be obtained by many 
experimental techniques. For interfaces and individual layers embedded in the mul
tilayer structure such information is much more difficult to obtain. In principle, 
however, techniques such as nuclear magnetic resonance (NMR) and Mössbauer 
spectroscopy, based on the determination of the magnetic field at the nuclei due to 
the local electronic environment, provide the possibility to probe the multilayers 
and interfaces on a nanoscopic scale (e. g., [Tak 82, 84, Ham 85]). 

In this thesis the results are presented of an experimental investigation on the 
possibilities of NMR for the structural · characierization of multilayered films . In 
chapter 2 the origin of the magnet ie field at the nucleus ( the magnet ie hyperfine 
field) and its dependenee on the structural parameters, such as crystallographic 
phase, local symmetry, strain, and interface topology, are discussed. Chapter 3 is 
devoted to the experimental aspects: the set up and the phenomena governing signal 
intensity. The last three chapters contain the experimental results and illustrate the 
application of NMR to the study of crystallographic structure, strain and interface 
roughness and topology in Co based multilayers. 

Regarding the structure of this thesis, it is useful to know that most sections of 
Chapters 4, 5 and 6 have been compiled from articles that have been publisbed or 
are submitted for pubHeation in the scientific literature. Although small parts may 
therefore seem redundant, one is offered the advantage of reading these sections 
independently of each other. 



Chapter2 

Magnetic Hyperfine Field 

In thls chapter the Interaction between nuclear and electronic magnetic moments in mag

netically ordered materials is introduced and expressed in terms of an effective magnetic field. 

The origin of this hyperfine field is described and the effect of (changes in) the local environ

ment, e. g., due to straln, "foreign" nearest neighbors, or ditterences in crystal symmetry, is 

discussed and illustrated wilh resulls of experiments and ab initia calculations. 

2.1 Origin of the effective magnetic field at a nucleus. 

A nucleus possessing a magnetic moment experiences hyperfine interactions 
with the unpaired magnetic electrans in its surroundings. These interactions, the 
origin of which we will discuss later, can be represented by the hyperfine Hamiltoni
an 

(2.1) 

where I denotes the nuclear spin, S represents the total spin of the ion or atom and 
A is a tensor of second rank descrihing the strength of the interaction and possessing 
the local ( crystal) symmetry. Since in solids the flipping time for the electronic spin 
moment is usually very short compared to the time the nuclear spin would need for 
one Larmor precession, the nucleus normally "feels" an averaged or effective spin 
moment (S). Using the effective field approximation Eq. (2.1) can then be written 
as 

(2.2) 

with "/ the nuclear gyromagnetic ratio and with Bhf the mean (statie) hyperfine 
field which is given by 

Bhf = -tA·(S) (2.3) 
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In magnetically ordered materials (S) deviates significantly from zero due to the 
fixation of the (relative) direction of the magnetic moments by the exchange inter
actions and consequently Bb_f may attain values between 1 T and 100 T. For para
magnetic systems (S) '::!. 0 and, consequently, the hyperfine interaction has a much 
reduced effect. 

There are three principal sourees constituting the magnetic hyperfine intexac
tion (and thus Bb_r): 

- The Fermicontact interaction [Fer 30] ( described by an effective field Bcont), 
- The dipolar interaction between the nuclear magnetic moment and the spin 

density of the d shell (resulting in a dipolar field Bdi at), 
- The interaction between the nuclear magnetic mo~ent and the unquenched 

part of the orbital angular momenturn of the valenee electrans (resulting in an 
effective "orbital" field Borb). 

In formula: 

(2.4) 

In the following we willlimit the discussion to the 3d transition metals. 
For magnetic atoms the dominant contribution to Bhf is the isotropie contact 

interaction resulting from the large probability density of the s electrans at the 
nuclear position. The associated effective field Bcont can be expressed as [Fer 30, 
Ere 30] 

Bcont = ~ ILB m(O) (2.5) 

where m(O) is the spin density "at" the nucleus, i. e., within the Thomson radius 
(see, e. g., [Ere 30, Blü 87]). As is clear from Eq. (2.5) the contact field vanishes 
unless at the nuclear site the (spin) density of spin up electrans is not balanced by 
the (spin) density of the spin down electrons. For the core electrans such closed 
shell polarization occurs because the wave functions are distorted by the intra atom
ie exchange interaction between the s orbitals of the core and the magnetically 
polarized 3d shell. In fact, the majority selectrans in the core will be pulled into the 
region of the spin polarized 3d shell, since the exchange interaction is attractive, 
whereas the minority electrans will be repelled. This results in an excess of minority 
electrans at the nuclear position, i. e., a negative polarization [Wat 61, Fre 65]. It 
must be noted, however, that although the total core polarization is always opposite 
in sign to (S), the individual contributions from 1s, 2s, 3s shells can have different 
signs ( cf. Table 2.1). 

In addition to the core polarization, also the valenee 4s electrans contribute to 
m(O). Here the s polarization originates mainly from two sources. The first is a 
repopulation effect due to the presence of the 3d moment, i. e., more majority and 
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Table 2. 1. Theoretica/ she/1 decomposltlon of the hyperfine fields of Fe, Co and Ni as calculat
ed trom flrst prlnclples by Ebert uslng the SPR KKR (spin polarized relativlstic Korringa-Kohrr 
Rostocker) methad [Ebe 88, 89}. The experimental data Is taken trom a: [Bud 61, Ste 67, 

Rie 73/, b: thls work, and c: [Rie 77}. 

Shell Fe Co Ni 

1s - 1.77 - 1.49 - 0.69 

2s -51.58 - 42.29 -17.86 

Co re 2p 0.17 0.15 0.07 

3s 30.10 26.39 11.58 

3p '- 0.07 - 0.07 - 0.04 

Sum -23.15 -17.31 - 6.94 

5 - 4.21 - 7.20 - 0.59 

Conduction band p 0.07 0.17 0.08 

d 2.39 4.76 3.69 

Sum - 1.75 - 2.27 3.18 

Tot al -24.90 -19.58 - 3.76 

Experiment -33.9a -21.6b - 7.5C 

less minority 4s states are occupied, which results in a positive local valenee contri
bution to Bcont (note that this effect does not occur for the core electrons since 
there the majority and minority states are already fully occupied). Secondly, the 
hybridization of the valenee 4s wave functions with the spin polarized 3d wave 
functions of the neighboring atoms induces a weak 4s valenee polarization leading to 
a so called "transferred" contribution to Bcont· The sign and magnitude of the 
"transferred" polarization depends essentially on the magnetic moment of the neigh
boring atoms thus making the contact field sensitive to the local environment (see, 
e. g., [Aka 90]). The total valenee polarization is usually referred to as the conduc
tion electron (CE) polarization. 

The dipolar and orbital contribution to B}u are normally considerably smaller 
than the contact term. In fact , the dipolar field Bdip,at vanishes for sites with cubic 
symmetry. For non cubic sites the dipolar field yields a small anisotropy in Bhf (see 
also section 2.2). 

The orbital field Borb can, in a simplified way, he described by the expression 
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(2.6) 

in which 1 is the angular momenturn operator and g~ 2 (for an exact expression see 
[Blü 87, Aka 90]). In fact, Eq. (2.6) states that Borb equals the orbital moment 
times a proportionality factor . In a cubic environment the orbital angular momen
turn is normally quenched and, therefore, no orbital field is expected. However, due 
to spin-orbit coupling a small orbital moment is induced, resulting in an orbital 
hyperfine field. Because (for the 3d metals) the orbital rooment is parallel to the 
spin moment the orbital hyperfine field is positive, i. e., opposite to the contact 
field. For fee Co Borb ~ 5 T (cf. Table 2.1 and [Ebe 88]). If the symmetry is lower 
than cubic the magnitude of Borb becomes orientation dependent yielding an aniso
tropic Bhf" We will address this more extensively in section 2.2. 

Apart from the above discussed hyperfine field the nucleus also experiences the 
dipolar field arising from the dipole-dipole interaction between the nuclear magnet
ie moment and the atomie magnetic moments of all other atoms in the solid. This 
dipolar field Bdip can be expressed as 

(2.7) 

where ~ is the magnetic moment of atom i, ri is the relative position of mi with 
respect to the nucleus, ri = I ri I and the sum runs over all dipale moments in the 
solid except for the moment of the "own" atom. For sake of completeness we note 
that the dipolar field can be viewed upon as the sum of the demagnetizing field and 
the Lorentz field [Col 71] and therefore includes a shape dependent anisotropy. 

If we also take into account the effect of an applied magnetic field, the total 
effective field "sensed" by the nucleus is given by 

(2.8) 

where Bappl denotes the applied field and Bind represents effects induced by Ba 1 
due to Pauli spin paramagnetism, orbital paramagnetism and closed shell diam~~
netism. This total effective field results in a nuclear energy level Zeeman splitting 
l:lE of magnitude 

l:lE = hfres = li:yl Bb_f + Bdip + Bappl + Bind I (2.9) 

where fres is the NMR resonance frequency. For magnetically ordered materials 
Bind can, in genera!, be neglected since its contribution to llE is at least two to 
three orders of magnitude smaller than that of the other terms, especially Bhf (see, 
however, the discussion at the end of section 3.1). In paramagnetic substances, 
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where the direction of the atomie magnetic moment is not fixed by streng exchange 
interactions and thus the hyperfine interaction has a much reduced effect on t:.E, 

Bind becomes the dominant term in the characterization of the various metals 
through the Knight shift [e. g., Nar 67, Sli 78, Wei 73]. 

So far, we have considered only the magnetic interactions of the nucleus with 
its surroundings. However, for nuclei with spin I f ! in a non-cubic environment 
also the interaction between the nuclear quadrupale moment and the electric field 
gradient, produced by the electron clouds, may contribute to the nuclear energy 
splitting. This causes, in principle, the occurrence of 21 resonance lines, the separa
tion of which depends on the strength and symmetry of the electric field gradient 
tensor and on the orientation of the magnetic field. In this thesis we neglect this 
interaction since for the case we are interested in, i. e., 59Co, the quadrupale interac
tion is only present for the hcp phase which, as we will see later, does hardly occur 
in multilayers. Apart from that the quadrupale splittingin 59Co is very small com
pared to the hyperfine splitting (0.2 MHz in frequency versus 220 MHz, respective
ly) and · also smaller than the experimental resolution ("' 1 MHz, cf. sectien 3.1). 
Hence it will, at most, show up as a line broadening not affecting the central transi
tion frequency fres· 

In this section, attention has been focussed mainly on the origin of the magnet
ie field at the nucleus whereas the effect of the local environment bas been consider
ed only briefly. In the following sections the latter topic will be addressed more 
extensively and, in particular, the effect of {local) crystallographic symmetry and 
structure, dilatation (strain), and "foreign" neighbor atoms will be discussed. 

2.2. Effect of localstructure on (the anisotropy of) the hyperfine field. 

In the previous sectien it was explained that the magnetic field at a nucleus 
originates from several sourees and that most of the contributions to the magnetic 
field are, somehow, sensitive to the local environment. In this sectien we will specifi
cally be concerned with the relation between the magnetic hyperfine field and the 
local structure and symmetry. 

In Table 2.2 the (experimental) hyperfine field of 59Co in the bcc, fee and hcp 
phase are compared. Also shown are the result's of theoretica! first principles calcu
lations. As can be seen from the table, each structure gives rise to a different hyper
fine field. The close structural relation between the hcp and fee phase of Co is re
flected by the approximate equality of their respective hyperfine fields ( the hyper
fine field for hcp Co is ju st slightly larger) while the difference between the close 
packed (fee, hcp) phases and the non close packed bcc phase is reflected by the 
considerable lower hyperfine field of bcc Co. This qualitative trend as well as the 
magnitude of the relative differences in hyperfine field are rather well reproduced by 
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Table 2.2. Ferm/ contact part Bcont of the magnetJe hyperfine field tor thin s/abs of Co of 
different structure as calcu/ated trom first principles by the FLAPW (tul/ potentlal linearized 

augmerrted plane wave) method. Also shown are the contribut/ons to Bcont trom the core 

electrans (Bcore) and the valenee electrans (Bval) as wel/ as the ca/culated magnetJe mcr 
ments (m) withln the muffin tin spheres. The theoretica/ data are taken trom {Lee B6] (bcc Co), 
{Li BB] (fee Co) and [Li 91] (hcp Co). The data tor the experimental magnetJe hyperfine fJelds 
Bexp are taken trom [Rie 87] and thls work. The experlmental value tor hcp Co denotes the 
lsotropie part of the hyperfine field. 

· Structure m Bcore Bval Beont Bexp 
(t!B) (T) (T) (T) (T) 

bcc 1.76 -25.7 1.83 -23.85 -16.6 

fee 1.65 -23.7 -6.95 -30.65 -21.6 

hcp 1.64 -23.9 -7.55 -31.45 -22.4 

the calculations. From the latter it can also be derived that this behavior of the 
hyperfine field does not originate from changes in the core electron wave functions, 

and thus the core polarization mechanism, since the ratio of Bcore and m in Table 
2.2 remains almost constant, but, as would be expected, it results from the high 
sensitivity of the valenee electron states (i. e., valenee electron polarization and 3d 
magnetic moment) to the atomie environment. We should note that, in spite of the 
remarkably good qualitative agreement, there are also rather pronounced quantita
tive deviations between the theoretica! results and experiment. These may be ex
plained by the fact that the orbital contribution to the hyperfine field has been 
neglected in the calculations but it has also been suggested that they result from 
failures of the local spin density functional approximation in descrihing the core 
polarization [Blü 87, Aka 90]. 

The above discussion refers only to the isotropie contribution to the hyperfine 
field. If the symmetry of the environment is lower than cubic the hyperfine field Bhf 
is no longer a scalar but reflects the local environmental symmetry because of the 
deformation of the electronic wave functions by that environment. Therefore, the 
magnitude of the hyperfine field will depend on the direction of the magnetic mo
ment with respect to the crystallographic axes (cf. Eq. (2.3)) and its specific angular 
dependenee will be characteristic of the local symmetry. In Co the hyperfine fièld is, 
effectively, parallel and opposite to the direction of the magnetic moment, so by 
varying the direction of the magnetic moment through the application of an exter
nal magnetic field it is actually possible to determine Bhf in different orientations 
(see appendix) . 

In case of uniaxial symmetry, e. g., hcp Co, the angular dependenee of the 
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hyperfine field is described by: 

(2.10) 

where 0 is the angle between the symmetry axis ([00.1]) and Bhf• Biso denotes the 
isotropie part of Bhf and Bani represents the anisotropic contribution to B}.f (see 
appendix). For hcp Co the hyperfine field attains its minimum magnitude when it is 
directed along the [00.1] direction and its maximum magnitude when it is in the 
basal plane, i. e., perpendicular to the [00.1] direction. The anisotropy arises mainly 
from the spin dipolar field Bdip,at' which reflects the non spherical symmetry of the 
spin distribution around the nucleus, and the field Borb• caused by the unquenched 
part of the orbital moment of the non s electrons. In Co this latter contribution 
dominates [Kaw 72, Fek 78]. In Table 2.3 the (sparse) experimental low tempera
ture data for the hyperfine field in pure (hcp) Co is compared. 

Even a single crystal of Co is, in general, seldom single phased but contains 
stacking faults, due to the close structural relation between fee and hcp Co. An 
atom in or near such a fault plane "sees" a slightly different local environment than 
if it were located well inside the pure fee or hcp phase and, therefore, also has a 
slightly different hyperfine field. In Table 2.4 the experimental data on pure Co is 
collected. The quoted values for the hyperfine field are room temperature values 
since to our knowledge n() data on stacking faults at low temperatures (T ~ 4.2 K) 
has been published. Unfortunately, there is also no data available on the anisotropy 
of these hyperfine fields. The table, nevertheless, illustrates that stacking faults can 
be accompanied by (at least) six different local environments possessing hyperfine 
fields which differ from the hyperfine fields in the "pure" phases and thi.ts, in princi
ple, can be discriminated from them. It must, however, be stressed that there is no 
direct relation between hyperfine field and type of stacking fault, since each stack
ing fault generates several different atomie environments and, on the other hand, 
different types of stacking faults may partially generate the sameenvironments (e. 
g. [Tot 63]). 

2.3. Effect of strain on the hyperfine field. 

As we have seen in section 2.1, the magnetic hyperfine field largely results from 
a delicate (un)balance between the spatial distribution of the spin up and spin down 
electrons. If for some reason, e. g., because of strain, structural changes, etc., this 
balance is disturbed the hyperfine field will change. In this section we will concen
trate on the effect of strain. 

If a material is subjected to compression or expansion, the electronic wave 
functions will be distorted. In the case of a magnetically ordered material (like Co) 



Ref. Bhcp (T) Bil -Bl Biso 

Bil Bl (T) (T) 

Por 60 

Koi 60 -22.68 

Rie 67 -22.68 

Kaw72 -21.87 -22.68 0.80 ± 0.01 ...:22.41 

Fek 78 -22 .03 -22.89 0.86 ± 0.01 -22.60 

This work -21.74 -22.60 0.86 ± 0.03 -22.31 

Ref. Bexp (T) 

S1 fee hep 11 S2 S3 S4 

Por 60 -21.20 

Har 61 -21.21 -21.44 -21.74 

Str 61 -21.07 -21.18 -21.42 -21.69 

Tot 63 -21.20 -21.43 -21.58 -21.72 

Ino 70 -21.20 -21.43 -21.72 

Kaw72 -21.29 

Bai 73 -21.29 

Cre 75 -21.20 -21.28 -21.38 -21.68 

Brö 78 -21.19 -21.30 -21.43 -21.58 -21.72 

-21.45 -21.6 -21.8 -21.85 -22.15 -22.35 

Bani 8 fcc 

(T) (T) 

-21.60 

-21.60 

-21.58 

0.537 

0.573 

0.57 -21.56 

hep 1 ss 

-21.99 

-21.96 -22 .07 

-21.98 

-21.98 

-21.98 

-21.98 

-21.96 

-21.98 -22.05 

-22.7 -22.75 

specimen metbod 

powder zero field, cw, extrapoL to 0 K 

powder zero field, superreg., extrapoL 

single crystal zero field, spin echo 

polycrystalline zero field, cw 

single crystal in field, spin echo 

thin film in field, spin echo 

specimen method 

S6 

powder zero field, ew 

-22.22 powder zero field, cw 

powder zero field, ew 

-22.18 powder? zero field, ew 

eubie Co film in field, superreg. 

polyerystalline zero field, cw 

single erystal zero field, ew 

powder + polyeryst. zero field, ew 

-22.23 powder zero field, ew 

-23.05 

...... 
0 
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..,. Table 2.3. Hyperfine field in hcp and fee Co at 4.2 K. The indices 11 and l refer to the 

direction of the hyperfine field wlth respect to the {00.1} direction in hcp Co. Biso denotes the 

isotropie part of the hyperfine field in hcp Co and Ban/ represents the anisotropic part (see 

also text) . 

.. Table 2.4. Experimental hyperfine fields of observed resonances In pure Co specimens and 
thelr ldentîficatlon with fee, hcp or stacklng taults (st . s6). The data are room temperafure 
values. The bottorn row contains the average value of the hyperfine field tor each atomie 
environment extrapolated to 4.2 K and rounded to 0.05 T. The extrapolat/on Is based on the 
observation that the shift In Bexp with temperafure Is approximately 1/near wlth Bexp [Str 61}. 

under pressure this leads, first of all, to a decrease of the net magnet ie moment (as 
can he seen from Table 2.5). This implies a decrease of the exchange polarization 
forces and thus the core polarization at the nucleus. The net magnetic moment also 
determines the valenee polarization at the nucleus, albeit in a more complicated 
way, so one might expect it to decrease too. However, the 4s electron density at the 
nucleus increases under pressure due to the (slight) squeezing of the valenee electron 
wave functions, thereby more than compensating the effect of the reduced magnetic 
moment. Consequently, the valenee contribution to the hyperfine field increases 
under pressure and the change in hyperfine field will be the net result of the oppo
site changes in the core and valenee spin densities (Jan 79]. 

For the ferromagnets Fe, Co, and Ni the data on the (isotropic) pressure depen
denee of the hyperfine field is collected in Table 2.5. As can be seen from the table, 
in Co and Ni the hyperfine field decreases (becomes more negative) under pressure, 
due to the outweighing of the change in core spin density by the change in valenee 
spin density, whereas in Fe it increases (becomes less negative), thus here the core 
contribution outweighs the valenee contribution (see also [Jan 79]). The differences 
between theory and experiment may originate from the {act that the theoretica! 
valnes of the pressure derivative of the hyperfine field represent second differences of 
small quantities (the change with pressure of the spin polarization, which is itself a 
very small fraction of the total charge density (Jan 79]). For Co the relation be
tween strain and hyperfine field is given by (Table 2.5) 

tlB' ---i!! = -1.17 ~ 
hf 

(2.11) 

where tl V denotes the change in atomie volume V. 
In thin films and multilayers the strain is usually due to a lattice mismatch 

between film and substrate or between the neighboring (different element) layers. In 
this case the compression or expansion results from the planar stress at the interface 
and, therefore, is in general non isotropie. For instance, for a (001.] or [111] fee film 
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Table 2.5. Change in the hyperfine field Bhf• saturation magnet/zat/on m5 and volume V In Fe, 
Co and NI at room temperature under isotropie pressure. The experlmental data are taken trom 

a: [Ben 61], b: [Lit 63], c: [And 66], d: [Rie 81], e: [And 64}, f: [Jon 60], g: [Rie 79}, h: [Kon 60} 
and i: [Kou 64]. The theoretica/ data for the pressure dependenee of the hyperfine field and 
the saturation magnetisation are taken trom [Jan 79]. 

element 
iJ . 

"HP ln Bhl iJ 
"HP In ros 

iJ "HiJ In V vfvln Bhf 
(TPa·l) (TPa-1) (TPa-1) 

exp. th. exp. th. 

Fe -1.64a·d -3 -3.th -4.8 -5. 78C 0.28 

Co 5.92C-f 3 -2.21 -1.7 -5.Q7C -1.17 

Ni 8.9c,d,g 7 -2.9h -2.1 -4.82C -1.8 

such an allisotropie expansion (or compression) reduces the symmetry from cubic to 
tetragonal or trigonal, respectively, and thus induces, besides the change in magni
tude, an anisotropy in the hyperfine field [Gro 91c]. For a [00.1] hcp film where the 
hyperfine field is already anisotropic, the magnitude of the anisotropy will be alter
ed due to the change in c/ a ratio. 

2.4 Changes in the hyperfine field due to "foreign" neighbor a.toms a.nd inter
faces. 

As discussed in the previous sections, the hyperfine field in magnetically order
ed materials sterns from the contact field (which originates from core polarization, 
"transferred" polarization and valenee s moment), the dipolar field and the orbital 
field. A change in the local environment, e. g., by substitution of a neighboring 
atom by an atom of a different element ("foreign" atom), may affect all these con
tributions to the hyperfine field. In this section we will discuss the effect of "for
eign" atoms, starting from (recent) calculations and experimental results for alloys 
and impurity systems. The discussion will, however, be limited to mainly the effect 
on the contact field since, firstly, it is by far the largest contribution to the hyper
fine field and, secondly, little to nothing is known about the change in dipolar or 
orbital fields on alloying. 

The substitution of a host atom by a "foreign" atom, or impurity, can, in prin
ciple, alter the hyperfine field of the neighboring atoms in two ways. First, the core 
polarization and valenee s moment contri bution to the hyperfine field of these atoms 
may change since their magnetic moment can be altered. The magnitude and range 
of this moment disturbance depends very strongly on the ( combination of) alloying 
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Rgure 2.1. Hyperfine field Bhf of Cu atoms surrounding a Co lmpurlty as 
a tunetion of the dlstance rja to the lmpurity Co atom (a denotes the fee 
lattlce constant). The circles denote the calculated values, the squares 
are experimental results and the dashed I/ne is a guide to the eye. The 
data Is taken from [Drl 89b}. 
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elements. For instance, for Fe and Co impurities in Ni practically no Ni host distur
bance occurs whereas for the early 3d impurities in Ni, or Co and Ni impurities in 
Fe, the magnetic disturbance may extend up to the fifth shell [Ste 87, Kaj 80, 
Liv 77, Cab 76, Dri 89a, Cam 66]. At the basis of the change in magnetic moment 
lies the difference in electrastatic potential (i. e., nuclear charge) between "foreign" 
and host atoms, which is locally screened within the 3d band in order to maintain 
local charge neutrality. If the screening is not completely performed within the 
Wigner-Seitz cell of the "foreign" atom, charge and spin density disturbances a
round that atom occur which, in turn, give rise to the changes in local moment (see, 
e. g., [Kat 79, Ste 87, Zei 87, Ded 91]). 

Apart from this, the "foreign" atom alters the hyperfine field of its neighbors 
because it brings about a change in the "transferred" polarization contribution. The 
range of the perturbation can be rather extended as is observed in, a. o., studies of 
the hyperfine field of atoms around impurities. For instance, for Cu containing 
magnetic impurities, where the Cu atoms do not possess well-defined local magnetic 
moments, hyperfine fields have been observed for atoms up to the seventh shell 
around the impurity ([Ato 78, Boy 76, Sta 76, Dri 89b] and references therein) . An 
interesting additional feature of these hyperfine fields , i. e., the induced s polariza
tion, is that the sign oscillates as function of the distance to the impurity a torn (Fig. 
2.1). This can be understood if it is realized that the "transferred" s polarization in 
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Rgure 2.2. 11/ustration of the effect of a potential disturbance by a 'for

elgn• atom on the scattering of the (d partlal wave tails of the) host 
valenee electron wave tunet/ons. For didactica/ purposes it is assumed 
that only majority spins .,eer the potentlal disturbance and are attracted 

by it. The lower half of the tigure shows the resultant oscillatlon In the net 
spin density, i. e., the ditterenee in local denslty between unperturbed 
mlnority valenee e/ectrons and scattered majority electrons. 

{act arises from a scattering process [Kat 79, 80]: The presence of a magnetic impu
rity introduces a local potential disturbance which causes a scattering of the host 
valenee electrons. For the d partial wave tails of the host valenee electron wave 
functions the potential disturbance and thus the scattering is different for minority 
electrons and majority electrons because of the exchange splitting. This results in a 
phase difference between the scattered majority and minority electron wave func
tions, i. e., the majority electrens are spatially somewhat contracted around the 
impurity and the minority electrens slightly repelled ( or vice versa, depending on 
the energy of the scattering states with respect to the potential) [Kat 79, 80, 
Aka 90, Won 90]. This phase difference produces a net valenee spin polarization 
whlch oscillates as a function of distance to the impurity atom (see also Fig. 2.2). In 
case of impurities in magnetic materials the "transferred" polarization is determined 
by the difference in the exchange splitting between the impurity atom and the host, 
i. e., the difference in their magnetic moments [Blü 87, Dri 89a]. 

The hyperfine field of the "foreign" atom itself is also altered from its bulk 
metal value, actually through the same mechanisms as sketched above, i. e., a 
change of the local moment and a change of the "transferred" contribution [Aka 90, 
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Blü 87, Zel 87). For sake of completeness we mention that in the case of early 3d 
impurities in Fe, Co or Ni the hyperfine field of the impurity atoms can be antipar
allel to that of the host atoms, because their local moment may be antiferromagneti
cally coupled with the neighboring host moments. This arises because for these 
elements the antibonding d-d hybrids (or virtual bound states) have crossed the 
Fermi-level and thus their majority d-states are unoccupied. Therefore, local 
charge neutrality can only be achieved by filling up the minority states, which re
sults in impurity moments aligned opposite to the host moments (for more details 
see [Ste 87, Zel 87, Ded 91, Blü 87]). 

From the above one might expect that in NMR experiments atoms up to four 
or five shells around the "foreign" atom can be discriminated by their hyperfine 
fields. However, in most experiments the linewidth limits the number of observable 
satellites so that only the atoms with the largest change in hyperfine field, i. e., the 
nearest neighbors of a "foreign" atom, can be distinctly observed. The other shells 
contribute to the (inhomogeneous) broadening of the resonance lines. From an ex
perimental point of view it is therefore usually assumed, and in the case of diluted 
alloys also theoretically verified [Blü 87], that the hyperfine field of an atom is 
determined mainly by its nearest neighbors. 

In the case of more concentrated alloys the hyperfine field is in essence deter
mined by the same mechanisms as in diluted alloys [Ebe 87, 88b, 90]. Moreover, in 
such alloys contributions to the hyperfine field from neighboring shells of atoms are 
in good approximation additive and each contributioil depends linearly on the accu
pation number of the corresponding shell ([Ebe 87, 88b] and also the experimental 
data in Table 2.6). This suggests that the hyperfine field data on ( diluted) alloys 
can indeed serve as a reference for the interpretation of the observed hyperfine field 
in multilayers. Ab initio calculations for a [001] Co/Cu sandwich seem to support 
this view, i. e., a difference between the hyperfine field of Co atoms at the interface 
and "bulk" atoms of about 11.5 T was calculated [Li 90], whereas the value extrapo
lated from experiments on diluted alloys is approximately 8 T ( cf. Table 2.6). Tak
ing into account that in the calculations the dipolar and orbital fields are neglected 
and the contact field is (slightly) overestimated this seems to be a reasonable agree
ment . 

Finally, we note some remairiing aspects concerning hyperfine fields. Firstly, 
apart from changes in the contact field also changes in the dipolar and orbital fields 
can be important, especially for the interface atoms in, e.g., multilayers. This may, 
for instance, result in an anisotropic contribution to the hyperfine field or to slight 
changes in the nearest neighbor effect compared to diluted alloys. Secondly, the 
distribution of the "foreign" atoms over the neighbor shells in a multilayer is essen
tially different from that in an alloy. If the hyperfine fields are interpreted as due to 
only nearest neighbors this may result in slight apparent differences in the nearest 
neighbor effect compared to diluted alloys. Finally, at interfaces the electric field 
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Table 2.6. Experimentally obseNed hyperfine field of Co in some diluted alloys. Bhfi denotes 
the hyperfine field of a Co atom with i .,oreign• element atoms as nearest neighbo/ The col

umn denoted "Other• contains the hyperfine field of Co atoms having a .,oreign' atom in the 

second nelghbor she/1 (unless speclfied otherwise) and no .,orelgn• atoms in the nearest 
nelghbor she/1. The data refer to a: liquld helium temperafure and b: llquid nitrogen tempera:
ture. 

element Bhf,O 8 hf,1 8 hf,2 8 hf,3 Bhf,ll 8 hf,12 Other Ref. 

(T) (T) (T) (T) (T) (T) (T) 

Ti -21.6 -17.5 -13.9 -20.4 Sha 79a 

-21.6 -17.7 Kob66b 

V -21.6 -17.8 -14.4 -19.9 Sha 79a 

-21.6 -17.5 -15.5 -13.6 Kaw8oa 

-21.6 -17.4 Kob 66b 

-21.6 -17.5 -21.1 t Rie 69a 

Cr -21.6 -17.6 -14.0 -19.9 Sha 79a 

-21.4 -17.6 Kob 66b 

4.4 6.6 Koh 75a 

-22.4 - 17.9 -13.3 -8.5 Yos 91a 

Mn -21.6 -17.9 -20.2 Yas na 

-21.6 -20.0 Sha 79a 

Fe -21.6 -22.6 Sha 79a 

-28.7 Pie 83a 

Ni -21.6 - 20.9 -20.0 Sha 79a 

-21.62 -20.89 -20.14 -19.4 -21.43 Rie 6sa 

-12.9 -12.0 Str 65a 

Cu -21.6 -19.7 Nas 72h 

-21.6 - 19.7 - 17.9 Nas 74h 

- 21.62 -19.8 -17.9 -16.2 LeD 9oa 

-21.4 -20.1 Kob 66b 

? -21.0 Sha 79a 

Nb -21.4 -16.7 Kob 66b 

Al -21.3 -19.1 Kob 66b 

t: denoted to Co atom wlth Jmpurity in only the thlrd nelghbor shell. 



Magnetic hyperfine field 17 

gradient is different (mostly larger) from the value in "bulk" [Kör 82). This results 
in an increased effect of the quadrupale interaction which, in genera!, gives rise to 
an extra line broadening. 

APPENDIX A 

A.l. Hyperfine field anisotropy. 

In case of an anisotropic hyperfine coupling it is, in genera!, convenient to write 
A as the sumofan isotropie eontribution ~so and an anisotropie {dipolar-like) part 
A'. This gives for the hyperfine field 

{Al.l) 

where 1 represents the unity tensor, Aiso = i(A11 + A22 + A33) with Aii the diago
nal elementsof A and A' = (A- Ai501). Since the anisotropic eontribution to Bhf is 
mueh smaller than the isotropie eontribution the magnitude of Bhf can be approxi
mated by: 

{A1.2) 

where A:. are the principal componentsof A'. This equation expresses that, in first 
11 

order, only the component of A'· (S) parallel to the magnetie spin (S) affects the 
magnitude of Bhr· 

In polar eoordinates Eq. {Al.2) beeomes 

(Al.3) 

with Biso = Aisol (S) 1/{'r'h) and Bi= A;d (S) 1/('y'h). 
In the special case of uniaxial symmetry ( e. g., hcp Co or tetragonally distorted 

[Oöl) fee Co) A~1 = A~2 = -~A~3 and Eq. (A1.3) eonverts to 

(A1.4) 

with Bani = B3 = A~3 1 (S) I/( -y'h). Eq. (A lA) is frequently used in a somewhat 
different form: 
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(A1.5) 

where the indices 11 and 1 refer to the axis of symmetry, B 1 = Biso- !Bani and 

Bil = Biso+ Bani· 

A.2. Determination of hyperfine field anisotropy. 

In Co the anisotropic con tribution I A'· (S) I is much smaller than the isotropie 
con tribution I Aiso (S) I and, therefore, the hyperfine field Bbi is, effectively, anti
parallel to the electronic magnetic moment. Since the direction of the ( electronic) 
magnetic moment can be varied through application of an external magnetic field, it 
is actually possible to measure the orientation dependenee of the hyperfine field. 
There are, however, some complications. Firstly, the electronic magnetic moment is 
not collinear with the applied field Bappl' because of the magnetic anisotropy of the 
electron spin system, except in the case where Bappl is sufficiently high and applied 
parallelor perpendicular to the a.xls of symmetry. Secondly, the contribution of the 
dipolar field Bdip to the total magnetic field at the nucleus depends on the shape of 
the sample and, for non spherical samples, also on the orientation of the external 
field. 

The equilibrium direction of the magnetization M8 of the electron spin system, 
characterized by the angle 0 with the normal to the film plane, follows from minimi
zation of the free energy density F, 

(A2.1) 

The first two terros in this equation represent the magnetocrystalline anisotropy 
energy up to second order, the third term denotes the geometry dependent magneta
statie energy (the factor ! results from the fact that every pair of dipales should 
only be counted once), and the last term represents the Zeeman energy with a the 
angle between Bappl and the normal to the film plane and it is assumed that Ba 1 
is large enough to saturate the magnetization. If we describe the combined effecf~f 
(first order) magnetocrystalline anisotropy and magnetostatic energy by an effective 
anisotropy constant K1 eff we arrive at the well known equilibrium condition for the 
direction of the magnedzation 

[
2K 4K ] 

)Jseff + ~sin20 sinO cosO + Bapplsin(B-a) = 0. (A2.2) 

2K1 eff/M8 and 4K2/Ms are aften referred to as the first and second order effective 
' 
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anisotropy fields, respectively. lf K 1 eff• K2, and M8 are known ( e. g., from other 
experiments) the orientation of M8 'and thus that of Bhf can be calculated. The 
magnitude of Bhf in that orientation follows from (Eq. (2.9)): 

27rf = 'YI Bhf + Bdip + Bappll (A2.3) 

where fis the NMR resonance frequency. After some goniometry this equation con
verts to 

{ [ 2d)2 2 . 2 } 1 + 1J - I Bappl + Bdipl sm ( <P-0) 2 (A2.4) 

where <P denotes the angle between (Ba 1 + Bdip) and the normal to the film 
plane. Bdi can be numerically calculate~Kom Eq. (2.7) or, for not too thin films, 
it can be fpproximated by the classica! continuurn limit for a thin plate of infinite 
si ze, 

(A2.5) 

where ez is the unit vector parallel to the normal of the film plane. 
Using the above equations, the angular dependenee of the hyperfine field can be 

determined from NMR experiments at various directions of BaJ>pl' In principle the 
angular dependenee of Hhf can also be determined by varying the orientation of Bhf 
by applying Ba pl perpendicular to the preferential direction of the magnetization 
and varying itf magnitude (see, e. g., [LeD 86, 89]). The magnetization is then 
forced out of its easy direction with the turning angle determined by the magnitude 
of Bappl , i.e., the orientation of the hyperfine field depends on the magnitude of 
Bap 1. It should be noted, however, that because this method involves relatively 
low helds the magnetization is not necessarily saturated and domain walls are likely 
to exist within the sample. Therefore, Eq. (A2.2) is formally no longer valid and 
complications may arise in the analysis of the spectra to deduce Bh.r ( cf. Chapter 3). 

Frequently it is not necessary to determine the detailed orientation dependenee 
of the hyperfine field, but it is sufficient to know whether Bhf is anisotropic or not 
and to have an estimate of the magnitude of the anisotropy. In such cases we can 
use that for sufficiently high external fields there are two orientations of this field 
where Ms (and thus Bhr) is parallel to it. If we express the dipolar field in termsof 
Eq. (A2.5) we can simply rewrite Eq. (A2.3) as 

(A2.6) 
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for the field applied parallel to ez (the normalto the film plane), and 

(A2.7) 

for the field applied perpendicular to ez. The hyperfine field anisotropy now simply 
follows from combination of Eqs. (A2.6) and (A2.7): 

(A2.8) 

Finally, we note that if the hyperfine field anisotropy is known Eq. (A2.8) can 
also be used to determine J..L0M5, whereas Eqs. (A2.3) and (A2.2) can be used to 
determine JL0M5 and local values for the anisotropy constants K1 eff and K 2. , 
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Spin Echo NMR, Experimental 

A brief descrlptlon of the spin echo NMR set up is glven. The derlvation of the hyperfine 

field distrlbutlon from the data Is dlscussed, as well as the phenomena whlch affect the spin 

echo lntensity In ferromagnetic metals, i. e., enhancement, RF field inhomogeneitles, spin-spin 

relaxation and experimental resolution. 

3.1 Experimental. 

In essence, the task of an NMR experiment is to generate a time varying mag
netic moment which can be detected through the EMF it induces in an appropriate
ly placed receiver coil. In our experiments the spin echo technique [Hah 50] was 
employed using a sequence of incoherent RF pulses. 

The experimental apparatus is schematically given in Fig. 3.1. The RF pulses 
are obtained from a pulsed oscillator (MATEC Corp., model 6600), which delivers 
an output power up to "'1 kW into 50 n in the frequency range 1-700 MHz. The 
signa! of the pulsed oscillator is applied to a LC-circuit tuned to the desired fre
quency,· which supplies an alternating magnetic field to the sample under investiga
tion. An attenuator (ATT) is inserted to prevent frequency pulling of the RF oscil
lator. The spin echo signa! picked up by the LC-circuit is applied to the receiver 
input via a broad band pre-amplifier (1-250 MHz, noise figure = 2dB, gain 18 dB) 
and a hybrid TEE, which provides 40 dB isolation between the transmitter output 
and the pre-amplifier input. The envelope of the spin echo signa!, which appears at 
the receiver output, can be displayed directly on a memory scope and -if desired
processed by a boxcar integrator data acquisition system (DAS). The pulsed RF 
oscillator is controlled by an external microprocessor based pulse sequence genera
tor. In the experiments described in this thesis the applied pulse sequence is a 
2n/3 2n/3 detection sequence. These 27r/3 pulses (duration "'1 fLS, typical separation 
r~ 15 fLS) affect the motion of the nuclear moments in such a way that at a time r 
after the second 27r/3 pulse a spin echo occurs, of which the magnitude is propor
tional to the nuclear magnetization, i. e., corresponds to the number of nuclei reso-
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Rgure 3. 1. Schematic drawing of the spin echo NMR set up. A: carbon glass thermometer, B: 

capacitor, C: shielding, D: sample ho/der, E: sample + coi/. 

nating at the selected frequency. In general the spin-spin relaxation time (T2, typi
cal 150 JLS or larger) was that large that the duration of the 27r/3 - 27r/3 pulse se
quence was not critica!. 

Depending on the frequency range different LC-circuits were used. These cir
cuits are constructed in such a way that they can be inserted directly in the bore of 
a superconducting split pair magnet, allowing magnetic fields up to 6 T to be ap
plied parallel, perpendicular or at an arbitrary orientation to the film plane. The 
insert used for the experirnents on Co nuclei is shown in Fig. 3.1 in more detail. The 
experiments are mainly performed at T"'1.4 K (lowest temperature achievable by 
pumping the liquid 4He bath) and T= 4.2 K. The temperature of the sample is 
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obtained from the reading of a carbon-glass resistance thermometer, which is locat
ed well outside the main RF field. A gold plated Cu tube is mounted around the 
LC-circuit to minimize piek up of spurious RF signals. 

The LC-circuit depicted in Fig. 3.1 was operated in the frequency range 110 
MHz-500 MHz. It consists of a coil of which the mid tap is connected to the 50 0 
coaxialline entering the cryostat from the top. The coil is wound closely around the 
specimen, which in general consists of two multilayered films which are put together 
facetoface and subsequently wrapped in PTFE (teflon) tape. Each outer end ofthe 
coil is connected to a variabie capacitor, of which the other terminal is grounded. 
Due to the large peak RF power sometimes required for the experiments, high volt
ages develop across the LC-circuit, which appeared to cause electrical breakdown of 
various commercially available capacitors. For this reason cylindrical capacitors 
with PTFE as dielectric material were constructed and proved to be more reliable. 
Another advantage of these capacitors is that they can conveniently be adjusted by 
rods which leave the cryostat via the top flange. Tuning and impedance matching at 
the desired frequency was achieved by minimizing the reflected RF power. In gener
al the loaded Q factors of the LC-circuits used in our experiments amounted to 
about 250 at 1.4 K. This value appeared to be a good compromise between resolu
tion (band width), signa! intensity, ringing effects and frequency span. 

From the selected resonance frequency f and the magnitude of the applied field 
Bappl the hyperfine field Bhf can be calculated using the relation (see section 2.1) 

(3.1) 

where Bdip is the dipolar field at the nucleus due to the electronk magnetic mo
ments inside the sample and 'Y is the nuclear gyromagnetic ratio 
( -yj21r = 10.054 MHz/T for 59Co [Wal 67]). In the limiting case of the applied field 
parallel to the film plane (i. e., no demagnetization contribution from Bdi ) this 
relation reduces to p 

(3.2) 

where B1 is the Lorentz field, i. e., the isotropie part of the dipolar field Bdi . In 
this thesis we will adapt the convention to refer to the sum of Bhf and B1 af the 
hyperfine field Bhf at the nucleus, so that Eq. (3.2) transfers to the well known 
relation 

(3.3) 

As can be seen from this equation there are, in principle, two ways of determining 
experimentally the hyperfine field distribution, viz., varying the frequency at a fixed 
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Figure 3.2. NMR spectrum of a 1000 Á Co single film recorded at 
T = 1.4 K by means of the field sweep method with the appiied magnetic 

field Bappl parallel to the film plane and at a frequency f= 190 MHz. The 
scale at the top shows the magnitude of the hyperfine field Bhf as 

derived trom Bappi and f using Eq. (3.3). 

value of the applied field (aso called frequency spectrum) or sweeping the magnetic 
field at a fixed frequency (a field swept spectrum or field sweep ). As an example 
Fig. 3.2 shows a NMR spectrum of a Co single film recorded by a field sweep. This 
figure shows the spin echo intensity of the Co nuclei as function of the applied mag
netic field or, through Eq. (3.3), the hyperfine field Bhf· Each line in this spectrum 
corresponds to a specific local environment (Bhf) and the intensity of the line re
flects the number of atoms in that environment. 

In principle both methods yield the same results (see, however, the discussion 
insection 3.2). Yet, the spectra depicted in this thesis are mainly recorded by field 
sweeps for the following practical reasons. First, the determination of the hyperfine 
field distribution by means of a frequency spectrum necessitates retuning the LC
circuit, receiver and RF pulse generator at every selected frequency. This is rather 
time consuming since the widths of the spectra commonly exceed 50 _MHz while the 
resolution needed is Nl MHz. Secondly, a frequency spectrum should be corrected 
for the frequency dependenee of the set up. For sensitivity reasons changing the 
sample in our set up implies changing the coil of the LC-circuit and therefore the 
frequency dependence. Because no calibration facilities were implemented in the 
insert (it was originally designed for spin-lattice relaxation measurements where the 
frequency dependenee is of no importance [Tin 86]) an accurate determination of the 
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frequency dependenee is complicated. 
Finally a comment should he made on the determination of the (absolute) 

value of the hyperfine field from Eq. (3.1) to (3.3). According to these equations the 
magnitude of the shift in the resonance frequency upon a change in the applied 
magnetic field ( and vice versa) is solely determined by the gyromagnetic ratio 'Y of 
the nuclei under investigation. This is however not absolutely true. The small, but 
non negligible, Pauli spin susceptibility of the 3d and 4s electrons, the orbital (Van 
Vleck) paramagnetism of the incompletely degenerate electron bands, and the dia
magnetism of both the core electrons and the electrons in the filled portion of the d 
bands, give rise to an extra shift of the NMR line proportional to the applied field 
[Wal 67]. This can be taken into account by replacing the gyromagnetic ratio "Y in 

Eq. (3.3) by an effective gyromagnetic ratio "Yeff ( "Yefrf27r ~ 10.25 MHz/T [Wal 67, 
Fek 76]). Although the difference between "Y and "Yeff is smal! it may introduce sig
nificant errors in the comparison of the spectra of different samples, if the spectra 
are not recorded at the same frequency (field sweeps) or at the samefield (frequency 
spectra). Furthermore, if an accurate absolute value of Bhf is required or if frequen
cy spectra need to be compared with field sweeps, the magnitude of Bhf should be 
determined by a linear extrapolation to zero field from a plot of resonance frequency 
versus resonance field (cf., e.g., [Fek 76]). 

3.2 Spin echo intensity. 

The magnitude of the spin echo signal developing after the 27r/3 - 27r/3 pulse 
sequence is determined by several effects as, for instance, the geometry of the exper
imental arrangement, loss of phase coherence of the nuclear spins, and enhancement. 
This section aims to elucidate these effects and their consequences for the accuracy 
of the inferred hyperfine field distribution. 

The rotation of the magnetization M around the local magnetic field B0 with 
frequency 27rf = "'fBo induces an oscillatory flux in the receiver coil. Using the prin
ciple of redprocity the EMF E in the coil can be expressed as [Hou 76] 

E = K27rfB1 tMt V 8cos(21fft) 
) 

(3.4) 

where B1 t is the component perpendicular to B0 of the RF magnetic field B1 that 
would be 'produced, at the sample position, by a unit current in the receiver coil, K 
(::;1) is an "inhomogeneity factor" accounting for the inhomogeneity of B1 within 
the sample volume, Mt is the component of M perpendicular to B0, Vs is the vol
ume of the sample, and phase has been neglected. The magnitude of Mt is given by 

[Hah 50] 



Element A I r/27f m eQ a bundance relative sensitivity zero field sensitivity 

(MHz/T) (i'N) (lo-28 m2) (%) enriched nat . abund. enriched nat. abund. 

Sc 45 7/2 10.343 4.749 -0.22 100 1.09 1.09 

Ti 47 5/2 2.400 0.658 7.3 0.0076 0.00055 

49 7/2 2.4005 1.18 5.5 0.0136 0.00075 

V 50 6 4.2450 3.341 0.24 0.201 0.00048 

51 7/2 11.19 5.139 -0.04 99.76 1.38 1.38 

Cr 53 3/2 2.4065 -0.474 9.55 0.0033 0.00031 

Mn 55 5/2 10.501 3.444 0.55 100 0.633 0.633 

Fe 57 1/2 1.3758 0.0902 2.19 0.000122 2.7·10-6 5.61 0.123 

Co 59 7/2 10.054 4.616 0.40 100 1 1 1.86•10 4 1.86•104 

Ni 61 3/2 3.8047 -0.749 1.2 0.0129 0.00016 2.89 0.347 

Cu 63 3/2 11.285 2.226 -0.16 69.1 0.337 0.233 

65 3/2 12.089 2.385 -0.15 30.9 0.414 0.128 

Zn 67 5/2 2.663 0.873 0.15 4.1 0.0103 0.00042 
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... Table 3.1. Nuclear properties (data taken trom [Lee BB]) and (relative) spin echo NMR sensf
tivity tor the 3d-elements. A denotes the mass number, I Is the nuclear spin, "f is the nuclear 

gyromagnetic ratio, m is the nuclear magnetic moment (In multiples of the nuc/ear magneton 

J.L,.j and eQ denotes the e/ectrlc nuc/ear quadrupale moment. The re/ative sensitivity is calcu
lated on basis of Eq. (3.4) to (3.6) and refers to the magnitude of the spin echo signa/ in a 
magnetic field of 5 Tin the (electronic) non magnetJe state and is normalized to unity tor (non 
magnetic) Co. The zero field sensitivity is calculated uslng the experimenta/ values tor the 
hyperfine field In the ferromagnetlc state assuming a (bulk) enhancement factor 1J ~ 1000. The 
columns subheaded •enriched• and •nat. abund. • refer to the sensltivity tor a 100 % lsotopica/ly 

enriched sample and a sample with natura/ abundance of the isotapes respectivily. As a refer
ence, at a temperafure of 1.4 K about 1000 ML (mono/ayers) on 1 cm2 are needed to acqulre 
a signa/ to noise ratio of unity tor non magnetic Co in a magnetic field of 5 T; Ferromagnetic 

Co in zero field requires about 19.000 times less material, i. e., 0.06 ML on 1 cm2. 

(3.5) 

where a is the turning angle of the applied RF pulses, tw is the duration of the 
pulses, ris the separation between the pulses, 1J is the enhancement factorand T2 is 
the spin- spin relaxation time. M0 is the total magnetic moment generated by N 
nuclei per unit volume in thermal equilibrium at a temperature T, 

(3.6) 

where I is the nuclear spin angular moment, in accordance with Curie's law. As an 
example Table 3.1 compares nuclear properties and the magnitude of M0, i. e., the 
spin echo NMR "sensitivity", for the 3d-metals. 

From combination of Eqs. (3.4), (3.5) and (3.6) tagether with 2rl = "fBo it 
fellows that the EMF induced in the coil is proportional to the square of the Larmor 
frequency f and the total number NV8 of resonating nuclei, and inversely propor
tional to the temperature T. The equations also express the functional dependenee 
of the EMF on T2, 1J and K. The effect of the latter parameters on the NMR spec
trum, however, is more complicated since their magnitude may vary within the 
same spectrum, depending on the physical properties of the sample at the resonance 
frequency and applied field. In the following subsections we will therefore outline 
the fundamentals of the phenomena governing T2, 1J and K and discuss the implica
tions for the NMR spectra. 
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3.2.1 RF field inhomogeneities. 
The inhomogeneity of the RF field essentially results from two phenomena: the 

geometry of the experimental arrangement, i.e., the inhomogeneity of B1 due to the 
geometry of the coil, the proximity of conductors, etc., and the skin effect. The 
former reduces the signal strength directly through a loss of 11sensitivity 11 in parts of 
the coil. An extra reduction occurs because of the non optimum excitation condi
tions (pulse turning angie at 27r/3) in those parts of the coil. The details of the 
geometry also determine the frequency dependence. 

The skin effect causes the RF field to damp exponentially within the conduct
ing sample. The characteristic penetration depth, the skin depth 6, is given by 

6 = [~]~ J.LW . (3.7) 

where p is · the specific resistance of the sample, J.L is the magnet ie permeability of the 
sample and w = 21ff is the frequency of the RF field . For Co at 1.4 K and 
f = 200 MHz 6 amounts to typically 0.1 J.Lm. The finite penetration depth of the RF 
field reduces the spin echo intensity in two ways. First, only nuclei within a distance 
6 from the surface of the sample are excited, which means a reduction of the effec
tive sample volume contributing tothespin echo. Secondly, in these 11surface" lay
ers the RF field is strongly inhomogeneous, due to the exponential damping with 
penetration distance, which results in non optimum excitation conditions (at 27r/3) 
in part of the sample. When the sample thickness exceeds 26 both effects result in a 
reduction of spin echo intensity which is frequency dependent due to the frequency 
dependenee oH (Eq. (3.7)) . 

Thus, inhomogeneities in the RF field lead to a signal reduction which, in gen
era!, is frequency dependent . This may affect the relative intensities in a NMR 
frequency spectrum but does not affect the relative intensities in a NMR spectrum 
recorded (at constant frequency) by means of field sweeps. We note, however, that 
in the case of giant magnetoresistance effects (e. g., [Bai 88, Par 90]) in the sample a 
field sweep can also be affected because of the dependenee of 6 on the resistance p 

(Eq. (3. 7)), but, in genera!, these effects will only be important at low magnetic 

fields (Bappl < 1 T). 

3.2.2 Nuclear spin-spin relaxation time. 
The loss of phase coherence between the nuclear spins during the spin echo 

pulse sequence, characterized by the spin- spin relaxation time T 2, is due to interac
tion between the nuclear spins. The stronger the interaction, the quicker phase 
coherence is lost (and thus the smaller T2). In ferromagnets (and antiferromagnets) 
the spin-spin relaxation is determined by the (direct) dipolar coupling between the 
spins and the (indirect) Suhl-Nakamura (SN) interaction (Suh 58, Sub 59, Nak 58] . 
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. lt should be noted that the SN theory has been worked out formally only for a 
Heisenberg ferromagnet whereas Co is an itinerant-electron ferromagnet . Experi
ments, however, show that the SN theory is in good agreement with the data 
[Bar 69, Sha 70, Sha 80] . 

The SN interaction, which in low magnetic fields dominates the spin-spin re
laxation time, can be envisaged by the following process: A nuclear spin flip at site 
1 creates a virtual magnon through the transverse part of the nucleus-electron hy
perfine interaction. The virtual magnon is then annihilated by another spin flip at 
site 2. The net result would be a mutual, almost simultaneous, spin flip at sites 1 
and 2, i. e., an effective spin-spin interaction. Because mainly small-q magnons are 
involved the SN interaction is long ranged. The "strength" and range of the SN 
interaction are strongly reduced on application of a magnetic field, leading to higher 
spin-spin relaxation times, since in a ferromagnet application of a magnetic field 
will drastically change the density of states of small-q magnons [Bar 69). The SN 
interaction is also affected by the presence of microscopie inhomogeneities, e. g., 
strains, imperfections, different element neighbors, etc. [Bon 69) . Such inhomogenei
ties cause the hyperfine field to vary microscopically from site to site and may pre
vent a mutual spin flip of two nuclei if the difference between their Zeeman energies 
exceeds the strengthof the interaction between them. The nuclei which, because of 
their disturbed environment, cannot be relaxed by the SN interaction are relaxed by 
the (weaker) dipolar coupling which acts (also) between nuclei of different Zeeman 
energy. This results in loriger transverse relaxation times . 

A NMR spectrum of a multilayer essentially consists of lines corresponding to 
nuclei with different environments. Consequently, T2 varies throughout the spec
trum. Wben accurate relative intensities of the lines in a spectrum are required, T2 
for each line should be determined and the spin echo intensity should be corrected 
( cf. Eq. (3.5)). This is especially important for spectra recorded in low or zero mag
netic field where the SN coupling is strong and thus T2 is relatively short compared 
wîth the pulse sequence duration 2r. 

3.2.3 Enhancement. 
When NMR was observed for the first time in ferromagnetic materials it was 

noted that the required RF power was much less and signa! intensity was much 
larger than expected [Gos 59, Por60]. The enhancement mechanism for both the 
applied RF field and the nuclear induction signa! was readily . recognized to arise 
from the presence of the large local fields at the nuclei of the magnetic atoms associ
ated with the large magnitude of the electron spin magnetic moment (S} [Gos 59, 
Por 60] . In !act, the majority of the quanturn resonant transitions of the nuclear 
spins are not induced by direct action of the external variabie RF magnetic field B1 
(with a frequency f N Larmor frequency) but by the variabie part of the internal 
local field induced by the field B1, i.e., the dynamic (transverse) component of ~oe 
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( = Bhf + Bdip). The enhancement factor is directly proportional to the angle 8 
through whkh (S) is turned by the transverse field B1 (see for instanee [Tur 72, 
Nar 67]}. 

As an example we will consider the excitation of the nuclear resonance in a 
single domain ferromagnet in which the nuclear spins are quantized along a z-axis 
which is defined by the direction of the electronk magnetization in the absence of 
B1. We assume that this direction coincides with the orientation of a magnetizing 
field B which is composed of an effective anisotropy field Ba ( cf. chapter 2) and an 
external field Bappl· We also assume that the electronk resonance frequency lies far 
above the nuclear frequency (no frequency pulling, [Gen 63, Brö 78]). A weak trans
verse RF field B1 then produces an angular displacement 8 of (S) and hence of Broc 
as depicted schematically in Fig. 3.3. 
The total effective driving field becomes 

(3.8) 

with 

{3.9) 

where the latter relation holds if B1 < (Bappl+Ba)· 
The driving field is therefore enhanced by a factor 71, the enhancement factor, which 
is directly proportional to the local magnetic field at the nucleus and inversely 
proportional to the field whkh provides the restoring torque. For 59Co Bloc ~ 22 T 

z 
(S} 

Rgure 3.3. mustration of the determination of the enhancement factor of 

the RF field, TJ = Bloc,l i Bt 
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and for (Ba 1+Ba) =2 T we obtain 1J ~ 11. (It must be noted that, in principle, the 
presence ofPfuadrupole interaction may slightly affect the effective magnitude of TJ 

[Lüt 84, Mee 79]). 
As quoted above, not only the RF driving field is enhanced but also the nuclear 

induction signa!: Through the hyperfine interaction the precessing nuclear 
magnetization induces a coherent precession of the (entire) electronic magnetization. 
The total transverse magnetization is (1-_TJ)(l} 1 and therefore the induced signa! in 
the receiver coil is also enhanced by (1-1}) (cf. Eq. (3.5)). 

In multidomain ferromagnets the response of the macroscopie magnetization to 
weak external fields involves domain wall displacements rather than "domain" 
rotations [Por 60, Mur 65, Tur 72]. Consequently, the local magnetization inside a 
domain wall experiences a particularly strong rotation resulting in very large en
hancement factors [Por 60, Che 87]. In typical cases the signa! from a multidomain 
ferromagnet is one to two orders of magnitude stronger than the conesponding 
single domain signa!, despite the fact that the walls only constitute a small fraction 
of the total sample volume. Typical values fm TJ for a nucleus inside a domain wal! 
are TJ "' lOL 104. 

When searching for unknown resonances or in case of small samples it is clear 
that the enormons enhancement of the wall resonance is of great advantage. Unfor
tunately, the continuons variation of the direction of the magnetization within the 
domain walls, the possible distribution of magnetic anisotropy as wel! as the distri
bution of enhancement factors within and between the domain walls complicates the 
interpretation of the data (see, e. g., [Ste 67, But 73, Bla 81, Mur 65, Pan 82, 
Rie 89]). It is evident that these problems do not occur in the single domain regime, 
i. e., with applied magnetic fields larger than the saturation field. The drawback is a 
large rednetion of the enhancement factor which necessitates the use of larger sam
ples. Correction of the NMR spectrum for the variation in 1J is necessary but rela
tively simple: The correction for the enhancement of the RF field is automatically 
incorporated in adjustment of the turning angle a to its optimum value 27r/3, the 
enhancement of the spin echo signa! is taken into account by division by (1-1]) when 
processing the raw data. In the case of, for instance, the magnetic field applied 
parallel to the film plane and in-plane magnet ie anisotropy (Ba= 0 and Bloc= Bhr) 
the correction factor is given by 

(3.10) 

wh.ich follows from combination of Eqs. (3.3) and (3.9). 

3.2.4 Effect of experimental resolution. 

In Eqs. (3.4), (3.5) and (3.6) we only considered the contribution to the spin 
echo of nuclei resonating at exactly the same frequency. In genera!, however, also 
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Table 3.2. Gompi/ation of phenomena which may complicate a quantltative interpretat/on of 
NMR spectra and a comparison of their effect In the case of 'frequency• spectra and 'field" 
spectra. 

Factor "Frequency" spectrum "Field" spectrum 

Frequency dependenee Cabbration necessary No effect 

of equipment 

fl dependenee of Correction necessary (simple) No effect 

spin echo intensity 

RF field inhomoge- R.elative intensities affected No effect 

neities through frequency dependence. 

R.ecalibration necessary when 

coil ( or sample) is changed. 

T 2, spin-spin relax~ Affects re.lative intensities May affect relative intensi-

ation time through frequency dependence. ties. For high fields 

ZerQ (Qr Jow) magn!ltic field: (Bappl ~ 1.5 T) T2> 2r and 
- T 2 short -+ large effect effect is negligible. 

- T 2 varies within resonance 

line depending on position 

nucleus within domain wall 

-+ T 2 should he determined 

at every selected frequency 

High field (Bappl ~ 1.5 T): 
T 2> 2r -+ effect negligible. 

Enhancement factor Zero (or low) magnetiç field: Domain rotation enhancement -+ 

11 Domain wall enhancement -+ little signa! enhancement. 

enormous signa! enhancement. Correction for effect on 

Complications: relative intensities is 

- frequency dependent distri- necessary (but simple). 

bution of 11 

- continuons variation of 

magnetization direction 

- frequency pulling ( see, 

e.g., [Gen 63, Tur 72)) . 

High field (Bappl ~ J1.0M5) : 

see field spectrum. 
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nuclei at resonance frequencies slightly different from f contribute to the spin echo 
signal. The frequency content of the spin echo signa! is determined by the experi
mental resolution, i. e., by the range of frequencies excited by the 27r/3 pulses, 
which is determined by the shape and duration of the excitation pulses and the 
magnitude of (1-17)B1 t (Bah 50, Bla 81], and the bandwidth of the LC-circuit (Nl 
MHz). This manifests 'itself in the NMR spectrum by a minimum linewidth equal to 
the resolution, regardless of the intrinsic linewidths, i. e., a "smoothing" of the 
spectrum occurs. For 59Co the minimum intrinsic linewidth for pure, wel! annealed, 
single crystals of very good sphericity is about 1 MHz (0.1 T) (Fek 78]. Hence it is 
expected that in the case of polycrystalline thiil films this "smoothing" will have 
relatively little effect on the shape of the spectrum. 

It should be noted that we have tacitly assumed that the off-resonance contri
butions to the spin echo are independent of the exciting frequency. In zero or low 
magnetic fields, however, the strong frequency dependent domain wall enharicement 
factors result in a complicated shape of the spin echo signa! (Ste 67, Dea 70]. In such 
cases reliable results can only be obtained by evaluation of the Fourier component 
of the spin echo at the exciting frequency (Boh 75a, Boh 75b, Zin 74] . 

3.2.5 Frequency spectrum versus field swept spectrum. 
From the preceding subsections it is evident that the phenomena governing the 

spin echo intensity cause complications in the quantitative interpretation of the 
NMR spectra. Table 3.2 summarizes the most important aspects, enabling a com
parison of the roerits of a frequency spectrum and a field swept spectrum. 
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Thin Co Films 

In thls chapter the use of NMR as a tooi lor the structural analysis of Co films Is illustrated 

and a comparlson is made wlth X-ray diffraction. Most of the chapter Is devoted to the structur

al study of Co films wlth a thlckness of 1000 Á grown by MBE at temperatures between -33 °C 

and 800 °C as a lunetion of growth temperature and type of substrate. In addltion, the effectlve 

magnetic anisotropy of the films has been measured and Is related to the structural phase 

composltlon. In the last part of this chapter the lnfluence of deposition method, evaporatlon rate 

and after treatment Is briefly lllustrated. 

4.1 Structure and (local) magnetic anisotropy of MBE grown Co films.t 

One of the interesting topics in the field of layèred magnetic materials is the 
anisotropy. Due, primarily, to the fact that the magnetic anisotropy is composed of 
surface and volume related contributions the resulting anisotropy of multilayered 
systems can be tailored by changing the volume to surface ratio. The most promi
nent example in this respect is the change in preferential direction of the magnetiza
tion for small layer thicknesses of the magnetic element from the commonly shape 
induced in-plane orientation to the direction perpendicular to the plane (for a re
cent review see, e. g., [Jon 93]). 

So far, the vast majority of experimental investigations has been focussed al
most exclusively on the understanding and quantification of the surface contribution 
whereas the volume contribution has received comparatively little attention. Yet, 
the analysis of the anisotropy of (multi) layered systems in terms of surface and 
volume contributions yielded values for the latter contribution which, in general, 
could not be identified (straightforwardly) with known bulk values. Typical exam
ples in this respect are Co based multilayers. In these systems, which are among 
todays most extensively stuclied systems, the "effective" volume magnetic anisotro
py is not a priori evident because of the eoeristenee of a fee and hcp phase which 
differ appreciably in magneto crystalline anisotropy and whose formation depends 

t to be submitted to Phys. Rev. B 
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sensitively on preparation conditions like growth temperature, choice of substrate, 
combination of elements which are grown, etc .. 

In order to obtain a better insight into the relation between magnetic anisotro
py and structure we started a study of a partienlar basic example: a thin Co film. 
Inevitably, such a research also camprises a study on the effect of growth conditions 
such as, e. g., choice of substrate and growth temperature, on the crystallographic 
structure of the Co films. In this artiele we report the results of these studies. 

4.1.1 ~rinl~tal. 

The Co films were prepared at Philips Research Laboratories by MBE. The 
base pressure was 10-11 mbar and the pressure during growth about 10-to mbar. The 
deposition rate was 0.3 Áfs and the total thickness of the films amounted to 1000 Á. 
Mica (001], oxidized silicon (111], and glass were used as a substrate. On each type 
of substrate a series of samples was prepared which differed only in the substrate 
temperature during growth. Growth temperatures between -33 °C and 800 °C were 
used and the films were deposited simultaneously on the different substrates. In this 
way for each growth temperatrire the effect of the substrate and for each substrate 
the effect of the growth temperature could be studied. For the glass substrates only 
temperatures up to 500 °C could be used because of the melting of the substrates at 
higher temperatures. 

For a fast overall characterization of the sample quality X-ray scattering was 
employed with the scattering vector normal to the film plane. Both 8:28 scans and 
rocking scans were taken. The better quality samples were also studied on a local 
nanoscopic scale using nuclear magnetic resonance (NMR) . The NMR experiments 
were performed with an incoherent spin echo spectrometer in magnetic fields Iarger 
than the magnetic saturation field of the films, at a temperature of 1.4 K and at 
frequencies ranging between 180 and 195 MHz. By using a superconducting split 
pair magnet, fields up to 6 T could be applied at any angle with the film plane. 

A vibrating sample magnetometer was used to determine the field dependenee 
of the magnetic moment at room temperature for the magnetic field applied parallel 
and perpendicular to the film plane. The accuracy in the determination of the mag
netic moments was approximately 3%. From flux-gate magnetometry experiments 
the paramagnetic contributions to the total magnetic moment from the mica and 
glass substrates were found to be significant only at temperatures well below room 
temperature. The strength of the magnetic anisotropy was determined from the 
areas enclosed between the parallel and perpendicular magnetization loops. 
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4.1.2 Chara.cterization. 

4.1.2.1 X-Ray Diffraction Measurements. 
In Fig. 4.1 some typical results of 0:20 scans are shown. The figure shows the 

(logarithmically plotted) diffracted intensity for a set of Co films grown at different 
temperatures T on oxidized silicon. All scans were taken ex situ at room tempera
ture. As can be clearly seen from the diffraction profiles the intensity (and width) of 
the diffraction peaks depends on the growth temperature. For samples grown at low 
temperatures the profile consists of a dominant background on which some weak 
reflections are superimposed. These weak refledions at 28 ~ 41.6o, 47.5° and 44.4° 
correspond to, respectively, the (10.0) hcp, (10.1) hcp, and (111) fee or (00.2) hcp 
Bragg peak. The strong broadening of the (10.1) hcp peak is characteristic for the 
presence of numerous extended dislocations [Hou 58, 60]. The fact that the intensity 
of the peaks is comparable to the intensity of the background, as well as the mere 
presence of peaks of camparabie intensity corresponding to different crystallographic 
orientations, strongly indicate a poor texture and smal! coherence lengtbs as would 
be typical for a polycrystalline film. 

When the growth temperature exceeds 200 °C, the Bragg peak corresponding to 
the (111) fcc/(00.2) hcp orientation starts to dominate the diffraction profile. lts 
intensity increases and is accompanied by a decrease in width. The Bragg peaks due 
toother crystallographic orientations remain low in intensity or disappear (for tem
peratures above 300 °C), indicating a langer coherence length and an improved 
texture of these films, i. e., an impravement of the film quality. When the growth 
temperature is increased above 500 °C the film quality reduces somewhat as is evi
denced by the slight decrease in intensity of the (111) fcc/(00.2) hcp Bragg peak and 
the development of the (200) fee Bragg reileetion at 28 ~ 51.6°. 

The XRD profiles for the films grown on glass and mica substrates are not 
shown here but camparabie to those shown in Fig. 4.1. The films grown on glass, 
however, showed a strongly reduced intensity of the (111) fcc/{00.2) hcp Bragg peak 
and an about four times more intense background. This indicates that these films 
are strongly polycrystalline with a poor texture. On the contrary, the films grown 
on mica substrates showed an intensity of the {111) fcc/(00.2) hcp Bragg peak 
which was about one order of magnitude larger compared to the films on oxidized 
silicon, implying a far better film quality. 

The variatien in Bragg intensity points to significant changes in texture and 
caberenee length as a function of the growth temperature and the substrate. More
over, from the data in Fig. 4.1 also a change in position of the (111) fcc/(00.2) hcp 
Bragg peak as a function of the growth temperature can be observed, indicating 
changes in the perpendicular lattice spacing. Since the lattice spacing in fee Co 
along the [lll] direction is slightly different from the spacing in hcp Co along the 
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106 --------~----~--~----~--~ 
fee hcp fee hcp 

T= 100 ·c T=300 ·c 

T=400 ·c T=soo ·c 

T = sso ·c T=soo ·c 

45 50 
28 (0 ) 28 (0 ) 

Rgure 4. 1. Serles of Cu Ka 8:28 scans of Co films with the scattering vector normal to the film 
plane as a tunetion of the growth temperafure T. The films were grown on oxidlzed silicon .. 
Note that the lntensities are plotred on a logaritmie scale. The main peak at 28 ~ 44.4° corre

sponds to the (111) fcc/(00.2) hcp Bragg peak. The arrows denote the posltion of this Bragg 
peak in case of pure bulk fee Co and hcp Co, respectively. The weak peaks at 28 ~ 41.ffl, 

47.SO and 51.ffl correspond to, respectively, the {10.0) hcp, (10.1) hcp and (200) fee Bragg 
peak. 

[00.2) direction, this implicates changes in the structural phase composition. In 
order to obtain more detailed information on coherence lengths and structural phase 

composition some extra 8:28 scans of the {111) fcc/(00 .2) hcp and (222) fcc/(00.4) 

hcp Bragg peaks were taken and also the texture of the films was probed by rocking 

scans of these Bragg peaks. 
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Texture. In Fig. 4.2 the full width at half maximum derived from the rocking curves 
is displayed as a function of the growth temperature. It is obvious that both growth 
temperature and choice of substrate are of significant importance for the texture of 
the films. The data support the conclusions obtained from the 0:20 scans, i. e., poor 
texture up to 200 oe, improved texture above this temperature, and superior tex
ture for the films grown on mica substrates. Noteworthy is that for all three types of 
substrate the texture impraves dramatically when the growth temperature exceeds 
200 °C. This seems to indicate the existence of a critica! temperature below which 
the mobility of the Co atoms, once deposited, is too low to rearrange themselves 
according to the orientation imposed by the substrate. The observed line shape of 
the rocking curve for the films grown on mica at 200 °C, i. e., a narrow line superim
posed on a much braader one, can he considered indicative of the approach of such a 
critica! temperature. 

Lattice spacing and coherence length. In Fig. 4.3 some typical results are shown of 
0:20 scans of the (222) fcc/(00.4) hcp Bragg peak. Inspeetion of the figure reveals 
that in general the diffraction peaks are composed of more than one line (the Ka 
doublet is considered to he one single line of composite shape) differing in position 
and linewidth. Since the position of the peaks in the diffraction profiles is related to 
the perpendicular lattice spacing, and thus the structural phase, this indicates that 
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Figure 4.2. Fu/1 wldth at half maximum of rocking curves taken at the (111) 
fcc/(00.2) hcp Bragg peak of Co films as a tunetion of the growth 

temperature. The results reflect the texture tor Co films grown on glass 
substrates (diamonds), oxldized silicon substrates (circles) and mica 

substrates (squares). The lines are guides to the eye. 
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Rgure 4.3. Cu Ka X-ray 8:28 scans of Co films with the scattering vector normal to the film 

plane. Shown is the region around the (222) fcc/ (00.4) hcp Bragg peak. The arrows denote 
the respectlve pos/tions of the (222) fee and (00.4) hcp Bragg peak tor pure single phased Co. 

The diffraction profiles in the upper half of the tigure are taken trom Co films grown on oxf
dized silicon grown at 500 °C and 650 °C, respectively. The diffraction proflies in the iower 
haff of the tigure are taken trom Co films grown on mica at 500 °C and 650 °C, respectiveiy. 

most of the films are not single phased. The dependenee of the position and relative 
intensities of the composing lines on growth temperature and substrate also implies 
a temperature and substrate dependent structural phase composition of the films. 
To quantify this the Bragg peaks were fitted using Lorentzians. For each diffraction 
peak the Ka doublet was taken into account by using two Lorentzians of equal 
width, which were coupled in position through the wavelengtbs of the Cu Kal and 
Ka2 radiation and in strength by their intensity ratio of 0.4. The results for the 
interplanar spacing and out of plane coherence length as obtained from the fits are 
shown in Figs. 4.4 and 4.5, respectively. 

Figure 4.4 shows the results for the interplanar spacing d as a function of the 
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represents an average value, since tor the film grown on mica at 650 °C 
the corresponding part of the diffraction peak consisred of more than one 

fine which could not accurately be resolved In the fit. 
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growth temperature. The data was calculated from the position of the peaks using 
the Bragg law. The dotted lines in this figure denote the respective d-spacings for 
the pure bulk phases. Inspeetion of the figure reveals that for most films more than 
one d-spacing is observed, reflecting the mixed phase character of these films, and 
that the value of the d- spacings depend on the growth temperature. The occurrence 
of Bragg peaks with a d-spacing deviating from the value for bulk fee and bulk hcp 

Co indicates that numerous stacking faults are present in these films [Pat 52, 
Seb 87]. It is, however, impossible to conclude from the data whether these faults 
correspond to hcp-like stacking faults in a fee phase or fcc-like stacking faults in a 
hcp phase or perhaps to a combination of both. This also makes it virtually impossi
bie to obtain from the measurements quantitative information about the relative 
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amounts of the fee and hcp phase. The data do reveal, however, the practically 
single phased hcp character of the films grown on mica at 500 °C and the practically 
single phased fee character of the films grown at 850 oe. 

In Fig. 4.5 the out of plane coherence length is plotted as a function of the 
growth temperature. The data was calculated from the width of the Bragg peaks 
using the Scherrer equation (any textbook on X-ray diffraction, e.g., [Cul 78]) and 
is related to the "out of plane" dimensions of the crystallites as well as the number 
of stacking faults and the presence of strain [Hou 58, 60, Pat 52, Seb 87, Cul 78]. 
Inspeetion of the figure reveals an overall increase of the coherence length with 
growth temperature. The data also show that up to 400 °C the coherence length is 
almost independent of the substrate. Above this temperature the coherence length 
for the films on oxidized silicon continues to increase monotonically, whereas the 
coherence length for the films on mica shows two maxima. Since at these high 
growth temperatures the size of the crystallites can be expected to equal the film 
thickness the data can be considered to reflect the variation in the number of stack
ing faults, i. e., a large coherence length indicates a low number of stacking faults. 
This is supported by the fact that the films with the largest coherence length are 

practically single phased and have d-spacings close to the bulk fee or hcp values. 

Summarizing, the X-ray diffraction data show that the film quality and the 
structural phase composition of Co films strongly depends on the choice of substrate 
and growth temperature. The films grown on mica substrates have a very good 
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texture and also show the most pronounced variation in structural phase composi
tion, i. e., from almost single phased hcp to fec. A determ.ination of the relative 
amount of each structural phase present in the films appeared not possible because 
of the · presence of stacking faults . These cause the effective interplanar spacing to 
deviate from the pure bulk fee and hcp values; making it impossible to determine if · 
it corresponds to a (faulted) fee phase or a {faulted) hcp phase. A successful study 
on the relation between structure and magnetic anisotropy requires such a knowl
edge. Therefore we also studied these films by NMR since, as will be discussed be
low, this technique allows a direct quantitative discrimination between atoms in a 
fee, hcp, and stacking fault environment. 

4.1.2.2 Nuclear Magnetic Resonance Measurem.ents. 
A nuclear magnetic resonance {NMR) experiment measures the nuclear Zeeman 

splitting by inducing transitions via radio-frequency electromagnetic radiation. 
Since this splitting is partially brought about by magnetic and electric interactions 
with neighboring ions, NMR provides, in principle, a local probe of the structural 
and magnetic properties. For a detailed discussion of the relation between the local 
environment and the magnetic field at the nucleus, i. e., the hyperfine field, the 
reader is referred to Chapter 2. Here it is sufficient to know that the magnitude of 
the hyperfine field is characteristic for the local structure and that the anisotropy of 
the hyperfine field reflects the local symmetry. These features enable one to discrim
inate uniquely between atoms in a fee, hcp or stacking fault environment. 

A starting point for the interpretation of the spectra is the relation 

{4.1) 

where t:.E denotes the nuclear energy level splitting, f is the NMR resonance fre
quency, 'Y is the nuclear gyromagnetic ratio ('Y/2rr = 10.054 MHz/T for 59Co), Hap 1 
denotes the applied magnetic field, Bdip represents the magnetic dipolar field at t~e 
nucleus resulting from all electronk Co moments, and Bhf is the hyperfine field . For 
the special case of the applied field parallel to the film plane, i. e., no demagnetiza
tion contribution from Bdip' this equation reduces to the well known expression 

( 4.2) 

where the conventi.on is adapted to refer to the surn of the Lorentz field and Bhf as 
the actual hyperfine field Bhf" The minus sign in the equation arises from the fact 
that in Co the hyperfine field is effectively anti parallel to the magnetic moment. 
Using this relation the hyperfine field Bhf can be calculated from the selected reso
nance frequency f and the magnitude of the applied field Bappl· In principle, this 
gives two ways to determine the hyperfine field distribution experimentally, viz., 
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Figure 4.6. NMR spectrum of a 1000 Á Co film grown on mica at 300 ° C, 

as recorded by means of the field sweep method at a frequency of 190 
MHz and a temperature of 1.4 K. Clrcles and squares denote the data 

recorded wlth the applied magnetic field B appl parallel and per
pendieu/ar to the film plane, respectively. The arrows denote the reso
nance fields of bulk fee and hcp Co. The overall shift in resonance field 

tor the spectrum with Bappl perpend/cu/ar to the film p/ane compared to 

the spectrum with Bappl perpendicular to the film plane is caused by the 
demagnetlzation part of the dipolar field (IJ.oMs ~ 1.80 T). 

varying the frequency at a fixed value of the applied field or sweeping the magnetic 

field at a fixed frequency. Here the latter methad is used. 
A typical example of a NMR spectrum of a Co [lllj film is shown in Fig. 4.6. 

Thls figure shows two spectra of the same film recorded with the magnetic field 
applied parallel ( circles) and perpendicular (squares) to the film plane, respectively. 
The (overall) shift between the spectra is due to the presence of the demagnetizing 
field for Bap 1 perpendicular to the film plane. Four distinct resonance lines can be 
distinguisheif. The most intense peak has a resonance field corresponding to that of 
bulk fee Co and is therefore assigned to Co atoms in the fee phase. The signals at 
the high field side of this fee line may be attributed to both stacking faults and the 
hcp phase [Tot 63, Brö 78, Kaw 72J ( cf. Chapter 2) . On basis of the resonance fields 
(or, equivalently, Bhf) alone a decisive discrimination between these phases cannot 
be made. However, by recording the spectrum with the field applied perpendicular 
as well as parallel to the film plane, use can be made of the fact that the hyperfine 
field of hcp Co is anisotropic by an amount of 0.86 T (at liquid helium tempera
tures, [Kaw 72, Fek 78]) whereas fee Co and stacking fanlts have an isotropie (or, in 
the case of stacking faults, nearly isotropic) hyperfine field. Thls implies that, if in 
the sample hcp Co is present, the conesponding resonance line in the spectra record-
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Figure 4.7. NMR spectra of 1000 Á Co films grown on mica showing the varlation in structure 

as funtion of the growth temperature. The spectra were recorded at a frequency of 190 MHz 
wlth the magnetic field applied parallel to the film plane and at a temperafure of 1.4 K. The 
spectra are corrected tor receiving enhancement. 

ed with the field applied perpendicular and parallel to the film plane, respectively, 
will shift 0.86 T less than the (isotropic) fee line. This is exactly what can be ob
served in Fig. 4.6 for the line at 3.7 T (field parallel). Inspeetion of the figure, how
ever, also reveals that rotating the orientation of the field with respect to the film 
plane does not shift the complete line intensity. This is due to the existence of 
stacking faults with the same magnitude of the hyperfine field as hcp Co (i. e., for 

the field parallel to the film plane). It must therefore be stressed that care should be 
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taken in assigning lines on basis of the magnitude of the hyperfine ( or resonance) 
field alone. 

In the way described above, we are able to determine what phases exist within 
the Co layer film, since the spin echo intensity of a line is proportional to the num
ber of atoms in the conesponding environment , to deterroine the amount of Co in 
each phase. This gives the possibility to study the effect of manipulation of prepara
tien conditions on the structure in a systematic way. Figure 4.7 contains an example 
of such a study. In this figure the NMR spectra for the Co films grown on mica 
substrates at different growth temperatures are compared. As can be clearly seen 
from the spectra the relative amount of the phases changes with the temperature. 
At low temperatures the fee phase and stacking faults dominate. This is in fact 
remarkable, since for bulk Co below 425 °C hcp is the stabie phase [Han 58]. When 
the growth temperature exceeds 200 °C the number of stacking faults starts to de
crease in favor of the pure fee and hcp phase. Note that this is also the critica! tem
perature for the dramatic impravement in texture, as was discussed in the previous 
section. At still higher temperatures hcp becomes the stabie phase, until at 500 °C 
airoost the complete sample consists of hcp Co, as was also found by XRD. When 
the growth teroperature is further increased the percentage hcp phase decreases 
again in favor of the fee phase and in accordance with the bulk phase transition. 
Figure 4.8 summarizes these results in a more quantitative way. 

Finally we should stress that the results shown in Fig. 4.8 are specific for Co 
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Figure 4.9. NMR spectra of 1000 A Co films grown at a temperature of 
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constant frequency of 190 MHz and at a temperature of 1.4 K. The 
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films grown by MBE on mica, i. e., the relative amount of the crystallographic 
phases and its temperature dependenee is also strongly influenced by, for instance, 
the choice of substrate, as was also indicated by the X-ray data. This is illustrated 
in Fig. 4.9. In this figure the hyperfine field spectra are compared of two 1000 A Co 
films grown at 500 oe at the sametime and under the same conditions but on differ
ent substrates. The Co film grown on mica shows a spectrum corresponding to al
most single phased hcp, whereas the spectrum of the film grown on oxidized silicon 
corresponds to that of a mixture of (a bout equal amounts of) fee, hcp and stacking 
faults. 

The detailed knowledge of the structure of the Co films forms a good starting 
point for a study on the relation between the structure and the magnetic anisotropy 
of the electron spin system. This topic will be discussed in the next section. 

4.1.3 Magnetic anisotropy. 

The magnetic saturation moment and magnetic anisotropy of each Co film were 
determined using a vibrating sample magnetometer. Some typical results are shown 
in Fig. 4.10. This figure shows the magnetic moment as a function of the applied 
field at room temperature for two Co films grown on mica at temperatures of - 33 oe 
and 500 °C, respectively. The film grown at -33 °C shows an almast "square" paral
lel loop and a linear perpendicular loop which saturates at magnetic field strengtbs 



48 Chapter 4 

N' 11 E 0 
<( T5 = -33 C .::; 5 
ë 
Cl) 

E 
0 0 
E 
(.) 

""$ 
c -5 Ol 
(Ij 

E (a) 

N' 
E 0 
<( T5 = 500 C .::; 

5 
ë 
Cl) 

E 
0 0 E 

.S2 
êi) 
c 

-5 Ol 
(Ij 

E (b) 

-1.000 -500 0 500 1000 

H (kA/m) 

Rgure 4. 10. Magnetic moment as a tunetion of the applied magnetic field 
H tor two Co films grown on mica substrates at -33 °C and 500 °C, 
respectively. The figures show the results tor the magnetic field applied 

parallel and perpendicular to the film plane, respectively denoted by 11 

and l. The loops were recorded at room temperafure by means of a 

vibrating sample magnetometer. 

larger than 1300 kA/m. These features indicate a dominant in-plane anisotropy. 

The measurements on the film grown at 500 oe reveal a considerably more complex 

behavior. This might indicate a variatien of the magnetic anisotropy within the 

sample (Met 93]. 

The magnitude of the magnetic anisotropy can be deduced from the measure

ments by the determination of the area enclosed between the parallel and the per

pendienlar loops. The results for the Co films grown on mica are shown in Fig: 4.11. 

This figure depiets the strength of the total magnetic anisotropy Ktot at room tem
perature as a function of the substrate temperature during growth . The circles de

note the experimental data. The magnetic anisotropy of the films grown at low 
temperatures is fairly constant and almost equals the magnetic dipolar (shape) 

anisotropy Kdip of -1.27 MJ/m3 (fora bulk Co film with p.0Ms = 1.79 T). However, 
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when the growth temperature exceeds about 300 oe, the magnitude of the magnetic 
an.isotropy rapidly decreases until, at approx:imately 500 °C, Ktot reaches a value of 
-0.64 MJjm3• Within the experimental accuracy thls equals the value for a film 

consisting of only bulk hcp Co at room temperature (Ktot = Kdi +Kmc hcp = 
-0.65 MJ /m 3, where Kmc,hcp refers to the sum of the first and secon;J> order ~agne
to crystalline anisotropy constants of hcp Co [Suc 54, Ono 81]). When the growth 
temperature is further increased the magnitude of Ktot increases again towards the 
value of the magnetic dipolar anisotropy. 

This variation of the magnetic anisotropy between the value for bulk hcp Co 
and the value for pure magnetic di po lar anisotropy ( which implicates no hcp ), sug
gests arelation to the presence of the hcp phase. In {act, as can beseen from a com
parison of Figs. 4.8 and 4.11, the dependenee of the magnetic anisotropy on the 
growth temperature strongly resembles the variation with growth temperature of 
the relative amount of hcp Co in these films . It is therefore tempting to interpret 
the magnetic an.isotropy in terros of a simple model in which the effective total 
anisotropy Ktot is determined by the "structural phase average" over the sample: 

Ktot = Kdip + xKmc,hcp +(l-x)Kmc,fcc (4.3) 

Here x represents the relative amount of the hcp phase present in the film, Kmc fee 
) 
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denotes the magnitude of the magneto erystalline anisotropy of bulk fee Co, and 
Kmc hcp and Kdi have already been cliscussed. For practical purposes the last 
term' on the right ~and side in Eq. (4.3) may be neglected, since Kmc fee is practi
cally zero [Rod 62]. Within the model stacking faults are treated on the same foot
ing as the fee phase. An indication that this is justified follows from the NMR meas
urements, which reveal that for Co atoms within a stacking fault the resonance 
frequencies, or, equivalently, Bhf• have a similar angular dependenee as the fee Co 
line. 

The crosses in Fig. 4.11 denote the results of a calculation basedon Eq. (4.3) 
and the experimentally determined amounts of the different phases as shown Fig. 
4.8, assuming bulk Co room temperature values for the magneto crystalline and 
dipolar anisotropy. It is obvious that the qualitative behavior of the magnetic ani
sotropy is well reproduced and, in view of the simplicity of the model, the agree
ment between experimental and ealculated data is rather good. 

The results discussed above indicate that on a macroscopie level the overall 
anisotropy of the Co films can he described to a reasanabie degree of accuracy by a 
simple average over the various volume fractions. Physically such an average will he 
obtained bath when the electron spins are strongly exchange coupled, as well as 
when they are virtually uncoupled as, e. g., rnight occur in a film consisting of sepa
rate crystallites of hcp Co and fee Co. If the film consists of uncoupled crystallites 
of two different structural phases, the saturation field is different for these two 
phases and the perpendicular magnetization loop would be expected to show a linear 
increase of the magnetic moment, which changes slope at the saturation field of the 
hcp phase. As can heseen from a comparison of Figs. 4.10a and 4.10b, the introdue
tion of hcp Co at higher growth temperatures yields indeed more complicated M(H) 
curves whieh might reflect separate contributions from a fee and hcp magnetization 
fraction. However, the available magnetization data does not permit a detailed 
analysis and conclusions about the coupling of the magnetic moments. 

An alternative approach is the deterrnination of the 11local11 anisotropy, i. e., 
within each individual phase, as can be obtained by NMR. The behavior of the 
hyperfine field is related to the behavior of the electronic magnetic moment (Bhf is 
anti parallel to the magnetic moment) and, moreover, it can he probed individually 
for the fee and hcp phase because their respective hyperfine fields are different .. 
Actually, the determination of the local anisotropy by NMR is based on the fact 
that, due to the presence of magnetic anisotropy, the magnetic moment (and there
fore also the hyperfine field) is retarded with respect to the external field when an 
external field is applied at an angle with the film plane. Because NMR effectively 
measures the vector sum of external field and hyperfine field ( cf. Eq. ( 4.1)) the 
retardation of the hyperfine field manifests itself in the ( angular dependenee of the) 
resonance frequency (or, equivalently, resonance field) . 

Table 4.1 contains the local magnetic anisotropies Kloc NMR as determined , 
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Table 4.1. Local anisotropy Kloc NMR at a temperature of 1.4 K tor the fee phase and hcp 
phase in [111]/{00.2} 1000 Á CÓ films grown on mica substrates at 400 °c and 500 °C as 
der/ved trom the NMR measurements. Kloc,NMR Is obtained trom fits to the equilibrium con
dition tor the local electron spin moment of the angle between the hyperfine field at resonance 
(i. e. , the local magnetJe moment of the electron spin system) and the applied magnetJe field 

tor various out of plane directions of the applied field. Kloc,NMR must be compared with the 
total magnetic anisotropy Ktot,bulk at 1.4 K of bulk fee and hcp Co, respectively, which Is 
defined as the sum of the first and second order bulk anisotropy constants including the 

magnetlc dipolar anisotropy of -1.27 MJjm3. Ktot,cal represems the total anisotropy as calcu

lated trom Eq. (4.3) using the values tor Kmc,hcp at 1.4 K and the results displayed in Fig. 4.7 
(see text) . All anisotropy values are in units of MJjm3. 

sample fee hcp Ktot,cal 

K!oc,NMR Ktot,bulk Kloc ,NMR Ktot,bulk 

Co on mica ( 400 oe) -1.12 ± 0.04 -1.27 -0.84 ± 0.15 -0.42 -0.90 

Co on mica (500 oe) -0.90 ± 0.06 -1.27 -0.45 ± 0.09 -0.42 -0.47 

from such data for the Co films grown on mica at 400 °C and 500 °C. For compari
son in the table also the bulk anisotropy values at 1.4 K, Ktot bulk• and the anisot
ropies Ktot cal as calculated from Eq. ( 4.3) are included. Inspeetion of the table 
reveals that' on an atomie scale the magnetic anisotropies differ from the bulk single 
phase values and that this difference depends on the ratio between the amounts of 
hcp and fee in the films. This evidences the strong coupling between the moments of 
the various structural phases and, therefore, indicates that the multiple phase ebar
aeter of the films arises from growth faults within the crystallites rather than from 
the combined presence of single phased fee and hcp crystallites. The variation in 
local anisotropy for the different phases also shows that on a nanoscopic level the 
concept of one single average anisotropy is somewhat oversimplified. 

4.1.4 Concluding remarks. 

Using X-ray diffraction and nuclear magnetic resonance the effect of substrate 
and growth temperature on the quaJity and structural phase composition of 1000 Á 
thick Co films was studied. For growth temperatures up to 200 °C the films show, 
almast independent of the type of substrate, a state of strong polycrystallinity with 
a moderate texture. Above this temperature the texture strongly impraves and the 
number of stacking faults in the films decreases. The best film quality is obtained 
for mica substrates and a growth temperature between 400 oe and 500 oe. 

The structural phase composition of the films appeared to be strongly depen
dent on growth temperature as well as on the type of substrate and was different 



52 Chapter 4 

from that expected from the bulk phase transition. This supports the experimental 
observations that in multilayers the actually realized structure is determined by the 
choice of base layer and non magnetic intermediate layers rather than by the bulk 
phase transition [Sch 91, Gro 91, Boh 92a, Mén 92]. The experiment& also reveal 
that with NMR unique quantitative and qualitative information on the local nano
scopic structural phase can be obtained, more specifically, it is very easy to discrim
inate between fee, hcp, and stacking faults. As such, in a structural analysis NMR 
forms a valuable complement to, e. g., X-ray diffraction and TEM. 

Using the structural information obtained from NMR and XRD the relation 
between the overall magnetic anisotropy and the structural phase composition was 
studied. It appears that the magnetic anisotropy reflects the structural phase com
position of the films. The magnitude of the magnetic anisotropy could be well de
scribed by a simple model based on a compositional averaging of the bulk anisotro
pies. The local anisotropy for each separate phase was determined from the NMR 
measurements and indicated a strong coupling between the magnetic moments of 
the atoms in the fee and hcp phases. The variation of the local anisotropy within the 
film also shows that on a nanoscopic level the concept of one single average anisot
ropy is somewhat oversimplified. 

4.2 Some effects of the preparation conditions on the structure of Co films stud
ied by NMR and X-ray di:ffraction. 

In the previous section the influence of the temperature during growth and the 
type of substrate was discussed for a particularly basic example, a thin Co film. In 
this section we will discuss some examples of the influence of other conditions like 
deposition method, evaporation rate, ion bombardment during growth and after 
treatment ( annealing) on the structure of such films. The examples which will be 
discussed do not form a complete study of such effects but are intended as an mus
tration of the complexities involved in the growth and structural analysis of films 
and multilayers. Especially, they show that better X-ray diffraction profiles do not 
necessarily imply an improvement of the nanoscopic structure, but that in fact even 
the opposite, a worse nanoscopic structure, may be the case, and that for films with 
identical X-ray profiles the nanoscopic structures may still he different. 

The Co films were prepared at the Philips Research Laboratories by molecular 
beam epitaxy (MBE), ion beam sputtering (IBS) and HV evaporation on substrates 
of oxidized silicon. The films prepared by MBE were grown at -36 oe and room 
temperature with an evaporation rate of 20 Á/s and 0.3 Á/s, respectively. For the 
films grown with 0.3 Á/s also the effect of annealing for 24 h at 200 °C was studied. 
The sputtered and HV evaporated films were grown at room temperature. In the 
latter case the evaporation rate was about 10 Á/s. In case of the spottered samples 
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films were prepared with and wit,hout bombardment with Ar• ions during growth. 
The structure of the films was analyzed by NMR and conventional X-ray diffrac-
tion. 
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Figure 4. 12. NMR spectra and X-ray diffraction profiles (Cu Ka 8:28 scans) of 1000 Á Co films 

grown at room temperafure on oxidized silicon by MBE (top), HV evaporat/on (middle) and IBS 

(bottom). The arrows denote the position in case of bulk tee and bulk hcp Co. The NMR 
spectra were recorded at 1.4 K wlth the magnetic field applied parallel to the film plane. 
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4.2.1 Deposition methocl. 

The X-ray diffraction profiles and NMR spectra of the Co films grown at room 
temperature by MBE, HV evaporation and IBS, respectively, are shown in Fig. 
4.12. We will first concentrate on the X-ray diffraction profiles. Inspeetion of the 
figure shows that the profiles for the MBE and HV grown films are very similar. 
The low intensity of the Bragg peaks as well as the presence of Bragg peaks corre
sponding to different crystallographic orientations and the relatively high intensity 
of the background are indicative for the strong polycrystallinity of these films, i. e., 
a poor texture and small coherence length (cf. section 4.1.2). In comparison, the 
X-ray profiles of the sputtered films show much better developed Bragg peaks. 
Rocking scans of the (111) fcc/(00.2) hcp Bragg peak revealed that this is due to the 
much better texture of these sputtered films (see Table 4.2). The presence of a rath
er well developed (10.0) hcp Bragg peak shows that, although the films have good 
texture, in part of the sputtered samples the crystallographic orientation is at right 
angles to the overall texture, i. e., the (00.2) axis is parallel to the plane of the film 
instead of perpendicular to it. 

A comparison of the NMR spectra of the films reveals that on an atomie level 
the structure clearly depends on the deposition method. It is remarkable that the 
NMR spectrwn for the MBE grown film differs significantly from that of the HV 
evaporated film despite the almast identical X-ray profiles. For the HV evaporated 
film the relative nwnber of Co atoms in a fee environment is clearly larger and the 

Table 4.2. Goherenee length L obtained trom the Co (111) fcc/(00.2) hcp Bragg peak and 
width 8 (FWHM) of rocklng scans of this peak tor some films grown by molecular beam epitaxy 
(MBE), ion beam sputtering (IBS), ion beam sputtering with Ar• bombardment during growth 
(IBS-bomb) and HV evaporatlon. 

growth growth evaporation L ó 
metbod temp. (°C) ra te (Á/s) (Á) (0) 

MBE Room temp. 0.3 180 ± 20 32 

MBE -36 20 130 ± 10 22 

IBS Room temp. - 340 ± 30 5.5 

90 ± 10 

IBS- bomb Room temp. - 300 ± 30 4.4 

HV evap. Room temp. 10 165 ± 10 -
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number of stacking faults is lower. Rotation of the applied field from parallel to 
perpendicular to the film plane yielded almost identical spectra. This strongly sug
gests that for both films the relative amount of hcp Co is very small. 1t must be 
noted, however,_ that in this case of poor texture such a condusion is not straightfor
ward. Because the hyperfine field for hcp Co is anisotropic the variation in orienta
tion of the hcp {00.2) axis may result in a broad hyperfine field distribution be
tween, in principle, Bhf = 21.74 Tand 2~.60 T. The texture of the film is reflected 
in the width and shape of this hyperfine field distribution. For textures with a 
FWHM of the (00.2) rocking curve less than approximately 300, as is the case bere, 
this bas, however, no effect on the determination of the presence and/or the relative 
amount of hcp Co (see Appendix B). 

In contrast to the NMR spectra of the films grown by MBE and HV evapora
tion, the spectrum of the ion beam sputtered film shows no detailed structure. This 
implies a relatively large width of the individual resonance lines which compose the 
spectrum and indicates that on an atomie level the structure is disordered. The tail 
in the spectrum at low hyperfine fields supports thls view since such a tail is charac
teristic for the presence of numerous dislocations and point defects. A comparison of 
the shape of the spectra recorded with the film plane parallel and perpendicular to 
the applied magnetic field revealed only a very small difference (see also Fig. 4.14). 
Therefore, because these films have a reasonable texture ( cf. Table 4.2) one is 
tempted to conclude that there is virtually no hcp Co present in these films . It is 
obvious that thls cannot be correct, since the X-ray diffraction profile shows a small 
Bragg peak conesponding to (10 .0) hcp Co. In fact , from the combination of the 
X-ray and NMR results it must be concluded that approximately equal amounts of 
{00.2) and {10.0) hcp Co are present. 

4.2.2 Evaporation rate. 

In Fig. 4.13 the X-ray diffraction profile is shown of a Co film grown by MBE 
at -36 °C and with an evaporation rate of 20 Á/s. Rather surprisingly, the intensity 
of the Bragg peaks is about a factor of two larger for this film than for a Co film 
grown with 0.3 Á/s (cf. Fig. 4.12). Rocking scans revealed that this is due to a bet
ter texture ( d . Table 4.2). The NMR spectra of the two films showed no significant 
differences, so the microscopie structure of these films is very similar. Although this 
effect of the evaporation rate on the texture of the films is not yet understood, one 
m.ight speculate that it is due to a change in growth mode. A high evaporation rate, 
in combination with a low growth temperature (low mobility of the atoms), rnay 
cause the nucleation rate of the three dimensional crystallites in the so called 
Stranski-Krastanov mode ([Bau 58]) and even in the Volroer-Weber mode {[Vol 25, 
Bau 58]) to be so large that a pseudo layer by layer growth occurs [Mar 76, Bru 86] . 
This rnight result in an impravement of the texture. 
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Figure 4. 13. X-ray dlffraction profile (Cu Ka_ 8:28 scans) of a 1000 Á Co 

film grown by MBE at -36 °C and with an evaporation rate of 20 Á; s. 

4.2.3 Ion bombardment dnri.Jlg growth. 

Fig. 4.14 shows the X-ray diffraction profile and NMR spectrum for a Co film 
grown by IBS. During growth the film was bombarded by Ar• ions. For easy com
parison also the X-ray diffraction profile and NMR spectrum for a "normally" sput
tered film (section 4.2.1) are reproduced. The higher intensity of the Bragg peaks for 
the films bombarded by Ar• ions during growth implies an impravement in texture 
and/or out of plane coherence length. Rocking scans revealed that the texture of 
these films is indeed somewhat better but not sufficient to explain the higher Bragg 
intensity ( cf. Table 4.2). An analysis of the (111) fcc/(00.2) hcp Bragg peak showed 
that for the non-bombarded sample it consists of a narrow line superimposed on a 
broad foot. For the part of the sample conesponding with the broad foot the caber
enee length is much smaller than for the bombarded film. Apparently, bombard
ment increases the coherence length of these parts of the film rather than that it 
reduces the overall film quality. lts effect is therefore quite similar to what one 
would expect from annealing. 

The NMR spectra for the sputtered films which were bombarded with Ar• ions 
during growth are clearly different from the "normally" sputtered samples. Com
pared to latter films the shift in intensity to larger hyperfine fields suggests a partial 
change in structure from fee to hcp induced by the bombardment . Indeed, the shift 
of part of the spectrum to lower hyperfine fields upon rotation of the magnetic field 
from parallel to perpendicular to the film plane reveals the presence of a significant 
amount of hcp Co with the (00.2) axis perpendicular to the plane of the film. This 

might be due to the fact that such a bombardment increases the kinetic energy of 
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Figure 4. 14. NMR spectra and X-ray diffraction profiles (Cu Ka 0:20 scans) of Ion beam sputter
ed Co films. The top of the tigure shows the data tor a film which was bombarded with Ar+ 

/ons during growth. For easy comparison the data of a 'normally' sputtered film (Fig. 4. 12) are 

reproduced at the bottam of the flgure. The NMR spectra were recorded wlth the field parallel 

(circles) and perpand/cular (squares) to the film plane at a temperature of 1.4 K. 

the Co atoms at and near the film surface. For these atoms it is as if the growth 
temperature has been raised and, therefore, as has been discussed in section 4.1, the 
formation of hcp Co becomes more favorable . 

4.2.4 After treatment (annealing). 

In Fig. 4.15 the NMR spectrum is shown of a Co film grown by MBE at room 

temperature after 24 hours annealing at 200 °C . A comparison with the spectrum of 

the as-grown film (Fig. 4.12) shows that after annealing the resonance lines are 

slightly narrower and that at the high hyperfine field side a clear peak has devel

oped . The former reflects an impravement in the structural order on atomie scale, 
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Rgure 4. 15. NMR spectra tor a MBE grown Co film after 24 hours an
neallng at 200 °C. The spectra were recorded at 1.4 K wlth the field 
parallel and perpendicular (squares) to the film plane. The spectra are 

corrected for receivlng enhancement. 

the latter suggests the formation of hcp Co witli the (00.2) axis perpendicular to the 
film plane. This transition in structural phase for part of the sample during anneal
ing is clearly evidenced by the comparison of the NMR spectra recorded with the 
magnetic field oriented parallel and perpendicular to the film plane (Fig. 4.15). 
Increasing the annealing time did not result in a further narrowing of the resonance 
lines or a further increase in the relative amount of hcp Co. 

4.2.5 Concluding remarks. 

Although the results in this section do not farm a complete study, they clearly 
illustrate the complexities involved in the growth and structural analysis of thin 
films of Co. In this respect the observation that impravement of the X-ray diffrac
tion profile does not necessarily imply an improved nanoscopic structure must be 
specifically mentioned and shows that NMR is a valuable tool to complement the 
structural information obtained by macroscopie methods. 
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APPENDIXB 

B.l Effect of tenure on NMR lineshape. 

A film or multilayer in general consists of many crystallites with a (slightly) 
different orientation. If the crystallites contain only atoms in a cubic phase this 
deviation from perfect texture does not affect the shape and width of the NMR 
spectrum, since for such atoms the hyperfine field is isotropic. If, however, also 

atoms in a non-cubic phase are present, as for instanee in hcp Co, the shape of the 
spectrum can he affected through the orientational dependenee of the hyperfine 
field. In this case the shape and position of the hcp part of the hyperfine field are 
characteristic for the texture and orientation of the film. 

A calculation of the speetral shape involves knowledge of the texture. Here, it 
will he assumed that a (00.2) texture is present which is axially symmetrie with 
respect to the normal to the film plane. The texture is represented by P( 0), the 
shape of the X-ray rocking curve, with 0 the angle between the (00.2) axis of the 
crystallites and the normal to the film plane. The relative number of crystallites 
g( 0') for which the (00.2) axis is at an angle 0' with the direction of the local atomie 
magnetic moment is then, apart from a proportionality factor, given by 

2?r 

g( 0') = fn_ J P( 0( 0' ,r/>')) sinO' d</>' 
0 

(B.l) 

where 4>' is the polar angle in the plane perpendicular to the direction of the mag

netic moment and 0 = 0( 0' ,</>') depending on the specific geometry. In a reference 
frame in which the z-axis is parallel to the normal to the film plane and the mag
netic moment is in the yz- plane at an angle a with the z-axis, the relation between 
() and 0', 4>' and a can be written as 

cosO = cosO' cosa- sinO' sina sint/>' (B.2) 

The fraction of crystallites for which the hyperfine field has a value between 

Bhf and Bhf +dBhf follows from 

which can be rewritten as 

g(O') 
g(Bhf) = 1 dBhf/dB' 1 

(B.3) 

(B.4) 
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From the angle dependenee of the hyperfine field (cf. Appendix A, Eq. (A1.4)) 
I dBhf/dO' I can be calculated and by expressing 8' in terms of Bhf Eq. (B.4) be
comes 

(B.S) 

where from Eq. (A1.4) Bhf may have values between Bi80-!Bani and Biso+Bani' 
Outside this range g(Bhf) vanishes. The true speetral shape G(Bhc) is obtained after 
convolution of g(Bhf) with S(x), the speetral resolution, 

(B .6) 

As an example, Fig. B.l shows some typical NMR spectra of hcp Co films 
which were calculated as a function of the texture. In the calculations the shape of 
the X-ray rocking curves as wellas the speetral resolution function were assumed to 
be Gaussian. Inspeetion of the figure shows that up to a texture conesponding to a 
X-ray rocking curve FWHM of 10° the NMR spectra are hardly affected. When the 
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Rgure 8. 1. Calculated hyperfine field distribut/ons for polycrysta/line hcp Co films showing the 
effect of imperfect texture in case of the atomie magnetic moments aligned perpendicular (left) 
and parallel (right) to the film plane. In the calculatlons Gaussian rocking curves were as

sumed and the FWHM of the rocking curves was systematical/y varled trom cfJ to 10(/J in steps 

of 1(/J (indicated in the figure). The speetral resolutlon tunetion due to broadening mecha

nisms other than Imperfect texture was assumed to be Gaussian with a FWHM of 0.15 T 
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FWHM of the rocking curve increases above this value the resonance lines broaden 
asymmetrically with increasing degradation of the texture. This leads to a change in 
the position of the center of gravity (and maximum) of the resonance peak and, 
consequently, to an apparent change in both magnitude and anisotropy of the hcp 
hyperfine field. A further inspeetion of the figure reveals that up to a texture corre
sponding with a 30° FWHM the respective hyperfine field distributions for the mag
netic moments aligned in the film plane and perpendicular to it have no overlap. 
This implies that even in such rather poorly textured films the relative amount of 
hcp Co can be accurately determined from a comparison of the NMR spectra in 
these two orientations. 1t will he clear that if the texture is worse, i. e., the FWHM 
is larger than 30o, such a determination becomes increasingly less accurate until in 
the limiting case of a polycrystalline film without texture the shape of the NMR 
spectrum becomes orientation independent. In the latter case the preserree of hcp Co 
can only be derived from the specific shape of the spectrum and the magnitude of 
the hyperfine fields ( cf. Fig. B.2). 

Finally it must be noted that in the present calculation it has been tacitly 
assumed that all magnetic moments have the same orientation. For real films this is 
true only in sufficiently high applied magnetic fields. At low fields the dipolar field 
and magnetic anisotropy cause the direction of the magnetic moments to differ from 
the direction of the applied field. Since the magnitude of this deviation is, a. o., 
determined by the angle between the local (00.2) axis and the applied magnetic 
field, imperfect texture causes a distri bution in the orientation of the magnetic 
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Figure 8 .2. Angle independent hyperfine field distribution corresponding 
to a polycrysta/1/ne film of hcp Co without texture. A G~ussian resolution 
tunetion with a FWHM of 0. 15 T was assumed in the caicuiations. The 

peak at approximately 22.55 T Is due to the stronger weighting of 0' 
values close to 9cfJ as expressed by the factor sinO' in Eq. (8.1). 
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moments with respect to the magnetic field, which may affect the details of the 
hyperfine field distribution. 
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Co/X Multilayers 

Thls chapter Is malnly devoted to the study of the "bulk' structure of the Co layers in Co/X 

(X = Pd, Au, Ag, Cu, Ir, V) multllayers. The flrst part of this chapter contalns the NMR results 

obtalned for Co/Pd multilayers and the results of a ferromagnetlc resonance study of the Pd 

thlckness dependenee of the surface contrlbutlon to the magnetlc anlsotropy. In the secend 

part the NMR spectra of ether CojX multilayers (X = Ir, Au, Cu, V, Ag) are brlefly discussed in 

terms of structure and straln. 

5.1 Microscopie properties of Co/Pd multilayerli studied by ferromagnetie and 
nuclear magnetie resonance. t 

In this section the NMR and FMR results on Co/Pd multilayers are presented. 
The FMR part is mainly focussed on the Pd thickness dependenee of the resonance 
field, the NMR part involves a study of the 11 bulk11 structure of [111] and [001] 
Co/Pd multilayers. 

5.1.1 Growth and characterization. 

The samples were prepared at the Philips Research Laboratories in HV by 
e-beam evaporation of Co and Pd after subsequent deposition of a 100 Á Ti and a 
100 Á Pd base layer on a rotating glass substrate (12x4x0.3 mm3) at room tempera
ture. The total thickness of the multilayers was about 2000 Á. After preparation the 
layers were characterized by X-ray_ and TEM. This showed them to be polycrystal

line with [111]/[00.2] texture [Bro 87]. In the FMR experiments also Co/Pd/Co 
sandwiches were used. These sandwiches were prepared by evaporation in HV on 
glass substrates without the use of base layers. The thickness of the Co layers was 
kept constant at 100 Á, the Pd thickness was varied between 4.5 Á and 45 Á. 

In the NMR experiments also samples have been investigated which were 

t adapted (with changes) trom Appl. Phys. A 49, 467 (1989), and Mat. Res. Soc. Symp. Proc., 
Vol. 151, p. 243 (1989). 
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grown by MBE at room temperature on glass substrates with a deposition rate of 
N 4 Á/s and a total thickness of about 5000 Á, as wellas samples which were grown 
in HV on a NaCl substrate [Bro 88]. The total thickness of the latter samples a
mounted to about 1200 Á and X-ray characterization revealed that they were al
most perfectly single phased [001] fee [Bro 88, Bro 89]. For practical reasons these 
multilayers were glued onto Si substrates and the NaCl was dissolved before experi
menting. 

5.1.2 Experimenta.l techniques. 

The ferromagnetic resonance experiments were performed at room temperature 
in fields up to 1 T at frequencies of 9.5 GHz and 20 GHz. When necessary with 
regard to sensitivity, the samples were mounted in a cavity. 
The nuclear magnetic resonance spin echo experiments were performed with a home 
made incoherent NMR spectrometer in the frequency range 170 MHz to 240 MHz 
and at temperatures of 4.2 K and 1.4 K. By using a superconducting split pair mag
net, fields up to 6 T could be applied both parallel and perpendicular to the film 
plane. In order to avoid the effect of, for instance, domain wall enhancement on the 
shape of the spectra the NMR frequency was, if possible, chosen such that the spec
tra could he recorded at fields là.rger than 1.8 T (the saturation field of bulk Co) . 

5.1.3 FMR, results and interpretation. 

Interpretation of the resonance data starts from the conventional theory, i. e., 
the free energy F can be written as 

(5.1) 

Here Keff contains all the axial contributions to the magnetic anisotropy, i. e., the 
geometry dependent demagnetization field and intrinsic surface and volume anisot
ropy. E> represents the angle between magnetization and film plane, M8 is the satu
ration magnetization and B the applied magnetic field . This simplified description 
of the free energy, apparently neglecting the magnetic coupling between the Co 
layers, is valid because the thickness of the Co layers within the multilayer is con
stant, in which case the magnetic coupling between the Co layers has no effect on 
the FMR (see, e.g., [Blo 93] andrelerences therein). 
Using the resonance condition 

(5.2) 
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where 'Y = gJ..t8 /lt and Hi is the effective internal field defined by 8F = -Hï 8M, 
together with the equilibrium and stability conditions for the magnetization, we 
arrive at the well known expression for the resonance frequency 

(5.3) 

Here if> represents the angle between the magnetic field and the plane of the film, 
and 0 is an implicit function of Keff' Ms and if> (Eq. (5.1)). As can beseen from this 
equation, FMR is sensitive only to the ratio 2Keff/ M5 and therefore one cannot 
obtain Ms or Keff without additional information. 

The observed experimental data were fitted to the above equation using a least 
squares method with 2Keff/Ms as fitting parameter. In the fitting procedure g was 
kept fixed and equal to the Co bulk value g = 2.18. In the derivation of Keff' M5 
was chosen equal to the Co bulk value: M8 = 1.39x 106 A/m. 
Typical results for the angular variatien of the main line and the linewidth are 
shown in Figs. 5.1 and 5.2, respectively. It is clear that the data can be fit reasona
bly well using Eq. (5.3). The deviations at high angles between the data and the fit 
are caused by the large uncertainty in the resonance field at these angles due to the 
large linewidth of the signals. 
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Figure 5.1. Resonanee field H, at T = 291 K, as a tunetion of the de 
magnetie field orientation (angle phi) tor several Co/Pd multilayers with 
{111] texture. The solid lines reprasent the fit to the data using Eq. (5.3). 

The experimental data are represented by eireles (tc0 = 10.3 Á), trian

gles (tc0 = 12.1 Á) and crosses (tc0 = 20.5 Á). 
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Rgure 5.2. Typ/cal behavlour of the 1/new/dth as a tunetion of the de 
magnetJe field orlentat/on tor a Co/Pd multllayer. The triangles denote the 
experimental data. The solld I/ne is calculated on basis of Eq. (5.3) tor a 
de magnetJe field larger than I2K8 ,YM s I· 

Comparison of these results on multilayers with those reported previously on 
sandwiches reveals that in both cases the experimental data show a rapid increase in 
linewidth with decreasing Co sublayer thickness [Luy 88], which can be ascribed to 
the increasing effect of thickness fluctuations on the variatien in resonance field for 
decreasing Co thickness ( cf. [Cha 89, Pur 91b]) . The observed linewidth for the 
multilayers is considerably larger than for the corresponding Co sandwich struc
tures . No relation between linewidth and Pd sublayer thickness could be observed. 
lt seems, therefore, reasonable to assume that the larger linewidth in case of the 
multilayers is caused by a pile-up of structural imperfect i ons leading to, e. g., a 
larger "average" interface roughness. 

The values for the anisotropy as found from the FMR experiment& for 
tc0 > 8 A, as well as the data obtained by magnetization and torque measure
ments, are shown as a function of the Co sublayer thickness tc0 in Fig. 5.3. Al
though there is some scattering of the data, it appears that the overall agreement 
between FMR and magnetization data is reasonable. The solid line in the figure 
represents a fit to the data of the phenomenological relation [Gra 86, Dra 88] 

(5.4) 

Here Kv is the volume anisotropy and K8 is the surface anisotropy. From the extra-
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Rgure 5.3. Scaled anlsotropy parameter versus Co layer thickness tc0 tor 
Co/Pd multilayers with [111] texture [Luy 88]. A/so shown are data 

obtafned trom magnetizatlon measurements (torque and vibrating sample 
magnetometer, [Dra 88aj). The solld fine is a least squares fit to the data 

points. 
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polation and the slope of the fitted line the v:alues Ks = 0.55·10-3 Jfm2 and 
Kv= -1.2 · 106 Jfm3 are obtained [Dra 88a, Luy 88] . 

From the figure it is also clear that there is a change of sign of the anisotropy 
at tc0 ~ 8 A, i. e., a reorientation of the preferential direction of the magnetization 
from in the plane to normal to the plane. (In recent years it has been shown that 
this critica! thickness can be considerably larger and depends mainly on the struc
tural quality of the multilayers including the interfaces. For a recent review see, 
e. g., [Jon 93]) . 

FMR measurements on films with tc0 < 8 Á give some peculiar results in the 
sense that only relatively narrow and strong signals were observed resembling the 
signals found in bulk Co films . The intensity of these signals was also strongly de
pendenton the 'magnetic history' of the sample. These results can be understood by 
assuming that these multilayers consist of domains in which the magnetization is 
alternately normal to the film plane or in the plane [Swü 88] . However, no signals 
related to the perpendicular orientated domains were observed . This may be due to 
the fact that these signals, at least at low frequencies, are very strongly dependent 
on the orientation of the field . 

Co/Pd/Co sandwiches with tc0 = 100 Á were used to study the effect of the 
Pd thickness. Light scattering experiment& by Grünberg showed that for multilayers 
with a Pd layer thickness of 54 Á or less an isotropie exchange coupling between the 
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Rgure 5.4. Anisotropy field Ba (see text) as a tunetion of the Pd thickness 
tPd tor Co/Pd/Co sandwiches wlth 100 A Co sublayer thickness. 

Co layers exists [Grü 88] . As briefly mentioned above, with FMR such a coupling 
can not be observed unless the Co layer thicknesses within the multilayer are (con
siderably) different. What has been found in the Co/Pd/Co sandwiches, however, is 
a dependenee of the anisotropy field Ba, defined by Ba= -2Keff/Ms, on the Pd 
layer thickness, as shown in Fig. 5.4. As can be seen there is a clear increase of the 
anisotropy field Ba towards the value for bulk Co below a Pd layer thickness of 
approximately 20 A. The deviation of Ba at tpd = 0 from the bulk value 
(Ba= 1.75 T) is due to the non negligible anisotropy contribution of the Co sur
faces at the sample boundaries. 

Since for constant Pd thickness the anisotropy is very well described by the 
phenomenological relation of (5.4) in terros of a volume- and surface anisotropy 
contribution, and since in the limit of zero Pd thickness there is no interface contri
bution left to the anisotropy, one is tempted to believe that the systematic increase 
.of Ba with decreasing Pd thickness is due to a decrease of the anisotropy contribu
tion of the Co/Pd interface. Calculating the interface contribution Ks from the 
difference in anisotropy field, Ba(O)- Ba(tPd), leads to the results shown in Fig. 5.5. 
This figure reveals that, as one would expect, the interface contribution steeply 
increases from zero at zero Pd thickness, reaching a constant value of approximately 
1.5 · 10-3 Jjm2 above a Pd thickness of about 20 A. The latter value is larger than 
the previously mentioned results of Fig. 5.3. 
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Rgure 5.5. Surface anlsotropy K5 as a tunetion of the Pd thickness tPd 
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One possible explanation for this behavier is that, since K 8 is thought to arise 
from reduced symmetry at the interface, the decrease of K 8 is caused by the restora
tion of local symmetry of the Co ions when the distance between the different Co 
layers is reduced to zero. A second possible cause is the ex.istence of pinholes in the 
Pd layer, i. e., the Pd layer is penetrated by small Co 'bridges', thus leading toa 
lowering of the average surface anisotropy. Since the probability for the existence of 
pinholes increases for thinner Pd thicknesses, this leads to a decrease of the surface 
contribution to the total anisotropy.t 

5.1.4 NMR, results and interpretation. 

Interpretation of the NMR spectra is based on the fact that for an in-plane 
applied magnetic field the hyperfine field Bhf can be inferred from the well known 
relation ( cf. Chapters 2 and 3) 

(5.5) 

Here 1 represents the gyromagnetic ratio of the nucleus under study, fis the reso
nance frequency and Bappl denotes the applied external magnetic field. Typical sets 

t An alternative explanatlon for the decrease of Ba as a lunetion of tpd involves the long range 
polarlzation of the Pd atoms. For small tpd thls polarlzatlon results In an increase of the total 
magnetization and, slnce Ba is inversely proportional to M5 , in a decrease of Ba· Simple model 
calculations seem to reproduce the observed behavier of Ba fairly well. 
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Figure 5.6. Hyperfine field distributton of MBE grown Co/Pd multilayers 
with {111]/{00.2) texture as recorded by means of magnetic field sweeps 
at fixed trequencies with the field parallel to the film plane. The arrows 
denote the value of the hyperfine field In bulk fee and hcp Co. The 
spectrum of the multllayer with a Co thickness of 12 Á was recorded at a 
temperafure of 1.4 K and a frequency of 180 MHz, the others at 4.2 K and 
190 MHz. The spectra are corrected tor receivlng enhancement and the 
integrated intens/ties are norma/ized to the respectlve Co layer thick
nesses, assuming perfect/y flat interfaces. 

of data collected with the magnetic field parallel to the film plane are shown in Fig. 

5.6. 
In the figure the spin echo intensity is shown as a function of the hyperfine field 

for MBE grown (111]/(00.2] Co/Pd multilayers with Co thickness between 12 Á and 
41 Á. In this figure the integrated intensity of each spectrum bas been normalized in 
proportion to the Co layer thickness, assuming perfect interfaces, in order to reflect 
the variation in the amount of bulk Co. For the multilayers with large Co thickness. 

a distinct resonance peak at Bhr21.5 T is visible conesponding to fee Co. The large 
width of this line as compared to the linewidth for bulk Co films {Chapter 4) points 

to some structural disorder on an atomie scale. The intensit.y at the high hyperfine 
field side of the fee line corresponds, qua magnitude of the hyperfine field, to Co in a 
stacking fault environment. A comparison of the NMR spectra recorded with the 
magnet ie field applied parallel and perpendicular to the film plane, respectively, 

reveals, ho wever, that this part of the spectrum has a strongly anisotropic hyperfme 
field {Fig. 5.7) . In fact, the anisotropy is much larger than observed for any stacking 

fault and seems close to that of bulk hcp Co ( cf. Chapter 4) . Therefore, this part of 

the spectrum must correspond to Co in the pure hcp phase. Remarkably, the hyper

fine field of this hcp Co is considerably lower than the value for bulk hcp Co, where-
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as the hyperfine field of the fee Co in the multilayer is very close to the bulk fee 
value. This may indicate that the phases experience different environmental influ
ences, e. g., because they are located in different parts of the multilayer. 

A comparison of the spectra of the multilayers with different Co sublayer thick
ness reveals several changes upon decreasing Co thickness: The fee line decreases 
more rapidly in intensity than the hcp line (suggesting that the Co layers initially 
favor growth in the hcp phase) and both lines shift to lower hyperfine field values. 
Noteworthy is also that the low hyperfine field side of the spectra appears to be 
practically independent of the Co layer thickness, suggesting that this part is relat
ed to atoms near the interfaces. The low value of the hyperfine field of these atoms 
may have several origins. Firstly, it might indicate that, due to the growth process, 
the Co layers near the interface contain numerous defects (a decrease in hyperfine 
field for the atoms near such defects has, for instance, also been observed in sput
tered Co/Cu multilayers [Mén 92]). Secondly, the low hyperfine field might be due 
to a large tensile strain in the Co layers close to the interface, originating from the 
large mismatch between Co and Pd. An estimate of the sirain from the magnitude 
of the hyperfine field using Eq. (2.11) suggests strain values larger than 3%. Howev
er, such an interpretation is in contradiction with the results of Pureeli et al., who, 
in a careful study of the growth of a thin Co film on a [111] Pd single crystal, found 
that already the first monolayer of Co is relaxed to within 1% of the bulk lattice 
spacing [Pur 91]. A third possibility is that the low value of the hyperfine fields 
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Figure 5.8. Hyperfine field distribut/on of HV evaporated Co/Pd multilayers with {111]/[00.2] 
texture as recorded by means of magnetJe field sweeps at fixed frequencles with the field 
parallel to the film plane and at a temperature of 1.4 K. The arrows denote the value of the 
hyperfine field in bulk fee and hcp Co. The spectra are composed of recordings at frequen
cies of 180 and 190 MHz and have been corrected tor receiving enhancement. The integrated 
intens/ties are normalised to the respective Co layer thicknesses, assuming perfect interfaces. 

reflects "electronic" effects, i. e., changes in the local bandstructure due to the near 
presence of Pd. In fact, the large spin orbit coupling at the Pd site introduces large 
splittings in the strongly hybridized Co and Pd d-bands which, for the Co layers 
near the interface, result in an increase of the orbital magnetic moment [Daa 90). 
Such an increase in orbital magnetic moment also results in an increased (positive) 
orbital contribution to the (negative) total hyperfine field and thus leadstoa lower 
magnitude of the total hyperfine field. Direct experimental evidence for such an 
increased orbital magnetic moment at the interface in Co/Pd multilayers has very 
recently been obtained by magnetic circular X-ray dichroism experiments [Wu 92). 
Finally, the low hyperfine field values may reflect that the Co atoms have one or 
more Pd atoms in their nearest neighbor shell, i. e., they actually are part of the 
interface. The data on Co/Pd alloys, although sparse, seem to indicate that this 
might he the case [Kat 76). Unfortunately, the quality of the data does not permit a 
definite conclusion. 
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Some typical results obtained on [111]/[00.2] textured Co/Pd multilayers 
grown by HV evaporation on glass substrates are shown in Fig. 5.8. Noteworthy is 
the high intensity of the fee line for the multilayer with a Co thickness of 82 A, 
which supports the condusion deduced from the results on the MBE samples that 
for "thick" Co layers the fee phase is favored. Further inspeetion of the figure re
veals that the spectra of these HV evaporated films display largely the same charac
teristics as the spectra of the MBE grown multilayers discussed above. The main 

difference is that the effects seem to be somewhat more pronounced for the HV 

evaporated multilayers, i. e., the tail at low hyperfine fields has a higher intensity 
and the shift of the spectra to lower hyperfine fields appears to be larger. Since the 
surface contribution to the magnetic anisotropy was about 50% smaller for these 
MBE grown multilayers than for the previously discussed HV evaporated multi
layers, it is tempting to relate the observed effects to differences in orbital magnet
ism originating from differences in interface perfection. Such a conclusion, however, 
requires a more systematic study on better characterized samples. 

The results obtained on [001] textured Co/Pd multilayers are shown in Fig. 

5.9. A detailed account of the other magnetic properties can be found elsewhere 
[Bro 89]. As mentioned above, to enable a determination of the NMR spectrum the 

films had to be detached from the thick NaCl substrates a.nd glued on thin oxidized 
Si substrates. Unfortunately, this process resulted in a (visible) deterioration of the 
films. The NMR spectra, therefore, do not need to be representative for the proper
ties of the as-grown multilayers and we will limit ourselves to only a few remarks. 
Inspeetion of the figure shows that the major part of the speetral intensity can be 
accounted for by one line, which reflects the single phase fee character of these lay

ers. The tail at the low hyperfine field side of the fee line, of which the relative 

intensity increases for decreasing Co thickness, implies the presence of defects. For 
the miJltilayers with 12 A Co thickness the deviation of the hyperfine field from the 
bulk value is much smaller for the (001] multilayers than for the [111]/[00.2] multi
layers. This suggests that either the [001] multilayers contain less defects, which is 
unlikely given the history of the samples, or have a smaller residual tensile strain or 
no increased orbital magnetic moment . 

5.1.5 Conclusions. 

In conclusion, the FMR study of Co/Pd multilayers confirms the increasing 

role of the surface contribution to the magnetic anisotropy with the rednetion of the 
Co layer thickness. For thicknesses below 8 A this leads to a switching of the prefer
ential direction of the magnetization. The surface anisotropy is found to decrease 
with rednetion of the Pd thickness below 20 A. 

The NMR experiments suggest that in the [111]/[00.2] textured multilayers the 
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Rgure 5.9. Hyperfine field distribut/on of Co/Pd multllayers with {001} 
texture as recorded by means of magnetJe field sweeps at fixed fre
quencles with the field applied parallel to the film plane. The arrows 
denote the value of the hyperfine field In bulk fee Co. The spectra are 

recorded at a frequency of 185 MHz and at a temperafure of 1.4 K. The 
spectra are corrected tor receiving enhancement. 

Co on top of a Pd layer prefers to grow in the hcp phase. After completion of the 
first layers a transition to growth in the fee phase seems to oeeur. The hyperfine 
field for the Co atoms near the interfaces shows a clear deviation from the bulk 
hyperfine field value. This may reflect a change in orbital magnetic moment for the 
Co atoms near the interface. 
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5.2 Other Co based moltilayers.t 

In the previous section the microscopie properties of Co/Pd multilayers were 
discussed. In this section we will briefly discuss some of the results obtained on 
otber Co based multilayers. We stress that the treatment is explorative and has not 
the intention of being complete. Eropbasis will be put on the structural aspects. The 
application of NMR to the study of strain and interfacial properties will be more 
extensively illustrated in Chapter 6 on Co/Cu and Co/Ni multilayers. 

The Co/X multilayers with X=lr,Au,Cu,V were prepared at the Philips Re
search Laboratodes by HV deposition. The Co/ Au, Co/Cu and Co/Ir multilayers 
were deposited at room temperature onto oxidized Si substrates using a base layer of 
200 A of the non-magnetic materiaL The Co/V multilayers were also deposited at 
room temperature but onto Si [001) substrates using a base layer of 200 A V. The 
Co/ Ag multilayers were prepared at Michigan State University by sputtering onto 
oxidized Si using a 50 A Fe base layer. 
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Figure 5.10. Typical NMR spectrum of a Co/fr multilayer with {111/ texture 
recorded at constant frequency (f = 195 MHz) at 4.25 K. Squares and 
clrcles denote the data recorded with the magnetic field B 1 applied 
parallel and perpendicular to the film plane, respectively. ~e arrows 
denote the resonance fields tor 'bulk' fee and hcp Co single films. In 
case of the spectrum recorded with the field perpend/cular to the film 
plane the field was slightfy misoriented, resulting in a slight reduction of 
the magnitude of the resonance tie/ds. 

t partly publisheel in J. Magn. Magn. Mater. 00, 457 (1991) . 
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Co/h, Co/Au and Co/Cu multilayers. In Fig. 5.10 two spectra of the same 
Co/Ir multilayer are shown, recorded with Bappl parallel (squares) and perpendien
lar ( circles) to the film plane, respectively. The spectrum with parallel field consists 
of a strong line at 2.0 T with an enhanced low field tail and a weaker signal at a

bout 2.5 T in its high field tail. Before analyzing these spectra we would like to note 
that for these multilayers the value of the magnetic volume anisotropy Kv!:! -1.16 
MJ/m3, as determined from magnetization and FMR measurements [Bro 91], is 
very close to the demagnetization energy. This indicates that the structure of Co is 
mainly fee and not hcp. This is corroborated by the spectra in Fig. 5.10. Firstly the 
main line bas a resonance field of 2.0 T, which agrees quite well with the bulk fee 
Co resonance field (2 .13 ± 0.05 T at 195 MHz). Secondly, the main line shifts by an 
amount which almost equals J.L0M5 (~ 1.7 T) on turning the field from parallel to 
perpendicular to the film plane, which implies an isotropie Bh! and thus a phase 
with cubic symmetry. 

The weak shoulder at 2.5 T shifts less than f..LoMs implying a lower symmetry of 
the conesponding Co atoms. The magnitude of this resonance field seems to impli
cate a stadring fa ult. Unfortunately, the large linewidths, causing an overlap be
t ween the different lines, do not allow an accurate determination of the hyperfine 
field anisotropy of this line and therefore an unambiguous discrimination between 
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Rgure 5.11. Comparison of NMR spectra of Co/Au (trlangles), Co/lr 
(clrc/es) and Co/Cu (squares) multilayers with [111) texture. The spectra 
were recorded at frequencles of 190 MHz (Co/Cu and Co/Au) and 195 
MHz (Co/lr) and at a tempersture of 4.25 K with the magnetic field 
applled parallel to the film plane. The arrows denote the 'bulk' Co fee 
and hcp hyperfine tie/ds. The spectra are corrected tor receiving err 
hancement. 
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pure hcp and a stacking fau1t is precluded. 
The enhanced low field tail in the spectrum indicates the presence of Co atoms 

with a slightly lower hyperfine field than bulk fec . This can be caused by some 
diffusion of the non magnetic met al into the Co [Kri 85) or by the presence of struc
tural defects. 

Figure 5.11 shows a comparison between multilayers of different metallic com
pcisition. We will confine ourselves to a few remarks. First it is clear that the struc
ture strongly depends on the kind of non magnetic materiaL In the case of Co/Cu 
the multilayer contains an almost pure fee phase ( the small number of stacking 
faults reflected by the shoulder in the high field tail of the spectrum disappears at 
lower Co thicknesses, see also Chapter 6). In the case of Co/ Au there is no well 
defined NMR line. From the small anisotropy in the hyperfine field {0.2 T) we in
ferred that this sample contains no hcp Co and probably is strongly inhomogeneous, 
in contrast to Au/Co/ Au sandwiches measured by zero field NMR [Ces 89). From 
figure 5.11 one rnight also conclude that the linewidth of the NMR spectrum is in 
some way related to the difference in misfit between the constituents of the different 
multilayers {the mismatch between Co and Cu, Ir, and Au is 2%, 8% and 14%, 
respectively). There is, however, no decisive evidence yet that this is physically 
meaningful. 

Co/ Ag multilayers. In principle the results for Co/ Ag multilayers are expected 
to be comparable to those for Co/ Au, since both Au and Ag grow in the fee struc
ture with a very similar lattice constant. The spectrum depicted in Fig. 5.12 shows, 
however, some interesting differences compared to the spectrum of the Co/ Au mul
tilayer plotted in Fig. 5.11. It reveals a fairly symmetrie resonance line with its 
center at approximately 21.6 T and is comparable in shape and linewidth to the 
spectrum observed for sputtered Co films ( cf. Chapter 4). Analysis of the spectra 
recorded with the magnet ie field applied parallel ( circles) and perpendicular 
(squares) to the film plane (inset in Fig. 5.12) shows that an important part of the 
spectrum has a strongly anisotropic hyperfine field and therefore must correspond to 
Co in the hcp phase. The fact that the resonance line shows no structure, i. e., the 
individual contributions due to hcp Co, stacking faults, etc. are not discernible, 
implies (some) structural disorder on an atomie scale. This might be due to the 
sputtering process but may also well arise from the mismatch between Co and Ag. 
The position of the resonance line suggests that the layers are subject to tensile 
strain. 

At the low field side a second resonance line is visible at approximately 17.5 T. 
From the position of this line we conclude that it originates from Co atoms at the 
interface. It probably corresponds to Co atoms with one Ag atom in their nearest 
neighbor shell (atoms at a step-corner or Co atoms near diffused Ag atoms, cf. 
Chapter 6) since, firstly, noother resonance lines between this interface line and the 
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Rgure 5.12. Hyperfine field distribution of a sputtered 60>< (15 Á Co + 20 
Á Ag) multllayer, with {111] texture grown on oxldlzed silicon with a 50 Á 
Fe buffer layer, as recorded at fixed frequencies wlth a magnetic field 

applied parallel to the film plane. The arrows denote the value of the 

hyperfine field in bulk fee Co and bulk hcp Co. The spectrum is recorded 

at a frequency of 170 MHz and at a temperature of 1.4 K. The broad 
satellite at approximately 17 T arises trom Co atoms at or near the 
Interface with Ag. For intenslty reasons thls part of the spectrum was 
recorded in zero field. The spectrum is corrected tor enhancement and 
the fl dependenee of the spin echo intensity. The inset displays a 
comparison of the spectra recorded by means of field sweeps with the 
magnetJe field applled parallel (clrcles) and perpendicular (squares) to 

the film plane. 

bulk line are visible and, secondly, because the intensity of the low field tail of this 
interface signal indicates the presence of more interface signals at lower hyperfine 
fields. A comparison of the integrated intensities of the parts of the spectrum corre~ 
sponding to Co atoms with and without Ag atoms in the nearest neighbor shell, 
respectively, allows, in principle, an estimate of the interface roughness. For the 
spectrum of the multilayer shown in Fig. 5.12, such an analysis yields an "interface" 
to "bulk" intensity of approximately 1/3. This reveals that the Co layers contain an 
equivalent of at least 1.3 monolayers Co atoms per interface that have one or more 
Ag atoms intheir nearest neighbor shell, i. e., the interface very probable consistsof 
one mixed monolayer. Further studies on the strain, structure, and interface rough
ness of these multilayers are in progress. 

Co/V multilayers. In comparison with the previously discussed multilayers, 
Co/V multilayei:s may be more complex, since the bulk phases of Co and V possess 
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a different crystallographic structure (fcc/hcp and bcc, respectively) . From theoreti
ca} and experimental studies on such fccjbcc systems it appears that the most prob
abie growth is along the fee [111)/bcc [110) direction (see, e.g., (Bau 86) and reler
ences therein) . For such growth the misfit in lattice constant of approximately 20%, 
is red u eed to a misfit of approximately 4.5 % in nearest neighbor distance. However, 
this misfit is not isotropically distributed. Growth with coherency along the fee 
[11~)/bcc [!10) direction accompanied by misfit dislocations in the fee [1!0)/bcc 
(001) direction (to comply with the 20 % misfit in that direction), also referred to as 



80 

0 
.c 
u 
Q) 

c 
'ä. 
Vl 

Chapter 5 

40 fF-[F~~~~~------,--1 
~ 

10 

019 

zero field 

oo 

0 
0 

0 
0 0 

ooO 

o B 11 film plane 

o B 1 film plane 

20 

Oo 
00 0 

22 23 

Figure 5. 14. Hyperfine field dlstribution of a HV evaporated 7>< (80 Á Co + 
42 Á V) multilayer as recorded by means of magnetic field sweeps at 
flxed frequencies with the field applied parallel (circles) and perpendie
u/ar (squares) to the film plane. The arrows denote the value of the 
hyperfine field in bulk fee Co and bulk hcp Co. The spectra are recorded 
at a temperature of 1.4 K. The inset shows a broad satelllte at a;r 
proximately 18 T, arising trom Co atoms wlth one V atom in thelr nearest 
nelghbor shel/. Thls part. of the spectrum was recorded in zero field for 
intensity reasons. The spectra are corrected ;or enhancement and the P 
dependenee of the spin echo intensity. 

the Nishiyama-Wassermann growth mode, appears to be the most probable 

[Bau 86] . 
High angle X-ray diffraction measurements on the Co/V multilayers showed 

that the multilayers possess fee [111]/bcc [110] texture (despite of the Si [001] sub
strate). Magnetic measurements on these multilayers revealed a volume contribu
tion to the magnetic anisotropy of Kv= -1.1 MJ/m3 and a surface contribution of 
K5 ~ 1 mJ fm2 . The presence of such a large positive Ks is remarkable, in view of 
the fact that the measurements also indicated the existence of magnetically dead 
layers (see Fig. 5.13). The magnitude of Kv suggests that the Co layers are mainly 

fec . 
In Fig. 5.14 two NMR spectra of the same Co/V multilayer .are shown, re

corded with the magnet ie field parallel (ei rel es) and perpendicular (squares) to the 
film plane, respectively. Inspeetion of the figure reveals that the spectra consist of a 
rather broad line showing no details. This suggests the presence of (some) structural 
disorder on an atomie scale. The hyperfine field range over which the line extends 
indicates that the Co layers are mainly composed of stacking faults . This dominant 
presence of stacking faults might be related to the presence of misfit dislocations in 
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the fee [110]/bcc [001] clirection. lnteresting is the observation of the small negative 
hyperfine field anisotropy for part of the spectrum, i. e., the hyperfine field is largest 
along the [111] direction (in hcp Co films, for instance, the hyperfine field anisotro
py is positive, cf. Chapter 4). We speenlate that this might reflect an uniaxial defor
mation along this direction. 

The inset shows part of the interface spectrum. A clear satellite is visible at 
about 18 T. A comparison with measurements on dilute alloys reveals that this 
satellite is due to Co atoms with one V atom in their nearest neighbor shell. The 
observation of such a satellite, tagether with the presence of approximately 1.5 
monolayers magnetically dead Co per interfacet; suggests a mixing between the Co 
and V over at least two monolayers. 

Conclusions 
We have shown that NMR can be an useful extra tool to obtain information 

about local symmetry and structure. This is illustrated for the case of Co/X multi
layers, where it is aften very hard or even impossible to discrirninate between fee 
and hcp Co by X-ray diffraction. The investigated multilayers with X= Ir, Au, Cu, 
V appeared to be mainly fee with a significant number of stacking faults. Only in 

the Co/ Ag multilayer a significant amount of hcp Co was observed. The shift of the 
spectra compared to the bulk fee and hcp hyperfine field values is attributed to 
tensile strain arising from the lattice mismatch at the interface. Weil resolved inter
face signals were observed for Co/Ag and Co/V. 

t derived trom VSM measurements. In a NMR experiment such non-magnetic Co would reveal 
itself by a resonance llne at low frequencles according to f = 'YI3appi/21r, i.e., Bhr=O. Unfortu
nately, the observatlon of non-magnetic Co by NMA requlres much more Co than present in !he 
current samples {cf. Chapter 3). 
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Interface Roughness and Strain in Co Based Multilayers 

In this chapter the appllcatlon of NMR to the study of Interface roughness and straln Is 

illustrated tor CojCu and Co/Ni multllayers. The tirst two sectlons contaln the major experlmen

tal results and are essentlally reprints trom publlcatlons. The remalning section Is devoted to 

background knowtedge concernlng straln and Interface roughness modelling. 

6.1 Nanostrncture of Co/Cu multilayers.t 

Artificially la.yered metallic materials have attra.cted considerable attention 
during the last yea.rs. lnteresting -and sametimes spectacula.r- new magnetic, struc
tura.l, and transport phenomena. have been reported. Among those we mention di
mensionality effects [Dür 89], interlayer couplings · [Grü 86, Par 90), anomalous 
ma.gnetoresistance [Bai 88) and anisotropy effects [Car 85, Bro 87]. 

One of the major problems in this rapidly developing field of research is the 
cha.racterization of the structura.l perfection of the multilayered films , which in
cludes the topology (or sharpness) of the interfaces, the lattice parameters, coheren
cy and strains. At the same time, according to current understanding, these parame
ters have a profound effect on the physica.l behavior [Bro 88a, Hei 87, Sta 87]. 

For surfaces, detailed information on the topology can be obtained by many 
experimental techniques. For interfaces and individua.llayers embedded in the mul
tilayer structure such information is much more difficult to obtain. In principle, 
however, techniques such as nuclear magnetic resonance (NMR) and Mössbauer 
spectroscopy provide the possibility to probe the multilayers and the interfaces on a 
nanoscopic scale. 

In this section we report on NMR measurements on Co/Cu multilayers which 
probe the actual atomie stadring witrun the Co layers for various Co and various Cu 
layer thicknesses. We will show that a clear distinction can be made between inter
face and bulk atoms and detailed information on the topology of the Co/Cu inter
face and the strain within the layer can be obtained. 

tpartly publishad In Phys. Rev. B 44, 9100 (1991). 
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Application of NMR is based on the sensitivity of the hyperfine interaction, 
Bhf, to the immediate surrounding of the nucleus. It has been shown that the hyper
fine interaction is dominated by the nearest neighbors ( cf. Chapter 2). The contribu
tion of further shells to Bhf is at least two orders of magnitude smaller. Basically, it 
is this fact that makes NMR very suitable as a local probe. Of specific relevanee for 
the present study are the following features: 

Replacement of a nearest neighbor Co ion in a structure by a non magnetic ion 
yields a discrete shift of Bhf due to the rednetion of the s-electron polarization. 
Quantitative calibration can be obtained by experiments in appropriate diluted 
alloys. For Co/Cu it has been found that the resonance frequency, as a general 
rule, decreases with a bout 18 MHz per replaced Co a torn in fee co balt ( cf. 
Table 2.6). This feature enables one, in principle, to probe the local surround
ing of a Co ion and to investigate the topology of the interface on an atomie 
scale. 
Bhf depends on the atomie distance, as can be deduced from pressure experi
ments and theoretica! calculations (see Chapter 2). Typical values for Co are 
/1Bhf/Bhf = -1.17 /1 VfV. The shift of a spectrum therefore can, in principle, 
be related to the atomie volume or, alternatively, strain in the lattice. 
Bhf depends on the local symmetry. Hence local structures like fee 
(Bhf = 21.6 T) or hcp (Bhf ~ 22.5 T) can be distinguished. 

The Co/Cu multilayers were prepared at the Philips Research Laboratories by 
e-beam evaporation in UHV on oxidized silicon substrates at room temperature. 
The deposition was started with a base layer of 200 Á Cu, the deposition rate was a 
few Á/s and the total thickness of the multilayers was about 2000 Á. Chemica! 
analysis was used to check the amount of Co. Values of the layer thicknesses quoted 
below are accurate to 5%. X-ray diffractometry at high and low scattering angles 
confirmed the [111] fee texture and the superlattice modulation. 

NMR experiments were performed with and without a magnetic field. The in 
field spectra were recorded in fields (up to 5 T) applied parallel to the film plane at 
a temperature of 1.4 K with the incoherent spin echo spectrometer at Eindhoven 
University of Technology. The zero field spectra were recorded at constant r.f. field 
strength with the automated coherent spin echo spectrometer at the lnstitut de 
Physique et Chemie des Materiaux Strasbourg. The sensitivity of both installations 
amounts to roughly 1016 Co spins at 1.4 K. 

A typical example of a NMR spectrum is presented in Fig. 6.1. This figure 
shows the spin echo intensity for a 40"(12.3 Á Co+ 42 Á Cu) multilayer versus 
frequency in zero field. Spectra for different thicknesses of Co ( or Cu) are qualita
tively similar, but shifted in frequency. 

In order to establish the origin of the various parts of the spectrum the follow
ing facts should be noted. First, the main line in the spectra in Figs. 6.1 and 6.2 
appears close to the value of fee surrounded bulk Co (217 MHz ). The shift of this 
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line with respect .to the bulk value is caused by strain in the Co layer, as we will 
argue in detail later. At the high frequency side of the fee line there is practically no 
intensity, indicating that in our samples the amount of hcp Co is very small. We 
note that this is in marked contrast with measurements on Co/Pd, Co/Ir, Co/Au 
(d. Chapter 5), and with recent X-ray and NMR experiments onsome Co/Cu mul
tilayers [Lam 89, Lee 90, LeD 90, 91], where stacking faults and fractions of hcp Co 

up till 40% were reported. Since the intensity ratio of the main line and the lower 
frequency part of the spectrum increases systematically with tco• as shown in Fig. 
6.2, the part of the spectrum below the main line is assigned to Co atoms at the 
interfaces where one ore more nearest neighbor Co atoms are replaced by Cu. This 
assignment is supported by the observation that the spin-spin relaxation time T2 
for the satellites is typically twice the value measured for the main (bulk) peak, 
evidencing a different origin of the signals. From the inset of Fig. 6.2 it appears that 
the intensity ratio of the main line and the most intense satellite varies as nco -2, 
indicating unambiguously that the mixed region is only one layer thick. 

Given these experimental results we are now in the position to explore the 
interface spectrum more quantitatively. Since the spectrum originates from Co 
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F~gure 6.2. In field spectra (corrected tor enhancement) of [111/ 

(xÁ Co+ 21Á Cu) multilayers showing the systematic increase in inten
sity ratio of the main fine and the most Intense satellite as a tunetion of 
the Co thlckness tc0 (expressed in monolayers). For easy comparison 

the spectra have been normalized to the flrst satellite (in intensity as wel/ 

as in frequency). The decrease in linewidth with respect to the zero-field 
spectra is due to the homogen/zation of the magnetization. The lnset 
shows the ratio of lntensity of bulk to Interface as tunetion of Co 
thickness. 

atoms with one or more Cu atoms in their nearest neighbor shell, it should consist 
of a number of resonance lines shifted with respect to the bulk fee line by approxi., 
mately 18 MHz per substituted Cu atom, as deduced from experiments in diluted 
alloys quoted above. Although the lines are rather broad, the discernible peaks near 
the bulk line seem, at first glance, indeed shifted by this amount. We therefore 
fitted the intensity of the spectrum by separate Gaussian lines. The solid line in Fig. 
6.1 shows that the structure of the spectrum is well fitted by seven approximately 
equally spaeed Gaussians ( denoted by the dotted lines). All parameters in the fit 
were free except for the line width, which was constrained to have the same value 
for alllines. We stress that the fit was insensitive to changes of the starting parame
ters and always converged to the same positions and intensities for the lines. At
tempts to reduce the number of lines gave evident misfit whereas attempts to intro
duce more than seven lines resulted in a merging of the supplementary lines into one 
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of the seven within less than 1 MHz. We are thus very confident that the recon

structed spectrum with seven lines represents the actual hyperfine field distribution 

to a fair degree of correctness. 
The average spacing between the lines is found to be 19 MHz with a scatter of 3 

MHz. This value is very close to the reported shift of 18 MHz per substituted Cu 

atom quoted above. The various lines can thus be assigned to Co nuclei having 12 

Co neighbors ("bulk" atoms) and nuclei having 11 to 6 Co neighbors ('1interface 

atoms"). 

For a perfectly flat interface one would expect a bulk line (12 Co neighbors) 

and one single interface line (9 Co neighbors for [111] oriented growth). This is 
apparently not the case. From the appreciable relative intensity of the first satel
lites below the main line, representing Co atoms with one or two Cu nearest neigh
bors, one can already conclude that the interface layer is rather thoroughly mixed 

and contains a large number of atomie steps. 

In order to substantiate this conclusion, we have compared the experimental 
intensity of the satellite spectrum with a complete random distribution as well as a 

more structured model. The latter model, schematically shown in the insert of Fig. 

6.1, contains mono-atomie steps with an average width equal to the average dis

tanee d between them. To comply with the crystallographic symmetry an average 

length 1 of the straight sections of the step is also introduced (see Fig. 6.1). The 
relative occurrence of the various neighborhoods of the Co atoms in the two tenta
tive roodels determines the intensity of the corresponding resonance lines . A surpris

ing agreement (within 10%) between the step model (with d and 1 in the order of 

two atomie distances) and the experimental data was obtained. These valnes for d 

and 1 show that indeed in the interface monolayer atomie steps are quite numerous. 

However, it must be stressed that the observed distribution of neighborhoods clearly 

differs from the limiting case of a random distribution of 50% Co and 50% Cu in a 

flat but diffused interface layer. This means that in the mixed interface layer the Co 

atoms prefer to be surrounded by Co and the Cu atoms by Cu, which is not unlike
ly. 

We will now focus on the dependenee of the spectra on the Co thickness (tc0 ) . 

NMR spectra have been recorded by field-sweeps for multilayer samples with 

tcu = 21 A and 42 A and tc0 ranging from 6 A to 40 A. The positions of the main 

line are plotted in Fig. 6.3a as ~Bhf against 1/tco· The hyperfine field Bhf was 

obtained from the resonance field · Bappl and the frequency f by the relation 

f = -y(BhrBap 1), where -yj21r = 10.054 MHz/T is the 59Co nuclear gyromagnetic 

ratio. The "bu&" value Bhf = 21.53 T observed for a 1000 A thick Co layer is used 
as reference value. It is obvious that in the multilayers Bhf is shifted from the bulk 
value by an amount ~Bhf depending on both tc0 and tcu· Using the relation 
~Bhf/Bhf = -1.17~ V/V quoted above (which is actually derived for isotropie pres

sure) the observed change in Bhf can be related to changes in atomie volume or, 
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Figure 6.3. a) Hyperfine field Bh! of the Co atoms correspondlng to the most Intense reso
nance I/ne derived trom in-field spectra as a tunetion of inverse Co thlckness 1/ tco tor /111} 
Co/Cu multilayers wlth a Cu thlckness of 21 A and 42 A. A 1000 A Co film was used as 
reference. The solld I/nes reprasent least squares fits of a straight fine to the data. 

b) Hyperfine field Bhf derived trom in-field spectra as a tunetion of inverse Co thickness 

1/tc0 tor [111} Co/Cu multilayers with a Cu thlckness of 42 A. The squares represent the 
hyperfine field of Co atoms with 12 Co atoms as naarest neighbor ("bulk• atoms). The triangle 
(data taken trom [Nas 74}) and circles reprasent the hyperfine field of Co atoms with 11 Co 

nearest neighbors and 1 Cu nearest nelghbor (atoms at the Interface). 

alternatively, strain. This implies that the data in Fig. 6.3 indicate that the strain 
in the Co layers as probed by the bulk atoms seems to he inversely proportional to 
tc0 from 6 A up to bulk. The magnitude of the strain, however, clearly depends on 
tcu· For the interface atoms the same analysis can be performed toprobe the strain 
at the interface. This provides us with the unique opportunity to probe the variation 
of strain in the whole Co layer. Fig. 6.3b reveals that, within experiment al accuracy, 
the relative shift b.Bhf/ Bhf of the hyperfine field of the "interface" atoms is equal 
to the relative shift of that of the "bulk" atoms. This strongly indicates that the 
atomie distances within the Co layers, including the interface, are equal on a micro
scopie scale. 

Currently, the strain and coherency in multilayered systems are aften described 
in terms of the dislocation model [Fra 49, Jes 89, Mat 79, Cha 88] (see also section 
6.3.1). In this elastic model the strain is caused by the misfit between the layers. 
For thin layers, coherent beha.vior is predicted, with an in- pla.ne Co la.yer stra.in 
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given by 

(6.1) 

where m is the lattice mismatch and q is the ratio of the elastic moduli of Co and 
Cu (cf. sectien 6.3.1). Above a critica! layer thickness tcrit the strain relaxes 
through the creation of dislocations at the interface. This results in incoherency and 
in that regime the strain in the Co layers will be inversely proportional to tc0 and 
almest independent of tcu· According to the results of recent X-ray investigations 
on Co/Cu superlattices [Lam 89, Lee 90] a coherent behavier should be present for 
Co layers up to 40 Á and hence Eq. (6.1) should apply. The present microscopie 
experiments, however, do not support such a coherent behavior, since a satisfactory 
description of the data plotted in Fig. 6.3a by the use of Eq. (6.1) is only possible 
for q>100, which is completely unphysical. Moreover, the observation of stacking 
faults for tc0 > 16 Á (not shown here, but cf. Fig. 5.11), tagether with the fact that 
the number of stacking faults appears to be proportional to the inverse Co thickness 
(Fig. 6.4), strongly suggests that the decrease of the strain with increasing Co thick
ness is due to the generation of partial dislocations ( cf. sect. 6.3.1 ), i. e., the stroc
ture is incoherent (at least for tc0 > 16 Á). In principle, a decisive condusion might 
be obtained by monitoring the behavier of the strain in the Cu layers as a function 
of tc0 (at constant tcu), since below the cri ti cal Co thickness the strain in the Cu 
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derived trom the NMR spectra, as a tunetion of the inverse Co thickness 
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(squares). The dashed lines are guides to the eye. 
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layers is expected to increase monotonically with increasing tc0 , whereas above the 
critica! thickness it decreases monotonically. The amount of Cu in the samples did, 
however, not allow the observation of the Cu NMR signal. 

We would like to conclude this section with some comments. The present anal
ysis is based on strain- and neighbor effects. In general, a non uniform magnetiza
tion due to layers near the interface with an enhanced or reduced moment might 
also influence Bhf· Systematic mágnetization measurements, however, yielded a 
constant magnetization per Co atom for the present range of tc0 , indicating the 
absence of such phenomena in this case [Blo 90]. Apart from this, the existence of 
such layers would not yield a shift of Bhf of the bulk atoms, in contrast to what is 
observed in the present study. 

The width of the resonance line conesponding to "bulk" Co atoms is shown in 
Fig. 6.5. The data reveals that for small Co thickness the linewidth is approximate
ly twice as large as for large Co thickness. This increase in width may originate 
from, a. o., a larger (local) disorder for thin Co layers due to, for instance, the 
growth process, the presence of second and third nearest neighbor effects in combi
nation with the presence of interface roughness, or fluctuations in the strain ( and 
thus Bhf) because of the thickness fluctuations and step edges accompanying the 
observed interface topology. In latter respect it is interesting to note that simple 
model calculations, which assume fluctuations in the Co layer thickness of ±1 mono
layer and use the experimentally observed relation between Bhf and tc0 (Fig. 6.3), 
produce the correct order of magnitude for the excess linewidth. 

A final comment concerns the magnetoresistance. Recently, giant magnetoresis
tance was reported forsputtered Co/Cu multilayers [Mos 91]. The present UHV 
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Figure 6.5. Width (FWHM) of the 'bulk' resonance fine in the NMR spectra 

of [111] Co/Cu multilayers as a tunetion of the Co thickness tco· 
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deposited multilayers did not display this effect. One might conjécture that the 
roughness of the interface (as scattering source) is of decisive importance. A compar
ison between sputtered and UHV deposited layers using the present analysis will 
therefore be undertaken. 

6.2 Interfaces and strain in Co/Ni mnltilayers. t 

In the previous section the potential power of nuclear magnetic resonance 
(NMR) for the research on the nanostructure of multilayered materials was demon
strated on Co/Cu multilayers. It was shown that a clear distinction can be made 
between interface and bulk atoms, and that detailed information on the topology of 
the interface and the strain within the layer can be obtained. In this section addi
tional results on [111] fee Co/Ni multilayers will be reported. 

The Co/Ni multilayers were prepared at the Philips Research Laboratories by 
MBE in UHV on oxidized silicon substrates at room temperature using a base layer 
of 300Á Au, which was annealed for 20 minutes at 150°C prior to the multilayer 
deposition. The deposition rate was about 0.5 Á/s for both Co and Ni. The Co 
thickness ranged from 10Á to 41Á and the Ni thickness was 42Á. X-ray diffracto
metry at high and low angles confirmed the [111] fee texture and the superlattice 
modulation. 

The NMR experiments were performed with theincoherent spin echo spectrom
eter at Eindhoven University of Technology in magnetic fields larger than the mag
netic saturation field, applied parallel to the film plane, and at a temperature of 
1.35 K. The hyperfine field Bhf was obtained from the resonance field Ba pl and the 
frequency f by the relation f= 1 (Bhf- Bappl), where 'Y/27r= 10.054 Mifz/T is the 
59Co nuclear gyromagnetic ratio. 

Fig. 6.6 shows a typical example of a NMR spectrum. 1t shows the spin echo 
intensity for a 50x (12 Á Co + 42 Á Ni) multilayer as function of Bhf" Spectra for 
different thicknesses of Co ( or Ni) are qualitatively similar but shifted in hyperfine 
field. The main line in the spectra in Figs. 6.6 and 6. 7 appears close to the value of 
fee surrounded bulk Co. The shift of this line with respect to the bulk value is 
caused by strain in the Co layer. At the high Bhf side thereis practically no intensi
ty, indicating that in our samples the amount of hcp Co and the number of stacking 
faults is very small. This is in marked contrast with measurements on Co/Pd, Co/Ir 
and Co/ Au, where stacking faults and fractions of hcp Co up to 40% are present ( cf. 
Chapter 5). 

Since the intensity ratio of the main line and the lower Bhf part of the spec
trum increases systematically with tco• as shown in Fig. 6. 7, the part of the spec-

t adapted from J . Magn. Magn. Mater. 104-107, 1809 (1992), and Mat. Res. Soc. Symp. Proc., 
Vol. 231, p. 229 (1992). 
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50(12Á Co+ 42Á NI) {111} multilayer. The spectrum was recorded at 

1.35 K with a magnetJe field applied parallel to the film plane. The arrows 
denote the hyperfine field tor bulk Co in a fee and a hcp structure. The 
spectrum Is corrected tor enhancement. 

trum below the main line is assigned to Co atoms at the interfaces, where one or 
more Co nearest neighbor atoms are replaced by Ni. The fact that there is more 
than one satellite visible already indicates that the interfaces are rather thoroughly 
mixed. From the inset in Fig. 6. 7 it appears that the intensity ratio of the main line 
and the most intense satellite varies roughly as nc0 -4, indicating that the interface 
consists of (at least) two mixed layers. This is in contrast with, for instance, Co/Cu, 
where the interface was shown to consist of only one mixed layer built up from 
(numerous) small atomie steps (see section 6.1). The fact that in the present multi
layers the interface seems to he mixed over more than one monolayer seriously 
complicates the interpretation of the observed satellites in terros of a specific inter
face structure model. Preliminary analysis, however, indicates that the interface 
layers are not completely randomly diffused but contain numerous mono-atomie 
and bi-atomie steps. 

In Fig. 6.8a the shift of the position of the main line with respect to the posi
tion of bulk Co is plotted against 1/tco· The "bulk" value Bhf= 21.53 T observed 
for a lOOOÁ thick Co layer is used as a reference value. For comparison the results 
on Co/Cu ( section 6.1) are also displayed. It is obvious that in the multilayers Bhf 
is shifted from the bulk value by an amount depending on tco· Using that 
t.Bhf/ Bhf is proportional to the change in atomie volume t. V/ V ( or, alternatively, 
strain) ( cf. Chapter 2) the data suggest that the strain in the Co layers, as probed 
by the bulk atoms, is proportional to lftc0 from lOÁ up to bulk. The data also 
show that for Co/Ni the strain is compressive whereas for Co/Cu the strain is ten-
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sile. Since the lattice mismatch between Co and Ni is about +0.6% and between Co 
and Cu about -2.0% this strongly suggests that the strain in the Co layers is related 
to the lattice mismatch. If we campare the magnitude of the strain in Co/Ni 
( tNi = 42Á) with the magnitude of the strain in Co/Cu ( tcu = 42Á) we even find a 
perfect agreement between the ratio of the strains and the ratio of the mismatches. 

For the interface atoms the same analysis can be performed to probe the strain 
at the interface. The results are shown in Fig. 6.8b. It appears that, within experi
mental accuracy, the relative shift t:,.Bhf/ Bhf of the hyperfine field of the interface 
atoms is equal to the relative shift of that of the "bulk" atoms. This was also ob
served for Co/Cu multilayers (see sectien 6.1) and strongly supports the picture of 
an uniform strain within the Co layers, i.e., the atomie distances within the Co 
layers, including the interface, are equal on a microscopie scale. 
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Rgure 6.8. a) Hyperfine field Bhf of the Co atoms corresponding to the most intense reso
nance fine derived trom in-field spectra versus inverse Co thickness 1/tco tor [111} Co/Ni and 
Co/Cu multilayers. A 1000 A Co film was used as reference. The solid lines represent least 
squares fits of a straight fine to the data. 

b) Hyperfine field Bhf derived trom in-field spectra versus inverse Co thlckness 1/tc0 tor 
{111] Co/Ni multilayers. The squares represent the hyperfine field of Co atoms with 12 Co 
atoms as nearest neighbor ('bulk' atoms). The circles represent the hyperfine field of Co 

atoms with 10 Co nearest neighbors and 2 Ni nearest neigbars (atoms at the interface). 

We would like to conclude this section with some comments. In contrast to the 
case of Co/Cu, for Co/Ni it is very hard to discriminate between coherent and in
coherent behavior of the strain on basis of the data in Fig. 6.7a alone, mainly be
cause of the small strains involved and, consequently, the large relative uncertain.,. 
ties. The present Co/Ni multilayers did nat show a systematic increase in the num
ber of stacking faults with increasing tco· The small amount of stacking faults 
present (not shown here) is approximately independent of tc0 and consists of differ
ent types of faults (including a small fraction of hcp ), which suggests that it rather 
concerns grown-in faults than faults related to misfit induced partial dislocations. 
Also the fact that the strain in the Co layers depends strongly on the Ni thickness 
(for tc0 = 12 A, approximately a factor two difference in t.Bhr/ Bhf was observed 
for tNi= 100 A compared to tNi = 16 Á), whereas in case of incoherency a much 
weaker dependenee is expected, indicates that these layers may be coherent. 

In the spectra a shoulder can be observed at the low hyperfine field side of the 
bulk resonance line, of which the intensity was found to be constant relative to the 
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intensity of the interface signals. The latter implies that it corresponds to Co atoms 
near the interface. The difference of approximately 0.16 Tin hyperfine field as com
pared to the main line suggests that this resonance line originates from Co atoms 
with öne or more Ni atoms in the second or third nearest neighbor shell ( cf. Table 
2.6), i. e., Co a toros in the sub-interface layers. 

The width of the bulk resonance line in Co/Ni multilayers is camparabie to the 
width of the resonance lines of MBE grown films ( cf. Chapter 4), indicating a very 
good nanoscopic structure, and only weakly dependent on tea· In Co/Cu the line 
width was more than twice as large and it also increased strongly for tc0 ~ 16 Á. In 
view of the present results on Co/Ni this increase in line width might be (partly) 
attributed to the presence of a second or third nearest neighbor effect which cannot 
be resolved because of the larger 11intrinsic11 line widths. 

The presence of a relatively narrow and intense "second" satellite (Bhf ~ 20.2 
T) amidst braad 11first 11 , 11 third 11 , etc. satellites is remarkable. The narrowness of 
this line suggests that it corresponds to parts of the interface that possess a very 
regular structure. One might speculate that this is caused by ordered alloy forma
tion. Decisive conclusions require, however, more research. 

Finally, we note that indications were found that the interface topology de
pends on the Ni thickness, whereas it appears to be independent of the Co thickness. 
Further studies are in progress. 

6.3 Strain and interface roughness modelling. 

In the previous sections the experimental results on Co/Cu and Co/Ni multi
layers were discussed in terros of simple roodels for the strain and interface rough
ness. In this section these and alternative roodels are more extensively discussed. 

The presence of strain as well as interface roughness in multilayers is intimá.te
ly related to the details of the growth, or epitaxy, of different materials onto each 
other. The resulting final state is determined by the complex interplay between the 
various interatomie interactions, such as adatom-adatom, "substrate" (i. e., the 
material on which the overlayer grows) atom-11substrate" atom and adatom-"sub
strate11 atom interactions. Apart from this the presence of thermal fluctuations may 
serve to overcome an hierarchy of energy harriers (e. g., adatom migration activa
tien energy, nucleation energy of dislocations). It will be clear that a detailed review 
of this area of research would rather laborious and also well outside the scope of this 
thesis. Therefore, we will confine ourselves to the main ideas. For more in-depth 
accounts the reader is referred to the literature (e. g., [Bau 58, Mer 89, Bru 86, 
Fly 88, Gra 88, Gil 72, Mar 76, Bal 83, Bib 80, Mat 79, Jes 89, Sch 91b, Mez 82, Gil 
77, Nix 89]). 
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6.3.1 Strain. 

In a monolayer or thin film overgrowth the adatom-adatom interactions favor, 
in general, a different interatomie separation than the adsorbate-"substrate" inter
actions. It is this competition between the interactions that is, essentially, responsi
bie for the occurrence of strain, dislocations and pseudomorphism. The final equilib
rium state depends primarily on the ratio of the adsorbate-adsorbate to adsorbate
"substrate" interaction strength and also, but to a lesser extent, on the geometrical 
rn.ismatch, i. e., the mismatch between the respective bulk lattice constants. In Fig. 
6.9 some of the possible equilibrium states are schematically depicted. They will be 
briefly discussed in the following. 

Lattice curvature. The misfit can he accommodated by a lattice parameter 
gradient introduced through a bending of the lattices. In general, this mechanism 
will only he important for free standing "bi-crystals" or for films on a thin substrate 
(in fact, in these cases the phenomenon is sametimes used to determine the strain 
[Nix 89]). In a multilayer the forces are usually balanced because of the alternating 
structure. 

Fracture. If the interfaciai bond is strong and the overlayer brittle, cracks in 
the overlayer may occur on cleavage planes nearest to the normal to the interface, 
thereby reducing the overall stress. For metals thls mechanism is of little impar
tanee since the interatomie strengtbs are usually all of the same order of magnitude 
and the layers are not brittle. 

Coincidence. In special cases both materials can maintain their bulk lattice 
constants. As a consequence the atomie planes are in registry only at specific multi
ples of the lattice constants of each material ( cf. Fig. 6.9). This is usually referred to 

Coincldence Strain gradient 

Homogeneaus strain Misfit dislocations 

Figure 6.9. mustration of some possible misfit accomodatlon modes. 
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as coincidence. In practical cases the equilibrium state may also contain small ho
mogeneous strains or the axes of the overlayer can be rotated with respect to the 
axes of the underlying material ( epitaxial rotatien or rotated epitaxy [ Gre 92, 
Boh 92b]). Coincidence lattices are, a. o., observed for Cu and Co overlayers on Ru 
[Chr 79, 80, Vri 92] and Ag overlayers on Ni and Cu [Bau 67, Fei 70, Jac 73]. Re-
cently, it has been suggested that in the growth of Co on Pd the misfit is also ac
commodated by means of coincidence [Joh 91]. In genera!, one expects this type of 
misfit accommodation to occur in case of relatively weak interfacial bonding and 
large geometrical mismatch. The coincidence length and the occurrence of epitaxial 
rotation appear to be very sensitive to the degree of perfection of the interface or 
surface [Bau 86). 

In a NMR experiment on Co based multilayers coincidence would be revealed 
by a negligible shift of the bulk hyperfine fields (virtually no strain) and the pres
enee of only one satellite, the "perfect interface" satellite. This latter satellite is 
strongly broadened, especially to the low hyperfine field side, due to the irregular 
positioning of the neighboring foreign atoms with respect to the Co lattice sites. In 
our experiments on Co/Pd and Co/ Ag multilayers, where coincidence might be 
expected, such behavior could not unambiguously be identified. 

Strain gradient. The stress in the film may also be limited to a narrow region 
adjacent to the interface. Within this region the lattice constant is relaxed from its 
constrained value at the interface to its bulk lattice constant by a simple strain 
gradient. According to calculations, the occurrence of this type of misfit accommo
dation depends strongly on the lateral dimensions of the overlayer ( or overlayer 
patches in case of island growth or grain formation) [Lur 86]. 

In a NMR experiment the presence of a strain gradient would reveal itself by a 
tail to the (unshifted) bulk line, which becomes gradually more dominating for 
decreasing Co layer thickness. For Co layer thicknesses smaller than approximately 
twice the strain decay length, all atomie layers are strained and what was a "tail" 
to the unshifted bulk line becomes the only signal originating from the remaining 
bulk Co atoms. In this case, because of the overlap of the strained zones, the strain 
difference between the atoms in the center of the layers and near the interfaces is 
reduced, resulting in a narrowing of the resonance line. In case of interface atoms, 
the strain is always at its maximum and thus the hyperfine field is independent of 
the Co layer thickness. In the experiments described in this and the previous chap
ters clearly no such behavior was observed. 

Homogeneaus strain. If the lattice mismatch and/or the layer thickness is not 
too large, the misfit may be accommodated completely by a homogeneaus elastic 
strain, i. e., the lattice constants of the materials composing the multilayer change 
so that the atomie rows remain in registry across the interfaces ( denoted as coheren
cy). The magnitude of the strain in the final equilibrium state follows from minimi
zation of the free energy and, fora fee [lll] growth, is given by 
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(6.2) 

(6.3) 

In these èxpressions f ll refers to the in-plane strain and f 1 to the strain along the 
[111] direction and perfectly flat interfaces are assumed. For small mismatches, i.e., 
f/2«.1, the terros with l±f/2 can be approximated by unity and Eq. (6.2) transfarms 
to Eq (6.1) (with m=fand q=Cc0 /Cx)· lt can be easily derived that, if mixed inter
face layers are present and the elastic properties of these layers are not too different 
from the properties of the Co and X layers, the strain can still be described to a 
good approximation by Eqs. (6.2) and (6.3), if the values of tc0 and tx are correct
ed for half the thickness of the mixed layer. 

Experimentally, misfit accommodation by homogeneons strains has been ob
served in thin metallic films of, a. o., Ni on Cu [Nak 80, Gra 66], Au on Ag 
[Mat 66], fee Co on Ni and Cu [Jes 68], Cu on Pd and Pd on Cu [Phi 69] and in 
multilayers of Ag/ Au, Ni/Cu [McW 85) and Co/Cu [Lam 89, Lee 90, Böd 92). As
sociated with the misfit relief by homogeneaus strain is the existence of a critica! 
thickness ( and lattice mismatch) above which it becomes energetically very unfavor
ably to maintain such a state. This will be further discussed below. 

Misfit Dislocations. If the lattice mismatch is not too large, the first few mono
layers of an overlayer growth are lattice matebed to the 11substrate11 by a homogene"
ous strain. As the thickness increases, one finds that there exists a critica! overlayer 
height above which it costs too much energy to strain additional layers into com
mensurability (or coherence) with the 11substrate11 • Instead a periodic array of dislo
cations appears which absorbs (part of) the misfit so that a much reduced strain 
remains in the overlayer. The misfit dislocation density increases as the overlayer 
thickness increases, until the averagestrain in the overlayer is reduced to zero, i. e., 
the lattice constant of the epitax.ial layer is equal to its bulk crystal value. In gener
al, there are several possibilities of misfit dislocation arrays that will accommodate 
the same misfit. Minimum energy considerations, coupled with energy harriers to 
misfit dislocation generation, determine which of the available alternatives will be 
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realized. (Experimental observations of this type of misfit relief can be found in the 
references quoted under "homogeneous strain"). 

Most theoretica! predictions about strain in the presence of misfit dislocations 
are equilibrium based, since the analysis of equilibrium configurations on the basis 
of minimum free energy is much easier than the dynamics of non-equilibrium proc
esses. The difficult part in these theories is to find expressions for the self-energy of 
an interfacial dislocation (for a review see, e.g., [Mat 79, Jes 89]). Application of 
the equilibrium based theories requires the relevant energy harriers to be small 
enough compared to thermal energies. In metals this condition is usually satisfied 
[Mat 79, Nix 89, Jes 89]. 

One of the most celebrated equilibrium roodels is the extension of the Frenkel
Kontorova model by Frank and Van der Merwe, whomodelled a monolayer of for
eign atoms interacting with a rigid substrate as a one-dimensional chain of atoms 
coupled by nearest-neighbor harmonie springs and subject to an external sinusoidal 
potential [Fra 49, 50]. The model was subsequently extended to describe also over
layers thicker than one monolayer [Mer 63, 64, Jes 67, Bal 70a], bi-crystals [Bal 
70b], and superlattices [Jes 88, Mer 88]. For an A/B multilayer the model predicts, 
for thicknesses exceeding the critica! thickness, an (approximate) 1/t dependenee of 
the strain and a dependenee of the strain in layer A on the thickness of layer B ( and 
vice versa). 

As already mentioned before, one of the limitations of the model of Frank and 
Van der Merwe is that the relevant energy harriers, such as the harriers involved in 
the nucleation and motion of dislocations, need to he small as compared to thermal 
energies. Other limitations are that the model is only correct for small misfits 
(f<lO% ), because explicit use is made of linear elasticity theory, that it assumes the 
interfaces to be perfectly flat and of fourfold symmetry, and that isotropie elastic 
media are assumed. Moreover, exact (analytica!) results are only obtained in the 
extreme case of a monolayer on a thick substrate or thick bi-crystals and poor re
sults are expected when the thickness of the epilayer exceeds two monolayers, par
ticularly when the misfit is small, because of the approximations employed in the 
calculation of the misfit dislocation energy [Jes 89}t . Despite these limitations, this 
model has been able to describe quite successfully the misfit phenomena in a large 
number of systems. A comparison between the predictions of equilibrium theory and 
the experiments can be found in [Jes 89, Mat 79]. 

A special case of the misfit accommodation by strain and dislocations is the 
epitaxy of metals at [111] fee/ [110] bcc interfaces. The misfit differs greatly in two 
mutually perpendicular directions and the occurrence of coherence in one direction 
only is a natural consequence. An extensive discussion on this subject and related 

t A salution to the latter problem was oftered by Matthews, who used a Volterra model to cal cu
late the misfit dislocation energy ([Mat 79] and raferences therein) . Thls model has, however, 
not yet been extended to the case of a multilayer. 



100 Chapter 6 

experiments can be found in [Bau 86, Bru 77, 78, Mer 82] 
In the existing equilibrium as well as non-equilibrium theories the misfit dislo

cations that are considered are always perfect dislocations. Stacking fanlts are gen
erally regarded as grown-in faults, not as the result of strain relief, although it is 
acknowledged that the partial dislocations associated with stacking fanlts can re
duce the critical thickness [Jes 89]. The partial dislocations are usually of the ex
tended dislocation type, i. e., they form pairs of which the total Burgers vector 
equals the Burgers vector of a perfect dislocation. Recently, however, it has also 
been observed that pairs of partial dislocations with antiparallel Burgers vector can 
be generated inside an embedded strained layer and move to opposite interfaces, 
leaving a stacking fault between them [Hwa 91]. The partial dislocations can be 
generated in a successive manner with smal! activation energies and, therefore, 

misfit strain relief via the formation of partial dislocations is favored for embedded 
strained layers consisting of materials with small stacking fault energy ( such as Co) . 
This results in lower valnes of strain and critica! thickness than predicted from the 
Frank-Van der Merwe model and may, e. g., explain the occurrence of incoherency 
in Co/Cu multilayers in a thickness range where coherency would be expected ( cf. 
section 6.1). 

Structural phase transition. The overlayer can relief the misfit by adopting a 
crystal structure that is welllattice matebed to the substrate but which differs from 
the crystal structure that the overlayer would normally adopt in the bulk ( denoted 
as pseudomorphism). The pseudomorphic phase is coherent with the substrate, or 
nearly so (small misfit), whereas the bulk crystal structure would be highly incoher
ent (large misfit). A striking example of pseudomorphism is the growth of metasta
bie bcc Co on, for instance, GaAs [110] [Pri 85] and within multilayers of Co/Fe 
[Hou 91, Boh 92a, Dek 93] and Co/Cr [Hou 91]. For increasing overlayer thickness 
misfit dislocations can be introduced and the incoherent pseudomorphic phase com
petes with the overlayer bulk stabie phase for structural stability. It has also been 
suggested that, instead of a coherent-incoherent transition, spinorlal strain patterns 
may develop, i. e., the external stress on the overlayer produced by epitaxial growth 

with misfit may lead to spontaneons lowering of the free energy by incipient phase 
separation into alternating regions of zero strained pseudomorphic phase and strain
ed bulk phase (Bru 86]. 

Finally, we note that in the case of Co-based multilayers it may well be that 
the misfit also drives the observed hcJ>HfCc transformation. 

6.3.2 Interface roughness. 

To interpret the NMR experiments in sections 6.1 and 6.2 two different roodels 
were used: a randomly diffused interface and an interface consisting of steps. In this 
subsection the details of both roodels are given. 



Interface roughness and straln In Co based multilayers 101 

In the diffusive interface model the intensity distribution of the interface lines 
was calculated for each individual atomie layer using the relation 

(6.4) 

where Pi denotes the probability of finding a Co atom with n nearest neighbor Co 
atoms, Nj represents the number of these nearest neighbor atoms in layer j, the sum 
runs over all the combinations of Ni_1, Ni, Ni+l yielding n, and <I>j represents the 
binomial distribution given by 

z.l N N 
"" (N ) r ( ) · ( )z·- · '1'· . = N.l( .-N.)I C· J 1-c. J J 

J J r zJ J . J J 
(6.5) 

Here zj denotes the number of nearest neighbor sites in layer j for a central atom in 
layer i and cj is the concentratien of Co atoms in layer j. The fraction of atoms In 
with a specific number of n nearest neighbor Co atoms is then found by summing 
the contributions for each individual atomie layer: 

I =LP.(n)·c. 
n J J J 

(6.6) 

The step model, which was schematically shown in the inset of Fig. 6.1, con
tains mono-atomie steps with an average width equal to the average distance d 
between them. Since the edges of a step are not necessarily perfectly straight an 
average length l of its straight sections is also introduced. Angles between the 
straight sections are symmetry determined, i. e., 120° (Co poor angle) and 2400 (Co 
rich angle), and assumed to be equally probable. The mathematical expressions for 
the intensity of each interface line are given in Table 6.1. The table also contains 
the expressions for the case of steps of bi-atomie height and hexagonal Co islands of 
mono-atomie height. The main virtue of these roodels is that they allow one to get 
an impression of the interface topology without having to resort to complex numeri
cal simulations of the growth process and with a minimum of adjustable parame
ters. The expressions for the strip-shaped step model, for instance, illustrate that 
for a mixed monolayer, the size of the steps is reflected in the relative intensities of 
the first three satellites (the satellites corresponding to Co atoms with one to three 
foreign nearest neighbors) and that already at small step size (d~3) the third, 11per
fect interface11 , satellite dominates the spectrum. The hexagonal-Co-island step 
model illustrates the effect of non equal probabilities of the Co rich and Co poor 
angles. A striking feature in this case is the increased intensity of the second satel

lite with respect to the first satellite. 



Table 6.1. Relativa occurrences tor Co atoms tor [111] growth in case of a perfectly sharp 
Interface and wlthln the atomie step model. The parameter n denotes the total amount of Co in 
the layer (expressed In monolayers), and the parameters d and I reflect the topology of the 
steps (see text). 

number of Co Intensity of interface lines 

neighbours perfect interface mono-atomie steps bi-atomie steps 

'strips' hexagonal islands 

12 n-2 1 
(n-2)- d 31 2 

(n-3) + 312+31+1 
3 

(n-2)- d 

11 0 1 31 (~la*ll d 3J2+3l+1 

10 0 1 31+3 csiëiP d 3J2+3l+1 

9 2 3 ~ 2 (10M1) 2-d 1 - 4 

8 0 1 0 w ë1I 1 
7 0 lli.:.!l 61-6 ill.:.!l 

dl 3J2+3l+1 4dl 

6 0 1 6 (21-1) 
dl 3J2+31+1 4dl 

5 0 0 0 
(21-1) 

4dl 

4 0 0 0 1 
2iii 

3 0 0 0 0 
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Summary and Outlook 

In multilayers and thin films the structure of the layers is extremely important 
for the observed physical properties. In this thesis we demonstrated that, in spite of 
its modest intrinsic sensitivity, nuclear magnetic resonance (NMR) is a promising 
technique which is able to probe locally the structure of the layers within a multi
layer. The principles governing the application of NMR to magnetic multilayers 
were discussed in Chapter 2 and 3, and in Chapter 4 to 6 it was shown that in a 
relatively simple and straightforward way information can be obtained concerning 
the local structure and symmetry (fee, bcc, hcp, stacking fanlts ), the strain within 
the layers and the interface roughness. In favorable cases even the topology of the 
interfaces can be determined (i. e., on an atomie scale). 

The above features open the possibility to study in unprecedented detail the 
relation between the magnetic and the structural properties of multilayered films. 
An example of such a study was discussed in Chapter 4, where it was shown that 
the changes in the volume contribution to the magnetic anisotropy of MBE grown 
Co films were due to the changes in the local crystallographic structure. Further 
studies might, for instance, focus on the relation between the volume contribution 
to the magnetic anisotropy and the strain in the magnetic layers, the evolvement of 
the surface contribution to the magnetic anisotropy as a function of the interface 
roughness (and layer completion), the dependenee of the giant magnetoresistance 
effect on the details of the interface topology, and the effect of interface roughness 
on the interlayer coupling. In fact some first attempts have already been made [Mén 
92, Ino 93, Lor 93]. 

In this work the structural information has been derived mainly from the posi
tion of the 59Co resonance line. In principle, an analysis of the linewidth, although 
complex, may produce valuable additional information, such as information about 
strain distributions, structure related electric field gradient distributions, and inter
face topology ( e. g., through second and higher neighbor shell effects or through 
strain variations caused by long range thickness fluctuations). Additional structural 
information may also be obtained from a study of the hyperfine field distribution of 
the interlayer element. Such a study would, for instance, allow the interface topolo
gy to be "viewed" from both sides. 

Currently, there seems to be some dispute about the hyperfine field of the 
"perfect interface" satellite in, for instance, Co/Cu multilayers [LeD 90, Suz 92, 
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Gro 91b, Mén 92]. In this respect, a study in which the interface roughness is sys
tematically varied, e. g., through variations of the layer completion, might shed 
more light on the identification of this satellite and would, therefore, be of great 
value, experimental as well as theoretical. 

So far only the structural features of NMR were considered. In essence, how
ever, NMR probes the magnetic environment of the nuclei. This feature can be 
exploited in, for instance, studies invalving magnetically "dead" layers as well as 
studies on the spin density oscillations in the non-magnetic interlayers. 

Finally, we would like to note that NMR is not only sensitive to static proper
ties through the positions, splittings, widths of the NMR spectra, but also to the 
dynamic properties of the electron spin system through the nuclear spin-lattice 
relaxation time. In principle, by combination of a static and dynamic NMR study, 
this offers the opportunity to study locally the electronk structure within the multi
layer. 
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Samenvatting 

De nieuwe fysische verschijnselen die optreden in dunne films en magnetische 
multilagen -bijv. verandering in de voorkeursrichting van de magnetisatie, anomale 
magnetoweerstand, dimensionaliteitseffecten, etc.- worden in belangrijke mate 
bepaald door de struktuur en de grensvlak perfektie van de films evenals de aanwe
zigheid van inwendige spanningen (strain). Voor vrije oppervlakken kan gedetail
leerde informatie verkregen worden door middel van vele experimentele technieken 
uit de oppervlaktefysica. Voor grensvlakken en lagen ingebed in de mulWaagstruk
tuur is informatie over deze vitale parameters in het algemeen moeilijk te verkrijg
en. De resultaten beschreven in dit proefschrift laten echter zien dat het met een 
techniek als kernspinresonantie (NMR) mogelijk is om op relatief eenvoudige wijze 
multilagen en de grensvlakken daarin op nanoscopische schaal te bestuderen. 

Met NMR wordt de opsplitsing van de kernspin-energieniveaus bepaald ten 
gevolge van de wisselwerking tussen het magnetisch moment van de kern en dat van 
de omringende elektronen. In magnetische materialen wordt deze opsplitsing meest
al beschreven in termen van een effectief magneetveld, het zogenaamde hyperfijn
veld, en de belangrijkste bijdrage hieraan is evenredig met de netto s elektronen 
spin dichtheid ter plaatse van de kern ( via de Fermi contact interactie) . De netto 
spin polarisatie van deze s elektronen wordt veroorzaakt door de interactie met het 
magnetisch moment van het eigen atoom en door de hybridisatie van de valentie s 
elektron golffunkties met de spin gepolariseerde d golffunkties van de buuratomen. 
Dit laatste effect veroorzaakt, tezamen met de dipool en baanimpulsmoment 
bijdrage aan het hyperfijnveld, de struktuur afhankelijkheid van het hyperfijnveld. 

Een belangrijk punt bij de bepaling van een hyperfijnveld met behulp van 
NMR is de signaalintensiteit. Deze is evenredig met het aantal resonante kernen. 
Omdat echter de intrinsieke gevoeligheid, welke bepaald wordt door intrinsieke kern 
eigenschappen zoals de grootte van. de kernspin en de gyromagnetische verhouding, 
laag is is relatief veel materiaal nodig. In magnetische materialen zoals Co, blijkt de 
koppeling tussen het magnetisch moment van de kern en dat van de elektronen een 
versterking van het NMR signaal te veroorzaken. Dit effect leidt tot (in principe) 
monolaag gevoeligheid in deze materialen. 

De mogelijkheden van NMR zijn geïllustreerd aan de hand van experimenten 
aan dunne Co films en multilagen met daarin Co als magnetisch element . Het blijkt 
dat aan de hand van de grootte en anisotropie van het hyperfijnveld op eenvoudige 
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wijze zowel kwalitatief als kwantitatief onderscheid kan worden gemaakt tussen Co 
atomen in een fee, hcp of stapelfout omgeving en tussen atomen midden in de laag 
en atomen aan het grensvlak. Bovendien geeft een vergelijking met de waarde van 
het hyperfijnveld in "bulk" materialen informatie over de strain in de lagen. 

In de experimenten aan dunne Co films is met behulp van röntgenverstrooing 
en NMR de invloed van groeitemperatuur en substraat op de struktuur bestudeerd. 
Beide blijken van significant belang. De geconstateerde variatie in struktuur als 
functie van de groeitemperatuur blijkt tevens verantwoordelijk te zijn voor de waar
genomen variatie in de magnetische anisotropie. 

De experimenten aan Co/X multilagen (X=Pd, Au, Ag, Cu, Ni, Ir, V) laten 
zien dat normaal gesproken de fee fase domineert. Slechts in het geval van Co/Pd en 
Co/Ag is een belangrijke fractie hcp Co waargenomen. In het geval van Co/ Ag, 
CofV, Co/Cti en Co/Ni zijn tevens signalen waargenomen afkomstig van Co atomen 
aan de grensvlakken. 

Voor Co/Cu en Co/Ni multilagen is de grensvlak ruwheid (topologie) en de 
strain in meer detail bestudeerd. In het geval van de Co/Cu multilagen bestaat het 
grensvlak uit één gemengde monolaag en de strain (in dit geval oprekking) in de Co 
lagen is homogeen verdeeld. De grootte van de strain is omgekeerd evenredig met de 
Co dikte wat wijst op een incoherente structuur. In het geval van Co/Ni blijkt aan 
de grensvlakken tussen Co en Ni menging over twee lagen op te treden. Destrain in 
deze multilagen is kleiner dan en tegengesteld van teken (samendrukking) als in 
Co/Cu. Dit geeft aan dat in deze multilagen destrain voornamelijk te wijten is aan 
het verschil in de "bulk" roosterparameters . 
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