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ABSTRACT 

For the first time we prepared and investigated the 

structural, magnetic, and electrical transport properties of 

Fe/W, Fe/Mo, and Fe/Pd metallic superlattices. We made a 

theoretical attempt to explain the induced increase or 

decrease of the magnetization at the magnetic superlattice 

interfaces. We used several x-ray diffraction techniques to 

determine the structural properties of our superlattices. 

MBssbauer spectroscopy and neutron scattering were used to 

determine the induced microscopic magnetic effects due to 

the super lattice structure. Brillouin scattering 

spectroscopy was used to determine the elastic and magnetic 

properties of our samples. We investigated the electrical 

transport properties over a wide range of temperatures of 

Fe/Pd and Fe/W superlattices. 

xii 



Chapter 1 

INTRODUCTION 

Recent advances in technology have made it possible to 

fabricate many new types of materials which are not found in 

nature. One major category of artificially structured 

materials is called superlattices. I distinguish here two 

types of superlattices: semiconductor and metallic. 

Materials in the latter category have received increasing 

attention the last decade because of their fascinating 

properties. In this dissertation, I will discuss magnetic 

metallic superlattices and specifically the properties of Fe 

in a superlattice structures. In the remainder of this 

chapter I give an overview of magnetism in general and 

discuss the developments in the area of magnetic 

superlattices. 

1.1 Historical sketch of Magnetism 

A huge amount of experimental and theoretical effort 

has been spent to understand the physics of ferromagnetism. 

This interest is motivated by the wide use of magnetic 

materials in motors, transformers, data storage devices, 

etc.. These technological applications take advantage and 
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make use of the intrinsic magnetic properties of these 

magnetic materials (permanent ferromagnetism, transition 

from ferromagnetism to paramagnetism, etc .. )'. 

The magnetic properties of matter were discovered 

hundreds of years ago. A historical review is given by 

Dorfman (1950). The major breakthroughs started when 

Oersted (1820) discovered the magnetic effects of an 

electrical current, and Ampere (1820) stated his laws of 

molecular currents. Weber (1854) and later Ewing (1900) 

were the first to present a mathematical treatment of the 

idea of atomic magnets. The quantum-mechanical theory of 

ferromagnetism was formulated by Frenkel (1928) (Collective 

model) and Heisenberg (1928) (localized spin model). The 

collective model later developed by Bloch (1929), Stoner 

~\ (1933, 1936, 1938, 1939), Mott (1935), Slater (1936), and 

Wohlfarth (1948). The localized-spin model was developed 

further by Bloch (1930), Van Vleck (1932), and Holstein and 

Primakoff (1940). 

In the transition metals Cr, Mn, Fe, Co, Ni the 

electrons responsible for the magnetic properties in both 

phases (ferromagnetic and anti-ferromagnetic) are at the 

Fermi surface. These electrons are given the name of 

"itinerant electrons," since they move freely through the 

crystal (free-hopping processes). In materials such as the 

insulating transition metal oxides and rare-earth metals it 

is localized electrons which are responsible for the 
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localized magnetic moment magnetism. 

The most popular model used to explain magnetism in 

metals with d-electrons in the outermost, conduction band is 

the tight-binding model wi6h assumes intra-atomic exchange 

interaction only. This model originates from Slater's work 

(1936) on Ni. A single band version of this model is called 

the Hubbard model. Accepting the assumption that the d 

electrons responsible for magnetism are not localized but 

itinerant, the problem is next to describe the finite 

temperature properties of metallic magnets in the frame of 

this theory. Stoner theory is not satisfactory for this 

purpose since it neglects the exchange enhancement effect of 

thermal spin excitations, thus predicting values for the 

Curie temperature Tc too high and failing to explain the 

observed behavior of the susceptibility above the Curie-

Weiss temperature. So, it is necessary to take into account 

the electron correlation effect beyond the mean field theory 

and the Hartree-Fock approximation (HFA). In other words, 

we need to consider the effects of the spin and charge 

density fluctuations. Recent theoretical success in 

explaining metallic magnetism was realized in the theory of 

weak itinerant ferromagnetism, where spatially extended 

coupled modes of spin fluctuations play an important role 

[Moriya (1979, 1980)]. As a natural consequence of this 

findings, attempts have been made to unify the two extremes, 

the localized magnetic moment magnetism and the weak 



ferromagnetic limit, by interpolating using the theory of 

spin fluctuations. Such unification should be able to 

explain the properties of materials in the intermediate 

regime such· as Fe, Co, and Ni. Moriya (1985) recently 

published a review article on the spin fluctuations theory 

where details and references about the theory are given. 

Here, I will only discuss the physical picture of this 

theory and I will not go into any mathematical details. 

The current state-of-the-art electronic band structure 

calculations for transition metals in the ground state use 

the exchange correlation potential expressed in terms of 

charge and spin densities [Morizzi et aI, (1978)]. The 

physical properties at finite temperature are described by 

the magnetic excitations. At low temperature those 

elementary excitations may be used to determine the 

thermodynamical quantities. The establishment of these 

mutually interacting modes of extended fluctuations in 

itinerant electrons systems quantitatively is found to be 

correct in the weakly ferromagnetic regime. The 

experimental results reported on weak magnetic systems 

(MnSi, Ni3Al, ZrZn2, SC3In) showed very good agreement with 

this theory. The comparison between theory and experiment 

is given by Moriya (1985). 

A unified picture of magnetism is not available yet. 

However, the adiabatic approximation for the spin 

fluctuations has been the focus for recent theoretical 
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developments aimed at a such unification [Kubo et al. 

(1981), Moriya (1979), Moriya (1980), Hubbard (1979)]. The 

aim is to have a dynamical theoretical model which explains 

magnetism in the intermediate regime. 

5 

The major experimental techniques used to study 

metallic magnetism are neutron scattering [Kisker (1986) and 

references therein] and photoemission [Korenman (1986) and 

references therein]. Neutron scattering is able to measure 

directly the correlation function, which is proportional to 

the neutron scattering cross section. Photoemission permits 

the study of the electrons responsible for magnetism. By 

resolving the spin, angle, and energy of these electrons 

conclusions about the correlation functions can be made. 

The correlation function is an important parameter in the 

recent theories mentioned earlier. 

The magnetism of the three ferromagnetic transition 

metals Fe, Co, and Ni is by no means fully understood, and 

remains a great challenge in the field of metallic 

magnetism. 

1.2 Magnetic Metallic Superlattices 

Studies of magnetic metallic superlattices have 

recently shown that these materials can lead to an increase 

understanding of some fundamental physical phenomena such as 

dimensional effects on the ground state properties, 

thermodynamics of magnetic materials [Wong et al. (1984)], 
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and the propagation of spin waves through metals [Grimsditch 

(1983)]. Another reason for interest in magnetic 

multilayered structures is the recent effort in developing 

the so-called perpendicular magneto-optics recording 

technology for data storage. When magnetic domains are 

oriented perpendicular to the plane of the recording medium, 

a larger bit density can be obtained than with domain5 

oriented parallel to the film plane [White (1985)]. It is 

for this latter reason that effort has been placed on 

studies of multilayers structures of transition metals and 

rare-earth materials, e.g. Fe/Tb, Fe/Nd, Co/Cr, ... 

In the remainder of this section, I will review an 

example of these magnetic metallic superlattices. I picked 

Cu-Ni superlattices to use as an example because 

considerable information about these superlattices can be 

found in the literature. Also, since the topic of this 

dissertation is Fe-based superlattices, it is of interest to 

compare our results to ones where Ni or Co is used as 

magnetic component. 

Hirsch et al. (1964) were the first to make magnetic 

measurements on compositionally modulated structure of 

Ni/Cu. They measured the coercive force. Pur des (1976) 

reported transmission electron microscopy studies, which 

showed that Ni/Cu films grow with [Ill] texture 

perpendicular to the plane of the substrate (sapphire, mica, 

MgO) • The composition modulation was found to be asymmetric 



because of interdiffusion occurring faster in the copper

rich regions. 

Thaler et al. (1978) used a ferromagnetic resonance· 

(FMR) method to study the behavior of the magnetization in 

Ni/Cu multilayers. Their initial interpretation of the FMR 

data was that below 180 K the magnetization of the Ni atoms 

within each layer becomes greater than that of bulk Ni at 

absolute 0 K. This was a surprising result, and stimulated 

further work on this material. Gyorgy et al. (1980, 1982) 

repeated the FMR measurements on a series of Ni/Cu samples, 

as well as measuring the magnetization using a Vibrating 

Sample Magnetometer (VSM). Their conclusions was that the 

intrinsic properties of Ni do not depend on the modulation 

effect, 1. e. that the Ni magnetization was not enhanced. 

Also, they found the magnetization to be reduced when the Ni 

thickness is reduced. 

Felcher et al. (1980) used polarized neutron scattering 

to determine the magnetic moment fluctuations and the 

average magnetic moment. The values were in agreement with 

the VSM data [Gyorgy et al. (1980, 1982), Zheng et al. 

(1981,1982)]. Zou et al. (1981) made low field ac 

susceptibility measurements on Ni/Cu with various layer 

thicknesses. They found a peak in the susceptibility as a 

function of the temperature, which they explained as due to 

the indirect RKKY exchange between Ni layers. 

In the following [Table 1.1], I summarize the various 
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TABLE 1.1 Magnetic Metallic Multilaye~s 

System Growth Magnetic 

Ni-Ag 

Ni-Au 

Ni-C 

Ni-C~ 

Ni-Mn 

Ni-Mo 

Ni-Pd 

Ni-Si 

Ni-V 

Co-Ag 

Co-Au 

Co-C~ 

Co-Cu 

Co-Gd 

Co-Mn 

Co-Nb 

Technique* Measu~ements** 

VD 

VD 

VD 

VD 

VD 

VD 

de SD 
de SD 
de SD 

VD 

de SD 

de SD 

VD 

VD 
SD 

SD 
VD 
VD 
VD 

SD 
rf SD 

SD 

VD 

VD 
VD 
VD 

VD 
VD 

FMR, VSM 

FMR, VSM 

VSM 

SQUID 

VSM 

SQUID, BS 
FMR 
TM 

TM, FMR 

SQUID 

SQUID, BS 

VSM, FMR 

MR 
KE 

VSM 
VSM, FMR 
FMR 
NMR 

KE 
MS, KE 

VSM 

SQUID 

FMR 
NMR 
SQUID 

FMR 
FMR, VSM 

Reference 

Krishnan et al.(1986) 

Yang et al.(1977) 

Krishnan et al.(1986) 

Stearns et al. (1986) 

Stearns et al.(1982) 
and (1984). 

Vemon et al.(1985) 

Schulle~ et al.(1984) 
Peehan et al.(1985) 
Strouse et al.(1987) 

Flevaris et a1. (1982) 

Foiles et a1. (1987) 

Homma et al.(1987) 

Takahashi et a1.(1985) 

Dupas et al.(1987) 
Katayama et al. (1986) 

Walmsley et al.(1983) 
Takahashi et a1.(1985) 
Ramakrishna et al.(1987) 
Stearns et a1.(1987) 

Katayama et al.(1986) 
Awano et a1.(1987) 

Webb et a1.(1985) 

Stearns et a1.(1982) 
and (1984) 

Sakakima et al.(1985) 
Dang, et a1.(1986) 
Sakakima et al.(1986) 

Krishnan et al.(1984) 
Krishnan (1985) 
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Co-Nd 

Co-Pd 

Co-Pt 

Co-Si 

Fe-Au 

Fe-Ag 

Fe-C 

Fe-Cr 

Fe-Cu 

Fe-Gd 

Fe-Ge 

Fe-Mg 

Fe-Mo 

Fe-Mn 

Fe-Nd 

Fe-Pd 

Fe-Sb 

Fe-Si 

Fe-Sm 

VD 

rf SD 

rf SD 

de SD 

SD 

VD 

SD 

liD 

SD 
SD 

SD 
liD 

liD 

liD 

SD 

VD 

liD 

SD 

VD 

SD 

de SD 
de SD 

VD 

TABLE l.l.--Continue 

VSM 

VSM 

VSM 

SQUID 

KE 

MS, SQUID 

VSM, TM 

VSM, SQUID 

MS 
KE 

FMR 
VSM 

IISM 

IISM, MS 

ND 

MS, SQUID 

NMR 

VSM, suscep. 

MS, SQUID 
ND, FMR 

VSM 

SQUID 
SQUID, MS 

IISM, MS 

Suziki et al.(1987) 

Carcia et al.(1985) 

Carcia et al.(1987) 

Foiles et al.(1987) 

Katayama et al.(1986) 

Stern et al.(1987) 

Kobayashi et al.(1987) 

Sellers et al.(1986) 

Draaisma et al.(1985) 
Katayama et al.(1986) 

and (1987) 
Baszynski (1987) 
Hall et al.(1987) 

Morishita et al.(1985) 
and (1986) 

Umemura et al.(1986a) 

Majkrzak et al. (1985) 
and (1986) 

Shinjo et al.(1984) 

This dissertation 

Takanashi et al.(1986) 

Se11myer et al.(1987) 

This dissertation 

Shinjo et al.(1983) 

Kazama et al.(1983) 
(1984) 

Foiles et al.(1987) 
Martinez (1987) 

Umemura et al.(1986b) 

9 



TABLE l.l.--Cootinue 

Fe-Ta dc SD MS, VSM, 
ac suscep. 

Fe-Tb SD VSM 
dc SD VSM, TM, KE 

Fe-V VD MS, SQUID, 
ND 

VD NMR 
VD MS 
VD NMR 
VD SQUID 

Fe-W 

Fe-Y VD VSM 

'" SD = Sputtering Deposition 
VD = Vapor Deposition 

** sucept.= suceptibility 
FMR = Ferromagnetic resonance 
KE = Kerr Effect 
MR = Magnetoresistance 
MS = Mossbauer Spectroscopy 
ND = Neutron Diffraction 

Shan et a1.(1986) 

Sato (1986 ) 
Person et a!. (1987) 

Hosoito et a!. (1984) 
Takanashi et a!. (1984) 
Jaggi et a!. (1985) 
Takanas hi et al. (1986) 
Wong et a!. (1987) 

This dissertation 

Morishita et a!. (1986) 

NMR = Nuclear Magnetic Resonance 
SQUID = Superconducting Quantum Interference Device 
TM = Torque Magnetometery 

10 
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~epo~ted measurements on magnetic metallic supe~lattices 

where at least one of the fe~romagnetic t~ansition metals 

was used. As mentioned befo~e the numbe~ of publications in 

this field is increasing ~apidely, so I expect this list to 

double in length by next yea~. 

1.3 Motivation and Organization of the Disse~tation 

As discussed in the above int~oduction, magnetic 

metallic supe~lattices have att~acted conside~able attention 

because of thei~ impo~tance fo~ basic studies. At this 

point, much expe~imental and theo~etical ~esearch ~emains to 

be done in o~der to fully unde~stand this new class of 

mate~ials. To arrive at a consistent theo~etical and 

expe~imental pictu~e we encounte~ serious p~oblems. In 

particular itine~ant magnetism is not fully understood in 

transition metals; extending the existent theo~etical models 

to supe~lattices might give drastic variation of the 

theoretical ~esults f~om the expe~imental results. 

In the following chapters, I describe our tho~etical 

and experimental cont~ibutions to developments in the field 

of magnetic superlattices, with emphasis placed on Fe-based 

metallic superlattices. My theo~etical cont~ibution is 

discussed in the next chapte~, with the ~est of the chapte~s 

desc~ibing our experimental techniques used to p~epare and 

study Fe/Pd, Fe/Mo, and Fe/W metallic supe~lattices. 

Chapte~ 2 discusses our theo~etical treatment of the 
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interfacial effect due to the direct contact of the magnetic 

and nonmagnetic layers. I give a detailed description of 

the different steps in the calculations and discuss the 

results obtained. 

In the third chapter, I describe our sputtering system 

and the method used to prepare the sampl~s. I discuss 

Rutherford Backscattering Spectroscopy (RBS) and its use to 

determine the chemical composition of our samples. I also 

describe several x-ray diffraction techniques used to 

characterize the structure of our superlattices. 

The first part of chapter 5 describes acoustic phonon 

modes from our Fe-Pd samples measured using Brillouin 

scattering technique. 

There are a large number of experimental methods, which 

directly or indirectly can give evidence of ferromagnetic 

order in superlattices, and in thin films and surfaces in 

general. In this dissertation, we present the results of 

experiments which measure these quantities: i) the spatial 

distribution of magnetic moments (chapter 4); ii) spin wave 

modes (second part of chapter 5); iii) the magnetic 

hyperfine field (chapter 6). In chapter 7, I present 

measurement of the electrical transport properties of our 

superlattices as a function of temperature. Finally, I 

present the conclusions in chapter 8. 



Chapter 2 

THEORETICAL MODEL 

2.1 Introduction 

The study of surface, and interface magnetism in 3d 

transition metal superlattices has drawn considerable 

interest recently. These transition metals (Fe, Co, Ni) are 

itinerant-electron ferromagnets; that is, their 

magnetization derives from the polarization of the itinerant 

d electrons. In crossing the periodic table from Fe to Ni, 

there is an increase in the number of d electrons, and a 

consequent drop in the bulk magnetization from 2.22 Bohr 

magnetons (~B) per atom in Fe to 1.72 in Co, and O.Sl in Ni 

[Wolf (1966)J. The magnetic properties depend on the 

electronic structure because of the sensitivity of the d 

electrons to the local environment. As a consequence, the 

presence of a dissimilar neighbor, as an interface in a 

superlattice, or absence of neighbor, as at a surface, may 

cause one of these transition metal atoms to exhibit a wide 

variety of behaviors. 

The report of magnetic »dead» layers at the surface of 

Fe [Liebermann (1970)J and Ni [Bergmann (1978)J attracted a 

great deal of theoretical interest. Freeman and coworkers 

13 
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used the full-potential linearized augmented-plane-wave 

(FLAPW) method developed by Wimmer et a1. (1981) to 

calculate the spin densities in the ground state of Fe and 

Ni films consisting of a few atomic layers (Freeman (1983), 

Ohnishi et al. (1983)]. Their resul ts predicted an 

enhancement of the average magnetic moment per atom in the 

outermost layer by 20% in Ni(OOl) and 34% in Fe(OOl) 

compared with "the bulk value" for atoms located 4 layers 

away from the surface. In addition, these theoretical 

calculations using the FLAPW method indicated that there 

should be no magnetic "dead" layers (Freeman (1982, 1983), 

o hn ish i eta 1. (1984 ) ] . 

Jarlborg et a1. (1980, 1982) studied the electronic 

structure and the magnetic properties of various coherent 

modulated structures by a self-consistent, spin-polarized 

linear mufin-tin orbitals (LMTO) band calculation (Andersen 

(1975), Jarlborg et a1. (1977)]. The Ni moments in Cu/Ni 

were found to be reduced compared with bulk Ni (FCC). 

In the remainder of this chapter, I wi 11 present a new 

theoretical approach to explain the magnetic-nonmagnetic 

interfacial effect. The model is based on the idea of 

virtual localized magnetic moments. 

Many experiments and theories have been developed to 

understand the occurrence of localized magnetic moments on 

impurity magnetic atoms dissolved in non-magnetic metals 

(Matthias et al.(1960), Friedel et a!. (1958)]. The 
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appearance of these localized moments depends on the host 

material. Anderson (1961) explained this phenomenon by 

considering a quantum state of the metal where this type of 

virtual localized moment exists. In this calculation, the 

d-state on the impurity atom is assumed to be full with spin 

up and empty with spin down. When the repulsive energy is 

included in the d-state an electron with spin down will see 

the repulsion from the extra spin up electron. On the other 

hand, the electron of spin up cannot see the repulsion of 

the other electron of spin up, since they have no exchange 

energy. If the electron with spin up has an energy E 

unperturbed below the Fermi energy, the energy of the spin 

down electron is localized at value -E+U, where U is the 

repulsive d-d interaction. This state is above the Fermi 

energy since it is assumed to be empty. 

Using this model, I assume that these virtual states 

exist in my case where magnetic atoms are layered on top of 

non-magnetic atoms or vice-versa, and attempt to explain the 

change in these magnetic moments. The procedure in this 

model is to look for the changes in the number of d

electrons in the magnetic material, since the magnetic 

moment is dependant on the number of polarized d-electrons 

on the atom. In other words the goal is to look for the 

changes of the energy difference of the spin up and spin 

down d-electrons. I used the Thomas-Fermi theory as a tool 

to monitor the flow of electrons from one type of atom to 



16 

another. In Thomas-Fermi calculations the electrons in the 

solid are treated as a degenerate electron gas, so the free 

electron relations can be applied locally. The form of the 

potential is determined by the initial conditions, and at 

equilibrium where the Fermi energy of the two materials is 

the same. 

In this model three cases resolve naturally: when the 

energy difference between the spin up and spin down 

increases, or decreases, or equals to zero depending on the 

extra d-electrons added or subtracted. 

2.2 Calculations 

In this section, I outline the results of Anderson for 

the virtual localized d-electrons in a host material, and 

then make the connection to my problem. 

2.2.1 Hamiltonian 

In Anderson's' model the Hamil tanian of the system is: 

H = H f + H d + H + H d o 0 carr s 
( 2 . 1) 

where Hof is the unperturbed energy of the free electron 

system, HOd is the unperturbed energy of the d states on the 

impurity atom, Hcorr is the correlation between the d 

functions and HSd is one electron s-d interaction. Hcorr 
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is represented by the repulsion energy: 

He 0 r r = Un. n- (2.2) 

On the other hand the correlation between the free electrons 

and the d-electrons results in a repulsion which is 

negligible compared with the d-d electrons repulsion because 

free electrons experience a much more effective screening 

than the inner shells do. The integral U is on the order of 

-10 V for the inner shell electrons and about -3 V for the 

free electrons. The total Hamiltonian Eq. (2.1) describes 

many particles interacting through the Coulomb term. At 

this point, the problem can be solved only through many-body 

theory treatment. However, a simpler for describing 

magnetic properties is the Hartree-Fock approximation to 

use. In this approximation one replaces the interaction 

term 

Un+n- by Un.<n-) + U<n+)n-

Anderson (1961) treated this problem using Green's 

functions. Within the Hartree-Fock approximation the 

density of states resulting from the d-state virtual level 

may be written as a lorentzian: 
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p (E - E ) = .L 6 (2.3) 
d o± n --(;-:-~--)2:-~2-

The width of this virtual state i~±26. The energies for the 

virtual spin d~wn, and spin up, d levels are respectively: 

Eo- = E + U<n+>, Eo+ = E + U<n-> (2.4) 

The representation for both densities is shown in 

Figure 2.1. The energies are picked arbitrary in the graph. 

The numbers of electrons <n+> and <n-> can be computed from 

the shaded area below the Fermi energy. The total number of 

d electrons of a given spin is obtained by integration from 

up to the Fermi energy Cf, 

(2.5) 

From now on, we drop the brackets for the total number of 

electrons to simplify the notation. 

The total number of electrons in both spin directions 

are given by 

~- -1 E - C f + Un-n+ = cot [--------------J n ~ 

(2.6) 

~- -1 Ii: - C f + Un ... 
n- = cot [--------------J n ~ 



19 

where A is the total number of virtual states. We define x= 

(c( - E)/U and discuss the effects on the position of the 

virtual state with respect to the Fermi energy. We define y 

= U/~, if y is a small number the localization is large and 

the correlation is small as for normal free electron metals, 

therefore non-magnetic regime is manifested. 

Table 2.1. Virtual State Energy 

x = Energy 

o E = C f 

1 

1/2 2E= 2c(- U 

Remark 

The d state is at the Fermi energy 

The empty state is at the Fermi 
level 

The empty state and the virtual 
state are symmetrically placed with 
respect of Cf. 

Subtracting and adding the two relations in (2.6) and 

substituting x and y leads to 

A -1 
x) 

-1 
x:) ) ] n+ - n- = cot (y(n- - - cot (y(n- -

1T 

( 2.7 ) 

~- [ -1 
x) 

-1 x))] n+ + n- = cot (y(n- - + cot (y(n- -
1T 

These expression determine the polarization of the d-

electrons and therefore the magnetization. 

2.2.2 Linearized Thomas-Fermi Equation 

In the Thomas-Fermi theory, I need to define the 
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/:;. Density 

Energy 

Figure 2.1 Virtual energy distribution for spin-up and spin
down d-electrons. 
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potential in Poisson's equation and the total charge of the 

system. I assume that the electric potential ~(z) created 

by the interfacial contact is of the form plotted in Figure 

2.2, and the effect on the energies of the virtual states 

will be such that 

(2.8) 

where e is the charge of the electron and z is the direction 

of the layering. 

At equilibrium Cf is constant throughout the system. I 

use the following conventions 

C f = 1 im z -P _00 

lim ~ .. (z) = 0 z ... ( 2 .9) 

Poisson's equation for this case is 

V'2~ (z) = o 
- 4n lel(n - (n+ + n » (2.10) 

with the initial charges 
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L R (EF - E~ )/e --------------------

o z 

Figure 2.2 Schematic diagram of the electric potential. 
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before contact is made between the two layers 

(2.11) 

and after contact with the nonmagnetic material 

(2.12) 

where on± is the induced charge. 

Up to this poiot the problem in principle can be solved 

numerically using a computer. On the other hand, 

linearization of Eq.(2.6) can give an analytical solution 

R 
e f= Ef 

n+ (z) = A f _00 p( t: - E - Un- (z) / A + I e loP (z» de 

Using Eq. (2.12) and expanding p about c - E - un9 leads to 
A 

on+ = A P(E~ - E - Un~/A)(-Iel.(-oo» 

- P(E~ - E - Un9/A)Uoo-

+ A(E; - E - Un~/A)lel.(z) (2.13) 

Doing the same calculations for spin down electrons yields: 



on- = A P(E~ - E - Un+7A)(-lel~(--» 

- P(E~ - E - Un~/A)Uon+ 

+ A(E~ - E - Un~/A)lel~(z) (2.14) 

Eqs. (2.13) and (2.14) can be written as: 

Up- on ... + on- = -/e/~(-~)Ap- + Alel~(z)p-

wher-e 

L p... = p( E
f 

- E - Un~/A) and p-
L = p(Ef - E 

Solving Eqs. (2.15) leads to: 

on-

= ~l~liQe~e~_:_e~l 
1 - U

2
p+ p-

= ~l~liQe~e~_:_e~l 
1 - U2 p+p_ 

[<p ( -"") - <p ( z ) ] 

[<p(-~) - <p(z)] 

(2.15) 

- UnZ/A) 

(2.16) 

(2.17) 

Substituting (2.16) and (2.17) into Poisson's equation: 

'V'2<p(z) = 41Tle/ (on+ + on-) 

2 <p(z» (2.20) = ). ( <p ( _00 ) -L 

wher-e ).2 A41Te 2 [gQe!e~_:2ie!_~_e~1_] = L 1 - U p ... p-

24 
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Defin~ng define ~(z) = ~(z) - ~(--), the acceptable solution 

of Eq.(2.20) is: 

(2.21) 

Solving Poisson's equation for the right hand side 

containing the nonmagnetic material with charge density PR 

is, and conserving the total charge: 

~2~(z) (2.22) 

(2.23) 

Comparing similar terms in Eqs. (2.22) and (2.20) gives 

Therefore Eq. (2.23) becomes: 

= 0 

(2.24) 

After integration and using Eqs. (2.9) and (2.21) leads to: 



~(z) - ~(--) 

2 
41Tlel PR =-----------2-- ~(--) eXP{ALz} 
A LA R - 4'1T I e I PR 

(2.25) 

Using Eqs.(2.16), (2.17), and (2.25), I can write tne 

expression for the induced charge difference 

on+ - 6n- (2.26) 

2.3 Discussion and Concluding Remarks 

From the solution Eq.(2.26) to our model, one arrives 

at the following cases: i) If the induced polarization is 
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positive (negative), there is an increase (decrease) in the 

total magnetization, and ii) the induced polarization is 

equal to zero there is no change in the magnetization. In 

Eq. (2.26) the net charge difference of spin-up and spin-

down electrons in the magnetic material depends on the Fermi 

energy difference, and on several other quantities (density 

of electrons, exchange interaction integral, etc.). Let us 

assume for the moment, that the sign of Eq.(2.26) is 

determined by sign of the Fermi energy difference only 

(which is not necessarily true all the time). However for 

this ease, I compiled structural and calculated Fermi 

energies for several metals in Tables 2.1, 2.2, 2.3, and 2.4 

[Papaconstantopoulos (1986)]. 

In Table 2.2 are the parameters for free-electron-like 



TABLE 2.1. Relevant Parameters for Free-electron-like 
Metals. 

27 

Metal Structure z Lattice 
Constant(a.u. ) 

Fermi 
Energy(Ry) 

Aluminum (AI) 

Gall i urn (G a ) 

Indium (In) 

T ha 11 i um (T I ) 

Lead (Pb) 

FCC 

FCC 

FCC 

HCP 

FCC 

13 

31 

49 

81 

82 

7.60000 0.6195 

7.83000 0.4960 

8.95000 0.3500 

6.53200, 10.4404 0.3090 

9.35550 0.3700 

TABLE 2.2. Relevant Parameters for 3d Transition Metals. 

Metal Structure 

Scandium (Sc) HCF 

Titanium (Ti) HC? 

Vanadium (V) BCC 

Chromium (Cr) BCC 

Manganese (Mn) Bce 

Iron (Fe) BCe 

Cobalt (Co) HCP 

Nickel (Ni) FCC 

Copper (Cu) FCC 

Zinc (Zn) HCP 

z 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Lattice 
Constant (a. u.) 

6.25310, 9.96510 

5.57690, 8.85230 

5.71453 

5.44979 

5.39700 

5.40570 

4.73770, 7.68850 

6.65845 

6.83000 

5.0357, 9.3479 

Fermi 
Energy(Ry) 

0.4280 

0.5953 

0.6815 

0.7795 

0.7600 

0.7505 

0.7010 

0.6410 

0.5805 

0.3598 
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metals. These materials are suitable to use as the non

magnetic layers in this model since I used the Thomas-Fermi 

theory which treats the electrons in the solid as a 

degenerate gas, where the free electron relations are 

applied locally. 

In Table 2.3, are the parameters of the 3d transition 

metals. Our focus is on the ferromagnetic materials. 

Notice that when the number of electrons increases the Fermi 

energy decreases, as does the magnetic moments. These 

quantities are e~tremely related and the relation between 

them is rather complicated [Papaconstantopulas (1986)]. 

Tables 2.4, and 2.5 summarize relevant properties of 4d 

and 5d transition metals, respectively. These are relevant 

since the superlattices we studied are Fe/Mo, Fe/W, and 

Fe/Pd. It should be noted that the choice to study these 

particular superlattices was not based on this theoretical 

model, but on other factors which are discussed in the next 

chapters. On the other hand, our MBssbauer experimental 

results show qualitative agreement with this model as is 

discussed in chapter 6. 
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TABLE 2.3. 4d Transition Metals Parameters. 

Metal Structure Z Lattice Fermi 
Constant(a.u.) Energy(Ry). 

Yttrium ( Y) HCP 39 6.8926, 10.8293 0.3961 

Zirconium (Z r) HCP 40 6.1076, 9.7264 0.5461 

Niobium (Nb) BGC 41 6.23610 0.6655 

Molybdenum (Mo) BCC 42 5.95348 0.7810 

Techetium (Tc) HCP 43 5.1779, 8.3148 0.7572 

Ruthenium (Ru) HCP 44 5.1096, 8.0912 0.7739 

Rhodium (Rh) FCC 45 7.18000 0.6335 

Palladium (Pd) FCC 46 7.35120 0.5190 

Silver ( Ag) FCC 47 7.68000 0.4635 

Cadnium ( Cd) Hep 48 5.6293, 10.6159 0.2249 
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TABLE 2.4. 5d Transition Metals Parameters. 

In the calculations of these values the spin-orbit coupling 
was not included which might have introduced some 
significant errors. 

Metal Structure z 

Hafnium (Hf) HCP 72 

Tantalum (Ta) BCC 73 

Tungsten (W) BCC 74 

Rhenium (Re) HCP 75 

Osmium (Os) HCP 76 

Iridium (rr) FCC 77 

Platinum CPt) FCC 78 

Gold (Au) FCC 79 

Lattice 
Constant(a.u.) 

6.0409, 9.5579 

6.24706 

5.98042 

5.2172, 8.4248 

5.1688,8.1617 

7.25542 

7.41360 

7.70687 

Fermi 
Energy(Ry) 

0.5790 

0.6855 

0.8320 

0.8016 

0.8528 

0.7620 

0.6380 

0.5380 



Chapt~r 3 

SAMPLE PREPARATION, CHEMICAL AND STRUCTURAL CHARACTERIZATION 

3.1 Introduction 

This chapter provides the foundations for the next 

chapters. All the results in the next chapters depend 

directly on the information provided by the chemical and 

structure analysis, which are discussed here. I divided 

this chapter into three parts. In the first part I discuss 

the preparation method, which includes descriptions of the 

sputtering process, the sputtering machine, studies of 

impurities, the substrate cleaning procedure, and deposition 

rate calibrations. The second part discusses chemical 

composition analysis by Rutherford backscattering (RBS). 

Finally the third part deals with the structural 

characterization of the superlattices using several x-ray 

diffraction techniques. 

3.2 Sample Preparation 

3.2.1 Physics of Sputtering 

The bombardment of a solid surface by energetic ions 

will result in both inelastic and elastic scattering of the 

incident ions. The dominant effect depends on the energy 
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and mass of the incident beam, the angle of incidence, and 

the masses o·f the target atoms (Valles-Abarca et al. 

(1984)]. In inelastic scattering we distinguish various 

excitations which result: photons, x-rays, and secondary 

electrons. For elastic scattering, we have only the 

reflected beam atoms. In the case of sputtered particles 

the scattering mechanism is complex. Here, I give a rough 

picture of the process. The threshold ion energy for the 

sputtering of most metals is of the order of 20 to 40 eV 

[Mathews (1975)], which is also high enough (exceeds the 

binding energy of the atoms) to cause displacement of 

lattice atoms within the target, resulting in surface 
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migration of atoms and surface damage. If the energy of the 

incident ions exceeds roughly 4H (H is the sublimation 

energy of target material) the atoms will be ejected from 

target (solid phase) into the gas form (gas phase). In 

general the sputtered atoms have a higher initial kinetic 

energy than evaporated atoms [Mathews (1975)J. This gives 

sputtering certain advantages over thermal evaporation. An 

example is that the average ejection energy of Ge atoms 

under 1.2 keV Ar+ bombardment is approximately 15 eV, 

compared with only -0.1 eV for evaporated Ge atoms [Maissel 

et al. (1978)]. Under certain conditions this higher energy 

can be advantageous. On the other hand the presence of the 

inert sputtering gas inside the deposition chamber is a 

possible source of impurities for our samples, as is 
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discussed later in this chapter. 

The principles are the same for every sputter 

deposition system, but efficiency and versatility are the 

major requirements for a sputtering gun. I describe in the 

remainder of this section our sputtering gun (built by L. M. 

Simard Co. (1982)) and the procedure of operation. 

Figure 3.1 shows a side view of one of our sputtering 

guns. The permanent magnets are not shown in this Figure· 

The magnetic field lines are perpendicular to the length of 

the gun. The copper target holder is electrically isolated 

from the aluminum housing and confinement cover, and must be 

water cooled during operation; failure to do so will result 

in destruction of the gun. The sputtering target sits on 

the top of this copper block and may be bonded to it by 

electrically conductive epoxy or by solder. Unlike many 

other guns, disassembly of the gun is not necessary to 

change targets. The sputtering target must be a continuous 

disk of the exact diameter allowed by the design. If these 

conditions are not met, copper will be sputtered from the 

sample holder and aluminum from the housing and therefore 

contaminate the sample. For this reason, I sput ter 

deposited material from each gun onto light atomic number 

(e.g. carbon) substrates before each rate calibration, and 

used RBS to check for the presence of impurities such as 

copper and aluminum. 



Target Holder 
Confinement Cover Target 

node Plate 

Filament 

Water Cooling 

Figure 3.1 A sideview drawing of the sputtering gun. 

The gun is placed in a permanent magnetic field for plasma 
confinement. 

34 
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To the ~ight of the ta~get in Figure 3.1 is the anode 

plate, which is elect~ically isolated f~om the housing. To 

the left is the filament, which is also electricallY 

.isolated from the housing. A sp~ing steel plate with a hole 

in the cente~ to allow passage fo~ the elect~ons is inse~ted 

on top of the filament housing between the housing and the 

confinement cove~. This steel plate se~ves as heat shield 

to avoid melting of the aluminum cove~. The filament is 

heated by a high cur~ent to cause emission of elect~ons, 

which are then attracted by the anode on the right of the 

diagram. This elect~ic field is pe~pendicular to the 

magnetic field, so that the motion of the electrons is 

helicoidal. This increases the collision c~oss section of 

the electrons with the Ar sputtering gas (injected to the 

gun from the left hand side). Because of this ~magnetic 

confinement,~ much lower sputtering p~essures are needed 

than with traditional diode, or non-magnetically confined 

triode, designs. 

Once the plasma is fo~med, a glow results whose color 

depends on the sputte~ing gas used. For example, the plasma 

glow is magenta when argon is used. Once the plasma is 

stable and confined on the top of the ta~get (which may take 

only a few seconds), a negative potential is applied to the 

coppe~ target holde~ and thus to the target and thereby 

attracting the Ar+ ions which strike the target surface 

causing sputte~ing of the surface atoms. 
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With this gun we have been able to sputte~ ove~ twenty 

different metals, even such fe~romagnetic mate~ials with 

high magnetic moments as Fe and its alloys. In pa~ticular I 

was able to deposit Fe with ~ates up to 30 A/sec. In the 

next section I give a general view of the whole sputte~ing 

machine. 

3.2.2 Deposition System 

The deposition system I used in this wo~k was 

designed to make metallic multilaye~s [Falco et al. 

(1985)]. It uses th~ee DC magnetically-confined plasma 

sputte~ guns of the type described above for laye~ 

deposition. A diagram of the system is shown in Figure 

3.2. The p~essure inside the chamber is less than 7xlO- a 

torr befo~e sputte~ing, and is of o~der of 3-5xI0- 3 torr 

during sputtering. Active feedback control of the power 

supplies for each sputter gun was accomplished using a 

microprocessor based system which monitored both sputte~ing 

current and voltage. This microp~ocessor then regulates the 

p~oduct of these quantities to within 0.3% with an 

adjustable time constant of minimum response time 25 msec. 

Thus the sputte~ing rates were controlled to better than 

±0.3%. The rotation sequence and timing of the deposition 

of each layer was controlled by a separate programmable 

microprocessor. The p~essure and the flow rate of argon gas 

we~e held constant to app~oximately 0.2% by mass flow 
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Figure 3.2 Schematic diagram of the deposition system. 

The guns are magnetically enhanced, the chimneys around the 
sputtering targets are not shown for clarity, 
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controllers. The targets used for these studies were pure 

metals, typically with 99.9% to 99.999% purities (i.e. 3N TO 

5N) • 

3.2.3 Impurities and Cleaning Procedure 

Falco (1984) showed that for such a sputtering system the 

percentage of impurities is given by: 

(3. l) 

where FMSS denotes the ~Figure of Merit for Sputtered 

Superlattices~ and is the percentage of the bulk impurities, 

Psput is the pressure during sputtering, Qleak is the 

effective leak rate of impurities into the sputtering 

system, and QAr is the Argon gas flow rate. 

This relation shows that to produce films with the 

minimum contamination we should use high rates of sputtering 

combined with low pressures during sputtering, and a low 

leak flow, i.e. a low partial pressure of impurities or, 

equivalently, a low base pressure for the system. 

Increasing the flow rate of argon, GAr, automatically will 

cause an increase of the total sputtering gas pressure. 

Thus increasing the pumping speed is mandatory to maintain 

the sputtering pressure constant. This is done by adjusting 

the variable orifice valve situated between the vacuum pump 

and the sputtering chamber. 

The remainder of this section describes the procedur& 
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used to clean the ~ubstrates. The cleaning procedure for 

the substrates has a strong effect on the adhesion of the 

deposited films [Matton (1978)J. Unfortunately, 

quantitative measurements of the adhesion of films are not 

easily made, and have oot been attempted here. One popular 

way of qualitatively measuring the adhesion is the ~tape 

test." I used 3M Scotch brand t810 tape for this purpose. 

A piece of this tape is applied on the top of the deposited 

film by firmly pressing to ensure a good contact. The tape 

is then pulled off steadily and quickly. If a deposited 

film passes the tape test, i. e. is not removed by this 

procedure, the adhesion is considered to be satisfactory. 

The required cleaning procedure depends strongly on the 

nature of the substrates (glass, S i, rocksal t, etc.) and the 

material to be deposited. Plasma etching and subsequent 

annealing to recrystallize the structure (if the substrate 

is crystalline) is considered the most thorough method 

[Curran (1983) ] . Unfortunately, such sputtering of the 

surface of the substrate may contaminate the inside of the 

chamber, disrupt the atomic structure of a single crystal 

substrate, also leave a very thin coating of contaminants on 

some substrates. I have used a chemical cleaning procedure 

to prepare the substrates for my experiments. 

The typical procedure used to clean glass and sapphire 

substrates: 

1. Alconox(R) soap and de-ionized (DI) water in ultrasonic 



cleaner for 10 minutes. 

2. Rinse in running Dr water for 5 minutes. 

3. Suspension for 5 minutes in the vapor above boiling 

trichloroetylene. 

4. Rinse in running Dr water for 10 minutes. 
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5. Suspension in methanol vapor till completely dry without 

residue. 

Because of stresses developed in the films during 

deposition r found that for films thicker than few 

micrometers for Fe/W showed poor adhesion even with this 

cleaning procedures. Fe/Mo and Fe/Pd had good adhesion. 

3.2.4 Sputtering Rate Calibration 

The calibration of the deposition rates was done by 

sputtering for an accurately measured time through a slit in 

a mask onto a glass substrate under identical conditions as 

for a later superlattice deposition. An optical 

interferometer was used to obtain a direct measurement of 

the total thickness of the film. This was done to an 

accuracy of ±0.3% for films 1 ~m thick. We used a set of 

graphite, NaCl (100), and sapphire [1120] substrates for 

each deposition. The reason for using these different 

substrates will be made clear later in the text. 

We have shown that variations of 10%/cm in the 

thickness profile of samples placed at different points in a 

sputtering system are easily possible [Boufelfel (1985)]. 
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The exact value of this variation depends upon the location 

of the sample, target to substrate distance, chimney 

configuration, etc. 

The spatial dependence can be taken advantage of to 

produce superlattice samples for various purposes. 

Depending upon the sample size required for a given physical 

measurement (e.g. determination of resistivities or critical 

current densities, where samples of width less than 1 mm are 

needed), the spatial dependance of the sputtering rate makes 

it possible to fabricate simultaneously a large number of 

different samples, each with superlattice wavelength which 

depends on the position of the substrate on the rotating 

table. In this way small super lattice-induced effects can 

be studied, which could otherwise easily be masked by the 

normal run-to-run variations of nominally ~identical~ 

sputtering conditions. Thus, it is possible, during one run 

under one set of deposition conditions, simultaneously to 

make a very large number of samples differing only slightly 

in superlattice wavelength, in order to look for small 

variations in some physical property. On the other hand, 

for experiments where variations are undesirable, knowing 

the spatial profile permits substrates to be placed in the 

appropriate positions to have identical properties. 

In summary, calibration of the spatial dependance of 

the thickness in sputtered metallic superlattices can be 

made knowing only the rate at one point on the sample 
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(Boufelfel (1985)]. The rate can be measured from 

thickness-time calibrations using an appropriate technique 

such as RBS, optical interferometry, or x-ray superlattice 

lines (for materials with coherent growth). Although it 

hasn't been discussed h'ere, it is also possible to use these 

results to design appropriate chimneys to alter the spatial 

distribution in the desired way. 

3.3 Rutherford Backscattering Spectroscopy 

3.3.1 Introduction 

The technique of Rutherford Backscattering for the 

analysis of the solids is simple in principle. A 

monoenergetic beam of particles (4He+ in our case) usually 

between 1 and 6 MeV impinges on the sample to be studied. 

Most 4He+ projectiles will be gradually stopped by inelastic 

collisions with the electrons in the sample. Certain ions 

experience collisions with the nuclei of single atoms, which 

produce a large change in the energy and the direction of 

the 4He+ ion. A number of these ions will be scattered 

backwards by the atoms of the sample. These back-scattered 

ions can be detected and energy analyzed at a certain angle 

e (angle between the incident beam and the backscattered 

beam), and this information used to determine the 

stoichiometry, thickness, and the impurities in the sample. 

One of the limitations of RBS is the detection of light 

elements (low Z atomic number) in thin films deposited on 



substrates of high Z materials. This is why it is 

advantageous to deposit. the films on substrates with low 

atomic number if possibl~. Another limitation is high 

energy ions might sputter the surface atoms of the sample. 

3.3.2 Apparatus 
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The Van de Graaff accelerator facility at the 

University of Arizona was used for the RBS measurements on 

our samples [Leavitt et al. (1985)]. A schematic diagram of 

the facility is shown in Figure 3.3. The positive ions are 

produced by a radio frequency gas ion source which is 

located in the high voltage terminal. These ions are 

accelerated along an evacuated tube (~ 10- 6 torr) and those 

with the selected charge-mass ratio are bent through 90 

degrees by a magnet at the base of the accelerator. The 

collimation of the beam is done by a pair of slits which 

sample the beam in order to stabilize the energy of the ions 

and supply a feedback circuit which controls the terminal 

voltage. The beam current is measured by a Faraday cup 

located at the rear of the target sample. Singly ionized 

Helium (4He+) at several energies was used for our results. 

The samples to be analyzed are mounted on Al plates 

which are housed on a goniometer in the vacuum chamber. 

Eight samples can be run without breaking the vacuum. The 

plates where the samples are mounted have four degrees of 

freedom: rotation about 2 axes, translation along 2 axes. 
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Source 

Accelerator 

Slits I 

Figure 3.3 Diagram of IBM/UA iOD beam analysis facility. 
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The beam strikes an area 1 mm2 in the center of each sample. 

The vacuum level inside the sample chamber during the 

experiment is in the order of 10- 6 torr. The detector 

intercepts a fixed area of 25 mm 2 (Ortec BA-13-25-100). It 

is located 170 0 from the beam direction, subtending a solid 

angle of 0.78 msr at the sample. The terminal voltage is 

known to ±5 kV; calibration of the charge collection 

efficiency is done each day with a Bi implanted RBS standard 

(to ±3%). 

3.3.3 Results 

In the following, I illustrate this technique by two 

examples, the first one is the case of an Fe-Pd superlattice 

with a modulation wavelength A = 61 A on top of carbon 

substrate and the other is a Fe-Pd superlattice A = 950 A on 

a sapphire substrate. First, I give the major steps of the 

calculations used to determine the thickness ratio and the 

final thickness. We start with the Surface Energy 

Approximat ion (SEA) [Dearnaley et al. (1973)] where the 

areal density is given by 

(Nt) = __ ~.:._Q!.!L __ 
nQax (E) 

(3.2) 

where n is the solid angle subtended by detector at target, 

A is the number of counts in a peak. We define Q as the 
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number of ions striking the target, and the deadtime ratio 

(DTR) is the .ratio of the clock time over the live time. We 

take E = Eo for surface energy approximation, where Eo is 

the initial energy. The cross section of various materials 

CT(Eo) can be found in tables [Chu et al. (1978)]. To 

calculate the thickness with high precision we have to 

compute the energy loss in the film 

(3.3) 

where L is the stopping cross section which is tabulated for 

He in all elements [Chu et al. (1978)]. Then, the mean 

energy is given by: 

( 3 • 4) 

Using the correction factor 

F = (E/Eo) 2 (3.5) 

we can obtain the thickness in A by looking in tables for N, 

with the assumption that the film density is the same as the 

bulk density. 

If the sample contains more than one chemical element, 

the first thing RBS enables us is recognizing each element 

by the energies of the backscattered ions from the sample. 

These energies are compared to tabulated energies [Chu et 
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al. 1978J. The stoichiometric rates for elements i and j is 

determined Eq.(3.2) to be: 

(3.6) 

The accuracy of this ratio is determined by the counting 

statistics of A, which is taken as (A)l/2. To the extent 

the film density differs from the bulk density we will be in 

error in the absolute thickness, although stoichiometric 

ratios can be obtained with great precision. 

For our first example, the superlattice consists of a 

20 A layer of Fe and a 41 A layer of Pd repeated 70 times to 

produce a sample of total thickness approximately 4270 A. 

it is impossible to resolve each individual layer in the 

film since the depth resolution of RBS is limited by the 

energy resolution cf the detector to approximately 100 A. 

Therefore the film is treated as a compound or alloy of Fe 

and Pd. Figure 3.4 shows the spectra for this sample. To 

convert from channel number to energy we use a relation 

obtained from calibration with a beam of known energy on a 

film containing known elements. 

E = ne + E' 

Backscattered Energy(keV) = (channel number) x 

(3.743±O.OOO)keV + (-9±5)keV 
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Figure 3.4 Backscattering spectra of ~He~ (4.7 MeV) from a 
3000 A thick Fe/Pd superlattice on a carbon 
substrate. 

a) total spectrum of ~He~ backscattered of the sample; 
b) same spectrum as a) but with an e~panded intensity scale. 
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In Table 3.1 we summarize the results for this Fe/Pd 

superlattice. Unfortunately, the region (channels 600-700) 

where the presence of Ar would result in a peak overlaps 

that of the Fe peak. 

TABLE 3.1 RBS Results for Example 1. 

Fe/Pd superlattices on carbon substrate. 

Element Fe Pd Ar 

Nt* 22.8±0.7 12.5±O.4 -------

* [10 17 atoms/cm2 ] 

Al o 

< 0.9 < 2.5 

Because of this overlap, the sensitivity to the presence of 

Ar, 0 and Al is limited by the signal resolution. The 

results in Table 3.1 are upper limits on these elements if 

they exist in the superlattice. 

The second example is a superlattice where the layers 

of Fe an Pd are thicker than the depth resolution of HBS. 

This sample was made by alternating 6 layers of each 

material on a sapphire substrate. The goal of this 

experiment was to determine the thickness of each layer 

separately. In Figure 3.5 we show the energy spectrum of 

the backscattered 4He+ from this Fe/Pd superlattice, 

excluding the signal at low energies from the sapphire 

substrate. In Table 3.2 we summarize the results of the 

analysis of this spectrum [McIntyre (1988)], with the 

thickness of the bottom bilayer where the Fe is in contact 

with the substrate listed first, and the thickness of the 



50 

top bilayer where Pd is in contact with the atmosphere 

listed last. The modulation wavelengths, A, in this table 

were determined based on the assumption that N(Pd) = 

6.8xl022 atoms/cm2 and N(Fe) = 8.5xl022 atoms/cm2 which are 

the values of the bulk materials. 

Figure 3.5 also illustrates the experimental depth 

resolution which is obtainable using high energy incident 

beam. The mass resolution, ~M is given by Leavitt (1987): 

~M - (~E/Eo) (M+Mo)3/4Mo (M-Mo) (3.7) 

where ~E is the system energy resolution (instrumental 

energy resolution), M and Mo are target and incident atomic 

masses in amu, and Eo is the incident energy. This 

approximation is good for angles around 180 0 • 

For spectra obtained at high energy (4.7 MeV) such as 

Figure 3.5, the areas A, are obtained by direct integration 

of the backscattered peaks. For spectra of the same sample 

and detector position obtained at lower energy, below 2 MeV, 

the peaks would overlap and a fitting curve would be 

necessary to obtain the integrated areas. Using a high 

energy beam which resolves peaks from individual elements 

makes it possible to have much more accurate statistics than 

if fitting procedures are necessary. 

With this RBS data on our samples, it is possible to 

study physical phenomena such as magnetism and electrical 



TABLE 3.2. RBS Results fo~ Example 2. 

Fe-Pd supe~lattice of a total of 6 bilaye~s. 

A # NT(Fe)[1017 a t./cm2 ] NT(Pd)[1017 a t./cm2 ] A (A) 

1 
2 
3 
4 
5 
6 

3. 95:l:0. 12 
3.43:l:0.11 
3.56.=0.11 
3. 34:l:0. 10 
3.41::0.10 
3. 29:l:0. 10 

3.67::0.11 
3.48::0.10 
3. 68±0.11 
3.56±0.10 

.3.59:!:0.11 
3. 38::i:O.10 

1005:!:30 
915::27 
960::29 
916.=26 
929:!:28 
884::26 

4000r---~--r---~--Jr-~---'J--~--~--~---~J 

3200~ 

-
en 2400-
c 
::: 
o 

U 1600-

saar- "".. .-.. ; ... \ .'" 
# .. • 0. 

r- .. ' ••• o ;' .J 'j' '.: '.,.:' 

650 700 

Fe 
:'. " l 

. '. 
"f ... 

'.:;'. ,,/ r 

750 800 
Channel Number 

.. . . 
. ' ' . 

'.' 

r 

850 

,.. 

Pd 
'I 

-

-

-

-
r 

900 

Figure 3.5 The 4.7 MeV 4He~ backscattered spectrum from an 
Fe/Pd superlattice. 
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resistivity with confidence about the stoichiometry to 

better than ±l%. On the other hand, the absolute 

thicknesses are known only to ±5%. However, other 

techniques such as optical interferometry measure the 

thickness more accurately and can be combined with RBS 

results to make a direct measurement of the density in the 

film. 

3.4 structural Characterization 

3.4.1 Introduction 
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X-ray diffraction is a highly sensitive, 

nondestructive method for determining the structure of the 

multilayered thin films. Bragg-Brentano 8-28 x-ray 

diffraction is widely used as a first diagnostic to look for 

structural coherency in multilayers. The problem of 

modeling x-ray diffraction from a multilayer has received 

renewed interest in the last few years. A recent review 

article by McWhan (1985) describes in detail the different 

modeling approaches. 

In the remainder of this chapter I outline the 

kinematical theory of diffraction of x-rays by superlattices 

and discuss our x-ray diffraction results. 

3.4.2 Kinematical Theory of X-Ray Diffraction 

Figure 3.6 shows a schematic diagram of the x-ray 

scattering geometry of a superlattice. If a beam is 
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incident with wavevector Ki and elastically scattered with a· 

wavevector K!, the magnitude of the scattering vector Q is 

determined by the relation 

IQI= IKi - K! I = 21Ki Isine (3.8) 

where e is the angle formed by the incident beam and the 

plane of the sample. The observed scattering intensity is 

proportional to the square of the scattering amplitude F(Q) 

[Mcwhan (1985) ] 

IF(Q) 12= (sin(N/\Q/2)/sin(/\Q/2»)2 IA(Q) ,2 (3.9) 

where N is the total number of bilayers /\ and A(Q) is the 

atomic scattering amplitude for the whole superlattice. The 

expression inside brackets is sometimes called the Laue 

function. The maxima of this function determine the 

positions of the diffracted peaks in reciprocal space (Q = 

2rrn//\ where n is the order of diffraction) and in real 

space: 

(3.10) 

where A is the incident radiation beam wavelength. In lC-ray 

our experiment CuK~ radiation was used, with wavelength 

1.5418 A. At small angles the Bragg relation is 
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n>" = 2As inS )(-ray (3.11) 

The atomic scattering amplitude A(Q) in' Eq.(3.9) 

determines the intensities of the diffracted beams due to 

the atomic arrangement in A. A(Q) is given by 

A(Q) = J 
A 'Q 

( ) 
1 Z P z e 

o 
dz (3.12) 

where p(z) is the atomic scattering charge density in the 

superlattice. The form of p(z) depends on chemical 

composition modulation. In the limiting case where the 

variation of the atomic scattering power and interspacing 

amplitudes is small the atomic scattering power and position 

can be written f(l±77) and d(l:c), where 77 and c are the fit 

parameters [Guinier (1961)J. The composition modulation in 

one dimension is then described by a Fourier sum in the 

direct space 

C(z) = Co(l+ ~ Qm cos(mkz» (3.13) 

where Co is the average concentration of the material, Qm is 

the amplitude of the mth harmonic of the modulation, and k = 

2rr/A is the superlattice modulation vector. 

The ratio of the integrated intensities under the 

satellite peaks is given by: 



Q 2 
--II ~- = F2 = --!!!- ( ~~~g~- ,., 

± 4 mk + "± (3. 14) 

The solution of Eq.(3.14) with the appropriate choice of 

roo~s [Tsakalakos (1978)J is given by: 

(3.15) 

(3.16) 

The phase of Qm is not measured experimentally, only !Qm! 

is. 

3.4.3 Results 

The samples analyzed were Fe/Mo, Fe/W, and Fe/Pd 

superlattices, which were deposited on substrates at room 

temperature using the sputtering machine discussed earlier 

in this chapter. The substrates used were single crystal 
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sapphire with the c axis in the plane of the substrate. The 

structural orientation of the Fe, Mo, and W layers was found 

to be [llOJ perpendicular to the plane of the substrate. On 

the other hand Pd was found to grow [1111 orientation. 

Figures 3.7 and 3.8 show x-ray diffraction spectra of 

three Fe/Wand three Fe/Pd superlattices. We can see from 



b) 

c) 

Angle 29 (ceq) 

Figure 3.7 9-29 x-ray diffraction spectra of Fe/W. 

The diffraction peak at 29 = 37.7 degrees is due to the 
substrate. The arrows in a) indicate the expected Bragg 
diffraction peak positions from (110) planes of Fe and W 
separately. 
a) A = 264. a A, b) A = 32. 2 A, an d c) A = 4. 8 A. 
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each Figure the change of position and the intensity of the 

peaks varying with the number of atomic layers. These 

~esults are as desc~ibed by Eq.(3.9). A di~ect measurement 

of the modulation wavelength is given by Eq.(3.l0). To 

compare the st~uctu~a1 quality of Fe/Wand Fe/Pd 

superlattices, I analyzed Bragg-Brentano 8-28 x-~ay 

diff~action data using Guinier's model I outlined above. 

He~e I p~esent the analysis ~esults of two 

supe~lattices Fe/Pd and Fe/W with app~oximately the same 

modulation wavelength A of 8 atomic laye~s of each mate~ial. 

We used the tabulated values fo~ the fo~m facto~s and 

cor~ected fo~ the measured peak integrated intensity and 

position [Tsakalakos (1978)J in our analysis. Substituting 

these measured quantities in Eqs.(3.l4), (3.15), and (3.13) 

leads to C(z) = Co (1 - 1.13 cos(kz» fo~ Fe/Wand C(z) = 

Co (1 - 1.05 cos(kz) + 0.66 cos(2kz» for Fe/Pd. These 

results show that there is less interdiffusion in Fe/Pd than 

in Fe/W. These results allow us to put an upper limit on 

the interdiffusion. It is less than 3 atomic layers fo~ 

Fe/Pd and 4 atomic layers for Fe/W. These are upper limits 

because of the experimental limitations in detecting higher 

order satellite peaks which have intensities below the level 

of the diffractometer noise. 

The other point of comparison is the mosaic spread 

which is caused by the non-uniformity of the crystallites 

orientation in our superlattices. The experimental 
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arrangement used to determine the mosaic spread with a 

Bragg-Brentano diffractometer is done by fixing the incident 

Bragg peak angle aB and scanning around that angle ("Rocking 

curves"). For highly perfect single crystal materials a 

double crystal diffractometer is required to obtain the 

rocking curves, but for for us, the Fe/Wand Fe/Pd 

superlattices rocking curves are sufficiently broad that an 

ordinary diffractometer could be used. Qualitatively Fe/W 

showed a larger mosaic spread than the Fe/Pd. I will come 

back to this point when I discuss the wide film Debye

Scherrer results. 

The third point of comparison is the grain size of 

the superlattices. The crystallite size is obtained by the 

diffracted line shape. In the theory a sample with layer 

grain size and strain free crystallites give a sharp peak 

(measured in seconds of an arc). Lines of such sharpness 

are never observed due to the instrumental and physical 

effects. The problem is to deconvolute the pure peak 

profile from the experimental profile. 

We used the Fast Fourier Transform (FFT) routines [Oran 

Brigham (1974)] to deconvolute the pure profile from the 

measured profile using Si standard measured profile as the 

instrumental profile of our diffractometer [Klug and 

Alexander (1973)J. The programs were run on an IBM PC with 

an 8087 math co-processor. From the halfwidth of the 

deconvoluted profile, we measured the grain size 
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TABLE 3.3. Summarized Grain Size Results for Studied Fe/Pd 
Superlattices. 

Sample nF e / FWHM( deg. ) FWHM ( deg. ) Angle Grain size 
npd Measured Corrected (deg. ) ( A) 

A 1/1 0.4167 0.3847 20.59 218:1:11 
B 2/2 0.5000 0.4737 20.59 166:1:8 
C 4/4 0.5200 0.4948 20.65 169:1:8 
0 8/8 0.5833 0.5609 20.71 150:1:7 
E 11/11 0.4167 0.3847 20.83 219:1:11 
F 15/15 0.6250 0.6042 20.15 139:7 
G 20/20 0.3333 0.2924 20.35 286:1:14 
---------------------------------------------------------

A 15/1 0.8333 0.8178 21.83 104:1:5 
B 18/2 0.6667 0.6472 21.75 131:!:7 
C 20/4 0.6667 0.6472 21.85 130:1:7 
D 18/13 0.5624 0.5392 20.71 156±8 
E 20/15 0.5625 0.5392 21.79 157±8 
F 22/16 0.6667 0.6472 20.50 131±7 

TABLE 3.4. Grain Size Analysis Results for Fe-W Samples. 

Sample nF ~ / FWHM(deg.) FWHM (deg. ) Angle Grain size 
nw Measured Corrected (deg.) (A) 

A 1/1 2.50 2.49 20.87 33±2 
B 8/8 1. 09 1. 08 20.76 84:4 
C 9/9 1. 04 1. 02 21. 35 82:4 
D 16/16 1. 04 1. 02 20.27 82:4 
E 19/19 1. 04 1. 02 21. 85 83±4 
F 64/64 0.98 0.96 20.05 87±4 
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(3.17) 

where A is the radiation wavelength, and FWHM is the full 

width at half maximum. The measured grain sizes are known 

to within an error of ±5% [Guinier (1963). 

Table 3.3 shows the output results for the analyzed 

Fe/Pd samples. These results show that the grain size is on 

the order of 200 A, and it depends on the concentration 

ratio of Fe and Pd (Table 3.3). For Fe/W (Table 3.4), the 

average grain size is half the Fe/Pd average grain size. 

The Fe/Pd monolayer superlattice (sample A, Table 3.3) 

showed a crystallite size on the same order of magnitude as 

the average crystallite size of the rest of samples with 

equal atomic layers of Fe and Pd in a superlattice 

wavelength. But for the Fe/W monolayer superlattice (sample 

A, Table 3.4), the crystallite size is approximately half of 

the average crystallite size of the rest of samples in Table 

3.4. 

Figure 3.8 shows wide-film Debye-Scherrer camera 

patterns of three Fe/W samples (A, B, and F in Table 3.4). 

These pictures show sharp spots (diffraction from the single 

crystal sapphire substrate) and arcs (diffraction from our 

samples). The superlattices are polycrystalline with a 

large mosaic spread. The Fe/Pd samples show a narrower 

mosaic spread. 



Figure 3.9 Wide-film Debye-Scherrer diffraction patterns 
of several Fe/W samples. 

a) A = 264.0 A, b) A = 32.2 A, and c) A = 4.8 A. 
The incident CuKal,~ beam formed an angle of 18 degrees 

with the plane of the substrate. 
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Chapter 4 

NEUTRON DIFFRACTION 

4.1 Introduction 

In the second part of chapter 3, I discussed the 

diffraction of x-rays from metallic superlattices. In this 

chapter I discuss the scattering of neutrons from magnetic 

metallic superlattices. First, I point out the differences 

between x-ray and neutron scattering. Then, I discuss the 

theory of neutron scattering from a super lattice and the 

experimental set up for our scattering experiment. Finally, 

I present our results of Fe/Pd superlattice. 

Neutrons have no electrical charge, a mass almost the 

same as the proton, a nuclear spin of 1/2, and a magnetic 

moment. Like x-rays, thermal neutrons have wavelengths of 

same order of magnitude as a diameter of a typical atom, 

which make them suitable for microscopic studies of solids. 

However the dominant scattering processes with solids for 

neutrons and x-rays are different. For neutrons, scattering 

is nuclear and magnetic. For x-rays, scattering is from the 

electronic charge density. 
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4.2 Scattering from superlattices 

Before introducing the diffraction theory of neutrons 

by superlattices, r give a general overview of scattering of 

neutrons by solid matter. 

4.2.1. Nuclear Scattering 

A typical diameter of a nucleus is on the order of 1 

Fermi (10- 15 m) which is small compared with the wavelength 

of thermal neutrons. Therefore we can assume that the 

scattering is isotropic. The interaction potential usually 

is represented by a delta function, the Fermi 

pseudopotential: 

2 2rrh =------
m b 6(.r. - R) (4. 1 ) 

where m is the mass of the nucleus, and h is the Planck's 

constant, and .r. is the position of the nucleus. There is no 

simple relationship between the scattering amplitude band 

the charge or the mass of the nucleus. Also the 

relationship between atomic number and scattering amplitude 

is not linear. The nuclear scattering can occur in two 

ways: a) the neutrons are scattered from the surface of the 

nucleus (hard sphere problem), or b) the neutrons can 

penetrate the nucleus and form compounds for a short period 

of time. 

The scattering length cannot be determined 

theoretically but it is measured experimentally and 
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tabulated for most materials [Bacon (197Z, 1975), Koester 

(1977), Sears (1984)]. For a rigidly bound nucleus neutron 

scattering is an elastic process. 

The interaction between the nuclear magnetic moment via 

its spin, I, and the magnetic moment of the neutron is 

neglected here because nuclear magnetic moments are 

approximately 2000 times weaker than the electronic magnetic 

moments. The quantitative values of this interaction are 

discussed by Abragam et al. (1982). 

4.2.2 Magnetic Scattering 

The interaction of the neutron magnetic moment via the 

spin ~ with the lines of force of the magnetic field created 

by the unpaired electrons (3d electrons in the case of 

transition metals) causes the scattering of the neutron. 

This scattering mechanism makes neutron scattering a 

powerful technique to study magnetic materials. The length 

of the electronic cloud is on the order of magnitude of the 

neutron wavelength which makes the magnetic scattering 

anisotropic. Nuclear scattering is isotropic. 

The magnitude of the magnetic scattering length p for 

neutrons is given by: 

2 
p = _~_12-- ] gJf 

2mc 
(4.2) 

where e, m, and c are the electron charge, electron mass, 
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and speed of light, respectively, 7 = 1.9 nuclear magnetons, 

g is the Lande' splittin~ factor, and J is the total angular 

momentum of the atom. The form factor f is the Fourier 

transform of the unpaired charge density which gives the 

magnetic moment of the atom. Values of scattering lengths 

are tabulated [Bacon (1975) Table 16]. Eq.(4.2) is derived 

by assuming that the interaction potential is 

(4.3) 

where ~N and H are the magnetic moment of the neutron and 

the field created by the unpaired electrons. This 

interaction depends on the orientation of the magnetic 

moments of the neutrons and the scatterer and on the 

orientation of the scattering vector ~. It is elastic 

scattering 

(4.4) 

where kf and ki are the scattered and the incident 

wavevector of the neutron beam, and e is the Bragg angle. 

This type of vectorial interaction give rise to the 

following scattering amplitudes [Lovesey (1973)J: 

u~+ = b .+ Pjqzj J J 

U~- = b .- Pjqzj J J 



-+ u. 
J 
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(4.5) 

where the neutron polarization axis is along the z-axis and 

the vector ~ is defined by this relation between the 

scattering vector ~ and the atomic magnetic moment ~ 

(4.6) 

and bj is the nuclear coherent scattering length of the jth 

atom which correspond to non-spin-flip scattering mechanism, 

~+~ and ~-~ correspond to spin parallel and antiparallel, 

respectively. The superscript of the amplitude U correspond 

to the orientation of the spin of the incident and scattered 

wavefunctions for the neutrons. The expressions for the 

scattering factors are: 

++ 

F =j~l(bj± Pjqzj)exp{i~ £j) 

+-
F-+ =j~lPj(qXj ± iqyj)exp{i~ £j) (4.7) 

where £j is the position of the nucleus inside the unit 

cell. The different cases of scattering which are the 

consequence of the orientation of the different vectors 



Figure 4.1 Schematic diagram of the neutron scattering 
geometry. 

(Ki, Pi) and (Kf, Pf) are the initial and the final wave 
vector and polarization of the neutron beam. Q is the 
scattering vector and S is the sample magnetic moment. 
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involved in the scattering process: 

a) The sample is ferromagnetic, in this case a magnetic 

field of a sufficient strength is necessary to apply around 

the sample to avoid the depolarization of the neutron beam. 

If the magnetic moments are aligned along the direction of 

the scattering vector, the magnetic scattering won't occur 

since the magnetic scattering is present only if ~ has a 

component in the plane perpendicular to the scattering plane 

(Figure 4.1). In the case where the atomic magnetic moments 

are perpendicular to the scattering wavevector Q, 

interference between the nuclear and magnetic scattering is 

expected, therefore Eqs. (4.5) become 

++ 
U-:- = b.± p. 

J J J 

+-
-+ 

0 (4. 8) u. = 
J 

If one selects a monochromator where bJ = Pj, only one state 

of spin will be scattered. This is one of the prin~ipal 

techniques to obtain a polarized beam of neutrons. 

b) The sample is antiferromagnetic and the scattering vector 

is parallel to the neutron polarization z-axis, all magnetic 

scattering will be spin-flip. 

The use of polarized neutron has the advantage of 

separating nuclear scattering from magnetic scattering. 



71 

Moon et al.(1969) gave a detailed theoretical and 

experimental description of the use of polarize~ thermal 

neutrons in scattering experiments. 

4.2.3 Low Angle Diffraction 

The formalism of low angle diffraction of neutrons is 

the same as that for x-ray diffraction (discussed in the 

previous chapter). If A is our new primitive cell or 

multilayer wavelength, the structure factor is given by: 

F = f~~~2P(Z) exp{i~z} dz (4.9) 

where p(z) is the scattering density in 3 dimensions which 

depends on the spin orientation in general and z is the 

penetration depth in the growth direction. At low angles 

this relation holds, regardless of the growth nature of the 

layers (single crystal, polycrystalline, or amorphous). The 

intensity maxima will occur at: 

(4.10) 

where m is an integer corresponding to the order of the 

Bragg peak. The peak intensity is proportional to IFmI 2 • 

The scattering density can be expanded in a Fourier series 

and substituted in (4.9). This is like deja-vu for us, 
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since that is what we have done in chapter 3 to determine 

the chemical composition profile in a superlattice using the 

x-ray diffraction technique. The:.Fourier series 

coefficients are related to the reflected intensities. 

If the multilayer structure has a superlattice 

structure at high angles we will see satellite peaks around 

the Bragg peak 

± -~~
II. 

(4.11) 

where <d> is the average atomic spacing of the two 

materials. Guinier's Fourier analysis can be applied to the 

analysis of the satellite intensities at high angles. 

4.3 Experimental Procedure 

A triple axis spectrometer designed by Moon et al. 

(1969) has been used by Dr. C. F. Majkrzak at Brookhaven 

National Laboratory, a schematic diagram is given in Figure 

4.2. In Figure 4.2 (Cl), (Cz), (C3), and (C4) are the beam 

collimators. The polarizer is, CuzMnAI, a magnetic single 

crystal used to eliminate one of the two spin states. The 

analyzer is needed to resolve the elastically scattered 

neutron beam. (FL) and (Fz) are the spin flippers, Le. they 

can flip the spin state of the neutrons before scattering and 

determine the spin state of the beam after scattering. The 

coils around the beam, shown in Figure 4.2 before and after 
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the neutron beam hit the sample, help the beam to stay 

polarized and guided. The detector is based on nuclear 

capture reactions which produce electrons, protons, ~

particles and other heavy fission fragments. The amplitudes 

of the four scattering factors in Eq.(4.7) can be measured by 

proper manipulation of the flippers. The overall efficiency 

of the spectrometer can be measured by counting the number of 

reflected neutrons with the flipper ~off~ and ~on.~ This 

flipping ratio varies with wavelength and beam size between 

60 and 120. A flipping ratio of 100 means the beam 

polarization and flipping efficiency are both in the range 

0.98-1.0. 

4.4 Results and Discussion 

The data obtained from (Fe2oPd2o)70 sample, where 20 is 

the number of atomic layers of each material (For Fe dllO = 

2.0269 A and for Pd dlll = 2.246 A therefore ~ = 85.458 A), 

and 70 is the total number of bilayers, is discussed in the 

remainder of this section. 

The sample was placed in permanent magnet of strength 

2500 Oe at room temperature. The diffraction data were 

obtained for two incident neutron wavevectors, k = 2.67 A-l 

and 1.55 A-l. In both cases polarized neutrons beams were 

used in order to obtain as much information as possible about 

the magnetization profile along the growth direction of the 

superlattice. 
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Distinct superlattice reflections were observed at 

approximately Q = 0.074 A-l and 0.148 A-l corresponding to 

first and second harmonics, respectively, of a chemical unit 

cell consisting of 20 atomic planes of Fe (110) and 20 atomic 

planes of Pd (Ill). This is in agreement with our x-ray data 

(Chapter 3). To study the effect of magnetic scattering we 

need to know the scattering density of the ferromagnetic 

region of the bilayer which is given by Eq. (4.8) multiplied 

by the atomic density N(atoms/cm3 ). The ratio of 2nd order 

to 1st order integrated intensities (for spin-up neutrons) 

was found to be 0.008 for our sample. 

Because only two harmonics were observed, a very simple 

model of the magnetization profile was used to calculate 

structure factor Eq. (4.9) and to compare with the observed 

intensities which are proportional to IFI2. Figure 4.3 shows 

the scattering density p(z) distribution assumed in this 

model. A simple integration of Eq.(4.9) leads to 

F(Q ) . [ l1Ta 1 - Pi s 1n --i\--

+ (Pi - PPd) sin[-l~i~_~_~ll} 
/I. 

Both the size (b/2) and the magnitude of the magnetic part of 

the scattering amplitude in the interfacial region Pi were 

varied. It was found that the best fit corresponded to a 

profile with b = 0 and a moment in the interfacial region 

equal to that of bulk Fe ~(Fe). Neither an enhancement nor 
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a reduced magnetization in the inteifacial region gave better 

agreement with experiment. Nevertheless, .because of the 

limited number of observable higher-order reflections, we 

should say that the neutron diffraction data is consistent 

with a rectangular or almost rectangular magnetization 

profile. Quantitatively, b/A = O.O±O.1 and the atomic 

magnetic moment u = u(Fe)±O.2u(Fe) within any interfacial 

region which might exist. Of course, if additional higher 

order reflections had been observed, a much more detailed 

profile could be deduced. 



CHAPTER 5 

BRILLOUIN SCATTERING 

5.1 Introduction 

The inelastic scattering of photons by acoustical 

phonons or by magnons is named after the French physicist 

Brillouin (1922) who predicted it. The first experimental 

evidence of the inelastic scattering of light was reported 

by Raman and Krishnan in 1928. In this experiment the light 

was scattered by optical phonons, and is therefore called 

Raman scattering. Scattering from acoustical phonons was 

discovered by Gross (1930). Since then light scattering has 

become a powerful tool for studying elementary excitations 

in condensed matter. In this chapter, I describe the 

Brillouin scattering experiments accomplished on Fe/Pd and 

Fe/W samples by Professor G. GUntherodt's group at the 

University of Cologne (West Germany). I describe the 

experimental set up with the emphasis on the tandem Fabry-

Perot interferometer. I discuss how we determine the 

elastic properties of Fe/Pd superlattices by measuring the 

phonons dispersion relations. Following, this I describe 

the results of the measured magnons dispersion relations of 

Fe/Wand Fe/Pd superlattices. Table 5.1 shows the relevant 
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TABLE 5.1. Parameters of the Investigated Fe/Pd and Fe/W 
Samples. 

Sample Modulation Total n(Fe =n(Pd) Total Fe 
Wavelength Bilayers Thickness 

(A l N ( A} 
Fe/Pd 

A 33.2 90 8 2988.0 

B 40.1 90 9 3609.0 

C 46.2 90 11 4158.0 

D 64.6 70 15 4522.0 

E 77.8 70 18 5446.0 

F 86.8 70 20 6076.0 

G 89.2 51 21 4549.0 

H 188.4 49 44 9232.0 

Fe/W 80.7 60 19 4840.0 
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parameters of the investigated Fe/Pd and Fe/W superlattices. 

5.2 Experimental Set up 

In the early 1970s Sandercock designed a multi-pass 

Fabry-Perot interferometer to measure small frequency shifts 

[Sandercock (1970), (1971), (1972) J. Mock et al. (1987) 

discussed the experimental set-up of the spectrometer used 

in our experiment. In the remainder of this section, I 

describe briefly the major parts of the spectrometer. 

5.2.1 Vernier Tandem Fabrv-Perot Interferometer 

The characteristic frequencies of the phonons and 

magnons we are interested in fall in the range 1-50 GHz. 

The tandem Fabry-Perot interferometer (TFPI) is the only 

apparatus used so far to measure these frequency shifts. 

The Fabry-Perot Interferometer (FPI), consists of two 

mirrors facing each other and separated by a distance L. A 

TFPI consists of two FPI placed as shown in Figure 5.1. If 

a monochromatic parallel beam of light of wavelength A and 

intensity I is directed onto a FPI, the transmitted 

intensity is given by: 

(5. 1) 

where T and R are the coefficients of transmission and 

reflection of each mirror, n is the refractive index of the 

substance contained between the mirrors, and F is the 
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finesse, which depends solelY on the reflection coefficient. 

The beam of monochromatic light will be transmitted through 

both mirrors only if the following relations are 

simultaneously satisfied: 

where ml and m2 are integers, 1 and 2 refer to the two 

interferometers. If we fix the orders ml and m2, we have to 

change the spacings L1 and L2 such that Eqs. (5.2) are 

satisfied. The scanning was automatically done by using the 

combination of a roller translation stage which allowed the 

variation of the spacing and a deformable parallelogram 

stage which allowed a precise control of the spacing. The 

axis of FPIl is parallel to the scanning direction, and the 

axis of FPI2 is rotated by 180 with respect to the first 

axis. So, we require the ratio of the two spacings (L1/L2) 

be equal to approximately 0.95. A detailed description of 

this interferometer was reported by Sandercock and coworkers 

[Sandercock (1980, 1982), Lindsay et al. (1981) 1 • 

Figure 5.1 show a complete schematic diagram of the 

spectrometer. Referring to the same figure the beam of 

monochromatic light is produced by an Ar~ laser which has a 

wavelength of 514.5 nm. The intensity of the laser beam is 

modulated with the TFPI using an acousto-optic modulator, 

which prevents the overload of the photomultiplier. A lens 

is used to focus the incident beam and to collect part of 
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Figure 5.1 Experimental set up for the light scattering 
experiment. 

A detailed description is discussed in the text. 
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the scattered light. The role of the spatial filter is to 

remove the stray light. Light transmitted through the TFPI 

was passed across a bandpass filter consisting of an Amici 

prism and a spatial filter. The detector is a cooled (-20 

OC) photomultiplier connected to a data acquisition system. 

The signal from the photomultiplier is stored as a function 

of TFPI scan. 

5.3 Surface Acoustic Waves in Fe-Pd Metallic Superlattices 

5.3.1 Theoretical Introduction 

Theories on surface acoustic waves in periodically 

layered materials have been presented by several groups. 

The three main approaches are the general matrix formalism 

[Fahmy et al. (1973), and (1974) 1, the transfer matrix 

formalism [Djafari-Rouhani et al. (1983), and Carnley et al. 

(1983)], and the effective medium formalism [Grimsditch et 

al. (1986)]. Each of these theories predict the existence 

of the following acoustic waves: 

- Raleigh waves (1887) and Sezawa waves [Sezawa (1935)]: 

These are sagittal acoustic waves which exist at a solid 

surface and they vanish after few wavelengths from the 

surface. 

- Love waves [Love (1911)]: If the shear velocity is slower 

in the film than the substrate, Love waves are generated. 



84 

The nature of these surface waves depend on the 

relative thickness of the two materials and on the total 

thickness of the superlattice. We used the effective medium 

formalism to interpret our results since it is simple and 

straightforward to use in fitting experimental data. 

If there is no stacking anisotropy in the plane of the 

film, the problem is reduced to hexagonal symmetry. 

Therefore, the elastic constants Cll, C13, C33, and Css only 

enter the calculations of the Raleigh and Sezawa velocities 

[Auld (1973)]. 

5.3.2 Localized Phonon Modes in Fe/Pd Superlattices 

The Brillouin scattering spectra were taken at room 

temperature in a backscattering configuration geometry. P

polarized light of a single mode 5145 A Ar~-ion laser with 

an incident power up to 250 mW was focused on the samples, 

which were kept under vacuum. In order to avoid possible 

ambiguities caused by spin wave excitations, a magnetic 

field of 3 kG was applied perpendicular to the scattering 

plane shifting the magnons peaks out of the phonon frequency 

range. A typical sampling time was 1/2 hour. 

Figure 5.2 shows a series of brillouin scattering 

spectra of several Fe-Pd superlattices. In each case the 

angle of incidence was 60°. In each case the scattering 

intensities show the Stokes-ant i-Stokes symmetry, which is 

characteristic of phonons excitations. The most intense 
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Figure 5.2 Measured Brillouin spectra of Fe/Pd multilayer 
supet"lattices. 

The beam was incident at 65°. The relevant parameters of 
these samples are shown in Table 5.1. 
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inelastic in each spectrum at about 7 GHz frequency shift is 

due to the Raleigh surface mode of the whole superlattice 

stack. At larger frequency shifts the higher order (Sezawa) 

surface modes are observed. 

Dividing the measured mode frequencies by the component 

q~ of the phonon wavevector parallel to the surface (which 

is determined by the scattering geometry) one obtains the 

phonon phase or sound velocities. The latter are plotted in 

Figure 5.3 as a function of q~h, where h is the total 

thickness of the multilayer. A set of data points for the 

same sample was obtained by varying the angle of incidence 

and therefore q~. The choice of samples and of q~ values 

allows the phonon velocities to be followed over a 

continuous range of q~h. A typical error is also showed. 

The estimated mean error is approximately 2% for q~, and 

less than 1% for h, and 3% for the frequencies yielding a 

mean error of ±3.6% for v and ±2.2% for q~h. 

We used the effective medium model to fit our data. 

Besides the elastic constants of the two constituents, only 

the thickness ratio of Fe and Pd, dl/d2 enters the formulae 

for the effective elastic constants, which therefore should 

be the same for all Fe-Pd samples considered here. The 

sound velocities of the localized multilayer modes have been 

calculated by taking into account the appropriate mechanical 

boundary conditions only at the free surface of the film and 

at the substrate film interface.' It follows from this model 
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Figure 5.3 Phonon sound velocities as a function of q~h. 

The symbols denote the values obtained for the different 
samples. The solid lines represent the theoretical fit with 
Cll = 225 GPa for sample C (for the remaining parameters see 
text). The dashed lines are the extension of the fitted 
dispersion curves to the full range of q~h. 
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that the sound velocities obtained are function of the 

product q1.h. For the same order of localized phonon mode 

the measured sound velocities in Figure 5.3 show 

discontinuities near the overlap of data points of next 

samples. These discontinuities are larger for the higher

order modes. These experimentally observed discontinuities 

in the dispersion curves agree with the discussed model. 

They can only be explained by assuming different effective 

elastic constants for the different superlattice sample as 

will be discussed in the following. 

Assuming hexagonal symmetry, the effective elastic 

constants from the tabulated data [Landolt-Bornstein 1984] 

for Fe and Pd are (in GPa) Cll = 271, C13 = 135, C33 = 

273, Css= 64.4, and adding the elastic constants of the 

substrate (in GPa), are Cll = 494, C12 = 158, C13 = 114, C33 

= 496, C44 = CS5 = 142, were used as input for the fitting 

procedure [Hillebrand et al. (1985) 1 for the Raleigh and 

Sezawa modes. From the effective elastic constants to be 

fitted, Css is well decoupled from the rest since it 

determines mainly the Raleigh waves for large qLh. For all 

samples we found Css = 45.5 ±2 GPa. Thus a major result of 

this work is that no dependance of the Raleigh waves on the 

modulation wavelength of the super lattices was found, 

contrary to results found in other systems like Mo/Ni [Khan 

et a!. (1983)], VjNi [Danner et a!. (1986)], NbjCu [Kueny et 

a!. (1982)), Au/Cr [Feibleman et a!. (1984)]. and MolTa 
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[Bell et al. (1987)]. To determine the other elastic 

constants, we ha~e to fix some and vary the others, I am 

fully aware that this fit is not unique but using the 

assumption that only Cll is going to vary, i.e strains only 

exist in the plane of the samples at the interfaces. The 

values obtained for the Cll range from 197 GPa to 243 GPa. 

Figure 5.4 shows the variation of Cll versus the inverse of 

the modulation wavelength. The intuitive interpretation of 

these results can be as follows, the measured Cll is the 

average of the strained layers C'll, and the unstrained ones 

Call [Grimsditch (1985)J 

+ [1 _ 2D 
~ JC~1 (5.11) 

where D is the distance from the interface to the unstrained 

layer, the 2 factor is for the two interfaces. In Figure 

5.4 we see a qualitative agreement with this model assuming 

that 2D/A < 1. Extrapolating the wavelength to infinity we 

found Cll = 271 GPa which is the starting value. 
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Figure 5.4 Fitted values of the elastic constant ell for the 
Fe/Pd superlattices. 

The solid line is a least square fit of the experimental 
data. The dashed line is the extrapolation of the fit. 
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5.4 Collective Spin Waves (magnons) in Fe-Pd and Fe-W 

5.4.1 Theoretical Introduction 

The simplest Hamiltonian to describe the different 

interactions in a ferromagnetic material is 

H = 

- g f..I.B Bo Z SZ i 
i 

(5.12) 

where the first term in the Hamiltonian is the exchange term 

representing the interaction between two spins at sites i 

and j, Jij is the exchange tensor. The second term 

represents the dipole-dipole interaction, ri j is the vector 

connecting the two sites, g is the Lande' splitting factor, 

and f..I.o and f..I.B are vacuum permeability and Bohr magneton, 

respectively. The last two terms represent the uniaxial 

anisotropy in the z direction of strength D and the 

interaction between the applied external field Bo in the z 

direction with the spin at the site i. 

We are interested in long-wavelength magnons where the 

microscopic treatment of this Hamiltonian is not necessary, 

allowing us to use a classical description. We start with 

the classical full Landau-Lifshitz torque equation 
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(5.13 ) 

where the term in brackets represent the effective field, M 

is the saturation magnetization, 7 is the gyromagnetic 

factor, Ean i is the volume energy density, and A is the 

exchange stiffness constant. Adding to (5.13) the boundary 

conditions 

... ... 
'1 x H = 0 (5.14 ) 

... ... ... 
'1 (H + 41TM) = 0 (5.15 ) 

... 
2A ... 

[ ?M aM 
M x Es u r f - --M- ---] = 0 (5.16) an 

the first two equations are the magneto-static boundary 

conditions, the last equation is the Rado-Weertman boundary 

condition (torque must be equal to zero at the interfaces), 

Esurf is the interface anisotropy energy density and n is 

the normal to the surface. 

The magnetization M and the magnetic field H can 

written in the form 

~ ~ ~ ~ ~ 

M ( r , t ) = Me + m ( r , t ) 
~ ~ ... -to .... 
H ( r , t ) = He + h ( r , t ) 

(5.17) 

(5.18) 

where Me (saturation magnetization) and Ho (external field) 

are time independant, m and h vary in time. For a single 

film Eqs.(5.13) and (5.18) provide 6 partial solutions for m 



and h, characterized by the wave vector component Qnl 

perpendicular to the film, i = 1, ... ,6.· Outside the film 

two solutions exist for Eq. (5.13), characterized by Q+ and 

Q- which decay and increase exponentially. The increasing 

solution is rejected so we can have a finite field as z 

becomes infinite. 

are: 

The three regions where solutions exist 

- magnetostatic region is where the dipole-dipole 

interaction is dominant. In the dispersion ~elation the 
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frequency of surface modes are above the bulk modes in this 

case. 

- exchange region is where the spin interaction is 

important. The surface spin waves have a frequency lower 

than the bulk frequency. 

- the mixed region is where both regimes are important. The 

solution as expected contains two surface modes and bulk 

modes. 

Camley et al. (1983) and Mika et al. (1983) solved this 

problem theoretically in the magnetostatic limit. We used 

this model to fit our data. 

5.4.2 Results and Discussion 

For a ferromagnetic layer of thickness d, with a 

saturation magnetization and an applied field in the plane 

of the sample, the components of the spin wave vector Q are 

Qn normal to the surface and Qpa parallel to the surface. 
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The surface dispersion relation is given by: 

(5.19) 

In the case of an infinite multilayer with wavelength 

A :: d + do, where d and do are the thicknesses of the 

magnetic and the non-magnetic layer respectively, the 

frequencies of the band of excitations are given by 

n :: 7 (Ho (Ho + 41TMo) + (2 1TMo ) 2 w J 1 I 2 , ( 5 . 20 ) 

where w (5.21) 

where Qn represent the standing spinwaves and by Block's 

theorem lies within the interval 0 ~ Qn ~ 1T/A and Qpa is 

determined by the scattering geometry. For d :: do imp 1 i e s 

the limits on ware 1 near the upper band edge and 

tanh2 (QpaA/2) the lower band edge, yielding to zero for the 

values in Table 5.1. The value of Qn increases from the 

upper to the lower band edge going from a surface-mode-like 

character to bulk-mode-character. If the number of 

bilayers, N, in a superlattice is finite there are N 

different values for Qn. Observation of these different 

modes is limited by the spectral resolution of the peaks. 

In the limiting case where A is small and uniform through 

the sample then for QpaA«l, and QnA«l, Eq.(5.2l) becomes 

(5.22) 
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Qpa is measured in the backscattering geometry by 

Qp a = sina (5.23) 

where ~ is the laser wavelength and a is the angle of 

incidence. An estimation of the quantization of Qn i is 

given by 

i = 0 I ••• I N-l (5.24) 

Thus Eq.(5.22) can be rewritten as 

(5.25) 

To observe the first and second order peaks at a fixed angle 

e = 43° requires ~/NA ~ 1 for a separation of 20%. This 

requires N to be a large number since A is small compared 

with )... In our case A varies from 33 A to 188 A which means 

the number of bilayers should vary from 160 to 30 so we can 

resolve the 1st and 2nd order peaks. Sample H (Table 5.1) 

illustrates this point. Figure 5.5 does not show a 

splitting of the peaks seen in the other samples since it 

has N=49 but it shows a continuum of modes. In Figure 5.S 

we show the spectra obtained from sample H in different 

values of the magnetic fields. By increasing the magnetic 
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The measurement was done at room temperature with an applied 
field H = 1 kG in the plane of the samples. The parameters 
of the samples are indicated in Table 1. The angle of 
incidence was at 43 0

• 



field the frequencies increased in magnitude but the peaks 

were not resolved. 

Figure S.7 shows a well resolved spectra of sample A. 
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The manipulations done here are: we took the data in a 

magnetic field H = 0.5 kG with the incident beam angle 9 = 

43 0 which is represented in the top spectra. We switched 

the direction of the applied magnetic field by 1800 , we got 

what we have expected a switch of the stokes anti-stokes 

positions since the spin waves precess around the applied 

magnetic field. Then we rotated the sample by 90 0 and we 

obtained a spectra identical to the previous one. Thus 

there is no anisotropy in the superlattice plane. 

In Figure 5.8 the calculated mode frequencies (solid 

lines) for sample C are plotted as a function of the applied 

magnetic field. Also shown are the experimental values of 

the lower band edge and the discrete modes. As fitting 

parameters we used 4nMo and 7, which are given by the 

intersection of the highest mode with the ordinate axis and 

by the slope of the uppermost curve, respectively. To 

achieve a slightly better fit we have added to the applied 

magnetic field an exchange field of 67 G, which corresponds 

to the bulk exchange constant of Dex = 2.4Sx10 4 A2 kG 

[Wohlfarth (1980)]. The results of the fit are 4rrMo = 13.9 

kG and 7 = 19.0 GHz/kG, where the latter corresponds to a g 

factor of 2.1S. Within experimental error the measured 

values can be seen to agree well with the calculated curves 
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~5.4 

Figure 5.6 Room temperature Brillouin spectra of an Fe/Pd 
superlattice in different values of the applied 
field. 

Increasing the value of the applied changed the values of 
the observed frequency modes. Look in Table 5.1 for the 
parameters of sample H. 
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Figure 5.7 Spin-wave spectra as a function of sample 
orientation in the plane. 

The applied field was 0.5 kG and the incident beam was at 
430. The spectrum in the middle was measured initially. 
The spectrum at the top is for the field lines rotated by 
1800. The spectrum at the bottom is for the substrate 
rotated by 90°. 
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The solid lines are the calculated spin waves and the dark 
area represents the experimentally unresolved modes. 
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over the entire range of the applied magnetic field. 

In Figure 5.9 we show the behavior of the spectra.when 

the angle of incidence is varied. By looking at the 

dependance of Qpa of the discrete modes, we found that the 

values obtained for 4~Mo and 7 are confirmed. In Figure 

5.10 we plotted the results from the previous figure against 

the theoretical results. The fit agrees with the theory to 

within the experimental error. 

In Figure S.llb we show the Brillouin spectrum of an 

Fe/Pd superlattice with d = 41.7 A and a much larger do = 

138.7 A. Here, the spin-wave band narrows and no discrete 

peaks are observable near the upper band edge. A 

drastically different spectrum is found for the case of do = 

9.1 A much smaller than d = 41.0 A as shown in Figure 5.11c. 

In this case a very intense discrete mode is observed near 

27.7 GHz in the anti-stokes spectrum. This superlattice 

surface spin-wave mode, which travels about the entire 

superlattice stack, is allowed to exist besides the 

collective spin-wave band [Camley et al.(1983), GrUnberg et 

al. (1983), and Emtage et al. (1984)). It would merge with 

the latter for d = do. Figure S.lld shows the effect of 

inverting the direction of the magnetic field which has been 

discussed earlier. 

In Figure 5.12, the fitted values of 4~Mo are plotted 

as a function of the Fe layer thickness, d. For the Fe/Pd 

superlattices the saturation magnetization decreased from 19 
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Figure 5.10 Measured and calculated spin wave frequencies as 
a function of the incident angle. 
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to 14 kG as d decreased from 89 to 16 A; whereas, the FejW 

superlattice showed a value of 4nMo = 20.1 kG which is the 

value of bulk Fe within the experimental error bar. These 

results were surprising because of the following reasons: 

- M8ssbauer spectroscopy data of the same samples (chapter 

6) showed an enhancement of the hyperfine field when A 

decreases. Although there is no simple relation between the 

saturation magnetization and the hyperfine magnetic field I 

do not expect these two quantities to vary in opposite 

senses as a function of thickness. 

- For the same FejPd samples used in Brillouin scattering, 

the VSM (made at IBM Tucson) and SQUID (measurement made by 

Dr. E. Zirngiebl and J. D. Thompson at Los Alamos National 

Laboratory, Los Alamos) measured saturation magnetization, 

4nMo, showed an increase as d decreased (Figure 5.13). 

These two arguments made us believe that the dipolar 

interaction is not the dominant interaction for small A in 

FejPd superlattices. A complete theoretical model is needed 

at this point. 
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Figure 5.11 Brillouin spectra of Fe/Pd as a function of the 
thickness, do, of the nonmagnetic spacer. 

Room temperature Brillouin spectra of Fe/Pd superlattices in 
an applied magnetic field of 1 kG. In (a) d = 21.9 A and do 
= 24.3 A, Cb) d = 41.7 A and do = 138.7 A, and (c), Cd) 
d = 41.0 A and do = 9.1 A. In (d) the direction of the 
applied field has been reversed with respect to the oth.r 
figures. The incident beam was at 45°. 
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Chapter 6 

MOSSBAUER SPECTROSCOPY 

6.1 Introduction 

The M8ssbauer effect or resonant absorption of 

recoilless radiation was discovered by Rudolph M8ssbauer 

(1958) while he was investigating ~-ray absorption in 

various nuclei. Since then the M8ssbauer effect has had 

wide applications in different areas of science. In the 

first part of this chapter I give a basic description of the 

M8ssbauer effect and some of its physical properties. I 

discuss the importance of using the M8ssbauer effect in 

studying the magnetic properties in metallic superlattices. 

The second part is the description of the experimental set 

up and the third part is the discussion of our results. 

6.2 Theoretical Background 

I assume that a given nucleus is in its excited state 

with energy E. After a certain time, the nucleus makes a 

transition to the ground state, emitting a ,-ray in the 

process. The energy of the ,-ray photon, typically of the 

order 10 5 eV, is much greater than the energy of a visible 
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photon, about 5 eV, because of the strong nuclear reactions 

involved in the nuclear transiti~n. This emitted photon 

cannot be absorbed by the second nucleus, because of the 

absorbed recoil energy by the emitting nucleus, so that the 

photon's energy is slightly less than E'. That is, 

Ee = E - Er (6. 1 ) 

where Ee is the energy of the emitted photon and Er the 

recoil energy of the emitting nucleus. The absorbing 

nucleus recoils forward when it absorbs the photon. 

Therefore, if the absorption is to take place, the photon 

energy must be slightly larger than E. That is, 

Ea = E + Er (6.2) 

where Ea is the energy of the absorbed photon. From 

Eqs.(6.1) and (6.2), it appears that the emitted photon does 

not have enough energy to excite the second nucleus. 

We can evaluate the recoil energy from the law of 

conservation of momentum. Applying this to the emitter 

yields 

o = MVr + hv/c (6.3) 

where M and Vr are the mass and the recoil velocity of the 



emitter, respectively, "and hv/c is the momentum of the 

emitted photon. The recoil energy, 

(6.4) 

Using Eq.(S.3) leads to 

Er = (h2 v 2 ) / (Mc 2 ) (6.5) 
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For a typical nucleus Er is of the order 0.01 eV, which is 

small, but it is significant because the nuclear levels are 

sharp. In a solid the binding energies in a lattice are of 

the order 10 eV; therefore, the recoil energy Eq. (S.5) is 

shared by the whole lattice. Since, the nucleus is part of 

a larger quantum-mechanical system, the de-excitation of the 

nucleus might be shared between the emitted photons (,-rays) 

and phonons (lattice vibrations). The lowest energy phonon 

that a single nucleus can emit has 

Eph = keD (6.6) 

where eo is the Debye temperature which is a characteristic 

temperature of the crystal, and k is Boltzman's constant. 

If the recoil energy Eq.(S.5) is such that Er < Eph, it is 

not possible for the lattice to create a mode of vibration 

(phonon). In this case the total energy of transition is 
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taken by the 7-~ay (photon). The p~obability of ~ecoilless 

emission of the 7-ray is given by 

P = exp{-3Er/2keo) (6.7) 

Fo~ example, we used the line 14.4 keV 57Fe, which has Er = 

0.002 eV and eo = 490 K. Hence the p~obability Eq.(6.7) P = 

92%. Fo~ this nucleus the M8ssbaue~ conditions a~e met, 

recoilless absorption and emission can take place, and as a 

result nuclea~ resonance can be obse~ved. 

The aspect of the M8ssbauer effect which makes it a 

useful tool is the possibility to modulate the absorption 

process by rigidly moving the source or the emitter, or 

both. If the emitter moves with a velocity v, the emitted 

photon is Doppler shifted according to the relation, 

v = vo/(l - vic) (6.8) 

If the emitter and the absorber are detuned from the 

beginning, the motion of the emitter can be arranged so as 

to bring in the desired tuning. 

The most widely used nuclide for M8ssbauer experiments 

is 57Fe which occurs in natural i~on with an abundance of 

about 2.2%. It also occu~s as a decay p~oduct of 57CO which 

is an artificial Co isotope made by irradiation of natural 

Fe with 4 MeV deute~ons. The 57CO nucleus has a half-life 
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of 270 days and decays by capture of one of the s-electrons 

to the second excited state of 57Fe with a nuclear spin I = 

5/2. This state decays to the first excited state with spin 

I = 3/2. The average life-time of this state is 10- 7 sec. 

This state decays to the ground with spin I = 1/2 with 

emission of a photon of 14.4 keV. These photons can be 

absorbed by 57Fe nuclei in a sample material called the 

absorber. There are three 6.3 keV conversion X-rays and 

nine 7.3 keV conversion electrons for every absorbed ,-ray. 

Figure 6.1 illustrates the different effects which shift and 

split the energy levels of the 57Fe nucleus. 

The shift of the nuclear energy level in Figure 6.1a is 

caused by the interaction between the orbital electrons and 

the nucleus. It is called the isomer shift. A derivation 

of the energy shift is given by Wertheim (1961, 1964). 

However, I just give the result here. If the M8ssbauer 

emitter (S7CO) and the absorber (S7Fe) have different 

chemical surroundings, the M8ssbauer line is shifted by the 

amount IS given by 

(6.9) 

where Z is the atomic number of the M8ssbauer atom, I~(O) 1~2 

and I~(O) la 2 are the electronic charge density for the 
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emitter and absorber at the nucleus. 

114 

In Eq.(6.9) <r2 elC> and 

<r 2 tr> are the mean square radii of the nucleus in the 

excited and ground states, respectively. The isomer shift 

is useful in evaluating the valence state of the electrons. 

Figure 6.lb shows a splitting of the excited energy 

level of the nucleus. for this state this nucleus has an 

electrical quadrupole mom.ent, which can interact wi th the 

gradient of the electrical field created by the electronic 

cloud surrounding the nucleus. When the charges are in 

cubic symmetry, the electric field gradient value is null. 

Thus quadrupole splitting indicate the degree of deviation 

from cubic symmetry. 

If the nuclear state has a magnetic dipole moment 

(I > 0), the hyperfine interaction between the nucleus and 

the magnetic field created by the orbital electrons splits 

the levels into (2I + 1) sublevels (Zeeman splitting). For 

our case Figure 6.1c, the excited state I = 3/2 splits into 

four sublevels and the ground state splits I = 1/2 into two 

sublevels. The transition between the two energy levels is 

governed by the magnetic dipole moment selection rule, 6ml = 

0,1 (m3/2 = ±3/2, ±1/2, and ml/2 = ±1/2). Thus the total 

number of transitions allowed is 6, and therefore 6 peaks 

are observed. The value of the hyperfine field is 

proportional to the magnitude of splitting. 

The direction of the magnetization may be inferred from 

the intensity ratio of the six lines in a magnetically split 
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spectra. The relation between the intensity ratio and the 

angle between the incident 7-ray and the direction of the 

mag·netic field, 6, is as follows: 

(6.10) 

If the intensity of six lines is denoted by 3:P:I:I:P:3, for 

the particular cases where P = 4 or 0 implies the 

magnetization is in the plane or perpendicular to the film 

plane. 

6.3 Application of MBssbauer Effect 

Several approaches have been used to apply MBssbauer 

spectroscopy to study surface and interface magnetism in 

thin metallic films. One of the approaches to our interest 

is the case where the transition of 57Fe is measured. For 

Fe the magnetic field is caused by the incomplete 3d 

electronic shell of the atom. This moment is, in turn, 

largely affected by the interactions of the atom with the 

surroundings. The interactions appear roughly in two ways: 

i) Chemical interactions between near neighbors atoms which 

result in a change of the electronic configuration in the 

incomplete shell, and therefore, the amount and direction of 

the magnetic moment of the atom. i i) Thermal and latt ice 

defect disturbance which allow fluctuations in time and 

space of the moments. 
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Liebermann et al (1969, 1970) made mutual inductance 

measurements on electrodepositedfilms of Fe and Ni. In 

these expe~iments they measured no. flux cont~ibution f~om 

the fi~st two deposited laye~s. These results were 

interpreted as showing that there are magnetically "dead" 

layers at the surfaces. This stimulated a great deal of 

experimental and theoretical work. I discussed the 

theoretical aspect of this p~oblem in chapte~ 1 and 2. Some 

widely used M8ssbauer techniques in surface analysis are 

described below. 

The standard transmission technique is low in 

sensitivity, ~equiring at least 0.5 ~m of natu~al iron 

(which corresponds to 100 A of 57Fe). This technique 

requi~es a la~ge numbe~ of bilayers and also that the films 

be self-suppo~ted in order to avoid the attenuation of the 

substrate. This technique has been used by Lee et al. 

(1964), Shinjo et a!. (1971, 1973, and 1974), Lauer et al. 

e 1977) and Duncan et al. e 1978) and seve~al g~oups after 

that to study surface and interface magnetism. Shinjo et 

a 1. e 1971 ) c 0 at e d nat u ~ a 1 Few i t h t he is 0 top e 5 7 Fe and 

measu~ed the hyperfine field. They did not observe any 

drastic reduction of the i~on magnetic moment. This ~esult 

is in cont~adiction with the results of Lieberman et al. 

(1969, 1970), and caused Laue~ et a!. (1977) to repeat the 

experiment. Lauer et al. coated the natural Fe with 

app~oximately 5A 57Fe. They deposited a coppe~ layer of 
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500 A and they repeated this sequence nine times to increase 

the sensitivity. They made the measurements at 4.2 K and 

77 K. They found that all Fe atoms at the surface are 

ferromagnetic with a reduced hyperfine field. Walker and 

coworkers (1984) did the same experiment but they used 

different nonmagnetic covers. They measured the hyperfine 

field of the 57Fe nucleus over a wide range of temperature 

from 4.2 to 300 K. They found T3/2 dependance of the 

hyperfine field for Ag as the nonmagnetic cover. When MnFez 

was used as nonmagnetic cover a linear T dependance was 

seen. Keune et al.(1979) repeated the experiment using Cu 

and Ag as covers and also they varied the thickness of 57Fe. 

They found that the hyperfine fields are thickness 

dependant. They observed perpendicular magnetic 

anisotropies for their ultra-thin samples. Halbauer et 

al. (1983) used this technique to prove the antiferromagnetic 

ordering at low temperature of ~-Fe in the three basic 

orientations (Ill), (110), (100). 

Another approach is to use the sample as a MBssbauer 

source [Shinjo et al.(1974), Andersen et al.(1979)]. This 

technique has some serious problems. One of them is the 

alloying of Fe with Co as 57CO decays. Despite the 

inability of this technique to give quantitative results, it 

is a good method for qualitative surface analysis [Shinjo et 

a1. (1974) ] . 

The third technique, which we used, is to measure the 
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M8ssbaue~ spect~a th~ough the detection of conve~sion and 

Auger elect~ons, and x-~ays, which are emitted when a gamma 

ray is absorbed. This backscattering geometry provides an 

examination of the surface of the sample, whereas 

transmission measurements examine the total bulk of a thin 

specimen [Teller et al. (1968)]. There are three 6.3 keY 

conversion X-rays and nine 7.3 keY conversion electrons for 

every absorbed ,-ray. 

The M8ssbauer spectrometers commonly used for hyperfine 

field measurements can be constant velocity or acceleration 

spectrometers. The spectrometer used was of the second type 

[MS-900 Ranger Scientific (1982)] (Figure 6.2). The 

spectrometer moves the emitter with variable velocity so 

that the entire spectra is covered by one period of motion. 

The velocity waveform, either sawtooth or triangle, was 

delivered to the velocity drive and a transducer was used to 

p~ovide a signal p~opo~tional to the actual velocity. 

Comparison of this signal with the reference waveform was 

used to produce an error signal. The detected error signal 

was then applied to the drive system to correct for the 

velocity. 

The detector is a gas flow proportional counter similar 

to that designed by Swanson et al.(1970). It is rectangular 

with removable top and bottom plates. Inside are located 2 

stainless steel wires. During operation the wires were kept 

at a positive potential of approximately 1200 V with respect 



MS-900 
+ 

APPLE 

~-ray 

Micro-VAX 

I 

S~LE 
Gas 

Power 

Supply 

Pre-Amp.+ 

Analyzer 

Figure 6.2 Schematic diagram of the spectrometer. 
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to the aluminum cover. The flow rate of the counter gas was 

maintained at 1 ml/sec. For detection of x-rays, and 

conversion electrons, the counter gas was Ar and 5% CH4, and 

He and 5% CH4, respectively. He was used for detection of 

conversion electrons of 7.3 keV because its detection 

efficiency for this type of electrons is close to 100%. A 

serious disadvantage for this type of detector is the 

limited range of temperature use. It cannot be used either 

at high temperatures (1000 K) or low temperatures (4.2 K), 

yet these temperatures are crucial in studying surface 

magnetism. 

The samples were mounted on the back wall of the 2n 

conversion electron detector using He-5%CH4 as the flow gas 

(conversion electrons detection). The source was 25 mCi of 

57CO in Rh. Frequent calibrations using natural iron foil 

were made. Full width at half maximum for natural iron was 

found to be 0.26 mm/s. 

stability check. 

This width was maintained on a 5-day 

All data were analyzed by least-squares fitting with 

one or two sets of six-line Lorentzians. Both the 

linewidths and integrated areas could be constrained as 

desired. Several of the spectra, with broader lines, were 

also fitted by Window's Fourier deconvolution program 

[Window (1988)]. 



6.4 Results and discussion 

6.4.1 Fe/Wand Fe/Mo 
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Fe/Wand Fe/Mo superlattices showed similar qualitative 

behavior in their structure and M8ssbauer spectra as a 

function of the superlattice modulation wavelength A. 

Consequently in the remainder of this section I only discuss 

the Fe/W results. 

In Figure 6.3 we show the M8ssbauer emission spectra 

for samples A, a, and F from Table (6.1). The best fits all 

corresponded to intensity ratios of 3:4:1 for samples with A 

> 32.2. A. The values of Hhf determined from the splitting 

of the six-line hyperfine fit agreed within 1 kG of the peak 

of the P(H) spectrum determined by the FFT. The isomer 

shifts were found to be -0.02 mm/s relative to natural iron, 

with an experimental error of 0.01 mm/s. Sample A, with A < 

32.2 A, had but a single, broad line. As can be seen in 

Table (6.1), structural changes which occur when A is varied 

influence the magnetic behavior. For A ~ 32.2 A structural 

coherence of the superlattice started breaking down. We 

believe the interface strains became important in this 

regime and that there was the possibility of considerable 

interdiffusion. We cannot rule out the possibility that Fe 

grew in the I phase in the (Ill) direction, since the atomic 

lattice spacing, d, of this plane is close to d of W (110). 

Unfortunately, the x-ray diffraction linewidths are 

broadened (Figure 3.7c) and we cannot resolve the two 
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Figure 6.3 M8ssbauer emission spectra of Fe/W superlattices. 

a) to. = 264.0 A, b) to. = 32.2 A, and c) to. = 4.8 A. 
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TABLE 6.1. Parameters of the Investigated Fe/W Samples. 

The number of atomic layers in each constituent of A is 
denoted by n. The total thickness of the sample is obtained 
by multiplying 1\ by the total number of bilayers. Rhi is 
the hyperfine field measured using M8ssbauer spectroscopy 
(see text). " 

Sample 

A 
B 
C 
D 
E 
F 

I\(A) Total n Rhf 
Bilayers Atomic planes (kOe) 

4.8 240 1 
32.2 78 8 320 
66.1 77 16 326 
80.7 60 19 327 

132.2 39 32 329 
264.0 19 64 329 
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Figure 6.4 Hype~fine field distribution in Fe/W 
superlattice. 
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diff~action peaks in a convincing manner. The M8ssbauer 

spectrum in this regime (Figure 6.3c) is a direct 

consequence of the structure. The single line, or 

unresolved doublet, which is o~served at room temperature 

could be interpreted as a result of superparamagnetism due 

to islands or paramagnetism of Fe in the I phase. There 

might also be weak quadrupole interactions caused by 

structural imperfections. We do not yet have the low 

temperature CEMS capabilities which would help resolve these 

issues. 

For A > 32.2 A, superlattice satellite diffraction 

peaks are observed in the x-ray data at high angles. From 

Table (6.1) it can be seen that for A > 100 A Hhi is 

essentially the room temperature bulk value of 330 kG. Then, 

as A decreases, the mean field decreases. However, even for 

sample B, the P(H) distribution (Figure 6.4) shows a main 

peak at 328 kG and a weaker peak at 250 kG. The spectra of 

the other samples also show broadening of the lines on the 

low field side, which accounts for the decrease in the mean 

field. Unfortunately the statistics are not good enough to 

place great confidence in the low-field peak. A peak could 

mean that the interface mixing was non-random. 

The decrease in Hh! with decreasing n was expected on 

the basis of the predictions of our model in chapter 2 which 

show a reduction in Hh! when Fe is neighboring W. Such a 

configuration would occur at each interface and 
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interdiffusion would increase the fraction of the Fe with W 

neighbors. As n decreases, for a fixed amount of 

interdiffusion, a larger fraction is in a such mixed region. 

In summary, we have found that chemically modulated 

structures of Fe and W exhibit structural and magnetic 

dependance on the multilayer modulation wavelength A. The 

superlattice structural coherence gradually broke down for A 

< 32.2 A. The Hhf in the interior of the Fe layers remained 

close to the bulk value. The effect of the contact of the 

two materials at the interfaces reduced the average Hhf, as 

n decreased. 

6.4.2 Fe/Pd 

I summarized in Table 6.2 the relevant parameters for 

the Fe/Pd superlattices with equal atomic layers in each 

superlattice wavelength. Figure 6.5 shows raw MBssbauer 

emission spectra for samples A, C, and D. If the layers in 

sample A are continuous in the plane then this data proves 

that a single atom~c layer of Fe in contact with Pd is not 

magnetically "dead". 

In Figure 6.6 I show the fitted average hyperfine field 

dependance on the amount of Fe atomic layers in A. All 

these fits showed best fit for the peak intensity rati~ 

3:4: I (Hf is in the plane of the superlattice) except for 

sample A where 3:3: 1 had best fitted our data (slightly out 

of plane). In all samples reported here we did not see any 
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TABLE 6.2. Parameters of the Investigated Fe/Pd Samples. 

Sample Modulation Total nCFe =nCPd) Total Fe 
Wavelength Bilayers Thickness 

( A) N (A ) 

A 4.2 244 1 1024.8 

B 8.4 156 2 1310.4 

C 14.1 156 3 2199.6 

D 28.2 78 6 2199.6 

E 33.2 90 8 2988.0 

F 42.2 90 10 3798.0 

G 46.2 90 11 4158.0 

H 71. 7 70 17 5021.8 

I 77.8 70 18 5446.0 

J 86.8 70 20 6076.0 

K 188.4 49 44 9232.0 
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presence of paramagnetismm No isomer shifts, relative to 

bulk Fe or between the high and low field components were 

detected to within the experimental error of ± 0.02 mm/s. 
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In conclusion, M8ssbauer spectra of Fe/Pd superlattices 

over a wide range of A showed no paramagnetic contribution 

but broadened lines for A small and an average hyperfine 

field dependant on A. 



Chapter 7 

ELECTRICAL RESISTIVITY 

7.1 Theoretical Background 

In this section I discuss the theory behind the 

temperature dependance of the electrical resistivity in 

transition metals. Specifically I describe the scattering 

mechanisms which give T2 and In(T) dependance of the 

electrical resistivity. 

Spin waves in a solid are subject to electron 

scattering. The angular frequency w is proportional to q2, 

where q is the magnitude of the spin wave vector. This is a 

rough approximation. At low temperatures the resistivity 

varies as w2 , and the frequency w at temperature T is 

proportional to kT where k is the Boltzman constant. Thus, 

the resistivity varies as T2. 

The electron-electron scattering in transition metals 

which causes electrical resistivity is believed to be the 

scattering of s electrons by d electrons (called s-d 

scattering). The general theoretical treatment of the 

problem suggests that pe-e varies as T2 with a coefficient 

proportional to the square of the density of the d-

130 
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electrons at the Fermi surface [Dugdale (1977)]. This type 

of scattering also occurs in paramagnetic materials with a d 

band, such as Pd. 

value for Pd is 

For instance the estimated theoretical 

pe - e - 10- 1 1 T2 1LcmK- 2 (7.1) 

The ±lnT variation of the resistivity has been observed 

in some dilute magnetic and non-magnetic alloys. The sign 

of InT is characteristic of the host material. Kondo (1964) 

explained these observations theoretically by an s-d 

exchange interaction where the Hamiltonian is 

H = - J~.§. (7.2) 

where J is the s-d exchange integral, ~ and §. are the spin 

vectors for the s electrons and for the d or f electrons for 

the magnetic impurity. After derivations using second order 

perturbation theory the resistivity takes this form 

p - ±lnT (7. 3) 

Scattering of electrons by residual scatterers is not 

temperature dependant. In the remainder of this chapter I 

present the electrical resistivity measurement experimental 

set up, and the results for our samples. 
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7.2 Resistivity Measurement 

I show in Figure 7.1 the experimental set up I used for 

the resistivity measurements. The cooling was achieved by a 

closed cycle refrigerator. The cryocooler consists of a 

cold head and a compressor, and uses helium gas as a 

refrigerant. The expansion of helium at two stages in the 

cold head gives the cooling at two stations. The first 

stage reaches -77 K and the second stage can reach -12 K. 

By using a shield around the sample holder, the sample 

DRC-SIC Lake Shore Cryotronics, Inc.) regulates the sample 

holder temperature by adjusting the heater power until the 

desired temperature is read via the calibrated silicon diode 

(DT-500 series diode). Initial vacuum of -30 rnTorr is 

achieved in the cold head to thermally isolate it from the 

atmosphere. 

I used silicon vacuum grease to establish good thermal 

contact between the sample holder and my samples. I made 

electrical contact by soldering four copper wires to my 

sample using pure indium (99.999 %) solder. Outside the 

cold head these leads are connected to multipin connectors. 

The pins are connected to a switch/control unit (HP Model 

3488A). The switch box is connected to a digital voltmeter 

(HP Model 3456A). This experiment is controlled by an IEEE-

488 bus (Capital Equipment Corp. IBM PC Compatible). 
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I used the van der Pauw method to measure the 

resistivity [van der Pauw (1958)]. For my purpose, this 

method has the advantage over other methods because it is 

nondestructive, inexpensive~ and less time consuming. I 

estimated the uncertainties of this method in my 

calculations as described in the van der Pauw paper. 

7.3 Results and Discussion 

I used a linear least squares fit method to fit the 

measured in-plane electrical resistivity data. My fit 

functions were 

peT) = po + AT2 (7.4) 

and 

p ( T) = po + A T2 + BIn (T) (7.5 ) 
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where po, A, and B are the fitting parameters. The 

Temperature Coefficient of the Resistivity (T.C.R.) is 

defined as the derivative of peT) with respect to T, divided 

by peT). In my analysis I used Eq.(7.5) for peT), which 

yields 

T.C.R. = (1/p(T))(2AT + B/T) (7.6) 

Electrical resistivity data for a set of samples is 

shown in Figure 7.2. The superlattice modulation wavelength 
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TADLE 7.1. Fe/Pd Electrical Resistivity Least-Squares 

-------
A(J\) liFe =lIl'd Tolal Tohd po A 

bi- lid ell . ( /-lncuJ) (nCIn/{-2 x l0- 11 ) 
layers (J\) 

276.0 66 11 3036.0 G.80 10.9 
9.13 lt1 . 0 

86.6 20 70 6062.0 16.00 13.9 
20.00 17.3 

42.2 10 90 3798.0 24.10 15.2 
27.70 lR.5 

14. 1 3 156 2196.5 42.60 19.3 
411.00 20.7 

4.2 244 10211.R 44.50 19.2 
45.20 19.H 

fit Pal-ameters. 

n X2 
(/-lnCIn(] IIK)-l ) 

0.710 9.67 
22.22 

0.924 1. 92 
4.85 

0.904 1. 01 
2.48 

0.390 0.10 
0.19 

0.202 0.04 
0.06 
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consisted of an equal number of atomic layers of Fe and Pd. 

The results of the fit are summarized in Table 7.1. In the 

first and second line for each sample are the parameters of 

the fit to Eq.(7.5) and Eq.(7.4), respectively. 

The residual resistivity po (Table 7.1) increased when 

the superlattice wavelength decreased. We conclude that the 

number of crystal imperfections increased as the 

superlattice wavelength decreased. Also, notice in this 

case as the total number of bilayers or the total number of 

interfaces increased the residual resistivity increased. 

The gradient of the resistivity with respect to the total 

thickness is not a monotonic function. 

The fit parameter A, for all samples, is on the same 

order of magnitude as the bulk values which are 13 and 33 

(QcmK-2 x lO-ll) for Fe and Pd, respectively. We found that A 

increased when A decreased (Table 7.1). This is explained 

as the number of spin excitations and charge fluctuations 

increased when the superlattice wavelength became small. 

For Fe/Pd superlattices the parameter B was found to vary in 

the same direction as the superlattice wavelength. 

The measured electrical resistivity of Fe/W is shown in 

Figure 7.3 and the results of the fits are summarized in 

Table 7.2. The values for the residual resistivity have a A 

dependance qualitatively similar to those found in Fe/Pd. 

But the parameter A decreased when A became small. This is 

the opposite effect as for Fe/Pd. The logarithmic part 



-
E 
u 
q 
2 -
0.-

150 r------,�-------~I------~I------I~----~ 

137 

124 

111 a A - 5.0 AI. 
• A - 20.1 
.. A - 80.6 1. 
oA-257A 

98 

85 I-

72 l-

59 l-

tt itt t t t 

46 

I 

• • • • • 

· 

· 

-

· 

· 

· 
~ 

······1 · I I 1 20 ~--------~--------~~--------~--------~~--------~ 
120 180 240 300 o 60 

TEMPERATURE (K) 

138 

Figure 7.3 Measured Fe/W in-plane electrical resistivity. 
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dependance in T of the electrical resistivity dominated for 

the monolayer superlattice. 

Figur~ 7.4 shows the calculated T.C.R for the monolayer 

Fe/Pd and Fe!W superlattices, using Eq.(7.4) and the fitted 

values of A and B for each sample. For the Fe/Pd monolayer 

superlattice, the T.C.R. is dominant by the linear term in T 

over a wide temperature range. On the other hand, for Fe/W 

the liT term dominant. But for intermediate superlattice 

wavelengths both Fe/Wand Fe/Pd, the T.C.R. shows 

approximately similar temperature dependance (Figure 7.5). 
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Chapter 8 

SUMMARY AND CONCLUSIONS 

In chapter 2 we presented our theoretical attempt to 

explain the induced interface effects in magnetic metallic 

superlattices. The model was based on P.W. Anderson's 

picture of virtual localized magnetic moments and Thomas

Fermi theory of a degenerate electron gas. The 

linearization of the charge densities for the spin-up and 

spin-down d-electrons gave the net variation of the 

magnetization. The model showed similar behavior as our 

measured magnetization data. 

We have sputter deposited Fe/W, Fe/Mo, and Fe/Pd 

superlattices on sapphire substrates using magnetically 

enhanced dc sputtering guns. The deposition rates were 

controlled to better that ±0.3%. We used a 6 MV Rutherford 

backscattering facility to determine the chemical 

composition with less than 1% for most of our samples. We 

varied the modulation wavelength from approximately 4 A to 

several hundreds of A. Structural characterization was 

achieved by several x-ray diffraction techniques. We found 

that Fe, W, and Mo grow (110) parallel to the plane of the 

sapphire substrate. Pd grows in the (Ill) direction. We 
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also found that the Fe/W superlattice structural coherency 

started breaking down for a superlattice wavelength less 

than 32.2 A. On the other hand Fe/Pd superlattice showed a 

long range coherency for every studied superlattice 

wavelength from A = 4.2 A to 1000 A. X-ray diffraction 

analysis of our samples showed that the upper limit on the 

interdiffusion is 4 and 2 atomic layers for Fe/Wand Fe/Pd 

respectively. 

Neutron scattering at low angles from Fe2o/Pd2o 

super lattice showed no enhancement or reduction of the Fe 

magnetic moment at the interfaces within the experimental 

error. 

The Rayleigh mode and up to six higher-order localized 

acoustic (Sezawa) surface modes have been observed in Fe/Pd 

superlattices using Brillouin scattering. The effective 

elastic constants of the superlattices have been determined 

from a fit of the measured mode dispersions. With 

decreasing A from 87 to 33 A, the elastic constant Cll shows 

an interface-induced softening of up to 20%. For all 

samples we found Css = 45.5 =2 GPa. Thus a major result of 

this work is that no dependance of the Raleigh waves on the 

modulation wavelength of the superlattices was found, 

contrary to results found in other systems. 

The theoretically predicted band of collective magneto

static spin-wave excitations has been observed for the first 

time in Fe/Pd and Fe/W superlattices using Brillouin 
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scattering. Discrete spin-wave modes were observed because 

of the quantization of the momentum perpendicular to the 

stack. From the fit, where only dipolar interaction was 

included, the saturation magnetization showed a decrease as 

A became small. 

We used conversion electron M8ssbauer spectroscopy to 

measure the intrinsic hyperfine magnetic field of our 

samples at room temperature. We observed for Fe/W 

superlattices the hyperfine field to decrease at small 

superlattice wavelengths, and vanish for A less than 

approximately 20 A. However, for Fe/Pd the hyperfine field 

increases and goes through a maximum at A approximately 30 

A. This effect has been observed for the first time in 

Fe/Pd superlattices. 

The in-plane electrical resistivity of Fe/Wand Fe/Pd 

superlattices was measured in the range 7.5-300K by the four 

probe method. We fitted our data to phenomenological 

functions. The results for both Fe/Wand Fe/Pd 

superlattices showed a typical transition metal behavior for 

large superlattice wavelengths, and the residual resistivity 

showed a monotonic increase with decreasing A. For the Fe/W 

monolayer superlattice the In(T) electron scattering 

dominates but the T2 electrical resistivity dominates for 

the Fe/Pd monolayer superlattice. 
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