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ABSTRACT 

The physical properties of co/cli and Co/Pd magnetic multilayers have 

been studied. The Co/Cu multilayers were prepared by sputtering, while the 

Co/Pd multilayers were made by sputtering and molecular beam epitaxy (MBE). 

Various x-ray diffraction techniques have been used to study the structure of 

the multilayers. Magnetometry techniques were used to study the magnetic 

properties. Various optical techniques have been used to investigate the 

magneto-optical properties. Brillouin light scattering spectroscopy was used to 

determine the effective elastic constants of the Co/Cu multilayers and the 

magnetic properties of the sputtered ColPd multi1ayers. 



CHAPTER 1 

INTRODUCTION 

15 

Magnetic multilayers composed of Co and a noble metal (Cu, Ag, Au, Pd, 

or Pt) have received much attention in recent years because of their interesting 

physical properties as well as potential applications. In this dissertation, I 

discuss my research on the preparation and characterization of two such 

multilayer systems: co/eu and Co/Pd. In the remainder of this chapter, I give 

an overview of the previous work which has been done on Co/NM (NM=Cu, 

Ag, Au, Pd, or Pt) multilayers. In addition, I give a brief description of the 

material contained in the remainder of this dissertation. 

1.1 Cobalt-Noble Metal Magnetic Multilayers 

Because of their magnetic properties, ColNoble Metal(NM) multilayers 

have shown promise as magneto-optic recording materials.1
,2 As, reviewed in 

this chapter, technologically significant properties of these materials, such as 

perpendicular magnetization and enhancements of the magnetic-optic Kerr 

effect, have stimulated much research in Co/NM multilayers. In addition, 

Co/NM multilayers provide model systems for studying other interesting 

magnetic phenomena, including magnetic coupling and magnetic polarization. 

Structural changes in the Co layers may also be induced by layering with the 

noble metals, allowing studies of the relationship between structure and 

magnetic properties. 



For Co/NM multilayers to be of technological importance as magneto

optic recording materials, they have to have a perpendicular easy-axis of 

magnetization.3 A perpendicular easy-axis of magnetization, which was 

attributed to a perpendicular interface anisotropy, was first reported for 

sputtered ColPd multilayers with 1co~8 A.4 Perpendicular easy-axis of 

magnetism has been now observed in several Co/NM multilayers with thin 

16 

(teo <20 A) CO layers. For example, subsequent work on sputtered ColPt 

multilayers showed similar magnetic behavior.s Compared with samples 

produced by sputtering, electron-beam evaporated ColPd multilayers have 

improved perpendicular anisotropy.6,7 Further studies indicated that the 

perpendicular anisotropy depends on the interface quality.s For example, an 

improvement in the interfacial quality due to annealing of ion beam sputtered 

Co/Au multilayers was found to induce perpendicular anisotropy in these 

Co/NM multilayers.9 The majority of the Co/NM multilayers with 

perpendicular anisotropy which have been studied to date are polycrystalline 

with fcc (111) texturing. However, recently high quality Co/Au,t°,u CO/CU,t2 

ColPd,13,14 and ColPttS superlattices with a perpendicular easy-axis of 

magnetization have been grown using molecular beam epitaxy (MBE) 

techniques. Very recent work of ours on epitaxial MBE-grown ColPd 

superlattices shows that perpendicular magnetization can be obtained for (100), 



(110), and (111) oriented samples.16 This work is described in detail in 

subsequent chapters of this dissertation. 
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To understand the intrinsic mechanism(s) responsible for perpendicular 

easy-axis anisotropy in Co/NM multilayers, as well as to determine whether 

they might be useful for magneto-optical data storage, their magneto-optic 

properties must be investigated. The first Co/NM multilayers to be studied 

using polar Kerr spectroscopy were sputtered Co/Cu and Co/Au multilayers. 

These Co/NM multilayers exhibited an enhancement of the Kerr rotation near 

the plasma edge of the noble metal.17 Later studies found similar behavior for 

sputtered Co/Ag multilayers.18 However, Kerr magneto-optic spectra of ColPd 

and ColPt multilayers do not exhibit enhancements near the plasma edge. 

Instead these multilayers show an enhancement at photon energies near 4 eV, 

which is probably caused by the polarization (Le. magnetization) of the Pd and 

Pt a toms.19,20 

Among the interesting physical properties observed in Co/NM 

multilayers is the polarization of Pd and Pt atoms near the Co interface. This 

phenomenon was first observed in sputtered Co/Pd multilayers, and was later 

confirmed by studies of electron beam evaporated Co/Pd multilayers.Z1,22 Spin 

dependent x-ray absorption measurements have recently measured the 

polarization of Pt atoms at the interface of electron beam evaporated ColPt 



multilayers.23 A recent calculation indicates that the Pd polarization may 

depend on the Pd layer thickness.24 
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Studies of possible structural modifications of the Co layers by the noble 

metal layers is of great interest in determination of the cause of magnetic 

anisotropy in Co/NM multilayers. NMR measurements of Co/Cu25 and 

Co/Pd26 multilayers indicate that the Co layers have fcc stacking symmetry 

with in-plane lattice expansion. Reflection High Energy Electron Diffraction 

(RHEED) and x-ray measurements of epitaxial Co/Au multilayers have been 

used to measure the interfacial strains.Zi' Measurements of the 

magnetostriction and stress for sputtered Co/Cu, Co/Ag, Co/Au, and Co/Pd 

multilayers indicate that, although some structural modification of the Co layers 

may occur, there is only a slight modification of the magnetic anisotropy.28 

More recent in situ measurements of stress for electron beam evaporated Co/Cu, 

Co/Pd, and Co/Au multilayers indicate that the structural changes are localized 

near the interface.29 However, detailed studies of structural-property 

relationships in these materials is required for further understanding of the 

phenomenon observed. 

1.2 Organization of Dissertation 

In this dissertation, I have examined various physical properties of two 

cobalt-noble metal multilayer systems (co/eu and Co/Pd). I studied the 

physical properties of sputtered Co/Cu and ColPd multilayers, as well as Co/Pd 
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superlattices prepared by molecular beam epitaxy (MBE). I have organized the 

dissertation into seven chapters, including the Introduction and Conclusions. 

I discuss the sample preparation in Chapter 2. The sputtering and MBE 

systems used to deposit the sample used for my studies are described in this 

chapter. The sample parameters for the Co/Cu and Co/Pd multilayers also are 

listed in Chapter 2. I describe the structural characterization of the multilayers 

using various x-ray diffraction techniques in Chapter 3. The principle of x-ray 

diffraction from thin films and multilayers and their application to the Co/Cu 

and Col,Pd multilayers also are discussed in this chapter. I examine the sources 

of magnetic anisotropy and magnetization reversal processes and review the 

magnetometry measurements used to characterize the magnetic properties of 

the multilayers in Chapter 4. I discuss the magneto-optical properties of the 

Co/Cu and ColPd multilayers in Chapter 5. I describe the Brillouin light 

scattering measurements, which were used to determined the elastic properties 

of the Co/Cu multilayers and the magnetic properties of the ColPd multilayers, 

in Chapter 6. Finally, I summarize the conclusions of these studies in Chapter 

7. 



CHAPTER 2 

SAMPLE PREPARATION 
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Samples for this dissertation were prepared by sputtering and Molecular 

Beam Epitaxy (MBE) techniques. I describe the operation of the equipment 

used to produce these samples in this chapter. I also give lists of the sample 

parameters for the Co/Cu and Co/Pd multi1ayers discussed in this dissertation. 

2.1 Sputtering 

2.1.1 Equipment 

I used sputtering to deposit most of the thin films and multilayers 

discussed in this dissertation. The main vacuum components of the sputtering 

system, shown in Figure 2.1, are the sputtering chamber, a diffusion pump with 

cryotrap, and a mechanical pump. The system has five main electropneumatic 

valves, which separate the system components. The foreline valve is located 

between the mechanical pump and the foreline of the diffusion pump. The 

roughing valve is located between the mechanical pump and the sputtering 

chamber. The high vacuum and variable orifice valves (to restrict the pumping 

speed during sputtering) are located between the diffusion pump and the 

sputtering chamber. The vent valve, which is located on the roughing line, 

allows the chamber to be brought up to atmosphere when the high vacuum 

and roughing valves are dosed. 
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The most important part of the sputtering system is the sputtering 
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chamber, which is shown in Figure 2.1. The sputtering chamber is a cylindrical 

stainless steel bell jar with a baseplate and removable top plate. The chamber 

contains three sputtering sources. Two of the sources are magnetically 
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enhanced DC triode sources. The third sputtering source is a conventional 

magnetron source. Each of the DC triode sources has an inlet for the 

introduction of the sputtering gas, usually ultrahigh purity (99.999%) argon. A 

gas inlet located in the baseplate allows research grade nitrogen or oxygen to 

be introduced into the chamber for reactive sputtering. The sputtering sources 

have feedback-controlled power supplies, which make it possible to deposit 

multilayers with small « 0.3%) layer thickness fluctuations.30 

The substrates are rotated over each of the sputtering sources to produce 

thin films or multilayers. The substrates sit facing down on specially-designed 

four inch substrate holders, which fit into one of three recessed holes on the 

aluminum substrate table. The substrate table is attached to a threaded shaft, 

which allows the substrate-to-source distance to be changed. A ferrofluidic 

rotary feed through located in the center of the top plate is used to couple the 

table to a servomotor driven through a 10:1 reduction gear box. The table 

rotation is controlled by a microprocessor feedback loop, which includes the 

servomotor, an optical encoder, and servoamplifier. Electrical power (e.g. for 

substrate heating) can be transmitted to the rotating substrate table via a 

vacuum-compatible slip ring which is attached to the threaded shaft. 

The background pressure of the sputtering chamber is monitored using 

an Inficon Quadrex 100 residual gas analyzer (RGA) attached to the side of the 

chamber. A manual valve separates the RGA from the sputtering chamber. 
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The background pressure also can be monitored using the ionization gauge 

tube located between the cryotrap and the high vacuum valve. The sputtering 

pressure is monitored by a capacitance manometer, which is attached to the top 

plate. 

2.1.2 Co/Cu Multilayers 

The Co/Cu multilayers, which I discuss in this dissertation, were sputter 

deposited onto single crystal sapphire (1120) substrates.:;1 These multilayers 

were made by rotating the substrate holder over the two magnetically enhanced 

de triode sputtering sources containing high purity Cu (99.999%) and Co 

(99.91 %) targets. Typical sputtering rates, feedback stabilized to better than 

0.3%, were approximately 11 Nsec. The layer thicknesses of each sample were 

controlled by varying the angular speed of the rotating table and/or the target 

current and voltage. Prior to deposition, the background pressure of the 

sputtering system was =lx10-7 Torr, consisting of water, nitrogen and oxygen 

in ratio of 3:2:1. During sputtering, the Ar pressure was =7.5 mTorr. 

I made both Co/Cu multilayers and single layer Cu and Co thin films for 

my studies. The film thickness of the single layer films were determined to 

within ±3% accuracy by Rutherford Backscattering Spectroscopy (RBS) 

measurements, assuming bulk density.32 The individual Cu and Co layer 

thicknesses in our multilayers were designed using the sputtering rates 

determined from the RBS measurements of the single layer Cu and Co films. 
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Cu and Co layer thicknesses for the Co/Cu multilayers only could be indirectly 

determined from RBS measurements, since the Cu and Co signals are to close 

together to be separated from each other. Consequently, the design Co atomic 

fraction was used to separate the single RBS peak. into its Cu and Co 

components, from which individual layer thickness could be determined. 

I discuss two series of sputtered Co/Cu multilayers in this dissertation. In 

the first series, the atomic percent of Co was fixed at approximately 54.3%. The 

number of periods was chosen such that the total film thickness of each 

multilayer was approximately 1000 A. The sample parameters determined from 

RBS measurements for L'1e sputtered Co/Cu multilayers with fixed atomic 

percent Co are given in Table 2.1. In the second series, Co layer thickness was 

fixed at approximately 75 A and the eu layer thicknesses was varied. Each of 

these multilayers had 8 periods, so that the total thickness in this series varied 

from 608 A to 2872 A. The sample parameters determined from RBS 

measurements for the Co/Cu multilayers with fixed Co layer thickness are given 

in Table 2.2. 
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Table 2.1 Sample specifications for the sputtered Co/Cu multilayers with fixed 
atomic percent Co. 

Co Layer Cu Layer Multilayer Number 
Thickness (A) Thickness (A) Period (A) of Periods 

2.27±0.07 207±0.06 4.34±0.09 121 

4.6±0.1 4.2±0.1 8.8±0.2 128 

9.0±0.3 8.2±0.2 17.2±0.4 60 

17.0±0.6 14.9±0.5 31.9±O.8 37 

23.1±0.7 21.1±0.6 44.2±0.9 26 

30.1±0.9 27.4±0.8 57±1 20 

44±1 40±1 84±2 14 

47±1 42±1 89±2 16 

57±2 52±2 109±2 10 

86±3 77±3 162±4 8 
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Table 2.2 Sample specifications for the sputtered Co/Cu multilayers with fixed 
Co layer thickness. 

Co Layer 
Thickness (A) 

Cu Layer 
Thickness (A) 

Multilayer 
Period (A) 

88±3 3.7±O.1 91±3 

69±2 7.1±O.3 76±2 

77±2 19.5±O.9 96±3 

7S±2 3O±1 104±3 

76±2 49±2 125±3 

86±3 77±3 162±4 

71±3 109±4 180±S 

76±3 lSS±S 231±6 

74±3 28S±9 3S9±9 

2.1.3 ColPd Multilayers 

I prepared the sputtered ColPd multilayers in a similar manner to the 

sputtered Co/Cu multilayers. In addition to single crystal sapphire (1120) 

substrates, ColPd multilayers were deposited on carbon substrates to allow for 

RBS measurement of light element impurities. The main light element impurity 

detected by the RBS measurements was oxygen, which was located near the 

film surface. I determined the individual Co and Pd layer thicknesses directly 

from RBS measurements and bulk densities, since the Co and Pd peaks are well 

separated. I made several series of sputtered Co/Pd multilayers. The first series 
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of sputtered ColPd multilayers have 10 Co layers and 11 Pd layers with the first 

and last layers Pd. The second series of sputtered Co/Pd multilayers have 100 

periods with the first layer being Pd and a final 22 A Pd "cap" layer to protect 

them from oxidation. The third series of sputtered ColPd multilayers consisted 

of identical S and 30 period samples (to give samples of different overall 

thickness, but otherwise identical design). The sample layer thicknesses of the 

sputtered ColPd multilayers are given in Table 2.3 - Table 2.5. 

Table 2.3 Sample specifications for the sputtered ColPd multilayers with 10 Co 
and 11 Pd layers. 

Co Layer 
Thickness (A) 

Pd Layer 
Thickness (A) 

Multilayer 
Period (A) 

1.9±0.1 2.6±0.1 4.5±0.1 

3.9±0.1 4.S±0.2 S.S±0.2 

3.9±0.1 10.S±0.4 14.7±0.2 

4.0±0.1 24.S±0.7 28.S±0.7 

4.3±0.1 49.0±1.5 53.3±1.5 

9.4±0.3 12.2±0.4 21.6±0.5 

19.1±0.6 25.3±0.7 44.4±0.9 

95.6±2.S 121.S±3.5 217.4±4.5 
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Table 2.4 Sample specifications for the sputtered ColPd multilayers with 100 
periods. 

Co Layer 
Thickness (A.) 

Pd Layer 
Thickness (A.) 

Multilayer 
Period (A.) 

4.4±0.1 4.9±O.1 9.3±O.1 

6.6±O.2 7.2±O.2 13.B±O.3 

9.1±O.3 9.7±O.3 19.2±O.4 

11.2±O.4 121±O.4 23.6±O.6 

13.5±O.4 14.6±O.4 2B.1±O.6 

23.0±O.9 24.5±O.8 47.5±1.2 

45.7±1.6 49.6±1.5 95.3±2.2 

Table 2.5 Sample specifications for the sputtered ColPd multilayers with B and 
30 periods. 

Co Layer 
Thickness (A.) 

Pd Layer 
Thickness (A.) 

Multilayer 
Period (A.) 

2.0±O.1 2.2±O.1 4.2±O.1 

4.1±O.1 4.5±O.1 B.6±O.1 

6.1±O.2 6.7±O.2 12B±O.3 

B.1±O.2 9.0±O.3 17.1±O.4 

16.3±O.5 1B.O±O.5 24.3±O.7 

32.5±1.0 35.9±1.1 68.4±1.5 



2.2 Molecular Beam Epitaxy 

2.2.1 Equipment 
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We prepared evaporated thin films and multilayers in a Perkin-Elmer 

433S Molecular Beam Epitaxy (MBE) system. The system shown in Figure 2.2 

consists of five chambers, an introduction chamber, an experimentation 

chamber, a substrate preparation chamber, a growth chamber and an analysis 

chamber. The main features of the growth chamber system are two effusion 

cells, two single pocket electron beam evaporators, one four hearth electron 

beam evaporator, a sample manipulator assembly with a high temperature 

(1100 DC) rotating growth stage, reflection high energy electron diffraction 

(RHEED), and reverse view low energy electron diffraction (LEED). A surface 

magneto-optic Kerr effect (SMOKE) setup is attached to the experimentation 

chamber. The analysis chamber contains a high temperature (800°C) sample 

stage, a double pass cylindrical mirror analyzer with integral electron gun for 

Auger electron spectroscopy (AES), a x-ray source for x-ray photoelectron 

spectroscopy (XPS), and an ion gun for ion scattering spectroscopy (ISS) or ion 

beam sputtering of the sample surface. 
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Figure 2.2 Perkin Elmer 4335 Molecular Beam Epitaxy (MBE) system 

2.2.2 Deposition Profiles 

The MBE-grown samples for the present work were deposited using 

effusion cells and electron-beam gun evaporators. The film uniformity on the 

30 

substrate is different for the different evaporation sources, and can be improved 



by rotating the substrate during growth. The deposition profiles for the 

effusion cells and the four pocket electron beam evaporator were 
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experimentally measured using RBS measurements of various points on a 3 inch 

diameter Si wafer. The RBS data is taken for four lines across the diameter of 

the wafer (8=0,45,90,135). The effusion cell thickness profiles were compared to 

a theoretical model33 of an ideal effusion cell thickness distribution. One of 

our effusion cells allows a maximum temperature of 1300 °C, while the other 

"high temperature" cell operates to 2000 0c, Other than being constructed of 

somewhat different materials, the two effusion cells are very similar. Figure 2.3 

and Figure 2.4 show the experimental and theoretical thickness profiles for Pd 

deposited using the high temperature effusion cell. The experimental thickness 

profiles for Co deposited using the four hearth electron beam evaporator is 

shown in Figure 2.5. 
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Figure 2.3 Experimental and theoretical Pd thickness profiles along 8=0 and 90. 
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Figure 2.4 Experimental and theoretical Pd thickness profiles for 8=45 and 135. 
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Figure 2.5 Experimental Co thickness profile. 

2.2.3 Co/pd Multilayers 

We have made a series of Co/Pd (111) superlattices on GaAs (110) 

substrates using seeded-epitaxy techniques.IO
,34 Using similar techniques, we 

have grown Co/Pd (100) and (110) superlattices on GaAs (100) substrates. IS We 

simultaneously deposited a series of non-epitaxial polycrystalline Co/pd 

multilayers onto Si (111) witness substrates for direct comparisons under 

identical deposition conditions. All samples were made by feedback controlled 

electron-beam evaporation of ultra-high purity Co (99.998%) at 0.25 Nsec and 

Ag (99.9999%) at 1 Nsec, and thermal evaporation of ultra-high purity Pd 

(99.99%) at 0.15 Nsec using a high temperature effusion cell. The system 

pressures prior to and during deposition were P&u=5xl0-11 Torr and 

PDep=5xl0-lo Torr, respectively. 
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In order to grow high quality Co/Pd superlattices, we used a several step 

process to prepare the GaAs substrates. First, the substrates were cleaned in 

high purity methanol and rinsed in deionized water. Mer cleaning, the 

substrates were indium-bonded to either a molybdenum sample holder or a 

3 inch diameter Si wafer and transferred to the vacuum system. The substrates 

were then heated to approximately 600°C to desorb the oxide from the GaAs 

substrate. After obtaining high quality RHEED patterns from the GaAs surface, 

the substrates were slowly cooled to room temperature over a period of 18 

hours. 

After preparing the GaAs substrate surface, we deposited the seed and 

layers. To grow ColPd (111) superlattices, we deposited a 6 A. epitaxial layer of 

bcc Co (110) at ambient temperature (=::30 °C). We found this Co film to be a 

necessary step for epitaxial growth of the subsequent 500 A. fcc Pd (111) buffer 

layer. To grow ColPd (100) superlattices, we deposited a 6-10 A bcc Co (100) 

seed layer, which grows epitaxially on the GaAs (100) surface, followed by a 

500 A. fcc Ag (100) buffer layer. In order to grow the ColPd (110) superlattices, 

we deposited a 400 A. fcc Ag (110) layer and a 200 A. fcc Pd (110) layer. 

After the depositing the buffer layers, we deposited the ColPd 

superlattice by alternately shuttering the Co and Pd evaporation sources. The 

substrates were rotated at 10 rpm during superlattice growth to reduce 

thic1mess variations to :'51% across the diameter of approximately 5 cm. Both 
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RHEED and LEED were used to examine the superlattice crystal structure 

during deposition. 

In situ electron diffraction measurements of the Co/Pd superlattices 

indicate epitaxial growth of the Co and Pd layers. The RHEED patterns of the 

final Co/Pd (111) superlattice surface are shown in Figure 1. These RHEED 

patterns are typical of those obtained during superlattice growth for all the 

samples, and their streaked nature is evidence for a smooth, atomically stepped 

surface.15 

Figure 2.6 RHEED patterns along the [110] Qeft) and [211] (right) azimuths of 
the top surface of an epitaxial Co/Pd (111) superlattice with 2 A Co 
layers. 

While RHEED can only give qualitative information of surface 

roughness, STM images of the final superlattice surfaces provide direct 

information on morphology. Figure 2.7 shows an STM line scan of the final 
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ColPd (111) superlattice surface. The Co/Pd (111) surface consists of atomically 

flat regions (2 to 4 A height variation) which are approximately SOO A in 

diameter, separated by =:::50 A deep valleys. STM micrographs indicate that the 

ColPd (100) superlattices have =1000 A diameter flat grains, while STM 

micrographs of the Co/Pd (110) superlattices reveal large, flat patches of 

=:::4000 A extent separated by =:::200 A deep by =:::1000 A wide valleys. 
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Figure 2.7 STM line scan of an MBE-grown ColPd (111) superlattice with 4 A 

Co layers. 

Several epitaxial ColPd superlattices and companion non-epitaxial ColPd 

multilayers were grown. The Pd layer thickness was kept constant at 

approximately 11.2 A. The Co layer thickness and the total Pd thickness were 

determined from RBS measurements of the films deposited on the Si (111) 

substrates (assuming bulk densities). The total Pd thickness also was obtained 
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from RBS measurements of the Co/Pd (111) superlattices grown on GaAs (110) 

substrates. Complete sample design parameters for the Co/Pd superlattices are 

given in Table 2.6 - Table 2.8. All variations in the total Pd thickness measured 

in the samples can be explained by the thickness profile of the Pd buffer layer, 

which was deposited without rotating the substrate. 

Table 2.6 Co/Pd (111) superlattice design parameters. 

Co Layer Pd Layer Superlattice Number of 
Thickness (A) Thickness (A) Period (A) Periods 

2.24±0.06 11.2±O.4 13.4±O.4 50 

4.1±0.1 11.2±0.4 15.3±O.4 30 

8.1±0.2 11.2±0.4 19.3±0.4 15 

10.1±0.3 11.2±0.4 21.3±0.5 15 

11.9±0.4 11.2±0.4 23.1±0.6 15 

17.2±0.6 11.2±O.4 2B.4±O.7 10 

20.6±O.7 11.2±O.4 31.8±O.8 10 



38 

Table 2.7 ColPd (100) superlattice design parameters. 

Co Layer Pd Layer Superlattice Number of 
Thickness (A) Thickness (A) Period (A) Periods 

2.00±0.07 11.2±0.4 13.2±0.4 50 

2.18±0.07 11.2±O.4 13.4±O.4 50 

3.7±0.1 11.2±0.4 14.9±0.4 30 

5.0±0.2 11.2±0.4 16.2±0.4 20 
6.5±0.2 17.7±0.4 

7.4±0.2 11.2±0.4 18.6±0.4 15 

Table 2.8 ColPd (110) superlattice design parameters .. 

Co Layer Pd Layer Superlattice Number of 
Thickness (A) Thickness (A) Period (A) Periods 

2.07±0.06 11.2±0.4 13.3±0.4 51 

3.4±0.1 11.2±0.4 14.6±O.4 30 

7.9±0.2 11.2±0.4 19.1±O.4 15 

12.3±0.3 11.2±0.4 23.5 ± 0.5 10 
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X-RAY DIFFRACTION 
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X-ray diffraction is an extremely useful technique for studying the 

structure of materials. The structural information obtained from x-ray 

diffraction spectra of thin films includes crystalline orientation, lattice spacings, 

crystallite size and strain.36
,37 In addition, x-ray diffraction can be used to 

determine the periodicity and coherence length of multilayers.38 Several x-ray 

diffraction techniques were used to examine the crystal structure of the Co/Cu 

and ColPd multilayers. 

Three x-ray diffractometers were used in my work. A standard Bragg

Brentano, or "6_26", diffractometer was used to obtain high angle 

(30-50 degrees 26) x-ray diffraction spectra. A Seemann-Bohlin diffractometer 

was used to further examine the structure of some of the samples. The Bragg

Brentano geometry probes the crystal structure along the sample normal, while 

the Seemann-Bohlin geometry gives structural information at directions away 

from the sample norma1.37 A diffractometer with a plane, parallel incident beam 

monochromator was used to obtain low angle x-ray diffraction spectra and high 

angle x-ray rocking curves for the MBE-grown ColPd superlattices. 

The first section of this chapter discusses x-ray diffraction from 

crystalline thin films. The second section of this chapter expands the discussion 
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to periodic crystalline multilayers. The final section describes the results for x-

ray diffraction from the Co/Cu and Co/Pd multilayers. 

3.1 X-ray Diffraction from Crystalline Thin Films 

X-ray diffraction can be used to determine whether a thin film is single 

crystalline, textured polycrystalline, random polycrystalline, or amorphous.37 X

ray diffraction from the atomic planes of a crystalline material is described by 

the modified Bragg equation,39 

(3-1) 

where m is the diffraction order, d is the lattice spacing between diffracting 

planes, 8b is the Bragg angle and 1-5 is the real part of the complex refractive 

index of the material. The refractive index correction is only significant for low 

angle diffraction, since 8 is $10-5 for CuKa x-rays. For diffraction angles 

greater than a few degrees, the usual form of the Bragg equation, 

(3-2) 

is an excellent approximation. The relative intensities of the diffraction peaks 

depend on the crystal structure and the degree of crystalline texturing. 

The lattice spacing, d, of the crystallites in a thin film is determined by 

measuring the Bragg angle 8b and using Equation (3-2). The diffraction peak 

position, 8bl of strained crystallites are different than those of unstrained 
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crystallites. If all the crystallites in a thin film are uniformly strained, the 

measured peak shifts can be used to detennine the strain. The strain, e, is 

given by 

d-do 
E =--

do 
(3-3) 

where d is the strained lattice spacing determined from Equation (3-1) and do is 

the unstrained lattice spacing. If the crystallites in a thin film are non-

uniformly strained, there is a distribution of diffraction peak shifts, which 

results in a broadening of the diffraction peak.36 

Elasticity theory can be used to relate the strains (ex, ey' eJ and stresses 

(ax, a y' aJ in a thin film. In a thin film, the stress along the normal is zero 

(az=O), because of the free surface. For an isotropic thin film, the relationship 

between strains and stresses is given by 

1 v 
E = -0 --0 

X EX EY 
v 1 

E = --0 +-0 
Y E x E Y 

(3-4) 

v V 
E = --0 --0 

t E x E Y 

where E is Young's modulus and v is Poisson's ratio. If there is isotropic stress 

in the plane (ax=ay=a1), Equation (3-4) reduces to the more familiar relations 

where €l=€x=€y is the in-plane strain and E3=€z is the perpendicular strain. 

For cubic crystalline films, Young' modulus and Poisson's ratio can be 
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I-v 
E = --a 

1 E 1 

2v 
£3 = --a1 E 

(3-5) 

expressed in terms of the elastic compliances, siJ' Young's modulus for an 

arbitrary crystalline direction 1 is given by 

(3-6) 

where 1; are the direction cosines with respect to the <100> axes.40 Similarly, 

if a longitudinal stress along direction 1 and a transverse strain along an 

orthogonal direction m are considered, the Poisson's ratio is given by41 

1 12 2 2 2 2 2 
S12+(Sll-SI2-'2S44 )( I m l +12m2 +13 m 3) 

1 12 ,2 ,2 , 2 ,2,2 sll-2(su-S 12 -'2S44)( 1"2 +"2 3 + 1 3) 

v = (3-7) 

Using Equations (3-4),(3-6), and (3-7), the stress-strain relationships for a (100) 

film with isotropic in-plane stress is 

El = (Sll +S12) a1 

E3 = 2S12 a1 

(3-8) 

Similarly, the stress-strain relationships for a (111) film with isotropic in-plane 

stress is 
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£1 =- (Sll +S12 -1S)OI 

£3 = 2(S12 +1S)Ol 

(3-9) 

where the deviation from isotropy S is given by 

In the absence of non-uniform strain in the thin film, the average 

crystallite size, L, can be determined from the corrected Full-Width-at-Half-

Maximum (FWHM) of the x-ray diffraction peak, f3 ", using the Scherrer 

equation36 

KJ.. L=---
2p'cos8b 

(3-11) 

where K is a constant (=0.9) which depends on the shape of the crystallites. 

The corrected FWHM, f3 ", depends on the instrumental and measured 

diffraction peak profile. Two common diffraction peak profiles are Gaussian 

and Lorentzian. The Gaussian and Lorentzian diffraction peak intensity 

profiles are given by 

_.!{2.3S4 (20_20~»)2 
I =le 2 p G 0 

(3-12) 

and 
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(3-13) 

where f3 is the measured FWHM. H both the measured and instrumental 

intensity profiles are Gaussian, fJ' is given by 

(3-14) 

where B is the instrumental FWHM.36 Similarly for Lorentzian intensity 

profiles, {3" is given b~ 

pI = P-B (3-15) 

For my work, I found Lorentzian profiles described the data best, and crystallite 

sizes were obtained after deconvolution of the instrumental profile from the 

measured FWHM. 

3.2 X-ray Diffraction from Periodic Crystalline Multilayers 

X-ray diffraction can be used to determine the structure of periodic 

crystalline multilayers, consisting of alternating layers of two crystalline films. 

The multilayer period, A, is given by 

(3-16) 

where nj and dj are the number of atomic planes and lattice spacing in a layer 

of material j (j=1,2) and 7I; is the average lattice spacing at the interface 
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between material 1 and 2.42 The term "superlattice" is applied to periodic 

crystalline multilayers with long range structural coherence and atomically 

sharp interfaces.43 

The main features of the Bragg-Brentano x-ray diffraction spectrum of a 

periodic crystalline multilayer are a central "Bragg" peak, corresponding to the 

average lattice spacing of the crystalline layers, and several satellite peaks. If 

the interface lattice spacing is constant, the theoretical Bragg-Brentano x-ray 

diffraction intensity profile of a periodic crystalline multilayer is given b~ 

where 

~';n2(~) 
J(q) = [I~+li+21112COS(qA)l ~-2J-2-

SID -2 . 2(qA) 

41t • e q = -SID b 
A. 

2 

(3-17) 

(3-18) 

Here, M is the number of periods, and Ij is the diffraction intensity for a perfect 

crystalline layer of material j. The diffraction intensity from a single crystalline 

layer of material j is given by 



mn(qnA) 
~=Jj (2) 

• q~ 
SlD-

2 
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(3-19) 

where h is the atomic form factor for material j. A more general formalism for 

x-ray diffraction spectra has recently been proposed, in which the interface 

lattice spacing, di, is assumed to obey a continuous Gaussian distribution44 

(3-20) 

where 1/c is the fluctuation amplitude. The Bragg-Brentano x-ray diffraction 

intensity is then given by 

(3-21) 

If the fluctuation amplitude goes to zero (1/c=O), then Equation (3-21) reduces 

to Equation (3-20). As would be expected, the x-ray diffraction peaks become 

broader as the fluctuation amplitude is increased.44 

The average lattice spacing, dtrogl of the crystalline multilayer can be 

determined from the position of the central "Bragg" peak using Equation (3-1). 
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The average lattice spacing is related to the multilayer period and the number 

of atomic planes of each material by 

A "1 d = -- r::s --(dl-~) +d1 ~ n1+"2 nl+~ 
(3-22) 

The multilayer period, A, can be determined from the relative positions of the 

centl'al"Bragg" peak 0,,=0) and the satellite peaks 0,,=±1,±2, ... ) using the 

following relation,45 

(3-23) 

The structural coherence length, (, of the multilayer is determined from 

the FWHM of the central "Bragg" peak using Equation (3-11), where L is 

replaced by,. The normalized coherence length, ".,=!/A, can be related to the 

fluctuation amplitude.46 Misfit dislocations due to the lattice mismatch at the 

interfaces are one possible cause of interfacial fluctuations. The normalized 

coherence length can be used as an indirect measure of the misfit dislocation 

density. 

In addition to high angle x-ray diffraction peaks, which depend on the 

crystalline structure of the material, periodic multilayers have low angle 

diffraction peaks. The low angle diffraction peal<s are due to coherent x-ray 
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interference caused by the periodic layered structure. The Bragg angle can be 

calculated using classical optical theory,47 

(3-24) 

and 

where nj=l-oj+i/3j is the complex refractive index and tj is the layer thickness. 

If 11 1=n2=1-o and d1=d2=di2, Equation (3-24) reduces to Equation (3-1). The 

low angle x-ray diffraction spectra for a periodic multilayer can be calculated 

using a transfer matrix approach, which includes the effect of interface 

roughness.48 The intensity of the low angle diffraction peaks depends on the 

difference between the x-ray optical constants of the two materials, the number 

of periods, and the interface roughness. The x-ray optical constants 8 and f3 are 

determined from the complex atomic scattering factor !=Z+j" +ij"/ using 

a = Noe212:E (Z, +j{)p, 

27tmc2 A, 
Noe212~Jf'p, 

P = --LJ 
21tmc2 A, 

(3-26) 

where e and m are the charge and mass of the electron, c is the speed of light, 

Nil is Avogadro's number, A is the x-ray wavelength, Pi is the density of element 
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i, Ai is the atomic weight of element i and Zj is the atomic number of element 

i.39
,49 The anomalous scattering factors, f' and f", for CuKa radiation are taken 

from Cromer and Liberman.50 

3.3 X-Ray Data and Analysis 

I used several x-ray diffraction techniques to study the crystal structure 

of the Co/Cu and Co/Pd multilayers. The x-ray source for all of these 

measurements was CuKa radiation (,.,=1.541838 A). The Bragg-Brentano and 

Seemann-Bohlin x-ray diffraction spectra were fitted to a series of Lorentzians. 

The Lorentzian peak positions were used to determine the crystallite 

orientations, lattice spacings, and multilayer periods. The crystallite size or 

coherence length was determined from the Lorentzian FWHM. The Lorentzian 

instrumentallinewidth of 0.067 degrees for the Bragg-Brentano diffractometer 

was determined from x-ray measurements of a National Bureau of Standards 

Ce02 powder standard with 1 micrometer crystallites. 

3.3.1 Co/Cu Multilayers 

I measured x-ray diffraction spectra for single element sputtered Co and 

eu thin films as well as the sputtered Co/Cu multilayers.31 The Bragg-Brentano 

and Seemann-Bohlin diffraction spectra from sputtered Co thin films exhibited a 

polycrystalline hcp structure. The Bragg-Brentano x-ray spectrum of a 

960±30 A sputtered Co film exhibited hcp (0002) texturing. A similar spectrum 

of a 2932±88 A Co film showed a mixture of (1010), (0002), and (112'0) hcp 
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crystallites. The Bragg-Brentano x-ray diffraction spectra of a 1048±31 A 

sputtered Cu film exhibited fcc (111) texturing. The Bragg-Brentano x-ray 

diffraction spectra for a thick Co/Cu bilayer (tcu=1456 A , tco=1586 A) consisted 

of diffraction peaks corresponding to fcc Cu (111) and hcp Co (0002). 

A typical Bragg-Brentano x-ray diffraction pattern obtained from a 

sputtered Co/Cu multilayer with fixed atomic percent Co is shown in Figure 3.1. 

Similar x-ray diffraction spectra were obtained for all the sputtered Co/Cu 

multilayers with fixed Co layer thickness. The main feature observed is a Bragg 

diffraction peak located in the region between the Cu (111) and hcp Co (002) or 

fcc Co (111) diffraction peaks. I observed weak satellite peaks in the four 

sputtered Co/Cu multilayers of fixed atomic percent Co with largest multilayer 

periods. Figure 3.2 shows the multilayer period determined using Equation 

(3-23) plotted versus the multilayer period determined from RBS. A linear 

regression fit to the data gives 

(3-27) 

I believe that the discrepancy between the multilayer period determined from 

RBS measurements and the multilayer period determined from the x-ray spectra 

is due to a decrease in the atomic density of the Co and Cu layers. An decrease 

in density results in an increase in the multilayer period caculated from the RBS 

measurements. Recent polarized neutron reflection studies of two of our Co/Cu 



multilayers indicate that there is an approximately 5% reduction in the atomic 

density.51 
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Figure 3.1 Bragg-Brentano x-ray spectra for a typical sputtered Co/Cu 
multilayer. 
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Figure 3.2 AxoRRy vs. ARBS for the sputtered Co/Cu multi1ayers with fixed atomic 
percent Co. 
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The average lattice spacing, dtrog' for the sputtered Co/Cu multilayers with 

fixed atomic percent Co, which I determined from the position of the central 

"Bragg" peak, should be approximately constant Figure 3.3 is a plot of dtrog VS. A 

for the Co/Cu multilayers with fixed atomic percent Co. The open circles are 

the measured data, the solid line is a guide for the eye, and the dashed lines are 

the lattice spacings calculated using the values for bulk Co and Cu. As can be 

seen, the average lattice spacings for the multilayers with the smallest periods 

are greater than those calculated using the bulk lattice spacings. The most 

probable cause for this is strain along the film normal. This perpendicular 

strain decreases with increasing multilayer period. I believe an increase in 

misfit dislocation density contributes to the reduction of the perpendicular 

strain. The average lattice spacing of the Co/Cu multilayers with fixed Co layer 

thickness should vary since the Cu layer thickness is varied. Using Equation 

(3-22), I can determine the perpendicular strain in the Co and Cu layers. 

Figure 3.4 is a plot of dtrog VS. neu /(neu+ncJ for the Co/Cu multilayers with fixed 

Co layer thickness. The Co layers have a (-O.5±O.1)% perpendicular strain, 

while the Cu layers have a (0.4±O.3)% perpendicular strain. 
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Figure 3.3 davg vs. A for the sputtered Co/Cu multilayers with fixed atomic 
percent Co. The dashed lines are the calculated davg using bulk 
lattice spacings for Co and Cu. 
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Figure 3.4 davg vs. ncj(nclJ+ncJ for the sputtered Co/Cu multilayers with fixed Co 
layer thickness. 
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I determined the structural coherence lengths of the sputtered Co/Cu 

multilayers from the FWHM of a Lorentzian fit to the central ''Bragg'' peak. 

The normalized structural coherence length 11 is calculated using the multilayer 

period determined from the RBS measurements. Figure 3.5 show the 

normalized structural coherence length vs. multilayer period for the sputtered 

Co/Cu multilayers with fixed atomic percent Co. A regression fit to the data, 

excluding the multilayer with the largest period, gives the following power law 

1'\ = (128± l)A -(.92:.02) periods (3-28) 

shown as a dashed line in Figure 3.5. Figure 3.6 shows a similar plot for the 

sputtered Co/Cu multilayers with fixed Co layer thickness. The data, with the 

exception of two multilayers, can be fit by the following power law 

11 = (64±2)A -(.94:.14) periods (3-29) 

shown as a dashed line in Figure 3.6. The data look similar to the universal 

curve obtained for normalized structural coherence length vs. interface 

fluctuation amplitude.46 The interface fluctuation amplitude should increase 

with multilayer period, and this behavior observed in other multilayer systems, 

has been attributed to an increase in misfit dislocation density. I believe that 

the observed normalized structural coherence length is consistent with an 

increase in the misfit dislocation density with increasing multilayer period. 
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Figure 3.5 Normalized structural coherence length '11 vs. A for the sputtered 
Co/Cu multilayers with fixed atomic percent Co. 
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Figure 3.6 Normalized structural coherence length '11 vs. A for the sputtered 
Co/Cu multilayers with fixed Co layer thickness. 
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Low angle diffraction spectra were obtained for some of the sputtered 

Co/Cu multilayers with fixed atomic percent Co using a standard Bragg

Brentano diffractometer. The Co/Cu multilayers with A> 17 A have first-order 

low angle diffraction peaks, which indicates a compositionally modulated 

structure, as expected. Theoretical low angle curves were generated using 

multilayer reflectance theory48 and the thicknesses which were calculated from 

RBS data. Figure 3.7 shows the calculated and measured low angle diffraction 

spectra obtained from the sputtered Co/Cu multilayer with tco=17.0 A and 

tcu=14.9 A. The theoretical peak location is shifted to slightly higher angle than 

the experimental peak. I believe that the peak shift is caused by the reduction 

in the atomic density of the Co and Cu. 
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Figure 3.7 Calculated and measured low angle x-ray diffraction spectra for the 
sputtered Co/Cu multilayer (tco=17.0 A and tcu=14.9 A). 

In summary, I have studied the structure of sputtered Co/Cu multilayers 

using various x-ray diffraction techniques. The sputtered Co/Cu multilayers 

consist of polycrystalline textured layers of fcc Cu (111) and fcc Co (111) or hcp 

Co(002). I find a reduction in the atomic density of the Co and Cu layers as 

well as strain along the film normal. This perpendicular strain is caused by the 

2% lattice mismatch at the interfaces. The interfacial mismatch is partially 

compensated by creating misfit dislocations. The perpendicular strain decreases 

with increasing multilayer period, while the misfit dislocation density increases. 

3.3.2 Co/Pd Multilayers 

I measured the Bragg-Brentano x-ray diffraction spectra for sputtered, 

evaporated, and MBE-grown Co/Pd multilayers.34 A Bragg-Brentano x-ray 
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diffraction pattern obtained from a sputtered ColPd multilayer is shown in 

Figure 3.8. The spectral features observed include the Bragg peak and satellite 

peaks from the ColPd multilayer. This spectrum indicates that the sputtered 

ColPd multilayer has fcc (111) texturing. Similar x-ray diffraction spectra were 

obtained for other sputtered ColPd multilayers. The x-ray spectra for 

evaporated ColPd multilayers grown on Si (111) substrates is similar to the 

spectra obtained for the thin sputtered Co/Pd multi1ayers grown on sapphire. 

Figure 3.9 shows high angle Bragg-Brentano x-ray spectra for each orientation 

of epitaxial Co/Pd superlattices. The spectral features observed include the 

diffraction peaks from the GaAs substrate, the diffraction peak from the buffer 

layers, and a Bragg peak and first order satellite peak from the ColPd 

superlattice. 
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Figure 3.8 Bragg-Brentano x-ray spectra for a sputtered Co/Pd multilayer with 
100 periods. 
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Figure 3.9 Bragg-Brentano x-ray diffraction spectra for the MBE-grown Co/Pd 
superlattices with 2 A Co layers. 

I found satellite peaks for all but the thinnest of the sputtered Co/Pd 

multilayers with 100 periods. I also found satellite peaks for most of the 

epitaxial Co/Pd superlattices. I calculated the multilayer period, A, using 

Equation (3-23). Figure 3.10 shows the multilayer period determined from x-
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rays plotted versus the multilayer period determined from RBS for the sputtered 

Co/Pd multilayers. A linear regression fit to the data gives 

Ax _Ray = (0.997 :1:0.007) ARBS + (0.7 :1:0.3) A (3-30) 

showing excellent agreement between the two techniques used to determine A. 
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Figure 3.10 Ax_Ray vs. ARBS for the sputtered Co/Pd multilayers with 100 periods. 

I determined the average lattice spacing of the Co/Pd multilayers from 

the position of the central "Bragg" peak. The average lattice spacing for the 

sputtered Co/Pd multilayers with 100 periods should be approximately constant 

since the atomic percent of Co is kept approximately constant. Figure 3.11 is a 

plot of the average lattice spacing vs. multilayer period for these sputtered 

Co/Pd multilayers. The open circles are the measured data, the solid line is a 

linear regression fit, and the short and long dashed lines represent the average 
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lattice spacing calculated assuming bulk lattice spacings for the Co and Pd 

layers. The difference from the values expected from bulk lattices spacings is 

indicative of a perpendicular strain in the Co and Pd layers. This perpendicular 

strain becomes smaller as the multilayer period is increased. I believe that an 

increase in misfit dislocation density can account for the decrease in 

perpendicular strain. The average lattice spacing of the epitaxial ColPd 

superlattices was used to determine the strain in the Co and Pd layers, since the 

Co layer thickness is varied. By iteratively fitting Equation (3-22), I can 

determine the perpendicular strain in the Co and Pd layers. Figure 3.12 is a 

plot of dllVs vs. ncl(neo+np) for the ColPd (111) superlattices. The Co layers 

have a (-O.B±O.4)% perpendicular strain, while the Pd layers have a (O.O±O.1)% 

perpendicular strain. Figure 3.13 is a plot of davg vs. ncl(neo+np) for the Co/Pd 

(100) superlattices. The Co layers have a (-9±1)% perpendicular strain, while 

the Pd layers have a (2.4±0.5)% perpendicular strain. 
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Figure 3.11 d/lDg vs. A for the sputtered Co/Pd multilayers with 100 periods. 
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Figure 3.12 d/lDg vs. ncJ(neo+np) for the epitaxial Co/Pd (111) superlattices. 
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vs. nd(neo+np) for the epitaxial Co/pd (100) superlattices. 

I used the Scherrer equation to determine the structural coherence length 

of the Co/Pd multilayers. The narrow FWHM of the Co/Pd Bragg diffraction 

peak indicates that the structural coherence length of the epitaxial Co/Pd 

superlattices is approximately equivalent to the total superlattice thickness. 

However, the structural coherence length is smaller than the multilayer 

thickness for both the sputtered and polycrystalline evaporated Co/Pd 

multilayers. The normalized structural coherence length vs. multilayer period 

for the sputtered Co/Pd multilayers with 100 periods is shown in Figure 3.14. 

The open circles are the measured data and the solid line is a regression fit for 

all but two data points, which gives 
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'11 = (372±1)A(-1.09:O·0S) periods 

I believe that this behavior indicates an increase in misfit dislocation density as 

A is increased. 
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Figure 3.14 The normalized structural coherence length 71 vs. A for the sputtered 
Co/Pd multilayers with one hundred periods. 

I also determined the crystallite size in the Pd buffer layer for the MBE-

grown Co/Pd (111) superlattices. The FWHM of the Pd (111) diffraction peak 

for the epitaxial Co/Pd multilayers gives a crystallite size on the order of the 

buffer layer thickness (500 A). The Pd buffer layer for the polycrystalline Co/Pd 

multilayers consists of (111) and (200) crystallites, which are smaller than the 

buffer layer thickness. 



We measured low-angle spectra for the MBE-grown Co/Pd multilayers. 

First-order low-angle x-ray diffraction peaks were obtained for each of the 

MBE-grown Co/Pd superlattices. The superlattice period was obtained by 

comparing experimental and theoretical low angle x-ray spectra. Figure 3.15 
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shows the theoretical and experimenta1low angle spectra for one of the Co/Pd 

superlattices. 
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Figure 3.15 Experimental (solid line) and theoretical (dashed line) low angle x
ray diffraction spectra for the MBE-grown Co/Pd (111) superlattice 
with 12 A Co layers. 

We also measured x-ray rocking curves of the high angle diffraction 

peaks for the MBE-grown Co/pd multilayers. Very narrow (=r) x-ray rocking 

curves of the Co/Pd Bragg diffraction peaks for the epitaxial samples confirm 

that the Co/Pd superlattices are essentially single crystalline. Figure 3.16 is a 

typical rocking curve of the Co/Pd (111) Bragg diffraction peak. The FWHM of 
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the rocking curves is found to increase with increasing Co layer thickness, 

consistent with an increase in dislocation density caused by the :::::9% lattice 

mismatch of Pd and Co. 

o~~~~~~~~~~~~~~~~~ 
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Figure 3.16 The superlattice Bragg peak x-ray rocking curve for the MBE-grown 
Co/pd (111) superlattice with 2 A Co layers. 

In summary, I have studied the structure of sputtered and evaporated 

Co/Pd multilayers using various x-ray diffraction techniques. The sputtered 

Co/Pd multilayers consist of polycrystalline textured layers of fcc Pd (111) and 

fcc Co (111) or hcp Co(002). Similar results are obtained for the Co/pd 

multilayers which are evaporated ont Si (111) substrates. The Co and Pd layers 

in the sputtered Co/Pd multilayers are strained along the sample normal. This 

perpendicular strain decreases with increasing multilayer period, and is 

compensated for by an increase in misfit dislocation density. The x-ray data for 
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Co/Pd multilayers evaporated onto GaAs substrates indicate that the samples 

are high quality epitaxial Co/Pd superlattices. The Co layers are strained along 

the film normal. This perpendicular strain is caused by the 9% lattice mismatch 

at the interfaces. 
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CHAPTER 4 

MAGNETOMETRY 
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Materials which are useful for high density magneto-optical recording 

applications need to have certain magnetic properties. These magnetic 

properties include perpendicular magnetic anisotropy, high coercivity, and 

square magnetic hysteresis 100ps.3 Several cobalt-noble metal multilayer systems 

with ultrathin cobalt layers including CO/CU,12 CO/AU,9 Co/Pd,4 and Co/Pf have 

been found to exhibit perpendicular anisotropy and therefore of interest for 

further study. I have examined the magnetic properties of the co/eu and 

Co/Pd multilayers using vibrating sample magnetometry, torque magnetometry, 

and SQUID magnetometry. Some theoretical models of magnetic behavior are 

described in the first section of the chapter. The operational principles of the 

various magnetometers used are discussed in the second section of this chapter. 

Finally, the experimental results are presented in the last section of the chapter. 

4.1 Theoretical Models 

4.1.1 Magnetic Anisotropy 

Magnetic materials exhibit preferred directions of magnetization or 

magnetic anisotropy. The sources of magnetic anisotropy can be divided into 

two general classes, volume anisotropy and surface anisotropy.6 Volume 

anisotropy is caused by the magnetic interactions of the atoms in the bulk, 

whereas surface anisotropy is caused by the reduced symmetry of the magnetic 



&~oms at or near the interface between two materials. The main sources of 

volume and surface anisotropy are crystal orientation, stress, and dipolar 

coupling.52 
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The crystal symmetry of the magnetic material is one of the sources of 

magnetic anisotropy. This type of magnetic anisotropy, known as 

magnetocrystalline anisotropy, is due to the spin-orbit coupling and is related to 

the un quenching of the orbital momentS2 The magnetocrystalline anisotropy 

energy EQ can be described in terms of the polar coordinates (B,cp) of the 

magnetization, and for an uniaxial crystal (e.g. hcp Co) is given by 

(4-1) 

where 8 is the angle between the uniaxial axis (e.g the c-axis of hcp Co) and 

the magnetization.53 The room temperature magnetocrystalline anisotropy 

constants for bulk hcp Co are K1=5.28xl<f ergs/cm3 and K2=0.95xl<f ergs/cm3
•
54 

The magnetocrystalline volume anisotropy energy of a cubic crystal (e.g. fcc or 

bcc Co) is given by 

Eo = Ko + KI (sin~B +sin4esin~~) + K2(sin2ecos4esin~~) (4-2) 

where 8 is the angle between the <(}Dl> axis and the magnetization and cp is 

the angle between the <100> axis and the projection of the magnetization onto 

the {00l} plane.53 For fcc (111) texturing, the uniaxial anisotropy is 

approximately 2/3 K1•
55 The room temperature value of the first 



magneto crystalline anisotropy constant for fcc Co is 

K1=( -17.7±1.7)x1<f ergs/cm3
,56 while the room temperature magnetocrystalline 

anisotropy constants for fcc Co-Cu precipitates are K1= -6.8xlOS ergs/cm3 and 

Kz= -l.4xl<f ergs/cm3
•
57 

Neel was the first to recognize that the differing symmetry of various 

crystal faces results in a magnetocrystalline surface anisotropy.58 The first 

measurement of surface anisotropy occurred 20 years later.59 The surface 

anisotropy energy for a magnetic thin film of thickness tm is given by 

71 

(4-3) 

where K, is the out-of-plane magnetic surface anisotropy, K"p is the in-plane 

magnetic surface anisotropy, 8 is the angle between the film normal and the 

magnetization, and 4> is the angle between the in-plane easy axis and the 

projection of the magnetization onto the film plane.60 If K, is positive, the 

magnetocrystalline surface anisotropy favors a perpendicular easy axis of 

magnetization. The magnetocrystalline surface anisotropy for a fcc (111) surface 

calculated from a phenomenological theory of anisotropic pair coupling 

according to the Neel model is given by 
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(4-4) 

where a is the lattice parameter, cij are the elastic ,stiffness constants and A.9k are 

the magnetostriction constants.59 The magnetocrystalline surface anisotropy of 

hcp Co (0001) calculated using the Neel model is K,=O.84 ergs/cm2
•
61 It should 

be noted that surface roughness can reduce the magnetocrystalline surface 

anisotropy by an amount given b~l 

AKs -20 
- --

K, ~ 
(4-5) 

where a is the mean square deviation from an ideal flat surface and, is the 

average lateral size of the flat terraces. 

The application of stress to a magnetic material is another source of 

anisotropy. The magnetoelastic anisotropy is given by 

(4-6) 

where f is the strain, B is a magnetoelastic constant, and e is the angle between 

the magnetization and the strain.62 For cubic films, the magneto elastic 

anisotropy can be written as 
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(4-7) 

where A.hkJ is the magnetostriction constant for the {hId} plane and (J is the 

stress.55 A magnetoelastic volume anisotropy occurs when the strain is uniform 

over the magnetic volume. A stress gradient caused by the lattice mismatch at 

the interface between two materials can cause a magnetoelastic surface 

anisotropy. For magnetic layers greater than a critical thickness tet the strain is 

given by 

(4-8) 

where 7J is the lattice mismatch.62 For a Au-Co interface, Bruno and Renard52 

calculate a magnetoelastic surface anisotropy of K,=1.8 erglcm2, using the 

magnetoelastic constant for hcp (0001) Co 

(4-9) 

The dipolar interactions due to the free poles of a magnetic sample are 

another source of magnetic anisotropy. The magnetostatic volume anisotropy 

depends on the magnetization and the geometry of the ferromagnetic material. 

The magnetostatic volume anisotropy for a single domain thin film is given b/3 

(4-10) 



where 8 is the angle from the sample normal. The magnetostatic volume 

anisotropy energy of a thin film can be' reduced by the creation of magnetic 

domains.63 Using a continuum model, Draaisma and de Jonge have shown 

that there is a small dipolar surface anisotropy which depends on the crystal 

structure of the interface.64 Surface or interface roughness also can cause a 

magnetostatic surface anisotropy. Bruno has given an explicit form for this 

dipolar surface anisotropy,65 
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(4-11) 

For hcp Co (0001) films with roughness 0=2 A and terrace size ,=10 A, 

K,,=O.l erglcm2
• 

The easy axes of magnetization are the spatial directions where the total 

anisotropy energy from all terms is a minimum. For most thin magnetic films, 

the magnetostatic volume anisotropy dominates, and the easy axis of 

magnetization lies in the sample plane. However, a perpendicular easy axis of 

magnetization has been observed in ultrathin films of cobalt and certain 

magnetic multilayers containing ultrathin cobalt layers. This perpendicular easy 

axis is a result of a strong out-of-plane magnetic surface anisotropy. 

4.1.2 Magnetization Reversal 

The simplest description of the magnetization reversal is given by the 

Stoner-Wohlfarth model.66 In the Stoner-Wohlfarth model, the total energy of 



the magnetic material is given by the sum of uniaxial anisotropy energy and 

the magnetic potential energy. For a magnetic/non-magnetic multilayer film, 

the total energy is given by 

2 
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( y -2nM )t +2K 
E = K sin2a -M.il = ALy B t;;J II siB2e -M.il (4-12) 

, U A 

where 8 is the angle between the easy axis and the film normal. The 

mechanism of spin reversal in the Stoner-Wohlfarth model is coherent rotation. 

Theoretical hysteresis loops (M vs. H) and torque curves (1" vs. fJ) can be 

generated from this model by appropriately minimizing the total energy. The 

anisotropy field for a thin film, Hk, is given by 

(4-13) 

The nucleation and coercive field for the easy axis hysteresis loops are given by 

2K 
_fJK~O 
M U 

H = H = s n c 
o Ktl<O 

(4-14) 

However, the easy axis coercive field of most magnetic films is different 

from that determined using the Stoner-Wohlfarth model. Processes, not 

accounted for in the Stoner-Wohlfarth model, which affect the coercive field 

can be divided into two categories: collective processes and non-collective 

processes.67 The collective processes involve simultaneous reversal of all 
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magnetic moments similar to coherent rotation. The non-collective 

magnetization reversal processes involve the nucleation and growth of magnetic 

domains. 

Examples of collective processes include magnetization curling, buckling, 

and fanning.68
,69,70 These processes reduce the coercivity by decreasing 

dipolar energy at the expense of exchange interactions. The perpendicular 

hysteresis loops of alumite magnetic thin films with a columnar structure have 

been theoretically calculated by assuming magnetization curling within the 

columns and dipolar interactions between the columnS.71 The coercive field of 

the film is equal to the coercive field of the individual columns. 

Non-coIIective processes involve domain nucleation and growth. 

Magnetic defects or inhomogeneities in a film act as nucleation sites. The 

nucleated domains are stable if they reduce the total magnetic energy. Dekker 

and Huijer have modelled the nucleation field in perpendicularly-magnetized 

MnBi films by assuming that the nucleation sites are vestigial cylindrical 

domains.72 A stripe domain structure is the most energeticaIly favorable for 

the demagnetized state of a perpendicular magnetic film.7J Kooy and Enz 

modelled the magnetization reversal process for perpendicular films?" This 

model was extended to magnetic/non-magnetic multi1ayers by Draaisma and de 

Jonge.7S They found the size of the stripe domains depends on the 

competition between domain wall energy and the dipolar energy. An accurate 
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determination of the coercive field is difficult, since it depends on the spatial 

variation of magnetic and structural properties. 

Computer models have been used to calculate the magnetization reversal 

process in magnetic thin films using variations in magnetic and structural 

parameters. The magnetic film is divided into regions which represent the 

grain structure. The magnetization reversal of granular thin Co-P films have 

been modelled by assuming collective processes occur in the grains and 

magnetostatic interactions occur between the grainS.76 Recently, several 

authors have used high speed computers to model the spin reversal processes 

using the Landau-Lifshitz-Gilbert equation77l8,79 

dM y,,~ il ay A -"' - = --mx +--Mx(MxuJ 
tit 1 +a2 1 +a2 

(4-15) 

where r is the gyromagnetic ratio and a is the damping parameter. The 

magnetic field vector R includes the applied magnetic field, the anisotropy field, 

the exchange field and the demagnetizing field. The total coercive field 

depends on the coercive field of a single grain and the dipolar or magnetostatic 

interactions between the grains. Random-axis anisotropy, magnetostatic 

interactions across the grain boundaries and material defects can make the easy-

axis coercive field less than the anisotropy field of a single grain. 
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4.2 Experimental Apparatus 

4.2.1 Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM) is a sensitive tool for measuring 

magnetic properties of materials. A commercial VSM manufactured by Digital 

Measurement Systems, Inc., was used to measure the magnetic properties of the 

Co/Cu and Co/Pd multilayers. This VSM has a sensitivity of 5x10-6 emu, which 

is approximately equivalent to that of a 2 A thick Co film of area 0.175 cm2
• 

The sample is attached to the flattened end of a pyrex sample holder, and the 

rod end of the pyrex sample holder is attached to a transducer which is driven 

at a fixed frequency of 75 Hz. The sample is centered between the pole faces of 

an electromagnet, which can reach 14 kOe. A set of pick-up coils is attached to 

each pole face. The applied magnetic field induces a dipole moment in the 

sample, so that when the sample is vibrated, the oscillating magnetic moment 

produces an electromagnetic signal, which in turn is detected by the stationary 

pick-up coils. The pick-up signal depends on the amplitude and frequency of 

vibration and is proportional to the magnetic moment of the sample and the 

sample holder. The proportionality constant is determined using a nickel 

calibration standard of known moment. 

A complete hysteresis loop of the sample is obtained by sequentially 

changing the applied field and measuring the sample moment as a function of 

the applied field. The magnetic moment of the substrate and pyrex sample 



holder are measured separately and subtracted from the data to obtain the 

hysteresis loops for the thin films and multilayers. 

4.2.2 SQUID Magnetometer 

Another method of obtaining hysteresis loops of a magnetic material is 

make use of a superconducting quantum interference device (SQUID) 

magnetometer. A commercial SQUID magnetometer (MPMS HP-l50 from 

Quantum Design Inc.) was used to measure the magnetic moment of some of 

the sputtered ColPd multi1ayers. This type of magnetometer uses a SQUID to 

measure the magnetic flux of the sample and sample holder. Hysteresis loops 

are obtained by varying the applied field and measuring the magnetic flux. 

The diamagnetic background signal from the substrate and sample holder is 

subtracted to obtain the magnetic hysteresis loops of the ColPd multilayers. 

4.2.3 Torque Magnetometer 
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The magnetic anisotropy of a ferromagnetic material can be measured 

using a torque magnetometer. With this technique the sample is attached to 

one end of a pyrex rod. The other end of the rod is attached to a torsion wire. 

The sample is then positioned in the center of the air gap of an electromagnet. 

An applied field exerts a torque on the ferromagnetic sample, which is 

measured. The torque on the sample is a function of sample orientation and 

applied field. Simple torque curves are obtained by stepwise rotation of the 

sample in a fixed applied field. A commercial torque magnetometer 



manufactured by Digital Measurement Systems Inc. was used to measure the 

magnetic anisotropy of the sputtered CO/Cu and Co/Pd multilayers. 

4.3 Magnetic Data and Analysis 
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The terminology used in the rest of this chapter is as follows. The 

maximum moment of a ferromagnetic sample is called the saturation moment. 

The saturation magnetization, Mil is the saturation moment divided by the 

sample volume. This is indicated schematically in Figure 4.1. The moment at 

zero applied field is the remanent moment. The remanent magnetization, M" is 

the remanent moment divided by the sample volume. The applied field needed 

to saturate the sample along the hard magnetic axis is called the kink or 

anisotropy field, Hie- The negative applied field needed to give zero moment is 

called the coercive field, He" The field at which magnetization reversal begins 

to occur is known as the nucleation field, Hn. 
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Figure 4.1 Schematic of a VSM hysteresis loops. 

4.3.1 Co/Cu Multilayers 
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H(Oe) 

Both series of sputtered Co/Cu multilayers have been examined using a 

combined vibrating sample and torque magnetometer.31 Three hysteresis loops 

were taken for each Co/Cu multilayer: two orthogonal in-plane loops and one 

perpendicular loop. The maximum applied field, which we used, was 1 kOe for 

the in-plane loops and 14 kOe for the perpendicular loops. The applied field 

was large enough to saturate the in-plane loops, but not the perpendicular 

loops. The two in-plane loops for the Co/Cu multilayers were different 

indicating that there was a small anisotropy in the sample plane. Torque vs. 

rotation angle curves were obtained for both series of sputtered Co/Cu 

multilayers. The curves were taken at a fixed applied field of 14 kOe, which is 
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approximately the same size as the anisotropy field. The easy-axis of the co/eu 

multilayers is determined from the zero 'crossing of the torque curves. 

The saturation magnetization M, of the Co/Cu multilayers can be 

explained by a simple model of magnetic Co layers separated by non-magnetic 

Cu spacer layers. The model equation for the saturation magnetization is 

teo M = M,,_-
1I "" A 

where Meo is the average magnetization of the Co layer. The average 

magnetization I measured for a 960±30 A Co film is 1390±40 emu/cm3
• 

(4-16) 

Figure 4.2 is plot of M"A vs. teo for the sputtered Co/Cu multilayers with fixed 

atomic percent Co. Figure 4.3 is a plot of Ms vs. te/A for the sputtered co/eu 

multilayers with fixed Co layer thickness. The average magnetization per eo 

layer is determined from a linear regression fit to the data shown in Figure 4.2 

and Figure 4.3. I find Meo=1340±40 emu/cm3 for the Co/Cu multilayers with 

fixed atomic percent Co and Meo=1270±60 emu/cm3 for the co/eu multilayers 

with fixed Co layer thickness. These values are approximately the same as that 

found for the Co film, indicating the Co within the layers behaves magnetically 

as if it were free standing. 
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Figure 4.2 M,A vs. teo for the sputtered Co/Cu multilayers with fixed atomic 
percent Co. 
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Figure 4.3 M, vs. telA for the sputtered Co/Cu multilayers with fixed Co layer 
thickness. 

The coercive field of the in-plane loops for all the samples was in the 

range 4 to 29 Oe. The coercive field of the perpendicular loops was greater 
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than for the in-plane loops, and was in the range 23 to 460 De. The observed 

coercive fields are probably due to a columnar or granular film structure. The 

small coercive field of the in-plane loops indicates that the grains are strongly 

coupled and the magnetization reversal mechanism is coherent rotation. 

However, it is not certain what mechanism of magnetization reversal causes the 

larger perpendicular coercive field. 

The sputtered Co/Cu multilayers and Co films have an easy plane of 

magnetization. The uniaxial anisotropy Ku is determined from the peak of the 

torque curves, and for a 960±30 A thick sputtered Co film I find 

KII=( -10.8±0.1)x1cr ergs/cm3
• Using the measured magnetization, I calculate a 

volume anisotropy Kv=(1.2±O.3)x1cr ergs/cm3
, which is approximately the 

uniaxial anisotropy for an fcc Co (111) crystallites. The uniaxial anisotropy of 

the sputtered Co/Cu multilayers with fixed atomic percent Co can be modelled 

by 

KtJA = {K" -21tM~)tCo +2K8 (4-17) 

where 27TMC/ is the dipolar shape anisotropy of the Co layers, Kv is the volume 

anisotropy of the Co due to magnetocrystalline and magnetoelastic effects and 

K5 is the interfacial anisotropy.4 A plot of IV1 vs. teo and the linear regression fit 

for the Co/Cu multilayers with fixed atomic percent Co is shown in Figure 4.4. 

Using the value obtained from the IY1 intercept, I find an interface anisotropy 
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K,= -O.05±O.2 ergs/cm2
• The value of 1<, is smaller than the value obtained by 

others for MBE-grown Co/Cu superlattices.u The slope of the line in Figure 4.4 

is (-10.6±O.9)xHr ergslcm3
• As discussed above Meo for the same Co/Cu 

multilayers is 1340±40 emu/cm3
; therefore, the dipolar shape anisotropy 

contribution 27TMCD2 is (12.1±O.3)x1lr ergslcm3
• Using the slope of the line and 

the dipolar shape anisotropy, I calculate Ko=(1.5±O.9)x1<r ergs/cm3
, which is 

slightly larger than the volume anisotropy that I obtained for the sputtered Co 

film. In addition to the magnetocrystalline anisotropy of fcc Co, there may be a 

magnetoelastic contribution to the volume anisotropy caused by strain in the 

Co layers. I calculated the maximum magnetoelastic anisotropy of fcc (111) Co 

layers pseudomorphic with the Cu layers (J<y=4.7x1<r ergs/cm3) using a 

magnetostriction constant, A11l=-39xl0-5, which is extrapolated from the data 

for fcc Co-Ni alloys.so 

KuA of the sputtered Co/Cu multilayers with fixed Co layer thickness 

should be constant according to Equation (4-17), since teo is approximately 

constant. Figure 4.5 is a plot of KuA vs. tOJ for these sputtered Co/Cu 

multilayers. The solid line is a guide for the eye. There is a definite increase in 

KuA for increasing Cu layer thickness. Since the saturation magnetization of the 

Co is approximately constant for these multilayers, the volume and or interface 

anisotropy terms must depend on the Cu layer thickness. A possible source of 

the Cu layer thickness dependence of the anisotropy is a magnetoelastic 



anisotropy, which is caused by a strain in the Co layers that jncreases with 

increasing Cu layer thickness. 
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Figure 4.4 KuA vs. teo for the sputtered Co/Cu multi1ayers with fixed atomic 
percent Co. 
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Figure 4.5 JYi vs. teu for the sputtered Co/Cu multi1ayers with fixed Co layer 
thickness. The solid line is guide for the eye. 
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4.3.2 Co/Pd Multilayers 

In-plane and perpendicular hysteresis loops were taken for sputtered and 

evaporated ColPd multilayers. To investigate the a.bsolute saturation 

magnetization of the sputtered ColPd multilayers with 10 Co and 11 Pd layers, 

SQUID magnetometer measurements were performed with fields up to 55 kOe. 

Figure 4.6 shows the room temperature hysteresis loops of one of these 

sputtered ColPd multilayers taken with the SQUID magnetometer.B1 This 

sample had lco=3.9 A and tpd=10.8 A. VSM measurements were made at fields 

up to 14 kOe for the evaporated multilayers. The VSM hysteresis loops of an 

epitaxial ColPd multilayer with lco=4.0 A and tpd=11.1 A are shown in 

Figure 4.7. The behavior of this epitaxial sample can be compared with the 

polycrystalline one of similar design in Figure 4.6. 



Figure 4.6 

Figure 4.7 

..... ----:.:::::-~--. 
I' . 
. I 
r .1 , . 
• 1 

I , . 
. 1 , . 
. 1 , . 
. I 

a-,..,,,;e:'.=.~ .. ~._ .. ..,...,~ • 

'-'- HJ. 
--~ 

-10 -5 0 5 

H(kG) 
10 

88 

SQUID hysteresis loops of a sputtered Co/Pd multilayer (teo = 3.9 A, 
tpd = 10.8 A). 
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VSM hysteresis looEs of an MBE-grown Co/Pd (111) superlattice (teo 
= 4.0 A, tpd = 11.1 A). 
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The magnetization of the Co/pd multilayers is calculated from the 

hysteresis loops. The sample area is determined using an optical microscope, 

and the thickness from RBS. I find the Co magnetization as determined by 

dividing the total magnetic moment by the Co volume is greater than that of 

bulk Co for many of the samples. This "enhanced" saturation magnetization Ma 

of the ColPd multilayers can be explained by a simple model of magnetic Co 

layers separated by Pd spacer layers, which consist of a magnetically polarized 

region near the Co layer and a non-magnetic region at the center of the Pd 

layer. The model equation for the saturation magnetization is 

(4-18) 

where Meo is the average magnetization of the Co layer, Mpd is the average 

magnetization of the polarized Pd region and tp/ is the thickness of the 

polarized palladium region at each Co interface. 

Figure 4.8 is plot of MA vs. teo for the sputtered ColPd multilayers. The 

average magnetization per Co layer, determined from a linear regression fit to 

the data, is Mco=1240±10 emu/cm3
• This results indicates a reduction in Co 

magnetization from that of bulk by 13% for the sputtered Co/Pd multilayers. 

The average Pd magnetization times the polarized Pd thickness is 

Mpdtpd'=(2.8±O.6)xl0-5 emu/cm2
• Although the data I have is insufficient to 

determine the thickness of polarized Pd, I calculate that if one atomic layer of 



Pd at each interface is assumed to be polarized, the average Pd magnetization 

of that layer is 600 emu/cm3
• 
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Figure 4.8 M~ vs. tQj the sputtered Co/Pd multilayers with 10 Co layers and 11 
Pd layers. 

Figure 4.9 is plot of M,A vs tQj for the MBE-grown Co/Pd (111) 

superlattices. The saturation magnetization data for the other MBE-grown 

Co/Pd multilayers is very similar. The average magnetization per Co layer, 

determined from a linear regression fit to the data, is 1460±40 emu/cm3
• Unlike 

the sputtered samples, the Co magnetization of the MBE-grown multilayers is 

very close to that of bulk hcp Co (1422 emu/cm3).7 The average Pd 

magnetization times the polarized Pd thickness for the MBE-grown multilayers 

is (1.8±.6)xl0-5 emu/cm2
, which is less than that of the sputtered multilayers, 

possibly indicating that the MBE-grown multilayers have sharper interfaces. 



The resulting average Pd magnetization for 1 atomic layer of polarized Pd at 

each interface is 400 emu/cm3
• Using our model, I obtain similar results for the 

magnetization data reported by Draaisma and co-workers for electron-beam 

evaporated Co/Pd multi1ayers.6 
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Figure 4.9 M~ vs. teo for MBE-grown Co/Pd (111) superlattices. 

The uniaxial anisotropy for the sputtered Co/Pd multi1ayers with 10 Co 
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layers and 11 Pd layers was determined from the area between the 

perpendicular and in-plane hysteresis loops.53 The uniaxial anisotropy model as 

expressed in Equation (4-17) is used to interpret the data. A plot of KuA vs. teo 

and the linear regression fit for the sputtered multi1ayers is shown in 

Figure 4.10. The values of the interface and volume anisotropy are given in 

Table 4.1. 
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Figure 4.10 KuA vs. teo for the sputtered Co/Pd multilayers with 100 periods. 

The uniaxial anisotropy of the evaporated ColPd multilayers was 

determined using the hard axis hysteresis loops. The method used for this 

analysis was developed by Sucksmith and Thompson to measure the anisotropy 

constants of Co.54 The interface and volume contributions to the uniaxial 

anisotropy of the MBE-grown multilayers is determined from the data shown in 

Figure 4.11 and summarized in Table 3.31. We find that the interface 

anisotropy of MBE-grown multilayers is approximately constant 

(Ks=O.63±O.02 ergs/cm~. The volume anisotropy of the epitaxial Co/pd (111) 

superJattices is slightly larger than that of bulk hcp Co. The additional 

anisotropy may be due to a small amount of in-plane stress, since the 

magnetostriction constants for hcp Co are large.82 The large volume 

anisotropy of the epitaxial ColPd (100) superlattices is caused by the in-plane 
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stress in the Co layers. Using the perpendicular strain determined from x-rays, 

the elastic constants for fcc COM and the magnetostriction constant, AlOOI 

determined from ColPd alloys84, I calculate a magnetoelastic anisotropy of 

K=( -3.1±0.5)xl07 ergs/cm3
• 
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Figure 4.11 KuA vs. teo for the MBE-grown ColPd multilayers. 



94 

Table 4.1 K, and Kv of our Co/Pd multilayers and bulk Co. 

~(ergs/cm2) K...(1W ergs/cm3
) 

bulk hcp Co - 6.0 

bulk fcc Co (111) - 1.2 

sputtered O.32±0.OS -1.6±0.3 

polycrystalline 0.6S±0.03 O.6±O.4 

epitaxial (111) 0.61±0.03 7.6±0.S 

epitaxial (100) 0.63±0.09 -32±3 

epi taxial (110) 0.63±0.03 -S.3±0.8 

We find that the coercivity of the perpendicular hysteresis loops for the 

evaporated ColPd multilayers depends strongly on the Co layer thickness. The 

thickness dependence is shown in Figure 4.12, where the solid lines are guides 

for the eye. A similar Co thickness dependence was observed for Au/Co/Au 

sandwich structures, where it was attributed to domain wall displacement in an 

ultrathin film with roughness.85 
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Figure 4.12 Coercive field of the perpendicular hysteresis loops for the 
evaporated ColPd multilayers. 

The perpendicular loops of the evaporated ColPd multilayers with a 

perpendicular easy axis have been modeled using domain theory. The 

multilayers are treated as uniform homogeneous magnetic films. The input 

parameters are the total film thickness, the saturation magnetization, the 

coercivity and the wall energy. Figure 4.13 shows the fit for one of the MBE-

gTown ColPd (11) superlattices. The quality of the fit indicates that the 

magnetization reversal process is probably due to domain propagation, in 

which the coercivity is controlled by the microstructure. 
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Figure 4.13 Experimental (open squares) and calculated (solid line) hysteresis 
loops for an evaporated ColPd multilayer(l:co= 8.1 A, tpd= 11.2 A, 
N=15). 



CHAPTERS 

MAGNETO-OPTICAL" CHARACTERIZATION 
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Perpendicularly magnetized materials with high reflectivity and large 

polar magneto-optic Kerr rotation are required for magneto-optic recording.3 

Cobalt has a large intrinsic Kerr rotation (,:::::0.3°) in the visible region of the 

spectra and certain Co multilayers exhibit perpendicular magnetization,5,9,12 

making these materials interesting for detailed study. The magneto-optical 

properties measured on our Co/Cu and ColPd multilayers are discussed in this 

chapter. In the first section of this chapter, I discuss the interaction of light 

with a magnetic medium. In the second section of this chapter, I describe 

incident-angle analysis, which was used to determine the effective optical and 

magneto-optical constants of the sputtered Co/Cu multilayers with fixed atomic 

percent Co. I present the results of magneto-optical spectroscopy of our 

sputtered Co/Cu and ColPd multilayers in the third section of this chapter. In 

the final section of this chapter, I discuss the Kerr magnetometry measurements 

of some of our ColPd multilayers. 

5.1 Theory 

The geometry used to describe the interaction of light at the interface 

between two media is shown in Figure 5.1. The sample plane is the x-y plane 

and the plane of incidence is the y-z plane. The optical properties of a material 

are described by its dielectric tensor, 
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where €lj=e'q+ie"lJ' If exx=€yy=eu=e, the material is optically isotropic. The 

dielectric tensor of an isotropic magnetic mediall-S can be expressed as 

E -iQemr. iQemy 

e = iQemr. E -iQemx 
(5-2) 

-iQemy iQemx E 

where Q is the magneto-optical constant, and where the magnetization of the 

material is given by 

(5-3) 

The magnitude of the off-diagonal element of the dielectric tensor depends on 

the exchange splitting and spin-orbit interaction.87 Recent review of the 

magneto-optical properties of various materials by Buschow88 and Reim and 

Schoenes89 describe various theoretical models of the off-diagonal element of 

the dielectric tensor. 
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Media. 2 

Media 1 

Figure 5.1 Geometry for light interacting with an interface between two media. 

There are three simple geometrical cases of the magneto-optic effect: 

transverse, longitudinal and polar. The transverse magneto-optic effect occurs 

when the magnetization is in the sample plane and perpendicular to the plane 

of incidence (mx=l). The longitudinal magneto-optic effect occurs when the 

magnetization is in the sample plane as well as in the plane of incidence 

(my=l). The polar magneto-optic effect occurs when the magnetization is along 

the sample normal (mz=l). 

The magneto-optic Kerr effect occurs for the reflection of light from a 

magnetic media, while the Faraday effect occurs for the transmitted light. The 

magneto-optic interaction changes the polarization of the incident light. For 

example, linearly polarized light is converted to elliptically polarized light. In 

general, the polarization of light can be decomposed into 5 and p polarization. 
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The electric field vector of p polarized light is in the plane of incidence, while 

the electric field vector of 5 polarized light is perpendicular to the plane of 

incidence. In vector notation, the electric field is given by 

E = IEple~'" i + IE6Ie~·j (5-4) 

The magneto-optic effects can be better be better understood by as the 

difference in propagation of left and right circularly polarized light. The 

polarization of light can be determined by decomposing the light into right( +) 

and left( -) circularly polarized light, 

(5-5) 

where the rotation e and ellipticity 7] of the light are given by 

e = -i(<I>+ -q,J 

= -tan-t ( IE+ I - IE-I) 
11 IE.! + IE-I 

(5-6) 

The complex polar magneto-optic Kerr rotation for an optically thick 

isotropic magnetic media is given by90 

iExy 
cJ>x = eg-iflK = --=--re (e-l) 

(5-7) 

In general, the magneto-optic media will be part of a multilayer stack. The 

magneto-optic Kerr rotation for a general multilayer can be found using a 



transfer matrix approach. A 2x2 matrix formulation has been developed by 

Mansuripur.91 The formulas he developed are based on Maxwell's equations 

and appropriate boundary conditions for each interface. I used a computer 

program based on this formalism to calculate the theoretical magneto-optic 
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spectra for this chapter. The complex polar Kerr rotation for multilayers 

composed of materials with nearly identical complex optical constants N=n+ik 

for multilayer period much shorter than the wavelength of light (A«l) is 

given by 

where No is the refractive index of the incident media, Ql and Qz are the 

magneto-optic constants of the two materials, and tl and tz are the layer 

thickness of the two materials.9Z 

5.2 Incident-Angle Analysis of co/eu Multilayers 

The magneto-optical and optical properties of the sputtered Co/Cu 

(5-8) 

multilayers with fixed atomic percent Co were examined by Merritt Deeter and 

Professor Dror Sarid of the University of Arizona using a variant of 

reflectometry known as incident-angle analysis.93,~ The Co/Cu multilayers 

are treated as a homogeneous thin film. Measurements of the reflectance and 

the longitudinal Kerr rotation for 5 and p polarized incident light (i..=6328 A) as 
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a function of the angle of incidence were used to determine both the effective 

optical and magneto-optical constants of the multilayers. The effective complex 

optical constant, n+ik, is related to the diagonal element of the dielectric tensor 

by 

The effective complex magneto-optical constant Q depends on both the 

diagonal and off-diagonal elements of the dielectric tensor, 

ie 
Q = Q+iQ' = ~ 

eD 

The experimental system which was used for incident angle 

(5-9) 

(5-10) 

measurements is shown in Figure 5.2. The incident light from a He-Ne laser 

('-=6328 A) passes through a mechanical chopper, a polarizer and a half-wave 

plate before reaching the sample. The mechanical chopper is used to modulate 

the light intensity for lock-in amplifier detection. The polarizer and half-wave 

plate are adjusted to provide either 5 or p polarized incident light. The sample 

and electromagnet, which is pulsed to change the state of magnetization in the 

film, are mounted on a motorized rotation stage. During measurement the 

electromagnet is kept off, therefore the sample is measured in the remanent 

state. The magnet is designed such that either polar or longitudinal geometries 

can be examined. The reflected beam passes through a half-wave plate and a 
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polarizing beamsplitter cube. The angle between the fast axis of the half-wave 

plate and the reference plane is set at 22.5°. The s and p polarized beams go to 

separate detectors. In order to keep the detection optics aligned during a 

measurement, they are rotated at twice the speed of the sample. The 

reflectance is determined by normalizing the sum of the signals from both 

detectors to the incident laser intensity. A standard differential detection 

scheme is used to measure the Kerr rotation. The normalized difference signal 

is a function of the Kerr rotation and is given by 

111 Ip -Is 
TIl = -- = tan(26 .• ~) ::: 26j; 
~ Ip +18 

(5-11) 

The Kerr rotation is determined from measurements of the difference signal for 

opposite magnetization directions (.£1[+ and iiI-), 

(5-12) 
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Figure 5.2 Experimental setup for incident-angle analysis. 
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The effective optical constants, nand k, are determined by iteratively 
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fitting the reflectance curves, RiO) and ~(O), to calculated reflectance curves 

using the simplex method.9S A least squares criterion is used to obtain the best 

fit. The uncertainties in n and k were determined by the -l technique. The 

effective magneto-optical constants, Q ' and Q ", are similarly determined from 

the longi~dinal Kerr rotation curves, 14..(0) and l4.l8). The Voigt formalism 

was used to model the longitudinal Kerr rotation curves.96
,97 

The reflectance and longitudinal Kerr rotation of the sputtered Co/Cu 

multilayers with fixed atomic percent Co were measured for sand p polarized 

light in the angular range (Hf-8<r). Theoretical reflectance and longitudinal 

Kerr rotation curves were calculated using the multilayer model developed by 

Smith.98 The theoretical curves were calculated using the bulk optical 
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constants of O.2B+i3.35 for Cu99 and 2.21 +i4.15 for Co1OO and the measured 

magneto-optical constant of O.Ol45-iO.OO52 for a optically thick sputtered Co 

film. The magneto-optical constant for bulk Co at 1=6328 A determined from 

the data of Krinchik is O.0236-iO.Ol06.101 The smaller value of the magneto

optic constant measured for our thick sputtered Co film is probably due to the 

fact that the remanent magnetization is less than the saturation magnetization. 

Figure 5.3 shows the experimental and theoretical effective optical 

constants nand k of the sputtered Co/Cu multilayers with fixed atomic percent 

Co. The maximum uncertainties in nand k are ±O.02. The dot-dashed lines are 

the nand k values for bulk Co and Cu. We find that the theoretical and 

experimental values of n agree reasonably well for multilayer periods greater 

than 25 A, below which the experimental values are greater than the theoretical 

values and approach the value for bulk Co. We find that the theoretical values 

of k are slightly greater than the experimental values of k for all but the 

smallest multilayer period. The increase in n and k for the Co/Cu multilayers 

with small multilayer periods is probably due to a modification of the optical 

constants of the Cu layers. 
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Figure 5.3 Effective optical constants nand k of the sputtered Co/Cu multilayers 
with fixed atomic percent Co. 

Figure 5.4 shows the real and imaginary parts of the experimental and 

theoretical effective magneto-optical constants, Q" and Q "", for the same 

sputtered Co/Cu multilayers. The maximum uncertainties in Q" and Q "" are 

± 0.0005. The dot-dashed lines are the Q " and Q"" values measured for the 

sputtered Co film. The actual values of the effective magneto-optical constants 

of the Co/Cu multi layers may be slightly larger than the experimentally 

determined values, since the Kerr rotation measurements are taken in the 

remanent state. We observe a slow increase in the effective magneto-optical 

constants with increasing multilayer period, with the experimental values larger 

than, and increasing more rapidly than, the theoretical values. We find that the 

experimental values are less than the value measured for the sputtered Co film 
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for small multilayer periods and equal to or greater than the sputtered Co film 

value for multilayer periods larger than 43.1 A. I believe that the theoretical 

values of the effective magneto-optical constant underestimate the calculated 

values, because the value of the measured magneto-optical constant for the 

sputtered Co film is too small. 
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Figure 5.4 Effective magneto-optical constants Q' and Q" of the sputtered 
Co/Cu multilayers with fixed atomic percent Co. 

5.3 Magneto-optic Spectroscopy 

Magneto-optic spectroscopy measurements of Co/Cu, Col Ag and Co/Au 

multilayers exhibit enhancement of the polar Kerr rotation near the plasma 

edge of the noble metal.t02 Polar magneto-optic Kerr spectroscopy was 

performed on several of our sputtered Co/Cu and ColPd multilayers and a 

2938 A thick sputtered Co film by Dr. Wolfgang Reim of Siemens (Erlangen, 



Germany). The polar Kerr spectra (0.5-5.7 eV) were taken using a fully 

computerized zeroing detection scheme shown in Figure 5.5.103
,1M The 
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incident light from an arc lamp is passed through a monochromator and a 

Glan-Thompson prism polarizer and reflects from the sample at an angle of 

incidence of less than 5°. Several samples and a Au or Pt reference mirror are 

mounted in a gas-flow cryostat allowing measurements in the temperature 

range 1.5-320 K Magnetic fields up to 10 T are provided by a split coil 

superconducting magnet. The reflected light is polarization modulated using a 

Faraday rotator and then passed through an analyzing prism, which is set at an 

angle of 90°-8 to minimize the signal detected by the lock-in amplifier. The 

Kerr rotation is determined from the difference in the analyzer settings for the 

reference mirror and the sample. 

I calculated polar Kerr spectra using the 2x2 matrix formalism mentioned 

above. I used the bulk optical constants, n and k, for the CU105 layers and the 

Pd106 layers, and I calculated the dielectric tensor e for Co from the off

diagonal elements107 and the bulk optical constants of CO.106 The optical 

constant n of the sapphire substrate, which I used, was taken from literature 

provided by the Adolf Meller Company. 
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Figure 5.5 Magneto-optical Kerr spectroscopy experimental setup 
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Various polar Kerr spectra for Co are shown in Figure 5.6. The open 

circles are the experimental data that we obtained for a 2938 A thick sputtered 

Co film on a sapphire substrate. The open squares are the experimental data 

measured by Krinchik and Artem'ev for bulk CO.107 The dot-dashed curve is the 

spectrum calculated by Krinchik and Artem'ev.107 It can be seen that there is 

qualitative agreement in the shape of the experimental and the calculated 

spectra, but there is a relatively large discrepancy in the magnitude of the Kerr 

rotation especially at higher photon energies. In Buschows recent review of 

magneto-optical spectroscopy, there is a discussion of the magneto-optical 

spectra of Fe, Co and Ni.88 In this discussion, Buschow mentions work by Van 

Enghen, which indicates that accurate determination off-diagonal elements of 

the dielectric tensor require measurements of both the optical and magneto-



110 

optical constants. Since Krinchik and Artem'ev did not measurement of the 

optical constants of their samples to determine the off-diagonal elements of the 

dielectric tensor, this results in the large differences between their calculated 

and measured spectra. 
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Figure 5.6. Experimental and calculated polar Kerr spectra for Co. 

The experimental polar Kerr spectra for the sputtered Co film and six 

sputtered Co/Cu multilayers with fixed atomic percent Co are shown in 

Figure 5.7. The multilayers with 4.3 A and B.B A periods have the same spectral 

features as the pure Co film, but with approximately half the Kerr rotation. 

The results are similar to what other workers have found for Co/Cu multilayers 

with thin Cu layers, where the spectral data resembled that of sputtered Co-Cu 

alloys. If the optical constants of the thin Cu layers are similar to that of the Co 

layers, as indicated by our incident angle analysis results, we would expect that 
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the Kerr rotation is proportional to tel A. The Co/Cu multilayers with thicker 

Cu layers exhibit a shift in the position of the low energy minima towards the 

energy of the Cu plasma edge (E=2.2 eV). The enhancement of the Kerr 

rotation near the energy of the Cu plasma edge has been observed previously 

in Co/Cu and Fe/Cu multilayers.17 The large difference in the bulk optical 

constants of Cu and Co in this spectral region, which result in large reflection 

coefficient at the interfaces, cause the observed "enhancement" of the polar Kerr 

rotation. We observe an increase in the magnitude of Kerr rotation near the Cu 

plasma edge for increasing multilayer period, similar to that seen by other 

workers. I have generated calculated spectra for each of the six Co/Cu 

multilayers. Since the calculated spectra for the Co/Cu multilayers with fixed 

atomic percent Co are very similar, the calculated and experimental polar Kerr 

spectra for only one of the sputtered Co/Cu multi1ayers with fixed atomic 

percent Co are shown in Figure 5.8. The experimental and calculated spectra 

have similar spectral features. The differences in the calculated and 

experimental spectra are probably due to uncertainties in the dielectric tensor 

used for the Co layers. 
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Figure 5.7 Experimental polar Kerr spectra of the sputtered Co/Cu multilayers 
with fixed atomic percent Co. 
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Figure 5.8 Experimental (solid dots) and calculated (solid line) polar Kerr 
spectra for one of the sputtered Co/Cu multilayers with fixed atomic 
percent Co. 
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The experimental polar Kerr spectra for the Co film and five sputtered 

Co/Cu multilayers with fixed Co layer thickness are shown in Figure 5.9. The 

polar Kerr specbum of the multilayer with 7.1 A Cu layers has a different 

spectral shape than the other multilayers, having only a weak feature near the 

Cu plasma edge. Since the Cu layer is thin, the optical constants for the Cu 

layers are probably different from bulk Cu. The sputtered Co/Cu multilayers 

with thicker Cu layers exhibit a strong low energy feature near the energy of 

the Cu plasma edge. The magnitude of the low energy feature decreasing with 

increasing Cu layer thickness. I have generated calculated spectra for each of 

the six Co/Cu multilayers. Since the calculated spectra for the Co/Cu 

multilayers with fixed Co layer thickness are very similar, the calculated and 

experimental polar Kerr spectra for only one of the sputtered Co/Cu multilayers 

with fixed Co layer thickness are shown in Figure 5.10. As noted above the 

differences in the experimental and theoretical spectra are probably due to 

uncertainties in Lhe dielectric tensor used for the Co layers. 
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Figure 5.9 Experimental polar Kerr spectra for the sputtered Co/Cu multilayers 
with fixed Co layer thickness. 
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Figure 5.10 Experimental (solid dots) and calculated (solid lines) polar Kerr 
spectra for one of the sputtered Co/Cu multilayers with fixed Co 
layer thickness. 

The experimental polar Kerr spectra for a series of sputtered Co/Pd 
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multilayer with 2 A Co layers is shown in Figure 5.11. The polar Kerr spectra 

for the ColPd multi1ayers are considerably different than the spectrum of the 

sputtered Co film. The ColPd multilayers have a single broad spectral feature 

near 3 eV, with the shape of this feature depending on the Co atomic 

percentage. This spectral profile has been observed in both ColPd multilayers 

and CoxPd1_x alloys. The magnitude of the Kerr rotation decreases with 

decreasing Co atomic percentage. Since the optical constants of Co and Pd are 

very similar, there is little or no reflection at the interfaces, and the Kerr 

rotation depends to the first order on the ratio tcjA. An additional 

enhancement can be explained the partial polarization of the Pd layer. 
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Figure 5.11 Experimental polar Kerr spectra of sputtered PdlCo multi1ayers with 
2 A Co layers. 
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5.4 Kerr Magnetometry 

Kerr magnetometry is the measurement of the Kerr rotation as a function 

of applied field. Since the penetration of light into a metal is limited by the 

skin depth, the hysteresis loops for a metallic magnetic material obtained by 

Kerr magnetometry probe the magnetic behavior of the surface region. A 

polarization-modulation system was used to measure the Kerr hysteresis loops. 

The polarization-modulation system which I used for the Kerr 

magnetometry measurements is shown in Figure 5.12. Light from a 5 mW 

polarized He-Ne laser (i..=6328 A) passes through a Glan-Thompson prism 

polarizer, which is set so that the axis of the polarizer is aligned with the axis 

of polarization of the laser (6p=O). The polarized light then passes through a 

non-polarizing beamsplitter cube and reflects off the sample, which is located 

between the poles of an electromagnet. The reflected beam passes back 

through the non-polarizing beamsplitter cube to a Faraday rotator, which 

sinusoidally modulates the polarization of the light at a frequency (,,). The light 

then passes through a half-wave plate and a polarizing beamsplitter cube. The 

half-wave plate is set to minimize the intensity of the light that passes directly 

through to the polarizing beamsplitter then to the p-polarization detector. The 

signal from the p-polarization detector goes to a lock-in amplifier adjusted to 

the same frequency (4) as the Faraday rotator. The signals from both detectors 
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are added using a summing circuit. The amplitude of the lock-in signal divided 

by the sum signal is proportional to the Kerr rotation, 

1 (<a» • 
-p- = 2Go(6g +6p )sm(cAlt) 
Ip +16 

(5-13) 

where ao is the amplitude of the sinusoidally varying Faraday rotation. The 

constant ao is experimentally determined by changing the angle of the Clan-

Thompson prism polarizer, measuring the lock-in and sum signals, and doing a 

linear regression fit to Equation (5-13). After determining ao, a Kerr hysteresis 

loop is obtained by setting (8p=O), stepping the magnetic field, measuring the 

lock-in and sum signals, and calculating the Kerr rotation using Equation (5-13). 
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Figure 5.12 Polarization modulation setup for Kerr magnetometry. 

Kerr hysteresis loops were obtained for several ColPd multilayers. 

Figure 5.13 shows the Kerr hysteresis loops for three multilayers with 11 A Pd 
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layers and 4 A Co layers. The solid line is the Kerr loop of a sputtered Co/Pd 

multilayer on sapphire substrate, the dashed line is the Kerr loop of an MBE

grown polycrystalline Co/Pd multilayer, and the dot-dashed line is the Kerr 

loop of an MBE-grown epitaxial Co/Pd superlattice. 
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Figure 5.13 Kerr hysteresis loops of Co/Pd multilayers with 11 A Pd layers and 
4 A Co layers. 

Of particular interest are the Kerr hysteresis loops of the MBE-grown 

Co/Pd multilayers. As can be seen by comparison with Figure 4.7, the Kerr 

loops are very similar to the perpendicular VSM loops. The saturation polar 

Kerr rotation increases with Co layer thickness, but the loop shearing also 

increases with Co layer thickness. The coercivity of the Kerr hysteresis loops 

for the MBE-grown samples is very similar to that obtained from the VSM 

loops. This is not surprising, since the total multilayer thickness is on the order 



of magnitude of the skin depth. The Kerr rotation can be modelled using 

Equation (5-8). The saturation polar Kerr rotation of the MBE-grown 

multilayers is plotted as a function of !PJA, as shown in Figure 5.14. 
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Figure 5.14 Polar Kerr rotation of MBE-grown Co/Pd multilayers. 
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CHAPTER 6 

BRILLOUIN LIGHT SCATI'ERING 
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Brillouin light scattering is a sensitive technique for measuring the elastic 

and magnetic properties of thin films and multilayers. In the first section of 

this chapter, I describe the experimental setup used in Brillouin light scattering 

spectroscopy. The effective elastic stiffness constants, cij' of a metallic multilayer 

can be determined from measurements of the inelastic scattering of light from 

thermal phonons.108 The elastic stiffness constants of the sputtered Co/Cu 

multilayers with fixed atomic percent Co were measured by Brillouin light 

scattering.109 I discuss these results in the second section of this chapter. 

Similarly the inelastic scattering of light from thermal magnons can be used to 

determine various magnetic properties of a material, including the g factor, the 

magnetization and the surface and volume magnetic anisotropy constants. no I 

discuss the magnetic properties of several sputtered Co/Pd multilayers, which 

were investigated by Brillouin light scattering,81,m in the last section of this 

chapter. 

6.1 Experimental Setup 

The Brillouin light scattering measurements were done in a 

backscattering geometry as shown in Figure 6.1. The experimental setup 

measures the frequency shift of the inelastically scattered light caused by 
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interaction with a phonon or magnon. The in-plane wavevector q, can be 

changed by adjusting the incident angle 8, since 

(6-1) 

By varying q, in this way, the dispersion relation of the excitations (either 

phonons or magnons) (U vs. q can be determined. The fundamental elements of 

the experimental setup are a high contrast (3+3)-pass tandem Fabry-Perot 

interferometer, an Ar+ -ion laser (i.. =514.5 nm), and a photomultiplier.112 
.. 
113 

For the elastic property measurements, the incident laser power was 100 Mw 

and the 180 0 backscattered light was polarized in the plane of incidence so that 

the depolarized scattering from thermally excited magnons due to the Co layers 

was not observed. In addition, the center of the fl.4, 40 mm focal length lens 

used to collect the scattered light was covered by a slit of width 25% of the 

diameter of the scattered beam. This slit limits the spread in the scattering 

wavevector and reduces the instrumentallinewidth for low angles of incidence. 

For the magnetic property measurements, the incident laser power was between 

100 and 250 Mw, and the inelastically scattered light was analyzed in a crossed 

polarization configuration to suppress signals from acoustic phonons . 



Figure 6.1 Brillouin light scattering setup. 

6.2 Elastic Properties of Co/Cu MultiIayers 
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The elastic properties of thin films and multilayerS can be determined 

from the inelastic light scattering from the thermally excited phonons.108 The 
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phonon spectrum is determined by the effective elastic constants and density of 

both the film and substrate and the total film thickness. The effective elastic 

constants of the sputtered Co/Cu multilayers with fixed atomic percent Co, a 

single layer Co film (tco=960 A) and a single layer Cu film (tcu=1050 A) were 

experimentally determined from Brillouin light scattering measurements of the 

thermally excited acoustic phonon modes made by Dr. John Dutcher and 

Professor George Stegeman. 
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6.2.1 Theory 

For analysis of the elastic properties, the multilayers are treated as a 

single films with one set of effective elastic constants and weighted density 

p.tt4 The frequency of the phonon modes for the filmIsubstrate system can be 

calculated by solving the wave equation for each layer and applying the 

appropriate mechanical boundary conditions for the film-air and film-substrate 

interfaces. Using the geometry shown in Figure 6.2, the wave equation is given 

by 

(6-2) 

where p is the density of the material, U is the elastic displacement vector and 

CjjJJ is the elastic stiffness tensor. The mechanical boundary conditions are given 

by 

u/I~=o = "!I~r::{) 
o;jl~-o = ~jlx,-o j=1,2,3 (6-3) 

~jl~=h = 0 

where uij is the stress tensor and the superscripts f and s denote film and 

substrate respectively. The surface mode velocities for the filmIsubstrate system 

are calculated using the procedure of Farnell and Adler.llS 
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Figure 6.2 Geometry for surface acoustic wave calculations. 
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In metallic thin films, the inelastic light scattering from the acoustic 

phonon modes is caused by the surface ripple mechanism.116 Atomic 

displacements perpendicular to the sample surface couple to the electric field of 

the incident laser light. The frequency of the inelastically scattered light is 

shifted with respect to the incident light by the phonon mode frequency. The 

Brillouin light scattering measurements are sensitive primarily to Rayleigh or 

Sezawa surface modes.109 The frequency of the thermal phonon modes is 

measured as a function of incident angle in order to vary the in-plane 

wavevector q, The data are plotted as dispersion curves. That is, the phonon 

mode velocities v are plotted as a function of the product of the in-plane 

wavevector q I and total thickness h, where v=f!q.. The effective elastic 

constants are determined from computer-generated fits to the dispersion curves. 
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6.2.2 Results 

Brillouin light scattering spectra were measured for eight of the sputtered 

Co/Cu multilayers with fixed atomic percent Co, a single layer Co film 

(tco=960 A) and a single layer Cu film (tc;u=10SO A). Six Brillouin light 

scattering spectra with angles of incidence within the range of 6=220 _70° were 

collected for each of the films. The measured mode frequencies are 

independent of propagation direction in the plane of the samples, which is a 

result of the preferred crystalline orientation perpendicular to the film plane, 

and a random orientation in the film plane. The resulting elastic properties are 

isotropic in the film plane, which is equivalent to hexagonal symmetry with the 

c-axis normal to the film plane. Therefore, the symmetries of the single layer 

and multilayer films were assumed to be hexagonal with the c-axis normal to 

the film plane.ll7 

A typical Brillouin scattering spectrum for a sputtered Co/Cu multilayer 

with A=83 A is shown in Figure 6.3. The spectrum consists of a series of peaks 

symmetric about zero frequency shift, corresponding to light scattering from 

Rayleigh and Sezawa acoustic modes. The Rayleigh mode has the strongest 

intensity and the smallest frequency shift The Sezawa modes have smaller 

intensities and larger frequency shifts. The sputtered Co/Cu multilayers have a 

small number of modes, since the number of observed modes varies inversely 

with the total film thickness.109 
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Figure 6.3 Brillouin light scattering spectrum at 8=700 for the sputtered Co/Cu 
multilayer with A=83 A and h = 1154 A. 

Figure 6.4 is a plot of the experimental phonon dispersion curves for 

eight of the sputtered Co/Cu multilayers with fixed atomic percent Co. The 

three branches of the dispersion curves correspond to the Rayleigh and first 

two Sezawa mode velocities. It can be seen from Figure 6.4 that for a given 

q;Z value there is only a small variation in the measured Rayleigh and Sezawa 

mode velocities, e.g., for q.h=2.34 the Rayleigh mode velocity vR=2680 ± 130 

m/s and the first Sezawa mode velocity vs,t=4160 ± 90 m/s for all the samples. 
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Figure 6.4 Measured phonon dispersion relations for eight of the sputtered 
Co/Cu multilayers with fixed atomic percent Co. 

For analysis of the elastic properties, we treat the Co/Cu multilayer as a 

single film with one set of effective elastic constants of hexagonal symmetry. 

To simplify the calculation of the dispersion curves, the symmetry of the 

sapphire substrate, which is trigonal, is approximated as hexagonal with elastic 

constants cll,s=494 GPa, C13,s=114 GPa, c33,s=496 GPa and c4-4,s=l45 GPa. Four of 

the five independent elastic stiffness constants (cll, Cl31 c33 and c~ can be 

determined from the dispersion relations for the Rayleigh and Sezawa modes. 

The elastic stiffness constants of the sputtered Co/Cu multilayers with fixed 

atomic percent Co and single layer Co and Cu sputtered films were determined 

by fitting the dispersion relations using a least squares procedure. The data 
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was successively fitted to models with isotropic, cubic and hexagonal symmetry 

consisting of 2, 3 and 4 independent elastic constants, respectively. 

The initial elastic constants for the fitting procedure for the single layer 

Co and Cu sputtered films were taken to be the averages of the Voigt and 

Reuss bulk-based estimates.t18 The initial and best-fit elastic constants for the 

single layer films are listed in Table 6.1. We find the best-fit values for the Cu 

film to be considerably lower than estimates from the bulk Cu elastic 

constants,84 while the best fit values for the Co film are considerably higher 

than those estimated from either bulk fcc or hcp Co.84 

The initial values of the effective elastic constant matrix of the sputtered 

Co/Cu multilayers with fixed atomic percent Co were calculated using the best

fit constants for the single layer films. The multilayer hexagonal elastic 

constants obtained using the successive fitting procedure were the same as 

those obtained by directly fitting the data to a model with hexagonal symmetry. 

Figure 6.5 is a plot of the experimental and filted dispersion curves for the 

sputtered Co/Cu multilayer with a multilayer period of 83 A. The initial and 

best-fit values of the elastic constants for this sputtered Co/Cu multilayer are 

listed in Table 6.1. Figure 6.6 is a plot of the best fit effective elastic constants 

for the eight sputtered Co/Cu multilayers with fixed atomic percent Co. As can 

be seen, we find the effective elastic constants exhibit less than 10% variation as 

a function of multilayer period. This is consistent with the small «5%) 
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variation in the measured Rayleigh and Sezawa mode velocities as seen in 

Figure 6.4. 

Figure 6.5 

Figure 6.6 
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Experimental and fitted phonon dispersion curves for the sputtered 
Co/Cu multilayer with A=83 A. 
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Although the best-fit effective elastic constants determined by varying all 

four elastic constants were independent of the multilayer period to within 10%, 

we also investigated how much affect varying c33 and c44 had while fixing Cll 

and C13 at the average value for the eight multilayer samples. This approach 

has been used before to reduce the uncertainties introduced by the large 

number of free parameters.tl9
,1:11l The average values of ctl and c13 and the 

best fit values of C33 and c'" for the sputtered Co/Cu multilayer with a period of 

83 A are also listed in Table 6.1. Figure 6.7 is a plot of the average values of C11 

and C13 and the best fit values of C33 and C44 for all eight multilayers. 
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Figure 6.7 Effective elastic constant obtained by varying only c33 and C44 for the 
sputtered Co/Cu multilayers with fixed atomic percent Co. 
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Table 6.1 Elastic constant values for the Cu and Co single layer films and a 
representative multilayer sample. 

cll c12 CI3 C33 c44 

Cu single layer 

bulk fcc (111) 202 106 103 205 45 

best fit 149 - 65 125 38 

Co single layer 

bulk fcc (111) 298 134 129 303 78 

bulk hcp (0001) 295 159 111 335 71 

best fit 412 - 267 364 61 

Co/Cu multilayer (A=83 A) 
bulk (fcc Co/fcc Cu) 252 120 114 248 58 

bulk (hcp Co/fcc Cu) 251 134 106 258 56 

single layer (Co/Cu) 246 - 121 192 48 

best fit varying c11l cI3J C33 and c44 267 - 138 198 48 

best fit varying C33 and c44 269 - 144 210 47 

6.3 Magnetic Properties of Co/Pd Multilayers 

The magnetic properties of thin films and multilayers can be determined 

from the inelastic light scattering from the thermally excited magnons or spin-

waves. The spin-wave spectrum of a material is determined by its magnetic 

properties, including the magnetization, magnetic anisotropy and exchange. At 

wavevectors q accessible to light scattering experiments (q = lxlcr cm-I) both 

exchange and dipolar interactions may contribute to the spin-wave spectra. We 
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have determined the magnetic properties of several sputtered Co/Pd multilayers 

using Brillouin light scattering measurements of the spin waves made by Dr. 

Burkard Hillebrands at RWTH Aachen (Germany). 

6.3.1 Theory 

The incident laser light couples to the magnons VUl the magneto-optic 

constants of the material. The frequency of the spin waves of a magnetic thin 

film or multilayer can be calculated by solving the Landau-Lifshitz equation of 

motion and the magnetostatic Maxwell's equations for each magnetic layer and 

applying the appropriate boundary conditions. The coordinate system used for 

calculating the spin-wave spectra of a layered structure is shown in Figure 6.S. 

This geometry is known as transverse, since the magnetization is in the sample 

plane and the direction of spin wave propagation is perpendicular to the 

direction of the magnetization and the applied field. 
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Figure 6.8 Coordinate system used for calculating the spin-wave spectra of a 
layered structure. 

The Landau-Lifshitz equation is 

- = ymx - +-V M tIM 1I~ (il V MEw 2A 2-J 
~ M M2 

where Y=Yegl2 is the gyromagnetic ratio, Ye=1.759 x 107 HzlOe is the free 

electron gyromagnetic ratio, g is the spectroscopic splitting factor, H is the 

applied field, Earn is the volume anisotropy energy density and A is the 

exchange stiffness constant. The magnetostatic Maxwell equations are 

Vxii = 0 
V·(ii+41tM) = 0 

(6-4) 

(6-5) 

The Maxwell boundary conditions require that Hy, Hz. and H;r + 41TM;r be 

continuous. There is an additional boundary condition due to the interface 
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anisotropy and exchange, which requires that the torque must be equal to zero 

at each interface. For an interface with no interlayer exchange, the Rado

Weertmann boundary condition121 is used 

(6-6) 

where Einler is the interface (surface) anisotropy energy density and Clan is the 

partial derivative with respect to the sample normal which points toward the 

magnetic layer. If there is exchange coupling between layers nand n', the 

Hoffmann boundary conditionsl
22,l23 must be used 

=0 

%="/-1 

(6-7) 

(6-8) 

where Ann' is the interlayer exchange stiffness constant, and the interface normal 

points into the layer. For a multilayer composed of alternating magnetic and 

nonmagnetic layers, n'=n+2. In order to find a solution the magnetization and 

magnetic field are divided into a static and dynamic parts 
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M(t) = PAo+mei(wt-q¥), 111I1<IMol 
H(t) = Do + lie t{wt-fJ-F), llil< IRo I 

(6-9) 

For a general layered structure, including exchange and dipolar interactions 

and volume and interface anisotropies, there is no closed-form analytic solution 

for the frequency of the spin waves, and computer fits must be used.l24 

Analytical solutions of the spin wave frequencies for a single magnetic 

film in the transverse geometry have been calculated for several special cases. 

In the dipolar approximation, the spin-wave spectrum of a single isotropic 

magnetic thin film of thickness, tml consists of a single dispersive surface or 

Damon-Eshbach model25 and a degenerate set of non-dispersive bulk modes. 

The frequency of the Damon-Eshbach mode is given by 

wherel25 

1 

v.> = Y[H(H +41tM) +W(21tM)2]2 
(6-10) 

(6-11) 

In the dipolar approximation, the frequency of the bulk modes of a thin film 

are given by Equation (6--10) with w=O. When the effect of exchange is 

included, the spin-wave modes are quantized and the degeneracy of the bulk 

modes is lifted. Except near mode crossings, and neglecting anisotropy, the 

frequency of the spin wave modes is given by 
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[ 
2A 2A ]! (6 12) 

CJ) = Y (H+ M q2 )(H+ Mtl+41tM)+w(21tM~ 2 -

where 'L. =i7r/~, q2=q.2+'L.2.126 The frequency of the surface mode is given by 

Equation (6-12) with i=O and w determined from Equation (6-11). The 

frequency of the bulk modes is given by Equation (6-12) with i=1,2,3,.. and 

w=O. 

The spin-wave spectrum of a periodic multilayer composed of alternating 

magnetic and nonmagnetic layers has N spin-wave modes, where N is the 

number of periods, ~ is the thickness of the magnetic layers, and to is the 

thickness of the non-magnetic layers. In the dipolar approximation, the 

Damon-Eshbach modes in each magnetic layer couple via stray dipolar fields 

and form a band of collective excitations. The frequency of the dipolar modes 

is also given by Equation (6-10) with 

w = 2sinh(q1t ra )sinh(q1to) 
cosh( q .a) -cos( q.LA) 

where 'L.=i1r/NA, i=O,l,2,,..,N-l and qZ=q.2+'L.2.1Z7 If the magnetic layer 

(6-13) 

thickness is larger than the non-magnetic layer thickness, a surface mode for 

the multilayer splits off from the band of collective excitations with a frequency 

given by Equation (6-10) and 
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-.,~ Nt 
W = i-e -I CI 

(6-14) 

If the nonmagnetic spacer layer in the multilayer is thin enough, the magnetic 

layers may be exchange-coupled, and the dipolar collective modes are converted 

into exchange collective modes.12i 

6.3.2 Results 

Brillouin light scattering measurements were made on the sputtered 

Co/Pd multilayers with 10 Co layers and 11 Pd layers, which had tco=tpd' These 

sputtered ColPd multilayers have in-plane magnetization as determined from 

the SQUID ma[,netometry measurements. The spin-wave spectra of four 

samples in an applied field of 1 Kg are shown in Figure 6.9. 
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Figure 6.9 Spin wave spectra for four sputtered ColPd multilayers with tco=tpd' 

The Co and Pd layer thicknesses in atomic layers are indicated for each 

spectrum. The band of collective excitations is identified by its asymmetric 

shape. For the multilayers with tco=tpd=2 atomic layers and tco=tpd=5 atomic 

layers, all of the spin-wave modes are degenerate within experimental 
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resolution due to the strong dipolar coupling across the Pd layers. For the 

multilayer with tco=9 atomic layers and trd=l1 atomic layers, two peaks are 

observed in the anti-Stokes spectrum. The high frequency peak near 17 GHz is 

the surface spin-wave mode for the multilayer stack with its large Stokeslanti

Stokes asymmetry. The second peak, which occurs near 12 GHz, is the 

collective band of bulk-like spin-wave modes. For the multilayer with tco=47 

atomic layers and tpd=54 atomic layers, the surface spin-wave mode is observed 

near 25 GHz and bulk-like modes occur near 22 and 15 GHz. A plot of spin

wave frequency vs. applied field for the sputtered Co/Pd multilayer with 

tco=100 A and tpd =120 A is shown in Figure 6.10. The squares are the 

experimental data and the solid lines are the least squares fit. A good least 

square fit for the three thickest Co/Pd multilayers was possible. The fit 

parameters for these Co/Pd multilayers are 47TM.,=14.5±1.0 kG, g=2.03±O.05, 

K,=(-3.1±0.4)x1cr erg/cm3
, and Ka=O.45±O.10 erg/cm2 
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Figure 6.10 Measured and calculated spin wave frequencies vs. applied field for 
the sputtered Co/Pd multilayer with ta,=100 A and tpd =120 A. 

We also measured the spin wave spectra of the remaining four sputtered 

Co/Pd multilayers with 10 Co layers and 11 Pd layers. These multilayers are 

perpendicularly magnetized in zero field. Our Brillouin light scattering 

measurements were the first ever to be reported on sputtered multilayers with a 

perpendicular easy axis of magnetization.81 The spin-wave frequency vs. 

applied field for the sputtered Co/Pd multilayer with ta,=4 A and tpd=l1 A is 

shown in Figure 6.11. The squares are the experimental data and the solid lines 

are theoretical fits using a model128 which allows the magnetization to hIm 

out of the plane when the applied field is smaller than the saturation field. 

According to the theoretical model, for H < <He, the saturation field for in-plane 

magnetization, the highest frequency spin-wave mode is the collective surface 



141 

mode. As the field is increased this collective surface mode merges with the 

band of collective bulk modes. As the field is increased further the collective 

surface mode drops out of the band and goes soft just before H=Ha. Above 

H = Ha, the collective surface mode is the lowest frequency mode. There is a 

softening of the spin wave frequency of the band of collective bulk modes near 

H=Hs. However, the frequency of the collective bulk modes do not go to zero 

because of the significant exchange energy. The theory agrees with the 

experimental data for H>6 kG. The difference between the experimental data 

and the theoretical fit below this field is probably due to domain formation. 
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Figure 6.11 Measured and calculated spin wave frequencies vs. applied field for 
the sputtered ColPd multilayer with tco=2 atomic layers and tpd=5 
atomic layers. 

We also used Brillouin light scattering to examine the series of sputtered 

Co/Pd multilayers which have either 8 or 30 periods. Figure 6.12 shows a series 
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of Brillouin light scattering spectra for the sputtered ColPd multilayers with 30 

periods. The Co and Pd layers had the same number of atomic planes n, where 

n varied from 1 to 32. An external magnetic field of 5 kG was applied in the 

sample plane, which was perpendicular to the scattering plane. The applied 

field was large enough to saturate the sample and create a single magnetic 

domain. The central peak in Figure 6.12 is due to the elastically scattered light. 

The spectrum for the sample with n=32 is typical for dipolar collective spin

wave excitations. With decreasing layer thickness, the width of the collective 

band becomes smaller, until at n=4 the experimental resolution is reached. 

However, we find the frequency of the surface mode remains essentially 

unchanged. In contrast, the frequency of the bulk modes increases in 

frequency with decreasing n, eventually crossing the frequency of the surface 

mode. The Brillouin light scattering measurements on the samples with 30 

periods with small n exhibit exchange-dominated collective modes. The 

observed phenomenon is in good agreement with the theoretical thickness 

dependence of the spin wave frequencies shown in Figure 6.13. However, 

Brillouin light scattering spectra for similar sputtered Co/Pd multilayers with 8 

periods did not show evidence of exchange-dominated modes. 
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Figure 6.12 Brillouin light scattering spectra for the sputtered Co/Pd multilayers 
with 30 periods and H=5kG. 
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Figure 6.13 Calculated magnon frequency for ColPd multilayers with equal 
individual layer thickness. 
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In this dissertation, I have discussed the preparation and characterization 

of Co/Cu and ColPd multilayers. I made the Co/Cu multilayers by dc triode 

sputtering and the ColPd multilayers both by dc triode sputtering and MBE 

evaporation. I structurally characterized the sputtered multilayers using x-ray 

diffraction and Rutherford backscattering spectroscopy (RBS). In addition to 

these measurements, in situ electron diffraction techniques and ex situ scanning 

tunneling microscope (STM) measurements were used to structurally 

characterize the MBE-grown ColPd multilayers. I have used magnetic data 

obtained from SQUID, vibrating sample and torque magnetometers to model 

the saturation magnetization and uniaxial anisotropy of the Co/Cu and Co/Pd 

multilayers, as well as study the coercivity and hysteresis loop shape. Using 

data obtained from Merritt Deeter and Professor Dror Sarid of the University of 

Arizona, Dr. Wolfgang Reim of Siemens (Erlangen), and our own Kerr 

magnetometer, I have been able to characterize the magneto-optical properties 

of the Co/Cu and ColPd multilayers. In conjunction with Dr. John Dutcher and 

Professor George Stegeman, I studied the elastic properties of the sputtered 

Co/Cu multilayers using Brillouin light scattering spectroscopy. I also have 

used Brillouin light scattering spectroscopy to explore the magnetic properties 
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of the sputtered Co/Pd multilayers in collaboration with Dr. Burkard 

Hillebrands of RWTH Aachen. The remai..'lder of this chapter will summarize 

the results obtained from the various structural, magnetic, and magneto-optical 

characterization techniques for the Co/Cu and Co/Pd multilayers. 

7.1 Structural Characterization 

As discussed in Chapter 3, the sputtered Co/Cu and ColPd multilayers 

have polycrystalline fcc (111) textured layering. This crystal structure is also 

obtained for non-epitaxial evaporated ColPd multilayers. We have also grown 

epitaxial Co/Pd superlattices with (100), (110), and (111) crystalline layering. 

The poor x-ray contrast between Co and Cu makes it difficult to 

determine the multilayer period of this material pair from x-ray diffraction. 

Low angle x-ray measurements of the Co/Cu multilayers with fixed atomic 

percent Co indicate that there is compositional modulation for A> 17 A. It is 

easier to determine the multilayer period of Co/Pd, since the x-ray contrast 

between Co and Pd is larger. For the Co/Pd multilayers, the multilayer period 

determined from the x-ray measurements agrees with the multilayer period 

determined from RBS measurements. 

X-ray measurements of the average lattice spacing of both multilayer 

systems indicate that the layers are strained along the film normal due to the 

lattice mismatch at the interfaces. For the Co/Cu multilayers with fixed Co 

layer thickness, the Co layers have a small compressive perpendicular strain, 
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€ =( -O.4±O.l)%, while the Cu layers have a small tensile perpendicular strain, 

€=(-0.4±0.3)%. For the (111) oriented Co/Pd superlattices, the Co layers have a 

small compressive perpendicular strain, e=(-1.0±0.4)%, while the Pd layers 

have negligible perpendicular strain, e=(O.O±O.l)%. For the (100) oriented 

Co/Pd superlattices, the Co layers have a much larger compressive 

perpendicular strain, e=(-9±1)% ,while the Pd layers have a small tensile 

perpendicular strain, e=(2.4±0.5)%. 

For the sputtered multilayers, I also find that the observed normalized 

structural coherence length increases with increasing multilayer period, which 

is consistent with an increase in the misfit dislocation density. The misfit 

dislocations partially compensate the interfacial mismatch. The structural 

coherence length determined from x-ray diffraction for the Co/Pd (111) 

superlattices is approximately the same as the multilayer thickness, while for the 

Co/Pd (100) and Co/Pd (110) superlattices, it is smaller than the multilayer 

thickness. I believe that strain broadening in these superlattices results in an 

underestimate of the structural coherence length, since in situ electron 

diffraction indicates that the superlattices grow with well-ordered, atomically 

smooth interfaces. In addition, STM micrographs indicate large grains for the 

MBE-grown Co/Pd superlattices. 
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7.2 Magnetometry 

Chapter 4 described how the saturation magnetization M, of the 

sputtered co/eu multilayers is explained by a model of magnetic Co layers 

separated by non-magnetic Cu spacer layers. I obtained the saturation 

magnetization of the Co layers, Mco, for both series of sputtered Co/Cu 

multilayers. I find Meo=1340±40 emu/cm3 for the Co/Cu multilayers with fixed 

atomic percent Co and Meo=1270±60 emu/cm3 for the Co/Cu multilayers with 

fixed eo layer thickness. These values are approximately the same as that 

measured for a 960±30 A Co film <Mco=1390±40 emu/cm3
), indicating the Co 

within the layers behaves magnetically as if it were free standing. 

The saturation magnetization ~ of the Co/Pd multilayers is explained by 

a model of magnetic Co layers separated by partially polarized Pd spacer layers. 

The average magnetization per Co layer for the sputtered Co/Pd multilayers is 

MCo=1240±20 emu/cm3
• This results indicates a 13% reduction in Co 

magnetization from that of bulk (Meo
bulk=1422 emu/cm3

). The average 

magnetization per Co layer for the MBE-grown Co/Pd multilayers 

(1460±40 emu/cm3
) is very close to that of bulk hcp Co. 

The sputtered co/eu multilayers and Co films have an easy plane of 

magnetization. The uniaxial anisotropy of the sputtered co/eu multilayers are 

modelled as magnetic Co layers with contributions due to shape anisotropy, 

27TMeo2, volume anisotropy, I<O, and interface anisotropy, K,. I obtain a 
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negligible contri?ution from the interface anisotropy, K,= -O.OS±O.2 ergs/cm2, for 

the sputtered Co/Cu multilayers with fiXed atomic percent Co. Since the 

magnetization of the Co layers in the multilayer is approximately that of a Co 

film, the shape anisotropy contribution to the ~axial anisotropy is also 

approximately the same. The volume anisotropy, Ko=(1.5±O.9)xl<r ergs/cm3
, 

that I obtain for these multilayers is similar to the values obtained for a 

960±30 A thick sputtered Co film, Ko=(1.2±O.3)xl<r ergslcm3
• The volume 

anisotropy is approximately the value expected for an fcc Co (111) film. The 

uniaxial anisotropy of the sputtered Co/Cu multilayers with fixed Co layer 

thickness is a function of the Cu layer thickness. Since the shape anisotropy 

contribution to the anisotropy is constant, the change in anisotropy with Cu 

layer thickness must be due to changes in either the volume or interface 

anisotropy with Cu layer thickness. 

The uniaxial anisotropy for the Co/Pd multilayers was modelled in an 

identical manner to the sputtered Co/Cu multilayers. I find that the interface 

anisotropy Ks of the sputtered Co/Pd multilayers with ten Co layers and eleven 

Pd layers is O.32±O.05 ergslcm2
• The interface anisotropy of the evaporated 

Co/Pd multilayers (K,=O.63±O.OS ergslcm~ is independent of the crystalline 

orientation. The sputtered Co/Pd multilayers have a small volume anisotropy, 

Kv=( -1.6±O.3)x1<r ergslcm3
• The polycrystalline evaporated multilayers also 

have a small volume anisotropy, Ko=(O.6±0.4)xl<r ergslcm3
• However, the 
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volume anisotropy, Ku=(7.6±0.5)xl<r ergs/cm3
, of the epitaxial Co/Pd (111) 

superlattices is slightly greater than the magnetocrystalline anisotropy for bulk 

hcp Co, K=6.3xl<r ergslcm3
• The additional volume anisotropy may be caused 

by the large magnetoelastic effect in hcp Co. TIle large volume anisotropy, 

1'<0=( -3.2±0.3)xl07 ergs/cm3
, of the epitaxial CoIPd (100) superlattices is caused 

by the strain in the Co layers, which results in a magnetoelastic anisotropy of 

K=( -3.1 ±O.5)xl07 ergs/cm3
• 

The coercive field obtained for the sputtered Co/Cu multi1ayers is 

probably due to a columnar or granular film structure. The small coercive field 

of the in-plane loops indicates that the grains are strongly coupled and the 

mechanism of magnetization reversal is coherent rotation. However, it is not 

certain what mechanism of magnetization reversal causes the larger 

perpendicular coercive field. 

The perpendicular loops of the evaporated Co/Pd multilayers with a 

perpendicular easy axis have been modeled using domain theory. The 

multilayers are treated as uniform homogeneous magnetic films. The input 

parameters are the total film thickness, the saturation magnetization, the 

coercivity and the wall energy. The perpendicular coercivity of the evaporated 

Co/Pd multilayers depends strongly on the Co layer thickness. 
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7.3 Magneto-Optical Characterization 

As discussed in Chapter 5, I have obtained measurements of the effective 

optical and magneto-optical constants of the sputtered Co/Cu multilayers with 

fixed atomic percent Co. We find that the theoretical and experimental values 

of real part of the effective optical constant n agree reasonably well for 

multilayer periods greater than 25 A, below which the experimental values are 

greater than the theoretical values and approach the value for bulk Co. We 

find that the theoretical values of the imaginary part of the effective optical 

constant k are slightly greater than the experimental values for all but the 

smallest multilayer period. The increase in n and k for the Co/Cu multilayers 

with small multilayer periods is probably due to a modification of the complex 

refractive index for thin Cu layers. We observe a slow increase in the effective 

magneto-optical constants with increasing multilayer period, with the 

experimental values larger than, and increasing more rapidly than, the 

theoretical values. I believe that the difference in the theoretical and calculated 

values of the magneto-optical constant is probably due to the unrealistically low 

value of the measured magneto-optical constant for the sputtered Co film. 

I have studied the polar Kerr spectra of the sputtered Co/Cu and ColPd 

multilayers, as discussed in Chapter 5. The polar Kerr spectra for Co/Cu 

multilayers with thin Cu layers are similar tn the spectral data obtained for 

sputtered Co-Cu alloys. This behavior is probably caused by changes in the 
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optical constants of the Cu layer. The other Co/Cu multilayers exhibit a shift in 

the position of the low energy minima towards the energy of the Cu plasma 

edge. The large difference in the optical constants of Cu and Co in this spectral 

region causes the observed "enhancement" of the polar Kerr rotation. I have 

generated calculated spectra for each of the measured Co/Cu multilayers using 

bulk optical and magneto-optical constants. The differences in the calculated 

and experimental spectra are probably due to uncertainties in the dielectric 

tensor used for the Co layers. The experimental polar Kerr spectra for a series 

of sputtered Co/Pd multilayer with 2 A Co layers for the Co/Pd multilayers are 

considerably different than the spectrum of the sputtered Co film. The Co/Pd 

multilayers have a single broad spectral feature near 3 eV, with the shape of 

this feature depending on the Co atomic percentage. The magnitude of the 

Kerr rotation decreases with decreasing Co atomic percentage, since the optical 

constants of Co and Pd are very similar, and to first order the Kerr rotation 

depends on the ratio telA. 

I have measured the Kerr rotation loops of the MBE-grown ColPd 

multilayers obtained using a polarization-modulation Kerr loop technique. The 

saturation polar Kerr rotation increases with Co layer thickness, but the loop 

shearing also increases with Co layer thickness. The Kerr coercivity decreases 

with increasing Co layer thickness. 
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7.4 Brillouin Light Scattering Studies 

I have obtained Brillouin light scattering measurements of the Rayleigh 

and Sezawa acoustic phonon modes in the sputtered Co/Cu multilayers with 

fixed atomic percent Co, as well as sputtered Co and Cu films. These results 

are described in Chapter 6. We determined four of the five independent elastic 

stiffness constants (cll , cl3t c33 and c.J from the dispersion relations for the 

Rayleigh and Sezawa modes. We find the effective elastic constants exhibit less 

than 10% variation as a function of multilayer period, which is consistent with 

the small «5%) variation in the measured Rayleigh and Sezawa mode 

velocities. 

Using Brillouin light scattering measurements of the spin-wave modes 

described in Chapter 6, we determined the magnetic properties of the sputtered 

Co/Pd multilayers with ten layers of Co and eleven layers of Pd, which have 

tco=tpd' The magnetic properties obtained by fitting the applied field 

dependence of the spin-wave modes are 47TM.=14.5±1.0 kG, g=2.03±O.05, 

Kv=(3.1±0.4)x1cr erg/cm3
, and I<a=O.45±O.10 erg/cm2

• We also have reported the 

first Brillouin light scattering measurements on sputtered ColPd multilayers 

with a perpendicular easy axis of magnetization, and have measured and 

theoretically modelled the field dependence of spin-wave modes. The theory 

agrees with the experimental data for H>6 kG. The difference between the 

experimental data and the theoretical fit below this field is probably due to 
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domain formation. We also used Brillouin light scattering to examine the series 

of sputtered Co/Pd multilayers which have either 8 or 30 periods. We observe 

dipolar collective spin-wave excitations for the Co/Pd multilayer with the largest 

periods. We also have the first reported measurements of exchange-dominated 

collective modes for the sputtered Co/Pd with 30 periods. The observed 

phenomenon is in good agreement with the theoretical thickness dependence of 

the spin wave frequencies. 
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