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ABSTRACT 

Structural, magnetic, and magneto-optical properties of Co/Pd and 

Co/Pd/Cu superlattices, ultra-thin Co films and MnSb alloys have been studied. 

The superlattices and Co films were grown by molecular beam epitaxy (MBE) 

while the MnSb alloy films were made by sputtering techniques. Several x-ray 

diffraction techniques were used to analyze the physical structure of the 

superlattices and alloys. Magnetometry techniques were used to determine 

some of the room temperature and temperature dependent magnetic properties 

of the films. In situ and ex situ measurements af the magneto-optical properties 

of the ultra-thin Co films and alloys also were made. 



CHAPTER 1 

INTRODUCTION 

13 

Recent developments in the use of perpendicularly magnetized 

multilayered films such as pel/Col and Pt/C02 for magneto-optical recording 

have stimulated research into the fundamental mechanisms responsible for 

perpendicular magnetic anisotropy. Other multilayer systems with similar 

noble metals for the spacer material such as AgiCo/ MO/CO,4 and Cu/C05 in 

general, do not have a perpendicular magnetic easy axis. This has inspired us 

to further investigate the Co/Pd multilayer system and ultra-thin Co films in 

order to better understand the effect of spacer materials on the magnetic 

properties of these thin films. Also, it is necessary to ascertain the thermal and 

reversal magnetization properties of these films to determine their suitability as 

recording materials. 

1.1 Thin Film Magnetic Recording Materials 

Magneto-optical (MO) recording media currently utilize rare earth

transition metal (RE-TM) alloys such as TbFe and GdTbFe. These systems are 

easily oxidized due to the presence of the rare earth elements, so a protective 

layer is needed for corrosion resistance. Increasingly higher density recording 
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is pushing the development of the short wavelength blue laser to decrease the 

focal spot size. However, the MO properties of the RE-TM materials decrease 

with decreasing wavelength. A system such as CorrM multilayers (TM = Pd, 

Pt) does not have these problems since they are very corrosion resistant and 

their MO properties increase with decreasing laser wavelength. This has 

stimulated much research in these and related multilayer systems.6 

For the CorrM multilayers to be useful as a MO recording material, they 

must also have a perpendicular easy-axis of the magnetization? Perpendicular 

magnetization in these films is due to a perpendicular interface anisotropy 

which is believed to be due to a decreased symmetry at the interface between 

the magnetic and non-magnetic layers although the exact origin is still 

unknown. Recent development of high resolution techniques to measure the 

magneto-optical properties of ultra-thin magnetic films while still in vacuum 

may lead to a better understanding to the source of interface anisotropy. The 

shape of the magnetization vs. temperature curve and the Curie temperature, 

TCI is very important in the reading and recording process. The temperature 

dependence of the magnetization should ideally resemble a step function with 

a high magnetization and MO effect below the Curie temperature and a sharp 

dropoff near Tc. The Curie temperature needs to be sufficiently low (-300 -

400°C) so the direction of the magnetization can be switched at a reasonable 

laser power.8 
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Determination of the thermal stability for these multilayers is also 

important. At elevated temper?tures, the Co and the TM layers can interdiffuse 

and decrease the perpendicular interface anisotropy. This has been found to 

occur between 400 and 500°C for sputtered films.9 

Other magnetic thin film materials that are possible candidates for MO 

media are MnBPo and MnSbll alloys, phase change media, and a class of 

materials in the garnet family12. While each of these systems have their own 

advantages and drawbacks, we have studied the MnSb alloy system and tried 

to influence its structure with different deposition parameters to improve its 

MO recording characteristics. 

1.2 Organization of Dissertation 

In this dissertation, I have examined physical properties of Co-based 

muItiiayers and ultra-thin films and, in addition, sputtered MnSb alloys. I 

studied the properties of ColPd superIattices and a few ColPd/Cu tri-Iayer 

superIattices grown by molecular beam epitaxy (MBE) techniques. Ultra-thin 

Co films were grown on various metal buffer materials and I examined how 

the in situ magneto optical (MO) properties were affected with deposition of a 

metal overlayer. I also used different sputter deposition techniques to 

determine how these techniques would affect the structural properties of MnSb 

alloys. 
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This dissertation consists of six chapters including the Introduction and 

Conclusions. I discuss the sample preparation for both the MBE grown and 

sputtered films in Chapter 2. Structural characterization techniques used to 

analyze the superlattices are presented in Chapter 3. These include Rutherford 

backscattering spectrometry and various x-ray diffraction techniques. I examine 

the temperature dependence of the magnetization and magnetic anisotropy of 

the ColPd superlattices and compare them with the magnetic properties of 

ColPd/Cu superlattices. In addition, magnetic reversal processes are examined 

through a coercive field study in Chapter 4. I discuss the magneto-optical 

properties of the ultra-thin Co films in Chapter 5. Finally, I summarize these 

studies in Chapter 7, the concluding chapter. 
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Chapter 2 

SAMPLE PREPARATION AND GROWTH 

The samples discussed in this dissertation have been prepared by both 

Molecular Beam Epitaxy (MBE) and sputtering techniques. This chapter will 

examine the details of both the equipment and the techniques used to make 

the samples. Sputtered and MBE sample parameters are included in tabulated 

form. 

2.1 Molecular Beam Epitaxy 

2.1.1 Equipment 

We deposited monolayer and multilayered films in a modified Perkin

Elmer 433 Molecular Beam Epitaxy (MBE) system. A top view of the MBE 

machine is shown in Figure 2.1. It consists of four main chambers: introduction, 

growth, experimentation and analysis. The introduction chamber is used for 

loading and removal of samples. The growth chamber contains two effusion 

cells, two single-pocket electron beam guns, a four-pocket electron beam gun, 

reflection high energy electron diffraction (RHEED), low energy electron 

diffraction (LEED) and a manipulation stage capable of sample rotation and 

heating (950°C). The experimentation chamber is configured to measure the in 
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situ surface magneto-optical Kerr effect (SMOKE) of the monolayer films. 

Samples can be further analyzed with Auger electron spectroscopy (AES), x-ray 

photoelectron spectroscopy (XPS) and ion scattering spectroscopy (ISS) in the 

analysis chamber that contains a heating stage (800°C) for annealing studies. 

Each of these chambers can be isolated from one another with gate valves. A 

transfer rod system is used to move substrates to the appropriate chamber. The 

system uses only oil free vacuum pumps and has a base pressure of = 5 x 10-11 

Torr. The pressure is typically = 2 x 10-10 Torr while depositing materials. At 

the deposition pressure, the time it takes for a monolayer of contaminates to 

form at a surface assuming a sticking coefficient of unity exceeds 10 hours. 

This contrasts with fractions of a second for an adlayer to form in the 

sputtering system. At these pressures, very low rates of deposition are possible 

with little or no contamination of the film during deposition or analysis. This 

is crucial to our work especially in the monolayer regime because 

contamination can have a large effect on the physical properties of the 

magnetic films. 

Deposition of materials is accomplished with both Knudsen cells 

(thermal evaporation) and electron-beam evaporation. Both Pd (4N purity) and 

Ag (6N purity) were deposited from the Knudsen cells while eu (6N purity) 

and Ir (4N5 purity) were evaporated from electron guns. Regulation of 

deposition rates for the electron guns are controlled optically with an electron 
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Figure 2.1 Modified Perkin Elmer 4335 Molecular Beam Epitaxy system. 

impact emission spectroscopy (EIES) feedback system while the thermal cell 

rates are controlled by regulation of the temperature to ±0.1 0c. Typical rates 

for both source types are 0.1 to 0.3 Nsec. 

2.1.2 Multilayer Deposition 

We made multilayered samples in the following manner. GaAs 

substrates were indium bonded to the front of three inch diameter Si wafers. 

19 
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After the substrates were transferred in the growth chamber, they were 

annealed to 600°C for approximately 30 minutes. The anneal was necessary to 

desorb surface contaminates and oxides. The substrate was monitored 

continuously during the anneal with RHEED until the pattern indicated a good 

clean starting surface by the appearance of sharp diffraction streaks. After a 

cool down of approximately 18 hours to room temperature, we were ready to 

deposit a seeded buffer layer13 to produce a high quality epitaxial surface on 

which to grow our film. 

The components of the buffer layer depended on what orientation 

monolayer or multilayer film we intended to grow. For the (111) orientation, 

the layer consisted of two parts. First, a 6-10 A bcc Co(l11) seed layer was 

deposited which was followed by a 500 A Pd(111) buffer layer. The bcc Co film 

was necessary for epitaxial growth of the Pd buffer and film. The thick Pd 

buffer was used to prevent any arsenic contamination of the subsequent 

multilayer or monolayer film. In order to grow films in the (100) orientation, 

we needed a GaAs(100) substrate. In this case, the buffer consisted of a 6-10 A 

bcc Co(100) seed layer followed by a 500 A Ag(100) film. For the (110) 

orientation, 400 A of Ag(110) and 200 A of Pd(110) were deposited on a 

GaAs(110) substrate. 

While all three of these layers grew epitaxially on GaAs, they grew 

polycrystalline on the Si wafer. This can be used to our advantage in that we 



can make a direct comparison of the magnetic and structural properties of 

epitaxial films to those of polycrystalline films having identical growth 

conditions. 
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During growth of the superlattices, the substrates were rotated at 10 rpm 

to minimize variations of the film thickness over the diameter of the wafer. 

With microprocessor controlled shutters, alternating layers of Co and Pd (and 

Cu in the Co/Pd/Co tri-layer samples) were then deposited to form a 

multilayered structure. Further details of the multilayer deposition have been 

described elsewhere.14,15 

2.1.3 MBE Monolayers 

The substrates and preparation layers needed for the monolayer studies 

are identical to those used for multilayers. Refer to the previous section for 

details. 

We used two different approaches in growing the monolayer films. The 

first was to deposit a thin film (2 - 12 A) of Co on the buffer layer and transfer 

the sample to the SMOKE chamber to measure its magneto-optical (MO) 

properties (see Chapter 5 for details) and then transfer it back to the growth 

chamber. We then deposited a series of thin transition metal overlayer films on 

the Co ranging from 1 to 25 A, transferring and measuring each one until the 

overlayer was about 100 A thick. This gives us information about the MO 
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properties of a single Co thickness as a function of overlayer thickness. The 

second technique we used was to grow Co "stripes" on the buffer layer without 

sample rotation. Here, we moved the sample shutter partially over the 

substrate and deposited a few monolayers of Co. We then opened the shutter 

further and deposited another monolayer of Co. With the shutter fully open a 

final monolayer of Co was deposited. After measuring the MO properties of 

the bare Co, we deposited the overlayer material the same way as described 

previously. In this way, we effectively made three different samples on the 

same substrate. The materials we used for the overlayers included Cu, Ir and 

Pd. 

Table 2.1 lists the Co film thicknesses and the overlayer materials studied 

with a Pd(111) buffer layer. In addition to the Pd buffer layer, we also 

deposited Cu and Ir buffers to see the effect different buffers had on the MO 

properties of the Co. Table 2.2 lists the parameters of these films. 
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Co Pd Cap CuCap Ir Cap 
thickness(A) thickness(A) thickness(A) thickness(A) 

2 1-100 0.5-100 

4 1-50 0.5-100 2-50 

6 1-50 

8 1-100 1-100 2-50 

10 1-100 

12 1-50 

Table 2.1 Table of monolayer films grown on a Pd(111) buffer. 

Co Cu buffer/ Ir buffer/ 
thickness (A) 

0 0 

Pd Cap(A) Ir Cap(A) 

2 1-30 

4 1-50 2-50 

6 

8 2-100 

10 1-100 

12 1-100 

Table 2.2 Co monolayer samples deposited on other (111) buffer layers. 
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We also made monolayer films in the (001) orientation with a Pd buffer 

as shown in Table 2.3. Several films in the (110) direction deposited on a Pd 

buffer layer were also made, however none of the films were magnetic. 

RHEED and LEED of buffers and Scanning Tunneling Microscopy (STM) of 

multilayers show that this orientation grows more roughly than in the (111) or 

(001) direction. Because of the surface roughness, the Co probably goes down 

in isolated patches or clusters and therefore is paramagnetic since its Curie 

temperature is decreased below room temperature.16 

Co Pd Cae Cu Cal? Ir CaE 
thickness (A) 

0 

thickness(A) th ickness (A) thickness (A) 

2 2-50 1-10 2-8 

4 2-50 1-10 2-8 

6 2-20 

8 2-20 

Table 2.3 Co monolayer samples deposited on a Pd(OOl) buffer. 
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2.2 Sputtering 

2.2.1 Equipment 

We deposited sputtered samples in the high vacuum sputtering system 

shown schematically in Figure 2.2. It is a diffusion pump based system 

consisting of three main components: mechanical pump, diffusion pump with 

cryo trap and the sputtering chamber. The mechanical pump serves two 

distinct functions. The first is to evacuate the sputtering chamber to =10-2 Torr 

to prepare the chamber for high vacuum conditions. The second function of 

the mechanical pump is to back up the diffusion pump through the foreline. 

The diffusion pump and cryo trap are used in combination to pump the 

sputtering chamber to pressures of = 10-7 Torr. Argon pressure during 

sputtering is controlled via a variable orifice located just above the diffusion 

pump. It consists of a set of louvers whose angle are adjusted to change the 

system pumping speed, and as a result, the chamber pressure. 

The third element of the system is the sputtering chamber shown in 

Figure 2.2. It is a stainless steel cylinder located on the base plate just above 

the gate valve. A removable top plate bolted to a hoist allows access to the 

interior of the chamber. Attached to the top plate is a capacitance manometer 

that is used for accurate determination of the Ar pressure during sputtering. 
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Figure 2.2 Diagram of Sputtering System 

An Inficon Quadrex 100 residual gas analyzer (RGA) is attached to the wall of 

the chamber. This can be used for determination of partial pressures of the 

residual gases present in the chamber as well as the system total pressure. 

With a slip ring assembly, electrical contacts are made through the top plate 

into the chamber. Presently this is used to bias the substrate table, which is 

electrically isolated from the system, to ±55 Volts and to monitor the substrate 

temperature with a type K thermocouple. A quartz bakeout lamp located just 
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above the substrate table heats the chamber during pump down, driving off 

water vapor adsorbed to the chamber walls. Before film growth, it can heat the 

substrate to a maximum temperature of ::::: 250°C. 

Substrates are placed face down in machined holders that fit into the 

substrate table. The table is clamped to a threaded rod attached to a ferro

fluidic rotary feed through. Table rotation is accomplished through a 

microprocessor interfaced encoder-decoder controlling table position, velocity 

and acceleration. Deposition of material onto substrates is achieved by rotating 

the samples over the sputtering guns and using the velocity to control layer 

thickness. Sputtering rates are regulated to within 0.3% 17 using a feedback 

loop on the power supplies that monitors the target current and voltage and 

using the target voltage as the feedback parameter. 

The chamber contains three sputtering guns, two of which are 

magnetically enhanced DC triode guns and the third is a standard DC 

magnetron gun. The triode guns consist of a Ta filament at one end of the 

gun, through which a high current is passed causing electron emission. These 

electrons are accelerated across the gun to an anode biased at +90 VDC with 

respect to the filament. The electrons are subject to a magnetic field from 

permanent magnets on each side of the gun. This field applied perpendicular 

to the electron field induce the electrons into a cyclic motion that increases the 

effective path length of the electrons. Ultra high purity 5N (99.999% pure) 
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argon gas is introduced to the gun at a nominal flow rate of 50 sccm and 

collisions between the electrons and the argon atoms ionize the argon. This 

generates a self sustaining argon plasma. A negative voltage applied to the 

sputtering target accelerate argon ions which bombard the target. Target 

material is ejected and coats the downward facing substrates. The number of 

target material atoms ejected and therefore the sputtering rate, is proportional 

to both the target voltage and target current according to the following 

equation 

(2.1) 

where Vo and Co are material dependent parameters, h is the target to substrate 

distance, r is the target radius and VT and IT are the target voltage and current 

respectively. 

The third sputtering source, a magnetron, produces a plasma from field 

emission of electrons from the roughened surface of the target due to a 

negative applied voltage. A high plasma density is generated directly above 

magnets imbedded in the gun just below the target. The target current cannot 

be directly controlled, however it can be affected by changing the target 

voltage or the sputtering pressure. 

The system allows for any combination of two sources to be used 
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simultaneously. This feature allows for multiple materials to either be layered 

or co-deposited as required. 

2.2.2 MllxSbtox alloys 

We sputtered MnxSb10x (x = .50) alloy films using the two magnetically 

enhanced DC triode sources with a 3N5 Mn target and a 5N Sb target both 

bonded to Cu bacyJng plates. Target bonding is necessary for good thermal 

contact with the gun especially for Mn since it has the lowest value of thermal 

conductivity of the metallic elements. This target can crack easily due to a high 

or sudden heat load. Typical sputtering power was 60 Watts (15 Watt/in2) form 

Sb and 120 Watts (30 'I\'atts/in2 ) for Mn. Typical sputtering rates were 

= 10 Nsecond. 

Films of pure Sb and Mn approximately 1000 A thick were sputtered on 

carbon and 90° oriented (1121) single crystal sapphire substrates. Precise 

measurements of the deposition rates (±3%) were determined by Rutherford 

Backscattering Spectrometry (RBS) analysis of films deposited for known times. 

The sputtering power W::lS set so that the ratio of the layer thickness equaled 

the ratio of the atomic number density (tStltMn = NMjNSb = 2.47). This results 

in 50 atomic percent of each material deposited in the film. At these powers, 

layer thicknesses can be varied by simply changing the sample rotation speed. 

MnxSb10x films were deposited by rotating the substrates over the sputtering 



guns and sequentially depositing thin layers of each of the two materials. 

Stoichiometry and film thickness were again verified by RBS. Typical layer 

thickness for Mn was 2.6 A and for Sb was 6.4 A. Total film thicknesses were 

approximately 1000 A. 
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Figure 2.3 RBS Spectrum of a typical sputtered MnxSb).x film. 

A typical RBS spectrum of an alloy film is shown in Figure 2.3 where 

1.9 MeV 4He+ particles were used to probe the film. Here the number of 

backscattered ions is plotted vs. the multichannel analyzer channel number 

30 
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(which is proportional to energy). The two predominant features at the high 

energy side of the spectrum are due to Mn and Sb. Actual stoichiometry for 

this film calculated from the integrated areas under the peaks is Mn.49Sb.sp The 

peak due to oxygen is shown at the low energy side of the spectrum scaled up 

by a factor of 50. The asymmetry of this peak is due to a nonuniform 

distribution of the oxygen within the film. The sharp edge at the high energy 

side is due to surface oxygen containing molecules such as COy H20 or O2 

adsorbed after removal of the sample from the vacuum chamber. The smaller 

peak at lower energy is from oxygen in molecules adsorbed at the substrate 

surface prior to deposition. These peaks correspond to = 8 atomic percent of 

the film. Trace contaminants as low as one tenth atomic percent can be 

determined with this technique. 

In addition to RBS measurements, the ion beam analysis facility 

performed proton induced x-ray emission (PIXE)18 on samples with a Cu 

buffer layer. Because the atomic number of Cu and Mn differs only by one, it 

is difficult to distinguish between the two materials using RBS. However, the 

x-ray emission lines are quite distinct and can be used to determine sample 

stoichiometry. 

Several techniques were used to try to influence the growth direction of 

the MnxSb1_x films. Each of these techniques is described below. 

It is known that the choice of substrates can alter the growth of sputter 



deposited films.19 We used both amorphous and single crystal substrates to 

examine the growth dependence of the MnxSb1_x' These substrates included 

glass, Si(111), Si(OOl), GaAs(110), 90° sapphire, mica and quartz. 

Other work on e-beam evaporated MnxSb1jSb multilayers20 showed 

that MnxSb1_x grew coherently with a Sb(OOl) buffer on both glass and 

polyimide substrates. To determine the effect of different buffer layers on the 

sputtered MnxSb1_x films, we deposited polycrystalline films of Sb, Mn and eu 

on several different substrates. 
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The effect of substrate height and sputtering pressure was also 

determined. A larger target-to-substrate distance changes the rate at which 

atoms are deposited on the substrate allowing additional time for the atoms to 

move about the surface and alloy before being covered by subsequently 

deposited material. In addition, at a higher substrate position, the sputtered 

atoms undergo more collisions with the Ar gas and lose energy before reaching 

the substrate. At sufficient heights and pressures the sputtered material can 

become thermalized.21 Low sputtering pressure decreases the total argon 

bombardment rate of the growing film and is known to change the film 

strain.22 Substrate height was increased from 3.6 and 7.0 inches above the 

target while argon pressure was decreased from 7.5 mTorr to 3 mTorr. At 

pressures lower than 3 mTorr, the plasma became unstable. 

Samples were deposited on substrates initially either at room 
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temperature or at :::::200 0c. Higher temperature allows higher surface mobility 

of the atoms. Others have found that evaporated MnxSb t_x films on 

polycrystalline NaCI at temperatures ~ 150°C exhibit only Sb x-ray patterns, 

while samples deposited at 200°C display a sharp MnxSb t _x pattern.23 

Substrates were typically at ground potential for depositions, but were 

also biased at +55 Volts and -55 Volts during deposition. Biasing the substrate 

changes the rate and energy of the argon and electron bombardment of the 

film and therefore can change the film structure and growth.24 A negative 

bias can also reduce the amount of oxygen and nitrogen in the film by 

repulsion or resputtering. Table 2.4 gives an overview of the deposition 

parameters that were examined in the MnxSbt_x system. 
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I Substrates II Buffer II tSb (A) II tMn (A) II Comments I 
900 sapphire None 19.4 8.3 RT, No Bias 

900 sapphire None 11.5 4.5 RT, No Bias 

HF Si(l1l) None 6.1 2.4 RT, No Bias 

HF Si(l11) Sb 6.0 2.4 RT, No Bias 
Glass 

Si(l11) Mn 5.8 2.3 RT, No Bias 
Glass 

Si(111) None 3.8 9.6 RT, No Bias 
Glass 

Si(l11) Cu 11.9 4.2 RT, No Bias 
Glass Sub. Height = 6.7" 

Si(l11) None 6.0 2.6 RT, No Bias 
900 Sapphire P = 2.8 mTorr 
Quartz 

HF Si(111) None 6.0 2.6 RT, No Bias 
HF Si(loo) P = 4 mTorr 
GaAs(110) 

Si(ll1) Cu 6.0 2.6 RT, No Bias 
Si(loo) P = 5 mTorr 
Mica 

Si(ll1) None 6.0 2.6 T = 200 °C 
Si (1 (0) No Bias 

HF Si(1l1) None 6.0 2.6 T = 250 °C 
HF Si(loo) P = 3 mTorr 
Mica, Glass Sub. Height = 7.1" 

Si(111) None 6.0 2.6 RT, Bias = -55V 

Si(l11) None 6.0 2.6 Sputter etched 
Glass two minutes 

Bias = +55V 

Table 2.4 MnSb samples made by sputtering technique 
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CHAPTER 3 

X-RAY DIFFRACTION AND STRUCTURAL ANALYSIS 

X-ray diffraction is used as a non-destructive structural analysis tool for 

both bulk materials and thin films. It can be used to determine whether a 

sample is amorphous, polycrystalline or single crystalline. Other information 

such as element, compound and phase identification, lattice spacing 

determination, crystallite size, strain measurements, superlattice modulation 

wavelength measurement and interdiffusion also can be measured.2S 

I measured, modeled and analyzed the MBE and sputter grown samples 

discussed in Chapter 2 with x-ray diffraction techniques. These techniques 

include Bragg-Brentano, Seemann-Bohlin and a computer controlled off-axial 

4-circle diffractometer. The first section of this chapter contains a short 

description of the equipment used to measure the samples. This is followed by 

x-ray diffraction theory and mathematical tools used to model the films. The 

third and final section of this chapter discusses the measurements and 

interpretation of the data. 

3.1 Equipment 

I used a standard Bragg-Brentano diffractometer with a parafocusing 
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geometry to characterize the films by taking high angle diffraction spectra with 

Cu-Ka radiation (1 = 1.542 A). This technique probes in the direction 

perpendicular to the film surface and provides information regarding the 

growth direction of the film. 

The Seemann-Bohlin diffractometer is a monochromated (Cu Kat) 

focusing geometry that also scans in the high angle regime. The geometry is 

such that the incoming beam is at a small incident angle (c..> = 6°) with respect 

to the film surface, and so the effective film thickness is -10 times the actual 

thickness. This is especially useful for measurement of very thin films. This 

configuration probes at 6B - c..> degrees away from the film normal.26 

The third system I used for x-ray measurements is a computer controlled 

4-circle diffractometer that is capable of five different modes of reciprocal space 

(Q space) scans,27 These include: 

1. Ql. axial scan mode - 6-26 scan with the scattering vector Q 

perpendicular to the film plane 

2. Q II axial scan mode - 6-26 scan with Q parallel to the plane (Ql. = 

0, transmission mode). 

3. Rocking curve mode - 6-scan with fixed 26 position 

4. Ql. off-axial scan mode - 6 and 26 are independently scanned along 

a set of equally spaced lines parallel to Q II = O. 

5. Q II off axial scan mode - 6 and 26 are independently scanned along 
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a set of lines parallel to Q.L = O. 

Scan mode 4 provides an effective coverage of Q-space that can be plotted in 

the form of a contour map allowing the diffraction peak positions to be 

accurately determined. The off-axial scan mode allows for a direct probe of the 

in-plane lattice spacing which gives a direct measurement of the in-plane 

strain. Standard 8-28 diffraction only can give indirect measurements of the 

in-plane strain determined from the perpendicular strain. 

3.2 Diffraction Theory 

3.2.1 Diffraction from Thin Films 

X-ray diffraction from a crystalline material follows the generalized 

Bragg law28 

sin 8 = ( ;~ r + 0(2 - 0) 
(3.1) 

where 88 is the Bragg angle, In is the diffraction order, d is the lattice spacing 

and 1-8 is the real part of the refractive index of the material. In most cases 

where the Bragg angle is greater than a few degrees, 8 is insignificant and the 

equation simplifies to the more familiar 
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2dsineB = nl (3.2) 

The position, full width at half maximum (FWHM) and intensity of a 

diffraction peak can be determined from fitting the peak to a mathematical 

profile. A few of the common fitting profiles are Lorentzian (Cauchy), 

Modified Lorentzian, Gaussian, and Pseudo-Voigt.29 The Lorentzian profile 

used to fit the diffraction peaks in this work is 

(3.3) 

where 10 is the intensity and {3 is the FWHM of the peak. 

The structural coherence length, L, of a film is determined from the 

FWHM of the Bragg diffraction peak using the Scherrer equation30 

K'A L=---
2 p/eOSeB 

(3.4) 

where K is a constant (=0.9) depending on the crystallite distribution and {3' is 

the FWHM of the diffraction peak less the intrinsic instrumental profile. 

3.2.2 High Angle Diffraction from Co/Pel/Cu Tri-Iayer Superlattices 

X-ray diffraction is commonly used to determine the structure of periodic 

crystalline bi-Iayered films. The multilayer period, A, is given by 
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(3.5) 

where n1 and n2 are the number of atomic planes for each of the two layers 

and d1 and d2 are the lattice spacings of the two materials. 

The diffraction spectrum of an idealized two component system with 

perfect square wave composition has been previously modeled.31 This model 

can be extended to a three component system as shown 

I(Q) 

(3.6) 

where 

Q 41t. e = -sm 
A. 

(3.7) 

and N is the number of periods in the multilayer. Ii is the diffraction intensity 

from a perfect crystal of material i given by 
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(3.8) 

where h is the atomic scattering factor for layer i within the unit cell, A. The 

first term of Equation (3.6) is identical to the first term of a bi-Iayer structure 

since it originates from the diffraction due to summation of the unit cells. It is 

from this term that the position of the diffraction peaks can be found. Maxima 

occur when 

(3.9) 

or, in terms of the peak position, 

. e rnA sm =-
m 2A 

(3.10) 

for any integer m. The multilayer period can be determined from the relative 

positions of the central Bragg peak and the superlattice peaks from32 

(3.11) 

where the Bragg peak corresponds to m = 0 and the satellite peaks correspond 

to mj = ±1, ±2, ... 

The second term of Equation (3.6), within the brackets, is an envelope 

function that modulates the first term. Since this is due to the summation of 
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the diffraction intensity of the atomic planes within the unit cell it is more 

complex than the normal bi-Iayer case. The function simplifies to the bi-Iayer 

case when 113 is set to zero. 

Theoretical spectra generated from this equation are shown in Figure 3.1 

a) and b) using the scattering factors at A = 1.54 A and d spacings for a Co/Pd 

bi-Iayer superlattice for A = 15 and 220 A respectively. It is seen that for small 

modulation wavelength the interference term of the envelope function, 

I)I2cos(V2QA), dominates since there is a high density of interfaces in the sample. 

For large modulation wavelength, diffraction from the individual layers of the 

unit cell, 10 , dominates the envelope function since there is a much lower 

density of interfaces. 

Theoretical envelope functions from Co/Pd/Cu tri-Iayers are shown in 

Figure 3.2 for A = 25.5 and 570 A. For the small modulation wavelength, the 

envelope function is very similar to that of a bi-Iayered superlattice. While for 

large A, the spectra splits into three peaks located at the Bragg angle of each of 

the three unit cell materials instead of two as in the bi-Iayer case. 
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Theoretical x-ray diffraction superlattice peak functi,?ns and 
envelope functions plotted for a) A = 15 and b) A = 220 A for the 
ColPd bi-Iayer system. 
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3.3 Experimental Results 

3.3.1 Diffraction from (111) Co/Pd/Cu Tri-Iayered SuperlaUices 

I designed the two ColPd/Cu superlattice samples similar to previously 

made ColPd superlattices. Each corresponding sample had the same Co and Pd 

thickness. The only distinction is that an additional Cu layer was added to the 

Pd spacer. Although the magnetic behavior should be different from the ColPd 

multilayers because there is only one Pd interface per Co layer, simple x-ray 

diffraction theory shows that the superlattice peak positions should be the same 

for a bi-Iayer and tri-Iayer superlattice with identical modulation wavelength. 

Relative intensities of the superlattice peaks wi.ll be different, however, due to 

the different envelope functions. Figure 3.3 shows high angle diffraction 

spectrum from one of the tri-layered superlattices (A = 25.4 A) along with the 

spectrum of a ColPd bi-Iayered superlattice (A = 23.6 A) in Figure 3.4. 

It can be seen that the two spectra are qualitatively very similar showing 

that the tri-Iayer superlattice diffraction model is valid. Positive superlattice 

peaks are not present on either spectrum since the (+ 1) peak is located on the 

at the tail of the GaAs(220) substrate peak. Three negative peaks are present 

for the tri-Iayered sample while two are present for the bi-Iayer. The peak 

positions are slightly different due to the different modulation wavelength and 

average d-spacing. 
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3.3.2 In-plane Diffraction Measurements 

Previously, standard Bragg-Brentano x-ray diffraction techniques showed 

that there is a large perpendicular compressive (-9 ± 1 %) strain of the cobalt in 

the (001) oriented Co/Pd multilayers. From this result and elastic theory, I 

could indirectly determine that there is also an in-plane tensile (7 ± 1 %) strain 

of the cobalt.33 Off-axial diffraction measurements allow us to determine the 

in-plane strain directly and verify the earlier results. 

Off-axial x-ray diffraction measurements were performed on (001) Co/Pd 

superlattices with teo = 6.5 and 3.7 A. Figure 3.5 is a contour plot in Q space of 

the (002) diffraction pattern from the sample with teo = 6.5 A. The Bragg peak 

and two satellite peaks from the Co/Pd superlattices are observed along with a 

peak from the Ag(002) buffer layer. The elongation of these peaks along the 

Q II direction indicates a small mosaic spread of =20. This is consistent with 

values determined from rocking curve measurements. Similar behavior is 

observed for the other sample. 

Because the superlattices are epitaxial and oriented in the plane, the in

plane component of the scattering vector, Q II was first aligned along the [110] 

direction in the film plane to allow diffraction from the (113) planes to be 

measured. Figure 3.6 is a contour plot of the fcc(113) diffraction pattern from 

the 6.5 A sample. In addition to the Ag buffer peak, the zeroth and first order 

superlattice peaks are present. The elongation and the tilt of the contours are 
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Figure 3.5 Q space contour plot of the (002) diffraction pattern for a fcc(OOl) 
Co/Pd multilayer with teo = 6.5 A and tpd = 9.6 A. 

due to the finite in-plane coherence and mosaic spread, respectively. For all of 

the supedattice samples, these (113) diffraction maxima occur at the same Q II 

value of 2.32 ± 0.01 A-l. No maxima are observed at other Q H' which is 

consistent with a model of coherently strained superIattices. From the (113) 

peak position in Q II' the in-plane lattice ~onstant can directly calculated. The 

Co layers display a large in-plane tensile strain of B.O ± 0.5%. This is in 

excellent agreement with the in-plane strain deduced from our previous 
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indirect method with the Bragg-Brentano diffraction.33 
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Figure 3.6 Intensity contour plot of the fcc(113) diffraction pattern for a (001) 
oriented ColPd superlattice. 

3.3.3 Temperature Study of a (001) Co/Pd Multilayer 

In the previous section, I found that the (001) oriented ColPd multilayers 

had large strain in both the perpendicular and in-plane directions. After a 

period of nine months, these samples were remeasured and it was found that 

they changed significantly in that the intensity ratio ColPd(O) / Ag(002) 

decreased considerably. 
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To see whether this effect could be reproduced by annealing the sample, 

a film (teo = 2.0 A, tpd = 8.0 A) was subjected to a series of measurements from 

-125 °C to 275°C in 50°C intervals as seen in Table 3.1. The sample was 

annealed in a nitrogen atmosphere for the time indicated, cooled down to room 

temperature and then measured. Vibrating Sample Magnetometry (VSM) 

measurements were made while the film was at the annealing temperature and 

again at room temperature after the anneal (see Chapter 4). X-ray diffraction 

spectra were taken only after -25 °C and above. 

I Temperature caC) II Anneal Time (Min.) I 
-75 84 

-25 208 

25 160 

75 84 

125 84 

175 108 

225 108 

275 108 

Table 3.1 Anneal times for ColPd superlattice. 

If the structure of the sample changes significantly, noticeable effects in 

the diffraction spectra will occur. Among these could be a change in the ratio 



of the Ag(002) / Co/Pd(002) peak intensities as discussed earlier. Also a might 

could be seen in the relative amplitudes of the superlattice peaks to the 

Co/Pd(O) peak. An increase in the superlattice peak intensities relative to the 

zeroth order peak would indicate interface sharpening as seen in Co/Au 

multilayers34 while a decrease would be a result of interface roughening or 

interdiffusion.35 Finally a shift in the position of the Co/Pd(O) peak would 

occur due to a different average d-spacing of the sample, indicating a change 

in film strain. 
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Table 3.2 shows the result of the effect of temperature on this film. Note 

that absolute intensities are not used and only intensity ratios are included. 

This is because the sample must be removed from the diffractometer for each 

annealing treatment and it is not possible to reposition the sample in the exact 

same orientation and position for each diffraction measurement. 

There is a significant decrease in the GaAs(100) / Co/Pd(O) peak ratio 

intensity with temperature. This is plotted in Figure 3.7 where it is seen that 

there is a linear relationship between the peak ratios and annealing 

temperature. The decrease could be caused either by a decrease in the GaAs 

substrate diffraction intensity or by an increase in the Co/Pd(O) diffraction 

intensity. It is unlikely that the substrate has changed this significantly since it 

already has been annealed to =760 °C during sample preparation. It is most 

likely that the number of available scattering planes of the superlattice has 



Temp. 
eq 

-25 

75 

125 

175 

225 

275 

Table 3.2 

GaAs100)/ Ag(002)/ Ag(002) Co/Pd(O) Co/Pd(-l)/ Co/Pd(O) 
Co/Pd(O) Co/Pd(O) coherence coherence Co/Pd(O) position 

ratio ratio (A) (A) ratio (degrees) 

2.39 1.06 240 280 0.079 48.04 

1.55 0.97 240 270 0.059 48.04 

1.42 1.10 260 280 0.058 48.04 

1.85 1.03 260 270 0.066 48.04 

1.18 1.15 280 280 0.054 48.04 

0.76 1.54 320 280 0.057 48.06 

Results of annealing treatment for a (100)-oriented Co/Pd 
multilayer. 

increased i.e. the distribution of the (002) planes about the sample normal has 

sharpened significantly. This could be verified with rocking curve 

measurements. A rocking curve measurement of the sample after annealing 

shows that the FWHM of the rocking curve about the central Bragg peak is 

=1°. While no measurements of this sample were made before the annealing, 

this value is similar to the other (001) oriented Co/Pd superlattices. 
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From Table 3.2 it is seen that the coherence length of neither the Ag(002) 

nor the Co/Pd(O) perpendicular to the film surface changed until the 

temperature reached 275°C at which only the Ag structural coherence length 

increased. At this temperature, the coherence of the Ag buffer increased from 

48% to 64% of the layer thickness. Peak positions of neither the Ag nor the 
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Figure 3.7 Plot of GaAs(OOl) / Co/Pd(O) peak ratio vs. annealling temperature. 

Co/Pd(O) changed over the entire range of temperatures indicating that there 

was no change in the coherent strain. I did not see a decrease in the Ag(200) / 

Co/Pd(O) or the Co/Pd(-l) / Co/Pd(O) intensity ratios. It is apparent that the film 

did not interdiffuse at these temperatures nor could I reproduce the time 

dependent effect seen in the other (001) films where the intensity of the 

supedattice peaks decreased with respect to the Ag buffer diffraction peak. 



3.3.4 Diffraction from MI1xSn1_x Sputtered Films 

MnSb has a NiAs-type structure that is shown in Figure 3.8. It is a 

hexagonal structure with the lattice constants, ao = 4.128 A, CO = 5.787 A.36 

Calculation of planar densities of the MnSb structure shows that (10·1) planes 

followed by the (IT .0) planes have the highest density. In a thin film 

completely unaffected by strain, the substrate or any other influences, the 

dominant growth direction should consist of these two planes. However, 
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sputtering rate, sputtering pressure, substrate temperature and substrate lattice 

spacing among other factors can all have an effect the film growth and 

possibly alter the orientation at which films grow. 

c 

a 

Figure 3.8 Hexagonal
o 

NiAs-type stru~ture for MnSb with lattice constants 
a = 4.128 A and c = 5.787 A 
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Both Mn and Sb have several naturally occurring phases. Pure films of 

both materials were deposited on sapphire substrates and measured. 

Evaluation of the phase(s) and orientations that are present will assist in 

determining whether the MnSb alloy films are fully reacted or if there is some 

unreacted material present. 

Standard Bragg-Brentano 8-28 x-ray diffraction techniques showed the 

pure Sb film to be rhombahedral and polycrystalline with a dominant (006) 

orientation although ( (110), (041) ) orientations with small intensities were also 

present. Bragg-Brentano spectra of a pure Mn film consisted of only one small 

peak which could be attributed to Mn. Subsequent measurements were 

performed on both the Sb and Mn films using the Seemann-Bohlin x-ray 

diffractometer. This technique showed that the Mn film was a polycrystalline 

alpha-Mn phase (bcc) with a predominant (330) and (411) orientation. I am 

able to detect a large number of orientations in the Sb film although in this 

geometry the intensity of the (014) orientation is much larger than the (006) 

peak. 

Bragg Brentano x-ray diffraction performed on a MnSb film on a glass 

substrate is seen in Figure 3.9. This shows the films to be polycrystalline with 

the (10'1) and (11-0) orientations normal to the film plane. Even though the 

peak intensities were low, the peak widths were narrow. Calculation of the 

crystallite size from the peak widths using the Scherrer equation yielded values 
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Figure 3.9 Bragg-Brentano x-ray diffraction spectrum of a MnSb film on a glass 
substrate. 

of 480 A and 420 A respectively. This is almost half the total film thickness. I 

did not observe any peaks due to Mn2Sb, Mn or Sb. These films were also 

measured with the Seemann-Bohlin diffractometer. Figure 3.10 shows the 

Seemann-Bohlin spectra measured for the same film as shown in Figure 3.9. In 

addition to the peaks detected by the Bragg-Brentano, several peaks from other 

diffraction planes were observed and are indexed on the figure. None of these 

peaks, however, are due to the [OOn] direction. The large background in the 
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spectra at lower angles is due to scattering from the amorphous glass substrate. 
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Figure 3.10 Seemann-Bohlin x-ray diffraction spectrum of a MnSb film on a 
glass substrate. 

Similar spectra were measured on films deposited on various single 

crystal substrates. While the single crystal substrates generally resulted in 

higher intensity peaks indicating better crystal alignment, there was no 

significant difference in the orientation of the films compared with those on 

glass. This is shown in Figure 3.11. Note that there is no large background as 

with the glass substrate. Next I grew films on buffer layers of polycrystalline 
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Sb, Mn, and Cu. X-ray diffraction spectra of these films showed that they were 

not significantly different from each other or from films without buffers. 

I measured films deposited by systematically varying sputtering rates, 

sputtering pressure, substrate height, substrate bias, buffer layers, amorphous 

or single crystal substrates and layer thicknesses. Although the intensities of 

the (11 oQ) and the (10'1) planes do change, I have not as yet found a 

sputtering technique that results in c-axis (OO'n) oriented films. 

Ex situ annealing of a film at 300°C for 5 minutes or a film at 400 °C for 

10 minutes in an Ar atmosphere did not change the structure, however the 

appearance of the second film degraded significantly by turning brownish. A 

comparison of x-ray spectra of the annealed films showed that the x-ray 

intensity increased for the MnSb(10'1) and decreased for the MnSb(10'3) peak 

after the 300°C annealing. The strain MnSb(101) peak of the 2nd film which 

was on an Sb buffer decreased from +0.9% to +0.2% and the crystallite size 

increased by 10%. The Sb(105) peak disappeared, a Sb(204) peak appeared, and 

the strain of the Sb(006) peak originally at +0.25% was relieved. No indication 

of any c-axis oriented MnSb peaks was detected. 
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Figure 3.11 Seemann-Bohlin diffraction spectrum of a MnSb film on a Si(111) 
substrate. 



CHAPTER 4 

MAGNETOMETRY 
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First, I discuss the temperature dependence of the magnetization of 

ColPd superlattices as determined using Vibrating Sample Magnetometry 

(VSM). Also, I measured the room temperature (RT) magnetic properties of 

ColPd/Cu tri-Iayer superlattices and compared them to ColPd superlattices. I 

determined the temperature dependence of the magnetic anisotropy from the 

magnetization loops and compared the results with simple theory. I found the 

angular dependence of the coercive field of the ColPd samples and determined 

the magnetic reversal mechanism. Finally a brief presentation of the VSM 

measurements of the sputtered MnSb films is included. The capabilities of the 

VSM is described in the chapter as well as some theoretical models of 

magnetism and magnetic anisotropy. 

4.1 Theoretical Models 

4.1.1 Temperature Dependence of Ferromagnetic Materials 

Ferromagnetism is essentially due to electron spin coupling (spin-spin 

coupling energy) with a small contribution from orbital motion (spin-orbit 
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coupling energy).37 For magnetic transition metals (Ni, Co, Fe) at 

temperatures near absolute zero the 3d electron spins of adjacent atoms are 

coupled strongly together with parallel spins. With increasing temperature, the 

thermal energy begins to reverse the spins and at a sufficiently high 

temperature known as the Curie temperature, To the spins become completely 

disordered and the metal becomes paramagnetic (Tc = 1403 K for Co). This 

effect can be modeled with a quantum mechanical adaption of classical Weiss 

theorf7 

o( T) = tanh( o( T)/O(O») 
0(0) T/Tc 

(4.1) 

where a is the magnetic moment per unit mass and the temperature is in 

Kelvin. At these temperatures, the temperature dependence of the density is 

negligible and the equation can be rewritten as 

M(T) = t!tnh( M(T)/M(O») 
M(O) --1' T/Tc 

(4.2) 

where M is the magnetic moment per unit volume. This is shown in Figure 4.1 

where a theoretical curve of the normalized saturation magnetization is plotted 

as a function of normalized temperature. All three of the ferromagnetic 

transition metals follow this curve closely.37 
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Figure 4.1 Normalized saturation magnetization of 3d transition metals as a 
function of normalized temperature according to quantum 
mechanical Weiss theory. 

Bloch determined from spin wave theory that the low temperature 

behavior of ferromagnets is described according to the following form38 

with 

M(O) - M(1) = _f3_ T 3/2 
M(O) 

(4.3) 
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where M(O) is the magnetization at absolute zero, g is the gyroscopic ratio, 

(is the Riemann zeta function, ~8 is the Bohr magneton, ] is the exchange 

integral, k8 is the Boltzman constant, S is the spin and c is a constant 

depending on the crystal type. This is known as Bloch's T3,12 law. This relation 

has been found to be valid for a wide range of ferromagnets including metals 

(Ni, Co, Fe) and insulators (EUO).39 In general, the T3,12 law agrees with 

experiment, but the proportionality factor does not.40 

At high temperatures, approaching Te, the magnetization follows the 

form 39,41,42 

(4.5) 

where f3 is critical exponent which experimentally and theoretically ranges from 

1/2 to 1/8 depending on the dimensionality of the system. 

4.1.2 Magnetic Anisotropy 

Ferromagnetic materials exhibit a magnetic anisotropy. That is to say 

there is a preferred direction of the magnetization. Sources of anisotropy can 

be separated into two categories: volume anisotropy and surface or interface 

anisotropy. Contributions to volume anisotropy include magnetocrystalline, 



magnetoelastic, and magnetostatic anisotropies. 

Magnetocrystalline anisotropy is due to crystal symmetry and is 

therefore dependent on the structure of the magnetic material. The simplest 

form of crystalline anisotropy is uniaxial anisotropy in which there is a single 

preferred direction of the magnetization normally along a crystal axis. This is 

exhibited by hexagonal structures such as hcp Co along the c-axis. The 

magneto-crystalline anisotropy energy Ea can be expressed as 37 
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(4.6) 

where 8 is the angle between the uniaxial (c-axis) and the magnetization. The 

energy is a minimum at 8 = 0 and 180° and a maximum at 8 = 90°. Room 

temperature values for the anisotropy constants for bulk Co at room 

temperature are KI = 5.3 X 106 ergs/cc and K2 = 1.0 X 106 ergs/cc.37 For cubic 

crystals, the anisotropy energy is given by37 

where 8 is the angle between the <100> axis and the magnetization and ¢ is 

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

onto the {001} plane. Expressions for the magnetocrystalline energy for 

orthorhombic and tetragonal crystal systems also have been determinedY 



A stressed magnetic material gives rise to magnetoelastic anisotropy 

energy given b/o 

when the stress is along a crystallographic principle axis where A./tkl is the 
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(4.8) 

magnetostriction constant, a is the stress, and 8 is the angle between the stress 

and the direction of the magnetization. 

Magnetostatic or shape energy is due to the interaction between 

magnetic free poles and in general is given b/o 

E = -- (M'H)dv If - -
a 2 

(4.9) 

Since the distribution of free poles is strongly dependent on the sample 

geometry and presence of domains, the magnetostatic energy has a similar 

dependence. For a single domain thin film, the energy is given by'7 

(4.10) 

where 8 is the angle from the sample normal. 

The surface anisotropy is due to the reduced symmetry at the interface 
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between a magnetic material and a nonmagnetic material (or vacuum). This 

was first recognized by Neel.44 The value of the surface anisotropy for hcp 

Co(OOOl) has been calculated to be ~ = 0.84 emu/cm245
, although experimental 

values are lower. 

4.1.3 Temperature Dependence of the Magnetic Anisotropy 

Temperature dependence of the anisotropy constants have been 

measured for single crystal bulk cobalt in both the hcp and the fcc phases.46
,47 

Theoretically, it has been found that the anisotropy constants of hcp Co follow 

a power law given bl8
,49 

Kl (1) _ (M(1))3 
K1(O) M(O) 

(4.11) 

~(1) _ (M(1))10 
K2(O) M(O) 

where Kl and K:?, are the first and second order anisotropy constants, M is the 

magnetization and T is the temperature in Kelvin. The anisotropy constants for 

fcc Co follow a similar power law given by 
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--- --Kl (1) _ (M(1) )10 
K1(O) M(O) 

(4.12) 

K2(1) = (M(1) )21 
~(O) M(O) 

Measurements of the magnetization and anisotropy as a function of 

temperature plotted according to these equations will tell us whether the thin 

Co layers in superlattices behave similarly to either fcc or hcp bulk Co. 

4.1.4 Measurement of Magnetic Anisotropy 

There are several techniques available to determine anisotropy constants 

for magnetic materials including torque magnetometry}7,50 magnetic 

resonance,51 Brillouin light scattering,52,53 and magnetization curves.46 I have 

used hard-axis magnetization loops to measure the anisotropy. 

Assuming that the sample has a uniaxial anisotropy, from a simple 

energy model for the magnetization curve of a thin film with the geometry 

shown in Figure 4.2, the energy is46 

(4.13) 

where Kl and K2 are the first and second order anisotropy constants, H is the 

magnetic field applied in the plane of the film, Ms is the saturation 
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magnetization and ¢ is the angle between the magnetization and the applied 

field. 

Minimizing the energy with respect to the angle ¢ yields 

(4.14) 

Utilizing the in-plane component of the magnetization, 

(4.15) 

to eliminate ¢ we can rewrite Equation (4.14) as 

(4.16) 

Therefore, if the saturation magnetization is known, both the first and second 

anisotropy constants can be determined from a plot of HIM vs. M2 of the hard-

axis hysteresis loop. This method of determining the anisotropy is sometimes 

known as the Sucksmith method. In the case of our multilayers, the equation 

can be rewritten as 
H 

MA 
(4.17) 

From Equation (4.16), magnetic saturation will occur at a field given by 
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Figure 4.2 Geometry of magnetic sample for Sucksmith Method. 

2Kl + 4K2 
H=---- (4.18) 

which is known as the anisotropy or kink field, Hk• If K2 = 0, then the 

magnetization curve becomes linear with M. This shows that the addition of 

the K2 term manifests itself by inducing a curvature in the magnetization curve 

and therefore increasing the kink field. 

The uniaxial anisotropy for the multilayers can be modeled as 
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KuA = (Ky - 21tM~)tco + nKs (4.19) 

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

anisotropy of the Co consisting of the magnetocrystalline and magneto elastic 

anisotropys, n is the number of Co-Pd interfaces per modulation wavelength A 

(n = 1 for the ColPd/Cu samples and n = 2 for ColPd multilayers), Ks is the 

surface or interfacial anisotropy of the Co, and teo is the thickness of the cobalt 

layer. Values for Ks and Kv can be determined for a series of samples with 

varying Co thicknesses from a plot of KuA vs. teo' 

4.1.5 The Magnetization Reversal Process 

One of the earliest and simplest descriptions of the magnetization 

reversal process was first described by the Stoner-Wolhfarth model54 where 

the total energy of the system is the sum of the uniaxial anisotropy energy and 

the magnetic potential energy as follows 

(4.20) 

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

mechanism for reversal in this model is coherent rotation of the spins. The 

normalized coercive field as a function of angle, 0, is given by Figure 4.3a 

where 0 is the angle between the applied field and the magnetic easy axis of 
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Figure 4.3 Normalized coercive fields for a) Stoner-Wolhfarth theory (solid line) 
and b) Kondorsky theory (dashed line). 

the film. 

In many systems the coercive field follows neither the shape nor the 

values of the coercivity predicted by this model. Reversal mechanisms other 

than coherent rotation can be more energetically favorable. These mechanisms 

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

processes.55 The collective process is one in which all the spins simultaneously 

reverse direction and generally occurs when the magneto-crystalline anisotropy 
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Figure 4.4 Schematic diagram of collective rotation processes: a) coherent 
rotation, b) curling, and c) fanning. The top row is a side view, 
while the bottom row is a top view. 

is low. In addition to coherent rotation, collective rotation modes include 

incoherent rotation mechanisms such as curling, fanning, and buckling.37
,56 A 

schematic of coherent rotation, curling and fanning is shown in Figure 4.4a, b 

and c. In this figure, the magnetization was initially upward and the applied 

field in the downward direction forces magnetization reversal. In the coherent 

rotation mode, all the moments rotate the same direction with the same angle. 

For curling, the moments rotate simultaneously, but form closed circles of flux. 
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Fanning consists of moments in different regions rotating together, but in 

different directions. 

Non-collective mechanisms involve domain nucleation followed by 

domain growth at defect sites such as grain boundaries or magnetic defects. 

This mechanism is more common in high anisotropy materials. The 

dependence of the coercive field on the angle of the applied field due to 

domain wall motion is given by Kondorsky as 57 

(4.21) 
cosO 

where H(O) is the coercivity of the easy axis. This is shown in Figure 4.3b. 

Quantitative modeling of perpendicular hysteresis loops of columnar 

CoNi alloys has been achieved using the Landau-Lifshitz-Gilbert equation58 

iM 1...... o;y A ...... 

- = --MxH + --Mx(MxH) 
dt 1 + 0;2 1 + 0;2 

(4.22) 

where r is the gyromagnetic ratio, €X is the damping parameter, and the 

magnetization vector M is assigned to each columnar grain. The magnetic field 

vector, H, includes the applied magnetic field, the anisotropy fields, the 

exchange field and the demagnetizing field. This model produces an "m"-

shaped dependence of the coercivity as a function of applied field angle 



consisting of coherent rotation at small n and domain nucleation and growth 

at higher angles. 

4.2 Experimental Apparatus 
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The vibrating sample magnetometer is used for all the measurements 

discussed in this chapter. It is a commercially available system manufactured 

by Digital Measurement Systems, Inc. It consists of a stationary magnet and a 

rotary magnetometer assembly. In the normal operation the magnet is capable 

of attaining a 14 kOe applied field, although in some configurations, it can 

achieve fields of up to 21 kOe. The magnetometer is capable of full 3600 

rotation for measurement of magnetic properties of a sample at a field applied 

at any angle with a 0.10 resolution. The sample is attached to the flattened end 

of a pyrex sample holder, the other end of which is attached to a transducer 

that vibrates at 75 Hz. The induced dipole moment is sensed as a voltage by a 

matched pair of pick-up coils on the face of each magnet pole piece. The 

voltage is proportional to the net magnetic moment of the sample in the 

direction of the coils. Coil calibration is done with a Ni standard of known 

saturation moment. The coils have a sensitivity of =5 x 10-6 emu. The system 

also has a variable temperature stage that can achieve temperatures from 

77 K ::; T ::; 600 K in an argon or nitrogen atmosphere. 
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4.3 Experimental Results 

4.3.1 Temperature Dependence of the Magnetization 

Hysteresis loops of several of the ColPd superlattices were taken at 

temperatures from 77 K up to 600 K in the variable temperature stage discussed 

above. The samples and annealing temperatures are compiled in Table 4.1. I 

determined saturation magnetization, remanent magnetization and coercive 

field from the easy-axis loops, while Kl and K2 were determined from the hard-

axis loops using the Sucksmith method. Mter each measurement above room 

temperature (RT), most of the samples were remeasured at RT and compared 

with the original. 

Sample # 1 2 3 4 

dco (A) 2.2 4.3 10.1 2.0 

Temperature(C) RT RT RT RT 

75 75 -75 -125 

175 125 -125 75 

225 175 -196 125 

125 -25 75 175 

-75 -75 125 225 

-125 -125 175 275 

-196 -170 225 325 

-196 275 

Table 4.1 Table with sample and anneal data. 
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Figure 4.5 VSM loops for epitaxial ~o/Pd films a) dco = 2.2 A dpd = 10.9 A b) 
dco = 10.1, dpd = 10.1 A. The solid and dashed lines are the 
perpendicular and in-plane loops, respectively 
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Sample 1 is an epitaxial (111) oriented Co/Pd multilayer with a thin 

(2.2 A) cobalt layer. This film has a perpendicular magnetic easy-axis due to 

the interface anisotropy of the thin Co layer. Shown in Figure 4.5a are the 

room temperature hysteresis curves for the field applied normal to the film 

(solid line) and in the plane of the film (dotted line). The square loop with 

large coercive field indicates that the easy axis is normal to the plane of the 

film. A saturation magnetization of 2150 emu/cc which is higher than that of 

pure bulk cobalt (shown by the arrow at 1420 emu/cc) indicates that the Pd has 

been polarized at the Co interfaces. Assuming perfect interfaces and that only 

the first atomic layer of Pd at the interface has been polarized, I find that this 

corresponds to a Pd magnetization of 370 emu/cc. This is similar to results 

found for other MBE grown superiattices.59
,60 

The in-plane loop is essentially a straight line with negligible hysteresis. 

This indicates that the field applied in the plane of the sample is rotating the 

magnetization away from the normal toward the direction of the field. At the 

maximum applied field, 14 kOe, this corresponds to a tilt of 18° from the 

normal. Linear extrapolation of the in-plane hysteresis loop to the saturation 

magnetization of the perpendicular loop shows that it would require 46 kOe to 

force the magnetization completely in-plane. 

Sample 3 was chosen for temperature studies since the cobalt layer was 

sufficiently thick (10.1 A) that the sample had only a small perpendicular 
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anisotropy in contrast to the other samples. This is shown in Figure 4.5b 

where the room temperature VSM scans are plotted. It is seen that the film can 

be saturated in both the in-plane and perpendicular directions with an applied 

field of 14 kOe. The sample still has a perpendicular easy axis since the 

perpendicular loop achieves saturation before the in-plane loop. 

Figure 4.6a and b show the dependence of the magnetization on the 

temperature for the films in Figure 4.5. Note the nonlinear behavior of the 

magnetization. The change in magnetization with temperature for the film 

with a thin Co layer is significantly greater than for the film with the thick Co 

layer. This is due to a low Curie temperature of the thin Co layer. For the 

other film in which the Co layer is thick, the Curie temperature is close to the 

bulk value of 1403 K and very little change in the saturation magnetization can 

be seen in this temperature range. The small decrease of the magnetization in 

this temperature range leads to large uncertainties in fitting to theory and in 

extrapolating to zero magnetization for determination of the Curie temperature. 

The coercive field, He, also changes as a function of temperature. This is 

shown in Figure 4.7 for the dco = 2.2 A film. This relationship is linear and has 

been observed in other materials.61
,62 Extrapolation of a linear fit to the data 

to zero coercivity is at =700 K. This is an upper limit to the Curie temperature 

since the coercivity displays a downward curvature near TC•
61 Similar linear 

dependence of the coercivity is seen for the other annealed samples. 
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Figure 4.7 Temperature dependence of the coercive field for the sample shown 
in Figure 4.5a 
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The annealing process can have a significant effect on the physical 

structure of the ColPd multilayer since Co and Pd are miscible.63 Although no 

effect such as interdiffusion was seen in the x-ray diffraction study of the (001) 

oriented film (see Chapter 3), there is a clearly visible magnetic effect. Shown 

in Figure 4.8 is a plot of the saturation moment and the coercive field vs. the 

temperature at which the dco = 2.2 A film was annealed. The data were taken 

at RT after each temperature cycle. At high temperatures the saturation 

magnetization decreases by 4.2% from the original =360 emu/cc to =345 

emu/cc. At temperatures below RT, the magnetization is stable. Similarly, the 

coercive field increases from =6490 Oe to 6640 Oe, but stabilizes after the 

225 °C anneal. Sample 3, with a larger cobalt layer thickness, shows an 

increase in the magnetization after higher temperature cycling. 

Other researchers have also found that at high temperatures (=400 °C), 

there is a considerable amount of interdiffusion of the ColPd interface.64 This 

causes the magnetization of the films to increase due to an increase in Pd 

polarization. However, even a small amount of diffusion of the single 

monolayer of Co into the palladium layer will result in a discontinuous Co 

layer with decreased magnetic coupling, so that the magnetization will 

decrease. The coercive field is related to the anisotropy, however it is not clear 

the increase seen here is due solely to an increase in the anisotropy or to other 

factors. 
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Figure 4.8 Effect of temperatur~ cycling on room temperature VSM scans for 
Sample 1 (deo = 2.2 A ). X-axis is the annealing temperature before 
the room temperature measurement. Lines are guides to the eye. 

The last annealing study was on the (OOl)-oriented Co/pd sample 

discussed in Chapter 3. Similar to the first sample, this sample has deo =2 A 

and dpd =9 A. Both the magnetization and the coercive field drop off rapidly 

at high temperatures. However, the result of the series of room temperature 

measurements taken after each thermal cycling is different from the other 

monolayer Co film. Figure 4.9 shows the room temperature coercive field and 

magnetization vs. previous annealing temperature. The saturation 
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magnetization shows the same trend as the other 2 A film, but the coercivity, 

after increasing by -10 percent after the RT scans, returns to approximately the 

original value after the 175°C measurement. 

All of these samples can be fit successfully to both the quantum Weiss 

theory and to Bloch's T312 law. This is shown in Figure 4.10a and b 

respectively, which are fits to the (100) oriented sample. Fitted values for M(O), 

T c and f3 for all the samples are shown in Table 4.2. The values for the M(O) 
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for the two techniques are consistent for the samples, differing by at most 8%. 

Note that the values of f3 for the two 1 ML Co multilayer samples are very 

similar. Extrapolated values for Te are comparable with values from the 

literature.65,66 

DI Curie-Weiss Law II Bloch's T312 Law II He Fit 

I M(OK) emu/cc I TdK) II M(OK) emu/cc I f3 II T(He=O) (K) 

Sample 1 365 590 385 4.4 690 

Sample 2 490 780 500 2.1 1025 

Sample 3 820 1000 845 5.1 910 

Sample 4 440 740 480 4.4 930 

Table 4.2 Results of the fit for the magnetization temperature dependence 
of ColPd superlattices to the Weiss and Bloch's Laws 

4.3.2 Anisotropy of Co/Pd/Cu Tri-Iayer Superlattices 

The Sucksmith method was used to fit the hard-axis loops of the 

superlattices measured with the VSM. The hysteresis loop is first averaged at 

constant magnetization to average out the effect of irreversible domain motion. 

Shown in Figure 4.11a is a Sucksmith plot of the tri-Iayer film with teo = 4 A, 

tpd = 12.5 A, and teu = 12.5 A. The data is plotted as open circles and the fit to 

the data is the solid line. Values for Kl and K2 are determined from the slope 

I 
I 
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and intercept of the fit using the value of the saturation magnetization 

measured from the easy-axis hysteresis loop. The Sucksmith plot shown here is 

approaching a worst case fit since the anisotropy is low. Figure 4.11b shows 

the averaged hard-axis hysteresis curve along with a curve generated from 

Equation (4.16) with values for Kl and K2 determined from the Sucksmith plot. 

Here it is seen that the values determined for Kl and K2 from the plot closely 

match the actual data even though the Sucksmith plot does not appear to be a 

good fit. 

Since these superlattices have only one Co-Pd interface and the Co-Cu 

interface anisotropy is small/7 I predict that the total interface anisotropy, Ks 

and therefore the y-intercept of Equation (4.19) should be approximately half 

the value of the Co/Pd superlattices. The volume anisotropy of the Co layer 

should not change, so the slope, Kv, will be identical between the two systems. 

Shown in Figure 4.12a and b are plots of l<uA vs. teo for both epitaxial 

and polycrystalline Co/pd superlattices where the solid circles and lines are the 

data and the fit respectively.68 The predicted fit to the Co/Pd/Cu superlattices 

is shown as a dashed line in both figures. It can be seen that the anisotropies 

determined for the two tri-Iayer superlattices, shown as boxes in the figures, 

fall very close to this line. Values for Kv and ~ for the epitaxial and 

polycrystalline Co/Pd superlattices are 7.6±0.5 x 106 erglcc and 0.63±0.OS 

ergs/cm2 and 0.6±0.4 x 106 erglcc and 0.6S±0.OS ergs/cm2 respectively assuming 



bulk Co magnetization. These values compare well with values other 

researchers have determined.69 

4.3.3 Temperature Dependence of the Magnetic Anisotropy 
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The temperature dependence of the anisotropy for the films discussed in 

section 4.1 was determined using the Sucksmith method. Values for KIA and 

K2A were determined from the hard axis VSM loops both at a given annealing 

temperature and then at room temperature to determine whether annealing 

had any effect on the anisotropy of the films. 

With each subsequent temperature treatment (above or below RT), the 

fit of the hard axis VSM loop to the Sucksmith equation improves. This is 

shown in Figure 4.13 where RT Sucksmith plots measured a) before any 

temperature treatment, b) after 400 K and c) after 600 K are plotted. Initially 

there are significant sections on the plot at both low and high magnetization 

that are non-linear, but with thermal cycling, the size of these regions decreases 

until the entire hard axis loop is linear on the Sucksmith plot. This phenomena 

is common to all the samples measured. For the initial RT plots, the 

discrepancy is largest at low magnetization where there is a hysteresis in the 

hard axis loops corresponding to irreversible domain motion. While the 

hysteresis is still present in the hard axis loops measured after thermal cycling, 

the shape changes slightly so that the averaging process more closely 

approximates the ideal magnetization curve with the lowest potential energy 
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Figure 4.12 ~A vs. teo for a) epitaxial and b) polycrystalline Co/Pd and Co/Pd/Cu 
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from the many metastable states that cause the hysteresis.41 Note that the shift 

in each subsequent plot in this figure corresponds to an increase in KI. 

A plot of the room temperature anisotropy vs. the temperature at which 

the sample had been previously annealed is shown in Figure 4.14 for the (001) 

oriented sample. Note that there is an increase in KIA as a function of 

annealing temperature as seen in Figure 4.13. An abrupt step in both KIA and 

K2A occurs after 125 °C which corresponds to the decrease in He in Figure 4.9. 

A plot of the anisotropy constants KI(T) and K2(T) normalized to the 

anisotropy measured at the lowest temperature vs. magnetization ratios as 

predicted in theory by Equations (4.11) and (4.12) is shown for the (001) 

superlattice in Figure 4.15a and b respectively. If the anisotropy ratios follow 

the magnetization ratios for hcp or fcc Co predicted by these equations, the 

multi layers can be considered as a bulk magnetic system. In the figure, 

normalized values of K1(T) for this film actually increase with temperature. 

While normalized values of K2(T) decrease with temperature, they do not do 

fall within the limits of the normalized magnetization to the 10th and 21st 

power, indicating neither fcc nor hcp bulk magnetic behavior. The same plots 

are shown for the deo = 10.1 A film in Figure 4.16 a and b. Here, the values of 

the normalized anisotropy for both K1 and K2 fall between the two limits 

predicted by theory for T :5 125 0c. After this point, the magnetization ratios 

increase well above the low temperature values. This behavior shows that 



90 

o 
~--~--~---+--~~--+---~ , 

& 3 -IC 

b) ~ 2 

I 
1 

0 

$ 

§ .. - I'll 

2. 3 -IC 

C) ~ 
! 

2 

1 

0 
0.0 0.2 0.4 0.6 o.a 1.0 1.2 

(MA)2dOt 

Figure 4.13 Sucksmith plots of the (001) sample a) before temperature cycling 
b) after 400K measurement and c) after 600K measurement. Data are 
indicated by circles and fit by the solid lines. 



91 

multilayers with thick Co layers are similar to bulk cobalt for low temperatures 

but deviate at higher temperatures because of Co diffusion. Multilayers with 

thin Co layers do not follow the theory for bulk Co at all. 
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Figure 4.14 Room temperature anisotropy, Kl and K2 vs. anneal temperature. 
Note that this is not the temperature at which the measurement is 
made, but is the annealing temperature prior to the RT 
measurement. 
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400 

Figure 4.15 Temperature dependence of anisotropy constants for the (001) 
oriented sample. a) K} and magnetization ratios vs. temperature b) 
K2 and magnetization ratios vs. temperature 
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Figure 4.16 Temperature dependence of anisotropy constants for sample with 
dco = 10.1 A and dpd = 11.1 A. Lines are a guide for the eye. 
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4.3.4 Angular Dependence of the Coercive Field of Co/Pd SuperIattices 

Measurements of the coercive field of ColPd superlattices were taken as 

a function of angle, 0, as shown in Figure 4.17. The geometry is such that 

H--->:;" 

1 
magnet pole pieces 

Figure 4.17 VSM geometry for angular measurements of coercive fields. 

when the field is applied normal to the sample plane, 0 = 0 and when the 

field is applied in the plane, 0 = 90. Several distinct behaviors in the coercive 

field were observed for the ColPd multilayers as a function of thickness for 

samples with their easy axis normal to the plane. These are shown in 

Figure 4.18 where a) is for seven samples with 2.2 A ~ deo ~ 7.2 A, b) 

deo = 8.1 A, c) deo = 10.1 A d) deo = 11.9 A e) deo = 14.6 A and f) deo = 7.2 

A. 
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There are three features to note in Figure 4.18a which shows the first 

behavior type. The first feature is that there is a central minimum in the 

coercivity at 11 = 0 where the field is perpendicular to the substrate and 

parallel to the easy axis. When the field is rotated away from 11 = 0, the 

coercivity increases to a maxima at ±70° and then drops precipitously to 

minima at 11 = ±90° much smaller in value than the minimum at 11 = 0°. 

There are two small variations of this behavior for these samples. The 

coercivity peaks are not necessarily equal in intensity and if they are not, one 

of the peak positions is located at 60° instead of 70°. The other variation is that 

there can be a small "bump" centered about 11 = 0°. A sample that displays 

both of these variations is shown in Figure 4.18f. 

With increasing Co layer thickness as shown in Figure 4.18b, the 

coercivity evolves into a shape where the central minima at 11 = 0° is sharper 

than the previous figure and now has a smaller value than the minimum at 

11 = ±90°. However, the coercivity peak positions are still at ±70°. This 

transition corresponds to a change in the appearance of the VSM loops as 

shown in Figure 4.19a and b For films with deo ~ 7.2 A, the in-plane hysteresis 

loop (11 = 90°) has a small remanent moment, there is very little hysteresis and 

it is almost linear with field. However, when deo > 7.2 A, the hard axis loop 

has a significant remanent moment and there is a large hysteresis. 

At deo = 10.1 A, the coercivity plot changes drastically to a "bell" shaped 



Figure 4.19 
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curve/a with a maximum at n = 0° instead of a minimum. However there is 

still a change in the slope at ±70° and minimum at ±90°. For a further 

increase in dco' the central minimum becomes still sharper than for the 
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dco = 8.1 A film, the maxima have shifted inward to =±55°, and the minima at 

high angles, shifted inward to n = ±70°, are almost nonexistent. At the largest 

value of dco = 14.6 A, the central minimum is very sharp, the maxima have 

moved inward to ±30° and the outer minima have again decreased although 

not below the central minimum. At this Co thickness, the easy axis is almost 

in-plane as shown in Figure 4.19c. 

The behavior of the coercive field as a function of angle in Figure 4.18 

has been seen previously in a variety of other systems. Effects very similar to 

Figure 4.18a have been observed in high coercive field BaFe1zOl9 and SrFe1zOl9 

permanent magnets,71,n although their transition at n = 60-70° is not as 

sharp as for our films. Other hard magnetic materials such as GdCo5 display a 

very similar angular dependence to our films with very thin Co layers.55 For 

the permanent magnets, the reversal mechanism is attributed to reverse domain 

nucleation at angles less than ±70° since the coercivity is proportional to 

1/cos(n), and to coherent rotation at angles greater than ±70°. 

For the "bell" shaped curve of Figure 4.18c as seen in perpendicular 

CoCr alloy films, curling is attributed to be the dominant reversal mechanism 

for angles smaller than ±45° and coherent rotation is the mechanism for larger 
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angles.73 

The shape of Figure 4.18e is also commonly seen in perpendicular CoCr 

alloy films.58,7o,74 In this case, the reversal mechanism for small angles within 

the "valley" region (n ~ ±300) the mechanism is attributed to coherent rotation, 

while the mechanism at high angle is due to domain wall motion. 

These measured coercive fields have not been corrected for the effect of 

the demagnetization field, Hd, which will change the value for all the 

coercivities except those at n = 0° and 90°. In perpendicular CoCr, the coercive 

field has the largest correction at =±30° of about 140% and decreases rapidly at 

larger and smaller angles.73 While we cannot know the exact values of the 

coercivity at angles other than n = 0° and 90°, from the general shape of the 

curves we can determine the magnetization reversal mechanism. See Appendix 

A for more details on the correction factor. 

4.3.5 Magnetic Properties of MnSb Alloy Films 

I have also measured the magnetization of the MnSb alloy films with the 

VSM. For a single crystal of this material, the easy-axis is along the basal plane 

of the hexagonal structure.75 Unlike the ColPd superlattices, our sputtered 

polycrystalline films have their easy axis along the in-plane direction as seen 

from the hysteresis loops of a film on Si(111) in Figure 4.20. The magnitude of 

the moment has been plotted in units of Bohr magnetons per Mn atom. The 
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saturation moment of 2.2J,LJMn atom is 30% lower than for bulk single crystal 

MnSb (3.2J,LJMn atom}.76 The saturation moment of films deposited on glass is 

consistently smaller at 2.0J,LJMn atom. These numbers are similar to values 

determined for other sputtered and evaporated films.77 From neutron 

diffraction, the reduction is attributed to Mn atoms located in intersticial 

positions of the crystal structure with their spin in the opposite direction of the 

Mn atoms in the correct site?8 
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CHAPTER 5 

MAGNETO-OPTICAL MEASUREMENTS 
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The magneto-optical (MO) properties measured in situ for our MBE 

grown ultra-thin Co films and ex situ for the MnSb alloy films are discussed in 

this chapter. In the first section, I discuss the macroscopic theory of magneto

optics. In the second section, I describe in detail the experimental apparatus 

used for measuring both the in situ and ex situ MO properties of our films. In 

the final section, I present the results of our measurements. 

5.1 Theory 

Magneto-optical (MO) measurements can be performed in three 

geometries: polar, longitudinal and transverse. The polar geometry condition is 

satisfied when the magnetization is normal to the plane of the sample. In the 

longitudinal geometry, the magnetization is in the plane of the sample and 

parallel to the plane of incidence of the light, while for the transverse 

geometry, the magnetization is in the plane but is at right angles to the plane 

of incidence. Measurements can be made in either transmission (Faraday) or 

reflection (Kerr). The subsequent experimental results utilize only the reflection 

polar geometry. 
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On reflection of an incident linearly polarized beam from a MO material 

the light will in general display both ellipticity, €K, and rotation, OK' as shown 

in Figure 5.1. For a perpendicularly magnetized sample, the ellipticity and 

y y 

~----~--~~------~x 

Figure 5.1 Figure showing Kerr rotation and Kerr ellipticity. 

rotation can be described in terms of the dielectric tensor,€ 

E,a EX)' 0 

e = -E.xy E,XX 0 

o 0 Ezz 

(5.1) 
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where all of the elements are complex. The ordinary optical constants are 

related to the matrix elements by 

n + ik = {€;x (5.2) 

while the magneto-optic constants are related to the elements of the 

permittivity tensor by79 

(5.3) 

The magnitude of the Kerr rotation and ellipticity is proportional to the 

off-diagonal element of the permittivity tensor. This in turn is dependent on 

the spin-orbit interaction.so 

5.2 Experimental Equipment 

There are several methods to measure the magneto-optical properties of 

materials. Among these are DC systems81 in which vibration and electrical 

interference limit the sensitivity of the measurements. AC systems using a lock-

in amplifier include amplitude modulation,B2 polarization modulation,B3 and 

phase modulation.s.t Amplitude modulated systems utilize a mechanical 

IIchopperll to momentarily interrupt the laser beam for a short time interval. 
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Since the chopper is a mechanical system, it can limit sensitivity with 

vibrational noise and jitter. The polarization modulated systems use a Faraday 

rotator in front of the analyzer and while this is not a mechanical system, it is 

sensitive to stray magnetic fields and can only measure the Kerr rotation unless 

additional optics (N4 plate) are put in line. The phase modulated system based 

on a photo-elastic modulator (PEM) can measure both Kerr rotation and the 

ellipticity and is insensitive to both stray fields and wavelength. 
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Figure 5.2 Schematic of the optics used for the in situ SMOKE system. 

1LASlElR 
Figure 5.3 Side view of experimentation chamber with in situ PEM based 

SMOKE system. 
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Magnetn-optical properties of the films were measured in the polar 

geometry with a lock-in-amplifier-based PEM system shown in Figure 5.2. A 

side view of the experimentation chamber, magnet and laser path is shown in 

Figure 5.3. The system is capable of measuring both Kerr rotation, 6k1 and 

ellipticity, €k' However, since the quartz window in the in situ configuration 

introduces a large Faraday rotation (St = 0.4° at H = 2.5 kOe where a typical 

6k = 0.01°), it is easier to measure the ellipticity than the rotation. In addition, 

for ultra-thin magnetic films, €k is larger than 6k•
85 For in situ ellipticity 

measurements, light from the 5 m W polarization-stabilized He-Ne laser passes 

through the PEM with the polarization at a 45 degree angle with respect to 

vertical so that there are equal components of x and y polarized light. The 

PEM induces a 50 kHz sinusoidal-varying phase difference between the two 

components. The beam then passes through the non-polarizing cube 

beamsplitter, reflects from the beam steering mirror and finally reflects from the 

magnetic sample. After interacting with the sample, the return beam passes 

back through the mirror and beamsplitter and to the detector. The phase 

modulated component of the signal is measured by a lock-in amplifier with a 

reference signal generated by the PEM. The ellipticity of the sample is 

determined from 

(5.4) 
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where V DC is the DC component of the detector signal, V( lU) is the 50 kHz 

component of the detector signal, J1 is the first order Bessel function, °0 is the 

maximum phase difference between the two components of light, and ao is an 

experimental calibration constant. Details on the derivation of this equation 

and the equation for Kerr rotation are given in Appendix B. Ex situ 

measurements use the same optical system except the beam steering mirror is 

not used. 

A hysteresis loop is taken by ramping the magnet to the required field 

value, sampling the applied field with a Hall probe until the field is stable and 

then subsequently measuring the field, DC voltage, and the lock-in output 

voltage at a typical sampling rate of 1000 Hz with 100 averages per data point. 

With these parameters the system is capable of a resolution of better than one 

thousandth of a degree which is sufficient to measure the ellipticity of one 

monolayer of Co. 

5.3 Experimental Results 

The films were deposited and measured by shuttling the film between 

the growth and the experimental chamber as discussed in Chapter 2. 

Hysteresis curves were measured for the initial uncovered Co films and after 

each of subsequent coverages of the TM overlayers, spanning the coverage 

range 0 A :5 tTM :5 100 A in small 0.5 - 10 A steps. 
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5.3.1 (111) Oriented Co Films 

The perpendicular hysteresis curves of the uncovered epitaxial Co(111) 

films grown on good Pd(111) buffers are nearly square for 2 A ~ teo ~ 6 A 

with coercive fields of He ~ 2000e. Above this thickness the easy-axis 

becomes in-plane, with a resulting near-linear hysteresis curve when measured 

in the polar geometry. The transition for polycrystalline Co(l11) occurs after 

teo = 4 A. 

5.3.2 Effect of Overlayers 

Our work found that when an in-plane Co(111) film on a Pd(111) buffer 

with teo ~ 10 A is covered with approximately one monolayer (ML) of a 

transition metal such as Cu, Ir or Pd, the film becomes strongly perpendicular. 

For films with 2 A ~ teo ~ 6 A, I find that the coercivity increases up to a 

factor of five over that of the uncovered Co. The magnitude of the ellipticity 

also increases significantly in the case of Pd due to Pd polarization by the Co. 

An example of this behavior is shown in Figure 5.4a and b where ellipticity 

loops for both a 4 A and 8 A Co film uncovered and with a 2 A Pd overlayer 

are plotted. 

With further coverage of the transition metal overlayer, the coercivity 
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and ellipticity continue to evolve. This is shown in Figure 5.5a and b which 

are plots of the coercive field He and ellipticity €K vs. Cu overlayer coverage for 

three different Co film thicknesses. 

The most striking feature about these curves is the pronounced peak in 

the coercivity at -1.5 A Cu coverage, which within our resolution is located at 

or just below 1 ML. For slightly higher coverage, the coercivity rapidly drops 

as much as half the peak value by a coverage of -2 ML (=4 A). Further 

increasing the coverage beyond -2 ML, He monotonically increases, reaching 

near peak coercivity again by -100 A. The peak-to-valley change in He 

increases with increasing Co thickness. Ag, Au, and Ir display similar behavior, 

although the peak-to-valley change in He is less than that for Cu. Similar 

behavior confirming these results has been subsequently reported for 

deposition of a Au overlayer on Co on a Au(l11) buffer.86 The ellipticity, 

however, shows little change as a function of coverage for any of these 

overlayer materials. 
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Palladium overlayers are similar to the other transition metal overlayer 

materials in that deposition of one or two monolayers greatly increases the 

coercivity of the film compared to that of the bare Co. However, as seen in 

Figure 5.6, the coercivity peak is much less pronounced. For Pd overlayer 

thicknesses above -5 ML (10 A), the coercivity is roughly constant for a given 

Co thickness. Since anisotropy is related to the coercivity, the rapid rise in the 

coercivity with just a small coverage of Pd and a roughly constant value in the 

coercive field at thicker Pd thicknesses is obviously an effect of perpendicular 

interface anisotropy. Another significant difference between the Pd and the 
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other overlayer materials is a large increase in the ellipticity with coverage is 

seen for Pd only. This shows that of all the overlayer materials investigated, 

only Pd becomes polarized and therefore increases the film magnetization. 

113 

Results of depositing 4 A and 8 A Co films on an epitaxial Cu(lll) buffer 

and subsequent deposition of a Pd overlayer are shown in Figure 5.7 a and b. 

The behavior of this system in which the roles of the Cu and the Pd are 

reversed from before is significantly different. The coercivity as a function of 

Pd thickness for the 4 A film is similar in nature to the Pd overlayer and Pd 

buffer system, while the coercivity of the 8 A film continually increases as a 

function of Pd thickness. The ellipticity for these two films, however, is similar 

to the other films. However, at the present time it is difficult to directly 

compare the Cu buffer\Co film\Pd overlayer and the Pd buffer\Co film\Cu 

overlayer systems since the Cu and Pd buffer layers may be of different 

roughness and quality. 
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Figure 5.7 Effect of a Pd overlayer on a) the coercivity and b) the ellipticity of 
epitaxial Co films deposited on a Cu(111) buffer. Lines through the 
data are a guide to the eye. 
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5.3.2 (001) Oriented Films 

Due to the presence of strain in the (001) orientation,87 uncovered 

Co(OOl) on Pd(OOl) has a perpendicular square loop for only the 2 A thickness. 

The 4 A Co film displays an in-plane easy-axis. Contrary to the case with 

Co(111), coverage of the 2 A Co(OOl) film with even 1 A of Cu(OOl) either forces 

the magnetic easy-axis from perpendicular to in-plane or has reduced the Curie 

temperature so that the film is no longer ferromagnetic.58 This is shown in 

Figure 5.B. Continued Cu coverage has no further effect on the polar loop. 
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a Pd buffer. 
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Deposition of Pd on 2 A Co(OOl) increases the ellipticity and coercivity similar 

to the behavior of Pd on Co(l11) although with a smaller magnitude. The 

easy-axis of 4 A of Co remains in-plane even after Pd coverage. 

Deposition of 2 A of Ir on a 2 A Co(OOl) film which is initially 

perpendicular produces a linear hysteresis curve with a very small slope. 

However, our polar measurements cannot distinguish whether the Co becomes 

nonmagnetic or very strongly in-plane. Iridium on 4 A Co is shown in 

Figure 5.B. Here the uncovered Co is initially in-plane. Deposition of 2 A of Ir 

induces a square hysteresis loop. Further deposition of Ir results in either a 

non-magnetic or very strongly in-plane film. 
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Figure 5.9 Effect of deposition of 2 A and 4 A of Ir on a 4 A Co(OOl) film. 
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The contrast in the behavior between the (111) and (001) orientated Co 

films implies that there is an orientation dependence in the effect of the TM 

overlayer. 

The peak in the coercive field for the Pd buffer\Co\TM overlayer systems 

and therefore, a peak in the anisotropy, could arise from a change in the 

electronic band-structure89 or crystal structure of the TM in the monolayer 

limit. However, there is no evidence from simultaneously measured RHEED 

data of any discontinuous structural changes. An electronic effect, however, 

has been reported in the Cu overlayer system.90 Synchrotron photoemmision 

measurements of 1 ML Cu deposited on Co(OOOl) found the Cu peak at 

significantly lower binding energy than for bulk Cu. With further Cu coverage 

the bulk peak rapidly emerged, so that by 2 ML only the bulk Cu peak 

remained. This behavior taking place over the span of only -2 ML, is 

qualitatively similar to what I observe, pointing to a possible electronic origin 

of this effect. However, further work will be required before this can be 

conclusively established. 
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5.3.3 MnSb alloys 

Values for the Kerr rotation and ellipticity of the MnSb alloy films were 

determined with ex situ measurements as shown in Figure 5.10. For all the 

sputtered films, the saturation Kerr rotation is =0.25° and the ellipticity is 

=0.025. The values of the Kerr rotation compare well with the bulk value 

(0.3°).91 Since the films are in-plane, values for the longitudinal Kerr rotation 

will be somewhat different from the values I measured in the polar geometry. 
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Figure 5.10 Polar Kerr rotation and ellipticity loops for a sputtered MnSb film 
deposited on a Si(111) substrate. 



CHAPTER 6 

CONCLUSIONS 
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In this dissertation I have discussed the preparation and characterization 

of Co based multi layers, ultra-thin Co films and MnSb alloys. The ultra-thin Co 

films, the Co /Pd and Co/Pd/Cu multilayers were made by MBE evaporation 

techniques. The MnSb alloys were made by DC triode sputtering. I analyzed 

the structure and composition of the films with x-ray diffraction and Rutherford 

backscattering spectroscopy. I used magnetic data from a vibrating sample 

magnetometer to determine the room temperature and temperature dependence 

of the magnetization and magnetic anisotropy for these films. I used in situ 

Kerr effect measurements to perform a systematic study of the structural and 

magneto-optic behavior as a function of overlayer coverage, material species 

and crystal orientation. The remainder of this chapter will summarize the 

results obtained from the structural, magnetic and magneto-optical 

characterization techniques for these films. 

6.1 Structural Characterization 

In Chapter 3, the MBE-grown ColPd superlattices grown on GaAs 
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substrates are epitaxial and have been grown in fcc (111), (110) and (100) 

orientations. We also grew (lll)-oriented epitaxial tri-Iayer Co/Pd/Cu 

superlattices. A simple model of these tri-Iayers shows that at low modulation 

wavelength, A, they behave similar to the bi-Iayer superlattices. At large 

modulation wavelength, the spectra splits into three peaks each corresponding 

to the position of the respective bulk material. This has been experimentally 

verified for films with small A. Superlattice peak positions can be used to 

determine the modulation wavelength of the tri-Iayers in the same manner as 

for bi-Iayer samples. 

Sputtered MnSb alloy films were deposited on amorphous and single 

substrates with and without buffer layers. All of the films grown show 

polycrystalline texturing in the hexagonal (10.1) and (11.0) directions. Growth 

at elevated temperatures (up to 200°C) and with either positive or negative bias 

also showed the same orientation. Further work should continue with a 

different sputtering gas such as xenon to try to force the growth axis to be in 

the (00.1) direction. In addition, the properties of films deposited using 

substrate cooling should be investigaed. We have already grown films in the 

(00.1) orientation using MBE techniques although they were not discussed here. 

6.2 Magnetometry 

In Chapter 4, I determined the magnetic anisotropy of the Co/Pd/Cu tri-
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layer superlattices with the Sucksmith method and compared with values 

predicted from anisotropy measurements of the ColPd superlattices. I 

determined that the total surface anisotropy, ~, was about half the value of the 

ColPd superlattices and concluded this was because of the single Co-Pd 

interface. Neglecting the small contribution from the Co-Cu interface 

anisotropy, the value of the surface anisotropy per Co-Pd interface is the same 

as for the bi-Iayer system, ~ = 0.63±0.OS ergs/cm2, and 0.6S±0.OS ergs/cm2 for 

the epitaxial and polycrystalline films, respectively. Volume anisotropy, 

I<v = 7.6±0.5 x 106 ergs/cc and 0.6±0.4 x 106 ergs/cc for the epitaxial and 

polycrystalline samples, respectively, remained the same for both the systems as 

the magnetic properties of the bulk Co layer did not change. 

Temperature dependence of the magnetization was determined for (111) 

oriented Co/Pd superlattices with deo = 2.2,4.3 and 10.1 A and a (001) oriented 

superlattice with deo = 2.0 A. I determined that for the films with thin Co 

layers, the magnetization decreased rapidly as a function of temperature, while 

for the thick film, the magnetization decreased only slightly. The 

magnetization fit well to both Bloch's T312 and quantum Wiess theory which are 

derived for bulk magnetic materials. From this I determined both the 

magnetization at 0 K and the Curie temperature for the superlattices. The 

Curie temperature was reduced from the value for bulk Co by up to 60% for 

the 2.2 A film and by 30% for the 10.1 A film. These values are surprisingly 
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high especially for the superlattice with only one atomic layer of Co. 

I measured the angular dependence of the coercive field to determine the 

magnetic reversal mechanism for these films. They display a behavior similar to 

bulk magnetic materials. For films with teo ~ 8 A, the mechanism is domain 

nucleation and growth when the field is applied along the magnetic easy axis. 

With thicker Co layers, deo = 10.1 A, magnetic reversal occurs by curling, while 

for the samples with the thickest Co layers and small anisotropy, the 

mechanism is coherent rotation. The coercivity curves were not fit to 

theoretical models since the effect of the demagnetizing field could not be taken 

into account. 

Temperature dependence of the magnetic anisotropy also was measured. 

I plotted the normalized anisotropy constants KI and K2 and the normalized 

magnetization as a function of temperature. Although the films were fcc, the 

(OOl)-oriented film did not follow the model for bulk fcc magnetic material at 

any temperature. However, the 10.1 A Co superlattice roughly followed the 

model at temperatures below 125 °c, but diverged at higher temperatures. The 

divergence is attributed to Co diffusion which increased the magnetization of 

the film. 

I measured the magnetization loops for the MnSb alloy films. They 

displayed an in-plane easy axis unlike the superlattices. The magnetization is 

30% lower than for bulk MnSb, but is similar to values for other thin films. 
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The reduced magnetization is attributed to Mn atoms located at intersticial sites 

with spins in the opposite direction as the correctly positioned Mn atoms. 

6.3 Magneto-Optical Characterization 

I have used in situ polar Kerr effect measurements to study the 

perpendicular magnetic behavior of MBE-grown transition metal (TM = Cu, Ir 

and Pd) overlayers deposited on single-crystal Co films in Chapter 5. The Co 

films were grown on Pd buffer layers in both the (111) and (001) orientations. 

Cobalt thicknesses ranged from 2 A ::; teo ::; 10 A for the (111) orientation and 

were 2 A and 4 A for the (001) orientation. The uncovered Co displayed a 

perpendicular easy-axis for all thicknesses in the range 2 A ::; teo ::; 6 A in the 

(111) orientation, but only for teo = 2 A in the (001) orientation. After growth 

of the Co, subsequent deposition of just -2 A of any TM overlayer increased 

the perpendicular coercive field and ellipticity dramatically for Co(l11). For the 

Co(OOl), the sample either became non-magnetic (possibly due to a decreased 

Curie temperature) or the magnetic moment was driven in-plane. 

We speculate the sharp peak in the coercive field of the Co(111) films we 

observe at -1 monolayer (ML) coverage for all TM overlayer materials studied 

to date (with the exception of Pd) is due to a possible change in the electronic 

structure of the TM overlayer at ML thicknesses. 

Addition of a Pd overlayer to a Co film shows an increase of the 



ellipticity which is due to polarization of the Pd by the Co. Other overlayer 

materials, however, do not show this increase. 
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APPENDIX A 

DEMAGNETIZATION CORRECTION TO COERCIVE FIELD 

The correction factor to the coercivity is73 

(AI) 

where N is the sheet demagnetization factor which, depending on the sample 

geometry, varies from 0 for a sphere to 1 for an infinite plane.37 M.1. is the 

component of the magnetization perpendicular to the film plane which can be 

described as follows 

(AI) 

where 

(At) 

Mx is the component of the magnetization in the direction of the applied field 

and My is the component of the magnetization perpendicular to the applied 

field. Mx is measured with the standard VSM configuration. My cannot be 

measured except by a second pair of pick-up coils located perpendicular to the 

direction of the applied field. Since our system does not include the second 



pair of coils, we cannot determine the exact values of the coercivity at angles 

other than n = 0 and 90°, 
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APPENDIX B 

DERIVATION OF WORKING EQUATIONS FOR PEM SMOKE SYSTEM 

A schematic of the optical components of the SMOKE system is shown in 

Figure 5.2. The optical components of the system can be modeled with a 2 x 2 

Jones matrices formalism.92 The polarization of the laser is set at a 45° angle 

with respect to the vertical axis of the PEM. In the Jones convention the initial 

electric field corresponds to 

E = _1 (1) 
i .,fi 1 

(Bl) 

This field then passes through the PEM. The emerging field is 

(B2) 

where MpEM is Jones matrix representation of the PEM given by 

(
e

itJf2 0) M = 
PEM 0 e -i{)f2 

(83) 

and 
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(B4) 

where lJ) = 27Tf (f = 50 kHz is the oscillation frequency of the PEM ) and t is 

time. The beam then passes through the beam splitter and reflects from the 

magneto optic sample, represented by a Jones matrix of MMO' Subsequently the 

beam passes through the beam splitter again, followed by the analyzing 

polarizer with a matrix Mpo/' The beam hitting the detector, Edel, can be 

represented by 

(B5) 

where the matrix Txy_ o is the transform matrix to convert from x-y to circular 

coordinates and 

The intensity seen at the detector is 

(B7) 

After a considerable amount of algebra, the detector intensity can be found to 

be 

(B8) 

where Ek is the ellipticity, Ok is the Kerr rotation and R is the reflectivity. These 
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terms are mathematically defined as 

(B9) 

The terms sinS(t) and cos8(t) can be expanded in terms of Bessel functions93 

given by 

sino(t) = 2J1(0O>sinwt 

coso(t) = Jo(oo> + 2J2(0O>sin2wt 
(B10) 

so that the detector intensity can be grouped into three terms: a DC term, a 

term at frequeny wand a term at 2w. The ratios IJIoc and 12<iIoc are 

I~ 4e1J1(°O> 
- = 
IDC 1 + Jo(o O>sin(2f} + 26k) 

(Bll) 

I2~ 2J2(oO>sin(2P + 26A) - = 
IDe 1 + Jo(oo> sin(2f} + 261) 

Setting the PEM such that liSo = 138°) = 0, £k can be determined from 

( 
1 lI~ 

Ek = 4Jo<oJ IDe 
(B12) 

By choosing the polarizer angle, f3 = 0 and expanding sin(28J, 8k can be 

written as 
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(B13) 

Although the Bessel function proportionality constant is known exactly, 

the actual proportionality constant may be different because of detector 

frequency response or the lock-in amplifier gain. In order to determine the 

actual proportionality constant for Kerr rotation, the polarizer can be rotated 

about its zero position and the slope of the intensity ratio vs f3 will be 

(B14) 

where k is a constant whose value is one for a perfect system. 

To calibrate the system for ellipticity, a quarter wave plate must be 

inserted in the beamline between the sample and the polarizer. The Jones 

matrix in circular coordinates for the quarter wave plate is given by 

- ei71/4(C1-0ei2CC (1 +0 1 
M --"'4 4 (l + i) (1 -l)e -/2cc 

(B15) 

where a is the rotation angle of the quarter wave plate. 

Matrix multiplication and algebraic manipulation can be carried out 

similar to before to yield 

I 
~ = 4Ek+2Ca + P)J1CoJ 
IDC 

(B16) 

Therefore a plot of the intensity ratio vs either the angle of the quarter wave 
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plate or the polarizer can be used to determine the calibration constant. 

With the normal setup (without the quarterwave plate) the Kerr rotation 

and ellipticity both can be measured at the same time. However since the 

polarizer decreases the amplitude of the laser by a factor of two, thereby 

decreasing the magneto-optical signal, it can be removed from the system 

allowing the ellipticity alone to be measured with a higher signal to noise ratio. 
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