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Abstract

Ferromagnetic multilayers showing perpendicular magnetic anisotropy (PMA) can be 

used as information storage materials with significantly increased storage density 

compared to materials currently used. A detailed knowledge o f the mechanism that 

creates PMA and the impact o f different parameters on the magnetic properties in such 

multilayers is essential. 26 Fe/Tb and 11 Fe/Gd multilayer samples with a wide range of 

thicknesses were fabricated by planar magnetron sputtering. The other fabrication 

parameters besides thickness were left constant as far as possible. The magnetic and 

structural properties o f these samples were examined using x-ray diffraction, Mossbauer 

spectroscopy and torque magnetometry. This study attempts to explain the PMA in 

multilayers o f  Fe and Gd or Tb. It has been found that the magnetic ordering in such 

multilayers is induced by a mixed interface very close in composition to that o f  

amorphous thin alloy films o f the constituent elements that show maximum PMA. The 

other important factor determining the magnetic properties o f these multilayers is an 

exchange interaction between adjacent Fe layers. The thickness o f the interface and the 

thickness of the particular layers of the constituent elements determine the alignment o f  

the magnetic moments in such multilayers. No significant difference in the magnetic 

and structural properties between Fe/Tb and Fe/Gd multilayers could be measured.
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I. Introduction

In view o f the increasing demand for new materials with very specific properties, a thorough 

understanding of the microscopic properties o f  constituent atoms o f solids that create certain macroscopic 

physical properties is essential. If these mechanisms are well understood, new materials with any desired 

properties can be designed and manufactured. One o f the most interesting but also least understood 

properties is ferromagnetism. It becomes particularly interesting considering the increasing 

'computerization' of modem society because it is the basis o f  modem information storage.

Over the years with increasing frequency, solid state physicists have shown great interest in lower 

dimensional systems because of the interesting physical properties they display. Such systems have 

provided solutions to challenging problems in many areas o f technology. Multilayers can display very- 

different properties. Ferromagnetic multilayers consisting o f  transition metals and rare earths are 

interesting systems because the phenomenon o f  perpendicular magnetic anisotropy (PMA) has been 

observed in amorphous alloys o f these elements. Using new reading and writing techniques, such 

multilayers can be used as information storage materials with significantly increased storage density- 

compared to the storage media currently used. The reading of information can be performed with lasers 

using the fact that the polarization direction o f the light is changed ( 1) or not (0 ) by the magnetic moment 

of the material. The writing can be performed by locally heating the magnetic material with a laser and 

flipping the magnetic moment using a small magnetic field. Considering the mechanism for which these 

materials are to be used, they must possess the following properties:

1) PMA is a result of the lower dimensionality o f a multilayer system. Therefore, one wants very thin 

layers. Many thin layers are stacked on top o f each other to form multilayers in order to increase the 

signal intensity due to interference o f  the laser light.

2) It must be possible to switch the magnetization direction o f a domain very rapidly, which imposes 

limits on the energy necessary for this process. The energy- must be small enough to make writing by

localized heating possible but large enough to avoid unintentional flipping due to increased thermal 

energy.

PMA for such multilayers is necessary because in the multilayer systems considered here the easy axis of 

magnetization aligns perpendicular to the normal o f the multilayer and the associated anisotropy energy is 

in the right range to allow the rapid, low-fault writing mechanism described above.

This study attempts to explain the mechanism of PMA in multilayers o f Fe and Gd and o f Fe and 

Tb. The origin of PMA in such multilayers has been in discussion for years. Many models have been
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introduced. The ‘single ion anisotropy’ model has been accepted by a number of scientists to be the origin 

o f  PMA in amorphous alloys that consist o f the same elements, and also as the origin of PMA in 

multilayers. This model would predict a very different magnitude in the associated anisotropy energy 

constants for Fe/Tb and Fe/Gd multilayers. It is a very intuitive model that uses an asymmetric charge 

distribution o f the rare earth atom as the origin o f PMA. However, the validity o f this model must be 

questioned since experimental evidence is scarce or even contradictory. This study tries in particular to 

obtain experimental evidence to finally verily or falsify this model. The two multilayer systems 

considered (Fe/Tb and Fe/Gd) would be predicted to have different magnetic properties because o f  their 

electron configuration.

26 Fe/Tb and 11 Fe/Gd multilayer samples with a wide range o f thicknesses were fabricated by 

planar magnetron sputtering. The magnetic and structural properties o f  these samples were examined 

using x-ray diffraction, Mossbauer spectroscopy and torque magnetometry. It has been found that the 

magnetic ordering in such multilayers is induced by a mixed interface very close in composition to that o f  

amorphous thin films of the constituent elements that show maximum PMA. The other important factor 

determining the magnetic properties is an exchange interaction between adjacent Fe layers. As will be 

shown, the thickness of the interface and the thickness o f the particular layers of the constituent elements 

determine the alignment o f the magnetic moments in such multilayers. The anisotropy energy constants 

for all samples were measured. The results obtained with the different measurement techniques are very 

consistent. Measurements show extremely similar magnetic properties o f comparable Fe/Tb and Fe/Gd 

multilayer samples. Data indicate also strong similarity in the thickness dependence of the magnetic 

properties o f  the two kinds o f multilayers. These results are in contrast with those expected from the 

"single-ion-anisotropy' model.
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2. Review o f experimental and theoretical work

2.1. Some related experimental results

Since about 20 years ago, a large number o f experimental and theoretical papers concerned with 

amorphous alloys and multilayers consisting o f transition metals and rare earths have been published. 

Some o f the articles are devoted to the systems studied here. The theoretical articles introduce few models 

to describe the phenomena observed.

There is some agreement among the experimental results. All articles published on thin films of 

the amorphous Fe/Tb alloy mention the observation o f  perpendicular anisotropy and try to quantify- the 

optimal Fe/Tb weight ratio [7, 31, 32], For Fe/Tb multilayers, most studies also include the observation of 

perpendicular anisotropy, however, information about the dependence o f the anisotropy on the layer 

thickness and thickness ratio varies and is not complete. In addition, there arc a number o f different 

processes used for fabrication and examination techniques o f the multilayers. The results o f some relevant 

references are briefly discussed below.

Using sputtering for fabrication and vibrating sample magnetometer measurements as the 

examination technique Yamauchi et al. measured the magnetization o f samples o f  different Fe/Tb 

thickness ratio and different layer thickness as a function o f temperature. The study shows the low 

temperature behavior o f  the magnetization for different layer thickness o f  Fe/Tb multilayers. The 

multilayers are shown to consist o f  4 regions; ferrimagnetically coupled Tb-Fe. ferromagnetic Fe. 

ferromagnetic Tb, and magnetically compensated Tb rcgions[45],

Shan et al.. using sputtering and vibrating sample magnetometer techniques, measured the 

anisotropy energy constant Ku for Fe/Tb and Fc/Gd compositionally modulated films. The anisotropy 

energy constant Ku is a measure for the energy difference between the preferred axis o f  alignment and 

random alignment o f the magnetic moments in a sample. For a constant Tb layer thickness o f 4.5 A. K„ 

was found to be maximum at an Fe layer thickness o f about 5 A decreasing to zero at about 10  A and it 

becomes negative (preferred orientation o f  the magnetic moment in the plane) for larger Fe layer 

thicknesses. For a Gd layer thickness o f about 3 A. the maximum anisotropy energy constant for Fe/Gd 

compositionally modulated films was found to be smaller by a factor o f 10 compared to Fe/Tb 

compositionally modulated films. The Fe layer thicknesses examined ranged between about 3 and 5 A for 

Fe/Gd compositionally modulated films and between 3 and 1 2  A for Fe/Tb compositionally modulated 

films[37],

Badia et al. studied thermally evaporated samples with Mossbauer spectroscopy and SQUID 

magnetometer measurements. The 4 samples investigated had Fe/Tb layer thicknesses (in A) of 10/26.
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20/26, 30/26 and 40/7. PMA was detected in the samples with Fe/Tb layer thicknesses o f 10/26 and 40/7 

A and was attributed to the alloy phase at the interface. The mixed interface was estimated to be about 

two Fe monolayers thick [2|.

Following up on, and using the same experimental techniques as the previous study. Scholz et al. 

prepared Fe/Tb multilayers with Fe layer thickness between 10  and 80 A and Tb layer thickness between

3.5 and 26 A at substrate temperatures between 130 K and room temperature. For samples with Fc layer 

thickness less than 2 0  A Mossbauer spectra with broad lines typical for samples with amorphous structure 

showing PMA were obtained. On the other hand, for Fe layer thickness greater than 20 A, the Mossbauer 

spectra consisted of sharp lines typical o f  bcc Fe showing alignment o f the magnetic moment in the plane 

o f the layers. For thick layered samples perpendicular anisotropy was observed for temperatures below 

100 K. Annealing of the thick layered samples resulted in the disappearance of the perpendicular 

anisotropy even at low’ temperature. Thus, antiparallel coupling betw'cen the Fe and Tb moments at the 

sharp interface was proposed as the cause o f the PMA [35 J.

Morishita et al. study the temperature dependence of the magnetization o f compositionally 

modulated Fe-Gd thin films using a dual electron-beam gun system with independently movable shutters 

for fabrication, and x-ray diffraction and vibrating sample magnetometer measurements as examination 

techniques. The magnetization for large layer thicknesses is considered to be the result o f the independent 

contributions of the Fe and Gd regions. For small layer thicknesses, the temperature dependence o f the 

magnetization was found to be similar compared to coevaporated amorphous films o f Gd3oFe7o[2 6 j.

Teillet et al. examined Fe/Tb multilayers in the Fe layer thickness range o f 2 to 33 A and Tb 

layer thickness range of 2  and 19 A [411. The samples were prepared using a reactive diode rf-sputtering 

system, and the magnetic and structural properties were examined using x-ray diffraction and conversion 

electron Mossbauer spectroscopy. A phase diagram based on structural and magnetic properties is 

presented distinguishing between amorphous and crystalline structural phases and among paramagnetic, 

ferromagnetic perpendicularly aligned and ferromagnetic parallel phases.

Umemura et al. prepared Fc/Gd multilayers for Gd layer thicknesses ranging between about 2 

and 45 A for constant Fe layer thicknesses o f 15 and 30 A using thermal evaporation. The magnetic 

properties were examined using Mossbauer spectroscopy and vibrating sample magnetometer 

measurements. PMA was obtained for the Fe/Gd multilayers with Fe layer thickness o f  15 A in a Gd 

layer thickness range between 2  and 2 0  A [43 J.

Honda et al. fabricate Fe/Gd multilayers by sputtering and thermal evaporation and detect no 

PMA in samples ranging in Fe and Gd layer thickness between 5 and 27 A (where the Fe/Gd thickness 

ratio was kept equal to 1). As an examination technique, conversion electron Mossbauer spectroscopy was
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used. The unsuccessful attempt to produce Fe/Gd multilayers showing PMA is interpreted as a 

verification o f the single ion anisotropy model.

Wang et al. prepared a number o f Fe/Tb multilayer films with constant Tb/Fe thickness ratio o f  

about 1.4 using magnetron sputtering. The samples were examined using x-ray diffraction and torque 

magnetometry. The single ion anisotropy model was fit to the data and good agreement was obtained 

[44).

Sato et al. studied the magnetic properties o f Fe/Tb and Fe/Gd amorphous films (compositionally 

modulated films) using DC sputtering as fabrication and vibrating sample and torque magnetometer as 

examination techniques. The composition as well as the Fe and rare earth layer thickness was varied.

Sato et al. measured a maximum anisotropy energy constant Ku for a Tb layer thickness o f about 3 A for 

Fe/Tb films with a composition o f Tb;0?Fe 793. The maximum saturation magnetization was measured for 

films o f the same composition at a Tb layer thickness o f about 4.5 A [33. 34). For Fe/Gd amorphous films 

magnetization values similar to those obtained for Fe/Tb amorphous films were measured whereas the 

values for the anisotropy energy constants were lower by a factor of about 4 compared to similar Fe/Tb 

amorphous films.

The variation in the results obtained by the various studies, the limited number o f  data points 

available, the limited thickness ranges covered and the incomparability o f the data due to the different 

techniques used are a motivation for this study.

2.2. Fabrication techniques

The fabrication techniques used by the various research groups can be divided into different sputtering 

and evaporation techniques. The most important are:

1) DC sputtering [12, 15. 16, 18, 19, 32. 33, 37. 44 ,45[: Low pressure gas is ionized by a DC potential, 

the positive gas ions are accelerated towards the target, and target particles are removed to be 

deposited. The process o f DC sputtering is described in detail in section 4.1.

2) RF sputtering [4, 7, 8 , 22 ,32, 41]: A slightly different experimental set-up is required for RF (radio 

frequency) sputtering. Here the low pressure gas present in the vacuum chamber is ionized by 

electromagnetic radiation o f radio frequency. The advantage o f RF sputtering is that it is possible to 

sputter insulators. The alternating potential is used to neutralize the insulators surface (target) 

periodically with plasma electrons. The period o f change in polarity must be short compared to the 

time the positive ions require to travel to the target surface.
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3) Triode sputtering [3]: The process is similar to DC sputtering, but the gas is ionized by the injection 

o f electrons ejected and accelerated from a third electrode. This experimental set-up has the 

advantage o f a better fine control o f  the current density and thus the sputtering or deposition rate.

4) lon-beam sputtering [ 141: Here an ion beam is produced in a low pressure chamber and directed 

through apertures with the help o f electron and ion optics into a separately pumped vacuum chamber. 

By making it possible to sputter in vacuum, this method eliminates part o f  the contamination problem 

in the sputtering process.

5) Thermal evaporation [I. 2. 6 . 18. 23. 26. 35, 43]: Various physical methods can be used to thermally 

evaporate materials. The most important is resistive heating where the material to be vaporized is 

resistively heated in a filament or boat made o f various shapes and materials (which are determined 

by the evaporation temperature and tendency to alloying). Others are. for example, arc evaporation or 

laser evaporation where the high temperatures necessary arc created by arcing between two electrodes 

or by a laser beam. The deposition rate depends on the geometry o f  the source, the position relative to 

the substrate and the condensation coefficient. An advantage is that evaporation can be done in high 

vacuum eliminating one source o f contamination compared to sputtering techniques, namely, the 

inert gas atmosphere.

2.3 Examination techniques

The methods o f examination for magnetic and structural properties o f  the multilayers also differ. In

addition, one wants to know about the quality of the samples. For this purpose, some traditional and some

fairly new methods are used. The most frequently used methods to measure the magnetic properties are:

1) Mossbauer spectroscopy [2. 6 . 20. 32, 35. 431: The probabilities o f  the magnetic hyperfine transitions 

observed as resonance absorption lines in a Mossbauer spectrum are a direct measure o f the 

perpendicular anisotropy o f the multilayer. Mossbauer spectroscopy does not measure the statistical 

average o f the magnetic moments in the sample as magnetometers do. but it measures individual 

magnetic moments. The experimental set-up and the relationship between the Mossbauer spectrum 

and perpendicular anisotropy are described in detail in section 5.

2) Conversion-electron Mossbauer spectroscopy (CEMS) [7. 8 . 18. 41 ]: Like Mossbauer spectroscopy, 

this method also measures the magnetic hyperfine transitions. However, the detection method is 

different. The excited absorber nuclei decay to their nuclear ground state partly by the emission o f s- 

electrons. These electrons or the subsequently emitted Auger electrons are detected by Conversion-
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electron Mossbauer spectroscopy, and they give the same information as the y-rays in Mossbauer 

spectroscopy. This technique has the advantage that depth-selective Mossbauer spectra can be taken 

due to the small range o f low energy electrons in solids.

3) Torque magnetometer [4, 15, 16, 19, 22, 33, 44J: If a sample has magnetic anisotropy the effect o f  a 

strong external magnetic field should be different depending on the direction o f the magnetic field 

with respect to the sample. The sample is fixed on a filament and is then brought into the field o f a 

large electromagnet (or other magnet). A torque is exerted on the sample and the filament is twisted 

until the resultant magnetic moment of the sample is aligned with the external magnetic field. With a 

laser the deflection is detected and a second electromagnet is used to compensate the torque and keep 

the sample in its original position. The current necessary to generate the magnetic field for the 

compensation is related to the resultant magnetic moment o f the sample.

4) Vibrating sample magnetometer [3. 4, 15, 18, 22, 23, 25, 26, 33, 37]: Here the amplitude o f the 

vibration o f the sample in an oscillating external magnetic field is measured and is related to the 

resultant magnetic moment o f the sample.

5) SQUID magnetometer [2, 12]: The main element o f a SQUID (superconducting quantum interference 

device) magnetometer consists o f  two Josephson junctions mounted on a superconducting ring. When 

the magnetic flux through the ring due to some external flux (sample) is changed, the critical current 

o f the Josephson junctions changes as a function o f the external flux, thus allowing a measurement of 

the magnetic moment o f the sample. The SQUID magnetometer is the most sensitive o f the three 

mentioned.

6 ) Magneto-optic Kerr effect [8 . 12]: One measures the difference in the intensity o f the reflected light 

for left or right hand circularly polarized light which gives information about the alignment o f the 

magnetic moments is the sample

7) Circular magnetic x-ray dichroism (CMXD):[ 1 ] spin dependent absorption spectroscopy using hard 

circularly polarized x-rays in the range above 5 keV. The energy dependence of the output signal 

gives insight in the local magnetic structure and coupling mechanism.

For structural measurements a few well-known standard and a variety o f new techniques are in use:

1) Small&large-angle-x-ray diffraction [3, 4, 6 , 8 , 16, 18, 19, 23, 25, 26, 33, 35. 36, 41, 44, 45]: A 

collimated x-ray beam o f a continuous energy range is diffracted by the crystal planes o f a sample. 

Using Bragg’s law, interference maxima corresponding to spacings o f the particular lattice are 

observed. For amorphous samples, the interference maxima will be very broad but they can still be 

observed With large-angle x-ray diffraction the structure o f the multilayer can be determined. Small-
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angle-x-ray diffraction is particularly useful for the observation o f the layered structure o f the 

multilayer (if 0  is very small, then d is larger for the same wavelength and larger distances such as 

the spacing between the layers can be observed).

2) Neutron diffraction [12, 23, 33 J: The basic mechanism used for neutron diffraction is very similar to 

the one for x-ray diffraction. Instead o f a source of x-rays, a source o f thermal neutrons is used. 

Usually one varies the energy o f the neutron beam to obtain interference maxima and leaves the angle 

constant. Neutron diffraction has the advantage that neutrons penetrate more deeply into the sample. 

Besides structural ordering, it provides information on magnetic ordering (one can distinguish for 

example between ferromagnetic and antiferromagnetic order).

3) Transmission electron microscopy (TEM) [16. 25. 33[: It is very useful to observe an image o f the 

cross-section of the multilayer with a TEM since this gives not only the opportunity to observe the 

layered structure but with sufficient resolution also possibly the interfaces.

4) Extended x-ray absorption fine structure spectroscopy (EXAFS)[ 11. 15[: Highly polarized 

synchrotron radiation is used for angular-resolved analysis o f disordered local structures.

The most common techniques to examine samples for their quality (impurities) are:

1) Auger electron spectroscopy (AES) [15. 33. 35. 43): For this technique, the emission o f Auger 

electrons from a sample is usually obtained by bombarding it with an electron beam. The energy 

spectrum o f the emitted Auger electrons gives information about the constituent elements in a sample.

2) Energy dispersive X-ray diffraction (EDX) [35]; The technique is similar to X-ray diffraction with 

the difference that the energy spectrum o f the diffracted beam is examined and gives information 

about the constituent elements o f the sample and to some extent their location.

3) Low energy electron diffraction (LEED) [35, 431: Here, a mono-energetic electron beam in an energy 

range between 10 and 1000 eV is diffracted of a sample surface. The diffracted electrons give 

information about the crystallographic structure of the surface.

4) Reflection high-energy electron diffraction (RHEED) [35]: The sample is exposed to an electron 

beam o f energy ranging between 5 and 50 kcV at a grazing angle. The reflected electrons give 

information about surface structure.
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2. 4. Theoretical models

There is little agreement among scientists about a unified theoretical explanation for the experimental 

results. Theories based on different mechanisms have been introduced to explain perpendicular 

anisotropy. The most important are:

1) Single-ion anisotropy[18, 37. 38. 44]: The number o f 4 f electrons in Tb(Gd) leads to a 

nonspherical(spherical) charge distribution o f those electrons. The orbital angular momentum o f Tb 

is non-zero, which leads to a strong spin-orbit coupling. Therefore, the magnetic moment of Tb is 

confined to move in a cone about a certain axis of the Tb atom. This axis is arbitrary if  the atoms are 

free, however there could be a preferred orientation o f this axis in a magnetic substance. Single-ion 

anisotropy has been used directly as an explanation for the perpendicular anisotropy observed in 

Fe/Tb alloy films and in Fe/Tb multilayers. It is also the basis for a model o f magnetostriction using 

the point charge approximation [40],

2) Bond-orientational anisotropy: One can calculate the exchange energy for the antiparallel alignment 

of the magnetic moments parallel or perpendicular to the bond. This calculation shows that the 

energy for the perpendicular alignment (with respect to their bond) o f the Fe and Tb magnetic 

moments is lower than for parallel alignment. The perpendicular alignment is therefore favored over 

the other possibilities [ 1 0 ],

3) Structural anisotropy (stress-induced anisotropy [14, 15] or magnetostriction [43 |, anisotropic local 

coordination numbers [24], interface induced anisotropy [33, 36]): Here structural factors such as 

strains caused by the substrate, by nonmagnetic layers or by the fabrication process are given as a 

cause for the perpendicular anisotropy[ 17, 19[. Considering these factors, the exchange interactions 

(Fe-Fe, Tb-Tb. Fe-Tb) parallel and perpendicular to the plane o f a layer can be assumed to be 

different in magnitude. Perpendicular to the film there are fewer close neighbors than parallel to the 

film. The substrate and adjacent layers have a different structure and/or lattice constant. The 

fabrication process forces different coordination numbers to the structure parallel and perpendicular 

to the plane. The last cause of perpendicular anisotropy can be largely removed by annealing 

(heating of the sample after fabrication to release strains) [14], Annealing not only helps to remove 

the stress in the multilayer due to the fabrication procedure, but it also spreads out the interfacial 

zone.

All mechanisms can give a plausible explanation for the observation of PMA in specific cases; however, 

no generally valid model which explains all the phenomena observed has been given.
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2.5. Problems associated with experimental research on the anisotropy o f multilayers

A major problem is the variety o f fabrication procedures and the large number o f parameters on which the 

perpendicular anisotropy seems to depend. The experimental data available are therefore not easily 

compared.

To solve the problem o f too many parameters, one can proceed by the method o f elimination of 

causes, i.e. make exactly identical multilayers with the exception of one parameter. For example, to 

examine the dependence on strains caused by the substrate, sputter a multilayer in one experiment on 

different substrates and compare the resulting Mossbauer spectra and small angle x-ray diffraction 

spectra. This will eliminate the influence o f a particular substrate on the magnetic properties, however it 

does not remove the general influence of substrates which could only be examined by making a multilayer 

without a substrate in free space. Just removing the multilayer from the substrate after fabrication (as can 

be done) does not do the trick. One wants to grow a multilayer or thin film in the absence of stress of any 

kind. Other parameters such as the layer thickness or substrate temperature are more problematic since it 

is very hard to exactly create identical parameters for two different runs. However, a large number of 

"close to identical" runs for each thickness (or temperature) will give information about the thickness (or 

temperature) dependence. The influence of most parameters can be examined as described above.

To improve the comparability o f experimental results, collaboration among scientists is essenuai. 

Most research groups have only a few fabrication and examination methods available for their use and can 

make predictions about their experimental findings only Some collaboration between research groups has 

started recently, resulting in some joint publications. However, the experimental data available in the 

literature has not lead to a presentation o f a unified theory on the causes o f  PMA.

The strength o f this study is that a large number of samples over a large range o f thicknesses 

have been fabricated and examined. The samples considered in this study include kinds that so far have 

been examined by different research groups whose results have been interpreted separately and in different 

ways. In addition, there are no comparative studies available on Fe/Tb and Fe/Gd multilayers covering a 

larger range o f  layer thicknesses aside from [37] that is concerned with compositionally modulated films 

only.
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3. Properties of the constituent elements o f the multilayer systems

3.1. General remarks

Magnetic anisotropy in multilayers can be caused by several different mechanisms. The most important 

factors that cause a multilayer to show magnetic anisotropy are as follows.

1) Geometric factors such as the dimensions o f the layers, the structure (crystalline or amorphous), the 

orientation o f the crystalline structure with respect to the dimensions o f the layers, and the presence of 

strains between the layers caused by different expansion coefficients o f the components

2) Factors related to the fabrication of the multilayers such as deposition method (velocity and size o f the 

particles when deposited), temperature o f the substrate during deposition, heat treatment after 

deposition to release strains caused by the fabrication process (annealing), and application of 

magnetic fields during deposition to force the magnetic moments to align in a certain direction

3) Anisotropy produced by the interaction between the atoms such as the Coulomb interaction 

(symmetry and the effect of the surrounding electrons or crystal field), the exchange interaction 

between like and unlike atoms, and spin-orbit interaction.

All these factors act simultaneously and the magnetic properties o f the multilayers are determined by the 

energy contribution from each o f those mechanisms. The relevant factors will be discussed in more detail 

in section 3. In addition it must be considered that Fe and Tb form an alloy at room temperature. Thus, 

the boundary between a layer o f Fe and an adjacent layer of Tb is very likely not to be discrete, but there 

will be few atomic layers o f Fe/Tb alloy.

3. 2 .  Properties of Fe

The element Fe is a transition metal and at room temperature a ferromagnet. Some properties o f Fe are 

listed in Table I.
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Tabic 1: Properties of Fe [52].

name, symbol Iron. Fe

element o f the PSE 26

electron configuration [Ar|3d64s'

ground state 5D4

magnetic moment (in units o f uB) 2.219

Curie temperature (K) 1043

density (g/cmJ) 7.87

crystal structure bcc

lattice constant(s) (A) a=2.87

The magnetic properties o f a solid are a collective phenomenon based on microscopic properties o f  its 

atoms. Thus, in particular, one needs to consider thin films o f iron o f which multilayers are formed. For 

a uniformly magnetized thin (above few monolayers in thickness) film o f Fe, one expects an alignment of 

the magnetic moments parallel to the plane o f the film (parallel magnetic anisotropy) due to its geometry. 

The demagnetization fields that are created by an applied external field are different in the plane and 

normal to the plane o f the film. Considering a film o f flat oblate ellipsoidal geometry.

= - N _ M  = 4 7i M. and Hdi = - N.: M = M. (1)

where Hd_, Hi, N_ and N,, arc the demagnetizing fields and the demagnetization factors perpendicular and 

parallel to the plane o f the films, respectively. L is the diameter and t is the thickness o f the film. The 

magnetostatic energy

E,,, = - j  J W M d x  (2)

can be calculated, and. the difference in the energy density parallel and perpendicular to the plane o f  the 

film is

AEm = j  ( N,, - N , ) M2 = 2 7i (3)
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Since Hd_ »  H^,, the thin film has an easy axis of magnetization in its plane and a hard axis 

perpendicular to its plane. Thus, for the case o f  perpendicular Fe alignment in such thin films, 

other energy contributions due to different effects must be larger than the dipolar interaction described 

above.

3 .3 . Properties o f Tb and Gd

Terbium and Gadolinium are rare earths and (at room temperature) paramagncts. Some properties arc 

listed in Table 2.

Table 2: Properties o f  Tb and Gd [52].

name, symbol 

element o f the PSE 

electron configuration 

ground state

magnetic moment ( in units o f pB) 

Curie temperature (K) 

density (g/cm 3) 

cry stal structure 

lattice constant(s) (A)

Terbium. Tb 

65

[Xel-tf^s2 

‘Hi sc

9.77

219.5

8.2

hep

a=3.6055. c=5.6966

Gadolinium. Gd 

64

[X e |4 f 5d'6s: 

’D;

7.98

293.4

7.9

hep

a=3.6336. c=5.781

Regarding Table 1 one might think that Gd is actually a ferromagnet at room temperature since its Curie 

temperature (293.4 K) is extremely close to room temperature. However, the Curie temperature specified 

is for bulk Gd, whereas multilayer systems behave as 2-D structures. The Curie temperature o f  2-D Gd is 

lower than the bulk value and one can safely assume that Gd in the multilayer system is paramagnetic. 

Considering their properties, Tb and Gd should behave very similarly in a multilayer combined with iron. 

One o f the differences between the two elements is the fact that for Gd the 4 f  shell is half filled indicating 

that the charge distribution due to the 4 f  electrons should be spherically symmetric whereas for Tb this is 

not the case. To first order, Gd has no single ion anisotropy (neglecting the slight asymmetry' due to the 

5d‘ electron). One o f the current models o f PMA uses the asymmetry in the charge distribution o f the 4 f  

electrons in Tb as an explanation. The difference in single ion anisotropy can be quantified in terms o f  

the anisotropy energy constant Ku for a Fe/Tb or Fe/Gd multilayer system (using the model by Shan et al.)
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[381. In this model, the maximum value for K„ differs by a factor o f about 1 0  for comparable Fe/Tb and 

Fe/Gd multilayers, respectively.

3 .4 .  Interaction between Fe and Tb. Gd

A ferromagnetic solid by definition has a net magnetization in the absence o f an external magnetic field. 

This is a macroscopic definition. Using the fact that the magnetization (also by definition) is the magnetic 

moment per unit volume o f  a solid, one realizes that ferromagnetism must be a result of the interaction of 

the magnetic moments o f the atoms composing the solid. Thus, only a microscopic approach will be able 

to explain the collective phenomenon o f  ferromagnetism. The magnetic Hamiltonian describing the 

interaction between all the atoms o f the solid and the interaction with external and internal magnetic

fields can be written down, and it contains many terms. The problem must be treated quantum 

mechanically in order to include the property of spin. For the complete magnetic Hamiltonian, consult 

one o f the references [53], The significance o f the energy contributions in the Hamiltonian depends on 

the system considered. For the 2 multilayer systems considered in this study, the interactions between like 

and unlike atoms must be included. Starting from the Heisenberg Hamiltonian (which is just one term of  

the magnetic Hamiltonian). Harris et al. introduced in 1973 a random anisotropy model for systems 

containing transition metals and rare earths in which a randomly oriented local uniaxial field at each rare 

earth atom is assumed [13], The Hamiltonian for this model is given by

H raM  =  ' O S  ]a ~- Jex 2  J t Jj — g  Pb H  X  J l2 (4 )
i i j  I

where J, is the total angular momentum of Tb or Gd at site i, Ja its z-component, the nearest neighbor 

Heisenberg exchange interaction. D the local anisotropy parameter and H an external magnetic field 

oriented in z-direction. The justification of this Hamiltonian can be easily seen by the following 

argument. Besides the exchange interaction between the atoms that produces the collective alignment o f  

magnetic moments, there must be an energy contribution causing the moments to align in a preferred 

direction with respect to the geometry o f the sample instead o f being oriented randomly (with respect to 

geometry). Starting from this Hamiltonian, one can attempt to calculate the contributions due to the three 

terms for the constituent atoms that align their magnetic moments in a preferred direction (here the z- 

direction). The magnitude and sign o f  the three contributions will decide the alignment. The first term in 

this Hamiltonian is the anisotropy term. The second term is just the exchange interaction and the third
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term the Zeeman interaction. Since the introduction o f this model, researchers have come up with a 

number o f theories and models to obtain energies that in turn reproduce the experimental results. One of 

the theories states that single ion anisotropy produces perpendicular magnetic anisotropy. By single ion 

anisotropy one means the interaction between the 4 f electrons o f the rare earth atoms and the local electric 

field due to the neighboring ions. If the charge distribution o f the 4 f electrons is non-spherical. i.e. L *■ 0. 

the resulting electric field forces the magnetic moment into a preferred orientation. If this model is the 

cause for PMA in Fe/Tb and Fe/Gd multilayers, then the anisotropy energy constant for Fe/Gd multilayers 

should be smaller than for Fe/Tb multilayers due to the fact that in Gd the 4f shell is half filled and 

therefore the orbital angular momentum is zero (the charge distribution of the 4 f  shell electrons is 

spherically symmetric). For amorphous films o f  Fe and Tb or Gd. some experimental results show such a 

difference in the anisotropy energy constant [37],

For the exchange interactions, one usually considers nearest neighbor interaction only. There is 

a number of experimental data estimating the exchange interactions [47], The exchange interaction 

constants of all possible pairs of atoms in the multilayer systems considered can be roughly ordered to

1*1 Fe-Tbl >  l-frb -T b l >  IJfc -F c I a n d  |JF e -G d l >  IJo ti-O d l >  U fc -F c I-  ( 5 )

The like atom exchange interaction constants J-rb-Tb, Jc,d.Gd and JFe-Fe are positive and lead to parallel 

alignment of the magnetic moments o f like atoms. The interaction constants between Fe and Tb or Gd, 

JFc.Grf and JFcTb, are negative which leads to an antiparallel alignment o f  unlike atoms. The coupling 

between unlike atoms is favored because the magnitude o f this interaction is largest.
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4. Fabrication techniques

4 . 1 .  Planar magnetron sputtering

4. 1. 1. Experimental set-up

For the fabrication of the Fe/Tb multilayers a planar magnetron sputtering system, as shown in Figure 1. 

was used. In the figure only one sputtering gun and one thickness sensor are shown to preserve clarity. 

The actual system has three guns and two thickness sensors. The position and height of the guns and 

thickness sensors are variable. The target attached on top o f the sputtering gun is the cathode. The gun 

housing, the substrate and substrate holder and the vacuum chamber function as the anode. The anode is 

taken to ground and is positive with respect to the cathode. The base pressure in the vacuum chamber o f 

approximately 1.0 x 10*6  Torr is obtained by a two step pump system consisting o f mechanical pump and 

diffusion pump with liquid nitrogen cooling. The operating pressure (high purity Argon) is between 5 

and 200 mTorr. With a DC power supply an electric field is created between anode and cathode. The 

electric field ionizes the argon gas and creates an argon plasma discharge. The positive argon ions arc 

attracted by the cathode and accelerated to high velocities when hitting the target. They in turn kick out 

target particles, which can then move to the substrate and deposit there. To obtain higher deposition rates 

the sputtering guns are equipped with permanent magnets behind the target that confine the argon ions 

and move them on trajectories perpendicular to the target surface.

4 . 1 . 2 .  Sputtering parameters

There arc a large number o f parameters that can have an influence on the quality o f the multilayers. They 

arc related to:

1) Purity of the target material

2) Substrate material, its temperature, its distance from the target and its rotational velocity

3) The plasma (base and working pressure, purity)

4) Deposition power

In order to obtain comparable layers one tries to keep as many parameters as possible constant for all 

samples. The sputtering parameters arc listed in Table 10 and 11 in Appendix 1.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Figure 1: Experimental set-up for planar magnetron sputtering. 1 -  transmission to motor. 2 -  

substrate holder, 3 -  substrate, 4 -  vacuum chamber, 5 -  thickness sensor, 6  -  dark space 

shield, 7 -  target, 8  -  permanent magnet, 9 -  isolation plate. 10 -  gun, 11 -  base plate, 12 

-  to diffusion pump. 13 -  to power supply, 14 -  to thickness monitor
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The purity o f  the target material was 99.9 to 99.955 % for Fe. 99.9 % for Tb and 99.9% for Gd. 

When not in use the targets were stored in an inert gas atmosphere.

Polyester foil and glass slides were used as substrate materials. The substrate materials were 

chosen by considering the experiments to be performed on the samples. For Mossbauer spectroscopy a 

material that is easily penetrated by y-rays had to be chosen. The initial multilayers were deposited on 

aluminum foil which would be a better material with regard to later heat treatments o f  the samples, 

however, it contained large impurities of Fe that made it difficult to observe the Fe Mossbauer spectrum 

from the multilayer only. The samples on the glass slides were sputtered for thickness, composition and 

structure measurements. To examine the effect o f the substrate on the multilayers one sample was 

sputtered on Aluminum and polyamide foil simultaneously. During deposition the substrate heated up to 

40 degrees Celsius. The heating is caused by heat radiation from the target, and it is unavoidable unless 

the substrate is cooled. The target heats up through bombardment with argon ions throughout the 

sputtering process even though the sputtering gun is water-cooled. The distance between substrate and 

target was 10 cm for all samples. The rotation velocity was varied between 0.8 and 2 .6  cm/s to obtain 

different layer thickness, corresponding to a period between 36 and 118 s per revolution.

The argon gas used for the plasma discharge had a purity o f  99.99 %. The base pressure in the 

vacuum chamber ranged between 9.0 x 10~7  and 2.0 x 10"6  Torr and the working pressure ranged between 

2 and 10 +/- 2 mTorr for all samples. During the fabrication process a liquid nitrogen trap (vaporization 

temperature o f nitrogen is 77 K) was utilized to avoid back streaming. Back streaming o f oil vapor from 

the diffusion pump into the vacuum chamber is a well-known phenomenon associated with the operation 

o f diffusion pumps. It can be significantly reduced using a cold trap. Contamination o f the vacuum 

chamber with carbon (diffusion pump oil is carbon based) can thus be avoided. In addition, other 

contaminants, especially oxygen, are also frozen out (vaporization temperature o f oxygen is 91 K). Gases 

with vaporization temperatures below liquid nitrogen cannot be prevented from back streaming, however, 

these are inert gases that do not easily form chemical compounds or hydrogen and are therefore of little 

concern.

The sputtering guns used are “Torus 2C magnetron sputtering sources’’ by The Kurt J. Leskcr 

Company. Hewlett Packard DC power supplies, SCR-IP series Model 6448B 1.5 A / 600 V, were used to 

operate the sputtering guns. The power was varied between 67 and 294 W for Fe, between 4 and 93 W for 

Tb and between 12 and 54 W for Gd.

The variation in layer thickness was obtained by a changing the rotation velocity' o f the substrate 

and by changing the power applied to the sputtering guns within the limits given above.

The deposition rate is a function o f working pressure, power and the target-substrate-distancc. 

Before the fabrication o f  the multilayers, the dependence o f  the deposition rate o f  Fe, Tb and Gd on
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pressure, power and target-substrate distance was examined. A maximum sputtering rate is observed 

between about 1 and 10 mTorr. For lower pressure, sputtering cannot be obtained and for higher pressure 

the sputtering rate decreases. The working pressure was mostly adjusted to 10  mTorr, however, for some 

samples it was lowered to obtain higher sputtering rates. One needs to mention that there is a large error 

associated with the pressure reading due to the pressure gauge (thermocouple gauge from atmospheric 

pressure to I mTorr); this was the only pressure gauge available. A change o f the working pressure given 

by the uncertainty interval o f about 4 mTorr can cause a change in deposition rate by 50 %. The target- 

substrate distance was left constant for all samples, however, it did not account for the decrease in the 

target thickness during deposition, which can be substantial for thick multilayers.

The multilayers to be used for Mossbauer spectroscopy were covered with an aluminum film o f  

about 500-1000 A thickness to avoid extensive oxidation o f  the Fe, Tb and Gd. In addition, the samples 

were stored in an inert gas atmosphere when not in use.

4. 2. Thickness measurement

The thickness measurement o f  the samples has a significant effect on the validity o f any results in this 

study, because the thickness o f  the layers is the most sensitive parameter related to the magnetic properties 

of the multilayers. The thickness was measured during the fabrication process using a quartz crystal 

oscillator thickness monitor. The basic sensing element is positioned in the particle stream and consists o f  

a plano-convex plate which is excited into thickness shear mode vibrations by an external oscillator 

operating at a frequency o f about 6  MHz. The oscillation frequency is determined by the mass of material 

which has been deposited, and decreases as more material is deposited. The resolution specified by the 

manufacturer is ± 2 A. For the thickness monitor to work properly a careful calibration for each material 

and each sensor position is necessary.

The thicknesses measured with the thickness monitor were cross-checked by weighing o f the 

sample. The weight o f the sample was determined from the difference o f  the glass slide with and without 

sample (the sample was dissolved in acid after the initial weighing). The thickness was also cross

checked by performing an energy dispersive x-ray measurement (EDX) on selected samples. In addition, 

small angle x-ray diffraction was used to determine the layer thickness o f some samples (see sections 5. 2.

2. and 6 . 2. 1. below). All thickness measurements agreed within about 6 % for the particular layer 

thicknesses of the samples. The EDX measurement revealed the presence o f  5% oxygen by weight in the 

samples whether they were covered with Al or not.
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4. 3. Reproducibility of samples

A very important question for the validity’ o f any conclusions drawn from this study is the reproducibility 

of the samples and measurements. Two aspects o f the problem are considered here and in the error 

analysis sections o f  the measurement techniques.

1) Can one fabricate identical or at least reasonably similar samples?

2) How reliable are the measurement techniques used in this study?

One likes to produce samples in which only one parameter varies while all the other parameters arc held 

constant. Considering the very large number o f known parameters during sample fabrication process and 

(trying not to think about the presumably larger number o f unknown parameters), one must wonder that 

one can produce similar samples at all. The structural and magnetic properties o f these multilayers 

depend very strongly on some parameters, whereas they depend only weakly on others. The dependence is 

not uniform over the whole range of one parameter: it can be very strong in a certain range and 

insignificant in another range. Knowledge o f the impact of most parameters is essential for the success of 

the experiment. The magnetic and structural properties o f  the multilayers are very sensitive to the layer 

thickness over a range between 2 and 80 A for Fe and about 3 and 30 A for Tb and Gd.

The similarity' o f the physical properties o f samples can be examined by measuring physical 

quantities such as the magnetization o f the samples. Thus, the two questions asked above are closely 

related. The reliability o f the measurement techniques is discussed in sections 6 . 1 . 4., 6 . 2. 3. and 6 . 3. 3 

below. Assuming that the measurement techniques arc reliable, samples are considered similar if  the 

physical quantities measured are similar. An example for two very similar samples is shown in Figure 2a 

and b. For the measured fabrication parameters, consult Table 11 in Appendix 1.

One observes that the Mossbauer and x-ray diffraction spectra show almost identical results at 

first glance. However, the samples only pass the test o f being close to identical by a comparison o f the 

quantities obtained from these data. The Mossbauer parameters and location and intensities of x-ray 

diffraction peaks o f samples q and 8  are listed in Tables 14, 15 and 17 in Appendix I. The quantities 

obtained from the measurements for the two samples are very similar. It needs to be pointed out that the 

magnetic and structural properties o f these two samples are very sensitive to thickness at the layer 

thicknesses considered. One can choose samples in other thickness ranges with very different fabrication 

parameters and still obtain very similar structural and magnetic properties, but that does not lead to a 

sensitive test o f the differences between similar samples.
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velocity (mm/s) 2 © (°)

Figure 2a,b: Mossbauer spectra and fits and x-ray diffraction spectra o f Fe/Gd multilayers samples 5

and y. respectively.
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5. Examination techniques

5 . 1 .  Mossbauer spectroscopy

5. L. 1. Theory of Mossbauer spectroscopy and its application to observe the magnetic properties of 

multilayers

For a more elaborate treatment o f Mossbauer spectroscopy, see one o f the references [51], Mossbauer 

spectroscopy is a nuclear resonance technique that makes use o f the resonant absorption of y-rays. The 

occurrence o f natural isotopes in many elements is used. A source o f y-rays very similar in energy to the 

energy between ground and exited state o f  the naturally occurring isotope in the sample is used to irradiate 

the sample. For Fe Mossbauer spectroscopy, one uses ,7Co sources for the Fe isotope nucleus ’ Fe that 

occurs with a natural abundance o f about 2% in 56Fe. The energy o f the y-rays of the source can be varied 

by moving the source using the Doppler effect. The y-rays raise the isotope nuclei in the sample into their 

exited state. When returning to their ground state they emit y-rays that give information about the state o f  

the isotope nuclei in the sample. For the energies absorbed by the sample, absorption lines can be detected 

in the energy spectrum (Mossbauer spectrum). These lines can be related to transitions between particular 

states o f  the isotope nuclei that allow the determination o f the magnetic properties o f the sample. One can 

measure for example the alignment o f the magnetic moments and the hyperfine field. The Mossbauer 

transition can be derived from the hyperfine interactions o f  the nuclei concerned. For 3 Fe, one usually 

considers the electric monopole and quadrupolc and the magnetic dipole interactions. The diagram in 

Figure 3 gives an overview about the hyperfine interactions o f 3 Fe.

The electrostatic interaction between the nuclear charge and the surrounding charges can be 

written as

E = J*p(r)V(r)dx, (6)

where p(r) is the nuclear charge density and V(r) is the Coulomb potential at point r. V(r) can be 

expanded into a Taylor series to give the multipole expansion o f the Coulomb potential and by substitution 

an expansion o f the interaction energy. The first term o f  this expansion represents the electrostatic 

interaction energy between the nucleus considered as a point charge and the other charges in the lattice. 

The second term is zero by symmetry. The third term o f this expansion gives the electric monopolc 

interaction energy EM and the electric quadrupole interaction energy EQ.
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Figure 3:

state

Hyperfine interactions of 37Fe. The effect o f magnetic dipole and quadrupole splitting on 

the ground and exited state and the corresponding effect on the Mossbauer spectra is 

shown.
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The electric monopole interaction energy represents an energy shift with respect to the 

electrostatic interaction energy that considers the nucleus as a point charge only, and. it takes the finite 

dimensions o f the nucleus (with uniform charge distribution) into account.

Em = |  7 i Z c ; ! ‘P(O) l : < r  ) (7)

This energy shift of ground and exited state o f  source and absorber nucleus leads to the isomer shift 6 .

6 = (AE)a -  (AE)S = \ x Z e: [ I T'(O) I A: - [ I lF(0) | s: [ ( r  >. - ( r  >g | (8)

By considering the electrostatic quadrupole interaction energy Eg, one assumes that the charge 

distribution throughout the nucleus is nonuniform, and

_ CQV77

where I is the nuclear spin, mi is the nuclear spin quantum number, Q is the nuclear quadrupole moment, 

Vzz is the diagonal element corresponding to the z-direction of the electric field gradient tensor and q is 

the asymmetry parameter which describes the nuclear oblatcness.

A nucleus with spin I interacts with external and internal magnetic fields. A nuclear state with 

spin I is (2I+l)-fold degenerate. The magnetic dipole interaction thus splits a nuclear level into 21+1 

sublevels. The magnetic dipole interaction energy

Em = - gx Pn H m,. ( 1 0 )

where gN is the nuclear Lande g-factor, (3N is the nuclear magneton and H is the magnetic field. The sign 

and magnitude of these interaction energies determines the location o f the Mossbauer transition lines in 

the energy (velocity) spectrum. For 57Fe. there are six allowed transitions as shown in Figure 3. The 

intensity o f these transition lines can be calculated, and it provides information about the alignment o f the 

nuclear moments of Fe in the sample. The calculation of the transition probabilities involves the 

evaluation o f matrix elements o f the general form
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< Ii mn. L  mi | I; me. 0 $>,

where 0 and <p are the polar and azimuthal angles o f the magnetic dipole moment vector p. relative to the 

wave vector k o f the y-rays as shown in Figure 4. These matrix elements can be calculated for a constant 

polar angle 0O. The allowed transitions and their transition probabilities are listed in Table 3 below.

Figure 4: Geometry o f relevant angles and vectors for the calculation o f  the transition probabilities.

Table 3: Transition probabilities o f Mossbauer lines.

Transition Matrix element Clebsch-

Gordan

coefficient

Normalized 

transition 

probability for 

arbitrary 0

Normalized 

transition 

probability for

0 = 0°

Normalized 

transition 

probability for

0 = 90°

M, (2 2 ’ 1 1 1 2  2  ,0  ̂ ^ y f u 2 -j^r(l+cos-(0)) 3 3

m 2 <2 J  • 1 0 1 \  \  ,0 <f > VT/3
1 ,
^ sin*(0) 0 4

m 3
3 1 , 

<2 - 2 • 1 11 2  2 ,0 ^ ^ VI/6 ^ ( l + c o s :(0)) 1 1

m 4 <2 2 '  1 ■ H - e * ) yJT/6 ■j^(l+cos2(0)) 1 1

m 5 1 2 ' 2 ’0<l>> - y f m j  sm‘(0) 0 4

M*
<2 '  2 ’ 1 1 1 2 ' 2 ,0  ̂ ^ yJT/2 ■^(l+CO S^)) 3 3
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Alignment o f p. Mossbauer spectrum Intensity ratio
Ii : ty : L4 : I5 ■ I*

P =  55°

3 : 2 : 1 : 1 : 2 : 3

P =  90°

3 : 4 : 1 : I : 4 : 3

P =0°

3 : 0 : 1 : I : 0 : 3

Figure 5: Intensity o f absorption lines for different canting angle o f the Fe magnetic moments.

With these calculations, one can distinguish several special cases as shown in Figure 5. There, 

the transition probabilities have been normalized giving intensities o f 1 for lines 3 and 4. The ratio of 

intensities o f lines 1 and 3 or 6 and 4 is constant and has a theoretical value o f 3 for all cases. For Fe 

magnetic moments aligned perpendicular to the sample normal, one expects the transition lines 2 and 5 to 

be at maximum, whereas for parallel alignment they should vanish.
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5. 1.2.  Experimental set-up

In Figure 6, a schematic diagram of the Mossbauer set-up used is shown.

-v ^ ^  +v
source sample

Figure 6: Schematic experimental set-up for Mossbauer spectroscopy.

The Mossbauer set-ups were calibrated using a thin iron foil for which the hyperfine field is a well- 

established quantity (330 kG at 273K). For the measurement, the samples sputtered on polyester foil were 

used. The optimum count rate for a Mossbauer experiment depends on the total thickness o f the sample 

that is penetrated by the y-rays. One wants to have a thick sample because more material means that more 

57Fe atoms will be present for measurement (the natural abundance o f 3 Fe in the sample is only about 

2%) However, if  the sample is too thick, the losses due to absorption of the y-rays are larger. The count 

rate increases with sample thickness up to an optimum thickness above which it decreases. The optimum 

thickness for an iron sample is .25 mm. For the calculation o f the optimum absorber thickness one must 

consider three factors, the fractional absorption, photoeffcct induced attenuation and thickness 

broadening. The fractional absorption e  is directly proportional to the effective absorber thickness t 

which would imply the selection of thick absorbers, whereas the statistical accuracy Are[ due to photoeffcct 

induced attenuation and the thickness broadening T would imply the selection o f small absorber thickness. 

For optimum absorber thickness the function g(t)=e/A reir  must be considered. This procedure leads to the 

optimum thickness for iron o f .25 mm. The total thickness o f  the multilayers fabricated for this study
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ranges between about 500 and 4000 A. Thus, to obtain a good counting statistics, one needs very strong 

sources, or one needs to count for very long time. To shorten the time that it takes to obtain a Mossbauer 

spectrum with a reasonable statistics, the polyester foil was cut in many small pieces that were stacked on 

top o f  each other, thus increasing the effective thickness o f the sample by a factor o f about 50. To avoid 

deformation or damage o f the sample during cutting different cutting tools and techniques were tried. 

Best results with extremely little damage and deformation at the edges were obtained for cutting with 

ordinary scissors. For the collection o f all data, several Mossbauer set-ups have been used. Further 

description o f all components used in these set-ups is listed below:

Austin Science Associates (ASA) K-4 linear motor 

ASA S-700 drive module

386 Gateway PC, 486 Gateway PC with EG&G ORTEC ACE-MCS or ACE- 

MCSP card and software

EG&G ORTEC Model 551 Timing Single-Channel Analyzer 

EG&G ORTEC 575 Amplifier 

EG&G ORTEC 142 PC Preamplifier 

High voltage power supply EG&G ORTEC 487 2-kV Bias Voltage Supply 

Detector LND 451 Beryllium Window Proportional Counter with Krypton gas

Source several  ̂ Co sources in Rhodium matrix with activities between I and 50

mCi

Motor

Drive

Computer

Single channel analyzer

Amplifier

Preamplifier

The low temperature spectra have been collected in a closed cycle Helium cryostat with temperature 

controller. The particular equipment used is listed below:

Cryostat CRYO industries, model REF-399-D22. closed cycle

Compressor CTI-CRYOGENICS model 8300 compressor and model 8001 compressor

controller

Temperature controller LakeShore model 330 autotuning temperature controller
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5. 2. Small and large angle x-ray diffraction

5 . 2 . 1 .  Experimental set-up

As another measurement of the layer thicknesses o f the multilayers and for the determination o f the 

structure o f  the samples, a Geigerflex x-ray diffractor with a Cu tube and a scintillation detector was used. 

The x-ray diffractor was interfaced over a databox with a 486 Gateway Personal Computer such that 

goniometer control and data collection was executed by computer. The x-ray diffractor was operated in 

the 2 © mode; i.e. the sample holder is rotated by © whereas the counter is rotated by 2©. Here, the 

samples sputtered on glass slides were used for the measurements. An empty' slide was examined such that 

one would be able to clearly distinguish the signal due to the slide from the one due to the sample. Very 

long dwell times were chosen for the measurements due to the small total thickness o f the sample X-ray 

spectra o f all samples for 2 © between 1.4 and 90° are included in Appendix 2. Diffraction peaks are 

expected due the atomic structure and the layer structure of the samples as shown in Figure 7

Figure 7: Experimental set-up for x-ray diffraction. © is the Bragg angle, d is the distance between

adjacent layers o f different elements or interfaces and a is the distance between atomic 

planes.
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For the calculation of any diffraction peaks, Bragg's law

2d  s in©  = nA, (11)

is used, where © is the Bragg angle, d is the distance between diffracting planes (in general), n the order 

and a the wavelength of the x-rays. In Figure 7, it is assumed that the layers arc perfectly ordered and 

that the interface is sharp which is not the case in a real multilayer sample.

5. 2. 2. Superlattice measurement using small angle x-ray diffraction

Diffraction peaks may occur due to the fact that x-rays are diffracted at the boundaries inside the sample 

such as periodic interfaces between magnetic and non (or less) magnetic layers. Thus one expects to 

observe diffraction peaks due to periodically recurring distances in the sample. Instead o f the particular 

layer thickness o f each multilayer component, one more likely measures the bilayer thickness o f the 

multilayer. All possibly recurring distances in the samples that may lead to diffraction peaks are shown in 

Figure 7. Due to the wavelength of the emitted x-rays, these superlattice peaks are expected for 2 © 

between 0 and about 15°, where the largest layer thicknesses correspond to the smallest angles. The 

smallest angles that could be successfully measured with the x-ray diffractor were about 1.5°. For smaller 

angles the noise level due to the direct x-ray beam was too high. Therefore most o f  the larger bilayer 

thicknesses could not be measured since their first order peak is below 1.5° and the second order peak was 

too small in intensity to be observed.

5. 2. 3. Determination o f the structure using large angle x-ray diffraction

The main motivation to the x-ray examination of the samples was to determine the lattice structure of the 

multilayers. One expects to see if the layers are crystalline or amorphous by the observation of the shape 

and the location o f the diffraction peaks. One also expects to see interfaces, alloys, compounds etc. The 

location o f the peaks gives information about the atomic distances in the samples. From the area under 

the diffraction peaks one can estimate to within 25% the relative content o f each component in the 

sample. The location of the expected peaks derived from Bragg’s law could be used to identify- the crystal 

structure o f the multilayer components.
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5. 3. Torque magnetometry

5 .3 .  1. Theory' o f torque magnetometry and the relationship between magnetization measurements and 

the magnetic properties o f  multilayers

Whereas with Mossbauer spectroscopy the magnetic properties o f  the Fe layers in the multilayers were 

examined, this technique examines the magnetic properties o f the whole multilayer sample considered. It 

is a macroscopic technique. Data were collected by two different methods, the 180-degree method and the 

45-degree method. From the data the net magnetization o f  the sample M. the anisotropy energy constant 

K and the angle o f the net magnetization vector with respect to the sample normal a  can be obtained. The 

geometry o f  the angles considered is shown in Figure 8. A circular disc o f  the sample (on polyester 

substrate) o f about I cm in diameter was used for the measurement. This sample shape reduces the quite 

complicated 3-D problem by one dimension because of its azimuthal symmetry. The net magnetization 

vector o f the sample sweeps a cone around the sample normal with constant polar angle due to the circular 

sample symmetry.

Figure 8: Geometry of sample with respect to relevant angles for torque magnetometer

measurement. 0 and <J> arc the polar and azimuthal angles, respectively, p is the average 

canting angle of the Fe magnetic moments with respect to that sample normal, a  is the 

angle o f the net magnetization vector with respect to the sample normal, <1> is the angle 

between the external magnetic field B and the net magnetization o f the sample MNct.
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One measures the torque on the sample with respect to a rotation axis that is identical with a sample 

diameter. One assumes that the torque will not vary as one changes the orientation o f the rotation axis 

with respect to the azimuthal angle <)>, and one measures for an arbitrary constant 4>.

With the simple derivation below the torque x on the sample can be expressed as function o f the 

net magnetization M and the anisotropy energy constant K. The anisotropy energy alone can be written as

Eanuo = K i S u r a  + K2 sin4 a  + • • \  (12)

Considering only the first term o f this expansion and renaming Kt simply K. the energy density for an 

anisotropic sample can be written as

E = - M - H  + Ks i n 2 ct = - M H cos ® + K. sin2 a , (13)

where is the angle between the net magnetization vector o f  the sample and the applied magnetic field, 

and a  is the angle between the sample normal and the net magnetization vector o f the sample. K in 

equation 13 is the total anisotropy constant of the sample and it includes the term 2xM2 due to the 

geometry o f  the sample as specified in section 3. 2. The torque z  on the sample is then

x =  M V x H .  s o x  = M H V s i n O  (14)

The energy density has a minimum where its derivative with respect to a  is equal to zero. Using the fact 

that 0  = 0 - a  and taking the derivative of E with respect to a , one obtains

cE  .
—  = - M H sin (0 - a )  + 2 K sin a  cos a  = 0 (15)
ca.

Multiplying by the volume V and substituting into (14),

x = K V s i n 2 a ,  x2 = 4 K2 V2 sin2 a  cos2 a . (16)

Combining (14) and (16) and letting 9 = 45°,
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x- M-V- M V
•2 ~H 2K x , (17)

one obtains an equation independent o f the angles from which the net magnetization M and the anisotropy 

energy constant K can be deduced. Equation 17 implies that there is a linear relationship between x'/H" 

and x. If one included the second term o f the anisotropy energy, one would not obtain a linear equation. 

The data w ill show if the assumption to consider only the first term o f Eanao is reasonable (i.e. the data 

show a straight line). For clarification, the net magnetization vectors for samples with parallel and 

perpendicular Fe alignment (as determined from Mossbauer spectroscopy) are shown in Figure 9a and b.

The net magnetization can be thought o f  as the vector sum o f  a magnetization vector due to the 

Fe moments in the sample and a magnetization vector due to Tb or Gd moments in the sample. The 

figure shows how a similar direction of the net magnetization vector can result from parallel or 

perpendicular Fe magnetization vectors.

a) b)

Figure 9a,b: Magnetization vectors for torque magnetometer measurement o f multilayer sample with a)

parallel and b) perpendicular Fe alignment. The three magnetization vectors MNcl, MFc 

and M-n, span the y-z-plane, the external magnetic field B lies in the y-z-plane and the 

rotation axis of the sample is the x-axis.
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5. 3 . 2. Experimental set-up

A simplified experimental set-up of the torque magnetometer is shown in Figure 10.

10

11

Figure 10: Torque magnetometer set-up. 1 -  interface to computer and Ampere meter, 2 -  step motor

and transmission, 3 -  filament, 4 -  permanent magnets, 5 -  solenoid, 6 -  plane mirror, 7 -  

laser beam, 8 -  glass rod. 9 -  sample holder, 10 -  sample, 11 -  electro magnet
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The magnetometer works as a torsion balance. The torque on the sample by the magnetic field (caused by 

the resultant magnetic dipole moment o f the sample) is balanced by the torque on the tungsten filament. 

With a ferromagnetic sample in the sample holder, one can distinguish two equilibrium positions. First, in 

zero magnetic field, the sample will adjust to its equilibrium position and all torques arc equal to zero. 

Then, if  a magnetic field is turned on, there will be a torque on the sample due to the magnetic moment of 

the sample. The sample will be displaced and adjust to its new equilibrium position such that the torque 

on the sample is equal and opposite to the torque on the filament and the net torque on the system is equal 

to zero. Now, the solenoid in the magnetic field o f the (small) permanent magnets is used to turn the 

sample back to its first equilibrium position by running a current (that can be measured) through the 

solenoid. Thus, the current needed to return the sample back to its first equilibrium position is a measure 

for the torque on the sample by the magnetic field (of the electromagnet). The adjustment between the 

different equilibrium position is done with the help o f  2 lasers by overlapping their images. The 

proportionality constant between the current and the torque is determined by calibration. For the 

calculation of the proportionality constant the torsion constant k  o f the filament was used. It was 

determined by attaching a cylindrical mass to the tungsten wire and measuring the period o f oscillation. 

This experiment was repeated for many pieces o f wire similar in length to the actual filament. The 

cy linder used in the experiment was very similar in shape and mass to the assembly o f the torque 

magnetometer that is actually attached to the filament and that holds the small solenoid and the plane 

mirror. From the average of these periods the torsion constant for the tungsten wire was calculated. It 

was measured to be

k = (1.028 ± .004) x 10'IQ Nm.
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6. Data analysis

6 . 1 .  Analysis o f  the Mossbauer spectra

6. 1. 1. General remarks

The Mossbauer spectra consist o f 512 channels (data points): each channel corresponding to a particular 

range in energy that is determined by calibration. The value of each channel specifies that number of 

counts collected in that particular energy range during a time interval. The Mossbauer spectrometer 

generates spectra consisting o f 2 symmetric halves corresponding to a full cycle o f  motion (movement of  

the source towards and away from the sample). Therefore, in general, one ‘folds’ Mossbauer spectra, i.e. 

one adds the intensities o f  corresponding channels o f both halves (mirror symmetrically). This has the 

advantage of not only improving the statistics but also o f  removing asymmetries due to the driving 

mechanism. Thus, all Mossbauer spectra were folded before their further analysis.

For most o f the analysis o f  the Mossbauer spectra, two different computer programs were used. 

The analysis is described below using the Mossbauer spectrum o f a typical sample. Many samples, in 

particular the physically interesting samples showed very broad absorption lines. It had to be assumed 

that the resulting Mossbauer spectra are the superposition of two or more subspectra (due to the phases of 

the multilayer). Therefore, besides the commonly used linearized least square fitting procedure, a program 

to determine the hyperfine field distribution over the whole data range was also employed. Usually, the 

hyperfine field distribution was found first and then the appropriate number o f  singlets and/or sextets o f  

Lorentzian lines were fit to the data by the least square fitting procedure. Howev er, sometimes it seemed 

to be advantageous to proceed the other way around, in particular when the intensities o f the absorption 

lines were hard to guess.

The nature o f the observed singlets in the room temperature spectra has been examined by taking 

low temperature Mossbauer spectra. If the singlets split into sextets, then they are due to 

superparamagnetism.

6. 1.2.  Fitting o f a hyperfine field distribution function

For this procedure, a computer program called WINDOW obtained from R. A. Dunlap, Dalhousie 

University, Halifax NS based on the method o f B. Window with some modifications was used. It
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determines the hyperfine field distribution assuming symmetric sextets with approximately equal isomer 

shift. It has 7 input parameters:

1) line width
2) isomer shift (the centroid o f the hyperfine field)

3) fraction (in the case o f iron this parameter is equal to 421 and it determines the spacing between the 

absorption lines)

4) intensity o f lines 1 and 6

5) intensity o f  lines 2 and 5

6) intensity o f lines 3 and 4

7) number o f Fourier coefficients

Parameters 1 and 3 through 7 are fixed. In order to get sensible results, it is necessary to guess the 

intensities o f the absorption lines fairly accurately. The program generates a function for a sextet (actually 

a triplet since symmetric sextets are assumed) from the input parameters and expands this (periodic) 

function into a Fourier series. Then, it matches this function to the data (the isomer sh ift the hyperfine 

field and the intensity of the spectrum as a whole are variable). For the best matching function the 

Fourier coefficients are calculated. The Fourier spectrum gives the probability- o f existence of the periodic 

function that was used as the input function at any location (channel) o f the data matched. Since the 

distance between absorption lines I and 6 gives the hyperfine field hf o f  the sample, this procedure obtains 

a hyperfine field distribution of the spectrum o f likelihoods for the periodic input function to exist at a 

location. From the hyperfine field distribution function, one can read off the number and location o f the 

hyperfine fields present in the sample. There are a few problems associated with this program:

1) The spectrum is considered a superposition o f  symmetric sextets only, so singlets are not included. 

However, know ledge o f this allows identifying the signature of the singlets in the hyperfine field 

distribution function. In addition, the main purpose o f the program was to identify- the number of 

magnetic sites (sextets) in a spectrum.

2) If the isomer shift o f different sextets in the spectrum is very different one sextet might not be seen' 

if  its intensity is not much larger compared to background noise.

3) The line width for all sextets is assumed to be equal. This approximation is reasonable considering 

the fact that the quantities obtained were not used in any calculation or further analysis.

4) Additional structures in the power spectrum are introduced depending on the number o f Fourier 

coefficients used.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



51

5) All input parameters that determine the shape o f the input function are fixed except for the isomer 

shift. This means that the probability calculated depends somewhat on the initial guesses of the 

Mossbauer parameters used. Some experience is necessary to obtain sensible distribution functions.

6) The probabilities are calculated with respect to the isomer shift calculated from the best match and 

does not take into account that the isomer shift of the different sextets might be different.

Despite these problems, the program was very useful for the extremely difficult Mossbauer spectra. The 

quantities obtained from the hyperfine field distribution functions were only used for guidance on how 

many subspectra should be fit to a particular Mossbauer spectrum, but not as source for the calculation of 

the hyperfine fine field hf or the isomer shift 6. Extensive tests with artificially generated data 

(superpositions o f several sextets and singlets of Lorentzian lines) were executed to find out which peaks 

are significant or residuals due to the Fourier analysis. These tests indicated that sextets with relative 

intensities o f  5% compared to 3% background noise could be detected if  their isomer shift was close (less 

than about 0.5 mm/s different) to the isomer shift of the higher intensity parts of the spectrum. In 

addition, the hyperfine field must differ by about 10% compared to the hyperfine field o f  the higher 

intensity parts of the spectrum (i.e. the two sextets must only partially overlap). If the difference in the 

isomer shift was larger than .5 mm/s. the relative intensity of the sextet would have to be at least 10% 

compared to 3% background noise in order to be detected.

One wants to try to use as few Fourier coefficients as possible (in consideration o f the computation ume) 

but enough to be able to match all features of the spectrum. Figure I la and b show the Mossbauer 

spectrum at 20 K. the fit and hyperfine field distribution function o f sample r. For the Mossbauer 

spectrum, the initial guesses for the intensity of the absorption lines that were made are It . I; I3 = 2 .3 

. 5 : 1 ,  whereas the line width was assumed to be close to the natural line width o f bcc iron. The initial 

parameter for the isomer shift was assumed to be zero mm/s. A hyperfine field distribution was generated 

for different numbers o f Fourier coefficients ranging between 18 and 25. The best match was selected by- 

comparing the generated function to the data and by observing the chi-squared deviation between data and 

function. The probability distribution function is shown in Figure 1 lb. In this Figure, one can identify 

mainly 5 maxima, at approximately 70. 240. 330. 420 and 480 kG. The maximum at about 70 kG is 

assumed to be due to 2 singlets whereas the others are due to 4 sextets. This information was used to 

decide about the number o f subspectra that ought to be fit to the Mossbauer spectrum in Figure I la.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



52

a)

-15 -10 -5 0 5 10 15
velocity (mm/s)

b)

h. (kG)

Figure 1 la,b: Mossbauer spectrum, fit and probability distribution o f Fe/Tb multilayer sample r at 2 1 K.

6. 1 .3 . Linearized least square fitting procedure

After the approximate number and location of hyperfine fields has been found by observation o f  the 

spectrum and/or by determination of the hyperfine field distribution function, a linearized least square 

fitting procedure is used to fit the appropriate number o f singlets and/or sextets to the data. The computer 

program used is called MOSS3 and was obtained from R. A. Dunlap. An arbitrary number o f lines can be 

fit. All input parameters arc variable but they can be fixed if necessary. The input parameters arc the
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isomer shifts, hyperfine fields, line intensities, line widths and background counts. Referring to Figure 

1 la  and b. for sample r, it was determined that the spectrum probably is a superposition o f 4 sextets and 2 

singlets. With the linearized least square fitting procedure, the fit shown in Figure 1 la  was then 

generated. When generating these fits, one tries to leave as many parameters free as possible. This is not 

always easy since the singlets and sextets lie very close and overlap at least partially. For all fits, the 

intensity ratio between lines 1 and 3 and/or 6 and 4 was fixed to the calibration ratio. This was the only 

way in most cases to separate the singlets from the inner lines o f the sextets. In section 5.1.1., the 

theoretical calculation o f this ratio is described and it was found to be constant. Therefore, the assumption 

was made that it should be the same for all samples enabling the separation o f the singlets. In addition, it 

was assumed that the intensity ratio o f  lines 2 and I or 5 and 6 is constant for all sextets in one sample. It 

seemed reasonable to assume that all Fe phases o f the multilayer align their Fe magnetic moments in the 

same preferred direction. For some samples, intensity ratios o f lines 2 and I or 5 and 6 greater than 4/3 

were obtained from the fitting procedures (compare to section 5. 1. 1 in which this ratio was calculated 

with a maximum of 4/3 corresponding to parallel alignment of the Fe magnetic moments). To avoid non

physical canting angles (larger than 90°), the ratio was renormalized by setting the largest ratio observed 

equal to the ratio corresponding to an angle o f 90°.

6 .1 .4 .  Error analysis

Mossbauer spectroscopy is a counting technique and errors arise due to the fact the time of data collection 

is limited. Besides statistical errors, there are systematic errors associated with the equipment, the 

measurement and the fitting procedure. The systematic errors arc

1) The stability o f the Mossbauer drives is rated to be about. lmm/s (corresponding to about 3kG).

2) the Mossbauer source is not a point source and the wave vector o f emitted y-rays is not necessarily 

parallel to velocity vector o f source (cosine smearing o f  velocity )

3) due to relative motion o f the source, the source detector distance is changing periodically and the 

count rate varies as function o f velocity (parabolic background)

The cosine smearing o f the velocity was estimated to be negligible for source and detector radii and the 

geometric arrangement o f the components used [511. It can be kept small by selecting a fairly large source 

detector distance. For the parabolic background due to relative motion o f the source one can correct by 

folding the spectra as described above in section 6. 1. 1. To obtain a better picture about the reliability of
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the Mossbauer measurement, one can compare spectra o f the same sample taken under different 

conditions, with different equipment and different statistics. Figure 12 shows Mossbauer spectra and fits 

o f the same sample for 3 different measurements and Table 4 lists the Mossbauer parameters. The figure 

and the table show that the variations between the Mossbauer measurements are small above a certain 

number o f background counts that depends on the properties of the sample (total thickness o f  the 

multilayer, number of foils stacked on top o f each other) and the details o f the set-up (how the window  

was set. what source or detector was used, the geometric arrangement o f the set-up). One needs to point 

out that the data in measurement 1 and 2 were taken with completely different Mossbauer set-ups 

(different drives, detectors, electronics, sources), and that the dates when the measurements were taken arc 

about 4 years apart. In addition, the Mossbauer spectra o f sample p were rather complicated spectra with 

very broad lines and extremely hard to fit well. The errors due to the fitting process varied in particular as 

a function of the width o f the lines. For example, the errors in the hyperfine field hr are less than 1% for 

sharp lines but about 3% for very broad lines.

velocity (mm/s)

Figure 12: Mossbauer spectra (including fits) o f sample P for 3 different measurements.
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Table 4: Mossbauer parameters for different measurements o f sample p.

measurement I 2 3

background counts 7.06 x 106 3.03 x 106 4.63 x 10s

max. intensity o f signal (%) .68 1.2 1.1

sitcl 5 (mm/s) 0.13 0.18 0.19

I (%) 30 32 32

sitc2 6 (mm/s) -0.88 -0.78 -0.79

I (%) 32 31 30

P (°) 90 90 90

site3 5 (mm/s) -0.01 0.06 0.06

hf (kG) 316.4 322.9 323.6

A (mm/s) 0.026 0.01 0.011

I (%) 30 28 30

site4 6 (mm/s) -0.182 0.282 0.292

hf (kG) 247.4 243.3 251.3

A (mm/s) -0.301 0.26 0.297

I (%) 8 9 8

Figure 12 and Table 4 show that the reproducibility of the Mossbauer parameters obtained from the fitting 

process is not perfect but still good even for difficult spectra. In addition, this example shows a 

remarkable stability o f the samples. Despite the fact that the samples were kept in an inert gas 

atmosphere when they were not in use. they were exposed to air most o f the time during the experiments. 

However, oxidation o f the samples was not found. It could be detected in the Mossbauer spectra due to the 

very different hyperfine field o f iron oxide compared to bcc iron.

The average hyperfine field (that is used later in sections 7. 2. 2. and 7. 2. 3.) is the weighted 

average of the hyperfine fields o f the magnetic sites in the sample. It is calculated from the hyperfine 

fields and intensities o f die sites obtained in die least square fitdng procedure using equadon 18 below (for 

3 magnetic sites for example).

hf avu
_ hn*Ii+hD*I2+hn*I3

I i+ I :+ I3
(18)

The uncertainty was calculated using the errors estimated for the hyperfine field and the intensity o f the 

sites. The errors that arc estimated for the Mossbauer parameters are listed below:
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1) The average canting angles are associated with errors that range between 2° and 4° for spectra with 

narrow and broad absorption lines, respectively.

2) The errors in the hyperfine field range between 1% and 3% for samples with narrow and broad 

Mossbauer absorption lines, respectively.

3) The intensities are accurate within 2% (absolute).

4) Resulting from the errors in hyperfine field and intensity, the uncertainty in the average hyperfine 

field ranges between 4.4% and 5.2%.

5) The error in the line width is 2% o f HWHM.

6. 2. Analysis o f x-ray spectra 

6 . 2 . 1 .  Determination of layer structure

The superlattice peaks were measured in selected samples to confirm the layer thicknesses measured with 

other methods before. A good example o f such a measurement is shown in Figure 13.

2© (°)

Figure 13: X-ray diffraction spectrum o f Fe/Gd multilayer sample <p. The second order peak at 2 0  =

(3.13 ±  0.17)° corresponds to a layer thickness o f  (56.5 ± 3) A which is very close to the 

nominal bilayer thickness o f the sample o f (59 ± 5) A
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The location o f  the peak was determined using standard techniques for x-ray diffraction. A straight line is 

fit to the slopes o f the peak and the intersection o f the lines is taken to be the peak position (the fitting 

procedure is described below in section 6. 2. 2.).

6. 2. 2. Determination o f lattice structure

From the composition o f the multilayers, the absorption peaks due to the lattice structure o f the elements 

were calculated. One expects to see the absorption peaks o f Fe and Tb or Gd and possible compounds.

For iron one expects the following peaks: (110) at 2© = 44.44°. (200) at 2© = 64.72° and (211) at 2 0  =

81.94°. For Tb one expects the hep (102) peak at 2© = 29°. and for Gd at 2© = 29°. The position and 

full width at half maximum (FWHM) o f the ( 1 10) bcc iron peak for all samples are listed in Tables 16 and 

17. They were examined as a criteria for the structure (amorphous or crystalline) of the multilayer. The 

position and width were obtained using standard techniques for the evaluation o f x-ray spectra. An 

example is shown in Figure 14.

1600 

1400

|  1200
3  oCJ

1000 

800 

600
36 38 40 42 44 46 48 50

2 0  (°)

Figure 14: Fitting procedure for the determination of the location and FWHM of the (110) bcc iron

peak at 44.44° for sample h.

For the purpose it seemed sufficient to fit straight lines to both slopes o f the peak instead o f  Lorentzian 

lines. First the base line for the peak is found in order to obtain the correct maximum (and half-
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maximum) intensity. Then a linear fit is made to both slopes o f  the peak. The intersection o f the slopes is 

the position o f  the peak. The width is found by obtaining the angle for the half-maximum intensity at 

both slopes o f  the peak.

6 . 2 . 3 .  Error analysis

Due to the small total thickness o f the samples ranging between about 500 and 3000 A, very long 

counting times had to be chosen to obtain measurable diffraction peaks from the sample. However, these 

long counting times caused the diffraction peaks o f the substrate to become visible. Figure 15 shows the 

x-ray diffraction spectra o f an empty glass slide for which the same step size, dwell time and angular 

range were used as for running the samples.

2© (°)

Figure 15: X-ray diffraction spectrum o f an empty glass slide for the 2 different x-ray tubes used.

Figure 15 shows two spectra for an empty glass slide due to the fact that the x-ray tube (tubcl) burned out 

during the measurement o f the samples. Because o f lack of a new tube, an older tube had to be installed 

that has a slightly different background. In particular, for the older tube an additional peak at about 2© = 

3 .05° was observed. This peak corresponds to a distance o f about 28 A and is probably due to the 

microstructurc o f the glass. It strongly interfered with the measurement o f possible superlattice peaks in 

some samples. The large broad peak visible in both spectra at 2 0  about 26° is due to the glass. When
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observing the x-ray spectra o f  the samples one must take into account that a similar peak appears in all 

spectra. A subtraction of this peak in the spectra of the samples was not attempted due to the fact that 

different kinds o f glass slides were used to deposit the samples. In addition, the variation o f  this peak 

even within one batch o f slides is large enough to make a subtraction impossible.

X-ray diffraction is a spectroscopic technique for which accurate zero setting and calibration are 

essential. The calibration was obtained using the 26.39° line o f  S i0 2 powder. The goniometer o f  the x- 

ray diffractor has an angular resolution of 500 steps per degree. This resolution is extremely good for the 

purpose. Mostly, step sizes between .008 and .04° were chosen.

Figure 16 compares the x-ray diffraction spectra o f sample under different conditions.

20  (°)

Figure 16: X-ray diffraction spectra of sample <j).

The spectra are very similar. There are two reasons for the differences between spectrum 1 and spectra 2 

and 3. They were taken with a different x-ray tube. In addition, spectrum 1 is o f  a slide o f the sample 

that was covered with a (thicker) layer of aluminum (of approximately 500 A thickness). The sharp peak 

visible at 20= 38 .2° is a diffraction peak due to this aluminum layer. As can be observed, this peak is also 

visible but less intense in spectra 2 and 3 that were taken o f the slide (supposedly) without an aluminum 

layer. Unfortunately, during fabrication it was not possible to obtain a sharp boundary between aluminum
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covered and uncovered slides since they were positioned side by side. The peak at 2© = 3.33° is not due 

to the glass slide as described above. When taking the spectrum o f a sample, the peak at about 2© = 3.05° 

due to the slide is rarely seen since its intensity is strongly decreased because it is in the shadow of the 

sample on top o f it. That peak is visible when very long counting times are used. The difference in the 

intensity o f the superlattice peak is probably due to the different thickness o f  the protective layer o f  

aluminum, which is much larger for the spectrum 1 slide than for the spectra 2 and 3 slide.

Table 5: Location, width and intensity o f x-ray diffraction bcc iron peak o f sample <(> for 3 different

measurements.

measurement 1 2 3

location o f bcc iron peak (2© in °) 43.95 43.87 44.33

width (FWHM) (2© in °) 2.18 2.18 2.28

peak intensity (counts) 439 304 126

The table shows that the x-ray spectra are very reproducible. The standard deviation in peak position and 

width o f the three measurements is 11% FWHM and 3%, respectively. Besides the counting statistics, the 

quality o f the measurements depends to some extend on the properties o f the x-ray tube and the alignment 

o f the goniometer (the size and arrangement o f the slits used). In particular for the superlattice 

measurement a slit arrangement was chosen to minimize the beam size in order to measure at very- small 

angles. The error in position o f the (110) bcc iron peak is estimated to be about 20% o f  FWHM of the 

particular peak whereas 10% were estimated for the FWHM. These errors were determined using the 

standard deviation o f repeated measurements of the same sample for which Table 8 serves as an example.

6. 3. Analysis o f the torque magnetometer measurements [28,391

6. 3. 1. 180-degree-method

Using the 180-degree-method, one measures the torque exerted by a constant magnetic field on the sample 

as a function of 0, the angle between the normal o f the sample and the magnetic field. Data were taken 

for different magnetic fields. In Figure 17, the data for sample 8 are shown as an example.
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Figure 17: Torque magnetometer measurement (180-degree-method) o f Fe/Gd multilayer sample 6.

The torque t  is graphed versus the angle 0 for 3 different applied magnetic fields. The 

hard and easy axes of magnetization are indicated.

From the maximum of the sinusoidal curve the angle o f the net magnetization vector with respect to the 

sample normal, a , can be deduced where a  is defined as shown in Figure 8. The magnitude o f the torque 

x on the sample is

as derived before; compare to equation 14. The angles a  for all samples measured in different magnetic 

fields are shown in Table 9. By comparing the data to equation 19, one observes that this method has 

associated systematic errors at low applied magnetic fields, since for finite magnetic fields, the net 

magnetization o f  the sample does not align with the applied magnetic field. As a result, the torque peak 

in the 180-degree-method cannot be found at 45° but, depending on the direction o f the easy/hard axis 

with respect to the sample normal, at 0 < or > 45° (for the 0-90° interval), respectively. The torque peak 

however approaches 45° as the field is increased. In addition to that, complicating the problem 

significantly, for the samples considered in this study the net magnetization vector can be thought of as 

the vector sum o f a magnetization vector due to the magnetic moments of one element and a 

magnetization vector due to the moments of the other constituent element, as described before. These two 

vectors are o f  different magnitude and initially at different angles with respect to the external magnetic

x = M H V sin (0 - a ) = K V sin 2 a . (19)
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field that is applied to align them. The problem can be observed in Figure 17 by noticing how the torque 

maximum (as function o f 0) shifts as the applied magnetic field is increased. Equation 19 also implies 

that the torque on the sample is independent of the magnitude o f the field, and Figure 17 shows that this is 

not the case since the amplitude of the torque maximum increases with the applied magnetic field.

What one actually wants to obtain from these data is the angle o f the net magnetization vector 

with respect to the sample normal, a , in zero magnetic field. After determining the angles for which the 

torque is at maximum at different magnetic fields, one can possibly make a fit and estimate the angle a  at 

zero magnetic field. In general one would assume that a  is directly proportional to H, 1/H or 1/H1 * and 

choose what fits the data best. However, for some samples, can be observed from Figure 17. the location 

o f  the torque maximum on the 0 axis is not a monotonic function o f the magnetic field. This is at least 

the case for all samples whose Fe moments align preferentially perpendicularly. It is a result o f the fact 

that there are 2 axis o f preferential alignment in these samples. These two axes are o f different energy 

and require different magnetic fields for reorientation. In the case o f perpendicular alignment the external 

field that is required is much lower than for the other (parallel) axis. If an external magnetic field is 

applied and increased stepwise on such a sample, then at lower fields one will first observe a motion o f the 

torque maximum (minimum) towards 0 = 45° rotating the moments away from their original alignment. 

Then, increasing the magnetic field further, the torque maximum (minimum) will continue to move 

towards 0° (180°), the other preferred axis that requires a larger demagnetizing field. If the applied field 

is further increased, the torque maximum (minimum) will finally move towards 0 = 45° again. Thus, the 

function describing the relationship between a  and H in such samples must have a maximum and cannot 

be a monotonic function. Samples that showed parallel alignment of Fe magnetic moments (as 

determined from Mossbauer spectroscopy) did not display this problem. For some o f the samples an 

estimate for a  at zero magnetic field was obtained in this manner. Figure 18 a and b shows an example 

for the fitting o f  data obtained for a sample with parallel and perpendicular Fe alignment, respectively.

The data points were obtained from the maxima and minima o f the torque versus 0 curves described 

above. The extrema were found by interpolation for samples with parallel Fe alignment because good fits 

describing the data could not be obtained or by fitting the data and obtaining the location o f the torque 

maxima from the best fits. The functions that were fit to the torque curves were sums o f sinusoids o f the 

form

y = a + b sin(0-c) + d sin(20-e) + f  sin(30-g) +h sin(40-i). (20)
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a) b)

H (T) H (T)

Figure 18a,b: H versus a  for data obtained for sample g and n with parallel and perpendicular Fe 

alignment, respectively.

The functions contain 9 free parameters a through i. For a solid containing two elements with different 

magnetic moments (in magnitude and direction) the function should at least contain two different 

sinusoidal terms. However, the atoms (o f both elements) that are contained in the interfaces may in 

addition have different effective magnetic moments compared to the atoms contained in the unmixed parts 

o f the sample. Therefore, 4 sinusoidal terms were chosen. Fits with three or two terms were tried but they 

were not in good agreement with the data. Most o f the functions with torque maxima and minima greater 

than about 20° and smaller than about 150°, respectively, could be fit this way. Torque curves whose 

maxima and minima were very close to 0 and 180°, respectively (indicating an a  very close to 90°), did 

not give fits that describe that data well (no matter how many sinusoids were used). In these cases, the 

extrema were found by interpolation. The torque measurements as function o f the angle 8 were taken in 

steps o f  3° between 0 and 180°. This step size was small enough to allow for pretty accurate interpolation. 

In addition, the positive and negative torque ranges were averaged to obtain a good estimate o f the 

maximum. To assure a reasonable accuracy o f the data points obtained through interpolation instead of 

fits, for some samples (for which accurate fits were made) the data points were obtained by fitting and 

interpolation and then compared. The results were in very close agreement, within about 3%.
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6. 3 . 2. 45-degree method

With the 45-degree-method. the torque on the sample positioned at 9 = 45° was measured as function of 

the magnetic field. One chooses 45° because the calculations are greatly simplified as shown in the 

derivation above, but any other angle would also work as long as it is known and constant. The geometry 

o f the sample and the field is shown in Figure 8. From a fit of equation 17. i.e. the torque x on the sample 

versus the quantity x:/H:, one can calculate the magnetization M and the anisotropy energy constant K. o f  

the sample from the slope and the y-interception o f the graph. As an example, the data and a linear fit for 

sample v are shown in Figure 19.

Figure 19: Torque magnetometer measurement (45-degree-method) o f  Fe/Tb multilayer sample v.

The 45-degree method also has an associated systematic error at low applied fields (for the same reasons 

as described above for the 180-degree-method). Here, it causes a nonlinear relationship between x:/H: and 

x at low fields. For the calculation o f the magnetization and the anisotropy energy constant only the data 

point displaying a linear relationship were used. The data points for low fields are not considered in the 

fit since equation 17 does not hold for small applied magnetic fields. The applied field must be large 

compared to the field necessary to align the magnetization vector o f  the sample in direction o f the field. 

For most samples, there is a linear dependence for applied fields above 1 or 2 kG. The magnetization M
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and the anisotropy energy constant K calculated from the fits are shown in Tables 18 and 19 for Fe/Tb and 

Fe/Gd multilayers samples, respectively.

6 . 3 . 3 .  Error analysis

The torque magnetometer measurement differs from spectroscopic measurement, even though one can 

take repeated measurements of samples and average the results. The systematic errors associated in 

general with the measurement technique are described above in sections 6. 3. 1. and 6. 3. 2. There arc, 

however, a large number o f  errors associated with the instrument, the fabrication o f the sample disc, the 

exchange procedure o f samples and filaments, the measurement o f the magnetic field, etc. The torque 

magnetometer data depend strongly on the calibration constant (proportionality constant between current 

and torque) that has to be determined. The magnetometer set-up was unfortunately designed in a way that 

very often lead to breakage o f the thin tungsten filament. It had to be replaced very often, almost for every 

sample. When a new filament was installed, the calibration was retaken. Later, it was found to be 

convenient to calibrate the magnetometer for each sample, instead o f having to rerun samples. The 

calibration constants varied within about 30% for the filaments used. The reason for this variation is the 

dependence o f this constant on the exact position o f the filament with respect to the rest of the instrument 

(in particular the position o f  the solenoid/plane mirror assembly in the field o f  the permanent magnets; see 

Figure 10). To obtain circular sample discs o f equal size, a hole punch with a hole o f 1cm diameter was 

machined and used to cut out the sample discs. In particular for older samples, it was very hard to cut 

good sample discs since the film flaked off due to the punching process and the flexibility o f the substrate. 

Thus, for some samples, the discs were cut out by hand. The magnetic field generated by the 

electromagnet was calibrated before the actual sample measurement. It was found to be homogenous in a 

region much larger than that occupied by the sample. A Walker Scientific Inc. Gausmeter MG-5D was 

used to measure the magnetic field generated at the sample location for the different power supply settings 

that were to be used. During the actual measurement, the magnetic field was cross-checked, however the 

location o f the sample was not accessible during actual measurements.

The torque magnetometer is a small angle instrument. For larger displacements, a permanent or at least 

temporary deformation o f the filament occurs. Therefore, during measurement one had to give attention 

that the angular displacement o f the sample stayed in a range o f about 2 or 3°. With all these precautions, 

a good reproducibility o f data was obtained. For selected samples, data were taken several times and good 

agreement was obtained between repeated measurements. As an example. Figure 20 shows the data for 

the several measurements (45-degree-method) o f sample p.
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Figure 20: Torque magnetometer measurements (45-degree-method) o f  sample p. The current I was

plotted instead o f the torque r  to distinguish the measurements. The error bars indicate 

the systematic error in I2/H2 that is specified below.

The slope and y-interccpt o f the fits arc used to calculate the magnetization and the anisotropy energy 

constant of the sample. As mentioned before in the previous section, data points at low fields were 

omitted in the fitting process. The two measurements seem to be quite different, however considering the 

calibration factors o f the measurements that enter in the calculation, one obtains from these fits very 

similar values for the magnetization M and anisotropy energy constant K for sample p (Table 6).

Table 6: Magnetization and anisotropy energy constant of sample p for 3 different measurements.

measurement 1 2 3

M (G) 1141±86 1158=87 1167±87

K (kJ/m3) 476±81 482±82 475±81

Measurements 2 and 3 were obtained using the same sample disc whereas for measurement 1 a different 

disc was used. Even though it seems that the values in the table are very close, the deviation among the 

values only displays the statistical error o f  multiple measurements and the errors in the calibration factors
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which are very small. The errors in M and K  in Table 6 are the systematic errors specified below. The 

systematic error for the magnetization and anisotropy energy constant was calculated using standard 

techniques for error analysis. The basis for this error analysis was equation 17. From the slope and y- 

intercept o f this equation one obtains for the magnetization

M = V ^ y -in tercep t/V 2) . (21)

and for the anisotropy energy constant

K = - ^  (22)K 2*slope • 1 }

The uncertainties were calculated using an error in volume V o f 7.2% consisting o f the error in thickness 

o f  6% (see section 4. 2.) and the error in the radius of the sample disc o f 2%. The random error in the 

slope and y -intercept was neglected since it was so small compared to the other errors (all fits were 

extremely good giving correlation coefficients of .99 or better). The systematic errors in slope and y- 

intercept contain the errors in the torsion constant o f  .5%, the error in the current reading o f 1%. the error 

in the calibration constant o f  1% and the error in the applied magnetic field o f 2%. From these errors the 

uncertainty in the magnetization is estimated to about 7.5% and in the anisotropy energy constant about 

17%. These larger errors are mainly due to the errors in thickness that were estimated from the thickness 

measurement techniques used during fabrication (sec section 4.2.). The error in K. is so much larger than 

the error in M because K is calculated from equation 22 involving M2 and V. the two quantities associated 

with the largest errors in the analysis. The error for the anisotropy energy constant per unit area that is 

discussed below in section 7. 4. 2., was determined to be about 18%.
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7. Results and discussion

7. 1. General remarks

By the methods described in the previous sections, all samples were examined and the data obtained were 

analyzed. Exceptions are the low angle x-ray measurements that were taken for only few samples. The 

spectra o f  the samples for which superlattice peaks were observed are included in section 7. 3. 1. below. 

For samples x, y and a , the angle a  o f the net magnetization vector with respect to the sample normal 

was not calculated because torque data as function o f 0 ( 180-degree-method) were only taken for two 

different magnetic fields. Low temperature Mossbauer spectra were obtained only for samples a. d, c, h, 

k. m, n, q, r, s, v. w  and and they are included in Appendix 2. For each sample, one page containing 

all available data was composed and included in this work in Appendix 2. In general, this page includes 

the fabrication parameters, the Mossbauer spectrum (for different temperatures i f  available) and the 

corresponding hyperfine field distributions, an x-ray diffraction spectrum and torque magnetometer data.

1 .2 .  Magnetic properties based on Mossbauer measurements

7. 2. 1. Visual inspection o f spectra

From the fitting procedure(s) described above in section 6. 1. the relevant Mossbauer parameters were 

calculated. They are listed in Tables 12,13 and 14,15 in Appendix 1 for Fc/Tb and Fe/Gd multilayers, 

respectively. From these parameters, one can only derive the alignment o f the Fe magnetic moments in 

the multilayer samples. Since the number o f samples is quite large and the variation in the thickness of 

both layers are important for the magnetic properties o f the multilayers, it is hard to observe any 

regularities by considering a particular Mossbauer parameter for all samples at once. It was found 

convenient to examine Fe/Tb and Fe/Gd multilayers separately first and then to point out similarities and 

differences. In addition, it seemed convenient to group samples in series of constant Fe or Tb/Gd layer 

thickness. In Figure 21a and b, some representative Mossbauer spectra o f two series o f Fe/Tb multilayer 

samples arc shown, one series having a constant Fe layer thickness o f about 40 A and the other one 

having a constant Tb layer thickness o f  about 6.5 A. By visual inspection of these spectra, some main 

features can be identified:

1) Absorption lines become sharper as the Fe layer thickness is increased.
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2) The intensity of lines 2 and 5 (equivalent to the average canting angle) increases with the Tb layer 

thickness

3) The feature in the center o f  the spectra (the 2 singlets) increases in intensity with the Tb layer 

thickness

b)

Y x r f  

y y r y

y y r y

J I I L I

velocity (mm/s)
-15 -10 -5 0 5 10 15

velocity (mm/s)

Figure 2 la,b: Room temperature Mossbauer spectra o f two series of Fe/Tb multilayer samples; a) shows 

samples with a constant Fe layer thickness o f about 40 A, whereas b) shows samples with 

constant Tb layer thickness of about 6.5 A. The Tb and Fe layer thickness increase in a) 

and b) from top to bottom, respectively.

In Figure 22a and b, the Mossbauer spectra of two series o f Fe/Gd multilayers were selected, one with a 

constant Fe layer thickness of about 28 A and one with constant Gd layer thickness o f  about 27 A. One 

can observe the same basic changes in the Mossbauer spectra as a function o f thickness for the Fe/Gd
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multilayer samples as for Fe/Tb multilayers, even though the variations are not as strong as in Figure 21 a 

and b, since the Fe and Gd layer thickness vary over a much smaller range.

a) b)

velocity (mm/s) velocity (mm/s)

Figure 22a.b: Room temperature Mossbauer spectra o f two series o f Fe/Gd multilayer samples; a) shows 

samples with a constant Fe layer thickness of about 28 A whereas b) shows samples with 

constant Gd layer thickness o f  about 27 A. The Gd and Fe layer thickness increase m a) 

and b) from top to bottom, respectively.

Another difference between the Fe/Tb and Fe/Gd multilayer series is the different thickness that was 

chosen for the series with constant Tb or Gd layer thickness. Whereas in Figure 21b a thickness o f 6.5 A 
was chosen for the Tb layer (for which PMA is observed for smaller Fe layer thickness), in Figure 22b all 

samples show parallel Fe alignment because the Gd layer thickness is 27 A (above the Gd layer thickness 

range where PMA was observed). Thus, regarding the alignment o f the Fe magnetic moments (i. e. the
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intensity o f  lines 2 and 5), little difference between the spectra in Figure 22 b can be observed. All spectra 

show by inspection a canting angle o f the Fe magnetic moments o f approximately 90°. For the Gd layer 

thickness considered there, the multilayer system is not sensitive with respect to the alignment o f  the Fe 

magnetic moments.

7. 2. 2. Average canting angle, average hyperfine field and line width as function o f layer thickness

The errors for physical quantities discussed in this section are specified in section 6. 1.4. In most cases, 

the error bars are smaller than the symbols used to plot the data points. Otherwise, the error bars arc 

included in the plots.

The average canting angle p is shown in Figure 23a and b as function o f Tb and Gd layer 

thickness for Fe/Tb and for Fe/Gd multilayers, respectively. Data points for all samples are included.

a) b)

Tb layer thickness (A) Gd layer thickness (A)

Figure 23a,b: Average canting angle P as function o f Tb and Gd layer thickness for Fe/Tb and Fe/Gd 

multilayers, respectively. Data points for all samples are included.

From Figure 23a and b, one can conclude that the canting angle p o f the Fe magnetic moments depends 

very strongly on the Tb or Gd layer thickness. It changes from about 25 to 90° (parallel Fe alignment) 

within a thickness range o f about 20 A for both multilayer systems. The canting angle does not seem to 

depend very much on the Fe layer thickness o f the samples since a wide range o f Fe layer thickness
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between 8 and 89 A is covered in the figure. The dependence o f (3 on the Tb and Gd layer thickness 

seems to be very similar for Fe/Tb and Fe/Gd multilayers, respectively. The quantity that shows a 

dependence on the Fe layer thickness but is relatively independent o f the Tb or Gd layer thickness is the 

line width shown in Figure 24a and b. There, the half width at half maximum (HWHM) is plotted as 

function o f the Fe layer thickness.

a)
0.7  

0.6

■2
= 0.5p*

•3 0 .4  “

S 0.3

b)

0.2

0.1
0 10 20 30 40 50 60 70 80

Fe laver thickness (A) Fe layer thickness (A)

Figure 24a,b: HWHM o f lines 1 and 6 as function o f Fe layer thickness for Fe/Tb and Fe/Gd multilayers, 

respectively. Data points for all samples are included

Figure 24a and b indicate that the width o f the absorption lines o f the spectra decreases as the Fe layer 

thickness increases, as is expected, since thick Fe layers should show the same physical properties as bulk 

bcc iron. Therefore, the line width should become similar to the line width measured for bcc iron of about 

.13 mm/s (lines 3 and 4. HWHM). Very thin Fe layers in the multilayer samples arc expected to be 

amorphous in structure leading to a range of hyperfine fields, and thus broadening the absorption lines. 

For greater reliability, Figure 24 shows the line width of lines I and 6 since for many spectra the inner 

lines were hard to fit due to the singlets present in this velocity range.
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a) b)

Fc layer thickness (A) Fe layer thickness (A)

Figure 25a.b: Average hyperfine field as function o f Fc layer thickness for Fe/Tb and Fe/Gd multilayers, 

respectively

Figures 25 a and b show the average hyperfine field as function o f the Fe layer thickness. The average 

hyperfine field is the weighted average hyperfine field o f the magnetic sites in the sample. The error 

ranges between about 4.4 and 5 .2% depending on the number o f hyperfine fields and their intensities 

averaged (see section 6. 1 .4  ). The average hyperfine field is very close to the hyperfine field expected for 

bcc iron for Fe layer thicknesses larger than about 40 A (hf = 332 kG at room temperature for bcc iron), 

no matter what the Tb or Gd layer thickness is. Multilayers with such thick Fe layers consist of bcc iron

like layers and interfaces, or interfaces and discrete Tb or Gd layers depending on the Tb and Gd layer 

thickness. The average hyperfine field as function of the Fe layer thickness shows a similar behavior for 

Fe/Tb and Fe/Gd multilayers.

1 . 2 . 2 .  Other observations resulting from the Mossbauer parameters

The errors associated with the physical quantities discussed in this section arc the same as described in 

section 7. 2. 2. above.

For greater clarity, two series o f  Fe/Tb and Fe/Gd multilayers with constant Fe or Tb and Gd 

layer thickness were selected. Only data points o f these series are included in the analysis and plots in 

this section. The samples included in each series are listed in Table 7. The spectra for one o f each series
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with constant Fe, Tb and Gd layer thickness are shown in Figures 2 1 a  and b and 22 a and b in the 

previous section.

Table 7: List o f samples with constant Fe, Tb and Gd layer thicknesses.

Fe/Tb multilayers Fe/Gd multilayers

with constant Fe layer with constant Tb layer with constant Fe layer with constant Gd layer

thickness o f about thickness of about thickness o f about thickness o f about

40 A 26 A 11 A 6.5 A 28 A 17 A 27 A 6 A
i, t, u. w d, g, o, y a. j, u, y b, c, 1. m, 

n, o, p, t, v

5, y, k a , X> a, 3, e y k, /.

Figure 26a and b shows the line width as function of the Fe layer thickness for the Fe/Tb and Fe/Gd 

multilayer series specified in Table 7.
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Figure 26a,b: HWHM of lines 1 and 6 as function of Fe layer thickness for selected Fe/Tb and Fe/Gd 

multilayers, respectively.

As could be observed already from the Mossbauer spectra (Figure 21 b) and from Figure 26 a and b. the 

width o f the absorption lines increases inversely with the Fe layer thickness. This indicates that for thick 

Fe layers the lattice order is higher: they form a polycrystalline structure in contrast to samples with very 

thin Fe layers which arc amorphous. For thin layers, the interatomic Fe-Fe spacing in the Fe layers has a
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larger range due to the presence o f Tb and Gd atoms, as does the hyperfine field broadening the 

absorption lines. For Fe layer thickness above 33 A the line width is very close to the theoretical line 

width measured for bcc iron. This minimum thickness necessary to obtain the measured width for bulk 

bcc iron also depends on the Tb or Gd layer thickness. If that is very small, then the mixed interfaces are 

less extensive and the line width becomes narrow at comparably small Fe layer thickness as shown in 

Figure 27a.b.
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Figure 27a.b: HWHM of lines 1 and 6 as function o f Tb and Gd layer thickness for selected Fe/Tb and 

Fc/Gd multilayers, respectively.

For the dependence o f  the line width on the Tb and Gd layer thickness that is shown in Figure 27a and b, 

one observes a maximum for both Fe/Tb multilayer series. The Tb layer thickness for the maximum of 

the series with a constant Fe layer thickness o f about 26 A is located at about 20 A, whereas for the series 

with a constant Fc layer thickness o f 40 A, it is located at about 15 A Tb layer thickness. One can 

speculate that a similar maxima exist for the Fe/Gd multilayer series. These maxima are due to the fact 

that at this Tb layer thickness the most mixing at the interface occurs (for constant Fc layer thickness). 

The number o f Tb atoms that are involved in the composition of the interface is largest at this maximum. 

Further increase in the Tb layer thickness leads to the formation o f a discrete Tb layer. The fact that the 

maximum occurs at lower Tb layer thickness for the series with constant Fe layer thickness o f  40 A is due 

to the higher lattice order for larger Fe layer thickness. At these maxima, there is a great variation o f  the 

hyperfine field o f the individual iron atoms leading to a broadening of the absorption as discussed before.
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Figure 28a.b: Average hyperfine field as a function o f Fe layer thickness for selected Fe/Tb and Fe/Gd 

multilayers samples, respectively

Figures 28 a and b show the average hyperfine field hf avg increases as function o f Fe layer thickness. In 

Fe/Tb multilayer systems, there is a clear trend o f increasing hfavg with increasing Fe layer thickness, 

reaching the value for bcc iron at a Fe layer thickness between about 25 and 50 A, depending on the 

(fixed) Tb layer thickness. Note that for a Tb layer thickness o f  6.5 A most o f the determinations o f  hf avg 

arc experimentally indistinguishable from the value for bcc iron. The range o f Fe layer thicknesses in the 

Fe/Gd multilayer systems is too narrow to allow the description o f a trend between the Fe layer thickness 

and hf avg. Note that although most o f the measured values o f hfavg for the Fe/Gd multilayer samples lie 

significantly below the value for bcc iron, the Fe/Gd multilayer data qualitatively reproduce the Fe/Tb 

multilayer data over the same range o f  Fe layer thickness. The errors in the average hyperfine field are 

specified above. This change in the average hyperfine field may be attributed to the following factors:

1) The presence o f Tb or Gd atoms increases the lattice constant o f adjacent (pure) bcc iron like layers. 

The larger distance between the Fe atoms causes a decrease in the resultant hyperfine field at each 

iron site. Thus, thinner Fe layers have a slightly larger lattice constant and a smaller hyperfine field, 

since they arc stretched a little bit by the adjacent interfaces.
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2) Since the average hyperfine field is weighted using the intensities o f the magnetic sites in the

samples, an increase in the intensity o f  the interface sites (with h\-perfine field smaller than bcc iron) 

also causes a decrease in the average hyperfine field (compare equation 18).

A change in the hyperfine field can also be observed as a function o f the Tb and Gd layer 

thickness as shown in Figure 29a and b.
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Figure 29a.b. Average hyperfine field as a function of Tb and Gd layer thickness for selected Fe/Tb and 

Fe/Gd multilayer samples, respectively

In Figure 29 one can observe that the average hyperfine field decreases for both Fe/Tb and Fe/Gd 

multilayer series as function of the rare earth layer thickness. The Fe/Tb multilayer series with constant 

Fe layer thickness of about 40 A possibly has a minimum in the average hyperfine field, occunng for a Tb 

layer thickness o f about 15 to 20 A. For the other Fe/Tb multilayers series with the smaller constant Fe 

layer thickness and for both Fe/Gd multilayer series, the average hyperfine field shows a monotonic 

decrease as the rare earth layer thickness is increased. One might suspect that for those series the 

hyperfine field has its minimum at a slightly larger rare earth layer thickness. However, the minimum 

that is observed for the average hyperfine field o f the 40 A Fe/Tb multilayer series is probably due to the 

larger extent o f  mixing of the constituent atoms in this series at a Tb layer thickness o f  15 A than at a 

thickness of 24 A (compare also the line width as function o f Tb layer thickness for this series discussed 

before, see Figure 27 a). It may be understood as follows: at some Tb layer thickness o f  about 20 A. a
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discrete Tb layer starts to form in the sample. In turn, this decreases the size o f the interfacial structure 

(which is what is measured by Mossbauer spectroscopy). In the other Fe/Tb multilayer series and in both 

Fe/Gd multilayer series, the Fe layer thickness is probably too small for such a minimum in hfavg to exist. 

For these Fe layer thicknesses, one would expect the mixing to continue to increase if  the Tb or Gd layer 

thickness is increased further (until most or all o f  the iron is mixed), thus leading to a monotonic decrease 

in hf avg instead o f a minimum. Further, one may speculate that for a smaller Fe layer thickness, a less 

pronounced minimum might be observed and its location would be at slightly smaller Tb or Gd layer 

thickness. The effect is also evident when observing the hyperfine field o f the bcc iron-like site (site 3) 

only as function o f Tb and Gd layer thickness instead o f the average hyperfine field. However, at room 

temperature that observation cannot be made for the ferromagnetic interface site (site 4). The hyperfine 

field at this site remains more or less constant. Due to the low intensity o f this site in most samples, the 

error bars on the hyperfine field are larger than those for the bcc iron-like site. Considering the fact that 

this site is attributed to the interface, one does not expect the composition o f  this interface site to change 

very much as function o f rare earth layer thickness except for extremely small Fe layer thickness as well 

as small Tb or Gd layer thickness.

a) b)

Fe layer thickness (A) Fe layer thickness (A)

Figure 30a,b: Relative intensity o f bcc iron-like site as a function o f Fe layer thickness for selected Fe/Tb 

and Fe/Gd multilayer samples, respectively

In Figure 30a and b, one can observe the increase in the intensity of the bcc iron-like site (site 3) as 

compared to the total intensity o f the spectrum as a function o f the Fe layer thickness. One expects the
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interface effect to decrease as the Fe layers in the sample become thicker. The increase for the series with 

a Tb layer thickness o f  11 A is slightly shifted to larger Fe layer thicknesses compared to the series with 

constant Tb layer thickness o f 6.5 A. Similar behavior of the relative intensity can be observed when 

comparing the 6 A and 27 A Fe/Gd multilayer senes. This is not surprising since one can expect the 

mixing at the interface to be more extensive for larger Tb and Gd layer thickness due to the larger number 

o f Tb and Gd atoms available for mixing (up to a maximum interface thickness). A similar but inverse 

relationship can be observed between the intensity of the bcc iron-like site and the Tb and Gd layer 

thickness as shown in Figures 31 a and b.
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Figure 3 la,b: Relative intensity o f bcc iron-like site as function o f Tb and Gd layer thickness.

In Figure 3 1 a  and b, one observes a decrease in the intensity' o f the bcc iron-like site as the Tb or Gd layer 

thickness is increased. For the Fe/Tb multilayer series with a Fe layer thickness of 40 A. the effect is less 

significant than for the series with 26 A Fe layer thickness. The intensity drops only by about 20% over a 

range in Tb layer thickness o f about 20 A. compared to about 40% for the 26 A series. For the Fe/Gd 

multilayer series one observes at least that the intensity o f the bcc iron-like site is lower for smaller Fe 

layer thickness. The mixing at the interface must o f course be a function o f Fe and Tb or Gd layer 

thickness (for layer thicknesses that are comparable to the thickness o f  the interface). The same 

conclusion may be drawn from Figures 32 a and b, which shows the combined intensity o f  sites I and 2 

(paramagnetic sites) as function o f Tb and Gd layer thickness, respectively.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



80

a)

100

80

* 6 0
t/1e<u
= 40

20

0

— I I i i t
Fe laver thickness

□  about 26A
A  about 40A

hCH
_  □ -
_  A

8__i__ i__l__ 1__1__L_
0 10 20 30 40 50 60 70

Tb layer thickness (A)

b)

100

80

60

= 40

20

T“  r _r_  , , , _ 7

- -

-
□

-

□ Fe laver thickness
D  about 17A

i A  about 28A

___1____1____1____ L
10 20 30 40 50 60 70

Gd layer thickness (A)

0
0

Figure 32a,b: Relative intensity of sites 1 and 2 combined as function o f Tb and Gd layer thickness.

The alignment o f the Fe magnetic moments in the multilayer samples depends on the Fe layer thickness 

and the Tb or Gd layer thickness (within a certain range). The thickness ranges over which the magnetic 

properties o f Fe/Tb and Fe/Gd multilayers vary widely are between about 5 and 40 A for the Fe layer 

thickness and between about 3 and 20 A for the Tb or Gd layer thickness. Above these ranges the 

magnetic alignment does not change very much, and one obtains what one would expect for a 3-D solid. 

The (somewhat idealized) picture that we can compose o f  these multilayers with the knowledge in this 

section is shown in Figure 33.

We can mainly distinguish two kinds o f multilayers, samples with parallel or perpendicular Fe 

alignment. The rare earth thickness range at which the change from perpendicular to parallel alignment 

occurs is fairly well defined. Above a Tb and Gd layer thickness o f about 15 A. PMA can no longer be 

detected, no matter what Fe layer thickness one has. The multilayer samples with PMA arc thought to 

consist o f iron layers and mixed interfaces. The minimum canting angles observed are 28 and 27° for 

Fe/Tb and Fe/Gd multilayers, respectively. Besides the bcc iron-like phase (site 3), two other 

ferromagnetic (sites 4 and 5) and two paramagnetic sites (sites 1 and 2) were identified (see Tables 12 

through 15). The paramagnetic sites are probably due to Tb rich interface structures. O f the two other 

ferromagnetic sites, one was measured in all samples (site 4), whereas the other was measured only in few 

Fe/Tb multilayer samples (site 5). The composition o f site 4 can be estimated with the help o f the 

hyperfine field that was measured. The composition is close to that o f  the intermetallic compound TbFei. 

The slightly larger hyperfine field (compared to that o f bcc iron) o f  site 5 could be due to the fact that in
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* * * * * * * *

********
* $ * * * k * *

********

********
********

Figure 33a,b: Section o f Fe/Tb or Fe/Gd multilayer with a) perpendicular and b) parallel Fe alignment, 

where the filled and open circles are the Fe and Tb or Gd atoms, respectively. The 

interaction between Fe and Tb or Gd was assumed to be antiparallel according to the 

discussion in section 3.4.
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this phase the interatomic distance o f the iron atoms is slighly smaller compared to the interatomic 

distance between the atoms o f bcc iron due to disordered packing.

7. 3. Structural properties based on  x-ray diffraction

7. 3. 1. Superlattice structure

The layer structure could be observed in selected samples. The relevant sections o f the x-ray spectra with

a)

2© (°)

c)

b)

2© (°)

2© (°)

Figure 34 a-c: Sections of x-ray diffraction spectra o f Fe/Tb multilayer samples, a and b show the first 

and second order peaks for sample d, whereas c shows the first order peak for sample y. 

The corresponding errors are listed in Table 8 .
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the observed peaks are shown in Figures 34 a through c for selected Fe/Tb multilayer samples and in 

Figures 35 a through d for selected Fe/Gd multilayer samples. The corresponding thicknesses including 

errors arc listed in Table 8 . The intensity o f  the peak in Figure 34 a and b seems to be very low. however, 

the distances exactly match a lattice spacing o f 5 1 A, which is the nominal bilayer thickness o f the 

sample. Figure 34 a and b are sections from 2 different spectra taken with different x-ray tubes. The first 

order peak was only observed with the x-ray tube that has a slightly lower background at very low angles 

(tube2) as described above in section 6.2. (also compare Figure 14). In Figure 34 c, the peak at 2 0  =

2.15° is due the bilayer thickness o f the sample, whereas the peak at 2 0  = 3.00° is due to the glass slide as 

mentioned before in section 6 . 2. 3.

c > d)

20  (°) 2© (°)

Figure 35 a-d: Sections o f x-ray diffraction spectra of Fe/Gd multilayer samples c, <j>, 9  and 

X, respectively.
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Table 8 : Superlattice diffraction peaks and corresponding thicknesses.

name nominal

bilayer

thickness

number of 

bilayers

2 0 order Thickness Difference

(A) O (A) (%)

d 44 ± 4 49 3.55 ± .11 2 49.8 ± 2 1 1

7.08 ±  .28 4 49.9 ± 2 1 1

y 39 ± 3 37 2.14 ± .13 1 41.2 ± 3 5

E 51 ± 4 16 3.47 ± .33 2 50.9 ± 5 0.2

* 49 ± 4 27 3.33 =fc .3 2 53.0 ± 5 7.5

<p 59 ± 5 36 3.13 ±  .17 2 56.5 ± 3 4.4

A. 2 2  ± 2 6 6 3.68 ± .44 I 24.0 ± 3 7.3

The errors in position for the broad peaks of low intensity given in Table 8 are estimated to FWHM of the 

particular peak. The table indicates very' good agreement between nominal and measured thickness except 

for sample d. Superlattice peaks were observed for only a few samples, for reasons that arc related to the 

sample, substrate and x-ray tube used. The number o f bilayers, which determines the intensity o f such 

superlattice peaks, was extremely small. In addition, other factors prevent measurement o f these peaks in 

many samples. For a low bilayer thickness, where the chances o f measurement are greater because the 

peaks are expected at larger angles, the mixing o f the 2  elements at the boundary was very extensive (as 

determined from Mossbauer spectroscopy), thus making the interface less different from the unmixed 

layers and preventing the observation of these peaks in many samples. On the other hand, for larger 

bilayer thickness, the first order o f the superlattice peaks is expected at extremely low angles that fall in 

the range where the background is very high due to the direct x-ray beam. Second or third orders arc even 

lower in intensity and mostly could not be measured reliably Another factor that compromises the 

measurement o f the superlattice peaks is that some of the slides measured were coated with a protective 

layer o f  aluminum that eventually cut dowm the intensity o f the superlattice peak, as can be observed in 

Figure 16.
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1. 3 .2 .  Atomic structure

As described in section 6. 2. the x-ray diffraction spectra give information about the structure of the 

multilayers. For comparison, view the x-ray diffraction spectra o f an empty glass slide shown in Figure 

15 in section 6. 2. above.

As examples. Figures 36a and b show the x-ray diffraction spectra o f the series of Fe/Tb and 

Fe/Gd multilayers with constant Fe layer thickness o f about 40 and 28 A, respectively.

a) b)

0 20 40 60 80
2 0  (°) 20  (°)

Figure 36a,b: X-ray diffraction spectra o f Fe/Tb and Fe/Gd multilayer samples, respectively. The Tb or 

Gd layer thickness increases from top to bottom.

Examining these spectra, one makes the following observations. As expected, the diffraction peak due to 

(110) bcc iron at 2© = 44.44° does not change significantly in width, since the Fe layer thickness is 

approximately constant. An exception is the (110) bcc iron peak o f sample u (the layer thickness of 

sample u is 37 A, somewhat below the Fe layer thickness o f 40 A for this series). In addition, the lower 

statistics o f  the spectrum makes differences more apparent. The 2© diffraction peak due to Tb at about 

30° increases in size as the Tb layer thickness increases. For the Fe/Gd multilayer series this increase 

cannot be observed since the Gd layer thicknesses o f  the samples considered are very small and in 

addition fairly similar (compare Table II). Figures 37 a and b show x-ray diffraction spectra o f the series
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o f Fe/Tb and Fe/Gd multilayers with constant Tb or Gd layer thickness o f 11 and 28 A, respectively, such 

that one can examine how the spectra change as a function o f the Fe layer thickness.

2 0  (°) 2© (°)

Figure 37a.b: X-ray diffraction spectra o f Fc/Tb and Fe/Gd multilayer samples, respectively. The Fe 

layer thickness o f  the samples increases from top to bottom.

Here, the bcc iron peak changes in intensity and sharpness whereas the Tb or Gd peaks arc roughly equal 

in intensity and shape. The iron layers are amorphous if  they are very thin resulting in a very broad peak. 

Determining the location o f the peak, one also observes a slight shift o f  the peak to smaller angles. This 

shift can be explained by the fact that the interatomic distances are slightly larger for thin layers due to the 

stretching effect o f the interfaces o f the Tb, Gd layers that was discussed in section 7. 2. 3. The iron peak 

becomes sharper as the Fe layer thickness increases indicating that the interatomic distances between the 

Fe atoms become more similar. The peak moves to the location observed for crystalline bcc iron as the Fe 

layer thickness increases. The peak at 2 0  = 38.2° that is visible in spectra a and e is due to the aluminum  

cap layer as mentioned in section 6. 2. 3.

The position and width o f the (110) bcc iron peak at 44.44° were determined for all samples from 

the spectra as described above in section 6. 2. The data are listed in Tables 16 and 17. One expects the 

dependence o f  the width o f  the peaks on the Fe layer thickness to be similar to the dependence o f  the 

width o f  the Mossbauer lines. They both reflect the distances and structural order in the samples in a 

similar way. With x-ray diffraction, one measures the interatomic distances in the samples directly using
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interference o f  the diffracted \-rays from the periodic lattice. The Mossbauer line width gives (in a sense) 

information about the atomic distances, too. The variation in the hyperfine field that leads to a 

broadening o f  the absorption lines, reflects the different interatomic distances in the sample. The 

hyperfine field is different partly because o f  the various spacings between the iron atoms in the sample. 

The greater the variation in distances, the greater the variation in the hyperfine field and the larger the 

Mossbauer line width becomes. In Figure 38 a and b, the line width o f  the (110) bcc iron peak at 44.44° 

is plotted a function o f  the nominal Fe layer thickness. The error in the Fe layer thickness was estimated 

to 6% (section 4. 2.), whereas it was 10% for the FWHM as determined in section 6. 2. 3. The error bars 

are included in Figure 38.

b)

20 40 60 80
Fc layer thickness (A)

100
Fe layer thickness (A)

0

Figure 38a,b: X-ray absorption line width versus Fe layer thickness o f  Fe/Tb and Fe/Gd multilayers, 

respectively.

The figure shows that the width o f  the peak decreases as the Fe layer thickness increases. The data points 

do not fit a smooth function, but are scattered in particular for low Fe layer thickness. This is because the 

line width for multilayers with thin Fe layers also depends on the Tb and Gd layer thickness (as described 

before in sections 7. 2. .2 and 7. 2. 3.). The interfacial mixing depends on both layer thicknesses for very 

thin layered samples.

At larger Fe layer thickness the peak becomes more narrow and starts to resemble the sharp peak 

that one observes for bcc iron. For comparison, the line width o f the (110) bcc iron peak of a bulk sample 

was measured to . 19° (FWHM, under similar conditions). The minimum FWHM in the multilayer
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samples (sample x; FWHM = 1.03°) is far from this value. The FWHM o f the bulk sample corresponds to 

a range between 2.035 and 2.044 A in the lattice spacing o f the (110) planes, whereas it ranges between 

2.016 and 2 .0 61 A for the multilayer sample with the smallest FWHM. Even though these ranges seem to 

be very small, magnetic properties such as the hyperfine field are extremely sensitive with respect to 

changes in the lattice spacing. The largest FWHM measured covers a range between 1.906 and 2.193 A. 
Comparison o f Figures 24 a and b and Figures 38 a and b shows that the Mossbauer measurement and the 

x-ray measurement are in accord.

In section 7. 2. 3., a stretching o f the Fe layers due to the adjacent interfaces in connection with 

the decrease o f the hyperfine field of the bcc iron-like site was considered. Evidence for this stretching 

might also be observed when examining the position o f  the bcc iron-like peak in the x-ray diffraction 

spectra. The position o f the peak is shown in Figures 39 a and b. The errors in position are estimated to 

be about 20% of the FWHM. which gives a range between .2° for narrow lines and 1.2° for broad lines.

a) b)

Fe layer thickness (A) Fe layer thickness (A)

Figure 39a,b: Position o f 44.44° (110) bcc iron peak as function o f Fe layer thickness for Fe/Tb and

Fe/Gd multilayers, respectively. The solid lines indicate the position o f  the peak for bcc 

iron.

Figure 39 a and b show a slight but significant shift in the position of the (110) bcc iron peak to lower 

angles for low Fe layer thickness. This shift maybe interpreted to be a slight increase in the lattice 

constant o f the bcc iron-like structure due to stretching, as described above. However this shift could be 

also due to the overlap o f the diffraction peaks o f  the bcc iron-like phase and the interface structure.
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Since different iron rich interface structures were detected using Mossbauer spectroscopy, one 

might expect at least to observe these phases with x-ray diffraction in samples where the interface 

constitutes a larger portion o f the sample. For most samples, the different phases couid be not resolved 

but they are reflected in the broadening o f the 44.44° line (and possibly the other bcc iron lines). The 

broadening is larger for multilayers with thin Fe layers, where the relative intensity o f the interface is 

larger compared to the bcc iron-like phase, than for multilayers with thick Fe layers. The broadening 

means that the atomic distances in these interface structures are very similar to bcc iron. In most samples, 

the interface structure line is very small in intensity and is therefore not observed. An exception was 

observed for sample e. The 44.44° (110) bcc iron x-ray diffraction peak for sample e is shown in Figure 

40.

2000

1800

<2 1600 
c3 O
U 1400 

1200 

1000
36 38 40 42 44 46 48 50 52

2© (°)

Figure 40: Section of x-ray diffraction spectrum o f sample e.

The figure actually shows 2 peaks, one at 44.44° and another at 42.0°. They are about equal in intensity. 

Mossbauer results for sample e show a large superparamagnetic phase at room temperature that makes up 

more than 80% o f the sample. However, this superparamagnetic phase becomes mostly ferromagnetic at 

low temperature. At 27 K, the sample consists o f  about equal parts o f a bcc iron-like structure and an 

interface structure with slightly smaller hyperfine field (compare Mossbauer spectra o f  sample e in 

Appendix 2). Thus, the two peaks correspond probably to these phases. The intensity o f  each peak is 

roughly the same in accord with the Mossbauer measurement. The peak position indicates a slightly 

larger atomic distance in the interface. This is also in accord with the Mossbauer measurement (the

i— i— i— i— i— i— r

20=42.0°

20=44.44°

J I I I I I L
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hyperfine field o f the interface structure is smaller indicating larger distance). In the Figures 38a and 39a. 

only the second peak at 44.44° was included.

7. 4. Magnetic properties based on torque magnetometer measurements

7. 4. 1 Torque versus angle data generated by 180-degree-method

Figures 41a through d show the torque as a function o f  the angle 0 o f  2 typical Fe/Tb multilayer samples (t 

and i) and 2 typical Fe/Gd multilayer samples (y and (3), one o f each with perpendicular Fe alignment (t 

and y) and one with parallel Fe alignment (i and |3) as determined from Mossbauer spectroscopy, 

respectively. Data were taken for 3 different magnetic fields as specified.

a)

0 (°)

b)

0 40 80 120 160
0 (°)

0 (°)

d)

Figure 4 la-d: Torque magnetometer data ( t  versus 0) for Fe/Tb multilayer samples t and i and Fc/Gd 

multilayer samples y and p, respectively.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



91

One can observe the following main features.

1) All curves show that the torque on the sample is anisotropic, i. c. in one direction the sample can be 

aligned more easily with the applied magnetic field than in another. Isotropic samples would give a 

sinusoidal curve with maximum and minimum at 45 and 135°. respectively.

2) The hard and easy magnetic axes for the samples are observed at 0=0 or 180° and 0=90°, 

respectively.

3) The torque maxima shift as the applied magnetic field is increased.

4) For the samples that show parallel Fe alignment (Figures 41 b and d), a shift o f  the torque maximum 

and minimum from 0 and 180° towards 45 and 135°, respectively, is observed as expected.

5) The samples with perpendicular Fe alignment (Figures 41 a and c) show a shift o f the torque maxima 

and minima at lower applied fields towards 0 and 180°, respectively. At higher fields they shift 

towards 45 and 135°, respectively.

The fifth observation describes a very interesting feature o f samples showing PMA. which is due to the 

fact that the magnetic moments initially aligned with the hard axis are first realigned with the other 

preferred axis (the easy axis) before finally being realigned towards 45 and 135° for large enough fields. 

The notation ‘hard’ and ‘easy’ should probably be reversed for this case. The shift o f the torque extrema 

is related to the fact that the total anisotropy energy at higher magnetic fields is dominated by the term 

2nM2due to the geometry o f the sample (that favors parallel alignment, compare section 3.2.) Only at 

very low fields does this term become comparable in magnitude to the other term, which determines the 

alignment o f the magnetic moments o f the samples at zero magnetic field. The sum o f the two terms that 

make up the anisotropy energy constant changes sign at some particular field within the range o f the 

magnetic field applied.

To better illustrate exactly what happens to the net magnetization vector as the applied magnetic 

field is increased, observe Figures 42 a and b. There, a sample with its net magnetization vector as 

function o f magnetic field is shown. Figure 42a shows the reorientation process for an initially (at zero 

external field) perpendicularly aligned sample, whereas Figure 42b shows the process for an initially 

parallel aligned sample. The magnetic field vector is parallel to the magnetization vector in all cases, and 

it increases in magnitude from left to right.
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Figure 42a.b: Net magnetization vector in (from left to right) increasing magnetic field (parallel to the 

magnetization vector) for perpendicularly and parallel aligned samples, respectively. 

Figure 42a shows the change in the sign o f the total anisotropy energy- constant for 

perpendicular alignment at zero magnetic field.

In Figure 42a for the case o f  perpendicular alignment at zero magnetic field, the second sample disc from 

the left with a magnetization angle a  o f 45° corresponds to the point at which the total anisotropy energy- 

constant reverses its sign. With the procedure described in section 6. 3 . 1 . the angle o f the net 

magnetization vector with respect to the sample normal, a . was estimated for some of the samples. The 

angles a  and p for the samples analyzed are shown in Table 9 (Figure 8 gives the torque magnetometer 

geometry).

The values obtained for a  at zero magnetic field are fairly close to the values obtained for the 

average canting angle P o f the Fe magnetic moments by Mossbauer spectroscopy. This is what we would 

expect. The ferromagnetic part within the multilayer is the iron layer and the mixed interface. Terbium 

and Gadolinium are paramagnets at room temperature. The discrete Tb or Gd layers that are present in 

some samples are expected to be paramagnetic and therefore do not contribute to the magnetization of the 

sample. The Tb and Gd contained in the interfaces however is tightly bound to the iron and may therefore 

contribute to the net magnetization, having an impact on the angle o f the net magnetization vector. This 

impact should be stronger for samples in which the interface structure makes up a fairly large percentage 

o f the material: one observes this.
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Table 9: Angles a  and (3 for selected Fe/Tb and Fe/Gd multilayer samples.

name a  (°) P ( ° ) name a ( ° ) P (°)

a 63.3 48.4 j r 308 3 1.6

b 65.4 30.7 s 40 8 31.4

c 52.1 32.6 t 36.9 31

d 66.1 82.5 u 52.4 54.2

e 73.6 90 V 38.6 32.1

f 74.6 84.4 w 53.2 69.7

g 76.8 88.3 z 36.6 31.5

h 83 83.1 p 70.9 80 8

i 66.4 76 7. 40.5 27.6

J 68.4 46.6 6 39 2 35 9

k 51.4 38.5 z 71.1 81.1

1 37.6 30.9 d> 84.1 76

m 58 45.1 ' y 29.3 31.1

n 41.8 37.2 72.7 71.9

0 38.3 28.4 <P 60.8 52.9

P 46.8 29.2 ■ K 35.6 29.2

q 62.4 37.5 K 54.1 38 8

From the fits o f the torque maxima v ersus applied field that were made to obtain a  at zero 

magnetic field, one can also estimate at what magnetic field the anisotropy energies o f the 2 axes become 

equal in magnitude, below which the hard axis becomes the easy axis and vice versa. This will be the 

field at which the alignment is about 45°, coming from lower angles. The estimate can o f course only be 

made for samples for which a zero field a  smaller than 45° was obtained. This magnetic field gives an 

estimate for the energy of the new ‘easy' axis (the perpendicular alignment direction) since one can 

compare it to the field that is necessary to saturate the moments for the other axis. The two fields differ by 

at least an order o f magnitude. The field estimates for the perpendicular axis range between close to zero 

and about I kG. The saturation field for the parallel axis is for most samples bigger than 10 kG. Only 

samples q and a  could be saturated. The maximum magnetic field that could be obtained with the 

electromagnet o f the magnetometer was 9 .2 kG. The field that is necessary to saturate the parallel axis 

can also be estimated from the fits of the torque maxima versus the magnetic field for samples that were 

not saturated. Despite the fact that the anisotropy energy constant for this new easy" axis cannot be
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measured, with knowledge o f this field one can at least tell if  the energy is similar or different for Fe/Tb 

and Fe/Gd multilayers. The estimated saturation fields for both axes have been found to be very similar 

for Fe/Tb and Fe/Gd multilayers.

7. 4. 2 Magnetization and anisotropy energy constant resulting from the 45-degree method

The errors associated with the physical quantities discussed in this section are specified in the section 4.2. 

for the layer thicknesses and in section 6. 3. 3. for the magnetization and anisotropy energy constant.

They are 6% for the layer thicknesses and 7.5% and 17% for magnetization M and anisotropy energy' 

constant K, respectively. For the anisotropy energy constant per unit area, K x thickness, one obtains an 

18% uncertainty.

As described in section 6. 3. 2. above, the magnetization and anisotropy energy constant o f  the 

samples can be calculated from the data obtained in the 45-dcgree method. They are listed for all samples 

in Tables 18 and 19. The anisotropy energy constant that is calculated is the total anisotropy energy- 

constant o f the sample. It contains the demagnetization term 27iM2 due to the geometry of the sample disc 

(compare to section 3. 1). As indicated in the case o f the 180-degrce-method. the estimated alignment of 

the net magnetization vector in zero external magnetic field could be due to the fact that the energy o f the 

hard and easy axes are reversed at very low or zero fields. Unfortunately, the energy o f the easy’ 

(perpendicular) axis cannot be measured with this technique, because at very low fields, there will be very- 

low or no torque on the sample (even if  the sample size is increased). However, from the 180-degree- 

method, one can estimate the external magnetic field at which the energies o f the 2 axes are reversed in 

magnitude as described in the previous section.

One immediately notices that the magnitude o f the magnetization M and the anisotropy energy- 

constant K covers the same range for Fe/Tb and Fe/Gd multilayers. For comparable samples, M and K 

arc very similar. This feature becomes clearer looking at Figures 43 a, b and 44 a, b where the 

magnetization and anisotropy energy constants are plotted versus the Fe layer thickness. Figures 43 a and 

b contain all the data points for all the samples considered in this study and they indicate that the 

magnetization generally increases as the Fe layer thickness grows. This general trend is observed despite 

the fact that the whole range o f Tb and Gd layer thicknesses is included in the figure. One would expect 

an increase no matter what the Tb and Gd layer thicknesses are, because the more Fe atoms are 

interacting (in a layer or even across layers, as proposed for very thin Tb and Gd layers), the larger the 

magnetic moment per unit volume o f the sample would become (assuming that Tb and Gd are 

paramagncts at room temperature).
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a) b)

Fe layer thickness (A) Fe layer thickness (A)

Figure 43a.b: Magnetization versus Fe layer thickness for Fe/Tb and Fe/Gd multilayers, respectively.

a) b)

i t

Fc laver thickness (A) Fe layer thickness (A)

Figure 44a,b: Anisotropy energy constant K versus Fe layer thickness for Fe/Tb and Fe/Gd multilayers, 

respectively.

The largest magnetization measured for Fe/Tb multilayer sample t o f  1573 G is about 10% below the 

value that is expected for bcc iron o f 1714 G [50], This is in accord with the fact that sample t has a Fc
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layer thickness o f 41 A and a Tb layer thickness o f  6 A (the Tb layer makes up about 8 % o f the total 

volume o f  the sample).

It seemed useful to consider another quantity, namely the anisotropy energy constant multiplied 

by the total thickness o f the sample. This is a measure o f  the anisotropy energy per unit area. By doing so 

one improves the comparability' of the samples that are o f many different thicknesses. K x thickness is 

shown in Figures 45 a and b. The error bars in thickness have been omitted there for clarity. They are the 

same as in Figure 44 a and b. Figure 45 shows a very interesting feature o f K x thickness as function of 

Fe layer thickness. One observes an increase of the anisotropy energy constant per unit area over the 

whole range o f the Fe layer thickness plotted. However, above about 40 A for both Fe/Tb and Fe/Gd 

multilayers, the data show no discemable trend beyond a general increase. The scattering might be due 

the transition of samples with preferentially perpendicular Fe alignment towards parallel Fe alignment at 

this Fe layer thickness. For samples with thick Tb or Gd layers (that show parallel Fe alignment) the 

increase in the anisotropy energy constant per unit area is monotonic and one does not expect such a 

relative maximum.

a) b)

Fe layer thickness (A) Fe layer thickness (A)

Figure 45 a,b: K x thickness versus Fe layer thickness for Fe/Tb and Fe/Gd multilayers, respectively.

For greater clarity, the magnetization and anisotropy energy constant of a selected set o f samples are 

considered. The same groups o f samples as specified in Tabic 7 for the Mossbauer analysis were selected. 

In Figures 46 a and b the magnetization of these samples was plotted versus the Fe layer thickness.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



97

a)

1400

1200
1000
800

600

400

200

1600

Si
Tb layer thickness 

□  about 6 .5A  
A  about l lA

rzzr x
0 20 40 60 80

Fe layer thickness (A)

b)

100

1400

1200
1000

800

600

400

200

0

1600

r 8
£. 

A
_  A  

 L.

Gd layer thickness 
O  about 6A
A  about 27 A

X
20 40 60 80 100
Fc layer thickness (A)

Figure 46a,b: Magnetization versus Fe layer thickness for selected Fe/Tb and Fe/Gd multilayer samples, 

respectively.

The scales for the 2 plots were kept the same for direct comparison. The magnitude o f the magnetization 

of comparable Fe/Tb and Fe/Gd multilayer samples is very close. In addition, one can observe the same 

basic Fe layer thickness dependence o f the magnetization. It increases as a function o f Fe layer thickness 

(up to 40 A Fe layer thickness). The values o f M for larger constant Tb and Gd layer thickness are 

consistently lower compared to smaller Tb and Gd layer thickness (for a fixed Fe layer thickness). In fact, 

the magnetization plots reproduce pretty much (up to 40 A Fe layer thickness) the same behavior as 

observed for the Fe hyperfine field measured with Mossbauer spectroscopy (compare Figure 28 a and b). 

This is also what one would expect. As the hyperfine field (the internal magnetic field generated by the 

dipole moments o f the charge distributions in the samples at the nuclei) in the samples is increasing, one 

expects the magnetization to increase. However, there is one difference for the Fe/Tb multilayer series 

with a constant Tb layer thickness o f about 6.5 A. Whereas the hyperfine field has reached a value very' 

close to that o f bcc iron at 40 A Fe layer thickness and does not change very much anymore as the Fe layer 

thickness is increased further, the magnetization suddenly drops to about one half of its value at 55 A 

compared to 40 A Fe layer thickness. The only possible explanation for such a large drop in 

magnetization is the assumption that part o f the iron in the sample aligns antiferromagnetically and does 

therefore not contribute to the net magnetization o f the sample. As observed from the Mossbauer 

spectrum, the Fe magnetic moments for this sample align perpendicularly with respect to the plane of the 

multilayer. The antiferromagnetic alignment o f part o f  the iron may be due to the fact that the Fe-Fe
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exchange interaction has only a certain range above which it is not effective anymore and magnetic 

domains start to form. The domain boundaries are very likely to be the mixed interfaces between the 

unmixed iron layers. These iron domains may align antiferromagnetically to the interfaces because o f the 

very strong Fe-Tb exchange interaction (see section 3.4.) .  however the exchange across the interface 

cannot be maintained anymore (as it can for thinner Fe layers) and the adjacent iron layer may align 

antiferromagnetically not only with respect to the interface but also with respect to the adjacent iron layer. 

The multilayer could align as shown in Figure 47.

t t m w ® t ;

W M i k

Figure 47: Multilayer with antiferromagnetic alignment of Fe moments of adjacent Fe layers.
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The difference between ferromagnetic and antiferromagnetic alignment could not be observed using 

Mossbauer spectroscopy (unless the measurement is performed in a very high magnetic field, about 

50 kG). At zero applied field, the hyperfine field and the canting angle P measured would be the same for 

ferromagnetic or antiferromagnetic alignment. Such an antiferromagnetic alignment has been observed in 

Fe/Tb multilayers [36],
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Figure 48a,b: K versus Fe layer thickness for selected Fe/Tb and Fe/Gd multilayers samples, 

respectively.

In Figure 48 a and b, the anisotropy energy constant K is shown versus the Fe layer thickness. K 

displays a similar behavior as the magnetization. This is also expected since this energy depends on the 

alignment o f the magnetic moments o f the atoms.

Figures 49 a, b and 50 a, b show M and K as function o f the Tb and Gd layer thickness. Figures 

49 a and b show a decrease in the magnetization as the Tb and Gd layer thickness increases. For one o f 

the Fe/Gd multilayer series, a clear behavior of M as function of Gd layer thickness cannot be inferred 

since the magnetization values o f the three data points o f the series overlap considering the error bars.

The magnetization values are consistently higher for multilayers with larger Fe layer thickness (for equal 

Tb and Gd layer thickness). The behavior of the magnetization reproduces fairly well the behavior of the 

hyperfine field as function o f the Tb and Gd layer thickness as determined from Mossbauer spectroscopy 

(compare Figure 29 a, b). Figure 50 a and b displays K versus the Tb and Gd layer thickness. It shows a 

similar behavior as the magnetization as function of the Tb and Gd layer thickness.
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Figure 49a.b: Magnetization versus Tb and Gd layer thickness for selected Fe/Tb and Fe/Gd multilayer 

samples, respectively.
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Figure 50a,b: K versus Tb and Gd layer thickness for selected Fe/Tb and Fe/Gd multilayer samples with 

approximately constant Fe layer thickness, respectively.
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1 . 5 .  Magnetic properties o f multilayers: Mossbauer and torque magnetometer measurements

Comparing the results obtained from Mossbauer spectroscopy and from torque magnetometry. one 

observes the consistency o f the data. Several representative examples that show this consistency will be 

given in this section. Figure 51 shows the average hyperfine field versus the magnetization for all 

samples.

M (G)

Figure 51: Average hyperfine field hfaVR of Fe magnetic moments versus net magnetization M for all

Fe/Tb and Fe/Gd multilayers.

In Figure 51 one can observe that the hyperfine field measured with Mossbauer spectroscopy is roughly 

directly proportional to the magnetization o f the samples measured with the torque magnetometer. This is 

expected since the hyperfine field is the resultant magnetic field at the iron nuclei due to the fields o f the 

magnetic moments present in the sample.

It would be interesting to see how a  and (3 compare as function o f  the Tb and Gd layer thickness, 

since (3 showed a very strong dependence on the Tb and Gd layer thickness. Both angles arc plotted 

versus the Tb and Gd layer thickness in Figure 52. There, one observes again (compare Figures 23 a and

b) the strong dependence o f (3 on the Tb and Gd layer thickness. The two angles have a similar 

relationship to the Tb and Gd layer thickness. However, a  is consistently lower than p for samples

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



102

displaying parallel Fe alignm ent and almost consistently higher for samples displaying perpendicular Fc 

alignment. The rare earth thickness above which mainly parallel alignment is observed is between about 

15 A and 20 A. The different outcome o f a  compared to (3 for parallel or perpendicular Fe alignment is 

what one would expect taking into consideration that the coupling angle between Fe and Tb or Gd atoms 

is about 20° [7],

20 30 40 50
Tb and Gd layer thickness (A)

Figure 52: a  and P versus Tb and Gd layer thickness for selected Fe/Tb and Fe/Gd multilayers.

For parallel Fe alignment this would mean that, due to the magnetic moments of the Tb or Gd atoms, a  

must be somewhat lower compared to p. For perpendicular Fe alignment however, the moments o f the Tb 

and Gd atoms would do the opposite, leading to larger a  than p (compare Figure 9 a and b). Recall 

Figure 33 a, b.
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Figure 53: a  versus (3 for selected Fe/Tb and Fc/Gd multilayer samples, respectively. The diagonal

line indicates a  = p.

In Figure 53, the relationship between a  and p is examined. Here, the average canting angle of 

the Fe magnetic moments, p, as determined from Mossbauer spectroscopy is plotted versus the angle 

between net magnetization vector and sample normal, a , as determined from the 180-degrcc torque 

magnetometer method. In Figure 53. the observation already made in Figure 52 becomes more clear. For 

low p (perpendicular Fe alignment), a  is larger than p for most samples. The opposite is the case for 

large p (parallel Fe alignment). Most samples for which (close to) perpendicular Fe alignment was 

measured, however, also show an a  that is more perpendicular than parallel.

Results from Mossbauer spectroscopy and torque magnetometry are extremely similar for Fe/Tb 

and for Fe/Gd multilayers. This means that the magnetic properties o f  Fe/Tb and Fe/Gd multilayers are 

very similar and should be the result of a similar mechanism. If the interfaces in Fe/Tb and Fe/Gd 

multilayers were ordered by a different mechanism, then one should be able to measure different magnetic 

properties. A difference in the anisotropy energy between Fe/Tb and Fe/Gd multilayers should result in a 

different thickness dependence of the magnetic properties. It may be argued that the interfaces make up 

only a small portion o f the multilayer samples which is the case for some if  not most o f the samples 

studied here. However, even the samples in which the interface structure makes up a fairly large part of  

the sample (in some instances close to 50%), no significant difference in the magnetic properties could be
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detected between multilayers consisting o f iron and terbium and multilayers consisting o f iron and 

gadolinium. Therefore, it is unlikely that the PMA in these multilayer systems is created from such 

different microscopic properties as the anisotropic (isotropic) charge distribution due to the 4f-clectrons of 

Tb (Gd).

7. 6. Comparison with experimental results from other studies

Below, the data obtained in this study are compared with relevant data contained in some previous studies 

concerned with the magnetic properties o f  Fe/Tb and/or Fe/Gd multilayers.

The alignment o f the magnetic moments that has been found for Fe/Tb multilayers is in 

agreement with the study o f Fe/Tb multilayers o f Yamauchi et al [45]. There, the authors point out that 

depending on the Tb layer thickness, Fe/Tb multilayers consist o f ferromagnetic Fe layers, paramagnetic 

Tb layers and mixed ferrimagnetic interfaces. There is however one difference. Yamauchi et al. describe 

also the presence o f ferromagnetic Tb layers (that are aligned parallel with respect to the Fe layers with a 

compensation region in between). Considering the magnetizations measured in this study however, one 

must assume that the discrete layers o f Tb are paramagnetic.

The Mossbauer results o f 4 Fe/Tb multilayers samples examined by Badia et al. agree 

qualitatively with the (Mossbauer) results from this study even though those multilayers were fabricated 

by thermal evaporation [2|. Unfortunately, quantitative results are not available. Good qualitative 

agreement is also found between Mossbauer results on Fe/Tb multilayers presented in this study and 

results by Scholz et al [35],

Morishita et al. consider only 3 Fe/Gd multilayer samples in their study with thicknesses o f  

(Fe/Gd; 9/11, 33/49 and 46/35 A). Unfortunately, only one o f the samples is within the thickness ranges 

studied here, but no similar sample is available for comparison. However, from the magnetization 

behavior as function o f Gd layer thickness in this study one can estimate an approximate value for the 

magnetization o f the sample (Fe/Gd; 9/11 A) giving a value of about 200 G (see Figures 46b and 48b) 

which is in fairly good agreement with the value of about 175 G obtained by Morishita et al. [26],

Teillet et al. published a fairly extensive study on Fe/Tb multilayers including about 18 samples 

ranging in Fe layer thickness between 2 and 33 A and in Tb layer thickness between 2 and 19 A [411.
The samples were fabricated by reactive diode rf-sputtering and the magnetic and structural properties 

were examined using CEMS and x-ray diffraction. They develop a phase diagram of structural and 

magnetic properties o f Fe/Tb multilayers. The phase diagram is in basic agreement with a phase diagram 

that one could compose from the results o f  this study. Teillet et al. consider crystalline and amorphous
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samples that can be magnetic or weakly magnetic with parallel or perpendicular alignment or 

paramagnetic. However, the thickness ranges for which certain structural and magnetic phases are 

observed are not in agreement with this study. For example, Fe/Tb multilayers showing PMA for Fc layer 

thickness larger than about 20 A are not observed there. PMA is only observed for an Fe layer thickness 

range between about 5 and 18 A. but over the whole Tb layer thickness range between 2 and 19 A. The 

measured hyperfine field for the samples as function o f Fe layer thickness is similar to the data obtained in 

this study. However, the interpretation o f the data by the authors is completely different partly due to the 

fact that only one sample having small Tb and large Fe layer thickness is included in the study o f Teillet 

et al.

Mossbauer results o f  Fe/Gd multilayers o f Umemura et al. are in good qualitative and 

quantitative agreement with the results here for similar samples [43]. The average hyperfine field shows a 

similar behavior to that shown in Figure 29b.

Honda et. al. investigated sputtered and evaporated Fe/Gd multilayers using conversion electron 

Mossbauer spectroscopy [ 18]. The Mossbauer spectra show no PMA within an Fe and Gd layer thickness 

range between 5 and 27 A. All their samples had an Fe/Gd layer thickness ratio o f I. The authors 

attribute their observations to single-ion anisotropy. Those results arc in contrast with this study where 

Fe/Gd multilayer samples in the same thickness range do show PMA. The conclusions by Honda et al. are 

limited since only one layer thickness ratio was investigated.

Only a few samples in this study are comparable in thickness with the Fe/Tb compositionally 

modulated films investigated by Sato et al. [33, 34]. Fe/Gd compositionally modulated films are also 

investigated, but the thickness range considered by Sato et al. does not overlap with the thickness range 

considered here. Sato et al. investigated Fe/Tb and Fe/Gd thickness ratios between about 0.8 and 2. The 

experimental results obtained in this study give larger magnetization values and smaller anisotropy energy 

constants compared to the results reported by Sato et al. However, there is agreement between the study 

by Sato et al. and this study about the physical explanation o f the results. Sato et al. also concludes that 

the mixed interface plays a major role in the mechanism which creates PMA in such multilayers.

Wang et al. examined a series o f magnetron sputtered Tb/Fe multilayer samples with a constant 

Tb/Fe layer thickness ratio o f  about 1.4 using x-ray diffraction, vibrating sample magnetometer 

measurements and torque magnetometer measurements [44], In this study, most samples were fabricated 

with a Tb/Fe layer thickness ratio smaller than 1 because only those were found to display PMA. Thus, 

comparisons between this study and Wang et al. have little value.

Shan et al. [38] have proposed the single-ion-anisotropy" model as the cause o f PMA, and have 

provided experimental data in support of that model [37], The results presented here differ from the data 

of Shan et al., which is besides the study o f Sato et al. [34] the only comparative study considering the
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magnetic properties of Fe/Tb and Fe/Gd multilayers known to the author. There, however, Shan et al. talk 

about compositionally modulated films only. In addition, the thickness ranges considered overlap those 

measured here only in a small range for Fe/Tb multilayers and not at all for Fe/Gd multilayers. Shan et 

al. measured very different (total) anisotropy energy constants for comparable Fe/Tb and Fe/Gd 

compositionally modulated films (justifying the ‘single-ion-anisotropy’ model). The anisotropy energy 

constants for Fe/Tb and Fe/Gd compositionally modulated films differ by about a factor o f 10. The 

anisotropy energy constants measured for comparable Fe/Tb and Fe/Gd multilayers in this study over the 

thickness range considered arc very similar. They are similar (less than 20% different) for the whole 

thickness range considered, as well as for very thin layers that are close to the thickness range considered 

by Shan et al. The results obtained in this study cannot be explained by. and are in contrast with, the 

single-ion-anisotropy model.
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8. Summary, conclusions

The study o f lower dimensional systems can help our understanding o f such interesting phenomena as 

ferromagnetism. One o f the goals o f  this study was to fabricate multilayers showing perpendicular 

magnetic anisotropy (PMA) and to gain more insight into the cause(s) o f PMA. Ferromagnetic 

multilayers that consist o f  transition metals and rare earths and that show PMA are candidates for use as 

information storage materials using new reading and writing techniques. As has been found in previous 

experimental studies o f such multilayer systems, the alignment o f the magnetic moments depends very 

strongly on the layer thickness. The existing studies are limited in general by a very small number of 

samples and by the fact that the thickness range over which the magnetic properties vary is only partially 

covered.

A variety o f causes for PMA in such multilayer systems over particular thickness ranges have 

been proposed in the past. However, they provide little insight into the magnetic properties o f these 

multilayers systems over a larger thickness range and do not facilitate the comparison o f results from 

different research groups. The importance o f  and connection among the causes proposed is not clear. By 

a comparison o f  the magnetic properties o f Fe/Tb and Fe/Gd multilayer samples, one can study in 

particular the impact o f  single ion anisotropy as a cause o f PMA in such multilayers, because one expects 

a large single ion anisotropy for Tb and a very small one for Gd as a result o f their electron configuration. 

In this study, 26 Fe/Tb and 11 Fe/Gd multilayer samples over a wide range o f thicknesses were fabricated 

by planar magnetron sputtering. Due to the large number o f samples with different layer thickness and 

the variety o f the resulting magnetic properties displayed by these samples, more generally valid 

comments about the multilayer systems studied can be made which do not apply to particular samples or 

to thickness ranges or to magnetic alignment only. The magnetic and structural properties were examined 

using Mossbauer spectroscopy, x-ray diffraction and torque magnetometry. The three measurement 

techniques give self-consistent results for all samples.

The measurements reveal very similar structural and magnetic properties for comparable Fe/Tb 

and Fe/Gd multilayer samples. The magnetic properties have been examined as functions o f both the Fc 

layer thickness and the rare earth layer thickness. The Fe/Tb multilayer samples b, c, j, k. 1, m, n. o, p. q, 

r, s, t, v, and z  and the Fe/Gd multilayer samples x , 8. y, k, and X display PMA. All samples with PMA 

show ferromagnetic alignment of adjacent iron layers except for sample v which shows partially 

antiferromagnetic alignment. This is due to the very large Fe layer thickness o f sample v. As a result of 

these measurements, one can draw a picture describing the alignment o f the magnetic moments in the 

samples. Furthermore, one can explain how the measured magnetic properties arise and how they develop 

as function o f thickness. The picture is similar to the idealized picture o f two multilayers drawn in Figure
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33 a and b. The measured properties are summarized below and are equally valid for Fe/Tb and Fe/Gd

multilayers.

1) The alignment o f the Fe magnetic moments depends very strongly on the Tb and Gd layer thickness 

o f  the samples. Once a Tb or Gd layer thickness o f  about 12 A is surpassed, no PMA can be obtained 

no matter what the Fe layer thickness is.

2) The alignment o f the Fe magnetic moments depends also on the Fe layer thickness. For Tb or Gd 

layer thicknesses at which PMA is observed, the PMA starts to break down above a certain Fe layer 

thickness o f  about 40 A. The Fe layer thickness dependence shows that for PMA in Fe/Tb and Fe/Gd 

multilayers besides a PMA inducing interface the exchange interaction between the iron layers across 

the interfaces o f the multilayers is o f importance.

3) Mossbauer spectroscopy and x-ray measurements o f  multilayer samples show a higher structural 

order for larger Fe layer thickness (at constant Tb or Gd layer thickness). The interfacia1 mixing 

increases as function o f the Tb and Gd layer thickness up to a maximum thickness at which discrete, 

unmixed Tb and Gd layers arc formed. This thickness is estimated to be about 15 A.

4) The angle o f  the net magnetization vector with respect to the sample normal, a , is very close to the 

canting angle o f the Fe magnetic moments.

5) The magnetization M and anisotropy energy constant K o f the easy (parallel) axis o f the samples have 

been measured and they increase with the Fe layer thickness as expected. However, a relative 

minimum is observed when the Fe magnetic moments change from perpendicular alignment to 

parallel alignment for Fe layer thicknesses larger than about 40 A due to the breakdown in the 

interlayer exchange interaction. This is probably due to antiparallel alignment of part o f the Fe layers 

in the sample with respect to the mixed interface.

6) The magnetizations obtained for the samples indicate that the contribution o f Tb and Gd to the net 

magnetization o f the multilayers is small. Therefore, the discrete layers o f Tb and Gd that are formed 

in some multilayers are considered paramagnetic. Low temperature Mossbauer spectra taken for 

some Fe/Tb multilayers support this assumption. The Fe hyperfine field as a function o f temperature 

shows a relative minimum at the Curie temperature o f  Tb indicating a reordering. The mixed 

interfaces however contribute to the net magnetization o f  the samples: they decrease it because o f  the 

antiferromagnetic coupling between Fe and Tb or Gd.

7) Torque measurements reveal that the two preferred axes o f alignment in the sample are very different 

in energy. The saturation field for the parallel axis could be measured for a few samples and was 

about 9 kG, but most samples could not be saturated with the external field available. For those, the 

saturation field is estimated to about 12 kG. The saturation field estimates for the perpendicular axis

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



109

The results show no evidence o f  a distinction between Fe/Tb and Fe/Gd multilayers based on the magnetic 

properties that have been considered in this study. Therefore, single-ion-anisotropy o f Tb and Gd is 

unlikely to be the main cause o f PMA in those multilayer systems. Instead, a different model based on 

properties that Tb and Gd have in common must be considered to better explain PMA in these multilayer 

system s. One o f the models cited in section 2. 4. gives a better description o f the cause o f  PMA in the 

multilayers systems considered here. This model proposes that a difference in the lattice spacing parallel 

and perpendicular to the plane o f the multilayers could be the cause o f PMA [14], This model may be at 

least part o f  the explanation. The experimental results obtained in this study support this model. 

Observations such as the smaller hyperfine field observed for the iron rich interface structure using 

Mossbauer spectroscopy or the slightly larger lattice constant o f the interface structure observed with x-ray 

diffraction are in accord with this model. In addition, one would expect a breakdown o f the PMA above a 

certain Fe layer thickness for multilayer samples with Tb or Gd layer thicknesses that show PMA for low 

Fe layer thickness as is observed in this study. This would also mean that the main cause o f PMA is a 

collective phenomenon due to the arrangement o f the atoms in the multilayer rather than being based on 

intrinsic properties o f  the constituent atoms. The interaction term in the Hamiltonian describing the 

energy o f the system (equation 4) would in this case split into several different interaction terms. The 

Hamiltonian

Hram = - D l  I j  - J . J . - g p a H l  J,2. (4)
i ij i

would otherwise have the same form as initially described. The first term could still be present but its 

magnitude would be less important compared to other terms.

If the magnetic properties of samples are measured with techniques involving external magnetic 

fields, those external fields perturb the samples. From such measurements one can extrapolate to obtain 

estimates for physical quantities describing the magnetic properties o f  the system in zero applied field (i. 

c. the unperturbed system), which is usually what one is interested in. The available estimates are not 

very accurate. Therefore, it would be useful if  one could measure (for example) the magnetization and the 

anisotropy energy constant with a technique that does not use the application o f an external magnetic 

field. For this purpose a scanning electron microscope with polarization analysis (SEMPA) could be used. 

Contrast between magnetic domains o f different alignment in a sample is obtained since an electron beam

range between close to zero and 1 kG. They are sim ilar for com parable Fe/Tb and Fe/Gd m ultilayer

sam ples.
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o f circular polarization will be decomposed by the sample into a left hand and right hand polarized beam

[27], Such measurements would give more accurate anisotropy energy constants and saturation fields for 

the easy axis in multilayers which show PMA at zero magnetic field.

The multilayers that have been fabricated and examined for this study show that the Fe/Tb as 

well as the Fe/Gd multilayer system might be suitable for use as an information storage material using the 

reading and writing techniques mentioned in section 1. PMA can be created in such multilayers by 

selecting the appropriate layer thicknesses o f Fe and Tb or Gd. The angle o f the net magnetization with 

respect to the sample normal can be adjusted by varying the Tb or Gri layer thickness in the multilayer (up 

to a maximum value). The magnitude o f magnetization and anisotropy energy can be adjusted by the 

variation o f the Fe layer thickness (within a certain range).

This study not only provides the tools to fabricate multilayers which manifest PMA. but it also 

gives new insight into the cause o f PMA. Based on these results, predictions about the possible 

occurrence o f PMA in multilayer systems with other constituent elements could be made. Before 

possibilities with other elements are explored, a unified model describing PMA in transition metal/rare 

earth multilayer systems must be found. Multilayers consisting o f Fe or Co and other rare earths such as 

Dy, Eu or Sm that display PMA have been fabricated and studied. Systematic studies o f PMA in all 

transition metal/rare earth systems as function o f thickness would be helpful in obtaining a unified model 

of PMA. Consideration of multilayer systems consisting o f transition metals and other elements could 

possibly discover the properties that arc unique to the rare earth elements and make PMA in transition 

metal/rare earth multilayer systems possible. A full understanding o f the mechanism might open the door 

to a full understanding o f ferromagnetism in general.
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10. Appendix 1

Table 10: Sputtering parameters for Fe/Tb m ultilayer samples a through z.

name Fe gun Tb gun working Fe Tb Fe layer Tb layer number o f

power power pressure sputtering sputtering thickness thickness bilayers

rate rate

(W) (W) (mTorr) (A/s) (A/s) (A) (A)

a 119 23 10 1.86 1.22 18 12 65

b 119 22 10 1.65 1.09 8 5 96

c 130 24 10 1.10 0.73 9 6 66

d 147 42 10 2.25 1.97 24 21 49

e 122 60 10 2.40 4.29 21 37 49

f 153 72 10 3.49 5.75 30 49 22

g 166 93 10 2.90 7.32 25 63 49

h 176 48 10 4.74 3.63 48 37 32

i 201 35 10 3.52 2.13 40 24 20

j 132 31 10 2.76 2.03 15 11 70

k 112 27 10 3.07 2.17 12 9 97

I 195 23 10 1.86 0.73 16 6 47

m 100 22 10 1.43 0.76 12 6 46

n 144 19 10 2.49 0.82 20 7 47

0 189 22 10 4.17 0.79 34 6 47

P 215 23 7 3.01 0.66 31 7 50

q 162 19 10 1.92 0.42 13 3 53

r 212 29 10 3.04 0.62 17 4 84

s 271 42 10 3.39 1.35 21 8 62

t 245 28 10 3.88 0.61 41 6 42

u 294 38 6 3.50 1.00 37 11 18

V 258 30 6 4.40 0.53 55 7 38

w 252 48 6 3.31 1.28 41 16 35

X 238 11 5 5.77 0.71 69 8 9

y 183 28 5 3.66 1.63 27 12 37

z 67 4 5 0.83 0.29 10 4 34
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Table 11: Sputtering param eters for Fe/Gd m ultilayer samples a  through /..

name Fe gun Gd gun working Fe Gd Fe layer Gd layer number of

power power pressure sputtering sputtering thickness thickness bilayers

rate rate

(W) (W) (mTorr) (A/s) (A/s) (A) (A)

a 87 46 10 2.51 3.57 19 27 17

P 165 54 10 1.88 2.57 20 28 21

X 234 33 10 2.52 0.94 16 6 46

6 186 23 2 2.55 0.87 28 10 29

E 177 52 7 3.06 3.34 24 27 16

4» 170 26 5 4.15 1.97 33 16 27

V 198 25 5 4.51 1.32 28 8 31

n 258 25 5 7.36 1.76 90 21 16

9 168 17 7 5.20 1.49 46 13 36

K 156 13 5 3.75 0.95 27 7 41

}. 159 12 5 4.05 1.25 17 5 66
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Table 12: Room tem perature Mossbauer parameters o f Fe/Tb m ultilayers (non

m agnetic sites).

name

sitcl

5

(mm/s)

I

(%)

site2

5

(mm/s)

I

(%)

a 0.195 18 -0.76 19

b 0.1 12 -0.94 16

c 0.151 19 -0.77 25

d 0.149 22 -0.78 24

e 0.259 18 -0.16 64

f 0.154 11 -0.66 9

g 0.231 17 -0.26 34

h 0.216 3 -0.67 4

i 0.145 7 -0.73 17

j 0.233 18 -0.69 23

k 0.22 4 -0.67 5

1 0.186 12 -0.82 16

m 0.31 14 -0.73 22

n 0.16 12 -0.85 14

0 0.252 5 -0.93 7

P 0.158 5 -1.06 5

q 0.085 16 -0.93 20

r 0.175 9 -1.01 13

s 0.153 12 -0.88 14

t 0.047 4 -1.19 4

u 0.126 10 -0.94 12

V 0.066 5 -1.21 5

w 0.218 10 -0.85 14

X 0.286 2 -0.26 12

y 0.211 12 -0.79 14

z 0.177 15 -0.82 16
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Table 13: Room temperature Mossbauer parameters of Fe/Tb m ultilayer samples a

through z (magnetic sites).

sitc3 sitc4 site5

name P 6 hf A I 6 hf A I <5 hr A I

(°) (mm/s) (kG) (mm/s) (% ) (mm/s) (kG) (mm/s) (%) (mm/s) (kG) (mm/s) (%)

a 48.4 0.029 317.3 0.003 41 0.037 254.5 -0 04 22

b 30.7 -0.23 305.8 0 30 -0.19 250.4 -0.13 15 -0.34 352.2 0.11 27

c 32.6 -0.03 317.3 0 29 -0.09 269.4 0.018 18 -0.34 352.2 0.179 10

d 82.5 0 315 0.008 45 0.086 239.8 0.09 10

e 90 -0.02 322.4 0.049 12 -0.22 256.8 -0.01 6

f 84.4 -0.01 324.1 0 70 -0.07 263.5 0.046 10

g 88.3 -0.02 305.7 -0.01 41 -0 .11 257.8 0.095 7

h 83.1 0.035 325.3 0 86 -0.02 280.7 0.051 7

i 76 -0.01 325.2 0.001 68 -0.17 273.9 -0.02 8

j 46.6 0.023 293 -0.03 28 0.096 232.5 -0.1 31
k 38.5 -0.11 326.5 0.011 48 0.002 257.9 -0.02 43

1 30.9 -0.01 319.4 0.02 53 -0.11 256.2 -0.1 11 -0.98 336.1 0.047 8

m 45.1 -0.06 313.7 -0.06 31 0.107 250.5 -0.13 17 -0.71 350.8 0.375 16

n 37.2 -0.03 325.9 0.029 55 -0.09 254.9 -0.08 11 -0.93 331.5 0.133 8

0 28.4 -0.01 328.6 0.005 77 -0.14 266.9 -0.12 6 -0.99 348.3 0.074 5

P 29.2 -0.01 329.2 0.002 81 0.025 260.4 2E-05 5 -0.85 336.8 0.146 4

q 37.5 -0.08 318.1 0.011 57 -0.08 261.8 -0.03 7

r 31.6 -0.02 327.7 0.009 71 -0.1 260.5 -0.18 3 -0.97 349.2 0.04 4

s 31.4 -0.02 323.1 0.009 62 -0.11 268 -0.08 7 -0.74 332.3 0.246 6

t 31 -0.01 329.8 0.006 86 -0.04 274 0.005 5

u 54.2 0 325.4 0.001 73 0.028 260.6 0.081 6

V 32.1 0 329 0.001 85 0.062 268.7 0.069 6

w 69.7 0.043 325.2 0.001 70 -0.01 249 -0.02 6

X 58.5 0.012 329.6 -0.01 80 -0.04 243.9 -0.12 6

y 48.1 0.037 316 0 66 -0 265.3 -0.04 9

z 31.5 0.035 325.3 -0.01 64 -0.41 236.9 0.503 5
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Table 14. Room temperature M ossbauer param eters o f  Fe/Gd m ultilayer samples a

through /. (non-m agnetic sites).

name

sitel

5

(mm/s)

I

(%)

site2

6

(mm/s)

1

( % )

a 0.163 32 -0.76 36

P 0.181 32 -0.79 30

7. 0.103 21 -0.84 24

S 0.272 7 -0.78 131

E 0.155 26 -0.86 33

4> 0.202 5 -0.82 4

y 0.3 6 -0.75 10

n 0.066 4 -0.95 4

<p 0.159 8 -I 9

K 0 1 5 -0.9 5

/ . 0 206 23 -0.79 14

Table 15: Mossbauer parameters o f Fe/Gd multilayers a  through a. (magnetic sites)

site3 site4

name P 6 hf A 1 6 hf A 1

(°) (mm/s) (kG) (mm/s) (% ) (mm/s) (kG) (mm/s) ( % )

a 83.9 -0.01 313.1 -0.03 20 -0.09 239 7 -0.2 12

P 80.8 0.058 323.3 0.011 30 0 293 249.9 0.297 8

X 27.6 -0.04 325.8 0.012 51 -0.68 229.8 0.621 5

6 35.9 0.044 324.5 0.007 75 0.067 245.6 -0.18 6

E 81.1 -0.01 313.4 -0 34 -0.15 254.4 -0.16 7

<(> 76 -0.01 325.4 -0 87 0.081 248.9 0.059 5

Y 31.1 0.031 326.9 9E-04 78 0.148 252.6 -0.05 6

n 71.9 -0.07 329.6 -0 88 -0.03 254 -0.03 4

52.9 -0.06 327.5 -0 78 0.113 259 0.014 5

K 29.2 -0.01 328.6 2E-04 86 0.044 255.2 -0.01 4

k 38.8 -0.06 323.8 0.033 47 -0.12 252.5 0.006 16
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Table 16: Position and FWHM of 44.44° bcc iron like peak from x-ray diffraction

spectra for Fe/Tb multilayer samples a through z.

name 2 0 FWHM name 2 0 FWHM

(°) (°) n (°)

a 44.72 1.13 n 43.66 6.45

b 44.53 1.6 0 43.82 3.16

c 42.65 4.04 P 44.26 1.63

d 44.4 3.03 q 44.4 3.47

e 44.44 2.68 r 44.38 2.6

f 44.57 1.86 s 44.37 2.06

g 44.08 2.49 t 44.43 1.67

h 44.42 1.38 u 44.39 3.02

i 44.47 1.36 V 44.43 1.83

J 43.86 4.51 w 44.32 1.9

k 44.44 1.54 X 44.49 1.03

I 42.84 3.28 y 44.4 2.83

m 43.73 3.78 z 44.48 1.77

Table 17: Position and FWHM of 44.44° bcc iron like peak from X-ray diffraction

spectra for Fe/Gd multilayer samples a  through

name 2© FWHM name 2© FWHM

(°) (°) (°) (°)

a 44.88 6.56 7 44.44 2.32

P 44.14 5.67 q 44.45 1.09

X 44.17 2.22 <p 44.45 1.98

6 44.4 2.4 K 44.12 2.41

e 44.41 2.18 /. 43.48 4.08

44.35 2.31
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Table 18: Magnetization M and anisotropy energy constant K as calculated from torque

magnetometer measurements for Fe/Tb multilayers.

name M K K. * name M K K *

thickness thickness

(G) (kJ/m3) (mJ/nr) (G) (kJ/m3) (mJ/m2)

a 449.82 113.36 0.34 n 882.42 271.36 0.74

b 538.06 116.98 0.16 0 1057.10 405.43 1.36

c 690.61 156.36 0.22 P 1141.35 475.77 1.77

d 561.40 203.46 0.90 q 615.80 137.59 0.21

e 91.58 37.70 0.22 r 923.92 300.10 0.63

f 421.56 228.57 1.81 s 740.44 154.70 0.46

g 272.14 99.06 0.87 t 1573.27 707.50 3.37

h 1058.95 595.79 5.07 u 1052.07 439.71 2.10

i 682.16 309.26 1.98 V 766.14 287.20 1.78

j 394.80 117.29 0.31 w 818.13 297.60 1.69

k 371.26 139.28 0.29 X 1082.09 546.44 4.25

1 783.19 182.45 0.40 y 813.12 291.55 1.13

m 456.93 127.89 0.23 z 1015.14 352.18 0.48

Table 19: Magnetization M and anisotropy energy constant K as calculated from torque

magnetometer measurements for Fe/Gd multilayers.

name M K K * name M K. K *

thickness thickness

(G) (kJ/m3) (mJ/m2) (G) (kJ/m3) (mJ/m2)

a 246.16 53.24 0.25 V 1095.68 412.99 1.48

P 392.12 137.59 0.66 q 1064.53 720.00 8.00

X 710.51 163.41 0.36 <P 790.24 302.27 1.80

5 1198.59 391.65 1.48 K 1075.83 429.28 1.47

e 493.75 139.25 0.71 K 621.21 237.64 0.49

<t> 1033.49 498.59 2.46
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11. Appendix 2

Sample name:
Fe layer thickness: 
Tb layer thickness: 
Thickness ratio:
# o f bilayers:
Fe sputtering rate: 
Tb sputtering rate: 
Working pressure:

X-Ray diffraction spectrum

Mossbauer spectrum Hyperfine field 
distribution spectrum

torque magnetometer data 
(180-degree-method)

torque magnetometer data 
(45-degree-method)
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Sample name: a
18 AFe layer thickness:

Tb layer thickness: 12 A
Thickness ratio: 1.52
# o f bilayers: 65
Fe sputtering rate: 1.9 A/s
Tb sputtering rate: 1.2 A/s
Working pressure: 10 mTorr

velocity (mm/s)

20  (°)

h (kG)

t  ( 10'7 Nm)
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Sample name: b
Fe layer thickness: 8 A
Tb layer thickness: 5.5 A
Thickness ratio: 1 5
# o f  bilayers: 96

1.6 A/sFe sputtering rate:
Tb sputtering rate: l . l  A/s
Working pressure: 10 mTorr

2© (°)

-15 -10
_L I X
-5 0 5
velocity (mm/s)

295K

10 15 hf (kG)

700

600

E 500
Z

r-

©
400

w
rs

300

5
N

w
200

100

0 ( ° ) x (10 Nm)
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Sample name: c 
Fe layer thickness: 8.5 A 
Tb layer thickness: 6 A 
Thickness ratio: 1.5 
# o f bilayers: 66 
Fe sputtering rate: 1. L A/s 
Tb sputtering rate: .73 A/s 
Working pressure: 10 mTorr

20  (°)

T 1--------- 1--------- 1--------- 1------

295K

t i l l  I
-15 -10 -5 0 5

velocity (mm/s)
10 15 100 200 300

h. (kG)
400 500

S
Z

o n T (10 Nm)

0

H
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Sample name: d 
Fe layer thickness: 24 A 
Tb layer thickness: 2 1 A 
Thickness ratio: 1.14 
# o f bilayers: 49  
Fe sputtering rate: 2.3 A/s 
Tb sputtering rate: 2.0 A/s 
Working pressure: 10 mTorr

23K

y y w r ^ r

. . . . . Y Y V V Y r

'p * . 1  _

-5 0 5
velocity (mm/s)

15
hf (kG)

80 120
9  0 t  (10"' Mm)
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Sample name: e 
Fe layer thickness: 21 A 
Tb layer thickness: 37 A 
Thickness ratio: .56 
# o f  bilayers: 49 
Fe sputtering rate: 2.4 A/s 
Tb sputtering rate: 4.3 A/s 
Working pressure: 10 mTorr

20  (°)

velocity (mm/s) hf (kG)

e o
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Sample name: f  
Fe layer thickness: 30 A 
Tb layer thickness: 49 A 
Thickness ratio: .61 
# o f bilayers: 22 
Fe sputtering rate: 3.5 A/s 
Tb sputtering rate: 5.8 A/s 
Working pressure: 10 mTorr

295K

_L ± _L
-15 -10 - 5 0 5

velocity (mm/s)
10 15

h. (kG)

80 120 160 
0 (° )

1600 _ "T-----------r ■— i—

3=
1400 -

1200 -  ’ -
rz
r-
© 1000 - -

rs
5M
H

800

600 -

i ■ i

r -

400 _ . I
10 15

x (10'7 Nm)
20 255
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Sample name: g 
Fe layer thickness: 25 A 
Tb layer thickness: 63 A 
Thickness ratio: .39 
# o f bilayers: 49 
Fe sputtering rate: 2.9 A/s 
Tb sputtering rate: 7.3 A/s 
Working pressure: 10 mTorr

20  (°)

i r
26K

jg».i "9"

-15 -10 -5 0 5
velocity (mm/s)

10 15

120 160
o n
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w
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5
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x  (10‘7 Nm)
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.. — r ■■ 1" — 1— — 1“
-

_

- -

1 -1— , _ l ______1__

—

30

0
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3000 " T '  "I ' i ~ —  T
Sample name: h
Fe layer thickness: 48 A T
Tb layer thickness: 37 A « 2000 A

j \

-
Thickness ratio: .39

«

# o f bilayers: 32 oo
Fe sputtering rate: 4.7 A/s 1000 A /  \ j \ -
Tb sputtering rate: 3.6 A/s
Working pressure: 10 mTorr

i 1 1 i

t 1--------- 1----------r

295K

 I I I I I---------
-15 -10 -5 0 5 10 15

velocity (mm/s)

0 ( ° )

0  '      ------------
0 20 40 60 80 100

20  (°)

h (kG)

x (10‘7 Nm)
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Sample name: i 
Fe layer thickness: 40 A 
Tb layer thickness: 24 A 
Thickness ratio: 1.65 
# o f bilayers: 20 
Fe sputtering rate: 3 .5 A/s 
Tb sputtering rate: 2.1 A/s 
Working pressure: 10 mTorr

2© (°)

T 1--------- 1--------- 1--------- 1------

295K

J I I I L
-5 0 5
velocity (mm/s)

15

80
0 (° )

100 200 300 400 500 600
h (kG)

x (10'' Nm)

0
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Sample name: j 
Fe layer thickness: 15 A 
Tb layer thickness: 11 A 
Thickness ratio: 1.36 
# o f bilayers: 70 
Fe sputtering rate: 2.8 A/s 
Tb sputtering rate: 2.0 A/s 
Working pressure: 10 mTorr

2© (°)

-15 -10 -5 0 5
velocity (mm/s)

10 15 100 200 300 400 500 600
h (k G )

1200

80 120 
Q(°)

^ 1000 
N

E 
Z
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C'J

800

600

400

200

1 1 1

- -

- -

1 __ 1____ 1__

1 —

8 10
t (10'7 Nm)

12 14 16

0
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Sample name: k 
Fe layer thickness: 12 A 
Tb layer thickness: 9 A 
Thickness ratio: 1.4 
# o f bilayers: 79 
Fe sputtering rate: 3.1 A/s 
Tb sputtering rate: 2.2 A/s 
Working pressure: 10 mTorr

20  (°)

velocity (mm/s) hf (kG)

x (10''N m )
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Sample name: 1
Fe layer thickness: 16 A
Tb layer thickness 6 A
Thickness ratio: 2.6
# o f bilayers: 47
Fe sputtering rate: 1.9 A/s
Tb sputtering rate: .7 A/s
Working pressure: 10 mTorr

-5 0 5
velocity (mm/s) h (kG)

0 (° ) x (10'7 Nm)
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Sample name: m
12 AFe layer thickness:

Tb layer thickness 6 A
Thickness ratio: I.9
# o f bilayers: 46

1.4 A/sFe sputtering rate:
Tb sputtering rate: .8 A/s
Working pressure: 10 mTorr

2© (°)

velocity (mm/s) hf (kG)

B
Z

40 80 120 
0 (° )

160
x (10' Nm)
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Sample name: n 
Fe layer thickness: 20 A 
Tb layer thickness: 7 A 
Thickness ratio: 3.0 
# o f bilayers: 47 
Fe sputtering rate: 2.5 A/s 
Tb sputtering rate: .8 A/s 
Working pressure: 10 mTorr

velocity (mm/s) hf (kG)

0 (° ) x (10 Nm)
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Sample name: o 
Fe layer thickness: 27 A 
Tb layer thickness: 6 A 
Thickness ratio: 4.5 
# of bilayers: 47 
Fe sputtering rate: 4.2 A/s 
Tb sputtering rate: .8 A/s 
Working pressure: 10 mTorr

2© (°)

-15 -10
_L _L ±
-5 0 5
velocity (mm/s)

295K

10 15
h. (kG)

4000 —T” I T " ~~V~T "

3500 -  N -
<Nc ;

Cr 4
Z

r -
*o

3000

2500 _ -

N

5n 2000 - -

1500 . J. _  J___ —J__ L_ _ J ____

0 (° )
28 30 32 34 36 38 40 42

x (10'7 Nm)
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Sample name: p 
Fe layer thickness: 30 A 
Tb layer thickness: 7 A 
Thickness ratio: 4.6 
# o f bilayers: 50 
Fe sputtering rate: 3.0 A/s 
Tb sputtering rate: .7 A/s 
Working pressure: 7 mTorr

20  (°)

1 1 1 1 1------

295K

J I I I L
-15 -10 -5 0 5

velocity (mm/s)
10 15 100 200 300 400 500 600

h. (kG)

80 120 
0 (° ) t  (10' Nm)

0
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Sample name: q 
Fe layer thickness: 13 A 
Tb layer thickness: 3 A 
Thickness ratio: 4.6 
# o f bilayers: 53 
Fe sputtering rate: 1.9 A/s 
Tb sputtering rate: .42 A/s 
Working pressure: 10 mTorr

velocity (mm/s) hf (kG)

9 (°) x (10'7 Nm)

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



rel
ati

ve
 i

nte
ns

ity

141

Sample name: r 
Fe layer thickness: 17 A 
Tb layer thickness: 4 A 
Thickness ratio: 4.9 
# o f bilayers: 84 
Fe sputtering rate: 3.0 A/s 
Tb sputtering rate: .6 A/s 
Working pressure: 10 mTorr

2© (°)

•15 -10 -5 0 5
velocity (mm/s)

10 15 100 200 300 400 500 600
h (kG)

0 (°) t (10‘7 Nm)

0
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Sample name: s 
Fe layer thickness: 21 A 
Tb layer thickness: 8.5 A 
Thickness ratio: 2.5 
# o f  bilayers: 62 
Fe sputtering rate: 3.4 A/s 
Tb sputtering rate: 1.4 A/s 
Working pressure: 10 mTorr

2© (°)

-5 0 5
velocity (mm/s) hf (kG)
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Sample name: t 
Fe layer thickness: 41 A 
Tb layer thickness: 6 A 
Thickness ratio: 6.3 
# o f bilayers: 42 
Fe sputtering rate: 3.9 A/s 
Tb sputtering rate: .6 A/s 
Working pressure: 10 mTorr
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Sample name: u 
Fe layer thickness: 37 A 
Tb layer thickness: 11 A 
Thickness ratio: 3.5 
# o f  bilayers: 18 
Fe sputtering rate: 3.5 A/s 
Tb sputtering rate: 1.0 A/s 
Working pressure: 6 mTorr
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Sample name: v 
Fe layer thickness: 55 A 
Tb layer thickness: 7 A 
Thickness ratio: 8.2 
#  o f bilayers: 38 
Fe sputtering rate: 4.4 A/s 
Tb sputtering rate: .53 A/s 
Working pressure: 6 mTorr

22K ' ------ 1---------T " " V  ■’

50K
_ f n n r v r

T25K

150K
~ - y - v ~ Y V ~ * ~ y —

200K

220K

24ok  r ^ n r

295K

J ■ ■ »____ I

60

B 40 
Z 20r *
2  o

T -2 0

-40

-60

0 - 5 0 5  
velocity (mm/s)

10

_  i i
.92T

1 1 1

V 6 t N5%
—

•4

-

I _____ 1______ 1______ 1 ------1----

100 200 300 400 500 600
hf (kG)

0 40 80 120 
0 (° )

160

F

5000

4500

4000n
2

r** 3500
O

3000c*
2500

2000
3

x (10'7 Nm)

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



re
la

tiv
e 

in
te

ns
ity

146

Sample name: w  
Fe layer thickness: 41 A 
Tb layer thickness: 16 A 
Thickness ratio: 2.6 
# o f bilayers: 35 
Fe sputtering rate: 3.3 A/s 
Tb sputtering rate: 1.3 A/s 
Working pressure: 6 mTorr
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Sample name: x  
Fe layer thickness: 69 A 
Tb layer thickness: 8.5A  
Thickness ratio: 8.2 
# o f bilayers: 9 
Fe sputtering rate: 5.7 A/s 
Tb sputtering rate: .7 A/s 
Working pressure: 5 mTorr
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Sample name: y 
Fe layer thickness: 27 A 
Tb layer thickness: 12 A 
Thickness ratio: 2.24 
# o f  bilayers: 37 
Fe sputtering rate: 3.7 A/s 
Tb sputtering rate: 1.6 A/s 
Working pressure: 5 mTorr
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Sample name: z 
Fe layer thickness: 10 A 
Tb layer thickness: 3.6 A 
Thickness ratio: 2.8 
# o f bilayers: 34 
Fe sputtering rate: .83 A/s 
Tb sputtering rate: .29 A/s 
Working pressure: 5 mTorr
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Sample name: a  
Fe layer thickness: 19 A 
Gd layer thickness: 27 A 
Thickness ratio: .7 
# o f  bilayers: 17 
Fe sputtering rate: 2.5 A/s 
Gd sputtering rate: 3.6 A/s 
Working pressure: 10 mTorr
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Sample name: (3 
Fe layer thickness: 20 A 
Gd layer thickness: 28 A 
Thickness ratio: .73 
# o f  bilayers: 21 
Fe sputtering rate: 1.9 A/s 
Gd sputtering rate: 2.6 A/s 
Working pressure: 10 mTorr
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Sample name: x 
Fe layer thickness: 16 A 
Gd layer thickness: 6 A 
Thickness ratio: 2.7 
# o f bilayers: 46 
Fe sputtering rate: 2.5 A/s 
Gd sputtering rate: .9 A/s 
Working pressure: 10 mTorr
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Sample name: 8 
Fe layer thickness: 28 A 
Gd layer thickness: 10 A 
Thickness ratio: 2.9 
# o f bilayers: 29 
Fe sputtering rate: 2.5 A/s 
Gd sputtering rate: 2.9 A/s 
Working pressure: 2 mTorr
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Sample name: e 
Fe layer thickness: 24 A 
Gd layer thickness: 27 A 
Thickness ratio: .9 
# o f bilayers: 16 
Fe sputtering rate: 3.1 A/s 
Gd sputtering rate: 3 .3 A/s 
Working pressure: 7 mTorr
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Sample name: $
Fe layer thickness: 33 A 
Gd layer thickness: 16 A 
Thickness ratio: 2.1 
# o f bilayers: 27 
Fe sputtering rate: 4.1 A/s 
Gd sputtering rate: 2.0 A/s 
Working pressure: 5 mTorr
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Sample name: y 
Fe layer thickness: 28 A 
Gd layer thickness: 8 A 
Thickness ratio: 3.4 
# o f  bilayers: 31 
Fe sputtering rate: 4.5 A/s 
Gd sputtering rate: 1.3 A/s 
Working pressure: 5 mTorr
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Sample name:^
Fe layer thickness: 90 A 
Gd layer thickness: 21 A 
Thickness ratio: 4.2 
# o f bilayers: 16 
Fe sputtering rate: 7.4 A/s 
Gd sputtering rate: 1.8 A/s 
Working pressure: 5 mTorr
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Sample name: 9  

Fe layer thickness: 46 A 
Gd layer thickness: 13 A 
Thickness ratio: 3.5 
# o f bilayers: 36 
Fe sputtering rate: 5.2 A/s 
Gd sputtering rate: 1.5 A/s 
Working pressure: 7 mTorr
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Sample name: <
Fe layer thickness: 27 A 
Gd layer thickness: 7 A 
Thickness ratio: 4.0 
# o f bilayers: 41 
Fe sputtering rate: 3.8 A/s 
Gd sputtering rate: .94 A/s 
Working pressure: 5 mTorr
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Sample name: X 
Fe layer thickness: 17 A 
Gd layer thickness: 5 A 
Thickness ratio: 3.1 
# o f  bilayers: 66 
Fe sputtering rate: 4.0 A/s 
Gd sputtering rate: 1.3 A/s 
Working pressure: 5 mTorr
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