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NEUTRON SCATTERING STUDIES OF MAGNETIC
 

SEMICONDUCTING SUPERLATTICES
 

1. INTRODUCTION 

Europium telluride / lead telluride superlattices are novel superlattice sys

tems that have been atomically engineered by Molecular Beam Epitaxy (MBE). 

These systems show evidence of magnetic coupling between the europium layers 

which are separated by tens of Angstroms of lead telluride. This is a very surprising 

result. as EuTe and PbTe are non-conducting materials. and EuTe is an antiferro

magnet. Moreover, the length scales through the non-magnetic material in which 

this coupling takes place has been observed up to 70 A! These properties make 

the system atypical of magnetically ordered superlattices, since in general, mag

netically coupled systems are made of ferromagnetically coupled metals in which 

the non-magnetic layers are about 20 Angstroms [1. 2]. The advent of describing 

the physical mechanisms causing magnetic coupling between layers in a superlat

tice gave rise to theories suggesting that only metallic or semiconducting systems 

with ferromagnetic layers can exhibit correlated properties between magnetic layers 

separated by non-magnetic layers. 

Both PbTe and EuTe are semiconducting materials. and at the temperature 

range (below 15K) for which the samples were investigated, EuTe, which is a wide-

gap semiconductor (Egop === 4 eV) has virtually no free carriers. PbTe has carrier 

concentrations on the order of 1017 per cubic centimeter, which is about five orders of 
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magnitude below a typical metallic concentration and RKKY coupling needs carrier 

densities in the range of 1019 1021 to be considered a factor in coupling. 

The magnetic ordering that will he discussed is that of a face centered cubic 

(fcc) material; namely EuTe. EuTe crystallizes in the NaCI structure, and the 

magnetic europium atoms form a fcc lattice. The three usual fcc AFM structures 

are type I, type II and type III (The different fcc AFM structures are discussed in 

more detail in Appendix A); EuTe being a type II antiferromagnet 1 (Fig. 1.1). 

There is a 2% lattice mismatch between the PbTe (a = 6.460 A) and EuTe 

(a = 6.585 A) atomic structures. This discrepancy in the inter-atomic distances 

produces a strain in the crystal, which shifts the inter-atomic distances. The fer

romagnetic sign of the nearest-neighbor exchange parameter (decreasing with in

creasing distance) will then favor the ferromagnetic sheets of type II AFM to be 

along the [111] growth axis. This is clearly seen, as the "frustrated" AFM will be 

minimized, since the energy-minimizing spins (unfrustrated) in the [111] plane will 

have a decrease in their inter-atomic distances; whereas the out-of-plane (frustrated) 

nearest neighbors, will be more distant. If the FM planes were to lie in the [111] 

[111] or [111] planes, both frustrated nearest-neighbors would have a decrease in 

lattice spacing and unfrustrated nearest-neighbors would have an increase in lattice 

spacing. Additionally, the Eu magnetic moments are found to have their magnetic 

moments in the [111] plane. 

The evidence of coupling between EuTe layers is provided through the use 

of unpolarized neutron diffraction measurements in which intensity fringes are mea

sured in a scan along the [111] modulation direction (Fig 1.2). The use of the 

'The type II antiferromagnetic structure was first seen in MnO. Historically, MnO was 
the first material that had its structure determined by neutron diffraction. 
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FIGURE 1.1. The spin structure of EuTe; a type II antiferromagnet. Note, that 
the spins lie in the (111) planes. 
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FIGURE 1.2. A typical scan along the [111] axis. The data shown here is for a 
[EuTe4/PbT012]400 sample. 

term "coupling" here implies that the magnetic moments in a given layer of EuTe 

observably affect the magnetic moment orientation in a neighboring EuTe layer. 

This thesis introduces a new method for describing the fraction of the sample 

exhibiting correlation effects, gives a systematic discussion of the variability of the 

diffraction fringes, and discusses straightforward models that might better describe 

the physics behind the correlated effects. 
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FIGURE 2.1. A schematic of a superlattice consisting of alternating magnetic and 
non-magnetic layers. Note that the magnetic structure represents the EuTe/PbTe 
system. For convenience, the individual magnetic moments of the atoms are abbre
viated with the long arrow in the right hand magnetic layer. 

2. SUPERLATTICE 

EuTe/PbTe superlattices are man-made structures that use recent technology 

in their production. Growing these structures is not an easy task, but with the 

advancement of epitaxial growth techniques in the last two decades, it is becoming 

ever more feasible to create high quality, engineered, layered systems. That is, two 

or more elements can be deposited on a substrate to create a layered sample; e.g. 

one layer of copper followed by one layer of iron, each layer being tens of nanometers 

thick. A heterostructure is generally considered to have a limited number of layers 

while in a superlattice this controlled layering of the constituents is repeated many 

times. The superlattice structure has several types of layers (Fig. 2.1) and it is 

crucial to notice that a layer is built of monolayers and that two layers of the 
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constituents compose a bilayer. These recent advances in growth methods provide 

techniques for engineering these novel systems. 

2.1. Practical applications of magnetic layered systems 

There are many new technological advances that have been brought about 

with the improved growth techniques; for example designing quantum well struc

tures in semiconductors for creating tunable lasers [4]. Another example is the for

mation of systems that produce a Giant Faraday rotation on polarized light, namely 

the polarization of the light passing through the sample is rotated by an order of 

magnitude or more than typical conventional materials. These growth schemes are 

also used to produce metallic layered structures and yield materials such as spin-

valves and systems that have a Giant Magneto-Resistance (GMR) or even Colossal 

Magneto-Resistance (CMR). The GMR and CMR structures are systems consisting 

of alternating layers of non-magnetic and ferromagnetic metals, say two layers of a 

ferromagnetic material separated by one layer of a non-magnetic material, and that 

the magnetic moments are perpendicular to the growth axis. When the moments 

are aligned or anti-aligned, the resistive properties of the system change by a signif

icant amount. This can lead to a magnetic storage device with a higher density of 

information per unit area, e.g. a better hard disk drive in a computer. Clearly, these 

highly engineered materials contain much physics and can have a highly practical 

value. 
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2.2. Physical properties of the EuTe/PbTe superlattice 

The europium chalcogenides I have long been of interest, since it was un

expectedly found that EuO is a ferromagnetic semiconductor. It was hoped that 

their magnetic properties could be stoichiometrically altered to bring their magnetic 

properties up to room temperature for commercial purposes (including a more re

cent low temperature field effect transistor [6]). The commercial feasibility of the 

europium chalcogenides has not been realized because no way has been found to 

raise the magnetic ordering temperatures to room temperature. They are still of 

fundamental research interest, however, because or their Heisenberg-like magnetism 

(a minimal anisotropy), and contribute to a better understanding of magnetism [7, 

8]. With the advent of technology able to grow structures on an atomic level, the 

possibility to further study their magnetic properties is being cultivated 2. 

2.2.1. Growth process 

For the case of europium telluride/lead telluride, the system is grown by 

molecular beam epitaxy (MBE) [9-11] and has been well studied [12-16]. A barium 

fluoride substrate is subjected to heated europium (Eu), lead (Pb) and tellurium 

(Te2) by appropriate opening and closing of the shutters on the europium and lead 

effusion sources. Since there is a lattice mismatch between the BaF2 and PbTe, 

hundreds of layers of PbTe are first deposited on the substrate to relieve the lattice 

'The chalcogenide series consists of the elements: 0, S, Se, Te, and Po. 

2It is also worth mentioning Diluted Magnetic Semiconductors [5] (DMS), because these 
systems are dominated by magnetic Heisenberg interactions. 
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strain. The layering of PbTe and EuTe is then carried out and finally the superlattice 

is capped for protection with tens of layers of PbTe, as the EuTe is highly reactive. 

During the deposition of the superlattice, the atoms grow in hexagonal planes 

with the planes alternating in an ABC.ABC....3 pattern. This means that the un

derlying structure is an fcc structure; more specifically it forms with the sodium 

chloride structure as each monolayer consists of two different elements. The NaCl 

structure can be thought of as two inter-penetrating fcc lattices with one translated 

through half of a conventional cube diagonal with respect to the other. 

2.2.2. Magnetic properties 

Only the europium has a non-zero magnetic dipole moment. The hcp plane 

structure of the superlattice creates a favorable environment for layers of europium 

to be deposited uniformly for many thousands of Angstroms in the growth plane 

of the sample. As mentioned earlier, there is about a 2% mismatch in the lattice 

dimensions of EuTe and PbTe and this strain causes the europium moments to lie in 

the [111] plane (Fig. 2.2). This preference arises from the deformation of the EuTe 

lattice. The EuTe has a larger lattice parameter than the PbTe, and the lattice of 

the structure maintains a constant volume. The distance between Eu atoms then 

decreases in the growth plane to match the Pb Te lattice, and will therefore, to 

sustain its volume, increase in the growth direction. This shift in atomic distances 

causes an equidistant contraction of the (111) in-plane nearest-neighbor distances 

and an equidistant expansion of the out-of-plane nearest-neighbors distances. The 

next-nearest-neighbors are all out-of-plane and displaced by an equivalent amount. 

3ABC refers to the three relative positions of the hexagonal planes looking down the [111] 
axis. 
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(a) (b) (c) (d) 

[111] [111] [111] [111] 

- PbTe 
EuTe 

FIGURE 2.2. Above: The four possible orientations of the ferromagnetic sheets in 
EuTe. That is, these are the (111), (ill), (11i), and (111) planes labeled by a,b,c, 
and d, respectively. Below: A schematic illustration of the structural growth of a 
EuTe/PbTe superlattice. The double arrow shows the magnetic structure relative 
to the crystal growth, arising from the lattice strain mismatch. 
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FIGURE 2.3. Neel temperature variations in EuTe/PbTe. 

These changes create a preference for the magnetic moments of Eu to lie in the [111] 

plane and causes the Neel temperature to vary with the number of Eu monolayers 

[12] (Fig. 2.3). 

The preference of the moments lying in the [111] plane turns out to be quite 

convenient because EuTe is a type II antiferromagnetic material and there are four 

equivalent planes for the moments. Only the one plane containing the magnetic mo
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merits will need to be considered. That is, the growth strain will produce europium 

magnetic moments all perpendicular to the growth axis and only one diffraction spec

trum is necessary to observe the magnetic structure of the superlattice. Neutrons 

are essential in measuring the magnetic properties of the sample so it is important 

to discuss the basic properties of this tool. 
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3. NEUTRON PHYSICS BACKGROUND 

3.1. Thermalized neutrons 

Thermalized neutrons are used for carrying out the measurements. In order 

to probe the superlattice. a scattering particle with the wavelength ( A ) is used so 

that length scales on the order of the inter-atomic spacing may be examined. The 

de Broglie wavelength of a neutron with velocity (v) and mass (in) is given by 

A= (3.1)p 

which can be used in conjunction with the root mean square velocity of the neutrons 

2 
-1 TIM -= -3-9 kT (3.2)9 

to give 

Ia 
A = (3.3)

/3iiikT 

The peak wavelength of the Maxwellian distribution of neutrons that are in thermal 

equilibrium with near boiling reactor is approximated by 

A = 1.3 A. (3.4) 

The source of the neutrons used in these experiments was a 20NINV nuclear 

reactor at the National Institute of Standards and Technology (NISI) in Gaithers

burg, Maryland. The reactor is fueled by uranium rods in the core of the reactor. 

1 1) = 3.000 m/s = 10-5e 
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-c Wavelength 
band 

1 2 

Wavelength, ). (A) 

FIGURE 3.1. Distribution of thermalized neutrons emanating from the reactor. 
The approximate wavelength of neutrons used is shown. as well as its A/2 contami
nation. shown at marker A. 

Many neutrons are produced as the uranium undergoes fission processes. These neu

trons will generally have high velocities but since the uranium rods at the core of the 

reactor are surrounded by D20 (necessary to perpetuate the fission) the neutrons 

slowed by the water exit the reactor with a much lower velocity. The temperature 

of the water is about 100°C; thus the neutrons exit with a wavelength distribu

tion as seen in Fig. (3.1). A filter is used to remove higher energy neutrons and 

a monochromator is used to select an appropriate wavelength. The low energy of 

these neutrons enables the samples to be probed in a non-destructive manner. 
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3.2. Selecting the wavelength 

The neutrons emanating from the reactor have a broad velocity distribution. 

A monochromator made of pyrolytic graphite [17]. essentially a one-dimensional 

crystal. was used to select the desired wavelength. Pyrolytic graphite was also used 

as a filter to suppress higher order neutrons diffracted by the monochromator. 

Pyrolytic graphite is advantageous at the wavelength used in the experiments 

(2.35 A) because the prevalent A/2 neutrons can be effectively suppressed. The 

monochromator will diffract the A/2 neutrons with about the same intensity as the 

desired A (A and A/2 are the primary constituents of the diffracted beam), but these 

extraneous neutrons can be filtered out by a propitious placement of a pyrolytic 

graphite crystal. The pyrolytic graphite filter is placed in the neutron beam with 

its growth direction parallel to the beam. The relative cross-sectional difference 

between the transmission of the two wavelengths (Fig. 3.2) through the pyrolytic 

graphite filter yields a nearly pure A neutron beam. 

Pyrolytic graphite is characterized as having well formed hexagonal nets of 

carbon: however successive layers are not well ordered. The 2-dimensional layers 

are well ordered. but because these stacked layers have a small probability of or

dering with respect to the previous layers there are many stacking faults. This 

effectively limits long-range ordering of different graphite planes. and so coherent 

scattering from distant layers will be eliminated. The desired wavelength selected 

by the monochromator will have higher order reflections of A. These higher order 

reflections will undergo Bragg reflections by a well placed filter and will not be 

scattered back into the beam because of the stacking faults; hence only the desired 

wavelength passes through the filter undeflected, and there are no multiple scatter
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FIGURE 3.2. Total cross-section vs. neutron energy and wavelength for neutron 
transmission through pyrolytic graphite. Notice the difference between 2.35 A and 
1.175 A. 
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ing processes to scatter higher order neutrons back into the beam, leaving only the 

desired wavelength. 

3.3. Spectral Resolution 

There is also cause for concern about the resolution capabilities of the selected 

neutron wavelength. The full width at half maximum (FWFIAI) of a given Bragg 

reflection will vary with neutron wavelength, this being dependent on the angle 

of the monochromator and which reciprocal lattice vector of the sample that is 

in question. This consideration of minimizing the FWHM was also kept in mind 

in choosing neutrons with a wavelength of 2.35 Angstroms. This unfortunately 

places the A/2 peak at a higher intensity of the neutron distribution curve. but the 

probability of this A/2 reflection is suppressed, as shown in Sec. 3.2. To further 

combat these A/2 neutrons. a pyrolytic graphite filter is used immediately after the 

neutrons exit the reactor core allowing the desired neutrons to pass while scattering 

the parasitic neutrons out of the beam due to the limited ordering of the pyrolytic 

graphite. 

The neutrons must also pass through a collimator both before and after the 

monochromator. The collimators act as baffling to prevent stray neutrons from 

passing, thereby reducing the background noise. Collimators also act to provide 

a more coherent beam by minimizing the angular dispersion of the neutron beam. 

These collimators consist of several thin steel rectangular strips which effectively 

block neutrons greater than a selected angular divergence, depending on the slit, 

spacing. and are known as `Soller Collimators" (Fig. 3.3). In measurements dis

cussed herein, the So ller Collimators were set to eliminate neutrons with an angular 
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FIGURE 3.3. A schematic diagram of a Soller Collimator. The Cd absorbs diverg
ing neutrons, and the spacing of the steel strips determines the divergence of the 
neutron beam. 
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divergence greater than 40'. The neutron beam has an emerging cross section on 

the order of 10 cm2, which is noticeably greater than our sample size of about 1 cm2. 

3.4. Neutron coherence length 

Another consideration regarding the neutrons is that the neutrons must scat

ter from interlayer magnetic atoms with a coherent phase. That is, the coherence 

length of the neutron must be greater than the interlayer distance if the interlayer 

magnetic structure is to be measured. An estimate for the coherence length can he 

found by taking the Heisenberg uncertainty relation 

AAA > h. (3.5) 

Then, converting the transverse to longitudinal momentum ratio to radians, implies 

for a 40' diverging beam a Aplp ratio of about 

27(--1)()60 0.01 (3.6)
p 360° 

and a coherence length of the neutron of about 

.A3; > = = 100A (3.7)
Ap 0.01p 

which is on the order of hundreds of Angstroms, generally spanning several 

bilavers (bilayer thicknesses range from about 40 Ato 150 A). To be more precise, it 

is necessary to determine the spatial variation of the neutron's coherence and also, 

how many bilavers should be taken into account as the measurement of correlation 

over many bilavers will affect how the bilayer structure factor is interpreted 2. 

-More precisely. it is possible to measure this coherence length by scanning a Bragg peak 
of a large crystal along and transversely to the [111] axis in reciprocal space. Such a 
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3.5. X rays versus neutrons 

Once the wavelength has been determined, it is natural to think of the ex

periment as a source of waves diffracted by a sample. Considering the neutrons as 

waves, it is straightforward to see that the diffraction of neutrons is highly analo

gous to x-ray scattering. That is, using x rays, the crystallographic structure of a 

material may be measured by probing the material with x rays and determining the 

distance ( d ) between atomic planes. The diffraction peaks of the scattered x rays 

are given by Bragg's Law 

= 2dsin0, (3.8) 

where n is an integer and 0 is the angle of the beam with respect to the surface of 

the plane. 

A powerful advantage in using neutrons instead of x rays is that the neu

trons may also give information about any magnetic ordering in the sample 3. The 

neutron has a net magnetic moment. X rays do not. This means that with only 

one neutron diffraction measurement, the neutrons scatter off the atomic (arid nu

clear) magnetic moments via the electromagnetic force, any magnetic ordering in 

the sample will be evident, in this single spectrum. The neutrons will also interact 

with the nuclei of the sample via the nuclear force. Since the nuclei are at the 

scan is better known as the resolution function for the spectrometer. A minimum value 
of the coherence length in real space will be given by 27 divided by the FWHM of the 
resolution function. It is a minimum because the coherence length of the neutron is 
only one factor affecting the resolution function and is not the limiting factor. Generally, 
researchers working in neutron scattering use reciprocal space; however in a later derivation 
the physical number of bilayers the neutron samples is relevant. 

:3X rays may also be used to investigate magnetic properties of materials, but is generally 
not a straightforward measurement [18, 19]. 
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FIGURE 3.4. Lattice structures and corresponding diffraction patterns. The con
tribution to the diffraction pattern from magnetic scattering is designated by the
shaded peaks. The unshaded peaks are the non-magnetic peaks. 

center of the atoms, the neutron-nuclei scattering will also measure a non-magnetic 

crystallographic structure. 

If there is a magnetic structure associated with the crystal, the contribution 

in the measured diffraction pattern can generally be distilled from the combination 

of the non-magnetic and magnetic measured intensity. If the sample is antiferromag

netically (AFM) ordered, the AFM diffraction peaks will not necessarily correspond 

to peaks from the nuclear scattered neutrons. For example, as seen in Fig. 3.4, the 

magnetic and crystallographic lattices are the same for FM materials, but the AFM 

lattice in Fig. 3.4, for example, the unit cell is doubled along the y-axis and will 
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FIGURE 3.5. The starting alignment of the sample. 

produce the corresponding first-order peaks. Additionally, there is essentially no 

absorption in these thin systems and because the magnetically scattered neutrons 

are interacting with electrons, there is a non-spherically scattering form factor [20], 

as opposed to the neutrons scattering from the nuclei in which case the neutrons 

will scatter uniformly. 

3.6. A typical measurement 

Elastic scattering reflections in the [111] direction are examined in a typical 

measurement. The sample is aligned parallel to the neutron beam (the direction 

of the [111] planes is perpendicular to the beam (Fig. 3.5)), then the sample is 

rotated to find a higher order nuclear peak in the [111] direction (which is very near 

the nuclear superlattice peak (Fig. 3.6)), and finally rotated to find the correlated 
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FIGURE 3.6. A scan of the (111) BaF2 peak (q = 1.76), for finding the (111) 
superlattice peak. Note, that the vertical axis is logarithmic. 

diffraction peak of the superlattice. In order to find these peaks, the analyzer 

crystal is first aligned so that only neutrons with the appropriate incident energy 

are detected. The sample is then rotated through an angle 9 as the analyzer/detector 

combination is simultaneously rotated through an angle 29. The monochromator, 

sample, and analyzer are all situated on a rotateable axis, hence the spectrometer's 

name: triple axis spectrometer (Fig. 3.7). 

All experiments were carried out at NIST. The triple axis spectrometer, bt-9, 

was the primary spectrometer used to collect the data. A few sets of neutron data 

were obtained on other spectrometers: bt2 and ng5 (ng5 is a triple axis spectrometer 

using a more efficient method of generating a polarized neutron beam, developed by 

Valeri Nunez). 
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FIGURE 3.7. A schematic diagram of a triple axis spectrometer. 

These are the basic steps in obtaining a rocking curve along the [111] direction 

for looking at the magnetic nature of the superlattice. After recording the data, it 

is possible to examine the results and better determine the magnetic structure of 

the superlattice. 

Essentially, the noticeable magnetic features of the superlattice are deter

mined by two components; the single-layer structure factor, and the bilayer struc

ture factor. These two structure factors are taken here to be associated with the 

magnetic structure of the superlattice, and so nuclear scattering processes (the neu

tron scattering off of nuclei) will not be considered. That is, the total scattering 

intensity is the sum of the nuclear and magnetic scattering intensities and the nu

clear features have been subtracted out of the data by taking a scan with the sample 

at a temperature above its Néel temperature. These two components of the com

bined structure factor will be quantitatively discussed in the following chapter. For 
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FIGURE 3.8. The single-layer structure factor associated with the magnetic super-
lattice. This is the analytical form of a superlattice with four magnetic monolavers. 

a qualitative understanding of the effects these two parts of the combined structure 

factor have on the measured spectrum, the general properties of the data will now 

be discussed. 

The single-layer structure factor describes the correlations between monolay

ers in one magnetic layer of the superlattice. If a scan could be made on one single 

layer, its spectra would be a broad, smooth, peak, and the width of this peak would 

be determined by the number of magnetic monolavers in the layer (Fig. 3.8). If 

there is complete correlation between magnetic layers in the superlattice, a set of 

diffraction peaks due to these interlayer correlations will be seen, and these peaks 

will be modulated by the single-layer structure factor (Fig. 3.9). It is important 

to note, that there are two ways in which the bilayers may be correlated, which 

can be determined by the position of the peaks arising from interlayer correlations 
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FIGURE 3.9. A simulated perfectly correlated spectra of a superlattice consisting 
of four magnetic monolayers and twelve non-magnetic monolavers per bilayer. Note 
that the superlattice is taken to be ten bilayers thick. 
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(Fig 3.10). These two simulated, idealized spectra are for alternating or constant 

ordering of the layered magnetic moments' phase with respect to bulk EuTe and 

assumes an equal monolayer spacing for the magnetic and spacer monolayers. For a 

large number of uncorrelated layers, the numerical simulations discussed later show 

that such a case produces a spectrum identical to that from the single-layer struc

ture factor. This reproduction of the single-layer structure factor also agrees with 

experimental data. The fringes, such as those seen in Fig. 1.2. are also observed 

in samples containing up to about twenty spacer monolayers per bilayer. Clearly, 

the real data are not represented by the completely correlated, nor uncorrelated 

simulated spectra. but rather appear to be partially correlated. That is, for cases in 

which there is a Q-dependent bilayer structure factor (Q is the difference in incoming 

and outgoing wave vector), there are correlations between the magnetic layers. 
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FIGURE 3.10. These simulated spectra show the fringe shift of the spectra 
for an idealized superlattice. The monolayer thicknesses for the magnetic and 
non-magnetic rnonolayers are equal. The phase is taken to be with respect to a 
bulk system; if the superlattice were superimposed on the bulk magnetic material, 
the phase would be +1 for aligned, in-phase spins (top) and -1 for anti-aligned, 
out-of-phase spins (bottom). 
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4. STRUCTURE FACTOR 

To better understand the EuTe/PbTe system, it is necessary to appreciate 

the association between the fringes and the percentage of the sample behaving in a 

correlated manner. In other words, the fringes about the (z q) magnetic peak in 

the neutron diffraction data suggest a portion of the EuTe layers in the EuTe/PbTe 

superlattice system has a collective coherence of magnetic spins. While it is still not 

clear what the mechanism for this collective behavior is, gauging the coherence of 

magnetism in the sample is a crucial step in testing the effectiveness of any theory 

attempting to establish the physics behind the coherence. For example, perhaps the 

key to understanding the physics lies in higher order terms of current models, in a 

promising theory proposed by Blinowski and Kaman (which uses the tight binding 

model), or perhaps in an even more elaborate stratagem of considering spin density 

waves and mesoscopic tunneling of the magnetization order parameter through the 

non-magnetic spacer layers. It would be a most fortuitous set of circumstances, 

if more than one of these theories describes the coherence with equal strengths. 

This section will develop a means for making this crucial step towards accurately 

describing the fraction of non-random coherence of the magnetic moments. 

An Ising-like model will be used to describe the observed coherence and 

show how the fraction of non-random coherence may be reasonably estimated by 

using functions built from the ground up (as opposed to fitting individual peaks 

with Gaussian or Lorentzian functions, for example). To begin a discussion of an 

Ising-like model, several things must be kept in mind: 
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(1) The atomic magnetic moments in a monolayer of the superlattice are 

oriented in the same direction, and lie in the atomic plane (perpendicular to the 

growth direction of the superlattice). 

(2) These magnetic monolavers do not necessarily form completely (i.e. there 

may be non-magnetic atoms in a mostly magnetic monolayer. and vice-versa), but 

the magnetic structure of any one magnetic layer in the sample may he taken as a 

fiducial magnetic layer of the superlattice. For example, in a sample said to have 

4 magnetic monolavers and 12 non-magnetic spacer monolayers. the majority of 

magnetic moments will be confined to 4 rnonolayers, but there may be a non-zero 

portion spanning 8 of the 16 monolavers in the bilayer structure, perhaps. 

(3) Adjacent magnetic monolavers are considered perfectly antiferromagnet

ically coupled. Also, as the name Ising suggests. all magnetic moments may have 

only one of two directions, so any two magnetic moments will either be aligned or 

anti-aligned (one pointing to the zenith, and the other the nadir, so to speak). 

4.1. General formulism 

Now, starting with the general formulism for the neutron scattering cross-

section 

(1(T 
= nuclear scattering + magnetic scattering (4.1) 

The magnetic and nuclear scattering components are independent entities, 

and since only the magnetic scattering is of interest in this case, the following dis

cussion will be limited to the magnetic component of the diffracted neutrons. The 

elastic magnetic scattering cross section is given by 
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2 
der 

f(Q)J) , (4.2) 
dS.2
 

Spias
 

Q is the difference between the outgoing and incoming wave vectors ( Q = 

), f (Q) is the magnetic form factor, pi is ±1 for magnetic atoms (corresponding 

to either an up or down spin) and zero for non-magnetic atoms. and 77:j describes 

the location of the jth spin. 

The spins are taken to be in either of two directions, perpendicular to the 

growth axis of the superlattice. The peaks of interest lie about the ) magnetic 

peak in the reciprocal lattice of the superlattice for this Type II antiferrornagnet 

with a NaC1 type crystal structure. The intensity versus the change in Q about the 

WD ARM reflection along the [111] direction is the measurement of interest. To 

present the following in a clear manner, the scan in the reciprocal lattice space can 

be described as 

= (O. O. )
 (4.3)
 

and the dot product in cz()*Fj is then C2-rj = (Q,)(r.:2):; where (rz)i is the z component 

of f. for the /tit magnetic moment. The antiferromagnetic coupling in the EuTe 

monolayers was presumed perfect within the plane of a monolayer and between 

neighboring monolayers, so all spins in a given monolayer will be perfectly aligned. 

Moreover, all adjacent monola.yers will be perfectly anti-aligned. This lends itself to 

simplify Eq. (4.2) by summing over all monolayers instead of individual atoms. To 

accomplish this, the sum over individual atoms in a monolayer in Eq. (4.2) will be 

transformed to a sum over the properties of the nth monolayer. That is, Eq. (4.2)
 

becomes 

2 

i(Q)(rd,1(Q) a .f2(Q) = .f2(Q) (4.4) 

n n 

2 
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where 71 is the monolayer index, (r,) is the z-coordinate of the nth monolayer, 

containing all spins in the monolayer, and fin, the sum over all spins in a monolayer, 

Ei, where 7, can be considered the spin density of the nth monolayer. The 

usage of (r.) clutters the equation unnecessarily, so for clarity. Z, (rg). 

4.2. Separating the structure factor: The single-layer and bilayer struc
ture factor 

By taking advantage of the periodicity of the superlattice, the sum over a 

fiducial set of monolayers representing one bilayer of thickness D (Fig. 4.1) may be 

incorporated to create two sums: one sum over this representative set of monolayers, 

and another sum over the number of bilayers within the coherence length of the 

neutron. The corresponding indices are then in = 0, 1, 2...M-1 for M monolayers in 

the basis set of monolayers, and 1 = 0, 1, 2...NB1 1 for NBL within the coherence 

length of the neutron. The Z term introduced for clarity can now be described 

by any 1 and rra, noting that the rnth monolayer in the lth Mayer is a distance 

Z = ID + zr from the origin. 

4.3. The single-layer structure factor 

Inserting the form of Z in Eq. (4.4), it is clear that the sums separate and 

can be treated independently 

NBL 

1(Q) a f2(Q) WzID 
mE (4.5) 

1=0 rn=0 

The sum over In is an independent function of the number of bilayers that 

are summed over in the 1 summation. Physically, this sum over the monolayers in a 

fiducial bilayer is the single-layer structure factor. That is, it is the structure factor 
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FIGURE 4.1. An exaggerated schematic diagram of a fiducial magnetic layer with 
half a fiducial spacer layer on either side. The boundary planes are typically thou
sands of Angstroms. not merely several atoms as shown here. 
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resulting from any given bilayer in the superiattice. There are only two directions 

in which the phase of the magnetization of the monolayer's magnetic moment may 

be oriented, represented by: 

(a) fltrf
 

or 

(b) 

where the arrows portray magnetic atoms present in the monolayer with their rela

tive direction, and the dots depict the spacer monolayers with no magnetic atoms. 

The single-layer structure factor may be represented by 

FBI, (Qz) = (-A)nlpin .zm (4.6) 
In =0 

where pm = 1&,1 and pm is the magnitude of the spin density in a monolayer. The 

alternating behavior of the spin density is taken into account with the (-1)"I factor. 

4.4. The bilayer phase 

There are two possible phases for the single-layer structure factor. The phase 

becomes crucial when using Eq. (4.6) in simplifying Eq. (4.5). The phase can be 

taken into account in a straightforward manner, by introducing a factor P1 for the 

phase of the spins in the /th bilayer. The terni 'phase of the spins' needs quantitative 

clarification. The phase of the spins is not the absolute relative direction of the 
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moments with respect to the magnetic moments in another bilayer. The bulk phase 

of one bilayer is considered as an extension of the magnetic moments to those in a 

different bilayer, as previously mentioned. That is. if a 'double' bilayer is introduced, 

consisting of two adjacent bilayers, and the (-1)l term describes the direction of the 

magnetic moments for all spins in the 'double' bilayer, the two single bilayers are 

considered in phase. If the (-1)' term needs to needs to be multiplied by 1 at 

the interface of the two single bilayers. then the two bilayers are out of phase. 

Essentially, the phase is determined by the magnetic structure of bulk EuTe. If the 

Pb is replaced with En to obtain bulk EuTe, then the out of phase magnetic layers 

would need to reverse their magnetic moments, whereas the in phase layers would 

be left alone. This is an important point in describing the correlations between 

bilavers. 

For this model in which there are only two directions of the spins, P1 is then 

either +1 or 1. Equation (4.5) is now 

NBL -1 

-TM x f2(Q) ez(2-")-Pi FBI, (Q.,) (4.7) 
l =0 

or rewriting this, pulling the single-layer structure factor out of the sum 

2NBL -1 
/D1(Q) f2(Q) (4.8)

IFBL(Q)12 

1=0 

4.5. Bilayer pair correlation terms 

The intensity is now conveniently described by the single-layer structure fac

tor and a sum over the bilayers. More specifically it is a sum depending on the phase 

of the single-layer structure factor for any given bilayer in the superlattice. Eq. (4.8) 

may be expanded and written so as to yield a convenient form for describing the 
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correlation between phases of the single -layer structure factor. Namely, by carrying 

out the square in Eq. (4.8), the result is 

NBL-1 NBL-1 
f2(01F13L (Qz)12 p ID ciQkD

1(Q) )Pk 

1=0 k=0 

ITkeiQ,(1-0Df2(QHFBL (QZ)!2 (4.9) 
1,k 

The sum is now over all possible bilayer pairs under consideration. These purely 

geometrical terms in the sum are then the pair correlation terms of the sample. 

By conveniently grouping the pair correlation terms in order to expand, yet 

clarify the nature of the correlations in Eq. (4.9) the sum may be treated for three 

cases: (i) k = 1 (the self-correlation terms), (ii) k > 1 and (iii) k < 1. This grouping 

leads to the expression 

/(Q) ,f (Q) IFBL(Q)12
 

pipke-1Q,(k-1)D
X PIPkai.k + (4.10) 
1>k k>1 

Furthermore, by replacing k 1 with n (for a clear summation over equidistant 

bilavers) and noting that PA = PkPi, the sum may be rewritten as 

(Q)
1(Q) .1 (Q)IFBL(Qz)I2 
NBL-1 Nagy -1 -n 

cinD + e-iQ,nD)pipi+n ((L
X (NBL + >2, 

n=1 1=0 

= .f2(Q) 1FBL(Qz)12 
NBL-1 NBL-1-71 
E (eiQnD± ciQnDX (NBL + Pl Pi+n (4.11) 
n=1 1=0 

And expanding the sum over n 
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NBL -2 
NBL (Ci" c-i(2,D)/(Q) a f2(Q) FBL (Qz)!2 x P/P/H-1 

/=0 
NBL -3 

(eiQ,.2D e-ig,2D) 
PIP1+2 

1=0 

NBL -4 
(e 3D -iQ,3D) 

PIP1+3 
1=0 

(4.12) 

The remaining sums are merely the correlation coefficients between two mag

netization sequences in the respective bilayers, and there are two possibilities for the 

relative sequences. They are either aligned 

fftif 
or anti-aligned 

The aligned case is in phase for an even number of monolayers in a bilayer, and out 

of phase for an odd number of bilayer monolayers. The anti-aligned case is in phase 

when there is an odd number of monolayers in a bilayer, and out of phase for an 

even number of bilayer monolayers. ( Fig. 3.10 ). Clearly, for two bilayers being 

in phase, P1 = Pk and P/Pk = 1, whereas for out of phase spins, P1 = Pk and 

P113, = 1. 

4.6. Effects of the neutron coherence length on bilayer pair correlation 
terms 

The bilayer terms are now conveniently expressed in terms of the lth and 

/ + nth bilayer, and yield the correlation between pairs of bilayer magnetic moments 
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separated by a constant distance. That is, for n = 1 (the nearest neighbors), 

n = 2 (next nearest neighbors) and so on, all possible pairs of bilayers are taken 

into account, and these pairs are grouped according to their relative separation in 

the superlattice. There is now a subtle point about the meaning of the correlation 

terms. The sum in Eq. (4.12) is a term consisting of two parts. The first part 

is the two functions of Q (the form factor and single -layer structure factor) that 

is an equivalent term for all scattered neutrons. The second part, containing the 

summation terms, will generally differ for scattered neutrons, depending on what 

part of the superlattice the neutron samples. Clearl T, the equivalent part of the 

expression for all scattered neutrons can be factored out, so that the sum can now 

be evaluated for all bilayers in the sample, as opposed to only bilayers within the 

neutron's coherence length. Therein lies the subtlety, and the mean correlation 

coefficients are given by 

(pipi+,) = , E pipi+,.
,v13L 

/=-0 

NBL -3 
1 

(PiPi+2) =	 PIP1+21 (4.13)
NBL 2 t=o 

where NBL is now over all bilayers in the superlattice, assuming a homogeneous 

sampling of the sample by the neutrons. However, upon substituting (4.13) into 

(4.12), the sum 

1 
1(Q) x NBL f 2 (Q) 1FBL (Qz X [ 1 + (e'Qz 'D + e-iQ.D) NBL 

(P/P/+1)
NBL 

2+ (e1Q2D e- iQz.2D) -NBL 

I\ BL 

.3D Jr ciQ-3D \ NBL+ e	 .3D
1 NT

3 

BL 

(4.14) 

http:e-iQz.2D
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only continues through 7-1/3 < neutron coherence length (assuming nmax << NBL). 

For typical samples having hundreds of bilayers, NBL >> > 1 and so (4.14) reduces to 

I(Q) Ninf2(01FBA
 

x [1+ (ei(2`° )(PIP1+1)
 

(edd,,2D e-i(7,.2D \I
 
) 1+21 

+ (eic2z-3D + ciQ3D)(PiPl+3) 

+ 

(4.15) 

where nmax is the maximum separation of two bilayers within the neutron's coher

ence length. With this result, it is now possible to proceed with quantitative details 

by considering the values of the bilayer correlation terms. 

4.7. The correlation fraction 

Up to now, the term coupled has been avoided, as this has been a mathemat

ical treatment describing the effects of correlations in the system without stating 

how these correlations arise. Now, consider coupling between the bilayers. As the 

correlated effects disappear for length scales above about 70 A, there should be no 

physical mechanism for significant coupling between any other than nearest neighbor 

pairs of bilayers. Therefore, by considering only interactions between neighboring 

pairs of bilayers, any correlations between pairs of bilayers more distant than nearest 

neighbors, will be a geometric progression of the mean correlation coefficients. That 

is, given a probability, p, of adjacent bilayers being coupled (producing the nearest 

neighbor correlation), the next nearest neighbor set of bilayers will have a proba

bility p2 of being correlated (assuming that the chance of two neighboring bilayers 

http:e-i(7,.2D
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being coupled is independent of coupling between any other bilayers), and the lth 

bilayer and 1+ nth bilayer will have a probability, IP, of being correlated. With this 

distinction between coupling and correlation in mind, the extremum values of the 

correlation terms ((P/Pi+i) = 0, 1) will be considered, followed by a discussion of 

partially correlated (0 < (P/Pi+i) < 1) terms. 

-4.7.1. No correlations 

For the case in which no correlations between bilavers is present, it is clear 

that only the self correlation term will be non-zero, and the intensity described in 

Eq. (4.15) becomes 

1(Q) a NBL.f2(Q)IFBL(Q.)12, (4.16) 

which is the expected result for scattering from independent bilavers with identical 

compositions. 

4.7.2. Perfect correlations 

In arriving at (4.15), the result of partially correlated samples was antici

pated. Now, to consider the case of a perfectly correlated sample, it behooves the 

development of arriving at the perfectly correlated result to step back to Eq. (4.8). 

To begin the discussion of perfect correlations in the sample, a clear definition 

of the term correlation must be made. If the nature of the correlations is known, and 

if the orientation of spins in one bilayer is known, then this is enough information 

to determine the arrangement of spins in any other bilayer. To further clarify this 

statement, consider the two possible arrangements of a perfectly correlated system: 
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(+) (+) (+) (+) 

Or 

(+) ( ) (+) ( ) 

The (+)and() represent the two possible phases of a magnetic layer with respect 

to the bulk (the sequence of the magnetic arrangement of the monolayers, if the 

non-magnetic spacer monolayers were replaced with magnetic atoms). For the case 

in which there is an even number of monolayers in a bilayer, the following two cases 

represent the ordering of the above in and out of phase possibilities: 

t1-tif '4-NJ 1-1-tVr 'N-T,Vr 

or 

ttttt ttttt trrif tuft 

In the first case, the first spin in each magnetic layer is aligned, whereas in the latter 

case, the first spin in each adjacent magnetic layer is anti-aligned. Both of these 

cases have perfect correlation, yet are clearly different. A similar argument holds 

for the case of an odd number of monolayers in a bilayer. To quantitatively describe 
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this difference, the P1 terms in Eq. (4.8) have either a fixed value of 1, or alternate 

as (-1)/. Putting these values of P1 back into Eq. (4.8) results in 
2A BL -1 

1(Q) a i2(Q)IFBL(C2 z)I2 D)1 (4.17) 
t=-0 

Or 

2 

1(Q) a .0c2) FRL (Qz )12 (_ei.Q.D)1 (4.18) 

The evaluation of geometric sums is useful in evaluating these sums, as well 

as sums of the partially correlated case. The results of such sums is 
N-1 

=	 X 
(4.19)

1
/=1 

or 
N odd 1,A ct, 1 

X + XN 
(4.20)

1 + xn=1 

where an odd N results in the + in the numerator and the is produced for N 

even. 

Applying the appropriate sum for the in-phase, perfectly correlated case, 

yields an intensity 

Q. 43- NBL (e D -NEIL W,-D-Nst 
2 

1(Q) a f 2 (Q) IFBL(Q)12 
6:1=Q' D	 D 062' D) 

Ng L )Siil2 (Q 
D 

= f2(Q) FBL(Q-) 2 (4.21)
sin2( (`2' 4) ) 

Similarly for out-of-phase, perfect correlations 

cos2(Q..1(Q) f2 (Q) 1FBL 
2	 

(4.22)
cos2(Q2D) 

for an even number of bilayers, or 

DNsi,2 sing ( 
1(Q) a f 2 (Q) 1FBL (Qz (4.23)

(COS2 (2`2:2D 

for an odd number of bilayers within the coherence length of the neutron. 
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4.7.3. Partial correlations 

For a more useful result in fitting data, a non-zero/non-unity correlation 

fraction must be considered. That is, the (P1 Pk) coefficients are neither zero nor 

+1, so it is now appropriate to discuss the case for 0 < 1(P1 Pk)1 < 1. 

As mentioned above, it is highly unlikely that there is a coupling mechanism 

for two bilayers that are not nearest neighbors. Therefore, the correlation coefficients 

will be given by 

01'1' Pl+n)1 = Pn (4.24) 

where p is the probability that two nearest neighbor bilayers are correlated due to a 

physical coupling mechanism; the probability of any two nearest neighbor bilayers 

is treated independently to have a probability p of exhibiting correlations. The 

chance of more distant bilayers being correlated is the probability that there are n 

correlated bilayers in a row, or a chance, pn, of bilayers P1 and Pi+,, being correlated. 

So to quantitatively describe a partially correlated system, Eq. (4.15) be

comes 

1-(Q) 'DE NBL f 2 (Q)IFBL(Q -)12
 
nmax
 nmax 

pleiQ` Dl 1 ciCLDI
x [1 + (4.25) 
1=1 1=1
 

This is clearly a geometric progression of the sums, and can be evaluated using Eq. 

(4.19). Note, that this is the expression for in-phase correlations. For out-of-phase 

correlations p may be considered negative. The term in the brackets is then 

namx nmax 
pl eiC2,DI 1 ig,DI1 + 

1=1 1=1
 

T1'iQ D in'QD neiQ,D pn` einVDpe p c
1 + 

1 pei(2,D 1 pe-iQz D 
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= 1 + 
peiQ D p2 

1 peic.2,D 

pe-iC D 
pe-i(2, D 

p2 

p2 

1 p2 
(4.26)

1 2p cos(Q, D) + p2 

where 

cosen' Q 2p"" cos(n,Q,D), (4.27) 

,(for notational convenience, n = n = n + 1, n" = n + 2 ) and a is assumed 

to be small. The probability of two layers being correlated is assumed to increase 

with decreasing interlayer spacing. Accordingly, as a is proportional to IP' a will 

be suppressed if either p is small, or n' is large. For example, in the sample with 

the smallest bilayer distance (EuTe5/PbTe5), D = 40rm.A and taking conservative 

values of n' = 8 and p = 0.5, a , can at most be about 0.01. Now, dropping the a 

term, the intensity is now given by' 

p2 

(Q) °C IVB112(01FBL (Qz )12 (4.28)2p cos(Q, D) +p2 

In fitting the data, an arbitrary scaling factor (A) is introduced, so the equa

tion 

A f2(Q)IFBL(Qz)12
I(Q) = 1 (4.29)2p cos(q, D) + 'P2 

is the workhorse of fitting the observed diffraction data. 

4.8. Use of the partially correlated function for fitting experimental data 

It is important to keep in mind, that this method is implemented to fit the 

data, while keeping as much physical information as possible in the most straight

'A similar result was derived by S. Hendricks and E. Teller [22] for non-magnetic. X-ray 
diffraction. Equation (4.28) is a limiting case of Equation (4.26). 
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forward manner. Clearly getting a "perfect" fit would be ideal, however varying 

individual P/./3k terms leads to a plethora of new variables, and the purpose of this 

derivation is to minimize the number of fitting parameters, yet keep the physics 

in the procedure. A Gaussian-type spread of the magnetic moments was taken in 

determining the magnetic spin density of the monolayers, under the assumption 

that this is a relatively sharp-peaked function around the ideal magnetic monolayer 

structure. To obtain a fit, then, the necessary parameters are: 

(i) a parameter describing the width of this Gaussian function, 

(ii) a probability p of two magnetic layers being coupled, 

(iii) a scaling factor. 

Note, that (i) is essentially fitting the single-layer structure factor (the mod

ulation of the fringe peaks), and (ii) is fitting the superlattice structure factor (the 

fringe-peak widths). 

The monolayer spacing in the single-layer structure factor and the bilayer 

thickness used in the superlattice structure factor are determined from x-ray scat

tering, and to a lesser extent are fitted parameters within the error values from x-ray 

scattering. As a side remark, notice that the monolayer spacing and the spread of 

magnetic moment spin densities conflict with each other. While this may lead to 

non-unique fits, the inter-monolayer distance, assumed to be within the error values 

of the x-ray data, shifts the single-layer structure factor by a negligible amount. 

Ideally, the correlations should all be destroyed, and so a scan of only the 

single-layer structure factor could be measured. The single-layer structure factor 

could then be divided out, and only the parameter p would need to be fit. Unfor

tunately, such a measurement has not yet been made, so the pm values in Eq. (4.6) 

were varied with a cutoff Gaussian distribution, representing spin densities in the 

magnetic monolayers. 
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5. FITTING THE DATA 

In the attempt to best fit the neutron diffraction data, and get at the kernel 

of physics contained in the data so as to find the best estimate of the amount of 

correlations in the samples, only one function has been used. That is, in general 

treatments of such data, the peaks are often fitted to Gaussian functions. While this 

approximation may produce well-fitted curves, the meaning of how well correlated 

a sample is will be further removed from the original intensity curve, rather than 

maintaining meaning in the original scattering intensities. Perhaps this discrepancy 

is not of utmost importance, as this interpretation of the correlated layer percentage 

can be improved. With increasing computer efficiency in lengthy calculations, such 

strategies may lend themselves to a more accurate picture of the physics involved 

in the system as a whole. The general strategy for fitting the curves was to find the 

bilayer thickness, and proceed with varying the single-layer structure factor and p. 

The bilayer thickness can be found by fitting the fringes in the spectrum to 

a Gaussian. The difference in q values then gives a bilayer thickness from: 

27r 
(5.1) 

where R is the bilayer thickness. The bilayer thickness is in good agreement 

with expected values, as demonstrated by the fitted fringe peak positions (Fig. 5.1). 

What is not so straightforward is determining the nature of the single-layer 

structure factor. The samples are not perfect. This gives rise to pits and peaks of 

a monolayer or two in the magnetic layers. These pits and peaks are then repeated 

along the growth axis of the sample due to conformity. That is, such missing/extra 
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FIGURE 5.1. Fitted experimental data for EuTern/PbTen superlattices. 
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parts of a layer will be propagated through the sample. If such imperfections are 

symmetric about the layers, a sample of four EuTe monolayers, for example, would 

not have 100% of the magnetic moment confined to these layers, but perhaps a 

1:2:19:20:20:19:2:1 ratio, spread out over eight monolayers. Unfortunately, this does 

not yield a nice analytical expression as was previous found, as the single-layer 

structure factor sum must be carried out. The improvement in the fit of the data is 

encouraging, however, offsetting the slight inconvenience in carrying out the sums. 

This realistic modification is not unexpected, as these excellent specimens are not 

perfect. Moreover, this fitting procedure is also in good agreement of the magnetic 

moment being confined mostly to four monolayers, with a slight percentage of the 

magnetic moment 'spilling' over into adjacent monolayers. In other words, the 

general shape of calculating the geometrical series of the single-layer structure factor 

is well preserved. Improving the fits was the primary concern, as well as maintaining 

the integrity of physical insight reached in the fitting method. 

The spacing of the Eu Te monolayers is also a parameter varied in the fit. 

This value is nominally taken from the x-ray data on the samples, and is well 

within agreement with the fits. Note, however, that this monolayer separation 

distance value should be taken with a grain of salt, as with the spreading of the 

magnetic moments in the EuTe layers. The important thing to realize here, is that 

the parameter of interest is the amount of correlation in the sample. The amount 

of coupling effects the fringe widths, and relative peak height to trough ratio. The 

fits seem to be much more sensitive to the correlation parameter, than the many 

spilling parameters, and monolayer separation distance. 

This fitting method provided a suitable means for obtaining a reasonable 

estimate of the amount of the sample that is correlated, while maintaining the 

theoretical functions upon which the features of the spectrum are based. 
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6. SIMULATIONS 

As the data are examined, one question that must be addressed is if the 

fringes seen in the spectra are indeed a real effect, or merely some random effect 

caused by the six domain preference in the Europium magnetic moments, which 

might give rise to the appearance of correlated layers. That is, there is a six-fold 

symmetry in the magnetic moments, and if this magnetic anisotropy can be respon

sible for the observed fringes, then it may be difficult to distinguish a randomly 

oriented sample, versus correlations arising from a coupling mechanism. To address 

this issue, a number of simulated lattices were constructed to reproduce the general 

behavior of the superlattice. These stochastic simulations were then analyzed for 

the scattering intensity they would produce, and if random effects would give rise 

to observable fringes in the spectrum. 

6.1. Magnetic moments 

In designing the simulated data, the magnetic monolayers are presumed to 

have a perfect type II antiferromagnetic, domained structure, and are confined to 

the magnetic monolayers of the simulated superlattice; the spins are perpendicular 

to the growth axis, and all spins within one domain point in the same direction. 

This is an idealization to the real case in which the fitted, real data were taken to 

have a Gaussian distribution associated with the magnetic spin density. For the 

simulations, a monolayer either is completely magnetic or completely non-magnetic. 

The superlattice is then treated as if it has perfect monolayer spacing; the 

magnetic and non-magnetic monolayers all have the same spacing. This is, of course, 
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not what happens in the EuTe/PbTe system, but there is only about a 2% lattice 

mismatch in the EuTe/PbTe system, so the stochastic simulations should resemble 

the real data. These perfect layers are then divided into nineteen domains, all of 

equal area, to mimic a system having a domain structure arising from imperfec

tions in the growth. These nineteen domains in a layer are all assumed to have 

an independent orientation of magnetic moments. The first layer domains are then 

arbitrarily given one of six direction to their in-plane magnetic moment. That is, 

the first layer is given nineteen different in plane magnetic moments. The following 

layers are then constructed on a domain by domain basis. 

The probability p of a domain in the nth layer being correlated to the n lth 

layer is tested with a random number, thus determining if the 71- lth layer domain is 

to be considered, or failing this correlation test, the domain is assigned one of the six 

magnetic moment directions at random (all six of the preferred directions are given 

an equal weighting). This in effect demonstrates how random effects can produce 

fringes; namely, if the random direction is the same as the direction that would have 

been assigned if the domain had passed the correlation test, the domain would be 

"randomly correlated." Clearly such random correlations must occur, and must be 

considered if any meaning is to be given to the fringes in the data. A comprehensive 

viewing of the simulated data, for the case of four magnetic monolayers and twelve 

non-magnetic spacer monolayers per bilayer, including the fitted parameter p is 

given in Appendix A. 

6.2. Coherence length 

The number of bilayers to be considered within the coherence length of the 

neutron is also a concern. Clearly, if only one bilayer were within the coherence 
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FIGURE 6.1. The variation with respect to the number of bilayers within the 
coherence length of the neutron for p = 0.25. 

length of the scattered neutron, then it would not be possible to obtain interlayer 

correlation information. The neutron could riot coherently scatter from two different 

layers, and there would be no diffraction from a neutron with such a limited coher

ence length. Although, the simulations are relatively independent of the number of 

bilayers within this coherence length, as can be seen in Fig. 6.1, the results converge 

to the fitted analytical correlation percentage. For neutrons sampling fewer than 

twenty magnetic layers, the simulated spectra are noticeably different. Nine layers 

have been considered to be within the coherence length of the neutron for these 

simulations, which underestimates p by only 10%. The coherence length is a rea

sonable estimate, as it is on the order of hundreds of Angstroms, and the computing 

time is a factor in choosing the length scale. The simulated results from the case 

of nine layers is not an unreasonable estimate to consider, as it approximates much 
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greater values as shown in Fig. 6.1, although clearly the correlation parameter is 

underestimated. 

Ongoing experiments are being carried out to decrease the collimation angle, 

thereby increasing the correlation length of the neutron. This should then affect 

the spectra and the fitted data will better show the correlations. Further work 

needs to be done to precisely determine the percentage of correlated layers in the 

superlattices. 

6.3. Uncorrelated simulation 

For the case of p = 0, it is interesting to see the progression in the smoothness 

of the diffraction pattern. When computer simulations are carried out for the uncor

related case, it is found that after one run, or even tens of runs, fringes are apparent 

(Fig. 6.2). When the results are continually added together, however, the fringes 

are smoothed out and the spectra become equivalent to the single-layer structure 

factor (Fig. 6.3) in this "zero percent chance of non-random correlations" case. It 

should be possible to observe the fringes arising from random apparent correlations 

if it were possible to cut up the sample so that only a few domains were present, or 

to probe the superlattice with the neutrons in the same domain that runs along the 

superlattice. The random effects would play a role in producing these extraneous 

fringes. Such a sample size, or such precision in neutron scattering, however, is not 

only infeasible, but would have intensities that would approach zero. The fringe 

peaks should also be at random q values, as opposed to well reproducible peaks 

associated with the bilayer thickness in reciprocal space that occurs, for example, in 

the EuTe/PbTe superlattice. This leads to the conclusion that random effects from 

many domains (a real sample) can effectively mimic the results from a correlated 
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FIGURE 6.2. The development of random fringes. 
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FIGURE 6.3. The results of 71,000 runs of 9 bilayer AFM superlattices consisting 
of 19 equal sized domains. The domains are taken to have one of six in-plane 
directions, assuming a six-fold in-plane anisotropy, and all moments were given a 
random magnetic moment direction. The superimposed function is the analytic 
single-layer structure factor. 
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superlattice if a very limited amount of the sample is studied. Fortunately, for a 

real sample in which neutrons are scattered from many domains, any random effects 

will be smoothed out from the macroscopic nature of the superlattice. 
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7. VARIATIONS IN EuTe/PbTe SUPERLATTICES 

To shed more light on the subject of the interaction strength between the 

magnetic europium layers, measurements have been taken with the sample in an 

external magnetic field. The two methods utilized were: (1) cooling the sample 

through the Neel temperature while applying a magnetic field (field cooled); and 

(2) applying a magnetic field after the sample has been cooled to 4.2 K (liquid 

He). In a field-cooled experiment, we can better estimate the strength of interaction 

between the layers, whereas applying a field after the sample has cooled through 

the Neel temperature, we may judge the stability of the magnetic structure. These 

two methods demonstrate an astounding difference (approximately two orders of 

magnitude) in the field needed to disrupt the magnetic structure. 

In the field-cooled method, it is found that fields on the order of 10-2 T 

are sufficient to disrupt the correlated formation of domains, implying that dipolar 

fields (generously calculated to have an in-plane field of ti 5 x T) are not solely 

sufficient to cause formation of the magnetic ordering. 

If the field is applied after the sample has been cooled, the fringes remain 

visible to several Tesla. A rotation of the domains perpendicular to the applied field 

is observed for low fields, followed by a paramagnetic rotation of domains as the 

field is increased (Fig. 7.1). This implies that after the initial structure has formed, 

its stability is not easily compromised. 

Samples that have had the PbTe spacer layers heavily doped with bismuth 

(stoichiometrically replacing the lead, creating an increase in the number of electron 

carriers) have also been looked at to determine if mobile electrons play a role in 
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FIGURE 7.2. The effects of doping the spacer layers with excess electrons. 

forming the correlated magnetic structure. We found that the increase in mobile 

electrons weakened the fringes if not totally wiping them out (Fig. 7.2). 

7.1. Dipolar considerations 

In the effort to give a plausible explanation for the coupling effects observed 

in the wide variety of probed samples, initial possibilities of a straightforward ex

planation were investigated: namely, dipolar coupling between the magnetic layers. 

While it is well known that exchange coupling between atoms, not dipolar cou

pling, is responsible for magnetic ordering in most materials it would be reckless 

to assume that dipolar coupling plays no role in the mesoscopic magnetic systems 

investigated. Dipolar coupling is a very weak effect in which temperatures on the 

order of nanokelvins must be attained to observe microscopic dipolar coupling, how
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ever, the EuTe/PbTe superlattices may have mesoscopic magnetic moments in the 

europium layers. For the case of a superlattice with an even number of europium 

monolayers there will be no net magnetic dipole moment of the layer as there is 

an equal number of monolayers with opposing spins. For a superlattice with an 

odd number of europium monolayers, the monolayers of anti-aligned spins cannot 

be equal; that is, one of the monolayers will have an "unopposed" dipole moment, 

creating a ferrimagnetic layer. The realm of collective effects of the atomic magnetic 

moments should then be examined, and the most straightforward collective effect is 

the possibility of dipolar coupling between the layers. 

The extent of the magnetic domains in the europium layers is on the order 

of a thousand Angstroms per domain edge as revealed by transverse neutron scans 

and ST NI images taken during the growth of the superlattices. It is then assumed 

that the domain structure is repeated through the layers in the sample and any 

given layer is representative of the domain structure throughout the sample. As the 

magnetic moments of a plane all lie in that plane, clearly the in-plane component 

of the dipolar field is what might pass information between the layers. If it is also 

assumed that a given domain in a layer will predominately affect the neighboring 

layers' equivalent domain, then the in-plane strength of the dipolar field can be 

calculated in a straightforward manner. What is then found is that the in-plane 

component of the diploar field decreases slowly with distance and is greater than 

the assumed 8 x 10' Tesla in-plane magnetic anisotropy. 

The difference between the even and odd number of magnetic monolayers 

does not have a major effect. Samples with an odd number of monolayers do have 

a greater magnetic moment but the resulting in-plane component of the dipolar 

field is reduced only by about a factor of three in samples with an even number of 

magnetic monolayers. 
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FIGURE 7.3. The disruption of correlations as the sample is cooled through the 
Neel temperature in an applied magnetic field. 

7.2. Cooling in a magnetic field 

At first glance, dipolar considerations seem a plausible explanation for cou

pling between the layers. This might be some form of giant paramagnetic rotation, 

or simply an effect similar to putting two compass needles in close proximity to one 

another. To test such a dipolar coupling hypothesis, the sample may be placed in an 

applied magnetic field on the same order of magnitude as the in-plane dipolar field, 

as the applied field should then interfere with the internal magnetic moments of the 

superlattice and disrupt the formation of magnetic coupling between the layers. 

It is found that applied fields many times greater than the calculated in-plane 

dipolar field strength are needed to disrupt the coupling between the layers (Fig. 

7.3). That is, by cooling the sample below the Neel temperature in an external 
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field and measuring the strength of the external field, when correlations in the 

superlattice are no longer present, it is possible to estimate the strength of the 

internal forces of the sample. Moreover, the distinctive correlation fringes may 

also be seen immediately after the sample is cooled through the Neel temperature, 

which implies that the dipolar field calculated at 0 Kelvin would be much too small 

as thermal effects would lower the in-plane dipolar field strength. In other words, 

the Brillouin function for the magnetic europium layers has a maximum in-plane 

component of about 5 x 10' T at typical interlayer distances. At just below the Neel 

temperature, about 9 K, the observed correlations must have a stronger coupling 

effect than dipolar coupling so while dipolar forces may influence the magnetic 

coupling, it is unlikely that such forces give rise to interlayer magnetic ordering. 

7.3. Post-cooling applied magnetic fields 

It has been shown that relatively weak fields disrupt the formation of inter-

layer coupling. The effects of applying an in-plane magnetic field after the sample 

is cooled well below the Neel temperature will now be discussed; i.e., the stability 

of these interlayer correlated domains will be more closely examined. 

A magnetic field applied parallel to the magnetic planes rotates the moments 

perpendicular to the field, as shown by H) scans of the sample. The (-121) plane 

makes an 80 degree angle with the (1 1 1 ) plane. By measuring the spin component,2 2 2 

projected onto the 02--,11D plane vs. magnetic field, it can be seen that the projected 

magnetic moment is minimized when the applied field strength is about 0.5 Tesla 

(Fig. 7.4). It is interesting to note, that when this relatively low field is removed, the 

moments return to their pre-applied field alignment. There is in essence a memory 

of the original magnetic structure, so there may be an in-plane anisotropy much 



61 

1/2 1/2 -3/2 Intensity vs. B 
1 

3/9 Data o 

0.9 
3/9 (Spline) 

4/12 Data + 
4/12 (Spline) 

0.8 
5/15 Data 0 

5/15 (Spline) 
Bulk Data x 

Bulk (Spline) 
0.7 

0.6
 

0.5
 

0.4
 

0.3	 .1 

0.2
 

0.1
 

0.2	 0.4 0.6 0.8 1 1 2
 
B (Tesla)
 

FIGURE 7.4. The magnetic component of the spins lying in the plane. The 
applied magnetic field has rotated the spins in the plane to the minimum 
value, projected onto the (.-2-0 plane at about 0.5 Tesla. 
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greater than the 8 x 10' T value taken from bulk EuTe; perhaps due to domains 

affected by imperfections in the superlattice. 

As the field is increased beyond half a Tesla, the magnetic monolayers rotate 

in alignment with the applied field. This is seen as an increase in the ferromagnetic 

component of the scattered neutron beam intensity, and a decrease in the antiferro

magnetic component(Figs. 7.5, 7.6). Note also, that the interlayer correlations are 

still present as demonstrated by the continued presence of the fringes. 

As the field is further increased to about eight Tesla, the increasing ferromag

netic trend continues, as well as the decrease, if not vanishing, of the antiferromag

netic component. Only two samples were submitted to the high magnetic field, and 

it is unclear whether the difference in strength of applied field needed to completely 

align the monolayer magnetic moments is due to the difference in temperature of the 

samples, or the number of magnetic monolayers. The 5/15 sample was subjected to 

a 1.5 Kelvin temperature, whereas the 4/12 sample was cooled to 4.2 Kelvins. 

In both cases, the strength of maintaining the correlations between the layers 

is two orders of magnitude greater than the field needed to disrupt the formation of 

correlations so that once the samples are cooled the correlation effects are incredibly 

stable. 
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FIGURE 7.5. The forced transition of the AFM layer ordering to FM ordering due 
to the applied magnetic field. The gray shaded area contains an intense peak from 
neutrons scattering from the crystal lattice (neutron-nuclei interactions, as opposed 
to neutron-electron interactions). 
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FIGURE 7.6. The forced transition of the AFM layer ordering to FM ordering due 
to the applied magnetic field. The gray shaded area contains an intense peak from 
neutrons scattering from the crystal lattice (neutron-nuclei interactions, as opposed 
to neutron-electron interactions. 
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8. THEORIES 

The experimental and theoretical discussions show that there is correlation 

in these samples. It is believed that there is a physical mechanism underlying 

the observed correlations, as random orientation of spins in the magnetic layers 

would merely reproduce the single-layer structure factor. A comprehensive study 

of interlayer correlation mechanisms for metallic ferromagnetic films separated by 

a non-magnetic metallic spacer, or by an insulating/semiconducting spacer may be 

found in [23]; there is also a number of other papers discussing various aspects of 

such coupling [23-28]. The theoretical interest in these systems is motivated by the 

plethora of experimental data on such systems. Metallic multilayered systems do not 

necessarily need elaborate apparatus for their fabrication, and correlations between 

ferromagnetic films can be measured using widely available macroscopic measuring 

devices, such as a SQUID magnetometer. In addition, the potential commercial 

applications for multilayered metallic systems has yet to be realized. Clearly, the 

magnitude of data on these ferromagnetic structures make testing any given theory 

possible, and provides a strong motivation for launching theoretical studies. Perhaps 

the concentration of efforts on only one class of systems resulted in a conviction that 

interlayer coupling phenomena cannot occur in other superlattice types. In fact, such 

a possibility is not even mentioned in most of these papers; the indirect message 

in those works is rather that one should not expect any significant coupling effect 

in the case of antiferromagnetic layers and systems in which all constituents are 

insulating or semi-insulating. 

Our observations from the EuTe/PbTe systems appear to be in stark contrast 

with such opinions as they clearly demonstrate that interlayer coupling is not re
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stricted to metallic ferromagnetic superlattices. However, this new situation cannot 

be handled in the framework of the existing theoretical models a development 

of a new approach taking into account the semiconducting nature of the systems 

seems to be necessary. Such an effort has been recently launched by Blinowski and 

Kacman [29], a team of theorists specializing in magnetic exchange phenomena in 

semiconducting compounds. 

Following the general spirit of the existing theories for metallic ferromagnetic 

layers, they attempted to obtain insight into the mechanism of coupling between 

antiferromagnetic semiconducting Eu Te films by testing the sensitivity of the total 

energy of the valence electrons in the superlattice system on the configuration of 

spins in adjacent layers. In view of the simplicity of the Type II ordering in the 

EuTe/PbTe systems with the FM sheets perpendicular to the superlattice growth 

axis, they consider a simple 1D model of a semiconducting multilayered system in 

the form of an anion-cation chain with one orbital and one electron per atom; each 

atom in the chain representing an entire atomic plane. Using the tight-binding 

formalism. Blinowski and Kacman calculate the band structure in the entire 1D 

Brillouin zone for (i) an identical spin configuration in adjacent EuTe blocks, and 

(ii) for a reversed configuration (i.e., for p = 1 and p = 1, respectively). Using 

these results, they calculate the total electronic energy. This energy appears not 

to be the same for both cases; thus, the model explains the origin of the coupling, 

and the difference between the two energies AE provides a quantitative result for 

the interlayer coupling energy. An interesting aspect of the model is that this en

ergy appears to be a rather slowly decreasing function of the PbTe layer thickness, 

which is consistent with the surprisingly long range of the observed correlations. 

The model, however, appears not to correctly describe the observed changes of the 

interaction sign. Nevertheless, an optimistic factor is that the characteristic shape 
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FIGURE 8.1. A comparison between the trends of theoretical interface spin energy 
and fitted p. 

of the calculated AE vs. the PbTe layer thickness appears to be strikingly similar 

to the observed dependence of on the PbTe layer thickness (Fig. 8.1). 

It is natural to expect that the value of IA reflects the strength of the inter-

layer coupling. The exact functional character of the relationship between AE and 

IA is not known, of course. It should be noted, however, that all the IA values seen 

in our experiments were rather small; the highest observed value was 0.43 (see Fig. 

5.1). In a statistical-mechanical sense p can be thought of as the order parameter 

associated with the interlayer correlations. It is usually the case in magnetic systems 

that if the normalized order parameter is < 1, its value is approximately propor

tional to the strength of the order-imposing factor; strong nonlinearities are expected 

to occur, rather, in the region close to saturation. The IA values observed in the 

present work seem to be small enough that one can risk assuming that AE a IA. 
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Hence, the fact that the shapes of the two characteristics are so similar strongly 

suggest that the model does correctly reproduce the dependence of the interlayer 

coupling strength on the PbTe spacer thickness. It therefore make sense to continue 

efforts along the same line in search for an improved model version that would cure 

the interaction sign discrepancy. 

The above illustrates the importance of the experimental p data. This is 

a parameter that quantitatively describes the magnitude of the interlayer coupling 

effects. A proper description of p variation (both the value and sign) would provide 

an ultimate test for any theoretical model. In the case of the Blinowski and Kacman 

theory, even if the sign discrepancy is solved, it will still remain a question to 

determine the scaling factor between p and DE from the model and only if it agrees 

with the experiment, can one conclude that the model is correct. 

Finally, Blinowski and Kacman's work is not the only theoretical effort fo

cused on interlayer coupling in magnetic semiconductor superlattices. Recently, 

Rusin and Kossut [30] have proposed another scenario, in which the exchange inter

actions are conveyed between antiferromagnetic layers by hydrogenic donor centers 

in the non-magnetic spacers. Essentially, this model has been constructed with the 

intention of describing the interlayer coupling phenomena seen in another semicon

ducting superlattice system, CdTe/MnTe. This system is different from EuTe/PbTe 

in that both constituents are wide-gap semiconductors. It is, therefore, not directly 

applicable to the EuTe/PbTe superlattices; however, it is conceivable that a similar 

concept may be used for this latter system, and in such a case the correct description 

of the observed p values would again serve as a crucial test for the theory. 
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9. CONCLUSION 

Neutron scattering has been shown to display long range correlations between 

magnetic layers in novel EuTe/PbTe superlattices. It is believed there is a physical 

coupling mechanism causing the inter-layer magnetic correlations. Presently, there 

is no satisfactory theory to account for the coupling, but theorists are currently 

working on this question. 

A parameter, p, was introduced to describe fractional, magnetic, inter-layer 

correlations, after considering the single-layer and bilayer structure factors. It was 

demonstrated via computer simulations that p may slightly underestimate the true 

amount of correlations in the sample due to the finite sampling range of the neutron. 

The results of applying a magnetic field to the EuTe/PbTe superlattices was 

then discussed. It was shown that cooling the sample through the Neel temperature 

in magnetic fields on the order of milli-Tesla disrupted the onset of correlations. This 

gave an estimate for the strength of the coupling mechanism. These field strengths 

were too large for dipolar coupling to be considered an effective mechanism. 

When a magnetic field was applied after the sample had been cooled through 

the Neel temperature, correlations could be seen for fields orders of magnitude larger 

than the field-cooled samples. There were also no signs of hysteresis in the 

scans for these strong magnetic fields, indicating that the six-fold in-plane anisotropy 

of 8 x 10' T, may be a too simplistic view. 

Clearly, more research needs to be done in this area if a satisfactory expla

nation for the physical coupling mechanism behind the correlations is to be found. 

To test a given theory, an order parameter is necessary to compare the theory to 

observed data. The quantitative description of p is this crucial step in relating the 
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theoretical and observed correlations, by giving theorists the needed order parameter 

to check their theories. 
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APPENDIX A: ANTIFERROMAGNETIC FCC SPIN LATTICES 

Al. Possible types of order; A geometrical description 

There are many known magnetic insulators and semiconductors in which the atomic 

magnetic moments form a fcc spin sublattice. Most of the spin structures formed 

in these materials are antiferromagnetic (AFM). MnO was the first material exper

imentally shown to have an AFM structure [1] and was followed by the studies of 

many other AFM materials. These fcc antiferromagnets were all investigated using 

neutron diffraction and nearly all the systems displayed a collinear AFM structure, 

but there are several different types of such ordering. 

In insulating and semiconducting systems, i there is a low carrier concen

tration, and so the magnetic moments of the atoms and the exchange interactions 

(direct exchange and superexchange) are strongly localized. The superexchange 

mechanism creates an AFM interaction between the localized magnetic moments 

and is mediated by the non-magnetic intervening atoms in materials such as EuTe. 

This is an extremely short ranged interaction, and in most cases, only the nearest 

neighbors and next-nearest neighbors are relevant, with exchange energies denoted 

by J1 and J2, respectively. 

The basic theory of fcc antiferromagnetism was presented by P.W. Anderson 

[2] in the early 1950s (for a comprehensive listing of references see [3]). The theory 

was based on the following assumptions: 

1In magnetic metallic systems mobile carriers lead to non-local exchange interactions 
(itinerant exchange and indirect exchange). 
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the magnetic moments are strictly localized; 

the spin-spin interaction is described by a Heisenberg Hamiltonian: 

3-t 

Jij = J1 if i and j are nearest-neighbors, or Jij = J2 if i and j are next-nearest

neighbors; for all other neighbors Jij = 0. 

The essential step in this model is finding all configurations that minimize the energy 

for all values of J1 and J2. Based on symmetry arguments, it is shown by Anderson 

that there are only four solutions to this problem; One ferromagnetic and three 

AFM structures. These three AFM structures are generally called Type I, Type II 

and Type III ordering. A straightforward description may be found in [3]. 

Anderson's three AFM arrangements are depicted in Figure A.1 [4]. The 

Type I structure consists of "ferromagnetic (FM) sheets" on the (001)-type planes 

with alternating sheets being antiferromagnetically correlated, and the "chemical" 

unit cell may be used for the magnetic unit cell. If these FM sheets are in the (001) 

planes, the non-zero intensity peaks will appear for even h and k, and odd 1 (e.g. 

001 or 223); or odd h and k, and even 1 (e.g. 110 or 332). If the FM sheets form on 

different crystallographic planes, the selection rules need to be changed accordingly. 

Also note, that these Bragg reflections do not coincide with those from the atomic 

fcc lattice, which have hk1 all odd or all even (e.g. 113 or 220). 

For Type II ordering, the FM sheets form on the (111)-type planes, and the 

magnetic unit cell is doubled along the three conventional unit axis. The Bragg 

111 315
reflections from the Type II structure have three half-integer indices (e.g. 

etc.). 

For the Type III ordering, the FM sheets are a little less intuitive. These 

sheets form on the (210)-type planes, and the magnetic unit cell is doubled in one 
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FIGURE A.1. The three Anderson AFM arrangements in a fcc lattice. Note the 
ferromagnetic sheets in the (100), (111), and (210) planes for Type I, Type II and 
Type III, respectively. 
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direction. The selection rules for the Bragg reflections are that one index is an odd 

integer, one index is an even integer, and the index corresponding to the direction 

in which the unit cell is doubled is a half-integer (e.g. 012, 122, etc., for a magnetic 

unit cell (a,a.2a)). 

A2. The frustrated nature of the antiferromagnetic fcc spin lattice 

The type of AFM (or FM) behavior a system will exhibit may be determined by 

the J2/Ji ratio. The AFM fcc spin lattice has the peculiar property of being "frus

trated." This anthropomorphic term means that all AFM bonds in the lattice 

cannot be simultaneously satisfied. This is most clearly seen in a two-dimensional 

triangular spin lattice with nearest-neighbor AFM interactions. Any given spin, S 

in this lattice will have six nearest-neighbors (NNs); two of which will also be NNs 

to one of the remaining four NNs. If all six AFM bonds are satisfied for S, then 

two NN spins will not be satisfied for the NN sharing these NNs with S. At most, 

only 2/3 of the spins may be satisfied in this lattice, and the remaining 1/3 have 

unsatisfied AFM bonds, or are "frustrated." 

The fcc AFNI lattice is a three-dimensional frustrated system. Each spin has 

twelve nearest-neighbors, and four of these NN are also NNs to one of the other 

NNs. That is, by marking two adjacent spins in the fcc lattice, it can readily be 

seen that they have four "common" NNs, so simultaneous minimization of all NN 

AFM bond energies is not possible. If J2 = 0 and Jr is AFM, then similar to the 

two-dimensional case, at least 1/3 of all AFM bonds will be frustrated. 

The number of satisfied and frustrated nearest-neighbor and next-nearest

neighbor bonds for the three types of AFM structures discussed above is shown in 

Table Al. Parallel spin orientations are designated by (if) and anti-parallel spin 

orientations are designated with (t1,). The number of bonds for each case is given 

by the number in front of the symbol. 
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TABLE Al: NEIGHBOR ENVIRONMENT AND MAGNETIC ENERGY
 
FOR VARIOUS TYPES OF SPIN ARRANGEMENTS IN FCC LATTICE
 

Ordering Neighbor configuration: Total magnetic 
type Nearest Next-nearest energy per spin 

Type I 8(a) + 4(TT) WI') 8J1 12J2 

Type II 6(T4) + 6(TT) 6(T,0 12J2 

.Type III 8(T,0 + 4(TT) 4(1`11 + 2(T,0 8J1 4J2 

Ferromagnetic 12(TT) 6(1f) 24J1 12J2 

Using Table Al it can be seen that in the case of an AFM lattice with 

= 0 and ,J1 < 0 the Type I and Type III ordering are degenerate ground state 

configurations. If a non-zero J2 is also considered, the degeneracy is removed, and 

a positive (FM) J2 selects the Type I arrangement, whereas a negative (AFM) J2 

favors the Type III arrangement. 

If J2 > 0, the Type I ordering minimizes the system energy as long as Ji 

remains antiferromagnetic; only a shift to positive (FM) J1 changes the ordering to 

ferromagnetic. 

If both J1 and J2 are antiferromagnetic the Type III arrangement minimizes 

the energy as long as J21 < 0.51J11; for 1J21 > 0.51J11, the ordering changes to Type 

II. The Type II ordering also minimizes the energy for ferromagnetic Ji (J2 still being 

less than zero), as long as JI < 1J21. If the FM J1 becomes greater than the AFM 

exchange energy, then the system will become ferromagnetic. This transition from a 

Type II AFM to FM ordering takes place in the Eu chalcogenide family. For the Eu 

chalcogenides, J1 is always ferromagnetic, and J1 is always antiferromagnetic, but 
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FIGURE A.2. A magnetic phase diagram for a fcc spin lattice. 

the J2/Ji ratio changes depending on the chalcogenic element. In EuTe, J2/J1 ti -2, 

and the system exhibits the Type II AFM ordering. In EuO and EuS the FM J1 is 

the dominant interaction, so that both these systems are are ferromagnetic. EuSe 

is a very interesting case. For Eu Se, the FM Ji and the AFM J2 are approximately 

equal. causing this system to form a number of ferrimagnetic structures which can 

be thought of as "intermediaries" between the AFM Type II ordering and a truly 

ferromagnetic structure. 

The above considerations are illustrated in the form of a phase diagram in 

J1,J2 space (Fig. A.2). 

It is interesting to note that fcc systems exhibiting Type I or Type III ordering 

are rather exotic. This rarity of Type I and Type III comes from the non-magnetic 

atoms which mediate the superexchange interaction usually being located at po

sitions which favor strong coupling between next-nearest neighbors, and generally 

giving rise to the common Type II structure. For instance, this is the situation 
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in EuTe, MnO and many other antiferromagnets crystallizing in the NaCl-type 

structure in which the anions are located in between two next-nearest cations. An 

atomic arrangement favoring strong nearest-neighbor superexchange is the zinc 

blonde structure in which the anions are located inside tetrahedra formed by four 

nearest-neighbor cations. Antiferromagnets, MnS, Mn Se and MnTe are Zinc-blende 

structures and, indeed, have Type III ordering; however, there are no other known 

antiferromagnetic zinc-blende type compounds. The Type III has also been found 

in MnS2 and KIrC16 which have more complicated crystallographic structures. The 

list of known Type I antiferromagnets is not much longer; examples of such systems 

are USb, MnTe2, and FeGe. 

A3. Degeneracies in the Anderson AFM structures 

A3.1. The "trivial" degeneracy. The magnetic Hamiltonian used in the basic 

version of Anderson's theory includes only purely spin-spin interaction terms. That 

is, the energy of the spin system does not change if all the magnetic moments are 

turned at the same angle, and so all of Anderson's structures have an infinite num

ber of degenerate configurations corresponding to a global spin rotation. Therefore, 

it would be misleading to use arrow symbols in schematics illustrating Anderson's 

types of order because they might suggest that there is a certain "preferred" spin 

orientation in these structures. By using C) and e symbols (as in Fig. (A.1)), or o 

and signs to only indicate opposite spin directions, the possible confusion of using 

arrows is avoided. 

In real systems, actually, there usually are preferred spin orientations re

sulting from additional interactions not included in the basic version of Anderson's 



81 

model. There are several known effects that may partially or totally remove the 

global rotation degeneracy; the most important are: 

Single-ion anisotropy (also referred to as the "crystal field anisotropy"). This 

anisotropy occurs in the case of magnetic ions with non-zero orbital moment, 

L, and tends to align the magnetic moments along certain crystallographic 

directions which are determined by the configuration of the surrounding non

magnetic atoms (ligands); 

Dipole-dipole interactions. These interactions are usually much weaker then 

the exchange coupling between the magnetic moments and therefore it plays 

only a marginal role in deciding the ordering type. The exchange coupling is 

proportional to only the Si § term, but the dipole-dipole energy has a more 

complicated form: 

Iii tt, 3(tt, )(ii, f,) 
r3 

in which rig = ri rj, where ri, rj are the positions of the interacting moments. 

In contrast to the exchange energy, this energy depends on the orientation of 

the magnetic moments with respect to the rig vector. A well-known manifesta

tion of this is that a one-dimensional ferromagnetic chain of classical dipoles, 

considering just the d-d interaction, will lead to the >--y--÷>÷ moment ori

entation, whereas in an antiferromagnetic chain the d-d interaction produces a 

orientation. In the case of 3D structures the d-d interaction may also 

favor the alignment of moments along certain crystallographic directions, or 

the confinement of moments in certain crystallographic planes. 

A.3.2. Non-trivial degeneracy: AFM domains. As noted, in each of the three 
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Anderson ordering types, the spins form "FM sheets" on certain crystallographic 

planes. Due to the lattice symmetry, in each case there may be several equivalent 

configurations. In the Type I structure where the FM sheets form on (100)-type 

planes, there are three such configurations corresponding to the (100), (010) and 

(001) plane families. Similarly, in the Type II there are four equivalent configurations 

in which the FM sheets form: the (111), (111), (111) and (11-1) planes. In the Type 

III ordering there are as many as six configurations corresponding to all permutations 

of the (210) indices. 

In macroscopic specimens different degenerate configurations may form si

multaneously in different areas, giving rise to multi domain structures. It is well 

known, that in ferromagnetic materials a multi-domain structure lowers the mag

netic field energy and thus domains form spontaneously even in a perfect crys

tal. Antiferromagnets, in contrast, do not produce macroscopic magnetic fields and 

therefore, a perfect antiferromagnetic crystal is expected to be in a single-domain 

state. The occurrence of a multi-domain AFM structure normally indicates that 

additional factors are involved. For example, one known factor that may remove 

the degeneracy and single out a specific domain configuration is anisotropic lattice 

strain; real crystals are seldom completely strain-free, and so multi-domain struc

tures are usually seen in antiferromagnets. 

A4. Multi-domain effects in EuTe. 

As with all Type II antiferromagnets, bulk EuTe crystals may form multi-domain 

structures with four different domain configurations with the FM sheets forming on 

the (111), (111), (111) and (111) planes (these four configurations are schematically 

displayed in Fig. 2.2 a-c). There is then the question of the spin orientations relative 

to these FM sheets. Since most magnetic ions do have a non-zero orbital moment, 
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they experience single-ion anisotropy, and it is this anisotropy that determines the 

spin direction. The Eu2+ ion, however, is one of the few magnetic ions that exists in 

the pure s state (the only others are Mn2+, Fe3+. and Gd3+), and hence, it does not 

experience any significant anisotropy. The only relevant factor that lifts the "trivial" 

global rotation degeneracy is then the dipole-dipole interaction. The total energy of 

this interaction appears to have a minimum if the spins lie in the FM sheet plane [5]. 

In other words, this only partially removes the global rotation degeneracy, because 

there is still an infinite degeneracy with respect to an arbitrary rotation within the 

plane. The experiments indicate that this is not the case, however. There is a weak 

12 Gauss) sixfold anisotropy [6] within the plane, with the preferred orientations 

parallel to the [211]-type directions. (why these directions become the "easy axes" 

is not yet entirely clear). 

No\N considering the four (111)-type planes, and the sixfold anisotropy sym

metry within each plane, there is a total of 24 different domain configurations in 

En Te. That is, there are four nonequivalent domains corresponding to four families 

of (111)-type planes (these domains are usually referred to as the "T-domains" [7]) 

and in each of these T-domain configurations there are six "sub-configurations" ,or 

"S-domaians," associated with the [211]-type axes. 
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APPENDIX B: SUMMARY OF SIMULATIONS
 

Ideally, the percentage of a sample exhibiting correlation effects could be 

determined from a stochastic computer simulation in which all relevant physical 

mechanism could be taken into account. Currently, computing power is not capable 

of fitting the correlation parameter, p, in a reasonable amount of time. 

To give a reasonable calculation time of one day, the simulations were pro

duced with the following in mind: 

The interatomic distance is the same for both the magnetic and non-magnetic 

parts of the superlattice. 

Nine bilayers were considered to be within the coherence length of the neutron; 

that is, these simulations were built up of many nine-bilayer subsections, and 

the neutron was assumed to have perfect coherence within the nine bilayers. 

The monolayers within a magnetic layer are assumed to be confined to that 

layer. 

A magnetic layer consists of nineteen in-plane independent domains. The size 

of these domains is equal, and is the same for all domains in the superlattice. 

There is an assumed six-fold in-plane anisotropy in the magnetic layers. 

The spins in the first layer were randomly assigned one of these six directions. 

Each successive magnetic layer was assigned the corresponding correlated di

rection to the preceding magnetic layer with a probability p. If the magnetic 

layer was not assigned the correlated direction, then it was randomly assigned 
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one of the six anisotropic directions. That is, it was not limited to the five 

uncorrelated directions. 

In order to obtain p from simulations for real data, the calculation time should be 

on the order of seconds, not hours, as fitting the real data is a reiterative process. 

To better see how the simulated data compares to the analytical function 

for varying p values in this straightforward case, this Appendix shows the simulated 

data for this system and the fits produced by using Equation 4.28. 
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FIGURE B.1. Comparison of simulated,p = 0.02 and fitted spectra. 
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FIGURE B.2. Comparison of simulated,p = 0.04, and fitted spectra. 
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FIGURE B.3. Comparison of simulated,p -= 0.06, and fitted spectra. 
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FIGURE B.4. Comparison of simulated,p --= 0.08, and fitted spectra. 
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FIGURE B.5. Comparison of simulated,p = 0.10, and fitted spectra. 
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FIGURE B.6. Comparison of simulated,p = 0.12, and fitted spectra. 
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FIGURE B.7. Comparison of simulated,p = 0.14, and fitted spectra. 

FIGURE B.B. Comparison of simulated,p = 0.16, and fitted spectra. 
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FIGURE B.9. Comparison of simulated,p = 0.18, and fitted spectra. 
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FIGURE B.10. Comparison of simulated,p = 0.20, and fitted spectra. 
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FIGURE B.11. Comparison of simulated,p = 0.25, and fitted spectra. 
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FIGURE B.12. Comparison of simulated,p = 0.30, and fitted spectra. 
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FIGURE B.13. Comparison of simulated,p = 0.35, and fitted spectra. 
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FIGURE B.14. Comparison of simulated,p = 0.40, and fitted spectra. 
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FIGURE B.15. Comparison of simulated,p = 0.45, and fitted spectra. 
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FIGURE B.16. Comparison of simulated,p = 0.50, and fitted spectra. 
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FIGURE B.17. Comparison of simulated,p = 0.55, and fitted spectra. 
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FIGURE B.18. Comparison of simulated,p = 0.60, and fitted spectra. 
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FIGURE B.19. Comparison of simulated,p = 0.65, and fitted spectra. 
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FIGURE B.20. Comparison of simulated,p = 0.70. and fitted spectra. 
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FIGURE B.21. Comparison of simulated,p = 0.75, and fitted spectra. 
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FIGURE B.22. Comparison of simulated,p = 0.80, and fitted spectra. 
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FIGURE B.23. Comparison of simulated,p = 0.85, and fitted spectra. 
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FIGURE B.24. Comparison of simulated,p = 0.90, and fitted spectra. 
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FIGURE B.25. Comparison of sirnulated,p = 0.95, and fitted spectra. 
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