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Abstract

High quality MBE-grown EuTe/PbTe superlattices (SLs) with EuTe thicknesses rang-
ing from one atomic monolayer to seven atomic layers per SL period have recently been
made available. High resolution x-ray diffraction measurements and cross-sectional
TEM images on these SL samples confirm the SL structure.

Bulk EuTe with its highly symmetric rocksalt structure, spherically symmetric
Eu2+ 8S7/ 2 ground state and zero magnetic anisotropy is considered to be an ideal
Heisenberg antiferromagnet. The small lattice mismatch between EuTe and PbTe
allows EuTe in our SLs to retain the same isotropic magnetic couplings as in bulk
EuTe. In addition, our SL samples provide a good realization of a 2D Heisenberg
antiferromagnet, since (1) the EuTe thicknesses in each SL period are on the order of
several atomic monolayers; (2) the non-magnetic PbTe layers separating neighboring
EuTe layers are sufficiently thick to prevent any inter-period magnetic coupling. Thus,
the study of the magnetic properties of EuTe/PbTe SLs is of great interest, since they
provide an experimental realization of an ideal 2D Heisenberg antiferromagnet with
localized spins, isotropic exchange interactions and no inter-period coupling.

Having SLs with different EuTe layer thicknesses ranging from one to seven mono-
layers makes it possible to study the behavior of the magnetization and susceptibility
as a function of the layer thickness. High magnetic field M(H) studies show that
EuTe/PbTe SLs cross from a canted antiferromagnetic phase to a spin-aligned para-
magnetic phase in high fields at low temperatures just like bulk EuTe, although the
phase boundary moves toward lower fields and temperatures in the H-T plane as
the EuTe thickness is decreased. The temperature-dependent susceptibility measure-
ments show strong anisotropy between the in-plane and out-of-plane susceptibilities,
starting at temperatures slightly above T, and extending to near T=0 K. The isotropic
exchange couplings and the absence of magnetic anisotropy in EuTe/PbTe SLs im-



plied by our M(T, H) studies lead us to believe that the dipolar interaction is the
main source of anisotropy. Finally, Monte Carlo simulations, using a Heisenberg
model with dipolar interactions show that these interactions, can stabilize long-range
antiferromagnetic order in EuTe/PbTe SLs.
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Chapter 1

Magnetism in Reduced Dimensions

1.1 Introduction

Magnetism has always been a thrust area of research in solid state physics. Magnetism

in two-dimensions (2D) not only exhibits rich critical phenomena, but also plays a

very important role in other areas of solid state research.

A 2D magnetic system is defined to include any system that consists of parallel

planes of spins very large in size and a small number of magnetic planes. Thus a 2D

system need not necessarily be a single atomic monolayer of spins.[1]

Broadly speaking, there are two general categories for 2D magnetic systems. The

first category, exemplified by the Ising model, is characterized by an axial anisotropic

magnetic exchange interaction. Secondly, the XY and Heisenberg models both are

characterized by isotropic magnetic exchange interactions in two and three spatial

directions, respectively. All three models can be represented by the general Hamilto-

nian

7i =2Z JiSi Sj -2 E(JA)iJSZ S" (1.1)

i<j i<j

where JiO=0 for the Ising model, (JA)ij-Jij for the XY model, and (JA)ij=-O for the

Heisenberg model.

Complete solution for the 2D Ising model was first obtained by Onsager,[2] and



this model is known to have a phase transition at Tc > 0 K, where the Tc is identified

by a spontaneous magnetization and a divergent susceptibility.[2] In contrast, both

the XY and Heisenberg models in 2D do not have a spontaneous magnetization at

any temperature above zero Kelvin.[3, 4, 5] However, the 2D XY model does have

a divergent susceptibility at T < TKT (Kosterlitz-Thouless transition temperature),

which marks the formation of bound magnetic vortices.

Although much of the above-mentioned theoretical work was carried out between

1944 and 1976, there has been a persistent difficulty in finding experimental systems

that exactly fit the descriptions of the various 2D theoretical models. For this thesis,

we focus our discussion on 2D Heisenberg antiferromagnets.

Starting with the most extensively-studied 2D Heisenberg antiferromagnet K 2NiF 4

(Ref.[6]), along with other less known compounds described in Ref.[7], are layered

compounds with weak magnetic couplings along the direction perpendicular to the

layers. Most of these compounds also have a very small amount of magnetic anisotropy.

These two deviations, namely interlayer coupling (10-6 compared to the exchange

coupling within the layer) and anisotropy (10-3 compared to the exchange coupling

within the layer), are large enough to induce 3D magnetic ordering at temperatures

above zero Kelvin.

The above-mentioned deviations are almost non-existent in EuTe/PbTe super-

lattices (SLs) as explained further in this thesis. Thus we propose to study the

EuTe/PbTe SL as an ideal 2D Heisenberg antiferromagnet. Although Mermin and

Wagner have shown rigorously that a 2D Heisenberg system will not have long range

order[5], S. V. Maleev has shown analytically that long range order in a 2D Heisen-

berg system can be stabilized by a dipolar interaction.[8] Both of these theoretical

studies are key to our experimental studies of EuTe/PbTe SLs.

Finally, we take note of two research areas that are closely related to the topic

of this thesis. Firstly, at present, there is a considerable interest in 2D Heisenberg

antiferromagnets due to their possible relevance to the mechanism of high temper-

ature superconductivity. This connection was suggested by P. W. Anderson,[9] in

part because the new class of high temperature superconductors (see Ref.[10]) all



have a copper-oxygen plane within the unit cell, and an antiferromagnetic spin ar-

rangement on a square lattice, as a common structural feature. A review by T.

Barnes summarizes the role of the 2D Heisenberg antiferromagnet in high tempera-

ture superconductivity. [11] Secondly, metallic magnetic SLs have received much ex-

perimental and theoretical attention recently, because of the giant magnetoresistance

and oscillating magnetic inter-layer couplings observed in these SLs.[12, 13]

1.2 The EuTe Hamiltonian

EuTe has a spherically symmetric 'S7/2 ground state and has no magnetic anisotropy

reported from the antiferromagnetic resonance studies.[14] Thus EuTe is considered

as an ideal Heisenberg magnet described by the Hamiltonian

h -JZ Si -S' - J2 ZS Si (1.2)
nn nnn

where nn and nnn denote the nearest and next-nearest-neighbor spin pairs, and J1

and J2 are exchange couplings.

The numerical values of J1 and J2 have been computed from the experimental

Curie-Weiss temperature 0 and the magnetic phase transition temperature of bulk

EuTe by P. Wachter.[15] The nearest- neighbor exchange coupling Jl/kB is ferromag-

netic and is approximately 0.04+0.01 K, where kB is the Boltzmann constant. The

next-nearest-neighbor exchange coupling J2 /kB is antiferromagnetic and is approx-

imately 0.15±0.01 K. Note that the absolute value of J2 between two next-nearest

Eu atoms is larger than that of J1 which couples two nearest-neighbor Eu atoms.

The differences in both magnitude and sign between J1 and J2 are consequences of

different exchange mechanisms. For the ferromagnetic J1 coupling, a 4f electron is

transferred to a 5d t2g state of a nearest-neighbor Eu ion, which then polarizes the 4f

spin through the f-d exchange mechanism (see Fig.1-1 for the electronic structure of

EuTe). For the antiferromagnetic J2 coupling, a p electron from a Te ion is transferred

to the 5d eg bands of a nearest-neighbor Eu ion and polarizes the 4f7' spins by means



of a f-d exchange. The exchange interaction can be very strong since the overlap

between the p and d states is not small (see Fig.1-1). The exchange mechanism of J2

that involves the virtual electron transfer between two Eu ions via an intermediate

Te ion is the so-called true superexchange, and the exchange interaction is always

antiferromagnetic. [16]

1.3 Heisenberg Antiferromagnetic EuTe/PbTe SLs

Short-period EuTe/PbTe SLs refer to the structure of several atomic monolayers

(MLs) of EuTe separated by non-magnetic PbTe to form a single SL period. In

the SL samples used in this thesis, the number of PbTe layers in one period was

three times the number of EuTe layers so that the strains at each interface would

be the same. The presence of straining is essential in maintaining 2D layer by layer

growth of EuTe on PbTe as we shall see in Chapter 2. We will show in this thesis

that EuTe remains antiferromagnetic and shows no detectable magnetic exchange

anisotropy, even when the SLs are made with only two EuTe MLs per SL period.

Thus we have given the thesis title "Magnetic Properties of EuTe/PbTe Heisenberg

Antiferromagnetic Superlattices".

In the present EuTe/PbTe SLs, because of the nature of the short-range exchange

interaction in EuTe and the absence of free electrons in PbTe (1017/cm 3 ), the coupling

between the EuTe block in one SL period to the adjacent EuTe block in the next SL

period is limited to the dipole-dipole interaction. However, in order to maintain

epitaxial growth, the PbTe layer thickness is always selected to be 3 times that of the

EuTe layer thickness in a single SL period. Thus the inter-period separations (L) tend

to be very large, and for those distances the dipole-dipole coupling (which depends

inversely on L3 ) becomes very small. Formally, the inter-period dipole-dipole coupling

can be computed[ using the formalism developed in Ref. [8], and it is effectively zero

in SLs.

The interest in the short-period EuTe/PbTe SLs arises from two attributes of

these SL samples. First is the geometric attribute. The SLs are grown along the [111]



direction. Bulk EuTe in the magnetically ordered phase has ferromagnetically ordered

(111) planes and the adjacent (111) planes are antiferromagnetically coupled. Thus

we hope to observe different temperature dependences for the magnetization as we

increase the EuTe thickness (which ranges from 1 to 7 layers in this study), especially

with regard to SLs with even number of EuTe monolayers in contrast with odd number

of EuTe monolayers. Second is the thickness attribute. In each SL period, the EuTe

block consists of a few EuTe atomic MLs with macroscopic x-y dimensions. This

by definition is a 2D magnetic system.[1] Specifically, with localized spins, isotropic

exchange interactions and no inter-period coupling, EuTe/PbTe SLs are ideal 2D

Heisenberg antiferromagnets.

All EuTe/PbTe SLs studied in this thesis have their [111] direction perpendic-

ular to the SL planes. EuTe/PbTe SLs of the same orientation were studied by

J. Heremans and D. L. Partin in 1988.[17] Specifically, temperature and magnetic

field dependent magnetizations of three SLs, EuTe(1)/PbTe(3), EuTe(2)/PbTe(6)

and EuTe(4)/PbTe(4) were reported in the temperature range 4<T< 200 K. A

magnetic phase transition was reported for the EuTe(4)/PbTe(4) SL, but no mag-

netic phase transition was seen for the other two SLs. Recently, EuTe/PbTe SLs

with the [100] direction perpendicular to the SL planes were studied by Kostyk et

al. by M(T, H) measurements.[18] Magnetic phase transitions were observed for an

EuTe(4)/PbTe(30) SL and an EuTe(8)/PbTe(30) SL. The transition temperatures

were used to infer information concerning EuTe/PbTe interfaces based on a mean-

field model. We make further comments on their findings in relation to our present

work in Chapter 4, where we discuss the magnetization measurements of our SLs.

However, the two above-mentioned reports did not provide either x-ray or TEM

characterization dat regarding structural information for their SL samples.

1.4 Thesis Outline

This thesis consists eight chapters.

Chapter 1 serves as an introduction to the thesis. Chapter 2 presents details



about the sample structure, including sample characterization by the TEM, STM and

x-ray diffraction techniques. In Chapter 3, results from neutron diffraction measure-

ments are summarized and are used to show the spin arrangements in our SL samples

for T<Tc. Chapter 4 surveys the temperature dependent magnetization properties

for our SLs, and. the interpretation of the magnetization measurements is directly tied

to the x-ray measurements in Chapter 2 and the neutron diffraction measurements in

Chapter 3. In Chapter 5, results are presented on the field dependent magnetization

for our SLs in the field range from 0 to 10 tesla; the results are found to be less sen-

sitive to the x-ray measurements, but are relevant to some of the neutron diffraction

measurements carried out in an external magnetic field. In Chapter 6, AC suscepti-

bility measurements provides valuable information on the magnetic long-range order

in SLs. Key features of the susceptibility data are the anisotropic susceptibility be-

havior immediately above T, and extending to below the transition temperature, and

the anomalous peak observed in the in-plane susceptibility. A comprehensive Monte

Carlo study is presented in Chapter 7 to explain the above-mentioned features of the

susceptibility based on various models for idealized magnetic systems. The approach

taken in this thesis toward describing the magnetic properties of EuTe/PbTe SLs is

illustrated in Fig.1-2. Chapter 8 includes an overall summary of the research results

of the thesis and a commentary on research areas opened up by this thesis and further

research remaining to be investigated. At the end of each chapter, a brief summary

is given to outline the key results of that chapter.

1.5 Special Notation

The experimental plots presented in this thesis were made by xvgr, a Unix graphics

program. This program uses so-called scientific notation. That is the program denotes

1x 10- 1 by le-01, so that the symbol e used to label our plots is not to be interpreted

as the base of a natural log.
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Chapter 2

Chemical Structure of EuTe/PbTe

Superlattices

2.1 Introduction

In this chapter, we will briefly review the Molecular Beam Epitaxial (MBE) growth

process of EuTe/PbTe SLs, followed by a review of the chemical structure of these su-

perlattices. As is well known in the field of nanostructure fabrication, MBE technology

is capable of yielding layered structures of the highest quality, but it also is the most

costly method to fabricate artificially layered structures. However, even the highest

quality EuTe/PbTe SLs prepared by MBE are not perfect. Therefore, we will also re-

view various structural characterization measurements performed on EuTe/PbTe SLs

to provide essential background information for the subsequent chapters which report

on magnetic studies. The structural characterization tools mentioned in this chapter

include: Scanning Tunneling Microscopy (STM), Transmission Electron Microscopy

(TEM), and x-ray diffraction. The samples studied by TEM and x-ray diffraction are

the same samples that were used for the magnetic measurements, while the samples

used for STM imaging are not. Nevertheless, the results of the STM characterization

studies provide important information which is used for interpreting the magnetic

measurements on the EuTe/PbTe SLs.



2.2 MBE Growth of EuTe/PbTe Superlattices

MBE growth of EuTe/PbTe SLs was first attempted by D. Partin at the GM Research

Laboratory.[19] Since then, considerable improvement in the technique for growing

these SLs has been made by Dr. G. Springholz, who worked on the MBE growth of

EuTe/PbTe SLs in the group led by Professor G. Bauer, a group that is experienced in

lead salt compounds,[20, 21] at the Johannes Kepler University, Linz, Austria. This

section describes the MBE growth process developed by Dr. G. Springholz.[22]

For the samples used in this study, molecular beam epitaxy growth of PbTe and

EuTe on BaF 2 ('111) substrates was carried out in a Riber MBE growth chamber

by Dr. G. Springholz. The absolute beam flux rates from the effusion cells were

measured with a quartz crystal thickness monitor, and the substrate temperature

was calibrated using Te2 condensation points. For EuTe growth, separate beam flux

sources for Eu and Te were used. Because of the high Te vapor pressure at the MBE

substrate temperatures (-250 0 C), excess Te has to be supplied during EuTe growth,

and therefore the growth is controlled by the Eu flux impinging on the surface, whereas

all the excess Te re-evaporates from the surface.[23] In contrast, since PbTe sublimes

in the form of PbTe molecules, it is directly evaporated from a PbTe effusion cell.

Since the PbTe molecules adsorbed on the layer surface remain bound in a molecular

state until incorporation in the crystal lattice,[24] MBE growth of PbTe is similar to

MBE growth of elemental semiconductors, whereas EuTe MBE growth is comparable

to that for III-V semiconductors by MBE techniques.

Depending on the substrate temperature and the Te2 to Eu beam flux ratio, a

Te-- or Eu-stabilized EuTe growth mode exists, characterized by a different surface re-

construction, depending on the stabilization mode. However, due to the 2.1% lattice

mismatch between EuTe and PbTe, 2D layer-by-layer heteroepitaxial growth of EuTe

on PbTe (111) exists only in a very narrow regime of growth conditions. This is a

result of the fact that in thermodynamic equilibrium, the preferred surface configu-

ration of a fully-strained EuTe overlayer on PbTe (111) is not an ideal 2D layer, but

rather that of a strongly corrugated layer, consisting of 3D islands of EuTe on a thin



wetting layer. In such a case, a significant part of the strain energy can be reduced

by a lateral elastic deformation of the coherent 3D islands.[25] However, this effect

can be suppressed when the mobility of the surface adatoms is drastically reduced

during growth, so that the surface diffusion length is smaller than the critical wave-

length for strain-induced islanding.[26] Thus for low substrate temperatures and high

Te2-to-Eu beam flux ratios, 2D layer-by-layer growth can be maintained as shown by

the appearance of pronounced RHEED (reflection high energy electron diffraction)

intensity oscillations. [23, 27]

2.3 In-situ STM

In-situ STM (scanning tunneling microscopy) measurements provide us with a direct

image of an EuTe epilayer on PbTe. The scope of the STM image is usually about

several pm2, which is sufficiently large to give global information on the epilayer

surface morphology. The surface of PbTe on BaF 2 is atomically flat on a length

scale of more than 2000 A and exhibits only large growth spirals with monolayer

(ML) high step edges around the core of threading dislocations originating from the

lattice-mismatched growth on the BaF 2 substrates. As shown in Fig.2-1,[27] the

EuTe surface is much more corrugated on a length scale of about 200 A with small

monolayer high islands nucleated on the surface and ragged step edges (see Fig.2-2).

This is a consequence of the much shorter surface diffusion lengths involved in EuTe

MBE growth under such conditions.

Straight monolayer high step lines (see Fig. 2-3) suddenly appear on the surface

parallel to the (110) and (211) crystallographic directions when the EuTe thickness

exceeds 17 ML. The end points of these step lines can be identified as penetration

points of threading dislocations, which apparently have moved by several pm parallel

to the surface. As described by the classical model for strain relaxation by Matthews

and Blakeslee,[28] this movement is induced by the strain in the layer, and results

in the formation of a misfit dislocation segment at the interface, as illustrated in

the inset in Fig.2-3. The appearance of these surface step lines indicates the onset



of strain relaxation, and thus the critical layer thickness can be detected with high

precision. [29] The information on the critical layer thickness is particularly important

to our magnetic studies, since we would like to avoid misfit dislocations at interfaces.

All of the SLs that we have measured for magnetic properties have EuTe thicknesses

smaller than the critical thickness (17 ML). Even the largest SL has only 7 EuTe MLs

per SL period.

2.4 Ex-situ TEM

Transmission Electron Microscopy (TEM) investigations were performed on SLs af-

ter they are grown to provide a cross-sectional view perpendicular to the (111) plane.

These measurements were carried out by Professor L. Salamanca-Riba at the Univer-

sity of Maryland on sister samples to those used in the magnetic measurements. [30]

In two ways, these results complement the STM studies by N. Frank et.al described

in Section 2.3. Firstly, TEM offers a side view of EuTe epilayers on PbTe. Secondly,

TEM tells us the effects, if any, on the surface of EuTe (PbTe) after subsequent

growth of PbTe (EuTe). The TEM images usually have a scope of 300 angstroms by

300 angstroms. The limited view is a disadvantage and this should be kept in mind

when we look at TEM images, i.e., we can't simply extrapolate the smoothness of

the interfaces shown in the TEM images to an arbitrarily large length scale.

The TEM results show smooth EuTe-PbTe interfaces on a length scale of about

200 angstroms (see Fig.2-4), in agreement with STM studies. Within the length scale

of TEM images, we can't point out any systematic differences between PbTe on EuTe

or EuTe on PbTe. Overall, the cross-sectional TEM images show that the real SLs

have nearly the nominal SL configurations that we wanted. However, some TEM

images show regions with a double periodicity, e.g., for the SL sample with a nominal

thickness of 3.5 EuTe ML and 9 PbTe ML, there are regions where EuTe=7 ML and

PbTe=17 ML(see Fig. 2-5). The cause of the double periodicity is not understood;

however, its occurrence is rare and is combined with the fact that TEM probes a very

small area, and only a few TEM images have shown this phenomena. We shall see



in the next section that x-ray diffraction also displays interference peaks due to SL

periodicities that are twice as large as the nominal thickness; again these peaks are

considerably broader and weaker when compared to those for SL samples showing

x-ray peaks with the nominal periodicities. The increased linewidth and decreased

intensity are consistent with smaller domains and less frequent occurrences of the

regions with double periods.

2.5 X-ray Diffraction

Altogether, there are two series of SL samples that have been studied in this thesis.

The first series, denoted as the 200 series, consists of samples for which ý=2, 3, 4, 5,

and 6 and with q=3ý, where ( and r, respectively, are the number of EuTe and PbTe

layers per SL period. The second series, denoted as the 400 series consists of samples

for which (=1, 2, 3, 4, 5, 6, and 7 and again with rq=3( so that all SLs will have the

same amount of strain. The x-ray results for the various samples are quite similar,

and we will therefore only show some of the diffraction results here to illustrate the

general structural characteristics of the SL samples studied in this thesis.

As shown in Fig. 2-6 the SL samples that have been studied in this thesis

for their magnetic properties generally consisted of a 400 period EuTe(()/PbTe(,r)

superlattice stack grown on a 3000 A PbTe buffer layer. A 500 A PbTe cap layer

(Fig. 2-6) was used to prevent oxidation of the highly reactive EuTe. In each SL period

(i.e., one SL cell), there are nominally ( MLs (monolayers) of EuTe alternating with

nominally 7r = 3( monolayers of PbTe (constant EuTe/PbTe thickness ratio of 1/3),

with ( =1,...,7. There are more PbTe layers than EuTe layers in order to maintain the

strained 2D layer by layer growth. As we have seen from the STM studies that without

the straining, misfit dislocations will form at the EuTe-PbTe interfaces. Thus, given

the importance of strain, it is remarkable that SLs with 400 periods can be prepared

with few defects limited to the monolayer steps.

For the structural characterization, Dr. G. Springholz and Mr. C. Pichler have

used a Philips MRD (materials research diffractometer) employing CuK~1 radiation



and a four crystal Bartels monochromator (set for the Ge(220) reflection mode) in

the primary beam. Triple axis (TA) optics were utilized for recording reciprocal space

maps, using a channel-cut two-reflection Ge(220) analyzer crystal in the secondary

beam. Here we focus our discussion on three SLs using their x-ray diffraction curves

around the (222) Bragg reflection obtained by Dr. G. Springholz and Mr. C. Pichler

(see Fig. 2-7). The x-ray scattering geometry is shown in Fig. 2-8. These spectra

confirm that EuTe and PbTe grow in the fcc structure, with the (111) direction

normal to the BaF 2 substrate for all SL samples. The dotted lines represent the

simulations of the diffraction curves using dynamical diffraction theory carried out

by Mr. C. Pichler. In all samples, the diffraction peaks of the BaF 2 substrate, the SL

stack, the PbTe buffer, and the PbTe cap are identified. The peak splitting between

the PbTe buffer and PbTe cap layer is due to differences in the strain state of these

layers. Whereas the PbTe buffer layer is essentially fully relaxed, the thin PbTe cap

layer experiences tensile strain associated with the SL strain relaxation. That is, the

relaxed SL stack has a larger in-plane lattice constant than that of the PbTe buffer

layer. Due to the additional SL periodicity along the [111] growth direction, several

SL satellite peaks (labeled as SLO, SL+1, SL+2, and SL±3) appear on both sides of

the Oth order SL peak (SLO).

In order to obtain quantitative structural parameters of the SL samples, we

have performed a complete strain analysis using reciprocal space mapping of the

(222) and the (224) reflections. From this analysis, the in-plane lattice constant (all ,

see Table 2.1) and the average normal lattice constant (aSLI) of the SL stack were

determined. In addition, we found that the tilt angle between the substrate and

the epitaxial layers is less than 0.0030, i.e., it is negligible. Because the individual

EuTe layer thicknesses in the superlattice stack are certainly below the critical layer

thickness, it is clear that within the SL stack, the EuTe and the PbTe layers assume

the same in-plane lattice constant, typical of short-period strain layer superlattices.

Although initially for a very small number of periods, the EuTe/PbTe SL assumes the

in-plane lattice constant of the PbTe buffer layer, as the number of periods increases,

the SL stack starts to relax and the in-plane lattice constant increases. Because of



the very large number of periods in our samples, the SL stack has almost completely

relaxed to its free-standing lattice constant, as is also indicated by the results of our

strain analysis. However, the slight asymmetry of the SL peaks in the diffractograms

shown in Fig. 2-7 indicates the presence of a residual strain gradient in the SL stack

as a result of the strain relaxation process.

In order to determine the individual layer thicknesses in the SL stack, first we

calculated the normal lattice constants aEuTeI and aPbTel of the EuTe and the PbTe

layers in the SL using the elastic constants and the previously determined SL in-plane

lattice constant. The average normal lattice constant of the whole SL stack aSLI is

then given by the geometrical average of the normal lattice constants of the individual

layers, i.e.:

dEuTe X aEuTel + dPbTe X aPbTel

dEuTe + dPbTe

where dEuTe and dPbTe are, respectively, the average EuTe and PbTe layer thicknesses

in the SL.

Since aSLI is known from the strain analysis, the EuTe/PbTe thickness ratio

dEuTe/dPbTe can be determined by Eq. (2.1), which together with the superlattice

period obtained from the spacing of the SL satellite peaks yields the individual thick-

nesses of the EuTe and PbTe layers (see Table 2.1).

In fact, using the values of the strain parameters and the layer thicknesses derived

above, the measured 20 diffraction curves are well reproduced by the diffractograms

calculated using dynamical diffraction theory (dashed lines in Fig. 2-7). However,

there remain some notable discrepancies: (1) The SL satellite peak intensities are

smaller than the calculated intensities. This is indicative of some interface disorder or

the presence of interdiffusion at the hetero-interface. In fact, electron spin resonance

(ESR) investigations on these samples gave evidence for the presence of isolated Eu

ions in the PbTe region.[31] However, the well-resolved fine and hyperfine structures

in the ESR spectra demonstrate that this interdiffusion is only very weak. (2) For all

superlattice samples used in this thesis, weak additional diffraction peaks appear at



angular positions which correspond exactly to "half-order" superlattice satellite peaks.

This indicates the presence of an additional double period structural modulation

within the SL stack (see Fig. 2-7). In wide range x-ray rocking curves, these peaks are

observed in between all regular SL satellite peaks, and they are perfectly reproducible

for a large number of EuTe/PbTe SL samples with very different layer thickness. It is

noted, however, that the intensity of these half-order peaks is much smaller than that

of the regular SL satellites (see Fig. 2-7). In addition, the peak width is more than four

times larger, which implies that the coherence length of the double period modulation

is much smaller than the coherence length of the regular SL period (,- 4500 A , derived

from the FWHM=70 arcsec of the SLO peak using Scherrer's equation.[32]) The x-

ray observation of double period structural modulation agrees with the TEM image

shown in Fig.2-5. Although the origin of the double modulation (half-order peaks) is

not fully understood yet, its presence, as we shall see in the later chapters, has little

effect on our magnetic studies.

In summary, the x-ray diffractograms show multiple narrow SLs peaks which

indicate that the EuTe/PbTe SLs have high structural perfection and long range

coherence. That is, the positions of the atomic planes (along the direction parallel to

the (111) direction) are correlated ("coherent") from one SL period to another.[33]

These x-ray results are in good agreement with STM and TEM studies.[29, 30]

2.6 Summary

2D layered growth of EuTe on PbTe (111) is achieved by MBE in EuTe/PbTe SLs

over many (400) SL periods. In-situ STM images show that EuTe on PbTe (111)

maintains layer-by-layer growth, free of misfit dislocations when the EuTe thickness (

is less than 17 MLs. The EuTe/PbTe interfaces contain only single monolayer steps,

with step widths of at least 200 A.
The ex-situ TEM studies of cross-sectional images perpendicular to the (111)

plane find that the interfaces in EuTe/PbTe SLs are smooth on the length scale of

200 A, in agreement with STM results. Further, TEM images show little difference



between the top interface and the bottom interface in these SLs, i.e., whether PbTe

grows on EuTe or EuTe grows on PbTe, there is little difference in interface quality.

A few TEM images exhibit double periodicity with unknown origin.

X-ray diffraction offer quantitative global information on the SL structure, in

contrast to the local properties probed by the TEM technique. The x-ray results

show that, in general, EuTe/PbTe SLs have high structural perfection and long range

coherence along the [111] growth direction.

In summary, the MBE-grown EuTe/PbTe SLs studied in this thesis have well-

defined structures. This will enable us to conduct meaningful studies of their magnetic

properties as a function of (, the number of magnetic EuTe monolayers within a SL

period.
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Figure 2-1: STM image of a PbTe epitaxial layer on BaF 2 (111) by G. Springholz, N.
Frank, and G. Bauer.[25]
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Figure 2-2: STM image of a 20 ML thick EuTe epitaxial layer on PbTe (111) by G.
Springholz, N. Frank, and G. Bauer.[25]
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Figure 2-3: STM image (2 x 0.5 pm 2) of a 25 ML thick EuTe epitaxial layer on PbTe
(111). The arrow indicates the end point of a threading dislocation. Inset: Schematic
illustration of the strain relaxation process due to misfit dislocation formation by the
glide of a pre-existing threading dislocation.[25]



Figure 2-4: Cross sectional TEM image of a EuTe(5)/PbTe(22) superlattice sample
by M. Shima and Lourdes Salamanca-Riba.[29]
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Figure 2-5: (ii2) high resolution lattice image of the EuTe(3.5)/PbTe(9) superlattice.
The upper left inset shows the electron diffraction pattern of the same SL sample by
M. Shima and Lourdes Salamance-Riba.[29]
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Figure 2-6: A schematic drawing of the cross sectional view of an EuTe(3)/PbTe(9)

superlattice.
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Figure 2-7: The (222) (Cu K~1 radiation) Bragg x-ray diffraction patterns for the
EuTe(3)/PbTe(9) (a), EuTe(4)/PbTe(12) (b), and EuTe(5)/PbTe(15) (c) superlattice
structures (full lines). The dashed lines represent calculated diffractograms using the
structural parameters obtained from the strain analysis. Both the x-ray data and
their analysis were carried out by Dr. G. Springholz and Mr. C. Pichler.
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Figure 2-8: The scattering geometry used in the x-ray diffraction measurement. Both

the scattering plane (SP) and the scattering vector (Q) are normal to the sample

surface, giving information about the atomic arrangements in the [111] direction.
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Table 2.1: SLs parameters obtained from the best fits of x-ray diffractograms

nominal all aEuTeI aPbTel dEuTe dPbTe SL period
0/r1 (A) (A) (A) (ML) (ML) (ML)
3/9 6.518±0.002 6.667±0.002 6.400±0.002 3.8±0.2 8.2±0.3 12.0±0.1
4/12 6.513±0.002 6.672±0.002 6.406±0.002 4.9±0.2 11.2±0.3 16.1±0.1
5/15 6.511±0.002 6.673±0.002 6.407±0.002 5.1±0.2 13.1±0.3 18.2±0.1



Chapter 3

Spin Structure of EuTe in

Superlattices

3.1 Introduction

Magnetic neutron diffraction is the most direct method of identifying the magnetic

structure of any material.[34] The spin arrangement of EuTe in the SLs is a key factor

which determines the magnetic properties of these SLs. Although bulk EuTe has a

type II antiferromagnetic spin arrangement in the magnetically ordered phase,[35] a

priori we don't know if magnetic long range order will be stabilized in EuTe/PbTe

SLs due to the small number of EuTe MLs per SL period, nor do we know what

kind of spin arrangement will be stabilized if there is long range order. The neutron

scattering experiments and results described in this Chapter represent the first of its

kind for EuTe/PbTe SLs.

Following the success in determining the spin structures of other magnetic SLs

by elastic neutron scattering, [36, 37] a comprehensive survey of the spin structure

in EuTe/PbTe SLs was carried out by Drs. T. Giebultowicz and V. Nunez at the

National Institute of Standards and Technology (NIST). I was invited to participate

in several of the neutron scattering measurements at NIST.[38] Virtually all SLs

studied in this thesis have their spin structures identified by elastic neutron scattering

experiments.



Before presenting the spin structure of EuTe in our SLs, we will review the spin

structure of bulk EuTe as a function of temperature and magnetic field. In zero field,

EuTe makes a phase transition from the paramagnetic phase to the type-II antifer-

romagnetic phase at 9.8 K.[14] The type-II antiferromagnetic order is represented

by ferromagnetic spin alignment within the (111) planes, the moments of adjacent

planes being antiparallel (see Fig.3-1). For elastic neutron scattering experiments in

bulk EuTe along the [111] direction, a magnetic diffraction peak will appear at the

(1, ½, 1) position in reciprocal space for T<9.8 K, indicating that the magnetic unit

cell is twice as large as the chemical unit cell along the [111] direction, consistent

with the type II antiferromagnetic spin structure. For T<9.8 K, if an external mag-

netic field H is applied parallel to the (111) planes, the spins will first rotate in the

(111) planes to a direction that is perpendicular to H, and then start to open up and

project along the field direction. This is the so-called antiferromagnetic to canted

antiferromagnetic transition. After this point, as H continues to increase, another

magnetic diffraction peak will start to emerge at the (1,1,1) point in reciprocal space,

at; the same time that the intensity of the magnetic diffraction peak at the (½, 1, 1)

point decreases. Eventually, under sufficiently high magnetic fields, all spins will be

aligned parallel to the field, and the only magnetic diffraction peak will be at the

(1,1,1) point in reciprocal space, implying that the magnetic unit cell is the same as

the chemical unit cell along the [111] direction, i.e., the ferromagnetic spin structure

is established. As we shall see in Section 3.4, elastic neutron scattering studies on our

SLs, which are layered along the [111] direction, exhibit similar behavior, although

the transition temperatures for the SLs are different from that of bulk EuTe and

depend on (, the number of EuTe monolayers per SL period.

3.2 Triple-Axis Spectrometer

The standard neutron scattering facility includes a nuclear reactor and beam ports.

The nuclear reactor at NIST has a circular shape, and nine neutron beam ports are

uniformly distributed along the outer circumference of the reactor. The purpose of



the beam ports is to guide thermal neutrons generated by the nuclear fission reaction

at the core of the reactor to experimental stations. At the end of each beam port,

there is a spectrometer which selects a single wavelength neutron beam, guides it to

the sample position and finally collects the diffracted neutron beam from the sample.

Our neutron diffraction studies on EuTe/PbTe SLs were performed at the 20 MW

research reactor at NIST which has a (002) pyrolytic graphite (PG) monochromator

and an analyzer fixed for elastic scattering, and a PG filter in the incident beam.

Incident energies of 13.7 or 14.8 meV with 40 arc minute collimation throughout were

used for most of the experiments. Data were taken using BT2 and BT9, two triple-

axis spectrometers with similar signal-to-background ratios. The triple-axis refers to

the axis for the monochromator, sample holder and detector (see Fig.3-2). For an

elastic neutron diffraction experiment, the detector is tuned to the same wavelength

as the incident neutron and the detector intercepts diffracted neutrons at an angle

of 20 with respect to the incident beam direction, where 0 is the angle between the

incident neutron beam and the normal to the plane of the SL.

3.3 Scattering Geometry

If EuTe in superlattices retains its bulk magnetic structure, antiferromagnetic diffrac-

tion peaks should appear near the (1, , ½) point along the [111] direction in reciprocal

space, whereas the Bragg peaks due to the atomic structure should show near the

(1,1,1) point. In other words, the ft antiferromagnetic unit cell is twice as large as the

chemical unit cell. Therefore neutron diffraction spectra taken below the transition

temperature with momentum transfer vector (Q) along any one of four [111] direc-

tions in the cubic structure should be suffice to identify the type-II antiferromagnetic

spin structure. Of these, the [111] direction perpendicular to the SL plane is a special

direction which will be explained in Section 3.5. The scattering geometry associated

with elastic neutron scattering from this plane is shown in Fig. 3-3. The scattering

plane (SP) is defined by the incident neutron beam and the scattered neutron beam.

Both the scattering plane and the scattering vector (Q) are normal to the sample



surface, so that scattering experiments with this geometry provide information on

the spin ordering within the (111) planes and the spin arrangement along the [111]

direction between the adjacent (111) planes.

The structure factor for neutron diffraction is sensitive to the angle between

the magnetization direction and the momentum transfer direction. Specifically, the

structure factor F is given by the expression,

F = E qpe (3.1)

where q is the magnetic interaction vector defined by

q = Q(Q. ) - S. (3.2)

Here S and Q are unit vectors along the spin direction and the direction of momen-

tum transfer, respectively. The factor p is the magnetic scattering length and has

a magnitude on the order of the electron radius.[34] From the definition of q, the

maximum scattering intensity occurs when the spin direction is perpendicular to the

momentum transfer. The combination of the diffraction spectra and the formula for

the structure factor F, enables us to determine the underlying spin structure.

3.4 Experimental Conditions

All diffraction spectra were obtained at fixed temperatures. In this survey, scattering

data were obtained at temperatures of 4.2 K and 1.8 K. These temperatures were

chosen, considering both the limited available beam time and what was known about

the magnetic ord.ering temperature in the bulk, as well as in the SLs from magnetic

measurements (see Chapters 4, 5 and 6). All SLs have magnetic phase transition

temperatures above 8 K except for the SL with 2 MLs of EuTe in each SL period,
which has a transition temperature below 4.2 K. The EuTe(1)/PbTe(3) SL was not

measured by neutron diffraction in this study. However, as will be shown in Chapters

4 and 6, no phase transition is observed in the EuTe(1)/PbTe(3) SL down to 1.7 K,



the lowest temperature attainable with our magnetization and susceptibility equip-

ment. The temperature of the sample during the neutron scattering experments was

monitored and controlled by a Lake Shore Temperature Controller. The SL sample

orientation with respect to the incident neutron beam is like that shown in Fig. 3-3.

SL samples are usually greased onto a sample board (which is approximately 2 in.

x 2 in.) and capped by a sheet of aluminum foil. The sample board is attached to

the end of the sample probe, which in turn is lowered into the cryostat during the

experiments.

About half of the neutron diffraction spectra were taken with an external mag-

netic field. In our field-dependent studies, we have covered a field range up to 6 tesla.

The magnet we used for this purpose was a custom-made superconducting split coil

magnet, with a capability of delivering a magnetic field of 7 tesla.

3.5 Experimental Results

3.5.1 Zero Field Diffraction Experiments

Adopting the scattering geometry shown in Fig. 3-3, we have done elastic neutron

diffraction scans with the momentum transfer Q perpendicular to the SL plane, i.e.,

parallel to one of the four [111] directions in the cubic structure. Magnetic diffraction

peaks were observed at the (1, ½, ½) AF reflection point ( Qz=0.84 A-1) for SLs with

EuTe thicknesses per SL period larger and equal to 2 MLs, as discussed below.

For an EuTe(2)/PbTe(10O) SL, Fig.3-4 shows a neutron diffraction scan near the

(-, , •) reflection point along the [111] direction at 4.2 K. The structure-less diffrac-

togram implies that there is no antiferromagnetic order at this temperature in the

EuTe(2)/PbTe(6) SL. However, as the temperature is lowered to 1.8 K, a single mag-

netic peak shows up at the (1, 1, 1) AF reflection point (see Fig.3-5), indicating that

spins on each (111) plane of EuTe are ferromagnetically ordered, while the spins on

adjacent (111) planes are aligned antiparallel.

Diffraction results showing magnetic peaks near the (½, ½, ½) AF reflection point2 2 2L' ICI~~VI rVI1



are also obtained for SLs with 3, 4, 5, and 6 MLs of EuTe per SL period (see

Fig.3-6). The diffractogram for SL EuTe(6)/PbTe(18) is similar to that of the

EuTe(2)/PbTe(10) SL, i.e., there is a single broad magnetic peak, with the max-

imum occuring at Qz=0.84 A- 1 . Even for SLs ( i.e., SL EuTe(3)/PbTe(9), SL

EuTe(4)/PbTe(1.2), and SL EuTe(5)/PbTe(15)) which have multiple magnetic peaks,

the central peak with the largest intensity is always located at Qz=0.84 A- 1, in-

dicative of the type-II antiferromagnetic spin structure that is common to all the SL

ordered phases in Fig.3-6.

For the EuTe(3)/PbTe(9), EuTe(4)/PbTe(12), and EuTe(5)/PbTe(15) SLs, mul-

tiple magnetic diffraction peaks are seen (labeled as SLO, SL±1, SL±2, and SLi3

see Fig.3-6) due to the SL periodicity along the [111] direction, resembling the x-ray

data presented in Section 2.5. The distance (in A- 1) between two adjacent peaks

(A) is related to L (in A), the thickness of a SL period, by the relationship A=27r/L.

Thus, as ( increases from 3 to 5 in Fig.3-6, the spacing between the SL peaks be-

comes smaller, indicative of the larger SL period in real space. For example, for an

EuTe(3)/PbTe(9) SL, we have a nominal thickness for a SL period L=(3+9)x3.75

A= 45 A, while the average SL period thickness obtained from the neutron diffraction

data for the same SL is L = 44.2 A. In Table 3.1, various values of A for SLs with

(=3, 4, and 5 are summarized, and the corresponding values of L are calculated and

compared to those determined from x-ray diffraction data. The agreement between

the neutron diffraction and x-ray diffraction data on the average SL period thickness

is very good.

Further, Dr. T Giebultowicz postulated that multiple SL magnetic peaks imply

some kind of magnetic coupling between the magnetic layers of different SL periods.

The value of the Full Width at Half Maximum (FWHM) linewidth for the central

magnetic peak at Qz=0.84 A-' is a good measure of the coherence length of this

magnetic coupling. Specifically, the coherence length_27r/FWHM. The results for

the FWHM linwidth and for 2/lFWHM are listed in Table 3.1. The coherence

length is limited to about two SL period thicknesses for the ý=3 SL, three SL period

thicknesses for the (=4 SL, and one SL period thickness for the ý=5 SL. The reason



for the EuTe(4)/PbTe(12) SL to have the longest magnetic coherence length among

all SLs along the [111] direction is not yet understood. Dr. Giebultowicz's conjecture

about inter-period magnetic coupling seems to be supported by the SL data, where

the SLs with larger PbTe thicknesses do not show multiple SL magnetic peaks (see

the diffractogram for the EuTe(6)/PbTe(18) SL in Fig.3-6). As another example,

neutron scattering data for an EuTe(3)/PbTe(15) SL along the [111] direction per-

pendicular to the SL plane has a diffractogram with only a single peak near (½, 1, 1)

AF reflection point (see Fig.3-7). On the other hand, the limited magnetic coherence

length suggests that the inter-period magnetic coupling observed here could also be

due to SL structural imperfections, such as the double periodicity seen in the x-ray

diffraction scans and in the TEM images (see Fig. 2-7 and Fig.2-5). The SL cross-

sectional TEM image Fig.2-5 shows a large SL period (twice as large as the nominal

SL period), which suddenly bifurcates into two regular SL periods. Such a structure

could well induce multiple magnetic diffraction peaks.

Finally, when we changed the momentum transfer direction to any one of the

other three [111] directions, i.e., scanning along [111] directions that are not the one

perpendicular to the SL plane, we did not observe any neutron diffraction peaks.[38]

These results lead to the important conclusion that the SLs have a single (111) mag-

netic domain, in agreement with the magnetization studies to be presented in Chapter

4.

3.5.2 Field-Dependent Diffraction Experiments

Using the same scattering geometry as that of the zero field diffraction studies, neu-

tron diffraction scans were again taken along the [111] direction perpendicular to the

SL plane in the presence of an external magnetic field applied parallel to the SL plane.

Figure 3-8 shows the magnetic diffraction spectrum for an EuTe(4)/PbTe(12)

SL at 4.2 K with H=6 tesla. The diffraction peaks are concentrated near the (111)

reflection point, with the largest peak centered exactly at Qz=1.68 A•1 , consistent

with ferromagnetic spin alignment. In Chapter 5 we will show that at 4.2 K and

H=6 tesla, the EuTe(4)/PbTe(12) SL has just crossed the magnetic phase boundary



from the canted AF phase to the ferromagnetic phase with all the spins aligned in

the field direction. There should be two more peaks for SL+1, and SL+2 on the right

hand side of the largest diffraction peak at Qz=1.68 A-1. However, no such peaks are

seen because of the interference from the large signal of the BaF 2 substrate. Figure

3-9 shows the magnetic diffraction spectrum for an EuTe(5)/PbTe(15) SL at 4.2 K

with H=5 tesla. Here magnetic diffraction peaks are seen near both the (1, 1, 1)

reflection point and the (1,1,1) reflection point. Diffraction peaks near the (½, 1, 1)

point are observed as expected at the above-mentioned temperature and field values,

since the EuTe(5)/PbTe(15) SL is still expected to be in the canted AF phase under

these temperature and magnetic field conditions (see Chapter 5). The values of A

extracted from Fig.3-8 and Fig.3-9 are 0.106 A- 1 and 0.089 A- 1, respectively. These

values for A agree with those listed in Table 3.1.

As the external magnetic field increases from zero, EuTe will first transform from

the antiferromagnetic state to a canted AF state, and eventually to a ferromagnetic

state when the external field is larger than the antiferromagnetic exchange coupling J 2.

In the ferromagnetic state not only are the spins on each (111) plane ferromagnetically

ordered, but spins on adjacent (111) planes are also aligned in parallel. Thus, as the

magnetic field is increased, we should see magnetic diffraction peaks at the (I, 1, 1) AF

reflection point decrease in intensity, and simultaneously we expect to see new peaks

emerge at the (1,1,1) ferromagnetic reflection point. Indeed, Fig.3-8 and Fig.3-9 show

exactly the expected field-dependent diffraction behavior for an EuTe(4)/PbTe(12)

SL and an EuTe(5)/PbTe(15) SL, respectively.

3.6 Computer Simulation

At MIT, we have developed a simple computer program to simulate qualitatively the

neutron magnetic diffraction patterns for EuTe/PbTe SLs. This program explains the

origin of the multiple magnetic diffraction peaks observed near the (1, 1, 1) point and

the envelope function that defines the relative intensity of the various peaks. This

program, however, cannot explain either the asymmetry observed in the diffraction



patterns or the widths of diffraction peaks. More elaborate programs developed at

NIST have taken into account the corrections for neutron absorption and extinction,

and for the neutron beam profile. Although the NIST programs produce better fits

to the data, they, however, give little insights regarding the mechanism of the inter-

period magnetic coupling suggested by the data.

In our simulations we assume AF inter-period coupling in zero field. For example,

an EuTe(4)/PbTe(12) SL, the AF inter-period coupling implies a I"-4 PbTe ft4t

spin arrangement. This spin arrangement is called AF coupling because the spins

on the last monolayer of one EuTe layer are aligned antiparallel to the spins on the

first monolayer of next EuTe layer. In our simulations, we also assume ferromagnetic

inter-period coupling in high fields. Again for an EuTe(4)/PbTe(12) SL, ferromagnetic

inter-period coupling implies TTýT PbTe tttt) spin arrangement. Although we cannot

offer any explanation for the AF inter-period coupling in zero field, we find through

our simulations that if the inter-period coupling is like B-ti- PbTe 4444 in zero field,

then the overall diffraction pattern will be shifted, and the central maximum is no

longer at the Qz=0.84 A- 1 point in contrast to the experimental data where the

central maximum of all diffraction spectra is always at the Qz=0.84 A-1 point.

We start the calculation of the diffraction pattern with a familiar result,

N sin(N6/2)
1 + cos(-6) + cos(-26) + ...(toNterms) = cos(-n) = s (3.3)

n=o sin(6/2)

derived in an undergraduate optics course for an N-slit diffraction pattern.[39] Neu-

tron scattering from superlattices is like diffracting light from two superimposed

diffraction gratings, each with a grating separation of d and L, respectively (see

Fig.3-10), where d is the inter-atomic plane distance and L is the thickness of each

SL period. Therefore the sum from the top to the bottom of the N SL periods, where

each period of length L contains Na magnetic layers, takes the form:



cos(-LQ) + cos(-LQ - dQ) + cos(-LQ - 2dQ) + ... + cos(-LQ - NadQ)

+cos(--2LQ) + cos(-2LQ - dQ) + cos(-2LQ - 2dQ) + ... + cos(-2LQ - NadQ)

+cos(--3LQ) + cos(-3LQ - dQ) + cos(-3LQ - 2dQ) + ... + cos(-3LQ - NadQ)

+... + cos(-NLQ) + cos(-NLQ - dQ) + cos(-NLQ - 2dQ) + ... + cos(-NLQ - NadQ)

sin(NQL/2) sin(NaQd/2)

sin(QL/2) sin(Qd/2) '

which is identical to the results given in Ref.[40].

Figure 3-11 shows a simulated zero field diffraction pattern for an EuTe(4)/PbTe(12)

SL (to be compared to Fig.3-6 showing the experimental diffraction scans). The

diffraction peaks are centered around Q=0.84 A- 1 (which is the (½, ., 1) AF reflec-

tion point), derived from 2w/2d, where 2d indicates the size of the antiferromagnetic

unit cell, which is twice as large as the chemical unit cell, and where d=3.75 A is the

inter-planar distance. In a high external magnetic field, the spins in the EuTe layer

will be aligned in a ferromagnetic spin arrangement and the corresponding neutron

diffraction patterns will have no peaks near (1, ½, 1), but will have peaks at the (1,1,1)2 2 2

reflection point (Q=1.67 A-1), consistent with a ferromagnetic spin arrangement (see

Fig.3-12 and compare it to Fig.3-8). From the simulations, we come to two conclu-

sions. Firstly, SL structures with an AF type-II spin arrangement give rise to multiple

magnetic diffraction peaks near the (1, , ) point in Q space. Specifically, the peak

to peak separation (A) between the diffraction peaks is determined by the relation

A =27/L, where L is the SL period thickness. In our simulations, the input value of

L for the EuTe(4)/PbTe(12) SL was taken as L=60 A, while the L determined from

27/A is 60.4 A, in good agreement. Secondly, the envelope function that defines the

relative intensity of different diffraction peaks is given by the thickness of the EuTe

layer in each SL period.



3.7 Summary

The magnetic diffraction peaks observed in all SLs (i.e., (=2, 3, 4, 5, and 6) at the

(1, 1, ½) position for T<Tc and in zero magnetic field are consistent with the mag-

netic ordering of EuTe in SLs, consisting of ferromagnetically aligned (111) planes,

and spins on the adjacent (111) planes which are antiferromagnetically oriented. This

magnetic structure is the same as that of bulk EuTe. Further, out of the four dis-

tinct [111] directions in a cubic structure, spins in EuTe/PbTe SLs lie exclusively in

a selected single (111) plane, namely the plane that is parallel to the SL plane (to

minimize the dipole-dipole interaction energy as will be illustrated in Chapter 7).

Moreover, the superlattice peaks at the (, 17, 1) position, observed for some of the

SLs, are consistent with a model assuming an AF inter-period coupling. However, the

mechanism behind this coupling is poorly understood at present. We have excluded

the possibility that the AF inter-period coupling can be stabilized by inter-period

dipole interactions, because of the large intervening PbTe layer thickness between the

two adjacent EuTe layers (see Section 7.7.2). The phenomenon of a large SL period

(exactly twice as large as the nominal SL period), which suddenly bifurcates into two

regular SL periods, as seen in the TEM images (see Fig. 2-5), could give rise to the

AF inter-period coupling. On the other hand, this implied AF inter-period magnetic

coupling does not play an essential role in the phase transitions observed in these SLs,

because SLs without the implied inter-period magnetic coupling also show phase tran-

sitions from the paramagnetic phase to the type-II antiferromagnetic phase. Finally,

our simple computer simulation demonstrates three qualitative features observed both

in zero field and in field-dependent neutron diffraction experiments. They are: (1) the

position of the central diffraction maximum is determined by the spin structure; the

zero field neutron scattering results are consistent with the type-II antiferromagnetic

structure and show a diffraction maximum at the (, , ) point in Q space, while the

field-dependent neutron scattering results agree with the ferromagnetic spin structure

and have a diffraction maximum at the (1,1,1) point in Q space; (2) the peak-to-peak

separation (A) between the diffraction peaks is determined by the relation A=27i/L,



where L is the SL period thickness; and (3) the envelope function that defines the

relative intensity of different diffraction peaks is given by the thickness of the EuTe

layer in each SL period.
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Figure 3-1: Spin arrangements of type II antiferromagnets.
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Figure 3-3: The scattering geometry used in the magnetic neutron diffraction exper-
iments. Both the scattering plane (SP) and the scattering vector (Q) are normal
to the sample surface, so that scattering experiments with this geometry provide in-
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111 direction between adjacent (111) planes. The scattering plane is defined by the
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Figure 3-4: Diffraction scans at T=4.2 K for Q along the [111] direction through the
position of the (1, 1, ½) AF reflection (Qz=0.84 A-1) for an EuTe(2)/PbTe(6) SL.
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Figure 3-5: Diffraction scans at T=1.8 K along the [111] direction through the position
of the (½, ½, 1) AF reflection (Qz=0.84 A-1) for an EuTe(2)/PbTe(10) SL.
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Figure 3-6: Diffraction scans at T=4.2 K along the [111] direction through the position
of the (1, ', ½) AF reflection (Qz=0.84 A- ) for EuTe(3)/PbTe(9), EuTe(4)/PbTe(12),
EuTe(5)/PbTe(15), and EuTe(6)/PbTe(18) SLs.
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Figure 3-7: Diffraction scans at T=4.2 K along the [111] axis through the (½, ), f) AF
reflection position for an EuTe(3)/PbTe(15) SL. The absence of the SL peaks implies
absence of the inter-period magnetic coupling.
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Figure 3-9: Diffraction scan at T-4.2 K along the [111] axis through both (½, ½, ½)
reflection the (1,1,1) reflection positions at H=5 T for an EuTe(5)/PbTe(15) SL.
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Figure 3-10: Neutron scattering from superlattices is like diffracting light from two
superimposed diffraction gratings, each with grating separations of d and L, respec-
tively.
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Figure 3-11: A simulated zero field diffraction scan for T< T, along the [111] axis
through the (½, ., () AF reflection point for an EuTe(4)/PbTe(12) SL.
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Figure 3-12: A simulated in-field (with a sufficiently large H field to align all the
spins) diffraction scan for T< T, along the [111] axis through the (1,1,1) reflection
point for an EuTe(4)/PbTe(12) SL. Note the absence of diffraction structure near

the ( , ., 1) point, indicating suppression of the AF phase. The structure near the
(1,1,1) point is consistent with a field-induced ferromagnetic phase, which appears at

a sufficiently high external magnetic field.
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Table 3.1: Average SL period thicknesses L obtained from neutron diffraction spectra
and the best fits of x-ray diffractograms, including also the values of the diffraction
linewidths expressed as the Full Width at Half Maximum (FWHM) intensity for the
central magnetic peak of each SL and the corresponding coherence length.

nominal A L = L from x-ray FWHM F2-

S (A-) (A) (A)((A)
3/9 0.142 44.2 45 0.086 73.0
4/12 0.106 59.2 60 0.034 184.7
5/15 0.089 70.6 68 0.112 56.1



Chapter 4

Low Field Magnetization

4.1 Introduction

In magnetic studies, temperature and magnetic field dependent magnetization mea-

surements (M(T, H)) provide important information on the magnetic couplings be-

tween spins as a function of continuously varying temperature and field. Specifically,

we can extract information regarding magnetic anisotropy, different magnetic phases

as a function of temperature, geometric effects on the magnetization, and inter-SL

period coupling from M(T, H) data.

The complementarity between magnetization measurements and neutron diffrac-

tion spectra cannot be over emphasized. Much of the conclusions drawn from the

magnetization data rely on the spin arrangement in EuTe/PbTe SLs determined by

the neutron diffraction data. However, those conclusions reach beyond what neutron

studies alone can tell us. For example, while the spin arrangement deduced from

neutron diffraction studies provides us with a basis to interpret the temperature-

dependence of the magnetization as a SL geometric effect, the field-dependent mag-

netization suggests the absence of AF inter-SL period magnetic coupling, thus leading

us to understand the neutron data in a new light. Specifically, if AF inter-period cou-

pling is the correct explanation for the SL peaks seen in the diffraction spectra (see

Fig.3-5), then we would expect to observe jumps in the M(H) curves for ý=odd SLs.

With a sufficiently large external field H pointing upward T, the AF inter-period cou-



pling in an (=3 SL, i.e., ftt PbTe 4f4, will no longer be energetically favorable. At a

certain threshold value for the H field, the spin arrangement should switch from t•ýf

PbTe 44T to tý PbTe T4f and such a transition should cause a jump in the M(H)

curve. However, the scenario described above is not observed in the M(H) data.

Therefore, we think that maybe the AF inter-period coupling is not the explanation

for the observed SL peaks in the diffraction spectra, or the magnitude of the energy

difference between the two spin configurations is too small to cause a measurable

jump in the M(H) curve.

4.2 Experimental Setup

All magnetization measurements were made using a commercial SQUID (Supercon-

ducting Quantum Interference Device ) magnetometer. Detailed information on the

instrument can be found elsewhere,[41] and only the essential features are decribed

here. Broadly speaking, the SQUID acts as a high sensitivity magnetic flux-to-voltage

convertor which translates the sample magnetization to a voltage reading. Specifi-

cally, the sample is moved up and down inside a set of superconducting coils. If the

sample has a magnetic moment, the changing magnetic flux through the supercon-

ducting coil will induce a current. The superconducting coil is coupled to the input

coil of the SQUID sensor through a superconducting isolation transformer, so that

any current created in the superconducting coil by the sample will induce a current

in the input coil of the SQUID (see Fig.4-1 for the block diagram of our SQUID mag-

netometer). The SQUID sensor in our instrument is a weakly linked single-junction,

i.e., a superconducting ring interrupted by a region of weak superconductivity. The

sample's magnetic moment is read by the SQUID sensor using the Josephson effect

with an RF bias which provides AC flux modulation. An in-depth technical descrip-

tion of the physics and engineering behind the commercial SQUID magnetometer is

given by J. C. Gallop.[42]

The experimental setup also concerns the mounting of the sample inside the

SQUID magnetometer. The sample is tightly fitted into a transparent plastic tube.



The plastic tube is taped to the end of the sample probe (see Fig.4-2). In addition, all

temperature-dependent measurements presented here are obtained with the magnetic

field applied parallel to the SL plane, i.e., the (111) plane, since both the hysteresis

data and the neutron diffraction measurements (ref.[38]) indicate that the spins lie

in the (111) planes below the magnetic ordering temperature. Finally, by choosing

the external field parallel to the (111) planes, we also avoid any problems associ-

ated with the demagnetization field. The SQUID magnetometer instrument provides

measurements for the temperature and magnetic field as well as the magnetization.

4.2.1 Background Signal

The available SQUID magnetometer limits the measurements to a temperature win-

dow from 1.7 K to 50 K. The lower limit is contrained by the magnetometer instru-

ment, while the upper limit is constrained by the SL substrate. In each SL sample,

there are approximately 50 micro-grams of EuTe, 200 micro-grams of PbTe and 30

milli-grams of BaF 2 . Although both PbTe and BaF 2 are diamagnetic, and have a

low susceptibility per gram, the amount of BaF 2 and PbTe overwhelms that of EuTe.

Thus, above 40 K, the net magnetization signal (M•EuTe--I ABaF2 ) is very close to zero

and the measurement becomes unreliable.

For the magnetization measurements in the paramagnetic regime of EuTe (i.e.,

above T,), we found that an external field of 500 gauss gives the best result for the

low field magnetization. Applying fields smaller than 500 gauss will result in an

overall signal that is too small for the instrument to capture. On the other hand,

applying a field much larger than 500 gauss will add extraneous background from

magnetic impurities residing in the sample vessel, i.e., the transparent plastic tube.

In order to systematically account for the diamagnetic contributions from the sub-

strate, we have measured the magnetization of pure PbTe and pure BaF 2 vs. tem-

perature and field (see Figs.4-3 and 4-4). Both BaF 2 and PbTe have a temperature-

independent magnetization, and values of their susceptibilities are summarized in

Table 4.1. In practice, each SL sample was weighed so that the corrections for the

BaF 2 contribution could be made while the PbTe contribution to the magnetization



was not explicitly accounted for, because its mass is negligible compared to that of

BaF2 .

4.2.2 Magnetic Units

The magnetometor gives readings of the magnetization in units of emu (electromag-

netic units in the Gaussian system), and many published papers use either the Gaus-

sian or SI unit systems. Thus, conversions between the two systems are helpful:

lemu = lerg/gauss (4.1)

lemu = 47rgauss cm 3  (4.2)

4.3 Magnetic Anisotropy

Bulk EuTe is an ideal Heisenberg antiferromagnet which has isotropic interactions

because the magnetic moments come exclusively from the spins of the strongly lo-

calized 4f 7 electrons in the Eu 2+ ions.[15] Bulk EuTe has a Neel temperature (TN)

of 9.8 K. For T < TN, the spins on a single (111) plane are parallel, but spins on

adjacent (111) planes are antiparallel (type II antiferromagnet, see Fig.4-5). The

spins lie in the (111) planes in order to minimize the magnetic dipole-dipole interac-

tion. [14, 43, 44, 45] Within the (111) planes, Battles et. al (ref.[43]) postulated a

phenomenological in-plane anisotropy field Ha to explain their antiferromagnetic res-

onance (AFMR) data. Analysis of the data gave the value Ha= 8 ± 4 gauss. However,

later AFMR experiments by the same group (ref.[14]) negated their initial proposal,

instead demonstrating that EuTe is an "easy-plane" antiferromagnet, i.e., Ha=O.

Our magnetization experiments confirm that the EuTe in EuTe/PbTe SLs has the

same characteristics as that of bulk EuTe regarding the issue of magnetic anisotropy.

In this context, Fig. 4-6 shows magnetic hysteresis measurements for three SLs at 4

K, which is below the magnetic transition temperatures of those three SLs. Hysteresis

loops were observed for the H field 1I to the (111) plane. No hysteresis loops were



seen for H applied I to the (111) plane, indicating that the spins are lying in the

(111) planes in EuTe/PbTe SLs. The appearance of hysteresis loops in Fig. 4-6 also

confirm the existence of long range magnetic order, independently of the neutron

diffraction measurements. Furthermore, the absence of in-plane spin anisotropy also

is applicable to EuTe/PbTe SLs, where we find that for external fields H applied

in various directions parallel to the (111) plane, the corresponding M(H) curves

coincide, showing no detectable in-plane anisotropy. Figure 4-7 shows such two M(H)

curves measured along two random in-plane directions approximately 800 apart.

4.4 M(T, H) near T,

Temperature-dependent magnetization studies near T, on EuTe/PbTe SLs were car-

ried out in a small external magnetic field, i.e., H< 10 gauss. We have chosen to use a

small field because we are interested in the temperature dependence of the magnetiza-

tion near the zero field condition. It was possible to measure the magnetization near

T, at such low fields because the magnitude of the signal is larger in this temperature

range than at higher temperatures in the paramagnetic regime.

The magnetization increases monotonically for the EuTe(1)/PbTe(3) SL sample

as it is cooled from 20 K to 1.7 K, as shown in Fig.4-8(a) where the magnetic mo-

ment of the EuTe(1)/PbTe(3) SL sample is plotted as a function of temperature in

a measurement field of 8 gauss. When the same set of data is plotted as MT2 vs.

T in Fig.4-8(b), a straight line is obtained. This implies that EuTe(1)/PbTe(3) is in

the paramagnetic phase for temperatures above 1.7 K. However, for the rest of the

SL samples, with EuTe thicknesses larger than 1 ML per SL period, drastic depar-

tures from Curie behavior (i.e., M-N(guB) 2H/3kBT) are seen at low temperatures

in the normalized magnetization plots shown in Fig.4-9(a-f). The sharp increase in

the value of M(T) below - 10 K indicates that there is a magnetic ordering in these

SLs. However the type of ordering, whether ferromagnetic or antiferromagnetic, is

not clear from the M(T) measurements alone. The neutron diffraction results, on the

other hand, show definitively that the magnetic ordering in all EuTe/PbTe SLs is an-



tiferromagnetic. To further illustrate the ambiguity of using M(T) measurements to

determine the type of magnetic order in EuTe/PbTe SLs, we have also measured the

M(T) curves for an EuTe epilayer (3.1 ~m thick) as an example of the temperature

dependence for a bulk EuTe antiferromagnet and the results are shown in Fig.4-10.

No doubt, the small thickness of EuTe in the SLs have changed the M(T) behavior

drastically, which we will discuss in detail in the subsequent sections.

The magnetic phase transitions observed in M(T) for all SLs are driven by the

dominant antiferromagnetic next-nearest-neighbor exchange energy J2 /kB (-0.15 K)

whose magnitude is larger in bulk EuTe than is the magnitude for the ferromag-

netic nearest-neighbor exchange energy J1/kB (0.04 K). In fact, neutron diffraction

measurements have shown clear antiferromagnetic spin arrangements in the various

SLs.[38] However, the antiferromagnetic nature remains subtle in the M(T) curves

shown above, particularly the M(T) curves for (=3 , 6=5 and 6=7 SLs. To illustrate

the antiferromagnetic nature of these superlattices more clearly, we have measured

M(T) for the (=4 SLs with different external magnetic fields (see Fig.4-11), to take

advantage of the difference between X± (magnetic field perpendicular to the spins)

and XII (magnetic field along spin direction) expected for an antiferromagnet. As H

increases from zero [with H I to the (111) plane], the spins will first rotate in the (111)

planes to a direction that is perpendicular to H, and then start to open up and project

along the field direction. This is the typical spin dynamics of an antiferromagnet with

easy-plane anisotropy.[46) For the ý=4 SL in a field of H=10 gauss, we observe that

MII(T -+ 0) approaches zero, reminiscent of the Xij T) of antiferromagnets (see Fig. 4-

11(a)). Here we can assume that the susceptibility x is directly proportional to JM for

the 6=4 SL, because M is linear in H at a low temperature of 4 K in the temperature

regime T < T,. In contrast, M(T) for the (=3, 5, and 7 SLs are strictly non-linear

in H for the entire temperature regime T < T,. Referring to Fig.4-11, we see that

as the external field is increased, the magnetization M(T --- + 0) increases. Whereas

M1(T) ---+ 0 as T -- + 0 K for H= 10 gauss, a non-zero value is found for M1(T) as

T -- + 0 for a probing field of H= 40 gauss. When H is further increased (e.g., to a

field of 640 gauss), M(T) for the 6=4 SL becomes almost constant for T <c T,. Be-



cause of the very low field required to establish the canted spin phase, we expect the

magnetization to probe XI increasingly as the field is increased. In Fig. 4-11 we see

that M(T = 0)=0.91 Mm, for H=640 gauss. Further, Fig. 4-11 also demonstrates

that the (=4 SL has a single (111) magnetic domain, because we are able to observe

pure parallel and pure perpendicular magnetic susceptibilities separately at low and

high magnetic fields, respectively. In contrast, bulk EuTe, having a multi-domain

magnetic structure, shows M(T = 0) = (2/3)Mmax at H= 1000 gauss [Fig. 4-10], the

factor 2/3 being the signature of the average of the X± and Xll components.

4.5 Determine T, for SLs

The determination of the magnetic phase transition temperature (Tc) from magneti-

zation studies is complicated by the external field we have applied in order to measure

M(T). An unambiguous probe of Tc usually can be obtained from neutron diffrac-

tion measurements. However, no complete temperature-dependent neutron diffraction

studies could be carried out because of limited available neutron beam time. Here we

present an approximate method to determine T, using zero field cooling (ZFC) and

field cooling (FC) magnetization measurements.

The specific M(T) measurement protocol consists of the following: SL samples are

cooled in zero field from T - 300 K to 2 K, a field of 10 gauss is applied at 2 K, followed

by magnetization measurements as SL samples warming up to T=15 K with H=10

gauss, and finally the samples are cooled and their magnetization measurements are

taken in the H field back to T=2 K again with H=10 gauss. Figure 4-12(a-f) shows

the resulting M(T) data, noting that there is a pronounced difference between the

zero field cooled (closed circles) and field cooled (open circles) measurements for

EuTe/PbTe SLs. The difference between the ZFC and FC measurements seen in the

SL samples is caused by the presence of uncompensated magnetic moments in the

SLs. The resultant M(T) is lower in the ZFC than in the FC case, because, after

quenching the sample down to 2 K in zero field, the magnetic domains are more

randomly oriented. During the warming cycle, as T increases from 2 K upwards,



the ZFC M(T) initially remains constant, then increases and peaks at a temperature

where it converges with the FC M(T). The ZFC M(T) closely approximates the static

susceptibility, and its rise and fall are due to the critical fluctuations taking place near

the transition temperature. Therefore, we can use the convergence temperature of the

ZFC and FC M(T) traces in the low field limit to determine the magnetic transition

temperature Tc in the SLs. The results of Tc so determined are summarized in the

Table 4.2. Later in Chapter 6 we will compare the T, values obtained from the

susceptibility measurements to those of deduced from the ZFC and FC magnetization

measurements.

4.6 Geometric Effect in M(T)

Based on the neutron diffraction experiments, the magnetic ordering of EuTe in SLs

consists of ferromagnetically-ordered (111) planes and the spins on the adjacent planes

are aligned antiparallel to each other (type II antiferromagnet). Therefore, we would

expect to observe differences in 3M(T) between SLs with odd numbers of EuTe MLs

per SL period, and SLs with even numbers of EuTe MLs per SL period. Specifically,

the odd-even effect refers to nonzero magnetization at T=0O for SLs with an odd

number of EuTe MLs per SL period, while zero magnetization at T=O would be

expected for SLs with even numbers of EuTe MLs per SL period. The issue of inter-

SL period magnetic coupling will be addressed further in Chapter 7. However, to

quote the conclusion of that study, we believe there is a negligible amount of inter-

period coupling, i.e., coupling on the order of 10-29 eV between adjacent SL periods

for the ý=4, r7=12 SL. In order to demonstrate the qualitative difference in M(T)

between odd and even SLs, we have plotted the asymptotic limit of M(T -- 0)

(extrapolated from Fig.4-9) vs. EuTe thickness per SL period in Fig.4-13 for SLs

with 3=3, 4, 5, 6 and 7 that show magnetic ordering. The EuTe(2)/PbTe(6) SL was

not included on this plot. Although some kind of magnetic ordering at T = 5.8 K

was suggested by the M1(T) data for the EuTe(2)/PbTe(6) SL, neutron diffraction

measurements do not show type II antiferromagnetic order down to T = 1.8 K. Thus



we don't expect M(T) for the EuTe(2)/PbTe(6) SL to behave similarly to the other

"even" SLs ((=4 and 6) in the temperature range of our magnetization study.

The results of Fig.4-13 are very interesting in two regards. Firstly, there is an

oscillation in the magnitude of M(T ---+ 0) from one SL to another as ( is increased

by 1. Secondly, the amplitude of M(T ---+ 0) decreases as ( the EuTe thickness per

SL period increases. Since we have normalized M(T -- ý 0) to units of emu per Eu

atom, therefore, the decreasing trend of M(T = 0) agrees with our expectation that

the percentage of uncompensated spins out of the total number of spins decreases as

the EuTe thickness increases. Further, the experimental ratio of M(T - 0) for a

SL with 3 EuTe MLs to that for a SL with 5 EuTe MLs is approximately 1.67, in

good agreement with the expected ratio of 13 =1.67. However, a similar comparison

between the 5 ML SL to the 7 ML SL yields an experimental ratio of 2.6, much larger

than the expected value of -=1.4. This deviation may be caused by the differences

between the nominal ( values and the actual ( values for those two SLs.

4.7 Mean-Field Analysis of M(T)

4.7.1 (=odd SLs

We have postulated that the monotonic increase of the FC M(T) with decreas-

ing T shown in Fig. 4-14 for T < T, is caused by the extra plane of uncompen-

sated ferromagnetically ordered spins in ( = odd SLs (referring to the SL notation

EuTe(ý)/PbTe(77)). It would appear that these M(T) curves should be described by

the temperature variation of the sublattice magnetization, i.e., the Brillouin function

for a mean field approach. The broken lines in Fig. 4-14 are generated by the Brillouin

functions B (Eex/kBT), where Eex is the exchange energy yielding the observed T,.

The fact that these fits lie consistently lower than the experimental M(T) data, is

exactly what has been reported previously for the temperature dependence of the or-

der parameter (i.e., the sublattice magnetization) in EuTe by neutron diffraction.[35]

A statistical model based on the existence of a biquadratic coupling in the magnetic



exchange Hamiltonian has previously been successful for explaining a similar discrep-

ancy observed in MnO and NiO,[47] two prototype AFM II antiferromagnets. Thus,

using the Hamiltonian

S= -JZ j-J 2  S Sj - q Z (.)2 (4.3)
nn nnn nn,nnn

where nn and nnn denote the nearest and next-nearest-neighbor spin pairs, and J1 ,

J2, and q are the bilinear and biquadratic exchange couplings, we obtain the solid

curves shown in Figs. 4-14. In these figures we see that the solid curves fit the

M(T) data better than the broken lines [see Fig. 4-14], with q/J 2=1.5x10-3 . The

g/J 2 value is comparable to the value reported for bulk EuTe in Ref.[35] (where

q/J 2 , 4.5 x 10-3). The rounded corners in the measured M(T) curves for T > Tc

are due to the magnetization in the paramagnetic state, which is not included in our

fitting that only models the behavior of M(T) for T < T,.

4.7.2 ý=-even SLs

Equal fractions of the two spin orientations are expected for the EuTe monolayers

(ML) in the & = 4 SL. Two types of EuTe monolayers are nevertheless expected.

One type has both sides of a EuTe monolayer surrounded by EuTe MLs (which is

called an interior layer), and the other type of EuTe monolayer (called an interface

layer) has one side facing EuTe and the other side facing PbTe. In Fig.4-15, results

for the calculated temperature-dependent magnetization of the two types of EuTe

MLs are shown, where the calculation is based on the magnetic Hamiltonian given in

Eq. (4.3), with the same value of the biquadratic coupling q as was used in Fig.4-14. In

general, we see that the interface layers and interior layers have noticeable differences

in the magnitudes of their magnetizations for T < T, because of the unequal number

of nearest and next-nearest Eu neighbors, except at T = T, where M(Tc) = 0 for

both types of layers, and at T = 0 K where _11(T) reaches the same saturation

limit for both types of layers. In addition, the magnetic correlations along the [111]

direction, between the first layer and the second layer, are temperature dependent



and have different magnitudes from the magnetic correlations between the first layer

and third layer (or fourth layer).[48] Only at T = 0 K are all the magnetic interlayer

correlations equal. This point is essential for understanding why the ý = 4 SL shows a

net magnetization. Therefore, for ý=4 we have fitted the FC M(T) data in Fig. 4-16

by the difference between M(T) for the interface layer and the interior layer [see the

solid line in Fig. 4-16], since the spins on the interface layer and on the interior layer

are antiferromagnetically aligned with respect to each other.

4.8 Mean-Field Analysis of Tc

The mean-field calculation for the magnetic phase transition temperature Tc usually

has about 10% error for bulk materials, and the result is expected to be even less

reliable for 2-dimensional structures such as short-period EuTe/PbTe SLs. On the

other hand, the reliability of a mean field model is somewhat greater than for most 2D

magnetic structures because EuTe is a Heisenberg magnet with localized moments.

Further, there have been successful examples of the use of the mean-field approach for

studying critical properties of SLs.[49, 50] The Hamiltonian for magnetic interactions

in bulk EuTe given in Eq.(4.3) has Jl/kB and J2/kB equal to 0.04±0.01 K and -0.15±

0.01 K, respectively,[15] kB being the Boltzmann constant. The biquadratic coupling

term is very small and changes the T, value by less than 0.1 K, and thus can be

neglected. The mean field expression for T, for bulk EuTe is 2S(S+1)(-6J2)/3kB,[51]

with S = 7/2, yielding T, = 9.5 K, which is very close to the observed T,=9.8 K for

bulk EuTe.

For SLs with ( = 3, the Tc (7.8 K) is noticeably lower from that of the bulk,

so we use an iterative mean-field approach to find Tc, similar to the one suggested

in Refs.[49, 50] Specifically, we obtain a self-consistent set of values for (S1), (S2)

and (S3), the average magnetizations for the 3 EuTe monolayers in a SL cell, by

computing (S'n) = SB 7/ 2(E,/kBT) where B 7/2 (x) is the Brillouin function for S=7/2

and En is the energy per atom on the nth layer (n = 1 or 2 since by symmetry

(Si) = (S 3)). Thus for C=3, we obtain El = 6J1 S1 + (-3J2 - 3J 1 )S 2 and E2 =



(-6J2 -6J 1 )S 1+6J1 S2, yielding T, =7.6 K, somewhat below, but close to the observed

7.8 K. When the same iterative procedure is applied to the ( = 4 and 5 SLs, T, values

of 8.3 K and 8.9 K, respectively, are obtained. Again these values are lower than

the experimental Tc values. Regarding the discrepancy between calculated mean-field

Tc values and the experimental Tc values, we note first of all that the mean-field

calculation is only an approximation. Secondly, the input values of J1 and J2 used

for the mean-field calculations were bulk values. However, we know there is a lattice

mismatch between EuTe and PbTe which creates changes in both the in-plane ((111)

planes) EuTe lattice constant and the out-of-plane lattice constant along the [111]

direction. Although the trends for J1 and J2 as a function of interatomic distance have

been suggested by previous work,[52] it is difficult to correct J1 and J 2 quantitatively

for the small changes of the interatomic distances in EuTe/PbTe SLs, given the large

uncertainties reported in Ref.[52]. Nevertheless, our qualitative estimate shows that

the strain possibly causes an increase in T, by as much as 2 K. In Section 7.9 we will

further address the issue of J1 and J2 values in SLs by Monte Carlo simulations.

4.9 Discussion

In Chapter 2 and the preceding sections, we have presented data on various aspects

of the structural and magnetic properties of the EuTe/PbTe SLs. In this section we

bring them together to give a more cohesive view of the EuTe/PbTe system. Before

doing that, we put our work in perspective with other closely related studies.

Broadly speaking, much theoretical and experimental effort in studying antifer-

romagnetic SLs has gone into investigation of the interlayer couplings in FeF 2/CoF 2

and CoO/NiO superlattices,[49, 50, 53, 54] both of which have two antiferromagnetic

components. The MnTe/CdTe system is a good example of a superlattice system

made of one antiferromagnetic and one non-magnetic component. However, the stud-

ies on MnTe/CdTe focus mainly on the influence of strain on the magnetic structure

of the frustrated FCC antiferromagnet MnTe (AFM III) and the effect of interlayer

coupling.[55, 56] In contrast, the EuTe/PbTe system has a different type of antiferro-



magnetic component (AFM II) and the strain does not change the magnetic structure

of EuTe. We therefore focused our work on the magnetic effects associated with the

very small thicknesses of the magnetic layers.

Within the EuTe/PbTe SL system, the present work builds on earlier work by

Heremans and Partin[17] who investigated similar (111) EuTe/PbTe SLs (Ref. [3]) but

mostly focussed on the magnetic properties in the paramagnetic regime,[17] whereas

the measurements reported here are almost exclusively on magnetic effects near and

below T,. Their findings, partiularly the values of Curie-Weiss temperature 0 could

be useful to us, except that the TEM images of their SL samples do not suggest SL

structures. Further, no x-ray data about their SL samples were provided in their

published work.[17] Recently, Kostyk et al.[18] studied (100) oriented EuTe/PbTe

SLs,[18] which involve a different lattice geometry from the work presented here. In

their SLs, each SL period consists of a few EuTe (100) planes. Specifically, three SLs

with (=1, 4, and 8 and same i7=30 were reported in their paper. The spins in the

(100) planes are antiferromagnetically aligned with their nearest-neighbors within the

plane. In contrast, in our SLs each SL period is composed of a few MLs of EuTe (111)

planes, and the spins within the same plane are ferromagnetically ordered. Because of

the antiferromagnetic spin arrangement in the (100) planes, Kostyk et al.[18] observed

a reduction in the magnetic phase transition temperature, with a dependence of T,

on the number of magnetic layers, but the 11(T) curves themselves are very similar

to those of bulk EuTe. The reduced T, values they have reported for SLs with 4 and

8 ML per SL period are 7 K and 9 K, respectively. These values cannot be directly

compared with T, values for our SLs of similar thickness, because the number of

nearest and next-nearest neighbor spins with J1 and J2 couplings are significantly

different for (111) and (100) oriented EuTe layers.

4.9.1 Comparisons Between Bulk EuTe and EuTe SLs

In the present work, we have shown important differences in the temperature depen-

dence of M(T) for EuTe/PbTe SLs and bulk EuTe (Figs. 4-9 and 4-10). A second

difference involves the incomplete spin cancellation that is observed in the antiferro-



magnetic SLs. For example, in order to obtain a magnetic moment per Eu atom for

bulk EuTe (see Fig.4-10) of comparable magnitude as compared with the observed

magnetic moment per Eu atom for the ý=3 SL as shown in Fig. 4-9(b), a magnetic

field of more than 20 times larger has to be applied to the EuTe bulk sample than

for the ý=3 SL. This result shows that there is a large enhancement of the magneti-

zation due to the incomplete spin cancellation in the magnetic SLs. This geometric

effect is further confirmed by comparison between our results and those obtained from

the (100) EuTe/PbTe SLs by Kostyk et al.,[18] where the spin structure consists of

stacks of antiferromagnets on a square lattice, and where only a factor of two en-

hancement in M is observed between their SLs and a (100) EuTe film. Furthermore,

the (100) EuTe film reported by Kostyk et al. has almost an identical magnitude of

the magnetization and M(T) profile as we report here for bulk EuTe.

The difference in M(T) among the (111) oriented SLs studied in the present work

is not likely to be coincidental. Excluding the ý=2 SL which does not exhibit the type-

II antiferromagnetic order in the temperature regime (i.e., T>2 K) where we carried

out our M(T) measurements, we see in Fig.4-9 that the normalized magnetization

steadily decreases in going from ý=3 to (=7. The M(T -- OK) limits for __3 SLs

exhibit oscillations between ý=odd and ý=even as shown in Section 4.6 (see Fig.4-13).

In addition, the M(T) for the ý=4 SL mimics a typical antiferromagnet in different

H fields (Fig. 4-11), but the SLs with ý=3, (=5 and ý=7 show a much different M(T)

behavior to that of the ý=4 SL under the same conditions. Finally, the areas within

the hysteresis loops (Fig.4-6) for the z=3 and ý=5 SLs are larger than that of the

&=4 SL, consistent with the M(T) measurements. Further comparisons between the

magnetization results for ý=even and ý=odd magnetic SLs are made in Section 4.9.2.

4.9.2 Relation Between Structural and Magnetic Measure-

ments

The x-ray diffraction and ESR measurements for our (111) EuTe/PbTe SL samples

show that the SLs have approximately square wave compositional modulation with



quite abrupt interfaces and a long range coherence length. However, from the x-ray

analysis the actual EuTe layer thicknesses in the SLs turned out to be somewhat larger

than the nominal EuTe thickness values. Since also layer thickness fluctuations of the

order of typical +1 ML due to interface roughness have to be taken into account, our

model probably represents an over-simplified description of the magnetic behavior

of the SLs. In Chapter 7 we will further address the magnetic effects for ý=non-

integer cases. :Nevertheless, there remains a dramatic difference in the temperature-

dependent magnetization behavior and the hysteresis loops between the SL samples

and bulk EuTe, exhibiting ferromagnetic-like behavior in cases of the ( = 3, ý = 5

and ý = 7 SLs in contrast to the antiferromagnetic-like behavior that is observed

for the ý = 4 and ( = 6 short period SL. These differences can be explained by

consideration of the uncompensated spins present in the EuTe layers designed to

contain only a very small number of ferromagnetically-ordered (111) atomic planes,

which are antiferromagnetically coupled between adjacent planes. However, in view

of our x-ray results, a more detailed analysis of the magnetic results would be needed

to demonstrate that the oscillating magnetic behavior observed as ý goes from 3 to

7 is related to the presence of even or odd numbers of ferromagnetic monolayers in

each SL period. Specifically, a more detailed model would need to take account of the

real structure of the SL samples, including interface roughness and layer thickness

fluctuations that are inherent to the usual MBE growth process, whereby a sample

nominally designated as 4 = 4 actually may have local parts with ý =3 or 5.

4.10 Summary

In this Chapter, we have investigated the spin arrangement and the magnetic anisotropy

in our SLs by M1(H) measurements. The M(T) data were used to determine the

values of the transition temperature T, for our SLs. The temperature dependence

of the magnetization that is unique to different ( values is due to the small num-

ber of EuTe monolayers in each SL period. Specifically, the difference in IM(H)

between H applied parallel to the SL plane, i.e., the (111) plane, and H applied



perpendicular to the SL plane for T < Tc implies that the spins become oriented

within the (111) planes below the magnetic ordering temperature, in agreement with

neutron diffraction experiments. The absence of magnetic anisotropy from static

magnetization studies verifies that EuTe in the superlattices remains as an "easy-

plane" antiferromagnet as in bulk EuTe. Hysteretic magnetization measurements

with H applied parallel and perpendicular to the (111) planes and the M(T) be-

havior for the (=4 SL in different H fields show that EuTe/PbTe SLs have a single

magnetic (111) domain. Further, EuTe/PbTe SLs show significant differences in

M(T), with ferromagnetic-like behavior observed for the ((=odd) EuTe(3)/PbTe(9),

EuTe(5)/PbTe(15) and EuTe(7)/PbTe(21) SLs, and antiferromagnetic-like behavior

for the (ý=even) EuTe(4)/PbTe(12) and EuTe(6)/PbTe(18) SLs. These differences in

the temperature dependence of the magnetization M(T) are attributed to the differ-

ent number of EuTe MLs present in each SL period. Finally, SL samples with different

( values show distinctly different magnetic phase transition temperatures, with val-

ues of Tc increasing as ( increases. This trend is reproduced by our calculations for

transition temperatures using an iterative mean-field approach.
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Figure 4-5: Spin arrangements of type II antiferromagnets.
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Table 4.1: Magnetic susceptibilities for bulk BaF 2 and PbTe

molar mass susceptibility
grams per mole emu/gram-gauss

BaF 2  175.3 -2.3x10 - 7

PbTe 334.8 -3.1x10 - 7
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Table 4.2: Magnetic transition temperatures for SLs obtained from ZFC and FC
M(T) measurements

sample(ý/rq) 2/6 /3/9 4/12 5/15 6/18 7/21
Tc(K) 5.8 7.8 9.1 10.4 11.2 11.2
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Chapter 5

High Field Magnetization

5.1 Introduction

In this chapter we present high field magnetization studies for four different SLs with

(=2, 3, 4, and 5 (again referring to the SL notation EuTe(()/PbTe(r))). The M(H)

data were taken for the magnetic field parallel to the SL plane up to 10 tesla at

several temperature settings below the T, of each SL sample. The phase diagram

in the H - T plane of bulk EuTe is shown in Fig. 5-1. In zero external field, the

spins are in the AF phase. Since EuTe is an easy-plane antiferromagnet, as soon as

a small external field is turned on, the spins will rotate, first to be perpendicular

to the applied field. This process is usually called spin-flop transition (see Fig.5-2).

The resulting spin configuration is called the canted AF phase. As the field continues

to increase, the spins begin to orient along the magnetic field and eventually all the

spins will be aligned in the field direction, so that the spins will be in the spin-aligned

paramagnetic phase.

The transition from the canted AF phase to the spin-aligned paramagnetic phase

in bulk EuTe takes place under relatively high field conditions. In the following

section we present the data showing the canted AF to spin-aligned paramagnetic

transition in EuTe/PbTe SLs. The linear region of the M vs. H curves was analyzed

by a classical spin model at T= 0 K, and approximate phase diagrams in the H - T

plane are produced for the four SL samples with different ý values. Further, the slope
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of the M vs. H curves provide us with some information about the values of the

exchange couplings J1 and J2 . Normally one can extract the Curie-Weiss temperature

0 from the M(T) data to obtain the same information about J1 and J2, since in the

paramagnetic phase, M(T)=C/(T - 0) where 0 depends on a linear combination

of J1 and J2. However, the fact that J1 and J 2 are very small in EuTe, and the

interference from the substrate signal is large compared with the contribution from

the EuTe SL make measurements of M(T) an impractical method for determining

0 quantitatively. Specifically, we find that the value of 0 changes from one set of

data to another for the same SL. Thus the values of the Curie-Weiss temperature

0 reported by J. Heremans and D.L. Partin [17] for their EuTe/PbTe SLs are likely

to be only qualitative. Further, J. Heremans and D.L. Partin did not comment on

the values of J1 and J2 implied by their Curie-Weiss temperatures, which seem to be

very different from bulk values. For example, for their only superlattice that exhibits

a magnetic phase transition, namely the EuTe(4)/PbTe(4) SL, the 0 measured with

H applied parallel to the SL plane is -4.46 K while the 0 measured with H applied

perpendicular to the SL plane is -6.37 K relative to the bulk value of 0=-4 ± 1

K.[15] To this end, the dependence of the slope of the M vs. H curve on J1 and J 2

was explored as a method for obtaining a robust determination of J1 and J 2.

5.2 Experimental Results

The high field M(H) data were taken using a vibrating sample magnetometer (VSM)

at the Francis Bitter Magnet Laboratory. A vivid description of the actual instru-

ment can be found in Ref. [57]. Regretably the instrument has very low sensitivity

(10-2 to 10- 3 emu) for studying magnetic SLs. The H field is applied parallel to the

(111) planes, and each SL that was measured contains approximately 50 micrograms

of EuTe. Thus the magnetization signal is very small, and there is scatter in the

measured M(H) data due to the increased instrumental noise at high fields. Here in

Figs.5-3, for the purpose of clarity, we only show AM(H) curves at three temperatures

per SL, though we studied -I1(H) at many more temperatures for each SL. All mag-
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netization data are normalized to emu/gram, and the solid horizontal lines in Fig.5-3

represent the saturation magnetization for bulk EuTe (139 emu/gram). The mass of

EuTe in the SL is obtained by multiplying the area of the SL by 5.4x 1014 Eu/cm 2

and the number of (111) EuTe layers present in the SL sample. All M(H) curves

saturate at the value of the bulk saturation magnetization.

The transition from the canted-spin state to the paramagnetic state is a second-

order phase transition accompanied by a discontinuity in the differential M(H). How-

ever, because of noise in the M(H) data, the derivative is not well defined. Instead,

we chose to fit the M(H) curve for H> 0.5 tesla by a straight line, and we define

the point where the M(H) data start to deviate from the linear fit as the transi-

tion point from the canted-spin phase to the paramagnetic phase. In this manner,

approximate boundaries for the four different SLs were obtained and the results are

plotted in relation to the bulk EuTe phase diagram (see Ref.[58]) in the H - T plane

(see Fig.5-4). The phase boundaries in the H-T plane move to lower field and tem-

perature values as ( decreases from 5 to 2, consistent with the decreasing T, values

(see Table 5.1). The curves for _>3 are almost similar to that of bulk EuTe, whereas

the curve for ý==2 is rather different. The reason may be the following. The mag-

netization studies for the (=2 SL, both the low-field temperature-dependent M(T)

data in Chapter 4 and the high field M(H) measurements presented here show some

kind of phase transition as early as 5.8 K (mainly suggested by the ZFC and the FC

M (T) data). However, the elastic neutron scattering results on the C=2 SL sample

show that type-II antiferromagnetic ordering doesn't emerge at T=4.2 K but rather

appears at T= 1.8 K. However, the precise temperature between T=4.2 K and T=

1.8 K where the AF II order emerges is unkown to us from the neutron data. Figure

5-4 suggests a phase transition temperature above T=2 K for the (=2 SL. Thus, the

last two points connected by the dotted line on the phase boundary shown in Fig.5-4

may be unreliable and may not represent the separation between a canted AF phase

and a spin-aligned paramagnetic phase.
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5.3 Data Analysis

In a zero temperature classical spin calculation, M(H) for EuTe should follow a

straight line (see Fig.5-5) for fields from zero to HF, the magnetic field where M(H)

saturates at Ms. This model applies to systems for which the magnetic anisotropy

can be neglected, and to cases of weak anisotropy of the easy-plane type, where

H>VHA HE, in which HA and HE are, respectively, the in-plane anisotropy field and

the exchange field. Bulk EuTe belongs to the latter category, with HA-O gauss (within

the (111) planes) and HE=3.6 tesla.[14] EuTe in the SLs retains its bulk properties

insofar as M(H) is independent of field direction when H is applied parallel to the

(111) planes (see Chapter 4). Also neutron diffraction studies show that the spins

are lying in the (111) planes for T<Tc. In the M(H) data shown in Fig.5-3, M(H)

curves are quite linear for H>0.5 tesla. Even the non-linear part in the low field limit

perhaps has more to do with the uncompensated spins rather than with the in-plane

anisotropy. Uncompensated spins form magnetic domains, under the influence of an

external magnetic field and domain motion will result in a non-linear M(H) behavior.

Since EuTe is a easy-plane type antiferromagnet, the spins will rotate to become

I H at very low values of H. Thus the AF phase occupies only a very small area

in the H-T diagram, and this area is essentially represented by a single line near

H=0 in the H - T plane. In the AF phase, the magnetizations of the neighboring

(111) planes are equal and antiparallel to each other. For 0.5 tesla <H<HF, EuTe

is in the canted AF phase, where the magnetizations of the neighboring planes are

equal in magnitude and make an equal but nonzero angle 0 with H (Fig.5-5). The

linear increase of M(H) in this phase corresponds to the spins beginning to align

along the field direction. After H exceeds HF, the system enters the spin-aligned

paramagnetic phase. In the zero temperature classical spin calculation, [59] the slope

of M(H) in the canted-spin phase can be calculated by considering the energy per

atom for nearest-neighbor (n.n) and next nearest-neighbor (n.n.n) interactions,

E = (-6J1 S2 - 6J 2S 2) COs 20 - 6J1S 2 - 2HSB COS (5.1)
2
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where J1 and J2 are, respectively, the exchange couplings for the n.n and n.n.n ex-

change interactions, PB is the Bohr magneton, S=7/2 for an Eu ion, and H is the

external field. Minimizing the energy of Eq.5.1 with respect to the angle 0, we obtain

-HIUB
cos 0 = (5.2)

(6J1 + 6J 2)S (5.2)

and the magnetic moment per atom in the field direction is then

Mc-IIB2H6 1 -IB2H
M = SPB cos= = ( - ) 2 (5.3)

(6J1 + 6J2 ) 6 (J1 + J 2 )

The coefficient of H in Eq.5.3 is the slope of the M vs. H curve. With Jl/kB and J2/kB

for bulk given as 0.04±0.01 K and -0.15±0.01 K, respectively,[15] and multiplying

by the spin density 2.2x10 21/g, we find the slope of M(H) to be 22 emu/tesla gram

for bulk EuTe.

The slope &M/&H obtained by the zero temperature classical spin calculation

is on the same order of magnitude as the experimental values for both bulk EuTe

and our SLs, for which values are given in Table 5.1. Also included in Table 5.1 are

the values of transition temperature Tc for SLs determined by the field cooling and

the zero field cooling magnetization measurements. The case of the =o00 EuTe MLs

in Table 5.1 refers to bulk EuTe, and the corresponding &M/lH value is extracted

from the data in Ref.[58]. It is not surprising that the experimental value of 15.5

emu/tesla-gram :for bulk EuTe (which is measured at T=1.3 K) is smaller than our

calculated value of 22 emu/tesla-gram which assumes T= 0 K and that the spins are

classical vectors. For the EuTe/PbTe SLs the measured slopes of the M(H) curves in

the canted AF phase are temperature independent, but decrease as ( increases (Table

5.1). This is consistent with our simple formulation, where we would expect the slope

to decrease as ( increases, due to the increase in the energy per Eu atom for larger (.

Specifically, following above-described procedure in deriving the M(H) relation for
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bulk EuTe (see Eq.5.3), similar M(H) relations for various SLs are obtained as

1 -pB2H
M = (- ) (5.4)

3 (J1 + J2)

for the ý=2 SL,
5 -- pB2H

M = (5.5)18 (J1 + J2 )

for the ý=3 SL,
1 -UB2H

M = (-•) (5.6)
4 (J1 + J2 )

for the ý=4 SL, and
7 -ps2H

M = ( -) (5.7)30 (J1 + J2 )

for the (=5 SL.

5.4 Summary

The present study suggests there is a small effect (within the sensitivity of the vi-

brating sample magnetometer) on the strengths of the exchange couplings J1 and

J2 when EuTe is reduced from the bulk down to 2 atomic monolayers in thickness.

This result is reasonable considering that the lattice parameters of EuTe in SLs are

very close to those of bulk EuTe based on x-ray investigations (see Section 2.5). The

values of exchange couplings in going from bulk to the SLs should not change signif-

icantly because they are largely determined by the lattice constants. Unfortunately,

the zero temperature classical spin model we have used for the M(H) analysis is

only an approximation, and this difficulty together with the low sensitivity of our

VSM instrument prevented us from extracting meaningful individual J1 and J2 val-

ues from the M(H) data. However, we feel that the high field magnetization study

on EuTe/PbTe SLs is important because it provides us with a reliable indication of

the sum of the J1 and J2 values, that otherwise would have been unknown to us. For

example, one may be tempted to derive the strengths of J1 and J2 from the observed

T, values by a mean-field calculation. This method also lacks a solid basis, because
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a 2D Heisenberg system, to which EuTe/PbTe SLs belong, is known to have Tc =0

K. A more elaborate model than the mean-field approach is thus required to extract

the values of J1 and J2 from the measured transition temperatures. We will further

discuss the magnetic model we chose for studying the EuTe/PbTe SLs in Section 7.7,

where we present the results of Monte Carlo simulations.
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Table 5.1: Experimental slopes of M(H) for EuTe(()/PbTe(Tr) SLs for various values
of ý
# of EuTe monolayers ( 2 3 4 5 00

Tc (K) 5.8 7.8 9.1 10.4 9.8
OM/dH (emu/tesla gram) 24.0 21.5 20.4 20.4 15.5
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Chapter 6

Zero Field Susceptibility

6.1 Introduction

Magnetic susceptibility reflects how the magnetization of a SL sample changes as we

change the applied external field at fixed temperature. Zero field susceptibility (X)

refers to the changes in the sample's magnetization (M) as we change the applied

external field (a small oscillating field h) under the condition that the external static

field (H) is zero. Mathematically, the zero field susceptibility can be represented as

X= H=. The magnetic response from the samples is probed by sweeping theaH ) H=0

samples with a weak AC magnetic field, which is -4 gauss in our experiments for

the SLs. The fluctuation-dissipation theorem shows that it is possible to probe the

equilibrium fluctuations by applying a weak external field which couples to the spins

in the system, but yet is too weak to affect the system. From these measurements we

also can obtain the following information including the spin arrangement, magnetic

ordering temperature, and correlation length as a function of temperature.

The zero field susceptibility is especially interesting in the magnetic studies of

EuTe/PbTe SLs for the following reasons. In Chapter 3 we have shown from neutron

diffraction experiments that the spins in EuTe/PbTe SLs below T, arrange them-

selves ferromagnetically within the (111) planes and the spins in adjacent planes are

aligned antiparallel to each other (type-II antiferromagnet). The static magnetization

data show no detectable magnetic anisotropy within the (111) plane. Further, both
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neutron diffraction and magnetization studies show that there is only one (111) mag-

netic domain in EuTe/PbTe SLs, and the magnetization of this domain is parallel

to the SL plane, in contrast to bulk samples which have four equivalent orienta-

tions for their ea;sy magnetization directions, and therefore exhibit multiple magnetic

domains. Therefore, by carrying out susceptibility measurements both parallel and

perpendicular to the SL plane, we are able to observe the process by which randomly

pointed spins in the paramagnetic phase arrange themselves into a type-II antiferro-

magnetically ordered system. We emphasize here that such selection and control of

the directions of the susceptibility measurements with respect to the spin alignment

direction is rarely possible in bulk magnetic systems, as multi-magnetic domains in-

evitably form. Thus, EuTe/PbTe SLs offer a unique opportunity to observe the spin

dynamics during; the magnetic phase transition process.

6.2 Experimental Setup

For susceptiblility measurements we used an AC susceptometer made by Quantum De-

sign (MPMS5). :Details on the instrumentation are given in the Operation Manual, [60]

and the essential. features of an AC susceptometer are the same as those of a DC mag-

netometer given in Section 4.2, except that the AC susceptometer has a copper drive

coil generating an oscillating magnetic field around the sample. The copper drive coil

is situated between the superconducting pickup coil and the sample. We will in this

section discuss the sample orientation and measurement conditions.

The SL samples are mounted in two different orientations for susceptibility mea-

surements (see Fig.6-1). In the first configuration, the SL plane is parallel to the AC

probing field h, as illustrated in the Fig.6-1(a). We denote the susceptibility obtained

in this orientation as the in-plane susceptibility Xin. In the second configuration the

SL plane is perpendicular to the AC probing field h, as shown in the Fig.6-1(b). We

denote the susceptibility measured in this orientation as the out-of-plane susceptibil-

ity Xout-

The susceptibilities Xin and Xout are measured as a function of temperature from
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15 K in the paramagnetic region to temperatures well below the transition tempera-

tures (T,) for all SL samples. The external field is kept at approximately zero (i.e.,

less than 2 gauss) during the susceptibility measurements. The effect of this small

external remanent field is investigated by purposely applying an external field of 4

gauss during a susceptibility measurement and comparing the results at 4 gauss to the

measurements taken in a nominal zero external field (i.e., 2 gauss). We find that the

two sets of data overlap completely, thus eliminating the concern of small remanent

field (- 2 gauss) corrections to our susceptibility measurements (see Fig. 6-2). We

will discuss the structure of the data shown in Fig. 6-2 in later sections. Finally,

since we are measuring the samples with a very small AC field, we can safely ignore

the diamagnetic contributions from the BaF 2 substrate and the PbTe buffer layer and

nonmagnetic component of the SLs.

6.3 Frequency Dependence and Linearity

The frequency of the AC field used throughout our susceptibility studies is 20 Hz.

We find that x(f=20 Hz) = x(f=0 Hz), so that we are actually measuring the static

susceptibilities of our samples. To show this, we have measured Xin for one of the

SLs using different frequencies ranging from 0.1 Hz to 1 kHz (the upper limit of the

susceptometer) and we found no detectable differences either in the amplitude or in

the temperature dependence (see Fig.6-3). We chose to use 20 Hz for all susceptibility

measurements because of the trade off between time in data acquisition and noise in

the data quality. At a lower frequency we will get a better signal to noise ratio;

however, it also takes a longer time to collect the data.

We can also vary the strength of the AC probing field h anywhere between 0

and 4 gauss. We would like to use the maximum amplitude of the probing field

because of the very small amount of EuTe present in each SL sample. A typical size

of the susceptibility at its peak value is about 5x 10-6 emu with h= 4 gauss. To

ensure that the susceptibilities obtained with h=4 gauss are still in the linear regime,

we have measured Xin for different h values and we have found that the results are
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completely linear for h up to 4 gauss, as shown in Fig.6-4, where the Xin(T) vs T

data in Fig. 6-4(a) are normalized by the magnitude of the field in Fig. 6-4(b), for

an EuTe(3)/PbTe(9) SL.

Thus, the experimental susceptibilities presented later in this Chapter are ob-

tained in zero external static magnetic field, but with a 20 Hz AC field and with an

AC probing field h=4 gauss.

6.4 Temperature Dependence of Susceptibility

We have performed susceptibility measurements for EuTe/PbTe SLs with ( =1 to

7 as a function of temperature. The susceptibilities of SLs with Ž>2 exhibit a rich

temperature dependence. The number of Eu atoms per SL sample is determined by

magnetization data in the paramagnetic regime, so that we can normalize the sus-

ceptibility data to the units of cm 3 per Eu atom and make quantitative comparisons

among different SL samples. As we shall soon see, although there is continuous evo-

lution in certain aspects of the susceptibility data as the superlattice period increases

from SL EuTe(1)/PbTe(3) to SL EuTe(7)/PbTe(21), in many ways each SL sample

has its own unique characteristic susceptibility, depending on the number ( of EuTe

layers. We shall start our discussion with the EuTe(1)/PbTe(3) SL and describe the

data for each SL separately, in a sequential order from the SL with the smallest SL

period to the SL with the largest SL period.

6.4.1 EuTe(1)/PbTe(3) SL

Nominally, the EuTe(1)/PbTe(3) SL has only a single monolayer of EuTe in each

SL period. Unlike other SL samples, EuTe(1)/PbTe(3) has only nearest-neighbor

ferromagnetic exchange coupling J1, and the next-order term involves coupling to

the next-nearest in-plane neighbor. The EuTe(1)/PbTe(3) SL would be an excellent

system for studying the critical behavior for the 2D Heisenberg model if the ferro-

magnetic coupling J1 were a little bit stronger. Presently we have the capability to

measure X down to 1.7 K, and the bulk ferromagnetic exchange coupling J1 is ap-
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proximately 0.04±0.01 K.[15] Mulitplying J1 by 6 (the number of nearest neighbors)

comes to 0.24 Kelvin which is still too low to be reached by our instrument. Figure.6-

5(a) shows a plot of Xin vs. T, and a straight-line like behavior is seen when the same

data set are plotted as X s,T2 vs. T (see Fig.6-5(b)). Thus, in the temperature range

we have studied (1.7 K<T< 20 K), the temperature-dependent susceptibility for the

EuTe(1)/PbTe(3) SL exhibits Curie behavior, indicating that down to T~ 1.7 K, the

monolayer EuTe/PbTe SL is in the paramagnetic phase.

For this sample Xout is identical to Xin, as they should be when the sample is in the

paramagnetic state. So far no neutron diffraction experiments have been performed

on a SL sample with (=1. On the basis of the magnetization and susceptibility data

that we have taken, we conclude that the interesting temperature range for neutron

scattering experiments would be below 1.8 K, which is the lowest temperature we have

so far attempted in neutron scattering experiments for other SLs. An extrapolation

on Fig.6-5(b) suggests a transition temperature of - 1 K.

6.4.2 SL EuTe(2)/PbTe(6)

Starting with the EuTe(2)/PbTe(6) SL as ( increases, the antiferromagnetic next-

nearest-neighbor exchange coupling sets in. Specifically, for this SL there are three

next-nearest Eu neighbors per Eu atom contributing to the J2 exchange interactions

in an EuTe(2)/PbTe(6) SL, exactly half as many as for an Eu atom in bulk EuTe. In

Fig.6-6(a) Xi,(closed circles) and Xout(open circles) are plotted against temperature.

The results show that as T is decreased from 10 K, Xin and Xout separate from each

other at T=8 K. As T decreases below 8 K, Xin increases approximately four fold and

reaches its maximum at T= 5 K, while Xout increases only slightly and exhibits little

temperature dependence. Clearly Xin has a rather broad maximum and doesn't seem

to imply a divergence. Thus we think that the maximum in Xin doesn't correspond

to an ordinary phase transition, e.g., from a paramagnetic to an antiferromagnetic

phase. This conclusion is in agreement with neutron diffraction results, which suggest

that antiferromagnetic ordering is not established until T= 1.8 K. Further, the broad

maximum in Xin at T=- 5 K approximately coincides with the convergence temperature
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5.8 K between ZFC and FC of the magnetization measurements. Thus, we think T=5

K most likely relates to the onset of substantial short-range order. As T is lowered

further, Xin and Xout rejoin each other at T= 2 K, a phenomenon that is not seen in

the other SLs to be discussed later.

In Fig. 6-6(b) we have plotted xT 2 vs. T for the same EuTe(2)/PbTe(6) SL. In

this plot we have also included the in-plane paramagnetic susceptibility obtained by

dividing the magnetization by the H field. The solid line represents the linear regres-

sion to the paramagnetic susceptibility. Notice that the fit intersects with Xo0 t(T) at

T=8 K, exactly the temperature where Xin and Xout separate. This shows that as T

is lowered, the Curie-Weiss behavior persists until reaching the temperature at which

the susceptibilities become anisotropic.

6.4.3 SL EuTe(3)/PbTe(9)

The temperature dependence of Xin and Xout for an EuTe(3)/PbTe(9) SL is shown in

Fig. 6-7(a). As T is reduced from the high temperature side, Xin and Xout coincide

until a temperature of 9.1 K is reached, where Xin and Xout separate. Over the

entire temperature range, Xout exhibits a mild temperature dependence as T is further

lowered. On the other hand, Xin increases by a factor of 15 as T is lowered, and

Xin peaks at T = 7.9 K. The sharp peak in Xin resembles the divergence of the

susceptibility of a ferromagnet at the critical temperature. Thus we have identified

the temperature at which Xin reaches a maximum as the critical temperature (Tc).

In Fig. 6-7(b), xT 2 vs. T is plotted for Xi, and Xout, with the addition of Xin(T)

data in the paramagnetic regime up to 60 K. This plot shows how the susceptibil-

ity data are normalized, and also indicates to us that as T is lowered until T=9.1

K, both Xin and Xout are Curie-Weiss like. Unlike the susceptibility behavior for

the EuTe(2)/PbTe(6) SL, Xin(T) and Xout(T) for the EuTe(3)/PbTe(9) SL remain

different at all temperatures below T,.
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6.4.4 SL EuTe(4)/PbTe(12)

The temperature dependence of Xin and Xout for an EuTe(4)/PbTe(12) SL is shown

in Fig. 6-8(a), with XT 2 vs. T plotted in Fig. 6-8(b). The general temperature

dependences of Xin and Xout for EuTe(4)/PbTe(12) SL are similar to those of the

EuTe(3)/PbTe(9) SL. However, several differences are also observed. Firstly, the Xin

maximum is only 6.5 times the value of X where Xin and Xout separate (T=10.3

K), compared to the factor of 15 increase for that of the EuTe(3)/PbTe(9) SL.

Secondly, the Kin(T) is less symmetric for the EuTe(4)/PbTe(12) SL than for the

EuTe(3)/PbTe(9) SL, and the Full Width at Half Maximum (FWHM) linewidth for

the (=4 SL is 0.7 K, while that for the EuTe(3)/PbTe(9) SL is 1.1 K. Finally, the Tc

defined as the temperature at which the maximum Xi, occurs has moved up to 9.2

K.

6.4.5 SL EuTe(5)/PbTe(15)

The temperature dependence of Xin(T) and Xout(T) for an EuTe(5)/PbTe(15) SL is

shown in Fig. 6-9(a), with XT 2 vs. T plotted in Fig. 6-9(b). As with the previ-

ous two samples, the Xin(T) below T, approaches a constant value, larger than the

value of Xin immediately above T,. The maximum in Xin continues to decrease with

increasing ý, and is smaller than that of an EuTe(4)/PbTe(12) SL. However, unlike

the EuTe(2)/PbTe(6) SL, which has about the same magnitude for the maximum of

Xin(T) as that for the EuTe(5)/PbTe(15) SL, the maximum in Xin for ==5 is rather

sharp. The sharpness of the Kin(T) peak can't be quantified in terms of the FWHM

linewidth, because of the asymmetry between Xin above and below T, and because of

the small peak value of Kin(T).

The T, for the EuTe(5)/PbTe(15) SL is found to be 10.45 K, the temperature

at which Xiy reaches its maximum. The temperature below which the susceptibility

becomes anisotropic is 11.3 K, and above that temperature both Xin and Xout exhibit

Curie-Weiss behavior, as shown in Fig. 6-9(b).
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6.4.6 SL EuTe(6)/PbTe(18)

As for the previous three SLs, Xi, and Xout for an EuTe(6)/PbTe(18) SL overlap and

have a Curie-Weiss like temperature dependence above T = 11.8 K, below which

the susceptibility starts to become anisotropic (see Fig. 6-10(a-b)). The Xin(T)

curve peaks at T =11.0 K with an even smaller value for the maximum susceptibility

compared to that of an EuTe(5)/PbTe(15) SL. Further, both Xi, and Xout for the

EuTe(6)/PbTe(18) SL have distinct features that are different from the temperature

dependence of the other SLs described above (see Fig. 6-10(a)). The X,,out(T) decreases

precipitously starting from T = 7.5 K and reaches close to zero at T= 5.1 K, a drop

of 1 x 10-24 cm 3 per Eu atom in the magnitude of the susceptibility. In the same

temperature interval, Xin(T) also shows a dip of 33% in value, or 6x10-2 5 cm 3 per

Eu atom in the magnitude of the susceptibility, approximately half as much as the

total decrease in the Xout. The corresponding shift observed in Xin implies that our

measurement of X,,out is likely to be reliable.

Although the Xout data for this SL is reproducible, the EuTe(6)/PbTe(18) SL is

the only SL that exhibits this peculiar behavior. This feature is certainly interesting

and equally perplexing. We haven't yet found an explanation for this effect. We focus

our attention toward explaining other features that are more universal and common

to all SLs.

6.4.7 SL EuTe(7)/PbTe(21)

Figure 6-11(a-b) shows the temperature dependence of xin(T) and Xout(T) for an

EuTe(7)/PbTe(21) SL. The temperature dependences of both Xin(T) and Xot(T) are

similar to those of EuTe(3)/PbTe(9) and EuTe(5)/PbTe(15) SLs. The Tc for the

EuTe(7)/PbTe(21) SL has increased to 11.45 K, and the onset of the susceptibility

anisotropy is at T= 12.1 K. These temperatures are summarized in Table 6.1 for all

the SL samples (ý=1,...,7).
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6.5 Discussion

In section 6.4 we have described the temperature-dependent susceptibility data for

seven different SLs. Specifically, we have shown Xi,(T) and Xout(T) data for each

SL. In this section, we will give a qualitative explanation of the important features

observed in the experimental zero field susceptibility data.

6.5.1 Anisotropy in the Susceptibility

The most prominent feature common to the SLs with (>3 is the anisotropic behav-

ior between Xin and Xout at low temperatures. SLs with Ž>3 form a special class

because they exhibit the paramagnetic to antiferromagnetic phase transition in the

temperature region T> 1.8 K, as verified by neutron diffraction experiments.[38] The

anisotropic susceptibility behavior that we observe is likely due to dipole-dipole in-

teractions. The exchange couplings J1 and J2 favor spins residing on the same (111)

plane to form ferromagnetically-ordered domains, while the spins on the adjacent

(111) planes align in antiparallel directions. However, the exchange couplings don't

fix any unique direction for the ferromagnetic order, whereas the dipole-dipole inter-

action selects the (111) plane for the ferromagnetic order, i.e., if spins lie in the (111)

planes they would have a lower dipole-dipole interaction energy compared to the case

where the spins stand perpendicular to the (111) planes. Within the (111) planes,

the dipole-dipole interaction doesn't favor any specific direction, in good agreement

with the static magnetization studies which indicate no magnetic anisotropy within

the (111) planes.[61]

The anisotropic behavior in the susceptibility shows up both above and below

T,. We identify the maximum in Xin(T) as the transition temperature Tc because

it resembles the divergence in the susceptibility. The temperature window above

T, where the susceptibility is anisotropic, is well defined. The lower bound for this

window is the T, itself, and the upper bound is the temperature denoted by T, where

Xin(T) first separates from Xot(T). In Fig. 6-12 we plot Ts - T, versus the SL period

thicknesses. The results of Fig.6-12 show that the temperature window Ts - Tc shrinks
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as the SL period thickness increases and eventually as -- +oo, T,-Tc---+O the bulk

sample limit. In bulk layered 2D antiferromagnets, the anisotropy in the susceptibility

is commonly observed in a small (much smaller than what we have seen in the SLs)

region above Tc,[7] and this anisotropy is due to the substantial short-range order that

is present above Tc. In our case, the presence of the T,-Tc temperature window may be

interpreted to imply that the long-range order is induced by the dipole interactions.

When the temperature for our SLs reaches T, the spins start to go into the (111)

planes as a result of dipole interactions. However, the magnetic long-range order

does not form until a lower temperature Tc is reached. In contrast, in bulk EuTe, the

long-range order and the spins going into the (111) planes all take place at the same

transition temperature.

The anisotropy in the susceptibility below T, can be understood in terms of

Xi (T) and x (T). Below T, the spins lie in the (111) planes and exhibit ferromagnetic

ordering, while spins on the adjacent (111) planes are aligned antiparallel.[38] Further,

within the (111) planes there is no detectable magnetic anisotropy.[61] Therefore,

assuming that the magnetic domains within the (111) planes are randomly oriented,

then the measured Xi, should be approximately (xII + x±), where Xii and X± denote

the parallel and perpendicular components of the susceptibility. The Xout is larger

than XI by an amount due to the dipole-dipole interaction energy. At T=O K, Xi=

0 and Xl1/p, where pu is the exchange energy per Eu atom.[62] In Fig. 6-13 the

extrapolated Xi,,(T = 0) and Xo,,t(T = 0) limits for each SL sample are plotted

versus ( the EuTe thickness per SL period. The decreasing trend for Xin(T = 0)

as the EuTe thickness increases agrees with the approximation given in the Ref.[62].

However, upon comparison with the bulk Xi(T) value, the data suggest that Xin(T)

approaches the ): (T) value instead of 1 Xi as T goes to 0 K. On the other hand,

we conclude that X,,out lies consistently below Xi, because of the extra dipole-dipole

interaction energy.
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6.5.2 Divergent Xin and Tc

The second important feature common to the SLs with >_3 is the appearance of

sharp peaks in the Xin measurements. These sharp peaks in the Xin data, regardless

of whether ( is even or odd, are consequences of uncompensated spins in the SLs. It is

easy to understand that the SL samples with ( =odd will have many uncompensated

spins. However, it is also possible for SLs with nominal ý= even to have uncompen-

sated spins because of SL imperfections, such as monolayer steps at the EuTe and

PbTe interfaces. Further, the maximum value of Xin decreases as the EuTe thickness

per SL period increases. This trend, shown graphically in Fig.6-14, is expected to

converge to the bulk EuTe antiferromagnet limit, where there is no peak at all in

Xin (T). However, the relationship between the maximum Xin and ( most likely is not

linear, and for this reason we cannot, obtain the correct bulk Xin maximum value by

extrapolating the plot of Xin maximum vs. 1/ý to 1/(--+0.

We have identified the temperature at which the maximum of Xin occurs as the

transition temperature Tc,x. In Table 6.1 the values of T,,x so determined for each

SL for ( > 3 are tabulated. There is a consistent trend of increasing T,,x as the

EuTe thickness per SL period increases. In addition, the T,,x values obtained by

the susceptibility data agree well with the Tc,M values previously obtained from ZFC

and FC magnetization measurements (see second row of Table 6.1). In Fig.6-15 the

dependence of T, on the EuTe layer thickness ( is plotted. Clearly some SLs have T,

values greater than that of bulk EuTe, indicating changes in the J1 and J2 magnetic

coupling values taking place in our SLs. In Chapter 7 we discuss likely changes in the

J1 and J2 values on the basis of Monte Carlo simulations.

6.6 Summary

We have measured the zero field susceptibility for SLs with -=1 to ý=7 in two different

orientations, parallel to the SL plane (Xin) and perpendicular to the SL plane (Xout).

The data for the EuTe(1)/PbTe(3) SL shows no phase transition at all in the T > 1.8

K temperature region, in agreement with the static magnetization results presented in

128



Chapter 4. The EuTe(2)/PbTe(6) SL shows an anisotropic susceptibility from T= 8 K

to T = 1.8 K with a very broad peak in Xin, suggesting substantial short-range order

in that temperature window, but no real long-range order, consistent with neutron

scattering measurements. SLs with ( > 3, however have anisotropic susceptibilities

accompanied by sharp peaks in the Xin data. The narrow peaks of Xi, resemble

the divergent susceptibility of a ferromagnet at the transition temperature. We have

attributed the peaks observed in Xin to the uncompensated ferromagnetically ordered

spins in the SLs, also identifying the positions of those peaks with the magnetic

transition temperatures. The strong anisotropy in the susceptibility data strikes us

as the most important feature in these experimental results, because the exchange

couplings are isotropic in bulk EuTe and the localized spins in EuTe have zero orbital

angular momentum. Thus we are led to believe that the dipole-dipole interaction is

the leading cause for the anisotropic behavior in the susceptibility. Furthermore, the

dipole-dipole interaction is also believed to be the factor that stabilizes the magnetic

long-range order at T > 0 K in the EuTe/PbTe SLs, a system of 2D Heisenberg

magnets, which otherwise would not have long-range order until T = 0 K is reached.

In the next chapter we use Monte Carlo simulations to quantitatively address issues

such as the sharp peaks in Xin and the anisotropic behavior in the susceptibility.
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Figure 6-1: The two principal orientations of the sample with respect to the AC
probing field for the Xin (a), and Xout (b) susceptibility measurements.
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Figure 6-2: Xin for an EuTe(6)/PbTe(18) SL measured with a 20 Hz AC magnetic
field of h=4 gauss and a static external magnetic field of H=4 gauss (closed circles);
Xin for the same sample but measured with a 20 Hz AC field of h=4 gauss and zero
nominal static external field (open circles). The nominal zero field is estimated to
correspond to a H_~2 gauss. The notation e-06 denotes 10-6.
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Figure 6-3: Temperature dependence of the Xin for an EuTe(7)/PbTe(21) SL sample
measured with h= 4 gauss and zero external field at 0.1 Hz, 20 Hz and 1000 Hz. The
notation e-06 denotes 10-6.
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Figure 6-4: Temperature dependence of Xin for an EuTe(3)/PbTe(9) SL measured at
three different AC fields) (a); the same data as in (a) but the data Xin are normalized
to the size of the AC field h= 1 gauss for the same EuTe(3)/PbTe(9) SL (b). The
notation e-06 denotes 10-6.
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Figure 6-5: Normalized Xi, vs.T (closed circles) and Xo,,t vs. T (open circles)
(a), and Xi,T 2 vs. T (closed circles) and XotT 2 vs. T (open circles) (b) for an
EuTe(1)/PbTe(3) SL measured at a probing field of h=4 gauss and f=20 Hz. The
notation e-06 denotes 10-6.
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Figure 6-6: Normalized Xi, vs. T (closed circles) and Xout vs. T (open circles) for an
EuTe(2)/PbTe(6) SL; the same set of data plotted as XT 2 vs. T including data for
Xin in the paramagnetic phase up to 40 K(b). The notation e-24 denotes 10- 24.
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Figure 6-7: Normalized Xi, vs. T (closed circles) and Xout vs. T (open circles) for an
EuTe(3)/PbTe(9) SL (a); the same set of data as in (a) plotted as xT 2 vs. T with
data for Xin up to 60 K in the paramagnetic phase included (b). The solid line in (b)
represents the Curie-Weiss paramagnetic susceptibility. The notation e-24 denotes
10 - 24.
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Figure 6-8: (a) Normalized Xi, vs. T (closed circles) and Xout vs. T (open circles) for
an EuTe(4)/PbTe(12) SL; (b) same set of data as in (a) plotted as XT 2 vs. T with
the data for Xin in the paramagnetic phase up to 50 K included in (b). The notation
e-24 represents 1.0-24.
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Figure 6-9: (a) Normalized Xi, vs. T (closed circles) and Xout vs. T (open circles) for
an EuTe(5)/PbTe(15) SL; (b) the same set of data as in (a) is plotted as XT 2 vs. T
with the data for Xin(T) in the paramagnetic phase below 60 K included in (b). The
notation e-24 represents 10- 24.
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Figure 6-10: (a) Normalized plot of Xi, vs. T (closed circles) and Xout vs. T (open
circles) for an EuTe(6)/PbTe(18) SL; (b) the same set of data as in (a) plotted as
xT 2 vs. T, with the data for Xin(T) in the paramagnetic phase up to 30 K included
in (b). The notation e-24 represents 10- 24.
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circles) for an EuTe(7)/PbTe(21) SL; (b) the same set of data as in (a) plotted as
XT 2 vs. T, with the data for Xi, in the paramagnetic phase below 30 K included in
(b). The notation e-24 represents 10- 24.
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Figure 6-12: The temperature window above T, defined by T, - T, where T, is the
temperature below which anisotropy in the susceptibility is first observed (a); the
same set of T, - Tc data plotted vs. 1/ý (b).
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Table 6.1: Magnetic transition temperatures Tc for SLs obtained from the peak posi-
tion of Xi, (first row Tc,x), compared to the Tc,M values previously determined from
ZFC and FC measurements of M(T) (second row). T, values, the temperatures below
which anisotropy in the susceptibility is first observed are given in the third row.

sample((/lr)
Tc,x(K)
Tc,M(K)
T,(K)

/3/9
7.9
7.8
9.1

4/12
9.2
9.1
10.3

5/15
10.45
10.4
11.3

6/18
11.0
11.2
11.8

7/21
11.45
11.2
12.1

bulk EuTe
9.8
9.8
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Chapter 7

Monte Carlo Simulation

7.1 Introduction

Anisotropy in the susceptibility and the divergent behavior in Xi, observed in SLs with

Ž>3 (referring to the SL notation EuTe(ý)/PbTe(rl)) are two primary features that

we address more quantitatively in this Chapter. More importantly, the anisotropic

susceptibility data presented in Chapter 6 led us to suspect that weak dipolar forces

play an important role in the emergence of antiferromagnetic long-range order in

EuTe/PbTe SLs. However, direct analytical approaches for calculating the suscep-

tibility do not readily apply because of the finite thickness of SLs. To this end, we

have turned our focus to Monte Carlo simulations with the hope of describing quan-

titatively the susceptibility behavior of EuTe/PbTe SLs via simulation techniques.

To illustrate the complexity of the computation for the susceptibility, let us

examine the partition function Z for SLs:

Z = e- n  (7.1)

where p denotes all microstates, / is the inverse thermal energy kBT, and -W is the

magnetic Hamiltonian expressed as

W = -J1Z E S - J2 1 i -S_ (7.2)
nn nnn
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where nn and nnn denote the nearest and next-nearest-neighbor spin pairs, and J1 ,

J2 are the corresponding exchange couplings. The spins Si and Sj are restricted to

a few consecutive (111) planes as in a SL structure. Clearly, there is no simple way

to treat the partition function analytically, and numerical approaches were therefore

tried.

In this chapter we present the results of Monte Carlo simulations tailored to the

EuTe/PbTe SL structure, using three different 2D magnetic models. They are: (1) the

Ising model, (2) the Clock model with 6-fold symmetry, and (3) the Heisenberg model

with dipolar couplings. Our goals are to quantitatively explain: (1) the divergent

behavior in Xin, (2) the anisotropy between Xin and Xout, and (3) the mechanism that

stabilizes the long-range antiferromagnetic order in the EuTe/PbTe SLs. The Ising

model addresses the first goal, while the Heisenberg model with dipolar couplings

meets the second and third goals. Finally, the Clock model with 6-fold symmetry

complements the Ising model and the Heisenberg model with dipolar couplings by

addressing two specific computational technicalities, as discussed below.

The Monte Carlo simulations we have run are classical Monte Carlo simulations.

That is, we treat the spin operators as classical vectors. M. E. Fisher has given

an argument that in the limit S- oc, the quantum spin operator is same as the

corresponding classical vector.[63] The S value for EuTe is 7/2, which is a large

spin value, such that a classical Monte Carlo simulation would be expected to work

quite well. Also in our calculations, we have assumed that the inter-period magnetic

coupling is dominated by the dipole-dipole interaction, and is effectively zero from an

estimation using the formalism developed in Ref. [8]. We have followed the standard

practice for carrying out Monte Carlo studies, including descriptions of the parameters

of the calculation, descriptions of the computer program, estimates of statistical error,

and comparisons with previous relevant Monte Carlo investigations.
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7.2 Monte Carlo Method

Our approaches follows the conceptual foundations of Monte Carlo simulations de-

scribed in the monograph by A. D. Sokal,[64] and here we briefly summarize the key

concepts embedded in a Monte Carlo simulation.[64]

Broadly speaking, Monte Carlo simulations have two major applications, numer-

ical integration (i.e., static Monte Carlo simulation) and ensemble averages of certain

distributions (i.e., dynamic Monte Carlo simulation). In statistical physics we are

interested in the latter application. The idea of a dynamic Monte Carlo method is to

create a stochastic process within configuration space Q (in our case it is the set of

all spin configurations) having the Boltzmann distribution as its equilibrium distri-

bution. The stochastic process is generated by computer and is always taken to be

a Markov process. A Markov process is a sequence of random variables X 0 X 1 X2

... such that successive transitions from Xt to Xt+1 are statistically independent. To

generate configurations from the Boltzmann distribution (w), it suffices to introduce

a transition probability matrix P=py=p(x -- y) satisfying:

(1) Irreducibility: if x and y belong to the configuration space Q, with n >0,

then p(n)>0 where n denotes the number of Monte Carlo steps.

(2) Stationarity of the distribution w: if y belongs to Q, then if follows that

Ex 7FxPxy = 7y"

7.3 Metropolis Algorithm

The computer programs for the Ising model and the Clock model with 6-fold sym-

metry are based on the Metropolis algorithm.[65] The Metropolis algorithm satisfies

the two criteria prescribed in Section 7.2. To describe the Metropolis algorithm in

detail, we use the Ising model as an example. For Ising simulations, we start out in

the high temperature region with T>Tc, with a random configuration for the spins S

(the so called hot start), i.e., some S are +1 and some are -1 (we have used spin 1

for all simulations, but when the final results are normalized to spin 7/2 before they
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are plotted) and total sum of all S is approximately zero (M= E Si-0, where N

is the total number of spins on the lattice). According to the Metropolis algorithm,

each Monte Carlo step consists of the following substeps:

a. Choose a spin Si.

b. Flip it to -Si.

c. Calculate the energy change AE according to the Hamiltonian.

d. If AE is negative, the spin assumes the new orientation (after flipping). If

AE is positive, then calculate e- AE/kBT

e. Generate a random number (RN) between 0 and 1, and compare it to

e-AE /kBT

If e- A E / k BT > RN, the spin assumes the new orientation (after flipping).

If, however, e - A E/kBT < RN, the spin keeps the original orientation (before

flipping).

f. The magnetization is found from M=EN Si, where N is the total number of

spins on the lattice.

g. Normalize the calculated magnetization (M=/ E Si) to units of emu per Eu

atom-gauss by multiplying the sum by (2[LB)S(S + 1)/NkB, where S=3.5, PB is the

Bohr magneton, and kB is the Boltzmann constant.

After completing this Monte Carlo step, the next spin is considered until all spins

on the lattice are sampled. This completes a single Monte Carlo scan. In the actual

calculation, the lattice is scanned n times at each temperature, i.e., n Monte Carlo

steps are completed for each spin. Out of the n total scans, the first neq (denoting

the number of equilibriation scans) Monte Carlo scans are used to bring the system

to an equilibrium state. Only the last n,,samp (denoting the number of sampling scans)

scans are used for calculating the thermal averages of the desired observables, where

n= neq + nsamp. For example, the thermal average of the magnetization at a fixed

temperature is obtained by computing < M >= I1amp(Z Si)
nsamp

The Metropolis algorithm works for the Ising model because with a sufficiently

large neq, the ensemble consisting of the last n,,mp spin configurations will approxi-

mately have the Boltzmann distribution. Thus in the large n (n= neq + nsamp) limit
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for the Monte Carlo scans, the Metropolis algorithm gives the exact result. However,

we will have to find out how large a number of n will be sufficient for our purpose

empirically.

7.4 Monte Carlo and Error Analysis

In this part of the Monte Carlo chapter, we address two issues: firstly, the num-

ber of Monte Carlo steps needed to reach the equilibrium state, and secondly, the

number of steps needed to obtain various thermodynamic variables (e.g., the average

magnetization < M > , or the susceptibility X) and the errors associated with these

values.

Generally, we empirically determine the number of Monte Carlo steps needed for

equilibriation by plotting selected observables as a function of the number of Monte

Carlo steps and noting at a certain stage that the initial transient behaviors appear

to end. For the Ising model and the Clock model with 6-fold symmetry using the

Metropolis algorithm, we found that several hundred Monte Carlo steps are sufficient

to bring our system to an equilibrium state for a lattice size L<30. Sometimes, we

have also used 2000 Monte Carlo steps for lattices with L=60.

In order to know how many Monte Carlo scans are enough, we need to know

the errors associated with the scans. We define the error bar as plus/minus (±) one

standard deviation, which is the square root of the variance. The variances for the

magnetization and energy are slightly complicated because successive states generated

by the computer are correlated, so that the [var(< M >)] > [< M 2 > - < M >2].

Specifically, the variance of the average magnetization is:

1
var(< M >)= 2"intC(O), (7.3)

Tsamp

where the autocorrelation function C(t) is defined as

C(t) =< MsMs+t > - < M >2 (7.4)
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and the integrated autocorrelation time (here time is not the physical time, but

instead it is a measure of the number of Monte Carlo scans) Tint is

1 00 C(t)
Tint = + c() (7.5)

92 t=1 C()

The subscripts s and s + t for M refer to the magnetization values calculated at Monte

Carlo scan s and Monte Carlo scan s + t, respectively. Thus from the formula for

C(t), we obtain the correlation between the magnetizations of different Monte Carlo

scans.

The error bars for observables like the susceptibility and the specific heat are even

more complicated. For example, the susceptibility is proportional to the fluctuations

in the magnetization. Thus computation of the error bars for the susceptibility is

equivalent to computing the variance of the errors of the magnetization. The standard

deviation formula for X is given in Ref [66] as:

standard deviation(X) = 2X T2  (7.6)
Vsamp

where T2 is a measure of autocorrelation time and is defined as

2 = 0.5 + p 2(t) (7.7)

and the autocorrelation function p(t) is given by

< MsMs+t > - < M >2
p(s) < M 2 > - < M > 2

We have incorporated the error analysis described above into simulation of both the

magnetization and the susceptibility calculations for the EuTe/PbTe SLs.
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7.5 Program Validation

To carry out the simulation in this chapter, I started learning the Monte Carlo tech-

nique from the beginner's level.[67] However, it was not long before we had the first

Monte Carlo program for a monolayer Ising ferromagnet working. Specifically, I mod-

ified a code written in ANSI C for hydrogen adsorption onto a palladium surface to

a new program for an Ising ferromagnet on a square lattice. The original code was

written by Boris Pevzner for MIT course 3.320. Later the program was modified

further to a triangular lattice and with a variable number of layers (ranging from 1

to 7) of abc stacking, like that of the (111) planes for a fcc crystal. To demonstrate

that our Ising program works correctly, we have compared the value of the transition

temperature T, obtained from our program to the analytical value for T,. Figure 7-1

shows a plot of the magnetization vs. temperature for a monolayer Ising ferromagnet

on a triangular lattice. The T, determined from this plot is 3.6 K, in good agreement

with the T,= 3.6409579 K determined analytically for a 2D triangular lattice.[68]

The first major extension of the initial computer program came when we changed

it from an Ising model to a Heisenberg model, following the recipe provided in Ref.[69]

for a Heisenberg magnet, and based on the Metropolis algorithm.[65] The Heisenberg

model is a continuous model in which the spins can point in any direction over a 4w7

solid angle, whereas the Ising model is a discrete uniaxial model, which allows spins

only to point either up or down. Thus, in Monte Carlo simulations for the Heisenberg

model, we can only compute the modulus of the magnetization because we don't

know how the spins are pointing. Specifically, the modulus of the magnetization,

denoted by Mrms, is found according to Mrms/ M + + M , where Ms, My,

and Mz are the three orthogonal components of M. In Fig. 7-2 we compare the

rms magnetization vs. temperature to the first Monte Carlo simulation for a 2D

Heisenberg ferromagnet, and we found they have similar behaviors.[70] Although the

exercise of extending our Ising Monte Carlo program to a Heisenberg Monte Carlo

program without dipolar forces doesn't produce any meaningful results for SLs, later

we reaped benefits from this modification in the Monte Carlo calculations for a Clock
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model with 6-fold symmetry.

7.6 Ising Model

Although EuTe :is a Heisenberg antiferromagnet, we nevertheless chose to perform an

Ising Monte Carlo simulation for two reasons. Firstly, it is known that a 2D Ising

spin system has a phase transition at a finite temperature, coinciding with our exper-

imental susceptibility observations. This is to say, a 2D Ising Monte Carlo simulation

with a finite number of EuTe MLs will yield more interesting information than a 2D

Heisenberg Monte Carlo simulation, which is known, a priori, should not exhibit a

phase transition at nonzero temperature.[5] Secondly, because EuTe has a type II

antiferromagnetic spin structure, we would expect rather different susceptibility be-

haviors between SLs with an odd number of EuTe MLs and SLs with an even number

of EuTe MLs. A 2D Ising simulation is sufficient to illustrate this difference.

There are limitations in using Ising Monte Carlo simulations for EuTe/PbTe SLs

that we should point out at the outset. In choosing to follow the Ising model approach,

we have implicitly assumed that the spins lie along a certain direction in the (111)

planes. This is not true in SLs for T > T, where the spins can point in any direction

in 3-dimensional space. Further, for T < Tc, although the spins are in the (111)

planes, they can point along any direction within those planes. Therefore, within the

framework of the Ising model, we will not obtain any information regarding Xo,t, and,

by default, we take Xout to be zero. Furthermore, the calculated susceptibility, within

the Ising model is only the X11 component of Xi,. We recall that in Chapter 6 we

have postulated that Xin = -XII + !XI based on the assumption that the magnetic

domains are randomly oriented. To remind us of the limitations of the Ising model,

we will always label the simulated susceptibility as X1i in this section.

7.6.1 Input Parameters

We have used the convention of setting the nearest-neighbor exchange coupling J1 =1

in the units of kB-K, and we rescale the next-nearest-neighbor coupling to be J 2
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-3.75, so that the ratio of J2/J 1 agrees with that of bulk EuTe. We have constructed

triangular lattices with abc stacking order just like the successive (111) planes of a

fcc crystal. In the Ising Monte Carlo simulation each site i of the lattice is occupied

by a spin Si, where Si is a one-dimensional vector with ± 1 values. Later when we

present the results of the simulation, we have rescaled the values of J1, J2, and S to

those of EuTe. The energy is given by Eq.(7.2), and periodic boundary conditions

are used. A lattice size L of either 30 or 60 is adopted for the simulations. We

didn't investigate the finite size scaling behavior here because it has been thoroughly

studied before for the Ising Model.[71] Most of the simulations were performed on a

Sun Sparc workstation.

7.6.2 M nm (T)

Although we are interested in the temperature dependences of the SL susceptibili-

ties xj (T), we must first calculate M(T). The M(T) results are important in their

own right because we can use them to infer the spin structures in the simulated SL

systems. In Fig. 7-3 Monte Carlo results for Mrms (T) versus temperature are plot-

ted for three SLs with (=odd. Mrms(T) is chosen as the variable to describe the

magnetization rather than M(T) because near the transition temperature Tc, M(T)

fluctuates between plus and minus frequently, whereas Mr,,s (T) varies monotonically.

As T decreases below Tc, the rapid rise in Mrms(T) shown in Fig.7-3 signals the on-

set of long-range magnetic ordering. As T goes to zero, the Mrms(T)/Mtotal ratios

in Fig. 7-3 (Mtota, is saturation magnetization in the low temperature limit given

by Mtota,=NgSLB where N is the total number of spins) approach the 1, i, and

limits for SLs with (=3, 5, and 7, respectively. This implies that the magnetic order

established in the simulated SLs is of the type II antiferromagnetic kind, i.e., ferro-

magnetically ordered (111) planes with spins on adjacent planes aligned antiparallel.

In Fig. 7-4 results for Mrms(T)/Mtotal versus temperature are shown for two SLs

with •=even. The Mrms(T) limits as T---O K for both SLs are zero, suggesting

antiferromagnetic order. The Tc is where Mrms(T) abruptly changes its slope. The

high T limits of Mrms(T)/Mtotal approach 1/vN due to random fluctuations, where

154



N is the total number of spins. For the SL with ý=4, N is 30x30x4=3600, and

we would expectl Mrms(T) to go to 0.16 as T increases. Similarly for the ý=6 SL,

N is 30x30x6=:5400, and we would expect Mrms(T) to go to 0.13 as T increases.

However, in the temperature window between T=O K and T=Tc, Mrms(T)/Mtotal for

ý=even SLs is predicted to increase monotonically as T increases. This behavior is

unlike the experimental M(T) observations for the (=4 and (=6 SLs, which show

first an increase and then a decrease in magnetization as T approaches T, from below

(see Chapter 4). This discrepancy may be due to a number of factors, which are

addressed in this Chapter. One explanation for the discrepancy may be in part due

to the experimental data being taken in a small external field while the simulated

Mrms(T) are calculated in zero field. The discrepancy may also be in part due to

EuTe being an easy plane not an Ising antiferromagnet. We can correct for the field

dependence of the magnetization by applying the relation Mrms(T, H = small) =

Mrms(T, H = 0) + Xii(T, H = 0)H, but first we have to know Xii(T), which is the

topic of the next section.

7.6.3 xIl(T)

Xii(T) is obtained formally by calculating < M 2 (T) > - < M(T) >2. In our pre-

sentation of the XII(T) results, again we will divide the presentation into results for

(=odd and for (=even. Figure 7-5 shows XII(T) versus temperature for three (=odd

SLs with ý=3, 5, and 7. Each of the three SLs has one layer of uncompensated spins,

thus leading to a Xii (T) which shows a sharp peak, like the divergent susceptibility of

a ferromagnet. The peak temperature is identified with T,. The divergent behavior

of the XI (T) as T--+Tc agrees well with the experimental data of the corresponding

three SLs with ý=odd. Further, the uncompensated spins decreases as a percentage of

the total number of spins as ( increases. Consequently, the maximum value of XII(T)

decreases as ( increases, also in agreement with the experimental data. In Fig.7-6 sim-

ulated results for XI (T)T2 vs. T are shown to illustrate that for temperatures above

the divergence of XI (T), the susceptibility XI (T) has a Curie-Weiss temperature-

dependence. Unlike the experimental data of Xi,(T), the simulated Xi (T) approaches
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zero as T goes to zero, while the experimental Xin (T) approaches a constant value for

these SLs. This is consistent with our postulation that Xi,(T) includes both XII(T)

and Xi(T), and that Xi(T) has a nonzero value at T=O K (see Fig.6-13).

Fig.7-7 shows the simulated X11(T) versus T for two SLs with (=4 and (=6.

Notice the absence of sharp peaks in X1 (T) among these two (=even SLs, in contrast

to those SLs shown in Fig. 7-5 for (=odd. The xl (T) behavior for (=even SLs is thus

very similar to that of an antiferromagnet. Although there are no sharp peaks in the

XII(T), the derivative II(T) does have a singularity. The transition temperature is

thus identified as the temperature where Xii(T) has an infinite slope.[48] The results

for XII(T)T 2 vs. T are plotted in Fig. 7-8 for the ý=4 and z=6 even SLs. The linear

region of XII (T)T2 represents paramagnetic Curie-Weiss behavior, consistent with our

expectation.

So far the simulated XI (T) results based on the Ising model are consistent with

the divergent XIy(T) behavior observed in &=odd SLs and with attributing this ef-

fect to uncompensated spins. At the same time, the XII(T) simulations for (=even

SLs are like that of an antiferrromagnet without any divergence, in agreement with

our expectation. However, for (=even SLs, the experimental Xi,(T) data also show

divergent-like peaks. To reconcile this difference in behavior, we note that the real

(=even SLs are very likely not as perfect as the SLs we have constructed in the

computer simulation. For example, in a real SL with 5=4 there are regions where

ý=5 and ý=3 as well as regions where ý=4, the nominal magnetic layer thickness. In

fact, the x-ray diffraction data for the ý=4 sample shows that, on average, the EuTe

thickness is 4.86 monolayers, with defects limited to monolayer steps at the EuTe-

PbTe interfaces. In order to mimic this defect in our simulation, we have calculated

XI (T) for a SL of 4.86 EuTe monolayers, by introducing a fifth fractional monolayer

on top of 4 perfect layers. The fifth layer is covered randomly with 86% of the sites

by spins and the remaining 14% of the sites by vacancies. The overall lattice size is

also increased to 60x60. Notice that the fractional monolayer basically consists of

uncompensated spins. The XII(T) for this simulation indeed shows a peak (see Fig.

7-9). From that we conclude that the peaks seen in the EuTe(4)/PbTe(12) and in the
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EuTe(6)/PbTe(18) SLs may be due to structural imperfections, such as the fractional

monolayer defect introduced in the simulations.

7.6.4 Mrms(T) revisited

In this section we extend the discussions on the M,,ms(T, H = 0) simulation given in

Section 7.6.2 by considering Mms(T, H = 4gauss) in a finite measurement field using

the relation:

Mrs (T, H = 4gauss) = Mrms(T, H = 0) + XII(T, H = 0) x 4. (7.9)

The results for Mrms(T) in a finite field of 4 gauss are shown in Fig. 7-10 for both

(=4 and ý=6 SLs. Whereas the results in Fig.7-10 are improved compared to the

zero field Mrms(T, H = 0) of Section 7.6.2, however, the present calculated results

still can't quantitatively fit the experimental observation of M(T) (see Chapter 4).

Therefore, we conclude that the Ising model is inadequate to describe the temperature

dependence of the magnetization quantitatively for EuTe/PbTe SLs.

7.7 Heisenberg Model with Dipolar Coupling

Although the Ising model has provided us with an explanation for the divergent

Xin(T) behavior., the model, however, is unable to tell us anything regarding Xout(T),

and more importantly, the anisotropy between Xi,(T) and Xo,Lt(T). To address the

last two issues, we turn to a completely different model, the Heisenberg model with

dipolar forces. Before we present the simulations of this model, we will give a brief

motivation as to why we think this model is appropriate.

So far in our magnetic studies of EuTe/PbTe SLs, we have learned that the

exchange couplings in EuTe are isotropic. The magnetic moment of Eu2+ comes

exclusively from the 7 electrons in the half filled 4f shell, and thus by Hund's rule

the orbital angular momentum L =0. Further, the static magnetization studies of in-

plane ((111) plane) magnetization for SLs show no detectable anisotropy, in agreement
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with the Antiferromagnetic Resonance (AFMR) result obtained from bulk EuTe, an

easy plane antiferromagnet. In short, all the data we have indicate that EuTe/PbTe

SLs are ideal Heisenberg SLs. However, Mermin and Wagner have shown that a 2D

Heisenberg system cannot have a phase transition at finite temperatures T> 0 K.[5]

Yet we have seen unambiguous phase transitions in SLs with (> 3, accompanied by

strong anisotropic behavior in the susceptibility. To explain these contradictions, we

hypothesized that it would be important to include the presence of dipolar coupling,

albeit weak, but of a long range character, to provide an anisotropy between Xin(T)

and Xout (T). Our hypothesis that dipolar forces might stablize the long-range order

in EuTe/PbTe SLs is motivated by earlier work by S. V. Maleev,[8] in which he has

demonstrated theoretically that the dipolar coupling can stabilize long-range order

in a 2D Heisenberg system.[8] We believe that the Heisenberg model with dipolar

coupling given by

Si . S3 - 3(S . ri) (S r ij)'H = -J1 E7 J2 E Si --J2 Si 9 S E E g 3 (7.10)
nn nnn i j rij3

where g = (2pBS)2/a 3 is the dipole-dipole coupling constant, a is the lattice con-

stant, pB is the Bohr magneton, and S=7/2, is perhaps the most accurate model for

characterizing EuTe/PbTe SLs. Since we have not found any experimental system

that realizes the theoretical description given by S. V. Maleev,[8] if our hypothesis

is correct, that will make the EuTe/PbTe SLs the first experimental realization of

long-range order in a 2D Heisenberg system stabilized by dipole-dipole interactions.

The Monte Carlo simulation including the dipole-dipole interaction term is more

involved compared to that for the Ising model. Dr. Lorenzo Bergomi was largely

responsible for developing and implementing the computer program for this model.

Here we will highlight some important aspects of his findings.

7.7.1 Heat-bath Method

Firstly, the computer algorithm used for the Heisenberg model with dipolar coupling is

the heat-bath method. [72] Unlike the Metropolis algorithm, every update on the spin
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is accepted. However, the new spin orientation is not generated randomly. Instead,

the new spin orientation is generated from a distribution of the form e-h~~Si/kBT , where

IS J2+g S raýro-
h! = -J1 E So - J2 E S C - + g  3 (i6 o - 3j "). (7.11)

Since the Heisenberg model is a continuous model, each spin Si of unit length needs

two angles to specify its orientation, the polar angle 0 and the azimuthal angle ¢. In

practice, the angle ¢ is obtained by generating a random number from an uniform

distribution in the interval 0 to 27, while the polar angle 0, which is in the range 0

to 7, is obtained in two steps. The first step gives a random number u between e-h

and eh. In the second step, the random number u is set equal to e-pahcsO thereby

introducing an angular dependence of 0. The heat-bath algorithm is more efficient

compared with the Metropolis algorithm in terms of computer time, because there is

no "if" statement in the heat-bath method.

7.7.2 Input Parameters

The exchange couplings are again rescaled such that J1 = 1 and J 2=-3.75. The ratio

of J2/J1 is chosen to reflect the bulk J2/J 1 ratio for EuTe and the different signs

for J1 and J2 indicate that one exchange coupling is ferromagnetic and the other is

antiferromagnetic. In addition to the parameters J1 and J2, a third input parameter

g ( where g = (2•sBS) 2/a 3 ), characterizing the dipole-dipole coupling strength, taken

to be 0.64 in relation to J1 is rescaled to 1 (see Eq.7.10). Note that g has compara-

ble strength when compared to the exchange couplings J1 and J2 in EuTe. We can

discount the concern that bulk J1 and J2 values may contain contributions from the

dipolar forces already for the following two reasons. Firstly, the magnetic ordering

in bulk EuTe is stabilized by the exchange J1 and J 2 couplings alone without dipo-

lar interactions. Secondly, the values of J1 and J2 that are used here were obtained

from the Curie-Weiss temperature 0 and the transition temperature for bulk EuTe.

Together, the above-mentioned reasons explain why there are large uncertainties at-

tached to the Jr and J2 values (Jl/kB=0.04-0.01 K and J2/kB=-0.15+0.01 K) and
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little dipolar contributions in the reported bulk J1 and J2 values.

In our simulations, only the dipolar interactions within a (111) plane are ac-

counted for, whereas the dipolar interactions out of the (111) plane are considered

as zero. This assumption is based on the estimation of dipolar energy per Eu atom

using the formalism developed by S.V. Maleev, which suggests an exponential decay

of the dipolar interaction strength as a function of the number of atomic planes.[8]

Specifically, within a (111) plane, the dipolar energy per Eu atom is approximately

-0.8 K.[73] The negative sign indicates that the dipoles within the same (111) plane

tend to align themselves in a ferromagnetic order. The dipolar energy per Eu atom

due to the spins on the next (111) plane is approximately 0.007 K. The positive

energy here implies that the spins on the adjacent (111) planes tend to be aligned

in opposite directions. Clearly, the out-of-plane dipolar interaction is much weaker

compared to the in-plane dipolar interaction. Thus we have ignored the out-of-plane

dipolar interactions in our simulations. Furthermore, the dipole interactions between

Eu spins separated by PbTe is effectively zero.

The lattice size is chosen to include 13 x 13 x 3 spins, and most simulations were

performed for an EuTe(3)/PbTe(9) SL. The choice of lattice size and the focus on only

one SL are both consequences of the limited available Cray time for this calculation.

However, simulations on one SL are sufficient since we seek to explain the cause

of long-range order and the anisotropic susceptibility behavior which are common

features of all SLs with _>3. Furthermore, two simulation runs with a 23x23x3

spin lattice didn't show any difference in either the Xin(T) or Xout(T) behavior when

compared to those of the 13 x 13 x 3 spin lattice.

7.7.3 Results on Xin(T) and Xout(T)

In the initial runs of the Monte Carlo simulations using a Heisenberg model with

dipolar forces, we have calculated Xxx, Xyy and Xzz with ? and ' taken as two or-

thogonal vectors in the (111) planes, and Z' taken perpendicular to the (111) planes.

Xxx is obtained by the formula Xx= (B MM > - < MX >2) where Mx is the

x-component of the total magnetization. Similar formulae are used for calculating
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Xyy and Xzz. From these three susceptibility components, we can construct Xin as

Xin= (Xxx + Xyy), while Xzz yields Xout.

Figure 7-11(a-b) shows Xin (i.e., !(xxx + Xyy)) and Xout vs. T. There are two

encouraging features in this simulation result: (1) Xout is very similar to the ex-

perimental X,,out which increases monotonically but with a very slight temperature

dependence. Further the simulated Xout(T = 0) limit is within 80% of the experi-

mental Xout(T =: 0) value and is very sensitive to the dipolar coupling constant g we

have used. (2) There is a spontaneous separation between Xin(T) and Xout(T) as T is

reduced below '- T =8.8 K, although it is difficult to determine T, accurately from

this plot because of the large fluctuations in the calculated Xin at low temperatures.

We have also calculated the specific heat from the same run (see Fig. 7-12). The

specific heat data shows Tc=5.5 K, well below the temperature where Xin and Xout

separate from one another.

To emphasize the similarity between the simulated susceptibility and the actual

experimental data, we have plotted Xin(T) and xin(T) from the simulation and from

the experimental measurements side by side in Fig. 7-13, in the temperature region

immediately above T,.

As seen in Fig.7-11, Xxx and Xyy are extremely unstable at T<T,. The cause

of this unstability is intrinsic to the finite size of the Monte Carlo simulation using

a continuous spin model. In other words, because the spins pointing in different

directions within the (111) planes have the same energy for T<Tc, the simulated spins

will rotate continously within the planes without costing any additional energy. The

continuous random rotations of spins make both Xxx and Xyy, unstable. To bypass this

difficulty with the Monte Carlo simulation, we chose to calculate Xrms instead, which

is defined as (2,T)2< M2 > - < Mrms >2 where Mr•s is the same root-mean-

squared magnetization previously defined when using the Ising model simulation.

Thus we have used Xrms in the Monte Carlo simulation for the Heisenberg model

as an approximation to Xin for T<Tc. The results of Xrms vs. T are shown in Fig.

7-14, where it is seen that Xrms(T) has a divergent peak at T=Tc=5.5 K, just as was

found in the specific heat simulation, and in agreement with the experimental Xin.
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However, unlike the experimental data, the simulated Xrms(T) approaches zero as

T-- 0 K. In fact, one can show that Xrms coincides with Xil at low temperatures.

However, whether Xrms will continue to overlap with xIj as T increases up to the

transition temperature is not clear to us. We would like to obtain a more complete

approximation to Xin which includes both XI and XII, and to this end, we turn to the

Clock model with 6-fold symmetry.

7.8 Clock Model

The Clock model is an extension of the Ising model, where the spin degrees of freedom

are still discrete. However, the spins in the Clock model can point along more than two

opposite directions as in the Ising case. The additional degrees of freedom available

to the spins enable us to calculate the X± which is not obtainable from the Ising

model. Furthermore, we have chosen the Clock model with 6-fold symmetry, rather

than other symmetries, because the crystal symmetry of the (111) planes of EuTe are

triangular lattices with 6-fold planar symmetry. As in the case of the Ising model, in

the 6-Clock model we assume that the spins lie in the (111) planes. This assumption

will again prevent us from obtaining information on X,,ot. However, there is a hope

that we might obtain Xi from this model, which is not obtainable from either the

Ising or Heisenberg models with dipolar forces.

In the 6-Clock model, each spin has 6 degrees of freedom. The six allowed di-

rections are uniformly spaced from 0 to 27r, such that two adjacent directions are 60'

apart. Like the Ising simulation, we also used the Metropolis algorithm for the Clock

model. At each Monte Carlo step, the spin can be randomly moved clockwise or

counter clockwise by 600 or remain in the same direction. Because there are six direc-

tions, there is a possibility that we can calculate XI from this model. However, the

XI obtained here is only an approximation for X± in EuTe because the experimental

data indicate that EuTe has zero in-plane ((111) plane) anisotropy.

The specific method for calculating the in-plane X± and Xl1 (since the magnetic

domains can point along any direction within the (111) planes, Xin=-(Xi + X11))
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is outlined below. At each temperature, the spins are first allowed to equilibriate.

During the sampling process, at the end of each Monte Carlo scan, two orthogonal

components of the total magnetization (Mr and My) are calculated. After all the

Monte Carlo sampling scans are completed, the average Mx is computed using the
-nsamp Mi

relation < M, >= - ,M and the average My is similarly computed. By use of the

tangent relation tanO= < My > / < Me >, the average angle 0 of the magnetization

with respect to the x-axis is computed. In the last step, we decompose all the MX and

My data generated from different Monte Carlo scans into two orthogonal directions,

one which is along the average 0 direction (Ml, component of the total magnetization),

the other which is perpendicular to the average 0 direction (M± component of the

total magnetization). Figure 7-15 illustrates the geometry of M1 and M11 in relation

to the average 0, M,, and My. Finally, use the definition of X to obtain X± as

< MI>- < >2, and X as < M > - < M 11 >2.

7.8.1 Input Parameters

The input parameters for the Clock model with 6-fold symmetry are identical to those

used in the Ising model Monte Carlo simulation. All simulations are performed for

an EuTe(3)/PbTe(9) SL.

7.8.2 xx(T) and XII(T)

As we have mentioned in Section 7.7.3 for the Heisenberg model with dipolar forces

for T< T,, the magnetization direction rotates freely within the (111) planes, thus

preventing us from calculating xj . Here in the Clock model with 6-fold symmetry, by

monitoring the magnetization direction as a function of Monte Carlo scans, we found

that the rotation between Monte Carlo steps is very mild at low temperatures, and

the rotation angle 0 increases as T increases. Figure 7-16 shows the magnetization

direction vs. the number of Monte Carlo scans at five different temperatures. Extreme

rotations are only observed in the highest temperature plot (i.e., T=3.8 K).

Incidentally, the T, for the EuTe(3)/PbTe(9) SL using the Clock model with 6-
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fold symmetry is only 3.5 K, as identified by the peak in the specific heat calculation

(see Fig. 7-17). The first peak in Fig. 7-17 is identified with the paramagnetic to the

6-clock ordered phase (i.e., spins are pointing in the six allowed directions), and the

second bump is identified with the transition from the 6-clock ordered phase to the

Ising ordered phase (i.e., spins are pointing along one of the six allowed directions).

The 6-clock model Tc is substantially lower than T, obtained with the Ising model

which gives a T, of 8.2 K. However, the point here is that up to Tc, it seems that

there is a possibility we can calculate X± using the Clock model.

The results for X± are extremely noisy and less encouraging (see Fig. 7-18). After

numerous trials, experimenting with different lattice sizes and Monte Carlo scans, we

could not make any improvement in calculating Xi. To that end, we concluded that

although the fluctuations are small in Fig.7-16, they are dominated by Monte Carlo

metastability (i.e., random rotations of the magnetization direction) rather than the

thermal fluctuations which we seek to sample.

The whole exercise of carrying out a Monte Carlo simulation using the Clock

model did provide us with two new insights that were unexpected. Firstly, when

we were trying to find X±, we simultaneously evaluated XII (T) and X,,,ms(T) as well.

Figure 7-19 compares the results of a Monte Carlo calculation for XI (T) with the

Xrms(T), and the overlap between x11 and Xr,,s at T<T, confirms that Xrns obtained

in the simulations of the Heisenberg model is only the parallel component of the

Xin susceptibility. Secondly, the Tc (3.5 K) found through the Clock model for an

EuTe(3)/PbTe(9) SL is lower than that of the Heisenberg model with dipolar forces

(5.5 K), and much lower than the experimental T, value of 7.9 K, although both

models have the same input parameters of J1 and J2. The comparisons of T, for the

various models indirectly suggests that the Heisenberg model with dipolar forces is

the best description of EuTe/PbTe SLs.

164



7.9 Comment on J1 and J2

From our temperaure-dependent magnetization and susceptibility data, the magnetic

phase transition temperatures (T,) for our SLs are accurately determined (see Table

6.1). As expected, the values of T, increase with the EuTe layer thickness in a single

SL period. However, for _>5 SLs, the T, values exceed that of bulk EuTe. This may

be an indication that the exchange couplings J1 and J2 in our SLs have changed from

their bulk EuTe counterparts. Figure 7-20 shows the results on the exchange couplings

as a function of the lattice constants obtained by W. Zinn.[52] In our SLs, the lattice

constant for EuTe is slightly different from the bulk EuTe lattice constant (6.59 A)

because of the lattice mismatch between EuTe and PbTe. Specifically, from the

high resolution x-ray diffraction data (see Chapter 2), G. Springholz and C. Pichler

have found that the in-plane ((111) plane) EuTe lattice constant has decreased to

6.49 A and the out-of-plane lattice constant has decreased to 6.51 A , relative to

6.59 A for bulk EuTe. Qualitatively speaking, from Fig.7-20, the above-mentioned

changes in the lattice constants will cause both the in-plane J1 and the out-of-plane J1

to increase, with the in-plane JI increasing more than the out-of-plane J1 . We recall

that in a fcc crystal, each atom has six nearest-neighbors within the (111) plane and

six nearest-neighbors on the adjacent (111) planes. At the same time, we expect the

absolute value of J2 to decrease a little. From Monte Carlo simulations using the Ising

model, we found that having the in-plane J, increase more than the out-of-plane J1

is essential for the magnetic ordering in our SLs, because had it been the other way

around, there would be frustration created in EuTe spins, and thereby reducing the

transition temperature to almost 0 K. Although there are not enough experimental

points in Fig.7-20 for us to read off the values of J1 and J2 for our SLs, we have

estimated by Monte Carlo simulations that a ratio of 1.2 for the in-plane J1 to the

out-of-plane J1 can account for the increase in the T, values observed in our SLs,

having the SL in-plane and out-of-plane J1 and J2 values within the uncertainties

reported for the bulk J1 and J2 values (the uncertainties for J1 and J2 are 0.0410.01

kB and -0.15±0.01 kB, respectively). Finally, we note that the results in Fig. 7-20
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are only approximately applicable to the SL case for two reasons. Firstly, for a given

change in the lattice constant, the values of J1 and J2 for SLs may vary differently

from those presribed in Fig.7-20 because Fig.7-20 reflects both changes in the lattice

constant and changes in the anions, i.e., from Te2- to 02-. Secondly, the SLs no

longer have the cubic symmetry which will result in different polarizations for the

outer most electrons compared to those of bulk EuTe, thus affecting the exchange

energies J1 and J2.

7.10 Summary

In this chapter we have investigated the causes of two key features in the SLs' suscep-

tibility data for the EuTe/PbTe SLs using Monte Carlo simulations. To repeat, the

basic assumption made in all the simulations is that the EuTe layers in different SL

periods are not significantly magnetically coupled to each other, and thus simulations

based on a single SL period are sufficient for describing the entire SL. The key results

obtained from the simulations are three fold. Firstly, the results from the Ising model

show that the divergent behavior observed in Xin is due to uncompensated spins in

~=odd SLs. As for perfect ý=even SLs, it is expected that there should not be any di-

vergence in Xi,. However, experimental peaks are observed in Xi, for (=even SLs, and

these peaks are perhaps due to SL imperfections, such as fractional EuTe layers at the

EuTe-PbTe interfaces. Secondly, the Heisenberg model with dipolar forces illustrates

nicely that the anisotropy in Xin and Xout is induced by dipole-dipole interactions.

Further, the good numerical agreement between the experimental Xout(T = 0) limit

and the simulated X,,ot(T = 0) limit which is very sensitive to the input parameter

g, shows that the very long-range order seen in these SLs at nonzero temperature is

most likely stabilized by dipolar forces rather than anisotropic exchange couplings.

Finally, calculation of the X± component of Xi, remains elusive. Although the Clock

model with 6-fold symmetry showed some promise for calculating X , no useful re-

sults have yet been obtained with this model. Nevertheless, we learned empirically

from our attempts to calculate X± that Xrms is equal to X1i and that the long-range
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order stabilized by the in-plane 6-fold anisotropy has a Tc value too low compared to

that of the experimental observations.
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Figure 7-1: M vs. T for a 2D ferromagnet on a triangular lattice size of 100x 100,
with n=6000 Monte Carlo scans. The vertical line marks the temperature where the
transition temperature Tc (=3.6 K) is determined from this simulation.
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Figure 7-2: Root-mean-square magnetization versus temperature from Monte Carlo
calculations for two lattice sizes of a two-dimensional square arrays of spins with
periodic boundary conditions. The lattice sizes for our simulations are (upper panel)
50 x 50 and 16 x 16. Similar results were reported earlier by Watson et. al. in Ref.69
using periodic boundary conditions with lattice sizes of 225 spins and 2025 spins (lower
panel). The dashed lines indicate the Mrms behavior for isolated two-dimensional
arrays, i.e., without periodic boundary conditions.
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Figure 7-3: Normalized Mrms vs. T for an EuTe(3)/PbTe(9) SL of dimen-
sions 30x30x3 (a), an EuTe(5)/PbTe(15) SL of dimensions 30x30x5 (b), and an
EuTe(7)/PbTe(21) SL of dimensions 30x30x7 (c). For all simulations, at each tem-
perature, 500 Monte Carlo scans were used for equilibriation and 2000 Monte Carlo
scans were used for sampling. In these plots, Mrms(T) is normalized to iMitotal (see
text). Notice that with the above conditions, the computed error bars are so small
that they are hardly readable from the graph.
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Figure 7-4: Mr,,s/Mtota, vs. T for an EuTe(4)/PbTe(12) SL of dimensions 30x30x4
(a), and an EuTe(6)/PbTe(18) SL of dimensions 30x30x6 (b). All simulations took
500 Monte Carlo scans for equilibriation and 2000 Monte Carlo scans for sampling at
each temperature.

171



E
0 1.2e-23
"-1

"I 8.0e-24

E 4.0e-24

0.0
E
.2 6.0e-24

w 4.0e-24

_3 2.0e-24

0.0

E 3.2e-24

2.4e-24w

1.6e-24
E
£ 8.0e-25

no
0 5 10 15 20

T(K)

Figure 7-5: XII(T) vs. T for an EuTe(3)/PbTe(9) SL of dimensions 30x30x3 (a), an
EuTe(5)/PbTe(15) SL of dimensions 30x30x5 (b), and an EuTe(7)/PbTe(21) SL of
dimensions 30x30x7 (c). All simulations took 500 Monte Carlo scans for equilibriation
and 2000 Monte Carlo scans for sampling at each temperature. The notation 1.2e-23
denotes 1.2x 10- 23.
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Figure 7-6: XII(T)T 2 vs. T for an EuTe(3)/PbTe(9) SL of dimensions 30x30x3 (a),
an EuTe(5)/PbTe(15) SL of dimensions 30x30x5 (b), and an EuTe(7)/PbTe(21) SL
of dimensions 30x30x7 (c). The straight-line like behavior for T greater than the
temperature of the divergence of XII(T) suggests Curie-Weiss paramagnetic behavior.
Again, the notation 1.2e-21 denotes 1.2x10-21.
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Figure 7-7: XII(T) vs. T for an EuTe(4)/PbTe(12) SL of dimensions 30x30x4 (a), an
EuTe(6)/PbTe(18) SL of dimensions 30x30x6 (b). Each of these two simulations uses
500 Monte Carlo scans for equilibriation, and 2000 Monte Carlo scans for sampling
at each temperature. The notation 1.6e-24 represents 1.6x 10- 24.
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Figure 7-8: Xi (T)T2 vs. T for an EuTe(4)/PbTe(12) SL of dimensions 30x30x4 (a),
and an EuTe(6)/PbTe(18) SL of dimensions 30x30x6 (b), in accordance with Fig.7-7.
The notation 3.2e-22 denotes 3.2x10 - 22.
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Figure 7-9: XI(T) vs. T for an EuTe(4.86)/PbTe(12) SL of dimensions 60x60x4.86
(see text). The notation 8e-24 denotes 8x10 - 24.
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Figure 7-10: Calculated Mrm,(T) vs. T using a Monte Carlo Ising simulation for an
EuTe(4)/PbTe(12) SL of dimensions 30x30x4 (a), and an EuTe(6)/PbTe(18) SL of
dimensions 30x30x6 (b) in a 4 gauss external field (see text).
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Figure 7-11: Xi, (closed circles) and Xout (open circles) vs. T for an EuTe(3)/PbTe(9)
SL (a). Large error bars in Xi, reflect the instability of the Xi, calculations at low
tempertures. A zoomed-in plot of Xin (closed circles) and Xout (open circles) vs. T
for the same EuTe(3)/PbTe(9) SL (b). These results are obtained from a lattice of
13 x 13 x 3 spins using a Heisenberg model with dipolar forces. At each temperature,
2000 Monte Carlo steps are used for equilibriation and 2000 Monte Carlo steps for
sampling. The notation 3.2e-22 denotes 3.2x 10- 22.
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Figure 7-12: Simulated specific heat C vs. T for the same Heisenberg model calcula-
tion for the EuTe(3)/PbTe(9) SL as is shown in Fig. 7-11. The temperature at which
C diverges can be identified as the transition temperature T,.
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Figure 7-13: Experimental Xin (closed circles) and Xout (open circles) vs. T for an
EuTe(3)/PbTe(9) SL (a), compared with the simulated Xi, (closed circles) and Xout
(open circles) vs. T for an EuTe(3)/PbTe(9) SL (b) in the temperature region T>Tc.
The notation 8.0e-24 denotes 8.0 x10- 24.

180

E

040
a)
C-

v-
E

E
0

4 -j

E



1.4e-24

1.2e-24

8.0e-25

4.0e-25

0n 01A.n

K
K

p
p

-.

0

I
t

K

K
K

I , I I

2 4 6
T (K)

8 10 12

Figure 7-14: Simulated X,m,, vs. T for an EuTe(3)/PbTe(9) SL based on a Heisenberg
model. Notice that Xrms peaks at about the same temperature as the specific heat C
diverges (see Fig.7-12). The Xrms simulation is obtained from a lattice of 13 x 13 x 3
spins using the Heisenberg model with dipolar forces. At each temperture, 2000 Monte
Carlo steps for equilibration, and 2000 Monte Carlo steps are used for sampling. The
notation 1.4e-24denotes 1.4x 10 - 24.
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Figure 7-15: Geometry of the M1 and MII components of the magnetization in relation
to Ms, and My, and the average angle 0.
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Figure 7-16: Magnetization direction vs. the number of Monte Carlo scans for an
EuTe(3)/PbTe(9) SL at 1.3 K (a), 1.9 K (b), 2.5 K (c), 3.2 K (d), and 3.8 K (e).
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Figure 7-17: Specific Heat C vs. T for an EuTe(3)/PbTe(9) SL using the Clock
model. We use the peak in C to determine the transition temperature Tc as 3.4 K.
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Figure 7-18: Monte Carlo simulation of XI vs. T for an EuTe(3)/PbTe(9) SL using
the Clock model with 6-fold symmetry.
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Figure 7-19: Monte Carlo simulations of xtl (open circles) and Xr,,,ms (closed circles)
vs. T for an EuTe(3)/PbTe(9) SL using the Clock model with 6-fold symmetry.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In general when a bulk magnet has been reduced to several atomic layers in thickness

while maintaining its macroscopic dimensions in the x and y directions, the mag-

netic properties change dramatically, as we have seen in our EuTe/PbTe SLs. High

quality MBE grown EuTe/PbTe SLs embody the experimental realization of an ideal

2D Heisenberg antiferromagnet with localized spins and isotropic exchange interac-

tions. Therefore, the magnetic studies of EuTe/PbTe SLs are of great interest and

importance from a basic research point of view. In this section, we summarize the

key results on the magnetic studies of these SLs in three experimental areas: neutron

scattering, static magnetization, and zero field susceptibility.

Neutron diffraction measurements have unambiguously identified that the mag-

netically ordered phase in the EuTe/PbTe SLs (with _>2) is that of a type-II anti-

ferromagnet, the same as the magnetically-ordered phase of bulk EuTe. Unlike bulk

EuTe, only a single (111) magnetic domain exists in the EuTe/PbTe SLs, a direct

consequence of the SL structure and dipole interactions.

As we have seen in the studies of EuTe/PbTe SLs, the temperature-dependence

of the magnetization varies continuously as the EuTe layer thickness ( increases

from one to seven among the SLs we have studied. Specifically, ferromagnetic-

like behavior in M(T) is observed for the EuTe(3)/PbTe(9), EuTe(5)/PbTe(15) and
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EuTe(7)/PbTe(21) SLs, whereas antiferromagnetic-like behavior is seen for the (=even

EuTe(4)/PbTe(12) and EuTe(6)/PbTe(18) SLs. We have attempted to use both a

mean-field approach and Monte Carlo simulations to quantitatively describe these

M(T) measurements.

From the zero field susceptibility measurements we have observed the diver-

gent behavior in Xin and the anisotropy between Xin and Xout for SLs with ( >3.

A Heisenberg model with dipolar interactions is successful in explaining those two

features. Furthermore, Monte Carlo simulations using the same model show that

dipolar interactions can stabilize long-range antiferromagnetic order in EuTe/PbTe

SLs. EuTe/PbTe SLs to our knowledge represent the first experimental realization of

long-range order stabilized in a 2D Heisenberg spin system by dipolar interactions.

8.2 Indications for Future Research

From what we already know about the magnetic properties of EuTe/PbTe SLs, we

can readily extend our research on these SLs in several directions.

The first research interest will be to measure the zero field susceptibility of an

EuTe(1)/PbTe(3) SL down to lower temperatures and compare that to the 2D Heisen-

berg model, albeit there may be some influences due to dipole interactions.

Another project is to study the M(H) of SLs with (=15 and 16 for T<Tc. The

focus here is to test the theory on the surface spin-flop transition. A theory was

presented by Keffer and Chow,[74] who argued that the surface spin-flop state evolves

continuously into the bulk spin-flop phase. Recent experiment and theory developed

by Wang and Mills,[75] suggest some differences in the surface spin-flop transition

process between a SL with an even number of monolayers and a SL with an odd

number of monolayers. The evolution from a surface spin-flop state to a bulk spin-

flop phase requires certain minimum thicknesses for SL samples. The work of Wang

and Mills suggests that (=15 and 16 are appropriate for this purpose.[75]

Another project is the study of the temperature-dependent neutron scattering of

the EuTe(2)/PbTe(6) SL since the zero field susceptibility data for this SL sample
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shows anomalous Xin(T) behavior at temperatures above T,.
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