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ABSTRACT

We consider a simple rnodel of rnaghemite nanoparticles and study their magnetic

properties using Monte Carlo methods. The particles have a spherical geornetly with

sizes ranging from 3 nm to 8 nm. The interior of the particles consists of core spins

with exchange intelactions and anisotropy given by the values in the bulk material.

The outel layer of the particles consists of surface spins with weaker exchange inter-

actions but an enhancecl anisotropy. The thermal behaviour of the total, core and

surface magnetizations are calculated as well as the hysteresis loops due to the ap-

plication of an applied field. The effect of the surface anisotropy on the blocking

ternpelature, the coelcive and exchange bias fields is studied.



Chapter 1

INTR,ODUCTION

This thesis deals with the rnodeling and simulation of the magnetic properties of

nanoscale magnetic systems. Nanomagnetisrn refers to the underÌying tnagnetic be-

haviour of nanostructurecl (1- 100nrn) systems. It focuses on the magnetic behaviour

of individual buiiding bloclcs of nanostructured systems as well as oil combinations

of indiviclual builcling blocks that display collective rnagnetic phenomena. A funda-

meutal under-stancÌing of nanomagnetisrn will leacl to the development of integlated

systems with cornplex structures and architectures that possess new functionalities.

Proximity effects allor,v rnulti-component composites to behave as new materials that

embrace properties that are often mutually excìusive and thus not found in single

component systens. Competing interactions and the presence of low-lying energetic

states and cluanttim fluctuations help create the cornplexity that gives rise to unau-

ticipated phenomena in magnetic nanosystems.

Understanding these propelties requires the utilization of high-perforÌnance com-

puting to simulate complex behavior. lVlagnetism iu confinecl geornetries is an area

of resea,rch that will sureiy produce much new science and man',' applications in the

next twenty yeat's. Confinecl systerrrs th¿rt exhibit novel propelties often consist of

dissirnilar naterials that include at least ore or more Inagnetic component (ferro-

rnagnetic, antiferromagnetic, etc.). It is necessary to apply theoretical and numerical

approaches to study the effects of these unusual geometries.

Maguetism and magnetic naterials have been traditionally studied with phe-



nornenological modeis. These models either work rvell or must be supplementecl

by new terrns in the model to account for unexplained effects. Such an approach

has limitations. The rnodel rnay not be able to explain characteristics that depend

on the details of the systeni at the nanoscale and may not have predictive capabili-

ties. N4agnetic properties at interfaces and surfaces, which rnake up a large fraction

of nanostructured and confined materials, are quite different from the bulk systems

upon which many simple moclels are built.

Fundarnental to understanding the magnetic behaviour is the evolution of the

rnagnetism as the structural scale descends from the bulk to the nanoscale. Due

to reducecl symmsf¡5r, the magnetic anisotlopy carl be orclers of rnagnitude larger

than in the buik. This result can lead to magnetic fi'ustration and leorientation

of the rnagnetization at tLre sulface and interface. Furtherrnore, interfaces between

dissimilar materials can change their individual properties. For example, when iir

contact u'ith an antiferromagnet, the properties of a ferromagnet change dramatically;

the coercive field is enhanced and the magnetization curve c¿rn become asymmetric

showing the cxchange bias effect. In nanoscale magnetic particles, interface effects

are expectecl to be even more signiflcant as the interface region is a dominant part of

the enLire stlucture. Understanding the compiex atornic spin structure of maguetic

nanostructtires using computational approaches is thus essential to the mastering of

nanonragrletisrn itself .

The organization of the thesis is as follows. Chapter 2 is a brief introduction to

magnetisrn and magnetic interactions. The quantum meciranical origins of exchange

inter¿rctions are discussed. The magnetic propelties of both bulk magnetic materials

and sma1l nagnetic particles are described. Chapter 3 reviews the experirnental prop-

elties of maghemite nanopalticles and decribes the rnodei that will be used to stud5'

tlre magnetic propelties. N¡lonte Carlo methods are described in chapter 4. Sever¿-r,l

different aigorithms are discussed in detail. Chapter 5 presents the lesults of the

l\4onte Carlo simulations fbl particles of different sizes and with different anisotropy



const¿ìnts. Chapter' 6 summarizes the main results and desclibes possible future rvork

on this topic.



Chapter 2

MAGNETISM

2.7 Exchange Interactions

iVfany bulk materials have an ordered rnagnetic structure at low temperatures [1, 2, 3,

,1, 5]. The t,erm ord,ered means that in the absence of an externally applied magnetic

fleld, the mean rnagnetic moment of at least one of the atotns iu each unit cell of

the material is non-rranishing at a finite ternperature. Tire simplest case corresponds

to ferromagnets such as Fe, Ni and Co where the mean rnagnetic mornents of all

the atoms have the same orientation beiow a critical temperature called the Curie

ternperature, Tc. In other materials, the mean rnagnetic mornents compensate each

other within each unit cell and the material consisLs of magnetic sublattices below a

critical temperature called the Néel temperature, T¡t. These materials are referred

to as antiferlomagnets. A third type of magnetic ordel occurs in ferrites where the

nagnetic sublattices do not compensate each other leading to a net tnean magnetic

nronrent below a critical temperature Tc:. These ar-e called f'errimagnets. Above

these cr-itical temperatuLes, the magnetic orclel clisappears abrtiptly and the tllean

nagnetic; mornents of the al,oms are zero. This high temperature state is referred to

as paramagnetic. These magnetic states are showu in Fig. 2.i.

The magnetic order in rnaterials is due to a correlation between the dilections

of the electron spins on individual atoms. This correlation is a purely quantum

mechanical effect due to the indistingr-rishability of identical particles and the fact

that electrons obey Fermi-Dirac statistics. The effect is called tlie exchange interaction

[6, 7] and results in the energy of the system depending on the total electron spin.
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(a) PARAMAGNETIC

Figure 2.1: Various magnetic states

As a simple exarnple, consicler the hydrogen molecule consisting of two electrons

ancl two protons wliich interact electrostatically. The Harniltonian of the system is

___-____> __> ________>

-_>.--.-.->+-------|- --'È --*
(b) FERROMAGNETIC

(c) FERRIMAGNETIC
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---..->
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(21)

wlrere p7,p2 àle the electron mornenta, rn and e are the electron mass and charge,

and ro,B are the distances betrveen particles a and P (I,2 refer to electrons and a,b

refer to protons). The two pt'otons ¿l.re at a fixed distance ro6. Since thele are tto

interactions between the elecLron spins, the wave ftrnction ry' fol the two electrons catt

be written as a ploduct of space and spiu wave functious

,þ (r tor, I"zoz) : ó(rt, r2)y(o1, o2) (2.2)



where a t , o2 a,re pro j ections of the electron sprns along a given axis . The wave function

must be anti-symmetric with respect to the simultaneous interchange of the electron

space and spin coordinates. Ijence an antis)rmmetric space function is associated

with a symnretric spin function ¿l,nd a syrnrnetric space function is associated with an

anti-symmetric spin function. The spin function ¡ is syrnmetric when the total spin

of the electrons is r"rnity (S:1) and antr-symmetric when S:0.

Hence

tlt(rp1,rzoz) : ó,(rt,r2)yo(oy, o2)

: Óo(r1'r2)Y'(o1' o2)

(2 3)

s refer

space

1

ór(rr,rz):

ó"(rr, r'z) :

(ó(r"r)ó(rar)+ rþ(r"z)ó(rut)) ^9: 0 (2.4)

Ør(r"t)4t(r,,2) - ,þ(r"z),lt(r,,r)) ,S : 1

whcle

": | | f ot'",1þQ'¡,1)drr'1: I I lø1,",)otr'62)rt'r2

is ihe overiap of hydrogeilic warre functions centerecl on the two protons.

The energies of tlie molecule corresponding to S : 1 and ,S : 0 are

(2.5)

A(r"o) - B(r"o)

,S:O

,S:1

where the subscripts a and

spectively. The symmetrized

to anti-syrnrnetric and symmetric functions, re-

rvave functions are

\ÞQ + t)
1

ñ

E¡¡ :

E¡t:
JT _E

A(r"a) -f B(r"6)

,S: 1

,9: 0

(2 6)

'ÆTê
where ,4 and B involve integrals over the electlcistatic terrns whicir depend on the

separ:ation of the two protons. I-Ience the Hamiltonian can be expressed as

H : -J(ro¡)sr.sz -f E(r"6) (2.7)



where the first telrn depends on the relative orientation of the spins and the second

term is independent of the spins. Since electons have spin j, the eigenvalues of the

spin term are

_s(s+t) 3òr.ò2_ 2 
_ 

4

ancl thus the Haniiltonian has eigenvalues ET1, Elt if we set

J(r"a) : E¡t-E¡t

E(r"ò : 2n,, +!n|\uvl4t,4rr

(2 8)

(2 s)

J('r"ù is the exchange interaction which depends on the relative orientation of the

electron spins. The exchange Harniltonian rvas first obtained by Dirac[6] and is written

Tr --tJ¿is¿.s¡ (2.10)1l ct: - 
i<j

where the sum is over riearest neighbour ions. This form is ref'erred to as the Heisen-

berg Hamiltonian.

The exchange interaction is a consequence of the syrnrnetrization requirements

intposecl on the w¿-lve function by quantum theory. In f'erromagnets the exchange

intetaction Jz¡ is positive favouring a palaliel alignment of spins whereas ln antifer-

roinagnets it is negative favouring an anti-parallel alignrnent. In ferrimagnets the

exchange intera,clion can be of mixecl sign. The magnitucle of bhe exchange interac-

tion is quite lai:ge due to its electrostatic origin and is responsible fol rnagnetic order

above room ternpelature. The exchange interaction described above is due to the

overlap of the electron w¿n¡e functions of the neighbout'ing ions and is called clirect ex-

change. Other types of exchange occur in ionic solids and metaÌs. The superexchange

interaction takes place in ìonic solids[S,9, 10, 11]. Here the magnetic ions are often

separated by non-magnetic ions. This is the case in oxides, sulphides and halides of

transition metals. The rnagnetic ions are Ìocated at clistances too great for their 3d

w¿ve furrctions to ovella¡r. As an alternative, t,he exchange interactiolr is mediatec'l by

the non-magnetic ion. This interaction is active over short distances only. In metals



there can be a long ranged indirect exchange interaction mediated by the conduction

electrons[12].

In addition to the exchange interaction, there are also the purely magnetic dipole

iuteractions betweeri magnetic rnoments of the atoms as well as the interaction of the

magnetic rnoments rvith the electric field of the lattice (spin-orbit interaction). Tliese

latter interactions are relativistic in origin and hence are smaller than the exchange

tern. However tirey still play an important role since they lead to the appear-ance of

an anisotlopy enelgy.

2.2 Vector Model of Atoms

The rnagnetic moments of the individual atoms ale clue to both tire orbital and spin

mot,ion of the electrons ancì the interacLion between them. These angular momenta

cornbine to folm the total angular rnomentum J- : i, +,9. Ttre total olbital and spirr

zrngular momentum of an atom ale

i, : Ðt"
is I'*,
i

where the surnrnation is over all electrons. The resultants d and ,9 are loosely coupied

to form the resultant total angular rnomenturn -/ clesclibecl by the quantum number

J. This type of coupling is callecl Russeìl-Sanders coupling and J catt take the range

of values J : lL -,S1,..., (L+S -1),(Lt,S). These groups of energy levels are callecl

rnultiplets. If L > ,5 ,then u,e have 2^9 + 1 rnultiplets whereas, if L < ,S, rve have

2L + 7 nrultiplets. The splitting of the atornic erergy levels irrto the different types

of muitiplet leveis takes place as a lesult of the spin orbit interaction

^i, 
S Q.t2)

where À is the spin orbil, coupling constant which cìeterrnines the nrultiplet spacing.

Treating the angular llomenta as classical vectors, r.ve have J2 : L2 + ,92 + 2i' S.

(211)



Replacing the magnitr-rdes J2, L2 and ^9'by their quantum values, the Jth eìlergy

level is

IVg+1) - L(L+1) -^s(^s+1)l

The projection of the total magnetic rnoment ¡7 of the atom on the total angular

mornerrtnrn -iis given by E: -*gtJ- where

9¡:I+ J(J+ 1) +S(^9+1) - L(L+r)
(2.14)

2J(J + 1)

is called the Lancle q-factor. Note that 9¡ : 7 for pure orbital motion (S : 0) and

g¡ :2 f'or the spin only case (l : 0).

When the atom is placed in a magnetic field, tire components of the rnagnetic

nrornent parallel to the fielcl have 2J + 7 discrete values in each mulitplet. The

ground (loivest energy) state of an atom is labelled by the values of. L,S and J using

spectroscopic notation. The letters S, P, D. F,G, ... signify the value of L :0, 1,2,3, ...

respectively. A pre-superscript to the capital letter gives the value of 25 + 1 ancì a

post-subscript clenotes the ,/ value. In order to deter-mine the rnost stable spin and

orbital arrangements, 'uve rnay use Hunds rules which state:

c (i) S : lrn"¿ is the maximurn ailor,ved by the Pauli principle. For a givert

electronic confrguration, the term with the maximum spin multiplicity has the

lowest energy.

o (ii) For a given spin multiplicity the term with the largest value of L : Dmto

Iies lowest in energy.

o (iii) The resultant -L and ,9 combine to folm J:

J : lL - Sl for a shell less than half filled,

J : L + ,S f.or a shell more than half lìllecl

The fìrsl, aucl seconcl rules ale l,he consecluences of elect,r'ostat,ic: interact,iolts bel,weelt

electrons.

(2.13)

a)

b)



10

2.3 Magnetic Anisotropy

in addition to magnetic frelds, electlostatic frelds are also able to split the (2J+1)-fold

degeneracy of a mulitplet. Consider an atom with orbital angular momentum L :7

which is located in a uniaxial crystalline electric field of two positive ions along the

z-¿xis. In the case of the free atom, we have states TrL¡,:1,0 which have identical

energies and are degenerate. Irr the crystal lattice, the atorr will have a lower energy

rvhen the electronic charge cloud is close to the positive ions than when it is aligned

halfway between the positive charges. The crystalline electric freld is able to orient

the electronic chalge cloud into an energeticzrlly prefêrred direction.

2.3.1 CrystaL FieLds

In most compounds, the magnetic ions fblm part of a crystalline lattice in which tire

magnetic ions are surrounded by other ions. The Coulomb interactions between each

eiectron and all other cirarges are described by the electrostatic potential I/¡(fl¡), For

the case of iron i<¡ns the 3d electrons are outermost and are nlore affected by such

a potentiaÌ. In tÌre case of the rare-earth ions the 4f electrons are shielded by the

5s25p6 sirells and they are less affected. The electrostatic field exper-ienced by the

unpairecl electrons of a given magnetic ion is callecl the crystal fielct. TÌre (2J + I)-

fold degeneracy of the ion's ground state will be split in the plesence of a crystal fleld

as well as in a magnetic field.

The neighbouring atorns can be treated as point charges and the clystal field

potentral is

(2.15)

where Z¡e ís the charge on i,he Tth ion located at R¡ The aclvantage of treating the

neighbours as point charges is that the potential satisfies Laplace's equation and the
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total energy H"! rnay be expanded in spherical harmonics as

H"t:+,Ð.",,8^orr"YÅ"(oo,,l,o) (2.16)

where Aff are the coefficients of this expansion which have values that cleperrd on the

crystal stlucture consideled and determine the strength of the crystal-field interaction.

The lowest order term is called ¿r uniaxial anistropy and has the form

2.3.2 Zeem.an effect

The Zeeman eff'ect is the splitting of a spectral line into several components in the

presence of a static magnetic field Ë0. The Zeeman energy is

H"t: -ÐKgl,
à

Hzu"*on:-ÐFo'Ho
i

(2.17)

(2.16)

This is anaìogous to the Stark effect rvhich is the splitting of a spectral line into several

components in the presence of an electric field.

2.4 Magnetic Properties of BuIk Materials

The critical tempera,ture of ilon is above 1000K but it can appear to be untnagnetizecì

at roorl ternperatule. However, it can be easily rrragrietized b), stroking it with a

perrnanent rnagnet. We neecl to consider rnergrietic dipolzlr inter¿rctions in order to

u.nderst¿rncl this phenoûterlon.

2 /+.1 Dorr¿ai'ns

The interaction between two rnagnetic dipoles P'¿ and ¡7¡ hers the form

1
H,t¡p : 

à q lF,. F¡ - 3(ùi.îii)(ûi.iii)l (2 1e)
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Figure 2.2: Donain fbrmation

where r¿, is the separation of the bwo dipoles. This interaction is relatively rveak

cornpared to the direct exchange between neighbouring rnoments but it is Lorrg-ranged.

The magnetic configuration of a macroscopic sample can be quite complicated. The

ferromagnetic state which is favourecl by the short range direct exchange does not

minimize the dipolar energy. The dipolar energy can be reduced by dividing the

sample into macroscopic dornains as shown in Fig. 2.2. There is an energy cost fol

exchange at the dornain boundaries but there is an overall energy gain. Hence the

sample appears to be unmagnetized because the dom¿rins have different orientations.

¡

TIITI
{

r

IM+
l

++++

tf TTt¿æ'"ù.u.u'4å+*å
Figure 2.3: Domain wall
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The wall separating doniains[13] can be very sharp or broad depending on the

exchange and anisotropy energies. For a single pair of spins, the exchange energy is

H"": -Jii.íj - -J52 + #t¡ø)2 rvhere A/ is the angle between the spins. For a

very narrow wzr,ll, this is an abrupt change ancl the energy cost is #"' Howerrer, a

lower energy cost is obtained if the spins turn over gradually through a distance ,L

witlr an angle rf L between adjacent spins as shown in Fig. 2.3. The energy cost is

Sf1" ¡ f¡2 aucl fävours very wide walls. However', the anisotropy energy is increased

by a wide wall since the spins deviate from the anisotropy axis within the wall. For

a simple cubic lattice rvith lattice spacing ø, the number of rows of atoms per unit

area is $ and the excharge energy cost per unit area of dornain u,all is +# where

õ : La is the width of the wall. The anisotropy energy cost is /{ô and the total

energy cost is miniinized for ô : (€#)å and clepencls on the ratio of exchange to

ariisotropy energies. Substituting this back into the energy cost per unit area, we

lrave A.Ð-ou: zn($f)i.

2./r 2 Hysteresis and Coerciuzty

Wlren a rn'eal< magnetic field is applied to such an unmagnetized sample, the dornains

reorient and grow ¿rs sirown in Fig.2.4. For weak fields tiris plocess is reversible but

for larger fielcls it becomes irreversible and a large fielrl in the opposite direction is

neecled to demagnetize tire sample. This phenomenon is called hyster-esis ancl the freld

necessary to lestore zero nagnetization is called the coercive fbrce. In order to char-

acterize the magnetic properties, ei field large enough to saturate the magnetization is

appliecl and then it is leduced back to zero. The magnetization at this point is called

the remanent magnetization. The field is then switched to the opposite direction until

the state of zero magnetization is reached. Tìre field value at this point is a tneasure

of the coercivity of the sample.

The ease i¡'ith rvhich the magnetization of single cr-ystal samples can be saturated

also depends on the direction in which the fìeld is applied when crystalline anisotropy
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is present. Hence the measurement of þsteresis Ioops provides important inforrnation

about the rnagnetic properties of bulk naterials.

Figure 2.4; Dornain rotatiolr

Figure 2.5: Hysteresis Loop

2.5 SmaII Magnetic Particles

The magnetism of small magnetic particles is dominated by tr,r'o important f'eatures.

The first is that there is an upper limit to the size of singie domains and the second

is that thermal enel:gy can clecouple tire rnagnetization fi'om the particle to give rise

to the phenomenon of superparamagnetism.
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2.5.1 Si,ngle doma'in ParticLes

Consider a large single crystal ivhich is uniformly magnetized and hence fbrms a

single domain. Surface charges u'ill be formed on the ends of the crystal due to the

magnetization and the single cr-ystal itself is a source of magnetic freld(demagnetizing

field). There is an energy associatecl with the surface charge distributions called the

magnetostatic eirergy. Tire crystal which is unifbrmly magnetized generates a large

amount of stray magnetic field I/. The field Ì1 has an energy that is expressed as

(2.20)

where the integral is over erìl space. This integral will become smaller for a crystal

subdivided into two domains and even become much smaller if subdivided into more

dornains. This subdivision cannot continue indefinitely because the formation of a

doulain rvzrll requires energy to be generated ancl maintained. A clomain wall is

an interfäce rvhich separzrtes magnetic domains and the magnetization has diff'erent

directions on each side. Consider the bound¿rry betrveen two domains in which the

nagnetization changes by 1800, clescribed as a 1800 u'all (Fig. 2.2) and assume that

tlie two domains are rnagnetized in easy directions. Since the spins within the walls

are not aligned along a direction of easy rnagnetization, there some anisotropy energy

associated within the wall ancl the exchange erergy favours the spins parallel. Thus

there is a competition between the anisotropy and excharrge energies which makes the

doulain rvall posses a finite rvidth and surface energy. Exchange favours the ivall to

be as wide as ¡:ossible rvhereas the anisotropy tends to make it as thin as possible.

This interplay resr-rlts in dornain states being grain size depenclent. As the crystal

size clecreases) a point will be reached u'here the crystal will no longer be able to

acconirlodate a rvall. Below this size the crystal cont¿rins a single domain. The single

dornaiu pzrrticle lias high coelcrvity and remanence a,ncl is magneticaìly hard because

the only r,vay to change tire magnetization of a single domain particle is to rotate the

magnetization.

7rE¿: 
2 J H'dV
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2.5.2 Superparamagnetzsrn

As the size of the palticle discussed above decreases further within the single dotnain

range, ¿r critical thresliold is attained where the coercivity and r-ernanence go to zero.

A unixial single domain particle of volume I/ has a rnagnetic anisotropy enelgy given

by

Eo: KV sin2(d)

where á is the angle betureert ú arid the easy axis.

(2.21.)

Figure 2.6: Single Domain Particle

Tlre energS' is a tninimnm at 0 :0,n-and has a tnaximum at 0 : rf2wíth an

energy barrier KV as shorvn in Fig. 2.6. In the absence of an applied field and at

lorv tempelatut-es, the particle moment is trapped in one of the rvells ¿rnd moment is

s¿iid to be bloclied. At higher temperatures, thermal energy can induce fluctuations

of the rnorrient fi'cxn well to rvell ¿rncl the rnc¡ment becornes unblocked as illustrateil irr

Fig. 2.7.

The net rnagnetic moment will be zero in zero applied field and at high tempera-

tures. Such particles whose rlagnetizzition fluctuates spoutaneously are analogous to

paramagnetic particles except that they possess magnetic motnents which ar-e much

larger. These palticles are said to exhibit superpararnagnetism which r,vas predicted

l\l
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Figule 2.8: Superparamagnetisrn

The magnetic blocl<ing ternperature, ?6 is the temperature below which the par-

ticle moment is blocked TB depends on the particle size and the timescale of mea-

surernent. In response to a change in applied fielcl or tempelature, a collection of

single domain palticles will approach an equilibrium value of the rnagnetization with

a characteristic lelaxation time ¡

o
o

o
Ø

o
D

Ø
Ø
oo

I(V: J'sel:tt(- kaT)

All /
o"ll oo

(2.22)



18

where /s is an attempL frectrliency

is Boltzrnann's constant. Fig.2.9

inverse tenperature, The slope is

(10s sec*1), 7 is the absolute temperature and ,k6

shows a Ln - ln plot of the relaxation time versus

proporLiolal to the palticle volurnc I/.

ln[t]

Figure 2.9: Blockirrg Ternperature

Stoner and WohlfaLth[16] predictecl a" T :0 coercivity of ff for a particle with

anisotropy constant K (the anisotropy is due to shape or the clystalline structure) and

saturation nagnetizatton IVI" if the magnetization rotates coherently and the external

nagnetic field is appliecl in the direction of the easy axis. This theory markecl the

beginning fbr the development of magnets and rnagnetic r-ecording naterials. The

rnagnetization is aligned parallel to tlie external magnetic field 11 in the absence of

any anisef¡6py. For uniaxial ¿rnisotropy, there is an ¿rssociatecl anisotropy energy

unblockeci
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density

E : Iisirr2ld) - H M,cos(Q - 0) (2 23)

rn'here I is the angle betrveen ¡/s and the easy axis and / is the angle between the

applied field and the easy axis. N4inimizing 2.23 with respect to 0 we have

K sln(20) - H I[, sin(p - 0) : 0 (2.24)

Figure 2.10: H¡,s¡sresis loops fbr frelds perpendicular and parallel to the easy axis

In tlre case where ó: r12, the magnetization rotates towarcls the field direction

as tlre field magnitude incr-eases and is saturated when H : #:. This process is

reversible and there is no hysteresis. For ó :0,2-, the magnetization is along the easy

axis bnt reversal of the field direction leads to a coercivity H.: ffi. This behaviour

is shou'n in Fig.2.10. For othel v¿r.hres of / saturation does not occur- in a finite field

ancl the clualitative shape of the hyster:esis loop is shown in Fig.2.11. This behaviour
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would also desclibe

directions.

a collection of single domain particles with random easy axis

Figure 2.11: Hysteresis loop for a collection of uniaxial single domain particles witir
r¿l,ndom easy axes

The temperature dependence of the coercivity can be desclibecl tising (2.22) by

replacing I{V by the energy barrier AE in an applied field and setting LE : CT

wìrere C is a constant of order 25kp. This gives a relaxation time of approximately

102s rvlrich exceecls measurement times by many orders of rnagnitr-rde. Equation (2.24)

lras solntions d:0,2-and cos(9) : -'tyr'and the energy barrier ," (# + K -
H A[")V. Solving for the coercive fielcl we find

(2.25)

wlrele Tn : '#. The coercivity vanishes at and above the blocking temper:atttre

7s which cleally depends on the particle volurne V and time scale constant C. The

srnaller the sirrgle domain par-ticle or the longer the rneasurement time, the lower the

value of 7¡.

H':#('-,Æ)
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2.5.3 Magnet'ic Surface Anisotrop'y

An important difference between bulk magnetic materials and sma1l particles is that

the sites on tÌre surface have a recluced symmetry. For this reason, the rnagnetic

anisotropy ¿rt the surfäce differs from that in the bulk. Since the outward normal n¿

to the surface is in the direction of missing neighbours, the surface anisotropy energy

is tahen to have the form

H" : -K"\{5, n)'
i

where /'Ç is the surface anisotr:opy constant. Positive values fävour moment alignment

perpendicular to the surface and negative values fãvour alignment tangential to the

surf'ace.

2.6 Exchange Bias

Tìre phenomerlon of exchauge bizrs[17, 18] occLrrs in systems where an interfäce be-

trveen f'erronagnetic and antif'erromagnetic phzises occlirs and the two phases are

exchange coupled at tire interface. This occurs in both thin films and in srnall par:ti

cles when the systems are cooled in a field. If the ferromagnet has a higher ordering

temperature Ts ) ?¡¿ than the antif'erlomagnet and the system is cooled to a tem-

perature 7 such that ?¡¿ < T < 76', the ferrornagnet will be single domain. Further

cooling below 7¡¿ will order the antiferlomagnet with the moments at the interface

oriented parallel to the f'errornagnetic moments. If the field is removèd at a lower

temperature, the antiferrornagnet ivill maintain the ferromagnetic moments along the

original field direction. When ¿ì reverse field is applied. the coherent rotation of the

f'erromagnet is impecled by the exchange interaction at the interface and a shifted

hysteresis loop is fbuncl. Tire lefT coercir¡e fbrce /21 is larger in magnitude than the

rigìrt coelcive folce hz. The coercive and the exchzrnge bias fields are defined as

(2.26)
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Figure 2.12: Biasecl hystelesis loop
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Chapter 3

MAGHtrMITE NIANOPARTICLES

3.1- Experimental Facts

Bulk maghemite (^,, - Fe2O3 ) is delived from magnetite (FesOa) which crystallizes

in an inverse spinel structure rvith S Fe3+ ions located at tetrahedral sites (T), 16

Fe3+ ions in octahedral sites (O), and 32 03- ions per unit cell[19,20,2I,22,23).

The lattice constant of tlie unit cell is .83 nnz. Maghemite is formed by tlie removal

of $ of tire iron ¿r,toms and oxygen vacancies are distributed throughout the O sites

to ensure charge neutrality. Hence there are 16 - + : ffFes+ atoms on the O

sites in a unit cell. The glound state configuration of the -Fe3+ ion is 65q which has

S: å, L:0 and g.¡ : 2. Competing superexchange interactions between the Fe3+

7 and O sites leacls to a ferrimagnetic ordering in the bulk material at 10201{. Tire

momeirts on the 7 and O sites are anti-parallel and the net moment per iron atom is
-10 ô

The magnetic properties of nanoparticles are greatly influenced by surface effects[24,

25] and their importance increases as the size of the particle decreases. With clecreas-

ing size, surface eff'ects lead to a decrease of the ordering temperature and an enhanced

surface anisotropy which cliffers significantly fiom that of the particle core. Recent

experiments[26] on dilute suspensions of mono-clisperse 1- Fe2Os nanoparticles witli

an average cliameter of 7 mn have suggested that the particies block at atemperature

Ta - 20K which is rnuch lower than that where the core develops ferrimagnetic order.

Below 7s the particles exhibit enhanced coercivity and exchange bias.

With decreasing size, the ar¡erage rnagnetic coordination number of a 1 - Fe2O3
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Figure 3.1; Unit cell of maghetnite sirowing the oxygen ions (white) and the Fe3+
ions at the O (Stuy) and 7 (black) sites. Lattice constant is .83nm.

crystallite is significantly leduced, and finite-size efïects becorne signifrcant. A single-

dom¿rin magnetic structure occurs) and the large nurnber of magnetic ions in the unit

cell rnake this systern sensitive to vacancies distributed throughout the octaheclral

sites and especially at the surfäce. This leads to a magnetic roughness which can l¡e

thought of as a,u effective surface rnagnetocrystalline anisotropy that is diffelent from

the magnetocrystalline anisotropy of the nanoparticle silgle domain core. The single-

donrain f'elrimagnetic core of the 1 - Fe2O3 nanoparticle is magnetically ordered at

a much higher ternperature than the surface spins. Therefore, a preferred orientation

can be imposed ou the surface spins by fleld-cooling with a field large enough to

align the particles cores. Field-cooling must occur from a ternperature above that

wlrere tire sulface spins freeze into a spin-glass configuration. With the 7 * FezOz

nanopa,rticle mzrgnetism in this configuration, the single-dom¿r.in core rvill experience

the fieid generated by the frozen surfäce spins that are aligned by the field-cooling,

aud exchange coupling betrveen the core mornents and surface spins occurs. This

exchange cor.rpling is most easily observed by the resulting offset fiom zero field of the

hysteresis loop, i.e., an exchange bias field (11"").
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At low temperatures where the single-domain 1 - Fe2Os cot'es at'e in a blocked

configuration and the thermal energy is not large enough to enable the nanoparticle

moment to fluctua,te a,bout its easy axis (where rve have assumed that the core ma,g-

netic anisotr-opy is uniaxial in nature), the temperature dependence of Hu" should

rnirror tirat of the surface spins and provide insight into their evolution. Upon warm-

ing, the single-dornain cores of the nanoparticles will become unblocked just above the

blocking temperature, TB. Single-domain moments will now fluctuate about their easy

axis undergoing superparamagnetic 1800 moment flips. However, the magnetocrys-

talline anisotropy constant of fine-par-ticle 7- Fe2O3 is 1{: 7-2.5x105 erg cm-3ll]

and thus a sul¡-10 nnz diarneter nanoparticle will have a rather iarge energy barrier'

to overcome that is associated rvith its superparelma,gnetic fluctuations.

T (K)

Figur-e 3.2: S¿l,turation rnagrretization IVI, of 1- Fe2O11as a function of tenrperature.

A prorninent feature of tire 7nm1- Fe2Os particle narìornagnetism is the uirique

temperature dependence of the s¿rturation magnetization, I21", shorvn in figure 3.2.

TIre effect of snrface spin freezing in the ^¡- Fe2Os nanoparticies displayed by 1121"(7)

in figure 3.2 is well described by the phenomenological description tising a moclifiecl

o
E
C)
l
E 250
o)

U)
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Bloch ?å law

L,t"(T) I M,(0) : (1 - BTi) + Ae-fr (3.1)

wlriclr describes At[, over the cornplete range of temperatures. Fits to t]re data in

figure 3.2 with eqnation 3.1 (sirown by the solicl line) results in a zero-teinperature

rnagtietization, ,4,/"(0) :350 L.2 emu c.¡t't*3. The Bloch coustaut rvas fbund to be

B : 2.9 + 0.3 x 10-5 K-3/2. The surface spin contribution to the total 1ì1,(?)

was forurcl to be A : 1.3 + 0.2 x 10-3 and the sulface spin freezing ternperature

T¡ : 15+IK. \\¡ith warming above Tn - 20K, the single-domain mornents fluctuate

about their easy axis, and with no applied freld, the tirne-averaged magnetization is

zero, and the nanoparticles are sliperparamagnetic. As the single-domain moments

of the nanoparticlcs arc fluctuating at a rate that is considcrably greatcr than thc

measuring time, the magnetic mornent of a nanoparticle may be directed at any angle

with respect to an applied field direction.

For a dispersion of nanoparticles that are in thermal equilibrium with easy axis

parallel to the directic¡n of the appliecl field, -I1, the total enelgy per nanoparticle is

described by E : KV sin2 (0) - IVI H cos(0), where ,41 is the particle's magnetic moment

and 0 is the directlon the single domain malçes with respect to the direction of H.

Using the uniaxial anisotropv description of the energy barrier tliat the nanoparticle

magnetization must o\¡ercorne to flip orientations as described above, the temperature

dependence of the coercivity is founcl to follow the prescription (see section 2.5)

/o ô\
\,) .¿ )

where, usuzrlly, goocl agreement is found with exper:inent based on ternperature-

independent 1{ and A[, h was postulated that fbr temperatules below 76 tlie surface

atrisotropy, K,,,,,¡o,,,,., is providing tÌre energy balrier for nanoparticle rnagnetization

reversal of the total particle magnetízation At[,. Figure 3.3 shorvs the ternperature

dependence of the coercivity and exchange bias for the 7nm particles. Tire soiid

curve is a fit using equation 3.2 witli 1( eclual to the effective surface anisotropS, ca¡-

H"(r):ffu- rE,
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stant deterninecl by fitting the field and temperature dependence of the saturation

magnetization.
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Figure 3.3: Coercivity and exchange bias

3.2 Model

In order to stucly the magnetic properties of maghemite na,noparticles, we shall use

the fbliowirig Hzrililtonian

H - -lto,So S,
i<j

- /Ç lls. . nn)' - I{"Ðs¿,2 - H,Ðso, /t t\
\.)..)/

i€c i

where the fir'st term describes the exchange interactions with the nearest magnetic

neighbours of each site, the second term describes the single-iorr uniaxial surface

anisotropy. the third term accounts for the uniaxial core anisotropy and the last

term is an applied magnetic fielcl. The unit vector d¿ is the local norrnal to the

z€s

. öo0
ö0Þ
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surface of the particle. In the spinel structure the tetrahedral sites have 12 near-

est neighbours on the octrahedral sites arrd 4 nearest neighbours on tetraireclral sites

whereas the octrahedral sites have 6 nearest neighbours of each tlrpe. The corre-

sponding superexchange interactions rvere taken to be antif'erromagnetic with the

values Jrr: -42.01(,Jro: -56.2K, and Jç6: -77.2K. The surface-core ex-

change interactions are all divided by fäctor of 2 and the surface-surface interactions

are divided by a factor of 10. The single-ion site surface anisotropy /Ç ivas given the

values 1.0,5.0 aLrcl 10.0 ,while the core anisotropS, K.:0.02. These values were taken

from the literature for bulk maghernitel27,28,29]. The spins at each site are taken to

be classical spins of unrt magnitude and vacancies on the octrahedral sites are giveu

a spin magnitude of zero. The ox;'gen ions are consicl.ered to be non-magnetic and

only selve to plovide superexchange interactions between the iron sites. The actual

spin of each iron atom is S : Z and is large enough to be treated classicaliy at fi-

nite temperatures. However, important quantum effects are present at extremely low

ternperatures ¿rnd. ive will cliscuss these effects later.

lVe tal<e the maghemite particles to have a spher:ical geometry with a diameter of

I unit cells as shou'n in figure 3.4.

Figure 3.4: Geotnetry of uanopar-ticles

The Fe3+ ions in the outelmost cells are called sur-face sites and the ions in shaded
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cells are core sites. For tr : 5 the diameter is about 4.2 r¿rn and the particle contains

1112 surface sites, 311 core sites and 170 vacancies. For this size of particle, the

majority of sites are on the surface.

Table 3.1: Number of Surface, Core and Vacant Sites

L Diameter(nnz) Surf ace Si,tes Core Sztes Total Si,tes Vacanc'ies

4 3.3 667 94 767 80

5 4.2 1712 311 1423 770

6 5.0 1683 751 2434 297

7 5.8 2467 7477 3878 473

8 6.6 3358 2440 5798 687

9 7.5 4327 3891 8218 97r

We study particles with sizes ranging from -L :4to L:9 (3 to 8 nnz diameter).

The number of surface) core and vacant sites for L:4 to 9 are given in table 3.1.

The vacancies are distr-ibuted unifolmly throughout tire octahedral sites in both the

core and surfa,ce and accor.rnt for approxirnately Il9 of the total sites. Flom table 3.1

Table 3.2: Predicted Core, Surface and Totai N4agnetizations

L fficot.e Tlsurf ace TIL¿6¿¿¡

4 .255 .262 .261

5 .209 .277 .262

6 .252 .247 .248

7 .256 .275 .268

8 .250 .265 .259

9 .27r .247 .255

we see th¿rt the rnajolity of the sites ¿rre on the surface . For- a, perf'ect ferrirnagnetic
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order where the occupiecl tetrahedral sites have their spins anti-parallel to those on

the octrahedral sites, we can use the data in table 3.1 to predict the values of the

cor-e, surfäce aud total nragnetization per cole) surface and total number of sites as

shor,vn in table 3.2.

In our model the exchange interactions between the core, surface and core-surface

sites are diff'erent. The surfäce and core anisotropies are also different. The exchange

interactions of the surfäce sites differs fïorn that of the core sites because of the

symmetry bleaking aud surface anisotropy at the surfäce resulting in the unequal

distribution of the magnetization.

We ivill use N4onte Carlo techniclues to str-rdy the magnetic properties of these

nanopzrlticles. There harre been many previous theoretical stuclies of the magnetic

properties of nanoparticles. The group of Restrepo et. al. [30, 31, 32, 33] have usec'l

the Metropolis algorithm [3a] to str-rdy the effect of surface anisotropy on the sublattice

tnagnetizations with uniform exchange interactions throughout the particles. Tlohi-

dou et. al. [35, 36, 37] have also used the IVletropolis algorithm to study nanoparticles

with a f'errotnaguetic core sulrounded by an antif'erromagnetic surface layer. Iglesias

et. al. 138, 39, 40,4I) have stuclied both systerns rvitli a ferrornagrretic core surrourrcled

by er.n anti-ferromagnetic surface layer as well as a more realistic model of maghemite

witlr the inverse spinei strlrcture. Several other groups 142, 43, 44, zI5, 46, 471have also

used the conventional Metropolis algorithm to study the efl'ects of surfäce anisotropy

on the magnetic properties of maghemite nanoparticles.

The following chapter gives an overvierv of N4onte Callo rnethods and describes a

different rnethod than that used b5, previous studies.
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Chapter 4

MONTE CARLO METHODS

4.7 Introduction

In this chapter \Ã¡e summarize some of the basic ideas of \4onte Callo simulationsf48,

49,50,51]. Vfonte Carlo methods are used when simulating physical and mathe-

matical systems and they ivere designed to provide a means to estimate answers to

analytically intractable problerns. The lVionte Carlo urethod is one of the major riu-

merical techniques developed and is widely use in all areas of science. The Monte

Carlo simulation techniques apply random numbers fbr rnodeling stochastic processes

in contrast to molecular dynamics techniclues which use deterministic laws (e.g. New-

ton's equations). Nlonte Callo techniques can be classified into sirnple sarnpling and

importance sarnpling methods. When unif'orrnly distributed landom numbers are

applied rve have what is callecl the simple sampling method. Irnportartce sampling

takes aclvanteige of rveiglited landorn numbers by means of the generation of Nlarkov

chains. The iVletropolis, heat bath, and cluster algorithms are versions of the impor-

tance samplirrg rnethod th¿lt have been developed in recent years.

4.2 Simple Sampling and lrnportance Sampling

One of the rnajor numerical techniclues ivhich is used fbr evaluating integrals is the sin-

ple N4onte Carlo rnethocl. \4/e shall describe this rnethod as applied to one-dimensional

integrals. The acceptance-rejection algorithm is an exzrrnple of a sirnple sampling tech-

nique to calculate integrals. lVe wish to obtain the integral of g@) ovel some frxed
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interval,

t : I'u s(r) dr (4 1)
Ja

This method corresponds to drarving a rectangular box which extends from z : ø to

r:b and from,A:0toy: y6 wltere Ao> g(r) throughout this interval. We then

clroose N points r,y in the box randomly using a unifolm random number generator

ancl count the number of points Àfu for which A < g@). This is a hit and rniss

algorithm ancl an estimate of the integral is the fraction of hits times the area of the

box

I-:ln' "- N-Ylaoþ - ")). (4 2)

Another approach that can be r-rsed is to choose N values of r randomly and then

evaluate g(r) at each value '"vith an estirnate for the integral given by

(4 3)

In this approach, as the numbel of values of r¿ increases, the estimated result even-

tually converges to the correct result. However, this can require a large number of

trials if the integrand g(ø) is not smooth. Importance sampling can be used to reduce

the statistical elror by choosing a weight function tu(z) wliich gives a new probability

of clroosing a vaiue of z and is chosen to make g(r)lw(r) a smooth function. The

integral can be written as

r": *\,s(ro)

I : fo o(r\ c:,x : ¡b ttV) w(r\d,,: f 'q('o)- Jo r\*./ 
** l, w(r) 

*\*./** 
?'r(ro)

1"w(r) : r.-î 10, -]
^: 0 z<0

(4 4)

where :¿ is nou' chosen according to a non-uniform probability clistribution tl(r). Non-

uniform distributions can be constructed using uniform random number generators.

As an example, suppose lve rvant to generate the norrnalized exponential distribution

(4.5)
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\4/e first calculate the integrated probabllity IM(r) : Iir@')dx)' :1- e-i which

satisfies O < I4t (r) ( 1 and then set it equal to a randorn number r chosen uniformly

from tire interval [0, f]. Sotving for r, r've have t:: Àln(1-r) ancl z will be distributed

according to a,n exponential distribution. Other non-unifbrrn distr-ibutions can be

obtained in a sirnilar manrer provided the integrated probability cari be evaluated in

closed form. OtheLwise, a nurnerical procedure can be implemented.

4.3 Canonical Ensemble

Tlic lVlonte Carlo mcthocl can also be r"rscd in statistical mechairics to caicnlate aver-

ages of various observables. The correponding integral is a mr-rlti-dirnenional integrzrl

over ¿lll possible configur:ations of a, system. Sinpie sampling wiii not work rn this

case. However, importauce sampling can be used to choose the configurations accord-

irrg to tlre Boltzmann proba,bility P, : ¿-ßø; f / where E¿ is the total energy of the

configuration, 13:7f kBT, and Z is the canonical partition function which is a nor-

tnalizatiorr factol Z :Ð¡exp(-[38¿). The objective of the Monte Carlo simulation is

tlre computation of the expectation value < A > of some observable A,

< A>: D¿ Aoexp(-pE¿)
(4 6)

value of ,4 can be

l¿exp(-pE¿)

If tlre configurations are s:rmpled according to P¿, then the avel:age

calcuiatecl from

< A >: hrn lf ,4,
N*æ ly' ? (4 7)

]u our case the oìrsen,¿rble,s of interest are the surface and core magnetizations ¿rs a

function of temperature, 7. and field, 11.

4,4 Markov Processes

This is a stochastic process in whicir a sequence of configurations or states are gen-

eratecl. When the svstem is in a state i, the next state is selected with a trarrsitiorr
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probability IVI¡*,i t,bat does rrot,

of tire transition probabilities is

Repeated selection of states leads to a steacly-state

is a,n eigenvector with eigenvalue 1 of the transition

depentì. on tire previous history of the systenr. Eaclr

non-negative and not greater than unity and satisfy

(4 8)

pr-obability clistribution P¡ which

matrix,

I A,[¡*n: t
j

P¡ : I tur¡*rh (4 9)

A sufficient but not necessary condition L, ¿.t..-ining the .4 is that the transition

probabilities satisfy detailed balance

N[i*rnP,rr: ll[**¡P¡ (4.10)

whicÌr when substituted into (4.9) yields a stationary probability distribution P¡ :

l¿ Ar[¡*;Pi : Ð¿ A[¿*jP¡ : Pj corresponding to equilibriurn.

Consider a systern of spins ,í" i,r a state i, and choose a site o randomly. Now

perfbrni a virtual change in orientation of the spin at site a to create a state j. After

n steps of this process, the transition plobability frorn the initial state i to a final

state f is

fuI¡*t('rt): A,[ f *i.,,_.,. AiI¿,,_ r*i,"-2. . . NI¿, *r (4.11)

After rnany steps the system will approach a lirniting distribution

Pr: lini A,lr*¿(n)
" ll-=æ

(4.r2)

For the canouical clistlibution ive require tire clistribution to be norrnalized and satisfy

for all states m, j and, if the transition probabilities also satisfy detailed balance, then

u'e have

t)
Jnt---:! : etpl-¡J{8,,- E¡}l
1j

(4,13)

44r,.*¡ P,,-# : :-::: : enp[-þ{E- - E¡})
lvtjem r j

(4.r4)
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In summary, a Markov plocess is a stochastic process with no memory and a full

specification of the pl'ocess is given by a matrix of transition probabilities Mj*,,,.

A desired probability distribution of states for a sl,sfgm is generated by repeatedly

stepping fïom one state to another according to these transition probabilities rvhich

are recluired to satisfy detailed balance. There are rnany different choices for the

transition probabilities and the Metropolis algorithm is one such choice which is widely

used in \4onte Carlo sirnulations.

4.5 The Simple Spin-Flip or Metropolís Method

The N4etropolis Nletliodf3a] is the simplest and most frequently irsed method in the

studv of spin systems. The key steps of the Vletropolis Algorithm are,

0. Initialize the system.

1. Choose a lattice site i at random.

2. Caiculate the change in energy AE associated with a possible la.ndom change

in the spirr direction ¿t this site.

3. Generate a landom number r such that 0 < r < 1

4. iT r < exp(-.=rg), o...pt the new spin direction. Otherwise reject it.

5. Repeat steps 1 to 4 uutil /ú spirrs have been either updated ol not, to cornplete

one N4onte Carlo Step (mcs).

6. Repeats steps 1 to 5 until sufficient data is collected.

One Monte Carlo Step (\ttCS) corresponds to updating all the spins in the system.

Tiris approach is simple to implement but can iead to a large number of rejected

updates if the changes in the spin directions are chosen randornly.
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4.6 The Heat Bath Method

The heat bath Monte Carlo methodfS2, 53] generates a sequence of confrgulations

which sirnulate a canonical ensemble of states in thermal equilibrir-rm at a constant

temperature 7. Given a configuration of the spins in a system, the direction of each

spin is updated assurning that the spin is in contact with a heat bath that puts it

into loc¿rl ecluilibriurn rvith the surrounding spins. For systeurs that are described by

a Hamiltonian of the forrn

(4.15)

wlrele Sl is a classical vectol with 3 cornponents located at the site i of a lattice anð. J¡i

is the strength of the exchange interaction between nearest neighbour pairs of spins,

the orientation of the spin ,90 ir d"t.rmined by the net eff'ect of the neighbouring

spirr orientations, the strength of the interaction J¡¡ and the temperatille 7. The

neigbouring spins exert a local efl'ective rnagnetic field at site z given by

H--\tn,So S,
<àj>

Èyr : r- 4¡S¡
l

This field direction plovides a local coordinate frarne fbr the spin

of classical spins, the spin direction with respect to the local freld

scr-ibed using the azimuthal and polar angles þ¿ and d¿ respectirrely.

probability of the spin dilection at site z is given by the Boltzmann

P(oo, ón) : C

where C is a normalization fäctor. l{ote that

3n Êitt: l,9nllÉ:rrlcos(o¿) : ¡rerr cos(o¿)

The normaliz¿r.tion f¿rctor C is given by the integral

(4.16)

:iS¿ In the case

Èfrr 
"un 

be iie-

The equilibrium

factor

C : ['" [" eß\Lr:rr.o.(0,) rir.1B )d\.dó.Ju Jo

, sinh(¡JHo"//)
t/l-, pH:,'

(4.17)

(4.18)

(4.1e)
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Hence the normalized probability distribution for a classical spin can be rvritten as

ß H"l I oßH:I / cos(d¡)

P(0¡,ö¡): n Ø.20)

We can separate this into the product of indepenclent distributions for cos(d¿) and Q¡

as follorvs

P(¿¿¿) : 
l:,P(cos(d¿) ,þ¿)ctcos(\¿) : 1

2"

r2n
P(cos(0¿)) : J, P(cos(á¡), ó¡)dó¡

: I þHÏlÍ"oaTrr '"'@')
2 sinh(É H:tr)

(4.2r)

(4.22)

A random number generator can nov/ be used to generate values of the independent

variables cos(á¿) and $¿ rvhich are clistributed accorcling to the probability functions

P(cos(d¿)) and P(cbr). The integratecl probability distributions are in the range [0,1]

and can be set equal to a random number which is uniformly distributed on this

same interval. In general, fol a variable z which has a probability density P(z), the

{err

Figure 4.1: At each site i
azimuthal angle ry'¿ single-s"

of ,9¿ rvith lcspect Lo È:¡¡

tlrele is an instantaneous local field Ê;tt :Ð¡ J4E¡. The
out a plane containing Uotn, Êfrr and ,9¿. The orientation
irr this plane is describecl by the polar angle d¿.
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curïulative probabilit¡, distribution

P"(X) P(r)dx (4.23)

replesents the probability of choosing a value of the variable z to be less than or equal

Lo X. We set P"(X) : r' where r is unifbrmly distributed on the unit interval aricì

solve for X in terms of r. Hence for the cos(d¿) and. rþ¿we can write

rX:l
J-æ

wÌrere r!,r2 are indepenclent ranclorn numbers uniformly distributed on [0,1]. Equa-

Lions (4.24) can be inverted to yield

P"(cos(o)) : ,¿î't"' P(cos(0¿))d,cos(9¿) : ¡1

P"(Õ) : 
lo* 

,rf,)ofi: r-2

cos(o) : r+ 
p'îrr-Lrt(rr 

_ rr)s-zontt'+'t)

O : 2trr2

(4.24)

(4.25)

TÌre randorn numbels r7,12 are generated and the new direction of the spin relative

to the local fielcl direction is chosen using the above method. Since the local field

direction is known, this new spin dilection can then be transformed from the iocal

fì'ame defined tV Èfrr to the global coordinate system. This heat bath methocl gen-

erates spin updates rvhich are in agreernent with the Boltzmann canonical probability

distribution and consecluently the principle of detailed balance is alu'ays satisfied. At

each N,lonte Carlo step, there is a spin update and hence no moves are rejected. This

is a, very efficient way to sample the accessible microstates.

When the Hamiltonian also includes anisotropies such as in (3.3), we can still

define an effective magnetic field as follows

È;tt : -aH lad : Ð Jn¡S¡ + 2K"(Si.ñn)ro6o., + 2K,si,ftõ¿," * H"fr, Ø.26)
.:l
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4.7 Semi-classicalMethod

It is rvell known that classical physics fails to describe the correct thermodynarnic

behaviour of s1rsfs111s at lor'v temperatures. For example, if we consider a single

classical spin in the presence of a field 11 at temperatur-e ?, the average compo-

nent of the spin in the direction of the field is given by the Langevin function

L@ lf) : cotlz(H lT) - f lH rvìrich approaches unity linearly with ? as T --- 0.

However, a cluanturn spin of magnitucìe Vß(S + Ð can only have a clisclete nuniber

of components along the field direction. The approach to the maximnm aliowed com-

ponent along the field direction is exponential in 7 in this c¿lse. As shorvn below, a

semi-classiczll picture of the possible spin orientations in a fleld is a set of cones with

the field along thc conc axis

E
(.S(.1+ 1))ri'z

Figure 4.2: Semiclassical description of spin with ,9 :512

The ire¿rt bzrth algolithrri described in the previous section allows the cone angle

d to have any value in the larlge [0,r]. We use the heat bath algorithm to generate

a value of cos? but we then place the spin direction relative to tire effective field
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onto the nearest cone. This procedure has little effect at high temperatures but does

modify the low temperature dependence of the magnetization, energy and specific

ireat. \\/e start the siniulation at high temperature and cooÌ in either zero or non-zero

applied field. We rneasure the energy, specific heat, core and surfäce magnetizations

as a function of ternpelature. At low ternperatures we also measure hysteresis loops.

Typically we use 30,000 mcs for ollr measurements at each value of H and T. We

lrave studiecl particles with sizes langing frorn,L :4to 9 (3 to 8 nrn diameter).



4T

Chapter 5

MONTtr CARLO RtrSULTS

In this chapter we present the results of our lVlonte Carlo sirnulations of the urag-

netic properties of the model desclibed in Chapter 3. We have calculated the core,

surface and total magnetizatiorts of the particles desc.ribed in tables 3.1 and 3.2 as a

function of temperatule when the system is cooled in both zero and non-zero applied

fields. We have considered tire cases where the surface anisotropy constant has the

values Kr:1,5 and 10 which represent weak, interurediate ancl strong anisotropv.

We have also studied hyster:esis loops at low temperatures fbr both the zero and

non-zero fielcl cooled câses.

5.7 Therrnal Dependence of the Magnetization

The temperature dependence of the magnetization can give important information

about the pr:operties of the nanoparticles. In the classical model we have a unit

vector at each -Fe site in the nanoparticle. The core, surface and total rnagnetizations

are girren by

,; 1 \-dIILL'OIe /_ ut
lTcorc ¡Çor"

1

-Ar\-ãttLsurf /_ ^)¿. 
I-L",,r l .ie7u, ¡
1.-*ñ,or: :).S¿

ntot ¿!*,

(5 1)

rvirere rLcore¡frs,u,r and n¿o¿ are the nurnber of occupied core, surface and total sites

as given in table 3.1. We have calculated average values of eacli compouent of the

magnetizeltion as rvell as the magnitude scluared at each tempelature using the Vlonte
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Carlo method described in the previorls chapter'. The particle is initialized at trigh

temperature witli the spins in random directions. The N4onte Carlo updates are tiren

performecl for 1000 N4onte Carlo steps (mcs) and the measnrements a,re collected over

the next 5000 mcs at this ternperature. The temperature is therr lowered and the

process is repeated.

Total Magnetization

Kt=5

H=0

l-. ' o.-.t- -o
-1.. t 

o
I

o
K

o.-
.r-

tr...

x.

o.
t¡

t1.

Ðr\"x--

0 10 20 30 40 50 60 70 80 90 100

T

Figure 5.1: lVlagnitudes of the totai rnagnetization as a ftinction of ternperature for
particle sizes t'anging from L : 4 to L :9. The surface anisotropy constant has the
value 1Ç : 5 and the applied field .H : 0.

Figure 5.1 shows a plot of the magnitude of the total magnetization fbr particle

sizes ranging flom L:4to L:9 as ¿-lfunction of ? r,vhen cooled in zero applied

field. The surface anisotropy constant h¿is the vzrlue 1(" : 5. At high 7, the magnetr-

zation rnagnitudes do not vanish but rather approach 7fu *itt, the larger values of

tr lying belolv those of smaller tr. This is easily understood from the f'ormula for the

ffitot
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magnetiz¿ìtion squared

<tn2 > :

(5 2)

where the terms lvith i : j in the sum are unity since the spins are unit vectors

and the terms with i I 7 clecouple ancl vanish at high ?. At lower temperatures,

these latter terrns contribute and the magnetizations with smaller -L lie below those

of larger tr. The crossover fol a given pair of sizes occuls at temperatures in the range

identify this temperature ivith the ordelirrg ternperature of the particle where strong

correlations between neighbouring spin directions develop. This value of I differs

from tlre experimental value of T. for rnaghemite particles of these sizes bv an order

of magnitude because our model uses classical unit vectors for tire Fe ions whereas the

actual spin lcngth is J : gtS :5 which would give an extra factor oT J(J + 1)/3:
10 in the orclering ternperature that has not been included in the definition of our

exchange constants. Including this factor would yield an ordering temperature of the

order of 6800K whicli does he in the range of the experirnental values. Hence our

ternpererture scale is about ¿r. factol of 10 smaller th¿rn the experirnental temperature

scale. Below Ç, the total magr-retization increases with decreasing ternperature and

displavs an e\¡en mor-e rapid increase belorv about T - 5.

The total magnetization includes contlibutions from both the core and surface

sites. Although the core clevelops order at 7", the surface sites can remain disordercd

untiì much lov'er temperatures. The Monte Carlo approach allows us to separate

these two contributions. Fig. 5.2 shorvs the magnitudes of botli the core and surface

rnagnetizations as a function of T.

1\-. ãã
"r, 2- <' ù¿'J¡ )

L,J

r[ I r; It < s,, > +I < g s; >l : +[Y' 17 7+, I /u
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Figure 5.2: lVlagnitudes of the core (upper panel) and surface (lower panel) magneti-

zations as a function of temperature for particle sizes ranging from L :4 to L:9.
The surfäce anisotropy constant has the value K" : 5 and the applied field 'I1 : 0'
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The core magnetizations begin to develop at about ?" - 68 and saturate at low

?. The values of the magnetizations at T : 0 are slightly less than those predicted in

table 3.2 for perfect ferrimagnetic order but indicate that we do have a ferrimagnetic

orcler in the core which is not perfect. In contrast, the surface magnetizations rernain

zero clown to very low ternperatures and increase substantially only below 7 - 5. The

particles with small L are dominated by surface sites and only have a smali number

of core sites. The particles have felrimagnetic order with a small atnount of disorder

due to the oxygen vacancies on the octlahedral sublattice whicir weakeu the exchange

interactions. The sulface sites are also affected by the reduced coordination number

at the spherical surface. Note that the ? : 0 core ma,gnetizations are reduced much

more for small tr ancl that the snrface magnetizations are reduced even more than

those of the core for all sizes.

Adclitional infolrnatiotì can be obtained by measuring the vector componeuts of

the total rnagnetization as the ternperature is reduced. Fig. 5.3 shows the components

¿rrrd the magnitude of the total magnetization as a function of T for L : 7 in two

ternperature ranges. The upper panel indicates that all the cornponents essentially

average to zero at high T, whicÌr indicates that the particles are paramagnetic in

this temperature rànge. The non-vanishing of the magnitude is a finite size effect

as discussed previor-rsly. Below ?" - 68, the compouents of rñ¿o¿ flttctuate from onc

temperature to another with an increasing arnplitude and the rnagnitude increases

srnoothly. This indicates that the particle is developing ferrirnagnetic order bui it is

not blocked in this I'ange of temperature. Although the particle has a net moment,

it is superparerrna,gnetic siirce the direction of the net rnornent cau ovetcome thermal

balriers and change its direction spontaneously. At mucìr lower temperatures (lower

panel), the cornponents of nt^L¡6¡ ccàse to fluctuate and become bloci<ed below the

blocking tetlperature TB - J.
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Figure 5.3: Componel.ts ancl magnitude of the total magnetization as a function of

temperature fbr particle size L :7 in two temperature ranges. The surface anisotropy

constant has the value 1Ç : 5 aud the zlpplied field I/ : 0'
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Surface Magnetizations for L=7

456
T

Core Magnetizations for L=7

frcore

Figule 5.4: Cornponents ancl magnitlrde of tlìe surface (upper panel) and the core

(lower panel) magrletization as a function of tetnperature for particle size L: 7. The

sulface anisotropy constant has the value 1(":5 and the applied field 11:0.
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Fig 5.rl shows the cornponents and magnitucles of the surface ancl core magne-

tizations at lou' 7 for L : 7. In both cases? the magnitudes vary srnoothly but the

components fluctuate from one tempelature to another until below Ta - 3 where

both the surface ancl core magnetizations become blocked and cannot overcome the

tirermal barriers. The surface magnetization appears to develop at a slightly higher

temperature 7" - 6 which is about 10% of 7i. AII of these results are for a value of

tlre sulface anisotropy I{":5. Similar behaviour is observed for all particle sizes.

We harre repeatcd the c¿l,lculations rvith ¿r smaller values of the surface anisotropy

constant. For' 1{" : 1, the snrface and core magnetizations ¿l,re shown in Fig. 5.5.

The cornponents of the magnetiz,ations exhibit strong fluctuatious clown to much lower

temperatures than for 1Ç : 5. Tire surface ordering temperature is reduced to 4 - 3

and the bloching tetnpelatures are reclucecl to Tn - 0.5.

For largel v¿riues of the surface anisotlopy, the surface ordering and blocking tern-

pelatnres are increased. For IÇ - 10, the blocking tetnperatures are increased to

Ta - 4.5 ¿l,nd the surface appeals to order àt T, - 8, as shou'n in Fig. 5.6. This

behaviour is again characteristic of all particle sizes. For all values of K" and I, the

core and surfäce rnagnetizations appear to block at the sarne temperature but have

different olclering temperatures.
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Figure 5.5: Components and rnagnitude of the surface (uppel panel) and core (iower

panel) magnetizations as a function of ternperature foi particle size L : 7. The

surface anrsotropy constant has the value 1Ç: 1 and the applied field l7:0.
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Surface Magnetizations for L=7

456
T

Core Magnetizations lor L=7

Figure 5.6: Components and magritude of the surface (upper panel) and core (lower

panel) nragnetizatious as a function of ternperatule for particle size L : 7. The

surface anisotropy constant has the value /(" : 10 and the applied field 11:0.
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The values of 7s estimatecl from the temperature dependence of the magnetization

conrponents are tabulated in table 5.1 for the different values of L and K,. The

blocking temperature seetrìs to be fairly independent of L, which is a measure of the

particle size, but increases in'ith K".

Tal¡le 5.1: Blocking Ternperature ?3 for various L and K,

L K":7 K":5 11":19

4 0.3 2.9 4.0

5 0.4 3.2 4.2

6 0.4 3.0 4.4

7 0.5 3.0 4.5

8 05 2.7 4.5

9 0.5 3.0 4.5

Fig. 5.7 shows a plot of TB versus tr for fixed 1{" as well versus K, for flxed tr.

The fact that Tp is almost independent of the size of the particle is unexpected since,

for a sirigle domain particle, 7¿ should be proportional to the volume of the particle.

However, the blocking temperatur-e increases apploxirnately proportionally to K"
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The sulface magnetizatlons fbr /(, : 5 shorvn in the lower paneÌ of Fig. 5.2 car-l

be fit to a expression of the for-m

m,u, ¡(T) : ø exP(-? lT") + b (5 3)

wlrere b descrlbes the finite size effects at liigh 7 and fbr each tr has the value ffi
This form is the sanle as that used to fit the experimental data described in cl-rapter 3.

The fits were carriecl out over the temperature range [1,50] and the fitting pararneters

are tabulated in table 5.2. Tlie values of 7" are slightly larger than the values of ?B

determined frorn the components of the magnetization and indicate the temperature

whele the surface spins develop order but are uot yet blocked.

Table 5.2: Fit to msu,-f (T) : o"-r¡r' * b fbr K": 5

T"

4

5

6

I

8

cl

0.13 + 0.01

013+001

0.i3 + 0.01

0.15 + 0.01

0.15 + 0.01

0.13 * 0.01

0.034 + 0.094

0.033 + 0.001

0 024 + 0.001

0.020 + 0 00i

0.019 + 0.001

0.013 * 0.001

2.91 + 0.39

5 83 + 0.40

4.75 + 0 35

4.69 + 0.32

5.93 + 0.35

4.29 + 0.36

However, if r,r'e increase the nurnber of temperature points in the range [0.2, 10] as

shorvn in Figs. 5.4 - 5.6, then the exponential form is not appropriate. The modifred

forirr

m",*r(T): ¿exp(-(TlT")") + b (5 4)

works extrernely well. Table 5.3 shows the values of I and the exponent n for

K, : 1.5 and 10. The value of l, increases rvith lÇ in much the same way as ?¡

but is fair-ly inclepencìent of Z. ?l is larger than 71] whiclì seerrs to indicate that



54

the surface develops order before the particle becotnes blocked as the temperature is

leduced. The exponent n is also independent of tr but increases with the value of 11".

Table 5.3: Fit to nrsut.r(T) : ae-(+)' + b for K": I, 5 ald 10

Fig 5.8 shows plots of the surface ordering temperature 4 as a function of -L

(r-rpper panel) and K" (loiver panel). The behaviour can be compared to that of the

blocking temperature TB in Fig. 5.7. Both T¡ and 7" display the same qr.ralitative

behaviont' with 7" ) ?¡ as a function of tr and K". This suggests that the particle

blocking is ¿rssociatecl rvitli the surfa,ce ordeling and that the surfäce anisotropy plays

ar im¡;oltant tolc in both cluautities.

K":1 K" - 5 K":70
na
-¿s nTrnLT.

4 2.92+001

5 3.25+003

6 3.38 + 0.02

7 3.34 + 0.02

B 3.64 + 0.02

I 3.59 + 0.02

n

2.30 * 0.02

1.84 + 0.04

1.96 + 0.04

1.88 + 0.03

1.81 * 0.03

1.92 + 0.03

4.40 + 0.01

4.82 * 0.03

4.99 + 0.02

4.88 + 0.02

5.19 + 0.02

5.15 + 0.01

3.02 + 0.04 5.99 + 0.02 3.75 + 0.05

2 60 + 0 05 6.19 + 0.03 3.32 + 0.05

2.86 + 0.04 6.34 + 0.02 3.72 + 0.04

2.64 + 0.03 6.24 + 0.01 3.27 + 0.02

2.54 + 0.03 6.57 + 0.01 3.19 * 0.02

2.69 + 0.02 6.54 + 0.0i 3.27 ! 0.02
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5.2 Field Cooling

\4/e have also studied the magnetic properties of the nanoparticles when they are

cooled in the presence of a non-zelo field. The field cooling procedure starts from a

random spin configuration at high ? and then the ternperature is slowly reduced to

T : I. During the cooling) we rneasure the total, cor-e arrcl surface magnetizations.

Fig. 5,9 shows the magnetizations for both the zero field and non-zero fieid cases

wÍth ¿ : 7 and K" : 5. The lower panel of the figur-e shows that the magnetiza-

tions are irrcleased in the field cooled case. At the lowest ternper-ature, the surface

magnetization has almost doubled compared to the zero field case. The magnitude

of the applied field is the same as the magnitude of the surface anisotropy and these

contributions to the energy of the particle are in competition.

The surfacc anisotrop)' favours the surface momcnts to be normal to the sulface

whereas the applied fieid favours alignrnent in a particular directron. When cooled

in z,ero field, the surface anisotropy leads to some of the surface mornents pointing

outward from the sulface and some inwald as both satisfy th.e rrormal alrangement.

Hence the surface anisotropy can lead to ¿r reL mornent reduction. In the presence of

a field, the direction of the sulface rnornents ivill change ancl will point outward or

inrvard according to rvhethel the outrvard normal has a component parallel or anti

palrallel to the fielcl. The net effect is an increase in the net surfäce moment as shown

schematically in Fig. 5.10.

We can examine the spin configurations in cietail at the lowest temperature using

the Monte Carlo method. Fig 5.11 shows the ground state surfäce configurations

lor L :4 and I{" : 5 in the two cases. Careful examination shows that there is an

increased polalization of the moment after cooling in a non-zero field.
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Figure 5.9: \4agnitudes of the total, core and surface magnetizations as a function
of temperature fol particle size L : 7 when cooied in a field of magnitude -Ël : 0

(upper paneì) and a field f1 :5 (lower panel). The surface anisott-opy constant has

the value K":5 in both cases.
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H=0

H1
I

Figure 5.I0: Zero-field cooled and non-zero field cooled configurations
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Figrrre 5.71: Zero-field cooled (upper panel) and non-zero fieÌd cooled (lower panel)

ground state configurations f.or L:4 a,ncl K":5
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5,3 Hysteresis Loops

After cooling the particle in either zero field or non-zero field, we have tneasurecl tire

hvsteresis ploperties of a nanoparticle. In each case we begin at the lowest tempera-

ture rvith a field applied in the z-direction and slowly reduce its magnitude to zero and

then slowly increase the field in the reversed directiorr until the rragnitude is the sane

as it was at the beginning. This process is then carriecl out in the reverse direction. At

each value of the applied fleld, we perform 30,000 mcs to measure the cornponents of

the rnagnetization and the energy. Magnetic contributions to the total magnetization

per site arising from the surface and core sites were computed separately.

Fig 5.12 shows tvpical hvsteresis loops fol L:7 and 1(" :5 for the zero-

field coolecl ca,se at valious tempelatures. TÌre upper panel correspouds to the r'âlìge

7 < T < 5 and indicates that the width of the hysteresis loop quickly uarrows as

the blocking temperature is reached. ?3 was estimated to be approximately 3.0

for this size of particle. The lower panel shows hysteresis loops in the narrower

range I < T < I.4. As the applied field is reduced in magnitude and reversed, the

component of the magnetization in the z-direction slowly decreases until it rapidly

clranges direction near H, - -0.2. However, the reversal is not cotnplete uutil H, -

-0.4. Simil¿rl behaviour is observed along the return path as H" is increased to

positive values. At the lot'est temperature T : 1, the coercive field (as rneasured

by wlren the magnetization changes sigri) is H" - 0.25. The ? : 1 loop appears to

irave sub-loops when the magnitude of the applied fleld is between 0.2 and 0.4 which

indicate that complete Ler¡ersal does uot occttr immediately.

Fig. 5.13 shows the energl, per particle as à function of the applied fieid (upper

panel) ancl all three components of tlie total rnagnetization ver-sus field (iower panel).

As the f,eld is reduced from ll" : 0.6, the energy increases reaching a tlaximurn near

H, - -0.2 and drops abruptly as the field is reduced further.
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Figure 5.12: Hysteresis loop for L :7 and 1(" : 5 in the zero field cooled case. The
upper panel shows the z-component of the total rnagnetization as a funcLion of the
applied field in the range 7 < T < 5. Tlie lower panel shorvs the behaviour ovel a

narro\\¡er ternperature range.
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A second ablupt decrease occuls near H" - -0.4. These abrupt decreases indicate

the lirnits of metastable configurations of the particle as the applied field is changed.

As the temperature increases, the size of the abrupt energy jumps decrease and their

location moves tor,varcls H,:0. The lower panel of the figure shows the beharriour

of all three cornponents of the magnetization as the loop is traversed atT :1. The

cornponents perpendicular to the applied fleld grow somewhat as the rnagnitude is

decreased tintil neal H, - -0.2. 
^t 

this point, the cornponent parallel to the field

changes sign but the component pelpendicular becomes large indicating that only

partiaÌ reversal occurs witir the magnitude of the components along the field and

perpenclicular to it approxinately equal until H, - -0.4 where complete reversal

flnally occurs. Hence the rer¡elsal appears to be a two step plocess.

Fig 5.14 shorvs tire }iysteresis loops for a particle which has been cooled in a

field Il : 5 applied in the z-direction. The behaviour is very sirnilar to that in the

zero-field cooled case shown in Fig. 5.12 except that the hysteresis ioop appears to

have a srnall shift to the left and is no ionger syrnmetric about H":0. This feature

indicates that a small amount of exchange bias may be present. Fig 5.15 sìrows

the energv per particle and all three components of the total magnetization as the

hysteresis loop is t,raveresed. The leversal appears to be a 2-step process in this case

as well. This behaviour is not characteristic of a single domain particle.

Fig 5.16 shorvs the z-cornponent of the core and surface rnagnetizations as the

hysteresis loop is traversecl al T : 1 for both tire zero and non-zero field cooied câses.

Both the core and surface exhibit the two sLage LeveLsal plocess for this value of Ã1.

This suggests that thi: pi,rrticle reversa] is quite difi'erent from ¿r single dom¿rin reversal

mech¿rnisrn u'here the core leversal occuls separ¿ìtely and is affected by the surface.

On the contrary, different regions of the particle have their core and surface acting

together a,t two different revelsecl fields.
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Figure 5'14: Hysteresis loop for L:7 and Ks:5 in the uon-zero field cooled case'

The upper panel shows the z-component of the total magnetization as a function of
the appliecl fleld in the lange I < T < 5 . The lower panei shows the behavioul ovet'

a narrower ternperature range.
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Figure 5.15: The energy per particle as a function of the applied field (r-rpper panel)
for the hysteresis loops shown in Fig. 5.14 and the three components of the to|al
nragnetization (lower paireì) at the lorvest temperature T : I.
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We have also studiecl tlle hysteresis properties for smaller and larger values of

tlre surface anisotlopy constant 11". Fig. 5.17 shows the hysteresis loop for L:7
and K" : 1 in the freld cooled case, The upper: panel sllows the z-component of

tlre total magnetization as a function of H" for several temperatures. The particle

exhibits superparamagnetic beiraviour consistent with the blocking temperature es-

timated previously to be Tn - 0.5 . The lower panel shows the components of the

rnagnetization which indicate that the net moment of the particle simply follows the

applied field.

Fig. 5.18 shows results for.L:7 and 1{":10 after cooling in a field. The upper

panel shows m,, at serrerai lorv temperatures where a large coercivity is present. The

tu,o step leversal process found for K":5 now seems to be replaced by a coutiuuous

plocess which occurs ovel a wicle range of reversal fielcls. The lower panel shows the

total tlagnetization components at ? : 1. The cornponents transverse to the fielrl

direction grow in the regroir where reversal of the parallel component occurs but they

do not exhibit the plateaus observed in the case 11":5. Fig. 5.19 shows the energ5'

per particle as a functionof H. for 1(" : 1 (uppel panel) and K" : 10 (lower panel) at

T : I. For 1Ç : 1, there are rlo metastable blanches ¡,vhereas there ale large r-egions

of metastability for .I{" : 16. The jumps in energy from the metastable to stable

branclres is less abrupt than in the case K":5. However, there is some evidence fol

a two step reversal process in the range rvhele the magnitude of the applied field is

between 2 ancl 4. Fig. 5.20 shows the þsteresis loop for both the core and surface

nragnetizations u'hen 1(" : 10 at the lowest temperatureT :1. In contrast to Fig.

5.16, the core and surf¿rce magnetizations reverse at different fields. As the applied

field is reduced from it's maxirnum value, the surface magnetization decreases linearly

untiì the point u'here the core rnagnetization changes sign. This is followed by another

linear region which has a mr:ch larger slope. Hence, for larger values of the surface

anisotropS,, the rerrersal of the particle's rnagnetization again appears to be a two

stage process but it is quite different from that at smallel values of Kr.
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Figure 5.17: Hysteresis ioops for l:7 and K": I at low temperatures (upper panel)

in tlre field cooled case and the thlee components of the total magnetization atT : I.
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Figure 5.20: H5rs¡eresis loops f'ol the core and surface rnagnetizations ',vlten L : 7

and 1{" : 19.



72

Fig. 5.2i illustrates schematically the two stage reversal process for the case

I{r:5. In frame (a), the core and surface rnagnetizations are polarized in the

direction of the applied field. As the field is reduced and reversed as in frame (b), the

rnagrretizations of botli tire core and surface in the equatorial region of the particle

develop cornponents perpendicular to the field. Note that the figure is a cut through

the particle in the r - z plare. Since the anisotropy favors the moments to be normaÌ

to the surface, it is this region u'hich can overcome the appliecl field first. As tÌre field

is reversed further as in frame (c), the core and surface spins in the polar regions

I'everse but Lhe equatolial regions maintain a large transverse component. Finally in

frame (cl), the core ancl surface magnetizations are polarized in the reverse clirection.

Simrlar reversal processes have been reportecl by Berger et. al. [5a]

Fig 5.22 shows a sirnilar picture for the case wherr 1{" : 10. Stages (a) ancl

(d) are the same as in the previous case but stages (b) and (c) are clifferent. In (c),

the core magnetization reverses but the surface magnetization does not. The surface

rnagnetization reverses when the applied field is reduced firrther as in (d).
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5.4 Coercivity and Exchange Bias

Using the results obtained for the hysteresis loops, \¡ie }Ìave deterrnined the left and

right coercive fields, ñ.1 and /22, respectively as a function of ternperature. These

fields corresponcl to the field values where the total magnetization of the particles

changes sign. The beh¿rviour is similar for all particle sizes but does depend on the

value of the surface anisotlopy constant. This is perhaps not unexpected since the

blocking temperatures rvhere independent of particle size but increased as the surface

anisotropy was incleased.

Fig. 5.23 shows the left and right coercive fields as a function of temperature for

size L: 7 and K":5 for both the zero field cooled (upper panel) and non-zero

field cooled (lower panel) cases. There are large fluctuations of the field values with

ternperature but the fields rapidly approach zero as 7 increases towards the blocking

ternperatureTp- 3.0inbothcases. ThecoercivityH"andtheexchangebias,Il,,ale

obtained from /21 and h2 using eqn. 2.27 and these ale shown in Fig. 5.24. The upper

panel rs the z,ero field cooìed case and the lor,ver panel is the field cooled particle. In

both cases, there is no appreciable exchange bias plesent and the coercivity behaves

similarly in both cases. In neither case does the beiraviour correspond to that in

equation 2.25 for a single domain particle. The coelcivity decreases quite rapidly

with ? and can be fit reasonably weli by the f'olm

H"(T) : a erp(-Tlb) (5 5)

rnhere fbr the zero field coolecl case \,ve find a : 1.10 +0.27 and b : 0.64 * 0.09

and for the non-zero field cooled case o : 0.46 + 0.18 ancl b : 1.1,4 + 0.4i. This

functional form is the same as that used to fit the surface magnetization temperature

dependence for this palticle.

Fig 5.25 shoivs the left and right coercive fields (upper panel) ancl the colre-

sponding coercive and exchange bias fields (lower panel) for the fieid cooled particle

with ¿ : 7 and 1{" : 10. The zero field cooled palticìe behaves almost identically.
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The coercivity is a factor of ten larger than in the K" : 5 case showr in figure 5.24.

There is no evidence of exchange bias for- this case and the temperature dependence

of 11" cannot be flt to the forms in equations 2.25 or 5.5. However, the modifred form

H"(T):aenp(-(flb)") (Ð.bl

yields a reasonable fit q'ith a : 2.37+ 0.18, ó : 1.58 + 0.11 and n : 8.28 * 5.37.

This functional form is the same âs that used to clescribe the surface magnetization

fbl palticlcs with l(" : 19.

Our results for all particle sizes with L:4,5,6,7,8,9 do not show any signiflcant

exchange bias. The surfäce anisotropy constant 1(" influences strongly the magnitude

of the coercivity and its temperature dependence.
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Chapter 6

SUMMARY AND FUTURtr WORK

6.7 Surnrnary

In this thesis rve have used Nlonte Callo methods to study the magnetic properties of

maghemite nanoparticles. The experirnental properties and simplifled moclel that we

used to describe the particles were discussed in chapter 3. The particies have a spinel

structure rvith a spherical geometry. There are core spins at the center of the particles

aird surface spins surrounding thern with oxygen vacancies distributed throughout.

The exchange interactions have their bulk values in the cole but sma.ller vaìues in

the surface region and at the core-surface interface. The anisotropv in the core also

has its bulk value but the surface anisotropy constant had a range of ìarger values.

Our temperature scale is apploximately a factor of ten smaller than the experirnental

temperature scale since we use spins of unit magnitude.

The Monte Carlo method was described in detail in chapter 4. The method is a

modifiecl version of the usual heat bath method used to study classical spins to allow

for the finite length of the Fe spins in maghernite. The modiflcations only affect

the behaviolrr of the t,hermodynarnic quantities at loq' ternperatures where classical

models fail. Chapter 5 describes our lesults for the temperature depeudence of tire

total, core and surface magnetizations for various particle sizes and v¿rlues of the

surface anisotropy constant. At high ternperatures [ - 70 the cole spins begin

to develop a ferlinagnetic or-cler ivith a net rnoment. However, the direction of tlte

mornent is fluctuating and the particle exhibits sulrerp¿ìr'aûiagnetic behaviour down

to rnuch lower ternperatures. The surface spins do not develop ferrirnagnetic order
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until a much lower ternperature 7" - 5. The net moment of the particie continues to

fluctuate until the blocking tenperatureTB - 3 is reached and a coercivity develops.

The temperature dependence of the surface magnetization obtarned frorn our Vlonte

Carlo results is r¡ely similal to tliat observed experirnentally.

Both the surface ordering temperature and the blocking temperature do not de-

pend on the size of the nanoparticle. However, they both inclease approximately

Iinearly with the surface anisotropy constant 1(". When the particles are cooled in

a non-zero applied field, the rnagnetizations increase. The ialgest change occurs for

the surface magnetization. Hysteresis loops were studied in botli the zero field and

non-zero field cooled cases. The differences in the loops for these different cooling

histories were quite small. Experimentai systems exhibit a shift of the hysteresis loop

when cooled in a field. This shift corresporrds to an exchange bias field. We frnd no

evidence of exchange bias in our rnoclel.

The surface anisotropy has a strong effect on the hystelesis loops and the nature

of tlre mornent leversal of the particles. For sm¿rll v¿rlnes of I(", the blocking ternpera-

ture is reducecl significantly and the hysteresis Ioops only display superpararnagnetic

behaviour with no coelcivity. The particles rerrerse their magnetization bv following

tlre field clirection. For intermediate vahres oT K", the blocking temperatnre is in-

cleased and the þsteresis loops exhibit cocrcivity. There is a main loop as well as

minor loops. The reversal of the moment appears to be a two stage process. Tire

temperature dependence of the coercivity appears to be similar to that of the surface

magnetization in'ith an approximate exponential for-m. At large values of the surface

anisotropy, the blocking temperature is increased zrgain and the hysteresis loops ex-

hibit a ten-fold increase in the coercivity. The minor loops are mer-ged with the rnain

loop and the moment leversal occurs in trvo steps with the cor-e spins reversing first

f'olloivecl by the surface spins.
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6,2 Fltture Work

The results presented here are a first atternpt at studying the magnetic properties

of nanoparticles. Some of the results agree qualitatirrely with recent experiments

but others do not. Tire absence of exchange bias in our model could be due to the

fact that our rnodel is too sirnple or it coulcl be due to our Monte Carlo algorithnr.

Fr-ilther work could inclucle modifying the model or the algoritm or both. One of the

problems with our calculations is that they require a great deal of cpu time. Each

hysteresis loop uses 30,000 rncs for each of 200 field values at a single temperature

which typically recluires 24 hours to complete. Parallelization of the code coulcl speed

up this process significantly and allow us to vary both the exchange parameters and

applied field stlengths over a wicler lange.
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