
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Electronic and Lattice Structure of the 
Strongly Correlated Transition Metal 

Oxides Fe3 0 4  and LaSr2Mn2 0 7 : a hybrid 
density functional study

Andrew Daniel Rowan

A Thesis submitted to 
The University of Dublin 

Trinity College 
for the degree of 

Doctor of Philosophy

SCHOOL OF PHYSICS 
TRINITY COLLEGE DUBLIN

May 2007



rJ^TR IN ITY  C O L L E G E ^

0 5 AUG 20 0 7

LIBRARY DUBLIN



Declaration

This thesis is subm itted to the University of Dublin by the undersigned 

for the degree of Doctor of Philosophy. This thesis has not been subm itted 

as an exercise for a degree at this or any other university. The work carried 

out within is entirely the candidate’s own. The L ibrary of the University of 

Dublin, Trinity College, may lend or copy this thesis upon recjuest.

Andrew Rowan 

March 2007 

Dublin



Sum mary

T his thesis is a  theo re tica l s tu d y  of th e  electronic and  la ttice  s tru c tu re  of 

th e  inverse spinel m ag n etite  (Fe3 0 4 ) and th e  half-doped bilayered m angan- 

ite  system  LaSr2 M n 2 0 7 . B o th  system s are s trong ly  corre la ted  tran sitio n  

m eta l oxides exhib iting  a rich varie ty  of physical behaviours, due to  the  

com plex in terac tions of charge, spin, o rb ita l and  la ttice  degrees of freedom. 

A hybrid  density  functional app roach  is adop ted  in  o rder to  circum vent the  

w ell-known difficulties of tra d itio n a l density  function  th eo ry  and  H artree- 

Fock theo ry  in accura tely  describ ing th e  electronic s tru c tu re  of such strongly  

co rre la ted  tran sitio n  m eta l oxides.

T h e  first aim  of th is  thesis is to  investigate th e  Verwey s tru c tu ra l and 

m eta l-in su la to r phase tran s itio n  in m agnetite . P a rtia l charge ordering  (CO) 

was found to  exist on th e  o c tah ed ra l Fe^ su b la ttice  in th e  low tem p era tu re  

m onoclinic s tru c tu re . T h e  charge ordering  arrangem en t does no t conform  to  

th e  well-known A nderson crite rion  for ferrites. We find th a t  th is CO is ac

com panied by an associated  o rb ita l ordering  on F ee  sites. We also find th a t  

charge popu la tions on the  te tra h e d ra l Fe^ sites are closer to  2 +  th a n  th e  3+  

s ta te  which em erges from a sim ple ionic p icture. C ry sta l s tru c tu re  op tim i

sa tions have been carried  o u t on th e  low -tem peratu re  s tru c tu re  using 30% 

and  50% H artree-Fock exchange m ixing in th e  hybrid  density  functional. 

T hese  calculations show th a t  th e  e lec tron -la ttice  in te rac tio n  plays a  key role 

in opening th e  b and  gap a t th e  Verwey tran sitio n . T h e  h ig h -tem p era tu re  

cubic Fd3m cell is also stud ied . C harge and o rb ita l o rder are found to  be 

energetically  favourable in an  in su la tin g  solution a t  30% H artree-Fock ex

change m ixing. A sym m etry -b reak ing  s tru c tu re  o p tim isa tion  to  a PI  space 

g roup  d em onstra tes th e  co rre la tion  of la ttice  d is to rtio n  w ith  o rb ita l o rder

ing. A group theo re tic  sy m m etry  analysis is perform ed in o rder to  identify 

th e  cell d isto rtion  m odes w hich fea tu re  in th is  displacive phase transition . 

I t  is show n th a t  th e  Verwey tra n s itio n  resu lts  from th e  cooperative efi'ects of



strong  e lectron  repulsion  and  strong  electron coupling to  th e  la ttice , leading 

to  po laron ic  behav iour, and  th a t  b o th  factors m ust be adequate ly  accounted 

for in any theo re tica l consideration  of m ag n e tite  physics.

T h e  thesis th en  investigates the  half-doped bilayer m angan ite  L aSr2A'In2 0 7 , 

w hich is of in te rest due  to  its colossal m agneto resistance and  s tru c tu ra l sim 

ilarity  to  th e  h ig h -tem p era tu re  superconducting  cuprates. T h e  exact an ti

ferrom agnetic  g round  s ta te  is established, an d  evidence is found of extrem e 

tw o-dim ensional characteristics, including a  suppressed b u t finite density  

of s ta te s  a t th e  Ferm i energy. T his fea tu re  rem ains ro b u st even for cal

cu lations w ith  up to  60% H artree-Fock exchange m ixing, and  for ab-in itio  

op tim isa tio n  of th e  la ttice  geom etry. T h is is consisten t w ith  photoem ission 

experim en ts w hich p o in t tow ards the  existence of a ‘p seudogap’ phase in 

th is  fam ily of m angan ite  com pounds.
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C hapter 1

Introduction

The band theory of solids has been very successful in describing the elec

tronic structiu 'e of many materials. Central to this philosophy is the notion 

th a t an uneven number of electrons in the unit cell results in metallic be- 

haviovu’, arising from a partially  filled band crossing the Fermi level. Very 

early on, however, it was pointed out by de Boer and Verwey th a t a variety 

of transition  m etal oxides th a t were predicted to be conductors by band 

theory were in fact insulators [1]. M ott and Peierls ascribed this anom aly to 

the role of strong electrostatic repulsion in these systems, favouring electron 

localisation around particular sites. This electron localisation often occurs 

due to repulsion between electrons in d- and /-orbitals.

T he prototypical example of this breakdown of the single particle picture 

is nickel oxide. In 1949, M ott proposed a model for NiO as an insulator, 

where the energy gap which prevents conduction can be understood as aris

ing from the com petition between the Coulomb potential U between 3d 

electrons, and the transfer integral t of 3d electrons between neighbouring 

atoms. The to ta l energy gap is given hy A  = U — 2zt, where z is the number 

of nearest neighbour atoms. One of the simplest representations of the  es

sential physics of such ‘M ott’ insulators is the well-known H ubbard model,

1



given by

H  = -  tijcl^cja + U ^ T l i j r i i  i  (1.1)
<ij>,(7 i

T h e first te rm  is a  k inetic energy te rm  represen ting  th e  hopping  of electrons 

from  site  i to  site  j .  T he  second is th e  on-site C oulom b repulsion  term , 

w here riia- =  is the  num ber opera to r.

A fu rth er difficulty in o b ta in ing  a good theo re tica l descrip tion  of m any 

strong ly  corre la ted  tran sitio n  m eta l oxides is th e  com peting  energy scales 

present, beyond sim ply  th e  s tro n g  M o tt-H u b b ard  in te rac tion  U. T h e  charge- 

transfer in te rac tion  Upd, which is th e  energy cost for th e  tran sfe r of an  oxygen 

p  electron to  th e  neighbouring tra n s itio n  m eta l ion, can be sufficient to  open 

a gap. Such system s are dub b ed  charge-transfer insu la to rs in th e  classifica

tion  schem e of Z aanen, Saw atsky and  Allen^. In  fact, photoem ission stud ies 

po in t to  NiO gap  being o ip -d  ch arac ter [3], th u s  m aking it a charge-transfer 

insu la to r in th is  scheme. S trong  electronic coupling to  la ttice  degrees of 

freedom  can resu lt in polaronic behaviour [4], a s itu a tio n  w hich will be ex

am ined fu rth er in th is  thesis w hen we investigate  th e  Verwey tran s itio n  in 

m agnetite . T h e  H u n d ’s rule exchange in te rac tion  energy Uex =  2 J / / ,  defined 

as th e  energy needed to  flip a  d  e lectron  spin, m ay also play a key role in th e  

conduction  m echanism  - such a te rm  is cen tra l in m ed ia ting  ferrom agnetism  

in th e  double exchange m odel [5], w hich provides a  first app rox im ation  to  

the  physics of m angan ites like th e  half-doped bilayer L aSr2 M u 2 0 7  under 

stu d y  in th is work.

As is well-known, th e  electronic s tru c tu re  of m any strong ly  correlated  

tran sitio n  m eta l oxides is inadequa te ly  described  by trad itio n a l m ean field 

ab-in itio  approaches such as H artree-Fock  (H F) and  D ensity  Functional T he-

^The term  ’M ott insulator’ in this scheme is reserved for systems w ith a gap due to 

d-d electron correlation specifically. In the common lexicon, however, the term  is used to  

describe any system w’hich is predicted by band theory to be metallic but is insulating 

due to strong electron correlation, irrespective of the actual character of the band gap [2]. 

In this thesis, we will use the term  ’M ott insulator’ in this sense.
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ory (D F T ), as ou tlined  in C h ap ter 2. T he use of hybrid  density  functionals 

offers the  p ro sp ec t of a com puta tionally  cost effective m eans to  im prove the 

respective deficiencies p resen t in H F and  D F T , w ithou t recourse to  m any- 

body  p e rtu rb a tiv e  approaches, w here th e  calcu lation  of the  electronic s tru c 

tu re  and  la ttic e  geom etry  op tim isa tion  is com puta tionally  proh ib itive  in all 

b u t th e  sim plest u n it cells.

In th is  thesis, we investigate two strong ly  correlated  tran s itio n  m eta l ox

ides exh ib iting  ex trem ely  rich physics due to  th e  s trong  coupling of charge, 

spin, o rb ita l an d  la ttice  degrees of freedom . T h e  first is th e  well-known 

inverse spinel system  m agnetite , Fe3 0 4 , which undergoes a  m eta l-insu la to r 

and  concu rren t sym m etry  lowering s tru c tu ra l phase tran sitio n  a t T  ~  125/i 

from  a cubic to  m onoclinic un it cell. T h is is known as th e  Verwey tra n s i

tion , and  controversy  has surrounded  its exact m echanism  since its discovery 

over 60 years ago [6]. Fe3 0 4  rem ains a ho t topic of experim ental and  th e 

oretical research  w ith  m ajor questions ovitstanding, including th e  n a tu re  

of c h a rg e /o rb ita l ordering  [7],[8], the  low -ten iperatu re  s tru c tu ra l d isto rtion  

[9], [10], [11] and  th e  relative roles of electron-electron correla tion  [12] and 

elec tro n -la ttice  coupling [13] in th e  Verwey tran s itio n  m echanism . T h is work 

seeks to  clarify  these  issues using a hybrid  density  functional approach.

T h e  b ehav iou r of IMott insu lato rs w hen doped [2] can also p resen t m a

jo r theo re tica l and  experim ental challenges - perhaps none m ore spectacu lar 

th a n  the  h ig h -tem p era tu re  superconductiv ity  seen in cup ra tes [14]. The 

com bination  of s trong  correlation  and  low -dim ensionality in the  high-Tc 

cup ra tes leads to  novel form s of em ergent o rder [15] across th e  phase dia

gram , including  dynam ic inhom ogeneity  [16] and  th e  m ysterious ‘pseudogap’ 

phase [17]. T h e  colossal m agnetoresistive m anganites are an o th er class of 

doped  M o tt in su la to r which possess a rich variety  of orders as tem p era tu re  

and  doping  frac tion  are varied. M uch research has been carried  ou t into 

th e  physics of cubic m anganites [18]; however th e  bilayer rnanganite series
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La2_2xSri_|_2xMn207 has remained less explored until recent years. This up

surge of interest has arisen due to the effective low-dimensionality of these 

bilayer compounds and their structural sim ilarity to the superconducting 

cuprates, as well as their colossal magnetoresistive effect. We therefore fo

cus on the bilayer m anganite LaSr2Mn207. T he electronic structu re  and 

lattice geometry are investigated using hybrid D FT, and we find evidence of 

a pseudogap-like density of states brought about by reduced dimensionality 

in the 2d M n02 layers which are stacked perpendicular to the z-axis.

This thesis is organised as follows. In C hapter 2 , an overview is given of 

the cjuantum m any-body problem, and two widely adopted approximations, 

density funcional theory and Hartree-Fbck theory, are outlined. Hybrid 

density functional theory is then introduced. The optim isation of crystal 

structures plays a crucial role in this work and the background and m ethod

ology of this tool is described. C hapter 3 gives an overview of the physics of 

m agnetite and its famous Verwey transition, and plots a course tfirough the 

enormous body of experim ental and theoretical literature which has built up 

throughout almost 70 years of m agnetite research. This provides a context 

for our subsequent extensive study of the electronic structure and lattice 

dynamics of the low-tem perature monoclinic cell and high-tem perature cu

bic cell of m agnetite respectively. Band structures, density of states, charge 

and spin populations, charge density difference maps and optimised atomic 

coordinates are obtained for a range of values of Hartree-Fock exchange mix

ing and initial charge configurations. Finally, in C hapter 4 , the electronic 

structure, crystal s tructu re and m agnetic ground sta te  of LaSr2Mn207 is 

subject to  investigation using our hybrid density functional approach.
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C hapter 2

Q uantum  M any-B ody  

T heory

2.1 Introduction

In this work, we consider a system of N  non-relativistic electrons. The 

equation of m otion for an individual electron in the system  is the single 

particle Scliroedinger ecjuation, which we write in tim e-dependent form.

-  ( / / o +  / / / ) )  V'=  0 (2.1)

Here Hq denotes the free particle Hamiltonian and Hi  accounts for inter

actions, whose form we have not yet specified. The states of the electron 

form a Hilbert space H- the space of square integrable functions on R^. We 

can move to a m any-particle picture by forming n-particle Hilbert spaces 

under the operation of tensor product of single particle spaces. The 

collection of m ultiparticle states for all N  generates a H ilbert space called 

Fock space. We can define creation and annihilation operators^ and a" 

on this space. Their action is to  m ap between n-particle H ilbert spaces of 

different particle num bers in IF. This allows us to define Schroedinger field 

'o b e y in g  ferm ionic an ti-co m m u ta tio n  re la tions
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operators ■0̂  =  and ip — â cf), where 4> can be a Bloch sta te  in a crystal

or a localised Wannier-like orbital in the tight-binding limit, of spin a  and 

m om entum  k. Thus we may write down the two point correlation function 

for a single particle in the A^-electron system.

i G{x, y)  = { N m H ^ M y ) } \ N )  (2 .2)

I A^)is the exact A^-electron ground state  and ip^{x) is the field operator which 

creates an electron a t x =  (r, t), while V’(y) annihilates an electron at a time 

(y =  (r',t'). T  is the tim e ordering operator:

0( t i ) 0 ( t 2 ) ,  t i > t 2  
T{ 0 { h ) 0 { t 2 ) )  =  (2.3)

0{ t2)0{ t i ) ,  t 2 > t i

i G{x , y )  is in fact a G reen’s function of eciuation 2.1. The physical inter

preta tion  of the G reen’s function is as a propagator, i.e. the probability 

am plitude th a t, for t' > t, a.n electron added at r  a t tim e t will propagate

to r' at tim e t' and th a t, for t > t \  a hole added at r' (electron removed)

will propagate to  r.

In tera ctio n s

We now consider the exact form of interactions in the many-body system. 

These interactions will modify the many-particle ground sta te  |A^) and the 

form of the time-evolution operator in the interaction picture. Ŵ e

consider a two-body Coulomb potential, w ritten in field operator notation 

as

V =  -  y  d ^ r d ^ r ' i p ^ { r ' ) v c { r  — (2-4)

This situation is well-described by L andau’s Fermi Liquid theory, a phe

nomenological theory which can describe homogenous A^-electron systems. 

T he basic assum ption of Landau theory is th a t the spectrum  of the non

interacting Fermi gas may be deformed to  the spectrum  of an interacting
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Fermi liquid by adiabatically switching on a weak interaction. Thus the ex

citations of the Fermi gas, electrons and holes, can be continuously deformed 

into so-called quasiparticles and quasiholes respectively. These quasiexcita

tions will have renormalised properties owing to the presence of interactions, 

such as an effective mass m* which differs from the “bare” electron mass m  

by an am ount proportional to  the strength  of the interaction. A physically 

intuitive way to think of this is of an individual electron being screened by a 

polarisation cloud as it repels neighbouring electrons. The incorporation of 

interactions introduces the energy-dependent self energy term  S (k , w) which 

“dresses” the free particle propagator Go and contains all possible exchange- 

correlation interactions felt by the single electron. In an energy-momentum 

representation, the self-energy can be w ritten

E(k,o;) =  E '(k ,w )-f-iE "(k ,w ) (2.5)

Its real and imaginary parts contain all the inform ation on energy renor

m alisation and quasiparticle lifetime, respectively, of an electron with band 

energy and wavevector k. The G reen’s function expressed in term s of the 

electron self-energy is given by

  ̂ (2.0)LJ - 6 k -  S (k , w)

A related quantity  is the one-particle spectral function A(k, w) =  (k, u j ) +

>l“ (k, w). The two term s in the sum are the one-electron addition and

removal spectra, which can be probed directly by inverse and direct pho

toemission spectroscopy respectively. The one-particle spectral function is 

related to the Green’s function as follows:

yl(k,w) = - - I n iG ( k ,w )  (2.7)
7T

One such experim ental technique, angle-resolved photoemission spectroscopy 

(ARPES), has emerged as a key technicjue for the study of 2-diniensional
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doped Mott insulators [19] such as the bilayered colossal magnetoresistive 

manganites investigated in this thesis.

In general, the exact computation of the self-energy E(k,u;) and the 

related one-particle spectral function is a formidable task, involving sum

mation of an infinite series which includes products of Green’s functions 

and self-energy insertions. This situation is represented diagrammatically 

in Figure 2.1. A useful first order approximation to the full self-energy is the 

Hartree-Fock self-energy. Hartree-Fock (HF) theory results from an expan

sion of the self-eziergy in terms of the bare Coulomb interaction Vc{r — r'). 

Thus higher order self-energy terms, corresponding for example to exci

tation of the electi'on hole pairs responsible for charge screening, are not 

taken into account at Plartree-Fock level. The HF self-energy will be purely 

real, since electrons in this single-particle theory do not feel the presence of 

other individual electrons^, resulting in an infinite lifetime for Hartree-Fock 

‘quasiparticles’. In the next section, we will give a brief overview of how 

Hartree-Fock theory can be implemented numerically.

We consider the non-interacting A^-electron problem. The equation of mo

tion is

Here the Hamiltonian H q = {T + Vext) accounts for one-particle kinetic 

energy and electron-nuclear potential energy Vext tiut does not account for 

electrons interacting with each other. The inter-electron interaction term

introduces difficulties in that it couples the N  one-electron orbitals 4>i into 

an A^-electron wavefunction which is a function of 3Â  spatial coordinates 

^R a th er th ey  move in an  average so-called H artree  p o ten tia l Vh

2.2 H artree-Fock T heory

{T+Vext)^ = E^ (2 .8 )

(2.9)



Figure 2.1: Diagrammatic representation of the interacting-particle propa

gator G (double line) in terms of the free-partiele propagator Go (single line) 

and full electron self-energy E (hatched circle), i.e. the series of one particle 

irreducible diagrams. Such diagrams cannot be split in two by removing a 

single line.

Ti and N  spin coordinates <7̂. The A^-electron wavefunction in the position 

basis can be obtained from the A'^-electron Fock space state vector by

Here we write Xi =  (rj,CTj). Without this Coulomb interaction, the N- 

electron wavefunction can be written as an antisymmetrized^ Slater deter

minant of one-electron orbitals.

{ x i , - - -  , x n \ N )  =  , x n ) ( 2 . 10)

This is normalised to one as shown:

J  dxi ■ ■ ■ J  dxNl'^ixi, - ■ ■ ,X;v)| ( 2 . 1 1 )

0i(ri) 4>2{ri) ■■■ </>7v(ri)
0i( i‘2) 02(r2) 4>N{r^2)

|̂ >o) =  4>i{r-s) </>2(r3) 0iv(r3) ( 2 . 12 )

0 2 ( r 7 v )  • • •  0w(rw)

^ d u e  t o  t h e  P a u l i  exclus ion  p r in c ip le  for ferniions



A set of one-particle Hartree-Fock eigenvalue equations can be obtained.

Here the full Coulomb repulsion term Vee is replaced by a mean-field Hartree 

potential V// and corresponding exchange term to account for the Pauli 

exclusion principle for fermions. These terms are written explicitly as

JT'i-

Here n(r) is the electron density, which is given by

N

n(r) =  ^  |0 i(r)p  (2.16)
i= l

This allows a self-consistent procedure to be numerically implemented; a 

trial guess is made of the non-interacting electron wavefunction 'I', which 

can be decomposed into the sum of N  one-electron orbitals. The one-electron 

Hartree-Fock equations are then solved. A new density is obtained from the 

new trial wavefunction, obtained by varying the linear expansion coefficients 

of the trial wavefunction. This process is repeated until the desired degree 

of convergence has been obtained.

2.3 D ensity Functional Theory

An alternative approach to the quantum many-body problem is afforded by 

the density functional theory. The central premise is that the interacting 

A^-electron problem with electron density n(r) can be mapped to a non

interacting problem with the same density n(r). This fictitious system of 

non-interacting electrons is known as the Kohn-Sham system. Then the

(i/o + VW)<̂t + j  V ex , i { r , r ’)(f)i{r’) d r ' =  E(f)i{r) (2.13)

(2.14)

(2.15)
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one-electron Kohn-Sham orbitals (f>i may be described by the Kohn-Sham 

equations,

= ei(f)i{r) (2.17)

with density given by equation 2.16. Here the subscript s denotes single

electron equations. The key shift in this viewpoint is the central point

occupied by the density n(r). This arises from the Hohenberg-Kohn The

orems [20]. The first of these demonstrates the existence of a one-to-one 

mapping between the ground state electron density and the ground state 

wavefunction of a many-particle system. The second HK theorem proves 

that the ground state density minimizes the total electronic energy of the 

system.

Now the ground state functional of an interacting system of density n(r) 

can be written as a sum of terms

F[n] =  r,[n] U[n] + £;,,[n] (2.18)

Here Ts[n] is the non-interacting kinetic energy functional, while U[n] rep

resents the Hartree-Fock energy, an exact form for which is known. The 

final term is the exchange-correlation functional Exc[n], accounting for all 

other electronic interaction energy beyond Hartree-Fock level. The second 

Hohenberg-Kohn theorem states that this functional is universal for density 

n(r). However, an exact form for Exc[n\ is in general unknown for a given 

system. Thus, an approximation for the exchange-correlation energy must 

be found.

The total energy for a given external potential Uexi(r) is then given by 

the minimum of

i?[n] =  nnn(F[n]-f- J  d^r V e x t i ' r )  n{r)) (2-19)

This is equivalent to functional minimisation by means of the Euler-Lagrange 

equation
6F

+  ^^ext(r) =  A* (2.20)
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where /i =  d E / d N  is the chemical potential, and is a constant for constant 

particle number N  = J  rn (r).

The Kohn-Sham potential Vs{r) for the non-interacting system is then

u^(r)  =  Vexti^c) +  VHF{r)  +  Vxc(r) (2.21)

with Uxc(r) =  5 E x c [ n { r ) \ / 5 n [ r ) .  Thus we know the unique Kohn-Sham 

potential felt by non-interacting electrons of the same density, given some 

approximation for Vxc- In fact, the exchange-correlation potential Vxc may 

be thought of roughly as a kind of DFT analogue to the electron self-energy 

E, albeit local and energy-independent, unlike the full non-local, energy- 

dependent electron self-energy E(k, a;).

The first and most commonly used approximation for v^c has been the 

local density approximation (LDA). This essentially assumes a uniform dis

tribution of electronic density. It has a relatively straight-forward extension 

to spin-polarised systems by considering densities na(r) for electrons of spin 

a. This is known as the local spin density approximation (LSDA).

Corrections to the local density approximation itself are mainly classified 

under the heading of gradient expansions. The idea is that, in order to take 

into account the charge inhomogeneity in the charge density of real systems, 

an expansion of a functional in gradients should increase accuracy:

A^^^[n] =  J  (a(n(r ) )- I -6(n(r ) ) |Vn |^  4-■ • •) (2.22)

The most well-known such method is the generalised gradient approximation 

(GGA) for the exchange-correlation functional. Semi-empirical approaches 

and fitting to small molecules have yielded popular GGA functionals such 

as the Becke exchange functional [21] and the Lee-Yang-Parr correlation 

functional [22].

However, if the Kohn-Sham equations for an insulator are solved using 

the LDA or GGA approximations for v^c, the resulting Kohn-Sham band gap
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^LDA  found to be too small by typically 40-50% in comparison with ex

perim ent [3]. This has particular ramifications for some strongly-correlated 

“M ott” insulators, such as the late transition  m etal monoxides, which are 

predicted to  be metallic with D FT-LD A /G G A . These systems usually con

tain  transition  m etal or with partially  filled d shells. W hen applying a 

one-electron m ethod with an orbital-independent potential like the LDA, 

one obtains a partially  filled d band with m etallic-type electronic structure 

and itinerant d electrons, often in to ta l disagreement with the experimen

tally determ ined M ott insulating sta te  due to  localisation of d-electrons. A 

similar situation  can arise with partially  filled /-electron  shells in rare-earth  

m etal oxides.

Several a ttem pts have been made to  circumvent this difficulty. Self- 

interaction correction (SIC) m ethods try  to accovmt for the unphysical self

interaction of the electron which is known to occur in the LDA [23]. In 

exact DFT, only the highest occupied s ta te  is free from self-interaction, bu t 

LDA has general self-interaction for all states. This self-interaction is most 

significant for localised states; hence SIC reproduces quite well the localised 

nature of d or /  states in transition m etal and rare-earth  compounds. How

ever, SIC one-electron energies are frecjuently in strong disagreement with 

spectroscopic data.

A nother popular approach to improve electronic structure calculations 

of transition  m etal oxides is the LSDA -|- U m ethod [24]. Here the absence 

of LSDA orbital dependence is com pensated by the addition of a so-called 

Hubbard U term , set to act only on localised d electrons. This splits the 

partially  filled d band into lower and upper H ubbard bands and thus allows 

a band gap to  be obtained. In practice, the separation of the electron states 

into two subsystem s is carried out by choosing an orbital basis set for the 

partially  filled d shell with density m atrix  pd, which takes into account the 

exchange and Coulomb interactions for localised d-electrons. Thus the LSDA
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+  U functional will be of the general form

ELSDA+u^^a^  ^  +  E^[p^^] -  E ^ c V ]  (2.23)

T he final energy functional corrects for double counting of d-orbital exchange- 

correlation energy. In the absence of a specific ci-orbital basis set, equation 

(2.23) should reduce to the normal LSDA. The param eters U and J  m ust be 

chosen for the d-orbitals, thus adding an empirical element to  the method. 

Recent work has focussed on calculating the Hubbard U term  from first 

principles using some perturbative, frequency dependent m ethod such as the 

random  phase approxim ation [25], as used in the calculation of the screened 

interaction W  in the G W  approxim ation. Overall, LSDA +  U has been 

cjuite successful in reproducing experim ental results on strongly correlated 

transition  m etal oxides, though band structures can be unsatisfactory, while 

partia lly  filled d bands in metallic transition m etals will also be split, result

ing in an unphysical insulating sta te  for these systems.

The Hartree-Fock approach, which we previously discussed, is inherently 

self-interaction free, containing an explicit exchange term  wliich cancels the 

self-interaction. Thus, unrestricted Hartree-Fock m ethods have been used 

for strongly correlated m agnetic transition m etal oxides and have success

fully reproduced both  the correct m agnetic ordering and insulating ground 

s ta te  of various M ott insulators where D PT  has failed e.g. in L r2C u0 4 , 

the prototypical parent com pound of the high-tem perature superconducting 

cuprate series La2-xSra;Cu0 4  [26]. However, problems arise with using the 

bare Coulomb potential V  featured in the non-local Hartree-Fock electron 

self-energy. In real systems, the bare Coulomb interaction felt by an elec

tron  would be screened by the overall charge density. Hartree-Fock theo ry ’s 

neglect of screening results in a pronounced ionic character and band gaps 

which are grossly overestim ated, often a factor of 2-3 larger than  experim en

tal values [27]. The ionic bonding character also leads to  underestim ation of 

m agnetic coupling constants [28]. This may be understood by appealing to
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the H ubbard model for M ott insulating systems. The kinetic exchange mech

anism in the H ubbard model gives magnetic coupling constant J  — / U , 

where t and U are the transfer integral and on-site Coulomb interaction. U 

will be large in the unscreened HF theory, leading to a small J.

T h e  G W  M e th o d

The GW  m ethod [3] overcomes these problems by considering higher-order 

Feynm an diagram s which account for screening of the bare Hartree-Fock 

exchange Vc, resulting in the screened interaction W  =  first considered

by Hubbard. This screening occurs through the excitation of electron-hole 

pairs, which are non-interacting in the random  phase approxim ation (RPA). 

The resulting electron self-energy S (k , cj) in the GW  approxim ation depends 

on both  the frequency and wavevector of the electron, unlike in Hartree-Fock. 

This is w ritten

S (xi,ii,a ;2 ,< 2) =  i G{x i , t i , X2 , t 2 )W{x i , t i , X2 , t 2 )  (2.24)

T he frecjuency dependence of the screened interaction W  is encoded in 

the inverse dielectric m atrix e“ ^(k,u;). This response function must be first 

calculated using D FT  or HF eigenfunctions, and the frequency dependence 

then m ust be tackled numerically, typically by means of com putationally 

costly plasmon-pole or real space/im aginary time approaches. Herein lies 

the considerable com putational overhead associated with the GW  method. 

To date, there have been few GW  studies on solids with structures more 

complex than  simple transition metal monoxides and other diatom ic com

pounds. These studies have focussed mainly on excitation energies in the 

form of quasiparticle band structures.

H y b r id  D e n s i ty  F u n c tio n a ls

An accurate and cost effective compromise can be reached in the form of 

hybrid density functionals. This involves dealing with the self-interaction
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problem  in LSDA by mixing a Hartree-Fock exchange energy functional 

into the to ta l LSDA energy functional. This makes use of the exact cancel

lation between Coulomb and exchange term s in Hartree-Fock theory and was 

first proposed for small molecules by Becke, based on the adiabatic connec

tion formula for the exchange-correlation energy of the Kohn-Sham density 

[29]. Becke found th a t calculated ground sta te  energies for a large range of 

molecules were greatly improved com pared to  LDA alone. Hybrid function

als were subsequently found to  be significantly more reliable than  the best 

GGA functionals for com puting atom isation enthalpies [30], geometries and 

vibrational frequencies [31]. The most commonly used hybrid functional, 

similar to  Becke’s original scheme, is the B3LYP functional. This involves 

three param eters A, D and C fitted to  therm ocheniical d a ta  - where D  is 

the proportion of Becke’s original exchange functional [29], C  is the propor

tion the GGA correlation functional given by Lee, Yang and Parr [22] and 

A  — 20% is the percentage of Hartree-Fock exchange mixing.

=  (1 -  + AE ^^ + + CEI:'^^ +  (1 -

(2.25)

The remaining term s in the above expression are the Dirac-Slater

local exchange, and E ^ ^ ^ , the local density approxim ation to the electron 

gas correlation functional, following the param eterisation of Vosko, Wilk 

and Nusair [32],

Surprisingly, this B3LYP hybrid functional is able to reproduce the ther

mochem istry of transitional m etal-containing molecules, despite no transi

tion m etal compounds being used in the original d a ta  [33]. Despite its 

success in chemical physics, periodic solid state  calculations using B3LYP 

have not appeared until relatively recently, due mainly to  the difficulty in 

trea ting  exchange and Coulomb series to a sufficiently high level of accuracy. 

Unlike LDA-I-U, which a ttem pts to separate localised d-orbitals and applies 

a Hubbard U and J  term  to these orbitals only, the HF exchange mixing
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is orbital independent in that it affects all Kohn-Sham orbitals in the DFT 

density functional. This B3LYP hybrid approach has yielded remarkably 

good band gap values in a variety of solids and insulators [34], including the 

Mott insulatoi's MnO and NiO. Comparisons with comparable transitional 

metal monoxide calculations using GW [35], [36] show that in many instances 

the band gaps obtained with B3LYP [34] have errors of similar magnitude 

to GW when compared to experimental gap values. This is obtained at a 

fraction of the computational cost, and can be understood to arise from the 

characteristic Mott insulator band gap errors from Hartree-Fock and DFT 

cancelling each other out to some extent in B3LYP.

Thus, in GW, the bare Hartree-Fock interaction is dynamically screened 

by a charge density response function, the frecjuency and wavevector de

pendent inverse dielectric matrix e“ ^(k,a;), whereas in B3LYP, the bare 

Hartree-Fock interaction is reduced in a uniform, non-frequency dependent 

manner by mixing with the DFT energy functional. To date, there have 

been very few systematic direct comparisons of B3LYP and GW, or in

deed of B3LYP and LDA-f-U. A comparative study on weakly correlated 

silicon [34] show good agreement between both methods and experiment. 

A similar study of the prototypical strongly correlated insulator NiO in its 

ferromagnetic phases show that the GW  ̂ band structure based on B3LYP 

wave functions is cjuite similar to the parent B3LYP band structure [37],[38]. 

There is a 0.2 eV broadening of the gap, from 4.1 eV to 4.3 eV, while there 

are also relative shifts in the valence bands and a general upward shift in 

conduction bands. This latter work also suggests that hybrid functionals 

may be a better starting point for GW, since the calculation of the dielec

tric matrix used to obtain the screened interaction W  involves the relative 

energies of valence and conduction bands obtained by a mean-field method 

such as DFT or HF.

In addition to band gaps, the addition of HF exchange into hybrid func-
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tionals has successfully recovered the experim ental ground sta te  magnetic 

order in a range of strongly correlated transition  m etal oxides. Studies have 

been perform ed on the high Tc parent M ott insulator C aC u02 [39], the 

colossal magnetoresistive m anganite parent M ott insulator LaMnOs [40], as 

well as a range of similar systems [28]. As we previously discussed, Hartree- 

Fock theory greatly underestim ates m agnetic coupling constants, while D FT 

overestimates. The above studies found th a t hybrid functionals w ith 35% 

Hartree-Fock mixing, as opposed to B3LYP’s usual 20%, in fact produced 

m agnetic coupling constants in closest agreement with empirically deter

mined values, while continuing to m aintain good agreement for band gaps.

In this thesis, we adopt a hybrid density functional scheme similar to the 

above, for a range of values of Hartree-Fock exchange. This is implemented 

in the CRYSTAL code [41]. In order to obtain eigenstates of the system, it is 

necessary to expand single electron wavefunctions over a set of pre-defined 

basis functions. CRYSTAL uses a basis of Gaussian-type orbitals of the 

general form

;^GTF ^  ^  (2.26)

where dj is referred to as the contraction coefficient. Gaussian basis sets can 

provide an accurate description of electronic distribution in both  valence and 

core states"* and are generally relatively compact and com putationally effi

cient. The quality of basis sets is a very im portant factor in determ ining 

whether self-consistent electronic structure calculations in CRYSTAL will 

converge to a stable energy minimum. There are a num ber of approaches 

available to optimise basis sets. We mention the inclusion of polarisation 

functions as an example. These are functions of higher angular cjuantum 

num ber than  the highest occupied orbital of the system, which facilitate 

polarisation effects in the charge density. The inclusion of more basis func

tions can also aid convergence, though care must be taken to  avoid linear 

^plane wave basis sets can perform poorly for core states
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dependence errors since Gaussian orbitals in general do not form a complete 

set.

2.4 Structure O ptim isation

The determ ination of equilibrium structure is of prim ary im portance in the 

modelling of chemical systems. Less research has been carried out into 

periodic systems due to the prohibitive com putational cost. In this section, 

we will outline a modified conjugate gradient scheme, due to Schlegel [42], 

which allows atomic coordinates to be optimised in order to locate minima on 

the potential energy surface. This involves com puting the m atrix of second 

derivatives of the to tal potential energy with respect to  atomic positions x^.

The problem may be described as follows. We consider a unit cell with 

N  atoms. The position of the atom  is described by the 3-dimensional 

position vector fi. Thus we have a 3A'’-dimensional position vector X  which 

describes any given atom ic arrangem ent, in some 3A^-dimensional space S. 

Every possible set of atom ic positions in the crystal can therefore be denoted 

by a vector A'“ in S.  The potential energy E  is a function of 3 N  variables 

cycling over i atom s w ith coordinates a  = 1 ,2 ,3 . Thus there is a 3N-  

dimensional potential energy ‘surface’ (PES), any point on which describes 

the potential energy of the lattice for a given atom ic arrangement. To find an 

equilibrium crystal structure, we wish to find the potential energy minima 

on the PES. This is an example of a general optim isation problem: given a 

function E  of ‘3 N  variables Xia, we wish to  find its mininmm.

T he conjugate gradient scheme of Schlegel [42] allows one to construct 

a series of steps leading to  a stationary point of the potential energy E.  

Here we give a brief overview of the algorithm  outlined in [42]. A stationary 

point is defined as a point where the 3A^-dimensional gradient vanishes, 

gi = d E / d x i  — 0, yielding a  gradient vector G =  0. The first-derivative 

finds the stationary  points on the PES, while second derivatives perm it
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their characterisation. Assume that p such steps have already been taken. 

At step p +  1 we have the energy E  and its gradient at (m +  1) points 

(0 < a < m < p). This information is arranged so that represents the 

current atomic positions, the most recent previous point, and so on, 

with X '^  being the oldest. From the previous step, we also have the n x n  

matrix of second derivatives (called the Hessian matrix) of E,  that is an 

approximation to the true Hessian Fij = d?E/dx^dx^.

An optimisation step consists of three parts. Firstly, the Hessian from 

the previous step is corrected. Then, a search is performed for a minimum 

between the current PES point and the previous point, i.e. in the direction 

{X'^ — X®). Finally, using the Hessian matrix and minimum thus obtained, 

the next estimate of the location of the stationary point is given by

j

Here i j  and gj are the position coordinates of the previous minimum, and 

that of its numerically obtained gradient g. Thus we see that gradients 

are evaluated every time the total energy is computed; the second derivative 

(Hessian) matrix is built from the gradients. At each step, a one-dimensional 

minimisation using a cjuadratic polynomial is carried out, followed by a ZN- 

dimensional search using the Hessian.

If a negative eigenvalue is found, its sign is reversed. This forces a steep

est descent step along the direction of the eigenvector possessing the negative 

eigenvalue. At each step, the gradient vector and the displacement vec

tor are tested against given tolerance levels for convergence. The

root-mean-square gradient and displacement, as well as the absolute value 

of the largest component of each, must fall below their respective tolerance 

levels. If these four conditions are satisfied, the optimisation is considered 

complete. The above algorithm is implemented in parallel in the CRYS- 

TAL03 code [41], and used in this work.
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P h o n o n  M o d es

The Hessian matrix Fij may also be used to obtain the vibrational eigen- 

modes of the crystal and their associated vibrational eigenfrequencies. This 

information on phonon modes can provide essential insight into physics of 

the system under study. We recall that if there are N  atoms in the prim

itive cell, then there are ?>N branches to the phonon dispersion relation: 3 

acoustic branches (a longitudinal LA and two transverse TA), and “iN  — 3 

optical branches, also split into longitudinal LO and tranverse TO modes. 

Thus for P primitive cells, the crystal will have a total of ‘iN P  vibrational 

degrees of freedom.

Vibrational frequencies may be calculated at the F point of the Bril- 

louin zone as follows. Using the Hessian Fij as calculated above, the mass- 

weighted Hessian is calculated:

F ,
^Vai,0j{q =  0) =

Ma and M(j are the masses of atoms a  and (3 associated with the and 

coordinates, respectively. The matrix is then diagonalised to ob

tain eigenvalues (phonon mode frequencies) and eigenvectors (phonon mode 

atomic displacement vectors). Certain advantages accrue from calculations 

performed at the F point. TF(0) is simple to calculate from the expres

sion above, and possesses the point symmetry of the crystal. In addition, 

the three acoustic modes, corresponding to translations at F, have zero fre

quency. This in fact should act as a check of the reliability of calculated 

results. Results for which the three acoustic modes show non-zero frequen

cies should be discarded. Lastly, it is the F point modes which give rise to 

the infrared and Raman spectra observed in experiments.

This computationally demanding process has been implemented in a 

beta version of the CRYSTAL06 code which we have adopted in this work. 

The transverse optical modes are calculated by default. Care must also
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be taken to  ensure th a t the initial crystal structure is a t a minim um  of 

the potential energy surface before vibrational calculations are carried out. 

This in effect entails attem pting  phonon calculations only on cell geometries 

which have already been converged and optimised to high accuracy, typically 

w ith tolerances governing the Coulomb and exchange integral convergence 

criteria set to 10“ ® Hartree.

T he hybrid density functionals used in this work have proven effective 

for equilibrium cell geom etry optim isations [43]. The LDA and GGA alone 

suffer from such shortcomings as under- and overestim ation of cell volumes.
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C hapter 3

M agnetite

3.1 Introduction

M agnetite  (Fe3 0 4 ) is th e  oldest known m agnetic m ateria l, having been doc

um ented  over 2500 years ago by the  ancien t Greeks. I t  has th e  largest net 

m agnetiza tion  of all the  natu ra lly  occurring  m inerals on E a rth , and these 

m agnetic  p roperties led to  m agnetite , or lodestone, being used as an  early 

form  of m agnetic  com pass. T he rem arkable physical p roperties of th is  m a

te ria l ensure th a t  it continues to  be of im m ense cu rren t in terest. As a 

half-m etal a t  room  tem p era tu re , w ith  an  unusually  high C urie tem p era tu re , 

m ag n e tite  is o f technological in terest as a po ten tia l source of sp in-polarised  

e lectrons in sp in tron ics applications [44]. M agnetite  is also cited as a  possible 

nm ltiferro ic m ateria l [45] - th a t  is, a m ateria l which is sim ultaneously  m ag

netic  and  ferroelectric, rendering  it of considerable theore tica l and  p rac tica l 

im portance . In  add ition , th is system  displays the  (in)fam ous Verwey phase 

tran s itio n , th e  exact n a tu re  of which rem ains condensed m a tte r  physics’ 

longest ru n n in g  controversy.

M agnetite  has th e  form al ionic form ula Fe^“''[Fe^'''Fe^''']0 4 . T here  are two 

inequivalent iron sub la ttices in the  u n it cell: the  te trah ed ra lly  coord inated  

yl-sites and  o c tah ed ra l 5 -s ite s , yielding form al valence of -1-2.5 on th e  Fe^
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ions. This system undergoes a phase transition a t Tjv =  860i^ from a 

param agnetic to  a ferrimagnetic state. At T y  ^  125K, the system undergoes 

another phase transition, characterised by a structura l distortion and an 

abrupt decrease in conductivity by some two orders of m agnitude. This 

class of transition  is named after Eugene Verwey, who first discovered it in 

Fe3 0 4  in 1939 [6 ]. More generally, Fes0 4  has served as a prototype for many 

early studies of magnetism. Neel developed his theory of antiferrom agnetism  

following studies on this system  [46], while the nascent theory of metal- 

insulator transitions in strongly correlated systems received much im petus 

from observations of the Verwey transition, in particular the early studies 

of M ott and Peierls (see [47] and references therein).

Fes0 4  belongs to  the class of spinel ferrites, as first determ ined by the 

early x-ray studies of Bragg [48, 49]. Such systems have the general fornmla 

A D 2 O 4 , w ith a cubic cell consisting of 32 close-packed oxygen ions, witli 64 

tetrahedrally  coordinated A-type sites and 32 octahedral Z?-type sites. 8  of 

the A-sites are occupied by Fe^+ ions while 16 of the D-sites are occupied 

by Fê "*". Observing the unusually high conductivity of this m aterial above 

the m etal-insulator transition, relative to similar spinels such as C0 3 O 4 and 

Mn3 0 4 \  Verwey concluded th a t the correct arrangem ent of Fe ions was the 

inverse spinel structure, whereby the first octet of Fe^+ ions reside on the 

tetrahedral sites, while the second octet, along with the Fe^"  ̂ ions, reside 

on the 16 B-sites. This arrangem ent immediately suggests a simple conduc

tion mechanism due to  hopping of the ‘ex tra’ Fê "*" electron between closely 

spaced B-sltes. This mechanism was used by Verwey in a schematic the

ory of a pu tative order-disorder transition, whereby the high tem peratu re  

disordered metallic phase dem onstrated conduction by the above channel, 

with the low -tem perature insulating phase resulting from a localization of 

conduction electrons on the 8  B-sites. This localization was postu lated  to  

^at around 10^ <  H <  2.5 x 10“* versus ~  m
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lead to  a mixed valence charge-ordered state, with a concomitant symmetry- 

lowering structm 'al distortion from cubic to tetragonal. Such a scenario also 

allows for the possibility of so-called ‘orbital order’, a real space ordering of 

charge carriers in certain orbitals.

Very early on, however, ciuestions were raised about the validity of the 

Verwey charge ordering model. Experim ental studies often produced con

flicting results, in no small p art due to  the poor cjuality of m agnetite sam 

ples used in m any early studies, and controversy still persists to the present 

day on the exact mechanism of the Verwey transition. In many respects, 

this could be considered the oldest unresolved question in condensed m atter 

physics.

In the next section, we will outline the basic electronic structure of this 

m aterial and discuss the influence of com peting energy scales and strong elec

tronic correlation on the macroscopic properties of this system. Strongly cor

related systems such m agnetite, as well as many other transition metal ox

ides such as the colossal magnetoresistive m anganites and high-tem perature 

superconducting cuprates, tend to order; this can occur in the spin, charge 

or orbital sectors and is a continuing hot topic of research in the physics of 

condensed m atter. Hence m agnetite provides us with a useful platform  for 

the study of the general phenomenon of order in strongly correlated elec

tron  systems. We will also provide a brief overview of the development of 

experim ental and theoretical research in m agnetite physics, allowing us to 

identify the historical stum bling blocks which have contributed to the con

tinued controversy over the exact mechanism of the Verwey transition since 

its discovery over 60 years ago. This will provide a context for our work and 

it is hoped th a t our hybrid H F /D F T  calculations help to  shed some light on 

this debate.
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3.2 Basic Electronic Structure

It is instructive to  have some heuristic picture of tlie basic electronic struc

tu re  of this system. Thus we consider the configuration in term s of free Fê "*" 

and Fe^+ ions in the appropriate crystal environment. In this simple picture, 

the tetrahedral A-sites contain Fê "*" ions, yielding a electronic configu

ration. According to  H und’s rules, though strictly  valid only in the case of 

a free atom , this gives a singlet ^55/2  ground s ta te  term . The point group 

sym m etry of the A-site is cubic; however, there is no crystal field splitting 

for the orbital singlet S  ground state. There is also no spin-orbit splitting, 

since the the orbital moment is zero. Therefore, we have a spin-only ground 

s ta te  5  =  5/2 . A similar situation arises for the D-site Fê "*".

In the case of the octet of Fe^+ ions on B-sites, H und’s rule filling yields 

a spin ground sta te  of 5  =  2. The nearest neiglibour oxygen octahedral field 

splits the ground s ta te  into trip ly  degenerate t2g levels and an excited 

sta te  6g doublet. This allows a possible t 2g orbital ordering to  take place.

It is worth noting th a t the 5 rf-electrons are arranged in a relatively high 

spin s ta te  when com pared to some other well-known strongly correlated 

systems such as the high tem perature superconducting cuprates, where a dP 

configuration on copper yields a spin of 5  =  1/2 per Cu ion[14]. This low 

spin sta te  has the effect of making the system somewhat more “quantum ” 

in nature [16].

3.3 Early Experim ent

T he literature on this long-running subject is encyclopedic; in this section, 

we give a brief overview of the relevant highlights pertinent to our research. 

A lthough a specific heat anomaly had been reported for m agnetite as early 

as 1926 [50], it was Verwey who discovered the associated discontinuity 

in conductivity [6]. Verwey originally envisaged a specific ordering of the
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octahedrally coordinated ions in the low-teinperature phase, whereby these 

ions arrange in alternate a/4-spaced (100) planes, with homovalent ions 

forming chains along the (110) and (IlO) directions as shown in Figure 3.1.

(t, -• -

J •■>. ■̂.010-'

Figure 3.1: Originally proposed Verwey charge ordering scheme [8].

This charge ordering arrangement induces an orthorhom bic distortion 

with respect to the high-tem perature cubic cell. Such a crystal geometry 

should result in a (002) reflection visible by neutron diffraction. This reflec

tion was detected by Hamilton in 1958 [51] using synthetic single crystals 

and applying a magnetic field to pick a spin orientation, thus counteracting 

multiple twinning effects. Such twinning effects can arise where a crystal has 

a mosaic of different cubic [001] axes for spin orientations, thus exhibiting 

overall isotropic behaviour. However, the same paper also reports experi

ments performed on natural crystals, which did not reveal any (002) reflec

tion consistent with orthorhombic symmetry, though the au thor a ttribu ted  

this to the defects present in naturally  occurring m agnetite crystals.

Later neutron scattering studies by Shirane et al in 1975 [52] also failed 

to detect the (002) reflection, and suggested th a t it was merely an artefact 

resulting from simultaneous reflections. Their m agnetic intensity distribu

tion suggested alternate Fê "*" and Fê "*" in the a6-plane, in contrast to  the 

Verwey model (Figure 3.1) of single m odulation along the c-axis. Further
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electronic and x-ray diffraction results revealed superlattice reflections incon

sistent with orthorliombic symmetry, indicating that the low temperature 

cell is monoclinic, in contravention of the original Verwey charge ordering 

scheme.

Detailed neutron diffraction experiments on the low-temperature struc

ture by lizumi et al [9] in 1982 proposed a monoclinic Cc supercell of di

mension \/2a X \/2a  x 2a relative to the high-temperature cubic cell. In 

these experiments, care was taken to check for spurious multiple twinning 

effects. Structural refinements were carried out using orthorhombic synmie- 

try constraints on atomic positions. Besides proposing a Cc space group, 

the authors reported no significant variation in the mean Fe-0 distances for 

the Fe i?-sites, such as might accompany charge ordering. lizumi’s results 

also cast doubts on a previous conjectured charge ordering model due to 

Mizoguchi, which was derived on the basis of NMR measurements [53].

It seems that many early experimental studies of magnetite were plagued 

by the poor quality of samples employed. This stemmed in part from the 

widespread use of natural crystals, which suffer from an array of imper

fections such as substitutional impurities, octahedral vacancies, dislocations 

and internal stresses. Also, many synthetically produced crystals did not fol

low present day standards of preparation and characterization, as discussed 

in the literature review of Walz [8]. This was evident, for example, from the 

reported Verwey transition temperatures T y , which can act as a rough guide 

to characterise the actual quahty of the magnetite crystals themselves. Such 

disparities in crystal quality may partially account for the many ambiguous 

and occasionally conflicting experimental results which strew the landscape 

of magnetite literature. An informative overview of the historic development 

of magnetite studies may be found in the review of Walz [8] and references 

therein.
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3.4 R ecent Experim ent

X -R ay and N eutron  Scattering

'  : i

I  i  B ^ 4 1

L  I ^  , ‘' B(3l 'v,
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I  f - V - j '  i/  asbl-jn »2ai
' Of At * I
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1 1 • Bi3)

B1I 0) a i b i  I a ' s

Figure 3.2: Fe3 0 4  low-tem perature P 2 / c  cell. Octahedral Fe^ ions are 

labelled as shown. Tetrahedral Fe^ ions are coloured in cyan and oxygens 

are in red.

Recent high resolution x-ray and neutron diffraction data on highly sto

ichiometric powder sam ples by Wright et al [54] helped to reignite a flurry 

of interest in the qiiestion of charge ordering in m agnetite. The use of such
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powder samples can elim inate multiple twinning and negates the need to 

a ttem p t their removal by the application of Z?-fields, such as in the earlier 

crystal studies of lizumi [9]. However, some loss of resolution may occur 

in the obtained spectra, due to peak overlap. S tructural refinements were 

carried out on the centric monoclinic P 2 /c  subcell, with atom ic positions 

further constrained by orthorhom bic Pm ca  sym m etry operations, similar to 

those of lizumi [9], This creates four inequivalent B  sites (labelled D1-B4), 

each of which acts as an average over four sites in the full Cc supercell. This 

low -tem perature P 2 /c  s tructu re is shown in Figure 3.2

X-ray and neutron diffraction techniques can have difficulty directly dis

tinguishing between Fe^“*" and Fê "*" due to  their nearly equal atom ic scatter

ing factors. The presence of charge ordering must therefore be inferred indi

rectly from Fe-0  bond distances and associated bond valence sums (BVS). 

Bond valence sums provide a somewhat crude empirical chemical guide based 

on the principle th a t the bond length is approxim ately a unique function of 

bond valence [55]. Despite using the same sym m etry constraints as the 

lizumi study [9], W right et al found, following structural refinement, tha t 

their refined param eters differed, leading to different values for the Fe-0 

bond distances. In fact, these authors found Fe-0  bond lengths to  be smaller 

for B2  and B3  as opposed to the B1  and B4  iron sites. They further claimed 

th a t the coincidence of these pairs of average Fe-0  distances is not an artifact 

of the Pmca sym m etry constraints of the refinement [11].

Based on a BVS analysis, they conclude th a t partial long range charge 

ordering exists on B  sites, with an estim ated charge difference of 20% of 

th a t expected for ideal Fê "*" and Fê "*" states for the P 2/c  cell. Given the 

fact th a t the P 2/c  cell is averaged over 4 inequivalent subsites in the full 

Cc V2a X  \/2 a  x 2a supercell, this configuration perm its averaging over 

4Fe^+ and 4Fe^+ subsites, or over (SFê "*" +  Fê "*") and (Fê "*" +  SFe "̂*"). 

The authors refer to  these scenarios as class I and class II CO respectively.
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yielding 20% charge disproportionation for class I and 40% for class II.

This view was once again challenged, this tim e by Garcia et al [56]. 

These authors carried out x-ray resonant scattering on two single crystals 

A and B, using the diffraction anomalous fine structure technique [7]. The 

atom ic anomalous scattering factor and x-ray absorption coefficient depend 

on the chemical s ta te  of the scattered atom; hence a periodic arrangem ent 

of Fe^+ and Fe^“*" should be revealed by different reflections in resonant x- 

ray scattering experiments. The authors probed the iron K  edge of the 

forbidden (002) and (OOG) reflections, which in this instance are perm itted 

by the anisotropy of the iron anomalous scattering factor [56]. They found 

no evidence of a charge ordered state  above or below the Verwey transition 

tem perature, on both  highly stoichiometric and lower ciuality synthetic single 

crystals [7]. Further studies of (00 odd) and (00 half-integer) reflections 

revealed no resonances consistent with charge density m odulation along the 

c-axis, either with the periodicity of the cubic or doubled cubic cell [57], 

leading this group to conclude th a t strong electron-phonon interaction, and 

not charge order, is the driving force for the Verwey transition. Our ab-initio 

results will show th a t both  of these behaviours play a key role in the physics 

of this system.

M ossb au er E ffect and N u clear M a g n etic  R eso n a n ce

Nuclear magnetic resonance and M ossbauer technicjues should be sensitive to 

different ionic valence states or crystallographic sites. Recent NMR studies 

[58] appear to confirm the low tem perature monocliuic Cc structure, with 8 

and 16 lines on A- and D-sites respectively. A doubly degenerate Fe^ line 

was detected below Ty, while Fe^j site lines were strongly mixed. This would 

indicate th a t integer charge order is not present in the low-tem perature 

structure. More radically, recent M ossbauer studies under pressures of up 

to 12 G Pa have led to the proposal of a coordination crossover scenario.
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whereby charge density is shifted from JS-sites to the tetrahedral A-sites 

at the Verwey transition [59]. This shift would cause the inverse spinel 

structure to change to a normal spinel arrangement, i.e.

[Fe^+]4[2Fe3+ + e - ] s  ^  [Fe^+lpe^+Fe^+Js

The authors assert that this scenario would account for the apparent equiv

alence of Fcjg sites found in the study. A further x-ray diffraction study at 

different pressures by the same authors [10] found that the plot of metal- 

insulator transition tem perature as a function of pressure Tv{P)  coincides 

with the curve of structural distortion temperature as a function of pres

sure Tdist{P)- From this, they conclude that the low temperature gap is 

associated with the particular electronic band structure resulting from the 

structural distortion. These authors therefore emphasize the role of electron- 

lattice coupling, as opposed to charge ordering, in opening up the band gap.

O ptica l P ro p erties

Some debate also surrounds the question of whether the Verwey transition 

can be considered a true metal-insulator transition, or indeed if the high- 

tem perature phase is actually metallic at all.

Photoemission spectroscopy (PES) by Chainani et al [61] on synthetic 

single crystals found a gap of 70 meV below Tv/, which is half the activation 

energy obtained from electrical resistivity measurements {Ea ~  140 meV), 

and which closes above Ty- Soon after, another PES study [62] concluded 

tha t the band gap is not in fact collapsed above Ty-, but is reduced by ~  50 

meV, indicating a semiconductor-insulator transition.

A more recent soft x-ray photoemission study was carried out by Schrupp 

et al [60], using used radiation tuned to Fe 2p-3d resonance [hu = 707.6 eV). 

This allowed an enhanced probing depth of ~  45 A to be obtained so as 

to distinguish from purely surface effects. Such surface effects were shown
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Figure 3.3: Fe3 0 4  soft x-ray photoem ission spectra. Inset: spectral edge 

energy during cooling (down-triangles) and heating (up-triangles). From 

Schrupp et al [60].

to  be significant when low-energy photoemission was used. Valence band 

spectra were obtained above and below the Verwey transition. The position 

of the chemical potential was calibrated by the  Fermi edge of an evaporated 

gold film in electrical contact with the m agnetite crystals. A gap was foimd 

in the low-tem perature phase; above T y  the spectral edge becomes abruptly  

shifted towards the chemical potential. This discontinuous energy shift of 

the spectral edge energy at T y  can be seen in Figure 3.3. The authors pick 

a reference spectral edge energy, which they dub the spectral onset energy. 

This onset energy' jum ps exactly at T y  and is consistent with the hysteretic 

behaviour of the conductivity on both  sides of the  Verwey transition  [8]. If 

the onset energy is identified with the  insulator half-gap (i.e. the chemical 

potential /i is assmned to  divide the band gap in half), its discontinuous 

change AE„n ~  50meV will cause the concentration of thermally activated 

charge carriers to  increase by a factor of exp{AE(fn/l^-BTv). This would 

account for the observed two-orders m agnitude jm np in conductivity, as
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already argued in the earlier photoemission study of Park [62], Both of the 

PES studies therefore indicate a semiconductor-insulator transition. This 

points towards thermally activated conductivity above Ty.

As shown in Figure 3.3, no indication of a metallic Fermi edge or quasi

particle feature was observed in the high-temperature phase, in notable con

trast to systems exhibiting the classical Mott metal-insulator transition, 

which display a prominent doublet of quasiparticle peak and lower Hubbard 

band. The valence band spectra showed exponential suppression of spectral 

weight towards the chemical potential at all temperatures investigated. This 

spectral feature was attributed to strong electron-phonon coupling, and the 

formation of small polarons, i.e. electron (or hole) excitations dressed by 

virtual phonons, was advanced as a possible cause. The theoretical notion of 

polaronic quasiparticles in Fe304  has been around for some time, stemming 

from the work of Chakraverty [63], Yamada [64] and Mott [65].

PES measures transitions to the Fermi level, whereas infrared spec

troscopy measures an optically allowed transition from one electronic band 

to another across the Fermi level. Optical conductivity measurements ob

tained a gap value of 140 meV below Ty  [66], consistent with some previ

ous PES and activation energy experiments. Terahertz and infrared con

ductivity measurements [67] in the insulating state found a power-law fre

quency dependence for the low-frequency dynamic conductivity ( c t i  o c  

with s ~  1.3), which is a characteristic feature of hopping conduction be

tween localised states [68]. An unexpected result of this study was the 

abrupt change of the dielectric constant at Ty,  even yielding negative values 

above Ty.  Along with the conductivity spectra, these results indicate the 

formation of a narrow band of quasi-free carriers that contain only a small 

part of the spectral weight. Our density of states calculations show a nar

row band below Ty  corresponding to localisation of electrons in a particular 

d-orbital on one of the two Fe B-sites in an Fe30 4  unit. Our structure op-
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timisation show that this band is strongly coupled to the surrouding Fe-0 

octahedral lattice, suggesting polaronic behaviour.

Gasparov et al [69] carried out infrared and Raman measurements. It 

was found that the Verwey transition manifests itself in both infrared and 

Raman spectrum as the temperature is lowered through TV- In the Raman 

spectrum, one can see at least 17 new modes about Ty- Optical conductivity 

data in the same study found a gap-like feature below Ty  which could be 

attributed to a polaronic picture, where carriers below Ty  are localised po- 

larons leading to a strong polaron peak in the optical spectrum. Above Ty,  

some carriers are delocalised, leading to a peak broadening and reduction in 

oscillator strength.

The above experiments point to the influence of the electron-lattice in

teraction in magnetite physics. This picture is in agreement with early 

theoretical proposals advanced by Ihle and Lorentz [13]. In the Mott pic

ture of the Verwey transition [65], the charge carriers are either polarons or 

bipolarons. Above Ty,  the system is described as a Wigner glass, a system 

where the carriers are localized by disorder-induced random-field potentials. 

When the temperature is raised, some of the polarons dissociate, leading to 

a hopping type of conductivity. By contrast, a model Hamiltonian of Cullen 

and Callen [12] considered the role of electron correlation to be central and 

did not consider phonons. This model envisaged magnetite as a crystal of 

Fê "̂  ions with an ‘extra’ Fe electron hopping between them. Our results 

show that both the electron-electron correlation and the electron-lattice in

teraction play a central role in creating a lattice distortion and opening a 

gap at the Verwey transition.

3.5 Low T em perature P h ase R esu lts

So what is the net outcome of this perhaps somewhat bewildering array of 

experimental results - and what is the present paradigm for magnetite and
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Table 3.1: 3d-shell charge and  spin popu la tions a t 50% H F exchange.

A tom In itia l valence F inal valence In itia l sp in / j i s Final sp in / f i B

A(l ) 5 5.59 -5 -4.40

A(2) 5 5,59 -5 -4.40

B(l ) 6 6.11 4 3.81

B(2) 5 5.54 5 4.49

B(3) 5 5.56 5 4.46

B(4) 6 6,11 4 3.81

T able 3.2: 3d-shell charge and spin popu la tions a t  30% H F exchange.

A tom In itia l valence F inal valence In itia l sp in / /ig F inal sp in / h b

A(l ) 5 5.73 -5 -4.24

A(2) 5 5.73 -5 -4.24

B (l) 5.5 6,10 4.5 3,78

B(2) 5.5 5.66 4.5 4.34

B(3) 5.5 5.71 4.5 4.28

B(4) 5.5 6.13 4.5 3.74

T able 3.3: 3ci-shell charge and spin popu la tions for s tru c tu re  optim ised low- 

tem p era tu re  cell a t 50% exchange.

A tom In itia l valence Final valence In itia l sp in / F inal sp in / h b

A (l) 5.59 5.59 -4.24 -4.24

A(2) 5.59 5,59 -4.24 -4.24

B (l) 6.11 6.11 3.78 3.76

B(2) 5.54 5.54 4.34 4.34

B(3) 5.56 5.55 4.28 4.31

B(4) 6.11 6.11 3.74 3.75
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Table 3.4: 3d-shell charge and spin populations for structure optimised low- 

tem perature cell a t 30% exchange._______________________________________

Atom Initial valence Final valence Initial sp in / Final sp in / î b

A(l ) 5.73 5.72 -4.25 -4.25

A(2) 5.73 5.72 -4.25 -4.25

B (l) 6.10 6.12 3.77 3.77

B(2) 5.66 5.66 4.35 4.36

B(3) 5.71 5.68 4.29 4.32

B(4) 6.13 6.13 3.76 3.76

its Verwey transition? Accurate ab-initio calculations are clearly needed 

in order to  cast light on the subject. Our hybrid H F /D F T  and structure 

optim isation approach allows us to gauge the relative effects of both on-site 

electrostatic repulsion and electron-lattice coupling on the charge-orbital 

order and band gap in m agnetite. Thus we can disentangle these effects and 

examine the relative contributions of these competing degrees of freedom to 

the Verwey transition mechanism.

We begin by analyzing the electronic structure of the low-tem perature 

cell with Hartree-F'ock exchange mixing set to 50%. Figures 3.4 and 3.5 show 

electronic band structures for the experim entally determ ined P 2 /c  cell [11]. 

A m inority band gap of ~  4.0 eV is found. The bands around the gap are of 

predom inantly d-d character, indicating M ott insulating behaviour. They 

show very little dispersion, indicating th a t charge is significantly localised 

below Ty.  Figure 3.8 is a plot of the to ta l electronic density of states, 

displaying the 4.0 eV gap in the m inority (spin-down) spin channel. The 

Fermi energy has been scaled to  0 eV. We have projected the DOS onto pairs 

of Fe ions in Figure 3.9. A comparison with the to tal DOS shows th a t the 

gap results from charge localisation on the B l  and BA atom s ju st below the 

Fermi level, with a gap to hopping of electrons onto the B2  and BZ  sites.
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Table 3.5: Fe-0  bond lengths for the P 2 /c  and optimised structm 'es with 

mean values for AO 4 te trahedra  and BOq octahedra shown.______________

Bond Expt. L ength[ll] (A) 50% optimised (A) 30% optimised

A (l)-0 (1 ) 1.898(4) 1.916 1.910

A (l)-0 (5 a ) 1.875(2) 1.854 1.864

A (l)-0 (5 b ) 1.882(2) 1.873 1.877

A (l)-0 (2 ) 1.890(4) 1.913 1.908

(A (l)-O ) 1.886(3) 1.889 1.890

A (2)-0(4) 1.913(5) 1.925 1.923

A (2)-0(6) 1.870(2) 1.859 1.860

A (2)-0(6) 1.877(2) 1.861 1.861

A (2)-0(3) 1.899(5) 1.912 1.911

(A (2)-0) 1.890(4) 1,891 1.889

B (l)-0 (1 )  x2 2.042(3) 2.059 2.053

B(1)-0(C) x2 2.091(3) 2.159 2.148

B (l)-0 (2 ) x2 2.082(3) 2.134 2.129

(B (l)-O ) 2.072(3) 2.117 2.110

B (2)-0(5) x2 2.052(3) 2.027 2.026

B (2)-0(4) x2 2.040(3) 2.004 2.013

B (2)-0(3) x2 2.038(4) 1.986 1.993

(B (2)-0) 2.043(3) 2.006 2.011

B (3)-0(5) x2 2.092(3) 2.036 2.046

B (3)-0(6) x2 2.018(3) 1.979 1.981

B (3)-0(2) 1.964(5) 1.951 1.952

B (3)-0(3) 2.116(5) 2.072 2.084

(B (3)-0) 2.050(4) 2.009 2.015

B (4)-0(5) x2 2.094(3) 2.126 2.122

B (4)-0(6) x2 2.053(3) 2.097 2.098

B (4 )-0 (l) 2.033(5) 2.049 2.044

B (4)-0(4) 2.086(5) 2.153 2.135

(B (4)-0) 2.069(4) 42 2.108 2.103



Table 3.6: Fe-Fe bond lengths for the P 2 /c  and optimised structures

Bond Expt Length (A) 50% optimised (A) 30% optimised

B (la )-B (lb ) 2.972 2.972 2.972

B (la)-B (3) 2.864 2.941 2.919

B (la)-B (4) 2.958 2.933 2.947

B (lb)-B (3) 2.855 2.931 2.909

B (lb)-B (4) 2.950 2.922 2.936

Reducing the percentage of Hartree-Fock exchange mixing in the density 

functional to 30% results in a reduced bare Coulomb potential, substantially 

shrinking the minority gap by around 60% to ~  1.60 eV on the to ta l DOS 

plot (Fig. 3.10). Another result of interest can be seen by comparing the 

band structures. Not only is the overall charge gap altered by varying the 

am ount of exchange screening, but the relative position of bands is also af

fected, as seen for example in the dispersive conduction bands between Y  

and Z.  Tliis dem onstrates th a t certain electronic bands are more influenced 

by reduction in HF exchange mixing than  others, and is reminiscent of a 

GW  study of the prototypical strongly correlated autiferrom agnetic insula

tor, NiO [70]. In th a t work, dynamical screening of the bare HF exchange 

through the GW  approach led to  shifts of the unoccupied d-bands, to such 

an extent th a t the cjualitative band gap character was altered from d — d 

(Mott-like) to d — s. This relative band shift therefore lends some credence 

to the notion of B3LYP as a poor m an’s GW  [71]. The m agnitude of the 

band gap decrease going from 50% to 30% is also quite large relative to a 

previous B3LYP study of NiO [72]. In th a t study, a larger reduction of HF 

exchange from 50% to 20% decreased the gap by a half.

The question of charge order is clearly of key im portance for this m ate

rial. Tables 3.1 and 3.4 show calculated Mulliken charge and spin popula

tions for Fe ions in the unit cell, a t 50% and 30% exchange respectively. We
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T ab le  3.7: F ra c tio n a l a to m ic  c o o rd in a te s  for o p tim ise d  s tr u c tu re  a t  50%  

exchange . E x p e r im e n ta l s tru c tu re s  a re  ta k e n  from  W rig h t [11] a n d  liz u m i 

[9] (ita lics)

Atom X y

Experim ental

z X

50% optim ised

y z

A (l) 1/4 0.0034(4)

0.0049(3)

0.06366(7)

0.0635(1)

0.24931 0.0052 0.06357

A(2) 1/4 0.5061(2)

0.5061(2)

0.18867(8)

0.1887(1)

0.25022 0.4915 0.18876

B (la ) 0 1/2 0 0 1/2 0

B (lb ) 1/2 1/2 0 1/2 1/2 0

B(2a) 0 0.0096(3)

0.0099(3)

1/4 0 0.0072 1/4

B(2b) 1/2 0.0096(3)

0.0099(3)

1/4 1/2 0.0071 1/4

B(3) 1/4 0.2659(2)

0.2643(4)

0.38010(9)

0.3789(1)

0.25027 0.24953 0.37771

B(4) 1/4 0.7520(2)

0. 7549(5)

0.37659(9)

0.3746(2)

0.25030 0.74441 0.37691

0 (1 ) 1/4 0.2637(7)

0.2630(6)

-0.0023(3)

- 0.0027(2)

0.24985 0.2592 -0.00095

0 (2 ) 1/4 0.7461(6)

0. 7477(6)

-0.0029(3)

-0.0009(2)

0.25008 0.757862 -0.00601

0 (3 ) 1/4 0.2447(8)

0.2461( 7)

0.2542(3)

0.2450(2)

0.24992 0.225122 0.25451

0 (4 ) 1/4 0.7738(8) 

0. 7696(6)

0.2525(3)

0.2427(2)

1/4 0.7659 0.248777

0 (5 a ) -0.0091(4)

-0.0116(6)

0.0095(6)

0.0089(3)

0.1277(2)

0.1295(2)

-0.008479 0.007535 0.13173

0 (5 b ) 0.4909(4)

0-4884(6)

0.0095(6)

0.0089(3)

0.3723(2)

0.3705(2)

0.49207 0.0076474 0.36822

0 (6 a) -0.0081(4)

-0.0067(6)

0.5046(6)

0.5050(3)

0 .m 6 (2 )

0.1244(1)

-0.012790 0.483012 0.12848

0 (6 b ) 0.4919(4)

0.4933(6)

0.5046(6)

0.5050(3)

0.3754(2)

0.3756(1)

0.487659 0.483145 0.37145



T ab le  3.8: F ra c tio n a l a to m ic  c o o rd in a te s  for o p tim ise d  s t r u c tu re  a t  30%  

ex ch an g e . E x p e r im e n ta l s tru c tu re s  a re  ta k e n  from  W rig h t [11] a n d  liz u m i 

( ita lic s ) [9]

Atom X y

Experim ental

z X

30% optim ised

y z

A (l) 1/4 0.0034(4)

0.0049(3)

0.06366(7)

0.0635(1)

0.24922 0.00638 0.06361

A(2) 1/4 0.5061(2)

0.5067(2)

0.18867(8)

0. 1887( 1)

0.25029 0.49579 0.18873

B (la ) 0 1/2 0 0 1/2 0

B (lb ) 1/2 1/2 0 1/2 1/2 0

B(2a) 0 0.0096(3)

0 .0099(3)

1/4 0 -0.00204 1/4

B(2b) 1/2 0.0096(3)

0 .0099(3)

1/4 1/2 -0.00202 1/4

B(3) 1/4 0.2059(2)

0.2643(4)

0.38010(9)

0.3789( 1)

0.25032 0.2538 0.37849

B(4) 1/4 0.7520(2)

0 . 7549(5)

0.37659(9)

0 .3746(2)

0.25029 0.74744 0.37648

0(1 ) 1/4 0.2637(7)

0.2630(6)

-0.0023(3)

-0.0027(2)

0.24997 0.26087 -0.00169

0 (2 ) 1/4 0.7461(6)

0. 7477(6)

-0.0029(3)

-0.0009(2)

0.25011 0.75786 -0.00601

0 (3 ) 1/4 0.2447(8)

0 .2461( 7)

0.2542(3)

0 .2450(2)

0.24987 0.2301 0.25454

0 (4 ) 1/4 0.7738(8)

0. 7696(6)

0.2525(3)

0.2427(2)

1/4 0.768736 0.24941

0 (5 a) -0.0091(4)

-0.0116(6)

0.0095(6)

0.0089(3)

0.1277(2)

0. 1295(2)

0.00841 0.00967 0.13129

0 (5 b ) 0.4909(4)

0 .4884 (6)

0.0095(6)

0.0089(3)

0.3723(2)

0.3705(2)

0.49228 0.009843 0.36863

0(6 a) -0.0081(4)

- 0.0067(6)

0.5046(6)

0.5050(3)

0 . m 6 ( 2 )

0. 1244( 1)

-0.01749 0.4865 0.1279

0 (6 b ) 0.4919(4)

0.4933(6)

0.5046(6)

0.5050(3)

0.3754(2)

0.3756(1)

0.48851 0.48682 0.37199



find th a t partia l charge ordering exists on Fe B1 and B4 sites. At 50%, deep 

in the insulating regime, the charge disproportionation between B 1-B 4  and 

B 2-B 3  sites is of order ~  0.5e or 50% of the expected value for ideal Fe^+ 

and Fê "*" states. This reduces to ~  0.4e as the HF exchange is decreased. 

We also find a greater accum ulation of charge on Fe sites, which may be 

explained as follows. U nrestricted Hartree-Fock m ethods tend towards the 

ionic limit due to  the large unscreened Coulomb interaction. The uniform 

reduction of this interaction, through increased mixing of D FT  exchange- 

correlation in the hybrid D FT  energy fuctional, leads to an increasingly co

valent wavefunction character. Overall there is a general transfer of charge 

from oxygen ions to  m etal ions, with oxygen populations typically around 

— 1.5e and — 1.4e for the 50% and 30% cases respectively, in contrast to the 

ideal ionic values of —2e. There is also an associated spin ordering, with a 

m agnetic moment disproportionation of ~  O.T^b  and O.S/xy? between B1-B4  

and B 2-B 3  sites. The ex tra spin density is in the spin-down state, in agree

m ent w ith a heuristic H und’s rule treatm ent for the free Fe^+ ion. Thus we 

can conclude th a t, in the P 2 /c  structure, varying the degree of electronic 

correlation has an appreciable effect on the band gap but not on the partial 

B1-B4  charge ordering scheme, which remains fairly robust.

The B-site  charge ordering arrangem ent corresponds to  class-I CO in 

the classification scheme of W right et al [54] described in Section 3.4. The 

m agnitude of charge disproportion published by those authors is 20%, de

rived from structu ra l d a ta  using bond valence sums, though the accuracy of 

this empirical approach has been questioned as we have previously elabo

ra ted  [57]. We confirm the presence of a [001]c charge density m odulation on 

the B-site lattice^, characterised by alternate  electron-rich Fe^i planes and 

electron-poor F es 2 planes, separated by planes containing chains of Fe^a 

^The ‘c’ subscript indicates th a t the Miller indices are taken w ith respect to tlie high 

tem perature  cubic cell, ra ther than  the low tem perature  P 2 /c  cell which is doubled along 

the i-axis.
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and  F e s 4 (see F igure 3.2). These chains con ta in  b o th  electron rich and 

e lectron-poor ions and  hence are considered charge n eu tra l in th e  overall 

charge m odula tion  (Tables 3.1 and 3.2). T he chains also cause a secondary 

[OO^Jc charge m odulation  on th e  B-site la ttice  due to  th e  in terchanged  po

sitions of ions a t X =  3 /8  and ^ =  5 /8  w ith  respect to  th e  P 2 /c  cell^. T h is 

p ic tu re  co n trasts  w ith  the  original Verwey proposal w hich saw a sim ple a r

rangem ent of (001) planes a lte rn a te ly  occupied by Fê "*" and  Fê "*" B-si te  

cations, as show n previously in F igure 3.1.

O ur resu lts  also confirm  th a t  the  well-known A nderson criterion  for m in

im al e lec tro sta tic  repulsion is v io lated  in Fe3 0 4  [73]. T h is qualita tiv e  condi

tion  was first advanced for system s w ith  th e  spinel s tru c tu re  in 1956 and  has 

long been considered a prerecjuisite requirem ent w hen determ in ing  th e  exact 

CO scheme. I t  m ay be explained as follows. If we consider the  5 -s i te  la ttice  

in Fig. 3.2, it can  be seen th a t  5 -s ite s  form corner-sharing  te trah ed ra . If we 

consider th is  la ttice  to  consist of N  Fe^“*" ions, th en  th ere  will be N / 2  e x tra  

electrons to  m ake up th e  Fe^“*" sites. T he nearest neighbour e lec tro sta tic  

energy is m inim ised a t U  =  e ^ / d f e - F e ,  w ith  dpe-Fe  represen ting  th e  in te

rionic d istance , when each te trah ed ro n  contains tw o of the  e x tra  electrons, 

giving two Fe^“*" and two Fe^“*" ions. For the  P 2 / c  un it cell, th is would im ply 

th a t  th e  e x tra  charge resides on the  D \  and D2  ions, in con trad ic tion  to  our 

findings of electron rich D \  and DA sites.

Recently, o ther ab-in itio  stud ies have appeared  using W righ t’s exper

im entally  determ ined  P 2 / c  c rystal s tru c tu re , as highlighted in T able 3.9. 

Self-in teraction corrected  local spin density  approx im ation  (SIC-LSDA) cal

cu lations were perform ed by Szotek e t al [74]. T hese au tho rs considered the  

Verwey charge order scenario, and  two o th e r scenarios w hereby all Fe sites 

are  2+  or 3-|- respectively. T h is m ean t th a t  in these  la tte r  cases, the  un it

^corresponding to  the [00|] positions on the high-tem perature cubic cell, see Figure 

7(a) of Ref. [11]
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cell was not charge neutral. The third scenario (all Fê "*") emerged as the 

lowest energy solution; however the Fe charge populations appear question

able. Total charge disproportionation in the region of 0.5 - 0.6e was found, 

as shown in Table 3.9. Possible objections to these results could include the 

fact that the minimal basis set and atomic sphere approximation used for 

the potential could make the total energies unreliable. A second objection 

could be that one must choose a set of localised states for which the SIC 

is applied. The actual ground state will only be found if it is among those 

tested [75].

The LDA+?7 studies by Jeng et al[76] and Leonov et al[77] use the values 

of [/ =  4.5 eV and 5 eV respectively, with exchange parameters J  = 0.89 eV 

and J  =  1 eV, originally derived in the context of earlier ab-initio calcula

tions on the high-temperature cubic cell[78]. It is not clear which oxidation 

state of Fe was used in the calculation of these parameters. Madsen et al[75] 

use t/  — J  =  6.33 eV for Fe'̂ "̂  and -  J  =  G.21 eV for Feg®"*", considerably 

larger than the U — J  — 3.61 eV and 4 eV used in the first two LDA + U 

studies. Jeng found a gap of 0.2 eV, while Leonov reported a gap of 0.18 

eV, in contrast to our 1.6 eV gap for 30% HF exchange. Published LDA-I-J7 

charge populations are shown in Table 3.9. In all instances, a partial Dl — BA 

charge ordering sclieme was obtained, in agreement with our hybrid DFT 

results. Furthermore, Leonov et al state that this CO configuration is ar

rived at regardless of initial charge arrangement, again in agreement with 

our findings for the P 2 /c  cell. Our results show a slightly greater degree of 

charge disproportionation between electron-rich and electron-deficient Fes 

sites, though this may be a function of the increased electrostatic repulsion 

in our calculations, as manifested in our larger band gap. The most remark

able difference between our 30% and 50% results and the LDA+[/ is perhaps 

the higher charge populations that we find on the Fe sites. As previously 

noted, our Fe charge populations become higher as the system becomes in-
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creasingly covalent, i.e. moving from 50% to 30% HF exchange. The absence 

of orbital dependence in the LDA exchange-correlation potential means th a t 

the mixed HF exchange should act on all orbitals in our hybrid density func

tional scheme. The LDA-t-[/ method, on the other hand, incorporates an 

orbital-dependent potential U acting only on localised d-electrons, and which 

neglects oxygen p-electrons. This may have some bearing on the LDA-l-C/ 

populations reported by these authors.

Table 3.9; Fe 3<i-shell charge populations from published calculations. 5 is 

the band gap in eV.

Atom B3LYP30 LDA-hUi[76] LDA+U2[77] LDA+U3[75] SIC-LDA[74]

A (l) 5.73 - - 5.37 6.56

A(2) 5.73 - - 5.38 6.56

B (l) 6.10 5.57 6.04 5.61 7.74

B(2) 5.6G 5.41 5.73 5.33 7.45

B(3) 5.71 5.44 5.92 5.39 7.15

B(4) 6.13 5.58 6.03 5.58 7.35

6/eV 1.6 0.2 0.14 0.0 0.35

Interestingly, we find substantial transfer of charge to the tetrahedral A- 

sites, of the order of 0.7e at 30%. This contrasts markedly with the simple 

Verwey picture, whereby /1-sites are trivalent and are hypothesized to be 

uninvolved in any charge ordering mechanism for the Verwey transition. 

There is some precedent for this in the literature; Mossbauer spectroscopy 

[59] found a transfer of charge to Fe^ ions a t the Verwey transition, as we 

discussed in Section 3.4. This led to  the proposal of a coordination crossover 

scenario a t T y ,  w ith Fe^'^-sites and Fê "*“-sites, thus ruling out D-site charge 

order. O ur detailed ab-initio calculations find therefore th a t A-sites are not 

trivalent below T y ,  and are indeed closer to  the 2+ ideal state  proposed 

in this M ossbauer study. However, our results definitely do not support

49



these au thors’ subsequent interpretation  of their results as yielding all Fe '̂*' 

i?-sites. For some reason, most of these LDA+J7 studies do not give their 

calculated ^ -s ite  populations so we cannot make a comparison in every case, 

though M adsen et al show Fe^ at ~  +5.4 valence, in close agreement with 

their low-charge B-site  values and in disagreement with the traditional Fe î 

trivalent picture.

The question then arises as to  the exact orbital-resolved charge and spin 

populations. We find th a t Fe3 0 4  is in fact orbital ordered. This ordering 

takes place on the B1  and BA ions due to the ex tra  charge density on these 

ions preferentially filling a  particular d-orbital. We find th a t the t 2 g orbitals 

are favoured. In the P 2 / c  frame, the F esi charge is greatest on the dxz and 

dyz orbitals, with occupation numbers of 1.60e (1.66e) and 1.28e (1.26e) 

respectively, a t 30% (50%) exchange. There is also clear orbital ordering 

on the F es4 ions, w ith orbitally-resolved occupation num bers greatest for 

the d^2 _y2 a t l.G8e (1.62e), with dy^ a t 1.27e (1.35e). The largest difference 

between the most populated Fe^"̂  orbital and the corresponding orbital 

is 0.54e (0.58e) for Fe^i and 0.63e (0.58e) for Fee,}. This is very similar 

to  the m agnitude of the to ta l B-site charge disproportionation, previously 

found to be 0.4e - 0.5e.

Figure 3.12 shows a three-dimensional charge density difference plot of 

the B { la )-B{ lb )- B{l a )  ion chain. This plot is obtained by taking our cal

culated charge density and subtracting a superposition of individual atomic 

charge densities. Thus, any preferential orbital filling will be visible in the 

3d plot. Neighbouring B-site d-orbital lobes are ro tated  around the z-axis 

with respect to  one another. Relative to  the P 2 / c  axes shown, these B  1-site 

orbitals correspond to  a m ixture of dxz and dy^, with neighbouring sites ro

ta ted  around the z-axis w ith respect to  one another. Figure 3.13 shows the 

B3  and B4  charge density difference plots from the same perspective, while 

Figure 3.14 shows the same plot looking down on the yz-plane. This corre-
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Figure 3.12: P 2 j c  cell charge density difference plot, showing orbital order 

along a B { la )-B{ lh )- B{l a )  chain. C alculated a t 50% HF exchange mixing.

sponds to  a predom inantly dj.2 - y 2 ±  dxz orbital ordering on the BA Fe ions, 

with respect to  the P 2 / c  crystal axes. W ith  an appropriate  ro tation of local 

axes with respect of Fe S -site  octahedra, the  orbitals shown correspond to 

the three t 2g orbitals, dxz and dyz on B l ,  and dxy on B4.  Our results there

fore dem onstrate so-called “antiferro-orbital” ordering in m agnetite, due to 

the orthogonal position of neighbouring B-site orbitals on orbital ordered 

sites.

3.5.1 S tru ctu re O ptim isation

The question of the exact low-tem perature crystal s tructu re  of m agnetite has 

been central to the debate on the Verwey transition  in m agnetite since its 

first discovery. As we have previously described, x-ray and neutron diffrac

tion experim ents on the structu re  have been central to  the controversy over 

charge ordering [11], [56]. Clearly, the  exact crystal structu re  has significant 

implications for the Verwey transition. We propose to  bridge the divide
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• ' t f

Figure 3.13: P2/c  cell charge density difference plot, showing orbital ordei 

on Fe B4. Calculated at 50% HF exchange mixing.

•w

Figure 3.14: 5 4  site orbital order, yz-plane view, at 50% HF exchange 

mixing.
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between experiment and theory by performing equilibrium structure opti

misations, starting from W right’s experimentally proposed P2/c  structure 

[11]. A conjugate gradient algorithm is adopted in order to locate minima 

and saddle points on the potential energy surface (PES), as implemented in 

the CRYSTAL program[41] and discussed in Chapter 2. The matrix of first 

derivatives of the force, the Jacobian, permits identification of saddle points 

on the PES, while the Hessian matrix of second derivatives allows for their 

characterisation. We have carried out structure optimisations using the final 

wavefunctions obtained from our 30% and 50% self-consistent solutions, and 

beginning with the experimental P2/c  crystal structure of Wright et al [11].

The argument given by Wright et al for the existence of charge order is 

based on the structural distortion which occurs at the Verwey transition. 

This distortion leads to distinct metal sites with significantly differing mean 

distances to the surrounding anions. Experimental values of Fe-0 distances 

at 90K are listed in Table 3.5. Distances for our optimised structure are 

also listed, calculated at 50% and 30% HF exchange. The first thing to 

notice is the expansion of the electron-rich DO^ octahedra centred on B \  

and /?4 sites, with a corresponding contraction of Fe-0 bond lengths in the 

D2- and 53-centred octahedra. This lattice distortion is less pronounced 

as the exchange becomes reduced, i.e. moving to the 30% case. Fe-Fe 

bond lengths are shown in Table 3.6. It is interesting to note that the 

lattice distortion follows the pattern of orbital order that we have previously 

discerned. Dl-D'i bond lengths are visibly expanded along the orientation 

of d-orbital lobes (Fig. 3.12). We also note that relaxing the unit cell 

has virtually no effect on the magnitude of charge disproportionation in 

the low-temperature cell (Table 3.3). This is similar to a previous hybrid 

H F/D FT study of another strongly correlated magnetic oxide, the half

doped manganite Lao.jCao.sMnOa [71], where it was found that optimisation 

of the crystal lattice had little effect on the emergence of a Zener polaron

53



Figure 3.15: B l-s ite  orbital order on optim ised P 2 /c  structure.

ground s ta te  a t high values of HF exchange. Since optim isation has little 

effect on charge ordering, it is therefore reasonable to  conjecture th a t the 

orbital order is also imaffected by the optim isation, and indeed we find this 

to  be the case, as shown in Fig. 3.15. Fe^i largest occupation num bers are 

now 1.66e on d ^ z  and 1.24e on d y ^ ,  w ith Y e s i  a t d ^ 2 _ y 2 =  1.67e and d y z  =  

1.29e, a t 30% exchange.

In addition, the question of the effect of lattice distortion on the band 

gap clearly has im portan t ram ifications for the mechanism of the Verwey 

transition  and deserves fu rther investigation. Fig. 3.16 shows a density of 

states plot for the 30% structure-optim ised cell. T he gap has opened up to 

~  2.2eV from its original value of 1.6eV before optim isation (Fig. 3.10), 

a substan tial increase of alm ost 40%. This result shows the critical role of 

strong electron coupling to  the lattice in opening up a gap, and strongly 

suggests th a t  this is a driving force behind the Verwey transition.

Atomic coordinates for the optim ised structu re  are shown in Table 3.7.
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Figure 3.16: Total Density of States for optimised P 2 /c  structure.

We have used the Isotropy code [79] to determine the space group corre

sponding to thase new atomic positions. Interestingly, for the 30% case, we 

find that the structure retains P2/c  symmetry. For the 50% study, we find 

that the optimised cell also has P2/c  symmetry, pointing to good experi

mental resolution of the structure in the study of Wright et al [11].

In order to ascertain the robustness of the ordering arrangement and 

ensure that we have not introduced a bias in our choice of initial charge 

configuration, we have performed the same calculations stai'ting at all Fe 

B-sites having initial charge -1-2.5 and with the yl-sites at -(-3. We foimd 

very similar results, indicating that our P 2 /c  cell calculations arrive at the 

same results independent of the starting point.

3.6 H igh Tem perature Phase R esults

For T  > Tv,  Fe30 4  has a face-centred cubic crystal structure with space 

group FdSm,  with a symmetry-lowering structural distortion to a mono-
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clinic cell at T  — Ty. The high-temperature cubic cell consists of 2 for

mula units, and therefore contains 2 symmetry-equivalent Fe A-sites and 

4 symmetry-equivalent Fe i?-sites. The exact interplay of electronic and 

lattice dynamics at the transition point clearly requires further elucidation. 

We have therefore carried out extensive calculations of the electronic and 

equilibrium crystal structure of cubic magnetite, starting with the T  > Ty 

experimental structure reported by Wright et al [11]. Our calculations span 

a range of values of Hartree-Fock exchange, thus enabling us to approach 

the Verwey transition point from either side (insulating or metallic), and 

allowing a picture of general trends to develop. A comparison with our 

low-temperature P2/c  results is made and a number of key parallels and 

differences are shown to emerge.

3 .6.1 Fd3m  30%

30% exchange yields a minority gap of 0.31 eV, as shown in the band struc

ture and DOS plots (Figs. 3.17, 3.18 and 3.19). This provides an interest

ing case because we are now in the insulating reginre, at the cusp of half- 

metallicity. It would be interesting to see whether charge order develops 

in this hypothetical case, for the following reason. The central difficulties 

inherent in understanding the Verwey transition result from the appearance 

of both a band gap (with possible charge-ordering) and a structural distor

tion at the transition point. From an experimental perspective, it is difficult 

to separate these effects. Our calculations allow us the scope to investigate 

separately the effects of electronic correlation (by varying HF exchange) and 

electron-lattice coupling (by structure optimisation).

The cubic unit cell has two formula units. We have therefore labelled the 

four B-sites in this doubled unit cell as Ba, Bh, Be and B^ for clarity in the 

ensuing discussion. This is to avoid confusion with our previous notation for 

the low-temperature cell, where B l  to BA Fe sites were unique by symmetry
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Figure 3.17: FdSm cell majority spin band structure at 30% exchange.
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Figure 3.18: FdSm cell minority spin band structure at 30% exchange.
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Figure 3.19: Fd3m  cell total density of states at 30% exchange.

Initial A Ba Bb Be B^

BaBd 5.82 5.96 5.96 5.95 5.95

BbBc 5.82 5.96 5.96 5.96 5.96

BbBd 5.82 5.92 5.98 5.95 5.97

B - B -  5.83 6.18 6.18 5.77 5.77

Table 3.10: 3rf-shell charge populations for FdSm  cell at 30% exchange.

Initial A Ba Bb B^ Bd

BaBd -4.27 4.08 4.09 4.09 4.09

BbBc -4.27 4.09 4.09 4.08 4.09

BbBd -4.27 4.13 4.05 4.09 4.07

-4.25 3.76 3.76 4.32 4.34

Table 3.11: 3d-shell spin populations for Fd3m  cell at 30% exchange.
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to the P 2 /c  space group. It should be borne in mind, of course, th a t the 

four cubic cell Fob sites are space group symmetry-equivalent, unlike the four 

inequivalent B sites in the P 2 /c  cell. Tables 3.10 and 3.11 show the results 

for charge and spin populations. The results differ from our previous low- 

tem perature cell results in several respects. We label our solutions based on 

which pair of sites is assigned as 2+  and which pair is 3+  in the input to  the 

calculation, e.g. DaBd m eans a starting  point of Fe^"  ̂ on ions Ba and Bj_- We 

find it necessary to  make this distinction since it will be shown th a t results 

are not always independent of initial conditions for the high-teniperature 

cell, in contrast to  our findings for the low-tem perature structure.

By s ta rting  from an integer charge ordered configuration, we end up 

arriving a t a non-CO ground sta te  of almost integer Fê "*" Z?-site cations. The 

Fe/i sites, a t Fe'  ̂ '®'*', are clearly much closer to  divalence than  the traditional 

trivalent Verwey picture. Though we only show charge populations for fully 

converged calculations, this trend of non-CO was found for all initial charge 

ordered inputs at 30%, regardless of which i?-sites were chosen as integer 

charge ordered. This lack of dependence on initial charge configuration is 

reminiscent of the low -tem perature monoclinic cell, where it was found th a t 

B l-B A  CO resulted regardless of initial conditions. The BaBj, and B^Bc 

solutions are practically degenerate, differing by <  2 meV per formula unit. 

The BhBd solution shows negligible charge disproportionation of less than  

O.OGe, and this arrangem ent is in fact around 10 m eV /fu higher in energy.

However, th is is not the full story, since the lowest energy solution is in 

fact the charge ordered one, obtained from a charge neutral starting  point 

(labelled B ^ B ^ ) .  We find th a t this solution is lower than  the lowest energy 

non-CO arrangem ent by ~  265 m eV/fu. Thus we have obtained a charge or

dered insulating ground s ta te  even without the Verwey structural distortion, 

and only Coulomb repulsion, sufficient to create a 0.31 eV gap. T he corre

sponding P 2 /c  monoclinic cell with the same degree of Coulombic repulsion
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(at 30% exchange) shows a 1.6 eV gap, clearly demonstrating the central 

role of the lattice distortion in widening the band gap. We previously dis

covered this trend with our P2/c cell structure optimisations. A comparison 

with the Mulliken populations for the high and low temperature insulating 

cells shows the population and degree of charge disproportionation (~ 0.4e) 

to be almost the same in each case. Thus, CO is energetically favourable 

over non-CO states in the insulating regime, irrespective of lattice distor

tions, which in fact serve to increase the band gap. In addition, the P2/c 

distortion lowers the unit cell’s total energy by a further 10 meV/fu.

As we have seen, orbital order in the P'ljc cell correlates with the lattice 

distortion around 0 0  sites. It would be interesting to see whether such 

order accompanies charge order in the undistorted cubic insulating cell. To 

this end, we investigate the orbital occupation numbers of this solution, and 

find that orbital ordering, of predominantly dxz +  dyz character, exists on 

the both charge ordered {Bh and Be) Fe ions. Specifically, w'e find occu

pation numbers of = 1.31, =  1.55 and = 1.41, nf"' =  1.44.

This represents a 0.44e and a 0.36e orbital occupation disproportionation, 

respectively, compared with the least occupied (c?3 2̂_^2 ) Eg orbital on each 

ion. This situation is represented graphically in a charge density difference 

plot (Fig. 3.20). We can see that this d^z ±  rfy -̂like 0 0  corresponds to 

orbitals rotated almost orthogonally with respect to each other around the 

2 -axis. The 0 0  sites are seen to line up in a chain pointing in the (110) 

direction, with non-00 sites aligned in (110) chains. This in fact very simi

lar to Verwey’s originally proposed charge ordering scheme. In that model, 

he proposed that Fê "*" and Fê "'' chains occur in precisely this alignment, in 

what he assumed was a tetragonally distorted unit cell below Ty  (see Figure 

3.1).

60



Figure 3.20: F d3m  cell orbital order at 30% exchange.
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3.6.2 20%

We now consider the half-metallic cubic cell, obtained by reducing HF ex

change to 20%. Traditionally this has been considered the ground state 

of metallic Fe3 0 4 , though there is some dispute about this, as outlined in 

our experimental overview. Figs. 3.21 and 3.22 show the electronic band 

structure for majority and minority band structures. The band dispersion 

is much the same as the 30% case, though there is a rigid shift of bands 

which closes the minority gap. This gap closing can be seen clearly in the 

total density of states plot in Fig. 3.23. In fact, we are right on the cusp of 

the metal-insulator transition.
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Figure 3.21: FdZm cell majority spin band structure at 20% exchange.

Charge and spin populations are shown in Tables 3.12 and 3.13. Two 

of our three 20% solutions do not show charge order. In our 30% case, CO 

occurred only when a charge neutral Fe"*"̂ '̂  initial configuration was used 

in the calculation. Now, this initial configuration leads to a non-CO state. 

We obtain a charge-ordered state, with ~  0.25e disproportionation, from a
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Figure 3.22: FdSm  cell minority spin band structure at 20% exchange.
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Figure 3.23: Fd3m  cell total density of states at 20% exchange.
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FigTire 3.24: FdSm cell B(,-Bd projected density of states at 20% exchange.

Initial A Ba Bb Be Bd

BaBd 5.89 6.02 5.99 5.99 6.02

BbBc 5.90 6.14 5.88 5.88 6.13

B - B - 5.89 6.01 6.01 6.01 6.01

Table 3.12: 3d-shell charge populations for Fd3m cell at 20% exchange.

Initial A Ba Bf, Be B^

BaBd -4.16 3.99 4.04 4.04 3.99

BbBc -4.15 3.79 4.19 4.19 3.80

B - B - -4.16 4.01 4.01 4.01 4.01

Table 3.13: 3d-shell spin populations for Fd3m cell at 20% exchange.



BhDc Fê "*" starting  point. The corresponding projected density of states for 

this situation is shown in Fig. 3.24. The CO solution is almost identical 

in energy to  our non-CO D - D -  solution, the la tte r of which is lower by 

ju st 10 ineV /fu. Thus, a t the cusp of the m etal-insulator transition there 

is considerable com petition between charge ordered and non-CO ground 

states, with the non-CO state  apparently winning and closing the band gap. 

Also, the charge population tends to increase on all ions as the percentage 

of exchange is decreased from 30 to 20%, in line w ith our earlier findings for 

the P 2/c  cell.

3.6.3 30% Structure Optimisation

We have performed a number of structure optim isations on the Fd3m.  cubic 

cell, starting  from our previously converged ground sta te  solutions in the 

cubic geometry (Table 3.10). For those solutions, we recall th a t the single 

charge ordered solution D - D -  was energetically favoured over the almost 

degenerate non-CO cases. Remarkably, we find th a t the structure optim i

sation stabilises a generic charge ordered sta te  with 0.41e charge dispropor- 

tionation, regardless of which initial solution we input into our structure 

calculation. This is reflected in Tables 3.16 and 3.17 for the charge and spin 

populations. It is interesting to note th a t the ordering takes place on differ

ent pairs of Fe^ ions in each case, depending on which ground sta te  sohition 

is used for the optimisation. These different configurations are nearly de

generate. In addition, these populations are in close agreement with those 

obtained from our low-tem perature P 2 /c  optimised structure (Table 3.3) 

at 30% exchange. We see th a t the Fe^ population is, once again, entirely 

unaffected by the presence of a structural distortion. Thus we have found 

th a t CO can exist even w ithout breaking the cubic sym m etry of the high- 

tem perature cell - an im portant distinction from LDA+f7 studies which 

obtained CO (Table 3.9) bu t only considered the low -tem perature P 2 jc  cell
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[76],[77],[75]. Conversely, however, we have also shown that a symmetry- 

lowering distortion"^ on a non-CO cubic cell solution can itself generate a 

CO configuration, once electronic correlation is sufficient to open a band 

gap in the cubic cell. This essentially demonstrates the cooperative nature 

of both strong electron-electron correlation and electron-lattice interaction 

in the Verwey transition.

It could be expected, given our results for the P2/c  cell optimisation, 

that distortion of Fe-0 octahedra will occur around the high-charge Fes 

ions. Since the Fe^"'"-like state can in fact occur on any two of the four 

Fes ions in the doubled unit cell, we would expect that an electron hopping 

between B-sltes to be dressed by a dynamic lattice distortion, sviggestive of 

polaronic behaviour.

Bond Distances (A)
A -0 (x 4) 1.889

B-0 (x 6) 2.058

Table 3.14: Experimental Fd'im  bond lengths [11].

Experimental Fe-0 bond lengths are shown for reference in Table 3.14. 

Our results for the lowest energy optimisation are shown in Table

3.15. Using the Isotropy code [79], we find that this new structure corre

sponds to the low symmetry P I  space group, with 14 unique atoms in the 

unit cell, and unit cell vectors a = (0,0,1), b = (0,1,0) and c =  ( — 1,0,0) 

relative to the parent Fd3m  cubic space group. Oxygen octahedra are ex

panded around the high-charge Fe^ sites and contracted around the low- 

charge sites, as was seen for the P2/c  cell optimisation. Though Mulliken 

populations are similar for both this P I  cell and our previous optimised P2/c  

cell at 30%, a comparison of bond lengths (recall Table 3.5) shows that the

‘‘resulting from our structure optim isation which breaks cubic sym m etry.
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Table 3.15: F e-0  bond lengths for the optimised P i  structure at 30% ex

change, using our —  —  )  solution (Table 3.16).

Bond B{—)B(—) case (A)

A(l)-0(1) 1.911

A(l)-0(2) 1.911

A(l)-0(3) 1.873

A(l)-0(4) 1.870

A(2)-0(5) 1.911

A(2)-0(6) 1.911

A(2)-0(7) 1.870

A(2)-0(8) 1.873

B(l)-0(3) 2.080

B(l)-0(8) 2.080

B(l)-0(4) 2.088

B(l)-0(7) 2.088

B(l)-0(2) 2.123

B(l)-0(6) 2.123

B(2)-0(7) 2.083

B(2)-0(4) 2.083

B(2)-0(8) 2.086

B(2)-0(3) 2.086

B(2)-0(l) 2.123

B(2)-0(6) 2.123

B(3)-0(4) 1.996

B(3)-0(7) 1.996

B(3)-0(2) 2.033

B(3)-0(6) 2.033

B(3)-0(l) 2.033

B(3)-0(5) 2.033

B(4)-0(8) 1.997

B(4)-0(3) 1.997

B(4)-0(l) 2.032

B(4)-0(5) 2.032

B(4)-0(2) 67 2.032

B(4)-0(6) 2.032



overall m agnitude of octahedral expansion and contraction is greater for 

the low-tem perature optimised cell. The Fe^i-0 lengths are similar for both 

structures. Ordering of dxz +  dy^ t2g orbitals continues to  occur with very 

similar occupation numbers to  the F d 3 m  cell. We note th a t our optimised 

structure also has P I  symmetry.

As in the case of the P 2 / c  cell optim isation, the band gap is substantially 

widened by the structu ra l distortion from 0.3 eV to 2.1 eV, as shown in Fig. 

3.25). There is a also a pronounced narrowing of the m inority band just 

below Ep,  showing further localisation of the ‘ex tra’ F e s | charge on Fe^“*"- 

like sites accompanying the lattice distortion. In fact, the P I  cell DOS is 

strikingly similar to  our optimised P 2 /c  cell, which had a 2.2 eV gap at 30% 

(Fig. 3.16).

Table 3.16: 3d-shell charge populations for structure-optim ised cell at 30% 

exchange.

Initial A Ba Bb Be Bd
B a B l ^ 5.83 5.77 6.18 5.77 6.18

BbB^o 5.83 6.18 6.18 5.77 5.77

BbBl^ 5.83 5.77 5.77 6.18 6.18

B ^ B i ° 5.83 6.18 6.18 5.77 5.77

3.6 .4  20% Structure O ptim isation

We have also performed structu re optim isations on the half-metallic cubic 

cell a t 20% exchange. Our two lowest energy solutions in this case are the 

charge ordered solution w ith high-charge states occurring on Fe Da and 

obtained from a BfjBc charge ordered initial configuration, and the non

charge ordered solution obtained from a neutral Fe^^'^ initial configuration. 

We label these solutions 3 ^ 3 and B - B ^ ^  for consistency w ith our earlier
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Table 3.17: 3c(-shell charge populations for structure-optimised cell at 30% 

exchange.

Initial A Ba Bb Be Bd

R R ^^ -4.25 4.34 3.76 4.35 3.76
BbB^O -4.26 3.76 3.76 4.35 4.35

-4.25 4.34 4.35 3.76 3.76

B - B l ^ -4.25 3.76 3.76 4.35 4.35

I -  -20 ---------------------- ^ ^ ^ ^ ^ ^ ----------------------

-8 -6 -4 -2 0 2 4 6
Energy (eV)

Figure 3.25: Optimised cell total density of states at 30% exchange.
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Mulliken population results in Table 3.12. The obtained structure

was unstable and divergent in energy. The BhB^^  and B aB ^^  optimisations 

both yielded cells with P I  space group. These structures were equal in 

energy.

Fe-0 bond lengths for the B},B^^ solution are shown in Table 3.18. 

There is an expansion of bond lengths in the Fe-0 octahedra around B \  

and B2 ions, with a corresponding contraction around B i  and Z?4 in the 

P I  cell, corresponding to the charge ordering in this system. Charge and 

spin populations are given in Tables 3.19 and 3.20, and it is seen that the 

lattice optimisation once again stabilises a charge-ordered state. There is 

also an associated orbital ordering. We note that distortion of /1-site oxygen 

tetrahedra and 5-site  oxygen octahedra becomes less pronounced as we move 

to 20% exchange.

One might expect from previous experience that the optimisation intro

duces a significant band gap. This would be of particular significance in 

this case as we would be moving from a cubic half-metallic cell to a charge- 

ordered insulating cell with triclinic P I  distortion. This case thus provides 

an effective simulation of the Verwey transition. Figure 3.26 shows the total 

Density of States for the optimised P I  cell. The system is now insulat

ing charge-orbital ordered, with a ~  0.76 eV band gap created purely by 

electron coupling to the lattice. This demonstrates the critical role of the 

electron-phonon interaction in the Verwey transition.

S y m m etry  A n a lysis

Consider a crystalline solid containing N  atoms. Let r* be the position 

of the atom. Let the space-group symmetry of the crystal be G. A  

3A^-dimensional vector can describe displacements of atoms. The 3N  

coordinates of the vector are given by (pia, where a — 1,2,3 refers to the 

coordinates of the atom. This displacement vector lies in some 3N-
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Table 3.18: Fe-0 bond lengths for optimised PI  structure at 20% exchange.

Bond BhBc case (A)

A (l)-0(1) 1.908

A (l)-0(2) 1.906

A(1)-0(3) 1,865

A(1)-0(4) 1.885

A(2)-0(5) 1.907

A(2)-0(6) 1.906

A(2)-0(7) 1.884

A(2)-0(8) 1.866

B (l)-0(4) 2.060

B (i)-0(7) 2.061

B(1)-0(8) 2.092

B (l)-0(3) 2.093

B (l)-0(2) 2.116

B (l)-0(6) 2.116

B(2)-0(4) 2.073

B(2)-0(7) 2.073

B(2)-0(8) 2.083

B(2)-0(3) 2.084

B(2)-0(5) 2.113

B (2)-0(l) 2.114

B(3)-0(4) 2.011

B(3)-0(7) 2.012

B(3)-0(5) 2.032

B(3)-0(1) 2.033

B(3)-0(6) 2.036

B(3)-0(2) 2.037

B(4)-0(3) 2.005

B(4)-0(8) 2.005

B(4)-0(1) 2.036

B(4)-0(5) 2.037

B(4)-0(2) 2.041

B(4)-0(6) 2.041
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Table 3.19: 3d-shell charge populations for structure-optimised cell at 20% 

exchange.

Initial A Ba Bb Be Bd

BaB^O 5.91 5.84 5.85 6.18 6.18

BbB^O 5.91 6.18 6.19 5.84 5.86

Table 3.20: 3c/-shell spin populations for structure-optimised cell at 20% 

exchange.

Initial A Ba Bb Be Bd

B a B l^ 4.15 -4.25 -4.24 -3.72 -3.73

BbBfO 4.14 -3.72 -3.72 -4.25 -4.22
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Figure 3.26: Total Density of States for optimised structure at 20% ex

change.
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dimensional vector space S. All vectors spanning this space can describe 

atomic displacements. The displacement vector is zero in the high-symmetry 

with space group G. In general, a displacive phase transition will lower the 

symmetry to a group H. This new space-group symmetry H is a subgroup of 

O and consists of all 5 in G which leave the displacement vector (f) invariant, 

i.e. g4> = 0 .

We wish to characterise the displacement from magnetite’s cubic cell 

with Fd3m  symmetry to the P I  symmetry present in our structure opti

mised cell. The Landau theory of phase transitions involves using an order 

parameter (OP), representing the atomic displacement, which is zero in the 

high-temperature phase and non-zero in the low-temperature phase [80]. 

We can try to classify the symmetry of this phase transition in terms of 

irreducible representations (IR) of the high-symmetry group G. Each n- 

dimensional IR has an associated n-dimensional vector space spanned by 

n-dimensional vectors which are order parameters of displacements consis

tent with the irrep symmetry. The total 3A^-dimensional vector space con

taining displacement vectors (f) can be completely decomposed into these IR 

subspaces S'.

The IR maps symmetry operators 5 in G onto an n x n matrix D{g). 

For a given OP v of the transition, the operators g in G which satisfy 

-0 (5)v =  V form a group H'  such that its symmetry is greater than or 

equal to that of H. All group H'  and H  are called isotropy subgroups. The 

OPs for which H' = H  are primary OPs. They determine the symmetry 

of the low-symmetry phase. The other OPs in the set are secondary OPs. 

In general, a full description of the symmetry-lowering transition from G 

to H  will not be directly given in terms of a single OP associated to an 

IR of G. Thus, the symmetry of H  will be determined by coupled order 

parameters (representing atomic displacements which lower the symmetry 

of G) associated to IRs of G. Secondary OPs couple to primary OPs in a
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specific way - at the phase transition, the primary OP becomes non-zero 

and the secondary OP also becomes non-zero because of this coupling to 

the primary OP. In some group-subgroup relations, a single primary OP is 

not sufficient and several coupled primary OPs induce the transition [80]. 

We find that this is actually the case in the Fd3m  —> PI  transition which 

occurs following our optimisation of the high-temperature cubic cell.

The aim of the COPL code [81] is to generate a complete set of OPs, 

both primary and secondary, associated with a given group-subgroup pair of 

space groups, G and H.  This is done via a solution of the so-called inverse 

Landau problem [82]; given a group G and a subgroup H,  we wish to find 

the irreducible representation of G determined by this transition. Details 

of the algorithm may be found in [83]. We have used this code to analyse 

the Fd3m  to PI  structural phase transition which occurs in our structure 

optimisation of the cubic cell. The results are shown in Table 3.21.

We have obtained a list of IRs and the corresponding directions of or

der parameters in the IR space. The notation for IRs corresponds to the 

convention of Miller and Love [84], and the specific form of the OP depends 

on the choice of matrices for the IR. F point displacements are labelled by 

F - these are the displacements which are visible by infrared and Raman 

spectroscopy. X  point displacements are labelled accordingly, where X  is at 

(1,0,0) in the Brillouin zone.

It can be seen from Table 3.21 that there are 6 primary order parameters 

which take take the Fd3m space group to PI.  The first two are cissociated 

to 3-dimensional irreps F^ and F^ . The remaining four IRs occur at the 

X  point and have 6-dimensional order parameters {a,b,c,d,e,  f ) .  Interest

ingly, these order parameters yield atomic displacements which cause a cell 

quadrupling. In other words, they permit the transition from a 14 atom 

ctibic cell to a 56 atom cell with P I  symmetry. This PI  cell has basis vec

tors (0,1,0), (0,0,1) and (1,0,0) and the same origin relative to the parent
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Table 3.21: Irreducible representations, corresponding prim ary and sec

ondary order param eters and isotropy subgroups of the Fe3 0 4  Fd3m  to 

P I  space group displacive phase transition.

IR OP Direction Size Subgroup No

(a) 1 Fdim. 227

rj (a) 1 Fd3 203

r+ ̂3 (a, b) 1 Fddd 70

rr (a,b,c) 1 P i 2

(a,b, c) 1 PI 2

rr (a) 1 F 4i32 210

^2 (a) 1 F43m 216

rj (a,b) 1 F222 22

r4~ (a, b, c) 1 P I 1

Ts {a, b, c) i P I 1

X I {a, b, c, d, e, f ) 4 P I 1

X 2 {a,b,c, d , e , f ) 4 P I 1

X 3 {a, b, c, d, e, f ) 4 P I 1

X 4 (a, b, c, d, e, / ) 4 P I 1
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Fd3m  cell. We recall that the monoclinic P2/c  cell determined experimen

tally by Wright, within orthorhombic Pmca  symmetry constraints, had 56 

atoms. The 56-atom triclinic PI  cell we obtain here has lower symmetry 

than P2fc.  We mention, however, that P I  symmetry has been advanced as 

the space group of the low-temperature phase of Fe3 0 4 , based on the ob

servation of a magnetoelectric effect [85], while an x-ray topography study 

showed twins which were consistent with triclinic symmetry [8 6 ). However, 

the Raman study of Gasparov et al [69], which we discussed in Section 3.4, 

failed to find the modes that should be active in a cell like P I  which lacks 

inversion symmetry.

Thus, a single primary order parameter is not sufficient to define this 

group-subgroup relationship , and we find that multiple primary O P’s induce 

the transition. This process does not lead to new distortion modes, but 

rather combines existing distortion modes from different irreps to achieve 

more complex distortions. Primary order parameters energetically drive the 

phase transition. Table 3.21 shows that there are secondary O P’s - while not 

sufficient to lower the symmetry themselves, they couple to primary O P’s 

in order to achieve a fully arbitrary distortion which utilizes all the degrees 

of freedom available to the superstructure.

We have investigated how these O P’s affect the Fd3m  structure using 

the ISODISPLACE visualisation tool [87]. Figure shows the 14-atom cubic 

Fd3m  cell with axes indicated for both this cell and the corresponding 14- 

atom P I  cell. ISODISPLACE can consider the action of order parameters 

on a given unique atomic site. Thus the modes at a given atomic site can 

be classified according the the Wykoff site point-group irreps that induce its 

local distortion.

The F-point primary order parameter associated to the F J irrep of Fd3m  

induces uniform shifts of all three types of atom - Fe.4 , Fe^ and 0  - along 

the <  111 > direction. This distortion corresponds to an Fe^ T2 , Fe^ A 2U
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and Eu  and oxygen A i  and E  distortion modes. Ram an spectroscopy [69] 

showed a strong peak a t 670 cm “  ̂ which was a ttribu ted  to  an oxygen A\g 

mode hke the above, representing stretching vibrations of the oxygen atoms 

along the F e^ -0  bonds in a < 111 > direction relative to  the cubic axes.

The order param eter associated to the three-dim ensional Fg irrep in

duces displacements of all atoms, except the central Fee atom  with orbital 

order, and the oxygen atoms pointed to  by the lobes of the orbital seen in 

our charge density difference plot in Figure 3.20. The other four prim ary 

order param eters lie in the carrier space of six-dimensional X -point irreps 

of Fd3m,  and induce atomic displacements in the quadrupled 56-atom cell. 

Strain modes are always associated w ith F-point irreps and usually appear 

as secondary order param eters in displacive phase transitions, though they 

must be prim ary in proper ferroelastic transitions [79]. In our case, the (a)- 

directed OP for F^ is an overall cell volume change, while Fg and F ^  are 

modes associated to expansion and contraction of individual cell axes.

The above analysis is based purely on group theoretic sym m etry con

siderations for any F d3m  to P I  displacive transition w ith our lattice pa

ram eters and atomic coordinates. T he actual relative am plitudes of the 

distortion modes obtained above will depend on physical param eters such 

as atomic masses, interatom ic forces and therm odynam ic state  variables, 

requiring experimental (e.g. diffraction) or further ab-initio calculations.

3.7 C onclusion

At this point we pause to consider our results, and see th a t a plausible 

mechanism for the Verwey transition is beginning to emerge. We begin with 

our Fd3m  cubic cell results a t 30% HF exchange in Section 3.6.1. Of our four 

solutions in Table 3.10, we found th a t the charge ordered one was clearly 

energetically favourable over the th ree degenerate non-CO solutions, being 

256 m eV/form ula unit lower in energy. This shows th a t the ‘ex tra’ Fe i?-site
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Figure 3.27; Fd3m  ceil with corresponding P I  axes shown. Fe^i sites are in 

red, Fes in green and oxygen in blue.

electron^ prefers to localise on one of the two Feg ions in the formula unit 

rather than spreading evenly in a non-CO Fe'*" '̂^-likc configuration, even 

viithout the presence of a monoclinic distortion. The LSDA+[/ results of 

Leonov [77] and Jeng [76] are carried out in the P2/c  cell only, making it 

unclear whether CO/OO can exist without the monoclinic distortion which 

occurs below Ty.  We show that CO can indeed occur in the cubic cell 

and is not merely an artifact of the experimental P l j c  cell [11] used in 

our calculations. We ascribe the cause of this charge ordering preference to 

the electrostatic repulsion, resulting from mixing 30% HF exchange in the 

density functional. This assertion is confinned by our 20% cubic solutions 

(Table 3.12). Reducing the HF exchange to 20% results in the the CO 

and non-CO solutions (Table 3.12) becoming almost degenerate in energy,

'’For illustrative purposes and to avoid excessive pedantry in the ensuing discussion, 

we will speak of the ‘extra’ Fe^ electron , even though our results clearly show that the 

B-site charge disproportionation is only a fraction of e.
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with non-CO winning out by only 10 m eV /fu as the system  turns m etalhc - 

the lower am ount of electrostatic repulsion in this case means th a t electron 

localisation on a particular Fe^ site is not so markedly favourable. We 

further believe th a t it is d-d repulsion in particular th a t is mainly responsible 

for electron localisation on a particular B-site, since our band structure 

and DOS calculations for the cubic insulating cell (Figures 3.17, 3.18 and 

3.19) and the experimental low-tem perature cell (Figures 3.6, 3.7 and 3.19) 

show th a t the minority gap resulting from the electron localisation is of 

predom inantly d-d character®. The aforementioned DOS calculations show 

th a t the ‘ex tra ’ electron occupies a narrow spin-down band ju st below the 

Fermi energy.

This is not all; the ‘ex tra’ spin-down electron occupies a specific d-orbital 

on the Feij site, leading to orbital order (Figure 3.20). This order results 

from the localised configuration of Fe '̂*', which is triply degenerate

and thus is a Jahn-Teller active distortion mode [11]. We then allowed 

the cell to  relax in order see the effect of this electron localisation on the 

svuTounding Fe-0 octahedron. The cubic sym m etry of the high tem perature 

cell is broken by the orbital ordering. T he lattice distortion occurs on the 

Z?-site sublattice and is largest in the oxygen octahedra surrounding the JT - 

active orbital ordered sites (Tables 3.15 and 3.18). This distortion lowers 

the energy by a further 440 m eV /fu (100 m eV /fu in the 20% solution). 

Our new structu re is a 14 atom  cell with P I  space group. We have further 

determ ined the irreducible representations and corresponding cell distortion 

modes which energetically drive the sym m etry lowering from F d 3 m  to P I  

sym m etry (Table 3.21).

The JT  distortion is strongly coupled to the localised Fe^ electron just

® After o u r  c a lc u la tio n s  w ere  c o m p le te d , a  re c e n t  G G A -l-f7  s tu d y  by  P in to  a n d  E llio t 

[88] w as b ro u g h t  to  o u r  a t te n t io n  w h ich  a lso  fo u n d  t h a t  a  C O  in s u la t in g  s t a te  is fav o u red  

in th e  cu b ic  g e o m e try  for su ffic ien tly  h ig h  v a lu es  o f  U , in a g re e m e n t w ith  th e  p re s e n t  w ork  

u s in g  h y b r id  H F /D F T .
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below the Fermi energy. This Fe-0 octahedral distortion results in a widen

ing of the band gap and a narrowing of the spin-down band just below Ep,  

as shown in the DOS of the P I  structure (Figures 3.25 and 3.26). The 

action of the localised electron’s coupling to the surrounding 0  octahedra 

can be seen in the DOS of our 30% and 50% structure optimisations of 

the experimental P2/c  low-temperature cell (Figure 3.16). The extra dis

tortion induced by the optimisation further pins the ‘extra’ electron and 

significantly widens the band gap. Thus, once orbital ordering has occurred 

and the cubic structure has been distorted to a lower symmetry cell, then 

further structural optimisation of the monoclinic P2/c  cell causes further 

Fe-0 octahedral distortion around 0 0  sites but has little effect on charge 

and spin populations (Tables 3.4 and 3.3).

We find that tetrahedral Fe^ charge populations are tictually closer to 

2-t-, as opposed to the 3-|- expected in a simple ionic picture. There is exper

imental evidence for an Fe^'^-like state below Ty  from Mossbauer [59] and 

NMR [58] spectroscopy. However, orbital order does not occur on tetrahe

dral Fe^ ions. We find that lattice distortion when the cubic cell symmetry 

is broken is not significant around Fe î sites compared to B-sites (Tables 

3.15 and 3.18),

The localising influence of strong electron correlation therefore cooper

ates with the strong electron-lattice interaction by facilitating strong JT  

coupling around 0 0  sites. Our results do not support contention of Garcia 

et al [56], [7] and Subias et al [57], based on their x-ray diffraction experi

ments, that charge ordering does not occur in magnetite. Our results are, 

however, fully consistent with these authors’ view of the key role played by 

the strong electron-phonon coupling in the conduction mechanism - this is 

visible in the large band gap opening we see occurring with in our Fd3m  

to P I structure optimisation, due to distortion mainly around JT-active or- 

bitally ordered Fe^ sites. The key role of electron-phonon coupling also is
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strongly supported in many other studies: X-ray [89], Raman [90] and heat 

capacity [91] experiments show the largo influence of doping on the Ver- 

wey transition temperature, while optical conductivity [67], photoemission 

[60] and Raman spectra [69] show clear evidence for polaronic behaviour in 

temperature ranges around Ty [13]. Thus, the above ab-initio study shows 

the critical cooperative role that charge/orbital order and strong electron- 

phonon coupling play in the Verwey transition in magnetite.
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Chapter 4

M anganites

4.1 In troduction

4.1.1 Background

The study of strongly correlated electron systems in low-dimensions has 

been in many respects the most challenging and fascinating field of con

densed m atter physics. Many of the most startling examples of emergent 

order [15] and collective behaviour from the last 30 years have originated 

from this class of many-body system. Some behaviour has even challenged 

the conventional many-body physics paradigm , due to Landau, and forced 

theorists to re-evaluate the twin cornerstones of traditional condensed m at

ter theory: the Fermi liquid theory and the Landau theory of classical phase 

transitions. The first of these, the Fermi liciuid theory, is based on the 

notion of the weakly interacting, spin-1/2, charge 1 electron quasiparticle 

with finite lifetime as the fundam ental entity  of a m any-electron system. 

The second, the Landau theory of phase transitions' rests on the idea th a t 

changes of phase can be described by therm ally-induced fluctuations of a 

local (i.e. spatially dependent) order param eter, e.g. the m agnetisation in a 

'o r  its slightly more sophisticated formulation in term s of the Renormalisation Group 

[921.
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second-order p aram agnetic  to  ferrom agnetic phase tran sitio n , or m ore gen

erally  betw een some sym m etric  and  sym m etry-broken  phase. T his is the  

no tion  of spontaneously  broken sym m etry  - in fact, th e  L andau  order pa

ram ete r cjuantifies the  am oun t of sym m etry  breaking  in any ordered phase. 

In  ou r exam ple, th e  param ag n et is sym m etric  w ith  respect to  spin o rien ta 

tion , while in the  ferrom agnet, th is sym m etry  is “broken” - there  is now a 

preferred  spin alignm ent.

B oth  conditions are spec tacu la rly  v io lated  in th e  tw o-dim ensional gas in 

a  high m agnetic  field. T h is  is the  fam ous q u an tu m  Hall effect, w here tra n s i

tions can occur betw een degenerate  g round s ta te s  which canno t be classified 

by any local order param eter. T he F ractional Q u an tu m  Hall Effect in p a r

ticu la r p e rm its  quasipartic le  s ta tis tic s  w hich are  neither Ferm i-D irac (spin- 

1 /2) or B ose-E instein (spin-1), b u t can  have q u an tu m  num bers which are 

“fractionalised” and lie betw een Ferm i and  Bose s ta tis tics. Such qu asip ar

ticles are said  to  have anyonic s ta tis tic s  and  were d u bbed  anyons by Franz 

W ilczek, who, along w ith  Zee, first p o stu la ted  th e  existence of fractional 

s ta tis tic s  in 2 dim ensions [93] in 1982. T hese cjuasiparticles could also carry  

fractionalised  un its of charge. T h is seem ingly b izarre  s itu a tio n  has its origin 

in th e  p a rticu la r topology of 2-dirnensional space and  th e  B erry  phase th a t  

is acc[uired when two electrons are in terchanged  in two spa tia l dim ensions. 

T he existence of anyonic s ta tis tic s  has been unam biguously  confirm ed in 

in terferom etry  experim ents of q u an tu m  H all system s [94].

T he celebrated  L andau  theo ry  of phase tran s itio n s  also fails for FQ H E  

system s. I t  was discovered th a t  no local (i.e. spatia lly  dependen t) order 

p a ram ete r could d istinguish  phase tran sitio n s betw een degenerate  ground 

s ta te s  of th e  system . O nly the  global p roperties of the  ground s ta te  wave- 

function determ ined  th e  degeneracy and  tran s itio n s  betw een ground sta tes . 

T h is im plies th a t  the  topology of th e  system  has an  influence on th e  ground 

s ta te s  - in sim ple term s, th e  ground s ta te  depends on the  topology of the
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manifold where the electrons live. It can be shown that on a surface of 

genus g (i.e. with g holes), the ground state degeneracy is equal to fc® for 

the quasiparticle with fractional charge p / k  [95].

The behaviour of such system s with ground state degeneracies, exita- 

tions having fractional quantum numbers, and dependence on the manifold 

in which the electrons live can be abstracted beyond the FQHE, and has 

been dubbed topological order  by Wen. The long distance physics of these 

topologically ordered system s and their low-lying quasiparticle excitations 

are described by a new class of field theories known as topological quantum  

field theories (TQ FTs). M athem atical work on T Q FT s commenced in the 

late 80’s with the Fields m edal-winning work of W itten [96], and subsequent 

axiom atization by Atiyah [97]. This work fortuitously perm itted the subse- 

cjuent classification of topologically ordered condensed matter system s [95] 

- one such T Q FT , the Chern-Simons theory [98], is in fact the low-energy 

efitective theory for fractional quantum Hall systems^.

A further surprise for theorists was that fractionalized quasiparticles can 

be realised relatively easily, at least theoretically, in simple Hamiltonians, 

w ithout the presence of a magnetic field [101]. The main im petus for the

oretical work on such fractionalised quasiparticle phases (called “topolog

ical phases”) of 2d Hamiltonians was the suggestion by Anderson in 1987 

that such physics, dubbed “spin-charge separation” , may be responsible 

for the anomalous behaviour of the so-called pseudogap phase in 2d high- 

tem perature superconducting cuprates [14]. This has led to a plethora of 

theoretical realisations of 2d system s with exotic fractionalised excitations, 

such as spin liquids [102], Z2 gauge theories [103], deconfined quantum criti

cal points [102] etc. Laughlin and P ines’ notion of a “quantum protectorate” 

[15] has been evoked by Anderson to argue that such phases may be per-

^The seem ingly miraculous links between 2d electrons in a m agnetic field and modern 

m athem atics continue to abound, with the recent assertion that the dynam ics o f the frac

tional quantum  Hall fluid may be described by a non-com m utative field theory [99],[100].
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m itted  in cu p ra tes  a t finite tem p era tu re  [17]. To d a te  however, no definitive 

experim en ta l evidence exists th a t  such phases are ac tua lly  realised in the  

pseudogap  phase of cuprates. Very recently, topological phases of in te rac t

ing electrons have been sub jec t to  a renew ed surge of in terest [104],[105] 

w ith  th e  revelation  th a t  they  m ay p e rm it n a tu ra lly  fau lt-to le ran t quan tum  

co m p u ta tio n  [106],[107].

We m ention  th a t  th e  L u ttinger liquid in one-dim ensional spin chains also 

exh ib its  a form  of fractionalisation  in th e  form  of so-called spin-charge sep

ara tion . T h is has long been known and  is th o u g h t to  o rig inate  from  sim ple 

one-dim ensionality , and  not th e  sam e topological o rder m echanism  as de

scribed above. Very recently, O shikaw a and  Senthil have argued, based on 

general principles, th a t  topological o rder is essential to  realise fractionalisa

tion  in insu la ting  phases in dim ensions d > 2 [108].

In th e  preceding discussion, we hope to  have given th e  briefest of h in ts 

of th e  kind of rem arkable and  coun terin tu itive  physics th a t  can arise when 

s trong  electronic correla tion  and  low dim ensionality  are com bined. This 

w ork will focus on a doped M ott in su la to r w ith  effective 2-dim ensional 

character: th e  half-doped bilayer m angan ite  L aSr2M u2 0 7 . T he  doped b i

layer m angan ites w ith  the  general form ula L a2-xSri_|_2xM n2 0 7 , w here x  

is th e  fraction  of hole doping, have a ttra c te d  m uch recent in terest [109]. 

T hey  possess a rich phase d iagram  due to  a com plex in terp lay  of charge, 

spin and  o rb ita l degrees of freedom , and  can exh ib it th e  phenom enon of 

colossal m agnetoresistance for ce rta in  doping ranges. B ilayer m anganites 

are also in teresting  in th a t  th ey  share  the  essential s tru c tu ra l features of 

th e  h ig h -tem p era tu re  superconducting  cu p ra tes , w ith  pseudogap behaviour 

[110] and  ap p a ren t nodal features Ferm i surface features being recently  seen 

in A R P E S  experim ents [111][112],[113],[114], in com m on w ith  th e  cup ra tes 

[115],[116][19]. I t  is to  th is la tte r  class of system  th a t  we now tu rn  our 

a tten tio n .
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4.1.2 H igh-T em perature Superconducting C uprates

In 1986, superconductivity was discovered up to  30K in a class of LaBaCuO 

ceramics by Bednorz and Miiller [117]. This was the highest known super

conducting tem perature, and a t the tim e it was completely unexpected th a t 

such behaviour would arise in this transition m etal oxide. By 1987, a 

of approxim ately 90K had been observed in YBa2Cu3 0 7 _^. The record 

of 133.5K a t atm ospheric pressure was later obtained in the trilayer sys

tem  HgBa2Ca2Cu308+x [H8]. It was soon realised th a t this new class of 

high-Tc superconductors had a num ber of key common features th a t must 

be responsible for the anomalous superconductivity mechanism [119].

Firstly, the m aterials are ciuasi-2-dimensional; the key structura l unit 

is the C u02 plane, consisting of a square lattice of Cu ions surrounded by 

four oxygens. Secondly, high-tem perature superconductivity was obtained 

by doping a parent M ott insulator. In the parent compound, the formal 

valence of Cu is 2+ , which means th a t its electronic s tructu re is in the (P  

configuration. The copper is surrounded by six oxygens in an octahedral 

environment. The distortion from a perfect octahedron splits the eg orbitals 

so th a t the highest partially  occupied d  orbital is ■ The lobes of this

orbital point directly to neighbouring oxygen p  orbitals, forming a strong 

covalent bond with a large hopping integral tpd (Figure 4.1). In the archety

pal example, the parent antiferrom agnetic M ott insulator La2C u0 4  is hole- 

doped by substitu ting  La ions for Sr ions, to give the series La2-xS rxC u0 4 , 

w ith X holes per Cu added to  the Cu02 layer. Upon doping, the antiferro

m agnetism  is rapidly destroyed and insulators become poor metals in the 

normal sta te  and high-tem perature superconductors (HTSCs) upon reduc

ing the tem peratures. A phenomenological phase diagram  for the electron- 

and hole-doped HTSCs can be seen in Figure 4.2 taken from the ARPES 

review of Damascelli et al [19].

Prior to  this discovery, it was widely assumed th a t all known supercon-
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Figure 4.1: Crystal structure of La2Cu0 4 , the parent antiferromagnetic 

Mott insulator of the La2-iS rxC u 0 4  family of high-temperature supercon

ductors [120].

“ Norm al
VIeUil

D opani C oncen ira t ion  .V

Figure 4.2: Schematic phase diagram for cuprate superconductor. The hole- 

doped case is on the right and the electron-doped case on the left. [19].
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ductors, or superfluids of neutral fermions such as ^He, were described by 

the BCS theory. However, m any of the physical properties of the new high- 

Tc superconducting cuprates, especially at tem peratures above Tc, could not 

be described within the conventional BCS/Ferm i Liquid theory framework. 

The combination of strong electron correlation, low dimensionality and prox

imity to  a M ott insulator appeared to result in some puzzling experimental 

results. For example, a t optim al doping for highest Tc, the isotope effect is 

a t its minimum, a situation not expected in conventional phonon-m ediated 

superconductivity. Even more mysterious is the behaviour above the super

conducting tem perature Tc a t low doping. This is the so-called pseudogap 

phase; its features include a greatly reduced spectral weight around the 

Fermi energy [19], a gapped out Fermi surface with so-called ‘arcs’ [116], 

and broad spectral peaks indicating a lack of clearly defined Fermi liquid

like quasiparticles. O ther distinctly non-Fermi liquid features include the 

linear scaling of resistivity w ith tem perature at optim al doping, a fact in

com patible with the scaling expected in a traditional Landau picture 

[121 ].

A host of theories have been evoked in an attem pt to explain the anom a

lous superconducting and “norm al” (pseudogap) states in this 2d doped 

M ott insulator. Resonant valence bonds [122], fractionalisation [14], dy

namic inhomogeneity-induced pairing [16], superconducting stripes [5], prox

imity to a quantum  critical point [123] and bipolaronic carrier pairing [4] 

are ju st some of the concepts which have been advanced to  explain high-Tc 

cuprate physics.

It would be interesting to carry on this thread into an investigation of the 

properties of other members of the class of 2-dimensional doped M ott insula

tors. This reflects a developing trend  of viewing such strongly correlated sys

tem s as a generic class possessing common orders and many-body behaviour 

[2]. In general, the problem of doped holes in an AF background is ex-



trem ely  com plicated, involving m any-partic le  in te rac tion  term s [124],[125]. 

Some theore tica l research on strongly  correla ted  electron  system s has fo

cussed on ring exchange, a generalisation  of th e  H eisenberg pa ir exchange to  

higher order n -partic le  p erm uations [126]. P e rm u ta tio n s of even p a rity  (like 

th ree-p artic le  cycles) induce ferrom agnetism  while odd pe rm u ta tio n s (pair 

and  four-partic le  exchanges) favour an tiferrom agnetism . D uring  th e  past 

10 years, m any experim ental resu lts have revealed th e  presence of four-spin 

exchange in terac tions in th e  C u -0  placjuettes of cu p ra tes  [127].

R ecent experim ents have po in ted  to  a pseudogap pictiu 'e in an o th er class 

of 2d doped M ott insulators: th e  colossal m agnetoresistive bilayered m an

ganites, whose 2d electron confinem ent and pseudogap properties are even 

m ore ex trem e th a n  th a t  of th e  high T c cup ra tes [128]. T h is class of layered 

tran s itio n  m eta l oxide is relatively  newly synthesized and  has no t received 

as m uch a tten tio n  as th e  H TSC s, though  research on bilayer m angan ites 

has becom e very active recently, yielding some rem arkable  A R P E S  results, 

which we discuss in Section 4.1.3. T h e  crysta l s tru c tu re  bears much sim i

larity  to  th e  well known bilayer H TSC  cu p ra te  Bi2Sr2CaCu208+5 (Bi2212). 

T h e  experim en tal Fermi surface topology of B12212 shows bilayer b and  sp lit

ting , th a t  is, th e  sp littin g  of th e  C u 0 2  plane-derived electronic s tru c tu re  into 

bonding  and  an tibond ing  bands due to  the  presence of C u 0 2  bilayer blocks 

in th e  un it cell of Bi2212 [19].

4 .1 .3  C olossal M agnetoresistive M anganites

T h e m angan ites are a class of tran sitio n a l m etal oxides w ith  general form ula 

un it given by th e  R uddelson-Popper series (A,B)„-|_iM n„0 3 „-)-i. T hey  share 

a  com m on s tru c tu ra l featu re  of 2-dim ensional M n 0 2  p lanes (in analogy w ith 

th e  C u 0 2  planes of high-Tc cup ra tes) stacked along th e  2 -axis, along w ith  

(A ,B )0  spacer bilayers w here A is a triva len t cation  such as La and  B a di

valent ca tion  such as Sr, C a or Ba. For th e  m angan ite  com pound considered
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in this work, we will consider the commonly used cations A=La and B=Sr. 

The number of Mn02 layers between each (La,Sr)0  bilayer is denoted by n 

in the Ruddelson-Popper formula. Thus the single Mn02 layer system will 

have formula (La,Sr)2Mn04, the bilayer is (La,Sr)3Mn207 etc. The most 

heavily studied series is the n = oo perovskite manganites (A,B)Mn03, 

consisting of continuously stacked Mn02 planes sharing apical oxygens - in 

other words, a stacking of MnOe octahedra. This is the most 3-dimensional 

system, referred to as cubic manganite. The situation is illustrated in Figure

4 .3 , taken from Ref. [129]. The Mn02 planes form the n-layers, which are 

shifted in the xy-plane as shown.

A series of compounds may be obtained for a given n by doping a par

ent antiferromagnetic Mott insulator. This is done by replacing 3-|- La ions 

with 2+ Sr ions. This has the effect of doping one hole for every Lâ "*" that 

is replaced by an Sr^+. The extra hole is doped into the Mn02 plane of 

the unit cell. Like the high-temperature superconducting cuprates, this hole 

doping of the parent Mott insulator has radical effects on the behaviour of 

the system. The basic physics may be explained as follows. As an example, 

we consider the n — oo parent AF Mott insulator, the cubic LaMnOs. In a 

simple ionic picture, the Mn ion has a 3c?'* configuration. As shown in Figure

4 .3, this ion is in an octahedral environment and is hence subject to a cubic 

crystal field. The crystal field breaks the degeneracy of the d-orbitals, re

sulting in a splitting into three-fold degenerate t2g levels {dxy,dxz,dyz) and 

higher energy two-fold degenerate Cg levels (dj,2_y2,d3^2_^2). These Cg or

bitals point directly at neighbouring oxygens, and should hybridize strongly 

with the O 2p states, forming dispersive bands containing the electrons re

sponsible for the conduction. According to Hund’s rules, the first three Mn 

d-electrons will go into each one of the <25 levels, with the final electron 

filling an Cg orbital. This final electron will result in a Jahn-Teller (JT) 

lattice distortion to break the degeneracy of the eg level. A d'  ̂ ion in a cubic
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crystal field is strongly Jahn-Teller active and this results in a significantly 

distorted lattice with Pnm a  space group. The four electron spins are aligned 

in accordance with strong Hund’s rule intra-atomic exchange J //. We can 

now start to see what will happen in our simple picture when a divalent La 

is replaced by a trivalent Sr. This will dope a hole into the Mn e^, leading 

to unoccupied eg levels and a subsequent diminishing of JT  lattice distor

tion, as shown schematically in Figure 4.4, panels (a) and (b). The chemical 

formula of the doped cubic manganite is then Lai-xSr^MnOa, where x  rep

resents the fraction of holes in the Mn eg band. Addition of a small number 

of holes rapidly destroys the antiferromagnetism and ‘Mottness’ of the par

ent LaMnOa, leading to a ferromagnetic metallic state for cubic rnauganites 

at low-temperature. Much work has gone into elucidating the phases of 

doped cubic manganites. As an example, the experimental phase diagram 

of Lai-iCaxM nOs is shown in Figure 4.5 [130]. The strong electron correla

tion and electron-lattice coupling leads to complex interplay of the charge, 

spin and orbital degrees in this system and yields a rich variety of phases 

across the phase diagram. We also note that the electron/hole-doping asym

metry present in cuprates (Figure 4.2) is also seen in the manganites.

Until relatively recently, less research has been carried out into other 

members of the Ruddelson-Popper series. In particular, the n =  1 and n = 2 

cases are of great interest due to their eflfective 2-dimensional character and 

significant structural similarity to single and bilayer HTSC cuprates. In this 

work, we will focvis the bilayer manganite series La2- 2xSri+2xMn2 0 7 , follow

ing remarkable recent ARPES data on the ferromagnetic metallic x = 0.4 

compound Lai,2Sri,8Mn2 0 7  [112],[113],[114] showing an apparent pseudo

gap state and gapped out Fermi surface with possible nodal quasiparticles 

[113], previously believed to be the sole preserve of ci-wave superconduct

ing cuprates [19],[115]. The experimental phase diagram upon doping for 

this series is shown in Figure 4.6, taken from Ling et al [109]. A variety of
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m agnetic  and  crysta llograph ic  phases can occur by varying tem p era tu re  T  

an d  hole-doping fraction  x.  A t low hole-doping, th e  an tiferrom agnetic  m etal 

(A FM ) p resen t a t  x =  0.3 becom es ferrom agnetic. T here  is even a charge- 

o rdered  (CO) phase  for th e  half-doped [x — 0.5) system  L aSr2M n2 0 7 , for a 

tem p e ra tu re  range above the  Neel tem p era tu re  Ijv- A variety  of an tiferro 

m agnetic  ordering  types are present.

D o u b le  E xch an ge and C olossal M a g n eto resista n ce

W h at m echanism  is behind  th e  m agnetic and  m eta l-in su la to r tran sitio n s 

th a t  are seen in th e  phase d iagram s of b o th  the  cubic and  bilayer LSM O? 

T h e  trad itio n a l s ta r tin g  po in t for u n derstand ing  th e  electronic and  m agnetic 

p roperties of m angan ites is the  double-exchange m echanism , originally s tu d 

ied by Zener [131], deG ennes [132] and  A nderson and Hasegaw^a [73]. D ouble 

exchange says th a t  th e  hopping p robab ility  t for an  eg electron to  hop from 

one M n site  to  th e  nex t is t = tocos0/2,  w here ô is th e  bare  hopping p ro b a

b ility  and  9 is th e  relative angle betw een two ‘core’ {t2g) spins. T h is assum es 

th a t  th e  th ree  spin-aligned t 2g electrons m ay be tre a te d  as a  core spin w ith  

S  =  3 /2  (see F igure 4.4, panel (c)). A ferrom agnetic sam ple therefore has a 

full hopping  probability , w'hile an  an tiferrom agnetic  sam ple has 9 = tt and  

no p robab ility  of hopping. T he param agnetic  case corresponding to T  > T c  

can  be app ro x im ated  hy 9 = 'Kjl, m eaning th a t  t should be reduced to  

c o s (7t / 4 ), or ab o u t 70% of its original value. A calcu lation  of th e  b an d w id th  

(VF) change w ith  tem p era tu re  was done m ore precisely by K ubo [133], w ith  

th e  resu lt being very sim ilar to  the  above sim ple exp lanation .

However, th e  double exchange m odel is not sufficient in a num ber of re

spects - in p a rticu la r, its ab ility  to  describe the  m agn itude  of th e  Colossal  

Magnetoresistance  (CM R) effect observed in m anganites. T h is effect, first 

discovered by J in  [134], is th e  large m agnetic field-induced drop  in resistance 

in w hich occurs in certa in  m anganites in the ir h ig h -tem p era tu re  param ag-
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netic phase, near the paramagnetic insulator/ferromagnetic metal transition 

temperature Tc- The metal-insulator transition is brought on by the ap

plication of the magnetic field. Though originally discovered in the cubic 

compounds, this CMR eff’ect is in fact greater in the bilayered manganite 

series, in the doping region from x = 0.3 to 0.5 [135]. CMR is still not fully 

understood theoretically. Theoretical ideas advanced towards an explana

tion include possible phase separation into inhomogeneous magnetic phases 

[5], and bipolaronic conductivity [136].

A R P E S  E x p er im en ts

Recently there has been an upsurge in experimental activity on the n = 2 

bilayer manganite series La2- 2xSri+2xMn2 0 7  . Angle-resolved photoemis

sion spectroscopy (ARPES) experiments offer the prospect of determining 

single-particle spectral functions >l(k, w) = (l\7r)ImG'(k, w) (see Chapter 2), 

which when integrated over all momenta (i.e. over the Brillouin zone) gives 

the density of states (DOS). ARPES has been widely used in the study of 

high-temperature superconductors [19] and has proven to be a very powerful 

tool for probing the electronic structure. The principal experimental out

puts obtained are the Energy Distribution Curves (EDCs) and Momentum 

Distribution Curves (MDCs). EDCs are plots of intensity, closely related to 

^(k,ti;), versus Binding Energy {E — Ef ) ,  at a fixed emission angle. MDCs 

comprise of intensity versus emission angle at fixed binding energy. By tak

ing a large number of EDCs at diff’erent emission angles and considering the 

spectral weight near the Ferini energy, it is possible to obtain experimental 

plots of the 2d Fermi surface. Estimates of the effective mass m*, Fermi 

velocity Vf,  and mean free scattering time r  can also be obtained from the 

ARPES dispersion, allowing an estimate of the Drude conductivity to be 

calculated from ARPES parameters [112].

A characteristic feature of ARPES Fermi surface plots for HTSC cuprates
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is the marked dichotomy between spectral density along the antinodal (0,0) 

and ( 0 , 7 t) lines in the Fermi sm'face, and the nodal (0,0) to (7r ,7r)  diagonal 

directions [19]. The maximum energy gap occurs along the antinodal direc

tion (parallel to the Cu-0 bonds) and vanishes along the nodal direction. 

In the superconducting phase, this is commonly assumed to derive from 

the (/-wave pairing of quasiparticles which mediate the superconductivity. 

Above Tc, in the ‘normal’ phase, part of the Fermi surface remains ‘gapped 

out’; gapless nodal points at (0,7r) on the Fermi surface, associated with 

the superconducting state, become spread out to occupy finite disconnected 

segments known as Fermi arcs [116]. This is the famous pseudogap phase of 

the cuprates, usually believed to be either a competing or precursor order 

associated with the d-wave superconductivity below Tc.

ARPES experiments on Bi2212 by Kanigel et al [116] have hinted that 

the pseudogap anisotropy and associated Fermi arcs depend only on the 

ratio T/T*(x) ,  where T*(x) is the temperature below which the pseudogap 

first develops. Thus, the arcs may collapse linearly as T  ^  0. This suggests 

that the T  = 0 pseudogap state is a nodal liquid - a metallic state whose 

gapless excitations exist only at points in k-space, just like the nodal points 

in a d-wave superconducting state.

Recent ARPES experiments [113] on the x  =  0.4 bilayer manganite have 

in fact demonstrated a similar nodal-antinodal dichotomy in the near-£’f’ 

spectral intensity, leading to a pseudogapped Fermi surface. This is quite 

remarkable in that such behaviour was hitherto considered intrinsic to the 

HTSCs and their d-wave superconducting state. These observations have 

given rise to the speculative hypothesis that the LSMO family are ‘nodal 

metals’ with nodal quasiparticles, analagous to the HTSCs, implying that 

the Fermi surface pseudogap features are not unique to the HTSCs. This 

has even led to a suggestion of the possibility of latent d-w&ve spin triplet 

superconductivity in this class of manganites [137]. This spin triplet state
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Figure 4.7: L ai,2Sri,gM n2 0 7  ARPES spectral weight versus binding energy 

(red line). The black line indicates the expected weight behaviour for a 

non-interacting theory [112].

for a (i-wave pair is hypothesized to  arise from the orbital degrees of freedom. 

The superconductivity  is, however, kept dorm ant by some intrinsic strong 

Cooper pair breaking processes. A pseudogap is also visible as a marked 

suppression in spectral weight over th a t expected for a norm al m etal, as 

shown in Figure 4.7 taken from Chuang et al [112].

O ther ARPES studies [138],[114] did not reveal any coherent nodal or 

o ther quasiparticles in the pseudogapped s ta te  of the x  =  0.4 compound. For 

the X =  0.36 and x  =  0.38 systems, these ARPES studies found an tin oda l 

quasiparticle signatures: namely, quasiparticle peaks were seen around the 

(0,7r) point, which is thus non-gapped. This m itigates against the ’nodal 

m eta l’ idea as being a general phenomenon for LSMO bilayer systems outside 

of the X =  0.4 case. Further ARPES studies by Saitoh et al [110] have even 

called into question the im portance of the double exchange mechanism in 

the X =  0.4 bilayer, based on the minim al change in bandw idth which occurs 

across the  ferrom agnetic/param agnetic phase transition.

98



M otivated  by these repo rts  of s trong  sim ilarities betw een th e  x  — 0.4 

system  and  th e  H TSC s, we have s tud ied  the  x  =  0.5 bilayer m angan ite  

L aS r2 M n 2 0 7 . T h e  m agnetic s tru c tu re  of th e  La2-23;Sri+2xM n207 series 

sw itches from  ferrom agnetic a t 2; =  0.4 to  ^ - ty p e  an tiferrom agnetic  as we 

increase th e  doping fraction  to  x =  0.5 holes per La, as shown in th e  exper

im ental phase d iagram  [109] in F igure  4.6. T h is system  rem ains relatively  

unexplored experim entally  and  theoretically . To th e  b est of our knowledge, 

no A R P E S  s tu d y  of th e  x  =  0.5 system  cu rren tly  exists. O ur ab-in itio  

calcu lations show a sm all b u t finite density  of s ta te s  a t th e  Ferm i level, 

and  fu rth er show th a t  the  conduction  b an d  is highly anisotropic, existing 

in th e  2-dim ensional M n 0 2  layers which are  stacked along th e  z-axis in th is  

m ateria l.

Further P h o to em iss io n  R esu lts  for LaSr2M ri2 0 7

We are in terested  in th e  effect of fu rth er hole doping into the  M n eg band  

as we move from  x  =  0.4 to  2; =  0.5 holes per M n site. A n X -ray photoem is

sion spectroscopy (X PS) stu d y  [139] of L a i,2 S ri.8 M n 2 0 7  and L aSr2 M n2 0 7  

revealed th a t  th e  spectra l features of the  0  Is , M n 2p and  valence band  

sp ec tra  are  sh ifted  by ~  0.2 eV tow ards th e  Fermi level going from  x  =  0.4 

to  X =  0.5. T h is is shown in F igure 4.8. T h e  spec tra l weight a t E p  was sup

pressed b o th  a t  300K and  90K, consisten t w ith  A R P E S  stud ies for x  =  0.4 

[111],[112][113]. T his was explained by th e  hole doping in the  tg band . O ur 

density  of s ta te s  calculations show th a t  th is  M n Cg density  around th e  Fermi 

level is p rim arily  of d^2 _y2 character, i.e. in th e  p lane of th e  M n 0 2  layers. 

T h e  sam e photoem ission m easurem ents on valence band , 0  Is  and  M n 2p 

were perform ed w ith  th e  sam ples illum inated  w ith  laser light. T h is caused 

only m inor shifts on th e  valence band  and  M n 2p sp ec tra  in all cases except 

th e  O I s  spec tru m  for x  =  0.5. W hile th e  0  Is  sp ec tru m  of th e  x  =  0.4 

sam ple is sh ifted by 0.1 eV to  higher b ind ing  energy, th a t  of 2; =  0.5 is
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Figure 4.8: XPS spectra of (a) valence band (b) O Is (c) Mn 2p of x  = 0.4 

and X  =  0.5 taken a t 300K [139].

shifted by 0.7 eV. The authors propose th a t the hybridisation between Mn 

and oxygen is considerably changed by the laser illum ination, leading to an 

electronic structure change th a t is frozen by some lattice distortion. In ad

dition, Chuang et al have suggested in their high-resolution ARPES study 

[112] th a t the Cg band of the x  = 0.4 system is strongly renormalised by the 

electron-lattice interaction, causing the spectral weight to be considerably 

suppressed [112] and thus creating the pseudogap spectrum . Both of these 

experim ental observations, as well as the well-known role of Jahn-Teller dis

tortion  in cubic m anganites [18], suggest the im portance of electron-lattice 

coupling in the layered magnetoresistive oxides. To our knowledge, there 

are no ab-initio lattice studies of La2- 2xSri+2xI'^Iii2C)7 compounds. We have 

therefore performed structu re optim isation calculations to test how the den-
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sity  of s ta te s  and, by inference, th e  photoem ission spectrum , is affected by 

la ttice  relaxation .

A t presen t, research on trilayer m anganites, corresponding to  th e  chem 

ical form ula Las-s^cSri+a^M naOio, is still relatively  in its infancy, in p a r t 

due to  th e  th e  challenges of chem ical synthesis of th is  class of com pounds 

[140],

F irst P rin cip les  C alcu lation s

T h e first ab-in itio  s tu d y  of L aSr2M n2 0 7  was by de B oer and  de G roo t [141] 

vising GGA. T hey  found th a t  th e  s trong  an iso tropy  of the  cry sta l s tru c tu re  

was reflected in th e  b and  stru c tu res , which showed dispersion in th e  M n0 2  

p lane d irection  and  alm ost no dispersion in th e  V Z  line parallel to  th e  bilayer 

stack ing  direction. A half-m etallic ferrom agnetic ground s ta te  was found. 

A second LDA s tu d y  [142] also found th is  ground s ta te , in con trad ic tion  to  

la te r n eu tron  diffraction stud ies [143],[109], which found an tiferrom agnetic  

o rder in the  low -tem peratu re  phase of L aSr2M n2 0 7 . T h is m ost likely results 

from  an insufficient tre a tm e n t of electronic co rrela tion  inheren t in th e  D F T  

m ethods adop ted  by these au tho rs, as discussed in C h ap te r 2.

M any of th e  s ta tem en ts  in th e  lite ra tu re  ab o u t doped M o tt insu la to rs 

w hich are in tended  to  refer to  th e  cup ra tes in fact hold equally well for the  

layered m anganites. T h e  system s share  several d istinc tive  features: s trong  

correlation , effective 2-dim ensionality, p roxim ity  to  an  AF M ott in su la t

ing s ta te , e lec tron /ho le-dop ing  asym m etry, phase separa tion  [5], s tripes and  

dynam ic inliom ogeneity, pseudogapped  Ferm i surface [113], possibly nodal 

quasipartic les [114], to  nam e a few. A n understan d in g  of th e  layered m an

gan ites as 2d doped  M ott insu la to rs w ith  a pseudogap featu re  in th e ir  spec

tra l  weight a t E p  [110],[139] and  ‘gapped  o u t’ Ferrni surface [113] would be 

a  highly w orthy endeavour in itself and  lend key insight into th e  C M R  effect; 

in add ition , a com parative s tu d y  of th e  pseudogap physics in b o th  m angan-
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Figure 4.9: LaSr2M n20 7  Mn eg  orbital projected density of states at 30% 

exchange (lowest energy antiferrom agnetic sohition).

ites and cuprates m ay help to  identify those features which are ainique to 

cuprates and which may have some bearing the anomalous “norm al” s ta te  in 

the HTSCs, an understanding of which is crucial for unravelling the high-Tc 

superconducting mechanism.

4.2 Results

Calculations were perform ed using the CRYSTAL code [41], s tarting  from 

the  experim ental crystal s tructu re  determ ined by K ubota e t aJ using neutron 

powder diffraction [143]. A hybrid B3LYP scheme with 30% Hartree-Fock 

exchange was adopted. The crystal s tructu re  of LaSr2M n2 0 7  is shown in 

Figure 4.14. We firstly considered the question of the exact m agnetic struc

tu re  of LaSr2M n2 0 7 - Total energy calculations were obtained for three dif

ferent spin arrangem ents, in order to  determ ine the correct m agnetic ground 

s ta te  for this system. We firstly investigated A-type antiferrom agnetism ,
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with AF coupling both  between individual M n02 layers within a bilayer 

(intra-bilayer coupling), and between the bilayers themselves (inter-bilayer 

coupling), as shown in Figure 4.14. Secondly, we investigated A-type an

tiferrom agnetism  with ferromagnetic inter-bilayer coupling i.e. the bottom  

layer of spins in one bilayer is aligned with the top of the bilayer below it. 

We lastly obtained results for the ferromagnetic system, with FM coupling 

between all layers. This was the magnetic ground state  obtained in previous 

LSDA [141], [142] and self-consistent KKR studies [144], which predicted 

half-metallicity. In all cases, coupling between Mn ions in a single 2d M n02 

plane is ferromagnetic. T he highest energy solution was the first case above, 

w ith AF coupling both  in bilayers and between bilayers. We found th a t the 

ferromagnetic solution was lower in energy by 11 m eV /form ula unit. How

ever, this is not in fact the ground state, as we find th a t our th ird  solution, 

with AF intra-bilayer and FM inter-bilayer coupling, is in fact the lowest in 

energy, around 9 m ev/fu lower than  the FM case. As is well documented, 

LSDA copes poorly with strongly correlated transition metal oxides. The 

incorporation of Hartree-Fock exchange in our hybrid D FT approach allows 

the experim entally determ ined antiferrom agnetic ground sta te  [109], [143] 

to be obtained. This is also consistent with the LSDA-l-[/ study of this 

system by Medvedeva et al [145]. However, we have shown th a t the inter

bilayer magnetic coupling orientation plays a significant role in determ ining 

the ground sta te  energies, and th a t bilayers m ust be coupled ferromagneti- 

cally, w ith AFM coupling between individual layers in a bilayer, to  obtain 

the lowest energy AFM solution.

The electronic band structure has been calculated at 30% exchange, as 

shown in Figure 4.15. O ur plot shows a single dispersive band crossing the 

Fermi energy, indicating a highly delocalised conduction band character. 

This band has significant width, of around 6 eV. We have analysed the con

duction band character a t three points in the IBZ. At F, below E p,  this band
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Figure 4.15: LaSr2Mri2 0 7  electronic band structure at 30% exchange (lowest 

energy antiferromagnetic solution).

is predominantly of oxygen py character. M oving along in T -Z  direction, at 

1.9 eV above E p ,  the band contains Mn eg orbital character, with

som e in-plane Mn eg m ixing. We also consider the X  high-sym m etry

point. Here the conduction band has been crossed by a more dispersive band 

at 0.75 eV below. The band under consideration now displays strong — y^ 

character, while the new band below it is predom inantly — r^.

The corresponding density of states plot is shown in Figure 4.17. The  

first point to note is that our DOS graph shows a significant reduction in 

carrier density around Ep-  This is com patible with high-resolution ARPES  

studies of the x =  0.4 com pound [112], [113], which showed a significant 

decrease in spectral weight of the one-particle spectral function j4(k, cj) over 

a large energy scale (nearly 0.5 eV) as the dispersive peak approaches E p.  

A RPES directly provides information about the m om entum -resolved single

particle spectral function yl(k,a;), which when integrated over all m om enta 

gives the density of states. This is not expected in the sim ple theory of
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metals, where the spectral weight remains relatively constant until cut by 

the the Fermi energy. Figure 4.7 shows the actual peak weight for the 

pseudogapped x  = 0.4 compound versus the expected peak shape for a 

normal metal. Thus we find the half-doped bilayer m anganite LaSr2M n2 0 7  

to be an antiferrom agnetic metal, albeit one with a low carrier density at 

E f -

Band structure and DOS calculations were also carried out with 60% HF 

exchange. This contains a relatively large proportion of bare HF exchange 

and should be sufficient to  open a gap in m any strongly correlated transition 

metal oxides, where LSDA alone would not. Most of conduction bands are 

pushed upwards, as would be expected from the ex tra exchange mixing. 

The upwards shift in these conduction bands is accompanied by a large 

reduction in their density, as shown in the 60% DOS plot in Figure 4.2. 

However, the system remains metallic since the dispersive band crossing the 

Fermi energy in the 30% calculation is only slightly affected by the large 

increase in HF exchange mixing. There is in fact a slight increase in this 

band’s dispersion - perhaps somewhat unexpectedly, since the increase in 

Coulomb repulsion due to extra exchange mixing would normally serve as 

an electron-localising influence, leading to band narrowing. The £ ’f--crossing 

band clearly has significant implications for the Fermi surface and physics 

of this system. The apparent robustness of this band in the face of a large 

increase in exchange is most likely a dimensional effect, due to the reduced 

effective dimensionality of the system caused by the M n0 2  layered structure.

It is therefore worth further investigating exactly which orbitals are in

volved at the Fermi surface. Figures 4.2 and 4.2 show atom ic orbital resolved 

DOS plots for Mn and O ions, with the scale expanded for better resolution 

around Ep.  We found th a t La and Sr states did not feature around E p  

and for clarity were not included in this plot. Interestingly, there is a clear 

predominance of in-plane Mn eg orbital density over Mn 3z^ —
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eg. This orbital features lobes which point directly at neighbouring in-plane 

oxygen Px and Py lobes in the xy-plane. The 3z^ — eg orbital points along 

the 2-axis to the apical oxygens’ p^-orbital lobe in the MnOe octahedron. 

Our oxygen p orbital-resolved plot shows that p^ and py orbitals are of the 

same density around Ep.  This is to be expected by symmetry; both Px and 

Py lobes should have the same overlap with Mn x'  ̂ — without preference 

for a given direction in the xy-plane, since all xy-plane M n-0 bond lengths 

are equal in this structure [143]. Both 0  Px and py are predominant over 

Pz- This orbital arrangement is in fact similar to that of the cuprates Cu02 

planes - there the highest partially occupied Cu d-orbital in with

lobes pointing directly to the px and py orbitals of neighbouring oxygens 

[14].

Figure 4.18 shows the Fermi surface for LaSr2Mn2 0 7 . This calculation 

was performed using the Exciton program [146], beginning with our lowest 

energy antiferromagnetic solution at 30% HF exchange mixing. The area in 

the box is a slice of the Brillouin zone. We see a square feature centred on F, 

corresponding to an electron pillar mainly of dx2 _y2 character. The segments 

seen neighbouring the Brillouin zone slice are simply reflections also centred 

on F. In our band structures (Figures 4.15 and 4.16), this Fermi surface 

pillar is crossed between F and X .  A similar feature is seen in experimental 

Fermi surfaces for the x  = 0.4 rnanganite Lai.2Sri.8Mn2 0 7 , obtained using 

ARPES [112], [113]. These demonstrate the highly two-dimensional nature 

of this system.

Overall, we have a clear picture of enhanced carrier density and con

ductivity in the 2d a:y-plane, with reduced conductivity along the z-axis, 

confirming the effective 2d character of this system , particularly when com

pared to the n = oo perovskite manganites. This will also have some bearing 

on the inter-bilayer magnetic coupling. As previously discussed, a candidate 

mechanism for ferromagnetism is the double exchange model, though the
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Figure 4.18: LaSr2Mri2 0 7  Fermi surface, s tarting  from our lowest energy 

antiferrom agnetic solution a t 30% HF exchange mixing.

im portance of DE in the 2-dimensional case has been called into question 

by ARPES experim ents [110]. Ferromagnetic intrabilayer couplings seen in 

the X  =  0.4 case, will com pete with the superexchange interaction, which 

prom otes the antiferrom agnetic intrabilayer coupling th a t wins out in the 

X  =  0.5. This implies th a t the ex tra  hole doping in the Mn band prom otes 

superexchange over double exchange along the bilayer 2-axis.

P o p u la t io n s

Table 4.1 shows Mulliken charge and spin populations. We find no charge or

dering on Mn ions, consistent with experim ental studies of the low -tem perature 

phase [109]. This is also consistent with the  experim ental space group and 

lattice param eters chosen, which were taken from a neutron powder diffrac

tion study  a t lOK [143], com fortably below the lOOK threshold where charge 

ordering is believed to  occur [147],[109],[148]. We also investigated the ef

fects of using a biased Mn 3-I-/4-I- integer charge ordered starting  point, and
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Table 4.1: Charge and spin states for LaSr2Mn20y at 30% exchange. Values 

are shown for the experim ental and the optimised structures.

Atom Valence Valence'^P^ Moment j \i b Moment^P^

M nl +  1.86 +  1.86 3.61 3.57

Mu2 +  1.86 +  1.86 -3.60 -3.56

La +2.82 +2.82 0.00 0.00

Sri +0.14 +0.15 0.00 0.00

Sr2 +0.14 +0.15 0.00 0.00

01 -1.53 -1.50 0.00 0.00

0 2 a -1.46 -1.46 -0.08 -0.02

0 2 b -1.46 -1.46 0.08 0.02

0 3 a -1.46 -1.46 0.02 0.02

0 3 b -1.46 -1.46 -0.02 -0.02

0 3c -1.46 -1.46 -0.02 -0.02

0 3 d -1.46 -1.46 0.02 0.02
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Figure 4.21: Mn02 plane 3d charge density difference at 30% exchange.

found that it had no effect on the final populations shown in Table 4.1, thus 

showing tha t the populations obtained have not been biased by our calcula

tion’s initial conditions. Most ab-initio studies have not given populations; 

the LSDA study of de Boer [141] reported an Mn valence of -1-2.7, though 

the LSDA’s failure to account adequately for the effects of strong electronic 

correlation means tha t this half-metallic FM solution does not reflect the 

correct experimental AF ground state [109],[148]. Experimental estimates of 

populations via Bond Valence Sums or otherwise have not to our knowledge 

been reported. Our calculated Mn populations are less than their idealised 

ionic value of -1-3.5, reflecting the trend towards p-d hybridisation and in

creased covalence seen around the Fermi energy in our band structure and 

DOS graphs. In addition, we do not find orbital order on Mn sites. This can 

be seen graphically in Figure 4.19, which shows a 2-dimensional charge den

sity difference plot, in the plane of an Mn02 layer. This plot was obtained 

by taking our calculated charge density and subtracting a linear superposi

tion of atomic orbitals. Areas in blue indicate negative difference and areas 

in red indicate positive difference. In effect, this means that cation orbitals
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w ith  higher occupation  num bers will ap p ear m ore blue, and  m ore occupied 

anion o rb ita ls will ap p ear m ore red. F igure 4.20 shows the  corresponding 

spin density  difference plot. Finally, in F igure 4.21, we have p ro jec ted  our 

calcu lated  charge density  difference in to  a 3-dim ensional view. T he M n Cg  

orb ita l lobes in th e  xy-p lane can be seen to  p o in t d irectly  a t neighbouring 

oxygens. T he sm aller weight in the  in-plane blue lobes, relative to  th e  lobe 

po in ting  along th e  2-axis, m ay be due to  the  increased hybrid isa tion  w ith  

oxygen p  o rb ita ls in th e  plane. We do no t see th e  M n t 2g  o rb ita ls, whose 

lobes would p o in t d iagonally  betw een oxygen ions.

S tru ctu re  O p tim isa tion

We investigate th e  role of e lec tron-la ttice  coupling in th is  system  by p er

form ing an op tim isa tion  of the  s tru c tu re , beginning from our above solu

tion. T h is is, to  our knowledge, th e  first ab -in itio  s tru c tu re  s tu d y  of any 

La2-2iSri+23;]''In207 system . Table 4.2 shows th e  atom ic coord inates for 

th e  experim ental [143] and  optim ised  cell. 1 M n and  3 Mn are  in opposite  

layers in a bilayer, while 2 M n and  4 M n are in an o th er bilayer, which is 

shifted  relative to  the  bilayers above and below it, as can be seen in F igure 

4.14. T here  are 3 k inds of oxygen sym m etry  positions associated  w ith  every 

M n -0  octahedron: type(I) apical oxygens inside a  bilayer, w ith  M n ’s above 

and  below ( 1 1 0  and  12 0 ) ,  ty p e (II) apical oxygens ou tside a  bilayer (13-16 

O), and  ty p e(III) oxygens in th e  2d M n02  xy-planes (17-24 O).

Following our ab-in itio  s tru c tu re  op tim isation , th e  p a tte rn  of la ttice  re

laxation  of th e  experim en tal s tru c tu re  m ay be discerned as follows. T ype(I) 

apical oxygens inside th e  bilayer are sym m etry -constra ined  and  do no t move 

during  th e  s tru c tu re  op tim isa tion . T ype(II) apical oxygens move s tra ig h t 

dow nw ards along th e  z-axis tow ards the  M n ion to  w hich th ey  are a ttach ed  

in an  M n02  layer. T h e  en tire  M n02  layer, consisting of M n and ty p e(III) 

oxygens, shifts as a w hole layer away from the  type(I) apical oxygens and
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Table 4.2: Fractional atomic coordinates for experimental[143] and opti- 

mised structures at 30% exchange.________________________________

Experimental 30% optimised

Atom X y z X y z

1 Mn 0 0 0.0970 0 0 0.0988

2 Mn -1/2 -1/2 -0.4030 -1/2 -1/2 -0.4013

3 Mn 0 0 -0.0987 0 0 -0.0970

4 Mn -1/2 -1/2 0.4030 -1/2 -1/2 0.4013

5 La -1/2 -1/2 0 -1/2 -1/2 0.0005

6 La 0 0 -1/2 0 0 -1/2

7 Sr -1/2 -1/2 -0.1826 -1/2 -1/2 -0.1838

8 Sr 0 0 0.3174 0 0 0.3162

9 Sr -1/2 -1/2 0.1826 -1/2 -1/2 0.1838

10 Sr 0 0 -0.3174 0 0 -0.3162

11 0 0 0 0 0 0 0

12 0 -1/2 -1/2 -1/2 -1/2 -1/2 -1/2

13 0 0 0 0.1965 0 0 0.1939

14 0 -1/2 -1/2 -0.3035 -1/2 -1/2 -0.3061

15 0 0 0 -0.1965 0 0 -0.1939

16 0 -1/2 -1/2 0.3035 -1/2 -1/2 0.3061

17 0 0 -1/2 0.0949 0 -1/2 0.0930

18 0 -1/2 0 -0.4051 -1/2 0 -0.4070

19 0 0 -1/2 -0.0949 0 -1/2 -0.0930

20 0 -1/2 0 0.4051 -1/2 0 0.4070

21 0 -1/2 0 -0.0949 -1/2 0 -0.0930

22 0 0 -1/2 0.4051 0 -1/2 0.4070

23 0 -1/2 0 0.0949 -1/2 0 0.0930

24 0 0 -1/2 -0.4051 0 -1/2 -0.4070
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towards the ty p e (II)  apical oxygens and the Sr atoms. In  o ther words, the 

spatia l gap between the two layers in  the b ilayer is increased. T h is  is shown 

schem atica lly in  F igure  4,22. Th is also im plies th a t no s ignificant tw is ting  

or buckling  o f M n -0  octahedra occurs fo llow ing  the la ttice  re laxa tion, in  

marked contrast to  the Fe-0 octahedra in  our s tudy o f Pe3 0 4 . There is a 

very sm all buckling  o f the M n02  layer, due to  fact th a t the M n  moves along 

z by 0.002 A less than  its  four in-plane oxygen neighbours, b u t th is  is very 

m inor when compared to  the existing z-axis displacement o f M n  re lative  

to  0  in  the experim ental s tructu re  [143]. A ll in-plane M n -0  bond dis

tances rem ain identica l to  each other, w ith  a m arginal increase from  1.9370 

A experim ental to  1.9399 A in  the optim ised structure. The Jahn-Teller 

(JT ) d is to rtion  o f M n -0  octahedra, i.e. the ra tio  o f the averaged apical 

M n -0  bond length to  the equatoria l bond M n -0  length is reduced from  

A ./t ’ =  1.010 (experim ental) to  A j r  =  0.995 (optim ised).

Using the Iso tropy code [79], we have determ ined th a t the above cell 

w ith  two fo rm u la  un its  has a PA mm  space group. T h is  is the same space 

group th a t the doubled cell had before the op tim isa tion , so we find no la ttice  

sym m etry breaking.

A  look a t the charge and spin popula tions in  the optim ised cell con

firm s th is  p ic ture. Table 4.1 lis ts the popula tions o f the optim ised structu re  

alongside those fo r the experim ental s tructu re . The M n  valence states at 

-1-1.86 are unchanged by optim isa tion. There is a 0.04 ijlb drop in  m agnetic 

m oment on bo th  o f the AF-coupled M n  ions in  a b ilayer. T h is  may result 

from  the increased in terb ilayer separation in  the optim ised structure.

I t  would be in teresting to  see i f  the s truc tu re  op tim isa tion  has much in 

fluence on the conduction band and DOS around the Ferm i energy. Given 

th a t we find  a conduction band character th a t is largely 2-dimensional in  

the M n 0 2  planes, i t  would be reasonable to  assume th a t a s tructu re  o p tim i

sation whose p rim a ry  effect is a sh ift o f the M n 0 2  planes along the z-axis,
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Figure 4 .22: Schem atic ilhistration of the effects of structu re  optim isation 

on an LaSr2M n207 bilayer.
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Figure 4.23: Comparison of Mn Cg states around E f .  Mn d ^ 2 _ y 2 states for 

the experimental and optimised structures are shown in green and purple 

respectively, with states shown in red and blue.
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w ithout significantly distorting them, would not cause a m ajor change in the 

density of states around Ep.  To investigate further, Mn Cg and 0  p  atomic 

orbital-projected DOS plots have been calculated for the optimised struc

ture. We previously calculated these densities for the experim ental structure 

and plotted them  in Figures 4.2 and 4.2. In Figures 4.23 and 4.24, the same 

densities for the optimised cell are plotted alongside the experim ental cell 

densities for com parative purposes, in a ± 3  eV window around the Fermi 

energy. It can be seen th a t the structure optim isation has minimal effect 

on carrier densities in LaSr2M n2 0 7 . Thus, we find th a t the m agnitude and 

orbital character of the DOS at E p  remain remarkably robust under both 

lattice distortion and large increases in HF exchange (Figure 4.16).

S tructure optimisations were also carried out for starting  from our 60% 

HF exchange solution for this m anganite system. The optimised structure 

was again found to  retain  P A m m  symmetry, the same space group as the 

experim ental structure with two formula units.

4.3 Conclusion

As more hole doping occurs in the Cg band, moving towards x  = 0.5, the JT  

distortion is reduced due to the change in the Cg orbital s ta te  [143]. This 

means th a t there is less orbital overlap with type(I) oxygens inside

bilayers, m itigating against a double exchange mechanism along the 2-axis 

lMn-0(ypg(/)-3Mn bond and suppressing intrabilayer ferromagnetism. The 

increased separation of single M n0 2  layers in a bilayer in our optim isation 

would further m itigate against ferromagnetism between the single layers 

and prom ote antiferrom agnetism  via a type(I) apical oxygen-mediated su

perexchange mechanism. There is in fact very little change in the atomic 

coordinates resulting from the structure optim isation , pointing to good 

experim ental resolution of the structure by K ubota et al [143].

Our to tal energy studies determ ined th a t antiferrom agnetic intrabilayer
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combined with ferromagnetic interbilayer coupling was the most favourable 

magnetic arrangement, in contradiction to previous LSDA studies [141], 

[142] which found ferromagnetism. This most likely resulted from LSDA’s 

inadequate treatm ent of electron self-interaction.

We also note the significant degree of hybridization between oxygen p- 

states and Mn eg states at the Fermi energy ,which is largely confined to the 

Mn0 2  planes, in agreement with experimental resistivity results which show 

significant anisotropy between the a6-plane and c-axis directions [147]. Our 

calculated Fermi surface also exhibited significant two-dimensional charac

ter. All these signs indicate pseudogap behaviour very similar to that seen in 

the normal state of the superconducting cuprates, and seen experimentally 

as a suppression of spectral weight at Ep- This pseudogap will decrease the 

conductivity by removing a large portion of the carriers from the conduction 

process. We find that this AF pseudogap is robust with respect to structure 

optimisation of the equilibrium lattice geometry and significant increases 

of HF exchange of up to 60%. Such an effect may arise from structural 

considerations related to the effective low-dimensionality of this material.

Any statements about a normal state c/-wave pseudogap with isolated 

nodal points and Fermi surface nesting being involved in the high-Tc super

conducting mechanism should by rights also explain why the x — 0.4 bilayer 

manganite, which is very different from a superconductor, shows similar 

features its ARPES spectra. Given our findings of significant Mn d^2 _y2 

conduction band character, reduced JT  distortion and low density of states 

at E f  in the x = 0.5 case, it is felt that ARPES and STM studies of the 

X  =  0.5 system LaSr2Mn2 0 7  in both its low-temperature and charge-ordered 

phase above lOOK would be a most worthwhile exercise.
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