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Abstract

Non-collinear density functional theory and its application to particular physical
problems are discussed in this thesis. The magnetic structure of the compound
TICo,Se; is investigated and an electronic structure analysis is presented. Features
of the Fermi surface and details in the band structure are argued to be involved
in the stabilization of a non-collinear incommensurate magnetic structure as the
ground state of TICo,Ses. Two criteria are identified that determine whether a
magnetic metal will be in a collinear, i.e. ferromagnetic state or in a hon-collinear
state like in a spin spiral arrangement. Our analysis shows that a non-collinear
state can be stabilized in any element or compound provided the band filling and
exchange splitting are tuned correctly.
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Chapter 1

| ntroduction

The discovery of magnets lies far back in the elder days. The legend of a shep-
herd named Magnes who while tending his sheep on the slopes of the mount Ida
in Crete, found that his iron tipped crook and the nails of his boots were attracted
to the ground, is probably the earliest account we have concerning magnets. The
magical powers of magnetite, as the stone Magnes had stepped on was called later,
are mentioned in the writings of the Roman encyclopedist Pliny the Elder (23-79
a.c.). For many years after its discovery, magnetite was surrounded by supersti-
tion. The skills of healing the sick, frightening away evil spirits and attracting and
dissolving ships made of iron, were some of the prodigies associated to magnetite.
As in many other subjects of the human knowledge, the supernatural influences
and divine intervention were left behind when the work of scientists like Oersted
(1777-1851) and later on James Clerk Maxwell (1831-1879) contributed to cast
light on the phenomenon of magnetism and electromagnetism. Since the Chinese
compass (11 century b.c.), which is the first known application of magnetism, the
technological interest in magnetic materials has grown immensely. The storage
media like the hard disk in our computers, floppy disks, tapes and permanent mag-
nets in electric motors are some of the practical uses of magnetism in our every day
lives. It is, therefore, in the field of condensed matter where magnetism has caused
the major interest in the last decades.

The manifestation of magnetism in solid state physics is a matter of importance
in this thesis, particularly the arrangement of the magnetic moments that gives rise
to what is not a very common magnetic structure; spin spirals. Magnetic materials
are often found to be ferromagnets or antiferromagnets, i.e. magnetic moments
pointing parallel or anti-parallel along certain global quantization axis. However,
in rare occasions, they are orientated in such a manner that there is no global quan-
tization axis. The latter is called non-collinear magnetism and spin spirals are
examples of it. Why the spins choose to order either in a collinear way like in
ferromagnets and antiferromagnets or in a non-collinear way is a question that has
not found a complete answer yet. Before embarking on the discussion of this issue
-in fact, the second part of chapter five is devoted to this matter- we will remark in
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2 CHAPTER 1. INTRODUCTION

this introduction some basis facts of magnetism, going all the way through from a
single electron until it is placed with other electrons in an atom or in a solid.

1.1 Magnetism in Condensed M atter

The fundamental object in magnetism is the magnetic moment, which in classical
electromagnetism, is defined as

du = Ida (1.2)

where I is a current around an elementary oriented loop of area |da|. The direction
of the vector da is normal to the loop and determined by the direction of the current
around the elementary loop (the screw rule). Consequently, the magnetic moment
can be either parallel or anti-parallel to the angular momentum vector associated
with the charge that is going around the loop.

When applying a magnetic field to a system of interacting electrons, an induced
magnetization appears. We could try to calculate the net magnetic moment of this
system in a classical manner and then complete the description with the appropriate
guantum mechanical corrections. However, Bohr and Van Leeuwen showed that
magnetism can not be understood in the framework of a classical theory based in
the magnetism of moving charges. Consequently, a quantum mechanical descrip-
tion is necessary in order to give full account of magnetism. Hence, the intrinsic
angular momentum or spin of the electrons must be considered, which is charac-
terized by the spin quantum number s = 1/2. The spin angular momentum is as
well associated with an intrinsic magnetic moment ., = —gugs. In this expres-
sion g = 2 is a constant known as the g-factor and g is the Bohr magneton. The
energy of the magnetic moment in a magnetic field, B, is — .- B, so that the energy
is minimized when the magnetic moment lies along the magnetic field direction.
If we consider a magnetic field in the z direction, the energy levels of an electron
split in a magnetic field by an amount g5 B, the so called Zeeman splitting.

The Hamiltonian that describes an atom with Z electrons moving in a potential
V7 and a magnetic field includes the Zeeman term and it is written as [1, 2]

Z
1 e 2 1 e2
= 3 (A (pra) v Bos)+iy &
" ¢1<2m (pz+c i) V)t e SZ>+2-¢,|r@-—rj|
— i#j

4 2 2
_ Z i . Ao+ 0+ & )2
- : <2m + V(rz) + IMBB (Uz + ez) + Smc2 (B X rz) >

+ IZ ¢ (1.2)
— |r; — ;| '
i#]

When deriving the Hamiltonian in Eqn (1.2), first, the momentum p; of each elec-
tron is replaced by (p; + eA;/c), as an effect of the magnetic field,! where the

In a purely classical theory this would be the only effect of the field.



1.1. MAGNETISM IN CONDENSED MATTER 3

gauge is chosen in such way that the potential A is equal to (B x r;)/2. Secondly,
the definitions of the spin and the angular momentum

and he =r; X p;, (13)

S; — ?
were used, where o is the Pauli spin matrix vector. Finally, relativistic corrections
were not included. From guantum mechanics we know that everything we could
know about the system, described by the Hamiltonian in Eqn(1.2), can be found by
solving the time-independent Schrédinger equation

HT = £, (1.4)

where U is the total wave function of the whole system. The problem of three
bodies is already unsolvable and therefore this approach is intractable for atoms
with the exception of hydrogen, unless we incorporate some approximations.
Hartree introduced a high-yielding concept which appeals to the variational
principle of the quantum mechanics. The principle establishes that the total energy,

E = (®H|D) = /CI)*Hfbdr, (15)

is stationary with respect to variation of ®, and that F is always an upper bound
to the ground state energy. In Eqn (1.5) & is an approximate but normalized wave
function that has the appropriate form of the electron system under investigation.
Clearly if ® were the exact ground state wave function then £ would be the ground
state energy. By writing the wave function ® as a determinant of single-particle
wave functions ¢;, the variation of E with respect to the single-particle wave func-
tions leads to the Euler equations, the so-called Hartree-Fock equations?,

(v v )% +z/¢J )05 ) = 60)

(1.6)
—Z [ 500 00 = )

The last term on the left hand side of Eqn (1.6) is called the exchange potential and
even though it is Coulombic, its origin is quantum mechanical. It is possible to see
in Egn (1.6) that the terms j = n in both sums cancel each other. Moreover if we
neglect the last term in Eqn (1.6) which singles out those electrons with spins of
state j parallel to the state n, we obtain the Hartree equations. They represent an
electron moving in an effective or averaged potential due to the all other electrons.
The Hartree-Fock approximation has turned out to give very accurate agreement
with experiments for atoms.

2The derivation of the Hartree-Fock equations can be found in any solid state book like for in-
stance in Refs. [2, 3, 4].
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However, in solids, where the electronic density is very high, this approxima-
tion becomes less helpful. First principles calculations based on density functional
theory (DFT) present an accurate and reliable way to obtain ground state properties
of solids. The essential point is to replace the complication of calculating the total
wave function of the many-body problem by the problem of finding the ground
state density 3. DFT adds effects of exchange and correlation to the Hartree-type
Coulomb terms to describe electron-electron interaction. This theory has also been
extended to the spin-polarized case which permits us to investigate magnetic sys-
tems. Exchange interactions favour magnetic solutions since they keep electrons
of the same spin apart due to the Pauli exclusion principle decreasing the Coulomb
energy while the kinetic energy will favour a non-magnetic solution. Therefore
the driving mechanism that produces magnetism is the lowering of the Coulomb
energy due to exchange.

The rest of this thesis is organized as follows. The second chapter describes
the main aspects of DFT with a special emphasis on non-collinear magnetism. The
third chapter contains a brief account of the computational method, augmented
planewave plus local orbitals (APW+lo), which has produced almost all the results
presented in this thesis. The chapter four is devoted to some of the more important
aspects of non-collinear magnetism which will be reviewed in connection to the
manuscripts attached at the end of the thesis. Finally, the results of this investiga-
tion will be shown in chapter five.

3A more detailed description of density functional theory will be given in the next chapter.



Chapter 2

Density Functional Theory

2.1 Themany-body problem

Since our concern here is the understanding of real materials we must describe
atoms that are condensed to form a solid. As we indicated in the introduction of
this thesis the way of doing this is solving the Schrddinger equation

HU = £, 2.1)

of a system containing nuclei and electrons. The total energy of such a system is
&, W is the total wave function which contains information of the whole system
and H is the Hamiltonian that can be written out as

+3 |ri€_rj| +3 Ve —XH)}. 2.2)

where X, and r; are the coordinates of the nuclei and electrons, whereas M, and
m; stand for the masses of the nuclei and the electrons, respectively. The first and
the third term in the Hamiltonian given in Eqn (2.2) are the kinetic energy of the
nuclei and the electrons, respectively. The quantity V7(X,, — X,) is the interac-
tion potential of the nuclei with each other, while Ue(r; — X,,) represents the
interaction between an electron at r; and a nucleus at X,,. Although Eqn (2.1)
looks simple it is not possible to solve for solids, in particular metals, whose den-
sity of conduction electrons is very high (~ 1023 /cm3). The Born-Oppenheimer
approximation provides us with a way of simplifying our Hamiltonian and states
that because the electrons are much lighter than the nuclei they move much more
rapidly and can follow the slower motions of the nuclei quite accurately. This fact
allows us to discuss the motion of the electrons separately from the motion of the

5



6 CHAPTER 2. DENSITY FUNCTIONAL THEORY

nuclei. The Born-Oppenheimer approximation leaves us with an electronic Hamil-
tonian which is less complicated, but does not unburden us of the electron-electron
term which makes the Schrddinger equation unsolvable. The complexity of the
many-body problem then forces us to get another route towards the understanding
of solids.

2.2 Density Functional Theory

A significant reduction of the complicated many-body problem stated in the previ-
ous section was supplied by the density functional theory (DFT) due to Hohenberg
and Kohn [5] and Kohn and Sham [6]. The essential point of DFT is the realiza-
tion that the ground state density is sufficient to calculate all physical quantities
of interest. Therefore, instead of calculating the many-body wave function ¥, the
knowledge of the ground-state density becomes crucial. DFT is based in the fol-
lowing two theorems established by Hohenberg and Kohn,

Theorem 1 Thetotal ground-state energy, E, of a many-electron systemis a func-
tional of the density
n(r) = (¥|a(r)|[¥) (2.3)

where |¥) is a many-body state and 7. is the electron-density operator.

Theorem 2 The functional E[n] of a many-electron system has a minimum equal
to the the ground state energy at the ground state density.

The proof of these theorems as well as v-representability issues will not be given
here but the interested reader can find detailed information in ref.[7, 8, 9]. Unfortu-
nately these theorems provide no information about the form of the functional E[n]
and therefore the utility of DFT relies upon our ability to find accurate approxima-
tions. Kohn and Sham (1965) used the variational principle implied by the second
theorem to derive the single-particle Schrédinger equations. In order to see this we
proceed by writing the total energy functional, E[n] as *

E[n] =T[n] + /n(r)v@a(r) dr + // % drdr’ +Exc[n], (2.4)

which contains the kinetic, the external potential which in the Born-Oppenheimer
approximation is the potential due to the ions, the Hartree component of the electron-
electron energy and the exchange correlation energy. The last term is actually a
receptacle of our lack of knowledge of the contribution of the many-body interac-
tions to the total energy. Although an explicit form of T and E in Egn (2.4) is not
known in general, we use the variational principle on the total energy functional to
e SEn] . 3(N=J n(r)dr)
n — | n(r)dr
onm) THT ey (25)

"Hereafter atomic Rydberg units (a.u.) will be used.
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where 4 is a Lagrange multiplier which takes care of the particle conservation.
Since we know the expression of the kinetic energy of non-interacting particles
To [n], it is convenient to split up the kinetic energy term in Egn (2.4) into two
terms T = Ty + Ty, Where Ty stands for the exchange-correlation part of the
kinetic energy. Finally by using the density 2

N
n(r) =Y [i(r)?, (2.6)
=1

where the sum extends over the lowest N-occupied states, we are able to determine
the functional derivatives in Eqn (2.5). This procedure yields a set of effective
single-particle equations called the Konh-Sham equations 3

[—VQ + vest (r) — &) i(r) =0, 2.7)

which are Schrodinger equations where the external potential has been replaced by
an effective potential defined by

/
ven(r) = vea() +2 [ 50 ), @8)
with the exchange-correlation potential

_ 9(Bxe[n)) 2.9)

Uxe(r) 6nzr)

In Eqgn (2.9), Exc contains now the exchange-correlation part of the kinetic energy
Txc. The eigenvalues ¢; obtained above are not in general simply related to mea-
sured quantities hence their physical meaning is still controversial [4].

2.3 Local Density Approximation

Density functional theory as outlined above supplies a scheme to map the many-
body problem into a Schrodinger-like effective single-particle equation provided
we introduce an approximation to the exchange-correlation functional. The so-
called local density approximation (LDA) achieves this task by making use of the
homogeneous, interacting electron gas to model the exchange-correlation energy

Exc = /n(r)exc(n(r))dr, (2.10)

2Here we will simply assume that we can determine single-particle wave functions {1 (r)} which
permit us to express the density as in Egn (2.6) leaving further disquisitions to the specialized litera-
ture.

3A full derivation of the Kohn-Sham equations will not be given here but it can be easily found
inref. [7, 8, 9]
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assuming that ey is approximated by a local function of the density, usually that
which reproduces the known energy of the uniform electron gas. There are attempts
to refine LDA, for instance the generalized gradient approximation (GGA) and the
weighted density approximation (WDA). An expression similar to which is shown
in Egn (2.10) is used in GGA but in this case exc is a function of the gradient of the
density |Vn(r)| as well as the density n(r) [10, 11, 12]. The WDA [13, 14, 15] isa
more sophisticated approach, that incorporates true non-local information through
Coulomb integrals of the density with model exchange correlation holes. Although
WDA improves greatly the energy of atoms it is more computationally demanding
than LDA or GGA and therefore there are very few reports in the literature of
WDA applied to solids. In contrast, GGA has been widely used in first principles
calculations but despite its success in predicting the bce ground state of Fe 4 it has
not been found to improve significantly LDA calculations in metallic magnets, at
least not as concerns the ground state magnetic properties.

2.4 Spin density functional theory

So far we have discussed DFT for non-spin-polarized systems and since the work
presented in this thesis concerns magnetic materials we now turn into the descrip-
tion of the spin density functional theory (SDFT). We will omit details for they are
essentially similar to what was discussed in the former sections, emphasizing those
features that are typical for the SDFT, in particular its applications to the study of
non-collinear magnets. °

In 1972 von Barth and Hedin [16] extended the DFT to the spin polarize case.
They used a 2 x 2 matrix formalism to represent the density and the external po-
tential instead of single variables.

nr) = p(r) = (”“ p12> (2.11)
P21 P22
Ue(t U®(t
Vext(T) = Uet(r) = | & et (2.12)
Va1 Va2
We begin our discussion by noticing that the wave functions will adopt the form of
spinors,
¢io¢(r)>
i\r) = s 2.13
wt) = (Gt 213)

where ¢;, and ¢;3 are the two spin projections. In the non-spin polarized case we
defined the density (see Eqn (2.6)) as the sum of |+/;|? extended over the lowest
N-occupied states. We now write the matrix elements of the density matrix p in

4LDA fails in reproducing this result.
SAlthough SDFT was formulated completely general, its earlier implementations were mostly
done for the special case of diagonal matrices, i.e. collinear magnetism.
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Egn (2.11) as
pap(t) = D bialr) i5(r). (2.14)

=1
€ia,€ip<EF

The next step is to write down the total energy that now is a functional of p and
subsequently derive the single-particle equations,

Elp] = Tip] + Vel // ) drdr’ + Exe [p] - (2.15)

The external potential Ve [p] in Eqn (2.15) is the potential due the ions specified
by

> / Nas(r) v (r) dr . (2.16)
ap
By appealing to the variational principle again
JE [p]
—— =0, 2.17
6pap(r) 217)

and proceeding in the same way as in the non-polarized case we derive the single-
particle equations which constitute the Kohn-Sham equations for a spin system,

Z (—0agV? + 055 (r) — ciag) Gia(r) =0, (2.18)
B

where no assumption of collinearity, i.e. all spin parallel or anti parallel to a global
guantization axis, has been made. The effective potential matrix elements in Eqgn
(2.18) can be written down as

v ( r) =vSi(r +25a5/ + 35(r). (2.19)
with the exchange-correlation potential matrix elements
S(Exclp])
G(r) = = (2.20)

0pas(r)

2.5 Non-uniformly magnetized systems

The application of SDFT as well as its non-spin-polarized partner’s requires the in-
troduction of an approximation that allows us to deal with the exchange-correlation
functional. LDA can be readily generalized to the spin-polarized case (LSDA) [16]
by defining spin-up and spin-down densities, however the aim of this section is to
include in our discussion also those cases where there is no global spin quantiza-
tion axis, i.e. non-collinear magnetization. Hence the discussion presented here
will be established in a general way.
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In the previous section we learnt that SDFT uses a 2 x 2 matrix formalism. The
density matrix (see Eqn (2.14) was defined as

N
r) = [$ia(@)?  Pia(r)dis(r)
p(r) = ZZ; < L (r)dig(r) | i (r (r)|? > ) (2.21)

which generally can be expanded in terms of the density n(r) and the magnetiza-
tion density m(r), that is naturally a vector density,

1

p(r) = 5 [n(r)l + m(r) - o], (2.22)

where 1 is the 2 x 2 unit matrix and o = (0, 0y, o) are the Pauli matrices. The
electronic and the magnetization density are then expressed as

N N
n(r) =Tr(p(r)) =Y |[vil* and  m(r)=> vlop;, (223
=1 i=1

where the sum in Egn (2.23) extends over the lowest occupied states. In the sim-
plest case where the spins are arranged in a collinear way, the density matrix is
diagonal and therefore the magnetization becomes,

-y (160l = l36"] =

i=1 =

N
[n1(r) =ny(x)]. (2.24)
1

In (Egn 2.24) it was assumed the global magnetization axis to be in the z-direction
and the eigenvalues of the diagonal density matrix to be n; (spin-up density) and n |
(spin-down density). The exchange correlation energy, in Eqn (2.10) then depends
on both spin densities, exc(n1,7)) and corresponds to the exchange-correlation
energy density for a spin-polarized homogeneous electron gas. However, in a more
general case, where non-diagonal matrices are considered the exchange-correlation
functional may be given by

B 0e): ()] = [ nl)ecn(r), m(r))dr, (2.25)

which permits us to determine the exchange-correlation potential (see Eqn (2.20))
as

0(Exclpl) _ 0(Exclp]) On(r) , 0(Exclp]) om(r)
3pap(t) — 0n(x) Opap(r)  om(r) Opap(r)
The first term constitutes a non-magnetic contribution to the exchange-correlation

potential whereas the second term is a magnetic potential which adopts the form of
a magnetic field,

vng(r) = (2.26)
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o) - AEl) _ Al o2

where dm(r)/dm(r) = m is the direction of the magnetization density. As it
follows from Eqgn (2.27), in LSDA the magnetic field is always parallel to the
magnetization density everywhere. By combining Eqn (2.19), Eqgn (2.26) and Eqgn
(2.27) we are now ready to write the effective potential matrix where the fact that
dn(r)/0pas(r) = 1 and 0m(r)/dpap(r) = o have been used,

7 (r) = "™ (r)1 + b(r) - 0. (2.28)

The non-magnetic term, v", contains the external potential®, the Hartree and the
non-magnetic part of the exchange-correlation potential (Egn 2.26),

nm _ext n(r’) / d(Exclp])
Ua,@(r) - Uaﬂ(r) + 26&5/ ‘I‘ — I‘/‘ dr’ + 5&,@ (5’)7,(1‘) ) (2.29)

Finally, the Kohn-Sham Hamiltonian matrix in the LSDA looks like
H=(-V: +v"™1+b-o. (2.30)

The non-magnetic part of the effective potential is diagonal and in the special case
of a collinear system with a global magnetization axis chosen along the z-direction,
the magnetic part of the potential becomes

(b, 0
vxc:<g _b(f). (2.31)

Therefore a collinear system can be treated as two separate systems, each within a
effective potential v§' = v"™ +b.0..

To conclude this chapter we point out that the Kohn-Sham equations, in its
non-spin and spin-polarized versions, lead to a self-consistent cycle, i.e. a density
must be found that produces an effective potential that once inserted in the Kohn-
Sham equations yields single-particle wave functions that reproduce it. This will
be discussed to some extent in the next chapter.

51n general, the external potential can be considered diagonal.
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Chapter 3

Computational M ethods

This chapter is devoted to the application of density functional theory (DFT) to
real solids. In the previous chapter we found that DFT reduces the complexity
of the many-body problem to an effective single-particle theory. In this frame-
work, a set of Kohn-Sham (KS) equations are formulated and their solution entails
a self-consistent cycle. That means that, a density is used to determine an effective
potential, which in turns, is inserted into the Kohn-Sham equations, whose solution
produces single-particle wave functions {v; }, also called KS orbitals. The new set
of {¢;} is used to yield a new starting density. This process is repeated until the
difference between the resulting density of a cycle and the respective initial density
is substantially small. Then it is said that self-consistency is achieved. The proce-
dure as outlined above normally leads to large oscillations and bad convergence of
the self-consistent cycle. Hence the resulting density is always mixed in some way
with the initial density to produce a new density to start the process again. The
self-consistent cycle is illustrated in Fig. 3.1.

The self-consistent cycle has been implemented in many codes. Since all cal-
culations in this thesis have been performed using a relatively new linearized form
of the augmented planewave (APW) method, the so-called APW plus local orbitals
(APW+lo) method, we shall describe here both the traditional linear augmented
planewave method (LAPW) and APW+lo.

3.1 Thesecular equation
Although it is not necessary to define a basis to construct the Konh-Sham orbitals

{+);} when solving the KS equations?, it has been customary in DFT-based methods
to expand {#; } in a certain basis set x with coefficients c;;,

Pi(r) = Z cij X;5(r). (3.1)
J

L1t is possible for instance, to solve numerically the differential equations on grids.

13



14 CHAPTER 3. COMPUTATIONAL METHODS
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Figure 3.1: Schematic Flow-chart for self-consistent density calculations.
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—

In Egn (3.1) we have assumed that the Kohn-Sham orbitals can be accurately de-
scribed by the basis set {x;}. Unless the chosen basis set is infinitely large, this can
never be achieved. Consequently the optimal c;; must be obtained through a vari-
ational procedure. Thus, the KS orbitals as defined in Eqn (3.1) are inserted in the
KS equations. Subsequently, by multiplying from the left by ¢* and integrating,
the resulting expression is varied,

53 i ( [t e = s [ dr) —0, (32
ik
which produces

Z (/ X;(T)H Xk(r)dr —¢; /X;(I‘)Xk(l‘) dr) ¢ij = 0. (3.3

k
Eqn (3.3) is called the secular equation and in a matrix representation looks like
(H - EZ‘O)CZ‘ = 0, (34)

where H and O are the Hamiltonian and the overlap matrices respectively and ¢;
are vectors containing as many coefficients as the number of basis that have been
included in Egn (3.1). This equation have to be solved for each k point in the
irreducible wedge of the Brillouin zone.

3.2 Thelinear augmented plane wave (LAPW)

The LAPW method 2is not a fundamental modification of the APW of Slater [18].
Consequently, we shall first establish the essence and motivation of the Slater

%A detailed account of the LAPW method can be found in Ref. [17]
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method as follows: The potential and wave functions in the vicinity of a nuclei vary
strongly and are nearly spherical. On the contrary, they are smoother between the
atoms. These observations lead to the division of the space into two regions where
different kind of basis are used to represent the densities and potentials. Inside
the non-overlapping atom centered spheres (S), radial solutions of the Schrodinger
equation are used to describe the wave functions, whereas planewaves constitute a
suitable basis in the remaining interstitial region,

1 > ag BT e interstitial,
P(r) = (3.5)

In Egn (3.5), € is the cell volume, ak and b;,,, are expansion coefficients, Y;,,, are
spherical harmonics and w; is the regular solution of

( 2 1(l+1)

Tzt T

+V(r)— El> ruy(r) = 0. (3.6)
In Egn (3.6) E; is assumed to be a variable, not an eigenvalue and V' (r) is the
spherical component of the potential in the sphere.

In order for the kinetic energy to be well defined the double representation of
the basis in Eqgn (3.5) must be continuous at the sphere boundary. This is accom-
plished in the APW by defining the coefficient b, in terms of ak helped by the
spherical harmonic expansion of the plane waves and subsequently, matching each
coefficient by, at the sphere boundary. Thus the coefficients b;,,, become

4! )

where the quantities j;(kr) are spherical Bessel functions of order [ and R is the
sphere radius. The coefficients b, are completely determined by the planewave
coefficients and the energy variables E;.

The planewaves in the interstitial region matched to the radial functions in the
spheres constitute what we call the augmented planewaves or APWs. They are the
solution of the Schrddinger equation inside the spheres for a given E;. They do not
posses the freedom to allow the wave function to adapt itself as the band energy
deviates from the reference E;. Therefore, the E; must be set equal to the band
energy ¢, which makes the APWs energy dependent functions. Thus, the searching
for the roots of the non-linear energy dependent 2 secular determinant

det [H(El) — F O(El)] =0. (38)

3The APW basis are energy dependent, so are the H and the © matrices represented in such
basis.
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must be achieved. This is a much more computationally demanding procedure than
the single diagonalization of the secular matrix in Eqn (3.4) as it would be if the E,
were fixed parameters.

In the LAPW method [19], the exact solutions wu; for the spherical potential in-
side the spheres are replaced by linear combinations of w;(r) and its energy deriva-
tive ;. The wave functions written in terms of this basis are

ﬁ Z ay e'KHK)T r € Interstitial,

Y(r) = * (39)
Z [blm ul(r) + dim, Tll(r)] Ylm(r) reS.
Im

Here, the u; are defined exactly as in APW, i.e. they are the solutions of the radial
Schrodinger equation (see Eqgn 3.6), with a fixed E; and its energy derivative 1,
satisfies

2

(—d—2 + i 4; D +V(r)— El> ray(r) = ru(r). (3.10)
dr r

As in the APW, the wave functions must be continuous at the boundary and there-

fore the functions w; and « are matched to the respective values and derivatives of

the planewaves at the boundary.

The inclusion of 7; in the expansion of the wave function inside the sphere
supplies more flexibility to the basis, which enables to represent all eigenstates in
a region around ;. For instance, if E; differs slightly from the energy band ¢, the
radial function w; at the energy band will be reproduced by a linear combination,

w(e,r) = w(Ey,r) + (€ — B)in(r) + O((e — Ep)?). (3.11)

In this way, all valance bands may be treated with a single set of E;, leading to
an energy independent basis set. Therefore, the secular equation becomes linear in
energy and only a single diagonalization is needed to obtain accurate energy bands.
The last fact constitutes a great advantage of LAPW compared with APW. However
the price that LAPW pays due to its flexible basis is the loss of the optimal physical
form of w; inside the sphere, which implies a larger number of basis functions
required to achieve convergence.

3.3 APW-+local orbhitals

An alternative linearization of APW was developed by Sjostedt et al.[20], the so-
called APW+lo method. One of the problems of the APW basis set is that it can
only describe eigenstates with eigenenergies in the immediate vicinity of £;. The
situation improves in LAPW when modifying the augmented planewave inside the
sphere, which adds more flexibility to the basis set. However the good representa-
tion of the wave function inside the spheres that APW possesses is lost.
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APWH+lo keeps the original APW basis set (Eqn (3.5)) with the exact radial
solutions u; of the Schrédinger equation inside the spheres evaluated at F; but
adds a complementary basis set, a set of local orbitals[17, 21],

0 r e Interstitial,
o(r) = 3.12
el {(blm wy(r) + digm U (r)) Yim(r) reS. 412

This extra basis set introduces the variational freedom. Local orbitals were brought
into LAPW method to deal with semi-core states. Their local character comes from
the fact that they are entirely confined to the spheres. Moreover, they have a specific
Im character and are independent of k and K. As in the former methods, the basis
functions must be continuous and consequently local orbitals are matched at the
boundary to zero, so it is obtained,

dl_m ul(R)

bim  W(R)’ (3.13

where R is the sphere radius.

The APW+lo method uses both bases in such a manner that «; is included as in
APW to describe eigenstates whose eigenenergies are close to F; and a linear com-
bination of u; and «; for eigenstates of eigenenergies far away from E;. Therefore
the number of basis functions is considerable smaller than in the LAPW method
yielding a faster convergence. Of course, for perfectly converged calculations both
methods produce the same result.
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Chapter 4

Non-collinear magnetism

4.1 Introduction

Solids contain magnetic moments that can act together cooperatively leading to a
behaviour which is quite different from what would be observed if all the magnetic
moments were isolated from each other. This collective behaviour and the diversity
of types of magnetic interactions produce a surprisingly rich variety of magnetic
properties in real systems. It is not the aim of this chapter to review the whole
subject for that would be a tremendous task. Magnetic orderings in real materials
will instead be our concern.

Different types of magnetic ground state order can be found as a direct con-
sequence of the different types of exchange interactions that operate between the
magnetic moments in a solid. Some of them are illustrated in Fig. 4.1. The first two
spin arrangements are commonly called collinear structures, for there is a global
spin quantization axis along which all the spins in the structure align either parallel
or anti-parallel. The last three of these structures in Fig. 4.1 are characterized by
the lack of such a global axis and they are classified as non-collinear structures.
We will focus on the latter type of magnetic order in this chapter, especially spin
spirals.

4.2 Spin Spirals

A spin spiral structure as depicted in Fig. 4.1d can be defined by expressing the
Cartesian coordinates of the magnetization density as

m(r) = m(r)[cos(q - R+ ¢)sinf, sin(q - R + ¢)sinf, cosb], (4.1)

where m is the magnitude of the magnetic moment, ¢ and 6 are polar angles, R is
a lattice vector and q is the wave vector that characterizes the spin spiral. A dis-
tinctive property of the spiral structure is the lack of translational symmetry along
the direction of the wave vector q. Nevertheless, a close look at Egn (4.1) reveals
that all atoms of the spiral structure separated by a translation R. posses magnetic

19
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)

b)

Figure 4.1: Various spin arrangements in ordered systems: (a) ferromagnet, (b)
antiferromagnet, (c) helical structure, (d) spin spiral and () spin glasses.

moments of the same magnitude and hence they are equivalent. This equivalence
gives rise to an interesting property for the single-particle spinors functions (Egn
2.13).

Indeed, as was first pointed out by Herring [22] and later by Sandratskii [23,
24], transformations combining a lattice translation Tg and a spin rotation about
the spiral axis 7 (see Fig. 4.1) by an angle ¢ = q - R leave the spiral structure
invariant,

7, m(r) = m(r). 4.2)

The symmetry operators that describe these transformations belong to a spin-space
group (SSG)™. Three important properties of these generalized translations, can be
stated as follows i) spinors transform according to

e—iq-R/Q 0

Ty 1p(r) = ( 0 eiq-R/2> Y(r—R), (4.3)

ii) they commute with the Kohn-Sham Hamiltonian (see Eqgn 2.30) of a spin spiral
structure, and iii) they form an Abelian group isomorphic to the group of ordinary
space translations Tg. Therefore, they have the same irreducible representation,
which as we know, constitutes the Bloch Theorem in the case of ordinary space
translations. The generalized Bloch theorem is then established as

Tyhi(r) = e ® Ry (r). (4.4)

These properties enable us to express the generalized Bloch spinors [22] that diag-

LA detailed description of this theory can be found in [25].
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onalize the spiral Hamiltonian 7 as 2

. —iq-r/2 r
() e

where oy and [y are the periodic functions for the spin-up and spin-down compo-
nents respectively. These generalized spinors will produce the same charge density
as the ordinary spinors and the magnetization density as defined in Eqn (4.1). The
generalized symmetry group permits us to solve the Kohn-Sham equations (Egn
(2.18)) in the presence of spin spirals without using supercells. In this way, we
have recovered the symmetry of the chemical unit cell.

Unfortunately, the fast Fourier transforms that full-potential methods use re-
quire translational invariant potentials and densities. Nordstrom [26] developed a
slightly different scheme, which incorporates naturally the spin spiral symmetries.
Two new complex quantities are introduced, « and A, with the spin axis taken in
the z-direction 3

u(r) = e_liq'r (ma(r) + imy(r)) (4.6)
h(r) = e "9 (by(r) +iby(r)) 4.7)

where m, and m,, are the perpendicular components of the magnetization density
and b, and b, are the corresponding magnetic field components. The new quantity
h is used now to write the Kohn-Sham Hamiltonian, which takes the form of (see
Eqn (2.30)),

1/ . 4
H=(-V*+o"™1+ 3 <e’q'r h(r)o_ + e 9" hT(r)aJr) +b.0, (4.8)

with

O_ =0, —i0y and o4 = 0y +i0y. (4.9)
Finally, we can easily obtain the density « from the generalized Bloch spinors as
defined above,

u(r) = Z W,k (7T 0y ) 1hj k. (4.10)
7,k

These quantities are invariant under the ordinary space translations by construc-
tion, and hence can be implemented in full-potential methods with normal Fourier
transforms.

2\We will show later how the form of the spinor wave functions has important implications in the
origin of non-collinear magnetism.

3In the absence of the spin-orbital term, 7 can be taken arbitrarily along the z-direction without
any loss of generality.
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Figure 4.2: The total energy as a function of the magnetization for some values of
NI, which are displayed on top of every curve in the figure.

4.3 Origin of the magnetic ordering

The nature of the magnetic ordering in solids is, despite decades of research, not
understood on a microscopic level. In particular it is not known why one in Na-
ture most often observes collinear magnets and only in few cases non-collinear
magnetic ordering. Before this question is addressed we shall briefly analyze the
conditions for magnetism to appear. The important role of the magnetic suscepti-
bility as a signal of magnetic instabilities will be introduced. In the end, we shall
discuss the concept of Fermi surface nesting as a crucial factor in the stabilization
of the spin spiral structure.

4.3.1 Itinerant electron theory (Stoner criterion)

The magnetism of the majority of the metallic magnets, excluding those involving
rare earths, can be understood in the itinerant electron picture. Stoner theory of
itinerant magnetism [27, 28] describes electrons which move in the periodic poten-
tial of the solid and are characterized by the quantum number n, k and o i.e. the
band index, the wave vector and a spin projection.

Our aim is to probe the stability of the non-magnetic state by introducing a
molecular field which contains all exchange interactions. In analogy with the Weiss
model # the molecular magnetic field is written as

H,, = I, (4.11)

where I and ¢ denote the molecular field constant and the magnetization respec-
tively. The total energy of the electrons moving in the molecular field contains

4A complete description of Weiss model can be found in [29].
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contributions from the kinetic and the field energy. By assuming that the elec-
trons move in a s-band,® where the density of states is proportional to /¢, the total
energy can be written as a function of ¢ as

9
20N,

where N\ is the density of states at the Fermi energy. It is possible to see in Fig. 4.2,
where the total energy for different values of oI has been plotted, that as the value
of NoI grows larger than one, a minimum in the total energy for a finite value of
¢ develops, i.e. a spontaneous magnetization appears in the system. Therefore, in
order for the non-magnetic state to become unstable, the second derivative of the
total energy must be negative at ¢ = 0, which leads to

e (4.12)

E(() (A+¢7 + (1 -0 -

Nol > 1. (4.13)

This relation is called the Stoner condition and is fulfilled when the density of states
at the Fermi energy is large®. Therefore the phase transition from the non-magnetic
state to the ferromagnetic state is usually caused by a peak in the density of state at
the Fermi energy.

The Stoner condition manifests itself as well in the enhanced susceptibility,
which can be obtained from the total energy in the non-magnetic limit { — 0 as

_(EENTY N

The enhanced susceptibility in Eqn (4.14) can be rewritten as the product of the
Pauli susceptibility, x,, times an enhancement factor which represents the fact that
the susceptibility of a interacting electron system can not be determined merely
by the Pauli susceptibility alone. The denominator of the enhanced susceptibility
becomes very small for metals near a magnetic instability.

The derivation given above follows the original work of Stoner. The enhanced
magnetic susceptibility as well as the Stoner condition can be re-obtained in a
more contemporary way from DFT. In this context an expression is derived for the
Stoner factor I, which is now seen as an exchange-correlation integral, and it is
simply called the Stoner exchange constant”.

4.3.2 The static nonuniform magnetic susceptibility

In this and the next sections we shall explore the conditions of magnetic instabil-
ities that could produce eventually spin spiral structures. In the former section,

5This choice was made only for computational convenience. In reality the electron states leading
to magnetism originate from d bands.

81t has been found that the molecular field constant is of the same order of magnitude for most of
metals.

"A detailed derivation of the Stoner exchange constant can be found in Refs. [4, 29].
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we found that the magnetic susceptibility plays an important role as an indicator
of instabilities. The magnetic susceptibility is an example of a more general con-
cept, namely, the linear response functions. Here we are interested, in particular, in
the magnetic response of the inhomogeneous system to an external static magnetic
field that is non-uniform in space. If the magnitude of the field is small, we can
assume the response, x to be linear. In general, we can write the induced magneti-
zation as

om(r) = /X(r,r')éB(r/) dr’. (4.15)

Sandratskii and Kilbler [30] addressed this problem within the LDFT approxima-
tion by specifying a magnetic field whose spatial variation is characterized by the
vector q,

AB(r) ABZ cos(q - R), sin(q-R), 0) O(|r — RJ), (4.16)

where ©(r) is the unit step function which is 1 for  smaller than the atomic sphere
radius and zero otherwise. The magnetic field specified above favours a spiral
with # = 90 (see Eqn (4.1)). They obtained the enhanced susceptibility® for static
magnetic fields parallel to the magnetization density at each point,

_ Xo(q)
with
I(q) = xo(q) " — x(a) ™" (4.18)

where xo(q) is the susceptibility of non-interacting uniform electrons gas. Eqns
(4.17) and (4.18) must be then solved self-consistently.

4.3.3 Fermi surface nesting

We shall now examine a Fermi surface feature of fundamental interest, the nesting.
The Fermi surface nesting can largely influence the magnetic susceptibility and
therefore it constitutes a decisive factor in the study of magnetic instabilities.

Let us start from Eqn (4.17). In order to obtain an expression for xg, the so-
called Lindhard expression in its non-magnetic state is used, which in this case
describes the response function for noninteracting electrons as,

Z Z Ekﬂ G(EF — €kly) %
Ekpu — Ek'v

kp k'v
ka#(r)wltu(r )wk’u(r/)wlt’u(r)' (419)

8A complete derivation is given in Ref. [4].
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Figure 4.3: Schematic Fermi surface cross-section. The arrow shows the g-vector
that separates two parallel portions of electron and hole Fermi surfaces.

Here ©(x) is the unit step function and v and 1 are band indices and % and k' are
wave vectors that label Bloch states. By applying the Fourier transform twice to
this equation we obtain (see ref.[3]),

X’(a,d) = //eiq'reiq/'r/xo(r,r')drdr/
= Jq,qx0(q) (4.20)

where

Yola) =Y “;f_‘jj - fk(gk +";;)] (ke — g 2. (4.21)
kuv
The expression in Eqn (4.21) was generalized by using the Fermi distribution f(¢)
instead of the ©(x) function and an infinitesimal 6. The denominator in Egn
(4.21) becomes very small if there exist parallel portions of electron and hole Fermi
surfaces that, by a rigid shift defined by a vector q, can be brought together to
coincide (see Fig. 4.3). This feature of the Fermi surfaces is called nesting. It
should be noted that in the case of strong nesting and low temperature, x((q)
becomes very large since the denominator in Eqn (4.21) is almost zero for many
values of k in the sum and the numerator is close to one. Therefore, the magnetic
susceptibility x(q) can become very large for the value of q that defines the Fermi
nesting shift. Thus we can obtain a generalized Stoner condition

Ixo(q) > 1, (4.22)

which again indicates an instability of the non-magnetic state. Fig. 4.3 represents
a schematic Fermi surface cross-section, where the g-vector that separates the por-
tions of electron and hole Fermi surfaces, has been identified. It is worth noticing
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that the magnitude of q in Fig. 4.3 is less than the reciprocal lattice vector magni-
tude TH , Which means that the adopted spin spiral structure will not be commen-
surate with the lattice. The Fermi surface nesting has been proved to have a large
effect in the susceptibility, which in turns, provides us with a signal of a magnetic
instability.

In paper Il we will describe a new mechanism of stabilization of spin spiral
structures in metals, which involves the shape of the spinor wave functions and
nesting Fermi surface features.



Chapter 5

Results

Two works presented in this thesis are included at the end. This chapter is dedi-
cated to review some of the most relevant aspects of them and with that purpose, it
has been divided in two parts. The first part is devoted to paper I, where the mag-
netic structure of the TICo,Se, compound is investigated from an experimental
and a theoretical point of view. The analysis given here though, will only contain
a theoretical discussion.

Why do atomic spins arrange ferromagnetically or antiferromagnetically whereas
only in few occasions, do they choose to order in a non-collinear way? This is a
question that despite decades of research has not found a complete answer yet. The
second part of this chapter, paper I, deals with this question.

In both papers, first principles calculations were performed using the APW+lo
method, that was discussed extensively in chapter 3. In paper Il a non-collinear
LMTO-ASA method [31] was employed as well to carry out some of the calcula-
tions.

5.1 Paper |

Complex magnetic behaviour can be found in low dimensional systems. Nowa-
days, high technology has been developed that permits us to built artificially low
dimensional magnets, for example, ferromagnetic multilayer or thin films. Nev-
ertheless, low dimensionality can also occur naturally in some systems. Some
crystals grow in such a manner that the magnetic atoms or ions are located in lay-
ers. Such is the case of TICo,Ses, which adopts the layered tetragonal ThCrsSis
(space group 14/mmm) crystal structure®. Composition and atomic distances influ-
ence largely the type of magnetic order observed in the ThCr;Sis-type family. The
magnetism in TICo,Se, is driven by the cobalt atoms which sit in square lattices
in two dimensions in the crystal structure. Its magnetic structure is displayed in
Fig. 5.1, however thallium and selenium atoms have been omitted since they do
not contribute significantly to the total magnetic moment. According to the study

1The crystal structure of TIC02Se is depicted in paper I.

27
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Figure 5.1: The magnetic structure of the TICo,Se; compound, where only the
cobalt atoms are displayed in the figure. The magnetic moments of the cobalt
atoms are arranged ferromagnetically within each layer and perpendicular to the c-
axis. An incommensurate helix runs along the c-axis with a turn angle of ~ 121°,
as it is indicated by the arrows on the cobalt atoms.

performed by Berger et al. [32], the cobalt atoms arrange ferromagnetically within
the layers and a helical structure develops along the c-axis with a turn angle 2 of
~ 121°. The cobalt magnetic moments lie in the ab plane. Since the experimental
model proposed by Berger et al. was deduced from weak magnetic contributions
from the powder diffraction pattern, a single-crystal investigation was suggested.
The aim of paper | is then to explore further the magnetism in the TICo,Ses by
means of single-crystal diffraction experiments and first principles calculations.
The calculated total energy is shown in Fig.5.2 as a function of the value of ¢,

2w
)
C

q=(0,0,9) (5.1)
relative to the energy of the ferromagnetic state. Different values of ¢ represent dif-
ferent magnetic structures. A ferromagnetic state is obtained when ¢ = 0 whereas
g = 1 corresponds to an antiferromagnetic state. Each g-value in between these
two values of ¢ characterize different spin spirals. The minimum in the energy
curve (Fig.5.2) at ¢ = 1 indicates that the ground state corresponds to the antifer-

2The turn angle is defined as the angle between the magnetic moments of each layer, ¢ = q - R,
where R stands for a translation lattice vector and q is the spin spiral wave vector that characterizes
the spiral structure. More details are given in chapter four.
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Figure 5.2: Total energy as a function of the value of g, relative to the energy of the
ferromagnetic structure (¢ = 0).

romagnetic configuration. This result does not quite agree with the powder neu-
tron diffraction result of a helical structure, which is supported by the single-crystal
diffraction data®. However, it can be observed in Fig.5.2 that there is a small differ-
ence, ~ 0.1 mRy, between the energy of the experimental non-collinear structure
and the antiferromagnetic configuration. The cobalt magnetic moment was deter-
mined to be ~ 0.5ug Which is in almost perfect agreement with neutron diffraction
data. Thallium and selenium atoms have no significant contribution to the total
magnetic moment.

5.2 Paper |l

The most common theoretical explanations for non-collinear magnetic ordering
involve either magnetic frustration in materials with crystal structures that have
anti-ferromagnetic exchange interactions [4] or nearest neighbour ferromagnetic
interactions that are of similar size to next nearest neighbour anti-ferromagnetic in-
teractions [33]. For the late rare-earths the RKKY interaction has also been argued
to cause non-collinear states [34]. In paper I, two criteria are identified which de-
termine whether a magnetic metal may be stabilized in a collinear or non-collinear
arrangement.

To illustrate these ideas, a schematic energy band of a hypothetical element is
displayed in Fig. 5.3. In a ferromagnetic state, spin up and spin down bands are
orthogonal and therefore they can not hybridize. This is represented by black and
light gray straight lines in Fig. 5.3. However, as it was discussed in chapter two,

3The results obtained by this experiments are detailed in paper I.



30 CHAPTER 5. RESULTS

\A1 down
band j
Fermi / //
Energy /
Spin down
band

>
]

<«

Energy (arbitrary units) —>
—>

a) k-axis —> b)

Figure 5.3: Schematic energy band structures of a hypothetical element. The black
and light gray straight lines stand for two orthogonal spin down and up bands re-
spectively in the ferromagnetic state. The presence of a non-collinear coupling
permits the hybridization of the two spin channels and the hybridized bands be-
come the gray-gradient, curved lines. The dashed horizontal line represents the
Fermi energy. Two different possibilities are shown in figure a) and b).

in the more general non-collinear formulation the one-electron states do not pos-
sess pure spin up or down character and the wave functions are described by two
component spinors (see Egn (2.13)). In the case of spirals, the generalized Bloch
spinors that diagonalize the spiral Hamiltonian were given in Egn (4.5). Conse-
guently, the presence of a non-collinear magnetic coupling such as in a spin spiral
state, allows the two spin components to hybridize. Such hybridization is depicted
in Fig. 5.3 as the gray-gradient parabolic curves. These two bands experience re-
pulsion which opens up an energy gap. If the hybridization gap occurs at the Fermi
energy, the band that has been pushed down will lower the total energy whereas
the band that has been pushed up will not contribute to the total energy, since it is
now empty. Fig 5.3b presents a similar situation but the mechanism that lowers the
total energy is not as efficient as in Fig 5.3a.

Two criteria for the formation of spin spirals can be deduced from the mecha-
nism sketched above. First, the Fermi energy should cut through both spin up and
down states. This condition excludes immediately strong ferromagnets such as bcc
Fe, hcp Co and fcc Ni, where the spin up band is filled. In contrast, spin spirals
are expected to be observed in fcc Fe, bcc Mn and fcc Mn at ambient conditions.
Secondly, the mechanism discussed in Fig. 5.3 is extra efficient if there is nesting
features® between spin up and spin down states. In that case, large areas of the spin
up and down Fermi surfaces can be brought together by a rigid shift in k-space of

4Fermi surfaces nesting was disscused in some detail in chapter four.
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length ¢. This guarantees that many k-points are involved in the energy lowering
process discussed above.

A simple model calculation can be carried out to estimate the hybridization
gap. The non-collinear component of the Hamiltonian, denoted by U, that gives
rise to the hybridization corresponds, in a matrix representation, to the off-diagonal
elements and will be considered for simplicity as a small perturbation to a ferro-
magnetic configuration of a material with free electron like band states. Thus, by
using the wave function defined in Egn (4.5) the resulting eigenvalue problem [35]
of this simple model can be written as

( )‘k—q/Q — & U ) ei(k’qﬁ)'rak

| —0, (5.2)
ez(k+q/2)-rﬁk

U )\k+q/2 — &

where A\, = h?k2/2m corresponds to the eigenvalue of the free electron bands. As
usual, a non-zero solution of Eqgn (5.2) requires the determination of the roots of
the secular determinant. Such a procedure, after some algebra, yields an expression
for the two roots e,

o, ¢ 1/ h\*(k-q)?

It was assumed in Eq. (5.3) that |U| < h(k - q)/2m. Each root in Eq. (5.3)
describes an energy band as shown in Fig. 5.3. The solution £ _ corresponds to
the lower energy of the two bands. Consequently, the hybridization gap Ae (see
Fig. 5.3), can be determined by evaluating the difference between the Fermi energy,
and _ at the Fermi wavevector kg, defined as the k-point where the spin up and
and spin down bands cross the Fermi energy (see Fig. 5.3),

2 hog? 1/ 1\ (k-q)?
Ae=—ki-ec =——2 +U+-(— . 5.4
T om T E om 4 +2<2m> U 4

It is clear that a larger gap causes a larger effect in lowering the total energy, and
we have identified a mechanism that stabilizes the non-collinear configuration.

Therefore, non-collinear systems are expected to occur provided that one can
tune the exchange splitting and/or the band filling. First principles calculations
were performed for several transition metal where the tuning of the exchange split-
ting was made either by modifying the volume or by using the so called fixed spin
moment method[36]. All elements that have been investigated, bcc V, bece and fcc
Mn, bce and fcc Fe, bee and fce Co, as well as bee and fce Ni, are found to favour
a non-collinear state after tuning the exchange splitting so that the mechanism il-
lustrated in Fig. 5.3 becomes operative.

Our analysis shows that a non-collinear state can be stabilized in any element
or compound provided the band filling and exchange splitting are tuned correctly.
This conclusion holds irrespective of the chemical composition of the material or
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the nature of the crystal structure. This means that complex magnetic structures
may indeed be found even though the crystal geometry in it-self does not give rise
to magnetic frustration.
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