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Abstract

In 2008 a new type of high temperature superconductors, the iron-based,
was synthesized. Since the discovery many new iron-based superconduc-
tors have been synthesized and the knowledge about them grows rapidly.
Ba(Fe1−xCox)2As2 is one of these new iron-based superconductors. It dis-
play a magnetic ordered phase, a superconducting phase, and a phase with
both magnetic ordering and superconductivity. The phase with coexisting
magnetic ordering and superconductivity is a new feature for the iron-based
superconductors.

In this thesis I use neutron scattering and muon spectroscopy to inves-
tigate magnetism and superconductivity in the 5% cobalt doped BaFe2As2
which display coexisting and competing order parameters. The combined
neutron and muon data on Ba(Fe0.95Co0.05)2As2 reveal antiferromagnetic
ordering below TN = 38.6 ± 0.6 K with an ordering vector Q=

(

1
2 ,

1
2 , 1

)

and a magnetic volume fraction of at least 84±1% independent of tempera-
ture. The data also confirmed bulk superconductivity below Tc = 19.6±0.4,
meaning we have coexisting superconductivity and magnetism. As almost
all the electrons both order magnetically and take part in the supercon-
ducting condensate the coexsitence of superconductivity and magnetism is
located on each individual electron.

The data reveal that superconductivity not only coexist with magnetism
it also competes and suppresses magnetism seen in the decrease of the neu-
tron intensity below Tc. The data show that it is the magnetic moments of
each electron not magnetic volume fraction which decrease below Tc. The
competition, as we will see, can be influence with an applied magnetic field,
which will suppress the effects from superconductivity and thus enhance
magnetism in Ba(Fe0.95Co0.05)2As2.

This picture of coexisting and competing order parameters, which can
be controlled with an external magnetic field was first developed to describe
iron-based superconductors, and this thesis is one of the first to demonstrate
experimentally.
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Dansk resume

I 2008 blev en ny type jernbaseret højtemperaturs superleder syntetiseret,
hvilket kom som en stor overraskelse, da jern er en leder, hvor alle tidligere
højtemperaturs superleder er isolatorer. Siden opdagelsen af denne nye type
superledere er b̊ade antallet af nye superleder der er fundet og vores viden
omkring dem hurtigt voksende. Ba(Fe1−xCox)2As2 er en af disse jernsu-
perledere. Dette materiale har en magnetisk ordnet fase, en superledende
fase og en fase vor vi ser sameksisterende superledning og magnetisk or-
den. Denne sidste fase er en ny opdagelse, først set i jernsuperledere. Det er
h̊abet at disse nye superledere kan f̊a os nærmere en teori for højtemperaturs
superledere.

I dette speciale har jeg, ved hjælp af neutron spredning og muon spek-
troskopi, undersøgt magnetisme og superledning i et 5% kobolt dopet BaFe2As2
krystal. I dette krystal sameksistere og konkurrer de magnetiske og su-
perledende ordnings parametere. Til sammen afslører neutron og muon data
at vores krystal ordner antiferromagnetisk under TN = 38.6 ± 0.6 K med
ordningsvektoren Q=

(

1
2 ,

1
2 , 1

)

. Muon data fortæller os at mindst 84±1% af
krystallet magnetisk uafhængigt af temperaturen. De samlede data fortæller
os ogs̊a at næsten hele krystallet er superledende med Tc = 19.6±0.4 K. Det
betyder at vi har et krystal hvor alle elektronerne er b̊ade superledende og
ordner magnetisk. Normalt er superledning og magnetisme konkurrenter,
men i dette krystal sameksistere de p̊a hvert enkelte elektron.

Data p̊aviser ogs̊a at superledning og magnetisme ikke bare sameksistens
men ogs̊a kæmper om de samme tilstande i elektronen. Dette kan ses i
neutron data hvor intensiteten af den magnetiske Bragg top bliver mindre
n̊ar vi passerer Tc. Data fortæller os at det er elektronens magnetisk moment
der bliver mindre n̊ar vi n̊ar under Tc. N̊ar vi s̊a p̊afører et magnetfelt p̊a
vores krystal undertrykkee superledningen og det magnetiske signal bliver
større.

Dette billede af sameksistens og konkurrerende ordensparametre man
kan styre med et eksternt magnetisk felt er et der først er kommet med jern-
superlederne, og dette speciale er et af de første til at eftervise det eksperi-
mentelt.
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Chapter 1

Introduction

Since the discovery of Superconductivity for more than 100 years ago it
has been one of the big research fields in condensed matter physics. The
discovery of the high temperature superconductors in the 1986 gave hope
for the possibility of a room temperature superconductor. This would have
many great advantages in the transportation and storage of electricity.

Even though 25 years has passed since the first high temperature super-
conductor, known as cuprates, was discovered it is still a mystery what the
underlying physics which makes them superconducting is. One key aspects
in which the high temperature superconductors differ from low temperature
superconductors are their proximity to magnetism. It is believed by many
physicist that it is this proximity that contributes to the pairing mechanism
of the electrons in high temperature superconductors.

In 2008 a new family of superconducting materials were found, the iron-
based superconductors, which in many ways resembled the cuprates. For
example both the iron-based superconductors and cuprates superconduc-
tivity emerges when you dope the parent compound. However, unlike the
cuprates which parent compounds are insulators, the iron-based supercon-
ductors parent compounds are metals. It is the hope that a detailed in-
vestigation of these iron-based superconductors, combined with our growing
understanding of the cuprates, can get us closer to a theory for high tem-
perature superconductors.

In this thesis I will present experimental work on the iron-based super-
conductor Ba(Fe0.95Co0.05)2As2. Besides being a superconductor is it also an
antiferromagnet and my main focus will be on the interaction between these
two properties. The 5% cobalt doped BaFe2As2 is interesting because of the
possibilities of a incommensurate spin density wave and the low temperature
phase with compeeting magnetic and superconducting order parameters. A
competion you can control by applying a magnetic field.

The sample was investigated with neutron scattering and muon spin
spectroscopy and my part of the experimental work was the last of the
neutron scattering experiment

As my sample is both an antiferromagnet and a superconductor, I will
give a brief summary of magnetism in solids in the first chapter and in
the second chapter of superconductivity. I will elaborate on the two main
experimental techniques, neutron scattering and muon spectroscopy, used
in this thesis in the following two chapters. In chapter 6 I will go through
some of the characteristics of Ba(Fe1−xCox)2As2 before I in chapter 7 and 8
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present the result of the muon and neutron experiments. Lastly I will look
closer into the competition of order parameters and the effect of an external
magnetic field on the competition before making my conclusions.

1.1 Acknowledgments

I will like to thanks Kim Lefmann for his guidance, Christof Niedermayer
for allowing me to be a part of his project and access all the data from
previous experiments, when my first project failed, Chennan Wang for the
resistivity measurement, Henrik Jacobsen for help with the simulations and
Jacob Larsen for the help to understand the muon spin resonance technique
and even more for the big help with analyzing the muon data.



Chapter 2

Magnetism in solids

BaFe2(1−x)Co2xAs2 is as mentioned both a superconductor and an antifer-
romagnet. Here I will elaborate on magnetism in solids relevant for under-
standing the behavior of my sample. This chapter is inspired by [1].

When a charge is circling in a loop, like the electron circling the nucleus
in an atom, it gives rise to a magnetic moment µ. A solid consist of many
atoms/magnetic moments and the magnetization M is defined as magnetic
moment per unit volume. In a solid in an applied magnetic field µ0H will
be a total field B

B = µ0(H+M), (2.1)

where µ0 is the permeability of free space. If the solid is a linear material
then

M = χH (2.2)

where χ is the magnetic susceptibility of the material.

2.1 Magnetism for a single ion

The motion of an electron orbiting the nucleus is associated with a so called
orbital angular momentum. The orbital angular moment dependents of
the state the electron is in and is described by the quantum number l and
magnetic quantum number ml. The magnetic quantum number ml can take
2l + 1 possible values.

The electron is also associated with an intrinsic angular momentum
called spin, which gives rise to a magnetic moment. Like for the orbital
angular momentum, there are two quantum numbers s and ms characteriz-
ing the spin state, where ms can take 2s + 1 possible values. An electron
has s = 1

2 so ms can take two values, namely 1
2 and −1

2 , referred to as spin
up and spin down.

The electron spin is described by the Pauli spin matrices

σ̂x =





0 1

1 0



 , σ̂y =





0 −i
i 0



 , σ̂z =





1 0

0 −1



 . (2.3)

The spin angular momentum operator is defined as Ŝ = 1
2 σ̂, with σ̂ =

(σ̂x, σ̂y, σ̂z).
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Looking at 2.3 one finds Ŝz to be the only diagonal operator so if the
spin is in the z-direction is the model describing the system very simple1.
Ŝz has the eigenstates

| ↑z〉 =
(

1

0

)

and | ↓z〉 =
(

0

1

)

(2.4)

with the spins pointing parallel and anti parallel to the z-axis respectively.
The corresponding eigenvalues of ms are

Ŝz| ↑z〉 = ms| ↑z〉 =
1

2
| ↑z〉, and Ŝz| ↓z〉 = ms| ↑z〉 == −1

2
| ↓z〉. (2.5)

and we get the the up and down state as described before.

2.1.1 Hund’s rules

Now we define L as the total orbital angular momentum of the ion and S
as the total spin angular moment like

L =
∑

i

li, S =
∑

i

si. (2.6)

However L and S are not individually conserved, but couple via the spin-
orbit interaction. Instead the total angular momentum defined as J = L+S
is conserved. The coupling between L and S splits the state with L and
S into energy levels with different J . This is known as the fine structure
splitting. J takes the values from |L − S| to L + S. Each level J has the
degeneracy of 2J +1 and can be split into mJ state by applying a magnetic
field.

Now it is possible to estimate the size of magnetic moment for an ion
using Hund’s rules:

1. Maximize S

2. Maximize L

3. J = |L± S|. Minus if the shell is less than half full and plus for more
than half full.

The two first rules can be understood from the Pauli exclusion principle to-
gether with minimization of Coulomb repulsion between the electrons. The
third rule minimizes the spin-orbit energy. The size of the magnetic moment
becomes µ = µBgJ

√

J(J + 1) where gJ is the Landé splitting factor. One
must be cautious here, the third rule assumes that the spin orbit interaction

1Often the coordinate system is chosen so the spin is in the z-direction because of this
simple model.
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is the second largest contribution to the energy next to the Coulomb repul-
sion. This is not always the case. In solids ions can not be considered free
but interact with the crystal field, which is an electric field from the neigh-
boring ions. The crystal field breaks the rotational symmetry of the crystal
and if it is large enough, as it can be for Fe2+, the spin-orbit interaction can
be neglected. This is know as orbital quenching and J = S is a much better
approximation in this situation.

2.1.2 An atom in a magnetic field

Looking at an atom in a magnetic field B the Hamiltonian contains three
terms, the kinetic and potential energy of the electrons and the energy aris-
ing from the spins being in a magnetic field, known as the Zeeman energy.

Ĥ =

Z
∑

i=1

(

[pi + eAri]
2

2me
+ Vi

)

+ gµBB · S (2.7)

where A is the magnetic vector potential. Rewritten it looks like this

Ĥ = Ĥ0 + µB(L+ gS) ·B+
e2

8me

∑

i

(B× ri)
2 (2.8)

where Ĥ0 is the original Hamiltonian without field, the second term is known
as the paramagnetic term and the third the diamagnetic, µB is the magnetic
moment of one electron and known as the Bohr magneton, g is the Landé
splitting factor and ri is the position of the ith electron. The paramagnetic
and diamagnetic term can be viewed as perturbations.

Diamagnetism

Consider an atom with no unfilled shells. It will have no net angular mo-
mentum and we only have to take the diamagnetic perturbation into con-
sideration. From the first order energy shift in the ground state due to
the diamagnetic term we find a negative magnetization and susceptibility.
Diamagnetism is independent of temperature.

This means that applying a field onto a diamagnetic substance will create
magnetic moments opposite the applied field, thus expelling it. All materials
display some degree of diamagnetism, but with diamagnetic susceptibility
being small, χdia ∼ 10−6, it can often be neglected

Paramagnetism

Now consider an atom which has partial filled shells and therefore a net
angular momentum determined by Hund’s rules. Assuming the interaction
between each magnetic moment is very weak these magnetic moments will
be pointing in random directions when no magnetic field is applied.
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Applying a magnetic field in one direction on a paramagnet at T = 0 K
will align the magnetic moments in the same direction as the field, because
this minimize the Zeeman energy. Consequently the magnetization increases
giving a positive susceptibility. An increase in temperature will randomize
the magnetic moment and remove the effect of an applied field. Therefore
it is clear that the magnetization will depend on the ratio B/T for param-
agnetic materials. Paramagnetism is usually stronger than diamagnetism.

2.2 Magnetic ordering

In some materials the interactions between the magnetic moments are not
negligible and the magnetic moments become ordered. The ordering de-
pends on the type of interaction. The magnetic dipole interaction will align
the spins in the same direction and depends on the distance between the mo-
ments. The dipole interaction is rather weak and cannot explain ordering
at temperatures above 1K.

The interaction explaining magnetic ordering above 1K is known as the
exchange interaction. It is a combination of Coulomb interactions between
the electrons and the Pauli exclusion principle. In cases with exchange
interactions the spin-orbit interaction can be treated as a small perturbation.

There are two kinds of exchange interactions; direct and indirect. Direct
exchange interactions, where the wave functions describing the interacting
electrons overlap, are rarely seen. Most of the time the interaction is me-
diated by a non-magnetic ion or conducting electrons, or in other words
indirect. The two kinds of interaction, direct and indirect usually give dif-
ferent kinds of ordering, ferromagnetic an antiferromagnetic respectively,
which I will describe below.

The strength of the interaction is described by the coupling constant
J , not to be confused with the total angular moment, and depends on the
distance between the ions. Nearest neighbor interaction is the strongest.
The interactions between third nearest neighbor and higher are smaller and
often they can be neglected.

If the interaction is isotropic in spin space it is described by the Heisen-
berg Hamiltonian and in a magnetic field it looks like this

Ĥ = −2
∑

〈ij〉

JijSi · Sj + gµB
∑

j

Sj ·B. (2.9)

where i and j are spin indices. 〈ij〉 mean we do not count the same spin
twice. The Ising model and the XYmodel are limiting cases of (2.9) when the
anisotropy is large. Anisotropy is unlike isotropy, when a specific direction is
preferred. The Ising model describes systems with the interaction along the
z-axis solely and in The XY model the interaction is only in the xy-plane.
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2.2.1 Spin configuration in the ground state

Finding the ground state of (2.9), even in zero-field, is a difficult many-
body problem except when we assume periodic boundary conditions and
translation symmetry so J only depends on the relative position of the spins
Jij = J(ri−rj). The following calculation follows [2] and is purely classical.

First we define the lattice vector as a, b and c where the length are the
lattice constants a b and c. Now we construct the reciprocal lattice vectors
as:

a∗ = 2π
b× c

a · b× c
, b∗ = 2π

c× a

a · b× c
, c∗ = 2π

a× b

a · b× c
(2.10)

and any lattice point q in reciprocal space can be described by a linear
combination of these three vectors.

q = ha∗ + kb∗ + lc∗ (2.11)

h, k and l are the miller indices. Normally when one wants to describe a point
in reciprocal space one only uses h, k and l. For example q = 1a∗+3b∗+2c∗

is written q=(1,3,2). A point in reciprocal space corresponds to parallel
planes in real space.

If we construct a linear combination of the spins Sj as

Sq = N−1/2
∑

j

Sj exp(−iq · rj) (2.12)

and define the Fourier transform of J(rj) to be

J(q) =
∑

j

J(rj) exp(−iq · rj). (2.13)

We can rewrite 2.9 in zero field to

H = −
∑

q

J(q)Sq · S−q, (2.14)

where q is usually defined to lie within the first Brillouin zone. To find the
ground state one can look for the q which minimize the energy in (2.14).
One will find that it is the order the ordering vectors±Q which satisfies
∑

q
Sq · S−q = NS2 and maximize J(q). The ground state energy becomes

Emin = −NS2J(Q). (2.15)

Fourier transforming (2.12) makes it is possible to find the relative direc-
tion of the jth spin from the order parameter Q and the position rj . With
some rewriting we get
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Sj = S(R cosQ · rj − I sinQ · rj), (2.16)

where R an I are unit vectors and perpendicular to each other. Now the
spin configuration of the ground state can be found.

All these calculation are done at 0K. Increasing the temperature will
add thermal fluctuations, At a certain critical temperature will the material
undergo a phase transition and become disordered.

Ferromagnetism

There are two limiting cases of (2.15). One is the case where Q = 0, sub-
stituting this into (2.15) we see that all the spins will point in the same
direction this is known as ferromagnetism(FM). We also see that for the en-
ergy in 2.15 to be minimized the coupling constant Jij must on average be
positive. The critical temperature is the temperature for which the systems
orders below. For ferromagnetism it is called the Curie temperature TC .

Another approach ferromagnetic ground state is to use the molecular
field approximation. Defining a molecular field at the ith site to be

Bmf = − 2

gµB

∑

j

JijSj (2.17)

and substituting it into 2.9 one gets a Hamiltonian looking like the Hamil-
tonian for a paramagnet in a magnetic field Bmf +B. Meaning a molecular
field created from the surrounding spins will align the spin.

When applying a magnetic field to a ferromagnet the phase transition
vanish and the magnetization becomes non-zero at all temperatures. The
direction of the applied field in the model is irrelevant, as the applied field
will turn the ordered spins in the direction of the field, but in real materials
anisotropy will makes the direction relevant.

Antiferromagnetism

The other limiting case of (2.15) is where Q lies on the boundary of the
Brillouin zone. In this limiting case Q · rj = nπ, where n is an integer. The
result is neighboring spins with antiparallel orientations. This is known as
Antiferromagnetism(AFM) and is displayed in Fig. 2.1. From 2.13 we see
that we get a negative coupling constant for two spins aligned antiferromag-
neticly.

A way to treat antiferrormagnetism is to split the lattice up into two
ferromagnetic sublattices, see Fig. 2.1. Then the molecular field approx-
imation can be used on each of the two sublattices and many calculation
becomes the same as for the ferromagnet. The critical temperature for the
antiferromagnet is called the Néel temperature TN .
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Figure 2.1: A 2D cubic structure with antiferromagnetic ordering. The
two sublattices are displayed in red and blue respectively. We also see
a antiferromagnetic unit cell being twice the size of the structural unit
cell.

There are several ways a crystal can order antiferromagneticly. For ex-
ample in a 2D cubic crystal all nearest neighbors can have opposite spin
as in Fig 2.1. Another possibility is with one direction antiferromagneticly
ordered and other direction ferromagneticly ordered, see Fig. 2.2a. Differ-
ent types of ordering gives different ordering vectors Q. For example the
2D order in Fig. 2.1 has Q = (1, 0) which is not a ordering vector for the
2D order in Fig. 2.2a. This has Q = (11). Different types of 3D order are
displayed in Fig. 2.2. Example of the respective Q’s for the different types
of antimferromagnetic order are for Fig. 2.2b Q = (12 ,

1
2 ,

1
2), for Fig. 2.2c

Q = (12 , 0,
1
2) and for Fig. 2.2d Q = (111)

The effect of applying a magnetic field to an antiferromagnet depends
strongly on the direction of the field. A field perpendicular to the spin
direction will rotate the spins towards the direction of the field. How much
the spins are rotated depend on the size of the field until spins and field
are parallel. Applying a field parallel to the spins in one of the sublattices
will, at the weakest fields turn spin perpendicular to the field, and then it
will behave as describe above. These behavior one sees in systems without
anisotropy.

If there is some anisotropy in the systems the effect of a parallel field
is quite different. Applying a field will do nothing (Fig. 2.3a) until at a
critical field. Here the system will do a “spin-flop transition” into different
configuration where all spins have one component in the direction of the field
(Fig. 2.3a). Further increase of the field will just rotated the spin directions
parallel to the field direction. If the anisotropy is large the system will do a
“spin flip transition” from antiparallel to parallel spin configuration at the
critical field.
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(a) (b)

(c) (d)

Figure 2.2: Examples of antiferromagnetic order (a) A two dimensional
antiferromagntic order (b)-(d) Different types of three dimensional . Red
represent spin up and blue represent spin down.

(a) (b)

Figure 2.3: The directions of the spins for an antiferromagnet with
anisotropy in a magnetic field applied parallel to the spins. (a) is before
spin-flop transistion and (b) is after [1]

2.3 Magnetism in metals

In the above derivations we assumed localized spins/electrons. This is not
the case in metals, where the electrons are so-called itinerant electrons and
the best way to describe them is as an electron gas2. To determine the

2The free or nearly free electron model [3].
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properties of the electron gas one looks at the Fermi surface. With the
(nearly) free electron gas it is possible to derive Pauli paramagnetism and
spontaneous FM in metals. I will however only look at the instability of the
electron gas known as spin-density waves(SDW).

2.3.1 Spin-density wave

A spin-density waves is a periodic modulation of the magnetization with
the wavelength 2π/Q and wave vector Q. If the Fermi surface of a material
has a form so one part can be translated by a vector unto another part,
the Fermi surface is said to be nested and the translation vector is called
the nesting vector. If the nesting vector is equal to the wave vector of the
spin-density wave, the system becomes unstable and from this instability a
spin-density wave can emerge. The Fermi surface with the nesting vector is
displayed in Fig. 2.4

Figure 2.4: Fermi surface of Chromium. The red arrow is an example
of a possible nesting vector [4]

The instability associated with SDW opens up a energy gap at the Fermi
surface lowering the total energy. This is analogous to superconductors
where the pairing of the electrons also opens up a gap at the Fermi Surface,
as I will explain in the next chapter.

If the nesting vector is equal to π/a, where a is the spacing between
the lattice points, then the SDW is commensurate with antiferromagnetic
ordering, Fig. 2.5a. If q is not a simple multiple of π/a the spin-density
wave is said to be incommensurate, Fig. 2.5b.
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(a)

(b)

Figure 2.5: (a) A commensurate spin-density wave in one dimension
with QSDW = π

a . (b) An incommensurate SDW in one dimension

2.4 Hubbard Model

Above I have given two pictures to describe magnetism, the local moment
picture with a Heisenberg Hamiltonian and the itinerant magnetism picture
based on the free electron model. These two models are combined in the
Hubbard model given by the Hamiltonian.

H = t
∑

jiσ

a†iσajσ + U
∑

j

a†j↑aj↑a
†
j↓aj↓ (2.18)

where j and i are lattice points, σ is the spin of the electron, a†j↑ creates
an electron with the spin ↑ at the lattice point j, aj↑ destroys the same

electron. a†j↑ and aj↑ are known as the creation and annihilation operators
respectively.

The first term in 2.18 is the kinetic energy and t is the likelihood for
the electron to be transfered from one lattice site to another, also known
as the hopping amplitude. The second term is the Coulomb interaction
with the Coulomb energy U . The relative size of t and U gives the physical
properties of the system. In the extreme casees where one of t and U is very
small(or zero) compared to the other it can be treated as an perturbation(or
perhaps even neglected completely) and we have one of the two models, the
Heisenberg Hamiltonian or itinerant magnetism, we started with initial.

For t ≫ U it is more energeticly favorable that the electrons are free
to move around in the crystal and behave as conducting electron. In this
case the Coulomb repulsion can be treated as a perturbation and itinerant
magnetism is the correct description. For t ≪ U the Coulomb repulsion
makes it energetic favorable for the electrons to be localized in the atoms
and the effect of t can be taken as a perturbation. In this case the Heisenberg
Hamiltonian is the valid picture.

In iron, which in its pure form is a ferromagnetic metal, the electrons
from the 4s orbital can be described by the first term of 2.18 solely. However
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the electrons in the 3d orbital are localized closer to the center of the atom
and t and U are comparable, making them both conducting electron and
correlated to each other and we need the full Hamiltonian in 2.18 to describe
them..

When the ratio between t and U is changed, for example with electron
or hole doping, the properties of the material changes. An example is the
cuprates where the parent compound is a Mott insulators. A Mott insulator
has only one free electron (or hole) per lattice site and strong Coulomb
repulsion makes it localized. However the kinetic energy is lowered if electron
is allowed to move. AFM order limits the hopping to only involve nearest
neighbor, thus making it an insulator. When doping cuprates with electrons
(or holes) it becomes superconducting and we go from the second term in
2.18 being the largest to the first term being the largest.
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Chapter 3

Superconductivity

H. Kamerlingh Onnes was the first to observe Superconductivity in 1911 a
few years after he was the first to liquefy helium [5]. Onnes was studying
resistivity in mercury to find out which one of the three competing theories
on resistivity at very low temperatures were correct. None of them involved
superconductivity so it was a great surprise, when suddenly the resistivity
dropped to zero at temperature below 4.19K. A new exiting state of matter
was found. The temperature where a material becomes superconducting is
called the critical temperature Tc. Below Tc one has the superconducting
state and above the normal state.

The best evidence of zero resistivity is the lifetime of the persistent
current. The persistent current is a current running in a closed ring without
an external power source. For a superconductor the lifetime is more than
1050 years. Another good evidence is the experimental upper limit to the
resistivity which is set to 10−23 Ω-cm [6]. For comparison pure copper has
an resistivity of the order 10−9 Ω-cm [6].

Two decades later, in 1933, an other equally important effect of the
superconducting state were discovered, the Meissner effect, named after one
of its two discoverers Meissner and Oschenfeld. They discovered that for
weak external magnetic fields a superconductor completely expels the field
meaning it is displaying perfect diamagnetism [6] with χ = −1. Analogous
to the critical temperature TC there is a critical field HC(T ) where the
superconductor also enters the normal state.

Not until 1957 did Bardeen, Cooper and Schrieffer came up with a theory
describing the superconducting phenomenon. It was build on the pairing
of electrons proposed by Cooper. One electron distorts the lattice when
traveling through the lattice, the next electron is attracted by the distortion
and thus the electrons are paired. These pairs are called Cooper pairs [3].
In the ground state for a normal metal (a Fermi gas) all the conducting
electrons lie on the Fermi surface and an infinitesimal small energy can
excite an electron. BCS-theory, named after its three discovers, tells us that
two electrons with momentum lying outside the Fermi surface, when bound
together have a lower ground state energy than the Fermi energy. This
creates an energy gab at the Fermi surface known as the superconducting
energy gap. Thus In contrast to a normal metal the energy needed to excite
this new ground state a finite size. The size of the energy gap is in fact the
energy needed to break the Cooper pair [6]

The reason for superconductivity is not that the electrons in Cooper pair



22 Superconductivity

do not scatter because in fact they do1 When the electron scatter only the
individual momentum of the electrons are altered the combined momentum
of the Cooper pair remains the same. In fact one cannot describe supercon-
ductivity in terms of the individual Cooper pairs. One must treat them as a
(Bose Einstein) condensate with one collective wave function [7]. This wave
function is chosen as the order parameter for the superconducting phase
transition and has the s-wave symmetry for conventional superconductors.

BCS-theory is limited by is assumptions of low temperature and predicts
an upper limit for Tc at 30K so it was a great surprise when J. G. Bednorz
and K. A. Müller in 1986 discovered a new superconducting material with Tc
above this limit [8]. The new system (La,Ba)2CuO4

2 contained copper ox-
ides, a brittle and poor conducting material, not a type of material expected
to find superconductivity in. After this discovery new materials with even
higher Tc were quickly found. All ready in 1987 the superconductor with crit-
ical temperature above the boiling point of nitrogen discovered [9] and the
current record is Tc =135K under ambient pressure [10] and Tc =164K under
high pressure [11]. These new superconductors are called high-temperature
superconductors (HTSC).

3.1 Type-I and -II superconductor

There are two types of superconductors, type-I and -II. the way to distin-
guish one from the other is to look at their behavior in a magnetic field.
Type-I superconductors display the Meissner effect until Hc and then they
enter the normal state. Type-I superconductors were the ones discovered
first and elemental superconductors are typically of this type.

Figure 3.1: The magnetic phase diagrams Type-I and -II superconduc-
tors. The difference between the two types of superconductors is seen
in the additional mixed state phase in the type-II superconductors.

Type-II superconductors also display the Meissner effect below a lower

1It is the scattering electrons which create the resistivity in normal wires.
2In the original paper denoted BaxLa5−xCu5O5(3−y)
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critical field Hc1. Above Hc1 is a mixed state where magnetic flux lines
penetrates the superconductors while superconductivity still persist. At an
upper critical field Hc2 the type-II superconductors also goes normal. The
Magnetic phase diagrams for type-I and -II superconductors are displayed
in Fig. 3.1

Classification of these two groups arise from the Ginzburg-Landau(GL)
theory. GL theory preceded BCS theory and is a phenomenological theory
describing the free energy of the “ordered” electrons in the low temperature
phase3. GL theory works with two characteristic length scales, the penetra-
tion depth and the coherence length. The penetration depth λ is a measure
of how deep the magnetic field can penetrate the superconductors4. The
coherence length ξ is the maximum distance between interacting electrons.
The GL parameter is defined as κ = λ/ξ.

It was known that type-I superconductors have κ < 1. Abrikosov inves-
tigated the other scenario κ > 1 and came up with a theory for the type-II
superconductor and the mixed state. He also discovered the breaking point
between the two types of superconductors [12].

κ <
1√
2
: Type-I superconductor (3.1)

κ >
1√
2
: Type-II superconductor (3.2)

HTSC have κ≫ 1 or λ≫ κ making them extreme type-II superconduc-
tors.

3.1.1 The Mixed State

To understand the mixed normal and superconducting state one has to con-
sider energy. Whenever there is a interface between two phases in a material
there is an associated surface energy. If this energy is positive the material
will try to minimize the surface. When the surface energy is negative it
becomes energetic favorable to create interfaces between the two materials.

All superconductors have positive surface energy at very weak magnetic
fields. This is why they tries to expel the magnetic flux lines and we see the
Meissner effect. However where type-I superconductors always have positive
surface energy, the surface energy will in type-II superconductors become
negative when the field is large than Hc1, thus allowing for magnetic flux
lines to penetrate the material like in Fig. 3.2a.

The magnetic flux lines are quantized and create small cylindrical regions
where the material is normal. These regions are called vortices and if there
are several they will order in the so-called Abrikosov lattice (Fig. 3.2b)

3later GL theory was derived as a limiting form of BCS theory by Gor’kov [12]
4The penetration depth was first derived in the London equation [12].
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which can be investigated with neutron scattering [12]. The magnetic force
from the vortex on some of the electrons in the superconductor creates a
current circling around it. This current, known as the shielding current, is
not part of the conducting current. The presence of vortices can be shown
with the muon pinning experiment as I will explain in a later chapter.

(a) (b)

Figure 3.2: (a) Schematic drawing of the vortices (blue) in the super-
conductor (green). The straight arrows represent the flux direction.
The circular arrows illustrate the shielding current, running around the
length of all the vortex lines (b) The Abrikosov lattice measured in the
niobium superconductor with small angle neutron scattering [13].

Estimates of λ and ξ can be found from the critical fields. At Hc1 there
is one flux line with the area of πλ which gives:

Φ0 ∼ Hc1πλ
2 (3.3)

where Φ0 = h
2e is the fluxoid or flux quantum. At Hc2 the effective area of

each vortexes is πξ2 and

Φ0 ∼ Hc2πξ
2 (3.4)

These estimates are in fact only a factor of 4 and 2 off from the correct value
HTSC can have very small lower critical fields Hc1 ∼ 0.1T and still have

extremely high upper critical fields Hc2 ∼ 100T.

3.2 Iron-based Superconductors

Until very recently all the HTSC discovered were cuprates. MgB2 discovered
in 2001 with TC =39K [14] is something between a conventional and a
HTSC. In 2008 the first iron-based superconductor (LaO1−xFxFeAs) was
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discovered [15]. In this section will I give an overview of the iron-based
superconductors and compare them to other superconductors. The section
is based mainly on [16] and the figures are from this article as well.

Initial iron-based superconductors were called iron-pnictides because of
their chemical composition with iron and arsenic/phosphorus, an example
is Li1−xFeAs [17]. After the discovery of chalcogen-based superconductors,
for example FeSe1−x [18], the was name changed. Chalcogens are elements
from the 16. group of the periodic table like pnictogens are elements from
the 15. group.

In table 3.1 I have listed some properties of different types of supercon-
ductors together with the iron-based superconductor for comparison.

Property
Conventional
superconductor Cuprates Iron-based

Tc(max) <30K 134K 56K

Correlations
effects

None, nearly-
free electrons

Strong local elec-
tronic interaction

Longe-range (non-
local) magnetic
correlations

Relations to
magnetism

No magnetism
Parent compound
are magnetic
insulators

Parent compound
are magnetic
metals

Order
parameter

One band, same-
sign s wave

One band, sign-
changing d wave

Two band, presum-
ably sign-changing
s-wave

Pairing
interaction

Electron-phonon Probably Magnetic
Presumably
magnetic

dimensionality Three dimension Two dimensional Variable

Table 3.1: Properties of different kinds of superconductors [16]

Figure 3.3: The overall structure of iron-based superconductor. They
are composed of Fe ions (red) sandwich between pnictogens or chalco-
gens (blue) with a separating filler layer(gray). Some Iron-based super-
conductors do not have a filler layer [16].

The structure of the iron-based superconductors is layers of iron atoms
with a layer of pnictogens or chalcogens on each side and a filler layer between
as in Fig. 3.3. The layers are repeated through out the superconductor.
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The Atoms in the filler layer differs for the various superconductors, for
example Ba or LaO, it can even be non existing as in FeSe1−x. The systems
anisotropy depends on this filler layer. Layered structure like this is also
seen in cuprates.

The parent compounds of both cuprates and iron-based superconduc-
tors display AFM order. Cuprates displays classical AFM with neighboring
spins anti parallel as in Fig. 2.2b. Iron-based superconductors on the other
hand are ferromagnetic in one direction and antiferromagnetic in the other
directions [19] as in Fig. 2.2c, this also gives them different ordering vector
as described in section 2.2.1.

The parent compounds of cuprates have one valence electron with spin
of 1/2 for each Cu atom which makes them strong magnets. Because the
two electrons from separate Cu atom are situated on the same Cu atom
the electrons are localized (due to Coulomb repulsion), this makes cuprates
Mott insulators as described in 2.4. Upon doping (electron or hole) extra
charged carrying electron are introduced and the number of electrons con-
tributing to the the magnetization are reduced. When the doping is high
enough the static magnetism is completely destroyed and superconductivity
emerges. Temperature still destroys superconductivity and the temperature
vs. doping phase diagram is seen in Fig. 3.4a. The symmetry of the or-
der parameter for cuprates are sign chancing d-wave because of the large
anisotropy

(a) (b)

Figure 3.4: Schematic temperature verses doping phase diagrams for
(a) cuprates and (b) iron-based superconductors. The different phases
of the two types of superconductors are displayed [16].

In the same way as the cuprates superconductivity in iron-based super-
conductors emerges when magnetism is compressed due to doping. However
iron-based superconductors differs from cuprates in strength of the Coulomb
interaction. In iron-based superconductors it is rather weak and the elec-
trons are delocalized, making iron-based superconductors metallic in the
normal state. Because Iron-based superconductors are metals, with charge
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carrying electrons even without doping, doping is not the only way to reach
superconductivity in these superconductors. Another way to suppress mag-
netism is by applying pressure [20]. Magnetism do not have to be completely
destroyed in iron-based superconductors before superconductivity emerges,
instead magnetism and superconductivity coexist as seen in the phase dia-
gram in 3.4b.

The assumption of a collective wave function (the order parameter) for
the superconducting phase is believed also to be valid for HTSC. HTSC
are anisotropic which alters the symmetry of the order parameter and the
energy gap because the energy gap is proportional to the order parameter.
Cuprates display sign changing d-wave symmetry5 which means they have
nodes in the order parameter and energy gaps, resulting in a minimal energy
gap equal to zero [16].

Looking at the Fermi surface for a typical iron-based superconductor,
Fig. 3.5, one sees electrons(holes) in two bands. This rules out d-wave
symmetry for iron-based superconductors because of the lack of nodes in
some of the Fermi surface. Left are the possibility for an ordinary s-wave
symmetry or a s± symmetry, where experiments favors the last one.

Figure 3.5: A typical Fermi surface for a iron-based superconductors.
This Fermi surface is calculated for 10% doped LaFeAsO. Experimen-
tally observed Fermi surfaces display simular geometries. The arrow
shows the momentum Qm connecting the two Fermi surfaces [16].

The two Fermi surfaces for an iron-based superconductor (Fig. 3.5)
display nesting with a wave vector Qm. At the same wave vector Qm a
peak in the inelastic neutron spectra is detected meaning there are spin
fluctuations at Qm. The fact that it is the same Qm could indicated that
the spin fluctuations is the electron pairing mechanism. For spin fluctuations
to be the pairing mechanism a sign change of the order parameter for the

5Superconductivity adopted the wave notation from atomic physics describing the or-
bitals.
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two Fermi surfaces connected by Qm is necessary, meaning theory also favors
the s± symmetry

It is the hope that with better understanding of the iron-based super-
conductors (and the cuprates) it becomes possible to understand the pair-
ing mechanism (perhaps it is spin fluctuations) in these superconductors and
thereby complete the theory for HTSC. Hopefully a unified theory for HTSC
can bring us closer to room temperature superconductor (if it is possible).



Chapter 4

Neutron scattering
technique

Neutron scattering like x-ray scattering is a bulk techniques averaging over
the hole sample. It is used to investigate static and dynamical structures of
materials from proteins to superconductors. In this chapter I will give an
overview of neutron scattering with emphasis on magnetic scattering. The
chapter is inspired by [21]

There are several advantages with neutron scattering compared to other
techninques. For example the neutron has no charge and will normally not
interact with the electron in the crystal such as x-ray does. However if there
are unpaired electrons in the crystal will the magnetic moment from the
neutron interact with the magnetic moment from the unpaired electrons.
Another importance is that neutrons easily penetrate matter, which allows
us to mount the crystal in a cryostat or cryomagnet, thus enabling us to
change the sample environment such as changing temperature and applying
external fields.

Two other examples are; the very short timescale for neutron interac-
tions, t < 10−10s allowing us to observe very fast dynamics of our sample.
The wavelength and energy of neutrons which is of the same order as inter-
atomic distances and its energy is similar two the excitations in the solid.
However neutron scattering is a relatively slow and expensive technique,
compared to x-ray for example, because of the low flux of the neutron beam
and the cost to produce the beam.

The main reasons for using neutrons in this thesis is their capability to
map out magnetic order and the possibilities for extreme sample environ-
ment.

4.1 Scattering off an atomic structure

Quantum mechanics tells us that the neutron can be treated both as a
particle and a wave. This Fact we makes use of in neutron scattering, where
the neutron only is treated as a wave when it scatters, at any other time it
is treated as a particle.

The partial differential scattering cross section is define as a measurement
of how many neutrons are scatter per second in a solid angle Ω with a certain
energy Ef
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d2σ

dΩdEf
=

1

Ψ

no. of neutrons scattered per sec. into dΩ with energies[Ef ;Ef + dEf ]

dΩdEf

(4.1)

where Ψ is the incoming flux. With some calculations the partial differential
becomes:
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(4.2)

where ki and kf are the wave numbers of the initial and final wave, mn is

the mass of the neutron, |λiψi〉 and |λfψf 〉 are the initial and final state, V̂
is the interaction responsible for scattering and Eλi

and Eλi
are initial and

final energy respectively, and ~ω is energy transfer. Eq. (4.2) applys for
both elastic and inelastic neutrons scattering. In elastic scattering ki = kf ,
and ~ω = 0 which means the δ−function and wave numbers vanish.

The interaction between neutron and nucleus is the strong nuclear force
and is expressed by the Fermi pseudopotential

V̂j(r) =
2π~2

mn
bjδ(r− rj) (4.3)

where rj is the position of the jth nucleus and bj is the so-called scattering
length for the jth nucleus. The scattering length bj varies randomly between
different elements, even between different isotopes. This makes it easier to
distinguish different elements and isotopes from each other. For example is
1H with b = −3.742 fm easily distinguished from 2D with b = 6.674 fm [21].

In neutron scattering experiment there are to types of scattering from
a crystal; coherent and incoherent. Coherent scattering originates from the
atoms with same bj and is normally the signal we want. Incoherent scatter-
ing arise from variations between bj for the nuclei. This can be caused by
variations in spin directions of the nuclei or of variation in isotopes or ele-
ments. For bulk samples incoherent scattering gives rise to a uniform back-
ground which one normally would like to minimize. Incoherent scattering is
not the only background, for example the sample holder also contributes to
the background

4.2 Magnetic Diffraction

The neutron is a spin half particle thus it has a magnetic moment. Because
of the magnetic dipole moment the neutron can be affected by local magnetic
fields inside a material. In this chapter i will assume that the local magnetic
fields originates from the atomic magnetic moments and that they only arises
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from the spin of electrons in unpaired atomic orbitals. To determine the
total angular moment of an atomic ion one would use Hund’s rules explain
in section 2.1.1.

The interaction responsible for magnetic neutron scattering is the Zee-
man term in the Hamiltonian (HZ). For a neutron with the moment µ

interacting with a magnetic field B created by one spin it becomes

HZ = −µ ·B = (−γµN σ̂) ·
(

−µ0
4π
gµb∇×

(

s× (r-rj)

|r-rj |3
))

, (4.4)

whereγ is the gyromagnetic ratio, µN is the nuclear magneton, σ̂ is the
Pauli matrices derived in (2.3) for the neutron and rj is the position of the
electron spin s. Using HZ as the scattering potential in (4.2) we can get an
expression for the magnetic differential cross section.

4.2.1 Scattering of an AFM structure

Doing some rewriting and omitting the terms concerning inelastic scattering
we get an expression for the differential cross section of scattering on a
magneticly ordered structure.

dσ

dΩ

∣

∣
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m

= (γr0)
2
[g

2
F (q)

]2
exp(−2W )

N(2π)3

V0
|FM (q)|2

×
∑

τ

δ(q− τ −Q), (4.5)

where r0 is the classical electron radius, F (q) is the magnetic form factor
connected to the electrons distribution around the nucleus, exp(−2W ) is
the so-called Debye-Waller factor (lattice vibrations), N is the number of
unit cells, V0 the volume of the unit cell, q = ki − kf the scattering vector
displayed in Fig. 4.1, τ = ha∗ + kb∗ + lc∗ the reciprocal lattice vector, Q
the magnetic ordering vector and FM (q) is the magnetic structure factor

From the δ-function in (4.5) one finds the Laue condition

q = τ +Q, (4.6)

when rewritten it becomes Bragg’s law nλ = 2d sin θ where d = 2π/|τ+Q| [3]
is the distance between the scattering planes and θ the angle of the incoming
beam relative to the scattering plane (see Fig. 4.1). There is no coherent
scattering if the Bragg condition is not fulfilled. However the reverse is not
always the case, sometimes the coherent scattering i zero even though the
Bragg condition is fulfilled. This occurs when FM (q) = 0.
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Figure 4.1: Drawing of q, ki, and kf relative to the scattering plane.
Also included are the scattering angle θ and d the spacing between the
scattering plane.

FM (q) is a sum over the magnetic unit cell

FM (q) =
∑

j

exp(−iq ·∆j) 〈sj,⊥〉 , (4.7)

where ∆j is the position of the magnetic ion in the unit cell and 〈sj,⊥〉 is the
thermal average of the spin component perpendicular to q. Besides when the
spin is parallel to q, FM (q) can also become zero if

∑

j exp(−iq·∆j) = 0. An
example is my sample with two spins in the unit cell position at∆1 = (0, 0, 0)
and ∆2 = (12 ,

1
2 ,

1
2) in the unit cell. In this case

FM (q) ∝ 2 + 2 exp(iq∆) = 2 + 2 exp(i2π(h
1

2
+ k

1

2
+ l

1

2
)) (4.8)

where h, k and l are the coordinates of q. For q= (0, 0, 1) h1
2 + k 1

2 + l 12 = 1
2

and FM (q) = 0, meaning q= (0, 0, 1) is not an allowed scattering vector.
Examples of ordering vectors which allow scattering are Q= (12 ,

1
2 , l), where

l is odd.

One has to be aware of the size of the unit cell when doing magnetic
scattering because the structural and magnetic unit cell may not be the
same size. For example the minimal antiferromagnetic unit cell is twice the
size of the minimal structural unit cell ( see Fig. 2.1). To cope with this
one has two choices. you can keep the structural lattice parameters, then
the magnetic Miller indices are half of the structural Miller indices as on the
drawing in Fig. 4.2, or you can use the the bigger magnetic unit cell and
the magnetic Miller indices are the same as the structural. Either way the
size of q is halved. Usually the first option is chosen.
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Figure 4.2: Scattering points in reciprocal space. Blue dots are scat-
tering from the crystal structure and the red dot is from the antifer-
romagnetic order. Antiferromagnetic order creates also scattering at
additional points.

4.3 RITA-II: A triple-axis Spectrometer

RITA-II1 is a cold neutron triple axis spectrometer situated at the Paul
Scherrer Institute in Switzerland. Triple-axis instruments are called so, be-
cause in these instruments the neutron change direction 3 times (by scatter-
ing, each scattering point creates an axis) before detection. For a schematic
drawing of a triple-axis see Fig. 4.3.

Figure 4.3: Schematic drawing of the triple-axis spectrometer where ω
is the sample rotation angle and 2θ is the scattering angle. A2, A3, A4
and A6 are the names for the motors at RITA-II.

Following the path of the neutron from the source to the detector the

1
ReInvented Triple-Axis
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neutron first encounters the monochromator where ki is select from the
“white” beam by with a Bragg scattering crystal. In Bragg scattering you
use Bragg’s law to find the scattering angle of your monochromating crystal
corresponding to the ki you want. One problem with this type of monochro-
mator is that, it will not only reflect the neutrons with λi it will also reflect
the neutrons with λi/2. These are known as second order neutrons.

Next is the collimator. This is a set of thin sheets of neutron absorbing
material which remove the neutrons traveling in the wrong direction. This
lowers the divergence of the neutron beam. The lower divergence the better
spatial resolution we get in the end.

After the collimator is a monitor. The monitor is basically a poor de-
tector which only detects a fraction of the neutrons. The monitor is needed
when the intensity of the neutron source varies in time, such as a spallation
source does. fluctuating intensities of the neutron beam makes counting in
time interval a bad idea if one wants to compare different data.

Then comes the sample. The sample can be rotated by changing ω.
Often one has the sample mounted in a cryostat or cryomagnet to control
the sample environment. At RITA-II it is possible to mount the sample in
a 14.9T cryomagnet with a temperature range from 1.6K to 300K.

Next is the analyzer, which again is a scattering crystal(monochromator)
where one select the kf to detect. Position(2θ) and rotation(2θA) of the
analyzer determines kf . For elastic scattering 2θM = 2θA. At RITA-II the
analyzer consist of nine blades, where in elastic mode each blade scatters in
a different 2θ. The analyzer is depicted in Fig. 4.4

Figure 4.4: Drawing of the analyzer and detector at RITA-II [22]

Last is the detector. At RITA-II it is a Position-Sensitive-Detector(PSD)
where each of the 9 blades are allocated an area of the PSD see Fig. 4.5.
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The analyzer and dectector are located in at tank to remove contamination
from background radiation.
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Figure 4.5: 2D picture of the PSD from scattering of a vanadium sample.
Scatters from from each of the 9 blades is easily distinguished. This
scan is used to normalize the blades, because vanadium only scatters
incoherent

To avoid contamination from second orders neutrons, in elastic exper-
iment, and elastic scattering in inelastic experiment one can place filters
between the monochromator and sample and between sample and analyzer.

For further reduction of divergence one can also place slits just before the
sample and analyzer. One can also place an additional collimator between
the sample and analyzer to reduce the divergence.

4.4 Experimental consideration

When scattering from a crystal the intensity is not a δ-function in the Bragg
reflection as one might think looking at (4.5), but is equally distributed
around the Bragg reflection with a finite height and width. The distribution
is assumed to be Gaussian and the broadening is the Full Width Half Max
(FWHM). The origin of the broadening is usually divided into two, one from
the sample an one from the instrument.

The broadening from the sample can be from imperfection(mosaicity),
dynamics and size of the sample. For a crystal it reflects the range of order-
ing, short range order gives a broad peak and vice versa. The broadening
from the instrument arise from imperfect monochromators and beam di-
vergence and is known as the instrument resolution. One way to find and
extract the instrument resolution from the data is to simulate the instru-
ment with the Monte Carlo ray tracing program McStas [23,24]. In McStas
simulations one can use a perfect and completely static crystal and the only
broadening seen in the simulation would be from the instrument. You can
also simulate the broadening from the mosaicity with Mcstas and separate
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this effect from the rest. The more precise we know an effects influence on
the broadening, the better we can determine its origin.



Chapter 5

Muon spectroscopy

Muon spectroscopy also known as µSR (muon spin rotation/relaxation/reso-
nance) is a magnetic probe where muons are implanted in the sample of
interest to investigate the physical properties of the sample . Unlike neutron
scattering where each neutron is affected by the all the spins in sample, each
muon is only sensitive to the nearest and next nearest spin. The timescale
for muons are longer than for neutron scattering, t lies between 10−10 s and
10−6 s, therefor one cannot detected as fast dynamics of the sample with
muons as one can with neutrons. Doing µSR experiments is relatively fast
compared to neutron scattering experiments. In this chapter I will give an
overview of µSR on the General Purpose Surface-muon instrument (GPS)
on the πM3 beamline at the Swiss muon Source (SµS), located at PSI based
on [25] and the relevant theory based on [26]. I will only work with the
positively charged muons.

5.1 Experimental setup

In a µSR experiment muons are implanted in a sample where they are af-
fected by the local magnetic field until they decay. These decays are then
detected and a data set is a histogram of the detected decays as function of
time. This is of course very simplified, and will be detailed below.

5.1.1 Muon production

To create a polarized muon beam one first creates pions (π+). Pions are
created when a proton beam hits a the target made of a material with a
low atomic number Z. At the πM3 beamline the target is made of graphite.
The decay processes which creates a pion are:

p + p −→π+ + p + n and (5.1)

p + n −→π+ + n + n. (5.2)

The pion is an unstable particle with a lifetime of τπ = 26ns and decays into
a muon and a neutrino

π+ −→ µ+ + νµ. (5.3)

Particle physics tells us that the helicity, the projection of the spin unto
the moment, of the neutrino is H = −1. Because of energy and momentum
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conservation and because the spin of the pion is zero the muon must also
have its spin antiparallel to its linear momentum as depicted in Fig 5.1. This
gives a muon beam polarized antiparallel to its linear momentum.

Figure 5.1: Drawing of the directions of the spin and momentum for the
muon and neutrino in pion decay. [27].

The above discussion assumes the pions to be at rest. This assumption
is justified for the so-called surface beam like the πM3 beam. Muon in
a surface beam is created at or near the surface of the target to be able
to escape the target, thus the name. In a high momentum muon beam,
pions are not at rest when decaying and consequently the muon beam is
depolarized. High momentum beams, which were the first to be produced,
will not be considered here.

To avoid contamination from other particles, such as positrons, a sur-
face muon beamline needs a separator. A separator uses an electric and a
magnetic field to select the particles with the correct charge and mass. This
is setup so that the Coulomb and Lorentz forces only cancel each other for
the muon. At the πM3 beamline the separator can also be used as a spin
rotator chancing the direction of the polarization. The separator at the πM3
beamline can rotate the polarization up to ∼ 60◦

5.1.2 Samples and detectors

In µSR one wants the muon to stop inside the sample, so the sample must be
big enough or the energy of the muon beam low enough for this to happen.
The high momentum muon beam demands samples to be thick in beam
direction, several g/cm2 for the cross section of the muon beam. Surface
muons only needs sample with Thickness around 100 mg/cm2, preferably
covering the hole cross section of the beam, but smaller samples can be
used. Slowing the muons down does not affect the spin polarization, which
allows one to use a cryostat to control the temperature of the sample.

When the muon is at rest in the sample it starts precessing due to dipole
interaction with the local magnetic field Bloc at the muon site. The local
field is the sample field and external field combined.

Bloc = Bdip +BFermi +Bext +Bdem +BLor (5.4)
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where Bdip is the dipole interaction between muon and lattice spins, BFermi

is the Fermi contact field caused by the polarization of the electrons and it
relaxes the precession of the muon, Bext is the applied magnetic field, Bdem

is the demagnetization field, not present in an antiferromagnetic systems,
and BLor is the Lorentz field, which is the field at the center of a hypothet-
ical sphere. BLor is invoked to remove the effects of demagnetization, and
therefor it is not present in an antiferromagnet either. After some time the
muon decays into a positron, which is emitted preferably in the direction
of the spin. Detecting the positron will therefore tell us the approximate
polarization of the muon from the sample.

A timer is started when the muon is implanted in the sample and stopped
when the positron is detected. A dataset then consist of a histogram of
counts versus time spent in the sample. In µSR there are always at least 2
detectors, a forward and a backward detector located on completely opposite
sides of the sample. If the Bloc is nonzero there will be different count
numbers in the two detectors. From this asymmetry as function of time
one can deduce Bloc. Due to the coulomb repulsion between the muon and
nucleus, the muon always stops at the same point in the unit cell independent
of the position of the unit cell in the sample. This enables one to one to
find the magnetic fraction of the volume in the sample from µSR, as I will
explain later.

Figure 5.2: Drawing of the detector configuration at GPS. U, D, F, and
B is the up, down, forward and backward detector respectively. M is
a muon detector starting the timer. The Fveto and Bveto detectors are
to detect muon which do not hit the sample. If the sample stops all
the muons can the counts from Fveto be added to the forward detector
counts.
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The detector configuration at GPS is a little more complicated with eight
detectors. Except for a side positron detector the setup is depicted in Fig.
5.2. Here one gets an asymmetry function from either the forward/backward
or up/down detectors. Sometimes the two asymmetry functions are com-
bined to one function. At GPS it is possible to have samples smaller than
the cross section of the muon beam. If that is the case one uses Fveto to
detect the muon which do not hit the sample.

5.1.3 Determination of the spin polarization.

The muon has a lifetime of τµ = 2.2µs and decays through the weak nuclear
process:

µ+ −→ e+ + νe + νµ (5.5)

where νe and νµ are the neutrino and antineutrino associated with the elec-
tron and muon. The positron is the only particle detected.

The direction of the positron depends on the direction of the muon spin
the instant it decayed. According to the theory of the weak interaction, the
probability for the positron’s direction to have an angle θ to the muon spin
given by

W (θ) ∝ [1 + aas(ε) cos θ] (5.6)

where aas(ε) is a asymmetry parameter between 0 and 1. The distribution
in (5.6) is displayed in Fig. 5.3 for aas(ε) = 1. The asymmetry favors
positrons emitted in the muon spin direction and make it possible to find
this direction. In real experiments aas(ε) is substituted with a0 ≈ 0.25 and
the asymmetry is less pronounced.

Figure 5.3: The angular distribution of the positron from a muon decay
for aas(ε) = 1. The big arrow represents the muon spin. Figure from
[28].
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5.1.4 The external magnetic field

The external field is usually applied in one of two direction, longitudinal(LF)
or transverse(TF). In the longitudinal mode the field is applied parallel to
the beam polarization. In the transverse mode the magnetic field is applied
perpendicular to beam polarization. Normally zero field is considered to
be a special case of the longitudinal mode. At GPS the longitudinal and
transverse fields are generated from the same magnet with field along the
muon beam. The transverse mode is then reached by rotating the spin
polarization.

5.2 How to treat data

As mentioned before the asymmetry function contains information about
the physical properties of the material and here I will show how to extract
them.

The number of detected positrons from one detector is

N±(t) = N0(exp(−t/τµ)[1± a0P (t)] + belec), (5.7)

whereN0 sets the scale of the number of counts. belec is the time independent
background. The exponential function takes the finite lifetime of the muon
into count. [1±a0P (t)] is the probability for the positron to hit the detector
and is basically (5.6). If we substitute

aas(ε) ⇒ a0 (5.8)

and

cos θ ⇒ P (t) (5.9)

for generalization and (5.6) becomes:

W (θ) ∝ [1 + aas(ε) cos θ] = [1± a0P (t)] (5.10)

N+ denotes the muons detected in the forward(up) detector and N− the
backward(down) detector.

Subtracting one detector from the other one obtains the asymmetry func-
tion

A(t) = a0P (t) =
N+(t)− αbalN−(t)

N+(t) + αbalN−(t)
. (5.11)

Here the background has been neglected. The constant αbal is to balance
the two detectors as they may not cover the same solid angle and P (t) is
the polarization function. We see that the asymmetry function, and thus
the polarization function, is independent of N0 and τµ.
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5.2.1 The polarization function

From (5.7) we see that the information about the physics of the sample lies in
P (t). P (t) is a measurement of the projection of the muon spin polarization
onto the positron direction here denoted dp. As a typical muon experiment
contains a few million positron decays, we only considerer the average of the
spin polarization, so

P (t) =
〈Sµ(t)〉
Sµ(0)

· dp. (5.12)

Now we find the solutions to (5.12). This is done with the classic vectorial
method to describe the spin Sµ(t). The derivative of the angular momentum
of an object is given by the torque on that object. The only torque on the
muon spin is the local magnetic field Bloc and we get:

dSµ(t)

dt
= γµSµ(t)×Bloc(t) (5.13)

This is the Larmor equation where γµ = 135.5MHz/T is the gyromagnetic
ratio of the muon.

Without solving (5.13) we note that the modulus of Sµ(t) is time in-
dependent, meaning Sµ(t) = Sµ(0). Assuming a time independent mag-
netic field Bloc gives a time independent angle between Bloc and Sµ(t). If
we define a set of orthogonal unit vectors (u,v,w) with u ‖ Bloc, v ‖
(Sµ(0)− [Sµ(0) · u]u) and w = u× v, we can find a solution to the Larmor
equation:

Sµ(t) = S‖
µ(0)u+ S⊥

µ (0)[cos(ωµt)v− sin(ωµt)w], (5.14)

with ωµ = γµBloc. We see that Sµ(t) precess around Bloc with the precession
frequency νµ = ωµ/(2π).

Letting dp = Sµ(0)/Sµ(0), as it is in the usual experiments, we can
find the polarization function. By substituting this dp into (5.12) and using
(5.14) we get a general expression for P (t).

Normally in µSR experiments the coordinate system is chosen so theBloc

is parallel to the z−axis. Then the transverse and longitudinal polarization
functions become

PTF (t) = cos(ωµt) and PLF = 1 (5.15)

5.3 Superconductivity and µSR

The above equations assume uniform local field at all muon sites. In a real
experiment the muon can stop outside the sample for example in the sample
holder or cryostat and it can stop in non magnetic part of a superconductor.
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To accommodate this we use a polarization function with two terms, one for
the magnetic fraction and one for the non-magnetic fraction. Furthermore
if there is some kind of field distribution, for example Lorentzian, it will
dephase the muon polarization and the polarization function will be relaxed.
In zero and transverse field the respective polarizations functions for a two
domain sample with Lorentzian field distribution become

PZF (t) = A1 exp(−λZF
1 t) +A2 exp(−λZF

2 t) (5.16)

and

PTF (t) = P (0)[B1 cos(ωµ,1t) exp(−λTF
1 t) +B2 cos(ωµ,2t) exp(−λTF

2 t)]
(5.17)

where λ is the relaxation rate.

A general rule is; if your sample has more than one magnetic property,
you need the same number of polarization functions as magnetic properties.
If the properties are independent of each other you add the polarization func-
tions. In the case the properties are not independent, the must polarization
functions be multiplied.

5.3.1 The pinning experiment

Figure 5.4: A pinning experiment displaying the Fourier transformed
TF µSR data on Ba(Fe1−xCox)2As2 with x = 0.1(solid line) and x =
0.125(dashed line) in am external field of 95 mT at T =5 K. The pinning
effect is seen with the broad peak at field applied under cooling 100 mT
and the narrow peak at the reduced field of 95 mT [29].
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Even though muons only interact with magnetic moments you can with
the muon pinning experiment also get indication whether the sample is a
bulk superconductor.

When applying a magnetic field to a superconductor vortices with shield-
ing current are created, these vortices can be detected with muons as they
are magnetic regions. In the pinning experiment you field cool the sample
(cooling the sample in applied field) well below the superconducting transi-
tion temperature. Then you reduce the field a little (∼ 0.05T) and measure.
If the field applied under cooling is high enough and sample is a supercon-
ductor the vortices will freeze, meaning no changes in the flux lines. It is
the shielding current around the vortices which freezes the vortices. In this
case the vortices will not response to a small reduction in external field.

The lack of respond is seen in the Fourier transformed High transverse
field muon spectrum. In the Fourier transformed spectrum a frequency
corresponds to a field and a peak in the spectrum means that some muons
felt the field at the peak position. In the pinning experiments we have
two peaks a broad peak and a narrow peak. The broad peak originates
from the muon stopping inside the sample with the local field from the
vortices. The narrow peak originates from the muons stopping outside the
sample with the local field equal to external field. An example of the pinning
experiment is seen in fig. 5.4. Even though vortices are regions with reduced
superconductivity or no superconductivity at all, the majority of the sample
must be superconducting for pinning to be effective. If the sample was not a
bulk superconductor the flux lines from the magnetic regions would deflect
the shield current thus making the destroy superconductivity.
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Ba(Fe1−xCox)2As2

Even though the iron-based superconductors are a rather new family of
materials, it is a large family of materials. Many of the properties have
already been discovered and the literature is quite extensive. My sample,
Ba(Fe0.95Co0.05)2As2, is an iron-based superconductor and was first syn-
thezised in the last half of 2008 [30]. In section 3.2 I went through some of
the general properties of the iron-based superconductors and in this chapter I
will look closer into some of the properties characterizing Ba(Fe1−xCox)2As2.

As Ba(Fe1−xCox)2As2 is a fairly new kind of material the literature has
not settled on one picture to describe magnetism, but switches between the
Heisenberg picture and the itinerant electron picture.

6.1 Crystal structure and magnetic order of the
Parent compound

The parent compound BaFe2As2 consists of iron atoms sandwiched between
arsenic atoms with barium filler layers in between. Fig. 6.1a depicts the
tetragonal BaFe2As2 unit cell. It consists of two iron-arsenic layers, with
two iron and two arsenic atoms in each layer, and two barium atoms. The or-
thorhombic unit cell is tetragonal rotated 45◦ around the c-axis and stretched
so the barium atoms create an FCC instead of the BCC seen in Fig. 6.1a
The lattice constants for the parent compound is a = b = 3.96 Åand c = 13.0
Å [31] at room temperature.

(a) (b)

Figure 6.1: The tetragonal structural(a) and magnetic(b) unit cell. Fig.
from [32].
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When cooling BaFe2As2 it simultaneously undergoes a structural transi-
tion from tetragonal to orthorhombic and becomes AFM ordered. The mag-
netic coupling is ferromagnetic in the (a,−b, 0) and antiferromagnetic in the
(a, b, 0) and (0, 0, c) directions as displayed in Fig. 6.1b. The AFM ordering
vector is QAFM = (12 ,

1
2 , l) where l is odd. The spins point along the (a, b, 0)

direction and the measured magnitude of the magnetic moments are approx-
imately µ = 0.9µB [31]. This is far from the µ = gJµB

√

2(2 + 1) = 4.9µB
found from Hund rules for the Fe2+1 and µ = 2.2µB found in bulk iron [33].
An explanation could have been extreme hybridzation [34], where new or-
bital are created thus lowering the number of unpaired electrons, but this is
ruled out for BaFe2As2 [35]. No explanation to the low moment has been
found.

From inelastic neutron scattering the parent compound is found to be
well described by an anisotropic Heisenberg Hamiltonian with in-plane near-
est neighbor (J1a and J1b), next nearest neighbor J2 and an out of plane
(Jc) exchange interactions, as shown in Fig. 6.2. The sizes of the coupling
constants are SJ1a = 59.2±2.0 meV, SJ1b = 9.2±1.2 meV, SJ2 = 13.6±1.0
meV and SJc = 1.8± 0.3 meV [36]. The interaction is indirect mediated by
the Arsenic atoms.

Figure 6.2: The in-plane exchange interactions. J1a and J1b represent
the antiferromagnetic and ferromagnetic nearest neighbor interactions
respectively. J2 represents the next nearest neighbor antiferromagnetic
interactions [36].

6.2 Effects of doping

Barium has the electron configuration [Xe]6s2 which favor the Ba2+ state,
arsenic with the electron configuration [Ar]3d104s24p3 favors As3−, which
means Iron is in the Fe2+ state with the electron configuration [Ar]3d6 and
gives 6 electrons to the conducting band. There are several ways to dope

1Assuming the orbital quenching
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BaFe2As2. In Hole doping you can replace Ba2+ with K+ which gives away
one less electron/creates an extra hole. When you dope BaFe2As2 with
cobalt you replace the Fe2+ ion with Co2+ with the electron configuration
[Ar]3d7 which has an extra conducting electron in the d-shell. The extra
electrons(holes) increase the possibility for the electrons to pair up and su-
perconductivity can emerges.

Figure 6.3: Temperature verses cobalt concentration phase diagram.
The different phases are discussed in the text. Tet stands for tetragonal
and Ort for orthorombic. Fig. from [37].

Fig. 6.3 shows the doping-temperature phase diagram where x is the
cobalt concentration. The phase diagram is constructed from resistivity,
magnetization, and specific heat measurements. I will discuss the results of
these measurements below.

The system at zero kelvin orders antiferromagnetic for x < 0.06 as de-
scribed in section 6.1. This phase is represented by the cyan area in the phase
diagram. In the range 0.03 < x < 0.125 we see the purely superconducting
phase represented with yellow in fig. 6.3. In the green area superconduc-
tivity and antiferromagnetism coexist. As my sample with x = 0.05 do not
reach the purely superconducting phase, I will in the following chapters re-
ferred to the coexisting phase (green) as the superconducting phase. The
Dark blue line represent the transition between orthorhombic and tetragonal
structure.

The decrease in TN with increasing doping can partly be explained by the
fact that Co2+ has a smaller magnetic moment than Fe2+ thus decreasing
the molecular field. This can however not be the only effect explaining the
decrease in TN because of the size of effect even for a small doping. It could
also be that the couplings changes with doping.



48 Ba(Fe1−xCox)2As2

From the phase diagram we can predict the properties of the crystal with
the doping x = 0.0495. When cooling we should see a structural transition
at Ts ≈ 57K, it should become AFM ordered below TN ≈ 40K and below
Tc ≈ 20K we expect to see both superconductivity and antiferromagnetism.

6.2.1 Resistivity

Fig. 6.4a displays resistivity measurements for crystals with doping be-
tween 0 < x < 0.114. At zero doping a sharp decrease in intensity is seen
at 134K. This anomaly is associated with the structural and magnetic tran-
sition driven by the SDW instability [38]. The anomaly is seen for doping
up to x = 0.058 confirming a structural and a magnetic transition in these
crystals with Ts > TN and is also detected in other iron-based superconduc-
tors as LaO1−xFxFeAs [39]. For x ≥ 0.038 we detect superconductivity in
the drop to zero in resistivity and Tc can be easily observed.
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Figure 6.4: Temperature dependence electrical resistivity measurements
on single crystals of Ba(Fe1−xCox)2As2 (a) with different cobalt contents
(Fig. from [40]) and (b) with x = 0.05 All curves are normalized to their
room temperature resistivity

In Fig. 6.4b we see the temperature dependent resistivity for the x = 0.05
doped crystal2. It decreases when cooled until the structural transition at
T = 54 K where it increases until T = 20 K where it drops to zero thus
confirming superconductivity in the crystal. Fig. 6.4b also confirms two of
the transition temperatures Ts = 54K and Tc = 20K.

Comparing the resistivity for x = 0.05 in Fig.6.4b to x = 0.047 in Fig.
6.4a we see that the behavior is almost the same with a little faster decrease
in the relative resistivity, a lower Tc and higher a Ts. As the resistivity
measurement in Fig. 6.4b is the only sample characterizing measurement

2This resistivity was measured by Chennan Wang from Department of Physics and
Fribourg Center for Nanomaterials, University of Fribourg
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performed on our x = 0.05 crystal, I will for the following measurements
focus on the x = 0.047 doping presented in the literature.

6.2.2 Magnetization

Magnetization data display many of the same features as resistivity measure-
ments. In Fig. 6.5a we see the anomaly due to the structural and magnetic
transition for dopings below x < 0.058. For x > 0.058 in Fig. 6.5b we see
no anomaly. superconductivity is also confirmed in the magnetization data
by the sharp drop seen for x ≥ 0.038

(a) (b)

Figure 6.5: Magnetization versus temperature for (a) x ≤ 0.047 and
(b) x ≥ 0.058 both with in an applied field of 1T perpendicular to the
c-axis. Fig from [40].

In Fig. 6.6 the doping dependence of Tc is clearly seen with an increasing
Tc until x ≈ 0.06 where Tc starts decreasing again for higher doping.

Figure 6.6: A zoom in on the region around Tc. FC is field-cooled data
and ZFC is zero-field-cooled heating data both with an applied field of
2.5mT perpendicular to the c-axis. Fig from [40].
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6.2.3 Heat capacity

The specific heat for the x = 0.047 crystal is displayed in Fig. 6.7. The
anomalies in the specific heat, indicating phase transitions, are not visible
to the naked eye, but looking at dCp/dT (the lower insert of Fig. 6.7) we see
three dips, one at each phase transition. From low temperatures and up we
first see Tc ≈ 15K then TN ≈ 50K and last Ts ≈ 60K. The superconducting
phase transition also becomes visible if we compare the zero field data to
the H = 9T data as in the upper insert in Fig. 6.7.

Figure 6.7: Specific heat data for the x = 0.047 doped crystal. in the
upper insert is the zero field data compared to the 9T data. In the lower
insert the derivative of the specific heat is displayed. Fig. from [40].

6.2.4 Structural changes

As mentioned above BaFe2(1−x)Co2xAs2 has a structural phase transition
from tetragonal to orthorhombic crystal structure. Fig. 6.8a shows the
orthorhombic distortion as function of temperature for different dopings.
The x = 0.0495 would lie between the x = 0.047 and 0.054 which means
that the orthorhombic distortion is of the order of 1%. For that reason I
will use tetragonal notation throughout the rest of the thesis

The size of the unit cell of BaFe2(1−x)Co2xAs2 also changes with increas-
ing doping as seen inf Fig. 6.8b. Where a stays the same c becomes smaller,
and therefore the volume is also smaller for higher doping. It is important
to know the lattice parameters precisely when aligning the crystal for the
neutron scattering experiment. If the lattice parameters are off is the Bragg
angle off and you might be looking at another Bragg peak than you think
you are looking at.
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(a) (b)

Figure 6.8: (a) The orthorhombic distortion as function of temperature
for different dopings measured with x-ray diffraction. The filled symbol
represent distortion found from a two peaks fit. Fig. from [37]. (b) The
size of the lattice parameters and unit cell as function of cobalt content.
Parameters are normalized to the zero doping value. Fig. from [40].

6.3 Incommensurability

Like other iron-based superconductors BaFe2(1−x)Co2xAs2 has a two piece
Fermi surface similar to the one depicted in Fig 3.5. The two piece sur-
face makes Fermi surface nesting possible and SDW can spontaneously
emerge with the nesting/ordering vector Q. For this reason the itinerant
a spin-density wave instability is a valid picture for the magnetic order in
BaFe2(1−x)Co2xAs2.

Detailed band structure calculation predict either a commensurate(C) or
incommensurate(IC) SDW. In the cuprates incommensurate order is present
in two direction in the hk plane. It can be seen in the splitting of the an-
tiferromagnetic Bragg peak into four [41]. In BaFe2(1−x)Co2xAs2 we would
only expect incommensurate order in the transverse direction with the or-
dering vectors Q = QAFM ± ε as drawn in Fig. 6.9a. This is because
incommensurate order is an antiferromagnetic phenomenon.

Neutron and x-ray data have confirmed commensurate magnetic order
for x ≥ 0.047 and IC order for x ≤ 0.056 [42]. The expected commensu-
rate/incommensurate phase diagram is shown in Fig. 6.9b. The fact that the
presence of incommensurate magnetic order depends on the cobalt doping
makes good sense, because when you are adding electrons you are changing
the Fermi surface and thus the nesting vector Q.
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(a) (b)

Figure 6.9: (a) Reciprocal space drawing of the position of the commen-
surate(empty blue circle) and incommensurate(filled pink circles) Bragg
peak. The last miller index l is odd and point out of the paper. (b) A
zoom in on the phase diagram in Fig. 6.3 displaying the commensurate
and incommensurate phase. Fig. from [42].



Chapter 7

Muon data on
Ba(Fe0.95Co0.05)2As2.

The µSR experiments where measured on the General Purpose Surface-
Muon(GPS) Instrument at the Swiss muon Source(SµS) at the PSI in 2010.
The data analysis was done from the logbook and raw data files and follows
the analysis done for the Ba(Fe0.945Co0.055)2As2. described in [43]. The
plots on the x = 0.055 sample is also borrowed from this article.

The aims of the experiment was to find the distribution of magnetic
and superconducting domains, map out the temperature dependence of the
magnetic order and look for IC magnetic order in Ba(Fe0.95Co0.05)2As2.

Three types of experiments where performed, zero field, high transverse
field and the pinning experiment. In all the experiments was GPS in the
transverse mode with the polarization of the muons rotated. The sample
was aligned so the c-axis was along the muon beam direction, the same
direction as the external field.

7.1 Zero field data

The µSR spectra for the zero-field measurement for the Ba(Fe0.95Co0.05)2As2
crystal are depicted in Fig. 7.1. Spectra of BaFe2As2 Fig. 7.2a and
Ba(Fe0.945Co0.055)2As2. Fig. 7.2b crystals are displayed in Fig. 7.2 for
comparison.
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Figure 7.1: Zero field µSR time spectra for x = 0.05 with rapid depo-
larization below 40K.
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All three muon spectra display depolarization below their respective Néel
temperatures which is evidence of a static magnetic field. In the zero doping
spectra (Fig. 7.2a) the depolarization is relatively slow and we clearly see
oscillations, evidence of a commensurate magnetic order, also seen in scat-
tering experiments [44]. The spectrum for my crystal with x = 0.005 (and
the spectrum for the x = 0.055 doped crystal) display rapid depolarization
and no sign of oscillations below T = 40 K. This can be explained by differ-
ent field magnitudes at different muon sites. Varying field sizes could stem
from either an IC magnetic ordered state or a strongly disordered magnetic
state.

(a) (b)

Figure 7.2: (a) Zero field µSR time spectra for the undoped BaFe2As2
with damped oscillations [45]. (b) Zero field µSR time spectra for x =
0.055 with rapid depolarization below 40K [43].

The T =5 K and T =25 K spectra are fitted to:

PZF (t) = P (0)[AZF
f exp

(

(−λZF
f t)β

)

+AZF
s exp(−λZF

s t)] (7.1)

which is (5.16) added a stretch factor β to account for the fact that the field
distribution might not be Lorentzian as assumed in (5.16). Fits are shown as
solid lines in Fig. 7.1. The indices f and s are for fast and slow respectively.
Fast is the magnetic fraction of the crystal and slow is the non-magnetic
fraction of the crystal as the relaxation rate is connected to the magnetic
ordering. The T =40 K spectrum is fitted with only the last component of
(7.1) because the data show no evidence of more than one component. The
fitted parameters can be seen in table 7.1

First we look at the amplitude for the magnetic fraction Af , which tells
us how big a fraction is magnetic. For T = 25 K AZF

f = 0.80 which means
the magnetic volume fraction of the sample is around 80%. At T = 5 K the
magnetic volume fraction is still 80%, meaning magnetic ordering still exist
in the superconducting phase. The 80% is a minimum fraction, it may very
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T [K] AZF
f λZF

f [µs−1] λZF
s [µs−1]

5 0.80±0.01 14.1±1.0 0.07

25 0.80.0±0.01 16.8±1.0 0.07

40 - - 0.093±0.003

Table 7.1: The fitted parameters from Eq. 7.1 for the zero field muon
data on the x = 0.05 crystal

well be even higher since Bloc might not be completly perpendicular to the
muon spin polarization. Also some of the detected positrons are from the
cryostat and sample holder which are not magnetic and therefor added to
the non magnetic fraction. All together there is indication of the sample
being close to 100% magnetic ordered, also in the superconducting phase.
Another indication for a 100% magnetic sample is the very small λZF

s with
no temperature dependence. this means that the non-magnetic fraction is
the background from muons stopping in the sample holder and cryostat. If
the non-magnetic fraction was a superconducting fraction the depolarization
rate would increase below Tc.

It is also possible to find the average local field 〈B〉 in the sample. First
we have a connection between the field and the frequency:

ω = 2πν = γµBµ, (7.2)

where γµ = 2π · 135.5MHz is the gyromagnetic ratio of the muon. Second
we Fourier transform the polarization function to frequency space, and get
a Lorentzian distribution:

p(ω) =

∫ ∞

−∞
exp(−λZF

f t) exp(−iωt)dt =
λZF
f

ω2 + (λZF
f )2

(7.3)

with the width λZF
f which is equal to 〈ω〉. Now we can find the average

local field

〈B〉 = 〈ω〉
γµ

(7.4)

and it is 〈B〉 ≈ 20 mT which is approximately 10% of the average local field
in undoped BaFe2As2 [45]. Again we see no big different between T = 5
K and T = 25 K. This is another piece ofevidence for coexisting AFM and
superconductivity.
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7.2 High transverse field data

The high transverse field spectra are recorded with an external field of
Bext =300 mT and are plotted in Fig. 7.3a in a rotating reference frame with
the frequency ωRRF = 39.5MHz. In a rotating reference frame we let the
reference frame rotate with almost the same frequency as the muon instead
of having it fixed in space. An external field increase the precession of the
muon drastically. To accommodate for this we use the rotating reference
frame. The spectra for the x = 0.055 sample are shown in Fig. 7.3b for
comparison. Again we see a rapid depolarization of the muon signal below
T =40 K. The oscillations in the transverse spectra arise from the external
field.
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Figure 7.3: Transverse field µSR time spectra for the (a) x = 0.05 sample
and (b) x = 0.055 sample [43] with an external field of Bext =300 mT
plotted in a rotating reference frame with ωRRF = 39.5MHz.

The solid lines are

PTF (t) = P (0)[ATF
f cos(ωµ,f t) exp(−λTF

f t)

+ATF
s cos(ωµ,st) exp(−λTF

s t)] (7.5)

fitted to the data, which is basically (5.17). Now, in transverse mode, ATF
f =

0.84±0.01 at T =2 K in the superconducting phase. As we expected we got
a higher magnetic volume fraction of 84% from the transverse data. This
is because we remove the error arrising from the local field and muon spin
polarization not being perfectly aligned.

The results from the x = 0.055 sample is even better. Here the magnetic
volume fraction in zero field is estimated to be 70%, and in transverse field
the volume fraction is 92% [43]. The remaining 8% can easily be explained
by the sample holder and cryostat.
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If the muon results tells us the sample is 100% magnetic, we can still
have non-magnetic volume fractions. They must have sizes on the scale of
the dipole interaction and be mixed in with the magnetic regions.

In Fig. 7.4a I have plotted the temperature dependence of λTF
f for the

transverse field. The rate λTF
f depends directly on the magnetic ordering of

the crystal like the intensity of the Bragg peak in neutron scattering. We
see an increase in λTF

f upon cooling below TN = 40 K, then at Tc = 20
K it starts decreasing until it at some point stays constant. The magnetic
rate for the x = 0.055 sample show same tendency, however with a lower
TN = 32 K and a higher Tc = 22 K
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Figure 7.4: The temperature dependence of λTF
f for the (a) x = 0.05

sample and (b) x = 0.055 sample [43]. (b) also contains the λZF
f . TN

and Tc for both samples can be read of the plots. TN is where the λTF
f

increases when cooling and Tc is where λ
TF
f starts decreasing.

7.3 The pinning experiment

The pinning experiment was also measured in transverse field mode. The
sample was field cooled to T =1.6 K with an applied field of Bext =300 mT
to 1.6K and the first spectrum was recorded. Next the field was reduce to
Bext =295 mT and a second spectrum was recorded. Last the field were
reduced to Bext =290 mT and a last spectrum was recorded. All three
spectra were Fourier transformed to frequency space and plotted in Fig.
7.5a. Fig. 7.5b was produced in the same way for the x = 0.055 sample.

The pinning of the vortices is clearly seen in the broad peak at B300 mT
for all three external fields, and the additional narrow peaks at B290 mT
and B =295 mT respectively. The fact that the broad peak is present at all
three external fields implies that the vortices are pinned (see section 5.3.1).
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Figure 7.5: The pinning experiment for the (a) x = 0.005 sample and
(b) x = 0.055 sample [43]. Both plots have a spectrum with one broad
peak at B =300 mT and two spectra with a broad peak at B =300 mT
and a narrow peak at the reduced field B =295 mT and B =290 mT
respectively.

Pinning of the vortices gives evidence of the sample being a bulk supercon-
ductor, despite the sample also being close to 100% magnetic ordered.



Chapter 8

Neutron scattering data
on Ba(Fe0.95Co0.05)2As2

Neutron scattering data were obtained over several individual beam times
spread out over a period from November 2010 to November 2011. The
experiments were all done on the cold neutron triple axis spectroscopy in-
strument RITA-II at PSI, in Switzerland. I participated in the last beam
time together with Christof Niedermayer from PSI and Sonja Lindahl Holm
from Copenhagen University. Analysis of data from the beam times I did
not participate in I have done on the background of the logbook and raw
data files from the experiments.

There were several aims of the experiments. The first aim was to look
for incommensurate magnetic order for which there was evidence in the µSR
data. The second aim was to map out the temperature dependence of the
magnetic order. The third aim was to map out the field effects and find the
upper critical field Hc2.

We looked at the two magnetic Bragg peak with the highest intensity ac-
cording to the powder data on the parent compound. They areQ =

(

1
2 ,

1
2 , 1

)

and Q =
(

1
2 ,

1
2 , 3

)

[46]. Both Bragg peaks were investigated in the longitu-
dinal (x, x, 0) direction and Q =

(

1
2 ,

1
2 , 3

)

also in the transverse (x,−x, 0)
direction. We investigated the two magnetic peaks in a temperature range
of 2 K< T <52 K and in an external field up to Bext =13.5 T.

8.1 Experimental Setup

The configuration of RITA-II varies a little between each beam time. How-
ever the main setup for all experiments is as described in section 4.3 with
a 80’ collimator after the focusing monochromator, a monitor and focusing
slits before the sample. In all experiments the slits were wide in the verti-
cal direction and narrow in the horizontal direction, but the slit size varied
slightly between each experiment. In the last experiment we also had a fil-
ter made of Pyrolytic Graphite (a PG-filter) before the monitor. After the
sample we had open collimation, a Be-filter and fully open slits before the
analyzer. We used the multi imaging analyzer mode of the RITA-II detector
where each blade is allocated its own scattering angle. We only used blade
number 5, except for the 2D plot. All measurement were elastic scattering
with ki = kf = 1.49Å−1, E = 4.6meV. The PG- and Be-filters were in the
beam to avoid contamination from the structural peaks due to second order
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neutrons. We used the monitor counting mode to determine the number of
incoming neutrons.

Two types of sample environments were used; the ORI3 and MA15.
ORI3 is an ILL orange-type He-flow cryostat operating in the same tem-
perature range 1.56-300K. MA15 is a cryomagnet operating in the same
temperature range, but allows one to apply a magnetic field up to 14.9T.
At the time when the experiments were done MA15 did not operate to its
full capacity and the maximal field was B =13.5 T. Most of the experiments
were done with the sample mounted in the MA15, and unless anything else
is mentioned, is this the sample environment used for the experiment.

8.1.1 Mounting the sample

The x = 0.55 sample can be seen in Fig. 8.1. The neutron data on the
x = 0.055 sample did not show any magnetic Bragg peaks probably because
it was too small with m =100 mg. The x = 0.05 sample has the same flat
diamond shape but is 4 times as big with m =400 mg. The unit cell is
oriented so c is perpendicular to the flat surface an a+b is in the directions
of the corners.

Figure 8.1: Picture of the x = 0.055 sample in transverse mounting.

Normally when you scan a Bragg peak on RITA-II you chose a peak with
the ordering vector lying in the (h, k, 0), (0, k, l), or (h, 0, l) plane you want
to scan in. This way you can do scans where you only change the direction
of q (transverse) or the length of q (longitudinal). We wanted to scan h
and k, but not in the (h, k, 0) plane. For convenience and compliance with
the literature we redefine longitudinal and transverse scans to accommodate
for our setup. A longitudinal scan is now a (h, k, l) scan with l constant
and a transverse scan is a (h,−k, l) scan still with l constant. In Fig. 8.2 I
have illustrated the scan directions. Red represents longitudinal scans and
green transverse scans. The blue and magenta dots are the commensurate
and incommensurate peaks, respectively.

To be able to scan Q =
(

1
2 ,

1
2 , 3

)

in the h,k plane both longitudinal
and transverse as described in section 6.3 two sample holders were needed.
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Figure 8.2: Illustration of how we scanned the
(

1
2 ,

1
2 , 3

)

peak in recipro-
cal space. Red represents longitudinal scans and green transverse scans.
The blue and magenta dots is the commensurate and incommensurate
peaks respectively.

The holder for the longitudinal scans was pretty simple. Here the (1,1,0)
and (0,0,1) directions should be in the horizontal(scattering) plane, and the
sample holder was just a vertical flat piece of metal on which the sample was
glued. The sample holder for the transverse scan was a little more trickier.
Here we needed the

(

1
2 ,

1
2 , 3

)

direction and (1,-1,0) direction in the scattering

plane, which means c must have an angle of tan−1

(√
2·(1/|a|)2

6/|c|

)

= 37◦ to

the scattering plane. The sample holder therefor looked like Fig. 8.3. In
the photo seen in Fig. 8.1 the sample is mounted for transverse scans.

Figure 8.3: Drawing of the sample holder for the transverse setup. The
red line represents the sample.

To keep track of which setup was used I have named the plots with an L
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for the setup where c is in the scattering plane, and with a T for the setup
where c has an angle of 37◦ to the scattering plane.

The sample was prealigned on the sample holder on other neutron scat-
tering instruments at PSI such as TRICS, A Thermal Single Crystal Neutron
Diffractometer, and Orion, A Two-axis diffractometer using cold neutrons.
Besides getting Q in the scattering plane the spins were also aligned relative
to an external field. In the longitudinal setup the spins were parallel with
the external field. In transverse setup the spins had an angle of 37◦, relative
to the external field.

8.1.2 Resolution of RITA-II

I have used the Monte Carlo ray tracing program McStas [23,24] and the vir-
tual model of RITA-II [47] to simulate the transverse resolution of RITA-II.
The virtual model of RITA-II is designed so you can pluck in the instrument
settings as they were when you did the real experiment and the details about
your crystal, such as lattice parameter, mass, size, and etc.

In the simulation I used a simplified version of my crystal with only one
Bragg reflection, the

(

1
2 ,

1
2 , 3

)

, where we only had to chose the horizontal
size and the mosaicity of the crystal First I simulated a crystal with the
mosaicity of 20’. This resulted in a FWHM= (6.17 ± 0.01) · 10−3 which
as we will see is bigger than the FWHM of my experiments. Therefore I
simulated a unrealistically good crystal with a mosaicity of 5’ (see 8.4). This
resulted in a FWHM= (4.45± 0.02) · 10−3.
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Figure 8.4: Simulated transverse q-scan of the
(

1
2 ,

1
2 , 3

)

Simulation of the resolution for the longitudinal scan I have not done
as it is quite complicated and the coding would also be time consuming.
My longitudinal scans is not the classical A3A4 scans with 2 ·∆A3 = ∆A4
as longitudinal scans normally are. In fact in my longitudinal scans are
∆A3 > ∆A4. A3 and A4 are motors on RITA-II (see Fig. 4.3). I as-
sume the longitudinal resolution to have a size comparable to the transverse
resolution.
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8.2 Investigation for incommensurate
Spin-density waves

Incommensurate spin-density waves are predicted and only observed in the
transverse direction as previously mentioned. Muon experiments indicate
either incommensurate spin-density waves or a strongly disordered magnetic
state.
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T=20 K, B=0 T

Figure 8.5: A wide transverse q-scan of the
(

1
2 ,

1
2 , 3

)

Bragg peak in the
magnetic phase at T =20 K. We see one sharp peak at the

(

1
2 ,

1
2 , 3

)

position. The vertical black line is the instrument resolution simulated
in section 8.1.2

In Fig. 8.5 and 8.6 we see transverse q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak.
At T = 20 K well below the TN predicted in chapter 6 we only see one sharp
Bragg peak (Fig. 8.5) therefor we can rule out the strongly disordered state.
In the rest of the transverse scans we have narrowed the search range in q
to get a better resolution for the same measuring time. The q range was
chosen on the background of the width of the peak in Fig. 8.5.
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Figure 8.6: Narrow Transverse q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak at (a)
T =25 K (the magnetic phase) and (b) T =2 K (the superconducting
phase) to look for incommensurate order. Each peak is commensurate
and fitted with a Gaussian line shape.
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At T = 25 K (Fig. 8.6b)still well below the predicted TN and above Tc we
see a nice well defined Bragg peak with no indication of an incommensurate
order. Lowering the temperature to T = 2K (Fig. 8.7b) so we are in
the superconducting phase, generates no incommensurate spin-density wave
either.
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T=25 K, B=13.5 T
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Figure 8.7: Transverse q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak in external
magnetic field of B =13.5 T at (a) T =25 K and (b) T =2K. No field in-
duced incommensurate spin-density wave appears so each peak is fitted
with a Gaussian distribution.

Fig. 8.7 displays scans of the same Bragg peak as in 8.6, but with an
applied magnetic field of B = 13.5 T. Still we see no sign of an incommen-
surate spin-density wave in neither the magnetic phase (Fig. 8.7a) nor the
superconducting phase (Fig. 8.7b).
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Figure 8.8: Temperature dependence of the FWHM of the Bragg peak.
The FWHM for the measurements in an external field are shifted +1 K
so you can distinguish them from the zero field points. The black line
is a horizontal line fitted to the data.

In fact when looking at the temperature dependence of the FWHM of
the Gaussian fit to the Bragg peak we see a constant width of ∼ 5·10−3 r.l.u.
(reciprocal lattice unit) independent of the temperature and field for all the
magnetic signals (see Fig 8.8). Because the FWHM from the measurements
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is so close to the simulated value for the “perfect” crystal I will assume that
the widths of my Bragg peaks are resolution limited.

If the incommensurability was small we might only see a broadening of
the signal. However the FWHM of our Bragg peaks are resolution limited
so the possibility for an incommensurate order only exist if the incommen-
surability is smaller than the resolution. This i will discauss in section 8.2.1
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Figure 8.9: Longitudinal q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg Peak at (a)
T =25 K and (b) T =2 K both measured in zero field and (c) measured
in an external field of B =13.5 T. As expected no sign of an incommen-
surate order, so a Gaussian distribution is fitted to the data. In (a) the
sample was mounted in ORI3.

Fig. 8.9 display longitudinal q-scan of the
(

1
2 ,

1
2 , 3

)

Bragg peak. As ex-
pected from previous experiments and calculations [48] we see well defined
resolution limited Bragg peaks. Again we see no indication of incommensu-
rate spin-density waves at the different temperatures or in an applied field.

0 10 20 30 40

5

5.5

6

6.5

7x 10
−3 (½ ½ 3)T

F
W

H
M

 [r
.l.

u.
]

Temperature [K]

 

 

B=0T

Figure 8.10: Temperature dependence of the FWHM the Bragg peak in
the longitudinal mode. The black line is a horizontal line fitted to the
data. Again we see a temperature independent FWHM. The measure-
ment underlying this dependence was done with the sample mounted in
ORI3
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The FWHM from the longitudinal q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak,
Fig. 8.10, shows, like the transverse scans, no temperature dependence
below TN . The width ∼ 6 · 10−3 is larger in the longitudinal scans, but that
originates from the instrument and not the sample

The
(

1
2 ,

1
2 , 1

)

magnetic reflection was also investigated in the longitudinal
direction. Again we have resolution limited Bragg peak and no incommen-
surate order is observed. Fig. 8.9b, 8.9c, 8.11a and 8.11b have all same
monitor count, but the lower structure factor of the

(

1
2 ,

1
2 , 1

)

peak made the
statistics worse.
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Figure 8.11: Longitudinal q-scans of the
(

1
2 ,

1
2 , 1

)

Bragg peak at T =2 K
with zero field (a) and external field of B =13.5 T (b). Again no incom-
mensurate order as expected and the data was fitted with a Gaussian
distribution

It was not possible to measure the
(

1
2 ,

1
2 , 1

)

peak in the transverse di-
rection in the two setups available. To measure the

(

1
2 ,

1
2 , 1

)

peak in the
transverse direction a third sample holder with an angle of 66◦ is needed.

In the longitudinal scans of
(

1
2 ,

1
2 , 1

)

and
(

1
2 ,

1
2 , 3

)

we see that the center
of the peaks is ∼ 0.001 off from the expected 0.5. As it is the same for
all scans it indicates a small misalignment, when defining the q-space on
RITA-II.

All the Bragg peaks seen above have different intensities. This is not
an effect from incommensurate order, but several other effects. Some of
the effects giving different intensities are the different sample environments,
different size structure factors, and the angle between the spin and scattering
vector. But even if we could remove these effects we would still see different
intensities depending on the temperature and the applied field. These two
effects I will look into below.
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8.2.1 Incommensurate Spin density waves?

In the muon spectra Fig. 7.1 and Fig. 7.3a we saw indication of incom-
mensurate magnetic order. In the neutron data on the other hand we saw
sharp commensurate Bragg peaks Fig. 8.6-8.11. It could of course be that
the incommensurability is smaller than the resolution on RITA-II, but I do
not think this is the case.

(a) (b)

Figure 8.12: Example of how it should have looked if we had a in-
commensurate spin-density wave. Neutron diffractions result on the
Ba(Fe0.941Co0.059)2As2 sample, which display incommensurate order in
the transverse direction [42]

To give an example of how an incommensurate spin-density wave would
look in a neutron experiment I have included Fig. 8.12. It displays trans-
verse and longitudinal q-scans of Ba(Fe0.941Co0.059)2As2 in orthorhombic
notation. We see a clear incommensurate signal in the transverse scan with
a separation ∼ 0.06 r.l.u. The separation is bigger than the commensurate
width and almost 10 times bigger than the width ∼ 0.007 r.l.u.1 I observed
for my sample Ba(Fe0.95Co0.05)2As2.

The ordering vector for the incommensurate signal is QAFM ± ε with
ε ∼ 0.03 r.l.u. In [42] from where I have borrowed the two plots reports only
on a slight decrease in ε for decreasing dopings. Assuming the decrease in ε
is linear I would expect a ε ≈ 0.02 r.l.u. This is more than the width of my
signal, suggesting my sample is commensurate ordered.

The above implies that the rapid dephasing in the muon spectra must
be explained by some physical property other than the incommensurate

1converted to orthorhombic notation to get the same unit.
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magnetism. One explanation is that the magnetic moments of the iron
ions are ordered but vary in size with no periodicity [49]. Varying sizes of
magnetic moments will give an incommensurate muon signal, and if there is
no periodicity in the variations the neutron signal will be commensurate.

8.2.2 The Ba(Fe0.945Co0.055)2As2 sample

As mentioned before we also tried to look for incommensurate spin-density
waves in the x = 0.055 sample with neutrons and the result can be seen in
Fig. 8.13. There are two possibilities for lack of signal. It could be because
the sample is not aligned correctly, but it could also be because we had a
small crystal with incommensurate order.
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Figure 8.13: Neutron diffraction data on the x = 0.055 sample. We
see a small signal around

(

1
2 ,

1
2 , 3

)

, but whether it is commensurate,
incommensurate or second order neutrons from the structural peak we
cannot say.

From [42] we know that the amplitude of the commensurate signal is at
leas a factor of 30 larger than the amplitude of the incommensurate signal.
At the same time is the x = 0.055 crystal is four times smaller than the
x = 0.05 crystal. Combining the two effects the signal from the x = 0.055
crystal would be a factor 120 smaller than the signal from the x = 0.05
crystal. This gives a incommensurate signal in 8.13 around 3 counts per
minute in a background around the 33 counts oer minute. To detect that
signal we would have to count for a very long time. We would need add least
twice the statistic of what we have in Fig. 8.13, which means the measuring
time would be quadrupled. In Fig 8.13 we measured with a monitor setup
which corresponds to a measuring time of 25 minutes per point. Meaning if
we want the same plot with a clear signal we would have to measure for 2
days.
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8.3 Temperature dependence of the magnetic or-
dering

In the previous section we saw that the intensity of the magnetic Bragg peak
depended on the temperature, this is expected for a magnetic peak. However
one would not expect a decrease in intensity for a lower temperature (as seen
if we compare Fig. 8.6a with Fig. 8.6b)if the sample only was magnetically
ordered in the low temperature ground state, this decrease in intensity is an
effect seen because the sample also is a superconductor.

In Fig. 8.14 we follow the evolution of the
(

1
2 ,

1
2 , 3

)

T Bragg peak for
increasing temperatures. We see a constant intensity until somewhere be-
tween T =10 K and T =15 K where the intensity starts increasing until
somewhere between T =20 K and T =25 K, then the intensity decreases
with increasing temperature until the peak is completely gone at 50K.
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Figure 8.14: Transverse q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak at different
temperatures, (a) from T =2 to T =20 K and (b) from T =25 K to
T =50 K.

Because the position and width of the peak did not change with temper-
ature we could position our self on the top of the Bragg peak and scan the
temperature. This ways we can clearly see the temperature dependence of
the intensity. The temperature scan of the

(

1
2 ,

1
2 , 3

)

T peak is shown in Fig.
8.15a and we see the same tendency as described above, with the normal
behavior of the Bragg peak until a certain temperature where the intensity
starts decreasing. Comparing the temperature scan to the resistivity mea-
surement in Fig. 6.4b we see that the decrease in intensity upon cooling sets
in at Tc and in fact the decrease in intensity is because of superconductivity.

Why this is the case is easiest explained in the itinerant electron picture
where superconductivity and spin-density waves compete over the same elec-
tron state/gap in energy at the Fermi surface. Below Tc superconductivity
suppresses, but not completely destroys, the magnetic order to a third of
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what it would have been if the sample was not a superconductor. Neutron
scattering data cannot, however, tell if the suppression is of the magnetic
ordering parameter or the magnetic volume fraction.
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Figure 8.15: (a) The temperature scan of the maximum of the
(

1
2 ,

1
2 , 3

)

T
Bragg peak fitted with the function given by (8.1). (b) The same tem-
perature scan as (a) but fitted with a power law (8.2) to determine
TN .

From the temperature scan we can find TN and Tc. The red lines are
fitted with the function:

I(T ) =



















aT 4 + b if T ≤ Tc,

c exp(−T
d ) + e if T ≤ TN ,

0 if T > TN .

(8.1)

where a, b, c, d, and e are fitting parameters. The polynomial was fitted to
the data in the superconducting phase, the exponential to the data in the
magnetic phase and a straight line was fitted to the background, which then
was subtracted to give the plot in Fig. 8.15a. The fit does not represent a
physical model but is merely a guide to the eye.

The fits can be used for finding the drop in intensity ∆I(0) = Imag(0)−
I(0)/Imag(0) in the supercoducting phase. Imag(0) = c + e is the expected
magnetic intensity if the sample has not been a superconductor at T = 0 K.
I(0) = b is the actual intensity at T = 0 K

The magnetic phase transition is a second order phase transition and to
find TN I have fitted a power law to the data close to the phase transition.

I(T ) =







f |T − TN |g if T ≤ TN ,

0 if T > TN ,
(8.2)
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where f and g are fitting parameters. The fit can be seen in Fig. 8.15b and
gave transition temperature TN = 38.2± 0.7 K. Normally one would fit the
power law to the integrated intensities. However because of the temperature
independent widths of the Bragg peak the intensity at the center of the peak
is proportional to the integrated intensity and we would get the same TN .

The superconducting phase transition is also a second order phase tran-
sition, but because the superconducting signal is mixed with the magnetic
signal it cannot be fitted with a power law. Instead I used function (8.1).
Here I found the temperature where the polynomial, describing the super-
conductingphase, and the exponential, describing the magnetic phase, cross
each other and define this as the critical temperature. I get Tc = 20.0± 0.2
K.
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Figure 8.16: The temperature dependence of the
(

1
2 ,

1
2 , 3

)

L Bragg peak.
(a) and (b) Longitudinal q-scans in the temperature range from T =2
K to T =20 K and from T =25 K to T =60 K respectively. The
data in these two plots are with the sample mounted in ORI3. (c) The
temperature scan of the maximum of the

(

1
2 ,

1
2 , 3

)

L Bragg peak fitted
with function (8.1). (d) The same temperature scan as (c) but fitted
with a power law (8.2) to determine TN .
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In Fig. 8.16 we see the same measurement for the
(

1
2 ,

1
2 , 3

)

Bragg peak
in the longitudinal setup. The features are the same as in the transverse
setup with the superconducting phase where the intensity increase above
10K and a magnetic phase above Tc = 19.1 ± 0.3 K which vanish above
TN = 39.1± 0.5 K. Tc and TN are found the same way as for the transverse
setup. The relative intensity drop is a little smaller. Here the magnetic
order is 60% of what was expected if the material was only magnetic.
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Figure 8.17: The temperature dependence of the
(

1
2 ,

1
2 , 1

)

L Bragg peak.
(a) and (b) A3 scans in the longitudinal setup in the temperature range
from T =2 K to T =20 K and from T =24 K to T =44 K respectively.
(c) The temperature scan of the maximum of the the

(

1
2 ,

1
2 , 1

)

L Bragg
peak fitted with the same function (8.1) as the previous temperature
scan. (d) The same temperature scan as (c) but fitted with a power law
(8.2) to determine TN .

The measurement of the
(

1
2 ,

1
2 , 1

)

Bragg peak, seen in Fig. 8.17, is a
little different. We have no q-scans above T =2 K only A3 scans. Because
a + b and c are in the scattering plane A3 scan changes both h, k and l,
which means that when l is changed in Fig. 8.17a and 8.17b h and k are
also changed. The relationship between h and k, and l for the A3 scan is
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displayed in Fig. 8.18. The temperature dependence of the
(

1
2 ,

1
2 , 1

)

Bragg
peak is the same as in previous scans, except we do not get high enough
in temperature in the q-scans to see the magnetic signal completely vanish.
This Bragg peak yields a Tc = 19.8± 0.8 K and a TN = 38.4± 0.5 K
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Figure 8.18: The h and k position versus l in the A3 scan of the
(

1
2 ,

1
2 , 1

)

peak.

The transition temperatures and intensity drop due to superconductivity
for the three setups plus the average of the two critical temperatures are
summarized(Tc andTN ) in Tab. 8.1. The results are within the uncertainties
compliant.

(

1
2 ,

1
2 , 3

)

T
(

1
2 ,

1
2 , 3

)

L
(

1
2 ,

1
2 , 1

)

L Average

Tc [K] 20.0±0.2 19.1±0.3 19.8±0.8 19.6±0.4

TN [K] 38.2±0.7 39.1±0.5 38.4±0.5 38.6±0.6

∆I(0) 0.67±0.04 0.61±0.02 0.61±0.04

Table 8.1: The Neel temperature, critical temperature and the relative
intensity drop. All three setups agree with each other about the critical
temperature Tc andTN .

8.4 External magnetic field effects

Normally superconductivity and magnetism do not go well together, how-
ever in this superconductor we have seen a phase with magnetic ordering
below Tc in the superconducting phase even in zero field. Here we inves-
tigate the effect of an applied magnetic field on the phase with coexisting
antiferromagnetism and superconductivity. The effect of a magnetic field on
this phase in Ba(Fe1−xCox)2As2 has never been investigated with neutrons.

First we look at the effect of external fields on
(

1
2 ,

1
2 , 3

)

L in the super-
conducting phase at T =2 K (Fig. 8.19a). While the position and width of



74 Neutron scattering data on Ba(Fe0.95Co0.05)2As2

the Bragg peak do not change, the intensity of the peak increase for higher
external fields. The statistics however are not great. Instead we look at the
temperature dependence of intensity of the Bragg peak in an external field
displayed in Fig. 8.19b. The lines in Fig. 8.19b are fits of function (8.1) to
the data.

In Fig. 8.19b we see no field effects in the antiferromagnetic phase in
the temperature scans. The increase in intensity is the same for both scans
with the external field as in zero field. This also confirms that the spins
in fact are aligned (anti)parallel to the magnetic field. With

(

1
2 ,

1
2 , 3

)

L in
the scattering plane there are two possible directions relative to the applied
which the spins can have, (anti)parallel or perpendicular. If the spins were
perpendicular to the field they would turn when we applied a magnetic field
an the intensity in the magnetic phase would increase.
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Figure 8.19: (a) Longitudinal q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak at
different external magnetic fields. We see an increase in intensity for
higher fields. (b) Temperature scans of the same Bragg peak in different
fields. We only see an effect of the applied field in the superconducting
phase. Here however it both changes the Tc and the intensity

The superconducting phase on the other hand is not unaffected by the
applied magnetic field. First we see that the temperature is lower before
the intensity start decreasing. This means that Tc decreases with applied
field. Secondly we observe that the drop in intensity becomes smaller for
increasing field strength, just like we saw in the q-scans (Fig. 8.19a). The
drop in intensity goes from being ∆I = 60% of the expected magnetic signal
to only ∆I = 40% of the signal at B = 13.5 T. This implies that like for
other superconductors an external field will suppress superconductivity and
enhance the magnetic order.

The effect on Tc and the intensity in the superconducting phase are
summarized in Tab. 8.2. The drop in intensity could be linear but that
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cannot be determined from just three points.

(

1
2 ,

1
2 , 3

)

L

Bext [T] 0 7.5 13.5

Tc [K] 19.1±0.3 17.8±0.4 16.3±0.5

∆I(0) 0.59±0.02 0.49±0.02 0.41±0.02

Table 8.2: Field dependence of the critical temperature and relative
drop in intensity for the

(

1
2 ,

1
2 , 3

)

L peak. Both effects could be linear.

The same effects of an applied external field are observed for
(

1
2 ,

1
2 , 1

)

L
as seen in Fig. 8.20. The field dependent Tc and relative drop in intensity
are displayed in Tab. 8.3
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Figure 8.20: (a) Longitudinal q-scans of the
(

1
2 ,

1
2 , 1

)

Bragg peak at
different external magnetic fields. Same effects as for the

(

1
2 ,

1
2 , 3

)

peak
are observed. (b) Temperature scans of the

(

1
2 ,

1
2 , 1

)

L Bragg peak.
Again we only see an effect of the applied field in the superconducting
phase, with changing Tc and intensity.

(

1
2 ,

1
2 , 1

)

L

Bext [T] 0 7.5 13.5

Tc [K] 19.8±0.8 18.3±0.9 16.4±1.0

∆I(0) 0.61±0.04 0.49±0.02 0.41±0.02

Table 8.3: Field dependence of the critical temperature and relative
drop in intensity for the

(

1
2 ,

1
2 , 3

)

L peak. Both effects could be linear.
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The field effects we see on the
(

1
2 ,

1
2 , 3

)

Bragg peak in the transverse setup
in Fig. 8.21 are quite different. Here the magnetic phase Tc < T < TN
is not unaffected. For example the intensity of the magnetic phase in an
applied field of B = 2.5 T is higher than in zero field, and for B = 13.5 T
the intensity is lower in the magnetic phase. Then in the superconducting
phase we cannot separate the temperature scans with different field strength
from each other.
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Figure 8.21: Raw data of temperature scans on the
(

1
2 ,

1
2 , 3

)

Bragg peak
in transverse setup. Here we see an effect of the applied magnetic field
in both the superconducting and antiferromagnetic phase, most clearly
seen in the B =13.5 T data, but also visible in the B =2.5 T data.
The field both increase the intensity of the antiferromagnetic phase at
B = 2.5 T and decrease the intensity of the magnetic phase a B = 13.5
T.

We can rule out changes in Q as the cause of the changes by looking
at the 2D q-scan in Fig. 8.22. We would also have seen an effect in the
longitudinal setup if Q where changed. The change in the magnetic phase
could be an effect of the angle of 37◦ between the spins and the external
field. A non-parallel field on an antiferromagnet does not need the same
strength as the parallel field do before the directions of the spins change.
When the direction of the spin change the spin part perpendicular to the
scattering vector most likely also changes. For now I will not work with the
origin of the effect, only assume that it is independent of temperature.
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Figure 8.22: A 2D qh vs qk plot of
(

1
2 ,

1
2 , 3

)

T peak at T =25 K in a
B =13.5 T field using all nine analyzing blades with their different Q
values available at RITA-II. We see that the peak is still located at the
(

1
2 ,

1
2

)

position.

In Fig: 8.23a we see transverse q-scan of the
(

1
2 ,

1
2 , 3

)

Bragg peak at 25K
in zero field and in a field of 13.5T. We can get the magnetic phase of the
13.5T temperature scan to follow the zero field data simply by multiplying
the field data with a normalization factor of N = 1.22. If the effect is in-
dependent of temperature, then each data point with the same field would
have to be multiplied with the same normalization factor. This Normaliza-
tion hopefully does not remove any superconducting effects.
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Figure 8.23: (a) Transverse q-scans of the
(

1
2 ,

1
2 , 3

)

Bragg peak at T =25
K without applied field(red), in field(green) and in field data normalized
with a factor 1.22(blue). (b) Same Bragg peak at T =2 K also in zero
field(red), in B = 13.5 T field(green) and in B = 13.5 T field, but
normalized(blue). The B = 13.5 T field doubles the intensity of the
Bragg peak at T =2 K
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An example of the effect of normalization can be seen in Fig. 8.23. Here
we see how the Bragg peak measured in field resembles the zero field peak
when multiplied with N = 1.22. The normalization reveals that the effect of
a magnetic field is bigger than first assumed looking at the transverse data.

To normalize the data to get Fig. 8.24 I fitted the same exponential func-
tion (8.1) as previous to the data in the magnetic phase for each scan. Then
I looked for the factor N to multiply the field data with, so the fitting pa-
rameters of the field data were the same as the zero field fitting parameters.
The normalization factors are displayed in Tab. 8.4. From the normalized
data I can find the field dependent Tc and relative intensity drop the same
way as for the previous data. The results are summarized together with the
normalization factors in Tab. 8.4
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Figure 8.24: The normalized temperature scans of the
(

1
2 ,

1
2 , 3

)

T Bragg
peak. Now the same effects as in longitudinal setup are present. How-
ever the effect of the fields on the intensity drop is bigger in this setup
with the field not perpendicular to c.

The evolution of Tc for increasing field strength is the same as in the
longitudinal setup. The effect of the applied field on the drop in intensity
is bigger in the transverse setup. In the longitudinal setup a 13.5T field
applied perpendicular to c reduce the drop to 40%. In the transverse setup
the same field applied with an angle of 37◦ to c reduces the intensity drop
to 50%.
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(

1
2 ,

1
2 , 3

)

T

Bext [T] Tc [K] I(0) N

0 20.0±0.2 0.67±0.05 0

2.5 19.8±0.3 0.59±0.05 0.91

5 19.1±0.3 0.54±0.05 0.95

7.5 18.6±0.4 0.46±0.05 0.96

10 18.0±0.4 0.44±0.05 1.02

13.5 16.2±0.4 035±0.05 1.22

Table 8.4: Field dependence of the critical temperature and relative
drop in intensity for the

(

1
2 ,

1
2 , 3

)

T peak together with the normalization
factors. Here the linearity of Tc and ∆I(0) is confirmed, because of the
extra data points.

8.4.1 Rotations of spins

As mentioned it could be the spins rotating which gave us the additional
effect in Fig. 8.21. We know that the intensity depends on the angle of the
spin to the scattering vector, or, more precisely, we only see the part of the
spin perpendicular to the scattering vector. Consequently when the spins
turn the intensity changes. Here I will try to model this behavior, and I will
follow the calculations for the spin flop in [1].

With some rewriting of the Heisenberg Hamiltonian the expression for
the energy becomes:

E = AM2 cos(θ + φ)− 1

2
∆(cos2 θ + cos2 φ)−MB(cos θ + cosφ) (8.3)

where A < 0 is a constant connected to the exchange coupling, M is the size
of the magnetic moment, ∆ is the single ion anisotropy and B is the size of
the applied field. θ and φ are the respective angles between the spins and
applied field (see Fig. 2.3).

First I will determine the anisotropy, which I will do by finding out where
the energy of the antiferromagnetic phase becomes bigger than the energy
of the spin flop phase. I assume that the spins and applied field are parallel
in the antiferromagnetic phase and that θ = 0◦ and φ = 180◦, this gives the
energy:

E = −AM2 −∆. (8.4)

In the spin flop phase θ = φ and the energy for this phase becomes:
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E = AM2 cos(2θ)−∆cos2 θ − 2MB cos θ

= AM2(2 cos2 θ − 1)−∆cos2 θ − 2MB cos θ (8.5)

and the angle which minimize the energy is found by taking the derivative
of the energy with respect to θ and and setting it to zero:

dE

dθ
= −4AM2 sin θ cos θ + 2∆sin θ cos θ + 2MB sin(θ) = 0 (8.6)

and the angle becomes [1]:

θ = cos−1

(

MB

2AM2 −∆

)

. (8.7)

Now equations (8.4) and (8.5) can be used to find the anisotropy:

E =

AM2(2

(

MB

2AM2 −∆

)2

− 1)−∆

(

MB

2AM2 −∆

)2

− 2MB

(

MB

2AM2 −∆

)

= −AM2 −∆ (8.8)

⇓
�����
2AM4B2 −((((((((((

AM2(2AM2 −∆)2−�����
∆M2B2 − 2�4AM

4B2 + �2∆M
2B2

=(((((((((((
−AM2(2AM2 −∆)2 −∆(2AM2 −∆)2 (8.9)

⇓
−MB2

�������
(2AM2 −∆) = −∆(2AM2 −∆)�2 (8.10)

⇓
∆2 − 2AM2∆+M2B2 = 0 (8.11)

and I get a quadratic equation for ∆ and the solutions are:

∆ = AM2 ±M
√

A2M2 −B2 (8.12)

where B is the only unknown parameter. ASJ = 59.2 ± 2.0 we know from
the literature meV [36]. We however do know from longitudinal setup that
at a field of B ≈ 14T do not change the direction of the spins. therefor if we
pluck this B into (8.11) we find a minimum value for the anisotropy ∆ ≈ 30
meV.

In the transverse setup the angle between the applied field and the po-
sition of the spin was 37◦ as drawn in Fig. 8.25. To accommodate for this
setup I have modified Eq. 8.3 to:
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Figure 8.25: Schematic drawing of the relative position between the
spins and the applied field

H = AM2 cos(θ+φ)− 1

2
∆(cos2 θ+cos2 φ)−MB(cos(37−θ)+cos(143+φ))

(8.13)
Again we have to find the angles which minimize the energy, and it is

done the same way as previous by finding the partial derivatives:

∂E

∂θ
= 0,

∂E

∂φ
= 0 (8.14)

which gives:

∂E

∂θ
= −AM2 sin(θ + φ) + ∆ sin θ cos θ −MB sin(37− θ) = 0 (8.15)

and

∂E

∂φ
= −AM2 sin(θ + φ) + ∆ sinφ cosφ−MB sin(143 + φ) = 0 (8.16)

an expression with two equation with two unknowns. I used Matlab [50] to
numerically solve for θ and φ as function of applied field. The result can be
seen in Fig: 8.26a.

Using the angles found in Fig: 8.26a I can find the fraction of the spin
perpendicular to the scattering plane and the effect on the intensity:

dσ

dΩ
∝ | cos(37− θ) + cos(37− φ)|2. (8.17)

Dividing this with the intensity at θ = φ = 0 I get the normalization constant
displayed in Fig. 8.26b.
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Figure 8.26: (a) The angles θ and φ as function of applied field (b)
The calculated normalization factor (blue) and the actual normalization
factor (green)

With this simple model we could not confirm that the effect seen in the
magnetic phase in Fig. 8.21 originates from the spins rotating. This is
either because the model is wrong/to simple or that it is some other effect,
currently unknown.



Chapter 9

Coexisting or competing
order parameters?

The resistivity measurements and pinning of the vortices in the muon spec-
tra confirmed that Ba(Fe0.95Co0.05)2As2 is superconducting. From the re-
laxation of the muon signal and in the magnetic Bragg peak observed with
neutron scattering we saw that Ba(Fe0.95Co0.05)2As2 orders antiferromagnet-
icly. Superconductivity and magnetism are normally not the “best friends”.
Conventional type-I superconductors are perfect diamagnets, so what hap-
pens in Ba(Fe0.95Co0.05)2As2 where we see both effects? This I will discuss
below.

9.1 The bulk nature of superconductivity in
Ba(Fe0.95Co0.05)2As2

Resistivity measurements (Fig 6.4b) showed that Ba(Fe0.95Co0.05)2As2 be-
comes superconducting below Tc = 20 K. However, Resistivity measure-
ments can not tell us if it is only part of the sample which becomes super-
conducting. To answer the question of how much of the sample becomes
superconducting, we need other techniques than resistivity.

The muon pinning experiment (7.5a) indicates that the sample is bulk
superconducting. If the majority of the sample was not superconducting
we would not see vortex pinning. Still we have not confirmed whether the
whole sample is superconducting.

9.1.1 Infrared Spectroscopy

To fully determine how much of the sample is superconducting we can use
infrared spectroscopy. This has not been done on the x = 0.05 sample, so
instead I will refer to data from the x = 0.055 sample as I would expect the
two samples to have similar behavior. I base this on the similarities I have
observed in other experiments, such as µSR and resistivity measurements.

In infrared spectroscopy you measure how much infrared light the sample
absorbs. When you shine light upon an electron it can absorb the energy
and become excited. An infrared spectrum is the absorption (reflectivity)
as function of wavelength (frequency) of the infrared light. Infrared light
is used because of the low energy of the photon. The probe depth of the
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infrared light is up to 2 cm [51] and Infrared spectroscopy can therefor be
classified as a bulk technique which measures the whole sample.

In Fig. 9.1 we see an infrared spectrum of Ba(Fe0.945Co0.055)2As2. When
the photon energy decreases, the reflectivity increases for all temperatures.
At T = 5 K in the superconducting phase, we see that the reflectivity be-
comes one for low energies. A Reflectivity of one means no light is absorbed
which is because the electrons cannot be excited by infrared light. 100 %
reflectivity is evidence of a completely superconducting sample. As men-
tioned in chapter 3, to excite the electrons in a superconductor you have to
break the cooper pair. The energy needed to break the cooper pair is finite
and equal to the superconducting energy gap. Therefore, when we see a
reflectivity equal to one, we can deduce that close to a 100% of the valence
electrons must be paired and take part in the superconducting condensate.

Figure 9.1: Reflectivity for the x = 0.055 sample measured at different
temperatures. In the superconducting phase at T = 5 K (blue) we see
the the reflectivity reaches one. [43].

9.2 Ba(Fe0.95Co0.05)2As2, a bulk antiferromagnet

Our muon data (Fig. 7.4a) and neutron data (Fig. 8.15a 8.16c and 8.17c)
show a phase transition to an antiferromagnetically ordered state below the
Néel temperature TN = 39 K. It is normally the valence electrons which or-
ders magnetically. Muon data cannot tell us which kind of antiferromagnetic
order we have in the sample. To find the type of antiferromagnet our sample
is, we need the neutron data. Different types of order gives different ordering
vectors Q, so scattering at q =

(

1
2 ,

1
2 , 1

)

confirm the antiferromagnetic order
with Q =

(

1
2 ,

1
2 , 1

)

. Neutrons cannot, on the other hand, tell us how big a
fraction of the sample is magnetic, only whether the order is long or short
ranged. In Fig. 8.6 to 8.11 we see sharp, almost resolution limited, Bragg
peaks making the magnetic order of Ba(Fe0.95Co0.05)2As2 long ranged.
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9.2.1 Magnetic volume fraction

To get the magnetic volume fraction we can use muons. From the data
in Fig. 7.3a we found a magnetic volume fraction of 84±1% at T = 1.6
K. In Fig. 9.2 I have plotted the temperature dependence of the volume
fraction found from the transverse field measurements. We see no changes
in the volume fraction at Tc = 19.6± 0.4 K but a constant magnetic volume
fraction just above 80% until we approach TN ≈ 39 K.
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Figure 9.2: The temperature dependence of the magnetic volume frac-
tion found from the muon data. The green points are normalized to
the red points to remove effect from an unknown experimental error.
The error bars are smaller than the data points except at the phase
transition TN ≈ 39 K.

Now we have seen that all the valence electrons in the sample are both
superconducting. At the same time at least 80% of the valence electron
orders antiferromagnetically at temperatures below Tc = 19.6 ± 0.4 K. In
other words superconductivity and magnetism coexist.

9.3 Suppression of magnetism

If we look at the temperature dependence of the magnetic order parameter
represented by the intensity in the neutron data (Fig. 8.15a 8.16c and 8.17c)
we see a suppresion of the magnetic order parameter below the supercon-
ducting transition temperature Tc magnetism. Therefore we can conclude
that superconductivity influence the magnetic order, but how? The lack of
temperature dependence of the volume fraction (Fig. 9.2) shows that the
sample is a bulk magnet at all temperatures below the Néel temperature
unaffected by Tc. So we can rule out that superconductivity make some of
the crystal non-magnetic. Other origins of this behavior can be changes in
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the crystal or magnetic structure, reorientation of the spin, or the lowering
of the magnetic moment of each spin. All effects which will be discussed in
the following thre sections

9.3.1 Structural changes, crystal and magnetic

One possible explanation for the suppression of magnetism is structural
changes affecting both crystal and magnetic structure. If the lattice param-
eters changed with temperature then q would also change with temperature
and the Bragg peak would move in our q-plots. From Fig. 8.14 and 8.16 we
can rule out changes in h and k and from Fig 8.17 we can rule out changes
in l with temperature. Together these three q-scans tell us that the lattice
parameters do not change with the temperature. From the same figures and
for the same reasons we can rule out a change in the magnetic structure as
it is the magnetic Bragg peak we have performed measurements on.

The intensity would also decrease if the magnetic structure changed from
long ranged ordered to short range ordered with decreasing temperature.
The FWHM in Fig 8.8 and 8.10 stay the same above and below Tc as it
would not if there was a change in magnetic ordering range.

9.3.2 Reorientation of spin

0 10 20 30 40 50
0

100

200

300

400

C
ou

nt
s 

pe
r 

m
in

.

T [K]

 

 

(½ ½ 3)T
(½ ½ 3)L
(½ ½ 1)L*2

Figure 9.3: Temperature dependence of the
(

1
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)

and
(

1
2 ,

1
2 , 3

)

Bragg
peak. We see almost identical behavior for all three setups as function
of temperature.

Another possibility for suppression of magnetism is reorientation of the
spins. Neutrons only detect the part of the spin perpendicular to q. There-
for if the spins were rotated so the component perpendicular to q decrease
the intensity would decrease. Comparing the temperature dependence of
the

(

1
2 ,

1
2 , 1

)

and
(

1
2 ,

1
2 , 3

)

Bragg peak, plotted together in Fig 9.3, we see
very similar behavior when the temperature decrease for all three direc-
tions. We would not see decreases for all three direction if the spins were
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rotated. Therefore we can conclude that the spins do not rotate as function
of temperature.

9.3.3 Magnetic moment

Left as an explanation for the suppression is that the magnetic moments
of each Fe ion is lowered. The magnetic moment was in fact measured
with neutron scattering in my sample. The magnetic moment at T = 5 K
(superconducting phase) was found to be µFe = 0.1µB [49], which is a tenth
of the magnetic moment of the Fe ions in the parent compound BaFe2As2.
This is consistent with the average local field found from the zero field muon
data.
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Figure 9.4: Temperature dependence of the magnetic moment found by
rescaling the square root of the intensity of the

(
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)

L Bragg peak
at T = 5 K to the magnetic moment of µFe = 0.1µB. This we can
do because the temperature dependence of the magnetic moment and
intensity is the same.

We know that the neutron intensity is proportional to the average of
the squared magnetic moment (I ∝

〈

µ2
〉

). With knowledge of the rela-
tionship between the magnetic moment and intensity1, and the temperature
dependence of the intensity of the

(

1
2 ,

1
2 , 3

)

L Bragg peak we can find the
temperature dependence of the moment from the one known value of µFe

(see Fig. 9.4). This we can do because the spins in the longitudinal setup
are perpendicular to q for all temperatures.

1we assume
〈

µ(T )2
〉

∝ 〈µ(T )〉2
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9.4 Tuning of the competition between
the order parameters

When applying a magnetic field (Fig. 8.19, 8.20 and 8.24) we see two effects,
a change in Tc and an increase in the intensity of the magnetic Bragg peak in
the superconducting phase. Both effects are an enhancement of magnetism
in the sample and dependent on the field strength. These effects indicate
that we can tune the competition between magnetism and superconductivity
with an applied magnetic field.

When we are tuning the competition are we then directly enhancing
the magnetic order with the applied field which then suppress superconduc-
tivity? Or are we indirectly enhancing the magnetic order by suppressing
superconductivity and its effect on the magnetic order with the applied field?
I believe it to be the last option for three reasons. First of all it is what
we seen in other superconductors. Secondly the magnetic order is antiferro-
magnetic, before the spin flop transition we will is the total molecular field
zero which means it cannot suppress superconductivity. Lastly you cannot
make the individual moments bigger with an applied field, you can only
make them point in the same direction.

9.4.1 Field effect on Tc

In Fig. 9.5 I have plotted the the critical temperatures listed in the Tab.
8.2, 8.3 and 8.4 as function of external field. We see that Tc decreases with
increasing magnetic field. I have assumed a linear dependence [52] and fitted
the temperatures with a straight line. This way I found the critical field Hc2

if the decrease in Tc with field was the only suppression of superconductivity.
Hc2 measured in the three setups are displayed in Tab. 9.1.
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Figure 9.5: Field dependence of the Tc observed in the neutron data.
The Tc decreases linearly with field and is almost identical for the three
setups
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The field dependence of Tc for all three setups is the same. This is also
why we, within the uncertainty, get the same critical field for all three setups.

Hc2 [T]
(

1
2 ,

1
2 , 3

)

T 79±13
(

1
2 ,

1
2 , 3

)

L 94±17
(

1
2 ,

1
2 , 1

)

L 81±12

Table 9.1: Upper critical field found from the field dependence of Tc

9.4.2 Field effects on the intensity

In Fig. 9.6 I plotted the intensity ratio (I(0)/Imag(0) defined in section 8.3)
between the intensity at T = 0 K and what the intensity would have been
at T = 0 K if the sample was not superconducting as function of applied
field. The ratios are found in Fig. 8.19, 8.20 and 8.24. Again I assume linear
dependency and fitted the data with a straight line. The upper critical field
Hc2 is found where I(0)/Imag(0)=1 and is listed for all three setups in Tab.
9.2.
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Figure 9.6: The intensity ratio I(0)/Imag(0) as function of applied field.
The three graphs increase linear with field, however the

(

1
2 ,

1
2 , 3

)

T with
B at an angle not perpendicular to c increase faster resulting in a lower
Hc2

We immediately see that the intensity increases faster for
(

1
2 ,

1
2 , 3

)

T than
for

(

1
2 ,

1
2 , 3

)

L and
(

1
2 ,

1
2 , 1

)

L which are almost identical. This is because the
direction of the applied field are different in the two setups. In the longitudi-
nal setup the field is applied perpendicular to c and in the transverse setup
the field is applied with an angle of 37◦ to c. A faster increase results in a
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smaller Hc2. This implies a smaller Hc2 when the field not perpendicular
to c than when the is field perpendicular to c. This effect was already re-
ported in experiments where the critical field has been found from resistivity
measurements [40].

Hc2 [T]
(

1
2 ,

1
2 , 3

)

T 27.0±2.3
(

1
2 ,

1
2 , 3

)

L 42.7±0.8
(

1
2 ,

1
2 , 1

)

L 41.0±6.2

Table 9.2: The upper critical fields found from the field effects on the
intensity.

The critical fields found from the effects of the field on the intensity are
all lower than the critical fields found from the critical temperatures. This
means that the increasing intensity will cancel out the effect of supercon-
ductivity before Tc reach zero. Consequently the upper critical fields found
from the increasing intensity is the correct fields. They are however not
consistent for the three setups. The critical field for the transverse setup is
lower than the longitudinal setup. This, however, is consistent with previous
observation [40]

The lower critical Hc1 = 20 mT [30] field cannot be found from my data.
For that we need to do a series of measurements at different low fields and
look for where the intensity started chancing but you will not use neutrons
in these measurements, but susceptibility for example.

Even though we do not know why the external field changed the intensity
in the magnetic phase T = 20 − 40 K(Fig 8.21), is the assumptions about
the effect being independent of temperature most likely valid. If it was an
incorrect assumption we would probable not get the same results for Hc2

and Tc as the literature.
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Conclusion

The main focus in this thesis has been on superconductivity and magnetism
and their influence on each other in Ba(Fe0.95Co0.05)2As2. It has been dis-
cussed how superconductivity and magnetism coexist and we have used sev-
eral experimental techniques to solve this question.

Superconductivity with Tc = 19.6 ± 0.4 K has been confirmed in our
resistivity measurement and µSR results told us that majority of the sample
was superconducting. Infrared spectroscopy on the x = 0.055 sample showed
us that most likely all the valence electrons take part in the superconducting
condensate. Infrared measurements on our x = 0.05 sample has to be done
to confirm the results for our sample.

Antiferromagnetic order, with the ordering vector Q=
(

1
2 ,

1
2 , 1

)

and or-
dering temperature TN = 38.6±0.6 K, is confirmed in the neutron scattering
experiments and the well defined resolution limited Bragg peaks told us that
the order is long range. Muon spectroscopy showed us that at least 84±1%
of our sample ordered magnetically independent of the temperature.

The temperature dependence of the
(

1
2 ,

1
2 , 3

)

Bragg peak told us that
our x = 0.05 crystal still orders antiferromagnetically below Tc but with a
lower intensity of the Bragg peak. We can thus conclude that magnetism
and superconductivity coexist and compete. Neutron scattering and muon
spectroscopy combined told us that the coexistence and competition was
on a microscopical length scale, where superconductivity suppressed the
individual magnetic moments. This picture is in contrast to an explanation
with isolated domains. The magnetic moment at T = 5 K, well below
Tc, is only 10% of the moment in the parent compound. From the known
moment we found the temperature dependence of the magnetic moment
and found that the electron doping in it self lowers the magnetic moment
for Ba(Fe0.95Co0.05)2As2 compared to the parent compound BaFe2As2.

Superconductivity in fact also confirms that the system is an antiferro-
magnet and not a ferromagnet. If the crystal was a ferromagnet the spins
would point in the same direction and the electrons would not be able to
pair up in Cooper pairs, as cooper pair consist of two electrons with oppo-
site spins. Superconducting pairing in an antiferromagnet confirms the sign
changing s-wave symmetry postulated in Tab. 3.1 [53]

We saw that we could influence the competition with an external mag-
netic field. With the magnetic field we suppress superconductivity and
thereby increasing the magnetic moments and lowering the critical tem-
perature. Both the field effects on the intensity and Tc are linear with field
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strength and similar to the observation in BaFe2−xNixAs2 [52].
Ba(Fe0.95Co0.05)2As2 displays long range magnetic ordering, coexisting

and competing with superconductivity at a microscopic length scale where
each electron is both magnetically ordered and part of the superconducting
condensate. This has only been observed in iron-based superconductors.
Before the iron-based superconductors people have typically been working
with a picture where some of the electrons orders magnetically and some
electrons are superconducting. In this picture superconductivity and mag-
netism might still be competing and maybe also on microscopic length scales,
but not with the same electron being both superconducting and magneti-
cally ordered. In LSCO people have very recently started working with the
idea of the same electron being magnetic and superconducting, but have not
been able to prove it experimentally.

10.1 Outlook

One of the next steps in the investigation will of course be doing all the
missing experiment on the x = 0.05 crystal, where we have used crystals
with other doping values than x = 0.05 to make an assumption about what
the data would be from our sample. The missing experiments include mag-
netization, heat capacity, and infrared spectroscopy. This way we could
hopefully confirm our assumptions.

It would also be important confirm the temperature dependence of the
size of the magnetic moment Fig 9.4 with the repetition of the measurement
used to find the moment at T = 5 K but at different temperature.

One should have look closer into the effect of the non-parallel external
field on intensities in the magnetic phase T = 20 − 40 K. One should both
look into the model with rotating spins and look for other possible explana-
tion. Perhaps a less simple model can reproduce the data, But it could also
be something else very specific to the setup. The latter is support by a sim-
ilar experiment on BaFe2−xNixAs2 [52], also performed at RITA-II with the
MA15 cryomagnet, which did not report on any field effects in the intensities
above Tc.

In this thesis we have only looked at the static magnetism. It would
be interesting to also investigate the dynamics to get an even better under-
standing of the driving force behind the magnetic order. This could be done
with inelastic neutron scattering, but the low intensity of inelastic scattering
and the small magnetic moment demands a bigger crystal than available at
the moment.
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