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Abstract

I have studied two magnetic properties of superconductors using different neutron scat-
tering techniques. Due to their magnetic moment and lack of electrical charge, neutrons
can provide an extremely sensitive probe into magnetism on a small scale.

Unusual magnetic structures have previously been observed in the non-superconducting
PrBasCu3O¢+4, in particular showing a coupling between the rare-earth and the Cu-O,
planes. For comparison, I have used elastic neutron scattering to measure the temperature
dependent magnetic structure of the high-T, superconductor NdBa;Cu3;0O7, and its non-
superconducting reduced form NdBa;Cu3z0Os. The magnetic structures of both the Nd and
Cu sub-lattices are presented. Measurements are shown for single crystals of both the
oxygenated and reduced form, and also for a non-stoichiometric single crystal with Nd
substituted on the Ba sites. I present a quantitative analysis of the magnetic moments,
with account taken of the instrumental resolution including sample mosaicity and intrinsic
peak shapes. No evidence was found for any coupling of the type seen in PrBa;CuzQOg.s.

Many of the underlying properties of superconductors are evidenced in the way magnetic
fields are excluded in the different states. I have used polarized neutron reflectometry to
measure the magnetic field profile in thin film superconductors. I present measurements
for pure niobium and preliminary measurements for YBa;Cu3zO7;. The samples studied
are much thicker than those previously measured, to provide a closer match to the bulk
superconductor properties and allow meaningful measurements of the higher field states.
For niobium, the applied field dependence is measured for fields covering the Meissner and
mixed states, and models are compared for these states and the surface superconductivity

state.
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Chapter 1

Introduction

1.1 Aims

Superconductors have been an active and interesting field of research in the recent history
of condensed matter physics.

The electrical conduction properties of superconductors give them their name, but the
magnetic properties of superconductor are also unusual and interesting and can provide
insights into the underlying physical processes.

In this thesis, I investigate two different magnetic properties of superconductors. In both
cases, I have used a technique of neutron scattering that has not been extensively applied
to the property in question. Because of this I have endeavoured in this thesis to provide a

description of the techniques used and our findings with regard to the practicalities of them.

1.2 Superconductivity

1.2.1 Conventional superconductivity

The phenomenon of superconductivity was discovered in 1911 by H. Kamerlingh Onnes in
Leiden (only three years after he first liquefied helium). He discovered that below a (very
low) critical temperature T., the electrical resistance of several metals such as lead and

tin vanished completely. In 1914 he showed that a magnetic field above a critical field H.
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would destroy the superconducting effect. This field could be produced by the current in
the superconductor, so there was an upper limit on the current that could be carried.

In 1933, W. Meissner and R. Ochsenfeld discovered another property of superconduc-
tors. They found that below the critical field H., bulk superconductors acted as perfect
diamagnets: an applied magnetic field was completely excluded. This is a separate effect to
‘perfect’ conduction; a perfect conductor would simply hold flux lines in place rather than
expelling them.

The brothers F. and H. London proposed a set of equations (the London equations)
in 1935 to describe the microscopic electromagnetic fields inside a superconductor (See
Section 6.3.1 for more details). These gave a reasonable model for many of the properties,
but said little about the underlying physical processes.

In 1953 A.B. Pippard introduced a non-local generalization of these equations by intro-

ducing the concept of the coherence length

b = a%%, (1.1)
where a is a constant of order unity and vg is the Fermi velocity. This improved the model
considerably, and covered some of the differences between the types of superconductor.
Though in good agreement with many measurements, it still did not give a microscopic
understanding of the processes.

The real breakthrough in theoretical understanding of conventional superconductors did
not come until 1956 with the concept of Cooper pairs [1]. A Cooper pair is two electrons
with opposite spin and opposite but equal crystal momentum. The initial concept was
expanded in 1957 by J. Bardeen, L.N. Cooper and J.R. Schrieffer into the well known BCS
theory [2], which gives a microscopic description of superconductivity.

The BCS theory showed that a weak attractive interaction between electrons (such as
caused by an electron-phonon interaction) would cause an instability in the ground state
Fermi-sea of electrons, leading to the formation of Cooper pairs. One of the key predictions

of the theory was the existence of a (temperature dependent) minimum energy E, required
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to break a pair. The theory predicted that this energy was

E,(0) = 2A(0) = 3.528kT.. (1.2)

Thus, there was a bound state of lower energy than the usual Fermi energy. This energy
gap at the Fermi energy meant that the electrons in this bound state could not be scattered
as there are no energy states for them to be scattered into.

The predictions of BCS theory for the energy gap and other physical properties agreed
well with experiment, and the BCS theory remains a good description of conventional su-
perconductors.

The other significant early theory of superconductors is the Ginzburg-Landau (GL) the-
ory (see Chapter 7 for more details). This was proposed in 1950 by V.L. Ginzburg and L.D.
Landau and gives a more macroscopic description of superconductivity. GL theory intro-
duces a wavefunction like parameter 1) to describe the superconductins electrons where the
density of superconducting electrons is given by n, = |¢/(z)|?. Like the London theory this
proved very useful in describing the physical properties of superconductors. In particular it
was used to predict the existence and properties of Type-II superconductors.

In 1959 L.P. Gor’kov showed that Ginzburg-Landau theory was a limiting case of BCS
theory when the temperature is near T, and 9 and the magnetic potential do not vary
rapidly. This placed GL theory on a sound physical basis.

During the 1960s the BCS and GL theories combined to give a remarkably complete

theoretical understanding of superconductivity.

1.2.2 High T, superconductivity

In 1986, the field of superconductivity was drastically changed by the discovery of a new
class of superconductors with much higher critical temperatures [3, 4].

These materials all have a feature in common: they all contain planes of Cu-O,, and are
thus commonly known as the cuprate superconductors.

These materials are notable not only in their high T, which opens up many practical

applications, but also in that the BCS theory is not sufficient to describe their physical
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properties accurately.
The high temperature superconductors have a number of different properties to those of

the conventional superconductors:

o They (obviously) have a much higher T¢. This can lead to thermal fluctuations having

a more significant effect.

e The cuprate superconductors are strongly two-dimensional, whereas conventional su-

perconductors are usually isotropic.

e The cuprate superconductors have magnetically ordered phases (as studied in Part I
of this thesis). Conventional superconductors are usually non-magnetic, as in conven-
tional superconductors magnetic moments damage superconductivity by destroying

the Cooper pairs.

e The cuprate superconductors have very short coherence lengths, generally in the tens of
angstroms at most, compared with up to thousands of angstroms for the conventional

superconductors.

e The normal state properties of the cuprate superconductors also show unusual be-

haviour, for example the linear variation of the resistivity with temperature.

Theoretical models of cuprate superconductors are still controversial. Many current
models are extensions of the BCS theory, with modifications to the source of the coupling.
Other theories more radically change the conventional understanding.

Many of the most commonly used and studied of these materials are the RBa;CuzO7
superconductors (where R is a rare earth or Y). These are described in more detail in

Chapter 2.

1.3 Magnetic structure

In Part I of this thesis, I investigate the magnetic structure of the cuprate superconductor
NdBa,Cu30O~, as well as its reduced, non-superconducting form NdBa,;Cu30Og, using elastic

neutron scattering.
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For this I have used a triple axis spectrometer. This has not commonly been used for fully
quantitative measurements of magnetic ordering due to the difficulties in the experiment
and analysis.

However, it does have the advantage of being a relatively direct measurement of the
magnetic structure, and has a good signal-to-noise ratio which is essential to measure the
weak magnetic signals.

NdBa;Cu3z06+5 was chosen for study for comparison with PrBasCu3Oe4+s, which in
most cases is a non-superconductor, and for which unusual magnetic structures have been
observed.

The measurements on NdBasCu3zOg4s presented here use single crystal samples. This
enables considerably more detail of the structure to be obtained than with polycrystalline

samples.

1.4 Magnetic penetration in thin films

In Part II of this thesis, I have studied the the penetration of magnetic fields into thin film
superconductors. I have studied the conventional type-II superconductor niobium, and the
high temperature cuprate superconductor YBa;Cu3O7.

For this I have used the technique of polarized neutron reflectometry. This is a technique
that has only relatively recently been used for measurement of flux penetration, and the
experimental techniques are still in development.

There are several reasons for using this technique. It gives a much more direct mea-
surement of the behaviour of the magnetic field than many of the other techniques for
measuring penetration, and opens the possibility of measuring how the field behaves in
higher field states than the Meissner state.

The measurements presented here are innovative in covering the mixed state of niobium,
and in using much thicker samples than have been used previously. Using thicker samples
means they match the behaviour of the bulk superconductor more closely, and enables the

investigation of the states above the Meissner state.
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Chapter 2

Magnetic Structure

Introduction

In Part I of this thesis, I study the magnetic structure of single crystals of NdBa;Cu3zOg4.5-
This chapter outlines the properties of the ceramic cuprate high temperature supercon-

ductors of the RBa;Cu3zO; type and the magnetic structures that they form.

2.1 The RBayCusO4s series of superconductors

NdBazCug;O7 is one of the series of RBayCu307 ceramic superconductors, where R is one
of a number of ions, usually a rare earth (members of the lanthanide series).

These superconductors have a characteristic structure, shown in Figure 2.1. Figure 2.2
shows the structure of the RBa;Cu3zOg¢ reduced form.

Most of the rare earth ions and a few others form this structure and superconduct with
a critical temperature, T,, around 90 K.

Current theories suggest that below the critical temperature, superconductivity occurs
in the copper—oxygen planes above and below the rare earth ion.

Particularly interesting superconductors of this type include:

e YBa;Cu3zO7 is probably the best known of this type of superconductor. Discovered

in 1987 (see Chapter 1 Ref. [4]), it has a T} of around 93 K. Notably yttrium is not a

8
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member of the lanthanide series, but resides directly above lanthanum in the periodic
table. YBa;Cu3O7 has been extensively studied, and has been used in many practical
applications. It is also easy and cheap to make. Samples exhibiting the Meissner effect

can be produced by secondary-school students.

e CeBayCu3z0O7 and TbBa,Cu3zO7 are notable in that they do not form the structure in

Figure 2.1 at all.

¢ PrBa;Cu30y7 is particularly interesting in that it does form the same structure, but
does not superconduct. However, recent studies [1, 2] suggest that samples produced

with a particular growth method can superconduct.

PrBa,;Cu3 O~ (the smallest of the Lanthanide series that forms the structure in Figure 2.1)
has gathered much interest. This is because understanding why it does not superconduct
may give clues to the processes in the compounds that do. PrBa;Cu3zOg4s has been shown

to have a number of unusual magnetic features:
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e It displays Cu antiferromagnetism up to and above room temperature, even when fully

oxidized to PrBa.Cu307 [3, 4, 5, 6, 7, 8, 9].

e The Pr sub-lattice orders at the unusually high temperature of 11-17 K for z = 0-1

3, 4, 5, 10, 11, 12].

e Recent measurements have indicated a coupling between the Pr and Cu ordering

[13, 14, 15]). This ordering is described in Section 2.2.3.

From a physical point of view NdBayCu3Ogys, which I have measured, is not in itself
particularly interesting (though there are technological applications), with the exception of
it having a high critical current. Like most of the others it forms the structure in Figure 2.1,
and superconducts below T, ~ 95 K. However, Nd is the nearest to Pr in the periodic table
to have these properties, and it has a similar ionic radius.

It was also chosen because like PrBa;Cu3Og4¢ it has a high rare earth ordering temper-
ature compared to the other rare earth members in the series [16, 17} (T = 0.6 K at 6 = 1,
T ~ 1.7 K at § =~ 0), which varies with oxygen concentration [18, 19]. This indicates that
the neodymium ordering is affected by the surrounding ions which opens the possibility of
a coupling like that seen with praseodymium.

Previous studies [16, 17, 18, 19] have established the broad features of the magnetic
ordering in NdBa;Cu3zOg4s polycrystalline samples. These have shown that the Nd mo-
ment orders antiferromagnetically along all three axes. In the oxygenated superconducting
samples the Nd moment has been reported to have a magnitude =~ 1 pp aligned in the ¢
direction. In the reduced samples the ordered moment is slightly smaller and is tilted away
from the ¢ axis. For samples with oxygen concentrations between these extremes, the or-
dering is poorly correlated in the ¢ direction leading to broadening of the diffraction peaks.
The copper moments order antiferromagnetically at high temperatures and some studies
have found AF2 (see later) ordering at low temperature.

In this thesis, I present a study of the magnetic structure of single crystal samples of
NdBayCuzOg4s for comparison with PrBas;CuzOgys.

So far measurements of any kind on magnetism in single crystals of NdBa;Cu3zOg4s have

been rare [20]. A previous single crystal neutron diffraction study [21] on reduced samples
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has measured the copper ordering, finding an AF2 (see later) structure.

2.2 Magnetic structure

The only magnetic ions present in the RBay;Cu3Qg44 series are the central rare earth ion
and the copper ions. See Figure 2.3 for their positions.

As shown in previous studies and presented here, copper magnetic ordering usually
occurs mainly on the copper-oxygen plane sites, though an ordered moment on the chain
sites has been observed.

In most cases, the magnetic ordering of the rare earth ion and the copper ions have been
shown to be independent. However, there is evidence for coupling between Pr and the Cu
ions [13].

There are several structures allowed by symmetry for the copper and rare earth ions,
and many of these have been observed.

In this section I outline the types of ordering observed in the series.
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of the rare earth ions. Diagram B shows rare earth ordering that is antiferromagnetic in the
ab plane and ferromagnetic in the c direction.

2.2.1 Rare earth ordering

The ordering of the central rare earth ion is relatively simple.

Previous studies have shown Pr ordering to be antiferromagnetic in all three directions as
shown in part A of Figure 2.4 (for example see Ref. [10]). This produces magnetic scattering
at the (h+%, k+%, l+%) positions, where h, k and ! are integers. This is the structure that
is also displayed by Nd in previous measurements.

Another possibility is for the central ion to order antiferromagnetically in the a and b
directions, but ferromagnetically in the c direction as shown in part B of Figure 2.4. This
produces magnetic scattering at the (h+3,k+1,l) positions. This has also been observed
for Pr [3).

Note that in both cases, the magnetic unit cell is larger than the chemical unit cell.

It is also possible for the moments to be poorly correlated in the ¢ direction. This
will either lead to Lorentzian broadening in this direction, or the formation of Bragg rods

indicating a fully two-dimensional ordering.
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Due to twinning, different parts of the crystal may have different alignments of the rare

earth moments. The effect of this is described in Chapter 3 Section 3.11.

2.2.2 Copper ordering

Due to the copper ions being in different positions in the unit cell, the copper magnetic
ordering is more complex.

As with the rare earth ordering, twinning can make certain details of the structure
difficult to determine.

The simplest copper ordering, which generally occurs at relatively high temperature is
a phase I will label AF1. In this ordering, the copper ions in the copper—oxygen plane are
ordered purely antiferromagnetically along all three axes.

This structure is shown in Figure 2.5. Note that as there are two copper—oxygen planes in
the chemical unit cell, then this ordering is periodic every two cells in the a and b directions,
but every cell in the ¢ direction. Thus this ordering produces peaks at the (h+-§-, k+ %, l)
positions (where again h, k,! are integers).

The copper moments lie in the ab plane, but the exact direction within the plane has not
been well defined by experiment (see Section 3.11 for one reason). This is why Figure 2.5
does not show a direction for the spins, but just their relative orientation.

At lower temperatures there is the possibility of a further ordering. As the temperature
decreases, there can be a ferromagnetic coupling in the ¢ direction between the copper
ions in the copper-oxygen planes of adjacent unit cells. This can be accompanied by the
appearance of an ordered moment on the copper chain sites.

The effect of this is to cause the copper moments in the plane to rotate, with the copper
ions in one chemical unit cell rotating in the same direction, but ions in adjacent cells in
the ¢ direction rotating in the opposite direction. As different copper moments rotate in
different directions, this rotation is detectable and changes the ordering, despite the original
direction being uncertain.

In the ordering this eventually leads to, which I will label AF2, the copper ions remain
antiferromagnetically ordered in the a and b directions and between the planes either side

of the rare earth ion, but ferromagnetically ordered between planes across the copper chain
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sites.

This process and the resulting ordering is illustrated in Figure 2.6.

This final ordering is periodic every two cells in each direction, and so leads to magnetic
peaks at the (h+3, k+3, l+%) positions. In the intermediate state, intensity may be observed

at both sets of positions.

2.2.3 Mixed ordering

Another type of ordering, which I will label AF3, has been observed with praseodymium as
the central ion [13], which suggests a coupling between the central ion and the copper—oxygen
plane [22]. Other studies [14, 15] have also indicated some form of coupling.

In this structure, the copper plane moments rotate in the ab plane in opposite directions
either side of the central ion.

This structure indicates a coupling between the moments, as without an external influ-
ence, the copper ions have no energetic reason to rotate.

Similar structures should be possible whether the central ion is antiferromagnetic or
ferromagnetic in the ¢ direction. In the former case, the sense of rotation will alternate
every chemical unit cell in the ¢ direction; in latter case it will be the same.

Figure 2.7 illustrates the rotation in a single unit cell.
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Chapter 3

Elastic Neutron Scattering

Theory

3.1 Introduction

To measure the magnetic structure of NdBa; Cu3zQOg45, I have used elastic neutron scattering
with a triple axis spectrometer.

Elastic neutron scattering means that neutrons are Bragg scattered from the sample
with no change in energy. Neutrons interact with nuclei via the strong nuclear force and
(more weakly) with magnetic fields from unpaired electrons.

A triple axis spectrometer can give information about the nuclear and magnetic structure
of the sample, though the normalization for the magnetic case is not straightforward.

This chapter will outline the theory of magnetic elastic neutron scattering and the use
of a triple axis spectrometer. In particular the corrections necessary for the analysis of data

due to instrumental effects will be detailed.

3.2 The triple axis spectrometer

Figure 3.1 shows a schematic diagram of a triple axis spectrometer. Neutrons enter from

the reactor and strike the monochromator crystal, which selects a single wavelength. The

21
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mosaicity of this crystal affects the resolution of the instrument.

The neutron beam impinges on the sample which can be rotated by an angle w, which
controls the angular position of the scattering vector in reciprocal space. The parameter 26,
is controlled by the position of the analyzer, which gives the radial position of the scattering
vector in reciprocal space.

The analyzer again selects a particular wavelength, and the neutrons are picked up at the
detector. Like the monochromator, the mosaicity of this crystal will affect the spectrometer
resolution. The analyzer also helps to reduce the background.

At various points in the instrument collimators select the neutrons to define the resolution

and cut down on background noise.

3.3 Intensities of nuclear Bragg peaks

Although this thesis is concerned with the magnetic scattering, the nuclear scattering is also
important for a number of reasons, even though a triple axis spectrometer is not an ideal
way of measuring nuclear scattering.

Firstly, as the magnetic scattering is much weaker than the nuclear scattering, the nuclear
scattering is used to align the crystal and check the functioning of the instrument.

Secondly, the most straightforward way of normalizing the magnetic scattering to give
absolute magnetic moments is to compare the intensities of the magnetic scattering peaks
with the nuclear peaks. Theoretically, the absolute magnetic scattering could be calculated
from first principles assuming that the intensity of the beam and the size of the crystals
are known. However, with difficulties in aligning the crystal and calibrating the instrument,
this would introduce another large error. It is easier and more accurate to compare the
intensities. Section 3.7 details the relationship between the intensities.

This comparison of course requires the theoretical intensities of the nuclear peaks to be
known.

The absolute intensity of a Bragg peak from nuclear scattering is given in terms of a

sum over all the nuclei in the unit cell (see Chapter 2 Ref. [3]):

Inuc(K) = knuc (|Fn(K)?), (3.1)
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Figure 3.1: A schematic diagram of a triple axis spectrometer.
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Zn: bt = Wilk), (3.2)
=1
where j indexes the n nuclei in the nuclear unit cell,
K is the scattering vector,
knuc is a constant,
b; is the scattering length for nuclei j,
r; is the position in the unit cell of nuclei j and

W;(k) is the Debye-Waller factor.
The normalization of this to the measured intensity is explained in Section 3.7.

3.4 Magnetic scattering

The magnetic interaction is more complex, and it can be shown [1] that the scattering

formula becomes

Imag(k) = kmag Z ((6us = Faks) F*(R)FP" (k) (3.3)

where K is the scattering vector,
kmag is a constant,
a, B index the axes z,v, z,
() represent a domain average,
dap is the Kronecker delta,

Ka is the a component of the unit vector &
and F'*(k), the structure factor, becomes

Zp fi(r)exp(ik.rj), (3.4)
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where j indexes the magnetic moments in the magnetic unit cell,
B3 is the o component of moment j,
fj(k) is the magnetic form factor of moment j and

T; is the position of moment j.

3.5 Cu form factor

25

The magnetic form factor for the copper ions, depends on the details of the electron orbital.

I assume a form for the copper ions that has been used previously (see Chapter 2

Ref. [3]). This assumes that the copper ions are Cu?* with a 3d° electronic configuration.

To be able to calculate the matrix elements of the form factor for the Cu ion I expand

them to:

frms (K) = VT Y V2n + 1i"C™(Im, Im') (jn(K)) @ (Y)OT ™ (cos B).

n=0,2,4...

For the pure (z2 — y?) orbital the full form factor becomes (2]

96

6) = (i) — 200 = 308 Alja(w) + 55 (1 10cos? 5.+ 5 cos* ) (i)

The expectation values of the Bessel functions (j,) can be approximated as

(o(s)) = Aexp(—as®)+ Bexp(—bs®) + Cexp(—cs®) + D,

(n>0(8)) (A exp(—as?®) + Bexp(—bs®) + C exp(—cs®) + D)s?,

where s = k/4m and the coefficients for copper [3] are given in Table 3.1.

[n]] A a B b C c D |

0 || 0.0232 34.969 04023 11.564 0.5882 3.843 -0.0137
2| 1.5189 10.478 1.1512 3.813 0.2918 1.398 0.0017
4 || -0.3914 14.740 0.1275 3.384 0.2548 1.255 0.0103

Table 3.1: Coefficients for the Cu form factor

(3.5)

An empirical adjustment can be made to the form factor to represent an expansion
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or contraction of the wavefunction due to the surrounding ions. If the wavefunction has
expanded by a factor of (1 + @) it can be shown (see Chapter 2 Ref. [3]) that the resulting
form faction f'(k) is given by

F(k) = £ (K(1 + ). (3.9)

3.6 Nd form factor

Similarly, I also approximate the Nd form factor. I assume a N d3* state with a 4f3 electronic
configuration.

Using the dipole approximation [4], for a spherically symmetric form factor we get

flr) = <jo(n)>+j—’;<j2<m>>, (3.10)

il

Golr)) + 2 (s () (3.11)

where

JWJ+1)=S(S+1)+ L(L+1)

gL = 27T + 1) , (3.12)
J(J S(S -
9 = 3J(J+1) +2JEJ: 3 L(L + 1). (3.13)

For the Nd3* ion, g; = 8/11.
As with the Cu form factor, the expectation values of the Bessel functions can be ap-

proximated by Equations 3.7 and 3.8, with the coefficients given in Table 3.2.

(n] A a B b C C D |
0

0.0540 25.029 0.3101 12.102 0.6576 4.722 -0.0216
2 || 0.6751 18342 1.6272 7.260 0.9644 3.602 0.0150

Table 3.2: Coefficients for the Nd form factor
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3.7 Normalization of magnetic peak intensities

To be able to normalize the magnetic scattering to absolute magnetic moments, the ratio
of the magnetic scattering to the nuclear scattering needs to be known.

The differential cross-section at a direction given by 6, ¢ is defined as

do_ dR

— = 3.14
dQ @4’ ( )
where dR is the number of neutrons scattered into d{2 in unit time,
P is the number of neutrons incident on the sample per unit time
per unit area perpendicular to the beam, and
dQ? is the solid angle element in the direction 6, ¢.
The elastic differential cross sections can be written as (see Chapter 2 Ref. [3]):
do (27r)3
— = F .
(57) (), (319)
Fy(k) = Z belfoTie=Wilk) (3.16)
do _ N (2m)3 /o2 L o 5*
<d_Q)mag = 38 (“2—) > <(5a6 — Rakg)F*(K)F ('i)> : (3.17)
a,B
F¥kr) = Zu fi(k)exp(ik.rj), (3.18)

where -~  is the gyromagnetic ratio (= 1.913),
ro is the classical electron radius (= 2.818 fm)
N is the number of unit cells in the sample and

vo is the volume of each of the crystallographic unit cells.
The observed intensities are proportional to the differential cross section, so the ratio

of the nuclear and magnetic cross sections should be equal to the ratio of the nuclear and
magnetic intensities.

Many of the magnetic structures considered in this thesis are antiferromagnetic and have
a periodicity of two cells in two or three of the orthogonal axes. Thus, I have expressed
Equation 3.17 for the case of a magnetic unit cell which is 2 x 2 x 2 crystallographic unit

cells. This is why N is divided by 8 and vy is multiplied by 8.
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By taking the ratio of the cross sections and the intensities and simplifying, the relation-

ship between the constants of proportionality, knuc and kmag is

kmag Y7o\ 2
= = 0.1135. 3.19
= (55) =0 (3.19)

3.8 The Lorentz factor and spectrometer resolution

This thesis is concerned with the absolute values of the ordered moments in the samples. To
be able to normalize the intensities, the resolution of the spectrometer must be modelled.
Most of the measurements in this thesis were performed by scanning across the Bragg
peaks to obtain the area of the peaks, as this helps to avoid systematic errors due to
misalignment of the sample. Thus the way the widths of the peaks are affected by the
instrument is crucial if the intensities are to be normalized.
Most of the following sections describing the corrections for resolution effects summarize

the approach described in more detail in Chapter 2 Ref. [3].

3.8.1 Terminology

For reference, the notation used in this section is described in Table 3.3.

3.8.2 The geometric Lorentz factor

Firstly, the measured area of a peaks is affected by an intrinsic property of the way a triple-
axis spectrometer functions: the angle at which the Ewald sphere cuts the Bragg peak.

The Ewald sphere is defined by the locus of points k = ky — k;, where k; and k; are the
initial and final neutron wavevectors respectively. Figure 3.2 illustrates this in the k-space
of the spectrometer.

The technique used for most of the measurements in this thesis consists of scanning &
(the wavevector transfer) across a Bragg peak at position 7. This is illustrated in Figure 3.3.
The angle a, the angle of the scan relative to the nominal position, is measured from the
nominal position, and so is negative in this diagram, with the r and y axes as shown.

As the crystal is rotated (w is changed) and the analyzer is moved to change 8, then k;
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| Symbol || Meaning
k; The incident wavevector
k; The scattered wavevector
a; The horizontal collimation angle, where
J =0 In-pile region
J =1 Monochromator to sample
J =2 Sample to analyzer
J =3 Analyzer to detector
- Horizontal mosaic spread of monochromator
Na Horizontal mosaic spread of analyzer
s Mosaic spread of sample
K ks — k; (wavevector transfer)
T Bragg peak position
20, Monochromator angle
20, Sample angle
26, Analyzer angle
Ko Nominal spectrometer position in reciprocal space
L Lorentz factor
« Angle be”ween scan direction and g

Table 3.3: Elastic neutron scattering theory terminology

\
Ewald
Sphere

—_.‘_——

Figure 3.2: The Ewald sphere
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Figure 3.3: The geometry of a Bragg scan in reciprocal space

and ky rotate in the reciprocal space of the crystal. For elastic scattering |k;| = |ks| = k
where k is usually constant.

As k; is fixed in the k-space of the spectrometer, then (in the reciprocal space of the
crystal) the direction of k; is given by w, the rotation of the crystal (with a suitable zero

point). As shown in Figure 3.3, the angle between T and k; is m + ;. Thus, we have

w=¢x6;+C, (3.20)

where C is a constant dependent on the geometry and where the zero point of w is defined
and the plus or minus is dependent on the direction that 65 is measured in.

As the scan is performed, the Ewald sphere passes over the Bragg point 7. Figure 3.4
illustrates this.

The wavevector transfer k follows the path Ax. The normal to the Ewald sphere at the
point K is parallel to ky. During the scan, more neutrons in total will be scattered if the

Ewald sphere passes over T obliquely.
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Figure 3.4: The geometric Lorentz factor: the number of neutrons scattered depends on the
direction in which the Ewald sphere (illustrated as a shell) crosses the Bragg point

To correct for this, we define the Lorentz factor L which is the ratio of the measured
area of the peak A (i.e. the area of the scattering intensity plotted against the position of
the scan in reciprocal space) to the peak’s intrinsic intensity I. The intrinsic intensity is
given in Sections 3.3-3.6. In this thesis A is usually measured in the units count rate. A1,

The way that the sphere cuts the peak will not affect the peak height, but the width will
be inversely proportional to the projection of Ak in the direction of k; (i.e. perpendicular
to the Ewald sphere surface).

For ease, working with L1

I

-1 _ 4
L™ = T (3.21)

and defining « as the angle between Ax and T,
Lt = Aky
= ARk
s

= |cos(m — (05 + 7+ o)) (3.22)
= |sin(fs + a)|. (3.23)

This is referred to as the geometric Lorentz factor, and forms the basis for the following

corrections to the Lorentz factor.
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As a special case, for an w scan in which the sample is rotated, but the spectrometer is
fixed, the geometric Lorentz factor can be simplified further. Ax for this scan is perpendic-
ular to 7 so & = m/2. For this type of scan, the width of the peak is commonly measured in
terms of the angular rotation (as is the case in this thesis). Thus A has the units of count

rate.degrees.

Thus, as Ak = kAw = 2kAwsin§, the geometric Lorentz factor becomes

L' = cosfs2ksinb;, (3.24)

= ksin26;. (3.25)

3.8.3 Spectrometer resolution

As well as the geometric Lorentz factor, the measured area of the peak is affected by the
resolution of the spectrometer.

We approximate the resolution of the spectrometer by an ellipsoid in reciprocal space.

The full derivation of the effect of the resolution was made by M.J. Cooper and R.
Nathans [5], with corrections by N.J. Chesser and J.D. Axe [6].

I define q as the displacement in reciprocal space from the nominal spectrometer position
Ko. The ¢, axis is defined to be parallel to ko for convenience.

The resolution ellipsoid is the locus of points in reciprocal space where the transmission
of the spectrometer has fallen to half of the value at the nominal spectrometer position.
Figure 3.5 illustrates the resolution ellipsoid.

The resolution function can be represented as:

1 1
R(q) = Nexp —5]\/111(132E - Mi2¢zqy — §M22q§ ) (3.26)
which is simply a two-dimensional Gaussian ellipsoid, with N as a normalization.

Thus the M;; define the shape of the ellipsoid.
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Figure 3.5: The resolution ellipsoid

To calculate the ellipsoid, Cooper and Nathans [5] define a; parameters as:

_ tan# _ 1 _ 1
n - Tm ;Ez a4z - Nm kz 4 = g 151
1 tan 6 -1
a = a praend a =
! azks ° naky  ° Nk (3.27)
__ 2tané _ 1 _ 2tan8
T Tk B T ki ¥ T Task
app = —k——l
(0% f
and b; parameters as:
b = ajas + arag
b = a? +a3® + as?
by = (142 + 062 + (1102 (3 28)
by = a52 + a92
by = asa¢+ agaio

by = a12 + a72.
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For elastic scattering, the matrix elements of the resolution function can be written as:

B,
= — 3.29
M 4A' cos?8,’ (3.29)
B2
= 3.
M 4A' cosfsinb,’ (3.30)
B22
M = —, 3.31
- 4A'sin® 6, (3:31)
where
A = (bl + b2) tan? 0s + 2(b4 - bo)tan Bs + b3 + bs,
B,y = (bl + bz)(bg + b5) - (b4 - b0)2,
Bis = 2(bibsg + bob2) tan b + bz - bg + (by — b2)(b3 + bs), (3.32)
B22 = 4b1b2 tan2 03 + 4(b1b4 - bobg) tan 95+

(b1 + bz)(bg + b5) - (b4 + b0)2.

The normalization N can be written as

C

N=————. 3.33
VA sin 26, ( )

In the case of an open detector (i.e. all scattered neutrons are measured) we have

Qg = Q3 = T)g = 00, thus by = b3 = bs = 0 and B;; = By = By = By where
Bo - b1b5 - bg (334)

This By term is used in the normalization of the Lorentz factor including the spectrom-
eter resolution.

For elastic scattering, k; = ky and thus, as all the a; values are proportional to k; 1 all
the b; values are proportional to ki, the Bi;; are proportional to k;* and A’ is proportional
to k;%2. Thus k; can be removed from the calculation until the end.

Another value z may be defined as the ratio of the measured peak height to the intrinsic

1 /27

The value z is useful for correcting the measured intensity for the cases where a full scan

intensity and is given by
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across the peak is not available. In this thesis this is often the case for temperature scans,
where taking a full scan for each temperature would be prohibitively time consuming. The

ratio of the Lorentz factor to z also immediately gives the width of a scan.

3.8.4 Lorentz factor including spectrometer resolution

As shown in equation 3.26, the resolution can be represented as an ellipsoid in reciprocal
space. The matrix elements specify the shape of this ellipsoid.

The Lorentz factor (as defined by Equation 3.21 in Section 3.8.2) can be modified to
include the effects of the spectrometer resolution. The Lorentz factor needs to be modified
by the width of the ellipsoid in the direction of the scan, and the overall normalization factor
N.

The corrected Lorentz factor becomes:

1 1
L' = W (Mu cos? a + 2My5 cos asin a + Mas sin? a) 2, (3.36)
0
1
sind, cos s [ cos? a 2 cos asin & sin? a 2
— bt ——B 3.37
v Bo (Cos2 0 1t cosf; sin 6, 12+ sin? 4, 22 ( )

3.8.5 Including sample mosaicity

Although not truly a resolution effect, sample mosaicity can also be included in the Lorentz
factor, as it will broaden the peaks in a similar way.

To a good approximation, the mosaicity can be regarded as a spread in the sample angle,
w. This will appear as another error in the angle, and can be treated as a resolution limiting
effect.

Thus, the mosaicity will cause the peaks to be spread tangentially to 7. For most
samples, the sample mosaicity 7, is sufficiently small that the broadening at any peak can
be considered to be linear in reciprocal space, rather than an arc.

The distance of this spread in reciprocal space is simply 7,7, assuming that the mosaicity

is sufficiently small that the curvature is not significant.
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As a measure of the mosaic broadening at a peak I define m as

1

m = ) (3.38)

In the transverse direction, where the broadening occurs, the peak height is decreased,
but the total area of the peak will be unchanged; the intensity has simply been spread out.

For a longitudinal scan however, as the peak height has decreased without a correspond-
ing increase in the width, so the area will be smaller.

It can be shown (see Chapter 2 Ref. [3]) that the matrix elements and the overall nor-

malization are thus modified:

N - s M22/m)% , (3.39)
My — My - %21—_2*_27;, (3.40)
My, — —I—-F—AA%/_E’ (3.41)
My, - ffj; o (3.42)

Thus by applying these transformations and simplifying by removing the common factor

1+ Msy/m, L™} transforms to

2

1 My My — M3
L~ = WE ((Mu + QT; 12) cos® a + 2My, cos a sin o + Mo, sin? a)

(3.43)
Similarly, due to the decrease of the peak height, the value of z (the peak height to

measured intensity ratio) must be modified to:

1 \/27r(1 + Mzz/m). (3.44)

TN Bo

As well as the mosaicity, the crystal can be broken into multiple parts. This can lead to
a more complex spread of the peak. For instance, the Bragg peak may appear as a double
peak. For the crystals measured in this thesis, I assume that this is sufficiently small that

the spread can be modelled adequately by a Gaussian.
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3.8.6 Widths of the peaks

To compare with the observed widths, it is useful to calculate the widths of the peaks from
the resolution effects.
For alinear scan in reciprocal space at an angle a from ¢, we can substitute ¢; = ¢’ cos a

and gy = ¢’ sina into the definition of the resolution ellipsoid in equation 3.26 to get
1
R = Nexp -3 (M1 cos® a + 2Mz cosasina + Massin® ) ¢'| . (3.45)

Thus, the full width at half maximum for this scan is:

(Mo

FWHM =2v2In?2 (Mu cos? a + 2Mj5 cosasin @ + Mas sin? a) B (3.46)

As an alternative, the width can also be obtained by taking the ratio of the Lorentz

factor to z.

3.9 The Bragg rod

If magnetic ordering occurs in two directions but not in the third, then instead of Bragg
peaks, Bragg rods occur. These are ridges of scattering, forming a line in reciprocal space.
In the types of crystals studied here, two-dimensional ordering has been observed with
the rare earth ion ordering in the a and b directions, but not in the ¢ direction.
For the Bragg rod, the peak intensity is spread over a distance equal to the separation
of the Bragg peaks in reciprocal space.

For the case of ordering in the ab plane, this distance is given by
ct=—. (3.47)

The intensity is calculated in the same way (though possibly with a different size of
magnetic unit cell), but intensity is seen in a line rather than just at the peaks, and the
normalization is modified by a factor of ¢/(27).

Again, we use the definition of the resolution ellipsoid in Equation 3.26.
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The Lorentz factor becomes clear if the axes ¢, and g, are rotated as shown in Figure 3.6.

q, A%
R
\
\ B
\
\ q
\ - /7 ’
\ g
\ _ - -
\ : e - - - - _) qx,
KQ Bragg rod

Figure 3.6: The rotation of coordinates for the Bragg rod

Thus the matrix elements are transformed as:

M{, = My sin® 8+ Myscos® B — 2My,sin B cos B (3.48)
M, = My = (M — M) cosBsin B+ Mia(sin? 8 — cos? ) (3.49)
M, = M cos® B+ My sin® B+ 2M, sin 8 cos 3. (3.50)

Rotating a so that

o = (Z - ﬁ) +a, (3.51)

we end up with a Lorentz factor of

L' =

(3.52)

c*cosa' [ My My — M)5?
N 27I'Bo ’
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and the intensity at the top of the ridge is normalized by

c* Mzgl
— ‘ , . 3.53
z = BO ( )

Note that as expected when o' = 7/2 then L~! = 0 which corresponds to measuring

2|

along the rod. In this case the measured area becomes infinite.
To include the effects of sample mosaicity, the mosaicity can be again considered to be

a spectrometer effect, so applying the transformations in Equations 3.39-3.42 we get:

[STE]

c* cosa’ (1 + Maa/m)

\/27TBQ N
M;,? Maa
M1 —
% [( 1 M22+m> (1+M22/m)

_ (___1 +]‘A441222/m)2] , (3.54)

L™t =

and

M ) 2
+2 (T-}-—A;;;—/;’L-) Sin ,BCOS ,B:‘ . (355)

Note that due to the complexity of these expressions, it is simpler to actually perform

the transformations and use Equations 3.52 and 3.53.

3.10 The Lorentzian

If the coherence between planes in one direction decays exponentially, the intrinsic peak
shape will be broadened by a Lorentzian in one direction.

If the Lorentzian lies at an angle 8 to the nominal spectrometer position kg then it can
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be shown (see Chapter 2 Ref. [4]) that:

-1 = T afa) 1
B N! Bo U(a)’

™ [2m 1

(3.56)

where
r My Moy — My* 2 ”2
V@) = [ gy - e e (359)
ala) = Mp cos® a + 2Mi» cosa sina + Mas sin? a. (3.59)

This does not have a simple algebraic solution and will in general need to be solved

numerically.

3.11 Twinning

Although the samples measured in this thesis are single crystals, they do show significant
mosaicity. The samples thus are likely to be made up of a number of crystals in very similar
alignment.

However, the crystal structure of the RBa;Cu3Og4 s series of crystals is such that the a
and b directions are very similar.

Thus (as is assumed in this thesis), the small crystals may have random alignment within
the constraint that the long axis must be in the same direction (but either way around) and
that the other two axis are aligned between the small crystals, but may be in any order.

Note that there may also be magnetic domains where the a and b directions are swapped,
and this will have a similar effect.

These effects can be modelled simply by calculating the intensity for the equivalent
crystallographic directions and averaging them.

Thus, the intensities are calculated for the (h, k, £l), (h, —k, £l), (k, h, £l) and (k, —h, 1)
directions.

This has no effect on the calculation of the nuclear intensities. However, this averaging
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over domains is very significant for the magnetic structure. This twinning effect means that
even though this is a single crystal experiment, certain orientations of the moments cannot
be derived from the data. For instance, the angle 8 of the rare earth moment away from

the c direction can be found, but the angle ¢ at which it lies in the ab plane cannot.

3.12 Two dimensional measurement corrections

Due to difficulties in aligning the sample and spectrometer, in some cases it can be consid-
erably more accurate to measure the intensity at points in a two dimensional area around
the peak, rather than in a line scan across the peak. See Section 4.5.7 for measurements
that use this technique.

This reduces the risk of the line scan missing the center of the peak, and does not rely
on all of the approximations of the Lorentz factor correction.

The corrections to obtain an absolute intensity from such a measurement are much
simpler than in the one-dimensional case.

We can calculate what a two-dimensional Lorentz factor would be from the previous

results in this chapter.

e The z factor (see for instance Equations 3.35 and 3.44) gives the ratio between the
intrinsic intensity of the Bragg peak and the measured peak height. This gives the

overall normalization of the peak.

¢ The transformed matrix elements M),, M,, and M, give the shape of the resolution

ellipsoid as defined in Equation 3.26.
Now, the integrated volume of the two dimensional Gaussian ellipsoid given by:

1 1
R(q) =exp [—§M11q2 — M12¢zqy — §M22(1§ ) (3.60)

is
T

My May — My,°

/R(Q)dq (3.61)

Thus, defining L, to be the ratio of the measured volume of the peak to the intrinsic
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intensity of the peak we have

- z
Ly = 2y MM - M. (3.62)

Crucially, this value is found to be independent of both w and 8; (demonstrating this
by algebraic methods is lengthy and tedious). Thus, as long as the measured intensity of
the magnetic peaks are normalized against nuclear peaks measured in the same way, the
Lorentz factor correction can be entirely neglected.

It can be seen that this must be the case, as by performing the grid scan all of the
scattering in the plane is measured. This is reflected in the Lorentz factor; as the area of
the ellipsoid changes, the z factor changes to compensate.

A simple way to measure a peak in a two dimensional grid is to measure a series of linear
scans across the peak with different offsets. By completing the square, the intensity around

a peak can be rewritten as

1
I = Iyexp {— [%Muz'z + Myoz'y' + §M22y'2] } (3.63)
M ( p .Mmyl)2 2 <1\/-f122 - M11M22>
= T = - - , 3.64
oexp{ 5 [ T Y YA (3.64)

where ' = £ — ¢ and ¥y’ = y — yo and zo and yo give the position of the peak.
Thus a scan at ¥’ = y’ in the z direction will have a maximum at z' = (M12/ M)y,

have a width equal to 1/4/M;; and a maximum value of

1
Imax = Ipexp [—' (

(3.65)

M11M22—M122> ;2]
2 s | -

My,® ’

The coordinate system can be rotated so that z lies in the scan direction. Thus, each of
the scans in a particular direction will have the same Gaussian width. Furthermore, their
centres will be offset in a line with a slope given by the ratio of the transformed M,; and

M, matrix elements and have an amplitude given by Equation 3.65 using the transformed

matrix elements.

The only complexity to account for in the grid scans is to convert the units of the scans

into an area of A~!.
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In all the measurements presented here, we have taken the (110) and (001) vectors as a
basis.

Many of the grid scans are measured in the (110) and (001) directions with units of
h and | respectively. In this case the conversion is easy. The conversion factor for the h
direction is Cy = 2v/27/a (assuming a = b) and for the ! direction C; = 2m/c. Thus the

area conversion factor is

C=viEel (3.66)

ac

However, scanning in the w direction (i.e. simply rotating the crystal) is much faster as
the detector does not have to be moved. Thus, many of our measurements have one of the
scan directions being w rather than one of the axes.

Due to the scans being short compared to the distance from the origin, we ignore the
curvature of the scan for simplicity.

With w in degrees, the conversion factor is C,, = r7/180 where r is the distance from
the origin in A~1.

If the other axis is (110) or (001) then the correction factor is as above, but with an
additional factor as the two scan directions are no longer perpendicular.

For a (110) scan, the projection of the scan onto the perpendicular to the w direction gives
a correction of the ratio of the measured distance to the radial distance, i.e. 2v/27h/(ar).

Thus, the overall correction is

h

C = 8r° RO (3.67)
Similarly, the correction for an w—(001) scan is
3 l

C =A4r 1308 (3.68)

It should be noted that this procedure relies on all of the area of the peak being covered
within the grid. Thus, it is not suitable for measuring two-dimensional ordering, or any

other form of scattering where the peak is not highly localized.
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Chapter 4

Magnetic Structure

Measurements

4.1 Introduction

In this chapter I will describe the measurements on NdBa;Cu3Q¢4s, the analysis of the
magnetic ordering and compare the results with previous measurements on PrBa;Cu3 Qg 5.

Three samples were measured:

o A relatively pure sample of the oxidized form, NdBa;Cu3O7 which was superconduct-

ing and showed ordering of only the neodymium moments.

e A sample of the reduced form, NdBa;CuzOg which is believed to have Nd substitution
on the Ba sites giving a composition of NdBay_,NdyCuzOs. This showed ordering
of the copper moments (which rotated at low temperatures), and a two-dimensional
ordering of the neodymium moments. As it was of the reduced form, it did not

superconduct.

o A relatively stoichiometric sample of NdBa;Cu3Og. This showed a simple copper
ordering at high temperatures and a more complex (but independent) ordering of
both the neodymium and copper at low temperatures. As with the second sample,

this was not a superconductor.

45
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This chapter will describe the experimental techniques used, the results obtained and

include a discussion of the results.

4.2 Experimental technique

The measurements were carried out on the TAS1 triple axis spectrometer on reactor DR3 at
Risg National Laboratory in Denmark. This section outlines the experimental procedures

and equipment used.

4.2.1 Equipment

The TAS1 spectrometer is a triple axis spectrometer on the liquid Hy moderated ‘cold
source’ reactor DR3.

TAS1 in the configuration we used is similar in overall design to the general triple axis
spectrometer described in Section 3.2 and illustrated in Figure 3.1.

TAS1 has a selectable incident energy for the neutrons. For most of the measurements,
we used a nominal fixed incident energy of 13.7 meV, which gives a neutron wavelength
of 2.47 A. This matched the peak in the reactor flux, and gives a convenient scale for the
measurements of the sample.

The exact incident energy is slightly uncertain, which leads to a systematic error on our
results. A calibration made during the later measurements put the incident energy at closer
to 14.1 meV than the nominal value.

The neutron detector was a proportional *He gas detector.

4.2.2 Sample environment

These measurements have been made over a wide range of temperatures. Various different

sample environments provided this range.

e A small furnace provided temperatures above room temperature. This was the sim-
plest environment used and the sample could be mounted directly on the goniometer

of the spectrometer.
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e For some initial measurements at low temperatures a standard Orange cryostat pro-

vided cooling.

e To obtain temperatures down to 313 mK, a Heliox insert from Oxford Instruments
was used with a special cryostat. The Heliox is a ®*He sorption pump. Once the 3He
was fully condensed, the sorption pump would maintain base temperature for greater

than a day, which was a vital property for some of the long measurements.

e For some of the wide range temperature dependent measurements, a displex was used

to obtain easy control of the temperature.

In the measurements with either of the cryostats, the sample had to be mounted in the
cryostat, and the entire cryostat placed on the goniometer. This meant that the sample
was inverted compared to the other measurements, and the sample alignment relative to
the goniometer was not obvious.

To obtain absolute measurements, each of the sample environments needed separate
calibration. For instance, the Heliox has a considerable amount of helium in the beam,
which adds to the background and attenuates the beam. As the majority of the final
measurements were made using the Heliox (which covers the temperature range over which
the neodymium orders), this is only significant for measuring the copper ordering at high

temperatures.

4.2.3 Crystal alignment

For each of the measurements made on the crystals, we aligned the crystal such that the ¢
axis of the crystal was in the plane of the spectrometer, and the crystal was rotated by 45°
around the ¢ axis. Thus the axes for the scattering were the (1,1,0) and (0,0,1) directions.

To align the crystal, the (0,0,4) and (1,1,0) peaks were used. These peaks are sufficiently
intense that they can be found easily by rotating the crystal while continuously monitoring
the count rate.

One difficulty in using a triple axis spectrometer to measure absolute intensities is that
the alignment must be very precise, or not all of the intensity will be measured. The

alignment is complicated by the resolution ellipsoid changing in orientation as the position
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in reciprocal space varies. This means that generally the axes of the ellipsoid will not
match the direction of an alignment scan. Thus, it is not necessarily sufficient for accurate
alignment to scan in perpendicular directions looking for the maximum intensity, as this
can lead to alignment on a point that is on a principal axis of the ellipsoid.

The sizes of the samples used in these experiments were small compared to the sizes
of samples usually measured on similar triple axis spectrometers, which leads to further
difficulties in obtaining a perfect alignment.

In particular, as well as the orientation of the sample, the position is critical. Otherwise
the rotation of the sample will cause it to precess, and move away from the beam. For the
measurements outside the cryostat this is not a real problem, as the position of the sample
can be modified directly as the sample can be seen. However, for measurements using the
Heliox insert, the sample is mounted in the sample chamber of the insert and so the position
cannot be checked directly. Also, there is a long connection between the sample and the
cryostat, so any misalignment in angle will give a significant positional error.

With a small sample and a narrow beam, a precession of the sample will give a significant
change in the measured intensity. The change will be different depending on the position of
the spectrometer, and so can skew results for different Bragg peaks. A precession may also
give a variation in the width of a peak, as the sample changes position as it is rotated to
perform the scan. On a truly open detector, these effects would be small, but to reduce the
background we used fairly narrow collimators at the detector. This means that neutrons
scattered from the sample when it is off center may be stopped by the collimators.

To obtain alignment in the cryostats, the crystals were aligned at room temperature
outside the cryostat. The mounts were then modified so that the crystal was almost aligned
at the zero position of the goniometer. This enabled the alignment of the crystal in the

cryostat without excessive tilting of the cryostat which would cause instability.

4.2.4 Sample mounting

To mount the sample, we first wrapped it in a small piece of foil with a stem to keep it
fixed and to provide a flexible mounting point so that its position could be adjusted. This

provided a coarse adjustment.
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Normally, high purity aluminium foil would be used for this (and it was used for some
test measurements). This has the advantages that it is easy to work with and matches
the material of the cryostat and mountings and so does not add as much to the powder
scattering background.

Unfortunately, we wished to take measurements at very low temperatures where alu-
minium superconducts. This would lead to very poor thermal contact between the sample
and the environment, making temperature changes and measurement difficult, particularly
when measuring across a temperature range.

Thus, for mounting the samples at low temperature we used various thicknesses of high
purity copper foil to produce suitable mounts.

These were then mounted on copper stem mounts, which were wrapped in cadmium foil

to reduce any background scattering from them.

4.2.5 Analysis of data

To measure the absolute magnetic moments, the intensities of the Bragg peaks must be
normalized to correct for the resolution of the spectrometer, the mosaicity of the sample,
intrinsic broadening, and the strength of the scattering by the crystals. Chapter 3 describes
the mathematical techniques used for this.

For each crystal, the nuclear peaks were measured at low temperature to align the crystal
and to check and refine the parameters of the resolution correction. The intensities of these
peaks are then used to normalize the magnetic peaks to absolute magnetic moments.

Figure 4.1 illustrates the types of scans through reciprocal space performed for each
Bragg peak. The scans in the hk and [ directions produce data that is simple to analyse.
However, they have the disadvantage that to perform such a scan, ; needs to be changed
for each point. On TAS1 this is a slow process, as the entire analyzer and detector assembly
must move and stabilize at the new position. Thus, for the typical count times used in these
measurements, such a scan is relatively slow. Conversely, an w scan simply involves rotating
the sample and is relatively quick to perform.

To obtain the intensities of the peaks, the scans across the peaks in reciprocal space were

then fitted to a Gaussian with a sloping background. In most cases sufficient points could
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Figure 4.1: An illustration of the types of scan: Shown here are the directions of the scans
through the (3, £,2) magnetic Bragg peak. The hk and ! scans are along the axes and the
w scan is a rotation about the origin.

be measured for an accurate determination of the background. In some cases this was not
possible due to contamination by the powder scattering from the mounting. In these cases
estimates of the intensity from the uncontaminated points were made as appropriate.

In the cases where the absolute value of the background was important (for instance,
Section 4.4.7), the scans were fitted to a Gaussian with a flat background, the value of which
was used for the corrections.

Using Gaussian fits to the peaks enables the background to be removed, and also allows
meaningful results to be obtained from scans which are contaminated with powder scatter-
ing. This technique does have a disadvantage: some of the peaks (particularly those with
Lorentzian broadening) are significantly non-Gaussian. This can lead to the area of the

best-fit Gaussian missing some of the intensity.
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4.2.6 Systematic errors

In this chapter I quote the results with errors given by the random errors calculated from
the scatter of points.

In this section I attempt to quantify the systematic errors inherent in this technique.

e The exact incident energy of the neutrons provided by the monochromator is slightly
uncertain. Calibration measurements put the difference between the measured and
nominal values at up to 3%. The exact effect of this is dependent on the measurement
being performed. We do not rely on the measurements to obtain the nuclear structure
of the crystal, so the exact value of the incident energy is not critical. The energy only
affects the Lorentz factor correction for the resolution of the instrument. Calculations
using different values for the incident energy put the error on a peak intensity at
less than 2% due to this effect. The later grid measurements are independent of the

incident energy.

e For simplicity, the Debye-Waller factor has been neglected. This is justified as almost
all of the measurements are made at low temperatures, and with only small temper-
ature differences between measurements. Also, the nuclear measurements used for
calibration were also made at low temperature. This will only cause a significant error
for the higher temperature measurements. In particular the high temperature copper
ordering may be slightly distorted, however the absolute intensity of this measurement

is only of minor importance.

e Again, for simplicity, a simple model has been used for the nuclear structure. This
leads to a not ideal match between theory and experiment for the nuclear structure.
However, the intensities of large numbers of peaks are combined to produce the nor-
malization factor, so the overall normalization error on absolute magnetic moments

caused by this should be less than 5%.

e As described in the previous section, the use of Gaussian fits for the data, though
generally improving the quality of the data, can lead to a systematic error on the
intensity. This will be most noticeable for the second reduced crystal, which showed

Lorentzian broadening, and the oxygenated crystal, which had significant mosaicity.
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Calculations using the integrated intensity put the error in these cases at less than

10%.

e Many of the scans have been corrected using a Lorentz factor. Due to the uncertainties
in the instrumental parameters and the approximations in the correction, this by itself
will lead to a systematic error. The version used here is more detailed than has been
commonly used previously (as it includes corrections for sample mosaicity and intrinsic
broadening), but even so there were noticeable differences between the predicted and
measured resolutions. This is why most peaks have been measured at least three times
in different directions. Calculations using different values for the Lorentz correction
put the systematic error on a peak intensity from this at around 10%. The later grid

scans are unaffected by this as they do not need the correction.

Overall, we believe the systematic error on the measurements of absolute magnetic mo-
ments to be around 10%, and slightly less for the grid measurements. Note that the error
on the moment is a factor of two lower than the error on the intensity as the moment is
proportional to the square root of the intensity.

The temperature sensors are believed to be accurate. Measurements were made of the
magnetic transitions when the temperature was changed to quantify the thermal contact
between the sample and the environment. For the temperature scan measurements, the step
time was chosen such that the sample temperature could equilibrate. Thus we believe that
systematic errors in the measurement of temperature for measurement of the temperature

dependence of the magnetic ordering to be less than 0.02 K.

4.2.7 Samples

All three samples were produced by Th. Wolf at Forschungszentrum Karlsruhe.

The oxygenated crystal had a mass of 42 mg and the non-stoichiometric and stoichio-
metric reduced samples had masses of 23 mg and 19 mg respectively.

The oxygenated crystal, the non-stoichiometric and the stoichiometric crystal are those
referred to as S, NS(B) and NS(A) in Ref. [1].

The growth method used was similar to that described in Ref. [2]. High purity Nd,O3,
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BaCO3; and CuO powders were used (except where described below). The crystals were
grown in 60-70 mbar air while the temperature was decreased from 1010 °C to 964 °C at
0.4 °C per hour. The furnace was then evacuated to 30 mbar and cooled to room tempera-
ture at around 50 °C per hour.

In the case of crystal NS(B), the oxygen partial pressure was higher during the cooling
to room temperature, which was also slower. These conditions lead to a small excess of Nd,
which is likely to be substituted onto the Ba site.

Crystal S and NS(B) were grown in yttria stabilized zirconia crucibles, while NS(A)
was grown in a SnO2 crucible. Thus, small quantities of Y or Sn may contaminate the
crystals. NS(A) was also formed from slightly impure CuQ, which may lead to Zn, Sn and
Fe impurities at around 1% per site.

To obtain the desired oxygen contents, the crystals were annealed after growth.

Crystal NS(A) was reduced using a gas volumetric system [3]. The sample was reduced
at 700 °C with 5 g of YBCO powder acting as a buffer. Degassing oxygen was removed
from the system for two days, and then the system was allowed to equilibrate at 0.5 mbar
and cooled to 200 °C over 10 hours.

Crystal NS(B) was reduced in a 0.02 mbar oxygen atmosphere 695 °C for 138 hours.

Crystal S was annealed in 1 bar oxygen between temperatures of 601 °C and 379 °C for
790 hours.

The compositions of the samples (quoted in Tables 4.3, 4.7 and 4.14), were measured by

Shamimo Chowdhury by EPMA in the Clarendon Laboratory, Oxford.

4.3 NdBay;Cus0

4.3.1 Introduction

NdBa;Cu30O7 was relatively easy to measure and analyse, as it was clear from preliminary
measurements on some (%, %,l) peaks that the Cu atoms do not magnetically order. This
is expected as the crystal has a high oxygen content and is a superconductor. Thus, only
the low temperature Nd ordering needed to be measured.

The low temperature ordering of the neodymium moments was measured using the Heliox
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Figure 4.2: Oxygenated crystal w scan across (1,1, 3)

insert.

4.3.2 Sample mosaicity

Figure 4.2 shows a typical w scan across the (1,1, 3) nuclear peak to give an indication of
the sample mosaicity. The line is the best-fit Gaussian.

The width (standard deviation) of the peak shown is 0.371 £ 0.007°. With the mosaicity
as in Table 4.3 the theoretical width is 0.372°. Without the correction for the sample
mosaicity, the theoretical width would be 0.114°.

Despite the relatively large mosaicity, it does not distort the peak significantly from a
Gaussian, as can be seen from the graph.

Due to the significant mosaicity, the sample is assumed to be twinned (see Section 3.11

for details). The later crystals are also assumed to show twinning.

4.3.3 Nuclear structure

From the measured T of 95.5 £ 0.5 K (see Section 8.1.2) and comparison to similar samples,

we believe the oxygen content of the crystal to be 6.93 £0.02. As the exact crystal structure
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was not measured, I have used nominal parameters [4] with the occupancy set for this oxygen
content.

The peak intensities and widths correspond reasonably with the expected values based
on the known structure. Tables 4.1 and 4.2 show the relation between the measured and
theoretical values for the intensities and widths. The differences that are visible are ex-
pected, as most of the parameters used are the nominal ones, and the model used is simple,
neglecting extinction and other effects. A more complex model is not justified considering
the inaccuracy of this method for measuring nuclear structure.

The values for the resolution correction used in the above tables are shown in Table 4.3
as well as the nominal values of the resolution parameters.

The definitions of the parameters are given in Section 3.8 and summarized in Table 3.3.

4.3.4 Magnetic peaks at 0.313 K

Table 4.4 shows the magnetic peaks measured at 0.313 K. The intensities have been nor-
malized to the nuclear peaks to obtain the intensities in units of ug2. Note that this does
not include the magnetic form factor, so the magnetic moment is not simply the square root
of this. Comparisons to theoretical values must be made to obtain the actual moments.

The theoretical values are a fit to the data assuming a structure for the Nd moment that
is antiferromagnetic in all three directions as shown in part A of Figure 2.4.

Note that this is a different ordering to an ordering that has been observed for Pr in
PrBasCuzO; (see Chapter 2 Ref. [4]). This ordering actually makes the analysis much
easier for the later crystals: the neodymium and copper peaks do not usually coincide, so
the added complication of separating the intensities does not occur.

The only parameters varied in the fit were the magnitude and direction of the Nd mo-
ment. The definition of x? used in the results given (and the rest of the results in this thesis)
is

1 T --—zvz
2____ mi ti
=y Y o] (4.1)

=1
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| (hk1l) Scan || Intensity Theory Ratio |
(001) w 8.96E-04 + 3.1E-05 9.30E-09 9.6E+04
[ 1.29E-03 + 3.0E-05 1.4E+05
(002) w 2.54E-04 + 1.3E-05 6.19E-10 4.1E+405
[ 3.33E-04 + 1.0E-05 5.4E+05
(003) w 4.29E-03 + 1.2E-04 3.01E-08 1.4E+05
l 4.88E-03 + 1.1E-04 1.6E+05
(004)  w | 845E-03 £ 24E-04 450608 1.OE+05
[ 9.13E-03 + 1.9E-04 2.0E+05
(005) w 1.35E-02 £ 3.3E-04 1.02E-07 1.3E+05
l 1.48E-02 + 5.0E-04 1.5E+05
(006) w 3.24E-02 + 8 9E-04 2.88E-07 1.1E+05
l 3.64E-02 + 1.8E-03 1.3E+405
(007) w 7.01E-03 + 2.1E-04 6.10E-08 1.1E+05
l 7.63E-03 + 5.8E-04 1.3E+05
(110)  w || 8.93E-03 £ 2.78-04 5.76E-08 1.6E+05
hk 9.73E-03 + 2.0E-04 1.7E+05
l 8.97E-03 + 3.5E-04 1.6E+05
(111) w 2.57E-03 + 9.4E-05 1.33E-08 1.9E+05
hk 2.51E-03 + 7.4E-05 1.9E+05
l 2.66E-03 + 1.0E-04 2.0E+05
(112) w 5.32E-04 £ 2.7E-05 3.50E-09 1.5E+05
hk 5.21E-04 + 2.4E-05 1.5E+05
l 5.69E-04 + 4.7E-05 1.6E+05
(113) w 1.27E-02 + 4.1E-04 8.21E-08 1.5E+05
hk 1.14E-02 + 3.5E-04 1.4E+05
[ 1.48E-02 + 4.8E-04 1.8E+05
(114)  w || 2.37B-03 £ 08605 1.08E-08 1.2B+05
hk 2.27E-03 + 9.5E-05 1.1E+4+05
l 2.93E-03 + 9.6E-05 1.5E+05
(115) w 1.46E-03 + 1.0E-04 5.09E-09 2.9E+05
hk 1.45E-03 + 1.1E-04 2.9E+05
l 1.94E-03 + 1.2E-04 3.8E+05
(116) w 1.81E-02 + 4.7E-04 1.28E-07 1.4E+05
hk 1.97E-02 + 7.0E-04 1.5E+05
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Table 4.1: Oxygenated crystal nuclear peak intensities: The intensity of the peak is given
in arbitrary units after correction for resolution effects by the use of a Lorentz factor.



CHAPTER 4. MAGNETIC STRUCTURE MEASUREMENTS

| (hkl) Scan || Width Theory  Ratio |

(001) @ | 3.83E0L * 80E-03 3.87E01 099
l 3.06E-02 & 3.7E-04 2.18E-02 1.41

(002) w 3.79E-01 £ 1.2E-02 3.79E-01 1.00
l 3.25E-02 £ 5.4E-04 261E-02 1.25

(003) w 3.83E-01 £ 6.1E-03 3.75E-01 1.02
l 3.58E-02 + 4.0E-04 3.16E-02 1.13

(004) w 3.90E-01 + 6.7E-03 3.73E-01 1.05
) 4.09E-02 + 4.5E-04 3.79E-02 1.08

(005) w 3.87E-01 + 5.8E-03 3.72E-01 1.04
l 4.71E-02 + 9.4E-04 4.46E-02 1.06

(006) w 3.94E-01 = 6.5E-03 3.72E-01 1.06
l 5.52E-02 £ 1.9E-03 5.15E-02 1.07

(007) w 3.73E-01 +£ 6.3E-03 3.72E-01 1.00
l 5.71E-02 + 2.3E-03 5.86E-02 0.98

(110) w 3.72E-01 + 6.6E-03 3.73E-01 1.00
hk 9.78E-03 + 1.3E-04 9.30E-03 1.05

) 2.80E-02 + 5.9E-04 2.78E-02 1.01

(111) w 3.61E-01 + 7.5E-03 3.73E-01  0.97
hk 9.52E-03 £ 1.7E-04 1.04E-02 0.91

) 2.82E-02 £ 59E-04 2.73E-02 1.03

(112) w 3.55E-01 £+ 1.0E-02 3.72E-01 0.95
hk 1.04E-02 + 3.2E-04 1.13E-02 0.92

l 3.12E-02 £ 1.5E-03 2.90E-02 1.07

(113) w || 3.72E-01 £ 7.0E03 3.72E01 1.00
hk 1.04E-02 + 2.0E-04 1.20E-02 0.87

l 3.81E-02 + 6.8E-04 3.23E-02 1.18

(114) & | 3.77E01 £ 95E03 3.72E01 101
hk 1.17E-02 + 3.7E-04 1.26E-02 0.93

l 4 48E-02 +£ 9.1E-04 3.67E-02 1.22

(115) & || 3.78E-01 £ 1.8E-02 3.72E-01 1.02
hk 1.28E-02 &+ 8.1E-04 1.35E-02 0.95

) 5.34E-02 + 2.5E-03 4.18E-02 1.28

(116) w 3.71E-01 + 5.6E-03 3.72E-01 1.00
hk 1.49E-02 +£ 44E-04 145E-02 1.03
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Table 4.2: Oxygenated crystal nuclear peak widths: The units of the widths are dependent
on the scan type, with w scans expressed in degrees, and the linear scans in fractions of

Miller indices.
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[ Parameter

|| Nominal Value Derived Value |

Im 30 30
Na 30 30
Qo 60 60
o 30 30
Qs 60 60
Qs open 200
Geometry r,r,l r,r,l
Crystal a 3.856
Crystal b 3.912
Crystal ¢ 11.719
s Unknown 50
Oxygen content 6.93 £ 0.02
Ba z 0.1809
Cu2 z 0.3494
01: 0.1577
02z 0.3681
03z 0.3737
Nd content 0.97 £ 0.01
Ba content 2.00 + 0.01
Y content 0.007 £+ 0.004

Table 4.3: Oxygenated crystal resolution and structure parameters
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| (h k1) | Intensity / p Theory |
(55 %) 97.6 + 2.0 101.1
(i ! 3) 78.3 £ 1.8 72.6
(i t g) 45.5 + 1.4 47.2
(i 1 E) 304 +1.3 31.5
(% -2- %) 271+ 2.3 22.1
(L 11 15.5 £ 2.9 16.3
(111 110+£17 123
CER! 75.8 £ 8.2 75.2
(3- 3 3) 68.3 + 7.8 70.7
(235 618 +30 628
(g % 2) 55.2 + 3.3 53.4
% 1.94
Nd moment / up || 1.344 + 0.014
Nd angle ° 16.3 £ 2.3

Table 4.4: Oxygenated crystal magnetic peak intensities
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where 1 indexes the measurement points,
N is the number of measurement points,
ZTn; 1S the value of point ¢,
Zy;  is the theoretical value of point ¢, and

o; is the standard error of point <.

The relatively low x? value for the fit (and low random error) indicates that this model
matches the results well.

Without a tilt on the neodymium moment, the match with the theoretical value is
considerably worse, with a x? of 5.40.

The widths of the peaks match the theoretical predictions quite well, and the intrinsic
width of the peaks is small compared to the resolution width, indicating a long range order.
The intrinsic width (HWHM) in the ¢ direction is estimated to be less than 0.002 A~1, giving
a correlation length of greater than 500 A. This is estimated from the smallest change that
may be observed considering the resolution width. Thus, no attempt has been made to
correct the values for Lorentzian broadening.

The value of the moment is slightly larger than has been reported previously (see
Chapter 2 Refs. [16, 18, 19]), and we find a slight tilt away from the ¢ axis, whereas the

previous results have shown alignment with the ¢ axis.

4.3.5 Temperature scan

To show the development of Nd ordering, we measured the intensity of the (%, 3, 1) peak as
a function of temperature from 0.313 K to 0.68 K.

Figure 4.3 shows the normalized moment of the peak, using the structure derived in
Table 4.4. The points shown have been corrected for the background, so the negative points
just show statistical fluctuation.

This shows that the Nd begins to order magnetically at 0.65 £ 0.01 K.

The line is a fit based on the power law equation that describes critical phenomena near

a phase transition,

T g
po= i [1 - ;_FC] ) (4.2)

where 3 is the order parameter critical exponent.
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4.4 Non-stoichiometric NdBay_yNd, Cu3zO¢

4.4.1 Introduction

From the measurements on this sample and others [5], we believe that the sample had Nd
substitution on the Ba sites.

In particular, two-dimensional ordering of the neodymium was seen, which is character-
istic of this.

Unlike the oxygenated crystal, ordering was seen of both the copper and neodymium

peaks. The copper peaks showed a rotation towards the AF2 phase at low temperature.

4.4.2 Sample mosaicity

For comparison with the previous crystal, Figure 4.4 shows a typical w scan across the
(1,1, 3) nuclear peak. Again the line is the best-fit Gaussian.

The width of the peak shown is 0.175 £ 0.003°. With the mosaicity as in Table 4.7 the
theoretical width is 0.143°. Without the correction for the sample mosaicity, the theoretical
width would be 0.114°. The corrected width is significantly different to the measured width;

the reasons for this are discussed in the next section.

4.4.3 Nuclear peaks

From the preparation technique and similar samples, we believe the oxygen content to be
6.20 £+ 0.02.

As with the previous sample, the exact parameters for the crystal structure are not
available, so I have again used the nominal structure, corrected for the oxygen content. As
the exact degree of substitution is unknown, the standard NdBa,;Cu3Og¢ structure has been
used.

The measurements of the nuclear peaks for normalization are shown in Tables 4.5 and
4.6, along with the theoretical widths and intensities. As with the oxygenated crystal,
the measured values show some discrepancy with the theoretical values. The match with
the theoretical values is slightly worse, which may indicate a slight misalignment, or be

symptomatic of the slightly non-stoichiometric composition.
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| (hkl) Scan | Intensity Theory Ratio |

(001) w 5.92E-04 £ 2.3E-05 1.86E-08 3.2E+04
) 8.68E-04 £+ 9.5E-05 4.7E+04

(002) w 7.54E-06 + 2.2E-06 2.45E-11 3.1E+05
) 6.92E-06 £+ 2.0E-06 2.8E+05

(003) w 7.06E-04 + 2.5E-05 1.70E-08 4.2E+04
l 8.89E-04 + 7.9E-05 5.2E+04

004)  w || 2.94E-03 & 1.3E.04 7.51E-08 3.9E+04
l 3.31E-03 £ 3.7E-04 4 4E+04

(005) w 3.32E-03 £ 1.2E-04 7.10E-08 4.7E+04
l 3.53E-03 + 4.4E-04 5.0E+04

(006) w 5.54E-03 + 2.1E-04 2.33E-07 2.4E+04
l 5.49E-03 + 5.6E-04 2.4E+04

(007) w 2.20E-03 £ 9.4E-05 7.45E-08 3.0E+04
l 2.10E-03 £ 2.4E-04 2.8E+04

([I10)  w || 480E-03 & 2.0E-04 7.97E-08 6.0E+04
hk 5.03E-03 £+ 1.8E-04 6.3E+04

l 4.92E-03 + 3.0E-04 6.2E+04

(111) w 2.32E-03 + 6.1E-05 2.58E-08 9.0E+04
hk 1.45E-03 + 7.7E-05 59.6E+04

_ l 2.41E-03 + 9.0E-05 9.3E+04
(112) w 9.02E-06 + 7.2E-06 2.94E-11 3.1E+05
hk 3.41E-06 £+ 1.9E-06 1.2E+05

) 7.60E-06 + 4.3E-06 2.6E+05

(113) w 3.06E-03 + 1.1E-04 5.98E-08 5.1E+04
hk 2.04E-03 + 1.6E-04 3.4E+04

l 3.41E-03 £ 1.5E-04 5.7E4+04

(114) w 1.12E-03 £ 6.1E-05 2.71E-08 4.1E+04
hk 8.42E-04 + 3.2E-05 3.1E+404

) 1.36E-03 £ 5.1E-05 5.0E+04

(115) w 5.00E-05 + 4.6E-05 1.80E-09 2.8E+04
hk 5.59E-03 + 8.6E-02 3.1E+06

l 1.27E-03 + 1.0E-03 7.1E405

(116) w 4.09E-04 £+ 3.8E-05 1.53E-07 2.7E+4+03
hk 3.51E-04 + 3.5E-05 2.3E+03

Table 4.5: Non-stoichiometric reduced crystal nuclear peak intensities
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[ (hkl) Scan | Width Theory  Ratio |
(001) w 1.40E-01 + 2.9E-03 1.78E-01 0.79
) 2.16E-02 £ 1.2E-03 1.99E-02 1.09
(002) w 2.96E-01 £ 6.8E-02 1.61E-01 1.84
l 2.85E-02 £ 5.6E-03 2.19E-02 1.31
(003) w 145E-01 + 2.7E-03 1.51E-01 0.96
l 2.98E-02 + 1.4E-03 2.51E-02 1.19
(004) w 1.47E-01 + 3.3E-03 1.46E-01 1.01
l 3.32E-02 £ 1.9E-03 2.91E-02 1.14
(005)  w || 1.62E-01 £ 3.0E03 1.43E01 113
l 3.84E-02 + 2.4E-03 3.37E-02 1.14
(006) w 1.62E-01 + 3.2E-03 142E-01 1.14
) 4.32E-02 £ 2.4E-03 3.86E-02 1.12
(007) w 1.61E-01 + 3.5E-03 141E-01 1.14
) 4.61E-02 £ 2.8E-03 4.38E-02 1.05
(110) w 1.71E-01 £ 3.5E-03 1.45E-01 1.19
hk 9.39E-03 + 2.0E-04 7.08E-03 1.33
l 1.29E-02 + 3.7E-04 1.08E-02 1.19
(111) w 1.73E-01 £ 24E-03 1.44E-01 1.20
hk 7.58E-03 & 2.1E-04 1.04E-02 0.73
l 1.36E-02 + 2.6E-04 1.08E-02 1.26
(112) w 2.32E-01 + 1.4E-01 1.43E-01 1.62
hk 7.58E-03 * 9.22E-03 0.82
) 9.22E-03 £ 3.7E-03 1.16E-02 0.79
(113) w 1.75E-01 £ 3.3E-03 1.42E-01 1.23
hk 6.28E-03 £ 3.2E-04 7.33E-03 0.86
[ 1.82E-02 £ 4.6E-04 1.32E-02 1.38
(114) w 1.70E-01 £ 5.5E-03 1.42E-01 1.20
hk 5.72E-03 + 1.3E-04 6.52E-03 0.88
l 2.24E-02 + 5.0E-04 1.55E-02 1.44
(115) w 2.72E-01 + 2.0E-01 1.41E-01 1.92
hk 4.51E-02 £ 24E-01 6.29E-03 7.18
l 9.20E-02 + 3.5E-02 1.83E-02 5.02
(116) w 1.47E-01 + 7.9E-03 1.42E-01 1.04
hk 6.23E-03 + 3.4E-04 6.36E-03 0.98

Table 4.6: Non-stoichiometric reduced crystal nuclear peak widths
that could not be determined accurately by measurement. Units are appropriate for the

scan type.

: Asterisks denote widths
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Figure 4.4: Non-stoichiometric reduced crystal w scan across (1, 1, 3).

The values for the resolution correction used in the above tables are shown in Table 4.7

as well as the nominal values of the resolution parameters.

4.4.4 Magnetic peaks at 50 K

Unlike the oxygenated crystal, this crystal showed high temperature ordering of the copper
moments in the copper-oxygen plane.

Table 4.8 shows the intensities of the (%, %, l) peaks at 50 K, after normalization to the
nuclear peaks.

The theoretical values are a fit assuming an AF1 structure (see Figure 2.5). The only
adjustable parameter for the fit was the magnitude of the Cu moment. An additional
parameter describing the expansion of the Cu wave function (see Equation 3.9) was initially
used, but this did not give a significantly better fit to the data, and the derived value
was within error of zero. Similarly, there was no sign of significant ordering of the Cu(1)
moments.

The x? is somewhat large, but does indicate a reasonable match. Considering the slight

discrepancies in the nuclear measurements, a significantly better fit cannot be expected.
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| Parameter || Nominal Value Derived Value |

Nm 30 30
Ma 30 30
Qo 60 60
Qa3 30 30
(67) 60 60
Qa3 open 200
Geometry r,r,l r,r,l
Crystal a 3.893
Crystal b 3.893
Crystal ¢ 11.83
s Unknown 12
Oxygen content 6.2 £ 0.05
Ba z 0.1908
Cu2 z 0.3512
01:z 0.1524
02z 0.3711
Nd content 0.98 £+ 0.02
Ba content 2.03 +£ 0.02
Y content 0.010 + 0.006

Table 4.7: Non-stoichiometric reduced crystal resolution parameters

| (h k1) | Intensity / p3  Theory |
(=1 1) 30.9 £ 1.2 31.6
(119 613 +21 535
(113 9.8 + 1.6 6.9
(i i4) 16.3 £ 1.9 19.9
(i ! 5) 45.3 + 3.7 59.5
(-g- %6) 14.1 + 5.9 21.4
(229) 6.7 + 3.9 12.2
x? 5.68
Cu moment / up || 0.620 £ 0.021

Table 4.8: Non-stoichiometric reduced crystal magnetic peak intensities at 50 K
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[ (h k1) | Intensity / u  Theory |
%%5’ 59 + 0.7 6.9
(??n 8.9+ 09 8.5
(??g) 39.5 £ 2.0 40.6
(—?m 15.5 + 1.4 14.4
(%?g) 31.0 £ 1.7 24.6
(??m 2.7+ 1.2 1.9
(??9 2.8+ 1.3 0.8
(??Q 40+ 1.5 5.4
(553) 26.0 + 3.5 36.2
d1s) 126 £36 160
(11 28.3 £ 8.3 36.5
(53 6) 0.5+ 25 5.8
(2133 -0.6 £ 2.2 1.7

x> 2.86
Cu moment / up || 0.632 + 0.020
Cu rotation ° 59.4 £ 1.9

Table 4.9: Non-stoichiometric reduced crystal magnetic peak intensities at 4 K

The lack of peaks at the (3, 1,1+3) positions rules out the formation of an AF2 structure

(see Figure 2.6).

4.4.5 Magnetic peaks at 4 K

As the temperature decreases, there is evidence of an AF2 intermediate structure, as peaks
appear at the (1, ,1+31) positions.

Table 4.9 shows the intensities of the peaks at 4 K normalized to the nuclear peaks.

The theoretical values are a fit assuming an AF2 intermediate structure. The only free
parameters were the copper moment and the copper moment rotation towards the AF2
ground state away from the AF1 state. The x? indicates that this is a reasonable model for
the structure, and the moment is consistent with that at 50 K, showing that the ordered
moment has not significantly changed, but has simply rotated. As both temperatures are
well below the ordering temperature, the magnitude of the moment would not be expected
to change. There is no evidence for significant ordering of the copper chain sites, but the
relatively large error does not rule this out.

The magnitude of the moment is also consistent with that reported for PrBa;Cu3QOg (see

Chapter 2 Ref. [4]).
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4.4.6 Temperature scan 0.313 K to 5 K

At the temperature decreases further, there is evidence for a two-dimensional ordering of
the Nd. Ridges of magnetic scattering along the (%, %, l) and (%, %, l) where [ is continuously
varying, indicate a two-dimensional structure.

The ridge shows up as additional signal in the scans across the Bragg peaks. For scans in
the [ direction this is not a problem, as the Bragg rod simply adds a constant background.
However, for scans that are across the Bragg rod, the rod will appear as a peak, and this
needs to be corrected for if the copper ordering is to be found.

We measured the intensities of three positions as a function of temperature to show the

development of the two-dimensional ordering:

e (3, 1,1.3) to show the formation of the magnetic ridge, and

*

ol

, %, ) and (3, %—, 2) to show the copper ordering and the variation of the AF2 state.

D=

Figure 4.5 shows the intensities of the (%, 3, 2) positions normalized to the nuclear peaks
to give them in units of up?. These measurements have not been corrected for the ridge of
scattering. The ( %, %,2) peak shows a slight rise as the temperature decreases, but this is
due to the addition of the ridge.

Figure 4.6 shows the intensities of the (3, 3,1.3) position, showing the formation of the
magnetic ridge. The background has not been removed. The higher temperature measure-
ments put the background at 321.0 £+ 3.7up2.

Asin Section 4.3.5 the line is based on Equation 4.2. From this, the ordering temperature

is 1.501 + 0.003 K, with a value of 283 of 0.35+ 0.09. The value is given for 23 as the

intensity is proportional to the square of the moment.

4.4.7 Magnetic ridge

At low temperatures, the Nd forms a two-dimensional structure. This is indicative of a non-

stoichiometric composition with Nd substitution on the Ba sites. Such an ordering could

also suggest contamination, but other studies [5] indicate the former is more likely.
Figures 4.7,4.8 and 4.9 show scans in the hk direction across the ridge at three different

positions. The lines show the best fit Gaussian for each peak.
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Figure 4.5: Non-stoichiometric reduced crystal magnetic peak temperature scan: The vari-
ation of the intensities with temperature.
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Figure 4.6: Non-stoichiometric reduced crystal magnetic ridge temperature scan: The vari-
ation of the intensity with temperature. This shows the intensity without the background

removed.
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Figure 4.7: Non-stoichiometric reduced crystal magnetic ridge (0.5, 0.5, 0)
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Figure 4.9: Non-stoichiometric reduced crystal magnetic ridge (0.5, 0.5, 3.25)

From this we can confirm the width of the ridge to check the resolution calculation so
that the ridge contribution can be removed from the Bragg peaks.

Figure 4.10 shows a scan along the ridge in the [ direction. Each point is simply a count
of the scattered neutrons at the nominal position. The powder scattering lines around
[ =4.5,5.3,6.2 have been removed for clarity, and the points have been chosen to avoid the
Bragg peaks.

The intensity has been normalized using the 2 factor for a Bragg rod (See Equation 3.53).
Due to the simple counting procedure, the background is not well defined, and so the back-
ground has not been subtracted. The lines show an estimated background (and the error)
taken from interpolated values of the background on the peak measurements in Section 4.4.8.
Note that the background estimate at large ! is poor, mainly due to the presence of the pow-
der lines.

The actual ordering of the ridge can be analysed by taking the background corrected
values for the ridge (as in Section 4.4.8), and correcting them as described in Section 3.9.

In this case, as the Nd moments are not ordering in the c direction, a different magnetic

unit cell was used for the calculation; the cell was 2 x 2 x 1 nuclear unit cells, and the
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Figure 4.10: Non-stoichiometric reduced crystal magnetic ridge ! scan. The values have been
normalized and corrected for instrumental effects. The line shows the estimated background
and the dashed lines indicate the error on this.

normalization was corrected appropriately.

Table 4.10 gives the measured and theoretical intensities. It is immediately noticeable
that there are considerable differences in the measured and model intensities. These dis-
crepancies are similar in form to those observed for the second reduced crystal, as discussed
in Section 4.5.4. The main discrepancy is that the (3, 3, 3) is far lower than expected (and
this skews the other values due to the theoretical intensity being a least squares fit). This
may be due to a misalignment, but also may indicate a variation in the neodymium form
factor. Further discussion is given in the sections describing the next crystal.

The free parameters were the neodymium moment and the angle of tilt away from the
c direction. However, the angle was found to be close to parallel to the ab plane. At this
angle, the intensities of the Bragg peaks are insensitive to the variation of the angle. Thus,
the moment was set to being in the ad plane and the fit shown has only the neodymium
moment as a free parameter. The moment is similar to the moments found for the other

crystals, but the error is likely to be large due to the discrepancies with the model.
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| (h k1) || Intensity / p3 Theory |
(% % 3) 59.4 + 3.7 69.6
(? ; 1) 84.8 + 5.0 77.5
(? 2 3) 1320+ 7.5 86.4
(? : 2) 150.5 + 8.9 93.7
(:{ p 2) 168.7 £ 10.0 98.8
(? ?3) 173.0 £ 10.3  101.6
(§ 3 ) 128.9 + 8.2 102.5
(¥ ?—4) 121.3 4+ 8.3 101.9
(5 55) 50.2 + 3.8 97.4
2
X 39.8
Nd moment / pp 1.47 £ 0.12
Nd angle ° 90 (See text)

Table 4.10: Non-stoichiometric reduced crystal magnetic ridge intensities at 313 mK

4.4.8 Magnetic peaks at 0.313 K

Measuring the magnetic peaks of the Cu ordering is complicated by the ridge of scattering.

To correct for this, I have used the measurement of the intensity of the ridge (Figure 4.10)
interpolated from the values surrounding the peak to give a value at the peak. I then
removed the background from this by subtracting the background measured in scans in the
hk direction. From the values for the Bragg rod z factor and Lorentz factor (Equations 3.53
and 3.52), the theoretical width for the rod in a particular scan can be calculated. To
correct the hk or w scans, I thus performed a fit using two Gaussians, with one Gaussian
constrained to the amplitude and width for the rod as described above.

The random error on the size of the rod peak calculated by this method is quite large,
but for most of the peaks the correction is relatively small compared to the amplitude of
the peak.

As the temperature decreases below 4 K we would expect the copper ordering to tend
more towards an AF2 ground state.

Table 4.11 shows the peak intensities after the contributions from the Bragg rod have
been removed.

The theoretical values assume an AF2 intermediate structure. The only free parameters
are the magnitude of the Cu moment and the rotation of the moments away from the AF1

structure towards the AF2 structure.



CHAPTER 4. MAGNETIC STRUCTURE MEASUREMENTS 73

l (hkl) || Intensity / 4% Theory |
%%%) 46 + 04 6.2
(??n 10.1 +£ 0.7 9.5
(?gg) 39.2 £ 15 36.9
%?2) 17.0 £ 0.9 16.1
(?§g) 239 + 14 22.3
(??m 2.6 £ 0.9 2.1
(g§9 1.0+ 1.6 0.8
(??Q 58+ 1.5 6.0
(§§g> 29.9 + 4.5 32.9
(555) 12.7 + 2.0 17.9
(21 47.3 £ 5.7 33.2
(536) 2.5+ 22 6.4
%%%) 42+ 54 1.5
(321 2.9 + 3.4 0.2

2
X 2.9
Cu moment / up || 0.620 £ 0.015
Cu rotation ° 56.8 £ 1.3

Table 4.11: Non-stoichiometric reduced crystal magnetic peak intensities at 313 mK

The moment and rotation is essentially unchanged from that as measured at 4.4 K. Thus,
the copper ordering does not seem to be affected by the Nd ordering. This is also indicated
in Figure 4.6, where the peaks corresponding to the copper moments do not significantly
change in intensity except with the addition of the ridge scattering. There is again no
evidence for a significant ordered moment on the copper chain sites.

It is notable that the measured intensity of the (%, %, %) is again significantly smaller
than the theoretical value. This is further indication that the discrepancy in Section 4.4.7

is likely to be an alignment problem.

4.4.9 Discussion
This crystal shows two unusual magnetic structure features.
e At low temperatures the Cu moments rotate towards an AF2 structure.

e The formation of a ridge of scattering indicates that the Nd is forming a two dimen-
sional structure, with the moments uncorrelated in the ¢ direction. The measurements
shown that the Nd moments do not significantly form any kind of three dimensional

ordering, at any of the temperatures at which they were measured.
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The Cu moment structure is adequately explained by an AF2 structure, and there is no
evidence for an AF3 like coupling between the Nd and the Cu moments. Of course, an AF3
structure itself cannot occur as the Nd moments do not form a three dimensional structure.
The AF2 structure of the Cu moments is within error of being identical above and below
the temperature at which the Nd ions order.

Other studies [5] have shown that the behaviour of the Cu moments is likely to be due
to the crystal being slightly non-stoichiometric. The particular difference in the structure
is believed to be substitution of Nd on the Ba sites.

It seems likely that this is the reason also for the behaviour of the Nd moments, in that
the substitution will have changed the crystal field sufficiently to stop the interaction across
unit cells in the ¢ direction. However, the unusual ordering of the Cu and Nd do not seem
to be directly related to each other, as the AF2 structure of the Cu moments begins to form
at temperatures higher than the point where the Nd moments order. Thus, again, there is
no evidence from this for any coupling between the Nd and Cu moments.

There is a significant discrepancy between the measured intensity and the theoretical
intensity at low temperature, particularly for the (%, %, %) peak. This seems to be largely
an alignment effect. A similar discrepancy is seen in the next crystal, which led to further

measurements.

4.5 Stoichiometric NdBasCusOg

4.5.1 Introduction

Following the evidence of a non-stoichiometric composition in the previous reduced sample,

we measured another sample which we believe to be more stoichiometric.

4.5.2 Sample mosaicity

For comparison with the previous crystals, Figure 4.11 shows a typical w scan across the
(1,1, 3) nuclear peak.
The width of the peak shown is 0.161 £ 0.005°. With the mosaicity as in Table 4.14 the

theoretical width is 0.156°. Without the correction for the sample mosaicity, the theoretical
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Figure 4.11: Stoichiometric reduced crystal w scan across (1,1, 3).

width would be 0.114°.

4.5.3 Nuclear Peaks

The crystal structure was provided by four-circle neutron diffraction data [5].

The measurements of the nuclear peaks for normalization are shown in Tables 4.12 and
4.13, along with the theoretical widths and intensities.

The values for the resolution correction used in the above table are shown in Table 4.14
as well as the nominal values of the resolution parameters. The crystal structure parameters

are as measured.

4.5.4 Magnetic peaks at 0.313 K

At 313 mK, two distinct sets of peaks were visible.

o At the (%, %,l + %) positions, peaks originating from neodymium ordering occurred.
These were characterized by a small amount of Lorentzian broadening in the ¢ di-
rection. This gave an intrinsic width (HWHM) of approximately 0.0053 A~1, corre-

sponding to a correlation length of £ =~ 190 A.
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[ (hkl) Scan | Intensity Theory Ratio |

(001) w 1.40E-04 £+ 3.5E-05 2.14E-08 6.55E+03
l 2.49E-04 + 4.7E-05 1.17E+04

(002) w 4.32E-06 + 1.3E-06 3.22E-11 1.34E+05
(003) w | 3.38E-04 + 5.8E-05 1.46E-08 2.31E+04
l 3.70E-04 + 2.0E-05 2.53E+04

(004) w | 142603 £ 2.1E-04 7.97E-08 1.79E+04
l 1.18E-03 £ 4.4E-05 1.48E+04

(005) w 1.78E-03 £+ 2.6E-04 7.65E-08 2.33E+-04
l 1.33E-03 £ 6.2E-05 1.75E+04

(006) w 4.10E-03 £ 4.5E-04 2.06E-07 1.99E+04
l 2.49E-03 + 7.7E-05 1.21E+4+04
007w || 201E-03 = 25E-04 B8.09E-08 3.60E+04
l 1.79E-03 + 9.6E-05 2.21E+04

(110) w || 1.80E-03 £ 20E-04 8.33E-08 2.16E+04
hk 1.94E-03 £+ 5.6E-05 2.33E+04

l 1.77E-03 + 2.1E-04 2.13E+04

(111) w 6.00E-04 &+ 54E-05 2.72E-08 2.20E+04
hk 4.88E-04 £+ 3.9E-05 1.79E4+04

l 5.75E-04 £ 5.5E-05 2.11E+04

(112) w -9.50E-07 £ 6.8E-07 6.46E-12 -1.47E+405
(113) w 1.31E-03 &+ 7.7E-05 5.62E-08 2.33E+04
hk 9.26E-04 £+ 1.1E-04 1.65E+04

l 1.36E-03 + 9.0E-05 2.42E+04

(114) w 9.14E-04 + 6.1E-05 2.89E-08 3.16E+04
hk 6.76E-04 + 6.0E-05 2.34E+04

l 9.25E-04 £+ 4.5E-05 3.20E+04

(115) o || 2.28E-05 £ 1.3E05 7.63E-10 2.99E+04
(116) w 3.68E-03 £ 1.7E-04 1.51E-07 2.44E404
hk 3.04E-03 + 1.5E-04 2.02E+04

l 3.96E-03 £ 1.2E-04 2.63E+04

Table 4.12: Stoichiometric reduced crystal nuclear peak intensities

76



CHAPTER 4. MAGNETIC STRUCTURE MEASUREMENTS

| (hk1) Scan || Width Theory Ratio |
(001) w 1.61E-01 £+ 2.1E-02 1.89E-01 0.85
) 2.10E-02 £ 2.1E-03 2.04E-02 1.03
[002)  w || 2.18B-01 £ 44B-02 1.73E-01 126
(003) w 1.59E-01 + 1.5E-02 1.64E-01 0.97
l 2.48E-02 £ 6.9E-04 2.63E-02 0.94
(004) w 1.51E-01 £ 1.2E-02 1.59E-01 0.95
l 2.62E-02 £ 5.1E-04 3.07E-02 0.85
(005) w 1.50E-01 + 1.1E-02 1.56E-01 0.96
l 2.82E-02 + 6.9E-04 3.56E-02 0.79
(006) w 1.64E-01 + 9.1E-03 1.55E-01 1.05
l 3.22E-02 £ 5.2E-04 4.09E-02 0.79
(007) w 1.68E-01 £ 7.0E-03 1.55E-01 1.08
) 3.49E-02 + 9.7E-04 4.64E-02 0.75
(110) w 1.53E-01 +£ 9.6E-03 1.58E-01 0.97
hk 7.35E-03 £ 1.1E-04 7.47E-03 0.98
l 1.15E-02 £ 6.9E-04 1.19E-02 0.97
(111) w 1.35E-01 £+ 6.6E-03 1.58E-01 0.86
hk 8.32E-03 £ 3.7E-04 1.05E-02 0.79
l 1.07E-02 £ 5.5E-04 1.18E-02 0.91
(112) w 1.61E-01 * 1.57E-01  1.02
(I13)  w || 1.61E-01 £ 47E-03 1.56B-01 1.03
hk 5.31E-03 + 3.2E-04 7.82E-03 0.68
) 1.59E-02 + 5.1E-04 1.45E-02 1.09
(114) w 1.59E-01 £ 5.3E-03 1.55E-01 1.02
hk 5.34E-03 + 24E-04 7.04E-03 0.76
l 1.86E-02 + 46E-04 1.70E-02 1.10
(115) || 1.59E-01 £00E100 1.55E01 1.02
(116) w 1.73E-01 &+ 0.0E4+00 1.55E-01 1.11
hk 6.14E-03 £ 1.5E-04 6.92E-03 0.89
l 2.78E-02 + 4.3E-04 2.36E-02 1.18
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Table 4.13: Stoichiometric reduced crystal nuclear peak widths: Asterisks denote widths
that could not be determined accurately by measurement. As with the other crystals, the
units of the widths are dependent on the scan types.
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Parameter || Nominal Value Derived Value |
NMm 30 30
TNa 30 30
Qg 60 60
(65] 30 30
(0%) 60 60
Qa3 open 200
Geometry r,r,l r,r,l
Crystal a 3.898
Crystal b 3.898
Crystal ¢ 11.882
s Unknown 15
Oxygen content 6.09 &+ 0.01
Ba z 0.1925
Cu2 2 0.3537
01z 0.1521
02z 0.3718
Nd content 1.01 £ 0.01
Ba content 2.01 £ 0.02
Sn content ~0.001
Al content 0.02 £ 0.01
Zn content ~0.001

Table 4.14: Stoichiometric reduced crystal resolution parameters
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79

(h k1) || Intensity / u3  Theory |
(550) 0.0+ 11 0.0
(%%%) 46.7 £ 1.4 56.5
(551) 20.4 + 1.0 25.5
(%%%) 454 £ 1.7 70.1
(352) 39.4 + 1.7 45.0
(%fg) 720+23 802
113 8.6 = 0.7 7.3
(ffg) 93.9 + 2.8 83.3
(114 17.8 £ 1.2 13.5
(%gg) 109.3 + 3.3 81.4
(535) 70.3 + 3.1 48.6
(33%) 1222 + 4.3 76.5
(5356) 34.5 £ 2.7 21.9
(31 %) 130.2 + 4.2 69.8
(117 48 +£23 0.9
(%%%) 43.2 + 10.3 38.6
(321) 0.0 £ 5.6 6.7
(%%3) 94.1 £ 2.8 41.1
(2323) 13 + 2.3 1.6
Nd x* 115
Nd moment / pp || 1.325 £ 0.066
Nd angle ° 90 (See text)
Cu x* 13.7
Cu moment / pug || 0.563 + 0.075

Table 4.15: Stoichiometric reduced crystal magnetic peak intensities at 313 mK

e At the (%, %,l) positions peaks corresponding to AF1 ordering of the copper were

visible.

Table 4.15 shows the normalized peak intensities, and the intensities from the model.
Unfortunately, the peaks showed significant discrepancies between the model of the appa-
ratus and the measured values. In particular, the widths of the peaks were significantly
different, especially very near the origin of reciprocal space. The neodymium peaks shown
in the table have been corrected by the use of a Lorentz factor for the intrinsic width of the
peak. Due to the discrepancies, the copper peaks have been simply normalized using the z
factor.

As with the previous sample, the neodymium ordering has some particular differences
between theory and measurement. As before, the (3,3, 3) peak is far lower than would be

expected. This leads to the huge x2. As with the previous crystal, the neodymium moment
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was tilted away from the c axis, and was set to be parallel to the ab for the fit. Despite the
discrepancies between theory and experiments, the model used for the neodymium moment
is likely to be correct, as the different possible structures for the neodymium moments give
very different intensity patterns for the peaks.

The copper peaks are much closer to the intensities indicated by theory, but there is still
considerable difference.

To improve the reliability of the measurements on these peaks and to see if the discrep-
ancy in the neodymium measurements was an alignment problem, some additional measure-
ments were later taken (see Section 4.5.7).

The theoretical values assume independent Nd and Cu ordering, so there is no indication

of AF3 type ordering.

4.5.5 Temperature scan 0.31 K to 3 K

To further investigate the ordering, we measured the (3, 3,3), (5,3,2), and (3,1, 1) peaks
as a function of temperature.
Figure 4.12 shows the intensities of these peaks. The intensities have been normalized

against the nuclear peaks.

N

The formation of the Nd ordering is clear from the (1,1,3) and (3,1, 1) peaks. As this

-

ordering occurs, there is no visible change in the intensity of the copper peak at (%—, %,2).
This is again evidence of no coupling between the Nd and Cu moments.

The lines for the neodymium ordering are based on Equation 4.2. These give the ordering
temperatures as 1.78 £ 0.04 K and 1.74 & 0.01 K. These of course should be identical, but

the fits agree within error. The fitted curves give values for 23 of 0.52 £+ 0.07 and 0.42 £ 0.03.

4.5.6 Temperature scan 10 K to 378 K

To determine the copper ordering, we measured the (%, %, 2) peak as a function of temper-
ature from 10 K to 378 K in relatively coarse steps.

The low temperature range was obtained using a displex. The temperatures above
room temperature required a furnace. Each region requires different normalization of the

intensities. The normalization measurements for the furnace part were relatively inaccurate,









CHAPTER 4. MAGNETIC STRUCTURE MEASUREMENTS

83

| (hkl) ] Intensity Theory Ratio |

(001) 1.52E-06 £ 2.8E-07 2.14E-08 7.12E+01
(002) || 1.44E-08 + 1.7E-00 3.22E-11 4.47E+02
(003) 2.27E-06 + 1.1E-07 1.46E-08 1.55E+02
(004) 8.96E-06 + 2.2E-07 7.97TE-08 1.13E+02
(005) 9.10E-06 + 3.5E-07 7.65E-08 1.19E+02
(006) 1.95E-05 + 8.0E-07 2.06E-07 9.46E401
(007) 1.17E-05 + 6.8E-07 8.09E-08 1.44E+02
(110) 1.01E-05 £ 7.7E-07 8.33E-08 1.21E+02
(111) 4.43E-06 £ 2.4E-07 2.72E-08 1.63E+02
(112) 5.71E-09 £ 24E-09 6.46E-12 8.83E+02
(113) 7.64E-06 £+ 6.3E-07 5.62E-08 1.36E+02
(114) 4.85E-06 + 4.3E-07 2.89E-08 1.68E+02
(115) 1.65E-07 + 8.1E-09 7.63E-10 2.16E+02
(116) 1.40E-05 + 1.6E-06 1.51E-07 9.28E+01
Average 1.36E+02

Error 1.92E+00

Table 4.16: Stoichiometric reduced crystal nuclear grid scans

intensities.

4.5.9

Magnetic Peaks 4.4 K grid scans

To measure the copper ordering, the (h+%, k+%, l) peaks were measured using the grid scan

technique.

Initial measurements of the (h+3%,k+3,l+31) peaks had no intensity, showing that the

Nd ions do not order at this temperature. Thus, the peaks with non-integer | values were

not measured fully.

Table 4.17 shows the normalized intensities of the peaks, and the theoretical values for

a fit with the Cu ions forming a simple AF1 structure.

The theoretical values have only the copper moment as a free parameter. The low x?

indicates that this is an adequate model of the copper ordering.

4.5.10 Linear scans at 4.4 K and 0.3 K

The previous measurements had suggested that the copper ordering did not change with

the onset of the Nd ordering.
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| (h k1) | Intensity / p§  Theory |
(%% 1) 28.7 + 1.7 30.6
(? -%-2) 49.6 + 2.0 54.2
(? '%'3) 103 £ 1.2 8.8
(? ?4) 16.7 + 1.6 16.2
(¥ ?5) 62.1 + 3.8 58.5
(2 £6) 29.6 + 1.4 26.4
(é—% 1) 10.7 £ 3.3 8.1
(3 22) 18.0 £ 2.9 12.4
x* 2.39
Cu moment / up || 0.618 £ 0.013

Table 4.17: Stoichiometric reduced crystal copper ordering

To test this, (h+ %,k—i— %,l) peaks were also measured using the previous linear scan
technique at both 4.4 K and 3.3 K.

As a simpler normalization technique, these scans were normalized directly against the
intensity of the grid scans at 4.4 K. This assumes that the grid scan measurements are
accurate, and so the random errors quoted on the moments in this section do not include
the systematic error on the normalization factor.

Table 4.18 shows the unnormalized areas of the measured peaks at 0.3 K and 4.4 K
for comparison. Any changes in the measured area are consistent with experimental error.
The average ratio of the intensities is unity to better than 1%. The random error on the
measurements puts a limit on the size of any change at 3%.

Table 4.19 shows the intensities of the copper peaks normalized to the grid scans to give
a value for the copper moment.

These measurements show that the copper ordering does not significantly change between

4.4 K and 0.3 K and thus the copper ordering is not affected by the neodymium ordering.

4.5.11 Magnetic Peaks 0.3 K grid scans

To measure the Nd ordering, the (h+%, k+3,1+3) peaks were measured using the grid scan

technique.

As shown in Section 4.5.10, the copper ordering does not change, so the copper peaks

were not measured again with the grid technique at this temperature.
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Scan area at 0.3 K

Scan area at 4.4 K

Difference

(h k1) Scan
(l 11) w
iy
tig) &
tia)
iy o
RS\
HEl
(535 w
i
(536) w
dle) 1

8.96E-05 + 4.0E-06
3.87E-06 £ 2.2E-07
1.13E-04 + 5.2E-06
6.89E-06 & 2.4E-07
1.93E-05 £ 2.0E-06
1.56E-06 4= 8 4E-08
2.49E-05 £ 2.1E-06
3.03E-06 + 2.3E-07
6.50E-05 £+ 4.3E-06
9.16E-06 + 6.6E-07
2.57E-05 £+ 2.2E-06
4.82E-06 + 5.1E-07

8.89E-05 £+ 3.3E-06
3.92E-06 £+ 1.8E-07
1.19E-04 + 4.2E-06
7.01E-06 + 2.7E-07
1.71E-05 + 1.8E-06
1.44E-06 + 1.7E-07
2.67E-05 &+ 2.1E-06
2.92E-06 £ 2.5E-07
6.86E-05 £+ 4.3E-06
1.01E-05 + 6.3E-07
2.29E-05 £ 1.9E-06
5.08E-06 + 9.3E-07

0.14
0.17
0.81
0.33
0.84
0.66
0.58
0.32
0.58
0.93
1.01
0.24

Table 4.18: Stoichiometric reduced crystal copper peaks scan area: The unnormalized areas
of the measured peaks at 0.3 K and 4.4 K. The difference column is the ratio of the difference

between the intensities to the error on the difference.

| Temperature

I

Moment

1

03K

PN TN TN N N N
S len ML ML ST T ST | e
N N N’ N N e | [’

l
1
2
3
4
)
6
a

5.98E-01 £ 1.6E-02
5.74E-01 £ 1.3E-02
6.43E-01 £ 3.5E-02
6.40E-01 + 3.3E-02
6.22E-01 £+ 2.3E-02
6.28E-01 £+ 1.9E-02

sl

Weighte

verage

6.04E-01 + 7.9E-03

4.4 K

b3 (0 [0 3 00 [ 0 [ | 2 fo ittt o —eo i | o5

TN TN TN TN TN TN TN TN
IO [ G0 | QD | 00 | =D | 0 | 0 | =0 |
N Nt N N’ i N e’ e’

1
2
3
4
5)
6
1
2
a

5.83E-01 &+ 1.5E-02
5.76 E-01 + 1.3E-02
6.58E-01 £ 3.8E-02
6.42E-01 £ 3.3E-02
6.43E-01 £ 2.4E-02
6.25E-01 £ 2.0E-02
6.89E-01 £+ 1.1E-01
6.37E-01 £ 9.7E-02

o+
(o)

Weighte

verage

6.03E-01 £+ 7.8E-03

Table 4.19: Stoichiometric reduced crystal copper peak moments: The copper peaks mea-
sured by linear scans normalized to the grid scans to give a value for the copper moment at

each peak.
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| (h k1) | Intensity / u% Theory |
(% %) 51.7 £ 2.0 67.1
(¥ ? g) 81.2 £ 50 83.2
(:f; ? g) 975+ 1.8 95.2
(¥ ? g) 104.9 £+ 3.8 98.9
(5 5 5) 105.8 £ 4.1 96.6
(% -%— %) 95.8 + 3.4 90.8
(55 3) 91.1 £ 3.7 82.9
(-ﬁ- é) 41.6 + 2.7 45.8
(539 49.7 + 3.5 47.0
(535 3) 60.7 + 3.8 48.8
x* 9.15
Nd moment / up || 1.443 + 0.028
Nd angle ° 90 (See text)

Table 4.20: Stoichiometric reduced crystal neodymium ordering

Table 4.20 shows the normalized intensities of the Nd peaks, and the fitted theoretical
values. As before, the only fit free parameter was the moment, with the angle set to parallel
to the ab plane.

The agreement between theory and experiment is much better than the measurement
with linear scans, indicating that discrepancy is largely due to a misalignment.

However, the (1,3, 1) peak is still significantly low. This may indicate that a problem

with the neodymium form factor, or it may still be an instrumental effect.

4.5.12 Nd ordering temperature scan

To measure the ordering temperature of the Nd, linear scans of the (%, %, %) peak were made
over a temperature range of 0.3 K to 1.9 K.

Figure 4.14 shows the intensity of this peak normalized to the Nd magnetic moment.
Note that the normalization is based on the intensity of this peak alone. Compared to the
other peaks the (3, 3, 3) peak is somewhat lower than expected, which is why the moments
shown in the graph are lower than the moment calculated from the full fit. For the last
two points (1.8 K and 1.9 K), no peak was visible. The error bars shown for these are the

estimated error for detection of a peak.

The fitted line gives an ordering temperature of T. = 1.742 £ 0.025 K, and a value for 3

of 0.33 £ 0.05.
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Figure 4.14: Stoichiometric reduced crystal (3, 1, }) temperature variance

4.5.13 Discussion

The magnetic ordering in this crystal has proved to be relatively simple.

The Cu moments form an AF1 structure and remain so to the lowest temperatures
measured.

The Nd moments form a simple antiferromagnetic structure in three dimensions. How-
ever, the moments do not lie in a direction close to the ¢ direction. Unlike the oxygenated
crystal, the Nd moments lie in or close to the ab plane.

Other studies {6, 7] have deduced the crystal field for the neodymium ion from inelastic
neutron scattering measurements. From this they have predicted the neodymium moment
direction to be dependent on the oxygen content. These results are consistent with this.
Thus, the direction of the neodymium moment seems to be determined by the local crystal
field.

The results presented here do not show any form of AF3 like coupling between the Nd

and Cu moment as has been observed in PrBa;Cu3Osg.



CHAPTER 4. MAGNETIC STRUCTURE MEASUREMENTS 88

4.6 References

(1]

2]

7]

A.T. Boothroyd, J.M. Reynolds, N.-H. Andersen, E. Brecht and Th. Wolf Magnetic
Ordering of Nd** in NdBa,Cu3Og.y, in press.

Th. Wolf, A.C. Bornarel, H. Kiipfer, R. Meier-Hirmer and B. Obst, High irreversibility

fields and current densities in NdBa,;Cu3 O7_ s single crystals and melt textured samples,
Phys. Rev. B 56 10 6308-6319 (1997).

N.H. Andersen, B. Lebech and H.F. Poulsen, The structural phase-diagram and oxygen

equilibrium partial pressure of YBa;Cu3zOgyx studied by neutron powder diffraction
and gas volumetry, Physica C 172 1-2 31-42 (1990).

M. Guillaume, P. Allenspach, W. Henggeler, J. Mesot, B. Roessli, U. Staub, P. Fischer,
A. Furrer and V. Trounov, A systematic low-temperature neutron diffraction study of
the RBayCu3zOx (R = yttrium and rare earths; x = 6 and 7) compounds, J. Phys.:
Cond. Matter 6 39 7963-7976 (1994)

E. Brecht, P. Schweiss, Th. Wolf, A.T. Boothroyd, J.M. Reynolds, N.H. Andersen, H.
Liitgemeier and W.W. Schmahl, On the antiferromagnetic states of oxygen deficient
NdBasCu3O¢4+x and Ndy4,Bas_,CuzOg4x single crystals, Phys. Rev. B, in press.

P. Allenspach, B.W. Lee, D.A. Gajewski, V.B. Barbeta, M.B. Maple, G. Nieva, S.-L.
Yoo, M.J. Kramer, R.W. McCallum and L. Ben-Dor, Comparison between the magnetic
specific heat of NdBa;CuzOx and DyBa;Cu3Oy, Z. Phys. B 96 4 455-464 (1995).

P. Allenspach, J. Mesot, U. Staub, M. Guillaume, A. Furrer, S.-I. Yoo, M.J. Kramer,
R.W. McCallum, H. Maletta, H. Blank, H. Mutka, R. Osborn, M. Arai, Z. Bowden and
A.D. Taylor, Magnetic properties of Nd** in Nd — Ba — Cu — O-compounds, Z. Phys.
B 95 301-310 (1994).



Chapter 5

Magnetic Structure Conclusions

In this chapter, I summarize the measurements that were made and the conclusions from

the results.

5.1 NdBazCU307

The ordering of the NdBa; Cu3zO7 proved to be very simple.

There was no ordering of the copper moments and the neodymium moments ordered at
0.65 £ 0.01 K, forming a simple antiferromagnetic structure. The measured moment was
1.344 £ 0.014p5 at 16.3 £ 2.3° to the c direction.

The neodymium ordering is similar to that previously reported (see Chapter 2 Refs.
[16, 18, 19]), but with a slightly higher moment, and a small tilt away from the ¢ axis.

The neodymium showed evidence of slight Lorentzian broadening in the ¢ direction,
but this was less than 0.002 A-! (HWHM), indicating a correlation length of greater than

500 A.

5.2 Non-stoichiometric NdBa;_yNd;Cu3Og

The ordering of the non-stoichiometric NdBaz_y,Nd, CuzOs was considerably more complex.

At high temperatures, the Cu moments form an AF1 structure, with a moment of

0.620 + 0.021u5.
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However, at low temperatures, the moments rotate towards an AF2 structure, with the
rotation away from the AF2 structure being 59.4 £ 1.9° at 4 K, and 56.8 + 1.4° at 0.313 K.
The values of the moment at 4 K and 0.313 K are 0.632 + 0.020pp and 0.620 & 0.015u5.
Thus the moment remains essentially unchanged.

At 1.5 = 0.1 K the Nd moments begin to form a two-dimensional structure, uncorrelated
in the c direction. This causes a ridge of scattering in the ! direction, the position of
which shows the ordering to be antiferromagnetic. This ridge of scattering corresponds to a
neodymium moment of 1.47 £+ 0.12up. However, there are significant discrepancies between
the measured intensities and the theoretical values; from the later measurements this is
likely to largely be due to misalignment. Thus the actual error on the moment will be
higher.

The moments are aligned well away from the ¢ axis. Due to the discrepancies in the
measurements, the exact angle is uncertain, but is likely to be greater than 60°.

Other studies (see Chapter 4 Ref. [5]) have indicated that the behaviour of the Cu
moments is due to non-stoichiometric substitution of Nd on the Ba sites. It is likely that
this is the cause of the Nd ordering as well, rather than an intermediate oxygenation.

The ordering does not indicate any form of coupling between the Cu and Nd moments.

5.3 Stoichiometric NdBa,Cu30g

The stoichiometric NdBay;Cu3Og showed a relatively simple ordering.

At 378 &+ 2 K, the Cu moments form a AF1 structure with a low temperature moment
of 0.618 £ 0.013up. This structure remains throughout all of the temperatures that were
measured.

At 1.75 £ 0.02 K the Nd moments form a simple antiferromagnetic structure with a low
temperature moment of 1.443 £ 0.028up.

The moments are tilted far away from the c direction. As with the previous sample, the
exact angle is somewhat uncertain due to the insensitivity of the measurements to the angle
when the moment is aligned far from the c direction.

The neodymium moments, while displaying a three dimensional ordering, showed signifi-
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cant Lorentzian broadening. This had a width (HWHM) in the c direction of approximately
0.0053 A~!, giving a correlation length around 190 A.

There is no evidence for any coupling of the copper and neodymium moments. The upper
limit on the Cu spin turn angle towards an AF3 like phase is around 6° (See Chapter 4
Ref. [1]). Assuming that the antiparallel Cu spins on adjacent layers in the bilayer are
coupled by an exchange energy Ji; ~ 10 meV [1, 2], then the upper limit on the Nd-Cu
pseudodipolar interaction energy will be ~ 0.05 meV. Thus, the interaction energy is at

least twenty times less than that observed in PrBayCu3zOe+s (See Chapter 2 Ref. [13]).

5.4 Measurement techniques

For most of the measurements, the peak intensity was measured by taking linear scans across
the peak centre.

This proved to be effective for many of the measurements. However, the necessary
corrections to the measurements to account for the instrumental resolution are complex,
and make various assumptions. In particular, a high precision in the alignment of the
crystal is necessary.

For some of the measurements, this technique proved to be unreliable.

We then used the technique of making measurements of the intensity in a grid around
the peak. This has the advantage of being less sensitive to the alignment of the crystal and
the configuration of the instrument.

Of course, this method takes considerably more time to perform, as more scans are
needed. However, the additional time need not be great if the measurements are chosen
carefully. As the background can be taken from each scan individually, there is little need for
background scans at the edges of the peak. Eliminating these scans means that a reasonable
measurement of the shape of the peak can be obtained with around ten linear scans. Thus,
around three times as many scans are required as the purely linear scan technique. However,
the considerable setup time is not changed, so overall using the grid scan technique takes

approximately twice as long.

This technique produces data that are far easier to analyse. In particular, the mea-
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surements are independent of most of the configuration parameters of the instrument, the
mosaicity and intrinsic broadening of the sample and the incident wavevector. This makes
correction of the results much easier, and removes many sources of error.

The grid scan technique seems to be considerably more reliable for measurements where
the absolute intensity is required. Whether this additional reliability is worth the extra time

needed is dependent on the type of measurement. We have found it extremely useful to get

accurate results.
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Chapter 6

Flux Penetration in

Superconductors Introduction

In Part II of this thesis, I study flux penetration in thin film superconductors using the
technique of polarized neutron reflectometry.
This chapter will outline the flux exclusion properties of thin film superconductors,

previous measurements that have been made, and the types of samples that are used.

6.1 Introduction

One of the crucial properties of superconductors is that below the critical field they are
diamagnetic.

The magnetic field profile within a superconductor can be probed by the technique of
polarized neutron reflectometry (PNR).

Neutron reflectometry is a technique that has been used for a long time, but it is only
in the last two decades that polarization of the beam has enabled the study of magnetism
1, 2, 3, 4].

We have used PNR to investigate the field penetration in two different superconductors:

¢ Niobium is a model type-II superconductor. Magnetic penetration has been studied

in niobium by a variety of methods [5, 6, 7, 8, 9]. The flux penetration in the Meissner
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state has been studied previously using PNR (2, 10, 11], but I present here results also

from the mixed state.

* YBa;Cu307 is a well known ceramic superconductor. As a particularly interesting
material both scientifically and for practical use, this has been extensively studied by
PNR [12, 13, 14, 15] and other techniques [7, 16, 17, 18]. I present here preliminary
measurements for a thicker sample than has been used previously. Unfortunately

instrumental difficulties have prevented conclusive results at this stage.

6.2 Superconducting states

Below the critical temperature T, a type-II superconductor can demonstrate several differ-
ent phases when different magnetic fields H are applied parallel to the surface.
According to Ginzburg-Landau theory (see Section 6.3.3) these states are characterized

by a dimensionless parameter x (see Equation 6.7).

6.2.1 The Meissner state

With H < H.; the superconductor is in the true Meissner state, and the magnetic induction
vanishes everywhere except in a region of order the penetration depth A from the surface,
where the induction falls off approximately as an exponential, e~*/*.

All superconductors will show this state at low field. For type-I superconductors H,; is

equal to H., the thermodynamic critical field.

6.2.2 The mixed state

With an an applied field H.,, < H < H.y a type-II superconductor exhibits the mixed state,
with flux lines penetrating the bulk superconductor.

A type-I superconductor will not exhibit this state (except under very specific conditions
such as a very thin film with a perpendicular field). For a superconductor to be type-II (and

show the mixed state), k must be greater than 1/v/2 as H.; (given by Equation 6.11) must

be greater than H..
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6.2.3 The surface superconductivity state

With H > H_, the bulk superconducting state is destroyed, but if H.s < H < H,.3 a surface
superconducting state may be observed. In this state a superconducting layer remains just
below the surface.

From Equation 6.13 it follows that x must be greater than 0.42 for a superconductor to
exhibit the surface superconductivity state. Thus the surface superconductivity state can be
observed in type-II superconductors and some type-I superconductors (these are sometimes

referred to at type 1.5 superconductors).

6.3 Models of the states

In this section I will describe the models used to represent the flux penetration in the
different superconducting states.
For convenience of modelling the magnetic field inside a superconductor, I introduce the
variable ¢ where
B M

(=1- H:_ﬁ’ (6.1)

where for a superconductor 0 < ¢ < 1 which represents the fraction of the applied field that
has been excluded.

In each of the sections, I define z to be the distance into the sample, with z = 0 at the
surface, and the positive direction into the sample. I define the width of the superconducting
sample to be d.

Various different definitions of the penetration depth are used. I refer to the actual
measured penetration depth as A (also called the magnetic screening length). The London
penetration depth, Ar, is the specific theoretical limiting value of the penetration depth
for a pure superconductor with local electrodynamics [19]. The Ginzburg-Landau effective
penetration depth, A.g, is the temperature dependent effective penetration depth as used

in the Ginzburg-Landau theory.
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6.3.1 The Meissner state and the London equations

The London equations {20, 19] (See Chapter 1) are

- ﬁ( Jsz), (6.2)
Ot \ poAr
A = —por’Js, (6.3)
where
2 _ m
AL = el (6.4)

and A is the magnetic vector potential such that B = curl A.

From the Maxwell equations, V?A = —puoJs and Equation 6.3 leads to

A
VA = 5. | (6.5)

AL

In a one-dimensional case, A = Agexp(—z/Ar) and hence B = Bgexp(—z/Ap). This
means that the magnetic field is screened exponentially from the bulk of the sample with
a penetration depth Ap. Taking into account the Pippard coherence length changes the
penetration depth from Ap to an effective penetration depth A.

For a thin film sample, this leads to

_cosh((z — d/2)N)

((z) = cosh(d/2))

(6.6)

This means that the flux decays approximately exponentially from each end. Note that as
d — o0, ((d/2) — 1. However, unless d > A the field will not be completely expelled.

Although mathematically correct, this formula may need modification if the value of
¢ i1s to actually be obtained. In particular, it may need to be rewritten so that the cosh
evaluations do not overflow a digital representation in the case where d > A.

The decay is not exactly an exponential [23] but it is close enough for the accuracy with
which it is measured here. The Ginzburg-Landau equations (see Section 6.3.3) give another
way of calculating the flux profile in the Meissner state.

Figure 6.1 illustrates this model for the case of A = 0.2d. As can be seen, the exclusion
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of the field is not complete.

0

0 d

Figure 6.1: A model of the Meissner state for a film with d = 5\

6.3.2 The mixed state

Modelling the mixed state is difficult for a thin film superconductor. In the mixed state of
a bulk superconductor, flux lines should penetrate the bulk of the superconductor to form a
lattice. Neutron diffraction has been observed from the flux line lattice using SANS [21, 22].

However, in these experiments on thin films, the low thickness of the sample and the
granularity in the crystal mean that the flux lines are unlikely to follow a simple pattern.
They are more likely to follow defect lines or grain boundaries and any variation will be
significant on the scale of the sample. The flux lines may also emerge from the surface of
the sample.

I have attempted to model this by considering the potential to be that of the Meissner
state, with an additional uniform term representing an average flux penetration of the bulk
material. At the higher fields I have also attempted to model it assuming the average flux
profile is like the surface superconductivity state (see the next section).

With the limited resolution of the reflectometer and the likely distortions of the flux

lattice we did not expect to detect, nor did we see any evidence for, diffraction from the

lattice.
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6.3.3 The surface superconductivity state and GL theory

The model of the flux penetration in the surface superconductivity state is considerably
more complex than the Meissner state. I have modelled the flux penetration using a one-
dimensional form of the Ginzburg-Landau equations [23, 24, 4].

Ginzburg-Landau theory describes the superconductor free energy density as a power
series expansion in terms of a pseudowavefunction order parameter v, with powers of |1|?
and |V|?. Ginzburg-Landau theory is only strictly valid when the temperature is near T,
and the superconductor is local. However, there is evidence that its predictions are a good
approximation over a wider range of temperature.

The Ginzburg-Landau equations define a parameter k which is the ratio of the Ginzburg-
Landau effective penetration depth A.g(7T) to the Ginzburg-Landau coherence length £(T).
Note that this is not the same as the Pippard coherence length in Equation 1.1.

As Aegg(T) and £(T') have similar temperature dependences, k is approximately indepen-
dent of temperature.

More specifically,

—_ /\eff(T)
K = (T (6.7)
AL(0)
Kp 09657 (6.8)
Ky = 0.7152L0) (6.9)

where &, is the limit for a pure superconductor, and 4 is the limit for a dirty superconductor.
The values of the critical fields are related to the penetration depth, the coherence length

and k by [19]

%o

= , 6.
HAT) = e me @ og(@) (6:10)
H., = V2kH, (6.11)
Ho = 1.695H., (6.12)

= 2.39xH,. (6.13)
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Unfortunately, the value of H.; is not simply related to the parameters, and a numerical
solution would be required. However, to a rough approximation, H,2 = He; Hea.

For the one-dimensional case, the Ginzburg-Landau equations can be written as [23, 24]

o= KPR+ - ), (6.14)
o' = fIb+2f'V/f, (6.15)

where f = /9o is the reduced local order parameter, b = 2m¢2kB /¢y is the reduced
magnetic induction, ¢o is the flux quantum (h/2e) and the penetration depth A g forms the
length scale of the derivatives. Note that Ref. [24] contains a typographical error in these
equations.

For these to be solved, the boundary conditions must be determined. At the interface,
f'(0) = 0, and b(0) is determined by the applied field. However, the values for f(0) and
b'(0) are not so obvious. To determine these, the differential equations can be solved with
trial values until a non-physical situation occurs.

The boundary condition in the sample is set such that b — 0 for the Meissner state or
b — b(0) for the surface superconductivity state.

The solution is non-physical if at any point f <0, f > 1, b< 0 or b > b(0).

For a surface superconductivity solution, the physical solution is generally along the line
(in the space of the unknown parameters) between the regions where f < 0 occurs and
b > b(0) occurs [23].

The solution is not too difficult to find along this line, but the solution can be more

easily located if the Gibbs free energy is minimized. This is given by

H2 oo
AG = 2 / {2[b(0) — B2 — F4}dz, (6.16)
87 Jo
where H, is the thermodynamic critical field.
It is important to note that the form of the solution to these equations is critically
dependent on the exact values of the starting parameters. The form can be very different if
the values of f(0) and b'(0) differ by a part in 10% from the values for the physical solution.

However, if the values are close to the nominal values, the solutions are very similar, so a
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numerical solution using double-precision is a useful approximation.
The equations cannot be solved analytically, so numerical solutions are required. To do
this, the second order equations can be written in terms of coupled first order equations.

Making the substitutions

y2 = b, (6.18)
df

y3 = dzy’ (6.19)
db

ya = dzy’ (6.20)

where z is the position in the sample scaled to the penetration depth (i.e. z/)\), we have

dy _

dIEA = Y3, (6.21)

dy, _

Io, ~ ¥ (6.22)

d

a‘yi = Ky /y1® +yi® — i), (6.23)
T

d

E% = y1%y2 + 2y3us /1. (6.24)
T

The Gibbs free energy can be evaluated by introducing it as a new variable in the

integration, namely

dys

- = (2(0) = 2] 1) (6.25)
Ty

where ys is proportional to the Gibb’s free energy.

I have used a version of the Bulirsch-Stoer method [25] for the integration of these
differential equations. A fifth order Runge-Kutta method was also used to check the results.

Both of these were modified to abort the calculation if any of the parameters took on
unphysical values. They were also modified such that the magnetic potential energy was
output in steps so that it could be used for the neutron reflectivity simulation.

These equations give a solution for the Meissner state that is close to an exponential
falloff. For the surface state the form is that of a falloff similar to the Meissner state that is

then followed by a smooth return to the maximum flux (23]



CHAPTER 6. FLUX PENETRATION IN SUPERCONDUCTORS INTRODUCTION102

To use these equations as a model for the surface state, the characteristic parameters
for the sample must be derived. Two of the three parameters, the effective penetration Mg,
the critical field H. and the Ginzburg-Landau parameter « must be known.

The critical field is needed to provide the scale for b. From Equation 6.10, if the applied

field H, is expressed (for the Meissner state) in a reduced form H,, = H,/H,
b(0) = V2 H,. (6.26)
Similarly, for the surface superconductivity state, if Hs = H,/H., then
b(0) = kHj. (6.27)
From Equations 6.7 and 6.10, the value of « is given by [19, 4]

H.)?
K = 2\/5 W@E—iﬁ-. (628)
0

Thus with two of the three variables known, the other can be derived.

6.4 Samples

To perform PNR measurements on surfaces, the quality of the samples (particularly the
surfaces) is critical. Two surface characteristics that play an important role are the surface
roughness and surface oxidization.

The surface roughness acts like a modulation of the scattering length density, and can
be modelled like a Gaussian (see Section 7.3.3). The effect on the reflectivity curve is to
change the rate of the exponential decay in the signal away from the critical edge. Ironically,
this can make the magnetic signal clearer, as the reflectivity falls away more rapidly from
the critical edge, increasing the depth of the flipping ratio (see Section 7.3.4). However,
excessive surface roughness will make the measurements difficult.

The surface oxide layer can be modelled with a suitable layer on the top. However, as

most of the oxide layers will not superconduct, the layer will move where the decay of the
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magnetic field starts. Thus a large oxide layer will increase the error on the penetration
depth measurements.

Reducing these effects will thus improve the measurements.

For some of the measurements here, the surfaces have been etched to try to improve the
smoothness. This is to try to remove any large variations in the surface.

With the apparatus used at the moment, some oxidization of the surface is hard to avoid.
However, we can avoid aggravating this by careful storage.

The surface of the sample can also be damaged by water. This is a problem if the sample
needs to be warmed quickly, in which case condensation can form. This can be avoided by
warming the cryostat slowly, over a period of several hours, with the sample maintained in
a *He atmosphere.

Up to now, most measurements on magnetic penetration have been made on very thin
films; ones where the thickness is not much larger than the penetration depth [12, 10].

This generally makes the measurement easier:

e With a thin film, less material must be deposited, so it is easier to get a smooth

surface.

e Due to the small thickness (and to a lesser extent the smooth surface), interference
effects can be seen in the reflectivity signal. This can make the results less ambiguous,

and the magnetic signal clearer [26].

However, for such a thin sample, the properties are likely to be different to those of a

bulk superconductor:

e The exclusion of the field does not come close to being total, and this will affect the

penetration, particularly outside the Meissner state.

e Any strain at the substrate-superconductor interface may not completely relax, so

there may be differences in the crystal.

e If the thickness d is not > & then there may be size effects modifying the supercon-

ductor order parameter.
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e For a thin film, the lack of total exclusion of the field will also change the value of
the critical field as the overall magnetization is much lower. For a very thin film the

critical field can be approximated as

heA

Hy = 2V6—

(6.29)

In these experiments we have used relatively thick samples which have a thickness at
least several times that of the penetration depth. With these we hope to get characteristics
similar to a bulk superconductor.

A thicker sample does lead to considerably more surface roughness, but this can largely
be corrected for.

As with other applications for thin films, the lattice parameters of the substrate need to
be relatively close to those of the sample material to enable the epitaxial growth of good
crystals. If this is not the case then the sample will be granular.

If the grain sizes are comparable to the coherence length for the superconductor, this
will change the properties of the superconductor and may also provide additional channels
for flux penetration in the mixed state. It can also lead to flux pinning.

Although a thick sample does not directly cause this problem, a very thin sample may
avoid this by the strain in the crystal not relaxing. However, it has been found that grain
sizes often increase with sample thickness (to a limiting value), so a thick sample can help
avoid small grains.

Unfortunately, PNR gives an additional constraint on the substrate choice. The substrate
must be a weaker scatterer of neutrons than the sample. If this is not the case then the
critical edge position will be determined by the critical edge of the substrate, and the subtle
magnetic effects around the sample critical edge will be impossible to observe.

This effect prevented us from using sapphire (Al;O3) as a substrate for the niobium
sample. Sapphire is the best known substrate for niobium and allows excellent single crystals
to be grown by sputtering or MBE. Thus we were forced to use the less ideal single crystal
Si substrate, which resulted in polycrystalline samples with large grains.

To improve the growth of the crystal, it is possible to use a buffer layer of another
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material between the substrate and the sample, but this leads to another consideration in

the modelling, and can also lead to oxidation at the substrate side of the sample.
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Chapter 7

Neutron Reflectometry Theory

7.1 Introduction

This chapter will outline the theory of neutron reflectometry, and how we have modelled

our data.

7.1.1 Practice of neutron reflectometry

Neutron reflectometry is a technique suited to investigating the structure of interfaces or
thin samples [1].

In neutron reflectometry, neutrons are reflected specularly at a glancing angle from the
sample. For neutrons, the refractive index of most materials is less than one, so at a critical
angle 6., total external reflection may be observed.

Neutron reflectometry gives information on the structure of the sample from the way
that the reflectivity of the sample changes with neutron wavevector perpendicular to the

interfaces. This wavevector is usually varied in one of two ways:

e In a reflectometer connected to a pulsed source using the time-of-flight method (such
as the CRISP spectrometer used in this work), the incident angle is fixed, and the

wavelength of the neutrons varies during the pulse.

e In a reactor source reflectometer, the neutron beam is monochromatic, and the inci-

107
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Detector
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Polarizing
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Figure 7.1: A schematic diagram of a neutron reflectometer (such as the CRISP reflectome-
ter) in polarized mode.

dent angle is varied to change the component of the wave-vector perpendicular to the

surface.

The scattering of the neutrons is dependent on the nuclear scattering length density and
the absorption cross section density of the material being studied.

In the technique of polarized neutron reflectometry (PNR), the neutrons are polarized.
The polarized neutrons then experience a different refractive index depending on the mag-
nitude and relative orientation of the neutron spin to any magnetic fields present. Thus,
PNR can be used to study variation in magnetic fields inside a sample, as was done in this
work.

Figure 7.1 shows a schematic diagram of a time-of-flight neutron reflectometer in polar-
ized mode.

Neutrons enter the instrument from the pulsed source. The frame overlap mirrors sepa-
rate out unwanted slow neutrons from a previous pulse. The polarizing supermirror polarizes
the neutrons into a single spin state. The spin flipper can change the direction of the neutron
spin, and is switchable so that the two polarizations can be used. The guide field produces
a remnant field which is required for the neutrons to maintain their polarization. The beam
then passes through a monitor which is used to normalize the reflectivity. The neutrons
are then reflected specularly from the sample and the reflected beam is measured on the
detector.

In a variant of this technique, a second polarizing mirror can be placed after the sample

to enable measurement of the polarization of the neutrons after they have scattered from
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the sample. This polarization analysis was not used for the measurements described here.

7.2 PNR characteristics

Polarized neutron refletometry has a number of advantageous features for measuring flux

penetration:

PNR measures the penetration depth (magnetic screening length) directly, rather than
its derivative with respect to temperature, as obtained by other techniques (for in-
stance surface impedance measurements). Thus it is useful for determining absolute

values of .

e PNR is sensitive to the shape of the flux penetration, rather than just the integrated
flux, as would be obtained by a magnetization measurement. Thus in principal it can

be used to investigate forms for the magnetic profile that are not exponential.

e PNR measures the magnetic screening length rather than the London penetration
depth. The screening length is a more practical parameter, but it is harder to relate

to fundamental theory.
e Measurements can be carried out at any temperature, not just near 7.

e Measurements can be taken at any field, so all of the superconducting phases are in

principle accessible.

e The reflectivity measurements also characterise the structure of the sample, giving
information on the quality of the surface and the bulk sample. This is useful for
understanding the details of a particular sample, but this dependence means care

must be taken in producing suitable samples.

e The neutrons penetrate far into the sample, and so the measurement can be sensitive

to changes in the flux away from the surface.
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7.3 Neutron optics and reflectometry theory

7.3.1 Refractive index and the critical angle

For the purposes of refraction (and thus reflectivity), neutrons can be treated in a similar way
to light, enabling the standard techniques of optics to be used. This is an approximation,
but it is a good one, particularly for scattering near the critical angle, as is the case for

PNR.

The neutron refractive index is

/\2
=1-— i, 7.1
]
where A is the neutron wavelength,
Pi is the scatterer density and

>, pibi is the scattering length density of the material,
with the summation over the different types of scatterers in the material.

If the material is absorbing, this can be represented approximately by a complex refrac-

tive index
—-1—)‘22 ~b-+i— (7.2)
n o : pi |b; 2/\0(,‘. , ;

where o, is the absorption cross section of the absorber .

Note that most materials have a positive scattering length density and so the refractive
index is less than unity. Thus, at glancing angles total external reflection may be observed.
The region of reflection close to this is the basis of neutron reflectometry.

The optical approach can be related to quantum mechanics. Considering the scattering
from a quantum mechanical viewpoint makes certain parts much easier, in particular the
magnetic scattering.

Taking the z direction as perpendicular to the interface, the solution of Schrédinger’s

equation for the z component of the neutron wave-vector gives

K = \/ (k)2 — 2V (7.3)
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where k7 = k;sin6;.

Snell’s law gives

ko cosfg = ky cosb;. (7.4)
Thus
_ cos fg
o= cos 6, (7:5)
1 — (kZ/kg)?
_ V1 = (k3 /ko) (7.6)
V1= ((6)2 = 228Y) / (ke )2
- 1., s 1., 9 2m,V
~ 1= gk ko) + 5k /) = s, (7.7)

where the Binomial theorem has been used to first order.
For neutrons, the refractive index is normally very close to unity, so k1 = ko = 27/X and

thus the refractive index is related to the potential by

m, VA2

nal—- —s.
42 K2

(7.8)

Expressing the refractive index in terms of a potential is convenient as the interaction
between the neutron and magnetic field becomes simple to represent.

The magnetic flux density B inside the sample is given by

B = uoH + [.LQM, (79)

where M is the magnetization (the magnetic dipole moment per unit volume) and H is
the applied field. In diamagnetic materials (such as superconductors) the magnetization is

negative.

The magnetic potential V,, of the neutron is

Vin = -, - B, (7.10)
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where

n, = -—YuNGO, (7.11)
y = 191315, (7.12)
eh

and o is the Pauli spin operator for the neutron.
Thus, assuming that the neutron spin is either parallel or antiparallel to the applied

field, and shifting the zero of energy we have

Vm = Zypn(B - poH) (7.14)

where the top case is for the neutron spin parallel to the applied field.
Thus, from Equation 7.8 and the refractive index in Equation 7.2 the full forms of the

potential and refractive index become

y o= R 3 s+ = + M (7.16
= - i Pi [0i 2/\00.‘ YUNHo M, . )
22 i Mp A2
= 1-— i |bi+ 5 0a; —— : :
" T (Zp [ NN D F ez Vs M (7.17)

Thus, when the neutron spin is parallel to the applied field, and the magnetization is
negative, the refractive index is increased (nearer to unity), and the potential is lower.
In terms of the variable { defined in Equation 6.1 (( = —M/H), the magnetic part of

the refractive index becomes

mpA2
nm = £ YN poHC. (7.18)
Writing V as
V=D (Z pi [bi n ﬁo] + CHC) , (7.19)

where C' and D are constants then if (as in the measurements presented here) H is measured
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in Oe and the scattering length density in A=2 then C = 10~24(2rmpyun/h?) = 2.316 x
10710 A-2Qe1,
From Snell’s law, ng cos(6p) = n; cos(6,) (taking # as the angle from the surface), the

critical angle 6, is given by cosé, = n. Thus, using the small angle approximation for cosine

1
2

1
6, ~ — b, .
c R A (W zi:pzbz) ; (7.20)

for a non-absorbing material.

7.3.2 Reflection coefficient

To calculate the reflectivity from a general one dimensional potential, we consider the po-
tential to be divided into N strips.

For certain potential forms, an analytic solution is possible {2, 3], so this is not necessary.
However, analytic solutions are difficult for more complicated potentials. In this thesis where
I am considering various models for flux penetration (some of which themselves must be
calculated numerically), the strip division method is more suitable.

There are various different ways of calculating the reflectivity [4, 5], but the one I present
here has the advantage of being flexible and conceptually simple.

The convention used here is that the positive z direction is into the sample.

Let a strip m have a width d,, and a refractive index n,,. Defining the angle of the
neutron beam in the strip m and 6,, it is convenient to define the quantity p,, = n,, siné,,.

The Fresnel coefficient between a strip m and the previous strip is

= Pm1 7 Pm (7.21)
Pm—1+Dm

T'm

The reflectivity can be calculated by defining characteristic matrices C,, such that the

reflectivity is given by
2

Cax : (7.22)

R=|22
Cll

where

C =C,C; - CnC.. (7.23)
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The characteristic matrix for a strip m is [6)

iém_1 idm—l
e Tme
Cm = " , (7.24)
rme_iém—l e_i‘sm—l
where
27 .
Om = Tnmdm sin,,, (7.25)

which is the optical path length for the neutrons across that strip.

The first characteristic matrix is given by

1 r
C, = Y (7.26)

1 1
and the characteristic matrix at the substrate is

ei(SN T'sei(sN

Tse—idN e—iéN

where r; = (py — ps)/ (PN + Ds)-

If there are no strips, the reflection coefficient becomes |r1|? as expected.

With one strip the resultant matrix becomes

1 e el
C = (7.28)
ry 1 rse"‘sl e~ 101
el rlrse“i51 rsei51 + rle‘i‘sl
= . (7.29)
7€l 4 reTi0 p el 4opp om0
Thus, the reflectivity will be
- 2
T1€2|61 + Ts
(< 101 + Tlrs

7.3.3 Roughness and angular divergence of the beam

To model the measured reflectivities, further corrections are needed {7, 8}.
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To account for roughness at the interfaces, we assume a Gaussian form for the roughness.

The Fresnel coefficients become

r:'n =Tm exP[%(QQO-d(U)Z)], (7-31)

where (o) is the root mean square roughness and g,,, = 2ksin,,

Another way to model the roughness would be to further subdivide the strips to represent
a rounded potential, but the correction in Equation 7.31 is faster to calculate.

The resolution of neutron reflectometers is limited by the angular divergence of the
neutron beam. To model this, we convolve the calculated reflectivity profile with a Gaussian
distribution [9].

The standard deviation o of the Gaussian at each wave-vector is taken as

olk) = = i ;
100 24/21log 2

(7.32)

where k; 1s the wave-vector and

p  is the percentage deviation in the incident angle.
The 24/2log?2 factor converts from the FWHM given by the percentage deviation to the

standard deviation.
For each wave-vector incident on the sample there is a Gaussian spread in the angle. As
the wavelength is independent of the angle this gives a Gaussian spread in the wave-vector.
For each wave-vector k; a summation is performed over the reflection coefficients for the

wave-vectors such that

N

R;dk —(kj — k;)?
=2 oot p[ 20 (k)2 ] (7.33)

where R; is the uncorrected reflection coefficient,
R; is the and corrected reflection coefficient,

0k  is the (constant) value of k;1; — k; and
N is the number of wavevectors for which the reflection coefficient has been calculated.

This is an approximation which becomes inaccurate when dk is similar to or larger
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that the width produced by the Gaussian spread, as then only a few points contribute to
the summation. It also can become inaccurate when a large thickness is modelled, as the
interference oscillations become extremely rapid and large numbers of points are needed to
average them accurately.

It must also be noted that this approximation is incorrect at the edges of the wavevector
range where there are no points to convolve, so a wider range than required without the
convolution must be calculated.

For the beam deviations in the measurements presented here, it was found that many
more points were needed for an accurate convolution than the experimental points. This
is likely to be due to the effect described above of rapid interference oscillations with our
relatively thick samples.

Most of the calculations were performed using 3000 points for the convolution, compared
to the 138 experimental points. I chose the number of points by comparing the results for
different numbers of points for a typical calculation; I chose the minimum number of points
that did not show significant deviation from a calculation with a very large number of points.
Choosing a minimum number of points is important, as otherwise the calculations can take
a very long time to perform.

This technique for modelling the deviation is also an approximation in the case where the
magnitude of the incoming wave-vector is changed (such as for a time-of-flight spectrometer),
as a change in the angle does not change the neutron wavelength, but only the z component
of the wave-vector. However, this only produces a small error in the complex part of the

potential which itself will be small in most cases (and zero for non-absorbing materials).

7.3.4 The flipping ratio and polarization function

One convenient representation of the signal from the magnetism is the flipping ratio. This

is defined as

F=R"/R™, (7.34)

where RT and R~ are the reflectivities with the neutron moment parallel and antiparallel

to the applied field respectively. This is the representation generally used in this thesis.
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Another common representation (e.g. in Chapter 6 Ref. [12]) is the polarization function

(also known as the spin asymmetry) which is defined as

R — R~

P= —.
R+ + R~

(7.35)
Thus these are simply related by P = (F —1)/(F +1) and F = (1+ P)/(1 - P).

7.3.5 Dividing the potential

To model the nuclear part of the potential, the division of the strips is usually clear; the
strips should represent the physical change in the materials.

However, to model a decay of magnetic field, the way to divide the potential into strips
is less obvious, as the magnetic potential generally varies continuously.

The simplest technique is to simply divide the potential into strips of equal width. This
is effective, but has the disadvantage that to accurately model the potential a very large
number of strips may be needed so that the calculation time becomes prohibitively long.
Care must also be taken to avoid spurious interference effects.

Another solution is only to divide the potential in regions where it is significantly vary-
ing. While an improvement in speed over the original technique, this shares many of the
disadvantages.

In the case of flux penetration into a superconductor, the magnetic field decays approx-
imately exponentially. Thus I have used the technique of dividing the strips so that they
follow the changes in an exponential decay.

Consider an exponential decay

y = exp (3> , (7.36)

where A\ controls the rate of decay.

Let the strips be divided so that each strip contains an equal value A of the integral of

this decay. Thus for a strip n

A [1 — exp (3:_,1_)] =nA, (7.37)
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where z, is the position of the edge of the strip furthest from the origin.

If the width of the first strip is z; then
—I
A=) {1 — exp <—7\—)} . (7.38)

Thus
Tp =-Aln (1 - E/\/—l) . (7.39)

Also, the number of strips n,, in a distance z,, is given by

o = -3- [1 — exp (_i’")] . (7.40)

Figure 7.2 illustrates this division from one end.

Magnetic potential

=

H
LHT

0

Figure 7.2: Division of the magnetic potential into strips

As the magnetic field decays from both sides of the sample, this division is used from

both ends, with a filler strip in the middle.
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Chapter 8

Magnetic Flux Penetration

Measurements

This chapter describes the measurements made on flux penetration in thin film supercon-

ductors and the analysis of the results.

8.1 Experimental techniques

8.1.1 The CRISP spectrometer at ISIS

The measurements in this part were carried out on the CRISP reflectometer at the ISIS
spallation neutron source (1, 2]. The CRISP reflectometer uses the time-of-flight method in
which the incident angle 8 of the neutrons on the sample remains fixed. The neutron source
is pulsed at 50 Hz, and the reflectivity is recorded in terms of the neutron wavelength, which
is given by the flight time from the target to the detector.

See Figure 7.1 in the previous chapter for a schematic diagram of the CRISP reflectome-

ter.

120
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8.1.2 AC susceptometer

We used an AC susceptometer to measure the critical temperature of the niobium sample
(and the oxygenated sample in Section 4.3.3).

It consists of a standard *He Orange cryostat, with a sample space equipped with primary
and secondary coils. These are connected to a DSP lock-in amplifier. The lock-in amplifier
provides an oscillation at 85 Hz.

Stepper motors allow the primary and secondary coils to be balanced, and the sample
to be moved (including being moved entirely out of the coils).

At each temperature, the signal is measured with the sample in the coils and completely
removed from the coils. Thus, the background can be removed.

This susceptometer is one that is currently in development by our group in Oxford. The
NdBa;Cu307 measurement was one of the earliest test measurements. The quoted error is
large as many of the usual corrections (such as background removal) could not be performed
at that stage. However, within the quoted error we believe the value to be accurate.

The development state of the susceptometer does lead to some difficulties. There is not
currently a temperature sensor very near the sample, so there is a noticeable lag between
the measured temperature and the sample temperature. For the niobium measurement, the
temperature was scanned in both directions to average out this effect. It is also noticeable
that the process of moving the sample in and out of the coils canses a fluctuation in the

temperature which must be allowed to stabilize.

8.2 Niobium

In this section I present measurements of the magnetic penetration in a niobium thin film

as a function of the applied field [3].

8.2.1 Sample

The sample was produced by R. Somekh at the Materials Science Department of Cambridge
University.

The sample was a 3000 nm niobium thin film deposited by sputtering on a 5 mm Si
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Figure 8.1: The configuration of the niobium sample

crystal substrate, with a 5 nm Ti buffer layer. The thick substrate was chosen to avoid any
bending of the sample, which had proved to be a problem previously.

The thickness of the sample was chosen to be much greater than the penetration depth.
The derived values of the penetration depth show that the thickness is around 50 times the
penetration depth. Thus, the behaviour of the sample should be close to that of a bulk
superconductor.

Parts of the sample were measured with the AC susceptometer described in Section 8.1.2.
The critical temperature was found to be 9.28 £ 0.05 K.

To characterize the sample, I measured parts in a magnetometer to obtain the critical
temperatures (see Section 8.2.3).

The thickness of the buffer layer is only a nominal value. The thickness was chosen to
be as small as possible without risking leaving holes. The buffer layer was chosen to provide
a better bond between the niobium and substrate. The lattice mismatch in a previous set
of samples without the buffer layer had caused some of the films to peel off the substrate.

Figure 8.1 is a schematic diagram of the niobium sample.

8.2.2 Measurements

The reflectivity measurements were taken with the temperature kept between 3.4 K and

4.3 K (below T.). Due to slight leaks in the cryostat, the temperature varied by a small
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Figure 8.2: Magnetization of the niobium sample

amount. This temperature was chosen both for the ease of control (a much lower tempera-
ture is hard to obtain consistently) and so that the temperature is well away from T, so that
fluctuations in the temperature are not as problematic. A temperature closer to T, would
have the advantage that the critical fields would be depressed, allowing easier access to the
non-Meissner states.

We used an electromagnet to apply a field between 400 and 4500 Oe parallel to the
surface of the sample. The applied field was calibrated with a Hall probe.

Unfortunately the magnetometer measurements show that the field available was not
sufficient to fully reach the surface superconductivity state at the temperature studied.

In all the measurements, the wavelength dependent reflectivity was binned into 138 data

points.

8.2.3 Magnetometer measurements

Figure 8.2 the magnetization of the sample at different fields. This magnetization is negative
due to the superconductor being a diamagnet. This was measured using a DC magnetometer.

The magnetometer consists of a superconducting magnet within which are two oppositely
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wound coils. The sample is moved between two positions along the axis of the coil by a
pneumatic piston. The integrated change in voltage gives the change in the flux, which is
proportional to the magnetization.

To fit in the magnetometer, the sample had to be cut into strips. To match the conditions
in the reflectometry experiment, the strips were orientated so that the long direction was
along the magnetic field (and coil) axis.

It was very noticeable from the magnetization measurements that above H.;, the sample
traps flux, presumably at defects. Thus, the magnetization measurements are very different
when the field is swept down. In fact after the field has been taken to above H.3 and then
reduced, the sample shows large amounts of magnetization (in the opposite sense) even
at zero field. This magnetization was around three quarters of the maximum diamagnetic
magnetization.

The measurements presented here thus show the magnetization in one direction (that of
increasing field) only.

This flux trapping effect means that for reflectivity measurements great care must be
taken when applying magnetic fields to only ever increase the field. If the field needs to be
decreased, the sample should be warmed above T, and then cooled in zero field. This will
remove any trapped flux, and the field can then be increased again.

Due to the large thickness of the sample, the behaviour of the critical fields should be
very similar to that of the bulk superconductor.

The transition to the mixed state is quite broad, but the measurements put H.; at
950 £ 50 Oe.

From these measurements, it is not entirely clear what effect the surface state has
on the magnetization. If the disappearace of magnetization is taken as H.3, then Hcs
is 9050 £ 50 Oe and H,s is 5340 % 30 Oe (derived from H 3 using Equation 6.12).

However, model calculations for the surface state later in this chapter indicate that the
surface state magnetization is likely to be small relative to the mixed state. Thus the
disapperance of magnetization is more likely to give the position of H.y, which puts H., at
9050 £ 50 Oe

The critical fields are rather higher than those for pure niobium [4], again indicating a
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‘dirty’ sample.

8.2.4 Reflectivity overview

Figure 8.3 shows the data for the flipping ratios (R*/R™) for the sample at the different
applied fields. The dips in the flipping ratio occur around the critical edge. This shows a clear
qualitative trend. In the Meissner state, the integrated area of the dip in the polarization
function should increase approximately linearly with field. The signal then stops increasing
as the mixed phase is entered for the applied fields of 1444 Oe and above.

As a measure of the magnetic signal, I define the integral of the polarization function

(see Equation 7.35) as
Ip = / P(Q.)dQ.. (8.1)
0

Figure 8.4 shows the values of Ip for the different applied fields.

In the Meissner state, the integral of the pclarization function should increase approxi-
mately linearly.

It is notable that Ip is almost constant throughout the mixed state, despite the magne-
tization falling rapidly. This is further indication that PNR is particularly sensitive to the

change in the magnetization near the surface.

8.2.5 Unpolarized scattering

Figure 8.5 shows the scattering from the sample in zero field. Figure 8.6 shows the same
data enlarged around the critical edge.

The theoretical line is a fit based on the parameters in Table 8.1. The structure is
assumed to be the nominal structure, with an additional oxide layer on the top.

It was apparent from the theoretical calculations that the shape of the reflectivity curve
is highly dependent on the titanium buffer layer. This buffer layer has a similar effect on
the curve as roughness at the interfaces. The fits showed little dependence on the small
roughness for the surface, so the theoretical curve neglects roughness.

Thus, fixing the scattering length densities (nd) to their nominal values the only free

parameters are the widths of the layers, and the angle and deviation of the beam and the
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Figure 8.4: Integrated Polarization for niobium
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Figure 8.5: Niobium zero field reflectivity: The reflectivity of the niobium sample in zero
field. The reflectivity is in arbitrary units.
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Figure 8.6: Niobium zero field reflectivity: The same data as in Figure 8.5 enlarged around
the critical edge.

overall intensity.

The angle and deviation need to be variable due to the difficulties in precise alignment
of the sample. The intensity needs to be variable as not all of the beam will be incident on
the sample, and some will be removed by the collimators.

The low x? indicates that the theoretical model is adequate, though the errors on the
measurements are relatively large, so there is considerable flexibility in the model.

The widths returned by the fit are all comparable to the nominal widths.

8.2.6 Meissner state analysis

From Figures 8.4 and 8.2, the lowest two fields we measured at are in the Meissner state,
and the third is just at the transition from Meissner to mixed states.

Table 8.2 shows the fitted parameters for the theoretical model of an exponential as in
Equation 6.6. The strips were divided as in Equation 7.39, with an initial strip width of
8 A and a nominal penetration depth of 600 A.

In all of the tables of the fitted parameters for magnetic structure, intensity is given in
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| Parameter Nominal Fit Error Units |
Reflectivity - 6.505 0.030  10—% Counts/Monitor

Incident angle 0.35 0.33860 0.00028 Degrees
Beam deviation 3.2 55852  0.0055 %

Top nb 4.495 - . 10-647°
Top width - 93.9 4.2 A

Bulk nb 3.93 ; ] 10-64 77
Bulk width 30000 29578 458 A

Buffer nb -1.91 - ; 1076472
Buffer width 50 75.16 0.61 A

Substrate nb 2.07 - - 106472

X2 1.015

Table 8.1: Niobium zero field reflectivity parameters

|  Field 404 Oe 767 Oe 1092 Oe |
Intensity 0.0644 £ 0.0002 0.0640 +£0.0002 0.0656 + 0.0002
Incident angle  0.3409 + 0.0002 0.339140.0001  0.3403 = 0.0002
Beam deviation  5.584+0.016  5.573+0.007  5.567 +0.041
A 624 + 211 613 + 37 633 + 97
x? 3.26 5.17 2.28
FR x* 0.94 1.44 1.07

Table 8.2: Niobium low field reflectivity parameters: The FR x? refers to the x? for the
model of the flipping ratio.

counts per monitor count, incident angle in degrees, beam deviation in % and penetration
depth A in A

Due to the differences in alignment, the intensity, incident angle and beam deviation were
allowed to vary in the fit, along with the penetration depth. The applied field parameter
was fixed, as were the structure parameters derived from the unpolarized measurements.

Figures 8.7,8.9 and 8.11 show the form of R and R~ for the different fields, along with
the model curve as described above.

Figures 8.8,8.10 and 8.12 show the flipping ratios for the applied fields, along with the
same model curve.

Both of the types of figure have been scaled to show the interesting area around the
critical edge. In all cases (including the later measurements not in the Meissner state) the

model curve agrees well with measurement outside of this area. Above the critical edge
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the reflectivity is flat, and far away from the critical edge the magnetism has negligible
effect on the reflectivity, and so the simple structural model duplicates the measured values
accurately.

Due to the poor statistics available for the unpolarized measurements, I also fitted the
404 Oe reflectivity curves allowing the widths of the structural strips to vary. This was to see
if a better model for the structure could be obtained. However, the fit was not significantly
better, and had very similar values for the widths, so the original widths were used for the
rest of the fields.

An exponential decay model seems to give a good representation of the measured reflec-
tivity.

For each of the applied fields, the derived penetration depth is around 620 A. This is
rather higher than the previously measured values for single crystal niobium, many of which
are around 450 A. This indicates that it is likely that this crystal has fairly small grains
and is a ‘dirty’ superconductor, by the definition of Equation 6.7.

From Equation 6.28 and Equation 6.13, we have

2 _ Hes 2V2710)0g

T 930 4

(8.2)

Thus, if we assume that A = A.g and Hcz = 9050 Oe, then the measured values give
k =~ 2.5. This value of k then gives a value for H, of 1.514 kOe. If H., = 9050 Oe, then
K= 3.3

The measurements give the value for the magnetic screening length A, but the London
penetration depth Ay is not directly obtainable.

The deviation of the measured penetration depth from the London penetration depth is
determined by how much the mean free path of the electrons is limited by defects. Away
from the critical temperature, the effective penetration depth is given by (See Chapter 6
Ref. [19)):

Aef(l,T) = AL(T)4 /1 + %9, (8.3)

where & is the Pippard coherence length and [ is the mean free path due to the defects.

Assuming a clean-limit coherence length of 40.9 nm and zero-temperature A (0) for the
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Figure 8.7: Reflectivity at 404 Oe
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Figure 8.8: Flipping ratio at 404 Oe
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Figure 8.9: Reflectivity at 767 Oe
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Figure 8.10: Flipping ratio at 767 Oe
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Figure 8.11: Reflectivity at 1092 Oe
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Figure 8.12: Flipping ratio at 1092 Oe
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sample of 28.9 nm (See Chapter 6 Ref. [6]) gives a value of | of 11.4 nm, which is similar to
sample Nb/Si — 1 in Chapter 6 Ref. [10].

The penetration depth is measured here at around 4.2 K. The zero temperature pen-
etration depth will vary from this slightly. However, the two-fluid approximation A\(T') =

A(0)/[1 = (T/T:)*)*/? suggests that in this case A(4.2 K) is only 2% greater than A(0).

8.2.7 Mixed state analysis

To attempt to model the mixed state, a similar procedure was used as for the Meissner
state.

However, as well as the penetration depth, the applied field was also allowed to vary.
The reasoning behind this is to see if the magnetic field can be represented as if the flux
tubes reduce the effective applied field.

Table 8.3 shows the fitted parameters for the different applied fields. Note that as the
model becomes poor for the higher fields (see below), the actual errors on the penetration
depth will be considerably larger than the random errors quoted here. This is a particular
problem with this fitting technique as the effective field and the penetration depth are quite
closely coupled. |

Figures 8.13, 8.15, 8.17, 8.19, 8.21, 8.23 and 8.25 show the reflectivity curves for the
different applied fields.

Figures 8.14, 8.16, 8.18, 8.20, 8.22, 8.24 and 8.26 show the flipping ratios.

At 1440 Oe, this is still a reasonable model for the measured reflectivity. At 2176 Oe,
there is a significant deviation from the exponential decay. Above 2920 Oe, this discrepancy
becomes gradually larger, and the dip in the flipping ratio becomes shallower and broader.

At the higher fields it is clear that a simple exponential decay with an effective field is

no longer a realistic model.
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[ Field 1444 Oe 2176 Oe 2920 Oe |
Intensity 0.0633 £0.0002 0.0631 £0.0002 0.0652 £ 0.0002
Incident angle  0.3402 £ 0.0002 0.3380 £ 0.0002 0.3403 + 0.0002
Beam deviation  5.563 £ 0.013 5.577 + 0.009 5.5690.018
Effective field 1278.5+ 6.1 1039.4+ 9.5 1127 +£10
A 697 + 49 439 £+ 35 891 & 115
x2 5.50 8.58 5.55
FR x? 1.72 3.52 3.68
[ Field 3560 Oe 4280 Oe 4380 Oe |
Intensity 0.0645 £ 0.0002 0.0650 = 0.0002 0.0581 £ 0.0002
Incident angle  0.3398 + 0.0002 0.3399 +0.0002 0.3396 £ 0.0002
Beam deviation  5.583 £ 0.010 5.515 + 0.070 5.652 + 0.030
Effective field 1001 £ 5 980+ 4 980 + 5
A 587 & 57 605.267 & 113 598 + 47
x? 3.63 1.89 6.62
FR x? 2.32 1.69 4.58
[ Field 4540 Oe ]
Intensity 0.0643 £ 0.0002

Incident angle
Beam deviation
Effective field

A

X2

FR x?

0.3385 £ 0.0002
5.588 + 0.013
761 £ 66
979+ 7
1.74
1.41

Table 8.3: Niobium high field reflectivity parameters

135
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Figure 8.14: Flipping ratio at 1444 Oe
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Figure 8.15: Reflectivity at 2176 Oe
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Figure 8.17: Reflectivity at 2920 Oe
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Figure 8.18: Flipping ratio at 2920 Oe
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Figure 8.19: Reflectivity at 3560 Oe
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Figure 8.20: Flipping ratio at 3560 Oe
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Figure 8.21: Reflectivity at 4280 Oe
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Figure 8.22: Flipping ratio at 4280 Oe
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Figure 8.23: Reflectivity at 4380 Oe
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Figure 8.24: Flipping ratio at 4380 Oe
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Figure 8.25: Reflectivity at 4540 Oe
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Figure 8.26: Flipping ratio at 4540 Oe
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8.2.8 Surface state calculations

To model the higher field states, I also calculated the expected reflectivity for the surface
state.

I used the values of k and H., derived in Section 8.2.6. The calculated potential for the
surface state at H.o was then used as the basis for the magnetic potential in reflectivity fits.

The previous parameters for the mixed state were used as a basis, and the data was
fitted allowing the penetration depth to vary.

Figures 8.27 and 8.28 show the reflectivity and flipping ratio at 4380 Oe overlaid with the
theoretical values for the surface state. Figures 8.29 and 8.30 show the same for 4540 Oe.

At 4380 Oe, the fitted penetration depth was 820 + 88 (with a x? of 1.37 for the flipping
ratio) and at 4540 Oe the fitted penetration depth was 760 £ 109 (with a x* of 0.93 for the
flipping ratio).

The theoretical curves are clearly a much better fit at these fields than the previous
mixed state model. However, there still is a slight discrepancy with the reflectivities, with
the theoretical curve being noticeably lower in some points.

If H., = 9050 Oe, then the change in x makes the dip in the flipping ratio slightly

smaller, but with a similar form.

8.2.9 Discussion

In the Meissner state, the exponential decay model was adequate to model the results ob-
tained. The value of the penetration depth is consistent with that of a ‘dirty’ superconductor
(See Chapter 6 Refs. {2, 10, 11, 13]).

At the lower field end of the mixed state, reasonable agreement with experiment is
obtained for a model with a Meissner state like decay, but a reduced effective field.

Near H,2, the reflectivity closely matches that expected for the surface superconductivity
state. However, the magnetization measurements indicate that the sample should not be
fully in the surface superconductivity state.

Thus through the mixed state there seems to be a smooth progression from the Meissner
state towards the surface superconductivity state. Further measurements at fields which are

in the surface superconductivity state would be required for a fully quantitative comparison.
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Figure 8.27: Reflectivity at 4380 Oe (surface state calculation)
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Figure 8.28: Flipping ratio at 4380 Oe (surface state calculation)
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Figure 8.29: Reflectivity at 4540 Oe (surface state calculation)
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Figure 8.30: Flipping ratio at 4540 Oe (surface state calculation)
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Figure 8.31: The configuration of the YBa;Cu3z0O7 sample

8.3 YBazCu307

In this section I present measurements for the magnetic penetration in a thin film sample

of YBaQCug 07 [5] .

8.3.1 Sample

The sample measured was one of a batch from the NKT research centre, grown by T.
Freltoft. These varied in thickness from 700 nm to 1400 nm.

The 1000 nm thickness sample was selected after preliminary measurements on the re-
flectivity.

The sample is a c-axis oriented, single crystalline YBasCuzO7 thin film on a 20 mm x
10 mm x 1 mm (1 0 0) SrTiO3 substrate. The sample was deposited by laser ablation [6].

Figure 8.31 is a schematic diagram of the YBa;Cu3zO7 sample

8.3.2 Measurements

Unfortunately, the measurements for this sample have been contaminated due to a flaw in
the instrument.

After a considerable amount of investigation over more than a year, it was determined
that there was a flaw in the anti-reflection coating of the polarizer mirror. This caused

an additional reflection from the polarizer, which then caused interference at the detector.
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[ Parameter Nominal Fit Error Units B
Reflectivity - 3.39 0.02 1073 Counts/Monitor
Incident angle 0.36 0.36103 0.00032 Degrees
Beam deviation - 5.488 0.057 %
Sample nb 4.74 ; ; 10-647?
Sample width 10000 10019 151 A
Sample roughness - 103.0 1.2 A
Substrate nb 3.52 - - 1064
Reduced x* 8.09

Table 8.4: YBaoCu3zO7 unpolarized reflectivity parameters

This additional beam lead to an irregular oscillation overlayed onto the reflectivity. This
was particularly noticeable as a problem as there was a large oscillation above the critical
edge, which should be flat once there is total reflection.

The problem was difficult to locate as it is a relatively small effect, and one that only
occurs in a small fraction of the experiments run on CRISP (most of the others do not use
polarization, or need as accurate statistics).

Unfortunately, the oscillations are complex and cannot be easily subtracted from the
signal.

Moreover, an oscillation at the critical edge changes the slope of the critical edge, which
is important for determining the penetration depth from the flipping ratio.

As with the niobium sample, the wavelength dependent reflectivity was binned into 138

data points.

8.3.3 Unpolarized reflectivity

As an approximation to the unpolarized reflectivity, the average of the low field Rt and R~
curves was taken. Figure 8.32 shows this averaged scattering from the sample in 550 Oe
field. Figure 8.33 shows the same data enlarged around the critical edge. The scale is linear
in y to show the oscillations.

The theoretical line is a fit based on the parameters in Table 8.4. The structure is
assumed to be the nominal structure, with a rough surface.

The only free parameters are the angle, deviation and overall reflectivity (as with the
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Figure 8.32: YBa;Cu3zO7 unpolarized reflectivity: The reflectivity of the YBa;Cu3z 07 sam-
ple. The reflectivity is in arbitrary units.
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Figure 8.33: YBay;Cu3O7 unpolarized reflectivity: The same data as in Figure 8.32 enlarged
around the critical edge, on a linear scale.
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Figure 8.34: YBa,;Cu30y polarized reflectivity: The R and R~ reflectivities in 550 Oe
applied field. The asterisks mark the R* reflectivity and the circles mark the R~ reflectivity.

niobium sample), and the thickness and roughness of the YBa,CuzO7 layer.

8.3.4 Polarized reflectivity

Figure 8.34 shows the values of R* and R~ with the best fit model calculated lines. From
this it is clear that the oscillations affect both reflectivity curves, and are larger than the
size of the difference produced by the magnetic decay.

Figure 8.35 shows the flipping ratio of the two reflectivity curves, along with the ratio of
the theoretical lines in Figure 8.34. This is a reasonable fit, but with a significant random
error.

Table 8.5 shows the fitted values for the magnetic penetration. The x? for the fit is
essentially the same as in Table 8.4, as the averaged measurements had smaller errors due

to the combination of the data.
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Figure 8.35: YBay;Cu30~ flipping ratio: The flipping ratio R* /R~ in 550 Oe applied field.

[ Field 550 Oe |
Intensity 339 x107°+£1.4x107°
Incident angle 0.3621 £ 0.0002
Beam deviation 5.404 £ 0.014
A 2018 + 261
x? 4.44
FR x? 1.22

Table 8.5: YBa;CusO7 magnetic penetration parameters: The FR x? refers to the x? for
the model of the flipping ratio.
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8.3.5 Discussion

The results of the measurements on YBay;Cu3O7 are inconclusive. The oscillations intro-
duced by the split beam have made the reflectivity impossible to analyse in a fully quanti-
tative manner. The oscillations are most pronounced around the critical edge.

The derivation of the structure of the sample is not affected greatly (though the x? is
increased), as much of the information comes from the falloff at higher Q. The oscillations
do not seem to have affected the overall slope too much.

Unfortunately, the model of the magnetic decay is critically dependent on the exact
shape of the curve around the critical edge. Thus, there is a large error on the penetration
model.

The actual error is likely to be considerably larger than the random error quoted in
Table 8.5. Considering the large error, the derived value is quite close to that obtained by
similar recent measurements (See Chapter 6 Refs. [12, 13]), which typically give a penetra-
tion depth around 1400 A.

Despite the problems, these measurements do show that it is possible to study the
magnetic penetration using much thicker samples than have previously been used. Certainly
the signal from the magnetic decay is clearly visible.

The sampie does show significant roughness at the surface, but these measurements
suggest that it should be possible to account for this in the analysis.

We hope to be able to repeat these measurements in the near future with the corrected
instrument. We also hope to be able to perform a more extensive study, including the mixed

state and the temperature dependence of the penetration.
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Chapter 9

Magnetic Flux Penetration

Conclusions

This chapter will summarize the measurements made of the thin film superconductors and

the conclusions.

9.1 Nb thin film

The measurements on niobium were made after the CRISP polarized problem had been
corrected.

In the Meissner state, an exponential decay of flux models the measurements well. The
penetration depth (magnetic screening length) was found to be slightly greater than 600 A
for all measurements in this state at a temperature =~ 4 K. This combined with the mag-
netization measurements indicates a k between 2.5 and 3.3 depending on the interpretation
of the measurements. Comparison with other measurements indicates that the sample has
a coherence length less than that of pure niobium; this is probably limited by the size of
grains in the sample. The mean free path is approximately 11.4 nm.

The integrated signal of the polarization function shows a transition to the mixed state
that matches closely the magnetization measurements.

The mixed state shows a gradual transition from the Meissner state towards the surface
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superconductivity state, with a comparable penetration depth.

The measurements have suggested a number of improvements for future work:

A different substrate or buffer layer would be desirable. Currently the buffer layer
significantly distorts the reflectivity curve. A buffer layer is needed to provide a good
bond between the substrate and sample, and the choice of substrate is limited by the

scattering length requirement.

e The niobium sample probably does not need to be as thick as this one to still match
the bulk properties. However, a much smaller thickness would lead to an even larger

magnetization in the surface state relative to the mixed state.
e An accurate measurement of the reflectivity in zero field is desirable.

e Measurements at higher field (or closer to T,.) would enable direct measurement of the

surface superconductivity state.

9.2 YBayCu3zO; thin film

Due to the problems with the apparatus, our results for the YBay;CuzQ- thin film are
inconclusive. However, we have shown that the measurement is possible to perform.

The fit of the structure is largely in agreement with the nominal structure.

The preliminary value for the penetration depth A is 2018 + 261 (with a considerable
additional systematic error due to the experimental problems). This is rather larger that

has previously been measured, but this may be expected considering the large error.

9.3 Measurement techniques

We have shown that measuring flux penetration with polarized neutron reflectometry is
possible with relatively thick superconducting samples.

Using thick samples does show many of the problems which have kept people from using
them in the past. In particular, with a thick sample, oscillations are not visible in the
reflectivity curve, which make analysis more difficult. Also, high quality samples are harder

to achieve. However, we have shown that these are not critical problems.
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We have found that most of the limiting factors of the technique are properties of the
sample.

In particular things that need to be considered are:

e Sample thickness: As we have shown, it is possible to perform reflectometry measure-
ments using relatively thick samples. This has the advantage that the behaviour of the
superconductor will more closely match that of the bulk superconductor. However,

thick samples can make the other desirable properties harder to obtain.

e The grain size: A superconductor made of grains has somewhat different properties to
a true single crystal. In particular, if the coherence length is not much smaller than
the grain size then the grain size will limit the effective coherence length. The grain

size is a property of the technique used to grow the crystal.

e The surface roughness: We have found that the surface roughness can have a large
effect on the results obtained. However, we have found that the surface roughness can

be modelled effectively. Surface roughness generally increases with sample thickness.

e Surface oxidization: Like surface roughness, surface oxidation also significantly effects
the results. An oxide layer adds another uncertainty, as the oxide layer is not generally
superconducting, so this offsets where the field decay will start. As the oxide layer
forms over time, the storage of the samples is critical, and samples may show less

oxidation if measured soon after growth.

e Water damage: We have found that the thin film samples can be vulnerable to damage
from condensation. It is thus important that the samples are warmed gradually after

the experiment to avoid condensation forming on them from the atmosphere.

e Sample bending: With previous niobium samples we found that the strain from a
lattice mismatch was sufficient to bend the sample slightly. This is of course important
for reflectometry as a bent sample will spread out the reflected beam and also reduce
the resolution as the incident beam angle is effectively blurred. We solved this problem

by using a very thick (5 mm) substrate for the niobium, which was extremely rigid.
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e Substrate type: To be able to grow good quality samples, a suitable substrate is
needed. Unfortunately, many of the substrates used to get good crystals have a high
scattering length density, so the scattering from the substrate will dominate that from

the sample. Thus less ideal substrates may need to be used.

e Buffer type: A way of reducing the problems of lattice mismatch is to use a buffer
layer of another material. This can lead to a much better crystal, but can cause other
problems. As with the substrate, the scattering length density of the buffer can be
important to the form of the reflectivity. Another untried idea is to use a neutron
absorbing material, so that incident neutrons will not strike the substrate. This would

allow a wider choice of substrate.
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Chapter 10

Concluding Remarks

10.1 Magnetic structure measurements

10.1.1 Results

In this thesis I have used elastic neutron scattering (using a triple-axis spectrometer) to
determine the magnetic structure of NdBa;Cu3Og4s. This is the first such study using
single crystals covering the reduced and oxidized forms, and both the copper and neodymium
ordering.

The main impetus of this was to compare with the previously measured PrBa;Cu3Og4.6-
This is notable in that the oxygenated form does not superconduct (at least in conventionally
prepared samples). The previous measurements have shown unusual magnetic structure,
particularly in a coupling between the praseodymium and copper moments.

The oxygenated NdBa,Cu3O7 crystal showed a simple structure, with the neodymium
moments ordering at low temperature into a purely antiferromagnetic structure. This is
different to some measurements of the praseodymium moments which have been observed
to order antiferromagnetically in the ab plane and ferromagnetically in the ¢ direction.

One reduced NdBay;Cu3zOg¢ crystal showed a more complex magnetic structure. This is
believed to be due to the crystal having neodymium substitution on the barium sites.

At high temperatures, the copper plane moments formed a simple antiferromagnetic

structure as expected (AF1). However, at low temperatures parts of this structure rotated
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in different directions to form a new structure (AF2 intermediate). There was no evidence
for a significant ordered moment on the Cu(1) sites, but this is not conclusive.

At very low temperatures, the neodymium moments ordered to form a two-dimensional
structure, with the moments uncorrelated in the ¢ direction.

Despite the unusual structure, there was no coupling of the neodymium and copper
moments visible. No change was observed in the copper ordering when the neodymium
ordered.

The other reduced crystal (which is believed to be more stoichiometric) showed a much
more conventional structure. The copper plane moments ordered antiferromagnetically at
high temperature (AF1), and the neodymium ions ordered antiferromagnetically at low
temperature, without affecting the copper moments.

Again no coupling between the neodymium and copper moments was visible.

Thus, in conjunction with the previous measurements on PrBa;CuzQOg¢4.5, we have shown
that PrBa;CusOg45 has an unusual ordering that does not seem to be shared by the samples
measured here of NdBasCusOgys.

As this ordering indicated a coupling between the praseodymium moments and the
copper moments, then this could be relevant to the praseodymium suppression of the su-

perconductivity.

10.1.2 Techniques

The measurements have also highlighted some of the problems of using a triple axis spec-
trometer for measuring magnetic structure. The alignment of the sample is critical if fully
quantitative measurements are desired.

I have shown that in certain circumstances, measuring peak intensities by taking linear
scans through them and correcting by the use of a Lorentz factor does not give a sufficiently
accurate value to derive absolute moments reliably.

I have found that a grid procedure will give significantly better results without taking

vastly more time, and is also much simpler to analyse.
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10.2 Magnetic penetration measurements

In this thesis I have used polarized neutron reflectometry to study magnetic penetration in
thin film superconductors that are much thicker than those commonly measured.

As expected, this has shown many of the difficulties that have limited the sample size in
the past: these are the surface roughness, the grain size and the relatively ambiguous signal
in the flipping ratio.

However, the relatively thick samples have enabled the penetration characteristics to be
studied in a situation much closer to that of a bulk superconductor. In particular, a thick
sample enables the Meissner state to have near total exclusion in the middle, the mixed state
to have a significant flux penetration and the surface state magnetization at the surfaces to

be genuinely separated.

10.2.1 Nb thin film

I have measured the polarized reflectivity for a niobium thin film at several applied fields
through the Meissner state and almost all of the mixed state.

There is a good agreement between theory (with the model being a simple exponential
decay) and experiment for the Meissner state. The penetration depth derived for this state
is consistent with a sample for which defects are limiting the coherence length.

In the mixed state, the reflectivity indicates a gradual transition from a Meissner state
like exponential decay towards the surface superconductivity state.

I have shown that a type-II superconductor can be measured usefully above the Meissner
state by PNR. Further measurements are needed to investigate the surface superconductivity

state fully.

10.2.2 YB&QCU307 thin film

Experimental difficulties have prevented us from obtaining an accurate model of the sample.
However, the results are generally in line with what is expected from previous measurements.

We hope to perform a corrected and more detailed study in the future.
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10.2.3 Techniques

I have found that the technique of polarized neutron reflectometry is suitable for measuring
samples of these types.

However, the exact properties of the samples are critical to the measurements. High
quality samples are important for PNR measurements, and these are particularly difficult
to obtain with large thicknesses. As well as the sample itself, carefully chosen substrates

and buffer layers are important.
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conventional superconductivity, 1
Cooper pairs, 2
Cooper, L.N,, 2
Cooper, M.J., 32
copper
foil, 49
form factor, see form factor, magnetic,
copper
magnetic ordering, see AF1, AF2 or
AF3
copper—oxygen
chain, 12
magnetic moment, 12, 14
magnetic ordering, see AF1, AF2 or
AF3
plane, 3, 8, 12, 14, 16
copper magnetic ordering, 64
correlation length, 59, 75
CRISP spectrometer, 107, 108, 120, 153
critical angle, 107
critical edge, 125
critical field
lower, 95, 100, 124
mixed state, 95, 99, 124, 143
surface state, 96, 99, 124
thermodynamic, 1, 2, 95, 99, 100, 102,
104, 130
critical temperature, see T,
cryostat, 47, 48, 121
crystal alignment, see sample alignment
Cu, see copper
cuprate superconductors, 3, 4, 8

detector, 22, 48, 108
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diamagnetism, 2, 94, 111
displex, 47
DR3, 46

elastic neutron scattering, 4, 21, 158
electromagnet, 123

electron-phonon interaction, 2
etching, 103

Ewald sphere, 28, 29, 30, 31

Fermi velocity, 2
ferromagnetic ordering, 13, 13, 14
flipping ratio, 116, 125, 126, 129, 134
flux lines, 2, 95
flux penetration, 5, 94, 117
form factor
magnetic

copper, 25, 25

neodymium, 26, 26
Forschungszentrum Karlsruhe, 52
frame overlap mirrors, 108
Freltoft, T., 146
Fresnel coefficients, 113, 115
furnace, 46

Gibbs free energy, 100, 101

Ginzburg, V.L., 3

Ginzburg-Landau parameter, 95, 96, 99,
102

Ginzburg-Landau theory, 3, 99

GL theory, see Ginzburg-Landau theory

goniometer, 46-48

Gor’kov, L.P., 3

grain size, 104

guide field, 108

H,., see critical field, thermodynamic
H,_,, see critical field, lower

H.s, see critical field, mixed state
H_3, see critical field, surface state
Heliox insert, 47, 48, 53

high T, superconductivity, 3

integration methods, 101
intensity
Bragg peak, 49
magnetic, 22, 24
nuclear, 22, 22
ISIS spallation source, 120

Kamerlingh Onnes, H., 1
Landau, L.D., 3
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lanthanide series, 8, 10
lanthanum, 10
lock-in amplifier, 121
London equations, 2, 97
London penetration depth, see penetra-
tion depth, London
London, F. and H., 2
Lorentz factor, 28, 31, 34, 51
for a Bragg rod, 38
geometric, 28, 31, 32
including resolution, 35
including sample mosaicity, 35
Lorentzian broadening, 13, 39, 59, 75

magnetic field exclusion, 96, 97, 112
magnetic moment
absolute, 22, 49
magnetic potential, 111
magnetic scattering ridge, 67
magnetic screening length, see penetra-
tion depth
magnetic structure, 4, §, 21
magnetic unit cell, see unit cell, magnetic
magnetization, 111, 112
magnetometer, 122, 123
Maxwell’s equations, 97
Meissner state, 5, 95, 95, 97, 98, 103, 125
Meissner, W., 2
mixed magnetic ordering, 16
mixed state, 95, 98, 104
monitor, 108, 129
monochromator, 21
mosaicity, 22, 29

Nathans, R., 32
Nb, see niobium
Nd, see neodymium
NdBagCu;;O@, 4, 45, 61, 74
NdBa;Cu3zOg44, 8, 11, 45, 158
NdBagCu307, 4, 8, 45, 53
neodymium, 11, 59, 73
form factor, see form factor, magnetic,
neodymium
magnetic ordering, 55
ordering temperature, 59
neutron
detector, 46
incident energy, 46
optics, see optics, neutron
reflectometry, 94, 107
polarized, see polarized neutron re-
flectometry
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spin, 108, 112
wavelength, 21, 22
wavevector, 107
neutron wavevector, 28
niobium, 94, 121
indb, 121
NKT research centre, 146
nuclear scattering, 22
nuclear scattering length density, 108, 110

Ochsenfeld, R., 2
open detector, 34
optical path length, 114
optics

neutron, 110
ordering temperature, 59
Oxford Instruments, 47
oxide layer, 102

Pauli spin operator, 112

penetration depth, 95, 96, 104, 109
Ginzburg-Landau, 96, 99, 102
London, 96, 109, 130

periodic table, 10, 11

Pippard, A.B., 2

PNR, see polarized neutron reflectometry

polarization function, 117, 125
integrated, 125

polarized neutron reflectometry, 5, 94, 102,

107, 108, 109

potential
one dimensional, 113

Pr, see praseodymium

praseodymium, 11, 16
magnetic ordering, 13

PI’B&QCU;;OG_H;, 11, 45, 158

PI’B&QCU307, 10, 99

pulsed neutron source, 108

quantum mechanics, 110

rare earth, 8

magnetic ordering, 13, 13
RBagCU3Oe+5, 8, 40
RBach307, 8
reactor, 21
reactor flux, 46
reciprocal space, 22, 30, 32, 35, 37, 48, 49
reflection coefficient, 113
reflectivity, 113
reflectometer

reactor source, 107
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time-of-flight, 107, 108, 116, 120
refractive index, 107, 108, 110, 110, 112
complex, 110
resistance, superconductor, 1
resolution, 22, 32, 34, 35
reflectometer, 115
resolution ellipsoid, 32, 33, 33, 35, 37, 47
resolution function, 34
Risg National Laboratory, 46
roughness, 102, 114, 115
Runge-Kutta method, 101

sample alignment, 22, 47, 47
sample mosaicity, 29, 35, 35, 54, 61, 74
sample mounting, 48
sample surfaces, 102
sample thickness, 103
sapphire, 104
scattering length density
nuclear, see nuclear scattering length
density
Schrieffer, J.R., 2
signal-to-noise ratio, 5
Somekh, R., 121
sorption pump, 47
spallation source, see ISIS spallation source
spectrometer
CRISP, see CRISP spectrometer
resolution, see resolution
TASI1, see TAS1
triple axis, see triple axis spectrome-
ter
spin asymmetry, 117, see polarization func-
tion
spin flipper, 108
sputtering, 121
stepper motors, 121
strips
potential, 113
structure
RBaQCu;;Oe, 8, l(_)
RBaQCU3O7, 8, Q
structure factor
magnetic, 24
substrate, 122
surface superconductivity, 96, 99
susceptometer, 121, 122

TAS1, 46, 49

T., 1,3,8,11,95, 122, 124

thermodynamic critical field, see critical
field, thermodynamic
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thin film, 121

time-of-flight method, see reflectometer,
time-of-flight

total external reflection, 107, 110

triple axis spectrometer, 5, 21, 21, 22, 23,
46, 47

twinning, 14, 40, 54

two-dimensional ordering, 13, 37, 67

type 1.5 superconductivity, 96

type-1 superconductivity, 95

type-II superconductivity, 3, 94, 95

unit cell
chemical, 13, 14
magnetic, 13
nuclear, 24

wavevector transfer, 28, 30

YBaQCU3O7, 8, 95, 146
yttrium, 8
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