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ABSTRACT OF THE DISSERTATION

X-ray and Neutron Scattering Studies
of Magnetic Domain Dynamics and Spin Structures

by

San-Wen Chen

Doctor of Philosophy in Physics

University of California, San Diego, 2014

Professor Sunil Sinha, Chair

The study of magnetic spin structures at nanometer length scales and their
dynamics is of both fundamental and technological importance. X-rays and neu-
trons are penetrating probes that are suitable for studying these in the bulk and
the interfaces of the materials. In this thesis, the magnetic domain dynamics are
studied by resonant soft x-ray scattering together with x-ray photon correlation
spectroscopy. The domain fluctuations reveal when the temperature is close to the
phase transition temperature. We find the domain wall dynamics in an antifer-
romagnet corresponds to a collective motion of spins and exhibit some universal
features associated with the jamming behavior in many jammed soft condensed

matter systems. We also discuss about the utilization of polarized neutron reflec-

x1i



tometry to study the interfacial spin structure in an exchange biased bilayer. The
magnetization profiles are obtained which show that some spins are not completely
reversible when the magnetic field is reversed. These spins include pinned uncom-
pensated spins in the antiferromagnet and the interfacial spins exchange coupled
to those spins. A previously established model was found to reproduce the mag-
netization profile observed. Finally, we carried out a grazing incidence small angle
neutron scattering experiment on an optical grating as a way to test the Distorted
Wave Born Approximation (DWBA). DWBA is briefly reviewed and we used it to

calculate the scattering intensity of the system.
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1 Introduction

The study of magnetism and magnetic materials is not only of fundamental
importance but also practically very useful. From the scientific point of view,
the spin structure in a magnetic system is an interplay between exchange energy,
anisotropy, stray fields, magneto-elastic interactions and Zeeman energy etc. which
provides a rich playground for studying a zoo of interactions. A composite material
made of a magnetic material and a material with magnetic, electrical or elastic
properties further opens up an infinite possibility for research and functionality.
From the practical point of view, magnetism has been used extensively in the
storage applications due to its non-volatile property and low-cost. The uses of
magnetism include ID and credit cards, magnetic sweepers and hard disk drives
in all personal computers. With the need for increasing density in the storage
media, the size of the devices becomes smaller and comparable to the size of the
domains. Also, in the composite materials, the key is to understand the interaction
at the interfaces which happens on a nanometer length scale. Therefore, studying
magnetism nowadays requires probes with high spatial resolution.

X-rays and neutrons are penetrating probes with wavelengths from about
0.1 nm to 10 nm, which are suitable for studying structures and dynamics of
materials at nanometer length scales. Neutrons interact with nuclei in the material
as well as electronic spins and therefore are suitable for studying both charge
and magnetic structures. For x-rays, the magnetic cross section is generally very
small compared to the charge cross section. However, the emergence of third-
generation synchrotron radiation sources in recent years provides high-brilliance x-
rays with tunable energy. This enables resonant magnetic scattering which involves

tuning the x-ray energy to one of the magnetic resonance edges and the magnetic



scattering is enhanced dramatically. The strong penetrating power of x-rays and
neutrons enable the study of the bulk properties, as well as looking at the interfaces
of composite materials.

This work describes how we applied resonant x-ray and polarized neutron
scattering to study the magnetic properties of several materials, including the do-
main dynamics in an antiferromagnet and magnetic nanostructures at an interface.
The structure of this thesis is as follows: Chapter 2 includes a brief review of the
scientific background of the techniques used in this work. The interaction between
x-rays and matter, as well as resonant magnetic scattering (XRMS) will first be re-
viewed. Then the principle of x-ray photon correlation spectroscopy (XPCS) will
be introduced which is useful for studying the slow dynamics of any disordered
system. Polarized neutron reflectivity (PNR) is also included which can be used
to study the spin structure of buried interfaces. Chapter 3 describes the study of
domain wall dynamics in the helical antiferromagnet dysprosium. The magnetic
domain wall fluctuations are related to the noise in the devices involving magnetic
films. Detecting the domain fluctuations in an antiferromagnet is more difficult
than in a ferromagnet because of zero net magnetic moment. With coherent x-
rays, it is possible to look at the disorders in the systems such as domains. In
this work, we combined resonant soft x-ray scattering and XPCS (with coherent
x-rays) to study the domain fluctuations in dysprosium and we found that dy-
namics close to the phase transition temperature are similar to those in jammed
soft matter systems. Chapter 4 presents the study of non-switchable moments
in an exchange bias bilayer studied with polarized neutron reflectivity. Exchange
bias occurs when a ferromagnet is coupled to an antiferromagnet. It is generally
believed that some of the uncompensated antiferromagnetic spins are pinned at
the interface which is responsible for the unidirectional anisotropy in the system.
PNR was used to examine the magnetization depth profile in a permalloy/CoO
exchange bias system subject to various magnetic fields. The results show that
there are non-switchable spins at the interface which do not reverse completely
when the field is reversed. A model which considers oxide nanoparticles forming at

the interface was used to examine and explain the non-switchable magnetization



profile. Chapter 5 demonstrates the calculation of grazing-incidence small angle
neutron scattering (GISANS) from a one dimensional optical grating. The Dis-
torted Wave Born approximation (DWBA) is necessary for GISANS calculation
and will be briefly reviewed. In Chapter 6, the main findings of the works are

summarized and the future perspectives are briefly discussed.



2 Experimental Background

In this chapter, the experimental methods involved will be discussed. The
antiferromagnetic domain wall dynamics experiment involves using resonant x-rays
(section 2.1) to obtain enhanced magnetic scattering and x-ray photon correlation
spectroscopy (section 2.2). Polarized neutron reflectivity was utilized in determin-

ing the interfacial spin structures which is discussed in section 2.3.

2.1 X-ray Interactions with Magnetic Materials

Electromagnetic waves interact with charge, as well as the magnetic mo-
ments of electrons in the materials. Usually the magnetic contribution is negligible
compared to the charge contribution. However, when the x-ray energy is tuned to
certain absorption edges of magnetic atoms/ions, the contribution of the magnetic
scattering is greatly enhanced and can be comparable to that of charge scattering.
This phenomenon is called resonant magnetic scattering and is widely used for
studying magnetic materials nowadays. In this section, the interaction between
x-rays and electronic charge will be briefly reviewed. Here we consider the photon-
in-photon-out process and elastic scattering, the so called Thomson scattering (The
energy transfer involved in x-ray inelastic scattering experiments is of the order
of 1 eV and very difficult to resolve from a typical x-ray energy of the order of 1
keV). The principle of neutron scattering is very similar so the review is also very
useful in discussing polarized neutron reflectivity which will be addressed in a later

section. Then resonant x-ray magnetic scattering will be reviewed.



2.1.1 Charge Scattering

A portion of the following review is from the contents of the books by J. Als-
Nielsen/D. McMorrow [1] and J. Daillant/A. Gibaud [2]. We start by considering
an x-ray scattered by a single free electron. In the classical regime, the scattering
event can be described as the electric field exerts a force on the electronic charge,
which then accelerates the electron and radiates the scattering wave. Assuming the
incident wave is a plane wave, the electron vibrates in the electric field direction and
acts like a small dipole antenna. The radiated wave depends on the polarization
of the incident beam, and in the far-field limit, the radiated electric field (modulus

squared) at a distance R can be expressed as,
| Evaal® = (53)(EG)P (2.1)

where 7y is known as the Thomson scattering length, or the classical electron
radius, which represents the ability of an electron to scatter the x-ray,

62

T =2.81794 x 10~ ¥m (2.2)

4mregme?

P is the polarization factor which depends on the incident x-ray polarization. For
a synchrotron source, the electrons orbit in a horizontal plane which generates a

linearly, horizontally polarized x-ray, and P is:

1 vertical scattering plane

cos? ¢ horizontal scattering plane

where ¢ is the scattered angle out of the scattering plane. For an unpolarized x-ray
source such as a tube machine, the polarization factor is (1 + cos® ¢)/2.

In the experiments, the detectors measure the scattered intensity by detect-
ing single photon events. The scattered intensity Isc is proportional to |E,qq|?.
Often we normalize the scattered intensity by the incident flux and this lead to
the definition of the differential cross section:

(d_U) . Ise |EnfR?
dQ’ 7 (Ih/A)AQ  |E )2

(2.4)



where AQ is the solid angle of the detector. Insertion of equation (1) into equation
(4) yields the differential cross section for Thomson scattering:

do
(d_Q) =rgP (2.5)
Now we consider the scattering by an atom with Z electrons. The electron
distribution is represented by the number density p(r). The scattered radiation
field is given by the superposition of the scattering from the whole volume. The

scattering from any two locations with a displacement vector r has a phase differ-

ence of

Ap(r) = (kf—ko) - r=Q-r (2.6)

where kg is the incident wavevector and ky is the outgoing wavevector. Q is the
momentum transfer of the process and is called the wavevector transfer or the
scattering vector. Thus the total scattering length from the atom is simply the

Fourier transform of the electron density p(r)

Q) = o / p(r)e @ dr (2.7)

where f°(Q) is known as the atomic form factor. In the limit of forward
scattering, @Q — 0, all the scattering elements are in-phase and yield f°(Q = 0) =
Z, the total number of electrons in the atom. The scattering from the atom is
of course a quantum mechanical effect. The electrons at different energy levels in
the atom respond to x-ray photons differently, which will lead to a decrease of the
total scattering length. A dispersive term in the form factor is therefore necessary.

Together with an absorption term, the atomic form factor is now

fQw) = Q)+ f(w) +if"(w) (2.8)

where Aw represents the incident beam energy.
The refractive index of a material describes the phase speed of an elec-
tromagnetic wave in the medium. For non-magnetic materials, assuming the fre-

quency of the radiation is much higher than the resonant frequency of the atoms,



w;, which is generally true in the x-ray regime, the refractive index is slightly

smaller than 1 and can be written as:

n(r,w) =1-4(r,w) + iB(r,w) (2.9)
with dispersion and absorption terms
27y

o(r,w) = szj(r){ff(Q) + fi(w)} (2.10)

J
27'['7"0
Br,w) = TR > pi) f] (w) (2.11)
J

where p; is the atomic number density of atom j. In general, the atoms in the
materials have fluctuations and a multiplication of a Debye-Waller factor is needed
in the above expressions. If the medium is macroscopically homogeneous, the
electron density is a constant. The refractive index is approximately
2rrop

e 9.12
2 "o (2.12)

where p is the linear absorption coefficient. For widely used Cu K, x-ray sources

n~1-—

(E = 8.04 keV), § is typically ~ 1075 and §3 is one to three orders of magnitude

smaller.

2.1.2 Magnetic Scattering

Electromagnetic waves also interact with the electronic spins in the ma-
terials via relativistic effects. The coherent elastic scattering amplitude for non-

resonant x-ray scattering is given by [3, 4, 5, 6]
1
[ = irg(hw/mc*) fp 5L(K) A +S(K)-B (2.13)

where L(K) and S(K) are the atomic orbital and spin magnetization den-
sities respectively. A and B are the polarization vectors determined by kg, ey,
k¢, ef, and fp is the Debye-Waller factor. Now the total atomic form factor is
fa~f0+ f +if"+ fm9. The non-resonant magnetic scattering is thus consid-
erably weaker than the charge scattering. Consider Cu K, x-ray at an energy of

8.04 keV, the (hw/mc?) factor is ~ 0.016.



When investigating the magnetic spiral structure of holmium crystal, Gibbs
et al. [7] observed an enhancement of the magnetic scattering (by a factor of 50)
when the synchrotron x-ray energy was tuned to the L;;; absorption edge, as well
as a complex polarization dependence. It was realized that an enhancement of
magnetic scattering occurs when involving a low order electric multipole transition,
e.g. dipole or quadrupole, between a core atomic level and an unfilled atomic
shell, or narrow band. In the holmium case, it involves a quadrupole transition
from 2p — 4f and a dipole transition from 2p — 5d. The exclusion principle
allows transitions only to unoccupied states which results in the sensitivity to the
magnetization of the f and d bands.
The contribution to the scattering amplitude from an electric 2*-pole reso-
nance (EL) is given by [8, 9]
AT L . .
Bk epikoreo) = 7afp Y e YL (k)Y (ko) - o] FiS(w)  (2.14)
M=-1L
where Y(Le])\4 are the vector spherical harmonics. F’ E\)/[(w) is the transition matrix
element and is determined by the occupation and the distribution of the initial

and final states

FL(?\)/[(Q}) o Z [papa(n)rx(aMn; EL)/F<77) (215)

R 2o ) — 7

Do 1s the probability for the ion to have the initial ground state |a). |n) is

the excited state with one electron being excited to unoccupied levels and leaving

a hole at the core level. p,(n) is basically the probability of the state being vacant

for the transition from |a). I'; gives the partial width for EL radiative decay from

In) to |a) and T'(n) is the total width for the excited state |). In the denominator,

z(o,n) = (B, — E, — hw)/(I'(n)/2) is the deviation from resonance in units of

I'(n)/2. The divergence when the photon energy equals (E, — E,) causes the large
enhancement of the scattering amplitude.

In the case of studying the spiral magnetic structure in dysprosium, as

will be later discussed in Chapter 3, we exploited resonant x-rays in the soft x-

ray energy range. The energy of a soft x-ray photon typically ranges from a few



hundred eVs to a few keV, which is at the M-edge for rare earth elements. The
M-edge transition from 3d — 4f is magnetically sensitive and dominated by the

electric dipole (E1) transition. For the E1 transition, we have
« yle) (f{ )Y(e)*(f{ ) - _
€ 1+1\Kr) Y 141(Ko) - €0

(1) [ei - o e xen) 2= (652w )] (2100

~

e+ Y1 k) Y (ko) - €] = (8%) (e} - z)(eo - 2) (2.16b)

z is the unit magnetization vector. Thus we obtain the scattering amplitude
for dipole transition

xres 3 * e e S % A e e
B = g 15 ol + %L =il x e) -2l = B

+(ej - 2)(eo - 2) 2K — FY — F9)]} (2.17)
The first term (e} - eg) is independent of the direction of the magnetic moment
and represents a resonance modification of charge scattering. The second term
i(e} X €g)-z depends linearly on the direction of the magnetic moment and gives rise
to first harmonic satellites in an antiferromagnet. When using linearly polarized
light (o or 7 polarization which is perpendicular or parallel to the scattering plane
respectively), incident ¢ light will only be scattered to 7 and vice versa. We used
linear polarized light from the synchrotron to reach the first satellite peak from
the spiral antiferromagnetic structure, so this linear term is dominant. The third
term (e - z)(ep - 2) is quadratically dependent of z and will give rise the second
harmonic satellite. In the case of My or My edges in dysprosium, the very

strong E1 transition to a 4f orbital can give rise to a resonant magnetic scattering

amplitude on the order of 1007!

2.2 X-ray Photon Correlation Spectroscopy

To obtain coherent x-rays is relatively difficult compared to visible light
because of their small wavelengths and lack of monochromaticity. However, in the

last two decades, due to the invention of the bright third-generation synchrotron



10

sources, a partially coherent beam of x-ray photons can be obtained and the advan-
tages of utilizing the coherent properties of x-rays has emerged. In the last decade,
the free electron laser (FEL) which is based on the principle of self-amplified stim-
ulated emission (SASE) and which produce completely coherent x-ray pulses was
achieved [10]. Currently, performing experiments with coherent x-rays is a rapidly
growing research field. Coherent x-ray can be used to study the exact static struc-
ture with phase retrieval and speckle reconstruction methods. It can also be used
to study the dynamics of a system through the technique known as x-ray photon

correlation spectroscopy (XPCS), which is the focus of this section.

2.2.1 Coherence and Speckles

The coherent properties of light have been known for hundreds of years. The
famous Young’s double slits experiment in the early 1800’s was a perfect demon-
stration of the interference effect from the coherent light. The invention of the laser
further enormously expanded the field and coherent light was used to study the
exact structure and dynamics of many systems. X-rays have smaller wavelengths
and thus can resolve much finer structures. However, obtaining coherent x-rays is
more difficult.

So far we simplified our discussion assuming that the x-ray beam is a perfect
plane wave. A real beam deviates from a plane waves in two ways: First, the
beam is not monochromatic. Thus a x-ray beam of different wavelengths will be
completely out of phase after travelling a certain distance. Second, the beam does
not travel in a well-defined direction. This happens when the size of the beam
is finite. The coherence lengths of the x-ray beam is thus related to these two
properties [1]

1 )2
$=3Ax

6, = % (g) (2.18)

where & is the longitudinal coherence length and &; is the transverse coherence
length. R is the distance from the x-ray source to the measuring point and oy is

the lateral size of the source. Thus the coherence volume is proportional to A%,
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Figure 2.1: First observed x-ray speckle pattern of the (100) disordered superlat-
tice peak of CusAu [11].

which makes the coherent volume of x-rays ten to twelve orders of magnitude lower
than that of the visible light. For third-generation synchrotrons, the vertical size
of the beam is ~ 100 um and the distance from source to sample can be ~ 10
m. Thus for a 1 nm wavelength soft x-ray, & is about 50 um. The longitudinal
coherence length & ~ 5um assuming AN/ = 1074

The coherent intensity (i.e. the intensity of coherent photons per unit time
through a pinhole of dimension ¢,¢,) also depends on the brightness (number of
photons per unit area per unit solid angle) of the beam:

Bo,yo,£.8, N\ B
Icoh - R2 - 4

(2.19)

where B is the brightness of the source. The third-generation synchrotrons produce
high intensity and well-collimated x-ray beams which imply very high brightness.
This makes coherent x-ray scattering possible by using a small aperture to transmit
mainly the coherent fraction of the beam. In other words, we can sacrifice the x-ray

intensity and obtain a partially coherent beam.
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In the kinematic approximation, the scattering from a sample is the Fourier

transform of its electron density and the differential cross section is

j—g(Q) =P / / drdr’ (p(r) p(x’)),e ) (2.20)

where the average is over the time span for detection. Consider a coherent beam
incident on a sample with some static random disorder, then the scattering from
a sample point will have some phase difference from the scattering from another
point. The electric field scattered from the sample will superimpose coherently and
gives rise to an interference pattern which corresponds to the exact configuration
of the sample. This is the so called speckle pattern which is a unique fingerprint
of the sample. Any fluctuation in the sample will cause a change in the speckle
pattern. Even with the third-generation synchrotron, obtaining speckle patterns
can still be a difficult job because the coherent volume must be significantly larger
than the length scale of the random fluctuation in the sample, i.e. the instrumental
resolution must be good enough to resolve the speckles. Theoretical treatment for
scattering from a partially coherent beam is therefore very complicated [12, 13, 14,
15]. The first reported x-ray speckle pattern was obtained from a (100) disordered
superlattice peak of CugAu (Figure 2.1) [11]. Since then speckle patterns have been
observed in many systems such as aerogels [16], charge density waves in Cr [17]

and magnetic systems [18, 19].

2.2.2 Photon Correlation Spectroscopy

As mentioned in the last section, a speckle pattern is the Fourier representa-
tion of the random disorder in the sample. Any fluctuation in the sample will cause
a fluctuation in the speckle pattern as well. The time-dependent variation of the
speckles in reciprocal space vector Q corresponds to the dynamical properties at
the corresponding length scale 27r/|Q|. This is the principle of photon correlation
spectroscopy (PCS). PCS with visible light is known as dynamical light scattering
(DLS) and is a widely used technique [21, 22, 23]. XPCS is the extension of DLS
and can resolve dynamics at much smaller length scales. XPCS can also mea-

sure dynamics at long time scales (milli-seconds to hours) and is a complementary
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Figure 2.2: Time-scale (or frequency) and the scattering vector covered by the
x-ray photon correlation spectroscopy and various complimentary techniques [20].

technique to neutron spin echo (See Figure 2.2). Compared to visible light, x-
rays usually have weaker interaction with matter and thus the multiple scattering
problem is minimized, which makes XPCS analysis less complicated than DLS.

The most common measuring mode with XPCS is the homodyne method,
which only measures the scattered intensity and calculates the correlation func-
tion. On the contrary, the heterodyne mode measures the interference between a
reference beam and the scattered beam which is sometime used when the beam
for total reflection or Bragg reflection is strong enough to serve as a reference
beam [24, 25]. Here we focus on the homodyne mode used in our experiments.
The intensity-intensity correlation function is written as

(I(Q, ) I(Q,t+ 7))
Q1) (2.21)

where (...); is an over all measuring time. The intensity I(Q,?) of the scattered

QQ(Q,T) =

beam is proportional to the Fourier transform of particle density correlation func-
tion: 1(Q,t) o< {p(Q,t)p*(Q,t)). Assuming the scattered electric fields are random

Gaussian variables, the intensity-intensity autocorrelation function (second order
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correlation) is related to the first order correlation function by the Siegert rela-
tion [21]
92(Q.7) = 1+ 1g:(Q, )| (2.22)

where

B (E(Q,)E*(Q,t+ 7))
n(Q7) ="y,

The derivation of this equation assumes perfect coherence. In reality, the

(2.23)

illuminated sample volume is usually larger than the coherence volume. Also, due
to the finite acceptance of the detector, the resolution function has to be considered.

g2 is therefore usually written as

92(Q,7) = 1+ B(Q)If(Q, 7" (2.24)

Here [ is the contrast parameter, which depends on the coherent volume and
the illuminated sample volume. [ is also related to the source properties and the
acceptance angle of the detectors [26, 27]. In the ideal case, 5 = 1. In actual XPCS
experiment, because of the partial coherence of the beam and other instrumental
imperfections, f < 1. Since it is a sample-independent parameter, it is usually
treated as a fitting parameter and normalized out during data analysis. f(Q,7) is

the normalized intermediate scattering function defined as ¢;(Q, 7)/¢:1(Q, 0), with

(@) = [ [ @ op) @)
and gl(Q,O)://drdr'e_iQ'(r_r/)(p(r,O)p(r',O)) (2.26)

Typical systems investigated by XPCS include metal colloids in glycerol [28,
29], binary alloys [30], melted polymer films [31, 32|, liquid surfaces [24] and binary
fluid [25] etc. For the surface sensitive XPCS, the density in the intermediate
scattering function is described by the electron density at the sample surface,
which is related to the surface height-height correlation function. More recently,
XPCS is extended to more solid state systems including charge density wave [17],
antiferromagnetic domains [18, 19] etc.

In XPCS experiments, either a point detector or an area detector, such as

charge coupled device (CCD) [33] or Pilatus detector, can be utilized to measure
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the scattered intensity. A point detector can in principle measure faster dynamics
compared to using an area detector because of its faster rate. However, the area
detector in general has a better signal to noise ratio (SNR). The SNR in XPCS
using a CCD detector can be expressed as [34]

SNRCCD == ﬂiT]\/ TTa\/ TaF\/n_p (227)

where [ is the speckle contrast, 1 is the detector efficiency, ¢ is the mean count
rate, T is the total measuring time, 7, is the accumulation time, F' is the frame
rate and n, is the number of pixels. In comparison, for an ideally efficient point
detector, SNR; = Bi\/T/—F. Thus

SNRccp
SN—Rl = UTQF\/n_p (228)

Usually the efficiency of a CCD is ~ 0.5 and the number of pixels corresponding to
a |Q| on a CCD detector is ~ 10%, which yields a 50 times better SNR compared
to a point detector.

A point detector can in principle measure faster dynamics because of its
faster "frame rate”. When the dynamics are ergodic, the time ensemble average
is the same as the spatial ensemble average. Therefore, using a point detector
can yield the same result as using an area detector. The measuring time must be
much longer than the time scale of the dynamics to get good statistics. The use
of a CCD detector shortens the measuring time by measuring multiple speckles at
the same Q. Each pixel on the CCD serves as an individual point detector and
one can calculate the autocorrelation function on each pixel then take an average.
This is the so-called multi-speckle method [35]. With the multi-speckle method,
the measuring time only needs to be comparable to the time scale of the system
dynamics and one can get the contrast at the same time. Therefore the method can

also be used to study non-ergodic systems, such as jammed and glassy systems [36].

2.3 Polarized Neutron Reflectivity

Reflectometry involves the measurement of the reflected intensity of elec-

tromagnetic waves or neutrons reflected from flat surfaces or interfaces. In the case
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of specular reflectivity where the reflected angle oy equals the incident angle ay,
one gets the in-plane averaged density profile along the surface normal to an un-
precedented precision. While x-rays are sensitive to the change of refractive index
of the material which is related to the electron density, neutrons are sensitive to
the profile of density of the nuclei. More importantly, a neutron has a spin which
interacts with the unpaired electronic spins so that neutron reflectometry can also
be used to measure the magnetization density profile. In this section we briefly
review the principle of polarized neutron reflectivity which we used to study the

magnetization in an exchange bias system.

2.3.1 Refractive Index

In Figure 2.3, we show the geometry of a typical reflectometry measure-
ment and define the scattering vector directions. Similar to x-rays scattered by
fixed electrons discussed in section 2.1, the scattering strength of neutrons being
scattered by a fixed nucleus can be characterized by a scattering length b [37].
Neutron reflectometry involves measurements that are in a fairly small (), range,
and the scattering medium can be considered as possessing a continuous scatter-
ing length density defined as the density of the scattering centers N multiplied the

coherent neutron scattering length b of the species:

N
p=> N (2.29)
=1

The nuclear scattering length density of materials can be found in various sources |38,
39].

The reflectivity is defined as the reflected intensity from the flat surface nor-
malized by the incident intensity. For neutrons we can solve the time-independent

Schrodinger equation:

n* 92
[anﬁ + V(Z):| \I/<Z) == E\I/(Z) (230)
with scattering potential
271 h?
V(z) = p(z) (2.31)
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Consider a neutron beam incident on a surface from vacuum, where the ini-
tial energy of the neutron is A%kZ /2m,,. Here we only consider the elastic scattering
and equation (2.30) can be written as

= amp(a) | 9 =0 (232

Thus the wavevector in the medium can be written as

/ 4
1{31 = nlk}() = 1— %ko (233)
0

where ny is the refractive index of the medium. Neutron reflectometry usually
utilizes the time-of-flight technique. With a continuous wavelength spectrum of
neutrons, a range of R((Q),) can be measured simultaneously with a fixed incident
angle. Note that when the wavelength is greater than W , k1 is purely imaginary
which leads to an evanescent wave in the medium and total external reflection at
small @),.

2.3.2 Reflectometry with Unpolarized Neutrons

To determine the reflectivity R(Q).), we need to calculate the probability
of the neutron being reflected or transmitted by the sample surface. To achieve
that, we need to solve the Schréodinger equation shown in equation (2.30), with the
fact that the particle numbers and the transverse momentum is conserved at the
interface. Consider a single flat surface which is perfectly smooth at z = 0, below
which is a medium with refractive index n; extended to infinity, the wave function

can be written as

eikoz + T.e—ikoz 7 > O
U(z) = _ (2.34)
tetkrz z <0
where 7 is the reflection coefficient and ¢ is the transmission coefficient. The

boundary condition at z = 0 is

IL+r t
<¢k0(1 - 7’)) N (z’k:ﬂf) (2.35)
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Solving equation (2.35) gives the reflection coefficient r

ko — kq
= 2.36
g ko + k1 ( )
and the reflectivity from a single flat surface with no roughness is
k’o — kl 2 1-— s 2
R=|r]’= = 2.37
=[] = e (237)

This is the Fresnel reflectivity [40]. In the large @), regime, the kinematic theory,
or Born approximation,

1 2

RBAOC—

Q2
matches the dynamical theory results very well and yields the Rpa ~ Q7*, the so

called Porod’s law [41].

/_+<>O p(2)e’9*dz (2.38)

o0

Now consider the case of a thin slab of n; with thickness A on top of a

substrate nq, the boundary condition equations can be written as

( cos(k1A) kilsin(k;lA)) ( 1+r ) _ ( t >elk2A (2.30)
—kysin(k1A)  cos(k1A) iko(1—1) 1kot

Solving equation (2.39) yields the reflection coefficient

/ / ik12A
Toq T rige™! . , kp — Ky,
with 7, = ——
’ km + ky,

(2.40)

To1 = -
L+ 7 7] peik128”

Note that r1 o = r’m because there is no reflection in the substrate. The above

equation can be generalized to any number of flat thin slabs on a substrate.

T/ + Tn,n—i—lele’nAn

n—1,n
Tn—1,n = 7 - (241)
L 1 g €900

Utilizing the fact that there is no reflection below the substrate, the reflection
coefficient of the last interface ry o is identical to the Fresnel reflection coefficient
T?V,oo' TN can therefore be brought into the equation to solve ry_; y, then using
it iteratively to solve the reflection from the surface 7 ;. This is the principle of the
Parratt formalism [42] and is a fully dynamical theory to calculate the reflection

coeflicients.
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Figure 2.3: Schematic of the neutron reflectometry geometry with an applied
magnetic field.

In real-world stratified media, there is roughness between layers instead of
sharp interfaces. We usually use an error function to simulate the gradual change

of density across the interface between the two media.

_ P2 — P Z— 2
p(z) =p1 + 5 {1 +erf( NG~ )] (2.42)

where zj is the center of the interface and o is a parameter representing the root
mean square roughness. The larger the roughness, the more gradually the density
changes. With this expression for density, we can utilize the Parratt iterative for-
malism to calculate the reflectivity for almost all stratified media with a reasonable
roughness. We use equation (2.42) to express p(z) of the sample and divide it into
small slices with constant densities. The thinner the slabs, the better it simulates
the real density profile. A guide for determining the number of slices is to use the
sample thickness in Angstroms because the wavelength of x-rays or neutrons is at
the level of Angstroms, and therefore the depth resolution is also at the same level.

Neutron reflectivity has been discussed in the literature [43, 44, 45, 46, 47].

2.3.3 Reflectometry with Polarized Neutrons

Now we consider a polarized neutron scattered by a magnetized sample, as
shown in Figure 2.3. The scattering potential is from both nuclear and magnetic
interactions and involves two neutron scattering lengths b+ and b~, corresponding

to neutron spins parallel or anti-parallel to the magnetization of the sample. The
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scattering potential is given by
V=V, +V,=V,F¥u-B (2.43)

where B = H + 14oM is the magnetic induction. p = p,o with u, = —1.913uy
and o is a linear combination of the 2 x 2 Pauli matrices [48]. Thus B is a 2 x 2
matrix operating on a spinor state of neutron spin up or down. Since the external
magnetic field is the same across all interfaces, the difference of the scattering
potential across the interfaces is only related to the magnetization difference and

the scattering potential can be written in the following matrix form:

2h2 (pu 0 M, M, —iM,
5V (z) = 2 (P - v ' (2.44)
m, \ o0 p, M, +iM. M,

The magnetic scattering length density is defined as

D

2mwh?

Pm = — 1M = CM (2.45)

with constant C' = 2.853 x10~2A~2c¢m?/emu [ref]. The scattering potential can

be then written in a concise form:

SV (2) :% <P++ P+—>

p—t P

(2.46)

The four states py4, py—, p—+ and p__ corresponds to spin up (+) or spin down (-)
neutrons being scattered into spin up (4) or spin down (-) states. Since reflectivity
only measures the component perpendicular to @, the spin-flip component p,_ =
P—+ = Ppme- And the wavevector of a neutron becomes birefringent in a magnetic
field,

Am(pn £

ki:nikoz\/l—ﬂ(p—gmko (2.47)
ko

In many cases, the neutrons are either polarized parallel or antiparallel to

the sample magnetization. In these cases, the Parratt formalism can still be used

to calculate the R™ and R~ with a spin-dependent scattering length density. In
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other cases, the above constraint is not necessarily true. For an example, when
the material has a strong uniaxial anisotropy so that the magnetization could be
oriented with an angle with the applied field, or the spins form a partial domain
walls along the surface normal direction. In such cases, the full polarization analysis
including the spin-flip channel is necessary, and the matrix formalism is discussed
in the literature [49, 50, 51, 52].

Neutron reflectometry measures the layer thickness with very high accuracy.
A film with thickness A will result in Kiessig fringes in the reflectivity curve with
a period of AQ, = 27 /A, which is ideally the @), range for resolving the thickness
of the film. A small change of the film thickness is resolvable if the change in @,
is larger than the (), resolution of the reflectometer. For a time-of-flight neutron

reflectometer, the resolution effect mainly comes from the divergence angle and

(&) ~(7) (%) a9

A typical angular resolution §6/6 is of order 2% and the wavelength res-

the monochromaticity:

olution is usually smaller than 1%. So the resolution in @, is typically smaller
than 3%. For a 10 nm-thick film, one can easily resolve a thickness change of few
Angstroms. This is the reason one can rely on the polarized neutron reflectometry
to resolve very subtle change of spin structures at the interfaces. The resolution
effect needs to be taken into account in the reflectivity calculation results in a

smearing of the fringes in the curves.
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3 Magnetic Domain Dynamics in
a Spiral Antiferromagnetic

System

3.1 Abstract

Using resonant magnetic x-ray photon correlation spectroscopy, we show
that the domains of a spiral antiferromagnet enter a jammed state at the onset of
long-range order. We find that the the slow thermal fluctuations of the domain
walls exhibit a compressed exponential relaxation with an exponent of 1.5 found
in a wide variety of solid-like jammed systems and can be qualitatively explained
in terms of stress release in a stressed network. As the temperature decreases, the
energy barrier for fluctuations becomes large enough to arrest further domain wall
fluctuations, and the domains freeze into a spatial configuration within 10 K of the
Néel temperature. The relaxation times can be fitted with the Vogel-Fulcher law as
observed in polymers, glasses and colloids thereby indicating that the dynamics of
domain walls in an ordered antiferromagnet exhibit some of the universal features

associated with jamming behavior.

3.2 Introduction

One of the most satisfying aspects of condensed matter physics is that a

variety of condensed matter systems show universal behavior, i.e. behavior that
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appears to be common to a wide variety of unrelated systems. A jamming transi-
tion occurs when the density of particles becomes large enough and the motion of
the particles is restricted by the surrounding particles. In this regime, the particles
cannot fluctuate freely but move collectively via long range interactions. Recently,
there has been much interest in jamming transitions [1, 2], which were originally
studied as a way to discuss the behavior of granular materials [3] or dense as-
semblies of particles, but have been eventually proposed as a more general and
unified way of looking at dynamics of systems as diverse as structural glasses [4],
entangled polymers [5, 6], colloidal gels [7], supercooled liquids [8], and the like.
Jamming occurs when the particle densities or entanglements are such that the
motions of the individual particles become very restricted so that they slow down.
The fluctuations which occur in a jammed system e.g. a colloidal gel, with long-
range interactions are cooperative fluctuations where a local displacement causes
an inhomogeneity which is correlated with a displacement in another region. A
theory based on elastic strains as the source of long-range interactions has been
shown [9, 10] to yield an intermediate scattering function F'(Q,t) which decays
as a compressed exponential exp(—t/7)?, where the exponent 3 is ~ 3/2. This
has been seen in colloidal gels via dynamical light scattering and X-ray Photon
Correlation Spectroscopy (XPCS), as well as in other soft matter systems [10, 11].
Interestingly, similar behavior was observed in antiferromagnetic Cr metal using
XPCS [12]. Up to now, domain wall dynamics under a magnetic field have been
extensively studied in ferromagnets [13, 14]. However, purely thermally driven
domain wall fluctuations in antiferromagnetic systems have been scarcely inves-
tigated, while these might be of importance for the discussions of noise issues in
magnetic nanodevices. Unlike domains in a ferromagnetic material, the energetics
of domain rearrangements in an antiferromagnet are not affected by macroscopic
magnetic field energies, but are complicated by the breaking of translational sym-
metry.

We show in this chapter that the domain walls of the spiral antiferromagnet
dysprosium undergo slow fluctuations near the Néel temperature which show es-

sentially the same quantitative relaxational behavior as in Cr. As we discuss below,
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the magnetic domains that form when an antiferromagnet orders are essentially
in a jammed state, similar to particles with a repulsive interaction in a jammed
granular system. We also observe that the domain dynamics freeze about 10K be-
low the Néel temperature and the behavior shows remarkable similarity to glassy
behavior observed in other systems. A very similar system, namely the spiral anti-
ferromagnet Holmium was recently investigated using XPCS [15] and similar slow
fluctuations were observed. However, the Ho film was only 11 monolayers thick

and no quantitative analysis was carried out on the measured F(Q,1).

3.3 Experiments

3.3.1 Sample

In this study we used an epitaxially grown Yttrium(Y)/ Dysprosium(Dy)/
Yttrium(Y) sample with the 500nm-thick Dy being the active layer [16]. Y/Dy/Y
epitaxial trilayers were grown by molecular beam epitaxy. A (110) Nb buffer
was grown at 800 °C on the (1120) Al,O3 substrate in order to avoid rare earth
oxidation from the substrate during deposition. Y (50 nm) and Dy(500 nm) lay-
ers were evaporated from an electron gun and an effusion cell, respectively. The
growth direction for Y and Dy on (110) Nb is along [0001]. Structural and mag-
netic characterizations were performed by large angle x-ray scattering and SQUID
magnetometry.

Dy has a hexagonal close packed structure, is paramagnetic above 180 K
(Tx) and exhibits an incommensurate helical spin structure in the temperature
range 89 K — 180 K along the c—axis with ferromagnetic alignment of the mo-
ments in basal plane [17] (Figure 3.1). The helical magnetic phase is due to indirect
exchange interactions between the Dy moments and in real space these can be rep-
resented by exchange interactions which oscillate in sign versus distance: positive
for nearest neighbors, but negative for next nearest neighbors. At 89 K, bulk Dy
undergoes a first order antiferromagnetic(AFM) — ferromagnetic(FM) phase tran-
sition when the magnetostrictive energy overtakes the exchange energy. In a thin

film, however, this can be reduced or enhanced depending on the film thickness,
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SIXe-2

Figure 3.1: Schematic of the coherent x-ray experiment set-up. Dysprosium
exhibits a spiral antiferromagnetic structure between its T and Tx. The long
period along the c-axis gives superlattice diffraction peak around charge reflection
peak.

strains etc [18, 19].

3.3.2 Experiments at the Advanced Light Source

Coherent x-ray scattering experiments were carried out at beamline 12.0.2.2
of the Advanced Light Source, Lawrence Berkeley National Laboratory (Figure
3.2). A linearly polarized incident x-ray beam was tuned to the Dy Mj edge at
1297 eV to access the charge-forbidden (0, 0, Q,,) AF Bragg peak via resonant
magnetic scattering in reflection geometry. A 5um diameter pinhole was put in
the beam path (1 mm upstream) to establish transverse coherence of the incident
x-ray beam. The pinhole and the sample were mounted on the same stage to avoid
any relative motion. Speckle patterns were recorded with an Andor charge coupled

device (CCD) camera (DO-436) consisting of 2048 by 2048 pixels with pixel size
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Figure 3.2: Beamline 12.0.2.2 at the Advanced Light Source, Lawrence
Berkeley National Laboratory. The coherent flux at 500eV is ~ 5 x 10°
phtons/sec/0.1%BW. Then Airy pattern due to difraction from 2.5 pum pinhole
at A = 2.48 nm is also shown here. Figure courtesy of the ALS beamline.

of 13.5um by 13.5 pum, 0.45 m downstream the sample. The optical contrast of the
speckles, which is defined as (Inaz — Imin)/ (Imaz + Imin) is ~ 0.15 - 0.22, depending
on the scattering angle and thus varies with temperature. The CCD was cooled to
-50 °C to reduce noise level. A 10-frame-averaged dark image was taken with the
beam off and was subtracted from every data frame. The intensity of each pixel was
normalized by the incident beam intensity. The intensity-intensity autocorrelation
function was then calculated for each pixel within the whole diffraction peak area
and then averaged. The analog/digital unit (ADU), which is the detector counts
corresponding to a single photon, is ~ 133 at x-ray energy of 1297eV, and the pixels
with counts smaller than 30 were not taken into account in the calculation. For
each measurement we have raised the temperature above Ty, then reduced it to
the measurement temperature and waited for one hour until the temperature was
stabilized within 10 mK. A two-hour long movie of the evolving speckle pattern

was subsequently taken with frame time resolution of 5 sec.
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Figure 3.3: Evolution of the (0, 0, Q,,) diffraction peak as a function of temper-
ature. The measurement was done with incoherent resonant x-ray. It shows that
the T¢ is ~ 63K upon cooling and T is 180K. Below T and above Ty, reflection
peak remains.
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Figure 3.4: (Top) Spins turning angle between layers of basal planes as a func-
tion of temperature. The turning angles were determined by the diffraction peak
position. (Bottom) Integrated intensity on the CCD as a function of temperature.

3.4 Results and Discussions

The helical spin structure gives rise to magnetic satellite peaks along the
specular direction at Q = (0, 0, 1£Q,,), in units of reduced reciprocal lattice
vectors, where | is an even integer. Figure 3.3 shows the evolution of the (0, 0, Q,,)
AFM Bragg peak as a function of temperature which shows Ty = 180 K and T¢ =
63 K. Note that the phase transition is first order at T (AFM - FM transition) and
second order at Ty (AFM - paramagnetic transition). The position of the magnetic
satellite at Q,, varies with temperature because the turn angle between spins in
adjacent basal planes changes (Figure 3.4). To determine the lateral correlation
length &, we fit the envelope of the Bragg peak along Q, with a Lorentzian to the
3/2 power as theoretically expected for random 2D domains [20, 21, 22]
£2

1(Qy) ERDEE

(3.1)
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Figure 3.5: An example of the fitting to the lateral correlation length at T =
176.63 K. The center of the charge peak (which is centered about the normal of
the physical surface) and that of the magnetic peak are not coincident because there
is a slight difference in surface normal direction and the c-axis of the dysprosium
crystal.

The magnetic domain size is ~ 6£. The temperature independent charge
scattering due to the surface roughness was fitted with a separate Lorentzian that
yielded a correlation length of 400 nm (Figure 3.5). No significant change in the
correlation length or the dynamics were observed as a function of time over a period
of two hours at each temperature, indicating that aging effects were too slow to
observe and that the domains were in at least metastable equilibrium during the
measurements. We found that the magnetic lateral correlation length increases
rapidly below the ordering temperature but saturates at a value of 100 nm for T
< 177 K (Figure 3.6). We note that neutron [23] and X-ray [24] imaging of similar
spiral magnetic domains in Ho yield domain sizes of the order of microns. However,
these imaging measurements were sensitive only to the change of chirality but not
other defects, such as spin-slip [25], which probably limit the lateral spiral spin
correlations to the smaller values observed in our study, and in other studies of
Dy magnetic domains based on scattering techniques [26]. The correlation length

along the c-axis (perpendicular to the film surface) can also be determined by
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Figure 3.6: (a) Integrated intensity along ), at all temperature range and the
Lorentzian 3/2 power fits to them. At the low temperature range (63K < T <
179K), the charge scattering is relatively small compared to the magnetic scatter-
ing. (b) The lateral correlation length as a function of temperature. (c) Integrated
intensity along @, - @, axis and the fits to them. (d) The vertical correlation
length extracted from the Lorentzian fits. The red line indicates the penetration
depth. It is a function of temperature because the incident angles (in order to
reach diffraction peak) changed.
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fitting the peak in Q,-Q, direction, and it is limited by the penetration depth of
soft X-rays into Dy (~ 20 nm, see Figure 3.6). Thus we are only sensitive to the
domains close to the top Y /Dy interface.

X-ray Photon Correlation Spectroscopy (XPCS) is a technique for using
a coherent X-ray beam to obtain the real time intermediate scattering function
F(Q,t) i.e. the Fourier transform of S(Q,w) for long times, analogous to what is
done in Dynamical Light Scattering. The coherence of the X-ray beam results
in the interference pattern of the scattered x-rays manifesting itself as speckle,
which represents a fingerprint of the scattering system. The scattered intensity
around the (0, 0, Q,,) satellite position essentially disappears below T¢ and above
T which means that the speckle we observe in the AF spiral phase is primarily
magnetic in origin and arises due to fluctuations of the spin arrangements out of
the perfect spiral order [15, 27] with some additional weak scattering from the
surface roughness. By taking N successive images with shutter time of A ¢ for a
time span of S, where S > A t, a movie of the speckle pattern can be created.
Analyzing the time series allows us to calculate the autocorrelation function and
determine the temporal evolution of the fluctuating domain walls for varying time
delays (t, —ty), n=0,1,2,..., N over a time span S.

In Figure 3.7(a) we show snapshots of the speckle pattern every 250 seconds
at a fixed temperature of 178.50 K. Inspection shows that the speckle pattern is
changing with time which is indicative of fluctuating domain walls. In contrast to
driven dynamics, as would be the case if the domains were driven with an external
stimulus [13, 14], such as a magnetic field, the dynamics that we observe are self-
sustained and thermally activated. To quantify the dynamic behavior we calculate
the intensity-intensity autocorrelation function gs from the time series speckle data
which is defined as [28]:

Q) I(Q. 1+ D)
CRI

where 1(Q,t') is the intensity at wavevector Q at a time #', ¢ is the time delay, and

g2(Q, 1) = =1+ A|F(Q,1)? (3.2)

angular brackets represent averages over the subscripted variable. F(Q,t) is the

intermediate scattering function and A is the speckle contrast.
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Figure 3.7: (a) Time snapshot of the speckles at 178.50 K taken every 250 sec.
Changing speckle pattern with time indicates dynamics. (b) Normalized autocor-
relation function as a function of temperature. The correlation is calculated from
the time series of the (0,0,Q,,) Bragg peak intensity. All speckles in the Bragg peak
are taken into account. The increasingly faster dynamics towards Ty is evident.
A compressed exponential function was used to fit the data. Solid lines are fit to
the data. Error bars are not shown when they are comparable to or smaller than
the size of the points.
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Figure 3.8: Line-cuts through the diffraction peak as shown in the bottom panel
for (a) T = 150.0 K and (b) 178.5 K. The line-cuts were time-averaged over 1000
seconds for (a) and 250 seconds for (b). The line-cut in (a) shows a static case over
~ 4000 seconds, and the line-cut in (b) shows dynamics in the speckle patterns
over this time scale.

The |F(Q,t)|* (Figure 3.7(b)) shows strong temperature dependence. We
observe dynamics only near Ty. The dynamics are fastest near Ty and gradually
get arrested within 10 K below Ty. For T <175 K (e.g. at 150 K as shown in
Figure 3.7(b)) the autocorrelation curve is almost constant within the same time
span of measurement and the time constant is beyond the instrumental stability.
Another way to look at the speckle dynamics is to look at the speckle visibility, as
shown in Figure 3.8. Figure 3.8 shows line-cuts through the magnetic diffraction
peak at (a) 150.0 K and (b) 178.5 K. The line-cuts show a random speckle pattern
on top of the diffraction peak. The line cuts were also time-averaged over 1000
seconds for 150.0 K and 250 seconds for 178.5 K to obtain better statistics. At
150.0 K, the line-cut was basically unchanged over a time scale of 4000 seconds.
At 178.5 K, however, the line-cut showed dramatic difference between every 250
second, which indicates the speckles fluctuated on this time scale. The dynamics
that we observe are not due to critical spin fluctuations which occur at a few
tens of nm length scales at GHz frequency or greater [29]. We observe a smooth

decaying curve which is not a simple exponential but a compressed exponential,
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indicative of the presence of a distribution of decay times due to fluctuating walls
in a disordered domain wall network.
In the present case the intermediate scattering function F(t) has been fitted

with the expression
|F(1)] = exp(—(t/7)") (3.3)

where 7 is the decay constant and 3 is the stretching exponent. We found § =~
1.5 for all the curves at all measured temperatures (Fig. 3(a), inset). A value of
B > 1 signifies collective motion which means that the domain walls in Y/Dy/Y
exhibit cooperative behavior most likely due to the long range nature of the RKKY
interaction (Jprxy o 1/r®) which plays a significant role in establishing the spi-
ral structure in this material. More importantly, an exponent of ~ 1.5 has been
found in the jammed state of a wide variety of systems including colloidal gels [10],
concentrated emulsions, dense ferro-fluids [30] and Cr [12]. In these disordered sys-
tems freezing of the fluctuations takes place and the dynamic behavior corresponds
to non-diffusive motion that can be semi-quantitatively explained in terms of the
relaxation of long-range elastic strains in a stressed network [10]. We note that
this explanation may also apply to Cr since the Cr spins interact via a long range
exchange interaction as well, dominated by Fermi surface effects and the conduc-
tion band structure. This will yield the 8 ~ 1.5 observed in the temperature range
just below Tx. Domain dynamics in Cr are however drastically different at low
temperature where they are driven by quantum tunneling down to 4K. Such a
phenomenon is not observed in the case of Dy, most likely because of the localized
nature of the magnetic moments in this material.

The physical processes underlying this behavior are as follows: As one ap-
proaches the Néel temperature from above (T = 180 K), the spin-spin correlation
length diverges, but the antiferromagnetic fluctuating clusters which form may
have different spin orientations in the basal plane, or opposite chiralities. Below
Ty, these clusters become domains and are head to head with each other leading
to frustration, thus the domains are in a jammed state as soon as the long-range
order sets in. In this regime there are normal spin wave excitations, and there

are also slow thermal fluctuations of the spins in the domain walls which form
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Figure 3.9: (a) Decay constants obtained from the fitting of the autocorrelation
curves in Figure 3.7. The red line is a Vogel-Fulcher function fit to the data.
Within experimental accuracy we found g = 1.5 for all the temperatures (inset).
(b) The decay constant versus correlation length. The dynamics slow down as the
correlation length increases.
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a disordered network. These thermally excited spin fluctuations set up a stress
field in the domain wall network which are released by other spin fluctuations at
a later time t. The fluctuations thus involve correlated fluctuations of the spins
and results in the domain wall fluctuations due to the long-range nature of the
RKKY interaction, and results in the compressed exponent 1.5. In most of the
jammed systems, there is also a Q! dependence of the time constant [10], but
we were not able to study the Q-dependence because of the limited range due to
the diffraction geometry. We observe the dynamics only when the temperature is
very close to Ty. As the temperature is lowered, the energy required to flip spins
and the anisotropy energy increase which results in reducing domain wall fluctua-
tions. At ~ 177 K the time constant for the fluctuations becomes extremely large,
reminiscent of a glassy state.

In analogy to glasses or jammed systems, for gradually freezing domain
dynamics we expect that the decay constant should show super Arrhenius behav-
ior [31]. In Fig. 3(a) we plot the decay constant as a function of temperature and

fit the data with the Vogel-Fulcher (VF) function of the form
7! =75 texp(— DTy /(T — Tp)) (3.4)

We obtain a good fit with Ty = 171 K and the fragility parameter D = 0.14.
We note that for pure Arrhenius behavior the fragility parameter should approach
infinity. However, another way of looking at Eq. (4) is simply that we have
a strongly temperature dependent activation energy. Fig 3(b) shows the decay
constant as a function of correlation length. The dynamics do get slower as the
correlated regions grow in size, which suggests that the freezing behavior depends
on the size of the domains [32]. A close relation between the energy barriers for

domain wall fluctuations and for domain growth is indeed expected.

3.5 Conclusion

To summarize, we provide evidence of the jamming behavior of domains
in a single crystal spiral antiferromagnet. We observe that the domains enter

a jammed state as soon as the long range order sets-in. The dynamics show a
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collective behavior as evidence by compressed exponent 1.5, and exhibit a super
Arrhenius behavior that can be well described by a Vogel-Fulcher function with
a divergence of relaxation time. We also show that the decay constant 7 is tied
to the domain size. For temperature just below Ty, the domains fluctuate, but
increasingly get frozen as the temperature shifts towards Ty. We speculate that
this behavior is the origin of the blocking temperature that is often observed in
antiferromagnets [33]. The theoretical treatment of jamming transitions, together
with computer simulations and experiments on model systems, is quite robust [7,
32, 1, 34, 35] and explains many aspects of kinetic freezing type phase transitions.
The concept of a jamming transition has not hitherto been applied to magnetic
systems but appears to manifest itself in the slow collective dynamics of domain
walls below the ordering temperature. Our study shows that domain dynamics near
the Néel temperature show many aspects similar to those in supercooled liquids,
polymers, colloidal gels, glasses etc. and bolsters the evidence for the universal
nature of the jamming transition in discussing the freezing behavior of disordered
and frustrated systems. Due to the restriction in time scales for the experiments,
the data is somewhat limited in the range of time scales which could be probed for
this system. Future experiments are planned on other systems which will enable us
to look for universal behavior associated with domain growth in antiferromagnetic
systems when they order via a continuous transition from a paramagnetic state.
The work at LBNL including experiment at ALS was supported by the
Director, Office of Science, Office of Basic Energy Sciences, of the U.S. Depart-
ment of Energy under Contract No. DEAC02-05CH11231. Work at UCSD was
supported by Basic Energy Sciences, U.S. Dept. of Energy under Grant Number:
DE-SC0003678. The text in this chapter is based on the material published in S.
-W. Chen, H. Huo, K. A. Seu, K. Dumesnil, S. Roy and S. K. Sinha. Jamming
behavior of domains in a spiral antiferromagnetic system. Phys. Rev. Lett., 110,

217201 (2013).
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4 Non-switchable Magnetic
Moments in polycrystalline and

(111)-epitaxial Permalloy/CoO
Exchange-biased Bilayers

4.1 Abstract

We have measured the interfacial magnetization depth profile in ferromag-
net /antiferromagnet exchange-coupled NiFe/CoO bilayers. Both a polycrystalline
and an epitaxial (111) bilayer were examined. We find that the non-switchable
magnetization profile in the biased state is highly correlated with the magnetiza-
tion profile in the unbiased state. The non-switchable moment distributions are
shown to be consistent with the predictions of a previously reported model for the

magnetic and microstructural features of the interfacial region.

4.2 Introduction

When a ferromagnet (FM) and an antiferromagnet (AFM) are exchange-
coupled through an interface, and are field cooled through the ordering tempera-
ture of the AFM, or the FM is deposited below the AFM ordering temperature,
the exchange bias effect (produced by the exchange anisotropy phenomenon) is

observed [1]. The exchange bias effect is characterized by a shift of the hysteresis
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loop of the FM along the cooling field axis by Hg, the exchange bias field, usu-
ally accompanied by an enhancement of the coercive field Hs. Currently, most
magnetic storage systems with thin-film sensors utilize this effect. Since its dis-
covery, there has been a significant research effort to understand the details of
the mechanism and several well-documented reviews have been written in the past
decade [2, 3, 4, 5, 6, 7, 8. Yet a complete microscopic understanding of the details
in any given AFM/FM bilayer system is still unclear.

Interfacial effects are crucial in the exchange bias system. Takano et al. [9]
performed thermoremanent studies on the NiFe/CoO system and suggested a
strong correlation between the uncompensated AFM spins and the unidirectional
anisotropy. It is now generally accepted that the exchange bias effect depends
strongly on these uncompensated spins (UCS) at the interface [10]. The shift of
the hysteresis loops is produced by those UCS that are exchange coupled to the
magnetic entities in the interfacial region as well as to the AFM. Some of these
spins do not reverse completely when the applied field is reversed. We refer to them
as non-switchable (NS) spins. The NS spins include the pinned spins in the AFM
layer, as well as the spins coupled to them which form partial domain walls near
the FM-AFM interface [11]. A more detailed discussion about the NS spins will be
given in the discussion section. Because the interface is buried, measuring these
NS spins is difficult. Penetrating probes, such as x-rays and neutrons, are thus
some of the limited suitable tools for studying this [12, 13, 14, 15, 16, 17, 18, 19].
The problem is further complicated by the differences from system to system [8].

Permalloy (Py)/CoO bilayer is a widely studied exchange bias system be-
cause the ordering temperature of CoO (T ~ 290 K) is close to room temperature,
the magnetic structure of CoO is well-known, and the soft magnetic properties of
Py emphasize exchange-bias effects. There have been several reported studies of
this system by various groups. Moran et al. [20] studied hysteresis loops of Py films
deposited on CoO single crystals with [111] faces and found that increased disor-
der at the interface increased Hg. They noted that the domain structure of AFM
CoO could present a combination of compensated and uncompensated AF spins

at the interface. Moran and Schuller [21] studied the dependence of Hg on cooling
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field and proposed a model where the perpendicular coupling between the AFM
and FM spins might be responsible for the exchange bias. Gokemeijer et al. [10]
carried out magnetization studies of Py deposited on CoO with [111], [110], [100]
faces respectively and also polycrystalline CoO. They found zero values for Hg for
the CoO [100] and [110] samples (which are nominally completely compensated),
finite but small Hg values for the CoO [111] interface and larger values for the poly-
crystalline interface. The coercive field, however, was largest for the [100] sample
and smallest for the polycrystalline sample. A recent combined magnetic x-ray
scattering and polarized neutron diffraction study by Radu et al. [22] relates this
behavior to the random orientations of the domains in the (111) textured system.
However, in the previous studies, the nature of the interface magnetization was
not studied. This can be studied with resonant magnetic x-ray reflectivity using
circular polarization or with polarized neutron reflectivity.

Recent magnetic x-ray reflectivity studies reported that there is a thin inter-
facial layer in the polycrystalline Py/CoO system which has net Co moments above
Ty [23, 24, 25]. The Co moments are pinned antiparallel to the cooling field in
the biased state. In this Chapter, we have extended the previous studies and mea-
sured the polarized neutron reflectivity in both polycrystalline and (111)-epitaxial
Py/CoO bilayers. The depth profiles of the non-switchable and switchable com-
ponents of the magnetization in the vicinity of the Py/CoO interface are obtained
and compared, and lead to new insights into the mechanism of exchange bias in

this system.

4.3 Experiments

The polycrystalline Py/CoO bilayer was grown on a Si(100) substrate with
the native oxide surface layer. Polycrystalline CoO (~ 15 nm) was deposited
from a Co target by reactive sputtering in Ar and Os. The Py (~ 20 nm) was
deposited from a NiggiFeg 19 target in an Ar atmosphere. The sample was capped
with Ta (~ 4 nm) to prevent oxidation. The (111) epitaxial bilayer was grown on a

Al,03(0001) substrate and had the same thickness as the polycrystalline film. Both
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Figure 4.1: Hysteresis loop of (a) polycrystalline and (b) (111)-epitaxial Py/CoO
film at 300 K and after cooling in 1.15 T field to 5 K. A negative exchange bias
is observed in both samples. Magnetization at positive and negative saturation
applied field (negative flipped for comparison) in (c) polycrystalline film and (d)
epitaxial film show net positive non-switchable moments in both samples.

samples were characterized by x-ray reflectivity using a Cu K, x-ray unit. The
data was fit using a Parratt-type formalism [26] and the fitted structural/chemical
profile is listed in Table I. The (111) epitaxial film was further characterized by
x-ray diffraction and shows CoO(111) and Py(111) peaks with Laue oscillations
indicating a high degree of structural order.

The polarized neutron reflectivity measurements were carried out on the
Magnetism Reflectometer at beamline 4A of the Spallation Neutron Source, Oak
Ridge National Laboratory [27]. The diffuse background was subtracted to obtain
the true reflectivity. The samples were first measured at 300 K (above the CoO
Néel temperature) in the unbiased state in a 1.15 T in-plane magnetic field. They
were then cooled down in a 1.15 T or -1.15 T cooling field to 5 K to establish the
biased state. The field was cycled three times between 4+1.15 T after cooling to
minimize any training effects. The reflectivity was measured at both positive and
negative saturation states. To measure the reflectivity in the negative saturation

state without depolarizing the neutrons, the following methods were applied. (a)
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Measuring at a slightly positive magnetic field after applying a negative saturation
field to the sample. (b) Warming up the sample and reversing the direction of the
cooling field. The results of the two methods are the same.

To fit the polarized neutron reflectivity, a Parratt-type formalism was used.
The nuclear and magnetic parts of the scattering length density profile were uncou-
pled in the fitting program. The nuclear part was constrained by the Cu K, x-ray
reflectivity fitted parameters (Table I) because the x-ray measurements extended
to larger (), and thus give a better resolution in the structural depth profile. Only
the magnetic depth profile was fitted to the polarized neutron data.

The hysteresis loops of both polycrystalline and epitaxial films were mea-
sured by a vibrational sample magnetometer (VSM) (Figure 4.1). The measuring
conditions and the cooling procedure were the same as that in the neutron exper-

iment.

4.4 Results

The hysteresis loop results (Figure 4.1) are consistent with the previous
results of Gokemeijer et al. [10] The polycrystalline sample has a larger exchange
bias field (Hg) of 87 Oe and a H¢ of 178 Oe, while the (111) epitaxial film has a
smaller Hg of 45 Oe but a much larger Ho of 338 Oe. There is a small increase
in the saturation magnetization at 5 K compared to that at 300 K, which results
mainly from the temperature dependence of the Py moment. In addition, small
vertical shifts of the loops are observed at low temperature in both samples, which
are attributed to the NS spins, which can exist either at the interface or within the
layer [28, 29, 30]. The vertical shift is determined to correspond to a magnetization
of 6.4 x 107% emu per unit area of film (emu/cm?) in the polycrystalline sample and
8.8 X 107% emu/cm? in the (111)-epitaxial film [Figures 4.1(c) and 4.1(d)]. Notice
that the positive values of the vertical shift indicates that the net NS moment
is parallel to the cooling field. The neutron diffraction results showed that the
magnetic moment of a Co?** in CoO is approximately 3.8up [31]. A (111) Co layer
with fully oriented spins in a CoO (111) film can be estimated to be 4.48 x 1075
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Figure 4.3: Asymmetry ratio calculated from polarized neutron reflectivity. Solid
lines are the simulation. (a) polycrystalline film, negative saturation. (b) poly-
crystalline film, positive saturation. (c) epitaxial film, negative saturation and (d)
epitaxial film, positive saturation.

emu/cm?. Therefore the net NS magnetization is about 13% to 20% of this value.
As will be shown later, however, the NS component is not necessarily only from
the AFM CoO.

Polarized neutron reflectometry is used to obtain the depth profile of the
in-plane magnetization vector [32]. In the reflectometry experiment without the
polarization analysis, the measured reflectivities R™ = (R™* + RT7) and R~ =
(R~ 4+ R~") can be individually fitted to obtain information about the magne-
tization components parallel and perpendicular to the neutron spin. The perpen-
dicular component is relatively small compared to the parallel component in an

in-plane saturation field. In the experiment, the neutron spins were always parallel
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(spin-up) or anti-parallel (spin-down) to the applied field to maintain the polar-
ization. The scattering length density for spin-up and spin-down can be written
as p™(2) = pn(2) £ CM(z), with C = 2.853 x 10~?A~2cm? /emu, where p, is the
nuclear scattering length density and M (z) is the laterally averaged magnetization
at depth z. The chemical thickness and roughness are obtained from x-ray reflec-
tivity, so the nuclear part p, is constrained. For the magnetic part, an interfacial
layer between Py and CoO was added which was necessary in order to get a good
fit. The magnetic density and the thickness of the Py and the interfacial layer were
the fitting parameters, as well as the roughness between the Py/interfacial layer
and the interfacial layer/CoO.

Both samples were first measured above the Néel temperature in a satu-
ration field of 1.15 T. Figures 4.2 show the fitted polarized neutron reflectivities
at 300 K and the structural/magnetic density profiles extracted from the fitting.
At 300 K, both samples showed magnetization profiles different from the nuclear
profile at the Py-CoO interface. In the polycrystalline case (Figure 4.2(c)), the
magnetic interfacial roughness is much larger (~ 15 A) than the chemical rough-
ness (~ 7 A) and the magnetization extends into the CoO region. For the (111)
epitaxial film (Figure 4.2(d)), a magnetic interfacial layer of about 10 A thick is
observed, and its width is within the chemical roughness range.

Polarized neutron reflectivity data were then taken in the exchange-biased
state for both samples and for positive and negative saturation fields after cooling
to 5 K in a 1.15 T cooling field. Figure 4.3 shows the results for the asymme-
try ratio, defined as (Rt — R™)/(R™ 4+ R™), and the simulation from the fitting.
(Rt — R™) measures the nuclear-magnetic cross term [32] and is very sensitive to
the change in magnetization profile. Figures 4.4 (a) and (c¢) show the magnetic den-
sity profiles for the polycrystalline film and the (111) epitaxial film extracted from
the fitting. The magnetization of the film in a saturation field can be expressed

as:

Myi(z) = Mﬁs(z) + Mg(2) (4.1)

where M. (z) is the laterally averaged magnetization at depth z, the positive (neg-

ative) sign is for positive (negative) saturation field. The Mg(z) is the switchable
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Figure 4.4: Magnetization profiles at T = 5 K extracted from polarized neutron
reflectivity fitting. (a) profile of polycrystalline sample and (b) the NS magneti-
zation profile. (c) profile of epitaxial film and (d) the NS magnetization profile.
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component which completely flips with the magnetic field and the Mf\t,s are the
NS components in positive and negative saturation fields which include the spins
that do not reverse completely with the field. The depth profile of the net NS part
is extracted from [My(z) + M_(z)]/2. These are shown for the two samples in
Figures 4.4(b) and (d).

Note that these measurements were dominated by the components of the
magnetization along the direction of incidence neutron polarization which is in the
plane parallel to the film surface. The perpendicular components are relatively
small and they would require a measurement of the spin flip reflectivity. These
components would be present in the case of a partial domain wall between non-
parallel layers of spins, (which would presumably form when the magnetization
of the ferromagnet was reversed from the direction of the cooling field) and thus
the depth profile into the ferromagnet of the measured Myg(z) from a pinned
layer at the interface would appear to have a gradually decaying component. Thus
Mpys(z) in both ferromagnetic and antiferromagnetic regions are not necessarily
fixed magnetization independent of applied field, but could result from the dynamic
formation of the partial domain walls upon magnetization reversal. This will be

discussed in detail in the discussion section.

a. Polycrystalline film

The NS component of the polycrystalline sample is shown in Figure 4.4(b).
In the chemical interfacial region, these moments are anti-parallel to the cooling
field, while in the vicinity of the chemical interface, both the Py and CoO regions
show NS moments parallel to the cooling field. This shows that the spins across
both interfaces are antiferromagnetically coupled to the spins in the interfacial
region which is in agreement with the resonant soft x-ray results [24]. NS moments
exist in both the Py and CoO region about 20 A on each side, most likely due to
partial domain walls originating at the interfaces, as discussed above. At T =
300K (Figure 4.2(c)), we observed that there are magnetic moments extending
into the CoO region also about 20 A deep which could be the origin of these NS

spins. NS moment profiles were studied in other exchange bias bilayers. Briick et
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al. showed that in a MnPd/Fe exchange bias bilayer, the NS Mn moments extend
into MnPd about 13 A [33]. More recently, Mohanty et al. observed that in a
NiFe/FeMn bilayer, the NS moments exist in both FM and AFM layers [34]. In
the case of our polycrystalline Py/CoO system, the NS moment per unit area is
estimated to be +4.9 x 10~%emu/cm?, which has the same order of magnitude as
the estimate from the hysteresis loop measurement. The switchable part in the
biased state is approximately Mg (z) = [M,(2) — M_(2)]/2. The ratio between the
NS moment to the total moment in the interfacial region is about 10% [35, 24].
Figure 4.5 shows the reflectivity and magnetization of this film at H = 100 Oe
after it was saturated at H = -1.15 T. From the hysteresis loop measurement, this
is the field where the magnetization is just about to reverse. The magnetization
profile (Figure 4.5(b)) shows that the reversal starts from the interface instead
of coherently flipping throughout the FM film. This indicates that the reversible
spins in the FM layer near the interface have a greater tendency to reverse, as
they are experiencing the antiferromagnetic coupling to the switchable spins in

the interfacial region.

b. (111)-epitaxial film

The same analysis procedure was applied to the (111) epitaxial film. The
magnetization profile (Figure 4.4(c)) shows that, unlike the polycrystalline sam-
ple, the variation is confined to the chemical interfacial region. The NS moments
(Fig. 4.4(d)) are localized in the interfacial region, parallel to the cooling field
near the Py side and antiparallel at the CoO side. The NS per unit area is about
+7.6 x 107 %emu/cm?. The result shows that although the exchange bias is much
weaker in an (111) epitaxial film compared to the polycrystalline bilayer, the mag-
nitude of the NS magnetization is greater. However the distribution of NS spins is
different. In the polycrystalline film, the NS moments exist in both Py and CoO
regions as well as the chemical interface. In the (111) epitaxial film, the NS mo-
ments are located at the structural interface and no significant moments are found
in the Py and CoO regions. Because the NS moments are only located within a

~ 10 A region and the Q.-range is limited, the uncertainty of the NS moment
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Figure 4.5: (a) Reflectivity fitting and (b) magnetization profile of the polycrys-
talline film at H = +100 Oe after saturated at H = -1.15 T. The magnetization is
just about to reverse. The magnetization profile is flipped for a clearer comparison.
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Figure 4.6: The hysteresis loop of a Py(1 nm)/CoO(50 nm) polycrystalline film.
Figure is replotted from Figure 3 in reference 25.

profile is relatively large for the epitaxial film. The result also shows that the
distribution of the NS moments is highly correlated with the magnetization profile
of the unbiased state. In the (111) epitaxial film, we found there is net interfacial
magnetization above the Néel temperature within the structural roughness at the

interface, and the NS spins are located in the same region in the biased state.

4.5 Discussion

Our previous resonant soft x-ray reflectivity studies [36, 24] demonstrated
the existence of an interfacial region of order 10 A in the Py-CoO exchange biased
system. At room temperature, above the CoO ordering temperature (Ty), this
interfacial region possesses a net magnetization different from that of Py [36]. At
235 K, below Ty, the interfacial layer is still present in the exchange bias state
and contains uncompensated Co magnetization, some of which aligns antiparallel
to the cooling field, with the major portion oriented parallel to an applied field [24].
The present neutron data shows the distribution of the NS magnetization for both
polycrystalline and epitaxial Py-CoO bilayers. This extensive data facilitates the
development of a model of the magnetic microstructure of the interfacial region,

which is recently discussed in Ref. 25.
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The model includes an attempt to reproduce and characterize the ~ 10 A
interfacial region, and to examine its influence on the properties of the bilayers
with thicker Py. The hysteresis loop of a Py(1 nm)/CoO(50 nm) bilayer, which
simulated the interfacial layer, clearly indicates that the interfacial region consists
of a very hard magnetic phase and a very soft component (See Figure 4.6) [25].
Further analysis showed that the hard phase was composed of CoFe;O4 nanoparti-
cles exchange-coupled to the CoO, and that the soft component was composed of
nanoparticles that were not exchange-coupled to either the CoO or the Py. Thus,
the coupling of the Py to the CoO was mediated by the CoFe,O4 nanoparticles. The
presence of CoFe;Oy in the interfacial region results from the oxidation/reduction
reactions that occur at the interfaces of CoO with Fe, Co, or Ni [37, 38]. It was
shown that the dependence of Ho and Hg on Py thickness and on temperature,
as well as the magnitude of Ao (interfacial energy difference between the two
ferromagnetic orientations) in Malozemoffs expression for the exchange interac-

tion [39, 40],
Ao

~ 2Mgt

could be derived from an ~ 10 A interfacial region consisting of CoFe,O,4 and soft

Hp (4.2)

nanoparticles, as described above [25]. Since this represents the most comprehen-
sive description of an exchange bias system available, it is pertinent to examine
whether this magnetic microstructure of the interfacial region can explain the NS
magnetization distributions in Figure 4.4. Consideration of this model [25] recog-
nizes that there is an intermediate layer between the CoO and Py, and that the
exchange bias between the CoO and Py layers is mediated by CoFe;O4 nanopar-
ticles in this layer, i.e., the CoFe;O4 nanoparticles are pinned to UCS in the CoO
and are exchange coupled to the Py spins, thereby transmitting the bias to the Py.
The bias is provided by reversible partial domain walls in the CoO at interfaces
with the CoFe,O4 nanoparticles. As discussed above, UCS are responsible for Hg,
and it was shown that the uncompensated spin density is inversely proportional
to AFM crystallite size [9]. A higher Hp is therefore expected with polycrystalline
as compared with epitaxial CoO as a consequence of the higher uncompensated

spin density. It is relevant to note that Radu, et al. [22] concluded that UCS are
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responsible for Hg also in their (111) epitaxial bilayer, CoO(200 nm)-Py(12 nm).
The temperature dependencies of Hg and H¢ in that bilayer were the same as for
the polycrystalline samples in Ref. 25. Hg was smaller in the epitaxial bilayer in
Ref. 22 than in our epitaxial bilayer, as expected from lesser constraints on par-
tial walls in the much thicker epitaxial CoO. These comparisons suggest a similar
interfacial structure in the epitaxial bilayer as in the polycrystalline one. What
remains to be explained is the larger Ho in the epitaxial bilayer. That CoO do-
main behavior is involved in the epitaxial Hs can be inferred from the much larger
value for the 200 nm CoO [22] than in our ~ 20 nm CoO. This indicates some
irreversible changes in the epitaxial CoO domain state after applied field reversal.
Such changes were indeed found by polarized neutron diffraction studies by Radu,
et al [22]. Thus we may conclude that the increased He in the epitaxial bilayer
is provided by irreversible CoO domain changes as the CoFe;O,4 nanoparticles to
which they are coupled are reversed by the applied field. It is expected that such
irreversible CoO domain changes are much smaller or absent in the polycrystalline
sample due to pinning at the grain boundaries of the CoO crystallites.

There are four cases to be considered, CoFe,O4-CoO interaction, AFM and
FM, with CoFeyO4-Py interaction, AFM and FM. By inspecting the NS magneti-
zation profile in Figure 4.4(b), it is reasonable to assume both CoFey04-CoO and
CoFe;O4-Py are AFM-coupled. In our model, the NS spins include the following
components: (1) Some of the UCS in CoO which are strongly exchange coupled
to the bulk CoO spins and are pinned in the cooling field direction. These are
the spins which ultimately give rise to the exchange bias. (2) The spins in the
ferrite nanoparticles which are AFM-coupled to both Py and CoO spins and are
thus antiparallel to the cooling field. (3) The CoO spins at the interface which
form partial domain walls between pinned CoO and the ferrite spins. (4) The Py
spins at the interface which form partial domain walls between bulk Py and the
ferrite spins. Note that there are also unpinned UCS CoO spins and spins in the
ferrite nanoparticles that are not coupled to CoO and Py spins. These spins do not
contribute to the NS magnetization and are responsible for the enhancement of the

coercive field. Figure 4.7 shows the schematics of the NS spin components and the
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Figure 4.7: The schematic of the spins configuration in the polycrystalline sample
in a positive and negative saturation field. Every other plane of the CoO is shown
for clarity. The sum of the two (blue spheres) yields the net NS moment profile
which reproduces the experimental observation.
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sum of HT and H| reproduces the polycrystalline sum in Figure 4.4(b). The AFM
interaction between Py and CoFe;O, causes frustration of the Py spins at the in-
terface, which explains why the Py spins at the interface have a greater tendency to
reverse. For the epitaxial bilayer, the exchange interaction between CoO and the
CoFesQy is again AFM but with a big difference in magnetization profile at the in-
terface from the polycrystalline bilayer. For the epitaxial case, the uncompensated
spin density is significantly lower [9] than that in the polycrystalline. Therefore,
the epitaxial CoFe,O4 nanoparticles are the principal components which respond
to the cooling field. They were magnetized in the cooling field direction and the
adjacent CoO spins adjusted to this condition with AFM coupling, which results
in the small negative dip at the CoO interface, as shown in Figure 4.4(b).

In conclusion, both a polycrystalline and a (111) epitaxial Py/CoO bilayer
were examined by polarized neutron reflectometry. We confirmed that there are
interfacial net magnetic moments above the Néel temperature and the location
of the net non-switchable spins are highly related to these spins. The net non-
switchable moments in the polycrystalline bilayer exist in both Py and CoO layers
and the moments in the epitaxial bilayer are only localized at the interfacial re-
gion. A previously proposed model based on a 1 nm interfacial layer consisting
of CoFesO4 nanoparticles was examined. The non-switchable magnetization pro-
file derived from the model successfully reproduces the profiles in both bilayers
assuming an AFM-coupling between the moments in CoO and CoFe;Qy.

This work at UCSD including experiments at ORNL was supported by Basic
Energy Sciences, U.S. Dept. of Energy under Grant Number: DE-SC0003678. The
text in this chapter is a reprint of the material in S. -W. Chen, X. Lu, E. Blackburn,
V. Lauter, H. Ambaye, K. T. Chan, E. E. Fullerton, A. E. Berkowitz and S. K.
Sinha. Non-switchable Magnetic Moments in Polycrystalline and (111)-epitaxial
Permalloy/CoO Exchange-biased Bilayers, in preparation (2013).
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5 Diffuse Scattering from a One

Dimensional Grating

An infinite homogeneous medium with uniform density only gives rise to
scattering intensity at () = 0. For a planar system, the reflectivity technique dis-
cussed in Chapter 4 can be used to obtain the ou-of-plane structural information of
the system. The lateral inhomogeneity of the density will give rise to diffuse scat-
tering at | # 0 and in-plane structural information can be obtained by analysing
the diffuse scattering data. Grazing incidence small angle scattering utilizes a pho-
ton beam which is incident at a very small angle, close to the critical angle of the
materials, to obtain the in-plane structural information of the surfaces or inter-
faces. When the incident angle is comparable to the critical angle, the penetration
depth of the light is small so it is surface sensitive, also the scattered intensity
is strong. However, the kinematic approximation fails in this regime and a semi-
dynamical theory is needed to account for the multiple scattering. The distorted
wave Born approximation (DWBA) is one of the most promising methods to solve
the small angle scattering problems [1, 2, 3, 4, 5, 6, 7, 8, 9]. Grazing incidence
small angle x-ray scattering (GISAXS) is a very commonly used technique to look
at in-plane surface structure, especially in looking at periodic structures. A signif-
icant effort of calculating GISAXS intensities using DWBA has been carried out
over the past two decades and several reviews have been written [10, 11, 12, 13, 14].
The neutron version of this (GISANS) is less reviewed probably because of less ex-
periments have been done due to the relatively weak neutron intensity. However,
GISANS can still be a very useful technique in determining magnetic structures.

The goal of this work is to develop a diffuse scattering fitting program to analyse
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the GISANS data. As a first step, we carried out a GISANS experiment on a one
dimensional optical grating as a way to test the DWBA.

In section 5.1, the principles of DWBA will be briefly reviewed. In section
5.2, the experimental details will be discussed. We first show the method of con-
verting the neutron time of flight data to the differential cross section data. Then

a calculation based on DWBA is demonstrated and compared to the data.

5.1 Principle of Distorted Wave Born Approxi-

mation

In the DWBA theory, we consider the incident wave and the scattered
wave as two unperturbed states |¢;) and |¢;) in an ideal layered system which
has sharp interfaces. The roughness in the system is treated as a perturbation in
the scattering process. While DWBA is basically a perturbation theory, it might
not work well when the perturbation is too large and higher order theory must
be applied. In general, DWBA works particularly well when the incident angle is
close or below the critical angle while the Born approximation yields a divergent
result. At larger ) or higher angles, as will be discussed later, the DWBA is
approximately equivalent to the Born approximation and can also be used in this
regime.

Some of the following derivation of the DWBA theory is based on the dis-
cussion in reference [14]. Consider a multilayer system as shown in Figure 5.1, each
layer j has a scattering length density p; and the position of the interface below

the layer is z;. For neutron scattering we start with the Schrodinger equation

[22; v+ v<r>] b(x) = Bu(r) (5.1)

The scattering potential V(r) can be split into two parts

V(r)=V(r)+oV(r) (5.2)

The first term corresponds to the unperturbed part which is the layers with sharp
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Figure 5.1: Schematic of a multilayer structure.

interfaces, which is given by

N+1
V(r) =4 Y piW(r) (5.3)
j=1
with
1, zZ,<z<7Z;
Wi(r) = g s (5.4)
0, elsewhere

The second term is the perturbation from the sharp interface and can be

presented as the height fluctuation 6z;(x,y),

N
SV (r) = 4mb Y " Ap;Py(r) (5.5)
j=1
with
1, Z; <z <Zj+0zi(x,y) for ozj(x,y) >0
Pi(r) =9 -1, z;+6z(x,y) <z2<% for d&zj(x,y) <0 (5.6)

0, elsewhere
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Figure 5.2: Schematic of DWBA wave vectors.

Assume a plane wave ¢; = e’*T is incident on the surface of the multilayer,

the unperturbed eigenstates in the jth layer can be shown [2] to be

[¢15(r)) = T} (2)e™ ™ 4 Ri(z)e™H O (5.7)
7 * ik (2)r * ik* (2)r
[075(1)) = T, (2)e™ D™ R (2)e™57 ) (5.8)

where the eigenstate in equation (5.8) is the time reversed state of a plane wave
incident on the surface with the scattered angle. k; and kf denote the incident
and scattered wavevectors, k;-i and k;f are the reflected wavevectors as shown in
Figure 5.2. T;(z) and R;(2) are the transmission and reflection coefficients in the
gth layer which can be obtained by applying Parratt recursive method as shown
in section 2.3.

Based on the perturbation theory, the transition matrix is written as

(FITT) ~ (51V163) + 710V ) (5.9)
V;f ‘W?;f
and the differential cross section can be calculated using Fermi’s golden rule:
do _ ({fIT10P) e _ (Vies +0Viss*)e

Q- 16z 1672 (5.10)
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where (...)g is the ensemble average of all the roughness configurations. Equation
(5.10) can be decomposed into a specular and a diffuse part, where the specular

part is from the averaged density and the diffuse part is the deviation from the

average:
do . |Vi—>f+<6‘/i—>f>E|2
(@) = 1672 G1D)
do, —_ {|0Vies[)e = [{6Viey) Bl
() = 1672 (512)

In the experiments, the specular part usually is measured up to a high @),
way beyond the critical (), where the DWBA does not work very well. A Parratt
type calculation is thus more suitable for analysing the specular part. The diffuse
part is mainly collected in the vicinity of the critical angle where the DWBA works
very well. Also, the averaged fluctuation in density is zero in many cases which
makes the second term in Equation (5.12) vanishes which simplifies the calculation.

The deviation part of the matrix 6V;_,; can be written as:

Vi = 4m Z Ap; Z G Fi Q) (5.13)

with

Zj+0z(x,y)
) / da:dy/ dze” QT (5.14)

This is similar to the form factor in the Born approximation with different

@ components. The four )'s are defined as (See Figure 5.2):

Q)= k! -k =(Q. Q%) = (Q),ki, +&I,),
Q! = k;f — kK, =(Q), QL) = (Q), k. ; — kiﬂ’
Q}= k! -k =(Q.Q%) =(Q)—-QL,)),
Q= k;f -k =(Q, Q) = (Q,—Q2)).

and the four G-factors are the combinations of transmission and reflection coeffi-

(5.15)

cients of each layer:
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Figure 5.3: Scanning electron microscopy images of the one dimensional sawtooth
grating. (a) Top view and (b) side view.

_ fi _ pfoi
_ 7fpi _ plpi ’
G} = T] R}, G = R I,

The full expression of the differential cross section is therefore

2
do al > " m
(m)diff = Z Ap; Z G Fi(QT) (5.17)

j=1 m=0

The DWBA theory works very well when Q.0 < 1. At large @, the rough-
ness morphology becomes very important and can no longer be treated as pertur-
bation. However, in this regime, the reflection coefficients decay rather quickly and
the transmission coefficients approach unity. In this case the TJ’TJf term dominates
and equation (5.17) and only G,o, Qo term survives. Therefore the DWBA is

approximately equal to the Born approximation.

5.2 Experiments and Results

In order to test the validity and feasibility of applying DWBA for GISANS,
a one dimensional optical grating with known structure was used in our experiment.
The grating is made of aluminum and is coated on a Pyrex glass substrate and

has a sawtooth-shaped unit with period of ~ 1700 nm. In the experiments, the
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grating was rotated azimuthally to adjust the period along the beam direction. The
images of the grating taken by scanning electron microscope are shown in Figure
5.3. The height of the sawtooth is about 370 nm. The experiment was carried out
at the Surface Profile Analysis Reflectometer (SPEAR) beamline at Lujan Neutron
Scattering Center (LANSCE) in Los Alamos National Laboratory. SPEAR is a
time of flight (TOF) reflectometer with two choppers defining a typical neutron
wavelength between 1.5 A to 16 A. A one dimensional position sensitive detector
was 3.67 m downstream the sample to collect the TOF data. The detector consists
of 256 pixels with a pixel size of about 0.78 mm. A schematic of the experimental

setup is shown in Figure 5.4.

5.2.1 Data Conversion

The first step is to convert the TOF data to the differential cross section
in order to compare with the calculation. The slits were opened wide in the y-
direction therefore only x and z components were considered. The differential cross

section is written as

do _ 1@, Q)
09 Q=) = O(N) AN (518

where @ () is the incident neutron flux and ®(A)A\ can be obtained by measuring
the air spectrum.

In a TOF measurement, the intensity is measured in the neutron wavelength
(A) and scattered angle (/) channels. In the geometry shown in Figure 5.4, (A, §)
corresponds to (Q,, @.) through the relation

Q. = 277 [cos(a + /3) — cos o (5.19)
Q.= 2; [sin v + sin(a + 05)] (5.20)

with

(A/dy)sin(m/2 — «)

=17 (A/dy) cos(n/2 — )

(5.21)
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Figure 5.4: Schematic of the experimental setup.

The intensity conversion from (A, 5) space to (Q., Q.) space involves mul-

tiplication of a Jacobian determinant ||.J|| defined as:

111 = |

0Q.,0Q, :
ag(?)\ 5;2) ) ’ B i_z(_Qx cos 3 — Q. sin f3) (5.22)

Figure 5.5 shows an example of the data conversion. The grating was

rotated about 86 degrees azimuthally and the period of the grating is approximately
24 pm along the x-direction in order to obtain diffraction peaks up to the third
order. Note that for any azimuthal rotation, it is generally easier to perform
the calculation in the sample coordinate then make a transformation into the

laboratory coordinate. This will be illustrated in the next subsection.

5.2.2 Differential Cross Section

Equation (5.17) can be used to calculate the differential cross section of the
diffuse scattering part. The system consists of four parts: the Pyrex substrate, a
flat aluminum film, an aluminum sawtooth grating and an oxide layer on top which
has been assumed to be conformal with the grating. In the Born approximation,
the differential cross section is simply the Fourier transform of this structure. The
calculation based on the Born approximation yields a result shown in Figure 5.6,

which fails to reproduce the data shown in Figure 5.5(b). In the DWBA calculation,
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Figure 5.5: (a) Neutron time-of-flight data of the sawtooth grating. The grating
was rotated 86 degrees azimuthally and several diffraction rods can be seen. The
vertical axis is the scattered angle converted from the detector pixel number. (b)
Differential cross section in (Q, @,) channel converted from (a).

the system is decomposed into three flat layers plus the deviation from the perfect
layers, as shown in Figure 5.6. The diffuse scattering is therefore only from the
deviation part. A unit of the deviation part is shown in Figure 5.7(b).

We first calculate the form factor part F;(QY; ;) in the deviated layer. It is
simpler to calculate in the sample reference frame, meaning the grooves are along
the z-direction. For any wave vector Q' in this reference frame, the form factor

can be written as

Fi(Q) |1 = pye @] / dudy e—i(@a+Q)

i
Q.
+ s — il / ddy e~i@-51 @) =i QL+ Q)

+ [ps — p2] /dxdy e—iQ;Z2($7y)e—i(Q;$+Q;y)} (5.23)

with p1 = pair — Pave, P2 = PALOs — Pave A0 P3 = pa1 — Pave- 21(7,y) is the height
profile of the aluminum sawtooth and 2z is the height profile of the oxide. Assuming
the oxide layer is conformal with the grooves, z5 = z; + A. Because the grating
is periodic along the z-direction, the lattice sum can be calculated independently

and we only need to consider one unit cell in Equation (5.23). With an azimuthal
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Figure 5.6: Differential cross section calculation based on the Born
approximation.

rotation ¢, the expression can be easily transformed into the laboratory reference

frame:

F](Q) _ QL [Pl _pge—in(h—I—A)] /da:dy e—iQx(wcos¢>+ysin¢)—iQy(—zsin¢+ycos¢)
z

+ [PQ _ pl} / dady efinzl (z,y) e*in (z cos p+y sin ¢) —iQy (—x sin p+y cos ¢) (524)

+ [P3 _ pﬂ / dwdy e—inzg(:v,y) e_iQ’” (x cos ¢4y sin ¢) —iQy (—x sin ¢4y cos ¢) }

where Q is any reciprocal space vector in the laboratory reference frame.
In the experiment, the slits are wide open in the y-direction and the inte-

gration over the whole wave vector spectrum @), yields

/de = (sec ¢)d(y — xtan @) (5.25)

and

- A
785€ec QZS — —iQzx sec
F;(Q) = 0 {lpr — pse QZ(HA)]/O da ¢~ @eeec?

A
lpa—pi) [ dn e i (5.26)
0

A
+ [p3 - pQ] / dx e*inzz(x,y) e*inxseC(b}
0

2z in a sawtooth profile shown in Figure 5.6(b) can be written as

(5.27)

rtanf — h, when 0 < z < hcot 6
z(z) =

—h_ (g — A) 4 Lot when hcotf < x < A

A—hcot 6 A—hcot8?
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Figure 5.7: (a) The sawtooth grating can be decomposed into a multilayer with
uniform density plus the deviation part. Based on DWBA, the diffuse scattering
is only from the deviation part. (b) A unit cell of the deviation part.

The form factor therefore has an analytical solution of

isec ¢ i
F(Q) = =5 —lor = e ©H15(Q,)
: | A (5.28)
(o2 = 1)+ (s = p2) €94 [ flaa(@) o)
0
with
A
|t dz -
0 (5.29)
i(e—i-2n7rhcot9/1\ o einh) 1 _ 1
Q.tanf 4+ 2nw /A Q.m + 2n7w/A

where m = —h/(A — hcot ) The lattice sum can be written as

— . eNQ@ahsecd gin [ NQ, A sec ¢]
Z ezl(sec¢>)QxA _ (530)

— eiQzlsecd  gin[Q), A sec ¢

The number of units N is determined by the number of units within the in-plane
neutron coherence length.

Q in Equation (5.24) - (5.30) can be any reciprocal lattice vector which in
the DWBA case is the four ) vectors defined in Equation (5.15). The in-plane
component (), is the same for all layers in order to satisfy the boundary condition.

The out-of-plane component of each layer j is obtained by
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Figure 5.8: (a) Differential cross section of the sawtooth grating calculated with
DWBA. (b) Convoluted with instrumental resolution. 0A/A is 0.01, (dor and /5
was estimated by the slits sizes and detector acceptance to be 5.74 x 10~ and
2.12 x 10~* respectively.

Qs = ko(sinay +sin B) = —Q;
Q5 = koj(sinay —sin ) = —QZ;

where ko ; = njko. o; and §; in each layer are obtained by the Snell’s law. The

(5.31)

refractive index of each layer j isn; ~1—48; = 1 — \?p; /2.

The four G factors in Equation (5.17) can be obtained by using the Parratt
formalism described in Section 2.3, by solving the reflection and transmission coef-
ficient in each layer. Insertion of Equation (5.29) - (5.31) into Equation (5.17), the

calculation yields a result for the differential cross section shown in Figure 5.8(a).

5.2.3 Resolution Effect

In a scattering experiment, the measured intensity is an integration of the
differential cross section over the detector acceptance solid angle. Many imper-
fections in the experimental setup cause the resolution effect and corrections have
to be taken into account. The effects include finite wavelength spread due to the
pre-sample optics, finite divergence of the incident beam, finite acceptance angle
of the detector and illuminated sample area etc. [15, 16, 17, 18, 19, 20] All these
effects yield dispersed k? and k/ instead of precise values as discussed in the former

calculation. The dispersion in k' is due to the neutron source, the monochromator,
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the focusing optics and the incident slits, while the dispersion in k/ is from the
sample illumination area and the detector acceptance. The uncertainties in k? and

k/ result in uncertainties in the wave vector transfer

0Q, = ‘%Qz + k(—d0sincos x — dy cos fsin x + dasin @)
0Qy = ‘%Qy + k(=0 sin B sin y + dx cos [ cos )

0Q, = ‘%QZ + k(68 cos 5 + dacos )

(5.32)

where x is the out-of-plane scattering angle and not in consideration because of
the wide opened slit in y-direction.

At a synchrotron x-ray source, the fractional wavelength spread AN/ is
smaller than 107* and does not affect the resolution, while in the neutron TOF
instruments, the fractional wavelength spread is usually ~ 1073 — 1072 and the
effect has to be taken into account.

The observed intensity at a point Q is a convolution of the differential cross

section and the resolution function [18]

1Q) - 5@ e R6Q) - [dG@BQ-Q) (53

Generally, the resolution function R(6Q) is defined as a Gaussian joint-

distribution function of independent random deviations Q),, 6@, and 6@,

R(6Q) = ¢ 20Q(A719Q) (5.34)

where A = [0Q;0Qy] is the covariance matrix of the random deviation 0Q. In

many cases, including our experiment, the slits are wide opened in the direction
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perpendicular to the scattering plane (zz plane usually) and the integration over
the entire wave vector spectrum yields a result independent of that direction, as
shown in the previous section. In this case, A is a 2 X 2 matrix and (AQ?), (AQ?)
and (AQ,AQ.) are assigned to be Ay, Ay, A5 respectively.

The resolution effect results in a smearing of the scattering intensity, which
is similar to the finite size effect and the finite coherent volume effect. It is some-
times difficult to distinguish between these effects from one another. For practical
reasons the parameters in the resolution function are treated as fitting parame-
ters in the calculation. For example, in the reflectivity measurements described
in Chapter 4, the resolution function is of the form R(QZ) — ¢9Q2/(28Q2) and the
AQ), is a fitting parameter. In a two dimensional case as described here, estima-
tion of AA/A can be made given the instrumental properties, Aa and AS can be
estimated from the incident and exit slit sizes. An example of the differential cross
section (Figure 5.8(a)) convoluted with the resolution function is shown in Figure
5.8(b) and the diffuse scattering calculation qualitatively reproduces the data.

In summary, we carried out a grazing incidence small angle neutron scat-
tering experiment on an one dimensional optical grating. Calculations of the scat-
tering differential cross section based on the Born approximation (BA) and the
distorted wave Born approximation (DWBA) were discussed. The results show
that the BA fails completely to reproduce the data while the DWBA yields a
qualitatively correct result. A quantitative calculation must take into account the
roughness on every interface which is beyond the scope of the discussion here.

The content of this chapter is an ongoing project with great help from Jarek
Majewski and Michael Jablin in Los Alamos National Laboratory. The extension
of the work is in collaboration with Prof. Ivan Schuller, Carlos Monton, Juan

Pereiro Viterbo and Ilya Valmianski.
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6 Conclusions and Prospects

In this thesis, we demonstrate the use of x-ray and neutron scattering tech-
niques to study the magnetic domain wall dynamics and the interfacial spin struc-
tures. We also show a calculation based on the distorted wave Born approximation
theory to simulate the grazing incidence neutron scattering data. The works are
summarized here and possible future research directions are given.

In Chapter 3, we provide evidence of the jamming behavior of domains in a
single crystal spiral antiferromagnet. We observe that the domains enter a jammed
state as soon as the long range order sets-in. The dynamics show a collective
behavior as evidence by compressed exponent 1.5, and exhibit a super Arrhenius
behavior that can be described by a Vogel-Fulcher function with a divergence of
relaxation time. We also show that the decay constant 7 is tied to the domain
size. For temperature just below Ty, the domains fluctuate, but increasingly get
frozen as the temperature shifts towards Ty. The concept of a jamming transition
has not hitherto been applied to magnetic systems but appears to manifest itself
in the slow collective dynamics of domain walls below the ordering temperature.
Our study shows that domain dynamics near the Néel temperature show many
aspects similar to those in supercooled liquids, polymers, colloidal gels, glasses etc.
and bolsters the evidence for the universal nature of the jamming transition in
discussing the freezing behavior of disordered and frustrated systems. Due to the
restriction in time scales for the experiments, the data is somewhat limited in the
range of time scales which could be probed for this system. Future experiments are
planned on other antiferromagnetic or compensated ferrimagnetic systems which
will enable us to look for universal behavior associated with domain growth near

the second order phase transition. Similar experiments can also be done with
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hard x-ray to look at the bulk properties in these systems. An extremely stable
experimental setup is necessary for future works.

In Chapter 4, both a polycrystalline and a (111) epitaxial Py/CoO exchange
biased bilayer were examined by polarized neutron reflectometry. We obtained the
depth profile of the net non-switchable spins and they are highly correlated with
the magnetization depth profile above Néel temperature. The net non-switchable
moments in the polycrystalline bilayer exist in both Py and CoO layers and the
moments in the epitaxial bilayer are only localized at the interfacial region. A
previously proposed model based on a 1 nm interfacial layer consisting of CoFeyO4
nanoparticles was examined. The non-switchable magnetization profile derived
from the model successfully reproduces the profiles in both bilayers assuming an
AFM-coupling between the moments in CoO and CoFe;Oy.

Chapter 5 describes a preliminary work in analysing grazing incidence small
angle neutron scattering data. A one dimensional sawtooth shaped optical grat-
ing was examined to test the validity of the distorted wave Born approximation
(DWBA). We show the method of converting the neutron time-of-flight data to the
differential cross section data. The DWBA algorithm is briefly reviewed and the
calculation qualitatively reproduces the scattering pattern with the consideration
of resolution effects. The goal of the project is to develop a data fitting program to
analyse the diffuse scattering data from any nanostructure or thin film multilayer.
Many works still have to be done to achieve this goal, such as the consideration
of the roughness at the interfaces and the domains in the system. Some methods
to solve these problems, such as decoupling approximation or local monodisperse
approximation, has to be implanted. Furthermore, since DWBA is a perturbation
theory, applying a Parratt-type slicing method which decomposes the system into
many thin slabs might be a better method to obtain a more reasonable calculation

result.



Appendix A

Lateral Domain Size

In the classic paper by Debye, Anderson and Brumberger (Journal of Ap-
plied physics 28, 679), those authors derive an expression for the small angle x-ray
scattering from a random assembly of voids in a three-dimensional solid, and show

that S(Q) is given by
S(G) = r2n2d(1 — ) / (P (1)

where ry and ng are respectively the electron scattering length and the (uniform)
electron density of the solid, ® is the volume fraction of voids, and (r) is the
correlation function. By assuming that the electron density goes from ngy to 0 as
one crosses from the solid region into the void space, and that this crossing is
random, Debye et. al. derive the analytical form exp(—r/a) for v(r) which via the

Fourier transform leads to the following form for S(Q),
S(Q) ~ a*[1 + Q%a*)? (.2)

The parameter a is given in terms of the total surface area of the voids, the total
volume of the sample and the volume fraction ® of voids. Since the domains in
the Dy film are known to be of cylindrical form in the direction normal to the
film, in order to modify their formalism to calculate resonant magnetic scattering
from the present system of antiferromagnetic domains in a thin film, we need to
change from three dimensions to two. One can show that for a two dimensional

system the same argument gives an exponential form for v(r). S(Q) is now the
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two-dimensional Fourier transform of exp(—r/¢),
[(Q]) o /exp(—r/f)e:cp(z’@ - 7)dS
— /27T /inf exp(—r/&)exp(iQr cos(0))rdrdd (.3)
o Jo
inf
:/0 rexp(—r/§)Jo(Qr)dr

where Jo(Q)r) is the Bessel function. This integral yields
S(Q) ~ €1+ Qe 2 (4)

To relate the correlation length to the domain size, we have to consider several
different scattering length densities, corresponding to the possible domain orien-
tations in the plane. We note that the scattering length for a single magnetic

moment 777; in the leading dipole approximation is given by

b= A(Fiy — Fiu)(s x é) i (.5)
where A is the wavelength, the F’s are resonant matrix elements, and €, and é€;
are the polarization vectors of the scattered and incident photons respectively. In
a given layer, the direction of n7; and hence b will change as we cross a domain
wall, which for simplicity we assume to be sharp, as for a solid/void interface in
a porous solid. We assume the spiraling of the magnets from layer to layer with
wavevector @y, is preserved for all domains (although the chirality might differ) so
that the scattering from all domains are centered about (0 ,0, @,,). We simplify
the calculation by assuming only two kinds of domains as in the calculation of
Debye et al., which should give us a qualitatively correct result and restrict the
calculation to two dimensions. By similar arguments we find that ~(r) is still given
by exp(—r/¢) where £ = 229 (1 — @). Here A is the total area of the sample and
L is the total length of the boundaries between the domains and ® is the area
fraction of one type of domain. In the absence of any detailed information about
the domains, we take ®(1 — ®) to be given its average value which is 1/6. If we
assume circular domains of one type of radius R, then A/L ~ R so & ~ R/3,

and the domain size is of the order of the diameter or roughly 2R, yielding ~ 6¢&.
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Thus by fitting the peaks around (0, 0, (),,) in the @, direction with the above

functional form, we can estimate the domain size.



Appendix B
Error Analysis in the

Autocorrelation Function

The uncertainty of autocorrelation function g, is usually small in the case
of multi-speckle method when the intensity (photons per pixel) is large. However,
when the intensity is small, the uncertainty can be quite big and the error analysis
is necessary to distinguish real signal and the fluctuations in the data. For example,
the T = 179.4 K in our dataset. To estimate the uncertainty, one can start from
the definition of autocorrelation function and using the uncertainty of the intensity.

The definition of g, is given by

N

0.7 = 3 Ml (6

where 7 is the index of pixel and N is the total number of pixels in a given @)
range. t; is the instantaneous time and the 7 is the time delayed. In the calculation

of g5, the numerator can be written as,

M—m

S L) (tn) (7)

n=1

B 1
M -—m

(Li(t) Lt + 7)),

where m is the frame number corresponding to the delayed time and the

M is the total number of frames. Thus the deviation of g5 is,
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N

i=1 o "
- N<](1tl)>2 Z M 1— m { ; 01t ) i(tn4m) + Ii(tn>5]i(tn+m)}

t =1

Here we assumed that the deviation of averaged intensity in the denomina-

tor is negligible since it is an average over all pixels and all times. Therefore,

, 1 =1
(095(Q, 7)) = WZ ; M —m)?

{[z?(thrm)Ii(tn) + Ii2(tn>li(tn+m) + zlf(tn>fi(tn+m)1i(tnfm)}

(-9)

The error bar plotted in the autocorrelation function is the statistical error

calculated from the root mean squared error \/{(dg3(Q,7)).





