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ABSTRACT

Element-Specific Magnetism Studies on Patterned Magnetic Structures and

Magnetic Films

Yongseong Choi

In continuous (Fe/Gd) and patterned (Fe/Gd, NiFe/Co) magnetic multilayer
films, the effects of interfacial coupling, proximity, anisotropy (intrinsic and shape),
and termination were investigated, and how they modify the magnetization reversal
processes and magnetization depth profiles was studied. X-ray resonant scattering
and absorption techniques combined with micromagnetic simulations were used to
study films in an element specific and depth-resolved way.

In an aligned-phase Fe/Gd multilayer, the Gd layers near the Fe/Gd interfaces
were studied using x-ray resonant magnetic scattering measurements. From the ex-
perimental results, the Gd layer-specific magnetization depth profiles were obtained.
An enhanced magnetic ordering in the interfacial Gd layers was observed, and the ob-
served results were consistent with theoretical calculation results and x-ray magnetic
circular dichroism measurement results.

iii



A termination layer effect and the role of magnetic anisotropy in the Fe layers
were studied on different sets of Fe/Gd multilayers that showed twisted magnetic
states. X-ray magnetic circular dichroism (XMCD) measurements were performed in
a surface-to-bulk way. The experimental results were reproduced in micromagnetic
simulations, and the observed features near the compensation point were explained
by the combined effect of a termination layer and a magnetic anisotropy.

Magnetic domain configurations were studied in a hole array patterned Fe/Gd
multilayer using XMCD measurements and micromagnetic simulations. The inter-
play between an intrinsic anisotropy and a shape anisotropy affected domain config-
urations, and coherent rotations of three types of domains were observed. Similarly,
on a pseudo-spin-value type patterned film, local magnetization was measured using
XMCD with micro-focused x-ray beams.

On patterned dot array films, it was demonstrated that the layer selective magne-
tization depth profiles could be obtained from patterned arrays using x-ray resonant

magnetic scattering.
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CHAPTER 1

Introduction

1.1. Magnetic thin films and artificially patterned magnetic films

Recent advances in lithographic and other fabrication techniques have led to the
fabrication of a number of novel magnetic systems at the nanometer length scale.
The reduced dimensions in these systems lead to modified physical properties, and
as dissimilar materials are brought together in these systems, novel magnetic be-
haviors, such as giant magneto-resistance [1] and exchange coupling (2], have been
observed (Fig. 1.1). In these artificial systems, a better knowledge of the interactions
occurring at the nanometer length scale is crucial to understand the overall behav-
ior of the systems. As the overall dimensions are reduced, the magnetic interactions
occurring at surfaces, interfaces, and confined geometries become more important
due to their increased contribution to the overall properties. As it is in the case of
giant magneto-resistance and exchange coupling, many of these artificial structures
are inhomogeneous. In these systems with alloyed or heterostructured layers, it also
becomes important to gain fundamental knowledge of the contributions from the
individual constituents.

Periodic arrays of magnetic structures have received much attention recently be-
cause of their potential as high density magnetic storage media. One of the major

driving forces in information storage technologies is to increase the density of stored



information per media volume. With the conventional continuous magnetic thin films,
one bit is stored in a few tens of magnetic grains. To increase the area density, the
number of grain per bit or a grain size has to decrease. However, this approach
of increasing density will soon reach the physical limit [superparamagnetic limit, il-
lustrated in Fig. 1.1(c)] where reduced volume per bit can be unstable to primarily
thermal fluctuations. With the recent advances in patterning techniques, it has been
suggested that patterning magnetic films can be a viable alternative to the current
continuous film technology. In addition, from the fundamental point of view, because
of the reduced size and lateral confinement effects, the patterned structures show mag-
netic behaviors different from their counterparts of the continuous film structures.
In magnetic multilayers, the overall magnetic behavior is often determined by the
magnetic interactions at interfaces. For example, the interface magnetism plays a cru-
cial role in giant magnetoresistance [1], exchange biased [2] systems, spin tunnel [3],
and spintronics [4]. In some antiferromagnetic multilayers, the competition between
the exchange, Zeeman, and anisotropy interactions can lead to a spin flop transition,
resulting in a canting of sublattice magnetization [5]. At magnetic interfaces and
surfaces, magnetic behaviors are often different from their bulk counterparts so that
changes in magnetic transition ordering temperature, magnetic moment, magnetic
anisotropy, and spin orientations can occur. For example, in antiferromagnets with
the spin flop transition, spin flop transition at surface was observed to occur at lower
fields than the bulk transition [6]. However, the determination of the structural and
magnetic properties of surfaces, interfaces, and confined structures still remains to be

challenging due to the difficulty of detecting and isolating contributions from these.
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Figure 1.1. Illustrations of giant magnetoresistance (GMR), exchange
bias, and superparamagnetism. (a) GMR exploits the dependence of
resistivity on the spin orientations in the two ferromagnetic layers. (b)
Exchange bias effect due to the interlayer coupling between a ferromag-
netic (FM) and antiferromagnetic (AFM) layers. (c) Magnetic domain
states in a ferromagnet at different dimensions. MD: multi-domain
state, SD: single domain at a few hundreds nanometers to a few mi-
crons, and SP: superparamangetic state at a few tens of nanometers.
In the superparemagnetic state, no stable magnetization is reachable
and the moment orientations are randomly distributed in space due to
thermal fluctuation.



Most common techniques for magnetization characterizations are MFM (magnetic
force microscopy), MOKE (magneto-optical Kerr effect), SQUID (superconducting
quantum interference device), and magnetic neutron scattering. MFM is based on
atomic force microscope (AFM) where a magnetic probe tip interacts with the mag-
netic fields generated by the sample. MFM-imaging can achieve high spatial resolution
(sub-100 nm), but the disadvantage is that the MFM is an indirect probe and that
the measured interactions are often difficult to quantify. What. is measured in MFM-
imaging is the spatial derivatives of the fields generated by a magnetic sample. In
MOKE measurements, the interaction between polarized laser light and a magnetic
sample is measured. Some of the limitations of the MOKE are limited penetration
depth of visible light and wavelength-limited scattering. In SQUID measurements,
sample magnetic moments can be directly measured, and relatively wide ranges of
temperature and field can be studied. In magnetic neutron scattering, the direct
coupling between neutron spin and sample spin and orbital moments are used. With
neutrons, the magnetic scattering amplitude is very large, but neutron scattering gen-
erally have smaller ¢g-range is limited, it typically requires relatively larger samples
compared with other techniques. Compared with the neutron scéttering, magnetic
scattering amplitude with x rays is weaker, but the x-ray based magnetic scattering
can typically achieve higher spatial resolution. The most evident advantage of x-
ray based magnetic characterizations is element-specificity that can be achieved with

resonant techniques. -

The objective of this thesis is to investigate the role of interfaces in magnetic thin

films and the effect of artificial patterning on magnetic domains. Taking an advantage



of x-ray’s unique capabilities (element-specificity and ability to probe buried struc-
tures), x-ray scattering and spectroscopy techniques were used to gain more insight
into the role of interfaces in magnetic multilayer films in a layer-selective way. To
study the magnetic domains from patterned structures, a combined approach of x-ray
spectroscopy and micromagnetic simulation was used. The outline of the thesis is as
follows. In the first chapter, the introduction of x-ray and magnetic materials is briefly
presented. X-ray resonant magnetic scattering studies for the interface magnetism in
Fe/Gd multilayers are presented in chapter 2. Field dependent spin reorientations of
Fe/Gd multilayers are presented in chapter 3. In chapter 4, magnetic domain studies
on patterned magnetic structures are presented. In chapter 5, x-ray resonant mag-
netic scattering results on dot arrays are presented. In chapter 6 these results are

summarized.

1.2. Magnetism and X rays

Magnetism arises from the spin of electrons, the orbital motion of the electrons,
and the interaction of the two. Depending on the response to externally applied -
magnetic fields, materials can be categorized as diamagnetic, paramagnetic, or ferro-
magnetic. Diamagnetism is a weak magnetism that can be found in all materials and
it opposes applied magnetic fields. Paramagnetism is stronger than diamagnetism
and causes magnetization proportional to the applied magnetic field in the same di-
rection. At finite temperatures, the spins in paramagnetic materials are thermally

agitated and oriented randomly without an external field.



Compared with diamagnetism and paramagnetism, ferromagnetism is a stronger
effect, and ferromagnetic materials exhibit distinct characteristics such as spontaneous
magnetization, magnetic hysteresis, and saturation. Below the transition temperature
(Curie temperature) ferromagnetic materials are divided into spontaneously magne-
tized small domains without an external field. However the magnetization vectors of
these domains are randomly oriented so that the net resultant magnetization is zero.
The effect of an applied field in ferromagnetic materials is not to induce magnetiza-
tion in atomic level, but rather to align the magnetization vectors of spontaneously
magnetized domains.

The materials having ferromagnetic ordering are transition metals, rare-earth el-
ements and their alloys. For transition metals (Ni, Co; Fe) ferromagnetic ordering is
due to the unpaired electrons in unfilled 3d shells. For rare-earths (for example, Gd)
ferromagnetic ordering is due to the unpaired electrons in unfilled 5d and localized 4f
shells. In rare-earths, 4f electron wave functions are highly localized, and the mag-
netic ordering is explained by the indirect exchange between 4f electrons through
the spin-polarized 5d-6s conduction electrons. In transition metals, ferromagnetism
is described by the Stoner model (itinerant electron model) [7]. The contributions
of paired electrons in filled shells to magnetic moments are cancelled by the contri-
butions of the electrons with the opposite sign. For ferromagnetic metals, electronic
bands are split into two: one band with majority spin and the other with minority
spin. The magnetic exchange splitting between majority and minority spin band con-
tributes to ferromagnetism. The magnetic exchange splitting is the average energy

shift between electrons with up spin relative to ones with down spin. Due to the



exchange splitting, the minority spin band is filled less than the majority band as
illustrated in Fig. 1.2(a), and this causes the spin imbalance that produces magnetic
moments [8].

X rays interact with matter through the electron’s charge and its magnetic mo-
ment. With x rays, magnetic materials can be studied by scattering and absorption
processes, but the interaction between x rays and the electron’s magnetic moment is
relatively weak. At a non-resonant energy, magnetic scattering intensities are usually
a few orders of magnitude smaller than charge scattering intensities. On a electron,
a plane polarized electromagnetic wave exerts a magnetic force and a electric force,
and the magnetic force is smaller than the electric force by the ratio of the photon
energy to the electron rest mass energy. This ratio is typically a few percent. In
addition, all electrons (paired/unpaired) contribute to the charge density while only
unpaired electrons contribute to the magnetization density. These two combined ef-
fects cause a magnetic scattering amplitude to be a few order of magnitude smaller
than a charge scattering amplitude. Moreover, the measured intensity in an experi-
ment is proportional to the square of the amplitude, causing magnetic signals to be
very weak [9)].

Magnetic scattering/absorption intensities are not only small, but the formalism is
relatively complicated. However, the essential point is that there is a strong polariza-
tion and energy dependence on the scattered intensity. Resonant magnetic scattering
technique is often used for magnetic materials to achieve an enhancement in measured
signals. For the resonant magnetic scattering, the incident x-ray energy is set to the

absorption edge of an element of interest. At the L3 edges in the rare-earth, the



M,_4 edges in the actinide elements, and the K and L edges in the transition met-
als, significanly enhanced resonant magnetization-sensitive x-ray scattering occurs.
These magnetic resonant behaviors are due to electric multipole transitions and the
sensitivity to the magnetization results from exchange. The resonant increase with
polarization dependence can be explained in terms of electric quadrupole (E2) tran-
sitions to 4f levels and electric dipole (E1) transitions to 5d levels. The exclusion
principle allows only transitions to unoccupied orbitals, causing an “exchange inter-
action” sensitive to the magnetization of the f and d bands [10]. Resonant scattering
process may be explained as, (1) the absorption of an incident photon, (2) the cre-
ation of a short lived intermediate (excited) state, and (3) decay of that state back
into the ground state through the emission of an elastically scattered photon [11] as
illustrated in Fig. 1.2(b).

Exploiting the polarization dependence, magnetic materials can be studied with
absorption x-ray techniques through dichroic effect. The term “dichroism” in optics
refers to the property of certain materials of having different absorption coefficients
for polarized light in different directions. Because one color of light can be absorbed
preferentially, the material appears to have to have two different colors for the two
different light directions. Similarly, magnetic dichroism refers to the phenomena that
the absorption depends on the polarization (circular or linear) of the beam and the
magnetic state of sample [Fig. 1.2(c))].

The magnetic sensitivity and polarization dependence in the scattering and ab-
sorption processes can be expressed in the resonant scattering amplitude. The reso-

nant contribution to atomic scattering amplitude for dipole resonances can be written



as [10],
(1.1) FE &) = fu(€ &) +ifm(€ x &) M+ fi(e - M)(E 1),

where ¢, € are the polarization vectors of incoming and scattered radiation, and
7 is the local moment direction of the ion. f. is an anomalous charge scattering
amplitude, and fn, f; are circular and linear dichroism terms. The circular dichroism
term is proportional to the moment, and this term can be isolated by reversing the
direction of 7 (or reversing incoming polarization) and by measuring the difference
in scattering or absorption. While the circular dichroism term is sensitive to the
magnetization components parallel to the beam, the linear dichroism term is sensitive
to the transverse components (Fig. 1.3). The magnetic contrast can be measured by
monitoring the difference in signal between the two opposite polarizations of the
incoming x-ray [Figs. 1.3(b),(d)] or between the two opposite orientations of the
sample magnetization [Figs. 1.3(a),(c)].

For ferro- or ferrimagnetic materials, structures are commonly studied with circularly-
polarized radiation. In absorption channel, x-ray magnetic circular dichroism results
in contrast between parallel and antiparallel alignments of x-ray helicity and sample
magnetization [12, 13]. Contrast in diffraction can also be used to study ferro- or
ferrimagnetic materials, and this contrast in diffraction is due to charge-magnetic in-
terference scattering. The charge-magnetic interference is sensitive to direction and

amplitudes of magnetic moments, as well as chemical structures.
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Figure 1.2. (a)Illustration of x-ray resonant scattering and absorption
processes used in characterization of ferromagnetic materials. Example
is given for dipole transition in Gadolinium. With circularly polarized
(CP) incident x rays (right- and left-CP), the transition probabilities
to spin-up and spin-down states are different and this difference con-
tributes magnetic sensitivity. For two dimensional systems, such as a
ferromagnetic monolayer of Co [13], the out-of-plane density of states
can be significantly modified compared with the in-plane density of
state. However, this two dimensional effect is not considered in this
thesis since only in-plane magnetic properties are studied and the sys-
tems studied are typically much thicker than a monolayer. (b) Resonant
scattering process (x-ray resonance exchange scattering). (c) Absorp-
tion process (x-ray magnetic circular dichroism).
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Figure 1.3. Schematic of magnetic dichroic signal measurements. For
magnetic circular dichroism measurements, either the sample magneti-
zation can be changed by reversing the applied field direction as in (a)
or the polarization of the incoming x-ray can be reversed as in (b). The
same method can be used for magnetic linear dichroism measurements
as shown in (c)-(d).



CHAPTER 2

Structural and Magnetic Characterization of

Antiferromagnetically Coupled Fe/Gd Multilayers

2.1. Background

When rare-earth and transition metals are brought in contact, an antiparallel
magnetic coupling arises between the rare-earth 4f and 5d spin moment and the 3d
moment of the transition metal. Fe/Gd multilayers is an example with antiferromag-
netic coupling at the Fe/Gd interface. Fe and Gd are both ferromagnets with different
Curie temperatures (1024 and 293 K, respectively), and the theoretical temperature
dependence of the saturation moments of bulk Fe and Gd are shown in Fig. 2.1.

Due to the antiferromagnetic coupling and the different temperature dependence,
the Fe/Gd multilayers exhibit complicated magnetic phases, and thus the Fe/Gd
multilayers have been a model system for fundamental magnetism studies. Depending
on the thickness ratio, temperature, and applied field, the Fe/Ge multilayers can be
in different magnetic states. The main driving forces causing the Fe/Gd multilayers
to undergo these different magnetic states are the competition between exchange and
Zeeman interactions and a finite size effect. In the competition between the exchange
and Zeeman interactions, the antiferromagnetically coupled Fe/Gd multilayers can
be in Gd-aligned, Fe-aligned, and surface/bulk twisted states [14, 15] as shown in

Fig. 2.2.

12



13

n
Q
[«
o

—o— Ms(Gd)
—o— Ms(Fe)

1800

1000

500

saturation moment, Ms [emu/cms]

100 200 300 400 500 600 700 8GO 900
temperature [K]

Figure 2.1. Theoretical saturation moments of bulk Gd (open circles)
and Fe (solid circles) are plotted as a function of temperature. Mag-
netic moments per unit volume is plotted at each temperature. The
temperature dependence was calcuated using the Brillouin function.
Up to 300 K, Mg(Fe) goes through a negligible decrease while Mg(Gd)
changes significantly.

At low temperatures, the net magnetic moment in the Gd layers is larger than
that of the Fe layers so that the Gd layer magnetizations are aligned with the applied
field direction while the Fe layer magnetizations are antiparallel to the field. As the
temperature is increased, the Gd moment is reduced and reaches a ferrimagnetic
compensation point where the net magnetization from the multilayer becomes nearly
zero since the Gd and Fe layer magnetizations are equal in magnitude but opposite in
direction. Above this compensation temperature, the Fe-aligned state occurs where
the Fe layers are magnetized parallel to the field and the Gd layers are antiparallel
since the net Fe momént is dominant. Near the compensation point, the magnitudes
of the net moments become comparable to each other, and due to strong competition

between exchange and Zeeman energy, the twisted state can occur in which the Gd
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Figure 2.2. (a) Phase diagram of magnetic phases of a Fe/Gd multilayer
(from Ref. [18]). h represents the applied field, and h=0.01 corresponds
to 7.3 kOe, and t represents the reduced temperature t=T/Tc¢(Fe).
(b) Illustrations of each phase. AG: aligned-Gd, ST: surface-twist, T:
twisted, and AF: aligned Fe.

and Fe spins are not fully collinear with the field. Depending on where this twisting
starts within multilayers, the twisted state can be categorized into bulk twisted and

surface twisted states.

In this chapter, the temperature evolution of the magnetization depth profile in

the Gd layers of a strongly coupled [Fe(15 A)/Gd(50 A)];s multilayer is studied using
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x-ray resonant magnetic scattering (XRMS) and x-ray magnetic circular dichroism
(XMCD). This multilayer is in the Gd-aligned state throughout the températures
studied here, and an enhanced magnetic ordering in the Gd layers near the Fe/Gd
interface was studied.

In the following chapter, surface twisted spin states of antiferromagnetically cou-
pled [Fe(35 A)/Gd(50 A)];5 multilayers are investigated using x-ray magnetic circular -
dichroism (XMCD) technique in a surface-to-bulk sensitive way. Two multilayers with
a different top layer (Gd or Fe) are investigated to study a termination effect. These
multilayers are in the Gd-aligned state at low temperatures and in the Fe-aligned
state in high temperatures. The surface twisted state occurs when the top layer is
magnetized opposite to the field direction. As the field is increased, the spins in the
top layer begin to rotate toward the field direction, and the rotation of the surface
layer magnetization drives the magnetization profile of the multilayer to be inhomo-

geneous.

2.2, Interfacial Magnetism Study on Antiferromagnetically Coupled

Fe/Gd Multilayers using X-ray Resonant Magnetic Scattering

Interfaces play a fundamental role in determining the properties of thin film mag-
netic devices. Examples include interfacial roughness effects on the giant magnetore-
sistance (GMR) of spin-valve structures [1], spin transport across interfaces [16], and
exchange biasing [2] at the interface between an antiferromagnet and a ferromagnet

which can yield enhancement of magnetic ordering temperature due to the proximity
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effect [17] Interfaces and surfaces can also act as nucleation centers for inhomoge-
neous magnetization depth profiles [6, 18, 19] and can be responsible for chirality in
some magnetic structures [20].

Magnetic behavior at surfaces and interfaces often differs from the bulk behavior.
For example, on Gd surface layers, an enhanced magnetic ordering temperature and
magnetization were observed [21, 22, 23]. On multilayers of Gd and nonmagnetic Y,
a reduced Gd-magnetic moment near interfaces was also reported [24, 25]. In Gd/Fe
multilayers, the strong coupling between Gd and Fe at the interfaces causes the Gd
magnetization to persist above the Curie temperature of bulk Gd. This enhancement
of the Gd layer magnetization near the intel_rfaces was observed by spin-polarized
Auger-electron spectroscopy [26] and by x-ray resonant techniques [27, 28].

The temperature evolution of the magnetization depth profile in the Gd layers
of a strongly coupled [Gd(50 A)/Fe(15 A)];s multilayer was studied with a focus
on the enhanced magnetic ordering near the Gd/Fe interface. To obtain element-
specific magnetic information from the interfacial Gd layers, resonant x-ray techniques
were performed, taking an advantage of element-specificity and enhanced magnetic

sensitivity.

2.2.1. Experiments

The multilayer used in this study was sputtered in vacuum onto a Si substrate
with Nb buffer (100 A) and cap (30 A) layers. The multilayer ([Gd(50 A)/Fe(15 A))15)
has 15 bilayers and an extra Gd layer at the top, i.e., Gd termination at both ends.

The sample was grown by Dr. J. S. Jiang from Materials Science Division at Argonne
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National Laboratory. The layers were deposited alternatively from individual sources
at 1-2 A/Sec. The base pressure was approximately 2x1078 Torr. The sample was
unheated, and the sample holder temperature stayed near room temperature during
the growth. Based on previous growth experiences at this condition, it was expected
that the layers were polycrystalline and that the Fe layers were likely to be (110)
textured. This polycrystallinity of the layers is likely to cause reduced magnetic
anisotropy and exchange coupling, compared with single crystal layers. The current
study is focused on the overall temperature behavior of the interfacial layers, and
even with the reduced anisotropy and exchange coupling effect the overall trend in
the temperature dependence is not expected to be significantly different between
single- and poly-crystalline multilayer films.

It has been observed in Fe/Gd multilayers, that surface/bulk twisting of magne-
tization can occur near the ferrimagnetic compensation temperature and that this
twisting of magnetization is more pronounced near the interface. For the Fe/Gd sam-
ple studied here, the Fe layer thickness was less than the Gd layer thickness so that
the compensation point occurs at a higher temperature. SQUID (Superconducting
QUantum Interference Device) magnetometry measurements in Figure 2.3 reveal that
up to 350 K the multilayer is in the Gd-aligned state at moderate fields, where the
Gd magnetization is parallél to the applied field direction and the Fe magnetization
is antiparallel. Up to 350 K, Figure 2.3-b does not show a compensation point above
which the net moment would increase again. In typical SQUID measurements, the
sample moves through a system of superconducting detection coils. As thé sample

moves, the magnetic moment of the sample induces an electric current in the detection



18

—
o
~

T T

-— 5K
0.0015 ~&=- 100 K
0.0010 —=— 200K
—o— 300K

0.0005 -
0.0000 fs.
-0.0005 pa———a&——=
-0.0010 f,
0.0015 1

Magnetization (emu)

-4000 -2000

—_
O
~—

0.0014 flo~s-
0.0012
0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

Magnetization (emu)

N Y R St e,
40 80 120 160 200 240 280 320

o fF

'f'emperature (K)

Figure 2.3. SQUID magnetometry measurements on the Fe/Gd multi-
layer. (a) Magnetization as a function of field at temperatures 20, 100,
200, and 300 K. (b) Magnetization as a function of temperature under
1000 Oe field. The two schematics show the relative orientation of the
Gd and Fe spins with respect to the field direction H.

coils, and the output voltage converted from this current is proportional to the sample
magnetic moment. For the current Fe/Gd multilayer sample, what is measured by
the SQUID is the net moment from the Gd and Fe layer contributions.

X-ray measurements were performed at the 4-ID-D beamline of the Advanced
Photon Source at Argonne National Laboratory.. The experimental setup shown in
Fig. 2.4 is discussed in detail in Appendix B. Undulator radiation was passed

through double crystal Si (111) monochromator to select photons with a particular



19

U S M P F S | B E

Figure 2.4. Experimental setup at beamline 4ID of APS at ANL. The

letters represent: undulator (U), slits (S), monochromator (M), phase
retarder (P), focusing optics (F'), ion chamber (/), sample inside Be-
dome and cryostat (B), electromagnet (or permanent magnet) (E),
solid-state detector (SSD), and scintillation detector (SCD).

wavelength, and a diamond (111) quarter-wave phase plate operated in Bragg trans-
mission geometry was used to produce the circularly polarized x rays [29]. The 2.1
kOe field of a permanent magnet was applied parallel to the sample surface and in
the scattering plane in order to align the Gd moment parallel to the applied field at
all temperatures considered. Fig. 2.5 shows the scattering geometry and the applied
field direction. The sample and the magnet were placed inside a closed-cycle He
refrigerator mounted on a diffractometer.

The XRMS measurements were performed in reflectivity mode. The incident pho-
ton energy was tuned to near the Gd L, absorption edge (7929 eV), and the reflected
intensities were measured as a function of the incident angle while flipping the helicity
of the circularly polarized incident x rays. For the reflectivity measurements, I T and
I~ refer to the reflected intensities for opposite helicities. The XMCD measurements
were performed in fluorescence mode by monitoring the intensity of Gd L radiation

while alternating the helicity at each energy through the Gd L, absorption edge. For
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Figure 2.5. Scattering geometry. The magnetic field, H, is applied
along the X-axis (¢ = 0,180°). The wave vectors of the incident and

scattered x rays are k; and k #, respectively, € and € are the polarization
vectors, and 6 is the incident and scattered angle.

the XMCD measurements, I* and I~ refer to L3 fluorescence intensities for the two
opposite helicities. The incident angle was 10°, for which the x-ray penetration depth
is much larger than the multilayer thickness.

Resonant scattering factors of Gd atoms were obtained from absorption mea-
surements through the L, absorption edge and through differential Kramers-Kronig
transforms (described in detailed in Appendix C)

To .eliminate any experimental artifacts in the dichroic signals, absorption and
scattering measurements were taken with the applied fields parallel and antiparallel
to the photon wave vector. At each temperature, two measurements were performed
at ¢‘= 0 and 180° where ¢ is defined as the angle between the incoming x-ray beam
and the applied field as shown in Fig. 2.5. Figure 2.6 shows absorption measurements
across the Gd L, absorption edge. The dichroic process leads to complete sign reversal
for opposite orientations of k; and H. Incomplete reversal is due to systematic errors.

These errors were only a few percent in these measurements and were subtracted from
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the data before integrating the XMCD signal to obtain average magnetization in Gd
layers.

Figure 2.6 shqws the XMCD signal at temperatures from 20 to 300 K. The inte-
grated area under these peaks were interpreted as the relative magnetization of Gd
layers at each temperature. The sign of XMCD signal does not change between 20
and 300 K, and this indicates that, at least up to 300 K, the Gd/Fe multilayer does
not go through a compensation point above which the Gd XMCD signal would reverse
its sign.

As mentioned earlier, SQUID measurements indicate that for the moderate field
of H=2.1 kOe the Gd/Fe multilayer is in the Gd-aligned state (Fig. 2.3). This im-
plies that there is no magnetic component perpendicular to the applied field direction.
Since the difference cross section measures the magnetic component in the scatter-
ing plane, an aligned state will result in zero difference signal if the field is applied
perpendicular to this plane. This is shown in Fig. 2.7, where the sample and magnet
assembly were rotated by 90° (¢ = 90°), yielding a negligible difference between the
scattered intensities for the two helicities.

Figure 2.8 shows x-ray specular reflectivity curves from the [Gd(50 A)/ Fe(15 A)is
multilayer with the incident photon energy at 7929 eV. The measurements were done
at four different temperatures, 20, 100, 200, and 300 K. The charge specular reflec-
tivity curve [Fig. 2.8(a)] was obtained by adding scattering intensities for opposite
helicities (I* + I7), and the magnetic sensitive reflectivity curves [Figs. 2.8(b)-(e)]

were obtained by taking the difference between the two intensities (/™ —17). Changes
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in the charge specular reflectivity curves at different temperatures were negligible, in-
dicating negligible structural change. However, in the difference signal, significant
changes occur due to temperature-dependent changes in the magnetization depth

profile of the Gd layers.
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Figure 2.6. The XMCD measurements on the Fe/Gd multilayer for op-
posite orientations of photon wave vector and sample magnetization.
The angle between the incoming beam and the applied field, 2.1 kOQe,
is ¢. (a) Polarization-independent absorption coefficients obtained from
the sum of fluorescence intensities for opposite helicities of the incom-
ing radiation. (b) The differences in absorption coefficients for opposite
x-ray helicities. (c) The XMCD signal is (pim(¢ = 0°)-pm(¢ = 180°))/2,
and non-magnetic artifact is (pm(¢ = 0°)+um(¢ = 180°))/2. (d)
XMCD signals at temperatures between 20 and 300 K with 2.1 kOe
applied field. The integrated areas under the curves were used to ob-
tain relative magnetization of the Gd layers at each temperature.
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Figure 2.8. Charge-magnetic reflectivity measurements at tempera-
tures 20, 100, 200, and 300 K. The incident x-ray energy was 7929
eV with an applied field of 2.1 kOe. (a) Charge specular reflectivity
for the Fe/Gd multilayer at 300 K. (b)-(e) Charge-magnetic reflectivity
curves at the indicated temperatures. The numbers above the peaks
indicate scaling factors used for clarity. While the charge reflectivity
is sensitive to the structural parameters of films, the charge-magnetic
reflectivity is related to the structural parameters and the Gd layer
magnetic parameters.
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2.2.2. Analysis of X-ray Resonant Magnetic Scattering Data

Assuming negligible nonresonant magnetic scattering and using the electric dipole

approximation, the resonant elastic scattering length for a Gd ion can be written as

[10],
(2.1) f=(fot f)(€ - & +ifm(e” x &),
where fo = —Zr., 7. is the classical electron radius, f. and f,, are anomalous charge

and magnetic scattering amplitudes, é, ¢ are the polarization vectors of incoming,
scattered radiation, 7 is the local moment direction. A linear dichroic term, fi, is
ignored in this expression since f; is generally much smaller than f,, at lanthanide
L edges and since the polarization vectors are nearly perpendicular to 7 for our
scattering geometry. The scattering cross section obtained from Eq 2.1 includes pure
charge, pure magnetic, and charge-magnetic interference terms [30].

Since only dipole transitions at the Lo 3 edges are considered, the magnetization
profiles from charge-magnetic specular reflectivity fittings represent the profiles of Gd
5d moments. These are assumed to mimic the profiles of their 4f counterparts due
to the strong (4f — 5d) intra-atomic exchange coupling that contributes to the spin
polarization of the Gd 5d band.

To simplify the calculations, each Gd layer was divided into three sublayers.
Equivalence of Gd/Fe and Fe/Gd interfaces was assumed so that the two outer sub-
layers near the Fe layers have the same magnetization. Charge specular reflectivity

curves were fitted with the distorted wave Born approximation (DWBA) [31, 32],
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which yields the same calculated reflectivity curves as the ones using Parratt’s recur-
sive formalism [33, 34]. In the DWBA, the actual rough surface/interface is treated
as a small perturbation from the smooth surface/interface. For small incident an-
gles, the reflectivity calculation based on the DWBA can give better results than the
calculations based on the Born approximation. In the Born approximation, multi-
ple scattering and x-ray refraction is not fully accounted, and thus at low incident
angles, the calculations based on the Born approxirhation fail to explain features in
x-ray reflectivity.

The fitted structural parameters from the charge specular reflectivity curves were
then incorporated into the charge-magnetic specular reflectivity fittings using the
DWBA [32]. For the different temperatures, each Gd layer (total 16 Gd layers) was
divided into three sublayers. The middle sublayer thickness was a fitting parameter,
while that of the equivalent outer sublayer was constrained by the total layer thickness
fitted from the charge specular data. Other fitting parameters are the magnetic
roughness between the layers and the relative magnetization in the three Gd sublayers.
These charge and magnetic parameters were used to calculate the charge and charge-
magnetic reflectivity curves using the BA (Born approximation).

The edge-jump normalized (i.e. per atom) Gd XMCD peak signal at 10 K is
fim/ e = 0.051(3), in agreement with bulk Gd. In addition to full saturation, this
indicates that the Gd magnetic moment is not reduced relative to its bulk value. The
experimentally determined value of f,, at 10 K therefore sets the scale for quantitative
determination of depth resolved magnetization profiles on an absolute scale. A scaling

of f was used in modeling the local Gd magnetization at each temperature.
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2.2.3. First Born approximation model for calculation of charge-magnetic

specular reflectivity

Using the Born approximation, the differential cross section is written:

dO' ~ % AN
— = |n. + fs e & / / / e’ d37'
dQ | (fo f ) Vcharge

(2.2) Finefn(€ X &) - m / / / et dlrf?,
Vmag

where n, is the scatterer’s number density, and the integrals are over the charge and
magnetic volume. After squaring the sum of the charge and magnetic terms, the
croés section has a pure charge term, a pure magnetic term, and a charge-magnetic
interference term. Only the latter depends on the orientation of magnetization (or
helicity). Therefore, the difference in the scattering intensities between the two oppo-
site helicities, I* — I~ is due to the charge-magnetic interference contribution only.
The charge-magnetic interference term of the scattering cross section includes the
products of the charge and magnetic contrasts at the interfaces. Adding charge and
magnetic roughnesses at the interfaces, the charge-magnetic cross section for specular

reflectivity becomes [28, 30, 31],

do 472L,L,0(q:)d(q . s al i (2e sz
(m) — y 2( )8( y)PC[COSQ(%ki ) + (kg - )] X Ze Gz (2a—25)
charge—mag 9z a,b

: ~ (ot atod) MU TR
[Ape,aApm,be 2 ' ™ +Ape,bApm,a6 2 \e, ) :|,

Aps, = netHfo+ £ —ne(fo+ £2)%

b+l b+l gb+l . b.b b
(2.3) Apmp = notisii ot —ngso, fo.
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Here, ¢,, Ocfs, Ocry, and Begy are defined as

4rmsinb. sy
qz - A 9

Oesr = /02— 20css — 120ess,

drpe dgd
Seff = ———0pe + ————0cd;
1 dpe + dga | * dre + dgg "
dFe de
2.4 3 = ————fOpe + —m— .
(2.4) Bess Y deﬁF + Py deﬁad

The charge and magnetic density contrasts across interfaces a, b are Ap} , and Apmp,
respectively. The degree of circular polarization is Pc; n is the atomic number density;
Sm is & scaling factor for the maghetization; /Aciv 7 are the wave vectors of the incident
and scattered radiation. Height fluctuations about the average positions of the charge
and magnetic interfaces are assumed to be Gaussian, and thus ([0zem(z,y)]?) =
ag’m. Orientational disorder contributions to the magnetic roughness are not explicitly
considered, i.e., they are folded into an effective magnetic roughness o,

The polarization dependence in Eq. 2.3 was calculated using the matrix formalism
of Blume and Gibbs [35] for the case where no polarization analysis of the scattered
beam is performed. It involves taking traces over matrix products of the form <€’ T
&) p([(¢" x &) - m]*), where p is the (2 x 2) density matrix of a beam with circular
polarization in the (o, 7) basis. From Eq. 2.3, the charge-magnetic cross section is

only sensitive to the component of the magnetization density in the scattering plane

[( -

~

), (kg - ™) terms.

3)
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2.2.4. Distorted-Wave Born approximation model for fitting of charge-

magnetic specular reflectivity

The DWBA calculations for the magnetic reflectivity are based on the formal-
ism developed recently by Lee et al. for magnetic multilayers with rough interfaces
[32]. This formalism includes structural and magnetic interfaces to represent actual
interfaces. Nevot-Croce formula for specular reflectivity was generalized for the case
of a single rough magnetic interface using self-consistent method. This single rough
magnetic interface was then generalized for multiple interfaces.

For specular condition, the differential cross section for scattering by the rough

surface can be written as [31, 32],

do 1
(2.5) Q0 1672

(TP

Tl = <];'f, v|Tlk;, ) is the scattering matrix element. k; ; are wavevectors of incident
and scattered radiation, and u and v are polarization vectors. The scattering matrix

element is expressed as,

(kg,v| Tlki, p) = K3 {5, vIXO|EL(r)
(2.6) + kg (=K, V| A®|ki, 1) + kg (—k, AT ks 1),
E; (r) is the incident wave and |—k%, v) is the time-reversed function corresponding to

a wave incident on the interface. x(© denotes an ideal system with a smooth interface,

and A¢ and A™ are structural and magnetic perturbations on x© due to non-ideal

rough interface.
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For specular condition, Eq. 2.6 can be rewritten as
(2.7) R, =RO+ U, + > V,R{).
A

R,,u,R,(fL) are reflection coefficients for rough and smooth ideal interface, respectively.
R,(,(L) can be expressed in terms of 2 x 2 matrices using the polarization bases for
the incident and reflected waves. For the waves in the nonmagnetic medium, the
polarization base is given by (é,,é,). In the magnetic resonant medium, the polariza-
tion base is expressed by two circular polarizations, (€1),é®), where &) = &, + ié,
and é® = &, —ié,. U,V,, are the correlation terms due to the roughness in the
reflection coefficients containing structural and magnetic roughness (o, and 0,,). A

self-consistent matrix can be written as,

(2.8) R=R" + U+ VR,
where its solution is,

(2.9) R=(1-V)HRO+U).

Reflection coefficients are expressed as three different functions for nonmagnetic-
magnetic (nonresonant-resonant), magnetic-nonmagnetic (resonant-nonresonant), and
magnetic-magnetic interfaces (resonant-resonant). These reflectivity coefficients can
be expressed as a function of the refracted angles ux, the wave vector ko, the roughness
Oem, and the dielectric susceptibility. Here, uy are non-trivial solutions of Maxwell’s
wave equation for M || X(the magnetization vector is aligned along the sample

surface in the scattering plane). u. are refracted angles inside media, defined as,

92 + x1 = B'. In a resonant magnetic medium the dielectric susceptibility is
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a tensor. x; and B’ are a diagonal and off-diagonal terms in the dielectric suscepti-
bility of a resonant magnetic medium for the case M || X. The off-diagonal term is
related to x-ray magneto-optics effecté. For a non-resonant medium, the off-diagonal
term B’ is vanishing, and thus uy = u_ = \/m . For the interface between two
non-magnetic layers, the reflection coefficient is reduced to the familiar Nevot-Croce

form [33, 34],
(2.10) R = RO2k:IkIo?

The reflection coefficients for the other two cases can be obtained with similar ap-
proach, and they are described in detail elsewhere [32].

The reflection coefficients R are for the single interface. For multiple interfaces,
this approach can generalized by calculating a reflection coefficient for each interface.
The specular reflectivity from magnetic multilayer can be calculated using the (2% 2)
recursive matrix algorithm for scattering matrices of individual layers. This recursion
relation was originally developed by Stepanov and Sinha [36] for resonant specular
reflectivity from magnetic multilayers with smooth interfaces, but here the recursion

relation was modified to included interface roughness [32].
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Figure 2.9. Specular reflectivity measurements from Fig. 2.8(symbols),
the DWBA calculation (red lines), the BA calculation (blue lines). The
incident x-ray energy was 7929 eV with an applied field of 2.1 kOe.
The measured reflectivity curves were fitted with the DWBA theory,
and the parameters obtained from this fitting were used for the BA
calculation. (a) Charge specular reflectivity for Gd/Fe multilayer at 300
K. The root-mean-squared roughness of the Gd/Fe chemical interface
was 3.0+1.1 A, and the densities of Gd and Fe layers were 93% of
their bulk values. (b)-(e) Charge-magnetic reflectivity curves at the
indicated temperatures with fits using the BA and DWBA theories.
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2.3. Discussion

The parameters obtained by fitting the measured reflectivity curves with the
DWBA model are shown in Table 2.1. The fitted charge-magnetic specular curves
simulated with these parameters are shown as red lines in Figs. 2.9(b)-(e). It is
assumed that there is no charge roughness between the Gd-sublayers (0. gaca = 0).

With these parameters, the charge-magnetic specular reflectivity curves were cal-
culated using the BA model [Figs. 2.9(b)-(e) blue lines]. The two calculated results
are replotted separately in Fig. 2.10. Overall, both models are in agreement with the
data except near the first multilayer Bragg peak (Fig. 2.10). In the low g, region
near the critical angle for total external reflection, the BA model does not explain the
charge-magnetic specular reflectivity accurately because it neglects multiple scatter-
ing and only approximates the x-ray refraction, both of which are strong near total
external reflection. The DWBA is a dynamical calculation taking account of the
multiple scattering and thus gives a better description in this region, as also found in
non-magnetic cases [31]. Since both the BA and the DWBA models give consistent
magnetic parameters in the fits, however, the BA model can be used provided a large
q. range of data is available. An extended g, range is a prerequisite for refinements
of magnetization density profiles with high spatial resolution. Furthermore, since the
BA model is a kinematical calculation wherein each interface acts as an independent
scatterer, it is conceptually more straightforward than the DWBA model, which needs

a recursive approach to treat multiple interfaces.
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Table 2.1. Parameters derived from fits to the charge-magnetic spec-
ular reflectivity data for the indicated temperatures. The relative mag-
netization of the Gd sublayers are M;,; and Myq. For all temper-
atures, gegare = 3.0£1.1 A, Oe,GdGd = 0 A. The fitted thickness of
Gd-sublayers adjacent to the Fe layers is din, = 3.94£0.09 A at all

temperatures.
T(K) Mg Mua | omcare (A) | omcaca (A)
300 [1.00+0.12]0.004+0.00| 4.21+£0.23 | 3.18 £ 0.06
200 |1.004+0.13]0.46+0.04|3.89+0.14 | 3.26 +0.13
100 | 1.00+0.13]0.74+0.04 | 3.76 £ 0.09 | 3.61 +£0.23
20 1.00+0.1310.914+£0.03| 3.66 £0.06 | 3.44 £0.31

As shown in Table I, the Gd moment of the interfacial regions are enhanced relative
to that of the interior regions. While the Gd moment of the interior regions decreases
as the temperature increases, the enhanced moment in the interfacial regions does not
change. The width of these magnetized region is 3.94+0.09 A, almost independent
of temperature. The fitted magnetic roughnesses (om Gdre; Om,GdGd) do not change
noticeably as the temperature changes. However, it can be noted that the magnetic
roughness between Fe and Gd layers (0m,aare) slightly increases as the temperature
increases.

The experimental data and fitting results shown in Fig. 2.9 show reasonably good
agreement. However, in some areas the fitting results could not reproduce the features
in the experimental data. The discrepancy between the experimental and fitting
results may be due to possible systemic errors in the experimental data, errors in the
DWBA and BA theory, and the model dependency of the calculated curves.

For comparison, the DWBA fitting results with the model used above is shown

together with the results with a uniform Gd-layer magnetization model in Fig. 2.11.
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In this uniform magnetization model, the Gd magnetization was kept uniform across
each Gd layer. The uniform magnetization model works well for 20 K. At this tem-
perature, the magnetization contrast between the interfacial and interior Gd layers
is small so that the uniform layer magnetization model is as good as the three layer
model used above. However, as the temperature is increased the DWBA fitting re-
sults based on this model fails to reproduce the features in the difference (It —17)
peaks.

In Fig. 2.9, it is noticeable that the experimental data and fitting results do not
match well for the low order Bragg peaks. This may be due to the fact that at
low incident angles the near surface layer contribution is over-emphasized compared
with the contribution from the interior. The electric field intensity profiles inside
the multilayer were calculated as shown in Fig. 2.12. These electric field intensity
proflies were calculated based on the recursive relation calculation with reflection and
transmission coefficients [33, 37]. The electric field intensity profiles show that for
the low order Bragg peaks, the near surface Gd layer contribution is much larger
than the contributions of the layer§ below. The model used in the DWBA fitting
assumes that all 15 Gd layers in this multilayer film are equivalent, and if the near
surface Gd layers are slightly different from the rest of the Gd layers, the contribution
from this difference would be over-emphasized at the low angles in the reflectivity
measurements.

The theoretical Gd magnetization profile at each temperature was calculated for
the sample structure within a mean-field approach considering nearest-neighbor inter-

actions only [14, 38]. The mean-field calculation results were provided by Professor
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R. E. Camley from Department of Physics, University of Colorado. The results of
these mean-field calculations at each temperature are shown in Fig. 2.13 along with
the profiles derived from fits to the charge-magnetic specular reflectivity curves. The
key parameters used in the mean-field calculation are: applied field = 2.1 kQOe; 20
Gd atomic layers per unit cell; 8 Fe atomic layers per unit cell; 15 unit cells with
Gd on the outside at both ends; Gd moment = 7.0 up; Fe moment = 2.2 yg. An
initial estimate of the exchange-coupling parameters is made from the bulk Curie
temperatures of Fe and Gd, where Tc = Jiot S(S+1)/3. The exchange constant Jios
is expressed in Kelvins and is a measure of the total effective exchahge field acting
on an individual spin; it includes in-plane contributions as well as exchange fields
from one plane acting on a neighboring plane. In the final calculations, the values for
the exchange constants are Jga/re = -200 K; Jgg = 13.7 K and Jp = 529.3 K. It is
expected that the exchange coupling within a plane will be the same as that between
planes, 50 Jiot—re = 3 Jre, for example. To obtain the best agreement with the data,
a reduction factor of 0.9 was introduc?d for the Gd moments, and a reduction factor
of 0.93 was included for the Fe moments.

As shown in Fig. 2.13 the profiles obtained from the mean-field calculation and
those from the fitted parameters are consistent. Both theoretical and experimental
results show that the Gd layers near Fe are fully magnetized at all temperatures con-
sidered while the magnetization in the interior decreases with increasing temperature.

One possible origin of the enhanced Gd magnetization (as observed in the exper-
iments and in the mean-field calculations) is proximity to magnetized Fe (T¢c=1024

K) to which the Gd magnetization couples by a strong antiferromagnetic exchange
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interaction. This interlayer exchange interaction is short-ranged, and therefore the
enhancement in the Gd magnetization is limited to the region near the Gd/Fe inter-
faces. This scenario is supported by the results of mean-field calculations, which yield
very similar magnetization profiles by assuming strong interlayer antiferromagnetic
coupling across sharp interfaces. It is known that, in rare-earth (RE) transition-metal
(TM) intermetallics, a strong coupling between TM and RE ions exists through strong
hybridization between the RE 5d and TM 3d bands. Since Fe has a much higher or-
dering temperature than Gd, it induces spin polarization in the Gd 5d band through
hybridization. The Gd 5d bands play a role in mediating the indirect coupling be-
tween localized Gd 4f moments [39, 40].

It can also be argued that the enhancement in the Gd magnetization near Gd/Fe
interfaces is due to alloying between Gd and Fe. To address this question, off-specular,
longitudinal, diffuse scattering measurements were performed on the same Gd/Fe
sample. Since specular reflectivity yields a density profile averaged over a illuminated
lateral area, specular reflectivity measurements cannot distinguish roughness effect
from interdiffusion effect. However, these two effects can be distinguished by measur-
ing diffuse scattering. A rough interface would cause off-specular diffuse scattering,
while a laterally homogenous interface with interdiffusion would not give rise to diffuse
scattering. The off-specular diffuse scattering data shown in Fig. 2.14(a) shows Bragg
peaks corresponding to the Gd/Fe bilayer period, and these strong diffuse peaks in-
dicates that the roughnesses at the Gd/Fe interfaces are conformal and correlated in

the normal direction [41]. This supports the presence of well-defined interfaces with
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Figure 2.13. (a) Gd magnetization profile obtained by mean field
calculations, assuming perfect interfaces. (b) Gd magnetization profile
used in fitting the charge-magnetic reflectivity data at the different tem-
peratures. For comparison with (a), charge and magnetic roughnesses
between Gd/Fe layers are not included in this plot. (c) As in (b), but
with structural and magnetic roughness included. The dash line repre-
sents Gd concentration obtained from charge reflectivity fitting. Each
profile shows the relative magnetization within the Gd layer, which is
the product of Gd concentration and the average magnetic moment
within each Gd sublayer [24].
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pure roughnesses [Fig. 2.14(b)] as opposed to the structureless interfaces expected
from pure intermixing [Fig. 2.14(c)].

The question remains whether structural roughness is needed to drive the in-
terface magnetic ordering of Gd. Our theoretical calculations, which yield similar
enhancements by assuming sharp interfaces, indicate that the strong antiferromag-
netic coupling is the key ingredient. However, the spatial extent of the magnetized
region is likely to be determined by a combination of structural roughness and the
range of antiferromagnetic interaction between Gd and Fe. In this particular case,
since the rms roughness is comparable to the extent of the magnetized Gd layer, the
roughness sets an upper limit for the extent of such antiferromagnetic coupling.

Further evidence for the absence of significant intermixing comes from the XMCD
measurements. We do not observe significant changes in XMCD line shape between 20
and 300 K, despite the latter probing the enhanced interfacial region only. Significant
changes in local chemical environment associated with strong intermixing would have
resulted in an altered line shape, which is not observed.

The integrated area under the fitted magnetization profile (from the fitted pa-
rameters in Table I) is calculated to obtain the average magnetization of Gd layers
for each temperature. In Fig. 2.15, these value are compared with similar averages
obtained from the result of the mean-field calculations and with those obtained by
integrating the XMCD data in Fig. 2.6(d). The figure shows that the mean-field
calculation and the integrated moment calculation from the reflectivity fittings are in
agreement. Assuming that each Gd layer has interfacial and interior regions with the

same saturation magnetization M but different T¢ values, the average magnetization
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from the XMCD data was fitted using a superposition of two different M(T) curves

corresponding to interior and near-interface Gd volumes. The following equation was

used to describe the temperature-dependent magnetization:[42]

(2.11)

| Mz\g) - /Tc (TC_T;ZYH(TC - 1) p(Tc)dle,
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Figure 2.15. Average Gd layer magnetization at each temperature.
(a) XMCD result (rectangles) is obtained from temperature-dependent
XMCD measurements by integrating the area under Gd L, absorption
edge [Fig. 2.6(d)]. Mean field calculation result (triangles) and charge-
magnetic reflectivity result (circles) are calculated by integrating the
area under Gd magnetization profile curves [Figs. 2.13(a),(b) respec-
tively]. The inset shows SQUID magnetometry result on the Gd/Fe
multilayer (Fig. 2.3). Lines are guide to the eye. (b) Magnetization
for the interfacial (dashed line) and middle (dotted line) regions were
calculated using Eq. 2.11 with different T¢ values. The two values were
added with the thickness ratio included (solid line).
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where 6(z) is the Heavyside function, and p(T¢) is a Gaussian distribution function
with a 20 K distribution width in order to account for disorder in the sputtered sample.
The XMCD average magnetization result was reproduced best with 8 = 0.47 & 0.09.
The contributions from the two regions were added as M(T) = (2r)Mqm(T) + (1 -
2r) Myp(T'), where r is the ratio of interfacial region thickness over total Gd layer
thickness (r=0.079) obtained from XRMS measurements. The T¢ value of the middle
region is estimated to be 220 K that is lower than that for bulk Gd (Tc =~ 293 K),
consistent with other reports [27]. The T value of the interfacial regions is estimated
to be 1050 K that is comparable to the T value of bulk Fe. It should be noted that
the moment of the interfacial regions are almost independent of temperature between
20 and 300 K, and this is consistent with the results from the reflectivity fitting
(Table I). The large Jga/re compared to Jgq effectively decouples the Gd interfacial
and bulk regions giving justification to the two-component system modeling in Fig.
2.15. Further support for this uncoupled behavior is found in the work of Binder and
Hohenberg [43], where decoupling of surface and bulk magnetic orderings is found

when Jsurface > 1‘6Jbulk'

2.4. Conclusion

The temperature evolution of the magnetization in the Gd layers of a strongly
coupled Gd/Fe multilayer was studied using element-specific magnetization probes.
Spatially resolved magnetization profiles were obtained from fits of XRMS reflectivity
data using dynamic (DWBA) calculation of the asymmetry in the reflected intensity of

opposite helicities of incoming circularly polarized x rays. With the fitted parameters,
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kinematic calculation (BA) was then used to calculate the asymmetry in the reflected
intensity. Both approximations include the effect of chemical and magnetic roughness
on the scattered intensity, allowing for quantitative determination of magnetization
profiles. The refined profiles are inhomogeneous throughout the 20-300 K temperature
interval, wherein the magnitude (but not the direction) of the Gd magnetization
varies throughout the Gd layer thickness. Different origins for the enhanced Gd
magnetic ordering near Fe were discussed, including strong antiferromagnetic coupling
at Gd/Fe interfaces, intermixing, and the role of roughness. Theoretical calculations
within a mean-field approach show that a strong interlayer antiferromagnetic coupling
at Gd/Fe interfaces can account for the observed profiles even in the absence of
chemical roughness. While the enhanced ordering of Gd at Gd/Fe interfaces does not
require roughness, these enhanced regions can extend past the very short range of

antiferromagnetic interactions in the presence of roughness.



CHAPTER 3

Spin reorientations and surface effects in Fe/Gd magnetic

films

3.1. Background

Magnetic multilayers have been the topic of intense research recently as they
exhibit a myriad of novel magnetic phenomena arising from direct exchange across
interfaces or indirect layer coupling through nominally non-magnetic spacers. One
of the most well known phenomena due to the magnetic coupling is exchange bias
between ferromagnetic-antiferromagnetic layers, which causes a field shift in the hys-
teresis loop of ferromagnetic layers [2]. In some antiferromagnetic multilayers, the
competition between the exchange, Zeeman, and anisotropy interactions can lead to
a spin flop transition, resulting in a canting of sublattice magnetization [5]. In these
antiferromagnets, surface effects play an important role on the spin flop transitions.
The surface spin flop transition was observed to occur at lower fields than the bulk
transition. In addition, the surface spin flop depends on the number of layers [6].

Fe/Gd multilayers have antiferromagnetic coupling at the Fe/Gd interface, and at
temperatures where the Gd and Fe layer net moments are comparable to each other,
the Fe/Gd multilayers exhibit a canting of sublattice magnetization similar to the
spin flop in antiferromagnetic multilayers. Ferromagnetic Fe and Gd have different

Curie temperatures (1024 and 293 K, respectively), as shown in the previous chapter
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(Fig. 2.1). As temperature changes, the system goes through different magnetic states
due to the antiferromagnetic coupling and the different temperature dependence.

Due to the competition between exchange and Zeeman interactions, the anti-
ferromagnetically coupled Fe/Gd multilayers can be in Gd-aligned, Fe-aligned, and
surface/bulk twisted states [14, 15] as illustrated in Fig. 3.1. The Gd-aligned state
occurs at low temperatures, the twisted states occur near the ferrimagnetic compen-
sation point Tcomp, and the Fe-aligned state occurs above Tcomp. Unlike in the Fe-
and Gd-aligned states, in the twisted states the Gd and Fe spins are not fully collinear
with the field. Depending on where this twisting starts within multilayers, the twisted
states can be categorized into either a bulk twisted or a surface twisted state. While
away from Tcomp, the magnetic phase diagram is determined by the competition be-
tween Zeeman and exchange energies, right near Tc,m, Zeeman energy contributions
are reduced and the magnetic ground state becomes more susceptible to other small
interactions.

Twisted state of spins in Fe/Gd multilayers have been observed with magne-
toresistive measurements [16], polarized neutron scattering [44, 45], x-ray resonant
magnetic scattering [27], MOKE [45], and magnetometry measurements [16, 27, 44,
45, 46]. Direct experimental observation of the surface twisted state is not trivial
due to the difficulty in probing surface and bulk states in the same measurements.

Previously the surface twisted state on a Fe-terminated Fe/Gd multilayer was
reported by using x-ray magnetic circular dichroism (XMCD) technique with varying
penetration depth in order to separate surface and bulk magnetic contributions [19].

The surface twisted state was observed on the Fe-terminated sample but not on a
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(e) Fe-align

(C) at T=Turs
(b) surface-twist (d) bulk-twist

Figure 3.1. Possible magnetic states of a ferrimagnetic (Fe/Gd) mul-
tilayer depending on temperature, applied field, and layer thickness.
The relative size of ellipses and arrows represents the relative magnetic
moment of each layer.

Gd-terminated sample. The nucleation of an inhomogeneous surface magnetic state
was observed at a temperature below the compensation point. As the temperature
approached the compensation point, the inhomogeneous magnetic state penetrated
more into bulk, and temperatures far below and above the compensation point, the
magnetic state became homogenous. However, due to the choice of capping layer
(Nb), x-ray penetration through the Nb layer became problematic for the Fe surface
measurement, and Fe surface magnetic state could not be measured. Here, similar
Fe/Gd multilayers with a different capping layer (Al) are studied so that both of Fe
and Gd surface layers can be probed along with bulk layers. Two multilayers with
different termination layers are studied in this paper since the transition from the
Gd- and Fe-aligned to the twisted state can be modified by the termination layers

(surface and bottom) of the stacking. XMCD measurements were done with different
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Figure 3.2. SQUID measurements on the Fe-terminated and Gd-
terminated [Fe/Gd] multilayers. The compensation temperatures are
85 and 95 K, respectively, for the Fe- and Gd-terminated samples. The
applied field is 500 Oe.

incident angles of x rays to probe different film depths, and experimental results were

confirmed by micromagnetic simulation results.

3.2. Measurement of inhomogeneous magnetization using surface-to-bulk

sensitive XMCD
3.2.1. Experiments

Two multilayer films that were studied were prepared in vacuum by sputtering
Fe and Gd onto a Si substrate with Al buffer (100 A) and cap (50 A) layers. A
Fe-terminated multilayer sample has Fe layer at top and bottom, ([Fe(35 A)/Gd(50
A))15/Fe(35 A)), and a Gd-terminated multilayer has Gd layer at top and bottom,
(IGd(50 A)/Fe(35 A)]15/Gd(50 A)).

SQUID measurements were performed as a function of temperature (Fig. 3.2). In

contrast to the sample studied in the previous Chapter (Fig. 2.3), the samples here
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exhibit minima between 10~350 K in SQUID measurements. The minima in Fig. 3.2
- correspond to compensation temperatures where the net magnetization becomes close
to zero since Gd and Fe magnetization become equal in magnitude but opposite in
direction. The Fe-terminated sample has one less Gd layer than the Gd-terminated
does, and thus the compensation temperature is lower for the Fe-terminated than for
the Gd-terminated.

X-ray measurements were performed at the 4-ID-D beamline of the Advanced
Photon Source at Argonne National Laboratory. For XMCD measurements, a dia-
mond (111) quarter-wave plate operated in Bragg transmission geometry was used to
produce the circularly polarized x-rays. The sample was placed inside a closed-cycle
He refrigerator mounted on a diffractometer. An electromagnet was mounted exter-
nally to the cryostat to apply a magnetic field parallel to the sample surface and in
the scattering plane (described in detail in Appendix B).

X-ray reflectivity measurements were performed on the Fe- and Gd-terminated
multilayers in order to determine structural parameters for micromagnetic simula-
tions. For each multilayer, the reflectivity measurements were conducted at a non-
resonant (7 keV) and a resonant energy (7.245 keV, near Gd L3 edge), as shown in
Fig. 3.3. The contrast in optical constants between Gd and Fe is low at a non-resonant
energy as shown in Tab. 3.1, and thus the reflectivity measurements were repeated
at a resonant energy where the contrast becomes larger due to an enhanced sensitiv-
ity to resonant atoms. The atomic scattering factors of Gd near Gd L3 edge were
obtained_through Kramers-Kronig transform [47] of Gd absorption spectra measured

on the samples. From these atomic scattering factors of Gd, the optical constants of
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Table 3.1. Optical constants of Gd and Fe at a non-resonant (7.0 keV)
and a resonant energy of Gd (7.245 keV).

E(keV) §(Gd) §(Fe) B(Gd) B(Fe)
7.000 |2.2705 x 1075 2.6287 x 1073 | 1.8296 x 10~® 5.9163 x 1077
7.245 1.5077 x 107 2.5057 x 1075 | 7.872 x 107® 4.1865 x 107¢

Table 3.2. Parameters from the X-ray reflectivity fits for the measured
reflectivity on the two multilayers. ¢, p, and o each represents the layer
thickness, density relative to its bulk value, and interface roughness,

respectively.
Fe-Term Gd-Term
t(Fe) |40.38 £0.31 A || t(Fe) | 39.96 £0.14 A
t(Gd) | 45.31 £0.31 A | t(Gd) | 45.64 £0.14 A
p(Fe) | 1.06 £0.01 | p(Fe)| 1.07 +0.01
p(Gd) | 1.11 £0.01 || p(Gd) | 0.93 £0.01
Oare | 3.452 £0.04 A || oagq | 7.22 £0.31 A
Orecd | 8.06 £0.22 A | opeca | 5.23 £0.17 A
ocare | 4.81 £0.06 A | ogare | 3.95 £0.06 A

Gd at the L3 resonant energy was calculated as described in Appendix C. Other
non-resonant optical constants are obtained from the tabulated values [48].

For each multilayer, the two reflectivity curves measured at two different energies
were fitted simultaneously with one set of parameters using Parratt’s recursive for-
mula for x-ray reflectivity [33, 34]. X-ray reflectivity theory with Parrratt’s recursive
is described in detail in Appendix A. The parameters from the x-ray reflectivity
fitting are shown in Tab. 3.2. The x-ray reflectivity fitting confirmed that the fit-
ted parameters did not significantly deviate from the nominal structural parameters
([Fe(35 A)/Gd(50 A)]1s/Fe(35 A),[Gd(50 A)/Fe(35 A)]15/Gd(50 A)), and therefore

the nominal parameters were later used in micromagnetic simulations.
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To stud3; the magnetization of Gd and Fe layers separately, element-specific hys-
teresis measurements were performed by recording XMCD signals at the Fe K edge
and Gd L3 edge as a function of the applied field. The XMCD measurements were
performed in fluorescence geometry. A cylindrically bent Laue analyzer crystal [49]
was placed in front of a fluorescence detector in order to remove undesired scatter
and fluorescence background. The term XMCD signal is defined as the asymmetry
ratio, (I" — I7)/(I* + I~) where I +~ are the fluorescence intensities for the two
opposite helicities of the incoming x-ray. XMCD-hysteresis loops obtained at the
Fe(Gd) resonant energy are directly related to the Fe(Gd) layer magnetization. For
each multilayer, the Fe-layer XMCD-hysteresis loops were measured with x-ray en-
ergy at 7.112 keV (Fe K edge) and the Gd-layer XMCD-hysteresis loops at 7.247
keV (Gd L3 edge). The selected energies are where the maximum magnetic circu-
lar dichroic effects were observed across the absorption edges as shown in Fig. 3.4.
The sample was cooled down to 10 K with zero field, and the XMCD-hysteresis loop
measurements were performed at the temperatures ranging from 10 to 250 K. The
spin to orbital magnetic moments ratio was assumed to be not changing at different
temperatures, and thus the measured XMCD signal is directly proportional to the
magnetic moment of Fe(Gd) along the x-ray beam direction.

For surface-vs-bulk layer sensitivity, XMCD-hysteresis measurements were con-
ducted at two different x-ray incident angles. At each energy, the first set of measure-
ments were performed at a grazing incident angle (§ = 0.355°) , and the second set
was performed at a high incident angle (§ = 5°). At the high angle, the incoming x

rays penetrate through the entire layers, and thus the measurements serves as a probe
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of the bulk magnetic properties. At the low angle, the x rays would penetrate only
the near surface layers and thus serve as a “surface” sensitive magnetization probe.
Figure 3.5 represents the electric field intensity profiles inside the multilayers at
two incident x-ray energies, E=7.112 and 7.247 keV. The electric field intensity profiles
were calculated based on the Parratt’s recursive rele;tion calculation with reflection
and transmission coefficients [33, 37] with experimentally obtained optical constants
(6, B). The atomic scattering factors of Gd and Fe were obtained from absorption
measurements, and these experimentally obtained atomic scattering factors were con-
verted into the optical constants (described in Appendix C). From this calculation,
the attenuation length is less than 1.5 bilayers at the incideﬁt angle, 6~0.355°, for all
cases considered here (two energies and two samples). From Fig. 3.5, the integrated
electric field intensity for each layer can be calculated, and the integrated intensity
from the first Fe(Gd) layer was 3.84(5.56) times larger than that from the second
Fe(Gd) layer. Based on this calculation, it is concluded that the measured Gd L- and
Fe K-fluorescence radiation at §=0.355° is mainly from the first Fe/Gd (or Gd/Fe)
bilayer. At the two resonant energies, the the critical angles §c(Fe) and 6c(Gd) were
compared with the incident angle §=0.355° in Tab. 3.3. With incident energy E=7.112
keV, fc(Fe)=0.335° and 6c(Gd)=0.374° so that do(Fe)< 6 < 6c(Gd). However, with
E=7.247 keV, 6c(Fe)=0.406° and 8c(Gd)=0.306° so that c(Gd)< 6 < Oc(Fe).
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Figure 3.3. X-ray reflectivity curves measurements on Fe/Gd multilay-
ers at 7.0 and 7.245 keV. The circles represent experimental data, and
the solid lines show fitting results using Parratt’s recursive formula.
For clarity, E=7.0 keV curves (data and fits) are shifted up by a fac-
tor of 10%. (a) Fe-terminated multilayer. (b) Gd-terminated multilayer.
The two vertical lines roughly indicate where XMCD measurements are
performed at a low angle (LL) and a high angle (HH).
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Figure 3.4. XMCD measurements on the Fe/Gd multilayer across the
Gd L3 and the Fe K absorption edges. I*~ are the fluorescence in-
tensities for the two opposite helicities of the incoming x-ray. Lines
are drawn to guide the eye. (a) Absorption measurements across the
Gd L3 edge. (b) Near the Gd L3 edge, the dichroic contrast between
the two opposite helicities are shown. (c) Absorption measurements
across the Fe K edge. (d) Near the Fe K edge, the dichroic contrast
between the two opposite helicities are shown. XMCD-hysteresis loops
were measured with the x-ray energy 7.247 (Gd Lz-edge) and 7.112 keV
(Fe K-edge) where the maximum dichroic signals were observed in (b)
and (d).
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Table 3.3. Critical angles 6¢c for Gd and Fe layers at 7.112 (Fe K)
and 7.247 (Gd L3) keV. For the surface layer sensitive XMCD mea-
surements, the incident angle 8 was 0.355°.

7.112 keV,Fe K 7.247 keV,Gd L3

0c(Gd) 0.374° 0.306°
fc(Fe) 0.335° 0.406°

200  -100 0 100 200 a0 400 500
z, depth from the surface [A]

--@-at Fe K edge
—E~at Gd L; edge

Al Gd Fe
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Figure 3.5. Calculated electric field intensity inside the multilayers at
a grazing incident angle, 0.355°. This incident angle is near the critical
angles ¢ as shown in Tab. 3.3. At E=7.112 keV, ¢ (Fe)=0.335° and
0c(Gd)=0.374°. At E=7.247 keV, 6 (Fe)=0.406° and 8-(Gd)=0.306°.
The depth from the surface is z. Positive z corresponds to inside the
multilayers and the negative z corresponds to air. The first 50 A corre-
sponds to the Al capping layer. The incoming x-ray energies are 7.112
(Fe K) and 7.247 (Gd L3) keV. Lines are drawn to guide the eye. (a)
Fe-terminated sample and (b) Gd-terminated sample.
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3.2.2. Micromagnetic Simulation

The spin configurations in the Fe/Gd multilayers were modeled using LLG micro-
magnetics simulator [50]. For a ferromagnetic system, a magnetic ground state with
the minimum energy can be obtained by micromagnetic calculations. The continuous
magnetization distribution ‘of a ferromagnetic system is approximated by a discrete
magnetization distribution consisting of equally sized cells with a constant saturation
magnetization Mg. Only the magnetization directions of the cells are varied until a
minimum energy configuration is reached, and the configuration is found by solving

the Landau-Lifshitz-Gilbert equation in the following form [51, 52, 53].

(3.1) %:-Iﬁ quMeffJﬂMO;Mx (M x H.;)

~ is the gyromagnetic frequency, o is the damping factor, Heyy is the effective field,
and M is the sample magnetization. The effective magnetic field includes all the
effects from exchange, anisotropy, external fields and demagnetizing fields (described
in detail in Appendix D).

The Fe-terminated and the Gd-terminated samples were modeled separately in mi-
cromagnetic simulations to see the termination effect. For the Fe-terminated sample
([Fe(35 A)/Gd(50 A)}15/Fe(35 A)), the total simulation volume was 50 x 50x 0.131um.
The simulation cell size was 50 x 50 x 0.0005um, and each Fe and Gd layer were
sliced into 7 and 10 sublayers, respectively. The same cell size was used for the Gd-

terminated sample ([Gd(50 A)/Fe(35 A))15/Gd(50 A)) with 50 x 50 x 0.1325 um total

simulation volume. An equilibrium configuration was assumed when the maximum
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Figure 3.6. Gd layer magnetization at temperatures between 20 and 300
K. The symbols are from XMCD measurements on a similarly grown
([Gd(50 A)/Fe(15 A)]15) multilayer in which Gd and Fe moments are
collinear with the applied field up to 300 K, and the line is a fit to the
XMCD data. For the simulation, the saturation moment of Gd at 0 K
was reduced by 30% from the bulk value of My = 2020emu/cm?®.

change in | M/Ms| was less than 1079, and making the convergence criteria more strict
did not affect the simulation output.

For the Fe layers, the saturation moment Mg was 1700 emu/ cm® and the layer
exchange Jre was 2.1 uerg/cm. It was assumed that the changes in these Fe mag-
netic parameters were negligible from 20 to 300 K since the temperatures within this
range are well below T¢(Fe)=1024 K. While the anisotropy in the Gd layers was as-
sumed to be negligible, a uniaxial magnetic anisotropy was included for the Fe layers.
Later, in order to match the simulation data with the experimental results, the mag-
nitude and direction of the Fe anisotropy were varied. For Gd, ’JGd was calculated
relative to Jpe, assuming 3D Heisenberg model, J=3kpTc/22S5(S+1) with reduced
Te(Gd)=220 K. To(Gd) was determined experimentally by XMCD measurements on
a similarly grown ([Gd(50 A)/Fe(15 A)];5) multilayer (Fig. 3.6) [54]. Jga was calcu-

lated to be 0.054 perg/cm, and the antiferromagnetic coupling between Gd and Fe
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was chosen to be Jr./ca=—(Jre+Jga)/2=—1.077 perg/cm. The saturation moment
of Gd at 0 K was reduced by 30% from its bulk value in order to reproduce the
XMCD-hysteresis experimental results. Simulations for different temperatures were
modeled by changing Mg(Gd). It was assumed that the temperature dependence of
Gd saturation moment is the same for the current samples and the above mentioned
([Gd(50 A)/Fe(15 A)];5) multilayer. The relative Gd magnetization values at differ-
ent temperatures were calculated using the XMCD curve in Fig. 3.6 to get the Gd

saturation moments.

3.3. Results and Discussion

3.3.1. Fe-terminated sample

XMCD-hysteresis loops measured on the Fe-terminated sample are shown in
Fig. 3.7. The results in the first and the third columns were measured at the grazing
incident angle for top layer sensitivity (labelled “surface”), and the other two c_:olumns
‘show the measured results at the high angle (labelled “total”). At each temperature,
the Gd and Fe XMCD signals have opposite signs indicating antiparallel alignment
between the Gd and Fe moments. From the SQUID results (Fig. 2.3), the compen-
sation point is around 85 K for this sample. In Fig. 3.7, the sign of hysteresis loops
is reversed between 65 and 90 K in agreement with the SQUID results.

What is noticeable in Fig. 3.7 is that surface hysteresis loops are tilted at 45 K
while their total counterparts are not. Since the XMCD signal is proportional to

the moment projected along the applied field direction, this tilting indicates there
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are some moments twisted away from the field direction at high fields. At low tem-
peratures, the multilayer is in the Gd-aligned state where Fe (Gd) magnetization is
antiparallel (parallel) to the field. The spins in the top Fe layer are coupled to the
spins in Gd layer on only one side. Because of this reduced coupling effect, the top
Fe layer spins start to twist away from the field direction. Meanwhile, the interior Fe
layers are coupled to Gd layers on both sides and they remain antiparallel to the field
direction. This twisting starts from the surface and it penetrates even to the first Gd
layer, as shown in the first hysteresis loop in Fig. 3.7(b).

As the temperature is increased above the compensation temperature, the sample
is in the Fe-aligned state and the situation is reversed. At 90 K, the top Fe layer
is now aligned parallel to the field and the twisting does not occur at the surface.
Instead, the twisting occurs at the middle layers (bulk twisted state), and the total
hysteresis loops are tilted while the surface loops are not.

Near the compensation temperature, the XMCD loops at 80 K in Fig. 3.7 show
interesting features. The surface loops at this temperature are shifted horizontally,
and the total hysteresis loops do not change their magnetization directions even as
the applied field is reversed. At this temperature, the Gd layer and the Fe layer
magnetization contributions are comparable to each other, and an additional effect
may play a role in tipping the balance, causing the observed features.

The spin configurations in the Fe-terminated sample were simulated using micro-
magnetic calculation as shown in Fig. 3.8. The ground state configuration was found
at each field value, and relative magnetization was calculated by projecting each sub-

layer spin along the field direction. The first and the third columns in Fig. 3.8 were
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obtained by averaging the projected magnetization of the sublayers in the first Fe
or Gd layers, respectively. The second and the fourth columns were obtained by
averaging magnetization values from all Fe or Gd sublayers, respectively.

Initially, no anisotropy was included in the simulated systems. Magnetic anisotropy
contributions are often ignored in these Fe/Gd multilayers systems [14, 15] because
Gd has very weak magnetic anisotropy and also because the multilayers studied are
typically poly-crystalline. In this study, when no anisotropy was included, the micro-
magnetic simulation results were in good agreement with the XMCD experimenfal
results except for near Toomp. As discussed earlier, the XMCD measurements near
T comp show distinctive features such as field-shifting and non-reversing of the loops,
and these features could not be reproduced in the simulations as shown in Fig. 3.9.
In order to check if the observed features are due to some anisotropy contributions, a
uniaxial anisotrbpy was included in the Fe layers in the micromagnetic simulations.
The magnitude and direction of this anisotropy were varied while comparing with
the XMCD experimental results. When a uniaxial anisotropy of 4700 erg/ cm?® was
included at 30° away from the applied field direction, the observed features in the
XMCD measurements (field-shifting and non-reversing of the loops) were reproduced
in the micromagnetic simulations with the anisotropy. This anisotropy K corresponds
to 10% of the nominal value of bulk Fe anisotropy. The corresponding anisotropy field
is H=2K/uoMs=3.25 Oe. The anisotropy was relatively weak so that away from the
TComp, two simulation sets (with and without the anisotropy) were not significantly
different from each other as shown in Fig. 3.9(b). However, near Tcomp the difference

between the two simulations is significant. The simulation results shown in Fig. 3.8
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are based on the calculations with the above mentioned uniaxial anisotropy in the Fe
layers.

Based on the simulation results, the spin configurations near Tom, are visualized
in Fig. 3.10, and the observed features in the XMCD measurements in Fig. 3.7 can be
explained by these configurations. The XMCD results show that near Tcomp, the total
XMCD signals are maximized at zero field and minimized at high fields. The Fe/Gd
multilayer is aligned with anisotropy direction at remanence [Fig. 3.10(c)], and the Gd
and Fe moments spread out across the My /Mg axis at high fields [Figs. 3.10(a),(e)].
This spreading out at high fields occurs in such a way that almost equal number
of spins are in the Mx/Ms >0 and Mx/Ms <0 regions causing the Gd- and Fe-
XMCD signals to be almost zero as shown in the third row in Fig. 3.7 [also re-plotted
in Fig. 3.9(a)]. The XMCD measurement results also show that the Gd and Fe
moments do not change signs even as the applied field is reversed. The simulation
results in Fig. 3.10 agree with the XMCD results showing that the Gd spins are in
the Mx/Ms >0 region at H=-80 and +80 Oe while the Fe spins are in the opposite
region [Figs. 3.10(b),(d)]. However, the direction of the “bulging” is different between
the two opposite field values. The XMCD—hystéresis loops from the surface Fe and
Gd layers exhibit a field shift as shown in Fig. 3.7, and the this field shift is also
reproduced in the micromagnetic simulations. For the surface and center layers, Fe
and Gd magnetizations are illustrated in Fig. 3.11. As the applied field is reversed
from H=-400 Oe to H=+400 Oe, the Fe and Gd surface layer magnetizations does
not change their signs until H=+160 Oe causing a field shift in hysteresis loops as

if they were biased. The effect of the Fe anisotropy is evident here, and as the field
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is reversed, a significant field (=+160 Oe) is required to cant away the Fe moments
from the easy axis direction.

From the simulation results, Tom, lies around 82 K. The micromagnetic simu-
lation results follow the trend of the experimental data. Below Tcomp, the surface
Fe and Gd layer hysteresis loops show iwz’stz’ng at moderate fields while the total Fe
and Gd layers hysteresis loops show slight twisting only at high fields (Fig. 3.7-3.8).
Figure 3.12 shows the spin configurations at four fields at 41 K. At remanence, the
multilayer is in the Gd-aligned state [Fig. 3.12(a)] and the spins are aligned with the
Fe-anisotropy direction K. As the field is increased, the twist starts at the surface
and progressively penetrates deeper into the film [Figs. 3.12(b)-(d)]. The fanning of
spins within layers is more pronounced in the Gd layer because the exchange coupling
of Gd, Jgdaa, is relatively weaker than that of Fe, Jper.. In the surface twisted state
as shown in Fig. 3.12(d), the surface layers are magnetized almost perpendicular to
the field while the center layers are magnetized almost collinear with the field. This
is reminiscent of surface spin flop as illustrated in Fig. 3.11.

The experimental and simulation results show that at temperatures above Toomp
(T=99 K) twisting is more pronounced in the total Fe and Gd hysteresis loops than
in the surface Fe and Gd loops (Figs. 3.7-3.8). This suggests that the spins are more
twisted in the interior layers than in the surface layers. This can be visualized with
the spin configuration plots as shown in Fig. 3.13. Fof T > Tcomp, the multilayer is in
the Fe-aligned state [Figs. 3.13(a)-(b)] at low fields, and as the field is increased, the
spins of the middle layers start to twist away from the field direction, and the twisting

of Gd and Fe spins progresses up to near the surface layer [Figs. 3.13(c)-(d)]. In the
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bulk twisted state as shown in Fig. 3.13(d), the magnetizations in the center layers
are more twisted away from the field direction than the magnetizations in the surface
layers. For the surface and center layers, Fe and Gd magnetizations are illustrated in
Fig. 3.11.

The surface and interior magnetization directions are plotted in Fig. 3.11 for the
three temperatures where the surface twist, near Tcomp, and the bulk twist states were
observed in the simulation results. For the three cases, at zero field, the Fe and Gd
magnetizations are collinear, but as the applied field is increased, the magnetization
directions are canted away from the field direction in such a way that the Gd and
Fe magnetizations are not collinear anymore. The antiferromagnetic coupling at the
interfaces between the Fe and Gd layers wants to keep the two components collinear to
minimize the exchange energy (since Eezchange ~ C1(1 — mpe - mgg) with C; < 0). As
the field is increased, the Zeeman energy component becomes more dominating, and
a net moment (Fe+Gd) along the field increases through this non-collinear canting
toward the field between the Fe and Gd magnetzations, as illustrated in Fig. 3.11.
The Zeeman energy reduction by the increased net moment (Gd+Fe) is compensated

by the exchange energy gain due to the non-collinear alignment.
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Figure 3.7. XMCD-hysteresis loops from the Fe-terminated sample at
45, 65, 80, 90, 115, and 145 K. The first column in each plot is for the top
layers and the second column is for the total layers. The XMCD signals
are proportional to the projected moments along the field. For clarity,
the hysteresis loops are shifted down by multiples of 0.04 vertically. The
Gd surface hysteresis loops are scaled up by a factor of 2. The loops at
80 K are shaded to indicate the temperature is near the compensation
point. (a) Fe hysteresis loops. (b) Gd hysteresis loops.
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Figure 3.10. Spin configurations from the simulations for the Fe-
terminated sample at a temperature near Tgomp at the selected field
values as the field was swept as in Figure 3.8. The red solid circles rep-
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Figure 3.12. Spin configurations from the micromagnetic simulations
are shown for the Fe-terminated sample at a temperature below Tomp
at the selected field values as the field was swept as in Figure 3.8. The
spin orientation of each sublayer is plotted in the Mx-My plane where
the applied field direction is parallel to Mx. The red solid circles repre-
sent the Fe moments, and the blue diamonds are for the Gd moments.
The arrows indicate the applied field direction, and the projected spin

directions onto the bottom Mx-My plane are shown as the light-colored

symbols.
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Figure 3.14. XMCD-hysteresis loops from the Gd-terminated sample
at 80, 95, and 103 K. The first column in each plot is for the top layers
and the second column is for the total layers. The plots are shifted
vertically for clarity. The Gd surface hysteresis loops are scaled up by
a factor of 2 (a) Fe hysteresis loops. (b) Gd hysteresis loops.

3.3.2. Gd-terminated sample

Similarly measured XMCD-hysteresis loops on the Gd-terminated sample are
shown in Fig. 3.14. The compensation point for this sample is between 95 and 103 K
above (below) which the sample is in Fe-aligned (Gd-aligned) state. The twisting at
the surface layers is not observed at low temperature from this sample. The top-most
layer is Gd in this case, and it is aligned parallel to the field at low temperatures.
Thus the twisting does not occur in the first Gd layer. The Fe layer is below this first
Gd layer, and since the Fe coupling is strong, it is too cost‘ly energetically to have Fe

spins twisted away from the field direction. However, this situation is reversed above
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the compensation temperature. Now, the sample is in the Fe aligned state with the
top Gd layer magnetized antiparallel to the field direction, and twisting can occur in
the first layer.

The spin configuration is simulated with the micromagnetic calculation as shown
in Fig. 3.15. Compared with the case for the Fe-terminated sample (Fig. 3.8), it

noticeable that the extent of twisting is less pronounced and that the twisting occurs
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at higher fields. This may explain why bulk twisting below Ttom, and surface twisting

above Toomp Were not observed experimentally in Fig. 3.14.

3.4. Conclusion

Using XMCD in a depth-sensitive way, surface and bulk twisted magnetic states
were observed in a Fe/Gd multilayer. To probe near-surface layers, XMCD mea-
surements are performed at a grazing incident angle, and to probe the total layers,
XMCD measurements are repeated at a high incident angle. In the Fe-terminated |
multilayer the surface twisted state was observed at temperatures below the compen-
sation point. Above the compensation point, the bulk twisted state was observed. To
reconstruct the spin configurations, micromagnetic simulations were performed, and
the observed features in the experiments were reproduced in the simulations. Near the
compensation temperature of the Fe/Gd multilayer, field shift and non-reversing of
XMCD-hysteresis loops were observed, and the observed phenomena were explained
by the effect of weak Fe anisotropy.

The surface twisted state was not observed in the Gd-terminated sample at low
temperatures. The twisted spin states were not observed at temperatures around the
compensation temperature while the micromagnetic simulation results show the bulk
twisting below the compensation point and the surface twisting above the compensa-
tion point. This may be due to the fact that the twist angle in the bulk twist is less
pronounced and that the twisted states occur at higher field in the Gd terminated

sample.



CHAPTER 4

Magnetic Domain Studies on Patterned Structures

Recent advances in lithographic and other fabrication techniques have led to the
fabrication of a number of novel systems at the nanometer length scale. Periodic
arrays of magnetic structures have received much attention recently because of their
potential as high density magnetic storage media. From a fundamental point of view,
because of reduced size and lateral confinement effects, the patterned structures show
magnetic behaviors different from that of continuous film structures. Some of the
important issues in patterned magnetic array structures are the switching mechanism
during magnetization reversal, size effects, the uniformity among constituent indi-
vidual structures, exchange coupling, and magnetostatic coupling [55]. In patterned
particle arrays, the magnetization reversal is limited within a particle, and the rever-
sal mode can be coherent or incoherent. Through a better understanding of these
fundamental issues, future applications can take advantage of the novel properties,
and thus leading to the development of magnetic systems with tailor-made properties.

Two examples of patterned magnetic structures were studied: hole arrays and
pseudo-spin-valve structures. For these patterned samples, e-beam lithography was
used to pattern PMMA resist coated on Si-substrates, and e-beam evaporation and

lift-off processes were used as described in Fig. 4.1.

7
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Figure 4.1. Patterning process. (1)-(2) E-beam resist layers are spin-
coated. (3) Patterns are made on the resist layers by e-beam lithogra-
phy. (4) With a developing solution, the resist area weakened by the
e-beam is removed, and any residual is removed by etching. (5) Tar-
get metal is evaporated onto the developed pattern. (6) The resist is

removed by lift-off process.
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4.1. Magnetic Hole Arrays

Recently hole arrays have received much attention because of their possible ap-
plication as magnetic data storage devices. Due to the patterning effect, hole arrays
possess unique and desirable magnetic properties, such as shape-induced magnetic
anisotropy and pinned magnetic domain structure [56]. Typically, hole arrays at re-
manence show three types of magnetic domains that behave as single domains during
a magnetization reversal process.

For this work, circular holes in a square array on Fe/Gd multilayered films were
studied. First, the hole array was patterned on PMMA covered Si-substrates using
e-beam lithography, then [Fe(3 nm)/Gd(2 nm)]s films were prepared by evaporation
and lift-off processes. The patterned area was about 10 mmx10 mm. This system
is chosen as a model heterogeneous system with constituent elements having very
different Curie temperatures. Thus, at different temperatures, the magnetic contri-
butions from the two layers can vary. The influence of interlayer coupling on domain
formation and switching of Fe and Gd layers can also be studied. The focus here is

on the Fe layers at room temperature where the layers are decoupled.

4.1.1. Initial characterization with magneto-optical Kerr effect measure-

ment

With linearly polarized optical light, initial characterization of the hole array sam-
ples were performed using the magneto-optical Kerr effect (MOKE). Kerr effect and
Faraday effect are magneto-optical effects that are based on the interaction of light

with magnetized media; the linearly polarized light changes its polarization state after
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the interaction with the magnetized media. The Faraday effect occurs when linearly
polarized light is transmitted through a magnetized material, and the Kerr effect oc-
curs when the light is reflected from the magnetized material. With optical light, the
Kerr effect is more commonly used because the Faraday effect requires transparent
media while the Kerr effect requires a magnetized sample with a sufficiently smooth
surface. Depending on the measurement geometry, the magneto-optical Kerr effect
can be categorized into longitudinal, transverse, and polar MOKE. As illustrated in
Fig. 4.2(a), the longitudinal and transverse MOKE measures magnetization compo-
nents in the film plane while the polar MOKE is sensitive to the component in the
surface normal direction.

MOKE magnetization curves were measured in the transverse MOKE configura-
tion [57] with 7-polarized incident light emitted by a Ar-laser with A=51.5nm. The
MOKE setup used is shown in Fig. 4.2(b). With the external field normal to the
scattering pléme, the magnetization component parallel to the field direction is mea-
sured. In this setup, as the sample magnetization changes, only the reflected intensity
changes while the reflected light remains linearly polarized [58]. This means that as
the magnetization changes from +M to -M, the reflected light intensity changes from
I4+AI to I-AI leaving the light polarization state unchanged.

MOKE magnetization curves are measured on both unpatterned and patterned
films to determine the direction of an intrinsic uniaxial anisotropy. MOKE magneti-
zation curve was obtained at one sample orientation, and the second data curve was
obtained after the sample was rotated 90° while other experimental conditions were

fixed. The two curves were not equivalent, indicating the magnetic anisotropy in the
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(b)

laser
beam

Figure 4.2. Experimental geometry for MOKE measurements. The in-
side arrows indicate sample magnetization components. (a) Depending
on the geometry, MOKE measurements are categorized into longitudi-
nal, transverse, and polar. (b) Transverse MOKE setup used to measure
hysteresis loops on the unpatterned and hole-array patterned samples.
H indicates an applied field direction, and the incident angle 6 was
approximately 45°.

film was not negligible. The observed “squareness” of the ¢ = 0° loop (Fig. 4.3)
indicates that an easy axis lies near ¢ = 0° direction rather than ¢ = 90°. The
unpatterned film was approximately square-shaped, and the asymmetry between the
two directions was assumed to be originated intrinsically rather than originated from
the overall shape of the sample. The measured anisotropy may be originated from the

sample preparation process because the sputtering source was at an angle off from
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Figure 4.3. MOKE measurements on unpatterned film at ¢=0 and 90°
where ¢ is the sample rotation angle with respect to the field H. As the
sample is rotated by ¢, the incident laser and the field directions were
fixed. In this geometry, the sample magnetization component parallel
to the field direction is probed.

the surface normal direction. The measured intrinsic anisotropy plays an important -
role in the magnetic domain configuration of the hole arrays since the domain con-
figuration is affected by the interplay between this intrinsic anisotropy and the shape
anisotropy due to the patterning effect.

Since the unpatterned and the hole array patterned sample were grown simul-
taneously, the patterned hole array sample was expected to have similar intrinsic
anisotropy. In order to determine the intrinsic anisotropy direction in the hole array,
MOKE magnetization curves on the hole array were measured similarly at various
sample orientations as summarized in Fig. 4.4. The shape anisotropy induced by the
hole array pattern is expected to have its easy axis direction along the two equivalent
diagonal directions, ¢ = 45° and ¢ = 135° (where square-shaped hysteresis loops

would be measured). However, the measured loop at ¢ = 135° has the most square
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loop shape, indicating that the ¢ = 45° and ¢ = 135° directions are not equivalent due
to the additional intrinsic anisotropy that was similarly observed in the unpatterned
film (Fig. 4.3). The two hysteresis loops at ¢=135 and ¢=90 show more squareness
than any others. From this result, it was concluded that an easy axis lies between
$=135 and ¢=90 directions. Later, this information on the easy axis direction of the

intrinsic anisotropy was incorporated in micromagnetic simulations.
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Figure 4.4. MOKE measurements on the patterned film at different ¢
angles. (a) ¢=0°. (b) ¢=45°. (c) ¢=90°. (d) ¢=135°. (d) $=180°.
(f) Sample orientation with respect to the field H. The ¢=0° result
is equivalent to the ¢=180°, and the results for =225, 270, and 315°
were not shown here since they are equivalent to ¢=45, 90, and 135°,
respectively. From this result, it was concluded that an easy axis lies
between ¢=135 and ¢=90 directions.
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4.1.2. Magnetization reversal study with x-ray techniques

Since the penetration depth of visible light in metals is typically small (& 20 nm),
MOKE is sensitive only to the near surface layers. Subsequently, XMCD measure-
ments on the hole array were done to study magnetization reversal process of the Fe
layers. The XMCD measurements were performed as a vector magnetometry. The
experimental geometry is shown in (Fig. 4.5). XMCD signal is proportional to the
projection of the sample magnetization M along the photon direction k (XMCD k
- M ~ |M] cos~cosa), and this allows element-specific determination of the average
magnetization and orientation. For the XMCD measurements, the x-ray incident an-
gle o was 2°, and with é 2 mmx2 mm beam size, about 1000x5000 patterned holes

were probed.

(b)

Figure 4.5. (a) Experimental geometry for XMCD vector magnetome-
try setup. k, H, M represent the incoming photon momentum direc-
tion, the applied field, and the sample magnetization, respectively. «
is the incident angle, v is the angle between the magnetization and the
photon direction, and ¢ is the angle between the applied field and the
photon direction. (b) SEM image of the hole array.
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Figure 4.6. XMCD energy scan around the Fe K absorption edge. The
vertical dotted line indicates where a maximum XMCD signal is ob-
served (7.112 keV), and this energy was used for the rest of the exper-
iments.

The XMCD measurements were performed at the 4ID-D beamline at the Advanced
Photon Source. The XMCD signals were measured by monitoring fluorescence near
the Fe K absorption edge (7.112 keV) while the helicity of the incident radiation was
switched. A XMCD energy scan result is shown in Fig. 4.6. As defined in the previous
chapter, the XMCD signal is the asymmetry ratio, (I* — I7)/(I* + I~) where I*~
are the Fe-Ka fluorescence intensities for the two opposite helicities of the incoming
X-ray.

To obtain vector information on the average magnetizations from the sample, hys-
teresis loops were collected with more than two orthogonal incident photon directions
for each field [59]. Magnetization hysteresis loops were measured at four different

angles (¢) between the incident photon direction (k) and the applied field direction
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Figure 4.7. For the four different ¢ geometries, the XMCD experimental
results are shown as the symbols, and the micromagnetic simulation
results are shown as the lines. Micromagnetic simulation method is
described in detail in Appendix D.

(H) as shown in Fig. 4.5. XMCD results for ¢=0, -45, -90, and -135° are shown in
Fig. 4.7.

At ¢=0, -45, -90, and -135°, the alignment of the ¢ was checked by measuring
g-rocking curves from the hole arrays. The in-plane periodicity of the hole arrays can

be calculated from the distance between the two satellite peaks in the rocking scans
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Figure 4.8. 6-rocking scans at 20 ~ 2° with ¢=0, -90, -45, and -135°.
A9 = 0 — 20/2. The peaks in these rocking curves are due to the
in-plane periodicity of the hole array.

as shown in Fig. 4.8. The periodicity was calculated using the equation [60],

2r 4w, 20
(4.1) d= v —)\—sm(?)smAw,

where Aw is a satellite peak distance as shown in Fig. 4.8, and A is the x-ray wave-

length. Using Aw values from Fig. 4.8, the periodicity d was 2.004, 2.003, 2.822, and
2.854 pm, for ¢=0, -90, -45, and -135° respectively. This calculation served as a check

for the ¢ alignment since the in-plane periodicity depends on the ¢ angle. Since the
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holes are in a square array, the in-plane periodicity would reach a maximum when

$=-45 and -135° and reach a minimum when ¢=0 and -90°.

4.1.3. Micromagnetic simulation on the hole arrays

While XMCD measurements were used to obtain spatially averaged magnetiza-
tion, micromagnetic simulations were performed reconstruct microscopic magnetic do-
main configuration of the Fe layers. The simulations were performed using OOMMF
program from NIST [61], and the same hole array geometry was used in these two-
dimensional simulations. The hysteresis loops were calculated using micromagnetic
simulations and were compared with the experimental data from the XMCD mea-
surements.

The varied parameters in the simulations were the uniaxial anisotropy, exchange
constant, and saturation magnetization. A uniaxial anisotropy constant K,=500
J/m?® was used for the best fit to the XMCD measurements, and the bulk values are
used for the saturation moment and the layer exchange constant so that Mg (Fe)=1700
~emu/em® and Jp.=2.1 perg/cm. The measured XMCD hysteresis loops were re-
produced best with the easy axis of the anisotropy at 100° away from the applied
field direction (the field direction is the probing direction in both of the MOKE and
XMCD measurements). This angle is consistent with the results from the MOKE
measurements (Fig. 4.4). The in-plane cell size was 20x20 nm?, and the equilibrium
configuration was assumed to be reached when the torque |M x H|/MZ < 107*. The
thickness of the film was 3 nm, corresponding to the individual Fe layer instead of the

total thickness of Fe layers. This suggests that the Fe layers are isolated from each
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other by the neighboring Gd layers that are expected to be mostly paramagnetic at
room temperature.

To compare with the XMCD hysteresis loops, the average magnetization values
projected along the ¢ directions were calculated by averaging the projected magne-
tization of each cell, as {SM e (H)- kpn(¢)]/n, where n is the number of cells. The
simulation results are plotted along the XMCD experimental results in Fig. 4.7, and
the both results are in good agreement.

The sensitivity of the anisotropy strength and thickness to the calculated hys-
teresis loops were investigated as shown in Fig. 4.9. For comparison, Fig. 4.7 was
re-plotted in Fig. 4.9(d). For this simulation, the intrinsic uniaxial anisotropy was
K.=500 J/m?® and the thickness was 30 nm, as described before. Only one parameter
was varied for these simulations while others were kept the same. The strength of
the intrinsic anisotropy was varied to study how sensitive this parameter is to mag-
netization hysteresis loops of the hole array. If the intrinsic anisotropy is excluded,
the magnetization component perpendicular to the field direction (¢ = —90°) dis-
appears as in Fig. 4.9(a). As the anisotropy is increased by an order of magnitude,
the perpendicular component (¢ = —90°) becomes too large and the tie points in
(¢ = —45°) cannot be reproduced in the simulation as illustrated in Fig. 4.9(b). In
Fig. 4.9(c), a micromagnetic simulation result with increased film thickness is shown
(40 nm instead of 30 nm). In this case, the switching field is too large so that most

of features in the XMCD results are not reproduced.
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Spin configuration obtained from the micromagnetic simulations are shown in
Fig. 4.10 where the three characteristic domains, labelled as A, B, and, C are identi-
fiable. Fig. 4.10(a) shows three spin configurations near remanence, and Fig. 4.10(b)
shows the magnetization orientations of the three domains while the applied field
changed from positive to negative values. While the domains B and C rotates co-
herently, the domain A is pinned showing a sudden change of orientation between
0~-50 Oe. As the applied field decreases the domain C starts to orient toward 90°

gradually, but the domain A stays pinned to the field direction.
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4.1.4. A phenomenological energy calculation with three domain model

To understand the rotations of the domains intuitively, a phenomenological energy
calculation was performed. In this calculation, the Stoner-Wohlfarth single domain
model with an effective shape anisotropy was employed [62], and it was assumed
the unit cell contained only three simple types of domains [domain A, B, and C as
in Fig. 4.10(c)] with the magnetization directions of which are defined by 64, 08
and 6g, respectively. It was assumed that the contributions from dipole interactions
between each domain and domain wall energies at the boundaries are negligible. This
assumption is proved to be reasonable since the final calculation output was not
changed when these effects were included.

The total magnetic energy density of the system is then given as:

(42)  Bu=— 3 [MHcos(6; — i) + Kucos'(6 = 05)] + B
i=A,B,C

where My is the saturation magnetization, H is the magnitude of the applied field and
0y is its orientation, and K, is the intrinsic uniaxial anisotropy constant and O is the
orientation of its easy axis. The uniaxial anisotropy direction was in the direction that
was determined from the MOKE and the micromagnetic simulation results earlier.
While the first and second terms in Eq. 4.2 represent the typical Zeeman and uniaxial
anisotropy energies, respectively, Fgnape is the total self-demagnetization energy (or
the shape anisotropy, generally) ascribed to the hole arrays. Since the free pole density

is proportional to the component perpendicular to the boundary surface, Eghape Can
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be expressed phenomenologically as:
M2
(4. Fhape = Neff-zj) [sin2 04 + (cosfa — cosfp)? + cos® O + (sin B — sin 60)2] ,
where 1o is the permeability of free space, and Neg is the effective demagnetization
factor that was treated as an adjustable parameter.

Substituting Eq. 4.3 into Eq. 4.2, the magnetization directions of each domain in
static equilibrium can be obtained by the following conditions: O0E:/00; = 0 and
82 Ey0:/862 > 0. The solutions for §; were superimposed on the data from micromag-
netic calculations, as shown in Fig. 4.10(c).

Despite the assumed simplicity of the model, the calculation shows good agree-
ment with the micromagnetic simulation results in Fig. 4.10(b). This strongly sug-
gests that the interplay between the shape anisotropy and the intrinsic uniaxial
anisotropy can explain the coherent rotations of domains as well as characteristic
domain formations in the hole array. As the applied field decreases, while the domain
C starts to rotate to 90°, minimizing both shape and intrinsic anisotropy energy,
the domain A prefers to align to the field direction due to relatively stronger shape
anisotropy exerted on it. A compromise between A and C domains leads to an ener-
getically favorable domain configuration at remanence, i.e., 65 ~ 0°, 6 ~ 45°, and

fc ~ 90°, as shown in Figs. 4.7 and 4.10.

4.1.5. Conclusion

In conclusion, the coherent rotations of the domains in a laterally confined mag-

netic film during a magnetic reversal process were studied by a combined approach
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of XMCD-vector magnetometry measurements and micromagnetic simulations. The
observed results were explained using a simple three-domain model [63]. The charac-
teristic domains were the result of the interplay between the shape anisotropy induced

by patterning and the intrinsic anisotropy.

4.2. Pseudo-spin-value wire

Ferromagnetic film layers separated by a nonmagnetic spacer layer have been
intensely studied because they exhibit a variety of effects such as giant magnetore-
sistance, tunnel magnetoresistance, and spin polarization of a nonmangetic spacer
layer. In a pseudo-spin-valve (PSV) structure, a conducting nonmagnetic layer is
sandwiched between two magnetic layers with different coercivities. The electrical
resistance in such layered materials can vary greatly depending on the relative mag-
netization orientation (parallel/antiparallel) between the two magnetic layers (the
giant magnetoresistance effect). Using this effect, these structures have been consid-
ered as potential candidates for nonvolatile storage devices [64].

Local magnetization was studied in a submicron wire with pseudo-spin-valve
(PSV) structure, Py(10 nm)/Cu(5 nm)/Co(10 nm)/Si with an Au capping layer (3
nm) on top of the Py layer. Here Py stands for permalloy (NigoFego). The layers
were patterned into a wire with two different widths connected by a narrow channel.
Compared with a simple PSV wire pattern that has only two different magnetization
orientations (parallel/antiparallel), the PSV wire pattern with two sections can have
more than two magnetization orientations due to the different shape anisotropy in

each section.
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Many interesting magnetic systems that are composed of alloyed or heterostruc-
tured multilayer films, and the PSV structure is one of such system. In these het-
erostructured structures it becomes important to learn about individual constituents
in a layer-specific or element-specific way. Commonly used probing methods, such as
MOKE, magnetoreéistance, and SQUID, measures the overall response from the whole
system. For an element-specific magnetism study, x-ray magnetic circular dichroism
(XMCD) was used in this work. XMCD measurements were performed in fluores-
cence geometry, and the penetrating capability of hard x rays enables magnetism
studies from buried structures. XMCD signals were used to provide layer-specific
magnetization information, and with a micro-focused x-ray beam, local magnetiza-

tion information was obtained.

4.2.1. Local Magnetization Measurement

A PSV wire [Au(3 nm)/Py(10 nm)/Cu(3 nm)/Co(10 nm)] on a Si substrate was
made by a combination of e-beam lithography, e-beam ‘evaporation, and lift-off pro-
cesses. The top Au layer was deposited to prevent oxidation. The wire was patterned
into two sections with different widths (0.6, 0.3 um), connected by a tapered narrow
section (0.1 pm) that acts as a domain wall trap [65] (Fig. 4.11).

To probe local magnetization from two different sections with different widths,
XMCD measurements were performed on the PSV-wire with micro-focused x-ray
beam. At the sample position, the circularly polarized beam was focused down to 1.5
pm x 1.5 um using focusing mirrors in Kirkpatrick-Baez geometry [66] as described

in Fig. B.8 in Appendix B. In addition, by tuning the incoming x-ray energy to
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Figure 4.11. A pseudo-spin-value structure patterned into a wire shape.
(a) A schematic of the layer structure. (b) SEM image of the structure.
(¢) Co Ko fluorescence signal mapping. Hysteresis loops were measured
at A and B.

absorption energies of the two different layers, magnetization reversal processes of the
soft and hard layer were investigated separately.

Fluorescence from the sample was collected by energy dispersive Ge solid state
detectors, and a magnetic field was applied along the sample using an electromagnet.
By tuning the incoming photon energy to near absorption edges of each constituent
element, the magnetization reversal processes of the soft (NiFe) and hard layer (Co)

can be investigated separately.

The incoming x-ray energy was first tuned to near the Co K edge, and dichroic

x-ray absorption spectra were taken to find the energy with the maximum XMCD
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signal (7.713 keV). Here the XMCD signal is the asymmetry ratio, (It —17)/(I*+1")
where I*T~ are the Co-Ka fluorescence intensities for the two opposite helicities of
the incoming x-ray. The homogeneity of the buried Co layer was mapped by moving
the sample on a micro-stage and monitoring the Co Ko fluorescence as shown in
Fig. 4.11. The hysteresis measurement from the Co layer was obtained by monitoring
the XMCD signal while sweeping an applied magnetic field. The magnetization of
the bottom Co layer, which is below Au/permalloy/Cu layers, can be deduced from
the Co XMCD signal. Two separate hysteresis loop measurements were done at the
point A and B as indicated in Fig. 4.11. The XMCD hysteresis loops for the Co layer
are shown in Fig. 4.12(a). The hysteresis loop for the thin section shows a larger
switching field that that of the thick section.

Subsequently, similar XMCD measurements at the Ni and Fe K edges (7.112 and
8.333 keV respectively) were performed on the permalloy (NigoFego) layer. However,
the lower Fe content in this layer on one hand, and the reduced XMCD signal at the
Ni K-edge of NiFe relative to other Ni concentrations on the other [67], resulted in
noisier data at these edges. This problem, however, can be overcome at Fe and Ni

L-edges, as shown by Castafio et al [68].

4.2.2. Micromagnetic simulation

Micromagnetic calculations on the PSV-wire system were performed using OOMMF
program [61]. In a system where two ferromagnetic layers are separated by a nonmag-
netic spacer layer, the interlayer coupling effects, such as Ruderman-Kittel-Kasuya-

Yoshida (an indirect exchange mediated by the electrons in the nonmangetic layer)
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[69] and Neel’s orange peel coupling (a magnetostatic effect due to correlated rough-
ness) [70], could play a significant role. However, because of the thick Cu layer
between the permalloy and Co layers, the interlayer coupling effects were assumed to
be not significant here. It was also assumed that in each layer, the magnetization is
uniform in the out-of-plane direction, allowing for two-dimensional simulations. The
simulation cell size was 20 nmx 20 nm, and the equilibrium conﬁgﬁration was assumed
when |M x H|/M% < 10~° was reached. From the simulations, the hysteresis loop
for the thin (thick) section was obtained by averaging the projected magnetization of
the cells that are in the thin (thick) section. The simulation results for the Co layer
are shown in Figs. 4.12(b)-(c). The experimental results are in good agreement with
the simulation results [Figs. 4.12(a)-(b)].

Figure 4.13(b) shows four calculated hysteresis loops of thin and thick sections
from each layer by OOMMEF program. The field values of the upper loops at which do-
main schematics were drawn in Fig. 4.13(a) are designated h1 ~ h5. These schematics
represent magnetic domain configuration from the micromagnetic simulation results.
Initially the whole sample is magnetized to the left (h1). As the field direction is
reversed, the permalloy magnetization of the thick section is reversed first (h2). This
is expected since permalloy is magnetically soft compared with Co, and the shape
anisotropy of the thick section is lower than that of the thin section. The connecting
narrow section in the middle acts as a barrier preventing domain propagation, i.e.,
a domain wall trap. As the field is increased in the reverse direction, the Co mag-
netization of the thick section (h3) is reversed. The domain wall in this Co layer is

also in the connecting narrow section. As the applied field is increased further, the
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field is strong enough to overcome the domain wall trap barrier, and the permalloy
magnetization of the thin section (h4) is reversed next. The magnetization of both

layers is reversed at higher field eventually (h5).
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4.2.3. Conclusion

In conclusion, element-specific hysteresis loops were measured from the buried
Co layer in a PSV system that is patterned into a wire-shape. - It was shown that
the two sections of different widths can be isolated by having a domain wall trap in
between. As a reversing field is applied, the thick section reverses its magnetization
while the thin section retains its magnetization. The domain wall trap in the middle
prevents domain propagation from the thick section to the thin section. The XMCD
measurements show that the two sections have different switching fields. This result
was simulated using a micromagnetic simulation program, and the experimental re-
sults. The simulation result also shows that a single pattern can have more than two

magnetization orientations depending on the applied field strength.



CHAPTER 5

Structural and magnetic characterization of Co dot arrays
using soft x-ray resonant magnetic scattering

Recently, because of their fundamental interest and potential applications, pe-
riodic arrays of magnetic nanostructures have received much attention. These pat-
terned nanostructures exhibit unique properties that are different from their contin-
uous film counterparts. The patterning modifies the magnetization dynamics of the
magnetic medium, and this magnetization dynamics are typically studied by moni-
toring magnetic responses from a sample while varying external parameters such as
changing an applied field in direction, magnitude, and time. The unique properties
of the magnetic nanostructure arrays heavily depends on their structural parameters
such as size, shape, and spacing [71]. For structural studies of these magnetic ar-
rays, scanning electron microscopy and atomics force microscopy are typically used.
These scanning techniques are predominantly used as local probes, providing bulk
sensitivity. In this chapter, structural and magnetic characterization of Co dot arrays
are described using polarized soft x rays in order to get depth-dependent information

that may not be obtained using other conventional probing techniques.
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5.1. Experiments

A square array of disk-shaped Co dots was fabricated on a Si-substrate using e-
beam lithography and lift-off processes. The nominal thickness of the dots are 30 nm,
and the Co dots with a diameter of 1 um were made with 2 um spacing [Fig. 5.1(a)].
The sample size was about 1 cmx1 cm, and the entire area was covered with the
pattern.

To probe magnetic structure of the Co dot arrays, soft x-ray resonant magnetic
scattering (SXRMS) [72] measurements were conducted in the low angle specular
reflectivity mode. The scattering measurements were performed at the beamline
4ID-C of the Advanced Photon Source at Argonne National Laboratory. Polarized x
rays were generated by a novel circularly polarizing undulator at the beamline [73].
Thg photon energy was tuned to the Co L3 absorption edge (778.1 V) to enhance the
magnetic sensitivity. At this x-ray energy, the absorption by air is not negligible so
that the entire scattering setup has to be kept inside a vacuum chamber. Inside the
vacuum chamber, diffracted intensities were collected by a Si photo-diode detector on
the 26-arm as the 26-arm and the sample stage were rotated. The scattering geometry
and the applied magnetic field direction is illustrated in Fig. 5.1(b). The applied field
direction is in the scattering plane, and using this setup and circularly polarized x
rays, the magnetization component parallel/antiparallel to the applied field is probed.

To find the energy where magnetic contrast is maximized, x-ray absorption spec-

tra were measured across the Co L3 absorption edge with left- and right-circularly
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(a)

(b)

Figure 5.1. (a) SEM image of a Co dot array. (b) Scattering geome-
try for soft x-ray resonant magnetic scattering. LCP(RCP) represents
left(right) circularly polarized x rays. M: magnetization component
probed; H: applied field; 6: incident angle. The field H was applied
along the nearest-neighbor direction and in the scattering plane. The
maximum field applied was £650 Oe.

polarized x rays, as shown in Figs. 5.2(a),(b). An electromagnet was used to ap-
ply the magnetic field. With the incoming x rays of right-circular polarization, the
magnetic field direction was switched back and forth, and the difference in the re-
flected intensities between the two opposite field directions was collected. Subse-

quently, the polarization was switched to left-circular polarization and the difference

in the reflected intensities between the two opposite field directions was collected
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again. Assuming the maximum field is strong enough to magnetically saturate sam-
ples [Fig. 5.2(c)], this procedure can remove artifacts in the XMCD signals. Thus the
difference signal is defined as AI = [(ITT — I*t~) — (I"* — I"7)]/2 where the first
and second superscripts stand for the x-ray helicity (RCP/LCP) and the applied field
direction (parallel/antiparallel), respectively. Similarly, the sum signal is defined as
Iom = [(I**+I*t7)+(I7*+177)]/2. The maximum contrast between the two polar-
izations was measured at 775.9 eV in the XMCD scan [Fig. 5.2(a)-(b)]. The incident
energy was fixed to this energy for the angle-dependent reflectivity measurements as
shown in Fig. 5.2(d)-(e). The reflectivity in the sum channel is due to the electron
density variation of the sample in the depth direction (thus called charge reflectivity
herein), and the reflectivity in the difference channel is due the interference between
the charge and magnetic density variations (thus called charge-magnetic reflectivity

herein).
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Figure 5.2. (a)-(b) X-ray absorption and XMCD spectra near the Co
L3 absorption edge from the Co dot sample. Reflected intensities as a
function of the incident x-ray energy was plotted. Sum (a) and differ-
ence (b) between the intensities for the two polarizations. The applied
field was £650 Oe. (c) A magnetization curve of the Co dot was mea-
sured by monitoring dichroic signal as a function of the applied field at
the incident photon energy of 775.9 eV where the maximum contrast
was observed. Near H=-650 Oe, the magnetization curve becomes al-
most flat, indicating the Co dots are nearly saturated along the field
direction. (d)-(e) Reflected intensities as a function of the incident an-
gle at the incident photon energy 775.9 eV with the applied field of -650
Oe. Due to the limited range of the 26-arm motion, the angular range
was 5° < 6 < 9°

109



110
5.2. Analysis and Discussion

To analyze the reflectivity data, the “density-profile approximation” was em-
ployed. For the analysis of x-ray reflectivity from laterally structured surfaces, Tolan
et al. [74] developed this approximation in which the electron density of gratings
were approximated by geometrical averaging of optical constants based on the area
coverage ratio. Here this approximation is extended to a two dimensional structure.
This approximation is valid only if the coherence of x-ray is much larger than the
lateral periodicity, and the coherence at the beamline 4ID-C is expected to be much
larger than 2 pm.

The sample was covered with the dot patterns entirely, and within illuminated
area approximately 2.0x108 dots were probed in the reflectivity measurements, as
illustrated in Fig. 5.3(a). Within the unit cell, the coverage ratio was 7/16 as shown
in Fig. 5.3(b). Assuming the structural uniformity along the depth direction, the dots
are approximated to be disks. At a given depth 2, the refractive index for the dot

array can be approximated as:

1 forz>t
(5.1) n(z) =4 1-Z@+iB)co for0<z<t

1— (5 + Z‘ﬁ)substrate for z < 0

where ¢ is the thickness of the dots and n is the refractive index n = (1 -6 +18). For

the reflectivity calculation, the resonant optical constants that were obtained from

measurements on a standard Co film were used.
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Figure 5.3. (a) Geometry for x-ray scattering measurements on the Co
dot array. The beam size is about 1 mmx 1 mm, and for 5° < 6 < 9°, the
illuminated area is calculated to be about 1 mmx6.4~11.5 mm. The
corresponding number of dots illuminated is about 1.6~2.9 million dots.
(b) The coverage area ratio of the Co is calculated to be TR?/(4R)? =

7/16.

Base on this approximation and using the distorted-wave Born approximation

(DWBA) for magnetic films [32], the charge and charge-magnetic reflectivity curves

are fitted as shown in Fig. 5.4. Fig. 5.5 shows the model that was used to calculate

the charge and charge-magnetic reflectivity curves, and the fitted parameters are also

shown. The model used here has three layers with variable magnetization values.

Initially, the data was fitted with an one-layer model. The fitting with this model

reproduced the charge-reflectivity data successfully, but it could not reproduce the

periodicity observed in the charge-magnetic reflectivity data at all. From this result,

it was concluded that the dots were not uniformly magnetized across the depth direc-

tion. With the three-layer model, the periodicity (period and positions of the peaks)

of the charge-magnetic reflectivity data was reproduced reasonably well. The relative
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density of the layers were constrained to be the same, and the interior layer magne-
tization is constrained to be one. The total thickness was fitted to be 30.47 nm, and
the top (8.55 nm) and bottom (8.78 nm) layers have different relative magnetization
values (relative to bulk Co). The top layer maénetization is enhanced relative to it
bulk value while the bottom layer magnetization is reduced. This result is consistent
with what others observed in continuous Co films [75].

It is worthwhile to discuss the model dependency of the charge- and charge-
magnetic reflectivity fitting procedure. The three-layer model calculation resulted
in good agreement between the calculated and measured reflectivity curves. How-
ever, this does not mean that the three-model is the unique solution, as typical in

any other reflectivity fittings. The fitting can be refined more by adding more extra
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Figure 5.4. SXRMS reflectivity data and fits are plotted. The sold
circles represent measured data and the lines represent fits. Ya) The
sum of two reflected intensities with the opposite polarizations. (b)
The difference between the two reflected intensities.



113

trotal | 30.47 £0.37 nm
top | 8.55 £0.32 nm
%1 thottom | 8.78 +0.19 nm
P1 0.949 +0.05
P2 0.949 £0.05
P3 0.949 £0.05
my 1.19 £0.42
mp 1

ms 0.065 £0.15
o1 1.36 £0.16 nm
09 0.46 £0.3 nm

Figure 5.5. The fitted parameters and model used for the SXRMS re-
flectivity fit. The cross-sectional view of the Co dots is shown. p and
m represent relative density and relative magnetization of each layer,
respectively. Layer thicknesses are represented by ¢. oy and o are the
effective rms roughnesses for the air-Co and Co-Si interfaces respec-
tively.
layers in the model, but with the limited angular (g.) range in this measurement,
models with too many layers can be artificial. The three-layer model can be justified
here since the uniformly magnetized model (one-layer model) could not reproduce the
features in the charge-magnetic scattering data. Compared with the two-layer model,

the three-layer model reproduced the features better, and thus the three-layer model

was selected to explain the measured data.

5.3. Future Work

Using the similar approach, the pseudo-spin valve structured permalloy(Py, NigoFeso)-
Cobalt dot arrays were studied. Circular dot arrays of the same lateral dimensions ar
made using e-beam lithography, lift-off, and e-beam deposition. One dot array was

made with a Cu spacer layer in the middle (Co[30 nm|/Cu[3 nm]/Py[20 nm]/Cu [3
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nm]), and another dot array was made without the spacer layer (Co[30 nm]/Py[20
nm]/Cu [3 nm]). The effect of the spacer layer in the middle was studied by measur-
ing element-specific (thus layer-selective) XMCD-magnetization hysteresis loops and
soft x-ray resonant magnetic scattering (SXRMS) in reflectivity mode. The hysteresis
loops can give field-dependent information from each layer, and the SXRMS data can
give magnetic depth profiles of each layer. The dot structure and hysteresis loops are
shown in Fig. 5.6. The measurements were performed at the beamline 4ID-C of the
Advanced Photon Source at Argonne National Laboratory. With circularly-polarized
x rays, reflected intensities from the dot array samples were collected as the applied
field was changed. The Fe hysteresis loops (probing the permalloy, NigFey layer)
were collected with the incident x-ray energy at the Fe-L3 edge, and the Co loops
were measured with the incident x-ray energy a the Co-L3 edge. Without the spacer
layer, the Fe loop follows the trend of the Co loop [Fig. 5.6(b)]. However, with the
Cu spacer layer, the field-dependence of the permalloy layer is changed [Fig. 5.6(a)].

In order to study the interfacial layers near the spacer layer in the permalloy and
Co layers, SXRMS measurements in reflectivity mode were conducted Fig. 5.7. On
each sample, SXRMS reflectivity measurements were performed at the Fe and Co
absorption edges with circularly polarized x rays. While the charge reflectivity curves
(sum-channel) can give structural information in the depth direction, the charge-
magnetic reflectivity curves (difference-channel) can give magnetic information as
demonstrated for the Co dot arrays earlier in this chapter. All of the SXRMS mea-
surements here are sensitive to the structural properties, but with the incident x-ray

near the Fe-Ls, the charge-magnetic reflectivity curves are sensitive to the permalloy
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(NigoFey) magnetic properties only. Similarly, with the charge-magnetic reflectiv-
ity curves measured near the Co-Ls absorption edge are sensitive to the Co layer

magnetization but not to the permalloy layer magnetization.



Norm. Counts

Norm. Counts

Nomm. Counts

g 070

S 0.65

Q

‘E? 0.60

s 0.55
0.50

-400 -200 0 200 400
field (Oe)

Figure 5.6. Layer selective magnetization hysteresis loops from the
permalloy(Py, NigoFegq)-Cobalt dot arrays with and without a spacer
layer. (a) Fe and Co XMCD hysteresis loops from the Co/Cu/Py dot
array. (b) Fe and Co XMCD hysteresis loops from the Co/Py dot array.
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5.4. Conclusion

The structure and magnetization profiles of a Co dot array were studied using the
soft x-ray resonant magnetic scattering. The optical constants of the Co dots were
obtained by geometrical averaging following the “density profile approximation”. The
charge- and charge-magnetic reflectivity curves were fitted with the magnetic DWBA
calculation [32] (described more in Chapter 2). The fitting results show that the
dots are not uniformly magnetized in the depth direction, but the top and bottom
layers have different relative magnetization values compared with the magnetization
of the interior. This approach was further extended to pseudo-spin-valve structured
dot arrays to study how the magnetization profiles might be altered depending on
the existence of a non-magnetic conducting layer in between the permalloy and Co -

layers. The analysis of the charge-magnetic reflectivity data is in progress.



CHAPTER 6

Conclusion

In this dissertation, the effects of interfacial coupling, proximity, anisotropy (in-
trinsic and shape), and termination were investigated in continuous and patterned
magnetic multilayer films with an emphasis on how they affect the magnetization
reversal processes and magnetization depth profiles. For element-specific magnetism
studies, x-ray resonant techniques were used to achieve element-specificity and en-
hanced magnetic sensitivity.

First, a Gd-aligned Fe/Gd multilayer was studied using x-ray resonant scattering
and absorption techniques with an emphasis on the temperature evolution of the
Gd-magnetization profiles. The volume averaged magnetization values of the Gd
layers were obtained using x-ray magnetic circular dichroism, and depth-resolved
magnetic profiles were obtained using x-ray resonant magnetic scattering in charge-
magnetic reflectivity mode. The charge-magnetic reflectivity data was analyzed using
the distorted wave Born approximation, and the results were compared with the Born
approximation calculation results. In this multilayer, the Gd magnetic ordering near
the Fe/Gd interfaces was found to be persisting even near room temperature that is
above bulk Gd Curie temperature.

Secondly, Fe/Gd multilayers with a different thickness ratio between Fe and Gd

layers from that of the previous study were investigated to investigate field-induced
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spin reorientation. It was found that the termination layer plays an important role
in determining in-field spin configurations of these multilayers. The surface twisted
state and the bulk twisted state in the Fe-terminated multilayer were observed, and
these inhomogeneous magnetization states were reproduced by the micromagnetic
simulations. At low temperatures, the inhomogeneous magnetic state is driven by
surface twisting of the top Fe layer, and at high temperatures, the surface layers
lag behind their interior counterparts in terms of canting away from the applied
field direction. Near the ferrimagnetic compensation temperature, it was found that
the anisotropy in the Fe layers plays an important role causing field shifting and non-
reversing of the hysteresis loops. These phenomena were not observed in the similarly
grown Gd-terminated multilayer, showing a termination layer effect.

Magnetic domains on patterned magnetic films were studied using x-ray mag-
netic circular dichroism, magneto-optical Kerr effect, and micromagnetic calculations.
The magnetic dichroism measurements were performed to obtain magnetic hysteresis
loops. By rotating the angle between an applied field and x-ray direction, different
magnetic components in lateral directions were probed. From the Kerr effect mea-
surements with laser light, it was found that the films have an intrinsic anisotropy, and
this anisotropy was included in the simulations in addition to the shape anisotropy
due to patterning. The measured XMCD hysteresis curves were then compared quan-
titatively with micromagnetic calculations to reconstruct the microscopic magnetiza-
tion configurations. The best fit reveals the existence of three types of characteristic
domains: two that rotate coherently during magnetization reversal and one that is

‘strongly pinned.
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On a wire-shaped pseudo-spin-valve structure (Co/Cu/NiFe), the separation of the
two regions with different width was achieved by a lateral domain trap in the middle.
With micro-focused x-ray beam, local magnetization was probed by x-ray magnetic
circular dichroism measurements. Layer-specific magnetization was measured from
the Co layer, but the same measurements could not be repeated for the NiFe layer
due to weak fluorescence count rates. Micromagnetic simulations were also performed
on the same structure, and the experimental and simulation results showed that the
two regions were sepérated due to the presence of the domain wall trap in the middle.

Co circular dot arrays in a square lattice were studied using x-ray resonant mag-
netic scattering in the soft x-ray region. The charge-magnetic reflectivity data was
analyzed using the distorted wave Born approximation for magnetic multilayers. From
the analysis, the magnetic depth profiles of the dots were obtained, and they show
that the Co dots are not uniformly magnetized in the depth direction. The extension

of this approach to Co/Cu/NiFe dot arrays is in progress.
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APPENDIX A

Specular X-ray Reflectivity
A.1. Parratt’s recursive relation with Nevot-Croce roughness

X-ray reflectivity has been a widely used technique to study electron density profile
in the direction normal to the surface of a flat film. Since the phase information is
lost in x-ray reflectivity measurements, the measured reflectivity cannot be directly
inverted directly to get the depth profile. Therefore the measured reflectivity is
compared or fitted with the calculated reflectivity that is based on a model structure.

X-ray specular reflectivity of a multilayer without roughness can be exactly calcu-
lated using the Parratt’s recursive relation with boundary conditions at each interface.
For the tangential components of the electric and magnetic fields, the ratio between
the amplitudes of reflected and transmitted fields at the bottom of the jth layer (as

shown in Fig. A.1) can be written as [33],

R Ef  rijn+ Rypetondn
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X-ray

film

o o 6 0 0 0

Figure A.1. Multilayer structure with N layers on a substrate. The 2
axis is perpendicular to the film surface. n; is the refractive index of
the jth layer with a thickness of d;.

where d; is the thickness of jth layer and 7;,;11 is the Fresnel reflectivity coefficient of a
single interface. The z component of the wavevector in the jth layer is k. ; as obtained
from Snell’s law. ko is the wavevector in vacuum and A is the wavelength of incident
x-ray. n; is the refractive index of the jth layer, and the 6, is the incident angle. For
a semi-infinite substrate (dsubstrate > dfiim), assuming Rsup = 0, the overall reflected
intensity normalized to the incident intensity can be obtained by Refl. = | Ro|* using
the equation Eq. A.1L.

Roughness effects can be introduced to Eq. A.1 by multiplying a static Debye-
Waller-like factor to the Fresnel reflectivity coefficient of an ideal interface. For a

rough interface with a Gaussian height distribution, the reflectivity coefficient can be
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(b)

(a) z

»

region 1

region 2

p(2)

Figure A.2. (a) An ideal interface with roughness and (b) an ideal in-
terface with intermixing. Since specular reflectivity measured laterally
averaged density profiles, the two interfaces can have an identical den-
sity profile as shown in the middle.

expressed following the method by Nevot and Croce as [34]:

(A2) gt = ikl -t s

where o; is the rms roughness of the jth interface. The roughness included here is
effective roughness. In a real sample, an interface can have roughness, interdiffusion
(intermixing, alloying), or both. Specular reflectivity measures a density profile along
the interface normal direction and thé density is averaged over lateral area probed.
Because of this lateral averaging, an interface with roughness and an interface with
intermixing can have identical density profiles as illustrated in Fig. A.2. Thus, from
specular reflectivity, the above two cases cannot be distinguished, but instead, the
interface effects observed in the specular reflectivity is due to effective roughness
that includes both of the two effects. In order to distinguish the two interface effects,
diffuse scattering measurements are necessary since a purely intermixed interface does

not give rise to diffuse scattering while a rough interface does.
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A.2. Geometrical correction and resolution function

At very low incident angles (= 0°) in reflectivity measurements, the finite x-ray
beam and sample size effects [76] have to be included in reflectivity analysis (Fig. A.3).
At 6=0, the sample does not reflect any intensity but the half of the beam intensity
falls into the detector [Fig. A.3(a)]. As the incident angle is increased, the detector
at 26 position sees the sum of the decreasing intensity coming from the direct beam
and the increasing intensity reflected from the sample [Fig. A.3(b)]. This situation is
continued until the incident angle 6 is 8, where the intensity measured is coming only
from the intensity reflected from the sample [Fig. A.3(c)]. If the beam is uniform and
described by a step function of full-width-half-maximum (FWHM) equal to w, then

the corrected reflectivity intensity is expressed as:

1(20) - (sin®)L/w = I(26) -sinf/sinb, for 6§ <0
) L= | 1) (RO = 100)-ne/snd b
I(26) -1 for 8 > 6.

For x-ray specular reflectivity fitting procedure, the geometrical correction factor
can be included in the fitting program. The 6, angle can be obtained by measuring
a footprint scan as shown in Fig. A.4. An alternative method is using the fit of
the footprint scan. Once the analytical expression is obtained from the fitting of
the footprint scan, this expression can be included as a geometrical correction in the
reflectivity calculation.

Specular reflectivity is sensitive to structural variations of a film in direction per-

pendicular to the film plane. The momentum transfer perpendicular to the surface
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(a) 6=0
frc:;ny to detector
X= at 20=0
source
(b) 0<B8<6b Y |

Figure A.3. Geometrical factor correction at grazing incident angles.
w, L, and, 0 are the beam width, the length of the sample, and the
incident x-ray angle, respectively.
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—— Gaussian fit
i 8
k3]
2% ©
0 T
= O
£98 4
3
=)
2
0
-0.4 -0.2 0.0 0.2 0.4
8 [deg]

Figure A.4. A footprint scan for the geometrical factor correction at
grazing incident angles. The detector was fixed at 20=0°, the sample
was rotated around 6=0°. The symbols represent measured intensity,
and the line is a Gaussian peak fit to it.
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plane is expressed by:
(A4) ¢» = ko(sin o + sin 8) = 2ko sin(26/2) cos(w),

where o and 8 are the incident and exit angles, respectively. ko is 27/, w is the
offset angle w = o — 26/2 where 26 is the detector angle.
The finite resolution in the momentum transfer g, can be obtained from the dif-

ferential of Eq. A.5 with respect to a and (3:
(A.5) 8q, = ko(Sacos o + 83 cos ).

If 6o and 63 are assumed to be statistically independent variables with Gaussian

distribution of rms values of A« and AS, the uncertainty in g, is given by:

(A.6) Agq, = kov/Aa?cos?a + AB2cos? B = koy/Aa? + AB2.

For specular reflectivity, the angles are very small so that Ag, is almost constant over

the scan range. Therefore the resolution function of Ag, can often be neglected.



APPENDIX B

Experimental Setup for Magnetism studies using polarized

synchrotron radiations

B.1. Beamline Optics: phase retarder, monochromator, microfocusing

Magnetic characterizations with polarized x rays were conducted at the beamline
4ID-D [73] of the Advanced Photon Source at Argonne National Laboratory. First,
generation of synchrotron radiation will be briefly described [77]. Electron-positron
pairs are produced by an electron lineaf accelerator, and the electrons go through
another accelerator and an accumulator where they are compressed into a bunch.
After the accumulator, the electron bunches are injected into a booster where they
are accelerated to 7 GeV, and the booster injects the electron bunches into a bucket
in the storage ring. The storage ring is 1104 meters in circumference, consisting
of 40 sectors and a radiofrequency system. As the electrons orbit the storage ring,
the beam of electrons is steered and focused by electromagnefs. While orbiting the
storage ring, the electron beam decelerates as it emits synchrotron radiation. The
lost energy due to the emission is replénished by the radiofrequency system. The
storage ring is made of straight sections where linear arrays of permanent magnets
with alternating polarity are inserted. These arrays of magnets are called insertion

devices. As the orbiting electrons are accelerated and their trajectory is altered by
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the insertion devices, the synchrotron radiation is emitted in a direction tangential
to the arc of the electron beam.

X-ray optics setup leading to the 4ID-D beamline is shown in Fig. B.1. The undu-
lator, as an insertion device, is used to produce a high brilliance beam of synchrotron
radiation. Once the synchrotron radiation (white beam radiation) comes out of the
undulator, and it goes through a set of Si (111) liquid nitrogen cooled high heat load
monochromator optics. The monochromator diffracts only a narrow range of wave-
length satisfying Bragg’s law, and the double-crystal configuration keeps x-ray beams
at the same height. By changing the angle of the monochromator optics, the energy
of incident x-ray can be selected. Typically, the monochromator is calibrated before
experiments by performing transmission measurements of a known standard metal
film across an absorption edge.

After going through the monochromator, a diamond (111) Bragg transmission
phase retarder (Fig. B.2) is used to provide circularly polarized x rays [29] that are
essential for magnetic characterizations. Circularly polarized x rays have an angular
momentum so that they couple with angular momenta in magnetic materials [78].
Before the phase retarder, the x-ray beam is linearly polarized (o polarized), and the
phase retarder transforms linear polarization into circular polarization by inducing
7/2 phase shift between equal amounts of o and polarized radiation. X-ray phase
retarder is based on dynamic diffraction, using the fact that inside a crystal the wave
vectors for o- and 7-polarization states are slightly different from each other due to
the dispersion relation. By taking advantage of this difference, a phase retardation

between the two polarization components can be induced. Based on the dynamical
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Figure B.1. The beamline optics at 4ID-A/B, APS, ANL. All shown
beams lie in the vertical plane y-z. The rotation axis of the diamond
(111) phase retarder is in the z-y plane, with 45° offset from the y-axis
as shown on top.

theory of x-ray diffraction [79], a wave field for transmitted beam can be expressed as
a linear combination of two plane waves with two wave vectors K, and K,. Due to
the slight difference between K, and K, the phase relation between the two waves
changes while propagating through the crystal. At the back surface of the crystal, the
two plane waves are recombined into one planes outside the crystal. Once outside the
crystal the polarization state depends on the accumulated phase difference § between

o- and m-components, and this phase difference can be expressed as [80]:
(B.1) § =2me | K, — K|t

Here, t is the thickness of crystal. For |K,| > |Kx|, e=1 and for [K,| < [Kx|, e=-1.
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Figure B.2. Diamond phase retarder for circularly polarized x rays.
The x rays from the monochromator optics are linearly polarized (blue
arrow), and after going through the phase retarder, x rays are circularly
polarized (red arrow).

The degree of this birefringence is a function of the offset of the incoming beam
from the Bragg angle. The phase shift § between the two polarization components
for Bragg diffraction can be also expressed as [29],

T [ Te? 2 tsin 205 :
. = — F _
(B2) 0=3 (W) afsinog L HER)

where r, is the classical electron radius, \ is wavelength, V' is the volume of unit cell,

¢ is the phase retarder thickness, and Fy is the structure factor.
For fixed t and \ values, shifting the offset angle £A# results in reversing the
phase shift £6. Thus, by moving to opposite sides of the rocking curve, the helicity

of the circularly polarized beam can be reversed. For the current experimental setup
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as shown in Fig. B.2, the diamond phase retarder is attached on a lever arm with
piezoelectric PZT (Lead Zirconate Titanate) so that the helicity of the x-ray can be
rapidly reversed. After going through the phase plate, the x-ray beam is circularly
polarized with a degree of polarization, P, ~0.95. The thickness of the diamond phase
plate is about 400 um, and x-ray intensity is typically attenuated by less than one
order of magnitude by the phase retarder.

In Fig. B.3 an absorption measurement is shown as a function of the diamond
phase retarder angle. For a fixed incoming x-ray energy, the phase retarder is rotated
-around to find the 111 Bragg peak by searching for an angle where the maximum
absorption is measured. After the 0p,q4 is found, the optimum offset for circular
polarization can be calculated using PhaRet program (Fig. B.4). The program is
made using MS-Visual C++, and its calculation algorithm is based on Dr. Daniel
Haskel’s Fortran code. In Fig. B.5, the degree of circular polarization is plotted as a
function of an offset angle from 6;3; for a 400 pum thick diamond at E=7.2 keV.

After the phase retarder, x rays go through focusing optics that are coated with Pd
to reject higher harmonics that satisfy Bragg condition for Si(111) monochromators.
For example, while the first harmonic (with an energy E1) diffracts from Si-111 planes,
a third harmonic (with an energy 3 x E;) also diffracts from Si-333 planes. Calculated
x-ray reflectivity from Pd mirror is plotted in Fig. B.6. As the mirror is slightly
detuned purposely, the reflectivity for the third harmonics is reduced by 3 orders of

magnitude while the first harmonics is reduced by less than 1 order of magnitude.
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Figure B.3. The Diamond(111) phase retarder scan. An ion chamber
(IC) is placed after the diamond, and absorption is measured as the di-
amond angle is changed around the Bragg angle. The incoming photon
energy is 7.112 keV near the Fe K-edge.
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Figure B.4. Pharet program for calculation of the phase retarder offset angle.
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Figure B.5. The degree of circular polarization as a function of the
phase retarder offset angle calculated by Pharet program at E=7.112
keV.
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Figure B.6. Calculated x-ray reflectivity from Pd mirror at E=7.1 keV
and E=21 keV (third harmonics).



145

B.2. Beamline Setup for Experiments

After going through the beamline optics as described in the previous section, x-ray
beam now enters the experimental hutch 4ID-D where a diffractometer or a micro-
imaging stage is placed (Figs. B.7-B.8). Ion chambers are used to measure x-ray
intensity without reducing the beam intensity appreciably. In an ion chamber, an
inert gas flows through two metal plate held at a potential difference, and as x rays
pass through, the inert gas is ionized and an output current is produced proportional
to the x-ray beam intensity. For absorption and diffraction measurements, these ion
chambers are used as a monitor to correct any drift in the incoming beam intensity.
In addition to the ion chambers, solid state and scintillation detectors are used. For
absorption measurements, energy dispersive Ge sold-state detectors are used to dis-
criminate fluorescence from the sample with an energy resolution of a few hundreds
eV near 8 keV. For scattering experiments, Nal scintillation detectors are used.

In order to apply magnetic fields to the samples, a NdFeB permanent magnet or
a two-pole electromagnet is used. These magnets are designed so that they apply
an in-plane magnetic field without blocking either the incident or scattered beam.
For temperature dependent scattering/absorption measurements, the sample is place
inside a Be-dome that is a part of a closed-cycle He refrigerator mounted on the
diffractometer as shown in Fig. B.7.

For local magnetization measurements, a focusing optics setup is used to reduée

the incident x-ray beam size without losing the x-ray intensity appreciably. The x-ray
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beam is focused down to a few microns using a set of focusing mirrors in Kirkpatrick-
Baez (KB) geometry [66] as shown in Fig. B.8. The first KB mirror focuses the
incoming x-ray vertically and the second focuses horizontally. The mirrors are in
a trapazoid shape and made of single-crystal Si coated with Cr(5 nm)/Rh(40 nm).
Each mirror is bent slightly by two piezoelectric motors for focusing. The mirrors are
100 mm long, and typically they are bent with a central radius of curvature R, ~38
m. The incident angle of x rays on the focusing mirrors is less than 8 mrad, and at
this low incident angle, the change in the degree circular polarization of the incoming

beam is negligible.
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Figure B.7. The beamline optics at 4ID-D, APS, ANL.
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Figure B.8. KB focusing mirror setup for experiments with micro x-ray
beam at 4ID-D, APS, ANL.



APPENDIX C

Atomic scattering factors for x-ray resonant scattering

C.1. Atomic scattering factors near resonant energies

The x-ray scattering amplitude can be expressed as f = f, + Af where f, is a
photon energy independent term and Af is the energy and polarization dependent
resonant term. This resonant term has real and imaginary parts, Af = f'+if". The
resonant term is normally small since x rays interact weakly with matter. However,
when x-ray energy is near absorption edges of atoms, changing energy can cause
significant changes in f’ and f” and in scattered intensities and absorption. Near
an absorption edge, the resonantly excited electron probes the local geometry and
the electron states in and around the absorbing atom and thus provide site specific
information on charge distribution, magnetic moments, and density of unoccupied
states [81].

For accurate analysis on resonant x-ray scattering data, it is important to obtain
accurate resonant scattering amplitudes, Af = f'+if”. Calculations of A f assuming
isolated atom models [47, 82] are accurate away from resonant energies, and typically
these tabulated values are used for the analysis of x-ray scattering data when x-
ray energy is away from resonant energies. However, near resonant energies, the
tabulated values from the isolated atom models may not be accurate [83]. Since

these values are based on the calculations that do not include the effects of the
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local environment around the resonant atoms, some of important spectral features
(for example, whitelines at certain absorption edges) can not be reproduced. The
absorption cross section near a core electron resonance reflects the density of the final
states available to the outgoing photoelectron, and the density of the states depend
on the local environment around the resonant atom.

During the XRMS measurements on the Fe/Gd multilayer for structural and mag-
netic characterization, resonant scattering amplitude of the Gd atoms in the multi-
layer were obtained from x-ray absorption measurements through the Ly absorption
edge (Fig. C.1). In Fig. C.1(b), the tabulated values and the experimentally derived
values are compared. Near the absorption edge, the discrepancy between the tabu-
lated and experimental values becomes large. Absorption measurements are done in
fluorescence geometry since the fluorescence intensity is proportional to absorption.
The absorption, pe=[(u* + u~)/2], and dichroism, pm=[u" — p~], spectra were mea-
sured by alternating between opposite helicities of incoming x-rays at each photon
energy with fixed applied magnetic field.

The imaginary parts of chemical and magnetic resonant scattering factors, fo .,

are related to the measured absorption spectra of Gd through the optical theorem,

n _  Hem
(C'l) fe,m - 2)\natre,

where 7, is the classical electron radius, ng is the atomic density of the element, and
) is the wavelength. The real and imaginary parts of resonant scattering factors are

related to each other by Kramers-Kronig relations (or dispersion relations) that can
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Figure C.1. Absorption measurements in fluorescence geometry near
the Gd Ly edge at T=20 K, and 2.1 kOe applied field. (a) Edge-
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helicities. Charge (b) and magnetic (c) scattering factors across the Gd
L, edge. (b) shows tabulated atomic scattering factors for a single atom

#2 Y and experimentally derived atomic scattering factors including
e,CL

solid-state effects (ﬂ(")). The circles on the graphs denote the energy
at which the reflectivity measurements were performed.
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be written as [84]:

P = 1+2p [Ty
0

T w2 — w?

S A
(C.2) flw) = -2p [ fw—(,;"—_)—wz—ldw'
where w is the frequency (Aw-A=E) and P means that the principal part of the integral
is to be taken. The real parts of resonant scattering factors, f;,, were obtained using
differential Kramers-Kronig transforms [83]. The procedure uses tabulated scattering
factors away from resonance for absolute normalization [47]. Resonant scattering
factors for Gd are shown in Figure C.1. Since the real part of the magnetic scattering

factor dominates the resonant magnetic scattering, the incident photon energy was

tuned to 7929 eV, where f;, is maximized.

C.2. Optical constants

For x rays, the complex refractive index is close to 1 and it can be written as,
(C.3) n(E)=1-40(FE)+i6(E).

where § and [ are related to the dispersion and absorption in the medium, respec-

tively. The atomic scattering factors and these optical constants are related by,

eh2 2 at o
§(B) = T f(E)
eh2 2 at p1
(C4) B(E) = " f(E)

where r, is the classical electron radius, ng; is the atomic density of the element, and

E is the incoming photon energy. For a given material, reh?c*ng /27 can be treated



as constant, and thus the above equations can be be expressed as,

5B = xI ]if )
sE) = xID
(C.5) X = “h;‘;” t
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where the energy-independent parameter X can be obtained by comparing tabulated

values of § (8) and f'(f") at any energies.

For accurate analysis of resonant scattering data (for example, resonant x-ray

reflectivity), accurate optical constants are needed. Since the tabulated atomic scat-

tering factors at resonant energies are often not accurate (as described in the previous

section), the tabulated optical constants can be inaccurate at resonant energies. For

resonant x-ray measurements, once f” is obtained through an absorption measure-

ment, f' can be calculated using Kramers-Kronig transforms. With these parameters,

optical constants at resonant energies can be calculated using the above equations.



APPENDIX D

Micromagnetic Simulation

Micromagnetics is the continuum theory of magnetic moments to describe mag-
netic microstructure. Micromagnetics is based on the variational principle in which
the vector field of magnetization directions m(r) = M(r)/Ms is chosen to minimize
the total energy under the constraint m?=1. With the minimum energy principle
and the constant magnetization constraint, the torque on the magnetization at each
point, as derived from the energy by variational calculus, has to vanish [85].

For ferromagnetic materials, the equilibrium magnetic state can be calculated by
finding the minimization state of the system’s free energy. The minimization state
can be reached by balancing exchange, magnetocrystalline anisotropy, self-magnetic
field, and surface anisotropy energies. The continuous magnetization distribution of a
ferromagnetic film is approximated by a discrete magnetization distribution consisting
of equally sized cells with the constraint of constant magnetization Ms. With the fixed
magnitude of the magnetization, only its direction is varied until the minimum energy
state is reached. The output of the calculation is the orientation of the magnetization
of each cell and the contribution of each energy to the total energy.

A local magnetic configuration can be found by solving the Landau-Lifshitz-

Gilbert equation in the following form [51, 52, 53].

‘ oM 1 Yo
. = — . -— M e
(D.1) 5 T ol ’yMXMff-I-MSMX( x Hegy)
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~ is the gyromagnetic frequency, « is the damping factor, Hesy is the effective field,
My is the saturation magnetization, and M is the sample magnetization. The effective
magnétic field on each magnetic moment, Hcyy, is determined from the total system
energy as H.;y=—0F;,;/0Mg. The effective magnetic field includes all the effects
from exchange, anisotropy, external fields and demagnetizing fields.

The exchange energy is related to the fundamental property of a ferromagnet
that prefers a constant equilibrium magnetization direction. Any deviation from
the constant direction is compensated by a energy penalty that is described by the

“stiffness” equation [51):
(D.2) Eep = A/(gmd m)2dV.

V is the volume, and A is a exchange stiffness constant, a material constant, in units
of J/m or erg/ecm. As in multilayer thin films, when two different media are in
contact, the exchange interface coupling is usually different from the bulk exchange
coupling. The interface coupling can be expressed phenomenologically as an interface

energy density function [86],
(D3) EInt = 01(1 —m; - m2) + 02(1 - (ml . m2)2).

Here m; 7 are the magnetiiation vectors of layer-1 and layer-2. C; and C; are the
bilinear and biquadratic coupling constants, respectively. C1 > 0 will lead to a parallel
alignment between m; and m,, and C; < 0 will lead to an antiparallel alignment. If
the biquadratic coupling is dominant and Cs < 0, a perpendicular orientation between

m; o becomes favorable.
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The anisotropy energy describes the interaction of the magnetization direction
with the structural axes of the material. This interaction is originated from spin-orbit
interactions, and the anisotropy can be distinguished between crystal anisotropy of
undisturbed crystal structure and induced anisotropy due to any deviations from the
ideal case [85].

The external field energy is also called Zeeman energy, and it describes the

interaction energy of the magnetization vector field with an external field He,: as:
(D4) Ezeeman = —Ms /He:ct -mdV.

This energy depends on the net magnetization of the sample but not on detailed
domain structures.

The demagnetizing field energy (also called stray field energy, magnetic dipole
interaction, or magnetostatic energy) arises from the magnetic field generated by the
magnetic body itself. The stray field generated by the divergence of the magnetization

M is expressed as:
(D.5) div Hy = —div (M/ o),

where po is vacuum bpermeability. The stray field (demagnetizing) energy can be

written as:

1 all space 1 sample
(D.6) Ey= WJ/ H2 dV = —-2-/ H, M dV

This energy can be considered as the energy needed to bring up the constituent

dipoles from infinity or the energy associated with a given magnetization distribution.
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The stray field (demagnetizing field) can be expressed as Hy=-NM where N is a
dimensionless demagnetizing factor that depends on the sample geometry.

The minimum energy state is found iteratively using a relaxation method based on
the calculations of the variations of the total energy due to an infinitesimal rotation
of the magnetization vectors. For LLG Micromagnetic Simulator program [50], the
convergence criterion for exiting the calculation is when the largest relative change
in the largest component of the directional cosines is less than 107 ~ 10~°. For
OOMMF program [61], the convergence criterion is when the largest value of when

the torque | M x H|/M3% over all the spins is less than 107* ~ 107°.



