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Abstract

In this work, the 5"Fe probe layer technique is used in order to investigate the
depth- and temperature-dependent Fe-layer spin structure of exchange biased Fe/MnF,
and Fe/FeF, (pseudo-twinned) antiferromagnetic (AFM) systems by conversion electron
Méssbauer spectroscopy (CEMS) and nuclear resonant scattering (NRS) of synchrotron
radiation.

Two kinds of samples with a 10 A ®"Fe probe layer directly at or 35 A away from the
interface, labeled as interface and center sample, respectively, were studied in this work.
The spin structure was explained by considering two different models, unidirectional and
step-shaped distribution (fanning) model. The results obtained by CEMS for Fe/MnF,
suggests that, at 80 K, i.e., above T = 67 K of MnF,, the remanent state Fe-layer
spin structure of the two studied samples are slightly different due to their different
microstructure. In the temperature range from 300 K to 80 K, the Fe-layer spin structure
does not change just by zero-field cooling the sample in remanence. By zero-field cooling
the samples in remanence to 18 K, i.e., below Ty, the Fe spins rotate towards the (£
45°)- easy axes of MnFy twins. This rotation results in the same spin structure for both
the interface and center samples at 18 K. By field cooling the interface sample in a field
of 0.35 T to 18 K and measuring in remanence, a smaller rotation (or fanning angle) of
the Fe-spins in comparison to the case of zero-field cooling in remanence from 300 K to
18 K was observed. When the interface sample was zero-field cooled or field cooled to
18 K, and subsequently zero-field heated to 80 K (T > Ty), the CEMS results indicate
that the Fe-layer keeps the memory of its low temperature spin structure.

For Fe/FeF,, a continuous non-monotonic change of the remanent-state Fe spin struc-
ture was observed by cooling from 300 K to 18 K. This effect can be related to the peculiar
T-dependence of magnetic anisotropy of FeFy and short-range-ordered magnetic corre-
lations in the AFM induced by Fe above Ty = 78 K. The high temperature Fe spin
structure of the two different samples (interface and center) is different due to their dif-
ferent microstructure, but at 18 K (T < Ty) the spin structures of both samples are the
same, and the Fe spins are oriented close to the easy axes of the FeF, twins, similar to
the case of Fe/MnF, at 18 K.

NRS of synchrotron radiation was used to investigate the temperature- and depth-
dependent Fe - layer spin structure during magnetization reversal in pseudo-twinned
Fe/MnF,. A ®"Fe-probe layer was embedded in the *Fe layer in a wedge-type man-
ner, so that the distance of the 5"Fe layer from the Fe/MnF, interface varies when the
synchrotron beam is scanned from one end of the sample to the other end. A depth-
dependent Fe spin structure in an applied magnetic field (applied along the bisector of
the twin domains) was observed at 10 K, where the Fe spins closer to the interface are
not aligned along the field direction. During magnetization reversal the spins of the
top Fe layer rotate at a smaller field than the Fe spins closer to the interface. Upon
decreasing the field from the fully aligned state in a strong positive magnetic field, the
Fe spins coherently rotate up to the easy direction of MnF, (at + 45° from the applied
field), then ”jump” to the opposite direction of the easy axes (i.e., F 45°), and then
further rotate towards the negative applied field direction. The depth-dependence of the
spin structure in an applied field and the rotation via the jump disappear at 150 K, i.e.,
above Ty of MnF,.
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Chapter 1

Introduction

Exchange anisotropy is caused by the exchange coupling between two magnetic lay-
ers, namely one ferromagnetic (FM) layer adjacent to an antiferromagnetic (AFM) layer.
The exchange anisotropy is established when the FM/AFM bilayer is cooled below the
Néel temperature (Ty) of the AFM in the presence of an applied field. As a results, the
ferromagnetic hysteresis loop shifts from its origin along the field axis which is known as
the exchange bias effect. Even after fifty years of discovery of this effect by Meicklejohn
and Bean [1], details of this phenomenon are not yet fully understood. Phenomeno-
logically, the interfacial ferromagnetic spins are exchange coupled to the spins of the
antiferromagnetic interface layer and, hence, the ferromagnetic spins favor to align in
one direction due to strong exchange interaction. Hence, the exchange anisotropy is also
known as unidirectional anisotropy. This property of the exchange biased bilayer is used
in the read-write heads of magnetic storage devices such as computer hard discs, and
also for various spin valve devices [2]. However, a full understanding of the exchange
bias effect is necessary. For the basic understanding of exchange bias effect, a complete
understanding of the temperature and depth dependent spin structure (at and away from
the interface) is necessary.

In this work, we have used conversion electron Mossbauer spectroscopy (CEMS),
and nuclear resonant scattering (NRS) of synchrotron radiation (synchrotron Mossbauer
spectroscopy), supported by vector SQUID (Superconducting QUantum Interferences
Device) magnetometry to investigate the depth and temperature dependent Fe spin
structure in remanence and in an applied field during spin reversal in exchange biased
Fe/MnF, and Fe/FeFy bilayers. These systems are among the most studied exchange
bias systems and, hence, we have used Fe/MnF, and Fe/FeF, bilayers as model systems
for our investigation.

Conversion electron Mossbauer spectroscopy is a powerful technique for the direct
measurement, of the spin structure at surfaces or buried interfaces, because CEMS is
sensitive only to the Mdssbauer nuclei, e.g., >’ Fe in our case. CEMS provides direct
atomistic information about the direction of the Fe magnetic moment of the Mossbauer
atom. As CEMS can also provide information about all the metallurgical and magnetic
phases present in the sample, the information about intermixing at the interface can also
be obtained. NRS of synchrotron radiation is a technique similar to CEMS, however,
the main advantage of NRS over CEMS is that it provides a short measurement times
and spatial resolution.
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In this thesis, a short introduction to CEMS and NRS techniques are given in Chap-
ter 2 and Chapter 3, respectively. A short introduction to the exchange bias effect;
the models, the techniques and the materials used to study exchange bias; and a short
review of the spin structure of the ferromagnetic layer studied up to now, is given in
Chapter 4. As a better understanding of the antiferromagnet used is necessary to study
the exchange bias effect and the spin structure of the ferromagnet. A detailed X-ray
diffraction (XRD) and CEMS study of the antiferromagnetic MnFy and FeF, is given in
Chapter 5, along with a description on the uniaxial anisotropy as studied in the literature.

By depositing a *"Fe probe layer just at the Fe/MnF, interface or away from the
interface, we have obtained the remanent-state Fe spin structure both above and below
Ty of the antiferromagnet. We have also studied a possible memory effect of the low-
or high- temperature spin structure during field cooling(FC) - zero-field heating (ZFH),
or zero-field cooling (ZFC)-ZFH in remanence. This will be describe in Chapters 6 and 7.

All the existing exchange bias models, except the model by Kiwi et al. [3-5], assume
a homogenous spin structure throughout the whole depth of the ferromagnetic layer. By
using X-ray magnetic circular dichroism (XMCD), Ohldag et al. [6] have observed that
at the interface a fraction of ferromagnetic spins is pinned along the AFM spin directions.
However, this alignment changes when the film becomes thicker and this does not di-
rectly provide the depth dependent spin structure as the induced anisotropy of the whole
layer is not the same for smaller and larger thicknesses. Exchange bias is the well known
interfacial effect, but there are a few methods available to directly probe the sample in
order to get depth dependent information. Nuclear resonant scattering (NRS) of syn-
chrotron radiation is among the most suitable methods for obtaining depth dependent
information. We have used NRS for obtaining the depth dependent Fe layer spin struc-
ture on the same sample and at the same magnetic field, during magnetization reversal in
Fe/MnF5, both above and below T (= 67 K) of MnF,. This is the subject of Chapter 8.

The ferromagnetic reversal mode (whether coherent rotation or nucleation and do-
main propagation) during magnetization reversal in exchange biased Fe/MnF2 and
Fe/FeF, still remains a debate. By using polarized neutron reflectometry on twinned
Fe/FeF, system Fitzsimmons et al. [7] have observed that: (1) when the sample was
field cooled from above Ty of the antiferromagnet to below Ty, with the field applied
exactly between the two twin directions, the ferromagnet reverses by coherent rotation
during the first reversal (i.e., for the left branch of the hysteresis loop) and by nucleation
and domain propagation for the right branch of the hysteresis loop. (2) When the sample
was field cooled with the cooling field applied along one of the twin directions, Fitzim-
mons et al. have observed a coherent rotation type of reversal mode for both branches
of the hysteresis loop. By using the method of magnetoresistance measurement, Kriv-
orotov et al. [8] have concluded that in Fe/MnF; for the left branch of the hysteresis
loop, the magnetization reverses via coherent rotation, while for the right branch of the
hysteresis loop, the magnetization reverses via domain nucleation and propagation. In
exchange biased Co/Co0Q, Radu et al. [9] have observed that the domain nucleation and
propagation type of magnetization reversal occurs only on the asymmetric branch of
the hysteresis loop (left branch in their case) and is also associated with training effect.
Theoretically, it has been calculated by Beckmann et al.[10] that the asymmetry in the
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hysteresis loop is observed when the cooling field direction is (even slightly) different
from the exact bisector direction of the two antiferromagnetic FeFy twin directions. By
using nuclear resonant scattering of synchrotron radiation, we have also determined the
reversal modes in Fe/MnFs,, both above and below Ty, of the antiferromagnet MnFs.
This will be described in Chapter 8.

The work presented in this thesis will provide a better understanding of the Fe spin
structure in exchange-biased Fe/MnF5 and Fe/FeF, bilayers.






Chapter 2

Basics of experimental techniques

2.1 Introduction

In the last decades, Mossbauer spectroscopy has gained increasing interest for the anal-
ysis of structural, chemical and magnetic properties of many crystalline and amorphous
substances including chemical, biological and magnetic materials. Because of sharp
nuclear energy level transitions, Mossbauer effect provides an extremely high energy res-
olution in the range of neV (with the y-ray photon energy in the keV range) and, hence,
Mossbauer effect can be used to probe the electronic environment of a nucleus via the
hyperfine interactions. In solids, the property of the individual atoms are affected by
the other atoms present in its close surrounding. Mossbauer spectroscopy may be used
to probe the change in the hyperfine interaction parameters to characterize the probing
atom and its surroundings. Due to its importance in characterizing materials, Mossbauer
spectroscopy is widely used in many branches of science, including physics, chemistry,
materials science, biology, medical sciences and geology etc. Recently, Mossbauer spec-
troscopy is used for exploring the surface of the planet Mars. In this chapter, the basics
of Mossbauer spectroscopy and other experimental techniques used in this work will be
briefly described (except the experimental technique "nuclear resonant scattering” of
synchrotron radiation, which will be described in Chapter 3).

2.2 Mossbauer spectroscopy

2.2.1 The Mossbauer effect

Nuclei in atoms undergo a variety of energy level transitions. These transitions are often
associated with the emission or absorption of one or more photons (y-ray) and may also
involve the processes of absorption of quasi-particles like phonons (lattice vibrational
excitations), if the nucleus is embedded in a solid. During the absorption or emission
process of a free atom the nucleus recoils, due to conservation of momentum. Thus, for
the free atom the emitted ~-ray has lower energy than the nuclear transition energy. This
can also be observed in a y-ray emission and absorption process of atoms bound to a solid,
where the emitting and absorbing nuclei recoil. In these circumstances, resonant emis-
sion or absorption does not occur, meaning that the energy of the resonantly absorbed
photon has to be greater than that of the transition energy in order to compensate the
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recoil energy of the atom. However. in 1957, Rudolph Ludwig Mdéssbauer discovered the
phenomenon of recoil-less emission and absorption of y-rays (nuclear resonance), later,
widely known as the “Mossbauer effect” [11-13], for which R. L. Méssbauer received the
nobel prize for physics in 1961.

2.2.2 Basics of Mossbauer spectroscopy

Absorber\/ASample ( 57Fe)

drive
G
Source Detector
Channeltron
Detector
[ -
£ ﬁ h f 2 1;‘%(\1&"’\[—
R,

-10 10

-10 5 0 5 10

E 0 5
ilelocl mm/s] b
vl 1 Velocity [mm/s]

Figure 2.1: Schematic diagram of the experimental set-up for Mossbauer spectroscopy.
The spectrum measured by CEMS (scattering) looks inverted in comparison to the trans-
mission (absorption) spectrum, but both spectra provide the same physical information.

A spectrum, in general, means a plot of the number of counts versus a range of ener-
gies. The technique of Mdssbauer spectroscopy uses the v rays emitted from the nuclei
of a radioactive source to probe the properties of the sensitive nuclei in the sample to be
studied. In order to probe the energy levels of nuclei in different sample environments
the energy of the Mossbauer y-ray must be scanned. This is achieved by moving the
source relative to the absorber. The source contains the parent nucleus of the Mossbauer
isotope, embedded, generally, in a rigid matrix. The source is generally mounted on a
Mossbauer drive, where the Doppler effect produces an energy shift in the gamma ray
energy, allowing us to match the resonant energy level(s) in the absorber. The ~-rays
emitted from the source pass through the material (absorber) being investigated and
are detected and counted by a detector. If the nuclei in the source and absorber are in
exactly the same environment (i. e. the energy of the nuclear transitions is equal for
both nuclei) the gamma rays will be resonantly absorbed and an absorption peak will be
observed. During scanning of the energy of the y-ray, the energy of the emitted ~-ray will
match with the energy difference of nuclear levels in the absorber, and the y-quantum
is absorbed, while the rest of the y-quanta (without energy matching) pass through the
sample and are then detected by a detector. Fig. 2.1 shows the simplest experimental
arrangement for a Mossbauer experiment. To measure a Mossbauer spectrum one needs
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three different equipments: (a) the Mdssbauer source, (b) the detector for the transmit-
ted photons (or for emitted conversion electrons in a backscattering experiment), and
(c) the sample (absorber) and the equipment necessary to produce the necessary sample
environment (temperature, magnetic field, high pressure, etc.).

Mossbauer source

Mossbauer sources generally employ a metallic host matrix in order to minimize the
possible chemical effects of the precursor nuclear transition. The matrix is cleverly chosen
by using the knowledge on Chemistry, metallurgy and nuclear physics. Inside the matrix,
Mossbauer sources are formed by exciting the atoms or isotopes to their Mossbauer lev-
els. This is done in nuclear reactors or accelerators according to proper nuclear reaction.
Details on preparation and the influence of the matrix can be referred from ref. [14]. *"Co
(for ®"Fe), 19Sn (for 9Sn), “9Eu (for 'Eu), ''Tb (for '%'Dy) and 7Pt (for 7Au)
are a few among the many different Mossbauer sources generally used for the study of
condensed matter physics. The radiations coming from a Mossbauer source is rather
complex. It consists of (a) the resonant y-rays from the excited to a ground state, (b)
non-resonant y-rays from the same transitions, (c¢) radiation from all other transitions in
the nucleus, and (d) secondary radiation produced in the matrix. Except the resonant
~-rays produced by the transition from the excited state to the ground state, which pro-
duces the Mossbauer effect, all other type of radiations contribute to the background. In
this thesis only °"Co source is used for performing Mossbauer spectroscopy. This nuclide
is produced by the (d, p) reaction on °Fe at a cyclotron. The strength of the sources
used in the work is generally ~ 100 mCi (1 Ci = 3.7 x 10' disintegrations per second
= 3.7 x 10'° Bq). The source is mounted on a constant-acceleration Mossbauer drive,
which is in principle similar to the the transducer of a loudspeaker and offers the possi-
bility to generate triangular, sinusoidal or square-like wave forms of the velocity of the
source. Because of this back-and-forth motion of the source, the energy of the emitted
photon, as seen by the sample (which is at rest in the laboratory) changes due to the
Doppler effect. For a 57Co source (with the y-ray energy E., of 14.4125 KeV) mounted
on a Mossbauer drive, which is vibrating with a velocity v of about £ 10 mm/s, the
energy of the v-rays changes by about 0E = + 500 neV (according to the equation JE
= (v/c) - Ey, ¢ = velociy of light) [15].

Detectors

After the Mossbauer nucleus has been excited by recoilless absorption of v-ray it de-
cays to the ground state by emitting either v-rays or internal conversion electrons (which
may also lead to secondary emission of X-rays). The nuclear level and decay scheme of
"Fe is shown in Fig. 2.2. There are three different types of detectors [14] used to de-
tect these emitted y-rays or X-rays; (a) Nal(Tl) scintillation counters, (b) proportional
counters, and (¢) Ge(Li) solid state counters. In this work, only proportional counters
were used for counting the transmitted ~-rays from the sample. (The channeltron detec-
tors used to detect the emitted electrons will be discussed in the next section 1.3.) The
proportional counters are generally filled (~ 1 atm pressure) with either argon, xenon,
krypton, or neon (about 95 %) and methane or nitrogen (quenching gas, about 5%). The
counters are directly connected to a (low capacitance) preamplifier and the high voltage
(~ 3 keV) power supply. The signal from the preamplifier is then amplified by a main
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57Co
Ty/2=270d
/C (99.84%)
% 137 keV
Nz %
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1 % é "1 b dde é
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S7Fe STre
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Figure 2.2: Nuclear transition scheme of 5"Fe (°"Co source)(left). vy is the widely used
14.4125 keV Mossbauer transition. EC = electron capture. Absorption process for the
14.4125 keV ~-ray in the 5"Fe absorber (right) [16].

amplifier and counted by a multichannel analyzer. The counts in each channel are added
for a large number of energy scans of the source until one gets a good statistics of the
spectrum, which leads to the Mossbauer spectrum.

Sample and sample environment

Mossbauer effect is sensitive only to the material containing the Mdossbauer isotope,
which uses the nuclear transition of the Mdssbauer nucleus as the probe. The intensity
of a Mossbauer spectrum is limited by the recoilless fraction f. Because of the recoil
it is impossible to measure a Mdssbauer spectrum of a liquid or a gas. The recoilless
fraction of ~-rays varies from solid to solid depending on the strength of the chemical
binding of the Mossbauer atom to the solid or its Debye temperature. In this work,
thin film samples containing >'Fe as the probing nucleus are used, namely thin films and
bulk materials of *’Fe and "*FeF,. As "*Fe (natural Fe) contains 2.14 % of *"Fe, "*Fe
containing bulk materials are generally used for the study by Mossbauer spectroscopy.
For the measurement of the Mossbauer spectrum at various sample environments vari-
ous equipments can be used. For example, bath cryostat containing a superconducting
(solenoid) magnet may be used for measurements at various temperatures and with ap-
plied magnetic fields. For changing and detecting temperature of the sample, electrical
heaters and temperature sensors (such as carbon-glass or Pt resistance thermometers
or diodes) may be used. In this work, Mdssbauer measurements were performed in the
temperature range from 4.2 K to 300 K, and without applied magnetic field. In some
cases, the sample was field-cooled in an applied field by using an electromagnet.

2.3 Conversion electron Mossbauer spectroscopy

After the absorption of the v quantum, the excited °"Fe Mossbauer nucleus may de-
cay after a mean lifetime 7 of 1.41 x 1077 s via reemission of a 14.4125 keV ~-quantum
or, alternatively, via the transfer of its energy to its own electron shells, preferentially
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to the K-shell, being closest to the nucleus. In this way a K-conversion electron is emit-
ted from the 5"Fe atom with a kinetic energy of E;, = E, - Ex—tinding = 14.4 - 7.1
= 7.3 keV, where E, = energy of the y-quantum and Ex_pin4ing = binding energy of
the electron in the K-shell. In a similar process L- and M-conversion electrons are also
emitted, but their probability is smaller, because their average distance from the nu-
cleus is higher and the difference in energy between E, and Ey;pnging becomes larger for
these shells. After the conversion electron is emitted, electrons from higher shells jump
to the hole in the shell from which the conversion electron was emitted. As a result a
variety of Auger electrons and X-rays of different energies are produced. The schematic
diagram of the decay channels of various conversion and Auger electrons and the X-rays
is shown in Fig. 2.3. The method of obtaining a Mossbauer spectrum by measuring
these conversion electrons and the secondary electrons (after emission of the conversion
electron) is known as conversion electron Mossbauer spectroscopy (CEMS). Because of
the limitation in energy of the conversion electrons (maximum 7.3 keV for K-conversion
electron), CEMS is sensitive to a limited depth of the probing material (about 100 nm
in iron). The emitted electrons loose their energy by scattering with other electrons and
nuclei during their path to the surface of the sample. Due to the isotope-selective nature
of the Mossbauer effect and monolayer sensitivity of CEMS, CEMS is suitable for the
study of various properties at the surfaces, subsurface regions and interfaces of nanoscale
materials including thin films and heterostructures. In CEMS one counts the number of
electrons originating from Mossbauer events versus the source velocity v; the method is
sensitive even to a coverage of 0.1 monolayer of 5"Fe.

[e; -K 7.3Kev (81%) |

x—K,?.O keV (3%)
K] .

e, —KMM "
e;—KIL 5.4keV :
(44%) |

ey LM 4 x-L 0.7keV

e;—KIM 8.2keV (13%) ¢;-L 13.6keV (9%)

x-K_8.3keV (21%)

LT

e,—M 14.3keV (1%)

Figure 2.3: Decay channels of the 14.4125 keV excited state of ®"Fe. The *"Fe nucleus
decays by emission of a photon or a conversion electron. The conversion electron emission
is followed by emission of various secondary low energy electrons or X-rays [16].

The schematic diagram of the measurement setup is shown in Fig. 2.1, where the
channeltron is the detector for the electrons. The efficiency of a channeltron is low at
7.3 keV. Many other supportive arrangement should be done in order to increase the
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efficiency of a channeltron. In order to avoid the scattering of the electrons by various
gas molecules during its path to the channeltron, the channeltron and the sample are
kept in high or ultrahigh vacuum. To collect more electrons from the sample surface the
channeltron has a conical shape with a long tail. To increase the detection efficiency of
the channeltron, the cone of the channeltron and the sample are generally surrounded
by a MgO-coated aluminum foil, which serves as a secondary electron emitter. The con-
version and Auger electrons from the sample are accelerated and directed towards the
channeltron by applying a small positive voltage (~ 4100 Volts) at the collecting end
(cone) of the channeltron. A high voltage (~ +3000 Volts) is applied to the other end
(tail) of the channeltron. Hence, a voltage gradient is created from one to the other end
of the channeltron, which functions as an electron multiplier. A preamplifier is connected
to the high voltage end (tail) of the channeltron, which is then connected to the main
amplifier and multichannel analyzer for the measurement of the Mossbauer spectrum.
As high vacuum is the requirement for the detection of electrons, the channeltrons are
very useful for the measurement of the Mossbauer spectrum at low temperatures.

—————o + highvoltage

i > o preamplifier

AMRAARNRNANRRNY,

Y

Figure 2.4: Schematic diagram of a CEMS gas flow proportional counter [16].

For the measurement of conversion electrons at room temperature (RT) a different
kind of counter is used. The sample is mounted inside of a proportional counter. Fig.
2.4 shows the schematic view of the room temperature gas flow proportional counter
used for CEMS. A continuous flow of high purity He + 4% CH, gas mixture is sup-
plied. Here, CHy acts as the quenching gas. The conversion electrons take part in an
ionization and re-ionization process producing a cloud of negative charges which travel
towards the high (+) voltage wire which serves as cathode. The number of events in
this process is counted, which gives rise to the Mossbauer spectrum. In this work, along
with this gas flow proportional counter (at room temperature), a home-made propor-
tional counter filled with He+ 4% CH,4 gas (constant pressure of about 500 mbar) is
used for the CEMS measurement. In this case, this counter works down to 40 K. Here,
the impurities inside the He gas seems to work as the quenching gas at low tempera-
tures (when CHy is condensed), and, when liquid He is used for cooling the sample with
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the detector further down below 40 K, the quenching gas condenses at the inner walls of
the proportional counter and, hence, no ionization process could be detected below 40 K.

2.4 Mossbauer spectroscopical parameters

The number of lines and the position of the lines of a Mossbauer spectrum is deter-
mined by the contributions of two effects: (i) hyperfine interaction and (ii) relativistic
effects. Hyperfine interaction is the interaction of the nucleus with the surrounding elec-
trons. The important hyperfine parameters (such as isomer shift, quadrupole splitting
and magnetic hyperfine field) and relativistic parameters (such as second-order Doppler
shift) are described below. The intensity of a Mdssbauer line also provides important
information about the material under investigation.

2.4.1 Mossbauer linewidth and recoil-free events

Heisenberg’s uncertainty relation, (AFE) - (At) > h, can be used to determine the
linewidth of a Mdssbauer spectrum. A Mossbauer transition has a mean lifetime 7 of
the excited state or a half lifetime t,/, = 7 - In2, while the ground state is stable and
has an infinitely long lifetime, i.e. its energy level is well defined. Hence, the uncertainty
principle suggests a natural linewidth [17]:

AE =T = h = 0.693h (2.1)
T t1/2
For instance, the half life of the excited state of *"Fe (E, = 14.4 keV) is t,2 = 0.977
x 10~ s. Thus the natural linewidth I' = 4.7 x 10~? eV. The energy distribution of the
emission and absorption process can be derived from the Breit-Wigner formula, which
results in a Lorentzian shape for a Mossbauer line. The intensity of the Mdssbauer line,
combined to its shape, can be expressed by the total cross section (o(E)) [18]:

FZ
Ty 4(E-E,)

o(E) = (2.2)

with the maximum crosssection

SN 2L 41 1
2 20, +1 ap+ 1

(2.3)

0o

where I, and I, are the nuclear spins of the excited and ground state, respectively. A
is the wave length of the ~v-ray and «; is the total internal conversion coefficient which
takes into account the competing modes of transition. For 5"Fe, ay is in the order of 10.

The intensity of the Mossbauer lines, depends on the recoil energy of the emitting and
absorbing atom. The typical energy required for the displacement of an atom to another
position in a solid is in the range of 15-30 eV. Thus, the emitting or absorbing atom in a
solid is relatively strongly bound. The recoil energy (e.g., 2 x 1072 eV for 57Fe) following
emission (or absorption) of a Mdssbauer y-ray is insufficient to displace the Mdssbauer
atom, but the atom may change its vibrational motion. If the vibrational motion is not
changed as a result of the emission (or absorption) of the y-ray, the recoil energy must
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be absorbed by the solid as a whole. Since the mass M, of the crystal is about 10?3
times larger than the mass M of a single atom, the recoil energy Ep = (h?k?)/(2My0¢)
becomes infinitely small. This results in an unbroadened, unshifted ”zero-phonon” line
or Mossbauer line in the y-spectrum. The fraction of emitted (or absorbed) unshifted
v-ray emissions (or absorptions) (relative to the total number of events) is the recoilless
fraction. This recoilless fraction is known as Debye-Waller factor or Lamb-Mossbaue
factor or f-factor.

Considering the atoms in a solid as having harmonic interaction forces, the mean
kinetic energy (1/2)Muv?* per degree of freedom is the same as that for an ideal gas
((1/2)kgT) and is also equal to the mean potential energy (1/2)Mw? < z? >. Using
quantum theory, the mean-square vibrational amplitude for the lowest Einstein oscillator
level can be expressed as [18]:

h
2Mw
where M = mass of the Mossbauer atom, i = Planks constant = h/27 and w = frequency

of the oscillator level spacing. Considering only one-phonon excitations and multiphonon
processes being infrequent, the recoil energy can be expressed as [18]:

< 2?>= (2.4)

Er=(1- f)hw (2.5)
E hwM
;»f:1—£:1—2mT (2.6)

The above equation can be expressed in terms of the mean vibrational amplitude of
the oscillator [19]:

f=ets> (2.7)

where k = wave number of the photon.

By using the Debye model for the vibration of the atoms in a solid, i.e. there exists
a continuum of oscillator levels in the solid and a frequency distribution quadratic in w,

< 2% > may be expressed as [19]:
T 2 0/T y

where Yy = kBMT and ©p = Debye temperature, kg = Boltzmann constant and the inte-

2

<zi>=———
o AM R0y

gral in eq. (2.8) is the Debye integral. The Debye temperature can be visualized as an
approximate limit, which separates the high temperature region, where the oscillators or
the solid can be treated in a classical fashion, from the low temperature region, where
quantum mechanical effects are significant.

The above equation (eq. (2.8)) explains that the Debye-Waller factor is temperature
dependent. The temperature dependence of < 22 > and of the Debye-Waller factor,
f = f(T), considering different temperature regimes are given below.
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When T >> 6p,

<a?>= 3 <£> (2.9)

Hence, at high temperatures, < 22 > of Inf is linear in T, and the slope depends on 6p.

For T' << 6p,

(2.10)

= <2?> o T?
i.e., at low temperatures, < x? > is proportional to 72, and the curvature depends on 6p.

For T'=0 K,

3h?

2
<pic>=— =
v AM kR0,

(2.11)

f<T=0>=ea:p( S )

 AMkpOp

Classically, at T = 0, no oscillations are excited, i.e., < 22 > = 0 and eq. (2.7) implies
f = 1. However, quantum mechanically, f has the highest value at absolute zero, but
is always less than one (f < 1), due to the quantum-mechanical zero-point vibrations,
where < 22 >#£ 0 and f < 1.

From the above discussions it is clear that the intensity of the Mossbauer lines will be
changed by varying the Debye-Waller factor f (e.g., by changing temperature, pressure,
lattice structures, environment (i.e., introducing atoms close to defects, at surfaces or
interfaces, etc.)), because this changes the mean-square displacement < z? > of the
Méssbauer atoms. The integrated intensity (area) under the spectrum is proportional
to the recoilless fraction f of the Mdssbauer atom. If the recoilless fraction is higher,
the Mossbauer line intensity and the spectral area will be higher. Hence, under proper
experimental conditions, the Debye-Waller factor and the intensity of the Mossbauer
spectra may be employed to derive the components of phase mixtures in a material and
also to study phase transformations. In Chapter 6 it will be discussed that we have
obtained the thickness of a Fe/FeF5 bilayer film from considertion of the f-factor. The
Debye-Waller factor f has following important behaviors:

1. The Debye Waller factor decreases with increasing recoil energy.

2. The Debye Waller factor is higher at low temperatures, and hence, low tempera-
tures (1 < Op) are favorable for the observation of large Méssbauer effect.

3. As the Debye-Waller factor depends on the mean-square vibrational amplitude
of the atoms, one can obtain integral (indirect) information about the phonon
frequency spectrum g(w) by measuring the Debye-Waller factor.
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2.4.2 Chemical or isomer shift (§)

The isomer shift (§) arises due to the non-zero volume of the nucleus in, both, the
excited and ground state and due to the different s-electron charge density at the nucleus
in source and absorber. (The electron charge density due to other electrons (p- and d-
electrons) at the nuclear site is negligible or zero.) This causes an electric monopole
(Coulomb) interaction which alters the nuclear energy levels. The volumes of the nucleus
in its ground and excited state are different (for instance, the nuclear radius of 5"Fe in the
first excited state is smaller than that of the ground state) and, the s-electron densities
are affected by the local chemical environment. A change of the nuclear size and/or the
chemical environment changes the nuclear energy levels and this is observed by a shift
of the Mossbauer spectrum which is known as the chemical or isomer shift. The isomer
shift may be expressed by the following relationship [17]:

5=0 5 (1 0a0) P ] ws(0) P) 212

where C = (47/5)Ze*R? is a constant for a given isotope containing nuclear parameters
(where Z = atomic number of the Mdssbauer atom and e = electronic charge, R = mean
nuclear radius). AR/R = (Re; -Rgr)/R, is the relative change of the mean nuclear radius
between the excited and the ground state. The term inside the parenthesis represents
the difference in the total electron density (evaluated at the nucleus) between the ab-
sorber and the source. In a typical Mossbauer experiment the position of this resonant
Mossbauer line at the Doppler velocity v is given by

AR
R

in velocity units, where E, is the energy of the resonant v-ray.

v=(c/E,) C— (1 %a(0) [* = [ ¥s(0) [*) (2.13)

The above discussion shows that any difference in the electronic environment between
source and absorber produces a shift in the resonance energy of the transition. However,
this is a relative shift, and a suitable reference is necessary, such as a specific source or
absorber. In a Mossbauer experiment usually one uses a standard source, e.g., *’Co in
a Rh matrix, and, hence, | ¥5(0) |* is a constant in eq. (1.12). In this case, the isomer
shift can be positive or negative depending on whether the value AR/R is positive or
negative, i.e. the radius of the excited state is larger or smaller than that of the ground
state. As the nuclear radius of ®"Fe in the excited state is smaller than that of the ground
state, the combinationof a *’Co (Rh matrix) source and an a-Fe absorber produces a
negative isomer shift (in velocity units) of 6 = -0.106 mm/s at RT. In all of the results
presented in this thesis, the isomer shifts are given relative to an a-Fe foil at room tem-
perature as a standard reference absorber, while the source was always ®”Co in Rh matrix.

In all of the following Chapters (except Chapter 3), it will be noticed that the iso-
mer shifts of ®’Fe in different chemical environments are different. In addition to the
change of the nuclear radius of the excited state, a change of the valence state of Fe,
e.g., Fe in a divalent Fe*™ state or in a trivalent Fe3" state (with the electronic configu-
rations 1s?2s?2p%3s23p%3d° or 1522s22p%3s23p%3d°, respectively) also changes the isomer
shift appreciably, although the number of s-electrons is the same. The only difference
is the number of electrons in the d-orbital. This difference in the isomer shift of the
above two states of Fe arises indirectly due to the screening of the 3s electrons by the
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3d electrons. By adding one electron to the 3d-orbital of Fe, the attractive Coulomb
potential for the 3s-electrons is reduced, which and causes the wave function to expand
and also to reduce its charge density at the nucleus. In this way, the removal of the 6th
3d-electron by going from Fe?" to Fe3T increases the charge density at the nucleus and
produces a sizable isomer shift towards smaller values. The isomer shift observed for
FeFy (a divalent iron compound that will be discussed in Chapters 4 and 6) is different
from that observed for metallic bee-Fe.

2.4.3 Second-order Doppler shift

The atoms in a solid are vibrating, in 3 dimensions, about their mean position with
many different frequencies (w). The frequency distribution is different for different ma-
terials, and is given by the vibrational (or phonon) density of states g(w). The Doppler
effect equation can be applied to the case of random thermal motion of atoms in a solid
[14,20, 21]. The relativistic expression for the Doppler effect is:

Vsource = Vobs [(1_v6?>/< 1_‘6/_22)

where 7 are the unit vector in the direction of motion of the source, Vepurce and Vyps
are the frequencies of the source and observer, respectively, and V is the velocity of the
observer.

(2.14)

Expanding the denominator and neglecting the higher order terms lead to,

V.7 V2 Ve v VT
Vsource =~ Vobs 1 - 1—|— = Vpbs 1— 4+ — — L

c 2c2 c 2c2 c 2c2
(2.15)
Neglecting the 3rd order term, one obtains:
V.7 V2
source ~ obs 1 - Y 216
Vobs — Vsource o 5V o V : T) v2 (2 17)
Vpbs v ¢ 2c2 )

The first term is a linear component of velocity and is the linear Doppler effect. The
linear Doppler effect is related to the motion of the radiating or absorbing atoms or
nuclei, which results in broadening of the gamma rays, and hence, of the Mdssbauer
line, for a gas or liquid, where diffusive motion of the atoms occur. However, because
of thermal motion of atoms in a solid, the velocity changes in direction at frequencies
characteristic of lattice vibrations (102 — 10'3 s7!), i.e., many oscillations take place
within the lifetime of the nuclear levels 1077 —107® s. Since positive and negative velocity
T

occurs with equal probability, the time average of the term vanishes. However,
the second order term will not average to zero, because it only depends on the square
of the magnitude of velocity, but not on its direction. Hence, equation (2.17) reduces to
the term of second order in the velocity:

<VZ>

ov
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where < V2 > is the mean square velocity of the atoms in the solid. Notice the negative
sign in eq. (1.18), which leads to a “red shift”.

The above equation (2.18) suggests that there is a shift of the Mdssbauer line known
as second-order Doppler (SOD) shift. The SOD shift can be evaluated by taking the value
of the mean-square thermal velocity, for instance, of the 5"Fe atoms in the material. The
mean-square thermal velocity is obtained by averaging over all the modes of the lattice
vibrations.

< V2 >= [V?g(w)dw,

where g(w) is the frequency distribution function or the vibrational density of states.
The SOD shift depends on the phonon density of states g(w). Using the Debye model of
lattice vibrations and assuming atoms as isotropic harmonic oscillators one obtains

ov 9kpbp |1 T\* P e

BYD
v L d 2.19
v~ 2Me [8+<D)/0 ey—ly] (2.19)

For the comparison of the chemical shifts at low temperature, it is useful to consider
eq.(2.19) when T'— 0 K. For very low temperatures, T' << 0p, eq. (2.19) reduces to

ov . ngeD 1 4 ™ 4 T 4

v 2Mc* |8 15 \6p
This equation implies that the zero-point vibrational term is a function of the Debye
temperature 0p.

. 9ksbp
T 16Mc?

(2.20)

On the other hand, for high temperatures T' >> 6p, one obtains from eq. (1.19):

1 /0p\° 1 /6p\* 3kpT
—(2) - — (22 N i 2.21
+20<T) 1680(T) + IM 2 (2.21)

According to the equation (2.21) the second-order Doppler shift is independent of
Debye temperature 8, and has a linear temperature dependence at high temperatures.

ov 3]€BT

T 2Me2

The second-order Doppler shift (dsop(7")) adds to the chemical (isomer) shift of
the material (Jcpem, a constant of temperature) to give the measured total isomer shift
("center” line shift ), d;p1q1, Of the center of gravity of a Mdssbauer spectrum [26]:

6total(T) = 6chem + 5SOD (T) (222)

In Chapters 6 and 7, the Debye model is used for the fitting of the observed total
isomer shift (center shift) (chemical plus second order Doppler shift) of the Mdssbauer
spectra measured at various temperatures.

2.4.4 Quadrupole splitting

The interaction of the nuclear electric quadrupole moment e() with the principal
component of the diagonalized electric-field gradient (EFG) tensor at the site of the
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nucleus splits the nuclear states into sublevels known as quadrupole splitting. The nu-
clear quadrupole moment reflects the deviation of the nucleus from spherical symmetry.
An oblate (flattened) nucleus has a negative quadrupole moment, while a prolate (elon-
gated) one has a positive quadrupole moment. Nuclei with spin zero or % are spherically
symmetric and have zero quadrupole splitting. Hence, °"Fe with I = %, the ground
state, exhibits no quadrupole splitting. However the excited state with [ = % has a
quadrupole moment and shows quadrupole splitting. There are few exceptions where
the cubic lattice environment also produces quadrupole splitting. Some examples are
161 Dy Mossbauer spectrum of Dysprosium iron garnet, and %9Tm Mossbauer spectrum
of TmFe,, where the rare-earth (Dy or Tm) site is cubic but quadrupole splitting is
observed. This is caused by the ferrimagnetic nature of the substance, which gives rise
to a splitting of the 4 f electronic levels, resulting in a non-cubic charge distribution.

The quadrupole splitting, AF, is temperature dependent and varies from compound
to compound. The quadrupole interaction Hamiltonian can be written in terms of the
quadrupole moment (Q), the nuclear spin operator (I), and the electric field gradient
(EFG) tensor at the position of the nucleus:

_Q

H=rer—n

{Vea B = I(I + )] + (Vaw — Vi) (I3 + )} (2.23)

The EFG is obtained by applying the gradient operator on each component of the elec-
tric field vector. The EFG is then a 3 x 3 tensor and can be reduced to the diagonal form
in the proper co-ordinate axes giving the three required components (9?V/0x2, 92V /0y*
and 0%V /9z%) of EFG. These are generally abbreviated as V., V,, and V,,. Again zero
total charge density in a region makes these three components to obey the Laplace equa-
tion (Vz, + V,y + V.. = 0). The remaining two independent parameters are chosen to
be V., and the asymmetry parameter 7. The asymmetry parameter is defined as below:

Viw — Viy
Vs

The components are usually chosen so that V,, < V,, < V.., which makes the value
of the asymmetry parameter between 0 and 1 (0 <n < 1).

n= (2.24)

The electric field gradient originates from the charge distribution of the 3d-valence
electrons of the Mossbauer atom and the charge distribution of the neighbouring atoms in
the lattice. The contribution of the atom’s own electrons to the EFG is greatly modified
by the distant charges, which modifies the atom’s own charge distribution. This mod-
ification results in an amplification of the EFG, which is like an antishielding. Hence,
an antishielding (also known as Sternheimer correction) factor (1 — 74) is multiplied
with the lattice contribution. On the other hand, in ferrous ions the lowest order state
°D(3d%) has a ferric like core and an unpaired valence electron. The valence electron
polarizes the core electrons and this also contributes to the EFG. To include this polari-
sation effect of the valence electron a similar Sternheimer correction factor, (1 — R) has
been introduced [22, 23].

The EFG components can be expresses as:

V..Je=q=(1— R)qua + (1 = Yoo)Qlat
and
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(V;m: - %y)/e =nq = (1 - R)nval%}al + (1 - ’Yoo)nlatqmt

However, the most important contribution arises from the Mo&ssbauer atom’s own
valence electrons, which has an relative value of (4/7) < r=3 > for the free *Fe ion
[22,23].

For ®Fe with spin 2, the quadrupole splitting is given by:

1
1 1,]2
AE = 5eQQq [1 + 57;2] (2.25)

The exact angular dependence of the electron wave functions for the above five dif-
ferent 3d-orbitals can be written in terms of the associated Legendre polynomials P (u),
P}(u)e* and P(u)e*™, where u = cosf [17]. The presence of the crystal field, which
has symmetry lower than cubic, splits the degenerate °D state of the ferrous ion (Fig.
2.5). The symmetry can be approximated by a distorted octahedron, and the crystal
field can then be treated as a sum of cubic, axial and rhombic crystal fields:

V= chubic + V:zm'al + ‘/rhombic

The cubic crystal field splits of the degenerate D state into two states or groups:
(1) The two-fold degenerate higher state, which transforms like (322 —7?) and (z* — y?),
and is called the dvy orbital, where 72 = 22 + 9%, In these orbitals the charge density is
localized along the Cartesian co-ordinate axes (z, y and z). (2) The three-fold degen-
erate lower state, which transforms like zz, yz and xy, and is called the de orbital. In
these orbitals the charge density is localized between the co-ordinate axes. This happens
in case of an undistorted octahedral symmetric environment, where negative charged
ligands lie along the coordinate axes.

iR
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Freeion + cubic field +  axial field + Rhombic field +Spin-Orbit coupling

Figure 2.5: Electronic energy-level scheme for the ferrous ion under the action of the
crystalline field plus spin-orbit coupling [23].
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The population of the orbital is determined by the exchange interaction between elec-
trons and the Boltzmann factor e(=#/#27) where E is the separation of the levels[18, 26].
The exchange interaction between electrons is important because the sixth electron in
the 3d orbital, whose spin align antiparallel to the spins of the other five electrons, which
are aligned parallel to each other with spin up, obeying Hund’s rule. The sixth electron
with spin down is spread over the orbitals of lowest energy. This produces the exchange
interaction with the other electrons.

The three lower orbitals de are equally populated by the sixth electron in case of an
octahedral symmetric environment. This makes the energy of the three de orbital the
same (degenerate). However, when the symmetry is reduced, the population of the sixth
electron becomes different and the degeneracy of the de orbitals are lifted. However,
this nondegeneracy is now determined by the temperature dependent Boltzmann factor
e(=E/k8T) alone. At very low temperatures the Boltzmann factor retains the nondegeracy.
However at higher temperatures close to room temperature the Boltzmann factor ap-
proaches unity and all the states are populated equally, making the states degenerate.

The axial crystal field (e.g., trigonal or tetragonal symmetry) lifts the degeneracy
of the dvy and de orbitals. The dy orbital is split into the two states | (32?2 — r?) >
and | (z* — y?) >. The de orbital also splits into two states, one state is | xy >, and
the other is a degenerate state of | xz > and | yz >. The rhombic crystal field (e.g.,
orthorhombic symmetry) lifts the degenaracy of | zz > and | yz > states. The en-
ergy difference of these two states with respect to the | xy > state can be written as A;
and A,. These states may become orbitally mixed states in case of spin-orbit interaction.

The spin-orbit interaction is the primary cause of the spread of the low temperature
quadrupole splitting. The spin-orbit interaction can be written as: Vi, = —\ L - S, where
A is the spin-orbit coupling constant. In Fig. 2.5 a schematics of the level spitting due
to the crystal fields and the spin-orbit interaction is displayed. Spin-spin interaction is
very week and often can be neglected.

The effective spin-orbit coupling constant is somewhat smaller in the crystal than in
the free ion [24]. By using the method of molecular orbital theory it has been shown
that the spin-orbit coupling constants of the free ion and the ion inside the lattice are
related:

A= a’\ (2.26)

Here a? is called the ’covalency factor’, and its value is between 0.6 and 0.9. Although,

the reason for this reduction is not clearly understood, this might occur because of the
radial expansion of the ion due to screening [25]. Whatever the cause may be, this reduc-
tion of the spin-orbit coupling constant is responsible for the variation of the quadrupole
splitting.

The temperature dependent quadrupole splitting (AFE) can be expresses as
AE = (2/7)e*Q(1 — Ry) <1772 >0 a*F(Ay, Ag, a* X, T) (2.27)

where (2/7) < 73 > is the (relative) expectation value of the EFG operator, (1 — Ry)
is the Sternheimer correction factor, the covalency factor a? takes care of the change of
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various parameters from the free ion value to that for the ions inside the lattice, F is the
reduction factor which is temperature dependent and also a function of the spin-orbit
coupling constant, and the suffix zero stands for free ion values.

2.4.5 Magnetic hyperfine field

The interaction of the nuclear dipole moment py with a magnetic field H at the site
of the nucleus splits the nuclear states with spin I into (27 + 1) states with eigenvalues
[18]:

H
B, = —M = —gnByHm; (2.28)
where m; = magnetic quantum number with values m; =1, I —1, ... —I, gy = nuclear

Landé splitting factor, and Gy = nuclear magneton. The magnetic field at the nuclear
site of an atom may be caused by many factors [17]: (1) Fermi contact interaction, (2) or-
bital magnetic moment of the electrons, (3) magnetic dipolar interaction with electronic
spins, (4) contribution from exchange-polasized s-electrons due to the polarization of the
conduction electrons of a metal, either in an applied magnetic field or in magnetic field
produced by the neighboring atoms.

Further, from eq. (2.28),

UN = gNﬁN] (229)

For a purely magnetic interaction at the nuclear site of the isotope *"Fe, which has I
= 1/2 for the ground state and I = 3/2 for the first excited state, the nuclear states split
due to he Zeeman effect, as shown in Fig. 2.6. The ordering of the sublevels m; indicates
the fact that the ground state nuclear magnetic moment is positive, while the excited
state has a negative magnetic moment. As we have dipolar transition (M1), the nuclear
Zeeman effect has the selection rule Am = 0, + 1. The allowed transitions, which give
rise to the six-line Mdssbauer spectrum (sextet), is also shown in Fig. 2.6.

A Zeeman-split Mossbauer spectrum of an a-Fe foil with a hyperfine magnetic field
By of 33 T at RT is shown is Fig. 2.1 (right). This hyperfine field of 33 T corresponds
to a local Fe magnetic moment of 2.2 up (up = Bohr magneton). The ratio 33 T/2.2
pup ~ 15 T /up is the hyperfine interaction constant and provides a means of estimating
the local Fe magnetic moment from the measured hyperfine magnetic field. In many
materials containing Fe this conversion factor works reasonably well. As the hyperfine
magnetic field at the nucleus of *"Fe is created by the electrons of the atom, the direction
of the hyperfine field B,y is opposite to the direction of the magnetic moment of the Fe
atom.

The angular dependence of the allowed transitions in given in Table 2.1 [18]. From
this table one can obtain the relative line intensities of a magnetically (Zeeman) split
Mossbauer sextet. The six lines of the > Fe Mossbauer sextet have the following intensity
ratio: 3:Ro3:1:1:Ro3:4, where the intensity Ro3 = Rs4 may vary from 0 to 4 depending on
the angle 0 between the direction of the magnetic hyperfine field at the nucleus and the
~v-ray direction. This has also been schematically shown in Fig. 2.7. As the magnetic
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Figure 2.6: Schematic diagram of a nuclear level splitting due to various hyperfine in-
teractions (EO: electric monopole interaction, M1: magnetic dipole interaction, and
M1+4E2: magnetic dipole and electric quadrupole interaction) and the allowed transi-
tion schemes for *"Fe [26].
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Figure 2.7: Line intensity ratio of a Mdssbauer spectrum (schematically) showing line
positions (top) and he relative line intensity (bottom).
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hyperfine field is opposite to the spin (magnetic moment) direction of the *'Fe atom,
Mossbauer spectroscopy may be used to obtain the spin structure of different materials
containing the magnetic Mossbauer atom. The details of the obtained spin structure of
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various thin films FeFy, Fe/MnF, and Fe/FeF; will be described latter (Chapters 5, 6,
7 and 8).

Table 2.1 Angular dependence of the allowed transitions in a pure nuclear Zeeman
pattern of 5" Fe [18]. 0 represents the angle between the direction of the magnetic hyper-
fine field at the nucleus and the propagation direction of the vy-ray.

Transition Am Angular dependence
13/2 > £1/2 +£1  3/4(1 + cos?0)
+1/2 — £1/2 0 sin*0
Fl1/2—+1/2 F1 1/4(1 + cos?0)

As the magnetic hyperfine field is created predominantly by the d-electrons via po-
larization of the core electrons, the temperature dependence of the magnetic hyperfine
field (Bj;(T)) varies approximately like the magnetization i.e. like a Brillouin function
[27]. At low temperatures, Bj; behaves according to Bloch’s spin wave law. According
to Bloch’s law, the spontaneous magnetization, M, is a function of temperature and, at

low T, is given by [27],
kT2
1-C( —=
(")

where J is the exchange interaction and C is a constant. As there is a proportionality
between M(T) and Bj,¢(T). Hence, Bj,f(T) can be expressed as

M = M, (2.30)

Bys(T) = Byp(0) [1 — bT3/?] (2.31)

where Bj,¢(0) is the hyperfine field extrapolated to T = 0 K and b is the stiffness constant.

2.4.6 Combined hyperfine interactions

Combined effects of hyperfine interactions are often encountered in different ma-
terials. However, the combined effects of magnetic dipole (or Zeeman) and electric
quadrupole interactions makes the interpretation of the Mdossbauer spectrum more com-
plicated. Normally, when one interaction is small in comparison to the other, either
the magnetic hyperfine interaction is perturbed by the electric quadrupole interaction
or the quadrupole interaction is perturbed by the magnetic Zeeman interaction, e.g., by
applying a magnetic field. Hence, when the electric field gradient is small and collinear
with the magnetic hyperfine fields, the quadrupole interaction may be taken as a small
perturbation on the magnetic interactions. In this case the Mossbauer spectrum can
be explained in a simple manner as shown in Fig. 2.6. However, a strong quadrupole
interaction comparable to the Zeeman interaction makes the spectrum complicated. In
general, ”"forbidden” transitions occur in that case. For the case of 5"Fe, two forbidden
transitions appear along with the six line spectrum. It will be seen in Chapters 4 and 6
that an eight line spectrum appears for FeFs, which has a strong quadrupole interaction.

If the recoil-free fraction f of an anisotropic material depends on the crystal ori-
entation, it will also depend on the orientation of the EFG axes and the spin direc-
tion (in a magnetic material). In this case the relative line intensity of the magnetic
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and/or quadrupole hyperfine pattern will reflect the vibrational anisotropy in the ma-
terial. This effect is known as Goldanskii-Karyagin effect. In case of tetragonal FeF,
although there is strong quadrupole interaction and magnetic hyperfine splitting, the
Goldankii-Karyagin effect is not observed.

Time-dependent features are often observed in a Mossbauer spectrum. The correla-
tion time (relaxation time of electron spin and nuclear Larmor precession time) char-
acterizing various relaxation processes causes the spectrum to have broadened lines, for
example, in the case of paramagnetism or in superparamagnetism of small particles,
where the total magnetic moment of the particle fluctuates thermally. In this cases,
along with the line broadening, the spectra becomes more complicated.

2.4.7 Calibration and least-squares fitting of the Mossbauer
spectra

Before all Mossbauer measurements, a calibration spectrum from an a-Fe foil at RT
was taken. The distance between the outer lines of the Mossbauer spectrum of an a-Fe
foil corresponds to 10.66 mm/s, which is equivalent to a hyperfine field By of 33.16 T
at room temperature. The isomer shift of an a-Fe foil at RT relative to a ®"Co source in
Rh matrix is -0.106 mm/s. All isomer shifts given in this work are relative to the a-Fe
foil at RT (unless explicitly mentioned).

All the Mossbauer spectra in this work, have been least-squares fitted by using the
computer program "NORMOS” written by R. A. Brand [28, 29]. This program offers also
the possibility of taking a hyperfine field distribution P(Byf) into account. Most of the
spectra are fitted by assuming either a magnetic hyperfine field as a small puterbation
with a strong quadrupole interaction, or an electric quadrupole interaction as a small
perturbation with a strong magnetic Zeeman interaction. An exception is the Mossbauer
spectrum of FeFy, where both a strong electric quadrupole and a strong magnetic dipole
interaction exists at the nuclear site of ®"Fe. In this exceptional case, the spectra were
fitted by using the full Hamiltonian fitting procedure of the program.

2.5 X-ray Diffraction

X-rays are scattered by the electrons of a material. Therefore, by using X-ray diffrac-
tion (XRD) one can obtain information about the electron density of a material. In a
crystalline solids, the atoms (and also the electron density) are arranged in a periodic
manner. Hence, in crystalline materials X-rays scatter coherently from the periodic ar-
rangement of electron densities in order to give rise to the diffraction peaks. However,
for amorphous materials no sharp diffraction peak can be observed. XRD may provide
the information about the structure (crystalline or amorphous) and the existing phases
in a material, but also, layer thickness, quality of the interface and epitaxy or texture
of a thin film sample may be inferred. Large angle (> 15°) XRD is used to obtain the
structure of a sample. Often rocking curves are measured in order to obtain information
about the epitaxy or texture of a film grown on the appropriate substrate. Small angle
(< 15°) X-ray scattering is often used for characterizing a thin film or multilayer sam-
ple. From the oscillations in the small-angle XRD measurements one obtains the layer
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thickness and the quality of the interface (rough or flat (smooth)) of a film or multilayer.
To obtain information about the structure of a crystalline material Bragg’s law is used.
According to Bragg’s law [30]:

where dpy = interplanar distance of the (hkl) planes (h, k and [, are the Miller in-
—

dices), © = smallest angle between the X-ray propagation direction (k) and the hkl

plane as shown in Fig. 2.8, n = order of reflection, and A = wavelength of the X-ray used.

Figure 2.8: Bragg reflection from the planes of a crystal with interplanar spacing dpx
[31].

From eq. (2.32) it is clear that the inter-planar spacing dp, may be evaluated from
an XRD measurement of an angle ©. The figure (Fig. 2.8) makes it clear that for every
angle of rotation © of the incident X-ray beam the reflected beam rotates an angle 20.
In a goniometer, the sample is rotated with respect to the fixed X-ray beam direction,
and the detector is rotated by an angle 20 for an angle of rotation © of the sample with
respect to the X-ray beam. A schematic diagram of the principle of the goniometer is
shown in Fig. 2.9.

Along with the large-angle XRD pattern, small-angle XRD may be used to obtain
the film thickness from the intensity oscillations which appear due to variation of the
electron density of different layers [46-48]. In this case, the X-ray are scattered from
the total layer thickness, where the electron density is assumed to be homogenous and it
changes by going to the next layer. Hence, coherent scattering is expected, if the layers
are periodically arranged (which is equivalent to the periodic arrangement of electron
densities), and, as the total layer thickness is much larger than the interatomic spacing,
the film diffraction peaks are expected to be at small angles (from eq. (2.32)).

For performing rocking-curve measurement both, the sample and the detector are
rotated by the same angle O, keeping the detector initially at one of the Bragg peaks of
the sample. The angle © is scanned around the Bragg peak position. This arrangement
works as if the detector is fixed and the sample is rotated in order to get the intensity
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Figure 2.9: Principle of ©-20 goniometer used for X-ray diffraction [45].

of the Bragg peak for different orientations of the sample. Rocking curves provide infor-
mation about the quality of epitaxy of the film or about texture.

In this thesis, large- and small-angle X-ray diffraction patterns, along with the rock-
ing curves, were used for structural characterization of various thin films. All the XRD
measurements in this work were performed either at the University of California San
Diego, USA, or at the University of Duisburg-Essen, Germany. Cu-K, radiation was
used as X-rays, which has a wavelength A = 1.5418 A. The measurements were per-
formed with an angular resolution A(20) of about 0.01°.

2.6 SQUID Magnetometry

For very small samples such as thin films SQUID (superconducting quantum inter-
ference device) magnetometry provides a very accurate measurement of magnetization.
The effect of flux quantization in a superconducting ring and the phenomenon of tunnel
current through a Josephson contact are the basic phenomena in a SQUID. The magnetic
flux quantum is &y = 2.068 x 10~'® Vs. The sample was placed in the homogenous mag-
netic field of a superconducting solenoid magnet. The induction signal in the receiving
coil is proportional to the magnetic moment of the sample. All the SQUID measurements
in this work are perfomed either at the University of California San Diego, USA, by Dr.
W. A. A. Macedo or at the University of Ulm, Germany, by Dr. J. Eisenmenger. At the
University of Ulm also vector SQUID measurements were performed, which can provide
simultaneously the longitudinal (parallel to the field) and the transverse (perpendicular
to the field) magnetization of a sample.

The diamagnetic signal of the substrate and the sample holder, which varies linearly
with magnetic field, was also measured along with the magnetization, and was then sub-
tracted from the raw data in order to get the magnetization of the sample.
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Chapter 3

Nuclear resonant scattering of
synchrotron radiation

3.1 Synchrotron radiation: production and control

The radiation from an orbiting electron was observed in a synchro-cyclotron in 1947 [36],
henceforth the name synchrotron radiation was used for the radiation obtained from an
accelerate electron. All the synchrotron radiation sources existing up to now could be
classified into three categories. In the first generation synchrotron radiation sources (such
as DORIS at HASYLAB, Hamburg), the synchrotron beam was not optimized for pro-
duction of synchrotron radiation, but the synchrotron radiation was used in a parasitic
mode from the high energy physics experiments on electrons and positrons accelerators.
While, in the second generation synchrotron sources (such as the National Synchrotron
Light Source (NSLS), at Brookhaven National Laboratory), bending magnets, dipole,
quadrupole and sextupole magnets were used for the production of synchrotron radi-
ation. In the third generation, wigglers and undulators were used for enhancing the
production of photons and various optical instruments for collimating the photons on to
the sample. There are a number of synchrotron radiation sources present all over the
world. The Advanced Photon Source (APS), Argonne National Laboratory, Argonne,
USA, the European Synchrotron Radiation Facility (ESRF'), Grenoble, France, the Super
Photon ring - 8 Gev (SPring-8), Osaka, Japan are among the most powerful synchrotron
third generation radiation sources. A detailed description about synchrotron radiation
and its properties can be found in many books, e.g., [32, 33].

Production of synchrotron radiation is based on the principle that ”an accelerated
charge radiates” [34]. Many bunches of electrons separated by few nanoseconds, a dis-
tance characterized by the time required to cover that distance in nanoseconds, circulate
with very high velocity (close to the velocity of light) in a circular-type path (known as
storage ring) guided by magnets. The actual path of the electron bunches in not strictly
circular, rather it consists of some straight sections connected by a bent section. At the
bent sections, the magnets known as bending magnets, bend the direction of the electron
bunches and as a result the electrons change their acceleration (direction) and a pulsed
radiation from the whole bunch of electrons is generated. In this way, all the bunches of
electrons generate a pulsed synchrotron beam.

The total number of photons per second that are emitted by an orbiting electron is

27
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proportional to the radiated power P, is given by [34]:

e’c 1 E* e2c 1

_ £ 3.1
67T60 (m002)4 R? ( )

4
6o R27
with v = E/mgc? and mg = rest mass of the electron, E = the total energy of the electron
and R = radius of curvature of the path of the electron. The quantity P determines the
total flux of a synchrotron radiation source that is measured in the unit of photons/s.
However, from the sources a number of photons having all energies (white radiation)
are obtained. Due to the very high velocity (relativistic motion) of the electrons the
radiation is collimated in the forward direction forming a cone of radiations [34]. The
opening angle of the cone is equal to 1/v [35]. A schematic diagram of the emitted
radiation from a bending magnet is shown in Fig. 3.1.

The synchrotron beam will be very useful when the energy of the beam can be tuned
for the required purpose. This is, in fact, achieved by putting additional components
inside the storage ring (wigglers, undulators etc.) for changing the energy and also us-
ing additional optical components to filter a monochromatic component or to change the
path of the beam for various applications to study and discover various useful phenomena.

The critical energy E. (upper energy limit of the useful radiation (Fig. 3.1)) that can
be produced at a bending magnet can be expressed as [35]:
_ 3hey*  EP

E.= = =07 (3.2)

with C' = 2.218 x 107% m/GeV. From this eq. (2.2), it is suggested that storage rings
with electron energies below 2.5 GeV are most suitable for experiments with soft X-rays
(below 1.5 keV), but for hard X-rays (needed for experiments like Nuclear Resonant
Scattering (NRS)) the electron energies should be more than 2.5 GeV. To characterize
the spectral distribution of the radiation one defines the spectral flux as below:

Photons/s
0.1% bandwidth

which is the flux normalized to a relative spectral bandwidth of AE/E = 1073.

Among the components used inside the storage ring are the RF (radio frequency)
cavities (resonators), the bending magnets, the wigglers and the undulator. The radio
frequency cavities are used to nourish the electrons back their energy which they lost
due to the emission of the photons. The bending magnets serve two purposes, (1) to
produce X-ray beams and (2) to bend the electron bunches to keep the electrons in the
storage ring for further production of X-rays.

Spectral flux = (3.3)

The wigglers and undulators are an arrangement of alternating poles of magnets as
shown in Fig. 3.1, where the electrons are forced to wiggle in a sinusoidal fashion in a
plane (generally horizontal to ground) to produce an intense beam of photons peaked
at a certain energy. The wigglers and undulators are mounted in the straight sections
of the storage ring. By construction, the wigglers and the undulators are similar except
that the magnetic field of the magnets used for wigglers is stronger and the size of the
magnets are bigger than that of undulators. However, the number of magnets used in an
undulator is often more than that of wigglers. Inside of an undulator the electrons wiggle
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Figure 3.1: Schematic layout and properties of a modern synchrotron radiation source
[35]. In the upper left part of the figure, the transformation of the radiated field distri-
bution from the rest frame of the electrons into the laboratory frame is displayed, also
shown is a highly directional emission of radiation from relativistic electrons. In the
upper right part, the emission of synchrotron radiation from a bending magnet is shown.
The lower right part shows the layout of an insertion device (wiggler or undulator) with
an alternate arrangement of poles of magnets with period \,, that forces the electrons
to move in a sinusoidal trajectory as shown.The lower left part shows the spectral flux
delivered by a bending magnet with a radius of 12.2 m for an electron energy of 5 GeV.
The central part shows the layout of a third-generation synchrotron storage ring.

many more times (many magnets) and less strongly (strength of the magnet is less) than
that inside a wiggler. Hence, an undulator produces a well collimated intense X-ray
beam with narrow energy bandwidth in comparison to the wigglers. The collimation
(opening of cone) of emitted radiation is given by [35]:

1 |1+ 21K2

where N = number of magnet periods, n = number of the harmonics, and K = deflection
parameter that is derived from the magnetic period A, (in cm) and the peak magnetic
field of the magnet (in Tesla) as given below [35]:
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B
K = 0.934Au?° (3.5)

Hence, this deflection parameter K basically distinguishes an undulator (K < 1) from
a wiggler (K>> 1, i.e., ~ 10 or more). From this expression, it is clear that one may
change the energy of the collimated beam just by changing the gap between the poles
of the magnets, i.e., by changing the magnetic field By in the undulator or wiggler. The
angular collimation is in general expressed by the brilliance of the beam defined as below:

Photons/s
mrad? - 0.1% bandwidth

Brilliance =

(3.6)

Often, the source size has great importance for an efficient use of the optical compo-
nents such as monochromators and mirrors. The smaller the source size better the focus
of the beam on to the sample position, for instance to perform various measurements

with a better spatial resolution on the sample. In this respect, the synchrotron source is
characterized by Brilliance as following, with a source area of 1 mm?:

Photons/s
mrad? - mm?2 - 0.1% bandwidth

Brilliance = (3.7)

For the present-day third generation synchrotron sources produces a brilliance up to 107
photons/s/0.1%bandwidth/mm?/mrad?.

The electrons circulating inside the storage ring are first produced in a Klystron-based
accelerator which is like an accelerator with a small storage ring (booster synchrotron).
When there is a loss of the electrons inside the storage ring because of various reasons
(like a problem with the vacuum necessary, and scattering of electrons, or due to other
reasons etc.), the storage ring should be filled again with electron bunches from the
booster synchrotron. Generally, the storage ring is filled twice per day or continuously
in some cases (top up mode). The typical current inside a storage ring is about 100 mA
or 200 mA. The position, where a bunch of electron may be introduced is called a bucket.

In a synchrotron storage ring generally all the buckets are not filled with bunches
of electrons, but rather they are separated by a time required by various experiments.
For instance, as we will see in the time spectra presented in Chapter 8, there is a time
separation of about 160 ns between two pulses of photons and also between two bunches
of electrons inside the storage ring.

By nature the synchrotron radiation is completely polarized in the plane of the stor-
age ring. This is strictly true for the radiation emitted exactly in that plane; however,
the radiations emitted slightly out-of-plane may exhibit certain degree of ellipticity. One
may filter out these unwanted radiations by using polarizing Bragg reflectors. But for
some experiments, where polarization of the radiation is a necessity, helical undulators
were generally used in this case. The work presented in this thesis was performed by
using a plane polarized (linearly polarized) beam at the ESRF, France.
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3.2 Introduction to scattering techniques

Light scattering is a quantum mechanical phenomenon where a photon is absorbed
by the scattering particle such as an atom and followed by a re-emission of photons.
After the re-emission of the photons, the atoms may return back to its original ground
state or returns to an excited state such as a state with an energy change in its electronic
shells or lattice excitations. Depending on the final state of the scatterer atom the light
scattering process could be divided into four different types:

1. Coherent elastic scattering
2. Coherent inelastic scattering
3. Incoherent elastic scattering

4. Incoherent inelastic scattering

When the atom goes back to its original ground state after reemission of the photon,
there is no energy change (elastic) of the system and the scatterer is now indistinguish-
able from the other atoms and in this case, the scattering may happen coherently from
all atoms. This process is known as coherent elastic scattering. The example of such
scattering is coherent elastic nuclear resonant scattering, where the 14.4125 keV scat-
tered radiation from the °"Fe nuclei of many atoms interfere coherently to give rise to
the time spectrum, on which a detailed description will be given in this chapter and the
experimental results will be given in Chapter 8.

A typical case of coherent inelastic scattering occurs when an excited electronic state
of an atom interacts with the lattice vibrations in the sample that transfers energy to
the re-emitted photon (like in Raman scattering). In this case the energy of the system
changes (inelastic), but the photons coming from the material scatter coherently.

Conversion electron Mdssbauer spectroscopy (CEMS) is the typical case of the in-
coherent elastic scattering, where the 5"Fe atom returns back to its ground state by
emitting the photon from the nucleus; but because of internal conversion the energy is
absorbed by the s-electrons and the coherence of the emitted photons or even the original
photon itself is lost (because of the emission of conversion electron).

Nuclear resonant inelastic X-ray scattering (NRIXS) is the example of incoherent
inelastic X-ray scattering, where (for example) the 5"Fe or 'Sn nucleus goes to the
excited nuclear state and one detects the K-fluorescence coming from the atoms. Here
we have no coherence of the photons and also the final energy of the system is not same
as initial.

3.3 NRS experimental setup

In a typical NRS experiment a monochromatized beam with the required energy for
the excitation of the Mdssbauer nuclei is used. The work presented in this thesis uses
the monochromatized 14.4125 keV synchrotron radiation for excitation of the " Fe nuclei.
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The de-excitation time of all the nuclei is not same and are delayed in time with respect
to each other and with respect to the electronic signal (X-rays). The interference pattern
of the delayed coherent photons only in the forward direction (propagation direction of
the synchrotron beam) is what one measures as a function of time, and the resulting
spectrum is know as time spectrum. The details about the time spectrum and the in-
formation that can be extracted from it will be provided in the next section (section 3.4).

Fig. 3.2 shows a schematic layout of an NRS experimental setup. Initially the undu-
lator gap is selected in order to optimize the required photon energy. The next step is
to monochromatize the beam and align the beam onto the sample and alignment of the
detector. The monochromators are highly polished Si crystals with well defined (Miller
indices) reflecting planes. The principle of monochromatization uses the simple Bragg
equation, as given in eq. (2.32) of Chapter 2.

NRIXS
APD

High resolution
Detector

monochromator
(HRM)

Sample Horizontal and vertical
(mounted on vertically focussing KB mirrors,

adjustable stage)
" t Pd/glass High heat load/ Undulator
pre-monochromator,
(Diamond(111))

Figure 3.2: Schematic diagram of an nuclear resonant scattering setup (NRS and NRIXS)
at a beam line. The beamline optical components (high heat-load monochromator, high
resolution monochromator, Kirkpatrick-Baez (KB) mirrors) are also shown. For the
nuclear resonant (elastic, forward) scattering the avalanche-photo-diode (APD) detector
is used for the measurement of the time spectrum.

For the production of the monochromatized beam with an energy equal to or close to
the nuclear transition energy from the almost ”white” synchrotron beam a number of op-
tical elements may be used. The energy bandwidth (full width at half maximum) of the
white beam that comes out from an insertion device (for example an undulator) inside
the storage ring is large and is about 600 eV. For the *"Fe nuclear resonance (14.4125
keV) this beam is then monochromatized to about a bandwidth of 1 eV by using a pre-
monochromator, which is also known as high-heat-load monochromator. The high-heat-
load monochromator generally consists of liquid nitrogen or water cooled diamond(111)
or Si(111) single crystals. A high-resolution monochromator generally consists of three
or four highly polished Si single crystals with higher-order reflection planes (close to
back-reflection). Behind the high-resolution monochromator, the energy bandwidth of
the beam is about 1 meV at the 14.4125 keV photon energy.

As mentioned earlier, the delayed photons that arrive from the sample after the co-
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herent superposition are counted by APD detectors. The APD detector provides a very
good time resolution (about 1 ns), which is necessary for measurements on our time
scale. To avoid the direct beam, the detector is generally protected by delay electronics
for a few nanoseconds, when the the incoming direct synchrotron pulse (prompt pulse)
hits the sample.

3.4 Nuclear resonant scattering: beat pattern

In the traditional Mossbauer experiments, where one works in the energy domain, the
phase relation between the frequency components of the radiation is lost, and, therefore,
only the frequency components are revealed. However, in addition to the frequency com-
ponents, Mossbauer timing experiments, such as NRS, preserves the phase correlation
between these frequency components. Therefore, the appearing quantum-beat-like in-
terference patterns (time spectra) (that will be described later) are very sensitive to the
relative strength of the frequency components of resonance and to a slight variation of
the hyperfine parameters, including the orientation of the hyperfine fields. In addition to
the above advantages, the synchrotron radiation technique provides a very good spatial
and angular resolution and a high degree of polarization.

In a material which contains an ensemble of Mossbauer nuclei or atoms, when only
a single resonant photon is incident on the sample, there is a small probability ampli-
tude that each nucleus in the ensemble is excited. However, quantum mechanically, the
sum of all these small amplitudes results in the total probability amplitude that the
photon interacts resonantly with the nuclei. For a pulse of photons, if a resonant pulse
of photons is short in compared to the nuclear lifetime, these probability amplitudes
exhibit the same temporal phase. As a result, a collective excited state is created, where
a single excitation is coherently distributed over the resonant nuclei of the sample [37].
The wave function of this collectively excited state is the coherent superposition of states.

The synchrotron pulse has a short time duration (about few ns), hence, it is pos-
sible to collectively excite the Mossbauer nucleus (for example 5"Fe which has a half
life of 97 ns for the 14.4125 keV excited state). In a typical synchrotron radiation
experiment, the spectral bandwidth of the synchrotron beam that comes from the high-
resolution monochromator (~ 1 meV) is much larger than that of the resonance width of
a Mossbauer transition (in the neV range for 5"Fe nuclear levels). In this case, the propa-
gating waves (after excitation) have different group velocity, and their interference leads
to a beat pattern in the temporal evolution of the transmitted intensity in the forward
direction [38]. This results in propagation quantum beats or dynamical beats. In other
words, the modulation of the scattered intensity in space and in time is called " propaga-
tion” or "dynamical beat”. Hence, these dynamical beats result from the intraresonance
interference of different spectral components within the resonance line. However, if the
nucleus is subject to hyperfine interactions (such as electric quadrupole or magnetic
dipole interaction), the degeneracy of the nuclear levels is lifted, leading to a splitting
of the nuclear transitions into several lines. In this case, the synchrotron pulse excites
the various sublevels instantaneously and coherently, which then radiate at their various
frequencies. The frequency difference leads to temporal evolution of the decay. As this
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results from the superposition of amplitudes of different resonances, this is referred as
interresonance interferences. This interresonance interference pattern between the re-
solved energy components yields a beat pattern termed as quantum beats. A quantum
beat period corresponds to the energetic separation of the resonances. A small energy
difference will be translated into a large quantum beat period, which, in principle, will
provide a more precise measurement of hyperfine interactions than Mdssbauer measure-
ments. This beat pattern, when plotted with respect to the decay time, is known as time
spectrum.

Another aspect of nuclear resonant scattering is "speed up”. If the decay of the
Mossbauer nuclei occurs via many radiative channels, the decay time of the coherently
forward scattered wave becomes small, which is known as ”"speed up” process. For exam-
ple, when the number of Mossbauer atoms in a material is increased, e.g., by increasing
the thickness of a sample, the decay rate is enhanced. This has been demonstrated by
using a *"Fe foil [39]. (It will be seen in Chapter 8 that a deviation of the spin direction
from the beam direction leads to a faster decay of the time spectrum, as the magnetiza-
tion rotation of some domains acts as an additional decay channel.)

Again, the sharper the resonance, the slower the de-phasing of the elementary os-
cillations, and the response time of the nucleus is correspondingly larger. Hence, it is
preferable to treat simple cases, when the Mdssbauer nuclei in a sample have sharp res-
onances.

Up to now, no polarization effects are considered. However, polarized synchrotron ra-
diation can be obtained from the storage ring by introducing insertion devices, wigglers,
undulators or helical undulators. In general, the direct beam coming from the insertion
devices (e.g., undulators) is highly linearly polarized. Further, polarized synchrotron
radiation could be used to selectively excite different groups of nuclear transitions. Fig.
3.3 shows the transition rules for exciting the energy levels of Mossbauer nucleus and
the corresponding quantum-beat pattern or Mossbauer spectra. The practical rules for
the synchrotron radiation scattering geometry and the hyperfine field direction are: the
magnetic polarization vector of the incident wave should have a component along the
magnetic hyperfine field in order to excite Am = 0 transitions, and it should have a
component perpendicular to the magnetic hyperfine field direction to excite Am = +
1 transitions, as shown in Fig. 3.3. This suggests that the polarized synchrotron beam
can be used for the determination of the Fe spin structure of various materials, surfaces
and interfaces, as the Fe spin direction (or magnetic moment direction) is opposite to
the magnetic hyperfine field direction. A detailed description of the extraction of the
information about spin direction from the measured time spectra will be given in the
next section (section 3.5).

3.5 Simulation of the NRS time spectrum

For the least-squares fitting of all the time spectra, as will be seen in Chapter 8, we
have used the computer program CONUSS (COherent NUclear resonant Scattering by
Single crystals). The program was initially written by Dr. Wolfgang Sturhahn [41] and
later modified and developed by Dr. Ralf Rohlsberger [35,42,49] for grazing incidence
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Figure 3.3: Top: the (linear) polarization components of synchrotron radiation propa-
gating along kg [40]. €7 is the electric vector component and h” is the magnetic vector
component of the o polarized electromagnetic wave. Hy; is the magnetic hyperfine field
direction in the XYZ coordinate system. Bottom: °"Fe Mossbauer spectral composition
(right) and time dependence of the nuclear forward scattering of synchrotron radiation
(left) by a 0.2 pm thick *"Fe foil. The polarization dependency of the nuclear excitations
is also shown on the right hand side. The circles represent the circular polarization of
light with particular helicity. The || and L signs represent the necessity of parallel or
perpendicular polarization of the beam in order to excite those particular transitions.
[Note: the symbols used in this figure are different from the symbols used for the same
physical quantities in this thesis].

geometry in thin films. A brief description of the spectral evaluation formalism of NRS
time spectra will be given here.

A very general approach can be formulated, if the polarization states are treated as
scattering channels, between which energy of the radiation field can be exchanged. In
this way one can describe the strong polarization mixing effects that occur in nuclear
resonant scattering. The dynamical theory of X-ray scattering has to include the full po-
larization dependence of the scattering process. This allows to include these polarization
channels with other open channels, like Bragg reflections, into one algebraic structure.
The problem is then to find the self-consistent solution for the radiation field in the
sample that contains all orders of multiple scattering.

The propagation of electromagnetic waves through a homogeneous medium with
thickness d can be described by [35]:

A(d) = eFA(0) (3.8)
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where, A denotes a multidimensional vector representing the set of field amplitudes in
the open scattering channels. F is a supermatrix that describes the coupling between
all open scattering channels. The matrix exponential relates the field amplitudes A(d)
at depth d to the incident amplitudes A(0). The number of scattering channels is
determined by:
1. The structure of the sample: in crystalline samples, several Bragg and Laue reflec-
tions are possible. In disordered samples at normal incidence there is only forward
scattering possible.

2. The scattering geometry: it determines how many scattering channels are actually
open, e.g., how many Bragg reflections are simultaneously excited. Regardless of
its structure, specular reflection at grazing angles takes place for any sample.

If we assume a transition to have dipole character, the elastic scattering amplitude
in the vicinity of a resonance, with the transition energy E, is given by [50]:

_ 2 (ey QZ&)(% - Qap)
el = ~tea) azﬁ: ( R — Dag +100/2 ) (3:9)

where the sum runs over all initial and intermediate states. Q.5 = (3|R|«) is the dipole
matrix element between the ground state |3) and the intermediate excited state |a), Ayg
is the energy difference between these states, and I'y is the level width of the transition.
The energies A, are determined by the hyperfine interaction in the system. e, and e, are
polarization unit vectors of the incident and the scattered photon, respectively. From
this expression (eq. (2.9)), the resonant magnetic scattering amplitude (or scattering
length) for a single atom can be written as the sum of three terms [50]:

[f(w) (ea-ep) [ Fi1+F_q1]+i(egxep) m[Fy1—F_q]+(eq-m)(ep-m)[2Fy—F 11— F 4]}

(3.10)
where the F,,= F,(w) are the energy-dependent resonant strengths for dipole transitions
with a change in the magnetic quantum number of Am = v. m(r) describes a unit
vector with orientation of the magnetic hyperfine field and its spatial dependence. This
eq. (3.10) is valid for electric dipole (E1) transitions, and in case of magnetic dipole
(M1) transitions, the role of electric and magnetic fields of the wave are interchanged.
Then the unit vectors e, and e, have to be replaced via e — e X kg, where kg is the unit

wave vector of the incident photon.

]abzﬁ

The three terms in eq. (3.10) represent different polarization dependencies. The first
term is not sensitive to the sample magnetization. Its polarization dependence given
by e, - ¢, is that of non-resonant charge scattering. The second term depends on the
difference between the resonant scattering lengths £ and F_;. It is the same term that
is responsible for circular dichroism in ferromagnets. Since its polarization dependence is
eq X €, it describes orthogonal scattering, e.g, 0 — m and m — . The third term that is
proportional to 2Fy— F',1 — F_; describes magnetic linear dichroism. Its polarization and
spin dependence allows for all scattering processes within the given polarization basis.
The occurrence of optical activity crucially depends on the symmetry of m(r). In many
cases the medium possesses global symmetries, e.g., a uniformly magnetized material
that exhibits axial symmetry. In the following we assume a sample with a unidirectional
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magnetization, i.e., m(r) = m. We further assume a linear polarization basis, where the
o polarization lies in the plane of the storage ring.

Synchrotron

Polarization
basis

Figure 3.4: Relative orientation (0, ¢) of the incident wave vector ko to a unidirectional
magnetization m of the sample [42]. (6, 7) are the linear polarization basis vectors. The
angle of incidence ¢ is exaggerated here, which has a typical value of about few milli
radians.

The scattering geometry, i.e., the orientation of the unit vector of the magnetic mo-
ment m with respect to the incident wave vector and the linear polarization basis, is
introduced in Fig 3.4. For this case the scattering amplitude matrix is given by [42]:

f,, = (3/16m)[Fy1 + F_1 + (m-!)*(2F) — Fyy — F )] (3.11)

£, = (3/167)|—i(ko - 1)(Fyy — F_y) — (0 - 1) (m - 1) (2Fy — Fiy — F_1)] (3.12)

fro = (3/16m)[i(ko - ) (Flpy — Fy) — (0 - 1) (w - 1) (2F0 — Fiyy — FLy)] (3.13)

frn = (3/167)[F1 + F1 + (0 -!)*(2F) — Fp — F )] (3.14)

These matrix elements express the strong polarization-mixing effects that are observed
in resonant scattering from magnetized samples. The off-diagonal elements describe
the orthogonal scattering that turns incident o-polarization into 7w-polarization and vice
versa. The representation of the scattering matrix as given above allows to determine
the scattering matrix for a given geometry in a convenient way. The analysis of a given
scattering geometry becomes particularly simple in the frame of eigen-polarizations of
the system which are obtained by diagonalization of f. In general, f is not hermitian, so
that the eigenpolarizations are not orthogonal and depend explicitly on energy through
the functions F,,, F_; and Fy. However, there are a number of important cases where
f is hermitian and a system of orthogonal eigen-polarizations can be found so that [35]:
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Figure 3.5: Time spectra of nuclear resonant scattering for selected orientation of the
magnetic hyperfine field B, that defines the direction of the quantization axis m, relative
to the incident wave vector kg [42]. The matrix of the nuclear scattering length is given
in a linear polarization basis (¢,7). The time spectra were calculated for a 2-nm-thick
5TFe film on a tungsten substrate, assuming purely ¢ polarized incident radiation. A-C
display the results for a unidirectional magnetization of the sample. D results from the
superposition of two magnetic sublattices in antiparallel alignment. E and F display
results for a two-dimensional random distribution of spin directions. G shows the result
for a three-dimensional random orientational distribution. Since the scattering matrix in
the case E-G is diagonal, only the diagonal elements are shown. The identical shape of
the time spectra in rows B, D, and F demonstrates that the spin structure of the sample
cannot be determined from just a single time spectrum. Instead, to lift this degeneracy,
a number of spectra at different orientations have to be taken. The envelop of the time
spectra (dashed line in the upper right part of Fig. 3.5) indicates that the time response
of the film is considerably speeded up compared to the natural decay (solid straight line
in the upper right part of Fig. 3.5.

with the diagonal matrix fp and a diagonalizing matrix g that depends only on the ge-
ometry. Those are the cases where ky and B are perpendicular or parallel to each other.
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This is illustrated in Fig. 3.5, where the scattering matrices and typical time spectra
are displayed. In Fig. 3.5, the time spectra of nuclear resonant scattering for selected
orientation of the magnetic hyperfine field B (= Byf), that defines the direction of the
quantization axis m, relative to the incident wave vector 150 are given. The matrix of the
nuclear scattering length is given in a linear polarization basis (6,7). The time spectra
were calculated for a 2-nm-thick *"Fe film on a tungsten substrate, assuming purely o
polarized incident radiation. A-C in Fig. 3.5 display the results for a unidirectional mag-
netization of the sample. D results from the superposition of two magnetic sublattices
in antiparallel alignment. E and F display results for two-dimensional random distribu-
tion of spin directions. G shows the result for a three dimensional random orientational
distribution. Since the scattering matrix in the case E-G is diagonal, only the diagonal
elements are shown in Fig. 3.5. The identical shape of the time spectra in rows B, D,
and F demonstrates that the spin structure of the sample cannot be determined from
just a single time spectrum. Instead, to lift this degeneracy, a number of spectra at dif-
ferent orientations have to be taken. The envelop of the time spectra (dashed line in the
upper right part of Fig. 3.5) indicates that the time response of the film is considerably
speeded up compared to the natural decay (solid straight line in the upper right part of
Fig. 3.5).

Further, in Fig. 3.5,as the m-polarization vector is always perpendicular to the film
magnetization m,
(1) for the case (B): ko and B (or ) are perpendicular, i.e., kg - m = 0:

3 Foo+Fo 0
fr= 2 +1 1 3.16
D= 16n ( 0 Foo+F ) ( )
and .
[ cosp  sing
&= ( —sinp cosp ) (3.17)

(where ¢ = angle of incidence of the synchrotron beam). In this case the linear polar-
izations are eigenpolarizations of the system.
(2) For the case (A): kg and B (or m) are parallel, i.e., ko - m = 1:

_ 3 (Fa 0
= ( A ) (3.18)

g= ( 1 _12 ) (3.19)

Here the circular polarizations are the eigen-polarizations of the system.

and

For all other cases, in Fig. 3.5, the scattering amplitude may be calculated analyt-
ically considering the anisotropy directions (angles) of the sample, for example, the in-
plane anisotropy of a thin Fe film. However, in all cases the scattering matrix fis diagonal
in a linear polarization basis [35,51]. The CONUSS program was developed for grazing
incident (synchrotron radiation) on thin films by considering the eigen-polarizations of
the system.
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Figure 3.6: Energy dependence of the function F, in the case of nuclear resonant scat-
tering [42]. These functions F'_1,0, F' 1 describe the scattering of left-circular, linear and
right circular polarization, respectively, similar to Fig. 3.3.

In the CONUSS program the scattered delayed intensity I(t) is given by [42]:
I(t) = e X/™[G(0,0,09){1 + S%(¢)} + G + Qa, Q1 — Qa, Q){1 — S*(d)}]  (3.20)

where 7y = lifetime of the nuclear excited state, and ¢t = delay time. The exponential
factor x considers the speedup of the decay compared to the natural decay; hence, it
is related to the thickness of the sample. The angle ¢ is the azimuthal angle with the
o-polarization direction and the in-plane component of m (Fig. 3.4) the function S(¢)
is defined as:

S(¢) = ko - [D(¢)M] (3.21)
where
Do) = (07 )

and M = the magnetic structure function of the sample that considers the magnetization
directions. For our case of grazing incidence, M = (m,, m,) and S(¢) is [42]:

S(¢) = mycosp + mysing (3.22)

For the simplest case, that the magnetization is aligned along the beam direction, M
= (1,0), S(¢) = cos¢. The function G in eq. (3.20) is defined as:

G(c1, ca,c3) = coscit + a®coscat + 2acoscst (3.23)
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with a = a;/ay = ag/as = 1/3 being the amplitude ratio of the two resonance lines that
comprises F,(w). 1 and Qy are frequency differences between the resonance lines, that
can be expressed by the level splitting A, and A, of the ground and the excited state,
respectively (see Fig. 3.6):

M =ws—w =(Ac+Ay)/R (3.24)

QQ = W3 — W1 = QAC/h (325)

In this formalism the case of nuclear resonant scattering from the 14.4-keV resonance
of ®"Fe is considered. As described in the previous Chapter 2, the resonance is a mag-
netic dipole (M1) transition between the ground state with spin [, =1/2 and the first
excited state with I, =3/2, with a lifetime of 79 = 141 ns. In magnetic materials the
spin-polarized 3d electrons create a spin-polarization of the s-electrons via exchange in-
teraction. This leads to a strong magnetic hyperfine field at the nuclear position, which,
for example, amounts to B = 33.3 T = By, in the case of ferromagnetic a-Fe at RT.
In this magnetic field the energetic degeneracy of ground- and excited states is lifted,
resulting in a Zeeman-splitting of the nuclear levels. The dipole selection rule Am = 0,
+ 1, leads to six allowed transitions, corresponding to six energetically well separated
resonances. The resulting energy dependence of the functions F, for v = Am = -1, 0,
+1 is shown in Fig. 3.6. The energetic positions of the resonance lines are determined
by the magnetic hyperfine interaction as described in Chapter 2. After simultaneous
excitation of these resonances by a synchrotron radiation pulse, the time spectrum of
the decay exhibits a characteristic quantum beat pattern. This beat pattern enables to
extract precise information about the magnitude and the direction of hyperfine field in
the sample. This, in principle, allows to determine magnetic properties with atomic res-
olution by selectively doping the sample with the Mdssbauer nuclei at buried interfaces.
This will be described in Chapter 8. For the simulation of the measured time spectra via
the CONUSS programm, eqgs. (3.20) to (3.25) for the case of an in-plane unidirectional
Fe spin direction will be employed.






Chapter 4

Introduction to exchange bias

4.1 Introduction

A ferromagnet is characterized by its Curie temperature (T¢) below which the ferro-
magnet (FM) transforms from a paramagnetic to the ferromagnetic state. Similarly,
below the Néel temperature (Ty) an antiferromagnet (AFM) transforms from the para-
magnetic to the magnetically ordered antiferromagnetic state. When a material that
contains neighboring antiferromagnetic (AFM) and ferromagnetic (FM) phases is field-
cooled below the Néel temperature of the antiferromagnet, a unidirectional anisotropy
may be induced in the ferromagnet, which is known as the exchange anisotropy. This
phenomenon which is called exchange bias has been discovered by W. H. Meiklejohn and
C. P. Bean [1,172] in 1956, when studying the hysteresis of ferromagnetic Co particles
coated by an antiferromagnetic CoO shell.

1 1 1 1

1
72 4 & 8 10
/ HIMULTIPLY BY 103)

Figure 4.1: Hysteresis loops at 77 K of ferromagnetic Co particles coated by an antifer-
romagnetic CoO shell [1]. The solid line curve results from cooling the particles in 10

kOe magnetic field. The dashed line curve shows the loop when cooled in zero external
field.

43
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An important condition for inducing exchange anisotropy is that T¢ of the ferro-
magnet must be higher than Ty of the antiferromagnet, Ty < T. The unidirectional
exchange anisotropy can be macroscopically observed by cooling the AFM/FM system
from a temperature Ty (Ty <Ts < T¢) to a temperature Ty (T); <Tpn < T¢) in the
presence of a static magnetic field, and measuring the hysteresis loop at Tj;. Generally,
a free ferromagnet, no matter soft or hard, has a symmetrical hysteresis loop. However,
for the exchange biased AFM/FM case, where a unidirectional anisotropy exists, the ab-
solute values of the coercivity for increasing and decreasing applied fields are different.
In other words, the hysteresis loop of the FM magnetization shifts along the applied field
axis, generally in the opposite direction of the applied cooling field. This shift of the
hysteresis loop is known as the exchange bias field Hg. The hysteresis loop shift from
the origin in illustrated in Fig. 4.1.

This shift of the hysteresis loop is also accompanied by an enhanced coercivity. Both
effects, the shift of the hysteresis loop and the increase of coercivity generally vanish
above Tp, the so-called blocking temperature with Tp < Tpx. In some systems like
Fe/FeF, or Fe/MnF,, exchange bias vanishes below Ty and there is no blocking tem-
perature.

Another macroscopic way for observing exchange bias is torque magnetometry (e.g.
[242]). After field cooling, the torque magnetization at a temperature below Ty (or Tp)
shows an additional sin¢ component, where ¢ is the angle between the applied field and
the cooling-field direction.

Small particle exchange bias systems are as important as thin film systems from a
technological point of view. Because of the enhanced coercivity, exchange-biased parti-
cle systems attract attention for applications as permanent magnetic materials and high
density recording media. In thin film form, exchange-bias systems have a wide range of
applications, like magnetic sensors, stabilizers in reading heads, and spin valve devices.
Experimental and theoretical studies on exchange anisotropy are reviewed in reports by
J. Nogues and I. K. Schuller [2], A. E. Berkowitz and K. Takano [70], M. Kiwi [136] and
R. L. Stamps [229].

4.1.1 Experimental observations of exchange bias

Exchange bias and related effects have been investigated by many experimental tech-
niques [2]. Superconducting quantum interference device (SQUID) magnetometry [64,
71-74,81,82,93,97, 101,106,107, 111, 118, 124, 125, 138, 139, 142, 152, 160-162, 165, 176, 181
183, 187-189, 197,200, 207, 211, 227, 228, 230, 238-240, 247, 254, 256, 257] and torque mag-
netometry [1, 172,210,211, 224, 242], vibrating sample magnetometry (VSM) [79,94, 101,
118,120, 138, 159, 160, 238, 239, 244, 247, 254, 255], the loop-tracer method [60, 119], magneto-
optic Kerr effect (MOKE) [67, 102,131,171, 210], ferromagnetic resonance (FMR) [174,
199,235, magnetoresistance [8,82,145], AC susceptibility [236], Brillouin light scat-
tering [95,177], X-ray magnetic dichroism [6,190,194, 195|, polarized neutron diffrac-
tion [7,9,64-66, 99,100, 156,201, 202], and Mdssbauer spectroscopy [135,147,167,241]
are among the important techniques used in this respect.

SQUID magnetometry, VSM, and MOKE measure the magnetization versus the ap-
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plied field. These techniques provide information about the exchange bias field (hys-
teresis loop shift), Hg, and the coercivity, Ho. Some information about the magnetic
anisotropy can also be measured. Torque magnetometry gives information about the
magnetic anisotropy present in the sample by rotating the sample in a field. The ad-
ditional sin¢ component observed in the torque magnetization confirms the presence of
unidirectional anisotropy in an exchange-biased system.

In ferromagnetic resonance (FMR) the sample is mounted in a microwave cavity and
is subjected to a high frequency (GHz) electromagnetic field. A DC magnetic field is
swept through resonance. From the resonance position and line shape information about
the exchange bias and anisotropies can be obtained. It has been observed by FMR that
in an exchange biased system (FM/AFM) the magnetization of the FM is not homoge-
nous throughout the thickness of the FM layer. In this case the spins at the top are
aligned with the field but the interfacial spins have different orientation [see e.g. [235]].

In Brillouin scattering the sample is irradiated with laser light in the visible range.
The spectrum of the scattered light, together with the sample geometry and applied
magnetic field, give the information about the spin wave frequency and the magnetic
anisotropy. From the shift of the spin wave frequency the exchange bias field (Hg) can
be obtained [177]. However, the observed exchange bias in Fe/FeF; is higher than that
observed by SQUID.

By neutron diffraction information about the magnetic and crystallographic structure
of an exchange bias system can be obtained. Polarized neutron reflectometry provides
the exchange bias hysteresis loop (hence Hg and H¢) and the spin configuration of the
different FM layers. From the peak width of the diffraction peaks (magnetic or nuclear)
information on the domain size (magnetic or crystallographic) can be extracted. The
other information obtained from the high angle neutron diffraction is the possible pres-
ence of domains in the AFM, perpendicular (non-collinear) coupling between the AFM
and ferrimagnet spins at the interface [see e.g. [125]].

Magnetoresistance measurement on spin valve devices of the type AFM/FM/NM/FM
(with NM = non-magnetic layer) can give information about the exchange bias. Mea-
surements of the field dependence of the resistivity up to the saturation field yield the
hysteresis loop and also the Hg and He values. The important information obtained
from these studies is the indication that the FM in contact with the AFM is behaving
like a transition layer from purely AFM to purely FM behavior.

Exchange bias is always zero above the Néel temperature of the antiferromagnet.
However, in most systems, below T or below the blocking temperature T the magni-
tude of the exchange bias field increases rapidly and saturates gradually as T — 0 K. The
thickness of the FM and/or the AFM layer plays an important role in determining the
exchange bias. According to many experimental observations exchange bias is roughly
inversely proportional to the FM layer thickness (Hp oc t53,). This is true as long as
the thickness of the FM is larger than the domain wall width which varies from material
to material. However, for thicknesses less than the domain wall width (usually a few
nanometers) the growth and microstructure of the film will be different, and exchange
bias varies in a different manner as compared to the thicker films. Exchange bias is
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in general independent of the thickness of a particular AFM for higher thicknesses (al-
though different for different AFM materials), however, the general trend is that below
a critical AFM thickness the exchange bias field decreases rapidly and finally vanishes
at very low thicknesses [60,166]. However, along with the FM and AFM thickness, ex-
change bias also depends on the FM/AFM interfacial roughness. According to most
investigations, magnitude of the exchange bias field increases with increasing roughness.
The crystallinity, grain size and interface impurity content also play an important role in
determining Hg. Medium dilution of the antiferromagnet was found to favor an increase
in exchange bias [see e.g. [134, 148, 175]].

According to the proposed theories and supporting experiments the exchange-bias
field should be larger for higher antiferromagnetic magnetic anisotropy. Owing to the
variation of anisotropy of an antiferromagnet with microstructure, which is difficult to
control, the explanation for the variation of Hg with the anisotropy of the AFM is not
quantitative. However, qualitatively, Hg o< /K app, where K pps is the anisotropy
constant of the antiferromagnet.

Exchange-bias effect have been observed in many different kinds of materials (FM/AFM,
FM/Ferrimagnet, spin glasses) with many different forms (particles and thin films).
The fine particle system is the first system in which the exchange bias was discovered
(Co-Co0) [1]. In particle systems generally the ferromagnetic core is covered by its
antiferromagnetic or ferrimagnetic native oxide, nitride or sulphide. The particles are
produced by various methods such as electrodeposition, vapor deposition, gas conden-
sation, mechanical alloying and many others. Examples of the numerous reported sys-
tems include: Co/CoO [1, 106,107,160, 172], Ni/NiO [165, 254], Fe/FeO [173], Fe/Fe304
[165,197], Fe/FesN [120], Co/CoN [160], Fe/FeS [115]. NiFe,O4/a-NiFe,O4 (Ferrimag-
net/spin glass) [142] and Fe/NiMn (FM/spin glass) [58] are also examples where ex-
change bias has been observed. Bulk ferrimagnets, such as amorphous rare-earth based
alloy ferrimagnets (a-FeTb [221], a-GdCo [75]) and oxide ferrimagnets (CoTiO, [209],
CoCry04 [238]), are also observed to show exchange bias. Among the spin glass sys-
tems are mostly alloys of Fe or Mn such as Au;_,Fe, [78], amorphous(a)-Fe,_,Zr, [184],
Cuy_,Mn, [126,143], Ag;_,Mn, [143], Ni;_,Mn, [144,207] etc. It is difficult to measure
or control the roughness and thickness of the AFM layer in particle systems. However,
the spin glass systems show exchange bias without any defined FM/AFM interface;
hence, it is difficult to extract useful basic information about exchange bias.

Many antiferromagnets, such as oxides (CoO [9,79,95,161,174,201, 202,227,228,
242], NiO [129], FeO [83, 84, 162], Fe;O3 [77, 151], CraO3 [212]), metallic alloys ( NiMn;_,
[251], FesoMnso [163], Cr,Mn,M;_,_, (where M = Pt, Rh, Cu, Pd, Ir, Ni, Co, Ti)
(e.g.[94, 225, 226]), Pd,Pt,Mn;_,_, [97], pure Cr [67]and pure Mn [230, 247]) and others
like sulfide (FeS [112]), fluoride (FeFs, MnFy (e.g.[2, 156, 166,176, 187, 189])) and nitride
(CrN [248]) antiferromagnets have been investigated in thin-film exchange bias systems.
The most widely studied exchange-biased oxide systems include Co-CoO, Ni-NiO and
Fe-FeO. The metallic exchange biased systems are interesting for their application in
GMR based spin valve devices. The fluoride exchange bias systems are widely studied
for the understanding of the mechanism and spin structure in the exchange biased state,
because of their relatively simple spin structure and viability in controlling the growth
properties. Nitride systems are studied because of their high blocking temperature and
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corrosion resistance. Good reviews on the materials used for exchange bias and their
exchange bias property has been given by Nogues and Schuller [2] and Berkowitz and-
Takano [70].

4.1.2 Theoretical Models explaining the observed Exchange Bias
Effects

Coherent Rotation Model by Meiklejohn and Bean

Based on the Stoner-Wohlfarth model of coherent spin rotation, the first attempt for
modelling the exchange bias was undertaken by Meiklejohn and Bean[1,172,173]. Their
simple assumption was that when a field is applied in the temperature range Ty < T
< T¢, the ferromagnetic spins align along the field, while the antiferromagnetic spins
remain random because of paramagnetism. By cooling the system below Ty in the
presence of the field, the AFM spins in contact to the FM align ferromagnetically because
of interfacial exchange coupling. The second AFM layer, next to the interfacial layer,
aligns antiparallel to the interfacial layer spins. The third layer aligns antiparallel to
the second layer spins, etc. In a similar way the other layers follow the AFM order to
produce a zero net magnetization. By reversing the field the ferromagnetic spins start
to rotate with the field, but the sufficiently large anisotropy of the AFM does not allow
the AFM spins to rotate with the field. With this model of coherent rotation of the
magnetization, the energy per unit area is defined by:

E = —MOHMFMtFMCOS(Q - ﬁ) + KFMtFMSiTLZ(ﬂ) + KAFMtAFMSiHZ(Oé) — J[NTCOS(ﬁ(— Oé%

4.1
where H is the applied field, Mgy, is the saturation magnetization of the ferromagnet,
tea, tarpy are the thicknesses of the ferromagnetic and antiferromagnetic layer, respec-
tively, Kpyr, Kapas are the anisotropy of the ferromagnetic and antiferromagnetic layer,
respectively, Jryr is the interface coupling constant and is an unknown parameter, « is
the angle between the antiferromagnetic sublattice magnetization (M4pps) and the an-
tiferromagnetic anisotropy axis, J is the angle between the ferromagnetic magnetization
and the ferromagnetic anisotropy axis, and 6 is the angles between the applied field and
the ferromagnetic anisotropy axis. The are schematically shown in Fig. 4.2.

The first term in eq. (3.1) describes the effect of the applied field on the ferromagnet
(Zeeman term). The second and third term account for the ferromagnetic and antifer-
romagnetic magnetic anisotropy and the last term describes the exchange interaction
at the FM/AFM interface. Minimization of the energy for this system results in an
exchange bias field (Hg) of

JInT
Hy= ———M 4.2
i toMpnten (4.2)

The important information obtained during the energy minimization is that K pptarpn >
Jrnt should be satisfied for the loop shift. For the opposite condition Kappytary <
Jint, i.e., for a small antiferromagnetic anisotropy, the antiferromagnetic and ferromag-
netic spins rotate together, and no loop shift is observed.

The drawbacks of this model are that the magnitude of Hg obtained by this model is
several orders of magnitude higher than the experimental values because of an overesti-
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Figure 4.2: Schematic diagram of the angles involved in the coherent rotation model by
Meiklejohn and Bean. Note that the AFM and FM anisotropy axes are assumed collinear
and that the AFM sublattice magnetization M 4y, has two opposite directions.

mation of the interfacial exchange interaction Jry7, and the following conclusions of the
model are not strictly fulfilled: (a) exchange bias should be always negative (Hg < 0), (b)
the uncompensated AFM interface should show the highest exchange bias field, | Hg |,
and (c¢) roughness of a compensated AFM interface should induce an increase in | Hg |.

Antiferromagnetic Domain Wall Model by Mauri

In the model by Mauri et al. [171] a perfectly flat interface has been assumed for
a FM slab of thickness tz); much smaller than the FM domain wall width, where the
FM magnetization aligns along the easy axis of the AFM in the absence of the external
magnetic field, and a domain wall develops inside the AFM. This domain wall plays the
main role in determining the exchange coupling energy.

This model does not take into account the following facts: it has been experimen-
tally confirmed that AFM coupling between the FM and AFM interfacial spins has to be
considered, especially to explain the positive exchange-bias field observed under certain
conditions [see e. g. [285]]. However, in some cases the FM moments are not parallel but
rather orthogonal to the AFM easy axis [125,183]. Also, this model does not provide
any clue to understand, how the compensated AFM interface can yield values of Hg as
large as or even larger than the uncompensated ones.

Orthogonal FM-AFM Magnetization Model by Koon

In his micromagnetic model [141], Koon considered compensated FM/AFM inter-
faces. On the basis of the Heisenberg model, Koon’s model results in perpendicular
orientation of the FM moments relative to the AFM easy axes direction in the ground
state magnetic configuration. The model also exhibits a small canting (6 < 10°) of the
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AFM magnetic moments of the AFM interface layer or, in other words, an AFM com-
ponent opposite to the cooling filed direction, which yields the minimum energy.

Although this model is relevant in establishing the interface magnetic structure, it
fails to yield exchange bias (Hg). In other words, the canted interface magnetic structure
by itself is not sufficient to produce the required unidirectional anisotropy.

Random Interfacial Field Models:
(a) Random Interface Model by Malozemoff

Because of the rough FM/AFM interface, the exchange interaction can be random
due to the compensated and uncompensated spin configuration at different interfacial
positions. This random exchange interaction acts like a random field on the antiferro-
magnet and creates domains similar to those described by Imry and Ma [127] in the
random field problem. This random magnetic field at the interface yields the unidirec-
tional anisotropy. By this model [136, 168, 169] the obtained loop shift is:

2 K
H,— [ Jarm K arm (4.3)
Mpytem a

where Japys is the exchange stiffness of the antiferromagnet and a is the lattice param-
eter. The main reduction factor concerned in this model is 2a/+/J/akK, where \/J/aK

corresponds to the domain wall width, d,,, of the ferromagnet, \/Jpyr/aKpyy, and the
antiferromagnet, \/ Jarn/aK ap.

This model reduces the calculated Hg value by two orders of magnitude from that
derived by Meiklejohn’s coherent rotation model. However, this model has drawbacks,
because the Hg value depends on the defect concentration at the interface, which is
inconsistent with experimental observation.

(b) Random Orthogonal Magnetic Interface Model by Schulthess and Butler

Schulthess and Butler [217] combined Malozemoff’s random interface model [168, 169]
with Koon’s orthogonal magnetic coupling model [141] for the micromagnetic calcula-
tions of exchange bias. In their calculations they combined the atomistic Heisenberg
model with the classical Landau-Lifshitz equation for the spin motion. The model con-
siders the usual Zeeman (Ey), exchange (E;), anisotropy (E4) and magnetostatic (Ep)
energy terms, as given below.

E=E;+E;+Es+Ep (4.4)

where

EZ = Z mﬁextv

T, is the 3-dimensional spin vector located on atomic site i.

§ : ——
EJ = Jz‘j S; Sj,
i#]
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and

— — — ~ — A
Fi - 15 =30 - 1y)(F; - 7y)
Ep =) ! A

i#j |
75 is the unit vector parallel to ﬁl — ﬁj.

As a special case this model pointed out the inability to explain the unidirectional
anisotropy by Koon’s model. However, the drawback of this model is that |Hg| also
depends on the defect concentration at the FM/AFM interface.

(c) The Normal (Parallel) and Biquadratic (Orthogonal) Exchange Interac-
tion Model by Dimitrov et al.

Assuming the interfacial exchange interaction between the FM and the AFM of the
following form, Dimitrov et al. [93] have obtained exchange bias fields of about the same
order of magnitude as in experiments:

E = JI(WFM . mAFM) + J2(mFM : mAFM)2 (45)

where T py and T apy are FM and AFM moments, and J; and .J, are normal and
biquadratic exchange constants. The normal exchange constant (J;) favors the parallel
or antiparallel alignment between the FM and AFM moments, whereas the biquadratic
exchange constant (J2) favors orthogonal (spin-flop-like) coupling. Summing over all
interactions Dimitrov et al. have obtained the total energy:

E = Cy 4 CyJicos0 + CyJysin20 (4.6)

where 6 is the angle between the easy axes of the FM and the AFM. The constants
C1, Cs and C5 can not be calculated without exact knowledge of the interface properties.
However, proper guess of the parameters can yield a correct conclusion.

(d) Microscopic Model by Almeida and Rezende

In this model Almeida and Rezende [262] assumed interface roughness as the cause
of exchange bias. They have substituted a fraction of the AFM spins randomly in order
to represent the interface roughness. They have set up the equations for the local mag-
netisation in a mean field approximation with Ising interactions and solved numerically
for arbitrary temperature. In this way they could explain qualitatively the experimen-
tal exchange interaction and also the dependence of Hr and Hc on the cooling field,
as observed in the experiments. However, like the above random field models this also
depends on the interface roughness and hence, has limitations in correlating theoretical
and experimental results.
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(e) Spin-glass Model by Radu et al.

Considering the imperfectness of the FM/AFM interface due to chemical intermix-
ing, stoichiometry deviations and structural inhomogeneities etc., the spin glass model
by Radu et al. [204] has the following assumptions: (a) the FM/AFM interface is a frus-
trated spin system (spin-glass), (b) frozen-in uncompensated AFM spins are responsible
for EB shift, and (c) low anisotropy AFM spins contribute to the coercivity. Distin-
guishing the AFM anisotropy as weak (which is affected by the applied magnetic field)
and strong, depending on the local inhomogeneity at the interface, they have added an
additional anisotropy term to the energy equation of the model by Meiklejohn and Bean.
This anisotropy which is called induced anisotropy for the FM layer, behaves like a spin
glass at the interface. The magnetic energy of the system in this model is as below [204]:

E = —‘LLOHMFMtFMCOS(Q—ﬁ)+KFMtFMSin2(ﬂ)—FKAF]V[tAFMSiTL2 (oz)—}—KgéfsinQ(6—7)—J}3}:,chos(ﬂ—a)
(L7)

where, 7 is the average direction of the non-collinear anisotropies at the interface with
spin glass behavior, K;fo is the effective anisotropy related to the AFM spins with re-
duced anisotropy at the interface and J§{/. is the reduced interfacial exchange interaction.

Using this model they have explained the exchange bias properties obtained in
Co/Co0O bilayers by polarised neutron scattering [9,202-204] and Fe/CoO bilayers by
soft X-ray magnetic scattering [204].

Frozen AFM interface model by Kiwi et al.

This model [3-5] assumes that during the cooling process the first AFM (compen-
sated) interface layer freezes into a canted spin configuration that develops at Ty. This
assumption is a consequence of different domain wall widths [231] in the FM and AFM
due to different anisotropy. The FM domain wall width is about 100 nm thick, while it
is just a few monolayers in the AFM because of strong anisotropy of the AFM [80].

The Hamiltonian in this model is given by:
H="Harrm + Hint + Hrm (4.8)

where,
R (@) B) (o) (o)
Harnm = —Jarm [S earn - (5 =87y 4257.F ]
1 (@ ®)
—=Karm [(? earm)’ + (? earn)’

2
—%MBQ(?(Q) N ﬁ(ﬂ)) i

(o) (8)
Hint = _JINT(g + S ) §1

Hev = —2Jpm NX_:I ?k . §k+1 — ZN: [KFM (?k . ﬁ)2 + ung ‘H

H?2
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In the above expressions ‘H 4rp; describes the energy of the AFM substrate, Hyyr is
the interface coupling, and H gy, describes the energy of the FM slab. S =| S |, and pp
and g denote the Bohr magnetron and Fe g-factor respectively. H is the applied magnetic
field. J, denotes the Heisenberg exchange parameter and K, the uniaxial anisotropy.

eary denote the unit vector in the AFM anisotr0§y direction. ﬁ(a)and g(ﬁ) are the
canted spin vectors in the AFM interfacial layer. S is the spin vector of the kth FM
layer with the interfacial layer as k = 1.

From this model it has been concluded that because of the frozen canted AFM spins
at the interface the energy is reversibly stored in a spin spiral, like in a spring magnet
or incomplete domain wall (IDW), in the FM layer. By this model the experimental
observations like positive and negative exchange bias, exchange bias for compensated
and uncompensated interfaces, or orthogonal coupling between FM magnetization and
AFM easy direction etc. are qualitatively and quantitatively explained.

Local Pinning Field Variation Model by Stiles and McMichael

According to the assumption of this theory [231-233], the AFM interface consists
of polycrystalline grains with stable magnetic order. In the absence of the FM layer,
the AFM grains order themselves in many quasi-degenerate arrangements, but in the
presence of the FM layer they choose a particular configuration. This magnetic config-
uration is stable because of the weakness of the Zeeman term. When the AFM orders
it retains a memory of the initial FM direction. This memory is also retained when the
FM magnetization is later reversed; this is the cause of the unidirectional anisotropy.
The idea of possible (partial) domain wall formation in the AFM to lock the interfacial
spin configuration is also incorporated in this theory.

Using this model, they could explain the shifted hysteresis loop and the hysteretic
effects observed in rotational torque magnetization and FMR experiments. The satis-
factory explanation of experimental results are independent of the spin-flop coupling,
i.e. the spin-flop coupling does not play a role in the observed unidirectional anisotropy.
They also suggested that because of the polycrystalline nature of the AFM, even for the
uncompensated interfaces there is a substantial compensation of the magnetic moments
due to fluctuating easy axis directions of the individual grains. However, this theory
has also limitations, because of its validity only for polycrystalline interfaces. Even for
polycrystalline interfaces there should be other assumptions to be taken into account in
order to get a satisfactory explanation of experimental results.

Domain State Model by Nowak et al.

Using Monte Carlo simulations with a heat bath algorithm the model by Nowak et al.
[191-193] and Mishra et al. [178,179] explains many of the unidirectional and associate
properties of the exchange biased system. It is well known that when a diluted antifer-
romagnet is cooled below its T in an external magnetic field a domain state develops.
The driving force for this domain formation is the statistical imbalance of the number
of impurities of the two sublattices in a finite region. This is similar to the idea by Imry
and Ma [127] to form domains in a diluted antiferromagnet. These magnetic domains
in the AFM carry a net remanent magnetization. During the cooling process a part of
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this remanent magnetization (known as irreversible domain state magnetization, IDS) is
frozen and does not switch during the field reversal process. This frozen magnetization is
responsible for the unidirectional anisotropy of the FM. The domain walls pass through
the non-magnetic atoms or vacancies which acts like pinning centers for the AFM do-
mains.

The Hamiltonian in this model has the following form:

H=|~Jrn Y Si-Sj— Y (d.S% +d,S}, + S - B)
<ij> i i

+ | =Jarm Z €i€;0; - Of — Zei(kzafz +0; - B)

<inj> i i

+ |=JinT Z €:Si - 0j

<ij> |

The first part of the Hamiltonian describes the energy of the FM (exchange constant
Jrar) where S; denote the normalized spins at the ith site of the FM, and the z-axis is the
easy axis with anisotropy constant d,, while the x-axis is the hard axis with anisotropy
constant d,. The anisotropy keeps the FM spins in the y — z plane. B is the applied
field. The second part describes the behavior of the AFM (exchange constant Japs)
with o; denoting the normalized spin at the ith site of the AFM. The AFM is diluted by
making ¢; = 0 if the site ¢ carries no magnetic moment and ¢; = 1 if the site ¢ carries a
magnetic moment. The AFM has also the z-axis as easy axis. The third part describes
the interaction between the FM and the AFM at the interface (exchange constant Jyyr).

This model is in agreement with experimental results on Co/CoO bilayer systems
with a diluted antiferromagnetic CoO layer [134,175]. As a result of the theoretical sim-
ulations, a part of the remanent magnetization of the AFM domain, which rotate with
the applied field, gives rise to a finite area of the hysteresis loop, and the magnetization
which does not rotate gives an upward shift of the AFM hysteresis loop. This upward
shift determines the exchange bias field. The other phenomena associated with exchange
bias are explained in this model as below.

The domains are not sufficiently stable for very thin AFM layers. They become more
and more stable with increasing AFM thickness, increasing the IDS magnetization, and
formation of a volume domain structure increases the exchange bias. However, for very
thick AFM layers the grain boundaries act to decrease the AFM coupling strengths; then
the grains act magnetically independent, making the exchange bias constant for higher
and higher thicknesses of the AFM.

The domain state, which is frozen at very low temperatures far below Ty, can show
metastability because of thermal activation, and can exhibit domain wall motion at el-
evated temperatures. This domain wall motion reduces the magnetisation of IDS and
also the exchange bias.
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A small decrease of the exchange bias field or change of sign of Hg is explained by
means of the type of coupling between the FM and AFM. For systems like Co/CoO,
where the exchange bias does not change its sign, the interface coupling between Co and
CoO is positive, but for systems like Fe/FeFy and Fe/MnF,, where the exchange bias
field changes its sign (positive exchange bias), have a negative coupling between FM and
AFM spins at the interface.

The training effect is explained as the loss of IDS magnetization because of rear-
rangements of the AFM domain structure. According to the hysteresis loop of the AFM
obtained by this simulation, the initial saturation magnetization of the AFM is higher
than the next saturation magnetization for increasing fields, i.e. the hysteresis loop does
not close. This explains the loss of IDS magnetization, which is strong at the beginning
and becomes weaker and weaker as the number of loops increases. This loss of magne-
tization also leads to a reduction of the exchange bias field.

The dilution or the increase of defects in the AFM enhances the exchange bias field
up to a certain optimum dilution. For higher dilution the domain wall energy is not high
enough for the upward shift of the AFM hysteresis loop, and, hence, a reduction of the
exchange bias field.

There exists also some other theories, e.g. the spin-wave theory of exchange anisotropy
[237], which are not thoroughly looked at (although experimentally consistent [177]), be-
cause of their complexity and/or inability to explain all of the observed effects in an
exchange coupled system.

4.2 Exchange bias and spin structure

As the antiferromagnetic domain structure plays an important role in determining
the ferromagnetic spin alignment. For a clear understanding of the exchange bias effects,
knowledge of the spin structure at the FM/AFM interface and of the AFM domain struc-
ture is important. By employing photoelectron emission microscopy (PEEM) with high
spatial resolution, using the phenomenon of X-ray magnetic linear dichroism, the AFM
domain structure has been observed in twinned LaFeOj3 films on SrTiOz [213]. Nolting
et al. [190] have shown that there is a direct correlation between the arrangement of
spins in the ferromagnet (Co) and the antiferromagnet (LaFeOs). Using polarisation
dependent X-ray magnetic dichroism spectro-microscopy they have also observed that
the alignment of the ferromagnetic spins is determined by the spin direction in the un-
derlying antiferromagnet.

By polarization dependent X-ray phoelectron emission microscopy Ohldag et al.
[6,194,195] have observed that during the time of ferromagnetic Co layer deposition
the antiferromagnetic NiO surface spins rotate in the film plane to reorient parallel to
the spins of the Co layer. Development of an interfacial CoNiO,, layer [6] upon deposition
of the Co layer on the antiferromagnetic NiO layer was observed (using X-ray absorption
spectromicroscopy), carrying some uncompensated moment. These spins align parallel
to the AFM layer and align the FM spins in the Co layer. The uncompensated and
pinned interfacial spins are tightly locked to the AFM spins and do not rotate in an
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external magnetic field. These interfacial spins are claimed to be responsible for the
increase in coercivity and for the exchange bias [195] in FM/AFM systems.

Miltényi et al.[175] have used diluted antiferromagnetic CoO layers and have observed
that the exchange bias field can be controlled by the extent of dilution. Based on these
results the domain state model by Nowak et al. [191] could explain the origin of exchange
bias, which suggests that the AFM dilution leads to formation of volume domains in the
antiferromagnet, which can cause and control exchange bias.

Assuming that the bulk spin structure for the antiferromagnet is preserved at the
FM/AFM interface, in a naive picture the pinning at an uncompensated surface and
also the exchange bias field may be assumed to be stronger. On the other hand, for a
compensated surface the spins pinning the FM layer may cancel, resulting in zero Hg.
However, the exchange bias was observed in many systems with compensated surfaces.
In some cases the exchange bias field was found to be even higher for the compensated
surface than for the uncompensated surface. In most theoretical cases the AFM surface
spin direction is assumed to be parallel to the interface (e.g. FeF5(110)). However, it has
been observed that when the AFM interface spins are parallel to the interface a large
exchange bias has been observed, but for AFM spins pointing out of plane (assuming the
bulk spin structure) (e.g. FeF5(001)) the observed Hg = 0 Oe. An intuitive explanation
for this effect is the interfacial FM/AFM spin-spin interaction strength, which may be
written as ?FM . ?AFM = SpapSaracosa, where « is the angle between the two spins.
If the FM spins lie in the plane, then « is the angle between the AFM spins and the inter-
face plane. For in-plane AFM spins cosa = 1 (maximum), hence Hg will be maximum,
but for perpendicular AFM spins cosa = 0 and Hg = 0 (minimum). Another possible
but equivalent explanation for Hg is that Hr = VKapnAarpacosa, where Kypy =
anisotropy and A gy = stiffness of the AFM [189].

Although some theoretical models assume collinear FM-AFM spin coupling at the
interface, it has been found experimentally that this is not necessarily true. Several
systems (FegoNig/FeMn [130], Fe;04/CoO [125], Fe/FeFs(single crystal) [183,188]),
FegoNigy/CoO [182] etc. exhibit perpendicular exchange coupling at the interface be-
tween the FM and AFM spins. Moreover, the temperature dependence of the Fe/FeF,
system shows that the FM easy axis rotates by 90° between room temperature (RT) and
10 K, with the rotation starting around Ty of the FeFy [183]. Intuitively, the lowest
energy configuration for the compensated surface is with the FM spins oriented perpen-
dicular to the AFM sublattice spins. However, this can be valid also for uncompensated
surfaces, if (e.g due to fluctuations in roughness, domain formation etc.) the AFM spins
align antiparallel to each other at the interface making the interface an compensated-
type surface. Hence, the exchange bias depends strongly on the spin structure at the
interface. Extrinsic effects (roughness, crystallinity etc.) and intrinsic effects (anisotropy,
spin orientation etc.) are contributing to Hg.

Although there has been observed the perpendicular coupling between the FM and
AFM spins in some exchange-biased systems, there is an intense debate on the type of
coupling between FM and AFM at the interface of FM /FeF, systems [see e. g. [285—
289]]. In exchange biased FM /FeF, (untwinned) systems showing positive exchange bias
field with a layer of Co or Ni as FM, Li et al. [285] have observed a rotation of the FM
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spins opposite to the cooling field direction. They have obtained a thermal hysteresis
loop of the FM magnetization during field cooling (field applied along the c-axis of FeFs)
suggesting a parallel or antiparallel coupling between the Fe spins of the FM and the
AFM (FeF5). They have explained that the uncompensated AFM spins freeze along the
applied field direction and during cooling through Ty the FM spins rotate to couple anti-
parallel with the uncompensated AFM moments, which are oriented along the c-axis of
the AFM. However, this rotation is only seen in systems showing positive exchange bias.
For systems showing negative exchange bias the FM spin rotation during thermal cycling
has not been observed, suggesting that in these systems the AFM uncompensated spins
align opposite to the cooling field direction by overcoming the smaller cooling fields, and
the FM moments align along their easy direction along the cooling field.

Despite of intense research, the interfacial spin structure in exchange-biased systems
is poorly understood due to the lack of techniques capable of providing detailed infor-
mation about the spin arrangement at the interface. However, Mossbauer spectroscopy
and Nuclear Resonant Scattering (NRS) of synchrotron radiation are viable techniques
not only for the observation of the spin structure, but also for the determination of the
depth dependence of the spin structure. By placing a Mossbauer active >"Fe probe layer
at the required depth, the depth dependent spin structure can be derived from the line
intensity ratio of the Zeeman-split Mossbauer sextet. Along with the spin structure other
magnetic informations, like the blocking temperature and other magnetic phase transi-
tions, the magnetic hyperfine field and its T-dependence and even structural information
can be obtained from the Mossbauer spectrum. NRS of synchrotron radiation provides
information on the depth dependent spin structure along with high spatial resolution.
An experimental investigation of the Fe and FeFs spin structure in exchange-biased
Fe/MnF, and Fe/FeF; systems by using the method of conversion electron Mdssbauer
spectroscopy (CEMS) and NRS of synchrotron radiation will be described in Chapters
6, 7 and 8.



Chapter 5

Magnetic Anisotropy and Hyperfine
Interactions in MnF5 and FeF»

5.1 Introduction

For the understanding of the spin structure and exchange bias in Fe/MnF,/MgO(001)
and Fe/FeF5/MgO(001) films knowledge of the nature of growth of the epitaxial MnFy
and FeF, layer is important. Along with that knowledge of the magnetic anisotropies
present in both materials is necessary to understand the unidirectional anisotropy and
the influence of the antiferromagnet on the ferromagnetic spin structure. In this chap-
ter the nature of growth, difference in the anisotropies of MnF, and FeF, and the *"Fe
hyperfine parameters in FeFy will be discussed.

5.1.1 Crystallographic and magnetic structure of MnF; and
FeFQ

MnF; and FeF, have the rutile type of crystal structure [268-270]. Fe (or Mn) ions
are on the body centered tetragonal lattice (a = b # ¢, @« = f = v = 90°) with Dy,
symmetry and P4/mnm space group. The point symmetry around the iron (or man-
ganese) atoms is characterized by three mutually perpendicular reflection planes, and

the highest rotational symmetry is twofold. For MnF,, the lattice constants are a = b
=487 A, ¢ =331 A, and for FeF, they are a = b = 4.697 A, ¢ = 3.309 A[263].

The spin structure of bulk MnFy and FeF; has been obtained from magnetic neutron
scattering [263]. The Fe*™ or Mn?* ions form a chain running parallel to the c-axis. Each
chain has four parallel neighboring chains having antiparallel spins with respect to the
spins of the center chain. The magnetic and crystal structure is schematically displayed
in Fig. 5.1 [263].

The Néel temperature of MnFy and FeF, is 67.33 K [261] and 78.2 K [272], respec-
tively. The Néel temperature decreases by an amount of the order of milliKelvin by the
application of a magnetic field or pressure [261]. Also many interesting phenomena like
the coexistence of internal strain-induced para- and ferro-magnetically behaving ions ex-
actly at Ty, have been observed [261]. However, from the point of view of the exchange
anisotropy these phenomena are not important here.

57
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4)Mn ©F

Figure 5.1: Crystal and magnetic structure of MnF5 and, equivalently, FeF5. The large
circles show the position of Mn?* (or Fe?") ions with their magnetic moment directions
shown as arrows. The small circles represent the fluorine atoms.

From antiferromagnetic resonance measurements on FeF5 the observed total magnetic
moment corresponds to a g-factor of 2.25. From polarized neutron diffraction results g
= 2.23 (equivalent to p = 4.46pp) [262] or 2.31 [263]. However, high energy (115 keV)
magnetic X-ray diffraction yields a pure spin magnetic moment of 4.01 g, which cor-
responds to g = 2 [265] for the Fe?" ion, as in the free Fe?" ion. This strongly suggests
that about 12 % of the Fe?t magnetic moment originates from the orbital contribution
in FeF,. On the other hand, the contribution from the orbital magnetic moment of Mn?*
is zero in MnFy (g = 1.99)[263, 264].

5.1.2 Anisotropies in MnF,; and FeF,

Crystal anisotropy plays an important role in determining the spontaneous magne-
tization, susceptibility and shape of the hysteresis loop. The magnetic anisotropies are
basically of two main types : intrinsic and induced anisotropy.

The intrinsic anisotropy is the anisotropy intrinsic to the material, e.g., magnetocrys-
talline anisotropy. Although the details of magnetocrystalline anisotropy are not clearly
understood, there is no doubt that magnetocrystalline anisotropy, in general, is due
to spin-orbit coupling. This is because spin-lattice coupling is too weak and can be
neglected, and lattice-orbit interaction is strong, and even a very high magnetic field
cannot influence it. The atom inside a solid does not behave like a free atom, and the
orientation of the orbits are fixed strongly to the lattice, which results in the quenching
of orbital magnetic moments and strong lattice-orbit interaction.

Shape anisotropy, stress anisotropy, exchange anisotropy and other anisotropies, in-
duced by processes like thermomagnetic treatment, stress annealing, plastic deformation
and magnetic irradiation, are basically induced anisotropies. The induced anisotropy
originates from many different reasons. The shape anisotropy appears because of the
different physical shape of the ferromagnetic materials, resulting in magnetic stray fields.
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Figure 5.2: Molal magnetic anisotropy (x| - x.) versus T of MnF,. x| and x are molal
susceptibilities parallel and perpendicular to the c-axis [268].

The exchange anisotropy appears because of the presence of an AFM near a FM. Differ-
ent phenomena involved in exchange anisotropy are basically described in chapter 3 and
will also be the subject of the next chapters (chapter 5, 6, 7 and 8).

In this section the magnetic anisotropies of antiferromagnetic FeFy and MnF, will be
discussed. The tetragonal symmetry of MnF,; and FeFs makes the principal axes of the
magnetic susceptibility tensor (x) to lie along the c-axis of the crystal, which is the easy
axis. The susceptibility in all directions normal to the c-axis is the same. The magnetic
anisotropy is the difference between the susceptibility parallel (x| ) to the c-axis and the
susceptibility normal (x 1) to the c-axis: (x) — x1)-

The temperature dependence of the anisotropy of MnF,; and FeFs has been thor-
oughly investigated [266,267]. The T-dependence of observed anisotropy for MnFy and
the parallel and perpendicular components of the susceptibility are given in Fig. 5.2 (a),
Fig. 5.2 (b) and Fig. 5.3 (a), respectively. From Fig. 5.2 ((a), (b)) it is clear that at
high temperature (T > Ty) the anisotropy (x| — x.) of MnF, is quite small. At low
temperatures, below about 70 K, this changes remarkably. Notice the vertical scales of
Fig. 5.2 (a) and Fig. 5.2 (b). x| and x in Fig. 5.2 (b) follow the theory by van Vleck
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Figure 5.3: Molal magnetic susceptibility of MnF, (a) and FeF, (b). x| and x, are
molar susceptibilities parallel and perpendicular to the c-axis, respectively [268].

271).

Comparatively higher susceptibility values parallel to the c-axis () than perpendic-
ular to the c-axis (x 1) of MnF, suggests that the paramagnetic moments align preferen-
tially parallel to the c-axis at higher temperatures, T > Ty, under an applied field. At
these higher temperatures the exchange forces in MnF, which cause the antiferromagntic
ordering are mostly isotropic in nature, since the energy is invariant under rotation about
the crystal axes [271]. However, the small high-temperature anisotropy of MnF is due to
the slight splitting of the S level of the Mn™ ions by the crystalline electrostatic field.
At the vicinity of 100 K, the short-range order caused by the energetically much larger
(but isotropic) exchange forces begins to appear in the crystal. As the temperature is
still lowered the extent of ordering continues to grow. Below Ty, where Mn spins are
co-operatively coupled antiparallel, the large anisotropy is due to the strong exchange
coupling between Mn™" ions accompanied by strongly anisotropic dipolar interactions.
These exchange forces, which can produce a very small anisotropy, but act on a large
group of coupled spins, become more significant as compared to kg7 at low temperature.
These forces are responsible for aligning the coupled Mn spins parallel to the c-axis. The
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Figure 5.4: Molal magnetic anisotropy of FeFy. x| and x, are molal susceptibilities
parallel and perpendicular to the c-axis. Note that the scale (ordinate) is 1000 times
smaller than that of Fig.5.2 [268].

magnetic dipole-dipole interaction, which becomes stronger with the development of the
strong isotropic exchange field, produces the observed anisotropy. These dipolar forces
favor to align the spins parallel to the c-axis [267]. The spin alignment is clearly under-
stood from neutron diffraction measurements [263].

The measured anisotropy (x| — x1) for FeF5 is shown in Fig. 5.4 [266]. Like MnFy,
the susceptibility at higher temperatures (T > Ty) is larger in the direction of the c-axis,
but the magnitude of the anisotropy is much greater than that of MnF5. The anisotropy
rises with decreasing temperature, but it decreases rapidly after reaching maximum at
about 95 K. The behavior of x| and x, is given in Fig. 5.3(b) [266], which are qualita-
tively in agreement with the theory [271]. However, as discussed in the previous section,
in FeFs5 the orbital contribution to the total magnetic moment is nonzero. The orbitals
contribute about 12 % to the total magnetic moment. So the interaction between orbital
motion of the electrons and the crystalline electrostatic fields (lattice-orbit interaction)
produces a larger magnetic anisotropy in FeFy than in MnFy at higher temperatures.
The energy level scheme of FeFy under the action of the crystalline fields is given in
Fig. 5.5. On the other hand, contrary to MnF5, due to the increase of the number of
d-shell electrons beyond that of the half-filled shell in the ferrous ion, the magnitude of
exchange anisotropy is expected to be less, which may be the cause of the decrease of
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the perpendicular susceptibility in FeFy below Ty.
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Figure 5.5: The electronic energy level scheme for FeFs under the action of the crystalline
electric field [277].

In order to understand the nature of growth and the anisotropic properties and hy-
perfine interactions thin films of FeFy grown epitaxially onto MgO(100) substrates have
been studied. The details will be given in the following sections.

5.2 Sample preparation and characterization

A tremendous amount of literature is available on the preparation and growth of
antiferromagnetic MnFy and FeFy on MgO(001) substrates. Single-layer FeFy or MnF,
samples were prepared by electron beam evaporation onto MgO(100) substrates.[The
sample was prepared and characterized by X-ray diffraction by Dr. W. A. A. Macedo at
the University of California, San Diego, USA]. The MnF; or FeFy ingots were used for
the preparation. Prior to deposition the substrates were heated to 450 °C for 15 minutes
and then cooled to the MnF, or FeFy growth temperature. The typical growth temper-
ature was 325 °C for MnF, and 200 °C for FeFs. The film thickness during growth was
monitored by quartz crystal oscillators. The growth rate was about 2 A/s. MgO has
cubic structure with a lattice parameter of 4.216 A. FeF, and MnFy have body centered
tetragonal structure. In order to releav the strain between the MnF; layer and MgO(001)
substrate, a 160 A thick ZnF, buffer layer was deposited first. ZnF, has also the body
centered tetragonal structure with a = b = 4.7034 A and ¢ = 3.1335 A [276]. A cap layer
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of 30 A Al was also evaporated to protect the sample from oxidation. After growth the
samples were characterized by high and small angle X-ray diffraction. A 1500 A FeF,
film was characterized by Mossbauer spectroscopy.
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Figure 5.6: (a) X-ray diffraction pattern of (520 A) MnFy/ (160 A) ZnF,/MgO(100).
The epitaxial nature of the MnFs film is revealed by the (110) and (220) reflections. (The
c-axis is in the plane of the film). The FWHM of the rocking curve of the MnF,(110)
peak (insert) is about 2.25°. The red curve in the insert is the fitting to the measured
rocking curve data. (b) Small angle XRD pattern of the same film. The red curve is a
fitting to the data for the MnF, layer. (Cu-K, radiation)

Fig. 5.6 and Fig. 5.7 shows the typical X-ray diffraction pattern for a 30 A Al/ 520
A MnF, / 160 A ZnF, film and 30 A Al/ 450 A MnF, / 160 A ZnF, film, respectively, on
MgO(001) substrates. The epitaxial nature of the film with (110) orientation is clearly
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Figure 5.7: (a) X-ray diffraction pattern of the a typical film of 450 A FeF,/MgO(100).
The epitaxial nature of the FeF film is revealed by the (110) and (220) reflections. (The
c-axis is in the plane of the film). The FWHM of the rocking curve of the MnF5(110)
peak (insert) is about 3.76°. The red curve in the insert is the fitting to the measured
rocking curve data. (b) Small angle XRD pattern of the same film. (Cu K, radiation)

evident. As the substrate (MgO(001)) has cubic structure, the films have two equivalent
in-plane directions for the orientation of the c-axes. This causes pseudo-twinning of the
FeFy or MnF, films, i.e., the c-axes of the FeFy(110) or MnF5(110) are oriented towards
either of the two diagonals of the MgO(100) substrate surface, namely towards MgO|[110]
and MgO[110] (as shown in the Fig. 5.8). This feature has been observed by grazing in-
cidence X-ray diffraction as shown in Fig. 5.9 for a typical Al/Fe/FeF5(110)/MgO(001)
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Figure 5.8: Schematic diagram of the antiferromagnetic pseudo-twin domains (green
areas). The c-axes of the MnFy or FeFy domains are oriented along the diagonals of the
square-shaped MgO(001) substrate.
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Figure 5.9: (a)In-plane x-ray diffraction of the FeFy (002) in-plane peak for an FeFs-
Fe bilayer film. The insert shows the scattering geometry (w-scan). (b) In-plane x-ray
diffraction of the MgO(200) substrate in-plane peak [188].

film [188]. In grazing incidence X-ray diffraction the detector angle 26 is set to one of the
MnFy and FeF; reflections (e.g. FeFy (002), 20 = 55.54°), with the X-ray coming almost
parallel to the plane of the film. The sample is then rotated about its normal. The inset
of Fig. 5.9 (a) shows the scattering geometry. The result for the film is shown in Fig.
5.9(a). The four-fold symmetry appears because of the pseudo-twinning of the rectan-
gular FeF(110) surface unit cell. The four-fold symmetry of the in-plane reflections of
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the substrate MgO(200) peak (20 = 42.91°) is shown in Fig. 5.9 (b). This four-fold
symmetry appears because of the fact that MgO(100) surface unit cell is a square. With
respect to the substrate, the in-plane domains are determined by FeF5[001]|| MgO[110]
and FeFy[110]|| MgO[110]. Now it is clear that the FeF5(110) and MnF5(110) films grow
epitaxially on MgO(001) with their c-axes in the plane of the substrate, but with do-
mains tilted by £ 45° relative to the MgO(100) surface direction.

For comparison commercial FeFy (N5 flushed) powder from ACROS with 99 % purity
was also studied in order to confirm the line positions of the FeFy Mossbauer spectrum.

5.3 Hyperfine interaction in FeF,

The CEMS study has been done on a Al-coated 1500 A FeF, thin film grown by
electron beam evaporation on the MgO(100) substrate. The FeFy powder was measured
in Mossbauer transmission geometry. The Mossbauer spectra of the film and the powder
were measured at 80 K and 18 K in a variable temperature bath cryostat. For CEMS,
a channel electron multiplier was used as detector, whereas for transmission Mossbauer
spectroscopy a proportional counter was used. All the spectra are fitted by using the
computer program 'NORMOS’ by R. A. Brand [28,29]. Above Ty, there is no magnetic
ordering of the antiferromagnet and it behaves like a paramagnet. This gives rise to a
electric quadrupole doublet at 80 K. This spectrum has been fitted by a symmetrical
doublet. The CEM spectrum at 18 K, i.e., below Ty, has an eight-line pattern and
has been least-squares fitted by considering the full Hamiltonian for the magnetic-plus-
electric hyperfine interaction of FeFy. The Hamiltonian is given by:

e
AI(21 —1)

This eight-line spectrum has been clearly observed for the FeFy powder, and it has been
least-squares fitted in a similar manner. However, the presence of some other phase con-
taining Fe3* ions in the powder makes the spectrum complicated. Different Mossbauer
spectral parameters for the thin film and the powder will be discussed below. The
Mossbauer spectroscopical parameters have been listed in Table 5.1.

H = {‘/Yzz[?)]z - I(I + ]-)] + (‘/:L‘ac - %y)(li + ]yZ)} + Hnucl—Zeeman (51)

FeF; powder

The transmission Mdossbauer spectra for the powder at 80 K and 18 K are given in
Fig. 5.10 (a) and (b), respectively. The spectrum measured at 80 K has been fitted by
five different subspectra. The dominant doublet (subspectrum #1) (isomer shift (IS)=
1.47 mm/s, quadrupole splitting (AEg) = 2.91 mm/s) has been assigned to the FeF,
phase (Table 4.1). The other spectra are due to oxides and other (Fe-F) phases present
in the sample. The other weaker doublet (subspectrum #b5) is due to some Fe*™ impu-
rities. Out of the three fitted sextets, the sextet with a hyperfine field of 45 T at 80 K
(subspectrum #4) and 49 T at 18 K (subspectrum #5) has been assigned to the Fe3Oy
phase of iron oxide. The other sextets having very high hyperfine field values, could
be the FeF3 phase and some oxide-fluoride (Fe-F-O) state of Fe, but their origin is not
clearly understood; however, they are not important for our purpose. At 18 K, the spec-
trum has been fitted by six subspectra. The dominant subspectrum (subspectrum #1)
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Figure 5.10: Transmission Mdssbauer spectra of FeFy powder, taken at 80 K (> Ty)(a)
and 18 K (< Ty) (b). Spectrum (a) has been least-squares fitted with three Zeeman
sextets and two quadrupole doublets. The dominant doublet with large quadrupole
splitting (pink) originates from FeF,. Spectrum (b) has been least-square fitted with
three Zeeman sextets, two quadrupole doublets and an eight line subspectrum. The latter
(pink), which is attributed to FeFy, was fitted by using the full hyperfine Hamiltonian
method because of similar magnitude of quadrupole and Zeeman interactions in FeFs.
All other subspectra were fitted by considering the strong Zeeman interaction and a
small perturbation of quadrupole interaction.

which is fitted by eight-lines, by using the full Hamiltonian method, has been assigned
to FeFy by considering the literature values of the isomer shift, quadrupole splitting and
magnetic hyperfine field [272]. From the two doublets used for fitting, the doublet with
a small quadrupole splitting has been assigned to Fe3* impurities. The doublet with a
large quadrupole splitting and high isomer shift is assigned to very small FeFy particles,
whose blocking or Néel temperature is less than 18 K. Again, out of the three sextets,
only one (with B,y = 49 T) is assigned to Fe3O4. The other two sextets have very high
By,s values of 61 T (subspectrum #3) and 58 T (subspectrum #4), and could originate
from the FeF3 phase [274,275] and from some oxide-fluoride state of Fe, respectively;
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Figure 5.11: CEM spectra of a 1500-A thick FeF, (twinned) thin film grown on
MgO(100), taken at 80 K (> Ty) (a) and 18 K (< Ty) (b). Spectrum (a) has been
least-squares fitted with a quadrupole doublet. Spectrum (b) has been least-squares
fitted with an eight-line spectrum, by using the full hyperfine Hamiltonian method.

however, their origin is not clearly understood. The important information obtained
from the fittings of the FeFy subspectrum is that the angle between the main compo-
nent of the EFG (V,,) and the magnetic hyperfine field (Bjy) is 90°. All the observed
hyperfine parameters for the FeFy powder at 80 K and at 18 K (Table 4.1) are in good
agreement with the corresponding literature values [272].

FeF,; Thin Film

The CEMS spectra for the 1500-A thick FeF, film are shown in Fig. 5.11. From the
fitting of the spectrum, the obtained isomer shift value at 80 K (Fig. 5.11(a)) is about
1.33 mm/s (relative to a-Fe at RT'), which is in good agreement with the value reported
in the literature [273]). This large isomer shift is typical for ferrous compounds. Hence,
this confirms the ferrous state in our FeFs film.

According to the literature [23, 273], the quadrupole splitting (AEq) observed in FeFy
is quite large. The observed value of AEg = 2.76 mm/s at 80 K for our FeF, film is in
good agreement with the literature value [273]. This large quadrupole splitting appears
because of the presence of a large anisotropic crystal field acting on the six d-electrons of
the Fe?" ions. No asymmetry in the line intensities of the two lines in the FeF, doublet
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has been found at 80 K, as would be expected for an epitaxial film.

At low temperature (18 K), below Ty (78 K), the spectrum of the FeFs thin film
(Fig. 5.11 (b)) has been fitted again by using the full hyperfine Hamiltonian method.
The statistics of the spectrum is rather modest due to the fact that the film was not
enriched in 5"Fe. The best fitting for the spectrum was obtained for an asymmetry pa-
rameter (1) of 0.4. This confirms the presence of crystal field components with lower
than axial symmetry, because for cubic and axial fields V., = V,, and, hence, the asym-
metry parameter should be zero by definition (n = (Vo — V,,)/V:2). The n value is in
good agreement with the literature value [273]. It has been confirmed by Mossbauer
spectroscopy [273] and neutron diffraction [263] that below Ty, the sublattice magneti-
zation is along the c-axis of the FeFy crystal. The angle between V., and Bj; obtained
from the fitting is 90°. Point charge calculations show that V,, should be oriented along
the FeF[110] direction. However, the charge distribution of the Fe atoms can change
this direction and this argument may not be conclusive. Again, the modest statistics of
the spectrum at 18 K does not allow the accurate determination of the direction of the
EFG components in FeFy. As the point symmetry around the iron atoms is characterized
by three mutually perpendicular reflection planes, and the highest rotational symmetry
is two-fold, one would expect that the principal axes of the EFG tensor are along the
two-fold axes. This will be discussed in detail in Chapter 7.

Table 5.1 The Mossbauer spectroscopical parameters obtained after least-squares fit-
ting the Mdéssbauer spectra of the FeFy powder and thin film. (IS = isomer shift relative
to a-Fe at RT, QS = quadrupole splitting = 3eQV.. at 80 K and 1eQV.. (]—/—énz)l/z at
18 K for the FeFy subspecta (n is the asymmetry parameter = 0.4), (QS= 2¢ for all the
sextets, and QS = AEg = line separation for the quadrupole doublets), Byy = magnetic
hyperfine field, Area = relative spectral area). The number of the subspectra (SS #) and
their origin (phases given in the bracket) are given in the third column.

Sample | Temperature SS # IS (mm/s) | QS (mm/s) | Bus (T) | Area (%)
(Phases)
1(FeFy) | 1.47(5) 2.91(5) - 65
2(FeFy) 0.58 0.005 60.8 10
80 K 3(Fe-F-0) 0.55 0.18 50.4 9
1(Fe;04) 0.47 0.15 151 8
5(Fe-O) 0.23 1.21 - g
Powder 1(FeFs) L43 2.86 32.6 62
2(FeF,) 171 2.90 - 6
18 K 3(FeFs) 0.59 0.013 61.8 7
4(Fe-F-0) 0.58 0.18 58.4 10
5(Fe;04) | 0.65 20.35 184 6
6(Fe-0) 0.34 1.43 - 9
Thin 80 K (FeFy) | 1.33(5) 2.76(5) - 100
film R K (FeF,) | 1.48(10) | 2.71(10) | 32.9 100







Chapter 6

Fe Spin Structure in Exchange
Biased Fe/MnF5 Bilayers

6.1 Introduction

Exchange biased Fe/MnF5 bilayers have been thoroughly investigated in particular
for the understanding of the mechanism of exchange bias. In Fe/MnF,, the exchange
bias was found to depend on several parameters, like the thickness of the Fe and MnF,
layer, interfacial roughness, cooling field, temperature etc.

The dependence of the exchange bias on the antiferromagnetic MnF thickness (t4z/)
has been investigated by Lund et al. [166]. They have observed in Fe/MnF, that below
a certain critical thickness (about 150 A) of the MnF, layer the exchange bias field (Hp)
vanishes, and that above a certain thickness (about 350 A) Hp attains a constant value.
The lower critical thickness is always associated with an increase in coercivity (H¢o). The
reason for this increase in H¢ is associated with the energy loss in the MnFy layer during
the sweep of the magnetic field in a hysteresis loop.

The ferromagnetic thickness dependence of the exchange bias field and coercivity has
been studied by Leighton et al. [153]. They have explored the power law dependencies
of Hg (i.e., Hp o< 1/(tFa)™) and the coercivity (He o< 1/(tpar)™). In Fe/MnFy, the
exponents are found to be: m = 1.02 + 0.12 and n = 1.05 4+ 0.08. The value of m is
in agreement with that predicted by Stiles et al. [231-233]. However, the value of n
disagrees with the values n = 2 and 1.5 suggested by Stiles et al. [231-233] and by Li et
al. [158], respectively.

Like in other systems, the magnitude of the exchange bias field in Fe/MnF; is de-
creasing with increasing temperature [153,154] and vanishes at and above Ty = 67 K
of MnF,. This variation is not linear, but is rather comparable to a S = 5/2 Brillouin
function [100]. However, roughness plays a decisive role in determining the temperature
dependence of exchange bias. For very rough interfaces (e.g., for a root-mean-square
roughness of g,.,,s = 18 A) Hp is almost constant at low temperatures and decreases fast
to zero as Ty is approached [100].

The cooling-field dependence of Hr and Hgs has been investigated by Leighton et
al. [154,157,199] and correlated with roughness. For Fe/MnF, samples with a rough

71
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interface (0ms = 30 A) Hp is found to increase very slightly (it is almost constant) with
cooling fields up to 70 kOe, and He shows very similar behavior. The coercivity of this
sample is higher than that of a sample with a smoother interface (¢,,,s = 6 A), indicating
that the coercivity is an extrinsic quantity which is often determined by parameters like
the defect density. However, for the sample with the smoother interface (0,,,s = 6 A), a
crossover from negative to positive exchange bias at cooling fields of about 13 kOe has
been observed. This crossover is associated with an enhancement of Hq at about the
crossover field. These observed effects are related to the modification of the MnF, sur-
face spin structure for higher cooling fields. However, the strong coercivity enhancement
at the crossover cooling field occurs because of maximum frustration of the AFM surface
spins. The interesting point to notice here is that just by changing the cooling field one
can control the coercivity of an exchange bias system, which is a desired property in
many devices. In other words, the surface spin structure can be varied just depending
on the cooling fields. The same authors [154,157] have also shown by modeling that
in the Fe/MnF; system the increased coercivity (which is proportional to the exchange
coupling between layers) is due to enhanced pinning of the propagating domain walls in
the ferromagnetic layer resulting from interfacial magnetic frustration.

The temperature dependence of He for various thicknesses of the Fe and/or MnF,
layer in the exchange biased Fe/MnF5 system has been investigated in ref. [154]. Keep-
ing the MnF, thickness constant (650 A), the coercivity is monotonically dependent on
temperature for very low Fe thicknesses and shows a sharp increase upon cooling through
Ty, followed by a gradual saturation as T — 0 K. For higher Fe thickness the temper-
ature dependence of H¢ is dominated by a broad maximum near Ty, in addition to a
weak increase as T — 0 K. These two regimes are characterized by a crossover thickness
(about 90 A), where the two contributions compete, resulting in a coercivity which is
nearly temperature independent up to 100 K.

The above behavior of He has also been observed for constant Fe layer thickness (120
A), but varying MnF, layer thickness [153]. For a larger MnFy layer thickness (2200 A)
the coercivity behaves in a similar manner as in the first case (sharp increase below Ty
and a gradual saturation as T — 0 K). The second behavior of the coercivity (peaked
at about Ty) has been observed for a smaller MnF, thickness (210 A). It was suggested
by Stiles et al.[231,232] that the two different regimes in the temperature dependence
of the coercivity occur because of the relative dominance of the anisotropy of the Fe
or MnFy layer. This implies that when the FM (Fe) layer anisotropy is strong enough
it induces a significant spin reorientation of the AFM (MnF,) layer during the reversal
process. On the other hand, when the Fe layer anisotropy is weak the Fe layer reverses
without perturbing the MnF, layer in the vicinity of Tyn. Hence, the behavior of the
coercivity depends on the FM and AFM thickness ratio, tpe/trnp, -

The training effect which is present in many other systems (e.g. Co/CoO [9] and
Fe/FeSny [148]), is absent in the Fe/MnF, system. The absence of the training effect
[154] provides a good measure of exchange bias and coercivity.

The different magnetization states of the Fe layer in exchange biased Fe/MnF; at
the two different (left and right) coercive fields have been studied by Krivorotov et al.
[8,145] by using anisotropic magneto-resistance (AMR) as a probe. The variation of
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the electrical resistance with the angle between the magnetization and current is due to
AMR. (The resistance is maximum when the current is parallel or antiparallel to the
magnetization direction). It has been established that the magnetization states at the
two coercive fields of the hysteresis loop are different. At the left coercive field (when the
applied field is opposite to the unidirectional easy axis of exchange bias) the magnetiza-
tion is oriented perpendicularly to the applied field direction. By contrast, the state of
magnetization at the right coercive field (the easy direction of exchange bias) consists of
domains that are parallel and anti-parallel to the applied field. Krivorotov et al. [8,145]
have also suggested the possibility of a partial domain wall in the AFM (MnF5) layer.
They also presented an indication of perpendicular coupling between spins of MnFy and
Fe, which has been reported also for some other systems like Fe/FeFs [183] and Fe/FeRh
[147].

Although the behavior of exchange bias in the Fe/MnFy system has been thoroughly
investigated, the direct observation of the interfacial spin structure is still a challeng-
ing task, which is expected to provide a key for the understanding of details of the
mechanism of exchange bias. Most theoretical model neglect the possibility of a depth
dependent variation of the spin structure in the Fe layer except the model by Kiwi et
al. [3-5]. These authors suggest the possibility of an incomplete domain wall in the
ferromagnet, starting at the FM/AFM interface in the Fe/FeF, and Fe/MnF, systems.
In the following chapter, a detailed CEMS investigation of the Fe-layer spin structure
and its dependence on depth, temperature and cooling field in Fe/MnF, will be presented.

6.2 Sample preparation and characterization

Two kinds of exchange biased Al/Fe/MnF,/ZnFy/MgO(001) samples were prepared
by sequential electron beam evaporation [52]. In both kinds of samples a 160 A ZnF,
buffer layer was deposited first in order to relax the large (8 %) lattice mismatch between
the MgO substrate and MnF5. The typical thicknesses of the Al, Fe and MnF, layers
are 30 A, 80 A and 520 A, respectively. The samples differ only in their ferromagnetic
Fe layer. Out of the 80 A Fe layer, a 10 A 5"Fe probe layer was deposited just at the
Fe/MnF, interface, and this kind of sample will be called ”interface sample” (labelled
MFEMFO01). Hence, the FM layer of the interface sample contains 70 A "*Fe/10 A 57Fe.
The typical structure of the interface sample is given in Fig. 6.1 (left). The other kind
of sample is called ”center sample” (labelled MFEMF03). In this sample the >"Fe probe
layer was deposited at the center of the Fe layer (35 A"Fe/ 10 A5Fe/35 AnoFe), i.e.,
35 A away from the Fe/MnF, interface. The typical structure of the center sample is
depicted in Fig. 6.1 (right). Prior to deposition, the MgO(001) substrate was heated
to 450 °C for 15 minutes and then cooled to 200 °C for ZnF5 deposition. The base
pressure of the system was 3 x 1078 mbar and the pressure during MnF, deposition was
around 6 x 10~7 mbar. The deposition temperature for the Al, Fe, MnF, and ZnF,
layers were 150 °C, 150 °C, 325 °C and 200 °C, respectively. The corresponding depo-
sition rates were 0.5 A/s, 1 A/s, 2 A/s and 2 A/s, respectively. The thickness of the
fluoride layers were monitored by calibrated quartz crystal oscillations. However the
position of the shutter was not allowing the correct determination of the Fe layer thick-
ness during deposition, and, therefore, the Fe thickness was monitored by optical sensors.
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(MFEMFO1) (MFEMFO3)
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Figure 6.1: Schematic structure of the Fe/MnFy samples prepared on MgO(100) sub-
strates. In the interface sample (left) the °"Fe probe layer is at the AFM(MnF,)/FM(Fe)
interface, while for the center sample (right) the 5"Fe probe layer is at the center of the
FM (Fe) layer, i.c., 35 A away from the interface. ("*Fe: iron of natural isotopical
composition with ca. 2% 5"Fe; 57Fe: 95% isotopically enriched *"Fe).

After deposition the structural characterization of the samples was performed by
high and small angle X-ray diffraction (XRD) (Cu-K, radiation, A = 1.5418 A) [53].
The high angle X-ray diffraction pattern for the interface sample (MFEMFO01) is shown
in Fig. 6.2 and the small angle XRD pattern in Fig. 6.3. The high angle XRD pattern
confirms the epitaxial nature of the film with the MnF5(110) plane lying in the sample
plane. The relatively sharp rocking curve (fitted with a Gaussian, insert in Fig. 6.2)
of the MnF5(110) reflection has a full width at half maximum (FWHM) of about 2.53°.
This suggests the good epitaxial growth of the sample. The small angle XRD suggests
homogeneity and flatness of the MnF5 and Fe layers. The high frequency oscillations are
due to the fluoride layer and the low frequency oscillations are due to the total Fe layer
thickness. The red curve results from least-squares fitting of the theoretical intensity to
the measured black curve. The fitting gives a value of about 8.5 A for the interface rough-
ness. The epitaxial nature of the center sample (MFEMF03) has been verified by the
high angle XRD pattern shown in Fig. 6.4. The least-squares fitting (Gaussian) rocking
curve results in a FWHM of about 2.36°, suggesting good epitaxial quality. However, it
is worthwhile mentioning that, as discussed in the previous chapter, all the MnF, layers
(in interface and center sample) are pseudo-twinned epitaxial layers. The small angle
X-ray diffraction pattern (taken at Duisburg) is displayed in Fig. 6.5. In comparison
to the interface sample, the small angle scattering indicates a higher roughness for the
center sample.

The samples were also characterized by conversion electron Mossbauer spectroscopy
(CEMS). The Mdssbauer spectrum of the interface sample (MFEMFO01) taken at room
temperature (RT) is shown in Fig. 6.6. The spectrum clearly shows a dominant six-line
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Figure 6.2: X-ray diffraction pattern of the Fe/MnF, interface sample (MFEMFO1).
The film grows epitaxially with the c-axis ([001] direction) in the plane of the film. The
FWHM of the MnF5(110) peak (rocking curve, insert) is about 2.53°. The red curve
in the insert is the fitting of a Gaussian to the measured rocking curve data of the

MnF5(110) peak.

Intensity (counts)

Al | Fe +*'Fe | MnF, | ZnF /MgO

MFEMFO1
Interface Sample

c=8.5A

20 (degrees)

Figure 6.3: Small angle XRD pattern of the Fe/MnF interface sample (MFEMFO1). The
interfacial roughness of 8.5 A was obtained from the fitting (red curve) to the measured

data.
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Figure 6.4: X-ray diffraction pattern of the Fe/MnF; center sample (MFEMF03). The
film grows epitaxially with the c-axis ([001] direction) in the plane of the film. The
FWHM of the MnF5(110) peak (rocking curve, insert) is about 2.36°. The red curve
in the insert is the fitting of a Gaussian to the measured rocking curve data of the
MnF5(110) peak.
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Figure 6.5: Small angle XRD pattern of the Fe/MnF5 center sample (MFEMFO03).

Zeeman pattern superimposed to a weak component with a distribution of hyperfine hy-
perfine fields, P(B,f). The spectrum has been least-squares fitted by a dominant Zeeman
sextet with sharp Lorentzian lines (hyperfine field B,y = 32.8 T) and a distribution of
hyperfine fields, P(By,), which is shown on the right-hand side of the spectrum. Because
of the value of By the dominant sextet is unambiguously assigned to the bece-Fe layer,
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while the distribution of hyperfine fields, which has a peak at about 26 T, is attributed to
a thin interfacial layer produced by chemical intermixing at the Fe/MnF5 interface. The
spectral area under the hyperfine field distribution is about 15 % of the total spectral
area. Considering the 5"Fe layer thickness (10 A), 15 % intermixing results in about
1.5 A of the *"Fe layer, i.e., effectively about one "Fe monolayer (ML) is chemically
intermixed at the interface of the interface sample. It should be noticed that the rough-
ness of 8.5 A obtained from the simulation of the small angle XRD results (Fig. 6.3) is
physically different from the 1.5 A intermixing at the interface. The measured intensity
ratio between the 2nd and 3rd (or 5th and 4th) line (Rg3) of the dominant Mdssbauer
sextet is 4.0. This demonstrates that the Fe layer spins lie in the plane of the sample.

P(B,)

— /\/—_—\/\ —

RELATIVE EMISSION

4 0 +4
VELOCITY ( mm/s )

Figure 6.6: Room temperature (300 K) CEM spectrum of the Fe/MnF; interface sample
(MFEMFO01). The spectrum has been fitted by a dominant Zeeman sextet assigned to
bee-Fe and a component with a distribution of hyperfine fields, P(By), (right hand side)
to account for the chemical intermixing at the interface.

6.3 SQUID magnetometry: results

Magnetic hysteresis loops above and below Ty of MnF5 for the interface and the cen-
ter sample were measured using superconducting quantum interference device (SQUID)
magnetometry [57]. The results are shown in Fig. 6.7 and Fig. 6.8. The samples were
first field-cooled (FC) to 80 K in an applied magnetic field of 2 kOe, applied at 150 K
along the MgO[100] direction of the MgO(001) substrate (z-direction, as will be discussed
in section 5.5). Both hysteresis loops at 80 K (Fig. 6.7 (a)) show no exchange field (Hg),
i.e., no shift of the hysteresis loop from the origin. However, a small difference in the
coercive field (H¢) of both samples has been observed. By field-cooling the samples from
150 K to 10 K in an applied field of 2 kOe (Fig. 6.7 (b)) He is observed to increase. For
the interface sample (MFEMFO01), He increases from 32 Oe at 80 K to 132 Oe at 10 K.
For the center sample (MFEMF03), however, Heo changes from 52 Oe at 80 K to 450 Oe
at 10 K, the latter value being rather large. The difference in the change of Ho might
be due to a different microstructure of the two samples, because He generally depends
on the microstructure, e.g. grain size. Both samples (at 10 K) clearly show a negative
shift of the hysteresis loop and exchange-bias field Hg of about -60 £+ 2 Oe and -70 £+ 5
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Oe for the interface and center sample, respectively, which is in agreement with previous

reports [153].
1.0 80K f
0.5 » (@ -

0.0

0.5} N
—e— MFEMF01

I > —x— MFEMFO03 | ]

1.0 -

-800 -600 -400 -200 0 200 400 600 800

M/ Mg

H (Oe)
1.0 10K f‘k "=
' F '
05 * o be (o) |
* *
" | :
» *
= 0.0 ’//' -
: PO
05} * m e 4
- * I *' <4
. —=— MFEMFO1
-1.0 f" —*— MFEMFO03 |
1 . 1 . . 1 . 1
-1000 -500 0 500 1000
H (Oe)

Figure 6.7: Normalized hysteresis loops for the interface (red) and center (blue) Fe/MnF,
sample measured at 80 K (a)(above Ty ) and at 10 K (b) (below Ty). The samples were
cooled to 10 K in an applied field of 0.2 T oriented along MgO[001], starting from 150 K.
A shift of the hysteresis loop of both samples at 10 K can be noticed. (Mg = saturation

magnetization).

Hysteresis loops for both samples after zero-field cooling from 150 K to 10 K in re-
manence, are shown in Fig. 6.8. The remanence was established by an external field of 4
kOe applied in the plane at 150 K along the [100] direction of the MgO(001) substrate.
After that the applied field was switched off, and the sample was zero-field cooled in
remanence to 10 K, when the hysteresis loop was then measured. Upon cooling to 10
K, the increase in coercivity He of the center sample is higher than that of the interface
sample. The reason for this increase may be related to the microstructural difference
between the two samples. Interestingly, by cooling in remanence, the samples show Hg
values comparable to the field cooling cases. At 10 K, Hg is -50 £ 5 Oe and -60 + 5 Oe
for the interface and center sample, respectively, according to Fig. 6.8. This establishes



Chapter 6. Fe Spin Structure in Exchange Biased Fe/MnF, Bilayers 79

T i T T T T T T
100 10K E—
05| % ° * -
= L/
= 0.0 *
s * '
*
0.5+ ; [ E
10 L. —e—MFEMFO1
- —x—MFEMFO03]
1 " 1 " " 1 " 1
-800 -400 0 400 800

H (Oe)

Figure 6.8: Normalized hysteresis loops for the interface (red) and center (blue) Fe/MnF,
sample measured at 10 K (below Ty ) of MnFs. The samples were zero-field cooled from
150 K to 10 K in remanence. The remanent magnetization was induced at 150 K by an
applied field of 0.4 T along MgO[001]. (Mg = saturation magnetization).

the fact that for moderate cooling fields Hg does not depend on the strength of the
cooling field, but rather depends on the magnetization state of the ferromagnetic layer

[176].

6.4 Conversion electron Mossbauer spectroscopy of
Fe/MnF, bilayers

6.4.1 CEMS measurement geometry

To determine the spin structure of the Fe layer in an exchange biased Fe/MnF,
bilayer, we have adopted a certain type of geometrical arrangement in our CEMS exper-
iments, as shown in Fig. 6.9. x,y and z are the laboratory co-ordinate axes. The sample
plane is in the zy-plane. The magnetic hyperfine field By, (which has opposite direction
to the Fe atomic magnetic moment) is assumed to be in the sample plane. CEMS with
unpolarized ~-radiation cannot distinguish between the two opposite directions of By
(or opposite directions of the Fe magnetic moment). Let the angle between the x-axis
and the By direction, the v-ray and the By direction, and the y-ray and the x-axis be
v, ¥ and &, respectively.

All the CEMS experiments for this work were performed at zero external magnetic
field. However, most of the CEM spectra, which will be shown later, were taken after
introducing remanence in the sample. The remanence was induced by an external field
Best of 0.4 T (4 kOe) applied at RT along the z-direction (equal to the [100] direction
of the MgO(001) substrate). Then, the sample was zero-field cooled to the required
temperature in remanence, referred to as 'virgin remanence’. However, for field cool-
ing, the sample was cooled in the presence of the external field, applied again along the
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Figure 6.9: Schematic figure of the geometry in a CEMS measurement. The zy-plane is
the sample plane. v indicates the direction of the incident vy-ray, which lies in the xz-
plane. ¢ is the angle between the y-ray direction and the z-axis, ¢ is the angle between
the hyperfine field (Bjy) direction (antiparallel to the Fe magnetic moment direction)
and the z-axis, and ¥ is the angle between the ~-ray direction and the direction of
Bjs. Bhy is assumed to lie in the sample plane (xy-plane). The external magnetic field
B..: that was applied and subsequently switched off in order to produce remanence in
the Fe film was oriented along the z-axis, which is the [100] direction of the MgO(001)
substrate.

x-direction (or MgO[100] direction). The magnetic field was then switched off before
the CEMS measurement. In this case, the remanence of the sample is referred to as
‘conventional remanence’. In both, virgin and conventional remanence the remanent
magnetization is expected to be oriented along the z-axis (the B, direction). If the Fe
spins are completely aligned along the x-axis, the two angles U and ® (Fig. 6.9) are
equal (U = ®).

In order to properly determine the angle W between the ~-ray and the magnetic hy-
perfine field By (or Fe spin direction) in thin films, one needs to measure the Mossbauer
spectrum with different angles between the ~-ray and a defined axis of the film. The
intensity ratio of the 2nd and 3rd line (or the 5th and 4th line) is related to the angle W
and is given by [see, e.g., [17]]:

451>V
1+ cos?W¥

Variation of the angle ¥ from 0° to 180° results in different Ro3 ratios. For example,
for ¥ = 0°, 45°, 90°, 135° and 180° the intensity ratios (Rg3) are 0, 1.33, 4, 1.33 and
0, respectively. It is interesting to note that it is enough to consider the first quadrant
for ¥ (¥ = 0° ~ 90°) because of the quadratic dependence of Rgs on sine and cosine
of ¥. From the CEM spectrum one obtains the Ro3 ratio. Then, the angle ¥ can be
determined by solving the above equation. The formula is given by:

Rys = (6.1)

4 — Ry3
4+ Ro3

U = arccos (6.2)

However, this consideration is valid only for the case of a unidirectional (d-function type
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of) angular Fe spin distribution. In the case of an arbitrary angular distribution of Fe
spins Re3 is given by:

A< sin?V >
1+ < cos?V >

23 (6.3)

where the brackets indicate averaging over all Fe-spin directions in the sample.

6.4.2 In-plane spin distribution models

The line intensity ratio of the six Mossbauer lines can be represented by 3:Ro3:1::1:Ro3:3,
where Roy3 can be expressed as in eq. (5.1), where W is the angle between 7-ray and the
in-plane Fe spin direction (see Fig. 6.9).

If we consider an angular probability distribution of Fe spins P(V¥) in the angle U,
instead of a unique Fe spin direction, the above formula can be written like:

[ sin*UP(V)dV

Ros =4
23 14 [, cos?UP(V)dV

(6.4)

with
/ P(U)dV =1
v

In the present case of Fe/MnF; (or Fe/FeFy), the bee-Fe spin distribution P(W) is
observed to be within the sample plane. Hence, it is convenient to introduce the angle ¢
(see Fig. 6.9) and its probability P(y) instead of ¥ and P(¥). (¢ = angle between the
z-axis (or external field or MgO[100] direction) and the hyperfine field (Bjs) or Fe spin
direction). Then, eq. (6.4) can be rewritten by using the new variable ¢ [146, 149]:

1 — cos?®{cos*p)
1 + cos?®(cos?yp)

R23 =4 (65)

with )
(cos’) = / (cos? ) P} dep
0
and

27
/ P(p)dp =1,
0

where ® = incident angle between the y-ray direction and the sample plane (or z-axis).
Eq. (6.5) is the most general formula and can be applied to obtain a modeled in-plane
spin distribution P(p) from the measured value of Rgs. As in all cases studied here the
Fe spins are distributed in the plane of the sample, we will consider a few relevant model
distributions.

Unidirectional distribution model

Assuming that all Fe spins are pointing to only one direction (¢ = ¢ with a Dirac-
type probability distribution (P(¢) = d(¢ — ¢o)), eq. (5.5) can be expressed as [146, 149]:

1 — cos?®cos?

Ros =

6.6
1+ cos?®Pcos?pq (6:6)
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Figure 6.10: (a) Calculated Rgs ratio versus the spin rotation angle ¢, for in-plane spin
rotation (unidirectional model). (b) Schematic picture of step-shaped spin fanning. (c)
Calculated Rgg ratio versus the spin fanning angle Ap/2 for in-plane spins at an angle
of incidence of & = 45° and at various angles ¢y ranging from ¢g = 0° to ¢y = 90°
(step-shaped model).

In this model the spin orientation described by ¢ can be deduced from the Ry3 ratio
obtained from just a single Mossbauer spectrum taken at an incident angle ®. In Fig.
6.10(a), the calculated Rz ratio is plotted versus the angle ¢y, according to eq. (6.6),
for an incident angle ® = 45°, as used in the present experiments.

Step-shaped distribution model

Sometimes, a more realistic distribution model is the step-shaped distribution model
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[146, 149] or spin fanning model. It is useful for the case of a non-collinear in-plane an-
gular spin distribution, e.g., a spin distribution with "ripple”. It describes the situation,
where the in-plane Fe spins or hyperfine fields are pointing with equal probability only
into the angular aperture Ap = 2¢" (Fig. 6.10(b)) centered at an angle ¢, with respect
to the z-axis (Fig. 6.9). The probability density for the internal gy — ¢' < ¢ < o + ¢’
is P(¢) = Py, and P(¢) = 0 for the rest of the 27 interval. Using these conditions eq.
(6.5) becomes:

1 — cos?®{cos*p)

Ry =4
% 1 + cos?®{cos?p)
with ) ,
T 1  1sin(2
(005t) = [ (o o)Plo)dp = 5 + 55 2 cos(2n) (6.7)

This model contains the two parameters ¢y and Ay = 2¢’. In principle, this spin
distribution can be obtained from two independent measurements of Rgs at different
incident angles ®. Fig. 6.10 (c) displays the calculated Rgg ratio versus the semiaperture
angle Ap/2 = ¢’ at an angle of incidence of & = 45° and at various angles ¢y ranging
from g = 0° to pe = 90°).

6.4.3 Experimental details and CEMS results

All CEMS measurements were performed in zero external field. Fig. 6.11 shows the
CEM spectra of the Fe/MnF, interface sample (MFEMFO01) measured at an angle of
incidence of ® = 90° (a), (b) and ® = 45° (c), (d), measured at 80 K (T > Ty) (a),
(c) and at 18 K (T < Ty) (b), (d) (Ty = 68 K). The samples were zero-field cooled at
remanence to either 80 K or 18 K. The remanence was introduced into the sample at RT
by an external magnetic field of 0.4 T applied along the z-direction (Fig. 6.9). The mea-
surements were performed by using a variable temperature bath cryostat. For the 80 K
measurement (above Ty) a He-CH, gas-filled proportional counter was used, whereas for
the 18 K measurement a channeltron detector was used. °”Co in a Rh-matrix was used
as a source. For ® = 90°, the incident 14.4 keV ~-ray was parallel to the sample normal
with the z-axis parallel to the laboratory floor. For measurements at ® = 45°, the sam-
ple was rotated by 45° about the y-axis (Fig. 6.9) with the incident y-ray direction fixed.

All the CEM spectra for this interface sample were least-squares fitted by assuming
a dominant Zeeman sextet with sharp Lorentzian lines attributed to the bce-Fe layer,
and a weak contribution with a hyperfine field distribution, P(Byf), taking into account
of some chemical intermixing at the Fe/MnF; interface (interfacial component). The
Mossbauer spectroscopical parameters obtained from the fittings are listed in Table 6.1.

The center sample (MFEMF03) was also measured at remanence by CEMS at & =
90° (Fig. 6.12 ((a), (b)) and ® = 45° (Fig. 6.12 (c), (d)) at a measurement temperature
of 80 K ((a), (¢)) and 18 K ((b), (d)). A similar remanence and zero-field cooling proce-
dure was used as for the interface sample.

In case of the center sample one may not expect any contribution from the interfacial
intermixing, because the >’Fe probe layer is about 35 A away from the interface. In fact,
the interfacial component is not observed in the CEM spectra of the center sample, as
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Figure 6.11: CEM spectra of the Fe/MnF, interface sample (MFEMFO01), measured at
an angle of incidence of ® = 90° at 80 K (a) and 18 K (b), and at & = 45° at 80 K (c)
and 18 K (d). Before each measurement the sample was zero-field cooled from 300 K in
remanence. Each spectrum was least-squares fitted by a dominant Zeeman sextet with
sharp Lorentzian lines superimposed by a spectral component (interfacial component)
with a distribution of the magnetic hyperfine fields, P(Byf), (right-hand side).

expected (Fig. 6.12). Hence, all spectra of the center sample were fitted by a single Zee-
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Figure 6.12: CEM spectra of the Fe/MnF; center sample (MFEMFO03), measured at an
angle of incidence of & = 90° at 80 K(a) and 18 K (b), and at & = 45° at 80 K(c)
and 18 K (d). Before each measurement the sample was zero-field cooled from 300 K
in remanence. Fach spectrum was least-squares fitted by a Zeeman sextet with sharp
Lorentzian lines.

man sextet with Lorentzian lines. The Mossbauer spectroscopical parameters obtained
from the least-squares fitting are listed in Table 6.1.

Fig. 6.13 shows the CEM spectra of the interface sample measured at 18 K after
field cooling from RT in an external field B, of 0.2 T [(a), (c¢)] and 0.35 T [(b), (d)].
The CEMS measurements were performed at & = 90° [(a), (b)] and ® = 45° [(a), (¢)] in
zero external magnetic field. The spectra are fitted in a similar manner as those for the
interface sample in remanence (i.e., with one Zeeman sextet and an interfacial compo-
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nent with a distribution of hyperfine fields). The Méssbauer spectroscopical parameters
obtained are listed in Table 6.1.
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Figure 6.13: CEM spectra of the Fe/MnF, interface sample (MFEMFO01) for different
cooling fields. The spectra are measured at & = 90° (a), (b), and at & = 45° (c), (d).
The sample was cooled from 300 K to 18 K in an in-plane cooling field of 0.2 T (a), (c)
and 0.35 T (b), (d), and measured at 18 K in zero field (remanence). Each spectrum was
least-squares fitted by a dominant Zeeman sextet for bee-Fe and a component (interface
component) with a distribution of magnetic hyperfine fields, P(Bjy), (right-hand side).

CEMS has also been performed at & = 45° on the interface sample at remanence at
various measurement temperatures starting from 300 K down to 18 K. The spectra are
shown in Fig. 6.14. Again, the spectra were fitted with two components (a sextet for
bee-like iron and an interfacial component with a distribution of hyperfine fields).
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Figure 6.14: CEM spectra of the Fe/MnF, interface sample (MFEMFO01) taken at an
angle of incidence of ® = 45°. The spectra were measured at different temperatures
(300, 250, 200, 150, 100, 80 and 18 K, from top to bottom, respectively) during zero-field
cooling to that particular temperature in remanence. Each spectrum was least-squares
fitted by a dominant Zeeman sextet for bee-Fe and a component (interface component)
with a distribution of magnetic hyperfine fields, P(Byf), (right-hand side).
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Figure 6.15: CEM spectra of the Fe/MnF, interface sample (MFEMFO01) taken at & =
45° after different thermal history: (a) after zero-field cooling in remanence from 300 K
to 18 K followed by zero-field heating to 80 K, (b) after field cooling from 300 K to 18 K
in an external field of 0.35 T, followed by zero-field heating to 80 K. Each spectrum was
least-squares fitted by a dominant Zeeman sextet and a component with a distribution
of magnetic hyperfine fields, P(Byy), (right-hand side). The measurement temperature
was 80 K in (a) and (b).

In order to study possible memory effects, CEMS measurements were performed on
the interface sample (MFEMF01) at 80 K after two different histories of the sample:
(1) The sample was zero-field cooled to 18 K after inducing remanence at 300 K (B,
= 0.4 T along the z-direction, i.e., exactly between the MnF; twin directions). After
that the sample was zero-field heated back to 300 K and then zero-field cooled to 80
K. Then CEMS was performed at that temperature (80 K) in zero external field with
an angle of incidence of ® = 45° (Fig. 6.15 (a)). (2) The sample was field cooled from
300 K to 18 K in an external field B.,; = 0.35 T along the z-axis (when CEMS was
performed in zero-field as shown in Fig. 6.13 (d)) followed by zero-field heating to 80 K
and a zero-field CEMS measurement also at 80 K (Fig. 6.15 (b)). The first case means
effectively ZFC in remanence to 18 K and then zero-field heating (ZFH) to 80 K (as will
be discussed in section 6.5.4), and the second case means FC to 18 K in a magnetic field
of 0.35 T and then ZFH to 80 K. The two corresponding Mdssbauer spectra are shown in
Fig. 6.15. As usual, the spectra were least-squares fitted by a dominant Zeeman sextet
for bee-Fe and a distribution of hyperfine fields P(By,f) for the interfacial component.
The Mossbauer spectroscopical parameters for the dominant Zeeman sextet are listed in
the last two rows of Table 6.1.
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Table 6.1 The Maossbauer spectroscopical parameters obtained after least-squares fit-
ting the Mdossbauer spectra of the Fe/MnFy interface sample (MFEMFO01) (Int.) and
Fe/MnFy center sample (MFEMF03) (Cent.). (ZFC = zero-field cooling (in remanence),
ZFH = zero-field heating, FC = field cooling, T = measurement temperature, ® = angle
of incidence of the y-ray relative to the film plane, 1S = isomer shift relative to a-Fe at
RT, QS = nuclear-quadrupole line shift ( = 2¢), Bny = hyperfine magnetic field, Ras (=
Rs4) = intensity ratio of the 2nd (or 5th) and 3rd (or 4th) Mdssbauer line for the bee-Fe
layer, Dist. area = relative spectral area of the component with hyperfine field distribu-
tion P(Byy) (interface component), Byg(peak) = peak value of the distribution P(Byy)).
The center sample does not exhibit the interfacial contribution P(Byy), but shows only
the pure Zeeman sextet of bee-like Fe. The error bars for Res, IS, @S, Bny and Dist.
area are 0.1, 0.005 mm/s, 0.001 mm/s, 0.05 T and 5%, respectively. However, the error
bar for Rss in the last row is 0.5.

Sample Type of T P Ros IS QS Bny Dist. Bny
field cooling (K) | (degree) (mm/s) | (mm/s) | (T) | area (%) | peak(T)
ZFC 80 K 90 4.00 0.113 0.01 33.8 13 26
ZFC 80 K 45 1.86 0.117 0.00 33.8 12 27
Int. ZFC 18 K 90 4.00 0.117 0.00 34.3 17 27
7ZFC 18 K 45 2.67 0.123 0.01 34.1 20 28
ZFC 80 K 90 4.00 0.114 0.01 33.9 - -
Cent. 7ZFC 80 K 45 2.34 0.111 0.01 33.9 - -
ZFC 18 K 90 4.00 0.113 0.00 34.1 - -
ZFC 18 K 45 2.58 0.124 0.00 33.8 - -
Int. FC(0.2 T) 18 K 90 4.00 0.130 0.00 34.1 20 28
FC(0.2 T) 18 K 45 2.02 0.133 0.00 34.0 17 28
Int. FC(0.35 T) 18 K 90 4.00 0.125 0.00 33.9 17 28
FC(0.35 T) 18 K 45 2.11 0.131 0.00 33.70 17 28
Int. 7ZFC — ZFH 80 K 45 2.5(1) 0.121 0.02 33.9 21 27
Int. FC(0.35 T)— ZFH | 80 K 45 2.7(3) 0.126 0.03 33.7 18 27

6.5 CEMS results: discussion

6.5.1 Depth-dependent Fe spin structure at remanence

Above Ty the antiferromagnet behaves like a paramagnet. For MnF,, the magnetic
anisotropy (x| — x.) as well as the susceptibility above T = 68 K are very small, as
discussed in chapter 5. Hence, the influence of MnFy on the Fe spin structure at 80 K
> T is negligibly small and may not be considered for the discussion.

The shape anisotropy of the polycrystalline thin bee-Fe film (80 A in thickness for
both, interface and center sample) is very strong and forces the Fe spins to lie in the
plane of the film at any temperature. For T > Ty, applying a strong magnetic field
parallel to the film plane the Fe layer spins align along the field direction (magnetic sat-
uration). After switching off the magnetic field the relatively weak magnetic anisotropy
within grains of the polycrystalline Fe film will act on the Fe film to form in-plane mag-
netic Néel-type of domains separated by Néel walls. However, a remanent magnetization
(oriented along the original field direction) remains in the film, as is evidenced in the
hysteresis loops (Fig. 6.7 (a)).
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Below Ty = 68 K the antiferromagnetic ordering of MnF; is present, and the in-
fluence of the AFM (MnF3) on the FM (Fe) cannot be neglected. As the anisotropy
of the antiferromagnet increases faster with decreasing temperature below Ty and be-
comes stronger than that of the Fe layer, the Fe spins are forced by interfacial exchange
interaction to respond to the ordering of the Mn spins.

In most experiments performed in this work the remanence was induced by B.,; at
a temperature T >> Ty and subsequently switching off the field, followed by zero-field
cooling (ZFC) to a certain measurement temperature T > Ty or T < Tx. This means
that at that measurement temperature the sample did not experience an external field.
We call this the ”virgin remanence” of the sample, contrary to the ”conventional rema-
nence” obtained from a hysteresis loop at the measurement temperature.The measured
M,em/Msar ratio (M., = conventional remanent magnetization measured in a hysteresis
loop using a sweeping field at a certain temperature, e.g., 80 K (Fig. 6.7 (a)) is rather
high ( Myen /Mg = 0.80 and 0.86 at 80 K for the center and interface sample, respec-
tively, Fig. 6.7 (a)), which means that nearly a single domain state remains at that
temperature after switching off the field.

Interface sample

The results for the interface sample will be presented and discussed first. From the
zero-field CEMS measurements (Fig. 6.11 (a), (b)) of the interface sample at remanence
with ® = 90° (perpendicular incidence of the y-ray relative to the film plane) an intensity
ratio Ro3 of 4.0 has been obtained, both above and below Ty. This confirms the fact
that as expected the Fe layer spins lie in the plane of the film above and below Ty of
the antiferromagnet. However, measurements at inclined incidence with ® = 45° (Fig.
6.11 (c), (d)) reveal that a remarkable change of the line intensity ratio Ro3 from 1.86 at
80 K to 2.67 at 18 K is observed (Table 6.1). If all the Fe spins were aligned along one
direction (the z-direction or B, direction for inducing remanence), the intensity ratio
Ros should be 1.33 for & = 45° according to eq. (6.6). However, the higher intensity
ratio of 1.86 observed at T = 80 K (T > Ty) suggests that the Fe spins are not all
aligned along the z-direction (or original applied field direction). By using the model of
coherent spin rotation (where all Fe spins (or hyperfine fields Bjy) are unidirectionally
aligned and rotate coherently in the film plane by an angle ¢ (see Fig. 6.9), the Fe
spins are found at an angle ¢y = £ 31° away from the remanent magnetization direction
(positive z-direction) according to eq. (6.6). The possible explanation for this effect can
be given in the framework of domain formation at remanence, as a result of the mag-
netic anisotropy within different grains of the polycrystalline Fe film. Some magnetic
domains have a magnetization that is not perfectly aligned along the z-direction, but the
magnetization of the individual domain shows an in-plane angular distribution centered
at the z-direction. This ”anisotropy dispersion” in the polycrystalline Fe layer causes
"fanning” of the in-plane domain magnetization and leads to a higher intensity ratio
Rgs in the CEM spectrum above Ty. It is important to note again that the possibility
of any domain with out-of-plane magnetization is discarded, because for & = 90° the
(zero-field) CEMS measurements give Roz = 4.0, as is expected from the strong shape
anisotropy which forces the Fe spins to lie within the film plane.
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At the measurement temperature of 18 K (T < Ty) the intensity ratio Rgz is found
to increase drastically to 2.67 for & = 45°, as compared to 1.86 at 80 K (Table 6.1 and
Fig. 6.17). In combination with the ® = 90° results (Ro3 = 4.0), which demonstrates
that all Fe spins lie in-plane, one may infer a larger in-plane angular deviation of the
Fe spins from the remanent magnetization direction (positive z-direction). By using the
model of coherent spin rotation (unidirectional model), at 18 K, the Fe spins are found
at an angle ¢y = £ 51° away from the original applied field direction (z-direction). The
difference in the in-plane spin configuration for 80 K and 18 K is related to the fact that
MnF, orders antiferromagnetically below 68 K. As was discussed in Chapter 5, the epi-
taxial MnF5(110) on MgO(001) has a twinned structure with the c-axes parallel to the
plane, but at an angle of 4+ 45° with respect to the MgO[010] and MgO[100] directions.
This means that the MnFy antiferromagnetic easy axes (c-axes) in the film are in the
film plane and at angles of + 45° with respect to the z-axis of Fig. 6.9. The Fe spin
direction in the interface sample, calculated from the unidirectional model, are ¢y = +
31° at 80 K and =+ 51° at 18 K; the 80 K value clearly deviate from the + 45°-directions
of the MnF, easy axes, while the 18 K value overshoots the 4+ 45° direction only by 6°.

It is understood that below Ty there is AFM exchange coupling between the antifer-
romagnetic and ferromagnetic spins [285, 286, 289]. Considering this fact and the MnF,
twinning, one would expect that the Fe spins in zero external field, exchange coupled to
the Mn spins, will lie along the c-axes of either of the MnF, twin directions, i.e. at +
45° relative to the z-axis. A perfect alignment of all Fe spins along the two MnFs twin
directions (irrespective of the parallel or perpendicular exchange coupling, suggested in
ref. [183,285,286,289]) will lead to an intensity ratio Ras of 2.40, according to eq. (6.6).
However, the observed intensity ratio of Ros = 2.67 at 18 K is definitely higher than
2.40, and the corresponding angle of + 51° overshoots the £+ 45°-twin directions. This
difference could be due to a roughness-driven fluctuation of the magnetization direction
[100]. Thus, the roughness of the Fe/MnF, interface, although small, might lead to a
change of the very interfacial spontaneous Fe spin structure. It is worthwhile mentioning
in this context that an interfacial layer with spin-glass properties has been suggested in
order to explain the exchange bias effect [9]. It is conceivable that magnetic coupling
with such a spin-glass interlayer causes deviation of the Fe-spin direction from the +
45°-easy axis directions of bulk MnFs,.

Center sample

Now, we will discuss the CEMS results of the Fe/MnFy center sample. The spins
of the center sample also lie in the plane, both above and below Ty, because of the
obtained value of Rog = 4.0 (Fig. 6.12 (a),(b) and Table 6.1) for & = 90° (perpendicular
incidence). The spectrum at 80 K (Fig. 6.12 (c)) with ® = 45° after zero-field cooling
in remanence gives an intensity ratio Res of 2.34 (Table 6.1), which is much higher than
that of a unidirectional Fe spin alignment along the z-axis (Rgs = 1.33 according to
eq. (5.1)). The reason can be the stronger roughness-driven magnetization fluctuation
(consistent with the fact of coercivity enhancement) and/or larger anisotropy dispersion
in the Fe-layer of this sample. This means that the Fe spins are oriented away from
the z-axis and/or have an angular distribution around the z-axis. The value of Rgg =
2.34 (equivalent to ¢y = %+ 43°, according to the unidirectional model, eq. (6.6)) for the
center sample at 80 K is clearly larger than the value of Rg3 = 1.86 (equivalent to py = +
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31° according to eq. (6.6)) for the interface sample at 80 K (Table 6.1). This means that
the deviation from the unidirectional Fe spin orientation along the z-axis is larger for the
center sample at 80 K than for the interface sample at 80 K. This is also consistent with
the observation that the ”conventional” remanent magnetization, M,.,,, of the interface
sample (measured by SQUID at 80 K) is higher than that of the center sample (Fig.
6.7 (a)). This difference reflects the different microstructures (e.g., different grain sizes,
different roughnesses) of the two samples, as revealed also by their large difference in
coercivities. (H. = 32 Oe and 52 Oe for the interface and center sample, respectively,
at 80 K.) It is remarkable that the Fe-spin directions obtained from the unidirectional
model for the center sample at 80 K (> Ty) coincides within error bars with the two
MnF, twin directions at 4 45° relative to the z-axis. This might be accidental; it could
also mean, however, that there is a growth induced magnetic anisotropy in the polycrys-
talline bee-Fe layer on top of the pseudo-twinned MnF, film.

The CEMS measurements on the center sample at 18 K result in values of Ro3 = 4.0
and 2.58 for @ = 90° and 45°, respectively (see Table 6.1). The first value demonstrates
again that the Fe spin lie in the film plane. The value of Ry3 = 2.58 at 18 K (equivalent
to o = + 49° according to eq. (6.6)) should be compared with Rg3 = 2.34 at 80 K
(equivalent to g = £ 43° according to eq. (6.6)) for the center sample (Table 6.1). By
cooling the sample to 18 K in remanence antiferromagnetic ordering of the MnFy layer
is established. One would expect that the effect of exchange coupling between the AFM
and FM spins drives the Fe spins to align towards either of the MnF, c-axes directions,
i.e., = 45° away from the original external field (or z-axis) direction. However, the higher
value of Ry3 = 2.58 (equivalent to ¢y = + 49°) observed at 18 K suggests that the effect
of roughness-driven magnetization fluctuation or spin-glass-like interfacial layer might
be responsible for the increase of the intensity ratio to a value larger than 2.40 (which
is the ideal Ry3 value for a unidirectional Fe spin alignment along the c-axes of MnF,
pseudo-twins according to eq. (6.6)). The higher Ry3 value of 2.58 (or ¢y = £ 49°) at 18
K as compared to Ryz = 2.34 (or ¢y = £ 43°) at 80 K is quantitatively consistent with
an Fe spin reorientation upon zero-field cooling below Ty, i.e., in the average the Fe
spins are orientated farther away from the x-axis at 18 K than at 80 K due to exchange
coupling. Further, a comparison of the Ry3 ratios for the interface sample at 18 K (Rgs
= 2.67(10)) and the center sample at 18 K (Rog = 2.58(10)) shows that those values are
equal within error bars. Apparently, the spontaneous Fe spin structure in both samples
at 18 K is similar.

Hence, the Fe spin structure in the remanent state of the exchange-biased Fe/MnF,
system at 18 K (T << Ty) is found to be not different within the depth range from the
Fe/MnF, interface up to 45 A, although the interface and center samples are character-
ized by different roughnesses (see section 6.2). It is reported [176] that the roughness at
the interface plays also a role in determining the remanent state Fe spin structure and
magnetization, which is also responsible for the exchange bias. In our case we expect
that the difference in the degree of roughness of both samples might not be large to
induce large differences in Hg. Both samples show almost the same Hg (Hgp = 50 + 5
Oe for the interface sample and Hg = 60 + 5 Oe for the center sample). In addition,
the Fe spin structure of both samples at 18 K is very similar.
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6.5.2 Influence of the cooling field on the Fe spin structure

By field cooling (FC) the interface sample (MEFMFO01) in an external field of 0.2 T
or 0.35 T from 300 K to 18 K, the ”"conventional” remanence has been induced. The
zero-field CEMS measurements at & = 90° give an intensity ratio Res = 4.0 (Fig. 6.13
(a), (b) and Table 6.1), confirming again the fact that the Fe spins lie in the plane of the
sample. The measurements with ® = 45° (Fig. 6.13 (c), (d)) result in Ros = 2.02 and
2.11 for 0.2 T and 0.35 T, respectively (Table 6.1). These Rog ratios are equal within the
error bar (£ 0.10) and are significantly smaller than those observed for the zero-field
cooled (ZFC) state of the same sample at 18 K (Rgs = 2.67, Table 6.1), demonstrating
that in the FC case the Fe spins are more aligned towards the cooling field direction
(2-direction) than in the ZFC case. According to the unidirectional model (eq. (6.6)),
these Rgs values correspond to angles ¢y = £ 36° at 0.2 T and ¢y = £ 38° at 0.35
T, as compared to ¢y = £+ (49° ~ 51°) for the ZFC state at 18 K. The results can be
qualitatively explained as follows.

Cooling the interface sample from room temperature in an applied field (0.2 T or 0.35
T), all the spins are expected to be aligned along the field at all temperatures above Ty,
where the influence of the MnF, layer is not important. By cooling further below Ty,
the antiferromagnetic ordering starts and the anisotropy of the antiferromagnetically
ordered MnFy increases. The exchange-bias effect also sets in. The strong anisotropy
of the AFM, combined with the exchange interaction below Ty, tends to align the very
interfacial Fe spins along the easy axis of the AFM, i.e., along the two MnF5 twin direc-
tions (at £ 45° with respect to the z-axis). Due to the presence of the external field the
Fe spins that are farther away from the interface are aligned closer along the external
field direction than the interfacial Fe spins. This may result in a spiral-like or incomplete
domain-wall-type of spin arrangement in the Fe film, as suggested in the model by Kiwi
et al. [3-5]. In this case the competition between the interfacial exchange energy due
to coupling along the easy-axes directions of the AFM twins, exchange energy within
the FM and the Zeeman energy due to the external field is responsible for a possible
spiral-like spin arrangement.

After field cooling and removing the applied field at 18 K, the Zeeman energy is miss-
ing. However, as discussed in the literature, e.g., ref. [285], the uncompensated spins
of the AFM existing at the FM/AFM interface, align and freeze along the applied field
direction (z-direction) during FC below Ty (uncompensated Mn spins in the present
case of Fe/MnF5). This aligns the interfacial Fe spins in opposite direction to the un-
compensated AFM spins [285], i.e., along the external cooling field direction. Hence,
there is an additional driving force for the Fe spins to align along the cooling field direc-
tion, even after the external field is switched off, and an additional exchange-coupling
energy term between interfacial Fe-spins and uncompensated interfacial AFM moments
should be involved. Hence, expectedly, in comparison to the ZFC measurements, a lower
Mossbauer line intensity ratio of Roz3 = 2.02 and 2.11 is measured after field cooling in
0.2 T and 0.35 T fields, respectively, and switching off the external field (Fig. 6.13,
Table 6.1). These smaller values of Rgs provide indirect evidence of the existence of
such uncompensated AFM spins, which appear due to interface roughness and/or inter-
mixing, and may behave like a spin-glass, with its spins frozen along the external field
direction. The exchange interaction between these frozen AFM spins and the interfacial
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Fe spins does not allow the Fe spins to rotate far away from the field cooling direction
(z-direction), unlike in the case of ZFC, where the interfacial uncompensated AFM spins
probably freeze in more random anisotropy directions, which are, however, influenced by
the (£ 45°) anisotropy directions of the bulk AFM twin domains beneath, and also by
the exchange coupling with the interfacial Fe spins at remanence and (indirectly) with
the exchange energy within the FM.
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Figure 6.16: The T-dependence of the center line shift (§) (relative to a-Fe at RT) (a)
and of the magnetic hyperfine field By (b) of the dominant Zeeman sextet (bcc-Fe)
obtained from Fig. 6.14 for the interface sample. The fitted curve in (a) follows the
Debye model. The fitted curve in (b) follows Bloch’s T3/2 spin-wave law.

6.5.3 Temperature dependence of the Fe spin structure

From all CEMS measurements at & = 90° it is clear that the Fe-layer spins lie in the
film plane at all temperatures and for different depths (0- 10 A and 35 - 45 A) away from
the Fe/MnF interface of the Fe film. The CEM spectra measured at & = 45° on the
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Figure 6.17: The Ry ratio obtained for the interface Fe/MnFy sample (MFEMFO01) at ®
= 90° (blues stars) and 45° (red circles and stars) measured at different temperatures in
remanence (according to Fig. 6.14). The red stars are for another set of measurements
(see Fig. 6.11) performed about eight months before the other measurements. The lines
are a guide for the eye. Ty indicates the Néel temperature of bulk MnFs. Ros ratios
obtained from the FC measurements and the ZFH measurements are also shown for
comparison (arrows). The dotted line signifies the ideal Ras ratio for Fe spins aligned
along the £+ 45° antiferromagnetic anisotropy directions of the pseudo-twinned MnF,
domains.

Fe/MnF, interface sample in remanence at decreasing temperatures between 300 K and
10 K, are shown in Fig. 6.14. Again, all spectra were least-squares fitted by a Zeeman
sextet and a contribution from the very interface with a distribution of hyperfine fields
P(Bs) (Fig. 6.14). The spectral component with a distribution of hyperfine fields,
which shows a strong peak at about 26 T for all temperatures, is attributed to weak
chemical intermixing (about 15 % of the 10 A thick "Fe probe layer thickness, according
to the relative spectral area of the interfacial component) at the interface. From the
fittings, the average hyperfine field <Bj ;> of the distribution of hyperfine fields (inter-
facial component) is observed to remain almost constant at about 25 T in the measured
temperature range between 18 K to 300 K [208]. This means the magnetic ordering tem-
perature of the interfacial phase is far above room temperature. The dominant Zeeman
sextet is attributed to the bee-Fe layer. The temperature dependence of the Mossbauer
spectroscopical parameters namely isomer shift (or the center shift) ¢, and hyperfine
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field Bys of the bee-Fe phase, is shown in Fig. 6.16. (The temperature dependence of
the isomer shift is fitted by assuming a Debye-like behavior for the second-order Doppler
shift, which results in a Debye temperature (6p) of 466 K, which is typical for bee-Fe).
The temperature dependence of By, of the bee-Fe phase is found to follow Bloch’s T3/2
- behavior for spin-wave excitation, By, ;(T) = Bj;(0)(1-b-T%2), which yields B ;(0) =
34.16 T and b = 6.46 x 10~% K—3/2. Both values are typical for bee-Fe.

The most important result is the temperature dependence of Ry3 for bee-Fe layer as
shown in Fig. 6.17. No change of the Rys ratio is observed from 300 K down to 80 K;
however, further cooling to 18 K results in a significant increase of Ry3. This demon-
strates that after producing the remanence by switching off the external field at RT, the
Fe spin structure does not change upon zero-field cooling to about the Néel temperature
Ty = 68 K of MnFs. Since there is almost no change of the magnetic anisotropy of
MnF; above Ty, which is very small anyway (see Chapter 5), the spin structure and
supposedly also the magnetic domain structure at remanence remain the same down to
the Néel temperature of MnF,.

By contrast, below Ty, when the twinned antiferromagnet orders, the interfacial ex-
change coupling of Fe layer with the antiferromagnetic domains beneath lets the Fe spins
align towards the easy axes directions of the AFM (twin-directions). This lets the Fe
spins rotate more and more towards the twin directions, because the anisotropy of the
AFM and the exchange anisotropy becomes stronger with decreasing T. Consideration
of the rotation of the whole Fe layer spins due to the exchange interaction averages
ideally to an angle of + 45° (along the c-axes of AFM) on both sides of the remanent
magnetization direction. The measured higher intensity ratio of Res = 2.55 (at 18 K)
than that for a £ 45° rotation (ideally Ro3 = 2.40) can be qualitatively explained by the
roughness-driven magnetization fluctuation at the interface as mentioned in section 6.5.1.

6.5.4 Memory effect of the Fe spin structure

It was observed earlier in Nig;Fejo/CoO bilayers [108] that exchange bias is an ac-
cumulative memory effect, dependent on the thermal and field history of the FM/AFM
bilayer. Further, from previous sections (sections 6.5.1 and 6.5.2) we have observed that
FC (in Bege = 0.35 T) or ZFC in remanence produces different spin structure of the Fe
layer at low temperature (at 18 K, below Ty ). In both cases, the Fe spins tend to orient
(to different degrees) towards the c-axis (easy axis) of MnFy pseudo-twins. In the first
experiment, the sample was ZFC in remanence from 300 K to 18 K, then ZFH to 300
K, and subsequently ZFC to 80 K for the CEMS measurement. As observed in section
6.5.3, the spin structure is preserved during cooling from 300 K down to 80 K (Fig. 6.17).
Hence, it is justified to assumed that the procedure ( 300 K (ZFC)— 18 K (ZFH) — 300
K (ZFC) — 80 K) is equivalent to the procedure (300 K (ZFC) — 18 K (ZFH) — 80
K). Both, during ZFC to 18 K and ZFH to 80 K the spins tend to align more and more
towards the anisotropy directions (easy axes) of MnFy. Hence, a perfect alignment of Fe
spins along 4+ 45° with respect to the z-axis should be ideally observed, corresponding to
Ros = 2.40. The observed intensity ratio Reg = 2.50(10) (Table 6.1) also confirms that.
Our observed value of 2.50 is very close to 2.40, thus proving the preferred alignment of
Fe spins along the easy axes of MnF5. The small difference from the ideal value could
be due to formation of magnetization ripples, e.g., because of anisotropy dispersion or
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roughness-driven magnetization fluctuations throughout the film.

By field cooling in 0.35 T to below Ty the interfacial uncompensated AFM (which
might behave like a spin glass) freeze (more or less) oppositely to the applied field di-
rection. After switching off the magnetic field at low temperature (18 K), the Fe layer
spins are influenced by the anisotropy directions of the pseudo-twinned AFM (MnFs)
layer (i.e., at an angle of 4+ 45° with respect to the applied field direction), and by the
anisotropy direction of the frozen uncompensated interfacial spins (whose freezing di-
rection is determined by the applied field). Hence, as described in the previous section
(section 6.5.3) an Fe spin structure will be formed, whose direction is in-between the
applied field direction (0°) and the AFM easy axes (£ 45°). Further, during ZFH to
80 K, the originally frozen interfacial uncompensated moments will defreeze more and
more, and the spins of the Fe layer, due to increased thermal energy and missing ex-
change coupling to the uncompensated interfacial moments, tend to align along the AFM
easy axes, because the exchange interaction with the bulk AFM spins is the force acting
during ZFH to Ty of MnF,. Finally, at 80 K, the Fe spins align in the average along
the MnF, easy axes direction. The least-squares fitting of our spectrum measured after
ZFH at 80 K (Fig. 6.15 (b)) (although with modest statistic) results in a Mdssbauer line
intensity ratio of Rgg = 2.71(30), which is within error bars very close to the ideal value
of Rog = 2.40 for a unidirectional spin alignment along the (4 45°) MnF; easy directions.

Hence, for both of the above cases, (300 K (ZFC) — 18 K (ZFH) — 80 K, or 300
K(FC) — 18 K (ZFH) — 80 K) equal values (within error bars) of Ras, and thus, the
same Fe spin structure, have been observed at 80 K (Fig. 6.17). The striking effect
is that the Rgg values at 80 K, obtained by ZFH from 18 K, i.e., Ros = 2.50(10) and
2.71(30) at 80 K, are significantly larger than the value of Rog = 2.15 measured at 80
K after ZFC from 300 K (Fig. 6.17). This observation demonstrates that the Fe spin
structure has a "memory” at T = 80 K (> Ty): it "remembers” the £ 45° AFM easy
axes after having been in the exchange biased state (at 18 K), while the + 45° directions
are not sensed by the Fe spins at 80 K after ZFC from RT.

6.6 Modeled angular Fe spin distributions in Fe/MnF,

6.6.1 Angular Fe spin distribution in remanence

First we describe the Fe spin distribution after ZFC the sample in remanence from 300
K. Using the unidirectional distribution model (section 6.4.2, eq. (6.6)) the remanent-
state Fe spin structure for the interface and the center samples of Fe/MnFy have been
analyzed on the basis of measured Ryz values (Table 6.1). The results are displayed
in Fig. 6.18. According to this model, at 80 K (above Ty), the Fe spin direction de-
viates by an angle of ¢y = + 31° and ¢y = + 43° from the z-axis (external field or
remanent magnetization direction) for the interface and center sample, respectively. It
is not physically reasonable to say that the polycrystalline Fe layer is in a single domain
state with its magnetization pointing along ¢y = £+ 31° and ¢y = + 43° away from the
external field direction, but ¢, rather indicates the average angle at which the Fe spins
are present (averaged over all the magnetic domains formed in the sample). However,
below Ty, when the antiferromagnet orders, at the very interface the Fe spins rotate by
the interfacial exchange coupling to the spin axis of the AFM which is at £ 45° with
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respect to the applied field during remanence; due to the strong exchange energy within
the Fe film the other Fe spins farther away from the interface also rotate towards the
easy axes of MnF,. By using the unidirectional model for remanent spin structure at 18
K, spin rotation angles of about 51° and 49° have been obtained for the interface and
the center sample, respectively (Fig. 6.18 (a), (b)). Although the unidirectional model
provides physically reasonable values for the average angle of the Fe spin structure, we
have used also the step shaped distribution model, because the implied Fe spin fanning
might represent the angular distribution of the domain magnetization and/or ripples in
the domain. This is discussed below.

A single domain polycrystalline ferromagnetic Fe film breaks into a multidomain state
when the external magnetic field is switched off. The demagnetizing field is zero within
the film plane, but the anisotropy dispersion plays the main role in creating a multido-
main state from the single domain state after switching off the external field [87]. This
anisotropy dispersion may arise due to growth-induced variation of the easy axes of the
Fe film grown on the crystallographically twinned MnF5 in our case, and/or inhomogene-
ity in the structure of the film due to roughness and intermixing, as observed by XRD
and the Mossbauer interfacial spectral component. As a result, the local spin direction of
the Fe film may vary slightly from point to point within a domain. This non-parallelism
adds exchange energy to the system, and, in addition, free magnetic poles are created
within a domain, because of the divergence of magnetization, causing stray fields and
magnetostatic energy. In order to minimize these effects, the local magnetization can
vary in a ripple-like manner (called magnetization ripple) within a domain. However, the
energy in the film due to anisotropy dispersion may not overcome the Zeeman energy or
exchange energy of the system to form domains pointing randomly along all directions.
One can expect that a sizable amount of magnetization at remanence still remains in
form of domains with magnetization components pointing along the original external
field direction.

As explained above, the step-shaped distribution model is a physically reasonable
alternative for explaining the spin structure of the Fe layer in our Fe/MnFj system.
Presumably, this model might be suited in explaining the spin structure of the Fe layer
at high temperatures (above Ty of the MnF), because of magnetic domain formation
influenced by the anisotropy dispersion of the Fe layer, after switching off B.,;. At 80
K (above Ty), spin fanning angles (eq. 6.6) of about 114° and 170° have been obtained
for the interface and the center sample, respectively (Fig. 6.19). This difference in the
spin fanning angles might occur due to different remanent states of the samples caused
by different anisotropy dispersion, or different microstructure of the samples. Further,
higher fanning angles (i.e. low remanence) of the center sample can be due to higher
roughness of the center sample as compared to the interface sample, (as exhibited by
the small-angle XRD plot, Fig. 6.5), which causes higher anisotropy dispersion via dif-
ferent microstructure. The higher coercivity of the center sample at 80 K (measured
by SQUID, section 6.3) also supports this idea. (The higher roughness could lead to a
different microstructure in the two samples, leading to higher He in the center sample).

Below Ty, the step-shaped distribution model also may provide a physically mean-
ingful alternative for the spin configuration, using the argument that the very interfacial
layer Fe spins couple with the MnF, pseudo-twin domains underneath. The AFM do-
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Figure 6.18: Remanent-state Fe spin rotation angles g according to the unidirectional
distribution model after zero-field cooling (ZFC) or field cooling (FC) from room tem-
perature (RT) to measurement temperatures of 80 K or 18 K for the Fe/MnFs-center
sample (a) and the Fe/MnFq-interface sample (b),(c), (d). Right-hand side: view onto
the sample plane (zy-plane) showing the average Fe spin directions (black arrows) and
the remanent magnetization (M,.,,) direction (z-direction). (a) After ZFC the center
sample in remanence from RT, (b) after ZFC the interface sample in remanence from
RT, (c) after FC the interface sample from RT in an external field of 0.2 T and measuring
in remanence, and (d) after FC the interface sample from RT in an external field of 0.35
T and measuring in remanence. The corresponding Rss ratios measured by CEMS are
also given. Left-hand side: schematic cross-sectional view of the corresponding Fe/MnF,
layered structure. The direction of the external field B.,; and the incident y-ray are also
indicated.

main size of these pseudo-twins presumably is much smaller (~100 A [285,289]) than
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Figure 6.19: Remanent-state Fe spin fanning angles Ay according to the step-shaped
distribution model (¢ = 0°) of the Fe/MnF;y samples after ZFC or FC from room
temperature (RT) to measurement temperatures of 80 K or 18 K for the center sample
(a) and the interface sample (b),(c), (d). Right-hand side: view onto the sample plane
(zy-plane) showing the Fe spin directions (black arrows) and the remanent magnetization
(M, ¢p) direction (z-direction). (a) after ZFC the center sample in remanence from RT,
(b) after ZFC the interface sample in remanence from RT, (c) after FC the interface
sample from RT in an external field of 0.2 T and measuring in remanence, and (d)
after FC the interface sample from RT in an external field of 0.35 T and measuring in
remanence. The corresponding Ros ratio measured by CEMS are also given. Left-hand
side: schematic cross-sectional view of the corresponding Fe/MnF, layered structure.
The direction of B.,; and the incident ~-ray are also displayed.

the domain size of the ferromagnet, and also the AFM anisotropy directions are at an
angle of 4+ 45° away from the initial external field direction (x-axis). Further, there is a
distribution of AFM domain sizes throughout the film. Hence, it is possible that mag-
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netization ripples are formed in the Fe domains of the whole film after ZFC from 300 K
to 18 K at remanence due to frustration of the Fe interfacial spins within a FM domain.
Because of these arguments the Fe spin structure may be described as spin fanning,
and the step-shaped distribution model might be applicable. By using the step-shaped
distribution model and assuming that the average magnetization direction (along the
x-axis) is preserved during cooling (i.e., o = 0°), the obtained Fe spin fanning structure
is shown in Fig. 6.19 (a), (b). Below the Néel temperature (at 18 K), Fe spin fanning
angles Ay of 226° and 204° have been obtained for the interface and center sample,
respectively. However, within the error bar of the measured Roz (value £+ 0.1), these
resulting Ap values are equal. The large increase in the spin fanning angle from 114°
(170°) for the interface (center) sample at 80 K to 226° (204°) at 18 K may be qualita-
tively understood by considering the FM/AFM coupling at the interface and the strong
anisotropy (along the + 45° directions) of the AFM in the Fe/MnF, system.

As the anisotropy dispersion is considered, it is worthwhile to point out here that
the higher coercivity measured by SQUID at 80 K and at 18 K for the center sample in
comparison to the interface sample is very likely caused by the different microstructure
of the two samples. The slow saturation of the magnetization (at higher applied field
values, e.g., close to 100 Oe in Fig. 6.7 (a) and close to 250 Oe in Fig. 6.7 (b)) may be
due to the presence of ripple-type of structure in the domains of the Fe layer.

6.6.2 Angular Fe spin distribution after field cooling

In the pseudo-twinned Fe/MnF; system, at room temperature (i.e. far above Ty),
the spins of the whole Fe layer are aligned along the applied field direction. (B, =0.2 T
was applied along the MgO[100] (z-axis), which is at 45° to either of the twin directions).
At such a high T (>> Ty) the anisotropy of the MnF; layer is ineffective. During field
cooling to low temperatures (T < Ty ) the antiferromagnet orders, with the Mn spin axis
at &+ 45° to the cooling field direction, and a strong magnetic anisotropy develops in the
MnF, layer. One expects that the interfacial Fe spins, which couple antiferromagneti-
cally with the Mn spins, are influenced by the anisotropy of MnF5 and, if this anisotropy
is strong enough, will rotate away from the applied field direction towards the two AFM
easy axes directions at £ 45°. This rotation will be more effective if the FM/AFM ex-
change coupling at the interface is high. During field cooling in the strong field of 0.2 T
the Fe spins are expected to align along the external field in the presence of B.,;, because
of the high Zeeman energy of the FM. However, switching off the field at low temperature
(T < Ty) the interfacial FM/AFM energy will cause the interfacial spins to rotate (or
fan out) towards the AFM spin axis. Strong Fe-Fe exchange interaction will drive the
Fe spins that are farther away from the interface to align also towards the AFM easy axes.

As discussed previously in section 6.5.2, by field cooling the interface sample to 18 K
(and measuring at remanence), Mossbauer line intensity ratios of Rog = 2.02 and 2.11
are obtained for cooling fields of 0.2 T and 0.35 T, respectively, (at & = 45°). Using the
unidirectional model, spin rotation angles of 36° and 38° (away from the z-axis, towards
the AFM easy axes) are obtained for the cooling fields of 0.2 T and 0.35 T, respectively
(Fig. 6.18 (c), (d) and Table 6.1). This confirms that after switching off the external
field the Fe spins rotate towards the AFM easy directions, but significantly less than
in the case of ZFC (section 6.6.1). This behavior may be explained by the presence of
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uncompensated interfacial AFM spins, which may behave like a spin-glass, and which
will be frozen along the external field direction during field cooling below T . This will
create a different type of interfacial anisotropy for the Fe spins, which will be aligned
more along the applied field direction (at a local minimum of energy). This anisotropy
will try to prevent the complete rotation of the Fe layer spins to align along the MnF,
pseudo-twin easy directions.

However, a ripple-type of spin structure could also be expected in this FC case af-
ter removing B.,; (because of the variation of the AFM domain size and anisotropy
dispersion), and the step-shaped spin distribution model may be applied. Using the
step-shaped distribution model, in-plane angular spin fanning angles Ag of 130° and
140° are obtained at 18 K for the cooling fields of 0.2 T and 0.35 T, respectively. The
results are schematically shown in Fig. 6.19 (c) and (d).

6.6.3 Memory of the angular Fe spin distribution

As described in section 6.5.4, the least-squares fitting of the spectra measured at 80
K, after ZFC to 18 K and then ZFH to 80 K (Fig. 6.15 (a)), or FC to 18 K and then
ZFH to 80 K (Fig. 6.15 (b)) yields the same Roz values (2.5(1) and 2.7(3), respectively)
within the error bars. Applying the unidirectional model (section 6.4.2 and Fig. 6.10(a)),
spin rotation angles of 47° + 2° and 52° + 8° are obtained. Applying the step-shaped
distribution model (section 5.4.2 and Fig. 6.10(c)) with ¢y = 0° spin fanning angles
Ap of (a) 200° and (b) 228° are obtained, as shown in Fig. 6.20 (right column) for the
sample history: (a) ZFC to 18 K and then ZFH to 80 K, and (b) FC to 18 K and then
ZFH to 80 K. These angles are significantly different from the angle Ay = 110° that
obtained after ZFC (in remanence) the same sample from 300 K to 80 K (Fig. 6.19 (a),
(b)). However, these angles are equal (within the error bar) to the angles obtained for
the interface sample at 18 K after ZFC in remanence to 18 K (Fig. 6.19 (a), (b)). Hence,
this observation demonstrates that the Fe spin structure has a "memory” at T = 80 K
(> Ty): it "remembers” its spin structure at T < Ty (the + 45° AFM easy axes) after
having been in the exchange biased state (at 18 K), while the £+ 45° directions are not
sensed by the Fe spins at 80 K after ZFC from RT.

It is worthwhile mentioning here that, although CEMS cannot decide the two op-
posite directions (along or opposite to the applied field), the spin rotation or fanning
are assumed to be relative to the initial applied field direction (x-direction), because of
the fact that a large M,e,/Mgq ratio is measured by SQUID on these samples. One
may predict at this stage of the work that just by performing few thermal cycles (to
temperatures far above and far below Ty ) on an exchange bias AFM/FM bilayer sample
which has not been exposed to any magnetic field, and which is not strongly intermixed
at the interface creating its own strong anisotropy, the Fe spins will spontaneously align
along the easy directions of the AFM (in the present case, all the four directions (£ 45°
and + 135°) of the pseudo-twined MnF;y domains).
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Figure 6.20: Fe spin fanning angles (Agp) of the interface Fe/MnFy (MFEMFO01) sample
according to the step-shaped distribution model with ¢y = 0°. Right-hand side: view
onto the sample plane (xy-plane) showing the Fe spin directions (black arrows) (a) spin
fanning after ZFC in remanence from 300 K to 18 K and then ZFH to 80 K, (b) spin
fanning after FC to 18 K in an external field of 0.35 T and then ZFH to 80 K. The
corresponding Rag ratio measured by CEMS is also given (according to Fig. 6.15). Left-
hand side: (a) the spin fanning after ZFC in remanence from 300 K to 80 K is also
shown for comparison. The direction of B.,; and of the remanent magnetization for the
ZFC case is also given. The CEMS measurements were performed in zero external field.
Notice the remarkable difference in the Fe spin structure obtained by ZFC to 80 K and
ZFH to 80 K.

6.7 Supplementary vector SQUID magnetometry: re-
sults and discussion

Magnetic hysteresis loops measured by vector SQUID magnetomety at decreasing
temperatures for the center sample in the ”virgin” remanent state (i.e., measured at
different temperatures during zero-field cooling in remanence) are shown in Fig. 6.21
(a) [57]. For comparison with the CEMS results, the T-dependence of the remanent
magnetic moment components my, (parallel to the external field H and MgO[100]) and
mr (transverse to the external field H and MgO[100], in the film plane) of the center
sample were measured at H = 0 Oe during cooling in remanence (virgin remanent state).
The results for my, and the total magnetic moment my,; = (m2 4+ m%)/? are shown in
Fig. 6.21 (b). The my values were found to be one order-of-magnitude smaller than the
my, values, making mj; and m,, comparable within the whole temperature range.

The CEMS results (section 6.5) for the Fe spin structure are supported by the 7-
dependence of my, and my, for the center sample (Fig.6.21 (b)). First, the saturation
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Figure 6.21: (a) Magnetic hysteresis loops for the center sample measured by vector
SQUID at different temperatures during cooling in remanence. (b)Temperature depen-
dence of the remanent longitudinal moment my, (open triangles) and total moment my;
(solid triangles) (myy = y/m2 + m?) of the center sample measured for H = 0 Oe dur-
ing ZFC from 150 K to 10 K. The prior saturation magnetization m (open circle) and

mye (full circle) of the sample at H = 2 kOe at 150 K is also shown. (mgy = transverse
moment).

magnetization my, (open circle) and my, (full circle) were measured at 150 K in a field
of 2 kOe (Fig. 6.21). Then, upon zero-field cooling in remanence from 150 K, my, and
Mye first remain constant down to Ty = 67 K, then rise and show a maximum at ~
49 K (whose origin is not yet understood), followed by a significant decrease upon ZFC
to 10 K. The decrease of my and myy is the indication of rotation (or fanning) away
from the initial external field (MgO[100] direction) due to exchange bias, in accordance
with CEMS. Moreover, the observed very small my values suggest that (averaged over
the entire sample) this rotation or fanning is bidirectional, i.e., essentially symmetrical
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Figure 6.22: Temperature dependence of the exchange-bias field Hp (red stars, left
scale) and coercive field He (blue circles, right scale) for the Fe/MnF, center sample
(MFEMFO03) obtained from the vector-SQUID measurements during warming up from
10 K, after ZFC to 10 K.

with respect to the initial external field (MgO[100] axis). After ZFC to 10 K, a virgin
remanent moment of my = 0.9482(2) x 10~* emu at H = 0 Oe was measured. Following
this 10 K measurement, an external field H of 2 kOe was applied, and a saturation mo-
ment of Mg = 1.234(104) x 10™* emu was measured at 10 K, which is about equal to
m,, at 150 K. Finally, after switching off the 2 kOe field, the (conventional) remanent
moment was measured to be my = 1.106(4) x 107% emu at H = 0 Oe. Note that there is
a difference between my, at virgin and conventional remanence at 10 K: the conventional
remanence is ~ 16 % larger than the virgin remanence. This confirms qualitatively the
decrease of the Fe spin rotation angle ¢y (or fanning angle Ay) obtained by CEMS at
remanence after FC the sample to 18 K (Fig. 6.13 and Table 6.1) in comparison to the
case of ZFC the sample in remanence to 18 K.

The Fe spin rotation or fanning angles can be obtained independently by the vector
SQUID measurements, providing an independent check of the corresponding angles de-
termined by CEMS. The rotation (or fanning) angles are obtained as follows.

Assuming P(y) as the in-plane angular Fe spin distribution, which is supposed to be
homogenous within an angular interval from —¢' to +¢’, and zero otherwise (step-shaped
distribution model, section 6.4.2), the average longitudinal moment is given by

J25 Mt cosp Plo) dp 1 [+

<myp >= " = —
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with the normalization fj:j, P(p)dp = 1/2¢'.

<mp>  sing

/
Mgat @

(6.8)

Hence, from the measured quantity, [%], the fanning angle (¢’ = Ag/2) can

sa

be obtained (¢’ = semiaperture). Using measured values m,; = 1.234x107% emu and
my = 0.9482 x10™* emu and 1.106x10~* emu for virgin and conventional remanence,
respectively, the following values were calculated from eq. (6.8), at 10 K: the fanning
angles Ay for the center sample at 10 K are Ap = 140° at virgin remanence (after ZFC
in remanence), and Ap = £ 84° at conventional remanence (after FC in 0.2 T). These
angles are in rough agreement with the CEMS results on the center sample at 18 K
(Fig. 6.19): Ap = 204° at virgin remanence, and Ay = 130° at conventional remanence.
Using the unidirectional model, we obtained < my >/mgu = cospg. In this model the
following angles are calculated from the vector SQUID results at 10 K: ¢y = + 40° at
virgin remanence and ¢y = + 26° at conventional remanence. These values are in fair
agreement with the corresponding CEMS results: ¢y = + 49° at virgin remanence and
o = * 36° at conventional remanence (Fig. 6.18). The temperature dependence of the
exchange bias field Hg and the coercive field Hg, obtained from the ZFC measurements,
are shown in Fig. 6.22. The observed behavior is in fair agreement with previous reports
[157].

6.8 Conclusions for the Fe spin structure in Fe/MnkF,

Two exchange-biased Fe/MnFs samples with 10-A thick 5"Fe probe layer at or 35
A away from the Fe/MnF, interface were deposited on MgO(001) substrates by electron
beam evaporation and characterized by XRD, SQUID magnetometry and CEMS. The
MnF5(110) films have a twinned crystallographic structure with the c-axes at £ 45°
relative to MgO[100] direction. For field cooling at 0.2 T and for zero-field cooling in
remanence, equal values of exchange bias fields Hg were obtained by SQUID for both,
the interface and center sample. The remanent-state Fe spin structure has been obtained
for both samples by CEMS, after zero-field cooling the samples at remanence from room
temperature to either 80 K (above Ty of MnFy) or 18 K (below Ty). According to the
CEMS results the Fe spins always lie in the sample plane. We have observed a different
remanent state of the two samples at 80 K, because of the magnetic anisotropy dispersion
in the Fe films, related to the microstructural difference of the two samples as observed
by XRD. Below Ty, when the exchange bias sets in, an in-plane rotation of the Fe spins
away from the remanent magnetization direction towards the AFM easy axes of the
(pseudo-twinned) MnF5 occurs. The average Fe spin rotation angle ¢q or fanning angle
Ay were obtained from the Mdssbauer line intensity ratio Rag by using the unidirectional
or step-shaped distribution model for the in-plane angular Fe spin distribution. Both,
interface and center samples show equal Fe spin rotation or fanning angles (within error
bars) in the remanent state at 18 K (below Ty of MnFy) due to exchange coupling
of Fe spins with the AFM spins and the strong antiferromagnetic anisotropy of MnFs.
Upon zero-field cooling from 300 K to 80 K, no change of the Fe spin rotation angle
or Fe spin fanning angle has been observed, suggesting that the domain structure does
not change by ZFC to a temperature T > Ty (where the anisotropy of the AFM does
not play a role). By contrast, the observation of increasing Fe spin rotation (or spin
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fanning) upon ZFC to a temperature below Ty suggests that the Fe spins couple to
the AFM spins at the interface and the interfacial exchange interaction change the spin
structure of the Fe layer in the exchange-biased state. This behavior was confirmed by
supplementary vector SQUID magnetometry measurements. Besides the coupling of the
Fe spins to the Mn spins preferentially along the AFM easy directions of the MnF, film,
the observed intermixing at the interface, which presumably leads to spin glass behavior
and to the uncompensated interfacial AFM spins, plays a major role in aligning the Fe
spins towards the applied field direction during field cooling. This conclusion can be done,
because smaller Fe spin rotation angles (or smaller fanning angles) in comparison to the
case of zero-field cooling were observed. The observed different remanent-state Fe spin
structures created by ZFC or FC to a temperature T < Ty provides indirect evidence
for the presence of uncompensated AFM interfacial spins that align antiparallel to the
external field. The remanent state Fe spin structure after FC to T < Ty may evolve
from a competition between interfacial antiparallel exchange coupling of Fe spins with
frozen uncompensated AFM spins (aligned antiparallel to the external field direction)
and exchange coupling with Mn spins oriented along the AFM easy axes of pseudo-
twinned MnF,. Upon zero-field heating the prior remanent state (created by ZFC or FC
to T < Ty) to a temperature T > Ty, the same Fe spin structure as that at T < Ty
after ZFC is retained to temperatures T > Tpy. This means that the Fe spin structure
above T shows a memory effect.






Chapter 7

Fe and FeF> Spin Structure in
Exchange Biased Fe/FeF9 Bilayers

7.1 Introduction

FeF;, has the same crystal structure and spin structure, and similar magnetic prop-
erties as MnFy, but has a higher Néel temperature (Ty = 78 K) and a larger magnetic
anisotropy. The anisotropy field is about 7 kOe in MnF; (S=5/2) while it is 149 kOe for
FeFy (S= 2) [166]. This is believed to be the key in explaining the difference in exchange
bias and coercivity observed in FeFy. More specifically, the reason for the higher ex-
change bias field and the difference in coercivity in the Fe/FeF, system as compared to
Fe/MnF, is the larger FM-AFM interfacial exchange constant Jpy apar of Fe/FeF, [2],
which is in turn related to the high anisotropy of FeFs as given below. For Fe, the value
of the ferromagnetic exchange constant is Jpp; = 16 meV, and the stiffness constant
is Kppr = 0 meV/spin. Similarly, the antiferromagnet exchange constant Japp = -1.2
meV and the stiffness constant Kapy = 2.5 meV/spin for FeFs, and J4ppy = -1.3 meV
and Kpp = 0.12 meV/spin for MnF, [[4], and references therein]. Depending on the
values of the measured exchange bias field, Kiwi et al. [4,5] have calculated obtained
the interfacial exchange constants of Jpy/apy = -1.2 meV and -0.35 meV for Fe/FeF,
and Fe/MnF,, respectively. Obviously, the magnitude of J ry/arm and Kyppy is much
larger for Fe/FeFy than for Fe/MnFs.

At very low thickness (in the range of 10 A to 45 A) of the AFM layer the rough-
ness of the films are high, because the films grow as islands. When the islands start
to coalesce the roughness decreases and the film becomes smoother (after 45 A). How-
ever, by growing a thicker (900 A) FeF, film on MgO(001) the film roughness (i.e. film
thickness fluctuation) increases with increasing growth temperatures (from 200 °C to
300 °C) [187,189], which is in contrast with the growth of the (600 A) MnF, film on
MgO(001)[157] between temperatures 200 °C and 375 °C, where the roughness decreases
with increasing growth temperature. FeF, films grown at 200 °C had a root-mean-square
roughness o,.,s of about 15 A, while 0,,,, was 39 A for the growth at 300 °C [187,189].

Unlike in the Fe/MnF; system, a crossover from negative (Hg < 0) to positive (Hg
> 0) exchange bias in Fe/FeF, has been observed for a rough film (0, = 39 A) (for
cooling fields of about 13 kOe), but for the smoother films the magnitude of exchange
bias was decreasing and was always negative up to a cooling field of about 70 kOe [188].

109
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Also at moderate fields (e.g., at 2 kOe, which is more than the bulk Fe low-temperature
saturation magnetization of 1.74 kOe [187]), where the exchange bias field was negative,
the highest magnitude of the exchange bias was obtained for the smoothest film.

Like in the Fe/MnF, system, the magnitude of the exchange bias field increases with
increasing antiferromagnetic thickness, and it gradually saturates at about 250 A of FeF,
[166]. For very small FeFy thickness (below 10 A) the exchange bias disappears. This
critical thickness is much smaller than that of MnF, (about 150 A), which suggests that
the critical thickness is primarily determined by the magnetic anisotropy of the antifer-
romagnet, which is larger for FeFs.

In the Fe/FeFy system, the exchange bias field depends on the Fe layer thickness
tre in a similar way as in case of Fe/MnF, system. The exchange bias decreases by
increasing the Fe layer thickness [187] (Hg o tg.™", with n close to 1), which is very
close to the power law followed by the Fe/MnF; system [153].

The training effect, where the magnitude of exchange bias field decreases by repeating
the hysteresis loop cycles, is absent in both, the Fe/MnF, and Fe/FeFy systems [187].
Along with the absence of the training effect, which provides a good measure of the ex-
change bias field and coercivity, the larger value of the exchange bias field and coercivity
make the Fe/FeF5 system more suitable for the study of the microscopic properties as-
sociated with exchange bias.

The importance of the cooling field is that it decides on the freezing direction of the
uncompensated interfacial AFM moment Sap during the first cooling procedure below
Tx. This has been verified by many different experiments [188] on a Fe/FeFsy sample.
When the sample [188] was field-cooled in a 2-kOe field and the system hysteresis loop
was measured by sweeping the field between the +2 kOe and -2 kOe, the observed loop
shift is the same (within 5 % of the cooling field) as that observed by sweeping the
field between +70 kOe and -70 kOe, leading to a negative exchange bias field (Hg < 0).
However, cooling the sample in a strong field of 70 kOe (i.e., when the cooling field >
13 kOe) and sweeping the field between +2 kOe and -2 kOe, results in a loop shift in
the positive direction, i.e., a positive exchange bias field (Hg > 0) was obtained.

Thus, field cooling the Fe/FeF; system at 2 kOe and 70 kOe results in a negative and
positive exchange bias, respectively. At different measurement temperatures the value of
the exchange bias field changes. More accurately, the absolute value of the exchange bias
field, |Hg|, decreases with increasing temperature in both cases [188]. Further, the sign
of Hg remains the same until the exchange bias vanishes at Ty = 78 K of FeF,. This
indicates that the antiferromagnetic ordering is responsible for determining the negative
and positive exchange bias. In case of positive exchange bias, any possibility of a spin
flop in FeFs has been ruled out, because the spin flop field in FeFy is 419 kOe, which is
well above the highest cooling field [128]. Furthermore, for the above two cooling fields
of 2 kOe and 70 kOe, the observed coercivities are the same for the same measurement
temperature. This suggest that the ferromagnetic domain structure is not responsible
for determining the sign of the exchange bias.

For polycrystalline Fe films grown on FeF5(110) or FeF5(100) single crystals, when
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the cooling field Hpe was applied in the plane and perpendicular to the FeFs spin axis
(easy direction, c-axis) (i.e. Hpc||FeF2[010] and Hpc||FeF2[110]), the obtained exchange
bias field is almost zero [183], but is maximum and positive when the cooling field was
applied along the antiferromagnetic easy axis. This indicates that the cooling field is
ineffective when there is a large crystal anisotropy in the AFM, which tends to align the
FM spins along the AFM easy axis, which is perpendicular to the cooling field. If the
cooling field makes an angle # with the AFM easy axis, then the positive exchange bias
field will be reduced by a factor of cosf [188]. Accordingly, for pseudo-twinned AFM,
FeF,, the maximum positive exchange bias field has been obtained for § = 45°, where
Hpe is oriented along the bisector between the twin (c-axes) directions. For moderate
cooling fields, when a negative exchange bias field is obtained, a similar (although not
strictly) directional dependence has been observed.

In Fe/FeF,, the value of the exchange bias field decreases with increasing tempera-
tures in a way which is close to that of Fe/MnF,. The temperature behavior for both,
positive and negative exchange bias fields, is similar [188].

The temperature behavior of the coercivity He has been investigated by Moran et
al. [183] on exchange biased Fe/FeFy systems, with FeF5(011) being a single crystal. If
the sweeping field for the hysteresis loop is applied along the FeFy easy axis (FeF5[001])
direction and in the plane of the sample, Ho shows a clear maximum at about Ty.
However, for sweeping fields along the [110] direction, which is perpendicular to the easy
axis of FeF5[110], the coercivity starts to increase just below Ty and has the maximum
at T ~ 0 K. Combining these two observations Moran et al. [183] claimed that the easy
axis of the Fe layer rotates by 90° below Ty. For pseudo-twinned Fe/FeF5(110) systems
the coercivity is almost constant at all cooling fields, when the cooling field is applied
parallel to either of the twin easy axes. However, for cooling fields applied between the
twin axes, i.e., at # = 45° to either of the twin easy axes, the coercivity increases and
saturates at a cooling field of about 15 kOe. This saturation value of H¢ is almost the
same as the constant value observed, when the field was applied along the twin easy axis.

In this chapter a detailed study of the Fe spin structure in the Fe layer (remanent
state) and in the FeFy layer will be presented. The spin structure is believed to be
the key in understanding details of the exchange bias phenomenon in exchange-biased
Fe/FeF, bilayers. The spin structure will be discussed on the basis of conversion electron
Méssbauer spectroscopy (CEMS) and SQUID magnetometry results. The direction of
the electric field gradient (EFG) in FeFy, which is a major contribution in determining
the quadrupole splitting and the line positions of the Mossbauer spectrum, will be de-
termined on the basis of the obtained results.

7.2 Sample Preparation and Characterization

Two different kinds of Fe/FeF, samples, similar to those discussed in chapter 5, have
been prepared by e-beam evaporation.The typical geometrical structure of the inter-
face sample (Fig.7.1(a)) and center sample (Fig.7.1(b)) were (30 A)Al/ (7T0A)"**Fe/(10
A)*"Fe/(450 A)FeF,/MgO(001), and (30 A)Al/(35A)"*Fe/(10 A)*"Fe/(35A) " Fe /(450
A)FeF,/MgO(001), respectively. The growth temperatures for the Al, Fe and FeF, lay-
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ers were 150°C, 150°C and 200°C, respectively, and the deposition rates were 0.5 A/s,
1 A/s and 2 A/s, respectively. The FeFy layer thickness was monitored by calibrated
quartz crystal oscillations, and the Al and Fe layer-thicknesses were monitored by opti-
cal sensor. No buffer layer was used for the growth of the FeFs, i.e., the FeF5 layer was
directly deposited on the MgO(001) substrate. In comparison to the Fe/MnF, system,
where the lattice strain is relaxed by the ZnF; buffer layer, the strain in the Fe/FeF film
thus will be higher. The interface sample was labelled JF05 [55] and the center sample
was labelled MEFFFO05 [52].

Interface sample Center sample

(MFEFF05)

(JF05)

Cap layer
FM layer with 3'Fe
probe layer
nipeRy(110) 450 A| AFM layer MEeRA(110) 450 A
MgO(100) MgO(100)
substrate substrate

Figure 7.1: Schematic structure of the Fe/FeFy samples prepared on MgO(100) sub-
strates. In the interface sample (left) the 10 A thick 5"Fe probe layer is at the
AFM(FeFy)/FM(Fe) interface, while for the center sample (right) the *"Fe probe layer
is at the center of the FM (Fe) layer, i.e., 35 A away from the interface. ("*Fe: iron of
natural isotopical abundance with ca. 2% ®"Fe; *"Fe: 95% isotopically enriched 5Fe).

After preparation the structural characterization was performed by high and small
angle X-ray diffraction (XRD). The XRD results are shown in Fig. 7.2 (a), (b) and Fig.
7.3 (a), (b) for the interface sample (JF05) and the center sample (MEFFFO05), respec-
tively. The epitaxial growth of both FeFy samples has been observed, with FeFy(110)
in the plane of MgO(100). However, according to previous reports [188,189] the FeF,
film is pseudo-twinned, i.e., the c-axis of FeFy is at £45° with respect to the MgO[100]
direction. The rocking curve of the FeF5(110) peak for the interface sample (insert in
Fig. 7.2 (a)) has a FWHM of 5.30°, which reflects the degree of strain-induced misori-
entation of the epitaxial grains. The top and the bottom curves in Fig. 7.2 (b) belong
to the small angle XRD of the interface sample, taken before and after depositing the
Fe layer, respectively. For clarity, the top curve in Fig. 7.2 (b) has been shifted upwards
by a factor of 100 counts. A rough estimation (based on the angular position of the
peaks of the oscillations) suggests that the Fe and FeF layer thicknesses are ~50 A and
460 A, respectively, for this interface sample. The FWHM of the rocking curve (insert
in Fig. 7.3 (a)) for the center sample (MFEFFO05) is about 3.12°. Comparison with
the corresponding FWHM of 5.30° for the interface sample shows that better epitaxy
is achieved for the center sample than for the interface sample. The red curve (insert
in Fig. 7.3 (a)) is a Gaussian fit to the measured rocking curve data. The nature of
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Figure 7.2: (a) High-angle X-ray diffraction pattern of the Fe/FeFs interface sample
(JF05). The epitaxial nature of the film is observed, with the c-axis in the plane of the
film. The FWHM of the rocking curve FeF5(110) peak (insert) is about 5.30°. The red
curve in the insert is a Gaussian fit to the measured rocking curve of the FeF5(110) peak.
(b) Small angle XRD pattern of the Fe/FeF, interface sample (JF05) before (top) and
after (bottom) deposition of the Fe layer (the top curve has been shifted by a factor of
100 for clarity). (Cu-K, radiation).

the polycrystalline, but textured, Fe(200) film is also clearly seen. A rough estimation
(based on the angular position of the peaks of the oscillations) suggests that the Fe and
FeF, layer thicknesses are ~80 A and 390 A, respectively. Comparing the clarity of
the oscillations in the small-angle XRD patterns of both, interface and center sample,
it is clear that interface of the Fe and the FeFs layers in the center sample has a higher
roughness than the interface sample.
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Figure 7.3: (a) High-angle X-ray diffraction pattern of the Fe/FeFs center sample (MF-
EFF05). The epitaxial nature of the film is observed, with the c-axis in the plane of
the film. The FWHM of the rocking curve FeF(110) peak (insert) is about 3.12°. The
red curve in the insert is a Gaussian fit to the measured rocking curve of the FeF(110)
peak. (b) Small angle XRD pattern of the Fe/FeF; center sample (MFEFFO05). (Cu-K,
radiation).

The samples were also characterized by CEMS and vector SQUID magnetometry.
The CEMS measurements were performed in a variable temperature bath cryostat by
using either a (He - CH,) gas filled counter or a channel electron detector. The magne-
tization measurements at different temperatures for both samples were performed in a
SQUID magnetometer [57]. CEMS and SQUID magnetometry results will be discussed
in sections 7.3 and 7.4, respectively.
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7.3 CEMS Results

7.3.1 Experimental details and the hyperfine parameters

Conversion electron Mossbauer spectroscopy at various temperatures has been per-
formed on the interface and center samples, both in remanence. For all cases discussed
below, the remanence was induced in the samples at RT with an applied field of 0.4 T in
the MgO[100] direction (x-direction). The measurements were performed by using either
a (He - CHy) gas filled proportional counter or a channel electron multiplier.

RELATIVE EMISSION

|
4 0 +4
VELOCITY (mm/s )

Figure 7.4: Mossbauer spectra of the Fe/FeF; interface sample (JF05) for an incident
angle of ® =90° ((a), (b)) and ® =45° ((c), (d)). The spectra are measured in remanence
at 90 K ((a), (¢)) and 18 K ((b), (d)). The remanence was induced at room temperature
with an applied field of 0.4 T before zero-field cooling to low temperature. Each of the
spectra was least-squares fitted by three subspectra. At 90 K ((a), (c)), the spectra were
fitted by a sextet due to bee-Fe film, a quadrupole doublet due to the FeF5 substrate, and
a central singlet (artifact from the channeltron holder). At 18 K ((b), (d)), the spectra
were fitted by a sextet due to the bee-Fe film, an octet obtained by considering the full
Hamiltonian for FeFy, and a central singlet (artifact from the channeltron holder).

For the measurements done with the channel electron multiplier, in some cases, due
to technical difficulty, a weak central single line component has been obtained in the
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Figure 7.5: Maossbauer spectra of the Fe/FeF, interface sample (JFO05) for an angle
of incidence of ® = 45°. The spectra were measured at different temperatures (300
K (a), 250 K (b), 200 K (c) and 150 K (d)) during zero-field cooling in remanence.
The remanence was induced at room temperature with an applied field of 0.4 T. Each
spectrum was least-squares fitted by a Zeeman sextet and a quadrupole doublet assigned
to bee-Fe and FeFy, respectively.

CEM spectrum, which is an artifact originating from the stainless steel wall of the
channeltron holder. This artifact was included in least-squares fitting the spectra, but it
is of no significance for the results on the spin structure inferred from the CEMS spectra.

The geometry of the Mdssbauer measurements is same as that given in Fig. 6.9 of
Chapter 6. Fig. 7.4 shows the CEM spectra for the interface sample at an angle of
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Figure 7.6: Maossbauer spectra of the Fe/FeF; interface sample (JF05) at an angle of
incidence of ® = 45°. The spectra were measured at different temperatures (90 K (a),
60 K (b) and 18 K (c)) during zero-field cooling in remanence. After zero-field cooling
to 18 K, the sample was zero-field heated to 90 K (above Ty) and measured at that
temperature (90 K (d)). The remanence was introduced at room temperature with an
applied field of 0.4 T. Each spectrum above Ty (90 K ((a), (c))) was least-square fitted
by a Zeeman sextet due to bee-Fe and a quadrupole doublet due to FeFy (an additional
broad, weak singlet in (a) is an artifact of the channeltron holder). The two spectra
below Ty ((b), (c)) were fitted by a Zeeman sextet for bce-Fe and an octet for FeFy,
by considering the full hyperfine-interaction Hamiltonian for FeFy (an additional broad
singlet in (c) is an artifact of the channeltron holder).

incidence of ® = 90° ((a), (b)) and ® = 45° ((c), (d)) measured in remanence at 90 K
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Figure 7.7: Mossbauer spectra of the Fe/FeFy center sample (MFEFF05) at a perpen-
dicular incidence, ® = 90°. The spectra were measured at different temperatures ( 295
K (a), 150 K (b), 90 K (c) and 18 K(d) ) during zero-field cooling in remanence. The
remanence was introduced at RT by an applied magnetic field of 0.4 T. Each spectrum
at and above 90 K was least-squares fitted by a Zeeman sextet for bee-Fe, a quadrupole
doublet for FeFy and a central single line (artifact of the channeltron holder). The spec-
trum at 18 K was fitted by a Zeeman sextet for bee-Fe, an octet for FeFy (by considering
the full hyperfine-interaction Hamiltonian for FeFy), and a singlet (artifact).

((a), (c)) and 18 K ((b), (d)). The spectra at 90 K ((a), (c)) were least-squares fitted
by a sextet and a doublet. The sextet has been assigned to the bce-Fe layer, and the
quadrupole doublet to the contribution from the FeFy substrate layer, which is about
450 A thick. The relative intensity of the FeF, doublet is surprisingly strong. As the
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Figure 7.8: Mossbauer spectra of the Fe/FeFy center sample (MFEFF05) at & = 45°
incidence. The spectra were measured at different temperatures ( 300 K (a), 250 K
(b), 200 K (c), 150 K (d) and 90 K(e) ) during zero-field cooling in remanence. The
remanence was introduced at RT by an applied magnetic field of 0.4 T. Each spectrum

was least-squares fitted by a Zeeman sextet for bee-Fe and a quadrupole doublet for
FGFQ.

natural abundance of *’Fe is about 2.14%, 450 A natural FeF, corresponds to an effec-
tive 57FeF, thickness of 9.6 A or an effective *"Fe thickness in FeFy of ~ 3-4 A. This
is about one-third of the 10 A thick 5"Fe probe layer in the bee-Fe film. On the other
hand, the measured spectral areas of the Méssbauer subspectra for bee-Fe (~52 %) and
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Figure 7.9: Mdssbauer spectra of the Fe/FeFy center sample (MFEFF05) at & = 45°
incidence. The spectra were measured at different temperatures ( 80 K (a), 72 K (b), 60
K (c), 57 K (d) and 18 K(e) ) during zero-field cooling in remanence (a continuation of
the measurements of Fig. 7.8). The spectrum at 80 K is least-squares fitted by a Zeeman
sextet for bee-Fe and a quadrupole doublet for FeF,. Each of the other spectra are least-
squares fitted by a Zeeman sextet for bee-Fe and an octet for FeFs, by considering the
full hyperfine-interaction Hamiltonian for FeFy. (The central single line (not considered)
in (e) is an artifact of the channeltron holder).

FeFy (~48%) are nearly equal. Assuming about equal Debye-Waller factors for bee-Fe
and FeF,, this means that also the effective >"Fe thickness of the 5"Fe probe layer and
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Figure 7.10: Mdssbauer spectra of the Fe/FeFy center sample (MFEFF05) at & = 45°
incidence. The spectra were measured at different temperatures ( 80 K (a), 90 K (b),
150 K (c), 200 K (d) and 300 K (e) ) during heating in remanence. The sample was first
cooled to 5 K in remanence (induced by 0.4 T at RT). Each spectrum is least-squares
fitted by a Zeeman sextet for bece-Fe and a quadrupole doublet for FeFs.

the FeF, substrate should be about equal, i.e. ~ 3-4 A. This demonstrates that the
real thickness of the ®’Fe probe layer is rather ~ 3-4 A and smaller than the nominal
thickness of 10 A. The spectra measured at 18 K (Fig. 7.4 ((b), (d))) were fitted by
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three subspectra. The central single line (artifact) originates from the stainless steel
channeltron holder and will not be discussed further. The sextet (with isomer shift 6 =
0.0 mm/s, relative to Co” source (Rh matrix)) (blue) has been assigned again to the
bee-°"Fe layer. The other subspectrum showing eight lines is obtained by using the full
Hamiltonian fitting procedure and is assigned to the contribution from the FeF, layer.
The Mossbauer parameters obtained for the FeFy substrate, i.e., basically the obtained
angles between the v-ray, Bj,; of FeFy and the electric field gradient (EFG), has been
tabulated in Table 7.1. In Table 7.1, & = angle between z-axis and ~-ray, 7 = asymmetry
parameter, « = RTH = angle between V. and By, 8 = BEX = angle between V., and
~v-ray, v = GAX = angle between V,, and ~-ray.

Table 7.1 Asymmetry parameter and the angles between different components of EFG,
By and y-ray obtained after least-squares fitting the low-temperature Mossbauer spectra
of Fe/FeFy films. (P = angle between x-axis and vy-ray, n = asymmetry parameter, «
= RTH = angle between V., and Bys, 8 = BEX = angle between V.. and ~y-ray, v =
GAX = angle between V,, and y-ray)

Sample | Temperature (K) | & n o I6; ~y FeFy Area(%)
18 90° | 0.4 | 90° | 51°+£ 5° | 88°410° 45
JF05 18 45° 1 0.39 | 90° | 50°+ 5° | 65°4+10° 50
(Interface) 60 45° | 0.4 | 90° | 54°+ 5° | b8 +10° 53
18 45° 1 0.41 | 90° | H8°% 5° | 58°£10° 53
18 90° | 0.4 | 90° | 50°+£ 5° | 90°410° 17
MFEFF05 18 45° | 0.4 | 90° | 44°+ 5° | 50°410° 14
(Center) 57 45° | 0.4 | 90° | 47°+ 5° | 44°4+10° 17
60 45° | 0.4 | 90° | 48°+ 5° | 52°410° 15
72 45° 1 0.4 | 90° | 58+ 5° | 65°£10° 16

CEMS measurements performed at decreasing temperatures between 300 K and 18
K in remanence at an incident angle of ® = 45° are shown in Fig. 7.5 and Fig. 7.6.
Except for the last spectrum (Fig. 7.6 (d)) which is measured after zero-field heating
the sample to 90 K (just after the 18 K measurement in remanence, Fig. 7.6 (c)), for
all spectra above Ty (78 K) a quadrupole doublet was obtained for FeFy, while below
Ty, when the antiferromagnet orders, the quadrupole doublet is observed to split into
an eight line spectrum as reported earlier [272]. The latter is fitted by considering the
full hyperfine-interaction Hamiltonian for FeF,. For the Fe layer, a sextet pattern has
been fitted at all temperatures.

The spectra measured in remanence at & = 90° at decreasing temperatures between
300 K and 18 K for the center sample (MFEFF05) are shown in Fig. 7.7. Fig. 7.8 and
Fig. 7.9 displays the Mdssbauer spectra for the same sample (MFEFF05) measured in
the same way at decreasing temperatures between 300 K and 18 K at an angle of inci-
dence of ® = 45°. In order to check, whether the spin structure in the exchange-biased
state is reversible with temperature or not, the Mossbauer spectra for the center sample
were measured in remanence at ® = 45° during the process of zero-field heating from
18 K to 300 K (Fig. 7.10). This measurement was continued after the prior zero-field
cooling experiments, hence the exchange bias effect has already been induced before. All
the spectra were least-squares fitted by using the computer program '"NORMOS’ [28, 29].
All the spectra above Ty were fitted by two subspectra, a sextet for the bee->"Fe layer
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Figure 7.11: The measured T-dependence of the Ry ratio for the interface sample (JF05)
(filled red circles and red squares) and the center sample (MFEFF05) (blue asterisks,
blue squares and blue half-filled circles). The blue half-filled circles and red full circles
were taken during the process of cooling in remanence and the asterisks are for heating
in remanence. The circles and asterisks represent data for & = 45°, and the squares
represent data for & = 90°. All lines are a guide for the eye. Ty indicates the Néel
temperature of bulk FeFs.

contribution and a quadrupole doublet for the FeFy contribution. For the spectra below
Ty, in addition to the bce-Fe sextet, the full hyperfine-interaction Hamiltonian of FeF,
has been considered. The spectral parameters obtained from the fitting, i. e., angles
between the v-ray, Bj,; and the components of the electric field gradient (EFG) for FeFy,
have been listed in Table 7.1.

All the Ro3 ratios of the bee-Fe layer obtained from the fitting of all of these Mdssbauer
spectra are plotted in Fig. 7.11 versus the measurement temperature and also listed in
Table 7.2. The squares (blue and red) corresponds to the measurements at ® = 90°, with
the blue squares representing the center sample and the red squares the interface sample
(all measured in remanence at decreasing temperatures). Red-filled circles represent the
® = 45° measurements for the interface sample (measured in remanence at decreasing
temperatures). Blue half-filled circles and blue asterisks represent the ® = 45° mea-
surements for the center sample, measured in remanence at decreasing and increasing
temperatures, respectively. The FeFy Néel temperature is also indicated in Fig. 7.11.
The obtained isomer shifts and hyperfine fields for the Fe layer are shown in Fig. 7.12.
The quadrupole splitting of the Fe subspectrum is always very close to 0.00 mm/s and
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Figure 7.12: Temperature dependence of the isomer shift of bee-Fe (0g.)(a), and the
magnetic hyperfine field of bee-Fe (Byy) (b), for the interface sample (JF05) and the
center sample (MFEFF05). The filled red circles and red asterisks correspond to the
spectra of JF05 during cooling and heating in remanence, respectively. The blue filled
circles and asterisks correspond to the spectra of the center sample MFEFF05 during
cooling and heating in remanence, respectively. All lines are a guide for the eye.

is not shown in the figure. These parameters suggest that the > Fe layer is clearly in the
normal bce-Fe phase.

The hyperfine interaction parameters (isomer shift, quadrupole splitting and mag-
netic hyperfine field) belonging to the FeF, substrate layer of the interface and center
samples are shown in Fig. 7.13. The isomer shift (Fig. 7.13(a)), which is large for both
samples, is following a normal Debye-like behavior versus T. The FeFy quadrupole split-
ting for both samples (Fig. 7.13(b)) is typical for Fe* (see Chapter 2 and Chapter 3)
and quite high, and is slightly increasing with decreasing T down to 90 K. However, as
discussed in Chapter 5, there is a decrease in the low temperature quadrupole splitting
due to the spin-orbit coupling. The T-dependence of the FeFy hyperfine field (Fig. 7.13
(¢)) shows a Brillouin-function-type behavior (J = 1/2).
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Figure 7.13: Temperature dependence of the FeFy isomer shift (0per,) (a), quadrupole
splitting (QSrer,) (b), and magnetic hyperfine field (FeFyB),¢) (c) for the interface sam-
ple (JF05) and the center sample (MFEFF05). The filled red circles and red asterisks
correspond to the spectra of JF05 during cooling and heating in remanence, respectively.
The blue filled circles and asterisks correspond to the spectra of the center sample MF-
EFF05 during cooling and heating in remanence, respectively. The lines in (a) and (b)
are guide for the eye. The solid line in (c) is a Brillouin (J = 1/2) function least-squares

fit to the data points.
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Table 7.2 The Mdssbauer spectroscopical parameters obtained after least-squares fit-
ting the Mdssbauer spectra of the Fe/FeF, interface sample (MFEMFO01) (Int.) and
Fe/FeF, center sample (MFEMF03) (Cent.). (T = measurement temperature, For all
data given here, angle of incidence of the ~y-ray relative to the film plane ® = 45°, Rog (=
Rs4) = intensity ratio of the 2nd (or 5th) and 3rd (or 4th) Mdssbauer line for the bee-Fe
layer. The temperatures were given in the same sequence as the CEMS measurement at
zero-field.

Sample T Rog
(K)

300 K | 2.15

250 K | 2.11

200 K | 2.18

150 K | 2.297

Int. 90K | 2.75
60 K | 2.63

18 K 2.62

90 K | 2.46

300 K | 245

250 K | 2.50

200 K | 2.49

Cent. | 150 K | 2.80
90 K | 3.05

81 K 3.20

72K | 3.08

60 K | 3.04

57 K | 3.17

18K | 2.59

80 K | 3.09

90 K 3.11

150 K | 2.93

200 K | 2.50

300 K | 2.50

7.3.2 Temperature and depth dependent Fe spin structure

The Ry ratios (4.0) obtained from the Mdssbauer spectra measured at different tem-
peratures with ® = 90° for both samples (Fig.7.11) confirm again that (like in case of
Fe/MnF5 system) the Fe layers spins are oriented in the sample plane at all temperatures.
The shape anisotropy is responsible for this in-plane alignment of spins. The in-plane
Fe spin arrangement makes the case relatively simple in order to apply the models as
discussed in Chapter 6.

As discussed in Chapter 5, FeF5 has a significantly stronger magnetic anisotropy than
MnF'5 both below and above the Néel temperature. Further, the interfacial exchange con-
stant Jpar/apnm of Fe/FeF, (-1.2 meV) is much larger than Jpaapy of Fe/MnF, (-0.35
meV) [4,5]. This strong anisotropy and interfacial exchange of FeFs influences the Fe
layer spin structure in Fe/FeF; systems both above and below the Néel temperature. At
about 300 K, the in-plane spin structure of the two samples (interface and center sample)
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in the remanent state is not very different considering the difference in the Ro3 ratios
(Rgz = 2.15 for the interface sample and Rgz = 2.50 for the center sample), as obtained
from the Mossbauer spectra measured at & = 45° incidence. By using the unidirectional
spin distribution model, the spin rotation angles for these intensity ratios are g = 40°
and 47°, respectively. Hence, the average direction of the Fe-layer spins at RT are at an
angle of o = + 40° and £47° from the remanence direction (the applied field direction
or z-direction) for the interface and center sample, respectively. This demonstrates that,
in the average, the Fe spins are close to the anisotropy directions (+ 45°) of the twinned
FeF, layer even at RT. This effect may be related due to the large magnetic anisotropy
of the FeFy layer and to Fe/FeF, interfacial exchange interaction even at 300 K. The
small difference in the Fe spin direction for the interface and center sample at RT could
be caused by a different domain structure, small anisotropy dispersion due to different
microstructures of the two samples; further, the real Fe thickness of the two samples are
probably somewhat different, as discussed in the previous section 7.3.1.

As the temperature is decreased from RT, with the samples in remanence, the Ras
ratio of either samples first remains constant down to ~ 200 K (Fig. 7.11), and then
starts to increase until it reaches a maximum for both samples at about 90 K (Rgs =
2.75 (or o = 52°) and 3.20 (or ¢y = 59°) for the interface and center sample, respec-
tively, at 90 K). As the temperature is further decreased to T < Ty, Ra3 decreases, and,
interestingly, Mossbauer spectra of both samples provide the same intensity ratio Ros
= 2.6 at 18 K. It is striking that a similar value has been obtained for the Fe/MnF,
system at 18 K (Table 6.1) also for the interface and center sample. This proves that the
same Fe-layer spin structure is achieved at 18 K (in the exchange biased state), when the
magnetic anisotropy of both antiferromagnets (MnF5 and FeF5) reaches strong values.

These results at different temperature will be discussed below. As the temperature is
decreased, the same Fe spin structure as that at 300 K is retained down to 200 K (because
the anisotropy of FeFy domains below remains almost unchanged) in both samples. As
seen in Chapter 5, the anisotropy x|-x. of FeFy becomes stronger as the temperature
decreases towards Ty, and has a maximum at about 90 K (Fig. 5.4). Upon further
cooling the anisotropy (x|-x.) changes sign (from positive above Tx to negative below
Ty) at about 80 K (close to Ty ), and then (x|-x ) decreases sharply and reaches a large
minimum value close to 0 K. This behavior of (x|-x.) is reflected in the T-dependence
of the Fe spin structure. Apparently, the interfacial Fe layer spin structure is influenced
by the strong anisotropy of the AFM, because, upon cooling, the spins (or Fe domains)
gradually rotate from their previous average position (g = £ 40° or £47° at T > 200 K)
to o = £ 52° and + 59° at ~ 90 K, away from the remanence direction. Upon further
cooling to 18 K, the Fe-layer spins rotate back to ¢g = £ 48° for both, the interface
and center sample. Again as seen (Fig. 6.17) for the center sample this temperature
dependent rotation of Fe spins is reversible. This behavior of Raos(T) or ¢o(T) is phe-
nomenologically similar to the temperature dependence of the FeFy magnetic anisotropy
(x-x.) and, hence, the observed anomalous Ros(T) behavior is believed to be related
to the anisotropy of FeFs. It is worthwhile mentioning in this context that also the T-

dependence of the coercivity H. of Fe/FeF; shows a maximum at Ty, as reported earlier
[113,183,189].

The essential question is, how the AFM spins of FeFy in the paramagnetic state (T
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> Ty) can influence the Fe layer spin structure. This aspect has been discussed by
Grimsditch et al. [113] for the Co/FeF; system, which is supposed to behave similarly
to our Fe/FeF, system. There is experimental evidence for antiferromagnetic ordering
above the bulk Néel temperature Ty, when the AFM is exchange coupled to another
magnetically ordered system [256]. Accordingly, Grimsditch et al. explained their exper-
imental results above Ty ”as due to short-range order induced in the antiferromagnet by
the ferromagnet” [113]. These authors have determined the exchange bias Hr and the
uniaxial magnetic anisotropy constants K; (K; < 0) and Ky (Ky > 0) of the ferromag-
netic Co layer on a single crystalline FeFs film as a function of temperature between 30
K and 300 K. By postulating that interfacial exchange coupling between the FM (Co)
and the AFM (FeF,) persists above Ty, Grimsditch et al. [113] developed a model that
describes Hg(T) and K;(T), Ko(T) over the whole temperature range, both above and
below T. In context with the present results it is important to mention that Ko(T) was
found to have a maximum near Ty of FeF5 and to decrease to zero over a wide T-range
for temperatures T < Ty and T > Ty (up to ~ 200 K). Similarly, K;(T) was found to
have a minimum near Ty and to increase rapidly to zero for temperatures T < Ty, but
slowly for T > T; even at 300 K, nonzero values of K; were found [113].

By analogy with the results by Grimsditch et al. [113], I assumed that also for the
present twinned Fe/FeFy system interfacial short-range local order is induced in antifer-
romagnetic FeFy by the ferromagnetic Fe film above the bulk Néel temperature Ty. 1
assume further that K;(T) and Ko(T) have a similar functional dependence for Fe/FeF,
and Co/FeFy. However, as Grimsditch et al. [113] have pointed out, in a twinned
FeF5(110) system the first order anisotropies K; from the two twins should lead to an
average isotropic magnetic energy term (independent of the angle 6 between the Fe mag-
netization direction and one of the AFM easy axes direction), while the second-order
anisotropies Ky from the two twins should lead to a [sin%d + cos*d] dependence of the
magnetic energy term. The latter term causes the macroscopic FM easy axis to be 45°
to the c-axes of twinned FeF,, for instance, in a hysteresis loop measured by SQUID.

Now, the T-dependence of the Ro3 in Fig. 7.11 may be qualitatively explained in the
following way. At high temperatures T > Ty, antiferromagnetic local short-range order
is induced in the FeFy film by the ferromagnetic Fe film. The relative high magnetic
anisotropy of FeFy causes the AFM spin direction of the short-range correlated regions
to be along the c-axes (at + 45° with respect to the z-axis) of the two twin domains. In
the remanent state of the Fe layer, even at 300 K, the Fe spins are coupled via interfacial
exchange interaction to the short-range correlated AFM moments underneath and orient
preferentially along the c-axes of the twin domains. Upon cooling, this situation persists
down to =~ 200 K; however, upon further cooling to about 90 K, as a result of the increase
of the uniaxial anisotropy Ky, the Fe spins are forced to orient towards the macroscopic
FM easy direction which are at 45° relative to the c-axes, i.e., along the bisectors of
the c-axes directions (or y-direction). One would expect that the Fe spins equally pop-
ulate the latter two directions. However, as our experimental results in Fig. 7.14 and
Fig. 7.15 demonstrates, at 90 K the Fe spins at remanence are rotated preferentially
towards the y-axis (i.e., preferentially perpendicular to the z-axis or original external
field direction). This effect might be the result of the remanent magnetization direction
and the corresponding interfacial mean field, which in the average is oriented along the
x-axis and thus breaks the four fold symmetry. The observed preferred perpendicular
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Fe spin orientation at 90 K > Ty is reminiscent of the model by Schulthess and But-
ler [217], where a spin-flop type of spin arrangement was predicted, although for T < Ty.
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Al -
natFe '\ /d ° 7FC /590 7ZFC /580 Mrem

( ) STFe N / >
a) natp A >
) FeF, &% \fpo \:po \EO

(MFEFFO05)

N\ V-ray R,;=2.15 R, =2.75 R,, =2.60
Al 2
(b) 575: \ /ﬁoo ZFC /é? ZFC /43" Mregn
e = \(po \:po \EO

(JFO5)

Figure 7.14: Remanent-state Fe spin rotation angles g according to the unidirectional
distribution model, after zero-field cooling (ZFC) from room temperature to measure-
ment temperatures of 300 K, 90 K or 18 K for the Fe/FeFs-center sample (a) and the
Fe/FeFo-interface sample (b). Right-hand side: view onto the sample plane (xy-plane)
showing the average Fe spin directions (black arrows) and the remanent magnetization
(M) direction (a-direction). Remanence was induced in the sample in an applied field
of 0.4 T. The corresponding Rs3 ratios measured by CEMS are also given. Left-hand
side: schematical cross-sectional view of the corresponding Fe/FeF; layered structure.
The direction of the external field B.,; and the incident y-ray are also indicated.

Upon further cooling to 18 K, the Fe-layer spins rotate back to pg = 4+ 48° for both
the interface and center sample, which is close to the antiferromagnetic easy axes of
pseudo-twin FeF,. This decrease of Ro3 and the spin rotation by cooling from 90 K to 18
K can be understood as given below. Upon cooling, the anisotropy constant Ky decreases
to zero [113]. This causes the Fe layer spins to rotate away from the macroscopic easy
direction (at 90 K) back to the (£ 45°)- AFM c-axes directions at 18 K. Further, as
assumed by Grimsditch et al. [113], for FeFy or for other antiferromagnets below (but
near) Ty, there exists a distribution of blocking temperatures (Tp) depending on the
various properties of the film (such as crystallographic domain size, anisotropy of the an-
tiferromagnet etc.). In our Fe/FeF, case, as the temperature is decreased below Ty, the
Fe spins couple with the blocked antiferromagnetic spins (blocked along the easy axes,
+ 45°) decreasing the average Fe spin direction below Ty. As suggested by Grimsditch
et al. [113] the coupling with the blocked uncompensated AFM spins provides the small
exchange bias observed in SQUID loops (as is given in section 7.4) at high temperatures
close to Tx. The other spins coupled according to the anisotropy of the AFM give rise
to the enhanced coercivity close to T. When the sample is zero-field cooled to very low
temperature (e.g., 18 K in our case) all the domains are blocked and the uncompensated
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Figure 7.15: Remanent-state Fe spin fanning angles Ay according to the step-shaped
distribution model of the Fe/FeFy samples after ZFC from room temperature to mea-
surement temperatures of 300 K, 90 K or 18 K for the center sample (a) and the interface
sample (b). Right-hand side: view onto the sample plane (zy-plane) showing the Fe spin
directions (black arrows) and the remanent magnetization (M,.,,) direction (z-direction).
The corresponding Rss ratio measured by CEMS, the angle ¢y used for the modeling
and the obtained fanning angles Ay, are also given. Left-hand side: schematic cross-
sectional view of the corresponding Fe/FeF; layered structure. The direction of B.,; and
the incident v-ray are also displayed.

spins are frozen along the easy axes direction 4+ 45°. The coupling of the Fe spins to
these frozen uncompensated AFM spins, which gives rise to exchange bias, decreases the
average spin orientation angle at 18 K in comparison to that at 90 K.

In the temperature dependence of Ro3 for the center sample measured at remanence
at increasing temperatures from 18 K, the Fe-layer spins follow the same path or rotation
angles as those obtained during the zero-field cooling measurements. This is clear from
the obtained Ry ratio in Fig.7.11(blue asterisks). This suggests that the Fe spin struc-
ture is reversible during cooling and heating of the sample. The reversibility of Ro3 may
be inferred from the above discussion that, as the sample is zero-field heated through
Ty (or Tp), the uncompensated AFM spins starts to defreeze and the coupling of the
Fe is then influenced by the AFM (high temperature) anisotropy. The Fe spins are then
forces to follow the same path as they have taken during cooling.

As described in Chapter 6, the unidirectional model and the step-shaped distribution
model (described in Chapter 5, section 6.4.2) may be used in the case of Fe/FeF, to
obtain the spin rotation or fanning angles, respectively, from the obtained Mossbauer
line intensity ratio Ro3. The spin rotation angles ¢y obtained from the unidirectional
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model for three different temperatures, 300 K, 90 K and 18 K are shown in Fig. 7.14.
For temperatures T = 300 K, 90 K and 18 K, ¢y, = 40°, 52° and 48° were obtained for
the interface sample, and ¢y, = 47°, 59° and 48° were obtained for the center sample,
respectively, for the average Fe spin orientation with respect to the external field direc-
tion. The corresponding angles obtained for the spin fanning are demonstrated in Fig.
7.15. At 300 K, 90 K and 18 K, Fe spin fanning angles of Ap = 200° (¢q = 0°), 64° (¢
= 65°) and 220° (¢ = 0°) were obtained for the center Fe/FeFy sample, and Ap = 146°
(po = 0°), 72° (po = 55°) and 220° (¢o = 0°) were obtained for the interface Fe/FeF,
sample, respectively.

7.3.3 FeFs-layer spin structure and the EFG components

As discussed in Chapter 5, the FeF5 spin structure is clearly understood from neutron
scattering [263] and Mossbauer spectroscopical results [273] on single crystals. The Fe
atoms are located at the corners and at the body center of the tetragonal unit cell. Below
Ty = 78 K, the Fe spins order antiferromagntically with the Fe spins either parallel or
antiparallel to the c-axis. From studies of the growth of the FeF; film on MgO(100) it
is clear that FeFs films grow quasi-epitaxially with the c-axes in the plane of the film.
The compensated FeF5(110) plane is parallel to the MgO(100) surface. The FeF5 film
is twinned in two directions, with FeF[001]|] MgO[110] and FeF[001]]] MgO[110]. In
other words, the spin axes of the FeFs film are perfectly in the plane and are along the
MgO[110] and MgO[110] directions.

The large asymmetry parameter (n = 0.4) for FeFy obtained from the fitting of the
Méssbauer spectra of the Fe/FeF5 bilayers confirms the difference in the magnitude of the
EFG components (V,,, V,, and V,,). Point-charge calculation show that the strongest
component (V) should be normal to the FeF(110) plane, i.e., V. should be normal to
the film, but the electronic configuration of the Fe atom itself can change this situation
substantially [273]. On the other hand, according to the point symmetry of FeFy, the
smallest component of EFG (V) should be along the spin axis of the crystal, i.e., V,,
should be along the c-axis, which is in the plane of the film. The other two components,
V.. and V,,, should be along the two other crystal axes, i.e., along the a and b axes of
FeF,, which are at 45° to the film normal. However, this indicates that the two compo-
nents V,, and V., may be equal in magnitude.

The fitting results of the FeFy subspectra for the two different samples and at differ-
ent temperatures with two measurement geometries (¢ = 90° and ® = 45°) have been
used to confirm the directions of the EFG components. The typical angles obtained
between the vy-ray, By, and V,,, V,, and V., are shown in Fig. 7.16 for the typical y-ray
angles of incidence of ® = 90° (Fig. 7.16(a)) and & = 45° (Fig. 7.16(b)). The obtained
angles for the FeF, films (within the error bars shown in Table 7.1) are in fair agreement
with those predicted from point symmetry arguments for bulk FeF, [272].

7.4 SQUID magnetometry results

The hysteresis loops of the Fe/FeFy interface sample (JF05), measured at increasing
temperatures between 10 K and 80 K (after field-cooling the sample to the measurement
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Figure 7.16: Schematic diagram of the directions of the EFG components (V,,, V,, and
V..) in the FeFy film. The angles obtained from the fitting of the Mdssbauer spectra
(Fig. 7.4) for the FeF, film in the Fe/FeF, interface sample (JF05) for & = 90° (a) and
® = 45° (b) are also shown. ® = angle of incidence relative to the z-axis (making an in
plane angle of 45° with the By direction), a = angle between V,, and By, 8 = angle
between V., and 7-ray, and v = angle between V,, and y-ray. The unit cell for one of
the FeF, twin directions is also indicated.

temperature in a field of 2 kOe directed along the MgO[100] direction), are shown in
Fig. 7.17 (a). The obtained exchange bias field (Hg) and coercive field (H¢) are plotted
versus temperature in Fig. 7.17 (b). The magnitude of the exchange bias field (the
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Figure 7.17: (a) The SQUID magnetization loops for the Fe/FeF, interface sample (JF05)
at various temperatures. (b) Temperature dependence of the exchange bias field (Hg)
and coercivity (He) of the interface sample obtained (a). Prior to the measurement
the sample was field cooled from 150 K to the measurement temperature of 80 K, and
then the SQUID loops were taken during cooling further in an applied field of 2 kOe
and measuring the hysteresis loops. The cooling field was applied along MgO[100], i.e.,
between the two FeFy pseudo-twin directions of the sample.

loop shift) decreases as the temperature is increased. Simultaneously H¢ increases with
rising of T. The observed temperature dependence of Hg and He (which has a maximum
at about Ty = 78 K of FeFy) is in fair agreement with that in previous reports [183, 188].

The hysteresis loops of the Fe/FeFy center sample (MFEFF05), measured at in-
creasing temperatures between 10 K and 80 K (after field cooling to the measurement
temperature in a field of 2 kOe along MgO[100]), are shown in Fig. 7.18 (a). The temper-
ature dependence of Hg and He (obtained from Fig. 7.18 (a)) is shown in Fig. 7.18 (b).
The T-dependence of Hr and H¢e agrees with that of previous reports [183,188]. The
increase in coercivity at 10 K is accounted for by considering that the sample was field
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Figure 7.18: (a) The SQUID magnetization loops for the Fe/FeF, center sample (MF-
EFF05) at various temperatures. (b) Temperature dependence of the exchange bias field
(Hg) and coercivity (He) of the center sample obtained from (a). Prior to the measure-
ment the sample was field cooled from 150 K to the measurement temperature of 80 K
and then the SQUID loops were taken during cooling further in an applied field of 2 kOe
and measuring the hysteresis loops. The cooling field was applied along MgO[100], i.e
between the two FeFy pseudo-twin directions of the sample.

cooled with the field applied along the MgO[100] direction, i.e., between the two twin
directions. According to literature [183, 188] the coercivity varies differently for different
cooling field direction. Cooling an Fe film grown on single crystalline FeFy with the field
applied along the spin axis of the AFM (c-axis) a clear maximum at about T has been
observed [183]. If the cooling field was perpendicular to the spin-axis of the AFM, the
coercivity had a maximum at very low temperature (10 K). However, in twinned sam-
ples, if the field is applied between the twin directions (like in our case) the effective field
has a component parallel and perpendicular to the spin-axis of the AFM. This causes a
competition between the above two behaviors resulting in an additional increase of He
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at very low temperatures (10 K). There is a hint for such a behavior also in the inter-
face sample (Fig. 7.18 (b)), although it is small and within the experimental uncertainty.

7.5 Conclusions for the Fe spin structure in Fe/FeF,

Two exchange-biased Fe/FeF; samples with a 10-A thick Fe probe layer at or 35
A away from the Fe/FeF, interface were deposited on MgO(001) substrates by electron
beam evaporation and characterized by XRD, SQUID magnetometry and CEMS. By
SQUID magnetometry, we have confirmed the presence of exchange bias in the two sam-
ples. The FeF4(110) films have a twinned crystallographic structure with the c-axes at +
45° relative to MgO[100] direction. Mossbauer spectroscopy provided the components of
the electric field gradient(EFG) tensor and their direction with respect to the magnetic
hyperfine field direction in the antiferromagnetic FeF, film. The T-dependence and the
depth dependence of the Fe spin structure was inferred by CEMS via the line intensity
ratio Rgz. Prior to the CEMS measurements, remanence was induced in the samples by
an in-plane external field of 0.4 T applied along the MgO[100] direction. The remanent-
state Fe spin structure at different temperatures has been obtained for both samples by
CEMS, after zero-field cooling the samples in remanence from room temperature (RT)
to a range of temperatures extending down to 18 K (below Ty).

According to the CEMS results the Fe spins always lie in the sample plane. A slightly
different remanent-state Fe spin structure of the interface and the center samples was ob-
served at a particular temperature (e.g., at 300 K), very likely due to different magnetic
anisotropy dispersion in the two Fe films, which could be related to the microstructural
difference of the two samples, as observed by XRD. It is remarkable that even at 300
K (> Ty) the average Fe spin direction in both samples at remanence is close to the
+ 45° c-axes directions of the twinned FeF, film, i.e., & 45° away from the direction
of the applied field used to induce remanence. (During zero-field cooling in remanence,
a continuous in-plane rotation of the Fe spins away from the remanent magnetization
direction occurs in both, the interface and the center sample.) As the temperature is
decreased from RT the Rgg ratio (i.e., the Fe spin structure) of both samples remains
almost constant down to 200 K, and then starts to increase and reaches a maximum
at about 90 K. As the temperature is further decreased to 18 K the Rys ratio again
decreases for both samples, but, surprisingly, at 18 K the Rz ratio (i.e., the Fe spin
structure) of the two samples are found to be equal.

The average Fe spin rotation angle ¢, or fanning angle Ay were obtained from the
Mossbauer line intensity ratio Re3 by using the unidirectional or step-shaped distribution
(spin fanning) model for the in-plane angular Fe spin distribution. Upon zero-field
cooling from ~ 200 K to ~ 90 K, a continuous rotation of the Fe spins away from the
direction of the c-axes of the FeFs twins is observed overshooting the (+ 45°)- c-axes
by an angle of about 15° (¢o ~ 60°). It is suggested that this effect is due to the
influence of remarkable the high-temperature magnetic anisotropy of FeFs, combined
with short-range order induced in FeFy by the Fe film above T . Further decrease of the
temperature from 90 K to 18 K results in a decrease of the Fe spin rotation or fanning
angles back to the (4 45°) AFM easy axes directions. This effect could be related to the
disappearance of the second order anisotropy Ky of the FeFy at low T. This decreasing
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Fe spin rotation (or spin fanning) upon ZFC from 90 K to a temperature below Ty
suggests that the Fe spins couple to the AFM spins at the interface, and the interfacial
exchange interaction change the spin structure of the Fe layer in the exchange-biased
state. Both, interface and center samples show equal Fe spin rotation or fanning angles
(with Fe spins aligned close to the easy (+ 45°) axes of the FeFy pseudo-twins) in the
remanent state at 18 K due to exchange coupling of Fe spins with the AFM spins and the
strong antiferromagnetic anisotropy of FeFy. Upon zero-field heating from a temperature
below Ty to a temperature above Ty, the memory of the low temperature spin structure
in not retained (maybe due to the strong high-temperature anisotropy of FeFs). It was
found that the Fe spin structure is reversible with temperature by zero-field cooling to
T < Ty) and subsequently zero-field heating to T > Tx. No memory effect in the Fe
spin structure was observed for Fe/FeFy, contrary to the case of Fe/MnFs.



Chapter 8

Nuclear Resonant Scattering: Fe
Spin Structure in Fe/MnF,

8.1 Introduction

In exchange biased systems, the ferromagnetic spin structure is closely associated
with the exchange bias effect. As discussed in the previous chapters the magnitude of
exchange bias field, Hg, and the coercivity in Fe/MnF; is higher for smaller thickness
of the Fe layer. Although exchange bias is well known as an interfacial effect, the depth
dependent variation of the exchange bias and its associated effects has not been observed
macroscopically or microscopically by any of the present experimental methods. In ad-
dition to the unexplored depth dependent variations, most theoretical models neglect
the possibility of a varying FM spin structure at different depths in the Fe layer. An
exception is the model by Kiwi et al. [3-5], as discussed in Chapter 4, which predicts the
possibility of an applied-field-induced incomplete domain wall (spiral-type spin structure)
in the ferromagnet, starting at the FM/AFM interface, while the first few monolayers
of the AFM at the interface freeze in a canted spin structure. Such a non-collinear spin
structure is typically observed in spring magnets.

Another important aspect associated with exchange bias is the mechanism of mag-
netization reversal. According to polarized neutron reflectometry (PNR) investigations
by Fitzsimmons et al. [7,99,100] and Leighton et al. [156] on twinned Fe/MnF; and
Fe/FeF,, when the cooling field was applied along the bisector between the AFM twins,
the reversal for the left branch of the hysteresis loop occurs via Fe spin rotation, while
the right branch occurs via domain formation and propagation. Further, these results
are in agreement with the asymmetry observed in the magnetoresistance measurements
by Krivorotov et al. [8]. By contrast, the PNR study on the Co/CoO system by Radu
et al. [9,201,202] demonstrates that domain nucleation and propagation in that system
is associated with the left branch of the hysteresis loop, where an asymmetry exists, and
domain rotation for the right branch of the hysteresis loop, where no asymmetry appears.

The study of the unexplored depth dependence of the Fe layer spin structure is chal-
lenging because of the difficulties encountered by experimental techniques to investigate
buried interfaces. Only a few experimental methods like X-ray magnetic circular dichro-
ism (XMCD)[190], PNR [98], CEMS [167] and nuclear resonant scattering (NRS) [42]
of synchrotron radiation can be used in order to explore the interfacial ferromagnetic

137
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spin structure. Moreover, in principle, the depth dependent spin structure in the FM
layer can be investigated by CEMS and NRS. The Fe spin structure inferred by CEMS
is described in the previous chapters. Both, CEMS and NRS are methods based on
hyperfine interactions. However, the important difference between CEMS and NRS is
that the investigation of the Fe layer spin structure with near-monolayer resolution by
CEMS needs long measurement times and, usually, only weak external fields may be
applied because of the emitted electrons. On the other hand, because of the availability
of third-generation synchrotron radiation, NRS drastically shortens the measurement
times and allows application of external fields. Further, NRS offers spatial resolution by
focussing of the X-ray beam.

A brief description of the NRS technique was given in Chapter 3. In this chapter the
mechanism of magnetization reversal (MR) in both branches of the hysteresis loop will
be discussed according to the observed NRS results. The NRS investigation of the depth
dependent Fe layer spin structure during MR will also be described. The temperature
dependent spin rotation mechanism will be analyzed. The observed Fe spin structure
at remanence after switching off the applied field at different temperatures will also be
explained.

8.2 Sample preparation and characterization

32 0 H By
el
/

Cu
56 57

MnF,

+3

Figure 8.1: Schematic diagram of the Fe/MnF; wedge sample prepared on the MgO(100)
substrate. The 10 A%"Fe probe layer is deposited on a %°Fe wedge and covered by a second
reverse *Fe wedge as shown. The length of the sample was 8 mm. The vertical lines
represent the lateral measurement beam positions (in mm) from the center (position
'07). The lateral positions -3, -2, and 0 correspond to distances of 60 A, 48 A and 24 A,
respectively, from the Fe/MnF, interface.

An exchange biased Cu/Fe/MnFy/ZnF;/MgO(001) sample was prepared [52, 55] by
sequential electron beam evaporation. In this sample a 160 A ZnF, buffer layer was
deposited in order to relax the large (8%) lattice mismatch between the MgO substrate
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and MnF,. The typical thicknesses of the Cu, Fe and MnF, layers are 30 A, 80 A and 520
A, respectively. Out of the 80 A Fe layer, a 10 A ®"Fe probe layer was deposited on an
isotopically enriched °Fe wedge and again covered by another inverse *°Fe wedge, mak-
ing the Fe layer homogenous. Hence, along the wedge, the 10 A thick 5"Fe probe layer
is located at different distances from the Fe/MnF; interface. The schematic structure of
the interface sample is given in Fig. 8.1. Prior to deposition, the MgO(001) substrate
was heated to 450 °C for 15 min and then cooled to 200 °C for ZnFs deposition. The
base pressure of the system was 3 x 10~® mbar and the pressure during MnF, deposition
was around 6 x 1077 mbar. The deposition temperatures and deposition rates for Cu,
Fe, MnF, and ZnF, layers were 150 °C, 150 °C, 325 °C and 200 °C, and 0.5 A/s, 1 A/s,
2 A/ s and 2 A/ s, respectively. The thickness of the fluoride layers were monitored by
calibrated quartz crystal oscillations, and the Fe layer thickness during deposition was
monitored by optical sensors.
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Figure 8.2: X-ray diffraction pattern of the Fe/MnFy wedge sample (MXJMO01). The
epitaxial nature of the MnF, film is observed, with the c-axes [001] in the plane of the
film. The FWHM of the MnF5(110) peak (rocking curve, insert) is about 3.00°. The red
curve in the insert is the least-squares fitting to the measured rocking curve data of the
MnF5(110) peak. (b) Small angle XRD pattern of the same sample (MXJMO01).

After deposition the structural characterization of the samples was performed by
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Figure 8.3: CEM spectra of the Fe/MnF,; wedge sample (MXJMO01) taken at RT (a),
(b) and at 110 K (c). The spectra for the whole sample surface is shown in (a) and
only for one third of the sample surface towards the interface is shown in (b) and (c).
All spectra are least-squares fitted by assuming a Zeeman sextet with sharp Lorentzian
lines assigned to bee-Fe and a component with a hyperfine field distribution in order to
account for the intermixing at the interface. The central broad single line in (c) is the
artifact of the channeltron holder used for the measurement.

high-angle and small angle X-ray diffraction (Cu-K, radiation, A = 1.5418 A) [53]. The
high-angle X-ray diffraction pattern for the wedge sample (MXJMO01) is shown in Fig.
8.2 (a) and the small angle X-ray diffraction pattern in Fig. 8.2 (b). The high angle
X-ray diffraction pattern confirms the epitaxial nature of the film with MnF5(110) in
the plane of the sample. The relatively sharp rocking curve (inset in Fig. 8.2 (a)) of the
MnF4(110) reflection has a full width at half maximum (FWHM) of about 3.0°. This
demonstrates the good epitaxy quality of the sample. The small-angle XRD suggests
good homogeneity of the MnF, and Fe layer. However, it is worth to note that, as dis-
cussed in the previous chapter, all the MnF,(001) layers are twinned epitaxial layers.

The sample was also characterized by conversion electron Mossbauer spectroscopy
(CEMS). Typical Mdossbauer spectra of the sample (MXJMO01) taken at room temper-
ature (RT) or 110 K are given in Fig. 8.3. The spectra clearly show a six-line pattern
superimposed to a second component with a distribution of hyperfine fields, P(Byy).
The spectra have been least-squares fitted by a sextet (Bj,; = 32.8 T) and a distribution
of hyperfine fields. P(Bys) is shown at the right to the spectra. The dominant sextet
is unambiguously assigned to the bee-Fe layer, and the distribution of hyperfine fields,
which has a peak at about 26 T, is attributed to the effect of chemical intermixing at the
Fe/MnF, interface. The intensity ratio between the 2nd and 3rd line (Rg3) of the bee-Fe
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Figure 8.4: Vector SQUID magnetization loops for the Fe/MnF, wedge sample
(MXJMO1) measured at 80 K (a) and 10 K (b). The longitudinal and transverse mag-
netic moments are shown in black and red color, respectively. The cooling field and the
sweeping field were applied along the MgO[001] direction, i.e., at 45° relative to the AFM
easy axes direction.

Mossbauer sextet is 4.0. This demonstrates that the Fe layer spins are oriented in the
plane of the sample. The spectrum of Fig. 8.3 (a) was taken from the whole sample.
In the case of Fig. 8.3 (b) and (c) only one third of the sample surface (close to the
Fe/MnF, interface) was free, while the rest was covered by an Al foil. Therefore, in case
of Fig. 8.3 (b) and (c) the interfacial spectral contribution is enhanced relative to Fig.
8.3 (a). The spectra demonstrates that considerable interfacial intermixing has occured
in this wedge sample.

Magnetic hysteresis loops above and below Ty of MnF5 for this wedge sample were
measured by vector SQUID magnetometry. The results are shown in Fig. 8.4 (a) for 80
K and Fig. 8.4 (b) for 10 K. The samples were first field cooled to 80 K and 10 K in an
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applied magnetic field of 2 kOe, applied at 150 K along the MgO[100] direction, i.e., at
+ 45° relative to the AFM easy axes directions. The hysteresis loops at 80 K (Fig. 8.4
(a)) does not show exchange bias (Hg = 0 Oe). By field cooling the samples from 150 K
to 10 K (Fig. 8.4 (b)) He has been observed to increase from 95 Oe at 80 K to 550 Oe
at 10 K, and a shift of the hysteresis loop is clearly observed, resulting in an exchange
bias field [Hg| of 70 + 10 Oe at 10 K.

8.3 NRS experimental procedure

The power of NRS to explore the depth dependent spin structure in thin films has
been explained in Chapter 3. For the unambiguous data analysis, a clear beat pattern
is the important factor which is necessary for a straightforward interpretation of the
spectra. To obtain a well-defined beat pattern a clear Mossbauer line separation of the
probing nuclei is necessary. As ®’Fe in bce-Fe has a favorable hyperfine field of 33.0 T
(at RT) with well separated Méssbauer lines due to large Zeeman splitting, the study
of a possible depth-dependent spin structure profile in the 5"Fe layer of exchange biased
Fe/MnF;, by NRS with a synchrotron beam of small spot size is experimentally feasible.
Fe/MnF, served as a model system for this study.

The experiments were performed at beamline ID-18 of the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. The sample was about 8 mm long along
the ®"Fe wedge, and 5 mm wide. The measurements were performed by positioning the
synchrotron beam at different locations along the 5"Fe wedge, resulting in signals from
different distances relative to the center of the Fe film. The center position is labeled as
position ’0’, and the edge of the wedge, at which *"Fe and MnF, forms the interface, is
at a lateral distance of 4 mm from the center (the total length of the sample was 8 mm).
The location at which the 5"Fe probe layer is farthest away from the Fe/MnF, interface
and at the top of the Fe layer is also at a lateral distance of 4 mm from the center position
'0’, but in opposite direction. The measurements were generally done at positions +3,
+2, +1, 0, -1, -2 and -3 (Fig. 8.1). These positions represent the lateral distance from
the center position of the 5"Fe wedge in millimeters. Converted into distances from the
Fe/MnF, interface these lateral positions corresponds to about 0 A 0A 124, 24 A, 36
A, 48 A and 60 A away from the interface. For the measurement a variable temperature
bath cryostat with a superconducting split-coil arrangement have been used. The sample
was placed in the exchange-gas chamber of the cryostat with the wedge perpendicular
to the synchrotron beam. The beam used had a size of about 1 mm x 0.1 mm. The
cryostat was placed on a rotatable table to align the sample horizontal to the ground.
The sample height was adjusted in order to allow the synchrotron beam to fall onto the
sample with a glancing angle of about 4800 urad to the sample surface. The schematic
diagram of the experimental set up is shown in Fig. 8.5.

The time spectra were collected at different external fields by changing the current
in the superconducting coil inside the cryostat and in turn sweeping the magnetic field.
lhe magnetic field was always applied along the incident synchrotron beam direction
ko (see Fig. 8.5). The incident beam was always perpendicular to the wedge direc-
tion. Prior to applying the field the sample was first field cooled (FC) in an in-plane
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Figure 8.5: Schematic diagram of the experimental setup showing the relevant angles
used in the CONUSS program. ¢.onuss = the angle ¢ obtained from the CONUSS
progam, which is the minimum angle between the o-polarization direction of the syn-
chrotron beam (horizontal to the ground) and the magnetic moment (ug.) or hyperfine
field direction of Fe. « is the angle between the z-axis (i.e., sweeping field direction or ko
direction) and the Fe magnetic moment () or hyperfine field direction. Hence, ©eonuss
+ a = 90°.

field of 2 kOe applied either along the wedge direction (perpendicular to the incident
beam) or perpendicular to the wedge direction (parallel to the incident beam), as will
be mentioned later. Further, the external field was at 4+ 45° relative to the AFM easy
axes directions. The time spectra were fitted by using the computer program "CONUSS’
written by W. Sturhahn [41] and modified and extended by R. Réhlsberger [42] for thin
films and for grazing incidence geometries.

8.4 NRS results and discussion

8.4.1 Field dependent Fe spin rotation during magnetization
reversal

First, NRS time spectra were measured site selectively at center position '0’ on the
5"Fe wedge corresponding to the distance of 24 A from the Fe/MnF, interface. The
external field was applied parallel to the incident beam direction (z-direction). Typical
NRS time spectra measured at 10 K for decreasing fields after field cooling from 150 K in
a field of 2 kOe are shown in Fig. 8.6 (Appendix B). All spectra were simulated by using
the hyperfine field of bee-Fe at 10 K, i.e.; 34.1 £ 0.2 T, for the whole sweeping field
range. For the spin structure, the unidirectional model was used (Chapter 6, section
6.4.2). The obtained spin rotation angle ¢ (= @eonuss) corresponding to each applied
field is given at each spectrum. Further measured time spectra are shown in Fig. 10.1
and Fig. 10.2, in the Appendix, Chapter 10.

All the angles ¢ (= @eonuss) Obtained by the CONUSS programm are the angles be-
tween the o polarization of the synchrotron beam and the in-plane Fe spin direction (see
Fig. 8.6). This means that when ¢ = @eonuss = 90° the spins are completely parallel to
the applied field direction, which is the ?0 direction of the incident synchrotron beam.
The angle ¥ = Yeonuss can be converted into the angle a between the (in-plane) Fe spin
direction and the applied field (or z-) direction by o = 90° - @eonuss- (One should note
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Figure 8.6: Typical NRS time spectra measured at 10 K at decreasing magnetic fields
with the beam at position '0’ of the 5"Fe wedge sample. The red solid lines were least-
squares fitted to the data points by using the computer program CONUSS. Prior to the
measurements the sample was cooled from 150 K to 18 K in a field of +2 kQOe applied
along the MgO[100] direction (bisector between the easy axes of the MnFy twins). The
sweeping field H was applied also along the MgO[100] direction. The spectra given here
are representative for five different field values that follow the left branch of the hysteresis
loop. Here, ¢ = @onuss is the angle between the o-polarization of the synchrotron beam
and the Fe spin direction (assumed to be unidirectional).

that the angle o used here corresponds to the angle ¢ between the Fe spin direction and
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the z-direction defined earlier in Chapter 6 (section 6.4.1) to describe modeled Fe spin
distributions (Fig. 6.9). Fig. 8.7 shows the angles a obtained from the fitting versus the
applied field H. One should remember that NRS can not distinguish between angles «
within -90° < a < 4+90° (Fe spin components along positive H) and angles o« +90° < «
< 4180° and -180° < av < -90° (Fe spin components along negative H). Therefore, after
transforming these angles o to the angle § formed by the Fe spins with the negative
saturating field (-2 kOe) direction (-z-direction), the resulting angles will form a hys-
teresis loop, as shown in Fig. 8.8. The exchange bias field and the coercivity obtained
from this site-selected ”angular hysteresis loop” in the (lateral) center of the iron film
are Hp = -50 Oe £ 10 Oe and H,. = 620 Oe 4+ 10 Oe, which is in fair agreement with the
exchange bias field and coercivity obtained from the (global) magnetization (SQUID)
measurements (Hg = -70 Oe, H. = 550 Oe) for the same sample at 10 K.
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Figure 8.7: Field dependence of the Fe spin-rotation angle o measured at 10 K and at
position ’0’; of the wedge. « is the angle between the Fe spins (assumed to be unidirec-
tional) and the applied field direction. The field was sweeping along both branches of
the hysteresis loop. (The lines are a guide for the eye). The 5"Fe probe layer is about 24
A away from the Fe/MnF, interface (center position).

The striking feature of the angular hysteresis loop is that for the increasing and
decreasing branch of the hysteresis loop the in-plane Fe spins first rotate continuously
and weakly from a direction close to the applied field direction (ideally = 0° or g =
180°) by an angle of about + 45°, which are the two easy axes of the AFM MnF, twin
domains. The in-plane Fe spins at § = 45° and 135°, are equivalent to angles 3 = 225°
and 315°, and these direction theoretically result in the same time spectra. Hence, these
directions cannot be distinguished by NRS. According to the magnetization measured
by vector SQUID (Fig. 8.4), the transverse magnetization on this sample is about an
order of magnitude smaller than the longitudinal magnetization. This proves that dur-
ing magnetization reversal the Fe spins rotate bidirectionally with respect to the applied
field direction. This bidirectionality at 10 K appears to be caused by the presence of the
AFM twin axes. At low T (T < Ty) the Fe spins tend to couple along the easy directions



146 Chapter 8. Nuclear Resonant Scattering: Fe Spin Structure in Fe/MnF,

160 Position: 0 (Center) -
A T=10 K . A
5 f g
@ /] F
2 120 B _
[}
2
g
< 80+ .
5
; "E
S 40- Cnm _ -
o D .. i f H_ =-50 Oe
.g_ = H. =620 Oe |
n 0 T T T T T T T T

-2000 -1000 1] 1000 2000
H (Oe)

Figure 8.8: Fe spin-rotation angles § at 10 K with respect to the negative applied field
direction (-z-direction) obtained after transforming the angle v in Fig. 8.7: f = 180° -
afrom A —-Band F — A, and f = a from C — D and D — E.

of the MnFs5 spins. Now, it can be concluded that, during magnetization reversal the
Fe spins just above those AFM domains with the c-axis in the +45° direction rotate
towards the +45° direction (5 = 45° or 225°) because of antiparallel exchange coupling,
while the Fe spins just above the MnF; domains with the c-axis in the -45° direction
rotate towards the -45° direction (8 = 135° or 315°). For the +45° case (MnFy c-axis
at +45°), and upon decreasing the field from A to B (Fig. 8.8) the Fe spins may ro-
tate "clockwise’, while ’anticlockwise’ rotation occurs for the latter case (MnFy c-axis at
-45°). The situation is schematically shown in Fig. 8.9. Secondly, by decreasing the field
further from B to C (Fig. 8.8) around the negative coercive field of the left branch, the
Fe spins surprisingly jump by 180° from the # = 225° direction to the § = 45° direction
(or from 3 = 135° to § = 315°). After that, the Fe spins rotate again continuously from
C to D (from # = 55° and = 315°) to align nearly completely with the negative field
direction. The right branch of the angular hysteresis loop can also be explained by a
similar spin rotation mechanism.

However, according to polarized neutron reflectivity (PNR) results by Fitzsimmons
et al. [7,99,100] and Leighton et al. [156], the left and right branch of the hysteresis
loop is associated with spin rotation and domain formation/propagation, respectively.
A similar result is also obtained by Krivorotov et al. [8] in the asymmetry observed
by magnetoresistance measurements. This is also reflected in the observed asymmetry
of the hysteresis loop. By polarized neutron reflectometry these authors [7, 99, 100, 156]
have observed that a perpendicular spin component (perpendicular to the external field)
exists, which explains the spin rotation for the left branch of the hysteresis loop. For the
right branch of the hysteresis loop, however, no perpendicular magnetization component
was observed, which was explained as the sign for domain propagation. These observa-
tions in ref. [7,99,100, 156] are not consistent with the present observations by NRS.
Strong evidence for magnetization rotation for both branches of the hysteresis loop is
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also provided by our observation of equal and higher transverse magnetization when the
sweeping field is equal to He for both branches of the hysteresis loop, as measured by
vector SQUID (Fig. 8.4).

Figure 8.9: Schematic diagram of the Fe spin rotation observed at 10 K when the applied
field is swept from +2 kOe to -2 kOe. The dotted line indicates the c-axes of the MnF,
twin domains, which are symbolized by the rectangles. The bold arrows represent the
Fe spin direction within the 10 A thick >"Fe probe layer in the center of the 80 A Fe film.
Notice the jump in the spin directions by 180° above and below He. (The A, B, C and
D are equivalent to the same positions in the angular hysteresis loop of Fig. 8.8).

In the same work Fitzsimmons et al. [7] have concluded that the magnitude of the
anisotropy of the AFM plays little role in the Fe spin reversal mechanism in Fe/MnF,
or Fe/FeF,. Our spin rotation mechanism observed by NRS suggests that the AFM
anisotropy plays an important role in pinning the FM Fe spins, by their strong anisotropy
along the c-axis (£ 45°), as discussed above. The anisotropy in both FeFy and MnF,
is quite large at very low T << Ty (Chapter 5), and both AFM materials affect the
magnetization reversal mechanism equally strongly. Further, the high temperature (T >
Ty ) anisotropies are very different in these two AFM systems (FeFy and MnF5) (Chapter
5). As we will see later (in section 8.3.3), in Fe/MnF5 the Fe spins reverse continuously
via rotation (as the magnetic anisotropy of MnFy above Ty is close to zero). The spin
rotation mechanism above and below Ty of Fe/MnF5 was not studied in detail here, but
one may expect a difference in the reversal mechanism of the two systems above Ty, as
the anisotropy of FeFs just above T is of the similar order of magnitude as that at very
low temperature (T << Ty).

The magnetization reversal mechanism has also been studied by Radu et al. [9,
201,202]. In contrast to Fitzsimmons et al. [7,99,100], they have observed that in the
Co/Co0 system the first magnetization reversal (decreasing field branch) occurs by do-
main nucleation and propagation and the second reversal (increasing field branch) occurs
by spin rotation. Then, the next reversal, which occurs at a smaller field (because of
the training effect), does not occur by domain nucleation and propagation, but rather
by spin rotation. All other subsequent reversals occur via spin rotation.
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From the above discussion it is clear that all asymmetric hysteresis loops are associ-
ated with both, the spin reversal by domain formation/propagation and spin rotation.
However, in contrast to the results by Fitzsimmons et al. [7,99, 100], the Fe spin rotation
is the favored mechanism during spin reversal in Fe/MnFs, as there is no asymmetry
and training effect observed in the hysteresis loop of this system. However, theoreti-
cally, Beckmann et al. [10] have observed an asymmetry in their calculated hysteresis
loops of the twinned Fe/FeF,; when the cooling field direction is slightly (even few de-
grees) different from the exact x direction (exactly along the bisector between the twins).

8.4.2 Depth dependent Fe layer spin structure during magne-
tization reversal

The sample was again field cooled from 150 K to 10 K at an in-plane field of 2 kOe
applied along the z-direction (bisecting the two easy axes of the twinned MnFs). The
depth dependent measurements for the wedge sample were performed at T = 10 K, ex-
actly in the same way as described in the previous section 8.3.1. The measurements at
different positions (-3, -2 and 0) were performed by moving the cryostat together with
the sample with respect to the synchrotron beam. The measured time spectra are shown
in Fig. 10.3, Fig. 10.4 and Fig. 10.5 (in Appendix, Chapter 10) for the beam position -3,
-2 and 0, respectively. This corresponds to distances relative to the Fe/MnF5 interface of
60, 48 and 24 A, respectively. The field dependence of the angle a and of the obtained
angles 3 between the Fe spin direction and the negative applied field direction is given
in Fig. 8.10 (a) and (b), respectively. Again, unidirectional Fe spins were assumed. The
rotation angles 3 are plotted in Fig. 8.10 for positions -3’, -2’ and '0’. From the figure it
is clear that the ®"Fe spins at position -3’, -2” and ’0’ align completely along the -2 kOe
field direction (§ = 0°). But for the +2 kOe field the Fe spins at position -3’, -2’and 0’
differ in their spin alignment along the applied field. The top layer spins (position -3’),
which are about 60 A away from interface, are perfectly aligned along the positive field
direction (3 = 180°). However, the 5"Fe spins at position '0’ (i.e., only about 24 A away
from interface) do not align completely along the +2 kOe field direction (5 = 160°).
This is reminiscent of a non-collinear Fe spin spiral structure as predicted by Kiwi et al.
[3-5]. This suggests that the Fe spins closer to the interface are pinned more strongly
by a unidirectional anisotropy (which is responsible for the shift of the hysteresis loop)
than Fe spins farther away from the interface. However, we have not enough data points
to conclude about the position -2’. Considering the published Fe layer thickness (¢r.)
dependence of exchange bias [153], the magnitude of the exchange bias field Hg increases
with decreasing tg.. Our obtained result suggests that the contribution of the interfacial
Fe spins to the exchange-bias field may be higher than that of the Fe spins farther away
from the interface. This confirms the fact that exchange bias is a purely interfacial effect.

Another important observation from Fig. 8.10 (b) is that the top layer (position: *-37)
Fe spins rotate earlier upon decreasing the field than the spins closer to the interface
(e.g., at position: '0’). At this interfacial distance range, i.e., from 24 A to 60 A, the Fe
spins at position -3’ (60 A) reverses about 40 Oe earlier than the Fe spins at position
'0’ (24 A). This demonstrates that the Fe spins closer to the interface are pinned more
strongly than the Fe spins further away from the interface. There appears to exists a
depth dependence of the coercivity. The depth-resolved coercivity is higher closer to the
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Figure 8.10: Field dependence of the Fe spin rotation angled a (a), and 5 (b) (with
respect to the negative applied field direction), obtained by NRS and assuming a uni-
directional spin distribution model, for different depths (positions: -3, -2 and 0) of the
wedge samples, measured at 10 K. The positions -3, -2 and 0, at which the measure-
ments were performed, correspond distances of 60 A, 48 A and 24 A, respectively, to the
interface. The field was swept along the MgO[100] direction (i.e., the bisector between
the MnF5 twins) from +2 kOe to -2 kOe (along the left branch of the hysteresis loop),
after field cooling the sample from 150 K to 10 K at +2 kOe along the same (MgO[100])
direction. The measurements at different positions were done by moving the cryostat
and the samplewith respect to the synchrotron beam and keeping the magnetic field
constant. Hence, the error bar in the applied field for the three different positions at a
particular field is extremely small. Notice the significant difference in the angles § for
two different depths (position: 0 and -3) at different magnetic fields (particularly on the
positive field side in comparison to the negative field side). Also notice that the reversal
of the Fe spins for position -3 (60 A away from the Fe/MnF, interface), occurs at a
smaller field (~ 40 Oe smaller) than the reversal of Fe spins closer to the interface at
position 0 (i.e., 24 A away from the Fe/MnF; interface).
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interface than farther away from the interface in the Fe layer.

8.4.3 Temperature dependence of the Fe spin rotation during
magnetization reversal
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Figure 8.11: Field dependence of the Fe spin-rotation angle o (a), and § (b) (with respect
to the negative applied field direction), obtained by NRS and assuming a unidirectional
Fe spin distribution. The angles were measured at 150 K for different distances from
the interface in the wedge sample. The different distances are shown as wedge positions
(-2 and 0) at which the measurements were performed, corresponding to 48 A and 24 A,
respectively. The field was swept from +2000 Oe to -120 Oe.

The obtained Fe spin rotation mechanism at 10 K (T < Ty) has been discussed in
the previous sections, where the Fe spins were observed to continuously rotate from § =
180° to the B = 135° or 225° direction away from the cooling field axis, upon applying
a magnetic field, and then jump from the 135° or 225° direction to 5 = 45° or 135° (or
B = -45°). Upon further increasing the negative field they continuously rotate towards
the negative field direction with 3 = 0° at negative saturation. However, the Fe spin
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reversal mechanism at 150 K (> Ty) was found to be different from this behavior. The
observed behavior, which will be discussed below, is due to the disappearance of the
AFM anisotropic axes of MnFy at 150 K (> Ty).

Figure 8.12: Schematic diagram of the Fe spin rotation observed at 150 K when the
applied field was swept from +2 kOe to negative fields. The dotted lines indicate the
c-axes of the MnF;y twin domains which are symbolized by the rectangles. The bold
arrows represent the Fe spin direction within the 10 A thick >”Fe probe layer of the 80
A Fe film. Notice the continuous rotation, which differs from the jump in Fig. 8.9.

After the measurements at 10 K (> Ty ), the sample was heated in zero-field to 150
K and the NRS time spectra were measured at 150 K starting from an applied field of 42
kOe followed by decreasing the field. The field was applied between the two c-axes of the
MnFs twins. The measured time spectra for T =150 K are shown in Fig. 10.6 and Fig.
10.7 (in the Appendix, Chapter 10) for position -2’ and ’0’, respectively. These positions
corresponds to the ®"Fe layer at 48 A and 24 A away from the interface. The spectra were
fitted by using the ®"Fe hyperfine parameters in the CONUSS program. The evaluated
Fe spin rotation angles  and (3 are shown in Fig. 8.11 (a) and (b), respectively. Com-
paring with the results at 10 K (Fig. 8.10) it is clear that a jump in the rotation angle
does not occur at 150 K, and the Fe spins above 150 K rotate continuously (Fig. 8.11).
The reason for this is the fact that angles 3 of 70°, 120° and 130° could be observed
below a negative applied field of 78 Oe, in contrast to the case of Fig. 8.10, where no
values of 3 could be measured in the interval 50° < § < 130°, because of the spin jump
(instability). The schematic diagram for the Fe spin rotation at 150 K is given in Fig.
8.12. There is no jump, but continuous rotation. Another important observation is that
unlike the spin rotation at 10 K, there is no depth dependence observed at 150 K (Fig.
8.11). This confirms the observation at 10 K that the presence of the high anisotropy of
the AFM (MnF3) twin axes determines the Fe spin rotation mechanism in the exchange
biased condition.

8.4.4 Virgin and conventional remanent state spin structure

As remanence provides many interesting information on the anisotropy of a ferro-
magnetic material, it is important to observe the spin structure in the remanent state.
For a thin Fe film the shape anisotropy plays the important role to keep the Fe spins
in the film plane. Further, in a non-magnetized ferromagnetic film the domains are so
arranged that the net magnetization is zero. The domains in this case may be arranged
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isotropically. However, when the thin Fe film is in contact with an anisotropic antifer-
romagnet (e.g. MnF5) which has a preferred anisotropy direction, the anisotropy of the
AFM induces a new anisotropy in the Fe film via exchange coupling. Hence, the Fe film
acquires the anisotropy induced by the AFM. Because of the absence of any external
field the AFM anisotropy is the decisive factor.

In case of the exchange biased Fe/MnF; system this phenomenon is interesting, be-
cause the antiferromagnetic twinned MnF, domains play the role to align the Fe spins
by exchange coupling to these four-fold anisotropy axes. Hence, these four-fold axes
may tend to randomize the Fe spin directions in the remanent state depending on the
strength of the FM-AFM exchange coupling and the magnetic anisotropy of the AFM.
The time spectra for the Fe/MnF, wedge system measured in remanence at 300 K and
10 K are shown in Fig 10.8 (in Appendix, Chapter 10). It is observed that the Fe spins
go more and more away from the original remanent magnetization direction, as the angle
between the Fe spin direction and the previously applied field direction at 300 K ( at
virgin remanence) is 47° at position '+3’, and is 68° and 74° at 10 K (at conventional
remanence) for beam position '0" and ’-3’, respectively.

8.4.5 Fe spin rotation: H is perpendicular to cooling field Hy¢
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Figure 8.13: Field dependence of the Fe spin rotation angle (§ (with respect to the
positive applied field direction) obtained by NRS and assuming a unidirectional Fe spin
distribution. The angle 3 was measured at 10 K for a distance of 48 A away from the
Fe/MnF, interface (position: -2). The in-plane sweeping magnetic field H was applied
perpendicular to the cooling field. (The cooling field was oriented along MgO[100] and
was switched off at 10 K). The field H was swept from 0 Oe to +600 Oe.

An experiment was performed, where the sample was field cooled (at 2 kOe) to 10 K
as before, but the sweeping field H was applied perpendicular to the cooling field (Hp¢)
direction (by rotating the cryostat by 90°). At first, the sample was field cooled from 150
K to 10 K at an applied field of 2 kOe (the field was applied parallel to the the long side
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Hyc

Figure 8.14: Schematic diagram of the Fe spin rotation observed at 10 K when the
sweeping magnetic field (H) was perpendicular to the cooling field (Hpc). The dotted
lines are the c-axes of the MnFy twin domains which are symbolized by the rectangles.
The bold arrows represent the Fe spin direction within the 10 A thick *"Fe probe layer
of the 80 A Fe film.

of the sample, wedge direction) and then the field was switched off at 10 K. The cryostat
was then rotated by 90° and the sweeping field was applied parallel to the synchrotron
beam direction, as before (but the cooling field direction is now 90° to the synchrotron
beam direction). Then, the measured time spectra at 10 K for position -2 at increasing
sweeping fields from 0 Oe to 600 Oe are shown in Fig. 10.9 (in the Appendix, Chapter
10). The sweeping field dependence of angles 3 obtained after fitting the spectra are
shown in Fig. 8.13. The results can be interpreted as follows. The cooling field of 2
kOe aligns all the Fe spins along the field direction, and after removal of the field at
10 K the Fe spins are frozen more or less along the Hre direction. When the sweeping
field was applied perpendicular to the cooling field direction, the Fe spins, as expected,
start to rotate continuously towards the sweeping field direction as the sweeping field is
increased. The schematic diagram for the spin rotation is given in Fig. 8.14.

8.5 Conclusions: NRS results for Fe spin structure
in Fe/MnkF,

Using nuclear resonant scattering NRS, we have investigated a Fe/MnF, (twinned)
sample, where the °"Fe-probe layer was embedded in a (wedge-type) inclined manner
in the Fe layer, so that the distance of the ®'Fe-layer from the Fe/MnF, interface
varies when one proceeds from one end of the sample to the other end. The sample was
characterized by XRD, vector SQUID magnetometry and CEMS. According to the NRS
results, we have observed the unidirectional anisotropy as the Fe spins freeze, making
a certain angle with respect to the cooling field direction (which was at 45° relative to
both AFM twin directions) close to the interface during FC. The Fe spins farther away
from the interface align along the cooling field direction during field cooling. During
reversal process the Fe spins rotate (from the saturation field direction) bidirectionally.
By applying the reversal field, the Fe spins rotate continuously up to the easy axes of
the MnFy twins (4 45°), then switch by 180° to the opposite direction of the initial easy
direction, and then continuously align towards the sweeping field direction for larger
fields. This switch of the field is termed as ”jump”. This jump disappears above T,
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where the Fe spins rotate continuously. No indication of the Fe spin reversal via domain
nucleation and propagation has been observed at any temperature. The Fe spin reversal
field for different depths are different at 10 K (T < Ty), with the Fe spins near the
interface reversing at a higher field than the Fe spins away from the interface. This is
caused by the coupling of the Fe spins to the interfacial AFM moments. This effect is
also reminiscent of the spiral-type of Fe spin arrangement in an applied magnetic field,
in the exchange biases state, as predicted by Kiwi et al. [3-5]. All these phenomena
(namely, the jump-type of magnetization reversal, the spin freezing, the influence of
AFM anisotropy etc.) were found to vanish above Ty. From the NRS investigation we
conclude that the contribution of the interfacial Fe spins to the coercivity and to the
exchange bias is higher than that of the Fe spins far away from the interface.



Chapter 9

Summary

In this work, the °"Fe probe layer technique is used in order to investigate the
depth- and temperature-dependent Fe-layer spin structure of exchange biased Fe/MnF,
and Fe/FeFy (pseudo-twinned) antiferromagnetic (AFM) systems by conversion electron
Méssbauer spectroscopy (CEMS) and nuclear resonant scattering (NRS) of synchrotron
radiation.

Two kinds of samples with a 10 A 57Fe probe layer directly at or 35 A away from
the interface, labeled as interface and center sample, respectively, were studied in this
work. The spin structure was explained by considering two different models, unidirec-
tional and step-shaped distribution (fanning) model. The results obtained by CEMS
for Fe/MnF; suggests that, at 80 K, i.e., above Ty = 67 K of MnF,, the remanent
state Fe-layer spin structure of the two studied samples are slightly different due to their
different microstructure. In the temperature range from 300 K to 80 K, the Fe-layer
spin structure does not change just by zero-field cooling the sample in remanence. By
zero-field cooling the samples in remanence to 18 K, i.e., below Ty, the Fe spins rotate
towards the (4 45°)- easy axes of MnF, twins. This rotation results in the same spin
structure for both the interface and center samples at 18 K. By field cooling the interface
sample in a field of 0.35 T to 18 K and measuring in remanence, a smaller rotation (or
fanning angle) of the Fe-spins in comparison to the case of zero-field cooling in remanence
from 300 K to 18 K was observed. When the interface sample was zero-field cooled or
field cooled to 18 K, and subsequently zero-field heated to 80 K (T > Ty), the CEMS
results indicate that the Fe-layer keeps the memory of its low temperature spin structure.

For Fe/FeF,, a continuous non-monotonic change of the remanent-state Fe spin struc-
ture was observed by cooling from 300 K to 18 K. This effect can be related to the peculiar
T-dependence of magnetic anisotropy of FeFy and short-range-ordered magnetic corre-
lations in the AFM induced by Fe above Ty = 78 K. The high temperature Fe spin
structure of the two different samples (interface and center) is different due to their dif-
ferent microstructure, but at 18 K (T < Ty) the spin structures of both samples are the
same, and the Fe spins are oriented close to the easy axes of the FeF, twins, similar to
the case of Fe/MnF; at 18 K.

NRS of synchrotron radiation was used to investigate the temperature- and depth-
dependent Fe-layer spin structure during magnetization reversal in pseudo-twinned Fe/MnFj.
A ®"Fe-probe layer was embedded in the Fe layer in a wedge-type manner, so that the
distance of the 5"Fe layer from the Fe/MnF, interface varies when the synchrotron beam
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is scanned from one end of the sample to the other end. A depth-dependent Fe spin
structure in an applied magnetic field (applied along the bisector of the twin domains)
was observed at 10 K, where the Fe spins closer to the interface are not aligned along
the field direction. During magnetization reversal the spins of the top Fe layer rotate
at a smaller field than the Fe spins closer to the interface. Upon decreasing the field
from the fully aligned state in a strong positive magnetic field, the Fe spins coherently
rotate up to the easy direction of MnFs (at £+ 45° from the applied field), then ”jump”
to the opposite direction of the easy axes (i.e., F 45°), and then further rotate towards
the negative applied field direction. The depth-dependence of the spin structure in an
applied field and the rotation via the jump disappear at 150 K, i.e., above Ty of MnFS5.
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Figure 10.1: Time spectra measured at decreasing magnetic fields (from +2 kOe to -
2kOe, left branch of the hysteresis loop) at 10 K and at position ’0’, of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. Prior to the measurements the sample was cooled from 150 K to 18 K at +2 kOe
field applied along MgO[100] direction (between the easy axes of the MnF5 twins). The
sweeping field H was applied also along the MgO[100] direction. ¢ is the angle between
the o-polarization of the synchrotron beam and the Fe spin direction (assumed to be
unidirectional) and the applied field direction.
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Figure 10.2: Time spectra measured at increasing magnetic fields (from -2 kOe to +2kOe,
right branch of the hysteresis loop) at 10 K and at position '0’, of the Fe/MnF; sample
having 5"Fe wedge. The red solid lines are the least-squares fitting to the data points.
The geometry of these measurements were similar to that of Fig. 10.1. ¢ is the angle
between the o-polarization of the synchrotron beam and the Fe spin direction (assumed
to be unidirectional) and the applied field direction.
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Figure 10.3: Time spectra measured at decreasing magnetic fields (from +2 kOe to -
2kOe, left branch of the hysteresis loop) at 10 K and at position -3’, of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. The geometry of these measurements were similar to that of Fig. 10.1. ¢ is
the angle between the o-polarization of the synchrotron beam and the Fe spin direction
(assumed to be unidirectional) and the applied field direction.
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Figure 10.4: Time spectra measured at decreasing magnetic fields (from +2 kOe to -
2kOe, left branch of the hysteresis loop) at 10 K and at position -2’; of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. The geometry of these measurements were similar to that of Fig. 10.1. ¢ is
the angle between the o-polarization of the synchrotron beam and the Fe spin direction
(assumed to be unidirectional) and the applied field direction.
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Figure 10.5: Time spectra measured at decreasing magnetic fields (from +2 kOe to -
2kOe, left branch of the hysteresis loop) at 10 K and at position '0’, of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. The geometry of these measurements were similar to that of Fig. 10.1. ¢ is
the angle between the o-polarization of the synchrotron beam and the Fe spin direction
(assumed to be unidirectional) and the applied field direction.
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Figure 10.6: Time spectra measured at decreasing magnetic fields (from +2 kOe to -120
Oe, left branch of the hysteresis loop) at 150 K and at position -2’; of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. The geometry of these measurements were similar to that of Fig. 10.1. ¢ is
the angle between the o-polarization of the synchrotron beam and the Fe spin direction
(assumed to be unidirectional) and the applied field direction.
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Figure 10.7: Time spectra measured at decreasing magnetic fields (from +2 kOe to -120
Oe, left branch of the hysteresis loop) at 150 K and at position ’0’, of the Fe/MnF,
sample having *"Fe wedge. The red solid lines are the least-squares fitting to the data
points. The geometry of these measurements were similar to that of Fig. 10.1. ¢ is
the angle between the o-polarization of the synchrotron beam and the Fe spin direction
(assumed to be unidirectional) and the applied field direction.
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Figure 10.8: Time spectra measured at 300 K for the Fe/MnF5y sample. top: H = 2000
Oe; bottom: H = 0 Oe.
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Figure 10.9: Time spectra taken at different sweeping fields for position -2’ of the
Fe/MnF; wedge sample. The in-plane sweeping magnetic field was applied perpendicular
to the cooling field (the cooling field was switched off at 10 K and the sample was rotated
by 90°). The field was swept from 0 Oe to + 600 Oe.
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