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This thesis is based on experimental work with standard commercial measuring stations.
The main idea was to recognise possibilities of two surface analysis methods for different
types of magnetic materials. Magnetic particles on amorphous wafer or deposited on/in
porous Silicon, and magnetic thin films and crystals were the objects for the study.
The applicability of the microscopy methods for surface investigation of the versatile
magnetic materials with different properties and structures is important to understand.
Moreover, it was essential to outline the principal limitations and accuracy of the chosen
research approaches. The used microscopy techniques are nowadays among the most
widespread and popular methods for surface investigation.
The experimental work was carried out on the standard commercial Scanning Electron
and Atomic Force microscopes. The research methods justified their applicability to the
surface investigation. The chosen methods permitted to reveal significant features and to
confirm data obtained by means of other research techniques.
Scanning electron microscope confirmed the porosity of the specimen, defined the pores
size, and helped to formulate a hypothesis of the structure formation. Scanning electron
microscope was equipped with the Energy-Dispersive spectroscopy which allowed to
identify the elemental components of the studied samples. Atomic force microscope
showed the surface structure. Magnetic force microscopy revealed the magnetic domains
in samples and the temperature influence on the structure of domains structure.

Keywords: scanning electron microscopy, energy-dispersive spectroscopy, atomic force
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1 Introduction
The properties of surrounding materials always attracted the interest of scientists. This
question is one of the main interests of human since his/her birth. In the childhood we
touch everything around us, we try to break testing for strength, to get a taste. The study
all kind of information about surrounding objects is in our focus.
Drawing a parallel with childhood, also the surface study might be considered as one of
the most significant. Human´s hand has in total up to few thousands of touch receptors
(IQWiG, 2010) helping people to reveal some material properties such as: temperature,
smoothness, surface irregularities etc. However, the information obtained with help of
hands is not enough for scientific research.
The surface observation in more details was in priority. Initially, the optical microscope
(OM) invented in XVII century helped scientists to see closer the surface features (Seeger
and Haar, 2016; van Helden et al, 2011). However, the equipment had it´s own limitation
in resolution. Moreover, R. Feynmen opened the new scientific field of research in 1959
by his lecture “There´s plenty of room at the bottom” (Feynman, 1960). It initiated the
research to decrease the size of electronics. Naturally, this required higher resolution
techniques of surface investigation.
Meeting the need of scientific community, Oatley and his laboratory constructed
Scanning Electron Microscope (SEM) which became commercially available in 1965
(McMullan, 1995). SEM allowed to conduct the surface study more in details. However,
the scientific community wished to obtain more specific information about surface
properties. The first Scanning Probe Microscopes (SPM) were designed by G. Binning
and H. Rohrer in 1982 (Binnig et al, 1982). If SEM is based on the OM work principle
by changing of light beam to the electron beam (Mohammed and Abdullah, 2018). Then
SPM almost exactly repeats the principle we used in the childhood: “feeling/probing” the
surface with help of “hand/finger” (Giessibl and Quate, 2006).
Nowadays, scanning probe microscopy and scanning electron microscopy are among the
most widespread and popular methods for surface investigation. Thus, the ability to
perform versatile measurements of different types of modern materials by means of these
methods seemed very attractive. That was the major motivation for the dissertation.
Therefore, the major aim of this doctoral book was to recognize possibilities of surface
analysis methods for different types of magnetic materials: particles on amorphous wafer,
porous bulk wafer modified with magnetic particles, thin films, and crystals. Due to work
with different types of magnetic materials, the key aim was divided into two smaller
objectives: the surface investigation as supportive to the main research work and as the
major study of surface properties and it´s relation to the bulk features.
The key hypothesis of the work was related to applicability of the microscopy methods
for surface study of versatile magnetic materials with different properties and structures.
The microscopies abilities were unclear. The task was formulated from the research
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problems raised in the study of magnetic materials. It can be described by the following
questions:
•
•
•

What investigation method and its work mode are better for certain material
study?
What are microscopes´ abilities for the material?
How to perform the magnetic force microscopy in the conditions of temperature
changes?

Additionally, it is essential to outline the principal limitations and accuracy of the chosen
research approaches.
This article-based doctoral thesis addresses these questions and is composed of six
scientific publications. The order of publications in the doctoral book is not chronological
but is related to the importance of the results and level of measurements complexity.
Following an introduction, Chapter 2 “Microscopy” presents the history and physical
overview of the investigation methods used in the research. It describes Scanning
Electron Microscopy and Atomic Force Microscopy. Chapter 3 “Results and discussion”
discuss the methods applicability to the materials and results obtained in publications.
Last chapter presents the conclusion and summary.
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The word microscope came from the Greek “mikros” (= small) and “skopeo” (= look at).
The smaller details and the world under us were always in the interest of people and
especially scientists. Curiosity pushed to observe structure and inhomogeneities in
materials and bodies around people. This interest to examine and to understand what the
world around us is made from, caused to creation of a tool for that.
The microscopy itself has rich history starting from the single lens magnifying glass and
finishing with the latest powerful devices. The first mention about compound microscope
dated in 17th century around 1620 (Rosenthal, 1996; Seeger and Haar, 2016; van Helden
et al, 2011). There is no exact information about the creator of microscope. However,
Antony van Leeuwenhoek (1632-1723) is credited with creation of one of the earliest
instruments for science (biology). He consisted the device with a powerful convex lens
and an adjustable holder for the studied objects. The magnification of the microscope was
limited by the features of equipped lens. About 150 years later, in the 1850s Professor
John Leonard Riddell invented the first practical binocular microscope (Bellis, 2020; van
Helden et al, 2011).
Technological innovations in the 18th century permitted microscopes to gain popularity
among the scientists and researchers in numerous areas of science: biology, zoology,
geology, material science, and etc. The development of microscopy did not stop on the
achieved level. In the 1920s a significant alternative to the light microscope was
developed. The study of the electrons’ behaviour leaded to the invention of the
transmission electron microscope (TEM) by Ernst Ruska and Max Knoll in 1931 (Collett,
1970; McMullan, 1995). Their invention was awarded the Nobel Prize for Ernst Ruska in
1986. The work principle of TEM is similar to OM but accelerated electrons are used
instead of light and electromagnets instead of glass lenses (Mohammed and Abdullah,
2018). These changes permitted to achieve higher resolution and magnification.
On 29th December 1959 the physicist Richard Feynman delivered a lecture “There’s
Plenty of Room at the Bottom” (Feynman, 1960) at the annual meeting of the American
Physical Society at the California Institute of Technology (Caltech). His talk is considered
as the beginning of the modern science field “Nanotechnology”. And the following
invention of SPM (Binnig et al, 1982; Binnig, Quate, and Gerber, 1986).
Thus, there are three basic types of microscopes: optical, charged particle (electron and
ion), and scanning probe. OM is one of the most familiar to everyone. It is the most
dispersed in the world microscopes. Two other types are considered in the Doctoral book
as the main equipment to perform measurements during the Author work.
Some fundamental considerations (Collett, 1970)
The basic term for all microscopy is resolution. It is the shortest distance between two
separate points (objects) at which the points in the microscope view can be distinguished
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as separated (see Figure 2.1). Resolution has its own limitations. They can be divided into
theoretical and practical limits.

Figure 2.1: The visual description of resolution. An example of good resolutions (a) when the
wavelength applied for the observation is less than length-scale, diffraction limit is not exceeded.
In case of poor resolution (b) diffraction limit is exceeded. Adapted from (Salaverria, 2018).

The theoretical limit is defined by wave theory and, consequently, the wavelength applied
for the sample observation. By this theory, the resolution is approximately the same as
the wavelength used for study. Generally, the theoretical limit is roughly one-half of the
wavelength. Thus, the predicted resolution limit of a light microscope is approximately
2000 to 2500 Å (if the applied wavelength is ~4500 Å). Electrons are the radiation form
in SEM. Therefore, the electrons are considered as wave phenomena for theoretical
limitation. The wavelength depends on the energy of electrons, and, consequently, on the
accelerating voltage. The wavelength is shorter with the higher accelerating voltage. For
example, the electron beam generated by energy of 100 keV will have the wavelength
~0.050 Å. Therefore, the theoretical resolution limit would be up to 0.025 Å.
The practical resolution is characterized by four factors: diffraction, chromatic aberration,
spherical aberration, and astigmatism. These factors reduce the efficiency of imaging
system. Diffraction and chromatic aberration affect mainly light microscopy. However,
the resolution stays at the level of theoretical limit. Spherical aberration occurs when the
electromagnetic lenses in the column pull with different force on the electrons passing
near the periphery of the beam and in the centre of the beam. As a result, the variations
in the wavelength appear. Thus, the resolution limit can be significantly reduced.
Astigmatism occurs when the magnetic field around electron beam is not consistent. It
causes usually uneven focus of the electron beam and can be corrected using stigmators.
Additionally, magnification capability of a system can be divided into theoretical and
practical. While theoretical magnification may be large, practical magnification is
limited by resolution capabilities of the system.

2.1 Scanning electron microscopy
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2.1 Scanning electron microscopy
Nowadays, SEM is a worldwide distributed versatile instrument capable to visualize and
analyse a large range of materials. The equipment based on the scanning electron beam
was first developed in the early 1930’s and perfected to a high level in the late 1950’s
(Collett, 1970; McMullan, 1995). However, they could not find proper fields of their
applications for a long time. This might be explained by the great impact of TEM in
almost every field of research. SEM became commercially available only in 1965. Since
then this equipment got spreading as a research tool.
The initial stage of SEM development is usually associated with the creation of the TEM
(Collett, 1970). The work principle of TEM and SEM is based on the accelerated electrons
scanning the samples. The usage of electron beam for scanning was suggested for the first
time in 1929 by Stintzing (McMullan, 1995). His idea was to develop the OM by changing
the light beam by the electron beam. The scanning remained mechanical as in case of
light beam, and the electron beam was supposed to be deflected by electric or magnetic
fields. The focusing of electron beam was unknown at that time. To obtain a smaller beam
diameter the usage of crossed slits was suggested. Unfortunately, Stintzing did not
provide either a sketch of a working device or apparently the device’s prototype.
A comparison between the light and the transmission electron microscopes is presented
in Figure 2.2 (Collett, 1970). The systems of these two microscopes are analogous if
consider the rotation of the light microscope on 180° in the Figure 2.2. The source of
electrons, cathode, corresponds to the lamp of light. The beam of electrons is generated
by a filament of various types, including tungsten or lanthanum hexaboride. The electron
beam should penetrate through the sample. Therefore, the cathode has to be held at the
potential above 50 000 eV. The accelerated electrons are passing electron optical system
and focused by the electromagnetic lenses. The electron beam penetration to the specimen
created the image. The contrast is formed by the absorption and scattering of these
transmitted electrons.
The German scientists Ernst Ruska and Max Knoll constructed the first TEM in 1933-35
(Collett, 1970; McMullan, 1995; Mohammed and Abdullah, 2018). The electrons in TEM
pass through specimens, and magnification exceeded the magnification of OM. Thus, the
utility of the electron beam was established and the development of this type of
microscopy continued.
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Figure 2.2: Comparison between the light and the transmission electron microscopes. Adapted
from (Collett, 1970).

In 1938 von Ardenne improved the features of existed TEM by adding a scan coil. He
constructed the scanning transmission electron microscope (STEM) using voltage of
~23 kV. It permitted to reach magnification of 8000× and resolution of 50-100 nm. Von
Ardenne was strongly limited by existing technologies, but he demonstrated the formation
of probes down to 4 nm diameter. The photographic film was used to record the image as
there was no suitable low-noise electronic detector at the time. The schematic of the
microscope column is presented in Figure 2.3. The main components of the STEM are
highlighted in the Figure: electron gun, reducing lens, deflection coils, sample, and film
recording drum. The electron beam from the electron gun was focused on the sample by
two magnetic lenses. The intensity of the beam was low ~10-13A. The X-Y deflection
coils were mounted above the lenses to scan the sample. The photographic film was
displaced immediately below the sample to record the obtained image. The image
recording was performed by rotating and simultaneous moving the drum by means of
screw. The currents in deflection coils were controlled by potentiometers mechanically
coupled to the drum mechanism. The scanning was time-consuming and took over
~20 min. The ready image could be visible only after the film was developed. Thus, the
focusing process could be accomplished only indirectly. The stationary probe was used
for that purpose. The probe created a shadow of a sample’s small area on a screen. Screen
was made from a single-crystal ZnS. The shadow was observed using optical microscope
and prism system. However, the expected advantages of STEM were not fulfilled. The
recordings were inferior to those from the Ruska’s TEM. Moreover, TEM’s major
disadvantage is the requirement for a specimen to be extremely thin (Collett, 1970;
Houck, 2013; McMullan, 1995; Mahammed and Abdullah, 2018; Smith and Oatley,
1955; Webb and Holgate, 2003).

2.1 Scanning electron microscopy
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Figure 2.3: The Cross section of the column of von Ardenne’s STEM. Adapted from (McMullan,
1995).

Zworykin, Hillier and Snyder identified the role of secondary electron emission for
topographic contrast (McMullan, 1995). A new description of SEM for examination of
thick samples was presented in 1942. The most significant part of research was carried
out at the University of Cambridge. Only 10 years later, in 1952 the first efficient and
reliable electron microscope was developed by Oatley and his student McMullan. The
electron gun was improved with the electrostatic lens using the voltage of 40 kV. Later
in 1956 Smith introduced signal processing and nonlinear signal amplification with
purpose to improve the micrographs. Additionally, he produced double deflection
scanning for upgrading of scanning system. O. Wells designed a new stereoscopic pair to
analyse the third dimension in the micrographs. Other two research students Everheart
and Thornley developed secondary detector which led to increase the collected signals
and improve the signal to noise ratio. Oatley’s group overall made important instrumental
advances during the period of 1950’s to 1965 including: atomic number contrast;
stereomicroscopy; voltage contrast; low-voltage (1 kV) SEM; high temperature (1200K)
imaging of thermionic cathodes in an SEM; high resolution (10 nm) SEM; etching of
surfaces in an SEM by ion bombardment; ion etching and microfabrication in SEM; and
microelectronics in SEM. As a result, the scanning electron microscope systems became
commercially available in 1965. More details are described in (McMullan, 1995).
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Energy-dispersive spectrometer (EDS) was a great benefit for SEM. Originally, it was the
electron probe x-ray microanalyzer proposed by Hillier in 1947 (McMullan, 1995). The
instrument was improved by Castaing and Guinier in Paris in 1949 and marketed in 1956.
The further development at the Cambridge laboratory led to a scanning microanalyzer
built by Duncumb in 1955. In the 1960’s the Tube Investments Research Laboratories
constructed and marketed the instrument “Microscan” based on the scanning
microanalyzer. The technique was generally adjunct and permitted to perform electron
images of the sample sizes of approximately 1 µm. The first successful attempt to
combine SEM with EDS took place in late 1960’s. Since 1968 the EDS is effectively used
with SEM to measure the x-rays by solid-state detector. At the present time, the majority
of commercially available SEMs are equipped with EDS and software to analyse the
obtained data. SEM obtained the advantage to evaluate the composition of various
elements in the specimens due to added EDS. Moreover, the software converts the
intensity of x-ray ratio to chemical compositions in a few seconds. Thus, the whole
operation process is facilitated and the performance of the quantitative analysis is
increased.
It is worth to mention that the exploration of SEM possibilities is continuing. Nowadays,
the progress has led to the construction of the combined system permitting to perform
analysis by terms of AFM, SEM, and TEM in one microscope.
The working principle of SEM was mentioned above. The mechanisms for beam
generation is same for both SEM and TEM, but the process of lenses control varies. The
main components and the schematic of SEM are presented in Figure 2.4 and 2.5,
respectively. The electrons are generated by the thermal source – emitter or electron gun
(Figure 2.4 a). The accelerated voltages is low ~5 kV or high in the range of 15 – 30 kV.
The voltage is set up in accordance with the sample for study. The electron beam passes
through the column down and is initially focused to a spot of few nanometres in diameter
by the condenser lenses (Figure 2.4 b). The spot size of most SEMs is less than 10 nm.
Consequent pairs of electromagnetic coils (so-called deflection coils or scan coils) deflect
the beam to provide a scanning of a rectangular area of the sample in raster (point by
point in x and y coordinates). The scan size and rate of scanning can be adjusted by the
microscope operator using a computer software. The sample is put in the chamber
equipped with electron detectors (Figure 2.4 c) to reveal the emitted electrons from the
scanned sample (Houck, 2013; Mohammed and Abdullah, 2018).
The key in the SEM work principle is the beam-sample interaction and the energy
exchange between them (Houck, 2013; McMullan, 1995; Mohammed and Abdullah,
2018). The generated electron beam interacts with the sample in a teardrop shape (also
named the interaction volume) which is represented in Figure 2.6. The size of the
interaction volume depends on certain factors. Among those factors are the beam’s
energy, the diameter of the beam (spot size), the scan rate, the sample composition (the
average atomic number of material), and the sample’s density. The depth of the

2.1 Scanning electron microscopy
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Figure 2.4: The main components of SEM: a) emitter/electron gun; b) condense lens; c) the
schematic of SEM with the electron detectors. Adapted from (Mohammed and Abdullah, 2018).

Figure 2.5: The schematic of modern scanning electron microscope. Adapted from (Mohammed
and Abdullah, 2018; Houck, 2013).

interaction volume can be in the range of 100 nm to even 5 mm. A range of energy is
yielded from the interaction volume. Every energy type provides information about the
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sample and its composition: secondary electrons and surface information (inelastic
scattering), backscattered electrons and atomic density images (elastic scattering), x-rays
and elemental content (electromagnetic radiation) etc. The SEM image formation is
performed by using generally secondary and backscattered electrons.

Figure 2.6: the beam-sample interaction in volume. Adapted from (Mohammed and Abdullah,
2018; Houck, 2013).

The bombarding of the surface cause the emitting of electrons with different energy.
Electrons emitted with low energy (less than 50 eV) are called secondaries. The electrons
with higher energies (in the range from 50 eV up to the energy of the primary beam) are
called reflected. Their high energy permits them to pass straight from surface to detector
providing good clarity of image. However, the result image cannot be based only on
reflected electrons. Surface irregularities may block the path and cause a lack of field
depth and a loss of detail in the result image. Secondary electrons travel curved paths and
are attracted to the detector by the positive potential of the accelerating electrode. The
detector is placed to gather secondary electrons from the areas obscured by the surface
irregularities. Thus, the information carried by the secondaries can be reproduced in the
image build-up (Collett, 1970; Mohammed and Abdullah, 2018; Houck, 2013).
The secondary electron detection mode has been an object of research since the moment
it became efficient. The contrast mechanism was mostly out of interest. It was found that
the angle of primary beam incidence and the local normal to the specimen’s surface
(highly dependent on the surface topography) influences on the yield of the secondary
electrons. Thus, mostly secondary electrons contribute to the image build-up. The
electrons arising below surface impair resolution and alter contrast. In contrast to higher
energy reflected and transmitted electrons, secondary electrons show insufficient
response to variation in electron density of the surface material (atomic weight) with
respect to contrast formation (Collett, 1970; Webb and Holgate, 2003).
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The information about atomic number can be obtained by using a backscattered electrons
(Houck, 2013). They collide with atoms and reach the detector in proportion to the mean
atomic number of the specimen. The backscattered electron detector converts the mean
atomic number of the particles to brightness. Later it is converted by the instrument’s
computer into a threshold value for the further detection. Considering the obtained image,
the brighter area means the higher mean atomic number Z. Thus, the backscattered
electrons are useful for relative compositional imaging despite the lack of topographic
and/or quantitative elemental information.
In the interaction volume (Figure 2.6) the next radiation is characteristics X-rays. They
can be used to study the distribution of elemental composition in the specimen. This is
termed electron-probe microanalysis. The mechanism will be described later in the
chapter.
SEM permits to investigate the distribution of electromotive forces and patterns in
semiconductors and integrated circuits. This is performed by registering the differences
of surface potential at low voltages of primary electron beam (Collett, 1970).
Additionally, SEM can provide a partly three-dimensional image (Mohammed and
Abdullah, 2018). It is visualization of the sample’s topography in terms of shape and size
of surface features and surface texture. This depends on number of secondary and
backscattered electrons.
The SEM data is recorded in grey scale images (Webb and Holgate, 2003). Image analysis
provides quantitative data relating to features on the surface as their size (including size
distribution) and shape. SEM images have a wide range of grey levels what causes
difficulties in analysis. Therefore, the techniques of high contrast as backscattered
imaging can simplify the process of analysis.
One of the advantages of SEM is simplified sample preparation for the measurements
(Collett, 1970; Webb and Holgate, 2003; Smith and Oatley, 1955). The surface to be
analysed may be microtomed, sliced, split, or fractured. In comparison, TEM requires
thin films and eliminations of surface replication. In SEM the sample should be secured
on to a metal support ‘stub’ with help of conductive adhesive tape. There exists only one
requirement: the sample should be conductive to prevent the accumulation of electrical
charge on the sample’s surface during the bombarding with electrons. This requirement
might be considered as possible disadvantage of SEM. The accumulated charge causes
brightness variation in the image. This spoils resolution, alters contrast, and masks areas
where the charge accumulated. However, the problem is not difficult to solve. Nonconductive sample should be covered with the layer of conductive material (Collett, 1970;
Webb and Holgate, 2003; Smith and Oatley, 1955).
Formerly, a resistive evaporation in high vacuum was used for the metal coating of
samples. However, this technology frequently caused the localized heating of the
specimen’s surface. Consequently, the metal was distributed unevenly without covering
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all the features of specimen’s surface. Later, the resistive evaporation was replaced by the
diode sputter coating in lower vacuum. In the method the specimen is the anode, and the
coating material is the cathode. Sputtering is carried out in argon plasma to perform the
multidirectional spray of metal particles. Nowadays, sputter coaters provide continuous
and uniformly thin metal coating with controllable thickness. Generally, a metallic layer
is obtained with a thickness of ~10 nm and a grain size of approximately 2-5 nm. The
specimen with irregular surface might need the thicker metal coating, up to 20 nm.
The metals used for conventional SEM were gold, silver, platinum, palladium, tungsten,
chromium, or their mixtures. Chromium is preferably being used due to the requirement
of thinner and finer layers. It allows to obtain the ultrahigh-resolution images as the
coating does not mask the fine details of the specimen’s surface. The deposition of
Chromium under a higher vacuum permits to achieve a finer grain size of ~0.5 nm and
consequently continuous thin layer with thickness <5 nm (Webb and Holgate, 2003).
The SEM measurements are carried out in vacuum as electrons are highly absorbed by
matter, including air. Therefore, the vacuum is typically maintained in the pressure range
of 10-4 torr. The effect of such environment on the material features should be understood
and taken into account. However, the scientific progress did not stop and the SEM for
study the biological samples at lower vacuum appeared.
The size of specimen that can be investigated using SEM is one of the advantages of the
technique. Surely, the specimen size depends on the SEM chamber, but the size of ~1 cm3
can be easily studied. Moreover, the scanning can be done fast at low magnification. The
zooming of areas of particular interest does not require any adjustment for magnification
change.
The magnification in SEM depends on the scan coils. Higher magnification requires scan
coils to make the beam to deflect a smaller area. The magnification is identified also by
the working distance, the distance between the last lens to the specimen’s surface.
Nowadays, it is solved by automatic adjustment.
Practically every SEM is equipped nowadays with EDS. EDS permits to identify the
elemental composition of the sample. The information about elemental content comes
from X-rays emitted from the sample by the primary electron beam. The emitted X-rays
are detected by the energy or wavelength.
The primary electron beam excited the electrons on inner shell of the sample’s atom. The
excited electrons are ejected from the inner shell. The appeared vacancies are filled by
electrons from outer shell with higher energy. Thus, the residual energy is emitted from
the sample as radiation. This radiation is characteristic of energies of the atom’s shell. It
identifies the elements (Figure 2.7).
The comprehensive spectrum of detection is provided by simultaneous detection of all
produced X-rays. The positional information of the primary beam can be combined with
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the information of elemental composition by using the software. This permits to produce
a wide variety of analyses, including quantitative and phase distribution analysis, and
visualizations (e.g. elemental maps). An additional software can conduct a search to
detect particles and elements in the spectrum. Theoretical detection limit is ~0.08% wt.

Figure 2.7: Energy-dispersive interactions yielding elemental information. Adapted from (Houck,
2003).

The emitted X-rays can be detected also by their wavelength, as mentioned above. For
that purpose, the sample’s X-rays are focused on a single crystal at a precise angle and
diffracted by the crystal. The spacing of the X-rays waves and the crystal lattice (dspacing) are related by Bragg’s law. If they satisfy Bragg’s law, occur constructive
interference. One crystal can detect one element. That limitation decreases the detection
limit and increases the quantitative precision.
One wavelength detector can contain four or five crystals with different properties. The
detector can automatically move between crystals to scan the entire periodic table above
boron. However, it is possible to scan only one element at a time.
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2.2 Atomic force microscopy
Atomic force microscope (AFM) is type of SPM. The SPM family is large. Each of the
methods illustrated in Figure 2.8 (Meyer, 2010) is oriented to distinguish different types
of signals such as potential, current, voltage, magnetic field etc. This Doctoral book focus
on the semi-contact modes of topography measurements and magnetic force microscopy.
The Young profilometer is considered as the origin of SPM (Young, 1971). A field
emission current between a scanning metallic tip and the specimen surface was detected.
This experimental approach was used in further research. As a result, G. Binnig and H.
Rohrer developed the SPM to visualize the surface topography in 1982 (Binnig, 1982;
Binnig, 1986). Thus, a scanning tunnelling microscope (STM) with atomic spatial
resolution was invented. They succeed to observe one row of atoms with height of 1 atom
for the first time. In 1986 they were awarded the Nobel Prize for Physics.

Figure 2.8: SPM Family. Adapted from (Meyer, 2010).

G. Binnig and C. Gerber worked on the Binnig’s idea to create atomic force microscope.
Binning, Quate and Gerber reported experimental data of lateral features spaced 3 nm
apart on a sapphire surface in 1986 (Binnig, 1986). Their result was far from atomic
resolution. However, the authors presented the ideas on how to improve the resolution.
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The general scheme of AFM and the entire setup are presented in Figure 2.9. The AFM
consists of a probe, piezoscanner, optical detecting system (includes laser and
photodetector), feedback system and computer control. The AFM probe touches the
sample surface and moves laterally along it. The information about local heights (and
various other local properties) is recorded by the computer. The schematic diagram of
scanning process is shown in Figure 2.10, where horizontal lines represent the movements
of the AFM probe during scanning process. Red lines represent the straight path
movement of the probe (“trace”), while blue lines represent movement backward and to
the next line (“retrace”). Typically, data is recorded in “trace” direction: “j” is number of
pixel line and “i” is position number.

Figure 2.9: Simplified scheme of AFM (a) and four sectioned photodetector with laser spot on
it (b). Adapted from (Mironov, 2004).

Figure 2.10: Trajectory of the AFM scanning points during scanning. Red lines are in “Trace”,
while blue lines are in “Retrace” direction. Adapted from (Mironov, 2004).
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The main concept of AFM work is the hands touching the surface (Figure 2.11) (Giessibl
and Quate, 2006). Generally, a sharp tip mounted on a cantilever touches the sample’s
surface and moves along it. The probe and sample experience the influence of attractive
van der Waals force (which is dominating for the large tip-surface distance r>5nm) and
repulsive electro-static Pauli force (which is major force for the small tip-surface distance
r<0.5nm). The balance of these forces is described by the well-known Lennard-Jones
potential ELJ:
𝜎 12

𝐸𝐿𝐽 = 4𝜀 [( 𝑟 )

𝜎 6

− ( 𝑟 ) ].

(2.1)

Figure 2.11: Concept and realization of the AFM work principle. Adapted from (Giessibl and
Quate, 2006).

In the equation (2.1) ε is the depth of the potential well, σ is the distance at which the
interparticle potential is zero and r is the distance between the particles. In the AFM
particles are atoms on the tip edge and on the surface. Graphically the forces of tip-surface
interaction are shown in Figure 2.12. There is almost no forces between the probe and
surface when the probe is very far from the sample. The forces become attractive (van
der Waals force) with decrease of the tip-surface distance. When the tip-surface distance
reach value of ~1.122σ (the minimum point of the curve) the repulsive Pauli interaction
force is increased. It becomes dominating when the curve intersects the zero-potential
level (r = σ) and continues to the left with the repulsive force of interaction. The typical
areas of AFM measurements are highlighted on the curve, areas with high slope. Contact
mode is performed in the area slightly to the left from the intersection point of zeropotential, where the Pauli repulsion is balancing with van der Waals interaction. Noncontact mode is carried out beyond the repulsive interaction.
One of the most important components of microscope is the probe. The schematic and
exemplary SEM images of the AFM probe are presented in Figure 2.13. There exist
dozens of various types of probes differentiated by their shape, sharpness, conductivity,
cantilever’s flexibility, tip’s size and shape etc. The probe consists of the flexible long
console called cantilever and a pyramid on its end. The pyramid of ~10 µm size ends with
the sharp tip. The pyramidal angle and the tip radius define the sharpness of the probe.
The probe is mounted on chip of ~ millimetre size to be placed in the AFM probe holder.
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Figure 2.12: Lennard-Jones potential curve. Adapted from (Maghsoudy-Louyeh, Kropf and
Tittmann, 2018).

Generally, probes are made of polysilicon or Si3N4. The usage of various coating permits
to achieve the desired features of the probe to perform certain analysis of the sample
surface such as potential, current, or magnetic mapping. The probe is usually
characterized by the following parameters: tip radius, the spring coefficient of the
cantilever, and the resonant frequency of the cantilever.

Figure 2.13: Cantilever schematics (a). Adapted from (Mironov, 2004). Exemplary SEM image
of a real AFM probe (b). Image Copyright of Carl Zeiss Inc.

The raster scanning (Figure 2.10) of the surface is performed by moving the sample
relatively to the probe using a scanner tube. The scanner is made of piezoelectric materials
which change their sizes in an external electric field. Generally, the scanners are made of
one tubular element. Figure 2.14 presents its structure and the arrangement of electrodes.
The internal electrode is typically continuous while the external electrode is divided into
four sections. The application of differential-mode voltage on the opposite sections of the
external electrode (with respect to the internal electrode) leads to bending of the tube and
provides scanning in the X, Y plane. Lengthening or reduction of the tube along Z axis is
achieved by change of the potential on the internal electrode with respect to all external
sections. Thus, the three-coordinate scanner can be made on the basis of one piezo-tube.
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Despite of a number of technological advantages, piezoceramics have drawbacks:
nonlinearity, piezoceramic creep, and piezoceramic hysteresis (Mironov, 2004). The first
effect is nonlinear dependence of the deformation on the control voltage (E). Figure 2.15
represents schematically the dependence of the size of piezo-tube shift in Z direction on
the value of the applied field E. Nonlinear effect are important after the field value
E*≈100 V/mm. Therefore, the control fields in scanning elements are kept within the
linear range E<E*.

Figure 2.14: Piezoscanner tube with scheme of electrodes arrangement. Adapted from (Mironov,
2004).

The second drawback is a delay in the response to a sudden change of the control electric
field value. Schematic time diagrams of control fields change (blue lines) and
corresponding the scanner shifts (red lines) along X, Y plane and Z axis are shown in
Figure 2.15 (b). The creep causes the geometrical distortions in SPM images. The creep
effect is significantly noticeable on initial stages of the scanning process, or after a large
displacement of the starting point of the scan area. Partial recompense of the scanner
delay is possible due to time delay reducing the effect of creep.
The third mentioned drawback is the presence of hysteresis in piezoceramic deformation.
It means the presence of a looped trajectory in the deformation of piezoceramic in Z axes.
This loop depends on the time derivative of the control voltage V and is presented in
Figure 2.15 (c). Piezoceramics hysteresis causes distortions also in the SPM images.
Therefore, the storage data of sample scanning is performed with tracing one of the loop
branches to avoid those distortions.
Optical detecting system is used to record the small deflections of the flexible cantilever
during scanning. The system consists of a diode-laser to produce the laser beam and a
four-section split photodiodes as position-sensitive photodetector. The optical system
should be aligned before performing measurements. For that purpose, emitted laser beam
is focused on the cantilever and the reflected beam hits the centre of a photodetector. The
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optical system is able to measure two quantities: the bending of cantilever due to attractive
or repulsive forces and the torsion of cantilever due to lateral components of the tipsurface interaction forces. The value and the direction of the cantilever bending or torsion
is characterized by the differential currents from various sections of the photodiode ∆𝐼𝑖 =
𝐼𝑖 − 𝐼0𝑖 . Here Ii is the current value in the photodiode section “i” after the cantilever
position changed, I0i is the reference value of photocurrent in the photodiode section “i”.
The photodiode section “i” is shown in Figure 2.9 (b).

Figure 2.15: Schematic representation of dependence of ceramics shift on the value of the applied
electric field (a) = nonlinearity. Schematic time diagrams of changes of the control voltages during
scanning (blue lines), and of the corresponding scanner shifts along Z and X axes (red lines)
(b) = creep. Dependence of the piezo-tube shift on the value and direction of the applied voltage
(c) = hysteresis. Adapted from (Mironov, 2004).

The feedback system performs a regulation function to maintain a constant bending of
the probe. It adjusts the movements of piezo-scanner in accordance to the information
obtained from the photodetector. More specifically, when the tip-surface contact causes
the misbalance in the photocurrent (aforementioned work principle of photodetector), the
difference in deflection is calculated by a computer system. It responds by compensating
voltage to the piezo-scanner to minimize the variation in the deflection. It should be noted
that it supports the permanent force values without taking into account the nominal force.
Contact mode is the basic and the easiest mode to understand (Kaemmer, 2011;
Maghsoudy-Louyeg, Kropf and Tittmann, 2018; Ramakrishna and Ong, 2001). The
force-distance curve, presented in Figure 2.16, helps explain this AFM mode. The
cantilever is brought from a level above the surface toward it until the tip contacts the
surface. Any further movement toward the surface will lead to an upward deflection of
the cantilever and/or sample deformation. Two important events in a loading curve are
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marked by points A and B in Figure 2.16. At these points the forces of tip-sample
interaction are not balanced by the restoring force of the cantilever.

Figure 2.16: Force distance curve. The approach (1 – 3) and withdraw (4 – 5). Zc is deflection of
the cantilever, and Zp is the position of the piezo scanner. Adapted from (Kaemmer, 2011;
Maghsoudy-Louyeg, Kropf and Tittmann, 2018).

The imaging in Contact mode is carried out by keeping the calibrated setpoint constant
while raster scanning. The calibrated setpoint is considered at the position 3 in
Figure 2.16. Therefore, the movement of the piezo scanner in Z axis becomes equal to the
sample topography plotted as a function of X, Y.
Despite the easy operation, Contact mode has the inherent drawback: the lateral force can
be relatively high. As a result, the sample surface can be damaged or the objects which
are relatively loosely attached to the surface can be moved. This problem was solved by
oscillating the cantilever during scanning. This solution led to TappingModeTM imaging.
TappingModeTM permits to avoid the issue caused by lateral forces while maintains high
lateral resolution. The tip touches the surface only for a short time. This mode was hence
named as tapping AFM. In this mode the cantilever is oscillating at or near its resonant
frequency normal to the sample surface. The oscillation amplitudes typically are in the
range of tens of nanometres, which is small compared to the cantilever length.
The cantilever movement can be described by the sinusoidal harmonic oscillator model.
An important parameter to mention is the quality factor Q of the system. It is the ratio
between the stored energy in the system and the lost energy per cycle. This factor effects
on the maximum amplitude at resonance. Figure 2.17 shows a typical response curve of
a cantilever. Generally, amplitude modulation detection with a lock-in amplifier is used
in TappingMode. It is similar process as the Contact mode when the movement of piezo
scanner in Z axis becomes the sample topography as a function of X, Y. A frequency
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close to the cantilever resonance is selected to be constant as a driving frequency. The
tip-sample spacing is changed by the feedback to maintain a cantilever amplitude and the
drive frequency.

Figure 2.17: Resonance curve of a TappingModeTM when cantilever is above (red dashed line)
and close to the surface (purple solid line). Adapted from (Kaemmer, 2011; MaghsoudyLouyeg, Kropf and Tittmann, 2018).

TappingMode can be described by mean of the Lennard-Jones potential curve (see
Figure 2.12) including the short range repulsive and long-range attractive forces. The
probe approaches the surface and then is retracted. Every movement is accompanied with
the tip-sample interaction described earlier. However, the force curve or direct forces
between tip and sample are not measured. Typically, the reduction of the cantilever
amplitude due to tip-surface interaction is measured. Remarkably, the data cannot provide
information about a single interaction. It represents an average value.
The feedback is unstable in TappingMode (Meyer, 2010). Scanning of rough surfaces can
cause significant variation in forces. This leads to the tip damage as the feedback does
not directly control interaction forces. Therefore, the feedback adjustment is essential to
obtain reliable AFM data. The tapping process depends also on the sample properties.
The feedback loop can be well-tuned for the soft part of the sample, and then the feedback
oscillations will occur on the hard part of the sample.
Second AFM mode is the PeakForce Tapping (Kaemmer, 2011; Maghsoudy-Louyeh,
Kropf, and Tittmann, 2018). It is similar to the previous mode. In PeakForce the probe
contacts the surface intermittently and quickly. The difference with TappingMode is nonresonant operation. The cantilever oscillation is performed below the resonant frequency
of cantilever. Thus, the filtering effect and the dynamics of resonating system are avoided.
Therefore, the oscillating system in PeakForce Tapping combines benefits of both
Contact and TappingMode scanning: direct force control and avoiding of damaging
lateral forces.
PeakForce Tapping permits to avoid unwanted resonances at the turnaround points in a
conventional force curve. It is achieved by modulating the z-position by a sine wave, not
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a triangular one. A general view of force curves for a cantilever operated in PeakForce
Tapping is shown in Figure 2.18. The top curve represents the trajectory of tip in
approaching the surface. The plots underneath show the force (deflection) as a function
of time and z-position, respectively. The explanation of force curves is similar to
aforementioned. The tip approaches the sample surface and experiences initially longrange van der Waals attraction. After certain distance, the short-range repulsive forces
start dominating. This leads to the peak point on the approaching curve. After contact
with the surface, tip begins to retreat. It goes through an adhesion minimum caused by
capillary meniscus and becomes free.

Figure 2.18: Force curves for a cantilever operated in PeakForce Tapping. The cantilever is driven
by a sinusoidal wave and the curves are displayed as force versus time and force versus distance.
Adapted from (Kaemmer, 2011).

The PeakForce Tapping applies control method where the individual peak force points
are used as triggering mechanism to force the piezo-scanner to retract. The local peak
force can be distinguished by the feedback algorithm even if the setpoint is below the
baseline. Moreover, the feedback algorithm allows scanning at very low forces. This is
key to obtain high-resolution data on soft samples.
Relatively new AFM mode is Peak Force Quantitative Nano-mechanical Mapping (Peak
Force QNM®) (Kaemmer, 2011; Maghsoudy-Louyeh, Kropf and Tittmann, 2018;
Pittenger, Erina and Su, 2012). It combines the technology of tapping mode to record fast
force response curves at every pixel and the peak tip-sample interaction force as the
feedback mechanism. The topography scanning at high resolution can be obtained
simultaneously with quantitative modulus, adhesion, dissipation, and deformation data.
Additionally, the direct force can be controlled and maintained at a very low level (even
pN). Thus, a non-destructive and high-resolution scanning of sensitive samples is
possible.
A force curve and the parameters that can be obtained from it are presented in Figure
2.19. Figure 2.19 shows the force curve as a function of the z-position in tip-sample
separation. Quantitative modulus is recalculated from the force curve using the
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Derjaguin-Muller-Toporov (DMT) model (Pittenger, Erina, and Su, 2012). The minimum
force point where the tip starts to retreat from the surface represents the adhesion. The
existing hysteresis between approaching and retracting processes determines the energy
dissipation. This dissipation is calculated including the work linked to adhesion and
viscous and plastic deformations. The work of adhesion will dominate in the energy
dissipation when the set point of the peak force is set at (or close to) zero. The total
penetration depth represents deformation.

Figure 2.19: Force curve diagram and the data that can be obtained from the curve. Adapted
from (Pittenger, Erina and Su, 2012).

The third main type of AFM work is non-contact mode. The cantilever is vibrating at near
its resonant frequency (from 100 to 400 kHz) with the tip-sample distance in order of 10
to 100 Å (Maghsoudy-Louyeh, Kropf, and Tittmann, 2018; Ramakrishna and Ong, 2001).
Typically, the half-amplitude of oscillations is less than distance between surface and
cantilever's middle line (lift height). The tip does not touch the sample. Hence, this AFM
mode is suitable for scanning of soft or elastic samples such as biological cells. Noncontact AFM mode is based on frequency modulation or amplitude modulation. The
feedback system keeps the resonant frequency or vibrational amplitude, respectively, to
generate the sample’s topography. Feedback is performed by adjusting the piezo-scanner.
Magnetic Force Microscopy (MFM) was introduced shortly after invention of AFM
(Block, 2015; Ferri, Pereira-Da-Silva, and Marega, 2012). MFM is widely used in
fundamental research of magnetic materials including the development of magnetic
recording components. Originally, it was designed to measure the magnetostatic
interaction tip-sample. Hence, the measurements of ferromagnetic materials or/and
materials with ferromagnetic constituents became feasible. It is important to mention, that
the sample’s magnetization should be regarded as magnetostatic, as the sample’s
magnetic properties should be stable during the MFM measurement (typically few
minutes or decades of minutes).
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The application of MFM requires the usage of magnetic AFM probe. The magnetic
moment of the tip is typically created by a thin (few nanometres) ferromagnetic coating.
Co or Fe are usually used for that purpose (Block, 2015; Ferri, Pereira-Da-Silva, and
Marega, 2012; Hartmann, 1999).
The MFM imaging is performed in so-called dual-pass or two-pass mode. During the first
pass the sample morphology (topography) is obtained. It is operated in a conventional
AFM Tapping mode described earlier in the chapter. In the second pass the actual MFM
measurements are performed. The magnetic forces are long-range forces. Therefore, the
magnetic interaction can be obtained when the probe is “lifted” above the surface on the
height more than 10 nm. This allows to avoid the influence of short-range nonmagnetic
forces and to extract the magnetic properties of the sample. The second pass is operated
in AFM noncontact mode with a constant probe-sample distance. The previously scanned
topography (in the first pass) is taken as a reference for the probe displacement track when
the probe is lifted. The schematic of the two-pass technique is presented in Figure 2.20.

Figure 2.20: The schematic of the two-pass technique with the example of obtained result.

The resolution of MFM imaging depends on the tip shape and the tip-surface distance in
the second pass. Smaller tip radius permits to detect smaller magnetic domains.
Decreasing of the tip-surface distance leads to the increasing of the lateral resolution.
However, it causes the risk of obtaining the morphological influence on magnetic image.
To mention additionally, the AFM MultiMode 8 (Bruker, USA) was used in the present
research for the Doctoral book. It is equipped with the thermal application controller
CLS200 (Watlow, USA). It permits to heat and cool sample. The low-range mode enables
heating and cooling between -35 °C and 100 °C. The high range mode supports heating
from the room temperature up to 200 °C. The thermal application was utilized in the
investigation of Heusler alloys (part 3.4).
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3 Results and Discussions
This chapter describes the results of the work based on the Publications I-VI. Publications
are considered by the topics and investigation methods.

3.1 Investigation of paramagnetic Titania/Carbon nanocomposites
This part describes the SEM measurements carried out to characterize nanocomposite of
anatase titania nanoparticles in Publication I. The composites for the research were
synthesized using furfuryl alcohol C5H6O2 (FA), tetrabutyltitanate Ti(C4H9O)4 (TBT) and
nonionic surfactant polyethyleneglycol (10) ether of isooctylphenol (trade name OP-10).
The following mass ratio was used for the starting solution: 2 (FA):4 (TBT):1 (OP-10).
The addition of 0.2 ml (per 7 g of starting solution) of 36% toluenesulphonic acid solution
in butyl alcohol initiated the polymerization of FA. During the polymerization process of
FA water is released. This water acts as a hydrolyzing agent for TBT to produce titania
oxyhydrate nanoparticles and butanol. The reacting solution was held at each of the
temperatures 20, 50, 70, 90, 110, and 150°C sequentially for 48 h. After this step the
resulted organic-inorganic polymer was slowly heated up to 970°C in nitrogen
atmosphere at pressure of 1 bar for 1 hour. As a result, the samples of amorphous carbon
with incorporated anatase nanoparticles were synthesized. The details of the reference
sample preparation are described in (Komlev et al, 2010).
Titanium dioxide (TiO2) has a large variety of industrial application, such as photovoltaic
and optoelectronic devices (Chen and Mao, 2007; Grätzel, 2001; Santangelo et al, 2013;
Wang and Huang, 2011). The characterization of the samples’ surface is highly important
to qualify the formation technology and the samples’ readiness to be used in the industry.
SEM and SEM-EDS are the basic methods to investigate surface and to expose the
structure and composition of the samples. In such a way, these techniques were applied
to study the paramagnetic nanocomposites constituted of TiO2 nanoparticles in
Publication I.
The samples’ morphology was studied using a Hitachi SU3500 scanning electron
microscope. The elemental composition analysis was performed using an energydispersive X-ray spectroscopy (SEM-EDS) microanalysis system coupled the SEM.
The anatase nanoparticles (TiO2/C) were incorporated in the amorphous carbon as
described above. SEM analysis exposed the amorphous nature of the carbon
(Figure 3.1(a)) with pores of mesoscopic scale. The approximate pores size is between
20 to 50 nm. Moreover, SEM-EDS revealed the samples’ composition in at. %. Main
components are carbon (51.3 at.%), oxygen (32.1 at. %), and titanium (16.3 at. %).
Therefore, the SEM and SEM-EDS data allowed to reveal nonstoichiometric ratio
between titanium and oxygen. This can be explained by the carbothermal reducing of
titania during drying at high temperature.
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The TEM imaging was done by means of Zeiss Libra 120 to deduce the size distribution
of anatase nanoparticles (see Figure 3.1 (b) and (c)). According to the size distribution,
the dimensions of the titania particles are in the range of 10 to 20 nm.

Figure 3.1: (a) SEM image of the titania/carbon nanocomposite. (b) TEM image of the
titania/carbon nanocomposite. (c) Particle size distribution of titania.

The x-ray diffractometry was carried out using Rigaku Ultima IV with Cu-Kα radiation
(λ=0.15418 nm). The patterns of X-ray diffraction (XRD) allow to estimate the average
size of nanoparticles using the Scherrer´s equation D=kλ/β cosθ, where D is the
nanoparticle diameter assuming their spherical geometry, k = 0.9 is a shape factor for
spherical nanoparticles, λ = 0.15418 nm is the x-ray wavelength, β is the full width at half
maximum of the diffraction line, and θ is the diffraction angle. The XRD patterns of the
investigated TiO2/porous carbon nanocomposite are presented in the Figure 3.2. An
intense (1 0 1) reflection peak is centred at around 25.4 deg, the weaker peaks of (1 1 2),
(2 0 0), (2 1 1), and (2 0 4) reflections are detected at higher 2θ angles. According to the
Scherrer´s equation, the average size of TiO2 nanoparticles was estimated around 13 nm.
The Raman spectroscopy was used as second supportive method to study sample structure
and sample composition. Raman spectroscopy is non-destructive, sample preparation
friendly, and efficient technique. It is based on the measuring the energy shift in the
energy of the outgoing photon. It provides the information about the chemical
composition of the molecules and molecular bond structure (e.g. state changes and
stresses / strains). This technique allowed to characterize the TiO2 nanocrystals from point
of view of strain energy, quantization effects, formation of the stable phase, and to
understand the size-dependent phonon properties in anatase TiO2 nanocrystals.

3.1 Investigation of paramagnetic Titania/Carbon nanocomposites

41

Figure 3.2: XRD pattern of the TiO2/carbon nanocomposite sample.

The Raman measurements were carried out on Raman setup Horiba Jobin Yvon LabRam
300 in the backscattering geometry. The setup is equipped with holographic gratings
having 1800 lines∕mm, an optical microscope, and a CCD detector. The recorded spectra
were excited with a He-Ne laser (wavelength 632.8 nm) at power density approximately
104 W/cm2. The laser beam was focused on the sample placed on an X-Y motorized
sample stage using objective magnification 50×.
19
The anatase crystal structure is tetragonal with the space group 𝐷4ℎ
(I41/amd). The
primitive cell contains two TiO2 formula units giving six Raman-active fundamentals in
the vibrational spectrum: three Eg modes centred around Eg(1)=144 cm−1,
Eg(2)=197 cm−1, and Eg(3)=639 cm−1, two B1g modes at B1g(1)=394 cm−1 and
B1g(2)=519 cm−1, and an A1g mode at 513 cm−1 (Giarola et al, 2010). The latter two peaks
overlap producing one broader peak, thus the two separate modes cannot be distinguished.

The Raman spectrum of the TiO2/porous carbon is presented in the figure 3.3 (a). It is
visible, that the nanocomposite is composed of the anatase Titania and amorphous carbon
with two characteristic peaks at 1324 cm–1 and 1588 cm–1. The wider peak at 1324 cm–1
might correspond to the disordered and defect rich graphite (Ferrari and Basko, 2013).
Figure 3.3 (b) represents the experimental Raman spectra (measured at room temperature)
of the titania/porous carbon nanocomposite together with a bulk anatase crystal. The
comparison of the nanocomposite and the bulk samples revealed the broadening increase
and frequency shifts of the Raman peaks. The most intense Eg(1) mode shows the
maximum blueshift and significant broadening among other peaks. The Eg(2) mode
shows a smaller blueshift, while Eg(3), B1g(1), and [B1g(2) + A1g] modes exhibit redshifts,
where a combined effect of two individual modes is represented by the latter peak.
Usually, phonon confinement, internal stress/surface tension effects and nonstoichiometry attribute Raman frequency shifts and linewidth broadening with the
decreasing of the crystallite size (Chen and Mao, 2007). The confinement of phonons by
finite sized anatase crystalline was assumed to be the most convincing factor that
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contribute to the observe Raman spectral changes (Chen and Mao, 2007; Choi, Jung, and
Kim, 2005; Gupta et al, 2009; Swamy et al, 2005; Zhu et al, 2005).

Figure 3.3: (a) Raman spectrum of the titania/carbon nanocomposite. (b) Raman spectra of the
titania/carbon nanocomposite (red curve) and bulk anatase TiO2 (black curve) in enlarged version.
The mode symmetries of the anatase TiO2 are indicated.

Following descriptions from (Zhu et al, 2005) and (Gupta et al, 2010) the particle size
and crystallinity of the Titania nanoparticles embedded into the porous carbon matrix
were evaluated. Evaluation was done in the framework of the phonon confinement model
using the position and broadening of the Raman peaks. The nanoparticle sizes were
estimated to be approximately 8 nm. The analysis result is in consistency with XRD and
TEM data. The relationship between the particle diameter and the energy bandgap shift
proposed by (Wang and Herron, 1991) was also used to estimate the nanoparticles size.
It was possible to obtain values of ΔEg=0.1 to 0.2 eV for particles with average size of 5
to 10 nm.
The field and temperature dependences of sample magnetizations were carried out with a
superconducting quantum interference device (SQUID) magnetometer with a 1 T
solenoid. The zero-field-cooled (ZFC) and field cooled (FC) magnetization
measurements were performed in the temperature range of 2 to 400 K in magnetic field
of 1 kOe. The isothermal field-dependent magnetizations were carried out at 3, 20, and
300 K.
The SQUID data revealed that the sample’s magnetic susceptibility comprises of two
regions: the nearly temperature-independent Pauli susceptibility between 400 K and 75 K
with Curie susceptibility at lower temperatures (see Figure 3.4 (a)). The Curie
paramagnetic susceptibility associates with trapped spins strongly localized to defects in
amorphous media. The Curie susceptibility is given by χCurie=C/T, where C is the Curie
constant and T is temperature. The inverse temperature dependence of susceptibility is
presented on the inset of Figure 3.4 (a). This inset yields the Curie constant value
C=13.2×10-6 emu · T/ (g · Oe). Consequently, the amount of unpaired spins is 2.12 × 1019.
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Figure 3.4: (a) Temperature dependence of susceptibility of the TiO2∕carbon nanocomposite
measured using ZFC (red triangles) and FC (blue triangles) protocols in 1 kOe magnetic field.
Black curve corresponds to Curie paramagnetism. The inset shows susceptibility versus inverse
temperature. (b) Temperature dependences of susceptibility of the titania-free amorphous carbon
reference sample (red curve with filled squares) and reduced titania TiO1.98. Adapted from (Parras
et al, 2013).

The reduction of TiO2 causes the point defects in its structure. In order to understand the
origin of paramagnetism, the magnetic susceptibility of a titania-free amorphous carbon
reference sample was compared to the sample of carbothermally reduced titania. This
comparison is presented in Figure 3.4 (b). It is visible, that both materials exhibit
paramagnetic behaviour. However, the larger susceptibility of the amorphous carbon
indicates its higher contribution to the total paramagnetism of the titania/porous carbon
nanocomposites.
Figure 3.5 (a) presents the field dependences of magnetization at different temperatures.
This figure illustrates also, that Curie paramagnetism is dominant at low temperatures,
while the region at high temperatures is mostly diamagnetic. There was a small
irreversibility in temperature variation of the magnetic susceptibility. This divergence can
be caused by the frozen moments of impurities or defects in the nanocomposite.
Therefore, the paramagnetic/diamagnetic corrections were performed (see Figure 3.5 (b)).
The magnetization was observed to be Ms  2 × 10-4 emu/g, what is rather weak and point
to the insignificant amount of impurities in the nanocomposite.
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Figure 3.5: Magnetic field dependences of the titania/porous carbon nanocomposite at various
temperatures (a) as measured and (b) after paramagnetic/diamagnetic corrections.

3.2 Porous Silicon investigation
Porous Silicon (pSi) was discovered in 1956 by Uhlir (Uhlir, 1956) during experiment of
Si surface electropolishing using the electrolyte made of hydrofluoric acid (HF). It was
found that appropriate conditions of applied current and solution composition cause the
holes formation on Silicon surface.
Porous Silicon has high chemical reactivity and rapid oxidation. These features allowed
to utilize pSi to generate thick oxide layers on silicon as device isolation in the 1970s and
1980s. Later in the 1990s a strong photoluminescence was discovered in pSi by Leigh
Canham, and the material attracted the broad attention (Canham, L. T., 1990; Canham,
Leigh T., 1995). The main applications of pSi in the field of electronics are gas and
humidity sensing, biosensors, lithium-ion batteries, waveguides, solar cells antireflection
coatings and much more (Karbassian, 2018).
The ease of manufacturing, the compatibility with silicon-based technologies, and large
surface-to-volume ratio made pSi promising material for gas sensing (Bahar, Eskandari,
and Shaban, 2017; Ozdemir and Gole, 2007). Additionally, pSi has large variety of
surface modifications like oxidation, carbonization, metallization etc. with aim to
improve its reliability, sensitivity, and selectivity (Barillaro, 2014; Lee, Kang, and Kim,
2018). Ni precipitation allows increase the sensitivity and selectivity and decrease the
reaction and relaxation time (Ensafi, Ahmadi, and Rezaei, 2017; Kononova, I. et al, 2015;
Kononova, I. et al, 2014).
The publication II describes my second step in the microscopy study. The main idea of
investigation was to analyse pSi precipitated with Ni for a sensitive layer of a gas sensor.
Investigation was based on 12 samples (Table 3.1) based on the electrochemically etched
Si.
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Table 3.1 Technological conditions of pSi preparation and samples’ modification (Ni precipitation) and
RMS values for the samples. ta is anodization time, ja is current density during the anodic etching, ted is
electroless deposition time, U is the potential during electrochemical deposition, td is time of
electrochemical deposition.

Sample
number
1
2
3
4
5
6
7
8
9
10
11
12

Si etching
ta,
ja ,
min
mA/cm2

2

Ni deposition
ted,
U,
td ,
days
V
min
1
15
2

20
40
60

2

20
40
60

15

20

1
15

RMS roughness, nm
30×30 µm
2×2 µm
area
area
3
4
9
2
2
1
16
8
42
11
110
3
9
8
23
77
3
4
12
8
4
4
49
3

The analysis of the surface morphology and its properties is important for the gas layer
in the gas detector. One possible method for surface investigation is SEM and SEM-EDS
as it was aforementioned (1 Introduction and 2.1 Scanning electron microscopy).
According to the SEM data (Figure 3.6 (a)) the assumption of the Ni islet growing was
made: “the Ni material either erupted to the sample surface out from the pore or it
precipitated initially, thereby closing the pores below the aggregate and terminating the
pore filling” (Publication II). Additionally, SEM-EDS allowed to analyse chemical
composition of the surface and proof of Ni appearance in the islets. Hence, SEM and
SEM-EDS provide the detailed data about surface including chemical composition in
percentage. However, in specific research areas it might be insufficient.
The second method for surface analysing, AFM, provides data with higher resolution and
smaller details. Thus, AFM technique allowed to observe the differences in surface
morphology (Figure 3.6 (b) and 3.6 (c)). Additionally, these differences can be shown
also in such quantitative parameter as roughness. In Publication II we compared rootmean-square (RMS) roughness on scanned areas of two different sizes 30 µm and 2 µm
(see Table 3.1).
RMS roughness depends on the technological conditions and the area of study. According
to the hypothesis made in the publication, small particles filled the pores and decreased
the local roughness, while larger areas contain the larger micrometre-size Ni aggregates
which increase the RMS roughness values. Pores might be the nucleation centres of Ni
aggregation, which could be ripened by the Ostwald mechanism and grown in <111>
crystallographic direction of the Ni seeds.
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Figure 3.6: SEM image of the surface of sample 2 (see Table 3.1) with a magnified Ni aggregation
area (a). The magnified area has magnification ×600 and yellow scale bar is equal to 50 µm;
2 × 2 µm AFM 3D-image of the surface morphology of sample 7 (see Table 3.1) (b); 2×2 µm
AFM 3D-image of the surface morphology of sample 8 (see Table 3.1) (c); and 30×30 µm AFM
3D-image of the surface morphology of sample 4 (see Table 3.1). The rectangle marks the first
type of formed structure (small islets) and the circle denotes the second type of formed structures
(large complex objects) (d).

The AFM data (Figure 3.6 (d)) provided support to the theory of Ni islets growing. Two
types of structures were revealed on the surface of pSi: small islets (first type islets,
rectangular in Figure 3.6 (d)) with a diameter ∼300 nm and height ∼40–50 nm, and large
complex objects composed of a low germ, with a diameter of approximately 2 µm and a
central stem with a height ∼200 nm (second type islets, circle in Figure 3.6 (d)). This
structure corresponds to the reported models of the initial stages of Ni
electrocrystallisation on amorphous substrates (Tochitskii and Fedosiuk, 2011).
According to the theory, the orientation of the Ni islets is in such a way that the closepacked plane of the Ni FCC lattice is predominant of the substrate cathode.
Publication II is one of the examples of combination of these two techniques for surface
investigation: SEM and AFM. Both methods provide data for structure analysis and
assuming theories of structure growing. Each investigation technique is significant in its
own way, and their combination might provide much superior result in scientific work.
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The working principle of a semiconductor gas sensor is based on the change of the
electrical conductivity of the metal oxide layer during gas chemisorption. Therefore, the
main purpose of the publication was about electrical properties of samples to reveal the
sensitivity for certain gases (isopropanol vapor in the Publication II) performed by
impedance spectroscopy.
The impedance of all samples in the presence of isopropanol vapor changed in
comparison to the impedance of the sample in the air. Figure 3.7 represents the Nyquist
diagrams for sample 9 (see Table 3.1) in air and in the presence of isopropanol vapor at
T=300 ֯C. Gas sensitivity might be described in two ways: on the basis of the real
component ratio SRe= ReZa/ReZg, and on the basis of an imaginary component ratio
SIm=ImZa/ImZg. ReZa is the real component of the complex impedance in air and ReZg is
the real component of the complex impedance in the presence of gas. ImZa is the
imaginary component of the complex impedance in air and ImZg is the imaginary
component of the complex impedance in the presence of gas. Calculation revealed that
the samples from second series (with ja=20 mA/cm2) were more sensitive to isopropanol
vapor. The real component of gas sensitivity varied in the ranges of 0.5–1.0 and 0.7–5.0
for the first and second series of samples, respectively. The imaginary component of gas
sensitivity varied in the ranges of 0.3–0.9 and 1.0–5.1 for the first and second series of
samples, respectively.

Figure 3.7: Nyquist diagrams in air and in the presence of isopropanol vapor for sample 9 with
simulated results (see Table 3.1).

Additionally, the data of impedance spectroscopy was compared to the equivalent
electrical circuit with help of EIS Spectrum Analyser software. The corresponding
equivalent circuit (Figure 3.8) can be explained as follows. The left loop (CGB–RGB) is
responsible for micro inhomogeneity at the border “conductive paste/sample,” whereas
the parallel-connected elements RV and CPEV are responsible for the bulk conductivity of
the pSi skeleton.
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Figure 3.8: Equivalent electrical circuits for the samples (see Table 3.1), the CPEV–RV circuit
represents the bulk grain of the material (pSi skeleton), CGB–RGB represents the grain boundaries.

The SQUID magnetometer measurements were performed as supportive investigation.
The magnetic field dependences of the magnetization of samples 5 and 11 (see Table 3.1)
in the figure 3.9 show clear hysteresis at 3 K. The coercivities values (270 Oe and 635 Oe
for samples 5 and 11, respectively) reveals the ferromagnetic nature of the material
originated from the Ni particles. The saturation magnetization was found not exceeding
1.6·10–3 emu/g. Using the saturation magnetization of pure nickel mSat=58.27 emu/g
(Danan, Herr, and Meyer, 1968) the amount of precipitated Ni can be found to be not less
than 0.27 µg per 19 mg for sample 5 and 0.7 µg per 26.5 mg for sample 11. Hence, the
supportive measurement showed, that more Ni was precipitated on the pSi samples
prepared with a higher current density (ja=20 mA/cm2).

Figure 3.9: Magnetic field dependences of magnetization of sample 5 and 11 (see Table 3.1)
measured at 3 K.

3.3 Finemet investigation
FINEMET is nanocrystalline soft magnetic material. Its first mention is found in
Yoshizawa, 1988 after its invention by Hitachi materials Ltd in 1986. FINEMET
abbreviation was chosen due to their “FINE” magnetic properties and “METal” phase
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structure (Hono et al, 1992; Hono, 2002; Maslov et al, 2001; Yoshizawa, Oguma, and
Yamauchi, 1988).
Researchers are mainly focusing on the FINEMET’s composition Fe-Cu-Nb-Si-B. The
ultrafine grain structure is based on the amorphous alloy of Fe-Si-B. An addition of Cu
allows to decrease the crystallization temperature and, therefore, Cu acts as nucleation
sites for crystallization. However, Cu alone could not provide the desired features of the
material. It was found that the Nb additives were able to retard the grain growth (Hono et
al, 1992). These together allowed to obtain the excellent soft magnetic properties (Hono,
Inoue, and Sakurai 1991).
The original composition of FINEMET was Fe73.5Cu1Nb3Si13.5B9. The compositions
around original one Fe74Cu1Nb3Si13–16B6–9 still demonstrate the best soft magnetic
properties. They are even comparable with Permalloys and Co-based amorphous alloys
by their properties (Herzer et al, 2005). Figure 3.10 shows the position of FINEMET
among other soft magnetic alloys. It is visible, that FINEMET has the highest
combination of permeability and saturation flux density among the presented materials
(Gheiratmand and Hosseini, 2016; Hitachi Metals, 2007).

Figure 3.10: Relationship between relative permeability and saturation flux density of various
soft magnetic materials. Adapted from (Hitachi Metals, 2007).

The importance of soft magnetic materials in everyday life is significant. Especially, these
materials can be used in mobile phones, noise reduction devices, computer hard disks,
electric motors, transformers, and highly sensitive magnetic field detectors (Diercks et al,
2020; Mikhalitsyna, E. A. et al, 2016; Mikhalitsyna, E. A. et al, 2020; Moulin et al, 2011;
Périgo et al, 2018; Prida et al, 2003; Vazquez et al, 1999).
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This chapter of the doctoral book considers the FINEMET materials with composition in
the range of initial FINEMET’s composition (see aforementioned). The results of two
publications III and IV are described in this chapter.
Both publications III and IV consider thin films synthesized by means of ion-plasma
sputtering of specific target onto a borosilicate glass (Wilmad LabGlass©). The sputtering
was carried out in the presence of the 99.987% argon atmosphere with pressure of
10 – 3 Torr. Technical magnetic field of 100 Oe applied in the film plane. The base
pressure in the sputtering chamber was of 10 – 6 Torr. The substrate temperature during
the deposition was in the range of 40 – 50 °C.
After sputtering the films’ structure was modified by heat treatment implemented in the
sputtering chamber. Film modification was performed at the temperature of 350, 400 and
450 °C for 30 minutes. The pressure in the chamber and the magnetic field conditions
remained same as during deposition.
Thus, a series of thin films of Fe73.9Cu1Nb3Si13.2B8.9 with thicknesses of 10, 50, 100 and
200 nm (Paper III) and thin films with thickness of 200 nm with nominal composition of
Fe73.5Nb3Cu1Si13.5B9 (Paper IV) were synthesized. The films’ thicknesses were verified
by height difference between the film and the substrate using Dektak 150 Stylus
Profilometer.
Both publications used XRD for structure characterization of the samples. The Bruker D8
Discover diffractometer with the Cu-Kα radiation (λ=1.5418Å) was used to identify the
samples´ microstructure. The measurements were taken in the 2θ angle range from 10 to
120 ° for Publication III and from 10 to 125 ° for Publication IV at the room temperature.
Both publications used the Sherrer´s formula, described in the 3.1.
Figures 3.11 and 3.12 present the XRD patterns of 200 nm thin films in Publication III.
The large halo in the small angles range corresponds to the signal from the substrate. It
was found that the films in the as-prepared state and annealed at 350 and 400 °C were in
the roentgen-amorphous state (Figure 3.11). The presence of crystalline phase (α-FeSi)
was identified in samples annealed at 450 °C (Figure 3.12) by the peak at the angle
2θ=45°. The Scherrer´s formula usage allowed to estimate the average size of
nanocrystalline particles. Their size was valued of 16±6 nm.
Analogous result was obtained for Publication IV. The XRD patterns for Publication IV
are presented in Figure 3.13. The structure of the films in as-prepared state can be
considered as amorphous. It is visible from XRD patterns that the crystallization starts at
the annealing temperature of about 420 °C. The size of crystalline grains of about 16 nm
was estimated by the same Scherrer´s equation. XRD patterns revealed the increase of
crystalline phase with increase of annealing temperature, while the grains size was not
affected. The crystalline phase coexisting with the amorphous matrix was observed after
the heat treatment at temperatures of 420 and 450 °C. However, the heat treatment at
500 °C resulted to a fully crystallized film.
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Figure 3.11: XRD patterns of 200 nm films in the as-prepared state (raw experimental data in
black and processed in red). (Publication III)

Figure 3.12: XRD patterns of 200 nm films after heat treatment at the T=450 °C for 30 min (raw
experimental data in black and processed in red). (Publication III)

The hysteresis properties of the films at room temperature were investigated by means of
a magneto-optical Kerr effect (MOKE) using microscope Evico Magnetics GmbH. The
magnet field was applied along easy magnetization axis (EMA) and hard magnetization
axis (HMA) for Publication III, and along only EMA for Publication IV. The hysteresis
loops were analysed taking into account the XRD data for the films.
Thin films before crystallization (Figure 3.14 (a) – (c)) are characterized by a soft
magnetic behaviour with in-plane magnetic domains. The films in as-prepared state
demonstrates induced magnetic anisotropy. The induced anisotropy is decreasing with
the increasing of the annealing temperature and disappear for the film annealed at 450 °C
(Figure 3.14 (d)). This can be explained by the internal stresses’ relaxation.
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Figure 3.13: XRD patterns of 200 nm films in the as-prepared state and after heat treatment at
420, 450 and 500 °C for 30 min. (Publication IV)

Figure 3.14: MOKE hysteresis loops along easy and hard magnetization axes (EMA and HMA,
respectively) of the 200 nm films in the as-prepared (a) and after the heat treatment at 350 (b),
400 (c) and 450 °C (d). (Publication III)

The magneto-optical hysteresis loops for the films in Publication IV are presented in the
Figure 3.15. The coercivity increase is not linear with the change of the annealing
temperature. The film at as-prepared state has amorphous structure characterized by large
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internal stress. The annealing at 350 °C resulted to the increase of the coercivity and the
shape of the hysteresis loop become less rectangular. It might be related to the relaxation
of internal stresses. The films annealed at a subsequent temperature 400 °C demonstrated
a decrease in the coercivity. At the annealing temperature of 400 °C the films structure
can be characterized by phase fluctuation as the films are on the stage of the onset of
crystallization. However, the coercivity increased dramatically for the films after heat
treatment at 450 °C. This happened because of crystallization. The magnetization
reversal process become difficult. This led to the loss of the loop squareness and the
coercivity increase.

Figure 3.15: MOKE hysteresis loops along EMA of 200 nm films in the as-prepared state and
after annealing at 350, 400 and 450 °C. (Publication IV)

The main investigation method by the Author was AFM and MFM. The microscopy
investigations were performed on the SPM Multimode 8 (Bruker©, USA). The MFM
mode is based on the two-pass technique (see chapter 2.2). A special probe with magnetic
CoCr coating was used for scanning. The tip´s approximate radius is 40 nm and spring
constant is about 5 N/m. The scan area was 10×10 µm2 with resolution 512×512 pixels
and the scan rate 0.150 Hz. The second pass (magnetic phase contrast) was done in the
lift mode. The height of the second pass scan was about 80-100 nm. The scans were
performed in the presence of external magnetic field of 180Oe directed out-of-plane
from the sample surface.
In paper III, the thin films of different thicknesses (10, 50, 100 and 200 nm) annealed at
different temperatures (350, 400 and 450 °C) were studied on MFM. The AFM in
cooperation with supportive method of investigation (XRD) revealed that the heat
treatment at the temperature of 450 °C resulted to the crystallization and formation of the
grain-like structure. The grains diameter is about 60-90 nm and grains height is about
7 - 10 nm. The increase of RMS roughness (from 1.6 nm to 4.1 nm) was found with
increasing of the annealing temperature.
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The investigation revealed that the 200 nm thick film shows the magnetic contrast only
after annealed at 450 °C (Fig. 3.16 (a)-(d)). Figure 3.16 (d) shows the uniform contrast
areas with 300-600 nm width and 10 µm length. These areas can be correlated with the
extension of the magnetic correlation region. Moreover, it can represent stochastic
magnetic domain structure with inhomogeneous distribution of magnetization.

Figure 3.16: Topography (a, c) and magnetic contrast (b, d) of the 200 nm films after the annealing
at 400 °C (a, b) and 450 °C (c, d). (Publication III)

In addition, the films annealed at 400 °C have a lower coercivity in comparison to the
films annealed at 450 °C. Therefore, the magnetic structure of the first films could be
affected by the magnetic field of the probe. Thus, the sample annealed at 450 °C has a
clearly greater value of coercivity.
The samples annealed at 450 °C expose stochastic domains structure. The investigation
of films with different thicknesses annealed at 450 °C were performed (Figure 3.17). The
result of crystallization process is presented as the grains on the samples’ surfaces. The
grains size increases from 60-90 nm up to 300 nm with the decrease of film thickness.
The topography of the very thin films (10 and 50 nm) might be affected by the glass
substrate irregularities (prolonged and repeatable irregularities). Moreover, the structural
transformation in the direction perpendicular to the film plane might be restricted with
the film thickness.
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Figure 3.17: Topography (a1-d1) and magnetic contrast (a2-d2) data of the films with thicknesses
of 10 (a), 50 (b), 100 (c) and 200 (d) annealed at 450 °C. (Publication III)
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Additionally, it is visible that the domains become thinner when decreasing the thickness.
It is possible to conclude that the size of heterogeneous magnetic contrast areas depends
on the thickness decrease. The magnetic correlations might decrease with reduction of
the thickness.
Paper IV describe the investigation of the films with 200 nm thickness after heat treatment
at different temperatures (350, 400 and 450 °C) by the same methodology as in Paper III.
The MFM revealed magnetic microstructure in the form of inhomogeneities in the
magnetic phase channel as well as in the above-mentioned results. Comparison of films
with the same thicknesses and different heat treatment temperatures revealed that the thin
films with composition Fe73.5Nb3Cu1Si13.5B9 exhibit the best soft magnetic properties
after annealing at 400 °C.
A magnetic properties measurement system MPMS XL7 was used to obtain temperature
dependences of magnetization, M(T), and magnetization curves, M(H). The temperature
dependences M(T) was measured in applied magnetic field of 100 Oe. The magnetization
curves M(H) were obtained at the room temperature in the field of up to 50 kOe.
Paper IV used the approach developed by V.A. Ignatchenko, R.S. Iskhakov and S.V.
Komogortsev (Herzer et al, 2005; Prida et al, 2003; Vazquez et al, 1999) based on the
analysis of the random anisotropy model (RAM) (Herzer, 1991) and the law of approach
of magnetization to saturation (LAMS) (Akulov, 1931). Using this models it was possible
to estimate the relationship between the nanocrystalline structure and magnetic properties
and the magnetic microstructure parameters such as: local magnetic anisotropy field (Ha),
magnetic anisotropy correlation radius (RC), averaged magnetic anisotropy field (<Ha>L)
and ferromagnetic correlation radius (RL).
In the random anisotropy model (RAM) the magnetic microstructure in disordered
magnets is investigated by the competition between fluctuating local magnetic anisotropy
and exchange interaction. As a result, the regions of ferromagnetic ordering are formed
and characterized by a finite ferromagnetic correlation length (RL). According to the law
of approach of magnetization to saturation (LAMS), above a certain critical field HR, the
field dependence in the region of approaching of magnetization to saturation obeys the
Akulov law M~H-n. Here n<2 and depends on the spatial dimension of the random
anisotropy axes distribution. The law of approach of magnetization to saturation LAMS
can be written as
𝑀𝑧
⁄𝑀 ≈ 1 − 𝑑𝑚 (𝐻).
𝑆

(1)

Here dm(H) is dispersion of the transverse component of magnetization. Mz and MS are
average magnetic moment in z-direction and saturation magnetization correspondingly.
The following relations determine the field dependence of the dispersion of magnetization
in the approach of magnetization to saturation region
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Where a is symmetry coefficient (Iskhakov and Komogortsev, 2011), HR is correlation
field corresponding to the change of dm(H) type and containing information on RL and RC,
and d is the dimension of the magnetization correlations.
According to the RAM the magnetization process is closely related to the average
anisotropy (KL) averaged over the region of ferromagnetic correlation radius RL. The
influence of the films structural state on their magnetic microstructure can be analysed
within the framework of the RAM. This analysis requires the values of the exchange
parameter A, anisotropy constant K and magnetic anisotropy correlation radius RC. RL and
KL are determined by the expressions
2𝑑

𝑅𝐶 4−𝑑
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Anisotropy constant K can be estimated by means of LAMS. For this purpose, we
measured for 200 nm film the temperature dependences of the magnetization and the
curves when approaching the saturation magnetization of the films. (Figure 3.18 (a, b)).
The magnetization curves were rearranged in double logarithmic coordinates in the form
of the dependence of the dispersion of magnetization dm on the magnetic field H. This
rearrangement allows to determine the parts of curves corresponding to the theoretical
power dependences of the dispersion of magnetization on the magnetic field
(Figure 3.18 (c, d)).
In Figure 3.18 (c) the presented dm(H) dependences can be divided to low and high field
areas. In low-field part of the curves (up to 200 Oe) is visible significant dependence of
the magnetization process on the heat treatment conditions. The magnetization process in
this field area is affected by small changes in the films’ microstructure. A similar
character of the curves in the field above 1 kOe can be observed for films in the initial
and annealed at 350 °C states. This indicates the presence of similar local magnetic
microstructural parameters. Structural changes in the film annealed at 400 °C are
associated with almost complete relaxation of internal stresses and the beginning of the
formation of precursors of the crystalline phase. A rapid decrease in the dispersion of
magnetization was observe in the high-field region of the curve because of such a relaxed
structural state. After the heat treatment at 450 °C, a difficulty of a decrease in the
dispersion of magnetization was observed. It can be explained by an increase in local
magnetic anisotropy.
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These dependences allow to characterize the structural and magnetic correlations and
analyse the processes occurring in the thin films during preparation and heat treatment.
As a result, the magnetic microstructure parameters were determined (Table 3.2).

Figure 3.18: M(T) (a) and M(H) (b) dependencies, dm dependence in log-log coordinates (c), an
example of search of the curve parts corresponding to the power regimes (d).
Table 3.2: Parameters of the magnetic microstructure of Fe73.5Nb3Cu1Si13.5B9 films with
thickness of 200 nm.

State
of sample
As-prepared
350 °C
400 °C
450 °C

RC (nm)
2.7
2.8
2.9
3.1

K
(106 erg cm-3)
1.7
1.5
1.1
1.8

RL (nm) (KL)
(106 erg cm-3)
160
3.6
200
2.5
365
0.8
190
3.8

With increasing of the annealing temperature up to 400 °C, the structural changes are
accompanied by an increase in the correlation radius of the local anisotropy axes,
saturation magnetization, exchange parameter, magnetic correlation radius, and a
decrease of the local and average magnetic anisotropy constants. The most drastic change
in the parameters of the structure and magnetic microstructure of the film occurs after
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heat treatment at 400 °C. According to Figure 3.15, hysteresis loops with the best
magnetic properties with the smallest value of the coercivity are in the films annealed at
400 °C. The structural state of this film is not defined. However, it can be assumed that
complete stress relaxation and the onset of the crystallization process characterize the
films’ structure.
The crystallization occurs after heat treatment at 450 °C. This leads to a noticeable
increase in the exchange parameter and the local anisotropy constant, and the saturation
magnetization decreases. This consequently leads to a sharp increase in the magnetization
dispersion (see Figure 3.18 (c)) in the fields below 1 kOe.
Based on the analysis of the magnetic properties and the data in Table 3.2, it is visible
that the greatest value of ferromagnetic correlation length (RL) corresponds to the smallest
value of coercivity. This means that the process of magnetization reversal is easier in the
larger area, where the averaging of the local anisotropy axes occurs.
Figure 3.19 (a, b) presents the surface topography and the image of the magnetic contrast
of 200 nm film annealed at 450 °C with the similar composition as used in the previous
publication (Publication III). This was done to compare these two compositions: one
composition’s data is presented in the Table 3.2 and the second composition data is
visualized in Figure 3.19 (c). Regions of homogeneous contrast on MFM images can be
correlated with the length of the magnetization correlation region. It can be assumed, that
the whole image represents a stochastic magnetic domain structure. The correlation length
was calculated from MFM image (Figure 3.19 (c)). It has anisotropic nature, which is
typical for polycrystalline films (Hoffmann, 1964). The size of the correlation regions is
larger than the films’ thickness. This might impose some additional anisotropy on their
shape along the direction perpendicular to the film plane. The mean correlation length
𝑜𝑦 −

1

was estimated as 𝑅𝐿 = (𝑅𝐿𝑜𝑥 ∙ 𝑅𝐿 ) 2 . The obtained value was about 400 nm. This is in
order of magnitude consistent with the correlation length determined using LAMS and
RAM.

Figure 3.19: AFM (a) and MFM (b) images and correlation length images (c), calculated from
MFM images, of 200 nm film.
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3.4 Investigation of Heusler alloys
F. Heusler reported in 1903 about possibility to create ferromagnetic alloy from nonferromagnetic constituents Cu-Mn (copper-manganese) bronze and elements from
transition metals such as Al (aluminium) and Sn (tin) (Webster, 1969). Therefore,
compounds/alloys are name for ternary stoichiometric intermetallics with the general
formula XYZ (called half Heusler) or X2YZ (full Heusler), in which X and Y are usually
transition metals and Z is a main group element. Nowadays nonstoichiometric ternary
compounds (for instance, quaternary: doped with extra metal or metalloid elements) are
also named Heusler alloys. Heusler alloys exhibit a wide variety of magnetic, electrical,
optical, and mechanical properties depending on composition. This makes these materials
very promising for applications. Review (Graf, Parkin, and Felser, 2011) considers
several types of Heusler alloys and their applications. Heusler compounds have potential
in the following possible applications: spintronic devices (e.g. magnetic tunnel junctions),
giant magnetoresistance devices, thermocouples, superconductivity, shape memory
alloys, and many others. The magnetocaloric effect (MCE) and martensitic structural
transition (MST) are considered as the most important features of the Heusler alloys.
The magnetocaloric effect (MCE) is defined as a reversible, magnetic-field-induced
temperature change on a material. This effect was observed firstly in pure iron by
E. Warburg in 1881. William F. Giauque formulated one of the first applications of the
MCE in the adiabatic demagnetization of paramagnetic salts to achieve temperatures
below one Kelvin. The actual experiment was carried out in 1933. It resulted in the Nobel
Prize in Chemistry in 1949. The MCE was primarily applied in low-temperature physics.
In the mid-1970s Brown developed a near-room temperature magnetic refrigerator. It
exploited MCE phenomenon in metallic gadolinium. However, other working materials
were considered as well.
The interest in magnetocaloric materials has expanded since the first mention. Moreover,
(Liu et al, 2012) represented Ni-Mn-In-based alloys as very promising MCE materials.
Indeed, the Heusler alloys based on Ni-Mn-In do not contain rare-earth metals and are
environmentally friendly. Moreover, it is possible to utilise both normal and inverse MCE
in a Carnot cycle. Additionally, the required technical parameters can be adjusted by
enhancing the MCE of quaternary alloys. Titov et al (2012) showed as an example the
possibility to obtain reversible MCE despite of thermal hysteresis. These features help
this type of alloy be competitive with the giant MCE materials.
MST is a result of a simultaneous change of the structure and magnetic state of the
material. Generally, there is a first-order phase transition from high temperature austenitic
(AP) to low-temperature martensitic phase (MP). This transition is called martensitic
transition (MT). Some Ni-Mn-In alloys have quite large diversity and inhomogeneity in
the magnetic states of AP and MP. Additionally, in some cases it is possible to induce the
MST by an external magnetic field. Unfortunately, the mechanisms responsible for the
MST in Ni-Mn-In based alloys are not yet understood. These alloys have a delicate
balance between electronic, ionic, vibration, and magnetic energies in the vicinity of the
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MST. Therefore, the properties of the Ni-Mn-In based alloys are very sensitive to changes
of intrinsic and extrinsic parameters. The intrinsic parameters are chemical composition,
type of crystal structure, and type and volume fraction of the extra doping elements. The
extrinsic parameters are fabrication techniques and conditions, annealing temperature,
applied magnetic field, pressure, rate of heating and cooling, sequence of measurements,
and cycling. The sensitivity to intrinsic and extrinsic parameters makes the Ni-Mn-In
based alloys very promising to obtain desired properties at ambient temperatures and at
accessible magnetic fields. However, the search of the desired properties is challenging.
The alloy based on Ni-Mn-In has become the most widely acclaimed type of Heusler
alloy. It has the highest probability to exhibit a sharp magnetostructural phase transition
near room temperature. The addition of the fourth component can significantly affect the
alloy´s properties (Zhukov 2016). Thus, addition of antiferromagnetic material
(chromium in the case of Publication V) can decrease the electrical resistivity of the
material and improve the magnetocaloric output.
Publication V describes the study of the polycrystalline samples of Ni48Mn37In13Cr2. The
samples were fabricated with arc melting technique with repeating melting at least seven
times in argon atmosphere. Then the samples were annealed in vacuum of 10-4 Torr at the
temperature 850 °C and following cooling in water. The samples were polished with
water after cutting and grinding to protect from extensive reheat. The polishing was
carried out on station EcoMet 250 (Buehler, USA) by abrasive paste (~250 nm inclusions
of diamond crystals). The detailed process of the growth and polishing technique is
described in (Titov, 2015).
The samples were studied by XRD, SQUID magnetometry, and AFM and MFM. The
XRD phase analysis presented in Figure 3.20 showed the presence of both martensitic
and austenitic phases at room temperature. This correlates with earlier studies of the
similar type of the Heusler alloys. The lattice parameters of the crystal were calculated:
cubic lattice acube=5.94 Å, and for tetragonal lattice atet=5.70 Å and ctet=6.40 Å.
The temperature dependences of magnetization were studied using SQUID (Cryogenic
R-S700X, UK). The temperature dependence was measured for a big gram-weight sample
with an applied magnetic field of 50 Oe in the temperature range from 240 to 400 K
(Figure3.21). Figure 3.22 presents the magnetization dependence for smaller sample
(milligram-weight) under 180 Oe magnetic field in the temperature range from 250 up to
388 K. It is visible that the martensitic transition takes place at different temperatures
(difference is around 10 K) in different applied magnetic field and different samples’
sizes. Figure 3.22 shows the temperatures for start point of transition to MP MS = 317 K
and it’s finish point MF = 297 K. Small sample reaches (Figure 3.22) the austenitic phase
in temperature lower, than in figure 3.21. Therefore, almost all austenitic phase appears
to be already paramagnetic.
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Figure 3.20: XRD spectra for the Ni-Mn-In-Cr alloy.

Figure 3.21: Temperature dependence of magnetization for the Ni-Mn-In-Cr alloy under 50 Oe
for big gram-weight sample.

Topography and surface magnetic properties analysis were performed on Bruker
Multimode 8 station (Bruker, USA). This study became possible solely due to the highend polishing of the sample. In fact, the visualization of the magnetic morphology with
MFM technique requires specific sample preparation. Even the topography of samples
before polishing could be hardly observed. The step of polishing permitted to justify the
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level of roughness up to the accuracy of few nanometres per scan size 10×10 µm. This
gave possibility to reveal separate magnetic domains within the smooth near surface layer
of the alloy.

Figure 3.22: Temperature dependence of magnetization for the Ni-Mn-In-Cr alloy under 180 Oe
for small milligram-weight sample.

The samples topography and magnetic contrast were obtained in the external magnetic
field of ~180 Oe using the Tapping mode of the microscope with specific probe MFMV
(Bruker, USA) with magnetic CoCr coating. The main parameters of the probe are
following: the resonant frequency is 75 kHz, the spring constant is 2.8 N/m and the tip
radius is ~40 nm. MFM revealed the homogeneous spreading of the magnetic domains
on the entire surface. The images were taken at room temperature with size of
100×100 µm for better understanding of behaviour of the magnetic domains. The scan
areas 20×20 µm are presented in Figure 3.23. The width of magnetic domains is
approximately 1 µm. The size of domains was not limited by scanning resolution, because
the tip radius, mentioned above, and lift scan height were ~40 nm.
The measurements with heating were carried out in specialized gas cell (Bruker, USA)
with room air. This chamber was heated by the preinstalled thermal application controller
CLS200 (Watlow, USA).
It is necessary to mention, that MFM measurements are based on the probe’s resonant
oscillations during each scanning/tapping pattern. Typically, the elastic strength of the
probe’s material decreases under the heating. This leads to the shift of the resonance peak
position to the lower values. Moreover, the height of the resonance peak decreases as
well. This relates to the fall of resonant oscillations in arbitrary units (Arb). Additionally,
the decline of the probe’s stiffness affects the shift of the resonance frequency peak. This
effect is partly compensated by decreased density of the heated ambient air. Smaller
density of air causes the strengthening of the oscillations.
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Figure 3.23: Topology (Height) and Magnetic map (Phase) of the Ni-Mn-In-Cr sample for scan
area 20x20 μm.

The described measurements were performed firstly to obtain the features of the probe’s
behaviour. The average view of the resonance peak of the SPM peak is presented in
Figure 3.24 with the schematic change of it under heating. The change of the peak
followed the criterion ~60 Hz/K and ~1.5% Arb/K.

Figure 3.24: Schematic of the change of resonance peak of SPM probe observed during thermal
cycle.

After the preparatory work we made scanning of the same 7x7 μm area of the sample.
The thermal drift was compensated/controlled by scanning of an enlarged sizes of all
subsequent images. The heating cycle was performed with following temperatures 25-3545-50-55-60-70-50-35 °C. The temperatures were chosen to catch the exact moment of
phase shift. A clear change of the domain structures became visible for selective
temperatures presented in Figure 3.25 (25-35-55-70-35 °C). Comparison with SQUID
results allowed to observe the difference in the temperature of the phase transition on the
sample’s surface. The bulk material experiences the phase transition at ~5 °C higher
temperature than the sample’s surface. Such phenomenon was reported earlier (Horáková
et al, 2016). Furthermore, a change in the domains’ position with heating was registered.
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This is visible in Figure 3.25 with consecutive temperatures. It was assumed that
mechanical stresses during the grinding/polishing have persisted within the solid material.
They were concentrated in proximity to the scrapings caused by the diamond particles in
polishing suspension. It is possible that crystal structure experienced change near edges
which appeared during polishing. Thus, these centres captured additional tension energy.
Therefore, they tended to release it and this energy release is associated with the lower
temperature of the phase transition. Domains disappeared above the Curie temperature
(TC≈320 K) and appeared again with sample’s cooling in external field of ~180 Oe.

25°C

35°C

55°C

70°C

35°C

Figure 3.25: Sequence of thermal MFM study represented as 25-35-55-70-35 °C. All MFM Phase
images are presented for the same scanned area of 7x7 μm.
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The studied magnetic domains were expected to represent the mixture of martensitic and
austenitic phases. Surprisingly, the observed magnetic domains had the boundaries in new
locations. Therefore, it was possible to conclude, that the magnetostructural transition has
been visualized by MFM for the first time.
In Publication VI Inverse Mn2FeSi Heusler alloy was investigated. The Mn-Fe-Si-based
alloy is related to so-called half-metals. They are X2BZ materials, where X and B are
transition metals and Z is an sp element. This composition allowed to have half-metallic
ferromagnetism. These systems are very promising for spintronics as the half-metallic
ferromagnetism determines the spin polarization at the Fermi level. Moreover, MP
transition leads to magnetic shape memory effect, magnetic superelasticity, giant MCE,
and giant magneto resistance.
The Mn-based Heusler alloys show the diversity and unique properties (Chatterjee et al,
2008; Dubenko et al, 2009; Krenke et al, 2006; Leitão et al, 2012). Therefore, it is the
particular interest to investigate Mn-based alloy to better understand the mechanisms
responsible for their behaviour and features and to find the way of their implementation
in new technologies. Thin films can be an outstanding basis to study various properties
of magnetic and structural phases. Additionally, magnetic Heusler alloys with MT were
fabricated in the form of thin films only in a few works (Hakola et al, 2004; Niemann et
al, 2010; Novikov et al, 2017; Sokolov, A. et al, 2013; Sokolov, A. et al, 2016).
Publication VI considers the inverse Heusler alloy based on Mn2FeSi.
It was possible to create thin films of Mn2FeSi Heusler alloy with various types of
magnetic-structural instabilities. Thin films synthesized under various conditions
demonstrated the following transitions: temperature-induced magnetic–structural
transition at TM (type I), magnetic–structural transformations at TM, first-order
premartensitic transitions near TM (type II), and temperature-stable ferromagnetic
austenite (type III). The last type of the phases (ferromagnetic austenite (type III)) might
be out of interest for spintronics due to half-metallic behaviour of Mn2FeSi alloy predicted
in (Skaftouros et al, 2013).
The sample fabrication started with the preparation of the substrates. The substrates were
cleaned by the standard RCA method before sputtering: 10-min isopropyl alcohol bath,
washing in deionized water, 10-min acetone bath, final washing in methanol, and drying
with a nitrogen gun. Thin films were fabricated by simultaneous joint sputtering and
sequential magnetron sputtering of materials on MgO〈001〉 and Si〈100〉 substrates at
various temperatures using three ion guns. The sputtering system was equipped with
commercially available targets with 3N purity manganese (Mn), iron (Fe) and silicon (Si)
targets. The targets were preliminarily sputtered in high purity argon (Ar) for 5 min. The
pressure of Ar in the chamber was 5 mTorr during sputtering process. To achieve the
stoichiometric composition (Mn2FeSi) of the inverse Heusler alloy the targets were
confocally aligned. Additionally, power supplies were used and adjusted to sputter
targets: a microwave power supply for Si target sputtering and DC power supply was used
to sputter Mn and Fe targets. The required film composition was achieved by calibration
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of the deposition rate for each element (about 2.7 nm/min). The variation of the substrate
temperature during deposition permitted to form various structures in the samples.
Three types of samples were obtained. The films of types I and III were synthesized by
joint sputtering onto MgO and Si substrates at T=300 °C. Then they were annealed in
ultrahigh vacuum at T=600 °C for 1 h (Type I) and 3 h (Type III). The type II films was
synthesized by sequential sputtering onto Si substrate at room temperature and following
annealing at T=600 °C for 1 h. The samples fabrication finished with the calcination of
the samples at T=600 °C for 15 min in a high vacuum sputtering chamber. The pressure
was maintained at the level of 2 × 10-9 Torr. Some synthesis parameters of thin films are
presented in the Table 3.3 including films main characteristics.
Table 3.3: Some synthesis parameters and the main characteristics of the thin Mn2FeSi films

Type
Substrate
of film 〈hkl〉

Deposition
conditions

I

Joint sputtering at
600°C 1 h
300°C (573 K)
Sequential
600°C 3 h
sputtering at 300 K
Joint sputtering at
600°C 3 h
300°C (573 K)

II
III

MGO
〈001〉
Si
〈100〉
Si
〈100〉

Annealing
In situ

Cubic
lattice Thickness,
parameter
at nm
300°C, Å
5.94
5.70
5.65

54
37
14

A high resolution Rigaku Smart Lab X-ray diffractometer was used to study the
crystalline structures of the films and their thicknesses. The diffractometer was equipped
with a Ge (220) crystal monochromator to form monochromatic CuKα1 radiation. XRD
and X-ray reflectometry (XRR) for the samples were used.
The X-ray diffraction patterns of the films of types I, II, and III are presented in the
Figure 3.26. All sample demonstrated the diffraction peaks which can be identified as the
peaks of the cubic AP. It was detected that all samples are crystalline. The sample of the
type I has the preferred 〈001〉 orientation. However, the sample of type III has very
low volume of the crystalline fraction of the Mn2FeSi alloy. The cubic lattice parameter
was found to be in the range of 5.94–5.65 Å for the films’ types I, II, and III.
The film thicknesses were estimated in accordance with the technique from Björck and
Andersson, 2007 and Parratt, 1954. It is possible to calculate film thickness t using XRR
with the formula 2θm + 1 – 2θm ≈ λ/t, where the left-hand side is the difference between 2θ
angles for reflection peaks m and m + 1 and λ is the X-ray radiation wavelength (Birkholz,
2005). Figure 3.27 shows the XRR data used for films’ thickness analysis. The samples
of types I, II, and III were found to be ~ 54, 37, and 14 nm thick, respectively.
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Figure 3.26: XRD patterns of the Mn2FeSi thin films deposited at T = 300 K for the samples of
type I. XRD patterns of type-III (inset, a) and type-II samples (inset, b).

Figure 3.27: XRR patterns of the thin films of three types used to calculate film thickness t.

The measurements of thermomagnetic M(T) curves were performed on Quantum Design
SQUID magnetometer and presented in the Figure 3.28 (a-c). The dependences M(T)
were obtained in two regimes. The first one is FCC: samples were cooled and heated in a
magnetic field H=500 Oe. The second regime is ZFC: the samples were cooled to T=10 K
in the zero-field. The hysteresis loops M(H) were used to estimate the exchange bias HEB.
The hysteresis loops were recorded at T=10 K after samples’ cooling from T=380 K to
T=10 K in a magnetic field of 500 Oe (FCC regime).
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Figure 3.28: (a–c) ZFC and FCC (H = 500 Oe) temperature dependences of the magnetization of
Mn2FeSi films. (d) Magnetization isotherms of the samples of types I and III at T = 10 K upon
cooling from T = 380 K to T = 10 K in a magnetic field H = 500 Oe (FC regime).

The magnetization data revealed that type I samples demonstrated the behaviour which
is characteristic for nonstoichiometric Ni-Mn-In-based Heusler alloys (Figure 3.28 (a)).
A hysteresis in temperature dependence is observed for these samples at T=225 K. This
is characteristic of temperature-induced MST. The structural changes with temperature
can be described as follows: a ferromagnetic martensitic structure (T<𝑇𝐶𝑀 ), a martensitic
low-magnetization structure (𝑇𝐶𝑀 <T<TA), a ferromagnetic austenitic structure
(TA<T<TC), and a paramagnetic austenitic structure (T>TC). Temperature TA and TM are
presented in Figure 3.28 (a). The M(T) curve shows the small additional bending near T1.
This might be related to a insufficient amount of an undetected ferromagnetic impurity.
The clear splitting of the ZFC and FCC curves below TB is typical for a bulk Ni-Mn-Inbased alloys in the exchange bias temperature range (Dubenko et al, 2009).
The samples of type II demonstrated two temperature induced first-order phase transition
(Figure 3.28 (b) TM/TA and TPM/TPA). The nature of the high-temperature premartensitic
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transition requires further study in detail. However, preliminary assumption can be done
from the experimental results. The MT between two ferromagnetic phases (the cubic and
tetragonal ones) can cause this behavior. It is similar to the transition detected in an
Ni2MnGa Heusler alloy near TM (Khan et al, 2004).
Remarkably, both samples’ types I and II consist of the cubic AP above TM, but the TC
values for them are significantly different (Figure 3.28 (a, b)). This difference can be
related to the films’ preparation on different substrates. Different substrates could cause
deviation from the composition and the formation of various cubic structures (L21 ordered
or B2 or A2 disordered structures) in the samples. The films of the type III demonstrated
a monotonic decrease in the magnetization. This decrease can be caused by the
contribution of the Mn2FeSi cubic AP. This phase is thermally stable crystal structure at
T≤400 K with TC>400 K (Figure 3.28 (c)). Additionally, the films’ type III demonstrated
the weak changes in the magnetization in the temperature range 300-350 K analogously
to the samples’ type I. The possible cause of the described phenomenon might be the
change of ferromagnetic structure into a noncolinear one or to a low content of a
ferromagnetic impurity.
The low-temperature magnetization isotherms for samples’ types I and III are presented
in Figure 3.28 (d). The isotherms were obtained upon cooling to 10 K at applied field
H=500 Oe. An exchange bias (hysteresis loop with bias) is detected at HEB≈1 kOe
(Figure 3.28 (d)). The exchange bias is based on the structural and magnetic heterogeneity
induced by the MST (see Figure 3.28 (a, b)). The samples of type III showed no exchange
bias and the classical behavior characteristic of a collinear ferromagnetic AP.
Surface topography and a magnetic domain mapping was performed by AFM and MFM
(MultiMode 8, Bruker, USA). A specific MFMV probe with magnetic CoCr coating was
used for the measurements. The main parameters of the probe are following: resonance
frequency of about 75 kHz, stiffness of 2.8 N/m, and tip radius of about 40 nm. The
analysis of the surface topography and magnetic domain mapping was carried out using
two-pass technique described in the part 2.2 of this doctoral thesis. In this technique first
the surface topography is recorded in the first pass (semi-contact mode of AFM) and
magnetic map is recorded in the second pass. The probe is 80 nm above the surface in the
second pass. The measurements were carried out at temperatures 300 and 383 K.
The AFM and MFM results for the sample from type III are presented in Figure 3.29 (b, c)
along with the optical microscope image of its cross section (Figure 3.29 a). The
topography and magnetic map are presented in the same height and magnetic contrast
scales. The magnetic contrast of the same surface area changed with the temperature
increasing from room temperature (300 K) to 70 °C (383 K). These changes are
highlighted with circles on Figure 3.29 (b, c). The insignificant change in the circles’
position is caused by thermal drift of the sample during measurements at higher
temperature. The temperature induced change in the magnetic contrast was observed in
some parts of MFM. This supports the assumption about presence of a ferromagnetic
impurity. Moreover, this impurity is distributed nonuniformly on the film surface.
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Figure 3.29: Images of the type-III film taken with (a) optical microscopy, (b) AFM, and
(c) MFM.
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4 Conclusion
The applicability of the microscopy methods for surface study of versatile magnetic
materials with different properties and structures was the key hypothesis of the work.
Some research problems in the study of magnetic materials were solved. The questions
raised in the beginning of my work were answered. The microscopes’ abilities for the
materials were investigated.
The microscopy investigation was carried out on the standard commercial SEM and AFM
devices. The main investigation methods for the Author were SEM, AFM and MFM. All
measurements were performed by the Author during the time of Doctoral research. The
methods used in the Publications permitted to reveal significant features or to confirm
data obtained by means of other techniques. Moreover, the chosen research methods
justified their applicability to the surface investigation.
SEM analysis in Publication I helped to confirm the porosity of the specimen and to define
the size of pores. The EDS permitted to identify the main components in the sample and
explain the magnetization behaviour by insignificant impurities.
AFM measurements in Publication II showed the structure of deposited and aggregated
islets on the porous surface. The revealed structure justified the suggested hypothesis
about Ni islet aggregation. Meanwhile, SEM permitted to assume that the pores can be
the nucleation centres of Ni aggregation. This was unclear from the AFM images due to
the difference in the scan size and microscopes ‘abilities. Moreover, EDS allowed to
confirm the presence of Ni in the sample.
MFM imaging accompanied by topography scanning revealed the magnetic domains in
the thin films discussed in Publication III and IV. The obtained data corresponded to the
result from other methods used for magnetic properties analysis.
MFM investigation was the major method in Publication V and VI as well. The
measurement protocol was developed in Publication V and applied for study in
Publication VI. The expected changes in surface properties with temperature changing
were revealed. The result correlates with the magnetization curves performed by means
of SQUID magnetometer.
There is a plenty of possibilities and ideas for future research. One of outlooks is the study
of magnetic nanowires or nanowires filled with magnetic materials. Another perspective
is the MFM with changing of external magnetic field, applying of current, or changing
the gas atmosphere / measurements in liquids.

73

References
Akulov, N. (1931) Zur Theorie Der Feinstruktur Der Magnetisierungskurven Der
Einkristalle. The European physical journal. A, Hadrons and nuclei 69:78-99.
Bahar, Mahmood, Hamideh Eskandari and Naghi Shaban. (2017) Electrical Properties of
Porous Silicon for N2 Gas Sensor. Journal of Theoretical and Computational
Science 4:1000154-6.
Barillaro, Giuseppe. (2014) Porous Silicon Gas Sensing. Pages 1-12 in Handbook of
Porous Silicon. Edited by L. Canham. Springer, Cham.
Bellis, Mary. (2020) History of the Microscope. Vol. 2020 .
Binnig, G., C. F. Quate and C. Gerber. (1986) Atomic Force Microscope. Physica Review
Letters 9:930-3.
Binnig, G., H. Rohrer, Ch Gerber and E. Weibel. (1982) Surface Studies by Scanning
Tunneling Microscopy. Physical review letters 49:57-61.
Birkholz, Mario. (2005) Thin Film Analysis by X-Ray Scattering | Wiley. .
Björck, M. and G. Andersson. (2007) GenX: An Extensible X-Ray Reflectivity
Refinement Program Utilizing Differential Evolution. Journal of Applied
Crystallography 40:1174-8.
Block, Stephan. (2015) Imaging and Characterization of Magnetic Micro- and
Nanostructures using Force Microscopy. Pages 489 in Surface Science Tools for
Nanomaterials Characterization. Edited by Challa Kumar. Springer.
Canham, L. T. (1990) Silicon Quantum Wire Array Fabrication by Electrochemical and
Chemical Dissolution of Wafers. Applied physics letters 57:1046-8.
Canham, Leigh T. (1995) Bioactive Silicon Structure Fabrication through Nanoetching
Techniques. Advanced Materials 7:1033-7.
Chatterjee, S., S. Giri, S. Majumdar and S. K. De. (2008) Metastability and Magnetic
Memory Effect in Ni2Mn1.4Sn0.6. Physical Review B 77:012404.
Chen, Xiaobo and Samuel S. Mao. (2007) Titanium Dioxide Nanomaterials: Synthesis,
Properties, Modifications, and Applications. Chemical Reviews 107:2891-959.
Choi, Hyun C., Young M. Jung and Seung B. Kim. (2005) Size Effects in the Raman
Spectra of TiO2 Nanoparticles. Vibrational spectroscopy 37:33-8.
Collett, Bernard M. (1970) Scanning Electron Microscopy: A Review and Report of
Research in Wood Science. Wood and Fiber Science 2:113-33.
Danan, H., A. Herr and A. J. P. Meyer. (1968) New Determinations of the Saturation
Magnetization of Nickel and Iron. Journal of applied physics 39:669-70.

74

References

Diercks, David R., Akansha Singh, Rajesh Jha, Cristian V. Ciobanu and Aaron P. Stebner.
(2020) A Method of Nanoscale Analysis of the Initial Stages of Crystallization as
Applied to a FINEMET Metallic Glass. Materials Characterization 159:110026.
Dubenko, I., A. K. Pathak, S. Stadler, et al. (2009) Giant Hall Effect in Ni-Mn-in Heusler
Alloys. Physical Review B 80:092408.
Dubenko, Igor, Mahmud Khan, Arjun K. Pathak, Bhoj R. Gautam, Shane Stadler and
Naushad Ali. (2009) Magnetocaloric Effects in Ni–Mn–X Based Heusler Alloys
with X=Ga, Sb, In. Journal of Magnetism and Magnetic Materials 321:754-7.
Ebnesajjad, Sina. (2014) Surface and Material Characterization Techniques. Pages 39-75
in Surface Treatment of Materials for Adhesive Bonding. .
Ensafi, Ali A., Najmeh Ahmadi and Behzad Rezaei. (2017) Nickel Nanoparticles
Supported on Porous Silicon Flour, Application as a Non-Enzymatic
Electrochemical Glucose Sensor. Sensors & Actuators: B. Chemical 239:807-15.
Ferrari, Andrea C. and Denis M. Basko. (2013) Raman Spectroscopy as a Versatile Tool
for Studying the Properties of Graphene. Nature nanotechnology 8:235-46.
Ferri, F. A., M. A. Pereira-Da-Silva and E. J. Marega. (2012) Magnetic Force
Microscopy: Basic Principles and Applications. Pages 39-56 in Atomic Force
Microscopy - Imaging, Measuring and Manipulating Surfaces at the Atomic
Scale. Edited by Victor Bellitto. InTech.
Feynman, R. P. (1960) There’s Plenty of Room at the Bottom. Caltech Engineering and
Science 23:22-36.
Gheiratmand, T. and H. R. M. Hosseini. (2016) Finemet Nanocrystalline Soft Magnetic
Alloy: Investigation of Glass Forming Ability, Crystallization Mechanism,
Production Techniques, Magnetic Softness and the Effect of Replacing the Main
Constituents by Other Elements. Journal of Magnetism and Magnetic
Materials 408:177-92.
Gianfrancesco Augusto Di. (2017) Technologies for Chemical Analyses, Microstructural
and Inspection Investigations. Pages 1 in Materials for Ultra-Supercritical and
Advanced Ultra-Supercritical Power Plants. Elsevier.
Giarola, M., A. Sanson, F. Monti, et al. (2010) Vibrational Dynamics of Anatase TiO2:
Polarized Raman Spectroscopy and Ab Initio Calculations. Physical Review
B 81:74305-7.
Giessibl, Franz J. and Calvin F. Quate. (2006) Exploring the Nanoworld with Atomic
Force Microscopy. Physics today 59:44-50.
Graf, Tanja, Stuart S. P. Parkin and Claudia Felser. (2011) Heusler Compounds-A
Material Class with Exceptional Properties. IEEE Transactions on
Magnetics 47:367-73.

References

75

Grätzel, Michael. (2001) Photoelectrochemical Cells. Nature (London) 414:338-44.
Gupta, Sanjeev K., Rucha Desai, Prafulla K. Jha, Satyaprakash Sahoo and D. Kirin.
(2009) Titanium Dioxide Synthesized using Titanium Chloride: Size Effect Study
using Raman Spectroscopy and Photoluminescence. Journal of Raman
spectroscopy 41:350-5.
Hakola, A., O. Heczko, A. Jaakkola, T. Kajava and K. Ullakko. (2004) Pulsed Laser
Deposition of NiMnGa Thin Films on Silicon. Applied physics. A, Materials science
& processing 79:1505-8.
Hartmann, U. (1999) Magnetic Force Microscopy. Annual Review of Materials
Science 29:53-87.
Herzer, G., M. Vazquez, M. Knobel, et al. (2005) Round Table Discussion: Present and
Future Applications of Nanocrystalline Magnetic Materials. Journal of Magnetism
and Magnetic Materials 294:252-66.
Herzer,
Giselher.
(1991)
Magnetization
Process
in
Ferromagnets. Materials Science & Engineering A 133:1-5.

Nanocrystalline

Hitachi Metals. (2007) Nanocrystalline Soft Magnetic Material FINEMET®.
Hoffmann, Horst. (1964) Quantitative Calculation of the Magnetic Ripple of Uniaxial
Thin Permalloy Films. Journal of applied physics 35:1790-8.
Hono, K. (2002) Nanoscale Microstructural Analysis of Metallic Materials by Atom
Probe Field Ion Microscopy. Progress in materials science 47:621-729.
Hono, K., A. Inoue and T. Sakurai. (1991) Atom Probe Analysis of Fe73.5Si13.5B9Nb3Cu1
Nanocrystalline Soft Magnetic Material. Applied Physics Letters 58:2180-2.
Hono, K., K. Hiraga, Q. Wang, A. Inoue and T. Sakurai. (1992) The Microstructure
Evolution of a Fe73.5Si13.5B9Nb3Cu1 Nanocrystalline Soft Magnetic Material. Acta
metallurgica et materialia 40:2137-47.
Horáková, Kateřina, Vladimír Cháb, Oleg Heczko, et al. (2016) Surface Analysis of the
Heusler Ni49.7Mn29.1Ga21.2 Alloy: The Composition, Phase Transition, and Twinned
Microstructure of Martensite. Journal of Applied Physics 120:113905.
Houck, M. M. (2013) Microscopy (Electron). Pages 612-615 in Encyclopedia of Forensic
Sciences. Edited by Jay A. Siegel, Pekka J. Saukko and Max M. Houck. Elsevier Ltd.
IQWiG. (2010) NCBI: How do Hands Work? Vol. 2020 .
Iskhakov, R. and S. Komogortsev. (2011) Magnetic Microstructure of Amorphous,
Nanocrystalline, and Nanophase Ferromagnets. The Physics of Metals and
Metallography 112:666-81.

76

References

Kaemmer, Stefan B. (2011) Application Note #133. Introduction to Bruker’s ScanAsyst
and PeakForce Tapping AFM Technology. Bruker, USA.
Karbassian, Farshid. (2018) Porous Silicon. Porosity - Process, Technologies and
Applocations. Edited by Taher Ghrib. IntechOpen.
Khan, Mahmud, Igor Dubenko, Shane Stadler and Naushad Ali. (2004) Magnetic and
Structural Phase Transitions in Heusler Type Alloys Ni2MnGa1-xInx. Journal of
Physics: Condensed Matter 16:5259–5266.
Komlev, A., A. Lapshin, O. Magdysyuk, V. Plotnikov, V. Shapovalov and N. Shutova.
(2010) Effect of Heat Treatment on the Structure of Titanium Dioxide
Films. Technical Physics Letters 36:942-4.
Kononova, I., A. Lenshin, M. An’chkov and V. Moshnikov. (2015) Metal Oxide
Nanoparticles
Synthesized
on
Porous
Silicon
Substrates. Russian
Microelectronics 44:531-6.
Kononova, Irina, Vyatcheslav Moshnikov, Grażyna Olchowik, et al. (2014) The
Preparation and Properties of “porous Silicon–nickel Ferrite” Nanoheterocomposites
for Gas Detectors. Journal of Sol-Gel Science and Technology 71:234-40.
Krenke, Thorsten, Mehmet Acet, Eberhard F. Wassermann, Xavier Moya, Lluís Mañosa
and Antoni Planes. (2006) Ferromagnetism in the Austenitic and Martensitic States
of Ni-Mn-in Alloys. Physical Review B 73:174413.
Lee, Seo H., Jae S. Kang and Dokyoung Kim. (2018) A Mini Review: Recent Advances
in Surface Modification of Porous Silicon. Materials 2557:1-14.
Leitão, J. V., You Xinmin, L. Caron and E. Brück. (2012) Magnetostructural Study of the
(Mn,Fe)3(P,Si) System. Journal of alloys and compounds 520:52-8.
Liu, Jian, Tino Gottschall, Konstantin P. Skokov, James D. Moore and Oliver Gutfleisch.
(2012) Giant Magnetocaloric Effect Driven by Structural Transitions. Nature
materials 11:620-6.
Maghsoudy-Louyeh, S., M. Kropf and B. R. Tittmann. (2018) Review of Progress in
Atomic Force Microscopy. The Open Neuroimaging Journal 12:86-104.
Maslov, V., V. Nosenko, L. Taranenko and A. Brovko. (2001) Nanocrystallization in
Finemets. The Physics of Metals and Metallography T. 9:47-55.
McMullan, D. (1995) Scanning Electron Microscopy 1928-1965. Scanning 17:175-85.
Meyer, Ernst. (2010) Scanning Probe Microscopy and Related Methods. Beilstein journal
of nanotechnology 1:155-7.
Mikhalitsyna, E. A., V. A. Kataev, A. Larrañaga, V. N. Lepalovskij and A. P. Turygin.
(2016) Microstructure and Magnetic Properties of Fe72.5Si14.2B8.7Nb2Mo1.5Cu1.1 Thin
Films. Journal of Magnetism and Magnetic Materials 415:61-5.

References

77

Mikhalitsyna, Evgeniya A., Vasiliy A. Kataev, Aitor Larrañaga, Vladimir N. Lepalovskij
and Galina V. Kurlyandskaya. (2020) Nanocrystallization in FINEMET-Type
Fe73.5Nb3Cu1Si13.5B9
and
Fe72.5Nb1.5Mo2Cu1.1Si14.2B8.7
Thin
Films.
Materials 13:348.
Mironov. (2004) Fundamentals of Scanning Probe Microscopy. Nizhniy Novgorod: NTMDT.
Mohammed, Azad and Abdullah, Avin. (2018) Scanning Electron Microscopy (SEM): A
Review. Paper presented at 2018 International Conference on Hydraulics and
Pneumatics - HERVEX. November 7-9, 2018.
Moulin, J., I. Shahosseini, F. Alves and F. Mazaleyrat. (2011) Ultrasoft Finemet Thin
Films for Magneto-Impedance Microsensors. Journal of Micromechanics and
Microengineering 21:074010.
Niemann, R., O. Heczko, L. Schultz and S. Fähler. (2010) Metamagnetic Transitions and
Magnetocaloric Effect in Epitaxial Ni–Co–Mn–In Films. Applied physics
letters 97:222507-3.
Novikov, A., A. Sokolov, E. A. Gan’shina, et al. (2017) Probing the Electronic Structure
of Ni–Mn–In–Si Based Heusler Alloys Thin Films using Magneto-Optical Spectra
in Martensitic and Austenitic Phases. Journal of Magnetism and Magnetic
Materials 432:455-60.
Ozdemir, Serdar and James L. Gole. (2007) The Potential of Porous Silicon Gas
Sensors. Current Opinion in Solid State and Materials Science 11:92-100.
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Abstract. The nanocomposites comprising of anatase titania nanoparticles uniformly distributed
inside the porous carbon matrix were synthesized using furfuryl alcohol, tetrabutyltitanate, and
nonionic surfactant. The characterization of the nanocomposite by scanning electron microscopy, transmission electron microscopy, energy dispersive x-ray analysis, x-ray diffractometry,
and Raman spectroscopy revealed the formation of anatase titania nanoparticles of average sizes
10 to 20 nm. The observed broadening and blueshift of the main Raman peak of titanium dioxide
nanoparticles were explained using the phonon confinement effect. The nanocomposite exhibited strong paramagnetism at low temperatures and was diamagnetic at higher temperatures, as
well as a small contamination by magnetic impurities was detected. The paramagnetism originated from the amorphous defect-rich carbon and oxygen vacancies in titania. © 2017 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.11.032505]
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1 Introduction
Titanium dioxide (TiO2 ) is a wide bandgap (∼3 eV) semiconductor, which crystallizes as anatase, rutile, or brookite. It is a highly attractive material for a variety of industrial applications,
e.g., solar cells, photocatalysis, charge-spreading devices, optoelectronic devices, chemical sensors,1–4 even in agriculture,5 to name a few.
Performance of TiO2 -based devices is largely influenced by the size of the nanometric TiO2
building units because of the increased surface-to-volume ratio that facilitates reaction/interaction between them and environment. In particular, the size of the TiO2 particles is known to alter
the width of the band gap and the band bending at the interfaces, and thus affecting their photochemical properties. The anatase nanocrystallines are easily synthesized of various sizes, shapes,
and forms by using a variety of physical and chemical methods.2 Depending on the preparation
routes and experimental conditions, the resulting material is usually amorphous solid TiO2 or
one of the stable crystal phases.6,7 The TiO2 nanoparticles in its anatase form have higher photocatalytic activity than other phases and its bulk counterpart.8 Therefore, a method that provides
control over size distribution, crystalline phase, and stoichiometry is essential for the application
of TiO2 nanoparticles. In production of nanocrystals, wet chemical route was found to have
excellent control over the mean particle size, particle size distribution, transition temperature
between the different phases, and physical and mechanical properties.
On the other hand, nanostructured glassy carbon is a highly practical material with wide
applications in adsorbents, molecular sieves, membranes, catalysts, supercapacitors, fuel cells,
etc.9,10 Chemically resistant carbon matrix is a suitable electrical conducting media. Such porous
*Address all correspondence to: Ivan Zakharchuk, E-mail: ivan.zakharchuk@lut.fi
1934-2608/2017/$25.00 © 2017 SPIE
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carbon matrix combined with another intriguing material, TiO2 , can be found useful for applications in electrochemical and photovoltaic devices.
In this work, paramagnetic nanocomposites constituted of TiO2 nanoparticles with sizes 10
to 20 nm incorporated in porous carbon have been prepared by the wet chemical route.
Morphology, crystalline phase, and stoichiometry of the synthesized titania/carbon nanocomposites were studied by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive x-ray analysis (EDS), x-ray diffractometry (XRD), and Raman spectroscopy. In order to investigate the magnetic properties of the nanocomposites, magnetic measurements were performed as a function of both temperature and magnetic field. The presence of
Ti3þ ions was confirmed by the electron spin resonance (EPR) technique.

2 Experimental Details
2.1 Synthesis
The anatase nanoparticle/carbon composites were synthesized using furfuryl alcohol C5 H6 O2
(FA), tetrabutyltitanate TiðC4 H9 OÞ4 (TBT) and nonionic surfactant polyethyleneglycol (10)
ether of isooctylphenol (trade name OP-10). Starting solution was mixed in the following
mass ratio 2 (FA): 4 (TBT): 1 (OP-10). The polymerization of FA was initiated by addition
of 0.2 ml (per 7 g of starting solution) of 36% toluenesulphonic acid solution in butyl alcohol.
Water released in polymerization reaction of FA acts as a hydrolyzing agent for TBT thus producing titania oxyhydrate nanoparticles and butanol. The reacting solution was held at each of
the temperatures 20, 50, 70, 90, 110, and 150°C successively for 48 h. The resulted organicinorganic polymer was slowly heated in inert atmosphere up to 970°C and then annealed for 1 h.
Thermal treatment of the material was carried out in nitrogen atmosphere at pressure of 1 bar. As
a result, bulk samples constituted of amorphous carbon with incorporated anatase nanoparticles
were produced.
The reference sample of titania-free amorphous carbon was prepared by the same procedure
as described above with exception of tetrabutyltitanate. The reference sample of bulk anatase
TiO2 was prepared by reactive magnetron sputtering on a silica glass substrate with subsequent
annealing in air. The details of the sample preparation are described in Ref. 11.

2.2 Characterization
The x-ray powder diffraction patterns were obtained using Rigaku Ultima IV with Cu-Kα radiation (λ ¼ 1.5418 Å). The diffraction intensity was measured by the scanning technique in the
2θ range from 10 deg to 90 deg. A Hitachi SU3500 scanning electron microscope was used to
characterize the morphology and obtain EDS of the synthesized samples. The TEM imaging was
done by means of Zeiss Libra 120.
Raman spectroscopy measurements were carried out in the backscattering geometry.
The spectra excited with a He-Ne laser (632.8 nm) at power density (∼104 W∕cm2 ) were
recorded on a micro-Raman setup Horiba Jobin Yvon LabRAM 300, equipped with holographic
gratings having 1800 lines∕mm, an optical microscope, and a CCD detector. The laser beam was
focused on the sample placed on an X-Y motorized sample stage using objective magnification 50×.
The field and temperature dependences of sample magnetizations were measured with a
quantum design magnetic properties measurement system based on a superconducting quantum
interference device magnetometer with a 1 T solenoid. The zero-field-cooled (ZFC) and fieldcooled (FC) magnetization measurements were performed in the temperature range of 2 to 400 K
in magnetic field of 1 kOe. The isothermal field-dependent magnetizations were recorder at 3,
20, and 300 K.
EPR was measured on an E-112 “VARIAN” spectrometer (ν ¼ 9.38 GHz) equipped with an
ESR-910 cryostat (Oxford Instruments).12 Experiments were carried using 100 kHz magnetic
field modulation at temperatures 2.8 and 300 K.
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Fig. 1 XRD pattern of the as prepared TiO2 /carbon nanocomposite sample.

3 Results and Discussion
Figure 1 presents the XRD patterns of the investigated TiO2 ∕porous carbon nanocomposite. The
red curve in Fig. 1 shows a characteristic pattern of anatase crystalline structure with an intense
(1 0 1) reflection peak centered at around 25.4 deg. At higher 2θ angles other weaker features are
detected originating from the (1 1 2), (2 0 0), (2 1 1), and (204) reflections from anatase TiO2 .
The average TiO2 nanoparticle sizes of 13 nm were estimated according to the Scherrer’s equation D ¼ kλ∕β cos θ, where D is the nanoparticle diameter assuming their spherical geometry,
k ¼ 0.9 is a shape factor for spherical nanoparticles, λ ¼ 0.15418 nm is the x-ray wavelength, β
is the full width at half maximum of the diffraction line, and θ is the diffraction angle.
A typical SEM image of the TiO2 ∕C nanocomposite is shown in Fig. 2(a). The SEM picture
exposes the amorphous nature of the carbon, which has mesoscopic scale pores. Based on
the TEM imaging, it is possible to deduce the size distribution of anatase nanoparticles [see
Figs. 2(b) and 2(c)]. According to the distribution, titania particles have linear dimensions in
the range of 10 to 20 nm. The EDS revealed carbon, oxygen, and titanium as main components
approximately having 51.3, 32.1, and 16.3 at. %, respectively. Traces of minor impurities composed of 0.11 at. % Na, 0.08 at. % Al, 0.06 at. % S, and 0.05 at. % Si were also found. The
nonstoichiometric atomic ratio between titanium and oxygen (TiO1.97 ) suggests that titania was
slightly carbothermally reduced during drying at high temperature.

Fig. 2 (a) SEM image of the titania/carbon nanocomposite. (b) TEM image of the titania/carbon
nanocomposite. (c) Particle size distribution of titania.
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Porosity of the material was estimated by benzene adsorption13,14 at room temperature, which
yielded a specific surface area of 107 m2 ∕g. Whereas, density of the nanocomposite was evaluated by weighing a sample with volume of 1 mm3 . The density approximately equal to 2.55 
0.1 g∕cm3 was also consistent with estimation using the mass ratio of the components.
Raman spectroscopy is a nondestructive technique, which has been widely used to characterize the TiO2 nanocrystals, obtain the role of strain energy, quantization effects, formation of
the stable phase, and understand their size-dependent phonon properties in anatase TiO2
nanocrystals.
The anatase crystal structure is tetragonal with the space group D19
4h ðI41 ∕amdÞ. The primitive
cell is occupied by two TiO2 formula units giving six Raman-active fundamentals in the vibrational spectrum: three Eg modes centered around Eg ð1Þ ¼ 144 cm−1 , Eg ð2Þ ¼ 197 cm−1 , and
Eg ð3Þ ¼ 639 cm−1 , two B1g modes at B1g ð1Þ ¼ 399 cm−1 and B1g ð2Þ ¼ 519 cm−1 , and an A1g
mode at 513 cm−1 .15 The latter two peaks overlap thus producing one broader peak, and the two
separate modes are indistinguishable.
Figure 3(a) presents the Raman spectrum of the TiO2 ∕porous carbon nanocomposite. The
spectrum clearly shows that the nanocomposite is composed of the anatase titania (manifesting at
lower frequencies) and amorphous carbon with its hallmark of twin peaks at 1324 cm−1 (D band)
and 1588 cm−1 (G band). The wider D band peak corresponds to the disordered and defect-rich
graphite.16 The experimental Raman spectra of the titania/porous carbon nanocomposite together
with that of a bulk anatase crystal measured at room temperature are presented in Fig. 3(b). An
increased broadening and frequency shifts of the Raman peaks are seen when comparing the
nanocomposite and the bulk samples. The most intense Eg ð1Þ mode shows the maximum blueshift and significant broadening among other peaks. A smaller blueshift is observed for the Eg ð2Þ
mode, while Eg ð3Þ, B1g ð1Þ, and [B1g ð2Þ þ A1g ] modes exhibit redshifts, where the latter peak
represents a combined effect of two individual modes.
Such Raman frequency shifts and linewidth (full width at half maximum) broadening with
the decreasing crystallite size are usually attributed to phonon confinement, nonstoichiometry,
and internal stress/surface tension effects in the nanoparticles.2 Among the suggested factors that
contribute to the observed Raman spectral modifications, the confinement of phonons by finitesized anatase crystallites was found to be the most convincing proposal.2,17–20
In a perfect crystal, due to the momentum conservation law the first-order Raman scattering
of phonons selects contributions of phonons obeying q ≈ 0, where q is the phonon wavevector.
In the phonon confinement model, the finite size effect is involved in the breakdown of the
phonon momentum selection rule, i.e., q ≠ 0 phonons can be Raman active and the phonons
from the whole Brillouin zone contribute to Raman scattering. The weight of the off-center phonons increase as the crystallite size decreases. The phonon dispersion causes an asymmetric
broadening and the shift of the Raman peak. A Gaussian weighing function was found to
have a good agreement with the experimental data and is usually used to model Raman scattering
at wave vectors away from zone center.17–20

Fig. 3 (a) Raman spectrum of the titania/carbon nanocomposite. (b) Raman spectra of the titania/
carbon nanocomposite (red curve) and bulk anatase TiO2 (black curve) in enlarged version. The
mode symmetries of the anatase TiO2 are indicated.
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Following the recipe outlined in Refs. 17 and 20, we evaluated the particle size and crystallinity of the titania nanoparticles embedded into the porous carbon matrix using the position
and broadening of the Raman peaks in the framework of the phonon confinement model. The
analysis yielded the nanoparticle sizes of about 8 nm, which is in consistency with XRD and
TEM data.
The quantum size effect can manifest itself in TiO2 nanoparticles by broadening of the energy
bandgap and consequent shifting of the photon absorption edge to lower wavelengths. Using the
relationship between the particle diameter and the energy bandgap shift, ΔEg , proposed by Wang
and Herron,21 it is possible to calculate ΔEg ¼ 0.1 to 0.2 eV for particles with average sizes of 5
to 10 nm. On the other hand, the oxygen deficiency in titania would produce additional gap states
corresponding to O vacancies.22
The temperature-dependent magnetic susceptibility measured in 1 kOe magnetic field is
shown in Fig. 4(a). The diamagnetic correction was done by subtracting the diamagnetic contribution of 5.014 × 10−7 emu∕ðg · OeÞ from the total magnetization of the sample determined
from the field dependence of magnetization at room temperature. The temperature evolution of
the sample’s magnetic susceptibility comprises of two regions: the nearly temperature-independent Pauli susceptibility from 400 K down to 75 K and Curie susceptibility at lower temperatures. While the total susceptibility χ total of the nanocomposite consists of four different
components
χ total ¼ χ Pauli þ χ Curie þ χ diamagn þ χ imp ;

EQ-TARGET;temp:intralink-;sec3;116;508

where χ Pauli is temperature-independent Pauli susceptibility due to delocalized spins, χ Curie is the
Curie paramagnetic susceptibility associated with trapped spins strongly localized to defects in
amorphous media, χ diamagn is diamagnetic response from the titania nanoparticles, and χ imp coming from the magnetic impurities and defects.
The Curie susceptibility is given by χ Curie ¼ C∕T, where C is the Curie constant and T is
temperature. The inset of Fig. 4(a) presents the inverse temperature dependence of susceptibility
which yields the Curie constant value C ¼ 13.2 × 10−6 emu · T∕ðg · OeÞ. This Curie constant
value gives 2.12 × 1019 of unpaired spins.
The reduction of TiO2 produces point defects in its structure, which consist of Ti3þ and Ti4þ
interstitials and oxygen vacancies. In order to further investigate the origin of paramagnetism,
whether it is due to defect-rich carbon or Ti3þ, magnetic susceptibility of a titania-free
amorphous carbon reference sample is compared to that of a carbothermally reduced titania.
Figure 4(b) shows the magnetic susceptibility versus temperature curves of the only-carbon
reference sample and of carbothermally reduced titania. Both materials exhibit paramagnetic
behavior. However, the amorphous carbon sample has larger susceptibility values indicating
its higher contribution to the total paramagnetism of the titania/porous carbon nanocomposites.

Fig. 4 (a) Temperature dependence of susceptibility of the TiO2 ∕carbon nanocomposite measured using ZFC (red triangles) and FC (blue triangles) protocols in 1 kOe magnetic field.
Black curve corresponds to Curie paramagnetism with C ¼ 13.2 × 10−6 emu · T∕ðg · OeÞ. The
inset shows susceptibility versus inverse temperature. (b) Temperature dependences of susceptibility of the titania-free amorphous carbon reference sample (red curve with filled squares) and
reduced titania TiO1.98 (data adopted from Ref. 23).
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Fig. 5 EPR spectra of the titania/porous carbon nanocomposite at 2.8 K (black) and 300 K (red).

Fig. 6 Magnetic field dependences of the titania/porous carbon nanocomposite at various temperatures (a) as measured and (b) after paramagnetic/diamagnetic corrections.

Presence of Ti3þ ions in the composite was also verified by the EPR measurements at 2.8 and
300 K. As can be seen in Fig. 5, the low temperature EPR signal is asymmetric and of rather high
intensity. The asymmetric shape is due to the superposition of EPR lines of several paramagnetic
centers, amorphous carbon and reduced titania.24,25 However, the room temperature EPR spectrum is practically isotropic showing disappearance of the signal from reduced titania.26
The field dependences of magnetization at different temperatures are shown in Fig. 6(a). As
can be seen, Curie paramagnetism is dominant at low temperatures, whereas the higher temperature region is mostly diamagnetic. The temperature variation of the magnetic susceptibility χ total
in ZFC and FC measurements showed a small irreversibility below about 75 K. This divergence
can be attributed to the frozen magnetic moments of impurities or imperfections in the nanocomposite. The magnetic field dependences of the titania/carbon sample with paramagnetic/diamagnetic corrections present a temperature independent nonlinearity arising from the impurities
and imperfections of the nanocomposite [Fig. 6(b)]. The observed saturation magnetization
Ms ∼ 2 × 10−4 emu∕g is rather weak and point to the negligible amount of impurities in the
nanocomposite.

4 Conclusion
In summary, nanocomposites consisting of anatase TiO2 with average sizes 10 to 20 nm incorporated into nanostructured porous carbon matrix were successfully synthesized through a costeffective wet chemical route. XRD, SEM, TEM, and Raman spectroscopy results confirmed
incorporation of anatase titania nanocrystals inside the porous carbon. The sizes of TiO2 particles
obtained from XRD, SEM, and Raman spectra were consistent. The observed broadening and
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blueshift of the main Raman peak of TiO2 nanoparticles were explained using the phonon confinement effect. The magnetic investigations of the nanocomposite revealed a highly paramagnetic nature of the material at low temperatures and diamagnetic in higher temperature region.
The comparison of EPR spectra taken at 2.8 and 300 K identified the presence of Ti3þ ions,
which contributed to the paramagnetism of the nanocomposite. The magnetic studies also
showed that there is a small amount of magnetic impurities present in the nanocomposite
that can be attributed to the contaminations during the preparation processes.
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The preparation and properties of modified porous silicon is discussed and a proposal of a sensitive
layer for a gas detector is presented. The modification is done by precipitation and electrochemical
deposition of nickel. The morphology of sample surfaces is examined by atomic force microscopy
and scanning electron microscopy (SEM). SEM-coupled energy dispersive spectroscopy is used to
analyse the chemical composition of the samples. Magnetic response is measured with a SQUID
magnetometer. Electrochemical impedance spectroscopy is used to study the sensitivity of the
samples to isopropanol vapour in the presence of alternating electric current. A series of samples
prepared with a higher anodic current density show higher sensitivity to isopropanol vapours in
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comparison to a lower
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1. INTRODUCTION
The last decade has shown an increasing demand for lowdimensional and nanostructured systems, and a considerable amount of scientific work has been dedicated to
the investigation of porous silicon (PS). PS has attracted
researchers’ attention since it was discovered in 1956.1
This material can be utilized in various applications,
e.g., in the fields of optics, biotechnology, sensor technology, and biomedicine.2 Furthermore, the combination
of PS with other nanostructured materials offers a broad
avenue of new specific properties and potential applications in spintronics, magnetic/magneto-optic devices and
biomedicine.2 Significant progress in methods of gas
detection has been achieved due to developments in material science.3–6
Protection against air pollution and toxic safety are
among the main purposes of gas sensing applications.
Recent scientific work highlights the modification of
PS with Ni as a route to create high-performance gas
sensors.7–10 Ni has been found to have great potential for
∗
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applications in many fields, such as pharmaceutical synthesis, magnetic biocatalysis, biomolecular separation, and
biosensors.10 The modification of PS with Ni makes it possible to increase the selectivity of sensors, and to decrease
the reaction and relaxation time.9 10
It is known that the breath of a person can provide more
valuable iformation to a physician than the patient might
tell her/him-self.11 A physician (or a patient with an automatic tester) can determine diabetes, asthma, or certain
types of cancer etc. by non-invasive instant diagnostics12
by using solely a breath gas sensor. These devices should
be reliable, easy-to-use, in conjunction with traditional
technology, have potential to work in variable conditions,
and be possible to be fabricated on a large scale. Taking
the knowledge about metal deposition in PS and the need
for affordable sensors into account, the purpose of this
work is to study PS precipitated with Ni for the sensitive
layer of a gas sensor.

2. SAMPLE PREPARATION
A monocrystalline silicon (100) wafer doped with boron
was used for the fabrication of PS substrates. The samples
1546-198X/2018/16/672/005
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Twelve samples were prepared for further investigation.
Samples 1 and 7 were not Ni-modified and were utilized
to detect difference in etching.

3. EXPERIMENTAL DETAILS

Sample
number
1–6

Silicon type

Current density
ja , mA/cm2

Anodization time
ta , min

2

15

Boron-doped, resistivity
is 12  · cm

7–12

20

Table II. Technological
(Ni precipitation).

conditions

of

sample

modification

Modification methods
Electroless planting
Sample number
2,
3,
4,
5,
6,

8
9
10
11
12

Electrochemical deposition

Time tep , days

Potential, V

Time td , min

1
15
–
–
–

–
–
2

–
–
20
40
60
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4. RESULTS AND DISCUSSION
SEM-EDS was used to analyse the chemical composition
of Ni aggregates. The mass percentage of Si was high for
both series (approximately 80–90 mass%), while the mass
percentage of Ni depended on the area of study. Thereby,
the mass percentage achieved 2.28 mass% on the largest
Ni islet, whilst the mass percentage of Ni in other areas
was registered to be around 0.46 mass%.
The differences in surface morphology were observed
by AFM. They depended both on the conditions of Si etching and on Ni deposition. The root-mean-square (RMS)
roughness increased substantially with etching (comparison of AFM data for samples 1, 2 and 3 from the first
series and samples 7, 8 and 9 from second series is presented in Table III), while the size of the assumed Ni particles increased with the prolonged duration of deposition.
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The surface morphology of the samples was analysed by
using a scanning electron microscope (Hitachi SU3500)
and an atomic force microscope (AFM) (Bruker Multimode 8 AFM). Topography investigation was done in
the PeakForce QNM® mode (Quantitative NanoMechaniFig. 1. Schematic diagram of an electrolytic cell. 1 is glassy carbon
cal Property Mapping) described in Ref. [16]. The chemicrucible, 2 is anode-electrode, 3 is Si wafer, 4 is electrolytic solution
cal composition (elements) of the surface and the relative
(hydrofluoric acid HF and isopropyl alcohol), and 5 is cathode-electrode.
mass percentage (mass%) of elements were analysed by
using scanning electron microscope coupled energy diswere prepared by electrochemical etching of a Si wafer
persive spectroscopy (SEM-EDS) (Hitachi SU3500 SEM).
(the sample was fixed by its dry contact to the anode
Electrochemical impedance spectroscopy (EIS)8 9 17
as presented in Fig. 1) immersed in an electrolyte soluwas
used to study the electrical properties of the samples.
tion of hydrofluoric acid HF and isopropyl alcohol.13 The
Measurement of the frequency dependence of the moduanodic etching of the silicon was performed for 15 minlus of complex impedance and the frequency dependence
utes (anodization time, ta ) with current densities ja =
of phase shift between current and voltage in the capaci2 mA/cm2 for the first series and ja = 20 mA/cm2 for the
tive circuit were carried out over a frequency range from
second series. Detailed process conditions for the etching
100 Hz to 500 kHz. The experiments were carried out by
are shown in Table I.
using a laboratory setup (described in Ref. [18]) based on
Two methods of surface modification were chosen: elecan Ellins Z-1500 impedancemeter. This allowed testing the
14
trochemical deposition of nickel (Samples 4, 5, 6, 10,
samples in clean air or in a controlled ambient atmosphere
11, 12) and electroless Ni deposition (Samples 2, 3, 8, 9).
of isopropanol vapour.
·
Both methods were performed by
immersion
in
a
NiCl
2 Mon, 14
IP: 185.89.100.155 On:
TheJan
EIS2019
data 08:56:39
was analysed with the help of network
exposure time
(elec6H2 O isopropanol solution. Details of Copyright:
American Scientific
analysis Publishers
for electrical circuits.19 EIS Spectrum Analyser
Delivered by Ingenta20
troless deposition time, ted , and time of electrochemical
software was applied for modeling an appropriate equivdeposition, td ) are presented in Table II. The isopropanol
alent circuit design describing the hypothetical structure of
solution of NiCl2 · 6H2 O was selected as the electrolyte for
the modeled contact. Accordingly, the appropriate design
precipitation due to its distinctive wetting ability to PS.15
was compared with the resulting impedance spectrum.
The electrochemical deposition was performed under difThe magnetic signal from the surface was studied by
ferent durations of bias voltage of U = 2 V.
magnetic force microscopy (Bruker Multimode 8 AFM).
The bulk magnetic properties were measured by means of
Table I. Technological conditions of PS preparation.
a Superconducting Quantum Interference Device (SQUID)
magnetometer (Quantum Design MPMS XL).
Technological conditions
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Table III.

RMS roughness values for the different samples.
Si
etching
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Ni
deposition

Sample
number

ta ,
min

ja
mA/cm2

ted ,
days

1
2
3
4
5
6
7
8
9
10
11
12

15

2

–
1
15
–
–
–
–
1
15
–
–
–

20

U,V
–
–
–
2

–
–
–
2

RMS
roughness, nm
td ,
min

30 × 30 um
area

2 × 2 um
area

–
–
–
20
40
60
–
–
–
20
40
60

3
9
2
16
42
110
9
23
3
12
4
49

4
2
1
8
11
3
8
7
4
8
4
3

Fig. 2. SEM image of the surface of sample 2 (see Table II) with a
magnified Ni aggregation area (a); 2 × 2 m AFM 3D-image of the
surface morphology of sample 7 (see Table I) (b); 2 × 2 m AFM 3Dimage of the surface morphology of sample 8 (see Table II) (c); and
30 × 30 m AFM 3D-image of the surface morphology of sample 4
(see Table II). The rectangle marks the first type of formed structure
(small islets); the circle denotes the second type of formed structures
(large complex objects) (d).

This regularity is presented in Table III, albeit the roughness is dependent on the technological conditions and the
area of study. Figures 2(b) and (c) present the surface morphology of PS, where the effect of Ni precipitation can be
seen as a formation of a developed surface.
According to our hypothesis, small particles filled the
in the concentration of charge carriers in the conduction or
pores and decreased the local roughness, while on larger
valence band. The change of the concentration of charge
areas the RMS roughness increased due to accounting for
carriers is primarily due to the charge exchange with the
the larger micrometer-size Ni aggregates, which could be
of the gas phase.9
ripened by the Ostwald mechanism
and grown in (111)
IP: 185.89.100.155
On: Mon,adsorbed
14 Jan particles
2019 08:56:39
The
electrical
properties
of the samples were studcrystallographic direction of the Ni seeds.
PoresAmerican
are the Scientific Publishers
Copyright:
by impedance spectroscopy. Sensitivity to isopropanol
Delivered
Ingenta
nucleation centers of Ni aggregations. According
to the by ied
vapours was measured. It was found for all samples that
SEM image (Fig. 2(a)), the Ni islet size is more than
the impedance of the samples changed. However, the
5 m. This is more than the pore diameter and more than
impedance of the first series samples (ja = 2 mA/cm2 )
the distance between the pores. Therefore, the Ni material
remained at a different level after the removal of the reaceither erupted to the sample surface out from the pore or it
tive vapours, whereas the impedances of the second series
precipitated initially, thereby closing the pores below the
samples were restored after the removal of the reactive
aggregate and terminating the pore filling.
gas. Figure 3 presents Nyquist diagrams for sample 9 (see
Comparative analysis of the 30 m size AFM images
Table II) in air and in the presence of isopropanol vapour
revealed that two types of structures were formed on the
at 300  C. Gas sensitivity is described in two ways: on the
surface of porous silicon (Fig. 2(d)). They showed narbasis of the real component SRe = ReZa /ReZg , and on the
row size distribution within each type: small islets (first
basis of an imaginary component SIm = ImZa/ImZg . ReZa
type—rectangular in Fig. 2(d)) with a diameter ∼300 nm
is the real component of the complex impedance in air
and height ∼40–50 nm, and large complex objects (second
and ReZg is the real component of the complex impedance
type—circle in Fig. 2(d)) composed of a low germ, with a
in the presence of gas. ImZa is the imaginary component
diameter of approximately 2 m and a central stem with a
of the complex impedance in air and ImZg is the imagiheight ∼200 nm. This islet morphology corresponds to the
nary component of the complex impedance in the presence
reported models of the initial stages of Ni electrocrystalliof gas. The real component of gas sensitivity varied in
sation on amorphous substrates.21 According to the theory,
the ranges of 0.5–1.0 and 0.7–5.0 for the first and secNi islets are oriented in such a way that the close-packed
ond series of samples, respectively. The imaginary compoplane of the Ni FCC lattice is predominantly parallel to
nent of gas sensitivity varied in the ranges of 0.3–0.9 and
the surface of the substrate cathode. This assumption is
1.0–5.1 for the first and second series of samples, respecsupported by the shape of the Ni particles according to the
tively. On the basis of the calculations it is evident that the
registered AFM topography.
samples of the second series (ja = 20 mA/cm2 ) were more
The working principle of a semiconductor gas sensensitive to isopropanol vapour.
sor with a metal oxide layer is based on the changThe impedance spectroscopy data was compared to the
ing of the electrical conductivity of the layer during gas
equivalent electrical circuit with the help of EIS Spectrum
chemisorption. These changes are caused by the changes
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Nyquist diagrams in air and in the presence of isopropanol vapor for sample 9 and simulated results (see Table II).

5. CONCLUSION

Fig. 4. Equivalent electrical circuits for the samples (see Table II), the
CPEV–RV circuit represents the bulk grain of the material (PS skeleton),
CGB–RGB represents the grain boundaries.

The impact of gaseous isopropanol on impedance readings
for a PS modified with Ni in an alternating electric field
at a temperature of 300  C was observed.
The impedance spectroscopy results were interpreted by
a parallel R–C circuit connected in a series to a parallel
R–CPE circuit. The first circuit was equivalent to microinhomogeneity at the border “conductive paste/sample,”
whilst the other to the bulk conductivity of the PS skeleton.
Higher gas sensitivity for a series of samples prepared
with higher anodic current density was found. The gas
sensitivity varied in the ranges of 0.3–1.0 and 0.7–5.1 for
the first and second series of samples, respectively. A significant shift of impedance in air and isopropanol vapour
conditions highlight the high applicability of the proposed
sensor approach.
Acknowledgments: The work was carried within the
Task of The Ministry of Education and Science RF
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Analyser software. The corresponding equivalent electriof the material, which originates from the Ni particles.
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Abstract. Fe73.9Cu1Nb3Si13.2B8.9 (Finemet) thin films were deposited on the glass substrates by means of
radio frequency sputtering. The films thickness was varied from 10 to 200 nm. Heat treatment at
temperatures of 350, 400 and 450 °C were performed for 30 minutes in order to control thin film structural
state. The X-ray powder diffractometry revealed that the crystallization of α-FeSi nanograins took place
only at 450 °C whilst the other samples stayed in the amorphous state. Relation between the structure and
magnetic properties of the films was discussed in the framework of random magnetic anisotropy model and
the concept of stochastic magnetic domains. The latter was investigated using magnetic force microscopy
(MFM). MFM data showed formation of such magnetic domains only in samples thermally treated at
450 °C. There was a tendency of the magnetic domain size reduction with the thickness decrease.

1 Introduction
Nanocrystalline Fe73.9Cu1Nb3Si13.2B8.9 alloy that is
well known as Finemet retains a high scientific and
technological interest due to its excellent magnetic
properties among the soft magnetic materials [1-3]. Low
coercivity and both high saturation magnetization and
permeability determines a wide range of its applications
as functional materials in power transformers,
microwave devices, magnetic sensors and other [4-6].
These properties are caused by special microstructure of
the alloy, which is characterized by randomly oriented
ultrafine bcc α-FeSi grains uniformly dispersed in a
residual Fe–Nb–B amorphous matrix. Macroscopic
properties of Finemet alloy are closely related to the
microscopic structural and magnetic parameters of the
material such as grain size, saturation magnetization,
magnetic anisotropy constant and exchange parameter.
This relationship has been successfully described within
the framework of random magnetic anisotropy model
(RAM) [7].
In this report, we present a study of magnetic
microstructure of Fe73.9Cu1Nb3Si13.2B8.9 thin films
depending on temperature of heat treatments and film
thicknesses.

2 Experiment
2.1 Preparation of samples
Thin films were prepared by means of radio frequency
ion-plasma sputtering of Fe73.9Cu1Nb3Si13.2B8.9 target
*

onto a Wilmad glass substrates. The deposition was
carried out in the presence of technical magnetic field of
100 Oe oriented parallel to the substrate. For all samples
the achieved base pressure was of 10-6 Torr and the
99.987% Ar process pressure was of 10-3 Torr. The
substrate temperature did not exceed 40-50 °C during the
deposition. The structural state was controlled by a heat
treatment. The samples were annealed at the pressure not
worse than 10-3 Torr and at temperatures of 350, 400 and
450 °C for 30 min. Magnetic field was also applied
during the heat treatments in the same direction as at
depositions.
The thin films thicknesses of 10, 50, 100 and 200 nm
were verified by means of Dektak 150 Stylus
Profilometer.
2.2 Study techniques
Microstructure of the samples were identified using the
Bruker D8 Advance X-Ray diffractometer operating at
40 kV and 40 mA, in theta-2theta configuration, and
secondary monochromator with Cu-Kα radiation
(λ = 1.5418 Å).
The atomic force (AFM) and magnetic force (MFM)
microscopies were obtained using the Scanning Probe
Microscope Bruker Multimode 8. The MFM mode of
measurements is based on two-pass scanning technique.
The sample topology was recording in the tapping mode
during the first pass. During the second one, magnetic
phase contrast was measuring in the lift mode that means
scanning with a constant distance between the probe and
the sample surface (typically of about 80-100 nm). The
scans were performed in the presence of external
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magnetic field (H ~180 Oe) directed out-of-plane to the
sample surface. The scan area was 10 x 10 μm2
(resolution 512 x 512 pixels) and the scan rate was
0.150 Hz. Tip with approximate radius of 40 nm,
magnetic CoCr coating, and spring constant of 5 N/m
was used in experiments.
The in-plane hysteresis loops in both easy
magnetization axis (EA) and hard magnetization one
(HA) were measured at room temperature by Evico
magnetics GmbH magneto-optical Kerr effect (MOKE)
microscope using an overview mode.

3 Results and discussion
Room temperature X-Ray diffraction (XRD) patterns of
the as-prepared and annealed samples were measured in
the angle range of 10° ≤ 2θ ≤ 120°. Large halo in the
small angles range was corresponded to the signal from
the substrate. As-prepared and annealed at 350 and
400 °C films were mainly in roentgen-amorphous state
(Fig. 1, top picture). The presence of crystalline phase
was identified in samples annealed at 450 °C. The
broadened peak for an angle of order 2θ=45° in Fig. 1
(bottom picture) indicates that the phase α-FeSi is
formed in the films [1,2]. The average size of
nanocrystalline α-FeSi grains was estimated of 16±6 nm
using the Scherrer’s formula for cubic particles.

Fig. 2. MOKE hysteresis loops measured along easy and hard
magnetization axes of the 200 nm films in the as-prepared
state (a) and after the heat treatment at 350 (b), 400 (c) and
450 °C (d).

A surface topography of the 200 nm films annealed
at 400 and 450 °C are presented in Figs. 3a and 3c. As
can be seen in Fig. 1 and Fig. 3c heat treatment at the
temperature of 450 °C leads to the crystallization and
formation of the grain-like structure on the film’s
surface. The grains size is about 60-90 nm in diameter
and 7-10 nm in height. The result of AFM study shows
that root mean square roughness increases approximately
from 1.6 nm to 4.1 nm when the annealing temperature
goes up.
The MFM image of the 200 nm thick film annealed
at 450 °C shows appearance of magnetic contrast on the
surface. A size of the uniform contrast regions is about
of 300-600 nm in width and 10 μm in length (Fig. 3d).
However, there is no visible magnetic contrast on the
surface of the same thickness thin film annealed at
400 °C as shown in Fig. 3b.

Fig. 1. XRD patterns of 200 nm films in the as-prepared state
(top) and after the heat treatment at the temperature 450 °C for
30 min (bottom).

As can be seen from the joint consideration of the
XRD data and hysteresis loops in Figs. 2a-2c the thin
films before crystallization are characterized by a soft
magnetic behavior with in-plane magnetic domains.
Induced magnetic anisotropy is observed for the films in
as-prepared state. Increase of the annealing temperature
leads to decrease of the induced anisotropy field and its
total disappearance for the film annealed at 450 °C
(Fig. 2d). Assuming magnetoelastic nature of the
induced anisotropy, decreasing of anisotropy filed can be
explained by the internal stresses relaxation.

Fig. 3. AFM (a, c) and MFM (b, d) patterns of the 200 nm
films after the annealing at 400 °C (a, b) and 450 °C (c, d).

The absence of magnetic contrast on the surface of
400 °C annealed film could be connected with a very
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low coercivity of the film. So, a probe magnetic field
could affect on a sample magnetic structure.
The areas of uniform contrast on the MFM images in
Fig. 3d can be correlated with the extension of the
magnetic correlation region. And the image as a whole
can represent a stochastic magnetic domain structure.
The change in color contrast will correspond to an
inhomogeneous distribution of the magnetization.
As mentioned earlier, the heat treatment at 450 °C
leads to crystallization. According to the assumption of
random magnetic anisotropy model, easy magnetization
axes of grains are randomly oriented. Due to strong
exchange coupling (that needs small enough grain sizes
D  A / K , where А is an exchange stiffness constant
and K is a local anisotropy constant) between grains,
correlated magnetic microstructures are formed. Within
these correlated regions averaging of local magnetic
properties provides a decreased efficient anisotropy
constant and, subsequently, low coercivity. It should be
noted that the sample annealed at 450 °C has a markedly
greater value of coercivity (Fig. 3d). The possible reason
of it is a sufficiently large grain size for the effective
averaging within the RAM framework, but it does not
exclude the existence of stochastic domains.
Stochastic magnetic structure appeares for all
samples annealed at 450 °C. Consequently, a next step is
to investigate the evolution of the domain structure with
the film thickness. The surface topology and magnetic
contrast images of the samples with the thicknesses of
10, 50, 100 and 200 nm are presented in Fig. 4. All
samples demonstrate the presence of the grains on the
film’s surface as the result of crystallization process [8].
Here the size of the grains increases from 60-90 up to
300 nm with the thickness decreasing. Topography of
very thin films can be affected the glass substrate
characterized by prolonged irregularities. Also, thickness
decreasing can restrict structural transformation in the
direction perpendicular to the film plane.
It is clearly seen in MFM images in Fig. 4 the
domains become thinner and almost disappear in the
10 nm film with the film thickness decreasing. Similar
results were observed in Refs. [9-10] for FeSiB thin
films.
Parameters of stochastic magnetic domains are
defined by microscopic parameters such as exchange
constant, saturation magnetization, local magnetic
anisotropy constant and grain size. The influence of each
parameter should be studied in details. One can only
conclude that the decrease of thickness has an effect on
the size of heterogeneous magnetic contrast regions. A
dimensionality of magnetic correlations can decrease
when film becomes thinner. As a result, efficiency of
local anisotropy axes averaging deteriorates, that is
directly connected with the stochastic domain size [11].
Moreover anisotropic form of the magnetic domains
in MFM images of the film with thickness of 50, 100 and
200 nm should be mentioned despite the samples are
completely isotropic after the heat treatment at 450 °C as
shown in Fig. 2d.

Fig. 4. AFM (a1-e1) and MFM (a2-e2) images of the films
with thicknesses of 10 (a), 30 (b), 50 (c), 100 (d) and
200 nm (e) after the heat treatment at 450 °C.

4 Conclusion
To conclude, magnetic and morphology microstructure
of Fe73.9Cu1Nb3Si13.2B8.9 thin films of various thickness
were investigated using XRD, AFM, MFM, MOKE
microscope, and SQUID magnetometer. It was found
that the heat treatment leads to increase of surface
roughness and size of grains on the surface. The MFM
detected presence of magnetic contrast on the surface of
the films annealed at 450 °C that could be interpreted as
stochastic magnetic domains. The domain size decrease
with the film thickness decreasing.
The research was supported by the Ministry of Education and
Science
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Abstract. Fe73.9Cu1Nb3Si13.2B8.9 thin films were deposited on the glass substrates by means of
ion-plasma radio frequency sputtering. Heat treatment at temperatures of 350, 400 and 450 °C
was performed for 30 minutes in order to control thin film structural state. The X-ray powder
diffraction showed that the crystallization of α-Fe(Si) nanograins took place at the temperature
of 420 °C whilst the other samples stayed in the amorphous state. The magnetic microstructure
of the Fe73.9Cu1Nb3Si13.2B8.9 films was discussed in the framework of random anisotropy model
and law of approach of magnetization to saturation. The parameters of magnetic microstructure
were determined, and relations between structure and macroscopic magnetic properties were
interpreted by means of magnetic microstructure analysis.

1. Introduction
Nanocrystalline Fe73.9Cu1Nb3Si13.2B8.9 (Finemet) alloy is well known as soft magnetic material with
low coercivity and both high saturation magnetization and permeability [1]. Macroscopic properties of
Finemet alloy are closely related to the microscopic structural and magnetic parameters. This
relationship has been successfully described within the framework of random magnetic anisotropy
model (RAM) [2].
It is believed that the structure of amorphous and nanocrystalline materials determines the
formation of a magnetic microstructure, which in turn determines their magnetic properties. In such
materials, according to the random anisotropy model, the magnetic microstructure is a set of stochastic
magnetic domains, in each of which the ferromagnetic order is realized due to the strong exchange
interaction. Within this model, the characteristics of a stochastic domain, such as its size and
anisotropy, is determined by local structure parameters (exchange parameter, local anisotropy
constant, and size of structural element (particles, grain, cluster, etc.)).
In particular, it was found that the averaged magnetic anisotropy constant <K>, which
characterizes the stochastic magnetic domain, determines the value of the coercivity HC and the
magnetic permeability μ [3]. The <K> value is the indicator of local magnetic anisotropy (K)
averaging efficiency inside the stochastic magnetic domain. Thus, the study of magnetic
microstructure can provide useful information about the internal microstructure of the material, the
processes of magnetization and magnetization reversal, and, in the case of thin films, the degree of
influence of the ferromagnetic correlations’ dimensionality on the macroscopic properties.
2. Samples and experiment
2.1. Samples preparation
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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Thin films with a thickness of 200 nm were synthesized by means of a high-frequency ion-plasma
sputtering technique. Sputtering conditions were characterized by the presence of the 99.987 % argon
atmosphere and the permanent magnetic field of 100 Oe that was applied in the film plane, and
the pressure of residual gases in the sputtering chamber and the argon working pressure were about
-6
-3
10 and 10 Torr correspondingly.
The nominal composition of the films was Fe73.5Nb3Cu1Si13.5B9. The films were deposited on the
borosilicate glass (Wilmad LabGlass©) substrate. The substrate temperature during the deposition was
40–50 °C.
The films’ structure was modified using a heat treatment implemented in the sputtering chamber.
The heat treatments were performed at the temperatures of 350, 400 and 450 °C during 30 minutes.
Heating was done using an infrared lamp. The temperature was measured near the film surface using a
thermocouple. The range of fluctuations of an established annealing temperature did not exceed ±5 °C.
The heat treatment conditions regarding the pressure and magnetic field were the same as during the
deposition.
2.2. Experimental techniques
The thickness of the films was verified by the height difference between the film and the substrate
using Dektak 150 Stylus Profilometer. The structure of the as-prepared sample and of the samples
after annealing at 350, 400 and 450 °C was studied by means of the Bruker D8 Discover
diffractometer with the Cu-Kα radiation (radiation wavelength was λ=1.5418 Å) and a graphite
monochromator. The measurements were taken in the 2Θ angle range from 10 to 125° at the room
temperature. The XRD patterns were processed using the TOPAS 3 program with the Rietveld
algorithm for the refinement of structural parameters, and the crystallite size was determined from the
XRD patterns using the Selyakov–Scherrer formula [4].
Temperature dependences of magnetization (M(T)) and magnetization curves (M(H)) were
measured using a magnetic properties measurement system MPMS XL7. The applied magnetic field
during the M(T) measurements was 100 Oe. M(H) dependencies of the films were taken at the room
temperature in the field of up to 50 kOe.
The hysteresis properties of the films underwent various heat treatments were investigated by
means of a magneto-optical microscope Evico Magnetics GmbH. The external magnetic field was
applied along the easy magnetization axis (EA) of the samples.
The atomic force (AFM) and magnetic force (MFM) microscopy images were obtained using the
Scanning Probe Microscope Bruker Multimode 8. The MFM mode of measurements is based on a
two-pass scanning technique. The sample topology was recording in the tapping mode for the first
pass. In the course of the second pass, magnetic phase contrast was measured in the lift mode (typical
height about 80-100 nm). The scans were performed in the presence of an external magnetic field
(H~180 Oe) directed out-of-plane to the sample surface. The scan area was 10 x 10 μm2 (resolution –
512 x 512 pixels) and the scan rate was 0.150 Hz. Tip with an approximate radius of 40 nm, magnetic
CoCr coating, and spring constant of 5 N m-1 was used in experiments.
2.3. Model
The data of magnetic measurements were processed within the framework of the approach developed
by V.A. Ignatchenko, R.S. Iskhakov and S.V. Komogortsev [5-7] based on the analysis of the random
anisotropy model (RAM) [3] and the law of approach of magnetization to saturation (LAMS) [8]. This
approach allows estimating the magnetic microstructure parameters (local magnetic anisotropy field
( ), magnetic anisotropy correlation radius (RC), averaged magnetic anisotropy field (
) and
ferromagnetic correlation radius (RL)) and the interrelationship between the nanocrystalline structure
and magnetic properties.
The relationship between the structural state and the magnetic properties of amorphous and
nanocrystalline magnetic materials was demonstrated using the random anisotropy model. In this
model, the magnetic microstructure in disordered magnets is originated because of the competition
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between fluctuating local magnetic anisotropy and exchange interaction. As a result, the regions of
ferromagnetic ordering are formed and characterized by a finite ferromagnetic correlation length (RL).
For an ensemble of such no interacting stochastic magnetic domains, the law of approach of
magnetization to saturation is valid, that allows extracting the averaged characteristics of the magnetic
and structural correlation regions. According to this law, above a certain critical field HR, the field
dependence in the region of approaching of magnetization to saturation obeys the Akulov law M~H-2,
and below – the critical field M~H-n, where n<2 and depends on the spatial dimension of the random
anisotropy axes distribution. The law of approach of magnetization to saturation can be written as
.

(1)

Here
is dispersion of the transverse component of magnetization. In equation (1)
and
are average magnetic moment in z-direction and saturation magnetization correspondingly. The
following relations determine the form of the field dependence of the dispersion of magnetization in
the approach of magnetization to saturation region

.

(2)

In equation (2)
is symmetry coefficient [7],
is correlation field corresponding to the change of
type and containing information on RL and RC, and
is dimension of the magnetization
correlations.
3. Results and discussion
The structure and the phase composition of the films were studied by means of XRD. In Figure 1, the
diffraction patterns of the 200 nm films in the as-prepared state and after 30 min annealing are
presented. The structure of the as-deposited film can be characterized as amorphous. The
crystallization starts at the temperature of about 420 °C. The crystalline phase consists of the α-Fe(Si)
grains with a size of about 16 nm. The grains size does not change as annealing temperature raises, but
the volume of the crystalline phase increases. After the heat treatments at temperatures of 420 and
450 °C, the crystalline phase coexists with the amorphous matrix, thus the nanocrystalline state is
realized. The heat treatment at 500 °C leads to fully crystallized film.

Figure 1. XRD patterns of 200 nm films of Fe73.5Nb3Cu1Si13.5B9 in the as-prepared state and after
annealing at 420, 450 and 500 °C for 30 minutes.
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The magneto-optical hysteresis loops of the Fe73.5Nb3Cu1Si13.5B9 films in the as-prepared state and
after the heat treatment at 350, 400 and 450 °C are shown in Figure 2. Taking into account films XRD
data it is seen that the hysteresis loop shape and the coercivity of the films undergo changes as a result
of the heat treatment. The coercivity of the films slightly increases and the shape of the hysteresis
loops becomes less rectangular after the annealing at 350 °C. With a subsequent increase in
temperature up to 400 °C, a decrease in the coercivity is observed. After the heat treatment at 450 °C,
the coercivity of the film increases dramatically.

Figure 2. Magneto-optical hysteresis loops of 200 nm Fe73.5Nb3Cu1Si13.5B9 films in the as-prepared
state and after annealing at 350, 400 and 450 °C for 30 minutes.
The amorphous structure of the as-prepared films is characterized by large internal stresses. As can
be seen from the hysteresis loops (Figure 2), after the heat treatment at 350 °C a change in hysteresis
loop form takes place, which indicates a relaxation of internal stresses. After annealing at 400 °C the
coercivity value decreases and is closed to the coercivity of as-prepared film. Based on the XRD study
results, it can be assumed that at the temperature of about 400 °C the film is at the stage of the onset of
crystallization, and their structure can be characterized by phase fluctuations. This structural instability
can lead to variations in the coercivity value depending on the film sample. The noticeable differences
in the hysteresis loops of the films are made oneself conspicuous after annealing at 450 °C. The
coercivity increases. Because of crystallization, there is a difficulty in the magnetization reversal
process and a decrease in the residual magnetization, that is, the loop loses its squareness. Thus, there
is a relationship between the data of XRD analysis and hysteresis properties.
According to the Random anisotropy model the magnetization process is closely related to the
average anisotropy
, averaged over the region RL. There are relationships that allow us to establish
the averaged characteristics of the magnetic microstructure. Knowing the values of the exchange
parameter A, anisotropy constant K and magnetic anisotropy correlation radius RC, one can analyze the
influence of the structural state of the thin films on their magnetic microstructure within the
framework of the random anisotropy model. RL and
are determined by the expressions

,

4

(3)

VII Euro-Asian Symposium “Trends in Magnetism”
Journal of Physics: Conference Series
1389 (2019) 012114

,

IOP Publishing
doi:10.1088/1742-6596/1389/1/012114

(4)

where
is the critical radius of the homogeneous orientation of the anisotropy axes (ε =
0.4-0.7 is the numerical coefficient) [7].
The exchange parameter can be determined experimentally from the temperature dependence of the
magnetization using the Bloch law (T3/2). By means of LAMS, anisotropy constant K can be estimated.
For this purpose, the temperature dependences of the magnetization and the curves of the approach of
magnetization to saturation of the films with a thickness of 200 nm were obtained (Figures 3(a, b)).
Exchange parameters of the as-prepared film and films annealed at 350, 400 and 450 °C determined
from the temperature dependence of the magnetization were about 4.8∙10-7, 4.9∙10-7, 5.3∙10-7, 6.6 ∙107
erg cm-1, correspondingly. The magnetization curves were rearranged in double logarithmic
coordinates in the form of the dependence of the dispersion of magnetization dm on the magnetic
field H. This type of curves allows to uniquely determine the parts of curves corresponding to the
theoretical power dependences of the dispersion of magnetization on the magnetic field (Figures 3(c,
d)).
In Figures 3(c) the dm(H) dependences have two areas that can be identified for analysis - relatively
low and high fields. When considering the low-field part of the curves (up to 200 Oe), it can be seen
that the magnetization process significantly depends on the heat treatment conditions. That is, in this
field area, even small changes in the films’ microstructure affect the magnetization process. However,
in this case interest is in high-field (above 30 kOe) part of the curve. The similar character of the
curves (in the field above 1 kOe) of films in the initial and annealed at 350 °C states indicates the
presence of similar local magnetic microstructural parameters. Structural changes in the film annealed
at 400 °C are associated with almost complete relaxation of internal stresses and the beginning of the
formation of precursors of the crystalline phase. With such a relaxed structural state, a rapid decrease
in the dispersion of magnetization can be expected in the high-field region of the curve, which is
observed experimentally. After the heat treatment at 450 °C, a difficulty of a decrease in the dispersion
of magnetization is observed, which indicates an increase in local magnetic anisotropy.
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Figure 3. M(T) (a) and M(H) (b) dependencies,
dependence in log-log coordinates (c), an example
of search of the curve parts corresponding to the power regimes (d).
The presented dependences allow one to quantify the characteristics of structural and magnetic
correlations and to analyze in detail the processes occurring in the thin films in the process of
preparation and heat treatment under various conditions.
On each of the dependences dm(H), constructed in double logarithmic coordinates (Figures 3(c)), a
search for linear dependencies corresponding to the power regimes indicated above in equation (2)
was performed.
Figures 3(d) shows the high-field part of the dispersion magnetization dependence of a film after
annealing at 450 °C. In this figure, asymptotes are shown by straight lines, corresponds to the power
dependency of the magnetization dispersion as required by equation (2). Their intersection determines
the magnitude of the field HR. Approximation of linear part on the dispersion of magnetization curves,
for which the dm ~ H-2 (under the condition H ≥ HR), allows estimating the local anisotropy field Ha.
As a result, the local anisotropy constant K was determined, and its value was about 1-2∙106 erg cm-3
depending on the structural state of the films. The smallest value was for the film after the heat
treatment at 400 °C (Table 1).
With annealing temperature increasing up to 400 °C, the structural changes are accompanied by an
increase in the correlation radius of the local anisotropy axes, saturation magnetization, exchange
parameter, magnetic correlation radius, at the same time the local and average magnetic anisotropy
constants decrease. In this case, the most drastic change in the parameters of the structure and
magnetic microstructure of the film occurs after annealing at 400 °C. According to the study of
hysteresis properties (Figure 2), this film has the best magnetic properties, demonstrating the smallest
value of the coercivity. The structural state of this film is not strictly defined. However, on the basis of
a comprehensive study, it can be assumed that it is characterized by complete stress relaxation and the
onset of the crystallization process.
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Table 1. Parameters of the magnetic microstructure of Fe73.5Nb3Cu1Si13.5B9 films with thickness of
200 nm.
State of speciment
As-prepared state
350 °C
400 °C
450 °C

2.7
2.8
2.9
3.1

106 erg cm-3)
1.7
1.5
1.1
1.8

160
200
365
190

106 erg cm-3)
3.6
2.5
0.8
3.8

With annealing temperature increasing up to 400 °C, the structural changes are accompanied by an
increase in the correlation radius of the local anisotropy axes, saturation magnetization, exchange
parameter, magnetic correlation radius, at the same time the local and average magnetic anisotropy
constants decrease. In this case, the most drastic change in the parameters of the structure and
magnetic microstructure of the film occurs after annealing at 400 °C. According to the study of
hysteresis properties (Figure 2), this film has the best magnetic properties, demonstrating the smallest
value of the coercivity. The structural state of this film is not strictly defined. However, on the basis of
a comprehensive study, it can be assumed that it is characterized by complete stress relaxation and the
onset of the crystallization process.
After annealing at 450 °C, crystallization occurs in the films. This leads to a noticeable increase in
the exchange parameter and the local anisotropy constant, and the saturation magnetization decreases.
Increased during crystallization, the magnetic anisotropy of α-FeSi grains, together with their random
orientation, leads to a sharp increase in the magnetization dispersion, which is clearly seen in
Figure 3(c) in the fields below 1 kOe.
From the magnetic properties analysis and data in Table 1, it follows that the greatest value of
ferromagnetic correlation length (RL) corresponds to the smallest value of coercivity. It means that the
larger the area inside which the averaging of the local anisotropy axes occurs, the easier the process of
magnetization reversal is.
The experimentally magnetic microstructure can be found in the form of inhomogeneities of
magnetic contrast in images obtained using a magnetic force microscope.
Figure 4(a, b) shows the surface topography and the image of the magnetic contrast of 200 nm film
after annealing at 450 °C. Regions of homogeneous contrast on MFM images can be correlated with
the length of the magnetization correlation region. The image as a whole can represent a stochastic
magnetic domain structure. The heterogeneity of the magnetization and color contrast on the MFM
image are not uniquely related, but the statistical properties and the spatial scales characteristic of the
inhomogeneities must be the same.
It is seen in Figure 4(c) that the correlation length, calculated from MFM images, is anisotropic in
nature. This is typical for polycrystalline films [9]. It should also be noted that the size of the regions
of correlation is much larger than the thickness of the films. This will impose some additional
anisotropy on their shape along the direction perpendicular to the film plane. The correlation radii of
magnetization of RLox and RLoy films, defined as the size at which the correlations halve, correspond to
the shortest and longest correlations of magnetic contrast in two mutually perpendicular directions ox
and oy. The mean correlation length was estimated as
. The value of the
correlation length calculated in this way is about 400 nm, which is in order of magnitude consistent
with the correlation length determined using LAMS and RAM.
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Figure 4. AFM (a) and MFM (b) images and correlation length images (c), culculated from MSM
images, of 200 nm film.
4. Conclusion
In that work magnetic microstructure of the Fe73.5Nb3Cu1Si13.5B9 thin films was investigated. Magnetic
microstructure parameters were determined using the random anisotropy model, the law of approach
of magnetization to saturation, and analysis of inhomogeneities of magnetic contrast on magnetic force
microscopy images. These approaches allow getting a fairly complete picture of the relationship
"structure – magnetic properties" of the studied films.
The best soft magnetic properties of the Fe73.5Nb3Cu1Si13.5B9 thin films are realized after the heat
treatment at 400 °C. The structural state of this film is predominantly amorphous but is characterized
by phase fluctuations. Based on the magnetic properties, it can be assumed that the structure is fully
stress relaxed. The averaging of the local magnetic anisotropy axes by the exchange interaction is the
most efficient for the film annealed at 400 °C. Hence,KL has minimal value. In accordance with KL
is directly proportional to HC, it is expected that coercivity is also minimal, what was observed in the
experiment.
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Abstract. Magnetostructural transition was observed in Ni-Mn-In-Cr Heusler alloy with help of Magnetic
Force Microscopy (MFM). The crystal structure of a sample and characteristic temperatures of the phase
transition were controlled by roentgenostructural phase analysis and magnetometry, respectively. It
appeared prominently important to prepare the surface of the sample until the nanometer level of surface
roughness. Magnetic study performed with scanning probe microscope revealed existence of magnetic
domains, which were spread across the surface evenly. Further studies revealed that intensity of magnetic
signal decreases as fading out of the contrast of the MFM images. It was found that location of domains
shifted after the heating/cooling cycle above Curie temperature for the studied alloy. Location of new
domain walls appeared correlating with surface scrapings and defects, whilst it became independent from
those after heating until just 70°C. The mechanism behind the observed transition is proposed.

1 Introduction and Motivation
Industrial and social needs are precursors of social and
economic development, while scientific interest and
creativity drive the state of technological advancement.
Recently, sustainability paradigm requires more and
more ecological, affordable and definitely non-toxic
solutions for human scale development needs [1]. Latest
three decades represented intensive growth of
computerization and spreading of so-called smart
technologies across human households. Unfortunately,
even chemicals that are used inside coolers of typical
refrigerators can hardly be considered as safe for life.
As a response to these challenges, one can observe a
strong interest and investments oriented toward basic
research of magnetic Heusler alloys. Heusler alloys
represent a class of ternary intermetallic compounds
where ferromagnetism emerges even in absence of
'typical' ferromagnetic materials [2] such as Co, Fe, Ni
etc. Since the discovery of this phenomenon in 1903, NiMn-In became the most widely acclaimed type of
Heusler alloy. Exactly Ni-Mn-In is considered as the
most probable solution for having the magnetostructural
phase transition near room temperature, while the
transition is sharp and the difference in magnetization
density between martensitic and austenitic phases is also
significant. It was shown that addition of the fourth
component can significantly affect properties of the
alloy, including the characteristic temperatures [3].
Addition of chromium was considered since it is an
*

antiferromagnetic material and can improve the
magnetocaloric output and decrease the electrical
resistivity of the material.
Typically, Heusler alloys are studied in bulk form by
SQUID magnetometry [4], optical magnetic methods [5],
calorimetry [5], volumetry [6] and standard structural
approaches such as XRD [7]. However, neither of the
abovementioned methods can reveal micro- and
nanoscale details of a mechanism of magnetostructural
transition. It is yet unclear how the austenitic phase
emerges in elevated temperatures under magnetic field,
while martensitic phase experience paramagnetic
transition in equivalent temperatures. Magnetic memory
effect, i.e. hysteresis of magnetization, inhomogeneity of
chemical composition within the samples and
dissimilarity between thermodynamic characteristics of
the surface and bulk material veil the definitive
mechanism of transformation, which is nowadays far
from being well understood.
Scanning Probe Microscopy (SPM) is exactly an
accurate and spatially local family of methods, but
surprisingly, we noticed a strong deficit of works
published with its results concerned with Heusler alloys.
Thus, we decided to perform a Magnetic force
Microscopy (MFM) study of Ni-Mn-In alloy under
variable temperature with strive to answer on how the
magnetostructural transition occurs within the sample.

2 Sample preparation and Examination
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Polycrystalline samples of Ni48Mn37In13Cr2 were
fabricated with arc melting technique. Melting was
repeated at least 7 times in argon atmosphere, followed
by annealing of ~3 g ingots in vacuum 10-4 torr under
heating T=850°C and cooling in water. After cutting and
grinding performed with water protection from extensive
reheat, the sample was polished by abrasive paste
containing ~250 nm inclusions of diamond crystals on
station EcoMet 250 (Buehler, USA). For details of the
growth and polishing techniques, one can access [8].
Final verification of properties was acquired by
energy-dispersive spectroscopy (EDS) and differential
scanning calorimetry (DSC) (both not shown), and also
X-ray diffraction (XRD), atomic force microscopy
(AFM)
and
SQUID
magnetometry.
The
roentgenostructural phase analysis (Fig. 1) have shown
that both martensitic and austenitic phases are
represented in the material at room temperature, which
correlates well with previous studies of a similar system.

Fig. 3. Magnetization vs. temperature dependence for the NiMn-In-Cr alloy under 50 Oe for gram-weight sample.

For the small sample, the entire material reaches the
austenitic phase later than in Fig. 3, so that it appears
that almost all austenitic phase is already paramagnetic.
Interesting accomplishments were attained from SPM
study performed on Multimode 8 station (Bruker, USA),
while they became possible solely due to the high-end
polishing of the sample. In fact, more than two years and
specific sample preparation were required to visualize
the magnetic morphology with MFM. While previously
samples could hardly be visualized (even to observe the
topology), the polishing step permitted revealing
separate magnetic domains within the smooth nearsurface layer of the alloy. Therefore, desirable roughness
is justified in the level of few nanometers per 10x10 µm
scan area.

Fig. 1. XRD spectra for the Ni-Mn-In-Cr alloy.

Dependences of magnetization from temperature
were studied with SQUID (Cryogenic R-S700X, UK).
As it is visible from Figs. 2 and 3, the martensitic phase
transition begins approximately at 320 K. It was possible
to observe the difference between the gram-weight
sample and approximately ten-milligram piece of sample
after polishing (Fig. 2). It was visible that the
temperature of martensitic transition for a smaller
sample was ~10 K lower than for the initial one.

3 MFM during thermal cycling
Magnetic domains were visualized on the flat surface of
the sample of Ni-Mn-In-Cr Heusler alloy.
Approximately 1 µm wide, they were homogeneously
spread on the entire surface, which was registered in
100x100 µm images taken in room temperature (partly
represented in Fig. 4). Size of the domains was not
limited by imaging resolution, because the tip radius of
the microscopic probe MFMV (Bruker, USA) was ~40
nm and lift scan distance was ~40 nm.

Fig. 4. Topology (Height) and Magnetic map (Phase) of the
Ni-Mn-In-Cr sample for scan area 20x20 µm.

Fig. 2. Magnetization vs. temperature dependence for the NiMn-In-Cr alloy under 180 Oe for milligram-weight sample.
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We need to admit that imaging of magnetic
morphology with MFM is based on resonant oscillations
of the probe during each scanning/tapping pattern.
Typically, position of the resonance peak shifts to the
lower values under heating, which is associated with
decrease of elastic strength of the probe's material.
Furthermore, intensity of resonant oscillations Arb
decline, which is usually visible as decrease in height of
the resonance peak. This effect is also associated with
decline of stiffness of the probe and is to limited extent
compensated by strengthening of the oscillations caused
by decreased density of the heated ambient air. We
observed that change of the peak followed the criterion 60 Hz/K and -1.5% Arb/K (Fig. 5). All measurements
were carried out in gas cell, containing room air. The
scanned area was separated from atmosphere as a
specialized Gas cell (Bruker, USA), where this chamber
was heated by the preinstalled thermal application
controller CLS200 (Watlow, USA).

Fig. 5. Schematics of the change of resonance peak of SPM
probe observed during thermal cycle.

Such control of the environment lead to accurate
registration of the same 7x7 µm area of the sample,
though thermal drift was compensated/controlled by
enlarged scan sizes of all subsequent images. We
performed the heating cycle with following temperatures
25-35-45-50-55-60-70-50-35 °C, so that peculiar
changes of the domain structures becomes clear from
selective temperatures in Fig. 6. Comparing with the
SQUID results, it was possible to highlight that surface
of the sample experienced a phase transition ~5 °C lower
than the bulk material, while such phenomenon was
reported by another research group previously [9].
Furthermore, it was possible to register the change in
position of the domains with heating (see consecutive
temperatures in Fig. 6). We suggest that mechanical
stresses during the grinding/polishing have persisted
within the solid material and were concentrated in close
proximity to the scrapings appeared from the diamond
particles in polishing suspension. We assume that crystal
structure also experienced change near these edges.
Since these centers have captured additional tension
energy, they tended to release it, which is associated
with a lower temperature of phase transition observed
previously by other groups and us. Domains vanished
above the Curie temperature, while they appeared again
when sample was cooled in external field of ~180 Oe.

Fig. 6. Sequence of thermal MFM study represented as 25-3555-70-35 °C. All MFM Phase images are presented for the
same scanned area of 7x7 µm.

Remarkably, the boundaries of studied magnetic
domains emerged in new locations. Since these magnetic
domains are expected to represent mixture of martensitic
and austenitic phases, then we can highlight that exactly
the magnetostructural transition has been visualized by
MFM for the first time.
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Abstract—Magnetic Heusler alloys X2BZ (where X and B are 3d elements and Z belongs to the sp group)
exhibit diverse magnetic and structural properties, which are important for designing multifunctional smart
materials. Electronic band structure calculations demonstrate that, if the valence of element B is higher than
that of element X, such alloys (so-called inverse Heusler alloys) can behave differently as compared to traditional Heusler alloys. The growth, the crystal structure, and the magnetic properties of thin films of a new
Mn2FeSi Heusler alloy deposited under various conditions (including various substrates and annealing temperatures) are studied in this work. A temperature-induced structural transition into a low-magnetization
martensitic phase and a thermally stable austenitic phase are detected. A magnetic field of 500 Oe applied to
some samples at a temperature of 380 K is found to cause a large exchange bias (about 1 kOe) at T = 10 K.
The influence of the type of substrate and the annealing temperature on the magnetic and structural properties of the films is discussed.
DOI: 10.1134/S1063776119120033

1. INTRODUCTION
Permanent interest in magnetic Heusler alloys
(X2BZ, where X and B are transition metals and Z is an
sp element) is related to half-metallic ferromagnetism
and a martensitic phase transition in some of them.
Half-metallic ferromagnetism predicted in [1] determines the 100% spin polarization of electronic states
at the Fermi level, which makes these systems very
promising for spintronics. A martensitic phase transition leads to magnetic shape memory effect, magnetic
superelasticity, giant magnetocaloric effects, exchange
bias, metamagnetism, giant magnetoresistance, and
“kinetic arrest” phenomena [2–6]. Thus, Heusler
alloys can be used to study a wide range of new physical properties related to various aspects of magnetic
and structural phase transformations [7–9]. In addition, such properties make these alloys promising for
smart materials and ecologically safe coolants in
future technologies.
Some Heusler alloys have a specific structural
instability, which is known as martensitic transformation. This instability is described as a temperatureinduced first-order phase transition (at TM) from a

high-temperature cubic austenitic phase into a lowtemperature martensitic phase, which is characterized
by the unit cell of lower symmetry (tetragonal, tetragonal-modulated, or monoclinic). The type of cubic
structure of the high-temperature austenitic phase in
X2BZ alloys is determined by alloy composition and
synthesis conditions and depends on an atomic order.
If the valence of an atom at site X is higher than that of
an atom at site B, the L21 structure forms [10, 11]. A
electronic band structure calculation demonstrates
that the behavior of inverse Heusler alloys can differ
from conventional Heusler alloys if the valence of B
elements is higher than that of X elements [11, 12].
Due to the diversity and uniqueness of the properties
of Mn-based alloys detected recently in [7–9, 13], the
search for and investigation of inverse Heusler alloys,
where X = Mn, is of particular interest to understand
the mechanisms that are responsible for their behavior
and, hence, implementation in new technologies.
Thin films are an excellent basis for studying the interrelated physical properties belonging to various
aspects of magnetic and structural phases. It should
also be noted that thin magnetic Heusler alloy films
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with martensitic transition were fabricated and studied
only in a few works [14–18].
The purpose of this work is to investigate thin films
made of inverse Mn2FeSi (nominal composition)
Heusler alloys. Our results demonstrate the possibility
of creating thin Heusler alloy Mn2FeSi films with various types of magnetostructural instability. The following phases were detected in thin films synthesized
under various conditions: temperature-induced magnetostructural transition at TM (type I), magnetostructural transformations at TM, first-order
premartensitic transitions near TM (type II), and temperature-stable ferromagnetic austenite (type III).
Because of the half-metallic behavior of the Mn2FeSi
compound predicted in [11], the last type of compound (ferromagnetic austenite) can be of interest for
spintronics.
2. EXPERIMENTAL
Thin Mn2FeSi (nominal composition) films were
fabricated by simultaneous (co-sputtering) and
sequential magnetron sputtering from 3N purity targets on MgO001 and Si100 substrates at various
temperatures using three sputtering guns. The films
were then subjected to in situ annealing in ultrahigh
vacuum. The films that were synthesized by co-sputtering onto MgO and Si substrates at T = 300°C and
then annealed at T = 600°C for 1 and 3 h were designated as the films of type I and III, respectively. The
films of type II were synthesized by sequential sputtering of components at room temperature followed by
annealing at 600°C for 1 h.
All substrates were cleaned by the standard RCA
method before sputtering: 10-min isopropyl alcohol
bath, 10-min acetone bath after fast washing in deionized water, and drying with a nitrogen gun after final
washing in methanol. The samples were then baked at
T = 600°C for 15 min in a high-vacuum sputtering
chamber with a base pressure of 2 × 10–9 Torr. The
sputtering system was equipped with commercially
available manganese (Mn), iron (Fe), and silicon (Si)
targets, which were preliminarily sputtered in highpurity argon (Ar) for 5 min. An Ar pressure of 5 mTorr
was maintained in the chamber during sputtering.
A microwave power supply was used to sputter Si and
a dc power supply was used to sputter Mn and Fe. To
achieve the stoichiometric composition (Mn2FeSi) of
the inverse Heusler alloy, we adjusted the power supplies and confocally aligned three targets. The deposition rate of each element was calibrated (about
2.7 nm/min) to achieve the required film composition. To obtain different samples, we varied the substrate temperature during deposition.
The crystalline structures of the films and their
thicknesses were studied by X-ray diffraction (XRD)
and X-ray reflectometry (XRR) on a high-resolution
Rigaku Smart Lab X-ray diffractometer equipped with

a Ge(220) crystal monochromator to form highly
monochromatic CuKα1 radiation. Thermomagnetic
M(H, T) curves were measured on a Quantum Design
SQUID magnetometer. Film thickness t was calculated using X-ray diffraction patterns and the formula
2θm + 1 – 2θm ≈ λ/t, where the left-hand side is the difference between 2θ angles for reflection peaks m and
m + 1 and λ is the wavelength of X-ray radiation [19].
Temperature dependences M(T) were obtained during
cooling and heating in a magnetic field H = 500 Oe
(FCC regime) and during zero-field cooling (ZFC) of
samples to T = 10 K. Exchange bias HEB values were
estimated using hysteresis loops, which were recorded
at T = 10 K after cooling of samples from T = 380 K to
T = 10 K in a magnetic field of 500 Oe (FC regime).
Surface topography and a magnetic map of the surface were analyzed using atomic force microscopy
(AFM) and magnetic force microscopy (MFM),
BRUKER MultiMode 8. The measurements were
carried out by BRUKER MFMV probes with a resonance frequency of about 75 kHz, a stiffness of
2.8 N/m, and a tip radius of about 40 nm. Surface
topography and a magnetic map were recorded using
the following two-pass technique: surface topography
is recorded in the first pass (tapping mode), and a
magnetic map is recorded in the second pass when a
probe is 80 nm above the surface. When comparing the
AFM and MFM images taken at T = 300 K and T =
383 K, we detected changes in the magnetic structure
on the sample surfaces.
3. RESULTS AND DISCUSSION
Figure 1 shows the X-ray diffraction patterns of the
films of types I, II, and III. The diffraction peaks of all
samples can be identified as the peaks of the cubic austenitic phase. The preferred 001 orientation was
detected in the samples of type I and the other samples
are polycrystalline. As follows from the XRD peak
intensities, the volume of the crystalline fraction of the
Mn2FeSi alloy in the sample of type III is very low.
The cubic cell parameter varies in the range 5.94–
5.65 Å for the films of types I, II, and III. The XRR
data in Fig. 2 indicate the film thicknesses according
to the technique from [20, 21]. The film thicknesses of
the samples of types I, II, and III were found to be
t ~ 54, 37, and 14 nm, respectively.
The magnetization data demonstrate that the
behavior of the samples of type I is typical of nonstoichiometric Ni–Mn–In–based Heusler alloys
(Fig. 3a). The M(T) curves of these samples exhibit a
temperature magnetization hysteresis at T = 225 K,
which is characteristic of temperature-induced magnetostructural transitions. The change in the structure
with temperature can be described as follows: a ferromagnetic martensitic structure (T < TCM ), a martensitic low-magnetization structure (TCM < TA), a ferro-
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Fig. 1. XRD patterns of the Mn2FeSi thin films deposited
at T = 300 K for the samples of type I. (insets) XDP patterns of (a) type-III and (b) type-II samples.
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Fig. 2. (Color online) XRR patterns of the thin films of
three types used to calculate film thickness t.
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Fig. 3. (Color online) (a–c) ZFC and FCC (H = 500 Oe) temperature dependences of the magnetization of Mn2FeSi films.
(d) Magnetization isotherms of the samples of types I and III at T = 10 K upon cooling from T = 380 K to T = 10 K in a magnetic
field H = 500 Oe (FC regime).
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Fig. 4. (Color online) Images of the type-III film taken with (a) optical microscopy, (b) AFM, and (c) MFM.

magnetic austenitic structure (TA < T < TC, and a paramagnetic austenitic structure (T > TC; see TA and TM
in Fig. 3a). The small bending of the M(T) curve near
T1 is most likely to be related to a low content of an
undetected ferromagnetic impurity. The splitting of
the ZFC and FCC curves below TB is typical bulk

Ni‒Mn–In–based alloys in the exchange bias temperature range [6].
The samples of type II exhibited two temperatureinduced first-order phase transitions at TM/TA and
TPM/TPA (Fig. 3b). The nature of the high-temperature
premartensitic transition is to be studied in detail.
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Table 1. Some synthesis parameters and the main characteristics of the thin Mn2FeSi films
Type of film
I
II
III

Substrate
hkl
MGO
001
Si
100
Si
100

Deposition conditions

Annealing

Co-sputtering at 300°C (573 K)

In situ
600°C 1 h
In situ
600°C 3 h
In situ
600°C 3 h

Sequential sputtering at 300 K
Co-sputtering at 300°C (573 K)

However, as follows from the experimental results, this
behavior can be caused by martensitic transition
between two ferromagnetic phases, namely, the cubic
and tetragonal ones, similarly to the transition
detected in an Ni2MnGa Heusler alloy near TM [22].
Note that the values of TC of the samples of types I
and II are significantly different despite the fact that
they consist of the cubic austenitic phase above TM
(Figs. 3a, 3b). This difference in the values of TC is
most likely to be related to the formation of various
cubic structures (L21 ordered or B2 or A2 disordered
structures) in these samples. This difference can also
be associated with the fact that the films were grown
on different substrates, which could cause deviations
from the composition and, hence, different values of
TC. The monotonic decrease in the magnetization of
the type-III films can be related to the behavior of the
cubic austenitic phase of the Mn2FeSi compound,
which has a thermally stable crystal structure at T ≤
400 K and TC > 400 K (Fig. 3c). The weak changes in
the magnetization in the temperature range 300–
350 K, which are analogous to those observed in the
type-I samples, can be attributed to a change of the
ferromagnetic structure into a noncollinear one or to a
low content of a ferromagnetic impurity.
The temperature investigations of the samples surfaces and the magnetic structures of surfaces were carried with AFM and MFM. Figure 4 shows the roomtemperature AFM and MFM results obtained for the
type-III Mn2FeSi alloy sample along with an optical
image of its cross section. When the temperature
increased from room temperature (300 K) to 70°C
(383 K), the magnetic contrast of the same surface
region changed at the same magnetic contrast scales
(Figs. 4b, 4c; circles). The temperature-induced
change in the magnetic contrast in some parts of
MFM images supports the presence of an impurity
nonuniformly distributed on the film surface.
Figure 3d shows the low-temperature magnetization isotherms obtained upon cooling of the samples
of types I and III to 10 K at H = 500 Oe. As is seen in
Fig. 3d, an exchange bias (hysteresis loop bias) is
observed at HEB ≈ 1 kOe. The exchange bias results
from the structural and magnetic inhomogeneity
induced by the magnetic–structural transition (see

Cubic lattice
parameter at 300°C, Å

Thickness, nm

5.94

54

5.70

37

5.65

14

Figs. 3a, 3b). The samples of type III exhibit no
exchange bias and the classical behavior characteristic
of a collinear ferromagnetic austenitic phase.
4. CONCLUSIONS
Table 1 gives the synthesis parameters and the main
characteristics of the thin films. In this work, we
demonstrated the possibility of formation of thin films
of a new inverse Mn2FeSi Heusler alloy and found that
(i) the cubic cell parameter can be varied over a wide
range (5.94–5.65 Å) depending on the type of substrate and the deposition conditions; (ii) type-I samples undergoes magnetostructural (martensitic) transitions into a low-magnetization phase, which are similar to those in Ni–Mn–In–based Heusler alloys,
type-II films exhibit a temperature-induced firstorder premartensitic transition, and the behavior of
the type-III films is typical of a thermally stable ferromagnetic austenitic phase; and (iii) type-I samples
exhibit a large exchange bias (HEB ≈ 1 kOe) at T =
10 K. Thus, Mn2FeSi can be considered as a promising system for studying inverse Heusler alloys.
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