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Preface

Magnetic materials have acquired a very important position in several high-tech
areas and technological development. Such materials are being classified not only
based on their origin but also by the nature of processing, properties, functions,
and applications. Magnetic Materials and Magnetic Levitation present the basics

of magnetism, magnetic materials, magnetic structures, and their applications in
device technologies. New magnetic materials and hybrid structures are developed
using different synthesis and fabrication techniques. Different phenomena and
interesting properties are studied theoretically and experimentally using advanced
characterization techniques. Magnetic materials are now the building block of all
technological innovation. This book presents an overview of different magnetic
materials including theoretical study, synthesis, characterization, and application
of magnetic materials. The chapters and different topics of the book will provide a
key understanding of different magnetic materials. It will be very helpful to stu-
dents, researchers, academicians, and professionals. The book is related to magnetic
materials and gives an idea and enthusiasm to readers for scientific advances in the
subject and technology.

Dipti Ranjan Sahu
Namibia University of Science and Technology,
Namibia

Vasilios N. Stavrou
Hellenic Naval Academy,
Greece
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Chapter1

Structural, Electrical, and
Magnetic Properties of
Mullite-Type Ceramic: Bi,Fe,Oq

Poorva Sharma, Ashwini Kumar, Jingyou Tang
and Guolong Tan

Abstract

This work reports the structure, electrical and magnetic properties of the ortho-
rhombic (Pbam) structured bulk Bi;Fe,Oq synthesized by the solid-state reaction
process. Bi;Fe,O9 has been studied using several experimental techniques such as
X-ray diffraction, scanning electron microscopy, Raman spectroscopy, dielectric
spectroscopy, and magnetometry. Rietveld-refined X-ray diffraction data and Raman
spectroscopy results clearly reveal the formation of Bi,Fe,Oq perovskite structure and
all the peaks of Bi,Fe,Oq perfectly indexed in the orthorhombic (Pbam) structure. It
has been established that the Raman spectrum identified A,, B,,, and Bs, active optical
phonon modes, and that the Raman peak at 470 cm™ may have a magnetic origin.

As aresult, the coexistence of weak ferromagnetic and antiferromagnetic orders in
Bi,Fe;Oq ceramic was established. The remanent magnetization (2M,) and coercivity
(2H,) are 8.74 x 10™* emu/g and 478.8 Oe, respectively. We report a remarkable
multiferroic effects in polycrystalline Bi;Fe,Oy ceramic. These characteristics make
this material very useful in technology and practical applications.

Keywords: multiferroic, Bi,Fe,Oy, Raman spectroscopy, ferroelectric, magnetic
measurement

1. Introduction

Multiferroic materials exhibit more than one primary ferroic order parameters
(i.e. ferroelectricity, ferroelasticity and ferromagnetism) in same phase which
was first proposed by Schmid in 1994 [1]. In recent years, there has been a strong
interest in systems that exhibit convergence between magnetic degrees of freedom,
electronic degrees of freedom, and orbital degrees of freedom. Perovskite based
oxides have attracted much attention due to their interesting structural, magnetic,
optical and electronic properties [2]. A large number of publications have been
devoted to multiferroic materials working with theory, experimentation and
application features. Bismuth-based complex oxides (Bi,Fe;O) with mullite-type
structure, as an important active material, has a wide application prospect in the
fields of magnetic recording media, sensor, magnetoresistive devices, solid oxide
fuel cell, scintillators and photocatalyst [3-7].

The crystallographic structure of Bi,Fe,Oy is orthorhombic with space group
Pbam, No. 55, which belongs to the mullite-type crystal structure family [8, 9].
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A unit cell of Bi,Fe;Oq consists of two formula units with an equal distribution of
Fe ions between the edge-sharing octahedral (FeOg) and corner-sharing tetrahe-
dral (FeO,) positions with Bi** ions are surrounded by eight oxygen atoms. Bulk
Bi,Fe,O4 synthesized by solid state reaction exhibiting an antiferromagnetic (AFM)
ordering at Ty = 260 K and ferroelectric (FE) hysteresis loops at T = 250 K, which
indicates that BiyFe4Oy is a promising multiferroic material [9, 10]. An unexpected
multiferroic effect, which was observed as a coexistence of AFM and FE polariza-
tion, was reported in Bi,Fe,Oo, attributed to frustrated spin system coupled with
phonons [10]. Low electrical conductivity in ferrites is useful for inductor, trans-
former cores and in switch mode power supplies. On the other hand, studies of
electric and dielectric properties are also equally important from both fundamental
and application point of view. Dielectric and magnetic behavior of ferrites is greatly
influenced by an order of magnitude of conductivity and is mostly dependent on
preparation method and sintering conditions [11].

Although, due to search of new multifunctional materials, the recent work
carried out is the very important and needed [12-15]. Rao et al. reported the multi-
functional properties of mullite-type structured Nd-doped Bi,Fe,O9 and the spin-
orbital coupling by D-M interactions enhances the ferromagnetic (FM) behavior
of the Nd-doping Bi,Fe,Oq [12]. Ameer et al. studied the structural, electronic, and
magnetic properties of Bi,Fe,O with different magnetic ordering using the projec-
tor augmented wave (PAW) method based on density functional theory (DFT).
They proposed that the FM Bi,Fe Oy is a semiconductor with an indirect optical
bandgap of 1.732 eV and the exchange mechanism started to work, resulting in the
exchange splitting in Bi,Fe,Oo, while the antiferromagnetic (AFM) Bi,Fe,Oq is a
multiband semiconductor without splitting of the majority and minority spin states
[13]. In another study, the researchers believed that Zn substitution in Bi,Fe4Oq
would induce p-type conductivity, suggesting that 34 transition metal ions doping
in Bi,Fe,Oq provides the capabilities to develop low-bandgap, heterojunction-based
optoelectronic devices [14]. In addition, Pooladi et al. studied the Bi,Fe, ,Mn,Oq
(0.0 = x < 1.0) nanoparticles synthesized by reverse chemical co-precipitation
method. With increase in Mn concentration, the coercivity of the nanoparticles
enhances significantly and the saturation magnetization decreased. Also, the Mn
substitution at Fe site in Bi,Fe,_,Mn,Qq increases the dielectric constant [15]. These
types of structures and materials are interested due to their structural, magnetic
properties and the relationship between orbital, spin and charge degrees of freedom.

Various chemical methods such as solid-state reaction route, chemical co-precip-
itation, sol-gel and hydrothermal have been used to produce Bi,Fe,O9 [14-16]. The
properties of materials are highly dependent on structural, microstructural proper-
ties and methods of synthesis. In this regard, it is of interest to develop controlled
methods for making materials in oxide forms for further functional applications.
Thermal heating in the oxygen atmosphere at high temperatures contributes to the
oxidation process and formation of oxide forms, which has a significant impact
on physical, chemical and magnetic properties of compounds [17-21]. Zdorovets
et al. reported the systematic study of the effect of thermal annealing on changes
in the structural properties and phase compositions of metallic cobalt based
nanostructures [17]. Rusakov et al. described the effect of thermal annealing on
structural and magnetic characteristics, as well as phase transformations in Fe—Ni/
Fe—Ni—O nanoparticles. They found that the initial nanoparticles were a three-phase
system consisting of Fe—Ni—O oxide with spinel structure and a Fe—Ni alloy with
face-centered and body-centered cubic lattices. As a result of thermal annealing,
the decrease in the Fe—Ni phase is associated with the subsequent ordering of the
Fe—Ni—O phase with a decrease in the crystal lattice parameter and an increase in
the degree of crystallinity [19]. If annealing is carried out in air, the phase transition
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related to the structural transformation of iron oxide is in the range of 600-1000°C
due to the change of thermal vibration of atoms in the lattice node, the annealing of
point defects and the introduction of oxygen at high temperature [20].

Although Bi,Fe,Oq has obvious importance as a functional material, there are
few reports in the literature. Here, we present the structural and physical proper-
ties of bulk Bi,Fe;,Oq ceramic synthesized by a solid-state reaction route. One needs
detailed knowledge of the crystal structure to understand the physical properties.
Therefore, we aimed to understand the crystal structure by X-ray powder diffrac-
tion followed by Rietveld refinement using FullPROF program [22]. In addition,
Bi,Fe,O9 was subsequently characterized using several experimental techniques,
such as Raman spectroscopy, SEM, dielectric and ferroelectric spectroscopy, and
magnetometry, which are discussed in detail.

2. Experimental details

Bulk Bi,Fe,Oq ceramic was synthesized through solid-state reaction route (SSR).
The SSR is a commonly used synthesis method for obtaining polycrystalline bulk
materials from solid reagents. This method provides a great deal of choices for starting
materials like oxides, carbonates, etc. Since solids do not react with each other at
room temperature, very high temperatures are usually employed to allow appropriate
reaction to occur at a significant rate. Therefore, both thermodynamic and kinetic
factors are important in SSR. In the SSR method, the solid reactants undergo a chemi-
cal reaction at high temperature in the absence of any solvent, thereby producing a
stable product. High purity Bi,Os, Fe;O; were carefully weighed and stoichiometri-
cally mixed in an agate mortar for 5 hours. The powder was doubly thermally calcined
consecutively at 650°C for 1 hour and 850°C for 6 hours with intermediate grinding
in oxygen-containing medium. Finally, pellets were sintered at 850°C for 6 hours,
resulting in good densification. Thermal heating (i.e. calcination and annealing) is
amean of controlling the structural changes, properties, and phase compositions
[23]. In this case, introduction of oxygen leads to the formation of oxide compounds.
For crystallinity and phase identification X-ray diffraction (XRD) pattern were taken
using CuKa1 radiation (A = 1.5406 A) of a Bruker D8 Advance X-ray diffractometer.
Crystal structure characterization of synthesized sample was performed by employing
Rietveld whole profile fitting method using FullPROF software [22].

The sample quality, morphology, grain distribution, density/voids in the
samples were studied with scanning electron microscope (JEOL, JSM-5600).
Raman measurements on as synthesized sample was carried out on Jobin-Yovn
Horiba LABRAM (System HR800) spectrometer with a 632.8 nm excitation source
equipped with a Peltier cooled CCD detector. Dielectric measurements were made
as a function of frequency in the range of 100 Hz-1 MHz on Novocontrol alpha-
ANB impedance analyzer at room temperature. Ferroelectric measurement was
carried out using a ferroelectric loop tracer based on Sawyer-Tower circuit. The
M-H curve was performed using a Lakeshore VSM 7410 model.

3. Results and discussion
3.1 Crystal structure analysis
The room temperature XRD pattern of bulk Bi,Fe,Oq4 sample is shown in

Figure 1(a). From the XRD pattern we can index the data in orthorhombic
phase as shown in Figure 1(a). The present XRD patterns matches with JCPDS
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Figure 1.

(a) Measured powder X-vay diffraction pattern for Bi,Fe,O, ceramic at room temperature, (b) Rietveld-
refined XRD pattern for Bi,Fe,O,, and (c) symmetric representation of the unit cell for Bi,Fe,O, ceramic
viewed in abc and ab planes.

#01-74-1098 (Bi,Fe,0q) [24]. In order to further confirm structural data,
Rietveld refinement of the XRD pattern for Bi;Fe,Oq sample was performed using
FullPROF program and shown in Figure 1(b). The composition of phase and its
concentration in the structure have been determined using the Rietveld method,
which is based on the estimation of the diffraction peak area and the analysis of
their contributions to the entire X-ray diffraction. It should be noted here that
XRD pattern having a small secondary phase peaks corresponding to the Fe,0;
and its phase concentration is less than 2%, which does not affect the measured
properties of studied ceramic. The XRD pattern of parent Bi,Fe,Oq was refined
with orthorhombic (Pbam) structure with lattice parameters a = 7.941(4) A,

b =8420(4) A and ¢ = 5.986(4) A. The obtained lattice parameters are consistent
with earlier reported data [25]. The Rietveld-refined calculated parameters of
Bi,Fe,Oq are documented in Table 1. We have illustrated structural parameters
for Bi,Fe O ceramic, and also identify the residuals for welghted pattern R, the
expected weighted profile factor Rey,, and goodness of fit x°. The selected bond
lengths and bond angles are mentioned in Table 1. The average value of the Bi—O
bond is 2.482 A. The generated orthorhombic structure of Bi,Fe,Oq ceramic is
depicted in Figure 1(c). In the crystal structure, chains of FeOg octahedra parallel
to the ¢ axis are connected via FeO, tetrahedra alternating with bismuth atoms
along the ¢ axis.

The symmetric pseudo-Voigt functions are used to calculate the degree of
crystallinity based on the estimation of the diffraction width and shapes. We have
measured the full width half maxima (FWHM) of the recorded diffraction lines,
which allowed us to characterize the perfection of the crystal structure and evaluate
the degree of crystallinity [21]. The value of % of crystallinity for Bi,Fe,Oq = 81.3%
was calculated using the formula:
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Avea of Crystalline peaks

Crystallinity = X100 (1)

Avea of all peaks (i.e Crystalline + Amorphous)

The distortion of the crystal lattice (pqu), which characterizes the number of
defective or porous inclusions in the structure as a result of external influences, was
found according to formula:

P :[1—£Jx1oo% (2)

o

Here, py is the density of the reference sample taken from the JCPDS #01-74-1098
database, p is the calculated density of the sample. Calculated value of distortion of
the crystal lattice is pg; = 3.1%.

We used the Williamson-Hall plot to observed the effect of the phase composi-
tion on distortions and deformation of the crystal structure of Bi;,Fe,Oq ceramic,
based on estimating the angular dependence of the full width at half maximum
(FWHM) of diffraction lines (Figure 2). We obtained the strain (&) value for
Bi,Fe4Oq ceramic is 0.00412 + 0.0016. Thermal heating at high temperature helps to
reduce the distortion value [19].

a=7941(4) A b=8420(4) A ¢=5986(4) A V=40031(2) A’
Atoms x y z R-values
Bi 0.3230 0.1745 0.0000 Ryp =7.36%
Fe, 0.0000 0.0000 0.2582 Rexp = 341%
Fe, 0.1465 0.3360 0.5000 R, = 461%
0, 0.3485 0.4292 0.0000 X’ = 4.65%
0, 0.3671 0.4047 0.5000 GoF =22
O; 0.1312 0.2054 0.2413
Oy 0.0000 0.5000 0.5000
Bond type Bond length (A) Bond type Bond angle (°)
Bi-0, 2153 0,-Bi-0, 151.93
Bi—0O3 3.017 0;-Bi-0; 86.06
Fe;—0, 2.047 Bi—O,—Bi 141.13
Fe—0, 1.962 0,—Fe,~0; 103.98
Fe—0; 2.022 O;—Fe,~0; 108.93
Fe,—O; 3485 05=Fe,~0, 113.59
Fe,~0, 1.846 Fe;—0,—Fe; 98.02
Fe,—0;3 1.901 Fe;—0,—Fe; 94.99
Fe,—0, 1.805 Fe;—0,—Fe, 129.72
Fe;—0;—Fe, 119.09
Fe,~0,=Fe, 172.00
Table 1.

Rietveld-vefined room temperature structural parameters, important bond lengths, and bond angles for
Bi,Fe,0, ceramic from XRD.
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Figure 2.
Williamson-Hall plot for Bi,Fe,0, ceramic.

3.2 SEM analysis

The surface morphological and microstructural properties of Bi,Fe,O9 com-
pound was investigated using scanning electron microscopy (SEM). Figure 3
(upper part) shows the SEM micrograph of Bi,Fe,Oq thermally sintered at 850°C
for 10 hours. Typical SEM image shows that microstructures comprising of non-
uniform distribution of grains with an estimated average grain size of 1.5 ym
indicating polycrystalline nature. Even though the SEM image shows that there are
some pores between loosely connected grains in the sample. The surface area of
a catalyst is a key aspect to determine the adsorption capacity of reactants on the
catalyst surface [26]. We have measured the active surface area using a Brunauer-
Emmett-Teller (BET) measurement system at 77 K through nitrogen adsorption-
desorption isotherm method. The BET active surface area of Bi,Fe,Oy is 1.2 m*/g,
which is in good agreement with the values reported in the literature [27]. In order
to obtain photocatalytic efficiency, it is necessary to increase the specific surface
area by doping or reducing grain sizes. In addition, we have measured the mate-
rial’s apparent density which is defined as the mass per unit volume of the material
in absolute dense condition [28]. The obtained density of the present calcined
Bi,Fe4O9 ceramic is 6.51 g/crn3 which match well with the density for the Bi,Fe,Oq
(p=6.48 g/cm3) from reference file: JCPDS card number 74-1098.

3.3 Raman scattering analysis

Raman scattering spectroscopy has been extensively utilized to study the
crystal lattice vibrations. Raman scattering spectroscopy would also offer a
distinctive potential as a sensitive probe for the spin dynamics and studying the
effect of magnetic ordering. Raman spectrum of Bi,Fe,Oq at room temperature is
depicted in lower part of Figure 3. The Raman active modes of the structure can be



Structural, Electrical, and Magnetic Properties of Mullite-Type Ceramic: Bi,Fe,O,
DOI: http://dx.doi.org/10.5772/intechopen.93280

Intensity (a.u.)

Raman shift (cm™)

Figure 3.
(Upper) Scanning electron microscope images of Bi,Fe,Oy and (lower) Raman spectra for Bi,Fe,O, mullite-
type ceramic carried out at room temperature.

summarized using the irreducible representation 124, + 12B1, + 9B2, + 9B3,, which
is employed to describe Raman modes of orthorhombic (Pbam space group) [9]. In
the measured Raman spectra all are the A; modes (85, 93, 114, 210, 227, 280, 331,
366, 436, 465 561, and 648 cm ™) accept modes in attendance at 164 (B,,) and 189
(Bsy) cm ™. The agreement between experimental and predicted values is relatively
good for the all frequency modes, dominated by Bi vibrations. The Raman peak
centered at 470 cm ™" is might be attributed to magnetic ordering effect on phonon
line width consistent with earlier observation of bands at ~260 and 472 cm™" due to
magnon scattering [9]. It would be more practical to study the magnetic excitations
in Bi,Fe4O9 under the assumption that they involve two-magnon processes, like

in the well-known cases of ferrites [29] or cuprates [30, 31]. At higher frequency



Magnetic Materials and Magnetic Levitation

(5250 cm™), it is unlikely the magnetic-order-induced bands correspond to one-
magnon excitations but in rare-earth orthoferrites (RFeOs; R = Dy, Ho, Er, Sm, etc.)
have frequencies below 25 cm™ for comparison the zone-center magnons [32].

3.4 Dielectric and P-E loop studies

The real part of permittivity (¢') and loss tangent (tand) as a function of
frequency of Bi;Fe,Oq ceramics near at surrounding temperature is shown in
Figure 4(a) and (b). The value of ¢’ and tand for Bi,Fe,Oq are about 21.57 and
0.05, respectively at frequency 10 Hz. At higher frequency (~1 MHz) the value of
¢’ and tand are 18.59 and 0.006, respectively. Dielectric behavior (i.e. ¢’ and tand)
decreases with increase in frequency and it is constant at higher frequency region.
From Figure 4(a) and (b) we have found that the value of dielectric constant in the
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Figure 4.
(a) Dielectric constant, (b) dielectric loss, and (c) frequency-dependent conductivity of Bi,Fe,0, ceramic.
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whole frequency range (10 Hz-1 MHz) is nearly constant representing the low loss
in the prepared ceramic. This result appears to be consistent with previous empiri-
cal analysis using the Maxwell-Wagner model with thermal activation across mul-
tiple band gaps in isolated impurities [15, 33]. Figure 4(c) shows the semilog plot of
conductivity (o) at room temperature with frequency. The study of the frequency
dependence of the conductivity is a deep-rooted method for describing the hopping
dynamics of the charge carrier. The conductivity plot exhibits both low and high
frequency dispersion phenomena [34-37]. The low-frequency region corresponds

0.04+ Bi,Fe,O, -
b (a) b
0.02- -
NE L 4
3 0.00 -4
= ' 4
o
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-0.04 4 -
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Figures.
(a) Polarization hysteresis P-E loop and (b) field-dependent magnetic hysteresis loop of Bi,Fe,O, ceramic at
room temperature.
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to the dc conductivity (o4.), which is due to the band conduction, and it is fre-
quency independent. The high-frequency region corresponds to the ac conductivity
(6ac), which is frequency dependent. To conclude, the electrical conductivity ¢ for
Bi,Fe,Oq follows the Jonscher power law [37]: 6,.(®) = 64. + A(T)w". Here, A is the
pre exponential factor and # is the power law exponent. The exponent # can have a
value between 0 and 1. This parameter is frequency independent but temperature
and material dependent.

Ferroelectric hysteresis P(E) loop of the Bi,Fe,Oy ceramic at room temperature
represented in Figure 5(a). The obtained loop indicates that there are ferroelectric
properties with finite remanent polarization with the applied electric field in the
prepared sample. Under an electric field of up to 10 kV/cm, the remanent polariza-
tion (2P;) of Bi,Fe,Oq was found to be 0.006 pC/cmZ. The observed polarization
values are closely consistent with literature results [38].

3.5 Magnetic analysis (M-H curve)

From the measured M-H loop of Bi,Fe;,Oq ceramic (Figure 5(b)), the magnetic
parameters we obtained are remanent magnetization (M, = 4.37 x 10~ emu/g),
coercivity (H = 2394 Oe) and saturation magnetization (M; = 0.024 emu/g). In our
Bi)Fe,Oq ceramic, antiferromagnetic (AFM) and weak ferromagnetic (WFM) inter-
actions exist simultaneously are consistent with the data reported earlier [15, 38—40].
The WFM order can be seen in the low magnetic field region. WFM order itself can
be understood as a result of canted spin arrangements in two sublattices [41]. As the
magnetic field increases, the ferromagnetic order saturates and the antiferromagnetic
component dominates. There is even no sign of saturation. Obviously, in the prepared
ceramic, M; and M have achieved a non-zero value. We may note that the measured
hysteresis curve confirm that the relationship between the applied magnetic field and
the magnetization does not evidence of a linear behavior and shows the WFM. In the
future, we can improve the magnetic and electric properties of Bi,Fe,Og ceramics
with the appropriate doping or preparation techniques.

4, Conclusions

We have successfully synthesized polycrystalline Bi,Fe,O9 through solid-state
reaction route. X-ray diffraction pattern confirmed the formation of Bi,Fe,Oq with the
orthorhombic structure (space group Pbam). The obtained density of the present cal-
cined Bi,Fe,Oy ceramic is 6.51 g/cm’. The room temperature Raman peak at 470 cm™
is may be due to the magnetic origin of the material and might be related to magnon
scattering. The value of the dielectric constant seems to be non-variable over the entire
frequency range. It has been observed that the sample showed the presence of ferro-
electricity. This study conclusively reported that a significant magnetic and ferroelec-
tric order coexist in polycrystalline Bi,Fe,Og at room temperature. There is hysteresis
in the electrical and magnetic curves, which proves the multiferroic nature of Bi;Fe;,Oq
and making it more suitable for advanced technology and practical applications.
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Chapter 2

Electric Field-Induced
Magnetization Reversal of
Multiferroic Nanomagnet

Jiahao Liu and Liang Fang

Abstract

Using the inverse piezoelectric effect and inverse magnetostrictive effect in a
multiferroic heterojunction, an electric field is able to control the magnetization
switching of a uniaxial nanomagnet. Compared with traditional spintronic devices
based on magnetic field, multiferroic nanomagnet devices have the advantages of
ultra-low consumption and high radiation resistance, showing great application
potential in modern high-integrated circuits and military electronic systems. How-
ever, the difficulties of electric field control of complete magnetization reversal of
the nanomagnet and nanomagnet arrays in a nanomagnetic logic gate still restrict
the developments of multiferroic nanomagnet device. In this chapter, the uniaxial
nanomagnets in multiferroic heterojunctions are mainly discussed. The two core
problems of the electric field control of nanomagnets and nanomagnetic logic gate
are well solved.

Keywords: multiferroics, magnetization switching, spintronics, nanomagnet,
straintronics

1. Introduction

Using the inverse piezoelectric effect and inverse magnetostrictive effect in a
multiferroic heterojunction, an electric field is able to control the magnetization
switching of a uniaxial nanomagnet. Figure 1 is a multiferroic heterojunction struc-
ture, that is, a two-layer magnetoelectric composite structural system, which is
formed by magnetoelastic coupling of a magnetostrictive layer and a piezoelectric
layer. The electric field-controlled nanomagnet in a multiferroic heterojunction
essentially uses multi-field coupling of “electric-stress-magnetic.” Applying a small
voltage to the piezoelectric layer, the piezoelectric layer will produce uniaxial strain,
which is transformed into a stress applying on the magnetostrictive layer by
magnetoelastic coupling, causing the magnetization direction of the magnetostric-
tive layer to rotate perpendicular to the stress. If the magnetostrictive layer is
constructed as a uniaxially shaped nanomagnet, the strain will reverse the magneti-
zation direction of the nanomagnet to a logically “NULL” state, pointing to the hard
magnetization axis, which is, the short axis direction. At this time, if the voltage is
released (stress revocation), the nanomagnet will flip to a certain stable logic state
(original logic state or opposite logic state). This magnetic logic device based on the
regulation mode of the multiferroic heterojunction magnetoelectric effect is called
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Figure 1.
Multiferroic heterojunction structure.

a multiferroic nanomagnet device. Multiferroic nanomagnet device is one of the
most competitive spintronic devices due to its low energy consumption and high
thermal stability [1]. It represents Boolean logic “0” and “1” in the magnetization
directions along the long axis of a uniaxial nanomagnet [2] and can be
corresponding to different states in the magnetic tunnel junction [3].

2. Voltage pulse-induced magnetization switching

The key to using the stress generated by the electric field to control the magne-
tization switching of the multiferroic nanomagnet is that the stress anisotropy must
be larger than the shape anisotropy of the nanomagnet. An effective method to
reduce the required stress anisotropy is to break the symmetry of the shape of the
nanomagnet by slightly tilting the long axis of the nanomagnet to the direction of
stress application. However, the effect of the tilt angle on the magnetization rever-
sal of the nanomagnet is still inconclusive.

2.1 Model

Figure 2 presents the voltage-controlled multiferroic heterostructure. The red
arrow indicates the direction of magnetization. The polar angle (out-of-plane) and
the azimuth angle (in-plane) of the magnetization are 6 and ¢, respectively. Note
that the magnet is at an angle to the direction of the electrodes.

The magnetization dynamic of a single elliptical nanomagnet meets the Landau-
Lifshitz-Gilbert Eq. (5):

—
—

%:—yﬁx@—%[Mx(ﬁxH?)} (1)

. . . . 7 . .
where a is the damping coefficient, M is the magnetic moment vector of the

nanomagnet, M; is the saturation magnetization, y is the return ratio, and [5]:

Ay—- 9 @)
#oV am
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Figure 2.
Stress-regulated multiferroic tilted nanomagnet device [4].

is the effective field generated by a variety of energies (shape anisotropy energy,
stress anisotropy energy, Zeeman energy, and thermal fluctuations), where yy =
4n x 1077 is the vacuum permeability and V is the volume of each element. The
stress is applied at the y direction, and the total energy E., is the sum of demag-
netization energy, exchange energy, shape anisotropy energy, stress anisotropy
energy, and energy dissipation:

Etotal = Edemagnetization + Eexchange + Eshape—anisotropy + Estress—anisotropy + Edissipation

(3

For Terfenol-D as the magnetic material, the crystal anisotropy energy of is
small, and thus is ignored in the calculation of the total energy. The exchange
energy can also be neglected in the single domain particles of 100 nm x 50 nm X
20 nm [6]. The shape anisotropy energy of the nanomagnet can be written as [7]:

Eshapefanisotropy = J_(ﬂo/z) M -Hy dV 4)

where M is the magnetic moment vector of the nanomagnet and H}y is the shape
anisotropy energy field, which can be expressed as [7]:

Hy= —NgM,i — NgyM,j — Ny Mk (5)

19



Magnetic Materials and Magnetic Levitation

Ehape-—anisotropy = —(Ho/2) (MZV) [Nz cos*0'sin > + Ny, sin *@'sin > + N, cos *g]
(6)

where N, is the demagnetization factor. For elliptical shaped nanomagnets, the
demagnetization factors Ny, Ny, and Ny, can be calculated through [7]:

Tt (th 5/a—b 21 (a —b\*
Ndx4<a>[1+4< a >+16( a )1 @)

n (th 1(a—b\ 3 (a—b\’
NdyZ(E)[lz( )l )1 ®

Ndz =1- Ndx - Ndy (9)

where a is the length of the long axis, b is the length of the short axis, and th is
the thickness of the nanomagnet. For a nanomagnet whose tilt angle is f, as shown
in Figure 2, the short axis and long axis of the nanomagnet rotate clockwise from
the x axis and y axis to the x” axis and y’ axis, respectively, and 2’ axis (not shown) is
still at vertical direction. The shape anisotropy field components in the new
coordinate system are:

h/shape—anisotropy_xx = —M;N gy cos (§0 + ﬂ) sind (10)
/shapefanisotropy_yy = _MSNdy SiIl (¢ + ﬂ) Sin 0 (11)
! = —M,N,;, cos 6 (12)

shape—anisotropy_zz

By the coordinate rotation conversion of (10)—(12), the field components of
shape anisotropy of the tilted nanomagnet on the original coordinate axes become:

hshape—anisotropy_xx = —M; (Ndx cos ((p —+ ﬂ) cosff + Ndy sin (Qﬂ + ﬁ) Sil’lﬂ) sing (13)
hshape—anisotropy_yy = —M; (_Ndx Cos (§0 + ﬂ) Sil’lﬂ + Ndy sin ((0 + ﬁ) cos ﬁ) sin @

(14)
hshapefanisotropyfzz = —M;Ny; cos ¢ (15)
The stress anisotropy energy of the nanomagnet is given by [7]:
3 . 2 . 2
Estress—anisotropy = - —/I;O'V sin “@ sin (7] (16)

2

where 34,/2 is the saturation magnetostriction and the stress o is considered
negative for compression and positive for tension. The stress is applied in the y
direction, so there is only a field component in the y axis direction [8]:

hstressfanisotropyJ/y = (3/15 /M5M0)0 sin @ sin ¢ (17)

Considering the thermal fluctuations, the effect of random thermal fluctuations
can be described by a random thermal field [9]:

20akT]
o) = 22 Gra 1s)
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where k = 1.38 x 1022 J/K is the Boltzmann constant, T = 300 K is the room
temperature, f = 1 GHz is the frequency of thermal noise oscillations, and Gy
represents a Gaussian function with a mean of 0 and a variance of 1. By combining

—

the above functions, the effective field H can be obtained. A bias field can also
be involved in the x direction if it is required. The components of each coordinate
axis are:

hyx = —M; (N cos (¢ + p) cos f + Ny cos (¢ + f8) sin ) sin @

20RTf G o) +h o
YﬂoMsV (0,1) bias
hy = —M;(Nyy cos (¢ + ) sin f + Ny, sin (¢ + ) cos ) sin 6
20k Tf
M, i i 2
+ (34s/M;uo)o sin@sin ¢ + JfﬂoM;VG(O’l) (¥) (20)
20kTf
h, = —M;N, 0 G t 21
Z dz COs 0 + VﬂOMSV (0,1)( ) ( )

2.2 Results and discussions

Biswas et al. used two pairs of electrodes to control the nanomagnet in the
experiment to achieve a reliable 180° switching [10, 11]. However, since the two
pairs of electrodes have to be operated in sequence, the nanomagnet needs a longer
switching time. Fashami used a timed pulse to switch the nanomagnet by 180°,
which is error-free and dissipates arbitrarily small energy [12]. However, in this
scheme, a hard magnet is essential to break the energy symmetry, and a long
switching time is required. Recently, a method of 180° switching has been pro-
posed, in which a repeatable 180° nanomagnet switching was induced by voltage
pulses. By setting suitable amplitude, width, and period of the voltage pulse, it is
possible to achieve repeatable 180° switchings without a magnetic field [13, 14].
However, although this solution can achieve repeatable magnetic switching, the
first switching requires a large start-up time, making the first switching time much
longer [15, 16]. In magnetic storage and logic application, the first switching is most
often needed. More importantly, these studies did not consider the thermal fluctu-
ations, which play an important role in the switching of the nanomagnet. In con-
clusion, fast switching of nanomagnets at room temperature is still a challenge for
straintronics in the application of logic storage and computing. This section intro-
duces a fast switching method of nanomagnets at room temperature. The structure
is shown in Figure 1 of the previous section. The authors use OOMMF software to
simulate and study the switching of nanomagnets.

The authors chose PMN-PT (Pb(Mg;,3Nb,/3)O3-PbTiO3) as the piezoelectric layer
material to use its higher piezoelectric coefficient [17, 18]. And for the magnetic
material, the authors chose Terfenol-D (Tbg ;Dyo sFe,), because the magnetocrystalline
anisotropy can be smaller [19]. The parameters are shown in Table 1.

Since (Object Oriented Micromagnetic Framework) software [20] cannot
directly set the stress anisotropy energy, the authors use the uniaxial anisotropy
energy acting in the direction of (—cosf sinf 0) for replace. Accordingly [6]:

K:—%mV (22)
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Symbol Quantity Value

Y yvoung's modulus 8x10wPa
34 2 saturated magnetostriction 6x1074

a damping coefficient 0.1

K magnetocrystalline anisotropy constant o

M saturated magnetization 8x105 A m
a length of long axis 100 nm

b length of short axis 50 nm

th thickness of magnetic layer 20 Nm

tp thickness of piezoelectric layer 400 nm
v Poisson’s ratio 0.3

Table 1.
Parameters of multifervoic heterostructure.

The size of nanomagnet is 51 nm x 102 nm x 21 nm. The selection of large
aspect ratio and thickness can reduce C-shaped and eddy vortex errors [21]. The
mesh size of OOMMEF is 3 nm x 3 nm x 3 nm. Magnetization toward up and down
is defined as logic “1” and “0,” respectively. The initial state of the nanomagnet is
assumed as logic “1.”

Before studying voltage pulse-induced 180° switching, the first step is to ensure
that the magnetization direction of the nanomagnet is able to rotate by more than
90° (below x axis). Figure 3 shows that minimum stress is required for the
nanomagnet to rotate by more than 90° when the stress is applied in different
directions (0 < < 10°) [22]. A small § can reduce the required stress, which makes
it easier for the nanomagnet to rotate by more than 90°. However, as § increases,
the required stress also increases. This is because the stress tends to make the
magnetization direction perpendicular to the axis of the electrodes pair, i.e., to flip
to the x” axis. When f is larger, the x” axis will also make a larger deflection angle
with the x axis. This makes nanomagnet difficult to rotate by more than 90°. Even
so, when 0 < f# < 7°, the required stress is less than the scheme with the electrodes’
pair axis along the long axis of the nanomagnet (f = 0).

In the second step, optimal voltage pulse should be set to make the switching
time as short as possible. The authors apply a stress of 100 MPa to the nanomagnet
(voltage pulse peak of 225 mVs), which is sufficient for the nanomagnet to rotate by
more than 90°. Figure 4 shows the optimal waveform setting and dynamic
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Minimum stress vequired for the nanomagnet to votate by more than 90° with different tilt angles p of electrodes’
pair axis [22].
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Figure 4.
180° switching with the stress electrodes’ pair axis along the long axis of the nanomagnet. (a) Dynamic
magnetization. (b) Voltage pulse waveform.
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Figure 5.
Repeated 180° switching with B = 5° under room temperature. (a) Dynamic magnetization. (b) Voltage pulse
waveform.

magnetization of the repeatable 180° switchings in the nanomagnet, when the
electrodes’ pair axis is aligned with the long axis of the nanomagnet (8 = 0).

Figure 5(a) is the dynamic magnetization of repeatable 180° switchings in the
nanomagnet. It can be seen from the inset that the nanomagnet requires the voltage
to be applied for a long period of time (1.6 ns) before it can enter the switching
cycle. This is because the nanomagnet has equal probability of reaching either
orientation when the stress is applying along the long axis. Therefore, the
nanomagnet will enter a magnetization direction selection period before it can

be flipped. This start-up time greatly increases the first switching time of the
nanomagnet. Figure 5(b) shows the optimal voltage pulse waveform for the
nanomagnet switching. The minimum start-up time of the nanomagnet

tstart-up = 1.600 ns, the minimum voltage pulse width #,,iq, = 0.180 ns, and the
minimum pulse interval time #ipgerva; = 0.320 ns. The minimum switching period of
the nanomagnet is the sum of the minimum voltage pulse width and the minimum
interval time, T = tyidth + Linterval = 0.500 ns, and the maximum switching frequency
f=1/T =2.000 GHz. The time that the nanomagnet completes the initial switching
is the sum of the minimum start-up time and the minimum switching period:

Linitial = tstarting + T =2.070 ns.

If the electrodes’ pair axis is not aligned with the long axis of the nanomagnet,
but is tilted by a small angle 3, the nanomagnet will have a tendency to select where
to flip. For # > 0, nanomagnets tend to flip clockwise. This allows the nanomagnet
to require no start-up time during the first switching, greatly increasing the effi-
ciency of the initial switching.

Figure 6 shows the dynamic magnetization of the switchings and optimal volt-
age pulse waveform when f = 5°. The nanomagnet has no start-up time and directly
enters the switching cycle. The minimum voltage pulse width ¢4, = 0.162 ns, and
the minimum pulse interval time #;,terva1 = 0.312 ns. Therefore, the minimum
switching period of the nanomagnet is the sum of the minimum voltage pulse width
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Figure 6.
Fast 180° switching with p = 5°. (a) Dynamic magnetization. (b) Voltage pulse waveform.

and the minimum interval time, T = fyigth + finterval = 0.447 ns, and the maximum
switching frequency f = 1/T = 2.110 GHz. The time that the nanomagnet completes
the initial switching is the same as the minimum switching cycle: ;421 = T = 0.474 ns.
This is only about 1/5 of Figure 4.

The authors continue to calculate the minimum time and maximum switching
frequency for the nanomagnet to complete the 180° switching. The voltage pulse
peak is controlled to be a constant 225 mVs.

As shown in Figure 7, since there is no start-up time, the minimum initial
switching time of the nanomagnet with $ > 0 is significantly smaller than that of the
nanomagnet with # = 0. The minimum pulse width decreases as f§ increases. For
p > 6°, although the minimum pulse width continues to decrease as f increases, the
minimum interval increases in the meanwhile. When 4° < # < 9°, the minimum
total initial switching time is small and the maximum switching frequency is also
larger than that of Figure 5 (f = 0). Based on the above factors,  should be chosen
to be around 5°. So nanomagnets will have less required stress, larger switching
frequency, and shorter initial switching time.

Although voltage pulse-induced magnetization switching is very energy effi-
cient, the possibility of operating at room temperature remains to be discussed,
which plays an important role in the switching. In this section, the switching of the
nanomagnet at room temperature (300 K) is calculated. Since OOMMEF software
could be computationally expensive and time-consuming to simulate the switching
at room temperature, the authors use the mathematical stress model to calculate the
switching of the nanomagnet at room temperature.

Firstly, the authors apply a stress of 100 MPa to the electrodes and observe the
dynamic magnetization of the nanomagnet. The magnetization rotates by more
than 90° at 0.1844-0.3470 ns and is most close to logic “0” at 0.2574 ns, meaning
that f.iqem = 0.2574 ns. If the stress is removed at 0.2574 ns, the nanomagnet will flip
to logic “0” at 0.7427 ns, meaning that #i,erval = 0.8856 ns. Obviously, at room
temperature, both fyiqe, and Zinterva are much larger than that at 0 K.
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Minimum switching times of the nanomagnet changes with the tilt angles of the electrode pair axis.

Secondly, the authors try to control the switching by voltage pulse of
Lwidth = 0.2574 ns and tiprerval = 0.8856 ns at room temperature. Unfortunately, the
nanomagnet succeeds to be switched to logic “0,” but never return back to logic “1”
again. Under the influence of thermal fluctuations, the nanomagnet needs to remain
in a stable logic state for a longer period of time before it can be switched again.

Thirdly, t.iam = 0.3 ns (it can be chosen from 0.1844 to 0.3470 ns) and
Linterval = 1 1S are given to gain repeated switchings. As shown in Figure 5, the
nanomagnet converts back and forth between two logic states at room temperature
successfully.

The switching cycle is 1.3 ns. One thing that must be pointed out is that the
simulations assume the ideal voltage pulse waveform. The effects of the rising and
falling edges of the actual voltage pulse are not considered. Besides, through the
calculation of the model, tinterval can be long enough but #y;4:, can be only chosen
from 0.1844 to 0.3470 ns. Actually, pulse width needed for 180° switching will not
be a constant in the presence of thermal noise. The pulse width error of less than
0.2 ns will be a challenge under room temperature, which is the disadvantage of this
scheme. These will need to be further studied in the subsequent experimental work.

Due to the symmetry, setting the initial logic as “0” or setting the electrodes’ pair
axis, a clockwise deflection will get the same result, which is not described in this
paper for clarity.

2.3 Conclusion

The efficient 180° switching of the magnetization direction of the nanomagnet is
the key to straintronic devices in the application of magnetic storage and logic. The
voltage pulse-induced repeatable 180° switching is a fast and low energy consump-
tion scheme, but the initial switching requires a large start-up time and thermal
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fluctuation is a great challenge. This method overcomes the start-up time of the
initial switching by rotating the stress electrodes’ pair axis by a small angle from the
long axis of the nanomagnet. Using OOMMEF software for simulation, the optimal
voltage pulse waveform to control the 180° switchings of the nanomagnet is calcu-
lated, and the influence of electrodes’ pair axis tilt angle § is studied. The results
show that when the tilt angle f is about 5°, the nanomagnet has lower switching
frequency, shorter initial switching time, and less required stress. Repeated
switching at room temperature is calculated by mathematical model. The switching
time is longer under the influence of thermal fluctuations. These findings will
provide possible guidance for straintronic devices in the application of magnetic
storage and logic.

3. Electric control of nanomagnetic logic gate

The previous section introduced the electric field regulation of a single
nanomagnet, and this section will continue to discuss the electric field control method
for nanomagnet arrays. Information transmission and calculations in nanomagnetic
logic rely on the control of nanomagnet array. The problem of efficient information
transmission is well solved [6]. However, electric-controlled magnetic logic gate is
still a major challenge. Imre et al. used five single-axis nanomagnets to build a
majority logic gate [2], which made nanomagnetic logic possible. However, this logic
gate requires multiple clock controls to ensure correct logic calculations. Gypens et al.
used 19 dipole-coupled uniaxial nanomagnets to form a stable system and built a
NAND (NOR) logic gate that can be accurately calculated [23]. However, this solu-
tion requires more nanomagnets, which increases the NML area. Roy uses a multi-
iron material to propose an ultra-low-energy NAND (OR) logic gate based on a
magnetic tunnel junction [24]. However, this logic gate design requires casting mul-
tiple layers of materials, which increases the difficulty of manufacturing. Niemier
et al. put forward a long axis tilted nanomagnet structure by using an edge-slanted
nanomagnet and designed dual-input AND/OR logic gates based on it. Most studies
now use this type of edge-slanted nanomagnet to achieve long axis tilted nanomagnet
structures. However, there are three defects in edge-slanted nanomagnets: (1) This
type of nanomagnet requires a larger size, thus increasing the NML space and intro-
ducing clock errors of the C-shape and eddy current that easily occur in large-sized
nanomagnets. (2) Complex calculations caused by the irregular shape are inevitable.
(3) More importantly, the irregular shape of nanomagnet increases the requirements
of fabrication process.

From the above perspective, a more effective and more reliable design of basic
magnetic logic gates is required to be proposed. The design should address two key
issues: (1) how to eliminate C-shaped and eddy current clock errors and (2) how to
reduce the complexities of calculations and fabrication process.

3.1 Design and analysis

In the previous section, the long axis tilted nanomagnet is introduced. As shown
in Figure 8(a), the long axis and short axis of the nanomagnet rotate from the x axis
and y axis to the x’ axis and )’ axis, respectively. If the tilt angle that long axis makes
with the direction of the electrodes is f, the included angles between long axis and
the clock will be a larger one (90° + ) and a smaller one (90° — ). When driven by
no other energy, the nanomagnet will flip toward the smaller angle after the stress is
released. This is because the nanomagnet has higher anisotropy along the clock than
that along the long axis and will spontaneously flip to the shape anisotropy potential

27



Magnetic Materials and Magnetic Levitation

» i e e I

y - — . s g
4 SR y i
! - e
! el S
r

o —— - -

— - e A e

counter- - -
clockwise L 4 N

lipping " Jr

clockwise i
flipping logic logic

&% 0 » & ] ”

556

T
lefi
energy

energy
barrier g
(3557

50
45
40
35

30}

Demagnetization energy(eV)

25

Y T P P Ty ey

00 0 00 0 e e s i e i B8 e

clockwise fiooi
2 ﬂipPll’lg 1 sl 1 1 | 1 1 H 1 Ippll.ng H
0 30 60 90 120 150 180 210 240 270 300 330 3

¢(degree)
(b)

Figure 8.
(a) The nanomagnet is rotated clockwise by a small angle p. (b) the demagnetization energy is calculated as a
Sfunction of ¢. (c) the preferred magnetization is simulated by OOMMEF.

well of the long axis. However, in the course of flipping toward the larger angle
(90° + p), it is necessary to cross the shape anisotropy barrier of the hard axis. As a
consequence, the nanomagnet tends to flip toward the smaller angle (90° — f)
without the need of crossing the shape anisotropy barrier of the hard axis.

As shown in Figure 8(b), for a nanomagnet with a tilt angle $ = 5°, the demag-
netization energy is calculated by OOMMEF, as a function of ¢. For the parameters,
the authors have assumed a space size of 80 nm x 100 nm x 20 nm, mesh size of
2nm x 2 nm X 2 nm, magnet dimensions of 50 nm x 100 nm x 20 nm, saturation
magnetization of 800 kA/m, Gilbert damping constant of 0.5, and zero
magnetocrystalline anisotropy. The high aspect ratio (2:1) and the small tilt angle
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(p = 5°) of the nanomagnet are set to eliminate the C-shaped and eddy current clock
errors. As shown in the inset, the demagnetization energy curve of the tilted
nanomagnet is shifted 5° to the left, where logic “1” and “0” correspond to 85° and
265°, respectively, while “NULL” (high energy state) states correspond to 175° and
355°. If the initial clock of the nanomagnet is pointing right (¢ = 0 or 360°), after the
stress is released, the tilted nanomagnet will flip counterclockwise to the side that
is at a smaller angle to the long axis, which is the +y’ direction (85°). This is because
the nanomagnet needs to cross the right shape anisotropy barrier of the hard axis
(see the purple box shown in Figure 8(b)) when turning clockwise to the —y’
direction (265°), whereas when turning counterclockwise, it is not necessary to
cross the barrier. Thus the nanomagnet will flip counterclockwise to the +y’ direc-
tion, yielding logic “1.” Figure 8(c) gives the OOMMEF simulations of the preferred
magnetization of the nanomagnet with initial clock pointing left or right. As shown
in the inset, if the initial state is pointing left, the tilted nanomagnet will rotate
counterclockwise to logic “0,” whereas if the initial state is pointing right, it will
rotate counterclockwise to logic “1.”

Based on the preferred magnetization of tilted nanomagnet, a design of dual-
input AND/OR magnetic logic gates is proposed, as shown in Figure 9. This design
is composed of two input nanomagnets A and B, as well as one output tilted
nanomagnet Out (clinched 5° clockwise), interacting via ferromagnetic coupling.
The magnetization direction of the magnet Out is influenced by the ferromagnetic
coupling of the input magnets A and B as well as its own preferred magnetization.
As shown in Figure 9(a), if the initial state is pointing left, the nanomagnet Out
tends to flip to logic “0.” As a consequence, when the inputs A and B are “01,” “00,”
or “10,” the output magnet rotates counterclockwise to logic “0,” whereas when the
inputs A and B are both “1,” the output magnet rotates clockwise to logic “1,”
thereby yielding AND logic. If the initial state is pointing right, as shown in
Figure 9(b), the nanomagnet Out tends to flip to logic “1,” so when the input
magnets A and B are “01,” “11,” or “10,” the output magnet rotates

AND OR
A A

YA y{;

i
initial4_ _: :__ }initial
state  Oul Out state

(x) v ()

(a) Ay

Figure 9.
(a) and (b) show the design of (A) AND logic gate and (B) OR logic gate based on tilted nanomagnet.
The initial magnetization of magnet Out is pointing left in (a) and rvight in ().
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counterclockwise to logic “1,” whereas when inputs A and B are both “0,” the
output magnet rotates clockwise to logic “0,” yielding OR logic.

For magnet Out, whose magnetization is interacted by inputs A and B, the
dipole—dipole interaction energy writes [7]:

g poM2V? —2cos @, sinfy cospsin @
fivole = 20— ——
P 4R +sin g, sin@y sin@sin + cosf4 cos
—2cos ¢g sinfp cos ¢ sinf
+ . . L (23)
+ sin @g sin @ sin ¢ sin @ + cos O cos 0

where R is the separation between the centers of neighbor nanomagnets and the
magnetization angles of the input magnets are labeled with subscripts A and B.

3.2 Results and discussions

Only OR logic gate is discussed in this section. For shape symmetry, the results
will be same for AND logic gate; on account of which, it is not discussed here for
clarity. In order to obtain OR logic gate, an initial clock pointing right is necessary.
However, whether the clock direction is pointing left or right cannot be controlled
simply by the stress. The magnetization vector only tends to be perpendicular to
where the stress is applied. Fortunately, for the nanomagnet tilted clockwise by 5°,
the direction of initial clock will be determined by the initial magnetization direc-
tion of the nanomagnet. As mentioned in Section II, there is no need of crossing the
hard axis barrier for the magnet when flipping clockwise. As a consequence, a
nanomagnet whose initial state is logic “1” (¢ = 90°) tends to flip clockwise under
the stress applied in the y direction. It is worth mentioning that if it is not possible to
know the initial state of the tilted nanomagnet, a clock pointing right can be
obtained by adding a biasing magnetic field pointing right (a stress of 45 MPa and a
bias magnetic field of 500 Oe).

The authors assume that the initial state of the nanomagnet Out is logic “1”

(¢ =90°, 0 =90°). A stress of 90 MPa is applied to nanomagnet Out for 3 ns. As
shown in Figure 10(a)-(d), the nanomagnet flips to “NULL” after the stress has
been applied for 1.8 ns. Note that the magnetization of “NULL” state here does not
exactly correspond to ¢ = 0. Rigorously, it makes a certain angle (¢ = 7°) with the x
axis. This is because the stress field component in the —y direction and the field
component of shape anisotropy in the +y direction yield a stable equilibrium, so that
the magnetization vector of magnet Out is stably deviated from the x axis. If ¢

< 10°, the field component of shape anisotropy energy in the +y direction is much
smaller than the stress field component, thus not affecting calculation result. Inputs
“00,” “01,” “10,” and “11” are read in at 2.9 ns. After the stress has been released for
0.9 ns (t = 3.9 ns), magnet Out will flip to a stable logic state. When the inputs are
“01,” “10,” and “11,” magnet Out is logic “1” (¢ = 88°), whereas when the inputs are
“00,” the magnet Out is logic “0” (¢ = —92°), successfully yielding OR logic. Note
that the nanomagnet Out does not flip to the long axis (¢ = 85° or ¢ = —95°) under
the interaction of the ferromagnetic coupling of the input nanomagnets.

The input nanomagnets A and B only produce small fluctuations (~2°) in the
plane and eventually return to the original logic state (¢ = 90° or ¢ = —90°) under
the interaction of the ferromagnetic coupling of nanomagnet Out. The angular
variations of 0 are similar in the four situations. Situation of inputs “10” is specially
shown in Figure 10(e) and (f). The polar angles (out-of-plane) of initial and final
states of the three magnets are all 6 = 90°. Magnets A and B produce smaller
fluctuations (~2°) than magnet Out (~33°), as shown in Figure 10(e).
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Apply a stress of 90 MPa to magnet out for 3 ns. (a)-(d) show dynamic magnetization of the azimuth angle ¢
of (a) input “00,” output “0”; (b) input “o1,” output “0”; (c) input “10,” output “0”; and (d) input “11,”

«, »

output “1.” when the input is “10,” (e) and (f) show (e) dynamic magnetization of the polar angle 6 and
(f) magnetization track of the nanomagnet out.

The results confirm that magnets A and B will remain stable during the switching of
magnet Out. The magnetization track of the magnet Out presents two obvious
energy states, as can be seen from Figure 10(f).

Figure 11 shows the simulation of our design of OR logic gate calculated by
OOMMF using the data in Table 1. The other parameters are set as follows: space
size = 800 nm x 200 nm x 20 nm, and mesh size = 5nm X 5nm x 5 nm.
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Simulation vesults of OR logic gate by OOMMEF.

The initial clock is pointing right and the inputs are “10,” “01,” “00,” and “11.” Only
when the inputs are “00,” the output becomes “0”; otherwise the output is “1,”
yielding OR logic as expected.

Unlike designs based on slanted nanomagnet, basic logic gates based on tilted
nanomagnet have three advantages: (1) This tilted magnet design allows high aspect
ratio (2:1) nanomagnets to be used; as a consequence of which, less C-shaped and
eddy current clock errors will occur; (2) regular-shaped tilted nanomagnet reduces
the requirements of fabrication process; and (3) the regular shape provides great
convenience in numerical calculation.

3.3 Conclusion

In this section, a design of AND/OR logic gates is proposed based on tilted
placement of nanomagnet. The mathematical model of the design is established,
and the correctness is verified by the OOMMEF software. This scheme can provide a
more efficient and reliable basic logic unit for NML design. However, in the exper-
imental preparation, there may be fabrication errors in tilting the placement of the
nanomagnet. To reduce the process fabrication error, stress electrodes may be tilted
so that the stress will also make an angle with the long axis of the nanomagnet.

4, Conclusions

In this chapter, the multiferroic heterojunction is introduced into the field of
spintronics. By utilizing the inverse piezoelectric effect and the inverse magneto-
strictive effect in the multiferroic heterojunction, the weak electric field can be used
to accurately synchronize the storage and processing of the magnetic logic signal of
the uniaxial nanomagnet. Multiferroic nanomagnets are considered to be a strong
competitor for post-CMOS devices due to their natural nonvolatility, high radiation
resistance, and ultra-low power consumption. In this chapter, the multiferroic
nanomagnet device is taken as the research object, and the research on the two key
problems of fast nanomagnet rapid reversal magnetization reversal and
nanomagnetic logic gate is carried out. The research results have great innovation
and application background.
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Chapter 3

Perpendicular Magnetic Insulator
Films for Spintronics

Laith Alahmed and Peng Li

Abstract

The recent progress in spintronics opens up new directions for novel device
concepts and fundamental understandings. This is possible because of magnetic
insulators (Mls), which have paved the way toward pure spin current-based
spintronics. MIs with perpendicular anisotropy expand the horizon further,
enabling new functionalities such as low-power spin-orbit torque switching, high-
speed domain-wall motion, high-frequency spin-orbit torque oscillation, etc. In this
chapter, we review recent progress in spintronic experiments using barium hexag-
onal ferrite BaFe;;0;9—a magnetic insulator with perpendicular anisotropy. These
results lay the foundation for using MIs with perpendicular anisotropy as a medium
to develop new energy-efficient pure spin current-based electronics.

Keywords: magnetic insulator, perpendicular anisotropy, spin current, spin-orbit
torque, spintronics

1. Introduction

Spintronics, also known as spin electronics, is a newly emerging field of research
that focuses on the spin degree of freedom of electrons rather than their charge.
Charge current is a flow of electrons from one point to another under the influence
of an electric field. In spintronics, spin current can propagate within the material.
A pure spin current can be generated through effects such as the spin Hall effect
(SHE), spin pumping, spin-wave propagation, etc. The pure spin currents consume
much less energy than charge currents. This is because of the absence of charge flow
that eliminates the power consumption needed for the electric field required to
drive charge flow [1-3].

In spintronics, magnetization switching is of both fundamental interest and tech-
nological significance. One way to switch the magnetization of a ferromagnetic film
is through the spin filtering effect. In this case, a spin-polarized electrical current will
be generated. As the polarized electrons flow through the ferromagnetic film, they
transfer angular momentum to the film and produce a spin-transfer torque to switch
the film. This torque is called spin-transfer torque (STT). Magnetic random-access
memory based on STT has already been commercialized in recent years.

The above-mentioned spin-torque switching, however, has a limit. The angular
momentum transferred per unit charge in the applied current usually cannot exceed
a quantum of spin (#/2). Recent work demonstrates that one can exceed this limit
by the use of spin-orbit torque (SOT). The demonstration generally takes a
nonmagnetic heavy metal (HM)/ferromagnetic metal (FM) bilayered structure and
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makes use of the spin-orbit coupling-produced SHE in the HM film to convert an
in-plane charge current to a pure spin current that flows across the HM thickness.
This produces spin accumulation at the HM/FM interface and therefore exerts a
SOT on FM. In this case, each electron in the applied current can undergo multiple
spin-flip scattering at the interface, therefore enabling more efficient switching
than in the conventional spin-transfer torque case.

The ferromagnetic films used in most of the SOT studies were all conductive. A
direct consequence is the severe shunting current in the ferromagnet layer, which
not only limits the switching efficiency but also causes parasitic effects. For exam-
ple, previous works have shown that interfacing a TI with a conductive FM film can
result in a significant modification or even complete suppression of the topological
surface states (TSSs) in the TI layer. In a TI/FM heterostructure, the TSSs may have
been largely spoiled by the FM electrons. This means that many large spin-orbit
torques observed in TI/FM structures may not be due to TSS. In this context, the use
of Mls in an HM/MI heterostructure can effectively avoid the shunting current.
Moreover, the TSSs in a TI/MI structure can be preserved except for the opening of
a small gap at the Dirac point when strong coupling exists at the interface. This will
enable the magnetization switching due to bona fide TSSs.

Magnetic insulators include a large class of materials, including spinels, garnets,
and ferrites. They have a general chemical formula of M(Fe,O,), where M is
representing non-iron metallic elements. MIs have several advantages over mag-
netic metals for SOT device applications. First, in a heavy metal/MI heterostructure,
the charge current only flows in the HM layer but not in the MI layer. In contrast, in
an HM/magnetic metal structure, the charge current also flows in the FM, resulting
in certain parasitic effects. When the HM layer is replaced by a topological insulator
with high resistivity, the advantage of zero shunting currents in the MI film
becomes particularly important. Moreover, interfacing a topological insulator (TI)
with a conductive FM can result in a significant modification or even complete
suppression of the topological surface states (TSSs) in the TI layer. The use of a
magnetic insulator can effectively avoid the shunting current; TSSs in a TI/magnetic
insulator (MI) structure can also be well preserved.

In the ferrite family, hexagonal ferrites have strong magnetocrystalline anisot-
ropy. For example, M-type barium ferrite (BaFe;,019, noted as BaM) has an anisot-
ropy field of 17 kOe. The perpendicular anisotropy in MI films originates from bulk
intrinsic anisotropy rather than interfacial anisotropy [4]. This means that, when
being used for actual devices, the BaM film has no constrains on the thickness. This
is in strong contrast with the ferromagnetic metal counterpart (e.g., CoFeB/MgO)
that often has to be very thin to realize interfacial perpendicular anisotropy. In
addition, the magnetic damping is usually significantly lower in MIs than in FMs.
For example, the intrinsic Gilbert damping constant in BaM materials is 7 x 10~ %,
which is at least 10 times smaller than the value in permalloy [5]. This advantage is
significant for spin-torque oscillator applications, where the current threshold for
self-oscillations decreases with the damping, as well as for logic device applications
that require low-damping, insulating spin channels.

This chapter reviews the main advances made in spintronic experiments with
BaM over the past several years. Section 2 gives a brief introduction to BaM and
discusses its crystalline structure, magnetic properties, and thin film growth
techniques. This section serves to provide a background for the discussions in the
following sections. Section 3 reviews the advances of spintronic experiments with
BaM. Section 3.1 provides an overview of the related spintronic experiments.
Section 3.2 discusses the generation of pure spin currents through the spin Seebeck
effect and photo-spin-voltaic effect in the Pt/BaM structure. Section 3.3 discusses
the spin-orbit torque-assisted switching in BaM. Section 3.4 discusses the use of
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topological insulator/BaM heterostructure for magnetization switching. Finally,
Section 3.5 provides an outlook in the field of BaM materials and devices.

2. Properties of barium ferrite thin films
2.1 Atomic structure of BaM thin films

BaM is a hexagonal ferrite, which consists of close-packed layers of oxygen
ions. Figure 1 shows a unit cell of BaM. The Ba®" ion is large, as is the 0>~ ion,
and the barium always replaces oxygen somewhere in the oxygen lattice. The
close-packed layers form six fundamental blocks, namely, S, S, R, R, T, and T’
[5-7]. The S block consists of close-packed oxygen layers stacking in an
ABCABC ... sequence. It has a cubic spinel arrangement with the <111 > axis
along the vertical direction. There are two units of Fe;0,4 without any barium ions
in each S block. The R block comprises close-packed oxygen layers stacking in an
ABAB ... sequence. It has a hexagonal closest packed structure along the vertical
axis. Each R block has a unit formula of BaFezO;;. The T block is made of four
oxygen layers, with a barium ion replacing an oxygen ion in the middle two layers,
which gives a unit formula of Ba,FegO14. The S, R,and T blocks are 180°
rotations around the c-axis from the S, R, and T blocks BaM is built from the
stacking of S, R, S, and R blocks.

Trivalent Fe®" ions occupy tetrahedral and octahedral sites as well as one trigonal
bipyramidal site. Different sites account for different spin orientations and Bohr
magnetons (up). For example, a tetrahedral site contributes 2y, while an octahedral
site contributes 45 with opposite spin orientations in the S block. In the end, S, s,
R, and R blocks contribute 2u5 each, leading to a moment of 40up for each unit cell
This gives a saturation magnetization of ~4700 G in bulk BaM. BaM has a strong

Figure 1.
Crystalline structuve of M-type bavium ferrite. Blue ball, Ba**. Yellow ball, Fe**. Red ball, O*".
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anisotropy field of 17 kOe, which is along the ¢ axis. This comes from the trigonal
bipyramidal site Fe>* ions, as well as breaking crystal symmetry in the R/R" blocks.
This is the most distinguished property of BaM, because the perpendicular anisot-
ropy field originates from bulk intrinsic anisotropy. BaM has a large ¢ constant of
23.2 A and an a constant of 5.89 A. The x-ray density is about 5.29 g/cm>. The Curie
temperature of bulk BaM is 725 K, which is much higher than the room tempera-
ture. The exchange constant is 6.4 x 10”7 erg/cm [7].

2.2 Growth techniques

A variety of techniques are used to grow BaM thin films, including pulsed laser
deposition (PLD) [8-10], alternating target laser ablation deposition (ARLAD)
[11, 12], molecular beam epitaxy (MBE) [13], liquid phase epitaxy (LPE) [14, 15],
magnetron sputtering [16, 17], and so on. Guo et al. at Boston Applied Technologies
proposed a chemical solution deposition process to deposit BaM. Song and his
colleagues succeeded in the PLD growth of BaM thin films that showed an FMR
linewidth as narrow as single-crystal BaM bulks. However, these films showed a
remanent magnetization much smaller than the saturation magnetization [9]. This
problem was improved in the later experiments when tuning the deposition condi-
tions [18]. Figure 2 shows the PLD parameters which decide the thin film quality.
Figure 2b shows that c-axis out-of-plane BaM grains can be grown on (0001) AL,O3
substrates; c-axis in-plane BaM grains can be grown on (11 —20) Al,O3 substrates.
A typical procedure is as follows: the oxygen pressure is set at 300 mTorr, and the
substrate is heated to 800°C. The substrate-to-target separation is fixed at 4 cm, and
the energy fluence of the laser beam is set to 0.7 J/cm?. The laser pulse repetition
rate is increased from 1 to 5 pulse(s) per second in five equal steps over the first
5 min and is then set to 10 pulses/s for the remaining deposition. After the

a b

c-axis out-of-plane

.G. =
Figure 2.

Growth condition in pulsed laser deposition of BaM thin films. (a) Parameters controlling the BaM thin film
quality. (b) Different Al,Oy substrate types for growing BaM with different c-axis ovientations.
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deposition, the substrate is cooled down at a rate of 2°C/min in 400 Torr oxygen.
The sample is then annealed at 850°C for 4 h in a standalone tube furnace, with a
heating rate of 10°C/min and a cooling rate of 2°C/min.

2.3 BaM thin film grown on (0001) c-plane Al,O; substrate

In microwave device applications, BaM films usually have a thickness of several
microns. For spintronic devices, the thickness is reduced to tens of nanometers.
Figure 3 shows the structure and magnetic properties of nanometer-thick BaM thin
films grown on a c-axis Al,O3 substrate. The atomic force microscopy (AFM) image
in Figure 3a shows a uniform and smooth surface, and the analysis of the AFM data
yielded an RMS surface roughness of 0.19 & 0.03 nm. These results, together with
other AFM data not shown, indicate that the BaM film has a reasonably good
surface, which is critical for the realization of high-quality BaM thin films. The
roughness value here is an average over the measurements of nine different
1 x 1 pm areas, and the uncertainty is the corresponding standard deviation.

Figure 3b shows a 20/w x-ray diffraction (XRD) scan, with the XRD intensity on
a log scale. The x-ray 6 rotation gave a scattered beam that matched the specular
reflection from the surface. The detected (001) diffraction peaks all come from
c-plane scattering of the BaM film. The (006) sapphire substrate peak was also
detected. The hysteresis loops in Figure 3c were measured by a vibrating sample
magnetometer with different field orientations, as indicated. The loops clearly show
that the BaM film has perpendicular anisotropy, which confirms the c-axis orienta-
tion of the film. Analysis of the hysteresis data yielded an effective perpendicular
anisotropy field around H,,; = 20 kOe, which is larger than the bulk value (17 kOe).
The normalized saturation magnetization 4zM; = 4.16 kG, which is lower than the
bulk value of BaM (4.70 kG). Figure 3d presents a ferromagnetic resonance (FMR)
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Figure 3.

Structure and magnetic properties of BaM thin films. (a) Atomic force microscope of 5 nm BaM thin film.

(b) x-ray diffraction of 5 nm BaM thin film. (c) Hysteresis loops of 5 nm BaM thin film. Blue circles, H along
out-of-plane direction. Red circles, H along in-plane divection. (d) Ferromagnetic vesonance of 20 nm BaM thin
film with H along out-of-plane direction. a, b, and c ave adapted from [10].
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curve obtained with a 20-nm-thick BaM film at @ = 66 GHz. Because of the strong
perpendicular anistropy field, the ferromagnetic resonance of BaM film appears
between 50 GHz and 75 GHz. In the graph, the blue circles show an FMR profile
measured at 66 GHz. The Lorentzian function (red curve) fits the data points better
than the Gaussian fit shown as the olive curve, indicating that the film has a
uniform quality. The fitting yielded a peak-to-peak linewidth AH = 26.59 £ 0.60 Oe
and an FMR resonance field H.,.s = 10.24 kOe. Similar measurements can be carried
out to FMR profiles at a variety of frequencies, and a Kittel equation can fit the
curve with a magnetic field applied out-of-plane:

o = 2”|7|(Hres + Hani — 477Ms) (1)

Such fitting yielded a gyromagnetic ratio y = 2.80 & 0.01 MHz/Oe and
Hapi = 19.12 £ 0.04 kOe. The linewidth AH vs. frequency w data can be fitted with
the following equation:

20 o

~V3l|2x

where « is the damping constant and H is the inhomogeneity line broadening,
which is a parameter associated with a describing the damping of the material. The
FMR measurements yielded a damping constant a = (9.7 + 1.1) x10*.

AH + AH, (2)

2.4 BaM thin film grown on (11 —2 0) a-plane Al,O; substrate

Figure 4 shows the structural and magnetic properties of a representative BaM
film that is grown on an (11 —2 0) a-plane AL, O3 substrate. The film has a thickness
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Figure 4.

Structure and magnetic properties of 1.2 ym BaM thin films with c-axis in plane. (a) AFM image. (b) XRD
spectrum. (c) Hysteresis loops of the BaM thin film. Blue circles, H along the in-plane easy axis direction. Red
circles, H along in-plane hard axis direction. (d) Ferromagnetic vesonance spectrum with Gaussian and
Loventzian fittings. a, b, and c are adapted from [18].
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of 1.2 pm. Thus, the AFM data show a relatively rough surface with an RMS surface
roughness of 14.3 + 1.6 nm. Figure 4b presents an XRD spectrum. The spectrum
consists of a strong peak from the sapphire substrate and the two other peaks for the
m-planes of the BaM film, indicating the in-plane orientation of the c-axis.

Figure 4c presents the two hysteresis loops of the film measured by a vibrating
sample magnetometer. One of the loops was measured with the magnetic field
applied along the c-axis, while the other was measured with the field also in the film
plane but perpendicular to the c-axis. The dashed lines indicate the extrapolations
used to determine the effective anisotropy field H,y;. The dotted line indicates the
determination of the saturation induction 4zM,. These data show that the film has a
well-defined in-plane uniaxial anisotropy with the easy axis along the c-axis. From
the hysteresis loops, it can be concluded that H,,; = 16.5 kOe and 4zM; = 3.87 kG.
Moreover, the film has a large remanent magnetization-to-saturation magnetization
ratio of about 0.89 along the c-axis. This large ratio results from the strong in-plane
uniaxial anisotropy. This means that the film is self-biased to a large degree at zero
fields, which allows for the use of BaM in self-bias spintronic experiments.

Figure 4d shows the FMR spectrum of the c-axis in-plane BaM film shown by the
blue, open circles measured at 64 GHz. The curve is fitted to the derivatives of a
trial Lorentzian function and a Gaussian function. Similar to the FMR curve in
Section 2.3, it fits better with the Lorentzian function, indicating a uniform film.
The Lorentzian fitting yields H,.s = 4.55 kOe and AH = 318 Oe. The dependence of
H,pi and the microwave frequency f can be fitted by a Kittel equation for field
applied in-plane:

w = zﬂlyl\/(Hres + Hani)(Hres + Hani + 47[M5) (3)

3. Spintronic applications with magnetic insulators
3.1 Introduction to spintronics

In the following sections, we introduce recent spintronic experiments using MIs
with strong anisotropy fields. Devices that incorporate the unique properties of Mls
are an excellent potential solution for the power consumption and heat dissipation
problems of conventional electronics, as they would consume much less energy and
generate significantly less heat. We introduce the use of different techniques in
generating pure spin currents, using bilayer heterostructures of a normal metal
(NM)/ferromagnetic material. There are a variety of normal metal choices such as
platinum (Pt) and Gold (Au). Both have been explored and tested in spintronics
related studies and experiments [18-33].

In the first two sections, we will explore the generation of pure spin currents
using the spin Seebeck effect (SSE) and the photo-spin-voltaic effect (PSVE). Both
techniques take advantage of a NM coupled with a MI. In SSE, a temperature
gradient in the MI is the main factor that induces the MI to inject pure spin currents
into the NM layer. In PSVE however, the light of certain wavelengths reaching the
atomic layers of the NM, exciting the NM electrons near the NM/MI interface, is
what generates the pure spin currents. SSE and PSVE Experimentation results will
also be explored and discussed. Then, in the last two sections, we will demonstrate
how pure spin currents can be used practically to enhance magnetic switching in
MIs in a significant and meaningful way. NM/MI bilayers will not be the only type
of heterostructure discussed here, we will also explore topological insulator/MI
structures and demonstrate the significance of topological insulators in spintronics.
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3.2 Generation of pure spin currents through SSE using NM/BaM structures
and photo-spin-voltaic effect in Pt/BaM structure

3.2.1 The spin Seebeck effect

The traditional Seebeck effect, first discovered by Thomas Seebeck in 1821 [34],
refers to the generation of electric potential in a conductor when a temperature
gradient is applied to it. The electric potential is caused by charge carriers within the
conductor moving from the hot region to the cold region. A thermocouple consists
of two dissimilar conductors that are joined to form a junction; when a heat gradient
is applied across the thermocouple (see Figure 5a), a voltage difference can be
observed across them. The sign of the voltage flips when the direction of the
temperature gradient is flipped. The traditional Seebeck effect is the basic principle
behind most thermoelectric generators.

The spintronic equivalent of the traditional Seebeck effect, called the spin
Seebeck effect, was first discovered in 2008 [19, 28]. SSE is a phenomenon that can
be observed in ferromagnetic and ferrimagnetic materials when a heat gradient is
applied to them [19, 28, 35]. The heat gradient induces a spin voltage in the ferro-
magnet that can be used to inject pure spin currents into a conductor attached to the
ferromagnet. Here, spin voltage is a potential for the spin of electrons, rather than
their charge, to drive spin current [19, 36-38]. Previously mentioned bilayer
heterostructures of normal metal/magnetic material have been used to study the
SSE in two different configurations: transverse and longitudinal [19, 39]. In the
transverse configuration, the generated spin current is perpendicular to the tem-
perature gradient [28]. The generated spin current in the longitudinal configuration
is parallel to the temperature gradient [19] (see Figure 5b). The longitudinal con-
figuration has been the dominant choice for SSE research, owing to its simplicity
[19]. Magnetic insulators (such as YIG, BaM, etc.) offer an ideal platform for
observing the longitudinal spin Seebeck effect (LSSE) [19, 40]. In a conductive
ferromagnet, the longitudinal configuration can give rise to a large anomalous
Nernst effect (ANE)-induced voltage, which makes it difficult to distinguish
between ANE and SSE [19, 33, 41, 42].

If SSE generates pure spin currents, then an important question would be how
do we measure them? The absence of charge flow makes it impossible to use
conventional methods to measure the spin currents. One way to measure LSSE-
generated spin current is to first convert it into a charge current that can then be
measured by conventional means. In this context, the choice of the normal metal in

(a) Conventional Seebeck effect (b) Longitudinal Spin Seebeck Effect
z

Normal metal

Ferromagnet

Conductor A ! Conductor B

H

Figure 5.
Schematic illustrations of (a) the conventional Seebeck effect and (b) longitudinal spin Seebeck effect.
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the bilayer heterostructure becomes very important. Heavy metals, such as Pt and
Au, have strong spin-orbit coupling [43, 44], offering an effective mechanism to
convert a transverse spin current into a longitudinal charge current through inverse
spin Hall effect (ISHE) [43, 45-47]. The ISHE charge current across the heavy metal
surface creates an electric field E;gyg that can be measured with a voltmeter. The
magnitude and sign of Ejsyg depend on internal and external factors. In Figure 5b,
an external magnetic field H is applied in the x direction. The magnetization M of
the Ml layer is aligned to the x direction as well. The temperature gradient is applied
across the z direction, generating a spin voltage in the MI layer, injecting spin
current across the interface and into the normal metal layer parallel to the temper-
ature gradient. The polarity of electron spins in the normal metal layer is influenced
by M from the MI layer. The ISHE field, Ejsyg, is measured across the y direction.
Eisyg is proportional to the cross product of the spatial direction of the generated
spin current J; and the polarity vector of electron spins in the normal metal layer.
The following equation explains the relationship between Eisyg, /i, and ¢ [19]:

Espe < J; X © 4)

In summary, the voltage measured across the normal metal surface is strongest
when M is perpendicular to both the heat gradient and Ejgyg; the voltage will flip its
sign if M is flipped by flipping the external magnetic field H; the voltage measured
will be zero when M is parallel to Ejsyg.

This discussion sheds light on the importance of the existence of an external
magnetic field H to enable Ejsyr when using soft magnetic insulators such as spinels
and garnets. A strong enough H is necessary to saturate the magnetization of such
insulators, as well as to control the direction of the magnetization. Indeed, SSE
cannot be observed in samples incorporating spinels or garnets with a temperature
gradient alone. Due to their low remnant magnetization, an appropriate external
magnetic field is required to saturate them.

An exception to the external magnetic field requirement is made when using BaM
thin films due to their strong uniaxial anisotropy [18]. In the absence of an external
magnetic field, the magnetization of BaM films, caused by the spins of unpaired
electrons, tend to favor one axis, called the easy axis, over any other axis. Thus, most
electron spins within the BaM film tend to align themselves with the easy axis,
randomly up or down, in the absence of an external magnetic field. Therefore, BaM
films have uniaxial anisotropy. The uniaxial field of BaM was found to be around
16.5 kOe [9, 18]. Applying a magnetic field of this value or higher along the easy axis
of the film causes all the electron spins to align themselves in the direction of the
magnetic field, removing the magnetic field then will leave a large remnant magneti-
zation within the BaM film owing to its uniaxial anisotropy. Namely, the film
becomes self-biased and does not require an external field to magnetize it.

An LSSE experiment and its results using a Pt/BaM heterostructure [18] will be
discussed next. In this experiment the sample consisted of a micron-thick BaM
layer, topped with a 2.5-nm-thick Pt layer. The BaM layer was grown on a 0.5 mm
sapphire substrate. The easy axis of the BaM film was in the plane of the film.

Figure 6 shows the experiment setup and results. Figure 6a shows a schematic
diagram of the experimental setup that was used to test LSSE within the sample.
The sample was put on an aluminum plate to act as a heat sink. An incandescent
light bulb was placed directly on top of the sample, acting as the heat source. The
easy axis of the BaM layer was along the y-axis, and the voltage was measured along
the x-axis. All measurements were performed without an external magnetic field.
However, a magnetic field of 10 kOe was used prior to the experiment to set the
magnetization M of the BaM film in the positive (or negative) y direction.
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Figure 6.

Light-induced generation of spin currents. (a) The experimental setup. (b) and (c) Respective voltage signals
measured for M|ly and M||(—y), in vesponse to the light that was turned on at 100s then turned off at 200s. The
graphs also show the responses of the temperature difference (AT) between the top and bottom of the Pt/BaM/
Saphire structure. (d) Voltage amplitude as a function of AT. Source: [18], p. 3.

The heat from the light bulb, along with the aluminum plate acting as a heat
sink, created the temperature gradient across the BaM film thickness; the difference
in temperature between the bottom surface and top surface of BaM, AT, was
measured using two thermocouples connected to them. When the light is turned on,
SSE occurs, the heat gradient induces a spin voltage in the BaM film that injects spin
currents across the interface and into the Pt layer. Due to ISHE, the spin current is
converted to a charge current across the Pt surface creating a voltage. The voltage
was measured by connecting a nanovoltmeter to the opposite ends of the Pt surface
across the x-axis.

Figures 6b and ¢ demonstrate the relationship between the difference in tem-
peratures AT and the generated voltage, with time, for M||y and M||—y, respec-
tively. AT was changed by changing the height of the light bulb. These results show
that the SSE-generated spin current, and therefore the observed voltage, changes in
exactly the same manner that AT changes with. This result is expected as the
difference in temperature is what causes the spin voltage in the BaM film, which
ultimately gives us the voltage reading across the Pt layer.

Figure 6d shows an important property of SSE, namely, the sign of the gener-
ated voltage flips when the direction of the BaM magnetization is flipped. The graph
shows the relationship between AT and measured voltage for M|y (red) and M||—y
(blue). The result again proves that the voltage change with respect to AT is
identical (mirrored when M||—y due to the sign flip), in both cases.

Control measurements were performed and are shown in Figure 7. Changing the
lateral position of the light bulb did not have any noticeable effect on the measured
voltage. This is to be expected, as the temperature gradient depends on the height of
the light bulb, rather than its lateral position. This is demonstrated in Figure 7a,
where the light position was changed to six different lateral positions. The figure
shows that, other than jumps from electrical disturbance caused by the position
change, the measured voltage remained largely unchanged.
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Control measurements. (a) Voltage changes caused by moving the bulb along the x-axis. (b) Voltage and AT
signals obtained when both a bulb and a Peltier cooler were used to control the temperature. The data in (a)
and (b) were obtained with the same sample as Figure 6. (¢) SSE in a Pt(2.5 nm)/BaM (0.4 um)/sapphire
(0.5 mm) sample. (d) Voltage and AT signals obtained with a Cu(9 nm)/BaM(1.2 um)/sapphire (0.5 mm)
sample. Source: [18], p. 3.

Using a Peltier cooler as an added source for the temperature gradient in addi-
tion to the light bulb also did not have a noticeable change in the relationship
between the measured voltage and AT. This is shown in Figure 7b, where a light
source was used to create AT, and a Peltier cooler was turned on under the sample
midway through. Figure 7c shows the voltage change with time for a similar sample
with a BaM layer thickness of 0.4 um, and only a Peltier cooler was used to create
the temperature gradient. Both Figure 7b and c show the same result: the measured
voltage is directly related to AT, regardless of the method used to achieve AT.

The importance of using a metal with strong spin-orbit coupling is demonstrated
through Figure 7d, where Cu, which has very weak spin-orbit coupling, and there-
fore very weak ISHE, was used in a Cu (9 nm)/BaM (1.2 pm)/sapphire (0.5 mm)
sample. The figure shows a behavior that is different from the Pt/BaM samples,
indicating the absence of SSE in this sample. A likely source for the signal shown in
Figure 7d is the conventional Seebeck effect, caused by a temperature gradient
across the sample’s length. (All figures, experimentation setup and results were
taken from [18] with appropriate permissions).

3.2.2 Photo-spin-voltaic effect

A closely related but fundamentally different effect to SSE is the photo-spin-
voltaic effect (PSVE). PSVE happens in NM/MI heterostructures; it generates pure
spin currents across the NM thickness that can be measured through ISHE. Light
can generate spin voltage and drive spin currents through PSVE. While the spin
voltage is generated in the MI layer in the SSE case, the spin voltage in PSVE is
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generated in the atomic layers of the NM that are close to the interface due to
magnetic proximity effect [48]. When light of a certain wavelength hits the sample,
photons excite electrons in the Pt layer, causing them to move to higher energy
bands. The efficiency of this photon-driven excitation varies because of the spin
orientation. The difference in efficiency, along with different diffusion rates of
excited electrons and holes, generates the spin voltage through PSVE [48].

Figure 8 shows PSVE in a Pt/MI structure. An important question arises due to
the extremely similar setup of both LSSE and PSVE: how can we determine the
source of the ISHE generated voltage? It could be due to LSSE, or PSVE, or both.
Fortunately, research in this area determined several distinguishable factors that
make it possible to disentangle LSSE from PSVE. The most important factor is the
wavelength of the light used to excite the sample. Experimental results determined
that PSVE can only be observed when the wavelength of the light used falls in the
range 1600-2000 nm [48]. Using a light source with a wavelength outside that
range or a heat source other than light, such as a Peltier cooler, will only give us
LSSE in our sample and no PSVE [49]. Other factors include the type of materials
and device geometries used in the studies. For example, different MI types and
thicknesses give widely different signals in LSSE. A recent work showed that the
main contribution in the voltage comes from LSSE rather than PSVE [50]. How-
ever, experiments have shown that using a light source with the appropriate wave-
length gives extremely similar results in Pt that is coupled with MI of varying types
and thicknesses [48].

Figure 9 shows the results of PSVE in three different samples: Pt (2.5 nm)/YIG
(78 pm), Pt (2.5nm)/YIG (21 nm), and Pt (2.5 nm)/BaM (1.2 pm). For each sample,
three different experimental setup configurations were tested: illuminating from
the sample’s top, illuminating from the sample’s bottom, and illuminating from both
the top and bottom of the sample. The phenomena of PSVE in all cases were similar,
with a difference that is no bigger than an order of magnitude. This confirms that
the voltage is induced by PSVE instead of SEE. Only the sign of the voltage, but not
its magnitude, flipped with the flipping of the magnetization of the MI film; this
confirms the spin origin of the measured voltage. (All the PSVE information and
experimental setup and discussion were taken from [48] with appropriate
permissions).
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Figure 8.

(a) Photo-spin-voltaic effect in Pt/MI bilayer heterostructure. (b) Sketch of the physical mechanism underlying
PSVE. When light illuminates the sample, photons excite electrons and generate nonequilibrium hot electrons
and holes in the Pt atomic layers that are in proximity to the MI (the gridded region). The excited electrons and
holes diffuse from Pt/MI interface to the Pt interface (along the +z divection), giving vise to spin currents (], and
Ju)- Source: [48], pp. 861, 865.
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Figure 9.
Measurements for different illumination/magnetization configurations for three different samples Pt (2.5 nm)/
YIG (78 um), Pt (2.5 nm)/YIG (21 nm), and Pt (2.5 nm)/BaM (1.2 um). Source: [48], p. 863.

3.3 Spin-orbit torque-assisted switching in magnetic insulators

The uniaxial anisotropy and the nonvolatile nature of easy axis-aligned magne-
tization within the BaM film can be used to design memory and logic-based sys-
tems. If the magnetization is up, it will keep its direction until a magnetic field flips
it toward the opposite direction. If an efficient way can be found to switch the
magnetization states of the magnetic insulator thin films, then they can be used in
magnetic memory systems commercially [51].

In a NM/MI structure, such as Pt/BaM, SHE can be used to convert a charge
current across the Pt surface into a spin current that flows across the thickness of
Pt through spin-orbit coupling; this process will accumulate spins at the Pt/BaM
interface. The spin accumulation generates spin-orbit torques (SOTs) that can be
used to switch the BaM magnetization. Each electron provided by the charge
current can undergo several spin-flip scatterings at the interface, breaking the
conventional spin-torque switching limit and increasing the switching efficiency
considerably [51].

We discuss the SOT experimental details of a Pt(5 nm)/BaM(3 nm) sample. The
easy axis of the BaM film was perpendicular to the surface of the film. Figure 10b
shows the hysteresis loop of the film, measured by a vibrating sample magnetome-
ter, when an out-of-plane external magnetic field was applied (red curve). The olive
curve shows the hysteresis loop along the hard axis when the external magnetic
field is applied in the plane of the film. This figure confirms the perpendicular
uniaxial anisotropy of the film, with a perpendicular anisotropy field of 17.6 kOe. A
Hall bar structure was fabricated out of the Pt/BaM bilayer and is shown in
Figure 10a. Figure 10c shows a hysteresis loop on the Hall resistance, revealing an
anomalous Hall effect (AHE)-like behavior. It is unclear whether the AHE-like
behavior is from magnetic proximity effect or spin Hall magnetoresistance. How-
ever, Rayg behaves in a very similar manner to the perpendicular magnetization
component of the BaM film M, (compare Figure 10b to Figure 10c). This allows
for the gauging of M, in the BaM film by simply measuring Rayg.

The first experiment demonstrated was the out-of-plane switching; the external
magnetic field is fixed out of the film’s plane and 20° off the easy axis. The purpose
of this tilt was to break the magnetization symmetry due to the external field,
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Figure 10.

(a) Optical image of the Pt (5 nm)/BaM (3 nm) Hall bar structure. (b) Magnetic hysteresis loops of the BaM
film. (c) Anomalous Hall vesistance R aug of the Hall bar measured as a function of a magnetic field. The inset
is a schematic showing the magnetic field H direction which is in the yz plane and 20 degrees away from the +z
axis. Source: [51], p. 3.

allowing for the observation of the SOT effect. One would expect that if the SOT
field is along the -z direction, it would act against the external field, thereby
increasing the total field required to saturate the magnetization within the BaM
film, while a SOT field along the 2 direction will aid the external field, resulting in a
smaller field required to saturate the magnetization of the BaM film.

Indeed, experimental results, shown in Figure 11, confirm exactly that. Namely,
when charge currents of varying intensities are applied to the Pt film along the —y
direction, the SOT direction is opposite to that of H (as shown in Figure 11a), and
the resultant hysteresis loops, gauged by Raug, become wider as the current inten-
sity increases. This is shown in Figure 11c, where the gray loop is for I = 0; blue,

I = —2mA; olive, I = —4 mA; and red, I = —6 mA. This confirms the existence and
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Figure 11.

Switching responses in Pt/BaM for out-of-plane magnetic fields. (a) and (b) Effects of charge currents 1 in the
Pt film on switching of the magnetization M in the BaM film under an out-of-plane field H. The red spheres
with arrows represent spin-polarized electrons deflecting toward the BaM layer. M represents the magnetization
of BaM. t represents the spin torque due to SHE. The direction of H is indicated in the insert. (c) and (d)
Anomalous Hall vesistance Rapg of the Hall bar measured as a function of a magnetic field for different charge
currents. The field was applied 20 degrees away from the z axis, as shown in the insets of (a) and (b).

In (c) gray, 1 = 0; blue, 1 = —2 mA; olive, 1 = —4 mA; and ved, 1 = —6 mA. In (d) gray, 1 = 0; blue, I = 2 mA;
olive, I = g4mA; and red, 1 = 6 mA. Source: [51], p. 4.
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the direction of pure spin current-generated SOTs near the interface, the magnitude
of which is proportional to the intensity of the supplied current. Flipping the
direction of the supplied charge currents flips the direction of the SOT as shown in
Figure 11b. The resultant hysteresis loops, shown in Figure 11d, become narrower
as the supplied charge current increases, indicating that SOT, in the direction of H,
assisted in the magnetization flipping, reducing the overall total external field
needed to flip M, in the BaM film.

Further experiments were performed to confirm the existence of spin current-
generated SOT near the Pt/BaM interface. This time, the external field H was within
the film plane. This means that applying a saturation field in the film plane will
align the electron spins along the hard axis of the BaM film. When H is removed, the
spins will return to their easy axis, randomly up or down, resulting in a net M, of
zero. However, when a charge current is supplied to the Pt surface, SOT near the
interface will influence the direction of the spins of electrons when H is reduced and
they start to align to their easy axis. This results in remnant magnetization that is
represented by a hysteresis loop. If the direction of the supplied charge current is
flipped, the resultant hysteresis loop will be the opposite of the first hysteresis loop.
This is shown in Figure 12. This confirms that the direction of the SOT can be
controlled by changing the sign of the supplied charge current.

These results confirm that SOT due to pure spin currents, generated by SHE in
Pt/BaM structures, can be used to assist the magnetization switching in BaM films.
It should be noted however, that SHE generates two different torques: a damping-
like torque (DLT) and a field-like torque (FLT). The effective fields for DLT and
FLT are Hppt and Hgyr, respectively. Thus, the total field affecting M, of the BaM
film can be written as follows [51]:

Hiotl = H + Hy + Hrrrx + Hprr(m X x) (5)

where H is the external field as indicated in Figure 11, H, is the anisotropy field
of the BaM film, and x is the unit vector along the +x direction. Two different
simulation models were carried out to determine the SOT field strength: macrospin
model simulation and microspin model simulation.

Carrying out both simulations involved three main steps: first, H. was calculated
when J. is set to zero. Hpy 1 and Hgp 1 were both set to zero as well. H, was set such
that when H is equal to the experimentally measured H, and pointing in the direc-
tion opposite to its initial direction, 7 flips. The second step considers the case when

Rape (M)

Field (kOe)

Figure 12.
Anomalous Hall vesistance Rapg measured as a function of a magnetic field along the y axis for 1= +6 mA and
I= —6 mA, respectively. Source: [51], p. 5.
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J. # 0 and Hgyr = 0. Simulations are then performed at given Hpy r values to find
the corresponding H. values. This is because a flip in the direction of Hpy breaks
the symmetry, thereby affecting H.. A flip in the direction of Hgyr on the other
hand does not affect H. as Hg. 1 is orthogonal to H,, H, and m. The third step
considers non-zero values of Hpyr and repeats the simulations to find H.. for given
combinations of Hp; 1 and Hgy 1 values.

The results from running the two different models of simulations were very
close and are shown in Figure 13. The blue dots show the linear nature of the
relationship between H. and Hpy, when Hgpr = 0. This is similar to the experi-
mental H. vs. ] data. The simulation showed that when Hp; t is -400 Oe, H,.
increases to about 2.0 kOe, and when Hp; 1 is 400 Oe, H. decreases to about 0.95
kOe. This same change was experimentally observed when J. changed between -10”
A cm % and 107 A cm % Thus, we can conclude that Hp; 1 in the Pt/BaM is about
400 Oe at J. = 10’ A cm 2. The red and olive dots in Figure 13a and b show the
same relationship when Hgy 1 = Hpp1/2 and Heyr = Hpyr, respectively. The red
dots show that the effect of Hgpt is negligible when Hyyr = Hpp/2, while the olive
dots show a deviation for strong negative charge currents that was not observed
experimentally. The red and olive portions of both figures prove that the majority
of the SHE generated torque is due to DLT, with FLT having a relatively small
effect in comparison. The experimental results, along with the simulation data,
show that SOT in Pt/BaM films can reduce the required switching field by as
much as 500 Oe.

Further improvements and enhancements in the switching efficiency can be
achieved by using materials with higher spin-orbit coupling, resulting in stronger
SOT. Topological insulators exhibit such requirements and will be the topic of the
next section. (All figures, experimentation setup, and results were taken from [51]
with appropriate permissions).

3.4 Magnetization switching with topological insulators

Topological insulators (TI) are of great interest in spintronic-related studies. A
TI is a material with nontrivial symmetry-protected topological order that behaves
as an insulator in its interior but whose surface contains conducting states. What
differentiates a TI from other materials with conducting surfaces is that its surface

2.07
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Hp.1 (Oe) Hp.1 (Oe)

Figure 13.

(a) and (b) Coercivity vs. DLT field (Hpyt) estimated for three different field-like torque (FLT) fields (Hgy1)
through macrospin and full micromagnetic simulations, vespectively. Large blue spheres, Hpyr = 0; small ved
spheres, Hp 1 = Hpr1/2; and small olive spheres, Hey v = Hpur. The dash line in (a) and (b) is the H.at I = o.
All the measurements were done at room temperature. Source: [51], p. 4.
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states are time-reversal symmetry-protected. Due to the very strong spin-orbit
coupling of TIs [10, 52], if a charge current is supplied to their surface, the surface
states induce spin polarity and therefore generate a spin current, owing to the SHE.
The SHE in TIs is several times stronger than in heavy metals such as Pt, and it can
become hundreds of times stronger at very lower temperatures [10].

Theoretically, the very strong SHE in a TI can generate SOT that is much
stronger than its counterpart in heavy metals. This strong SOT can then be
exploited for magnetization switching by pairing it with a ferromagnet, similar to
what was discussed in the previous section. Using a conductive ferromagnet, how-
ever, can completely suppress the surface states of a TI [49-56], preventing the
generation of spin currents, therefore making it impossible for SOT magnetization
switching to happen in TI/conductive ferromagnet structures.

Here, the usefulness and importance of magnetic insulators are again empha-
sized. Pairing a TI with MI keeps the integrity of the surface states. Various
materials can be used to create a TI, such as (Bi,Sb4_,), Tes. The choice of x can
ensure protection from time-reversal symmetry. Figure 14a and b show the sheet
resistance measurements of a (Bi,Sby),Te; film that was grown on a MI
(TmsFes01,, TIG) for x = 0.2 and x = 0.3, respectively. The lower inset of both
figures show the broken symmetry of the topological surface states of both con-
figurations. The sheet resistance in both figures shows a linear portion, attributed
to the normal Hall effect, and a hysteresis loop portion. The different slopes
indicate opposite carriers in each sample. The hysteresis portion indicates strong
magnetic uniaxial anisotropy in the TT owing to highly spin-polarized electrons on
the TI’s surface. This uniaxial anisotropy is maintained at room temperature and
up to T = 400 K [57].

In another experiment, the authors used a Bi,Se;/BaM heterostructure to explore
the effect of topological surface state in switching the magnetization of a magnetic
insulator [10]. The BaM layer used had similar characteristics to the BaM layer used
in the Pt/BaM experiment. The BaM film was 5-nm-thick and had a uniaxial anisot-
ropy axis perpendicular to the surface, as shown by the two hysteresis loops in
Figure 15a. The blue hysteresis loop was measured when the external field was
applied perpendicular to the BaM film’s surface. The red loop was measured when
an external field was applied along the BaM film plane. The two loops together
confirm the perpendicular orientation of the anisotropy axis of the BaM film.

A Hall bar was fabricated on the Bi,Se;/BaM bilayer film. Figure 15c shows that,
similar to the Hall bar setup of the Pt/BaM experiment discussed in the previous
section, the AHE contribution to the Hall bar resistance, Rayg, scales with the
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Figure 14.

(a) and (b) Hall traces of TIG/(Bi,Sh,_y), Te; for x = 0.20 and 0.30, respectively. The upper insets show the
corvesponding temperature dependence of Ry. The lower insets show schematic drawings of the corvesponding
chemical potential position. Source: [57], p. 2.
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Figure 15.

(a) Magnetization (M) vs. field (H) loops for the Bi,Ses/BaFe,,0,, sample. (b) Saturation magnetization
(M) and coercive field (H.) as a function of T. (c) and (d) Raug vs. field (H) loops measured at T = 300 K
and T = 3 K. Source: [10], p. 4.

perpendicular magnetization M, of the BaM film and therefore can be used as an
easy way to probe M, of the BaM film during experimentation. While Figure 15¢c
shows the Rayg response in room temperature settings, Figure 15d shows Rayg
when T = 3 K. The figure shows a hysteresis loop that is very close to the one in
Figure 15c. The hysteresis loop widths are very similar, indicating that the same
field strength H is required to saturate the magnetization of the BaM film when T =
3 Kand when T = 300 K. The value of Rapg is slightly higher when T = 3 K than
when T = 300 K, indicating that the saturation of the BaM film increases slightly as
T decreases. The effect of the temperature change on the values of the saturation
magnetization of the BaM film and the coercive field required to saturate it are both
shown in Figure 15b.

Figure 16a shows the SOT switching experiment configuration. An external
field H was applied along the x direction to aid in the SOT switching of M, in the
BaM film. M, was initially along the positive z direction. Figure 16b shows the
experimentation results when T = 200 K and H = -15 kOe. The blue data points show
the effect of sweeping a DC charge current I4. from positive to negative. When the
supplied current was positive, the SOT direction was also in the positive z direction,
so we see no change in Rypgg. When Iy, is <0, however, the SOT direction flips to
the negative z direction. When the torque generated by the polarized spin accumu-
lation at the Bi,Se;/BaM becomes strong enough, the magnetization within the BaM
film switches to the negative 2z direction, as indicated by the change in Rayg value
from positive to negative. Sweeping I4. from negative to positive generates SOT in
the +z direction when I4. > 0; when the SOT is strong enough, it flips the magneti-
zation of the BaM film again, indicated by the red points in the figure. The result
from both cases is a hysteresis loop in Ry that can be seen in the figure.
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SOT-induced switching in Bi,Se;/BaM. (a) Experimental configuration. (b to e) AHE resistance (Rang)
measured as a function of charge current (I14.) at different fields (H) and temperatures (T), as indicated. The
arrows in (b) to (e) indicate the current sweeping directions. Source: [10], p. 5.

Figure 16¢, d, and e shows the results of the same experiment performed at
decreasing temperatures. The figures clearly indicate that the current required for
magnetization switching becomes smaller as temperature decreases. This is due to
the enhancement of the topological surface states in Bi,Se; as T decreases.

Figure 17 further demonstrates the effect of SOT on the magnetization
switching of the BaM film. The experiment was performed at T = 3 K; the external
field was applied at 45 degrees angle out of the plane of the film as shown in the
inset of the figure. The blue hysteresis loop is the result of applying a negative
charge current that generated a SOT acting against H. The result is a wider hyster-
esis loop when compared with the normal hysteresis loop of the BaM film shown in
Figure 15. This is due to the SOT acting against H, therefore hindering the magne-
tization switching and requiring a stronger external field to switch the magnetiza-
tion of the BaM film. The red hysteresis loop shows the result of applying a positive
charge current, which caused SOT that was in the direction of the external magnetic
field, significantly decreasing the switching field required as shown by the much
narrower hysteresis loop. This confirms the strength and significance of SOT in TIs
and how it can be used to assist in magnetization switching.
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Effects of I4c on Raug hysteresis loops at T = 3 K in Bi,Se;/BaM. Source: [10], p. 6.
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SOT ¢fficiency () as a function of T in Bi,Se;/BaM and Pt/BaM. The data were all measured at a field
applied at an angle of 45 degrees away from the film normal divection. The data on Pt/BaM were measured
with a Hall bay structure that had the same dimension as the Bi,Se;/BaM Hall bar. Source: [10], p. 6.

The efficiency of SOT switching can be calculated using the following
expression [58]:

_ HSW(Idc > O) — HSW(Idc < 0)

el Got) ©

where Hgyy is the switching field, w is the Hall bar width, and t is Bi,Se; or Pt
thickness. The increase of SOT efficiency as the temperature decreases is demon-
strated in Figure 18. The blue data points show 7 of Bi,Se3/BaM as a function of
temperature. Note that the Debye temperature of Bi,Ses is about 180 K [59]. When
Tis > > Debye, the efficiency is proportional to T~ *, but when the temperature is
< < Debye (at T = 100 K), the efficiency is proportional to T >. Pt/BaM SOT
efficiency is also shown as a function of temperature on the same plot (red points).
The data show that decreasing the temperature has a negligible effect on the effi-
ciency in Pt/BaM bilayers. The exponential improvement in SOT efficiency of
Bi,Se;/BaM is caused by the fact that the surface conductance in TIs increases with
decreasing temperatures, while the bulk conductance decreases. This means that
the decrease in T enhances the TSS in TIs, resulting in a higher charge current to
spin current conversion efficiency, increasing the spin polarity in TIs and therefore
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generating higher SOT. (All figures, experimentation setup and results were taken
from [10] with appropriate permissions).

3.5 Summary and outlook

Magnetic insulators with perpendicular anisotropy have become an important
class of materials in the development of spintronic devices. For magnetic domain
devices, the low-damping and large anisotropy features can enable high-speed
domain-wall motion with a small current threshold, fueling the development of
domain-wall memory and logic devices. Moreover, low-damping is significant for
SOT oscillator applications, where the current threshold for self-oscillations
decreases with damping. Recent experiments show that spin waves can be used to
control magnetic domains through spin-orbit torques [60, 61]; this effect can be
amplified and become more efficient in magnetic insulators. The strong magnetic
anisotropy also allows the engineering of spin-wave dispersion relation without the
need for large bias magnetic fields [62]. This will expand the horizon for magnonic
and spin-wave devices, allowing the development of new magnon-photon coupling
devices for quantum transduction and microwave photonic systems [63, 64].
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Magnetic Full-Heusler
Compounds for Thermoelectric
Applications

Kei Hayashi, Hezhang Li, Mao Eguchi,
Yoshimi Nagashima and Yuzuru Miyazaki

Abstract

Full-Heusler compounds exhibit a variety of magnetic properties such as
non-magnetism, ferromagnetism, ferrimagnetism and anti-ferromagnetism. In
recent years, they have attracted significant attention as potential thermoelectric
(TE) materials that convert thermal energy directly into electricity. This chapter
reviews the theoretical and experimental studies on the TE properties of magnetic
full-Heusler compounds. In Section 1, a brief outline of TE power generation is
described. Section 2 introduces the crystal structures and magnetic properties of
full-Heusler compounds. The TE properties of full-Heusler compounds are
presented in Sections 3 and 4. The relationship between magnetism, TE properties
and order degree of full-Heusler compounds is elaborated.

Keywords: full-Heusler compounds, half-metal, spin-gapless semiconductor,
thermoelectric properties, order degree

1. Introduction

Thermoelectric (TE) power generation using TE devices is one of the key
technologies to solve global energy problem, owing to its availability of direct
conversion of thermal energy into electricity [1-3]. A schematic figure of a TE
device is shown in Figure 1. It consists of n- and p-type TE materials connected in
series electrically with metal electrodes and arranged thermally in parallel. The TE
materials are wedged between ceramic plates. When one side of the device is heated
and the other side is cooled, electrons and holes in the n- and p-type TE materials,
respectively, diffuse from the hot side to the cold side, thus generating a flow of
electric current.

To commercialise TE devices, there is a need to improve their TE efficiency. The
maximum TE efficiency, #max, is an increasing function of the dimensionless
figure-of-merit, 2T, expressed as:

; _Tu—Tc Vi+2T-1
max Th V142T+Tc/Tu’

where Ty and T are the heating and cooling temperature, respectively. The
dimensionless figure-of-merit, 2T, is determined by TE properties (S: Seebeck

1)
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Figure 1.
Schematic figure of a thermoelectric (TE) power generation device.

coefficient, o: electrical conductivity, «: thermal conductivity) of the individual TE
materials in the device.

2
2T = STT )

where T is the absolute temperature. The product S is called the power factor
(PF), which is a measure of electric power generated using the TE material. To
achieve high TE efficiency (standard levels for practical use are 27 > 1 and
PF > 2 x 103 W/K’m), high S, high ¢ and low « are required. To meet these
requirements, a variety of TE materials have been explored, such as chalcogenides,
skutterudites, clathrates, silicides, Zintl compounds, half-Heusler compounds and
oxides [1-3]. Most of these materials are semiconductors because in general they
have high S than metals. However, recent theoretical and experimental studies have
revealed that metals, in particular, half-metallic full-Heusler compounds have rela-
tively high S as well as high ¢. In addition, their junction with a metal electrode is
robust compared to that of semiconductors, which is also an advantage.

In Section 2, the crystal structures and magnetic properties of full-Heusler
compounds are introduced. Sections 3 and 4 demonstrate that magnetic
full-Heusler compounds are promising for the TE power generation device.

2. Crystal structures and magnetic properties of full-Heusler
compounds

The physical properties of full-Heusler compounds depend on their crystal
structures. As shown in Figure 2, there are several types of crystal structures
with different order degrees [4-6]. The full-Heusler compounds have four
interpenetrating fcc sublattices, and each sublattice consists of the X, X’, Y or Z
atom. The X, X’ and Y atoms are transition metals, whereas Z is a main group
element. In some cases, the Y atom is a rare earth element or an alkaline earth metal.

When the X and X’ atoms are of the same element, the chemical composition of
the compounds is written as X,YZ, which generally crystallises in the L2, structure.
The prototype of the L2; structure is Cu,MnAl (space group: Fm3m). The Cu atoms
occupy the 8¢ (1/4 1/4 1/4) site, whereas the Mn and Al atoms occupy the 4b (1/2 1/
21/2) and 4a (0 0 0) sites, respectively. The L2; structure is a highly ordered
structure of the full-Heusler compounds. Disorder among the Cu, Mn and/or Al
atoms, that is, antisite defects, gives rise to different crystal structures. In a case
where the Mn and Al atoms are evenly located at the 4b and 44 sites, the Cu,MnAl
becomes the B2 structure. Its prototype is CsCl (space group: Pm3m). In a fully
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CulgoTi (AgLi2Sbh)  LiMgPdSn (LiMgPdSb)

Figure 2.
Crystal structures of full-Heusler compounds. The Strukturbericht symbol and a prototype structure ave written
above and below each crystal structure, respectively.

disordered phase, all the atoms are randomly distributed in the 8c, 4b and 44 sites,
thus resulting in the A2 structure. In such a structure, all the sites are equivalent,
which are expressed as a bec lattice (prototype: W, space group: Im3m). There are
other disordered phases, including the DO3 and B32a structures. The former is
caused by the random distribution of the X, X’ and Y atoms at the 8c and 4b sites
(prototype: BiF3, space group: Fm3m). In the B32a structure, the 84 (0 0 0) and 8b
(1/2 1/2 1/2) sites are occupied by the X/Y and X’/Z atoms, respectively. The
prototype is NaTl (space group: Fd3m).

When the X’ and Y atoms are of the same element, the chemical composition
becomes XX’Z, which crystallises in the X (XA or X,) structure. This structure is
called the inverse Heusler phase. The prototype is CuHg,Ti (or AgLi,Sb), and the
space group is F43 m. In the structure, the X and Z atoms occupy the 4d (3/4 3/4
3/4) and 44 (0 0 0) sites, respectively, and the X’ atoms occupy the 4b (1/21/2 1/2)
and 4c¢ (1/4 1/4 1/4) sites.

In addition to the above ternary full-Heusler compounds, there are quaternary
full-Heusler compounds, XX’YZ, which crystallise in the Y structure (prototype:
LiMgPdSn or LiMgPdSb, space group: F43m). The X, X’, Y and Z atoms are situated
at the 4d, 4b, 4c and 4a sites, respectively, occupying one of the fcc sublattices. It
should be noted that the inverse Heusler and the quaternary full-Heusler phases are
ordered phases, and any disorder among the constituent atoms causes a structural
change; the structure changes to the B2, A2, DO; or B32a structure.

Earlier theoretical studies demonstrated a half-metallic nature in full-Heusler
compounds [7, 8]. Since then, many studies have been dedicated to investigate the
electronic and magnetic properties of ternary and quaternary full-Heusler com-
pounds. It has been revealed that full-Heusler compounds exhibit a variety of
electronic properties; they exhibit the properties of semiconductors [9-18], spin-
gapless semiconductors (SGSs) [19-26], semimetals [27-29], metals [30-34] and
half-metals (HMs) [32, 35-78]. Considering the magnetic properties, they have
been reported to exhibit nonmagnetism [9-11, 14-18], ferromagnetism [12, 19—
24, 30-33, 36-46, 48-58, 61-66, 68-78], ferrimagnetism [13, 30, 35, 47, 59, 60, 67]
and antiferromagnetism [25, 26, 34]. The full-Heusler, inverse Heusler and quater-
nary Heusler compounds obey the Slater-Pauling rule [79-81]: the total spin
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magnetic moment per unit cell scales with the total number of valence electrons in
the unit cell.

3. Thermoelectric properties of half-metallic full-Heusler compounds

In this section, we present some of the theoretical and experimental studies on
the TE properties of half-metallic full-Heusler compounds. The TE properties can
be calculated on the basis of the Boltzmann transport equations [82-84]. Using the
electronic energy-wavenumber dispersion curve of the i-th band ¢;(k), the tensors
of the Seebeck coefficient, S(T), electrical conductivity, 6(T), and carrier thermal
conductivity, «.(T), can be expressed as:

1 26T — o) (- L) de

ST =~ (1) ’ ®
om = [ atem (-0 e )
ke(T) = — % r:&(s, T)(e — ex)? <_ fVFD@f”) de
1 [z e e (- D) e o
T o(T) ’
Gap(e, T) = Nik%;ezr(fi;, T) ajk(f) ag»k(f) 5(e — k), (@ = x302), ©

where e, ¢, ¢g, frp(e,T), N, ©(k,T), and 6(¢, T) are the elementary charge,
electron energy, Fermi level, Fermi-Dirac distribution function, total number of the
k-points, relaxation time, Dirac constant and conductance spectrum tensor, respec-
tively. It is difficult to calculate the relaxation time; hence, the calculation of TE
properties generally gives S(T), 6(T)/7 and kx.(T)/z [84]. In context to magnetic
materials, the electronic states of the majority and minority spin electrons are
considered. Assuming that 7 for the majority and minority spin electrons is the
same, the total S for the magnetic materials, S,:(T), is calculated by

S+ (T)or (T)/z +S4(T)oy (T)/z _S4(T)os (T) + 54 (T)oy (T)

Sl 1) = = D) e v oy () orM+ou(T)

(7)

where S and ¢ with the up- and down-arrow subscripts those evaluated from the
electronic states of the majority and minority spin electrons, respectively.

Figure 3(a) and (b) shows the temperature dependence of the calculated S, for
ternary and quaternary half-metallic full-Heusler compounds, respectively. To cal-
culate the electronic band, the full-potential linearised augmented plane wave
(FLAPW) method was employed, adopting the local spin density approximation
(LSDA) or the generalised gradient approximation in the Perdew-Burke-Ernzerhof
parametrisation (PBE-GGA) as the local exchange-correlation potential. As seen in
the figure, the negative and positive S, are presented, indicating that both n-type
and p-type materials can be obtained from half-metallic full-Heusler compounds.
The S is observed to increase with increasing temperature for almost all the
compounds, which is the typical behaviour of metal. Furthermore, the S, is
observed to attain values as high as several tens of pV/K. These values are lower
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Figure 3.

Temperature dependence of the calculated Sy, for half-metallic full-Heusler compounds. Their crystal
structures are also shown. The calculation of the electronic structure was performed using the full-potential
linearised augmented plane wave (FLAPW) method with local spin density approximation (LSDA) or
generalised gradient approximation in the Perdew-Burke-Evnzerhof parametrisation (PBE-GGA).

than those of TE semiconductors but higher than those of common metals, demon-
strating the potential of half-metallic full-Heusler compounds as high-temperature
TE materials.

The temperature dependence of S for several half-metallic Co-based full-Heusler
compounds was determined by Balke et al. [37] and Hayashi et al. [53]. For the
measurements, the Sy, values for the compounds were obtained. Hereafter, we use
S to represent Sior. As shown in Figure 4(a)—(c), the Co-based full-Heusler com-
pounds exhibit negative S in the order of several tens of pV/K. For metals, the sign
of S is well explained by Mott’s formula [85]:

1 dDOS(e)
DOS(er) de ’

E=EF

S x

(8)

where DOS is the electronic density of states. Adopting Eq. (8) for the partial
DOS of the sp-electrons and d-electrons of Co,MnSi, it was obtained that in half-
metallic full-Heusler compounds, the itinerant sp-electrons contribute more to S
than the localised d-electrons [53]. In Figure 4, Co,TiAl is shown to exhibit the
highest |S| of |-56| pV/K at 350 K among other compounds. It is observed that
Co,TiSi, Co,TiGe and Co,TiSn exhibit a characteristic temperature dependence of
|S|; the value of |S| increases with increasing temperature and becomes constant at
temperatures above 350 K. This characteristic behaviour is further discussed later in
this section.

The half-metallic full-Heusler compounds are predicted to have high electrical
conductivity ¢ owing to their metallic properties; hence, they are considered to be
superior to the semiconductors. Figure 5(a) shows the temperature dependence of
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the measured o for several Co-based full-Heusler compounds [53]. The o values of
the compounds are observed to be high, ranging from 10° to 10’ S/m. Among all the
compounds, Co,MnSi exhibits the highest ¢ in the whole temperature range. The ¢

70



Magnetic Full-Heusler Compounds for Thermoelectric Applications
DOI: http://dx.doi.org/10.5772/intechopen.92867

value of Co,MnSi decreases from 4.6 x 10° S/m at 300 K to 4.7 x 10° S/m at 1000 K.
This is a typical electrical conductivity-temperature relation in metals. From the S
and o values (shown in Figures 4(c) and 5(a), respectively), the PF was calculated
and plotted in Figure 5(b) [53]. Owing to the high S and high 6, Co,MnSi exhibits
the highest PF (2.9 x 10~® W/K’m at 500 K) among other compounds, which is
comparable to that of a Bi,Tes-based material [86]. Since Co,MnSi exhibits a nega-
tive S, it could be a potential n-type TE material. Thus, to develop a TE device using
full-Heusler compounds, a p-type counterpart to Co,MnSi is needed. For this pur-
pose, Li et al. [60, 78] prepared a half-metallic Mn, VAl compound and measured its
TE properties. Although Mn,VAl is a p-type material showing positive S, its highest
PF (2.84 x 10~* W/K’m at 767 K [78]) is lower than that of Co,MnSi. Thus, there is
a need to explore more p-type half-metallic full-Heusler compounds with high PF.

Here, the temperature dependence of S for the various full-Heusler compounds
is discussed. Comparing the calculated S values for Co,TiSi, Co,TiGe and Co,TiSn
(Figure 3(a)) with the measured values (Figure 5(b)), it is obtained that not only
the temperature dependence but also the sign of the S values are different. As
mentioned earlier, the measured S value is almost constant at temperatures above
350 K; however, the calculated values do not display such relation. To explain this
difference, Barth et al. [38] considered the difference in the electronic structure of
the ferromagnetic (FM) state and nonmagnetic (NM) states. They obtained that the
FM-NM phase transition occurs around 350 K for Co,TiSi, Co,TiGe and Co,TiSn
[38]. Using the temperature dependence of S for the FM and NM states, Sgm(T) and
Snm(T), and that of the normalised magnetisation calculated by using the molecular
field theory, M(T), a modified S value, Sgm . N, can be calculated according to the
formula [38]:

Sentoam(T) = SFM(T)UFM(T)M(T)G;:/[:S,F?\]\//II((?]:))UNM(T){l - M(T)} ’ 9)

where oryp , nu is the modified electrical conductivity of a mixture of FM and
NM states weighted by using M(T). Although the above consideration is plausible,
the calculated Sgyv , nm Values for Co,TiSi, Co,TiGe and Co,TiSn (Figure 6) do not
coincide with the measured values. The inconsistency between the Sgv , nm Values
and the measured ones is also observed in the case of Co,CrAl, Co,MnAl, Co,MnSi,
Co,FeAl and Co,FeSi [53].

It is suggested that the constant S value in the NM state for Co,TiSi, Co,TiGe and
Co,TiSn (Figure 4(b)) is governed by the relaxation time rather than by the elec-
tronic structure [38]. The S value is calculated by using Eq. (1), where both the
numerator and denominator of the fraction are functions of relaxation time z(k, T);
7 is included in both numerator and denominator of the fraction through &(¢, T)
described in Eq. (6). However, in the calculation, the 7 in the numerator and
denominator cancels each other. In addition, the total S is calculated assuming that =
for the majority and minority spin electrons is the same (Eq. (7)). The neglected 7 in
Egs. (1) and (7) could be a reason for the difference in the temperature dependence
of the calculated and measured S. Another possible reason for this discrepancy is the
method employed in calculating the electronic structure. The calculation results
shown in Figures 3 and 6 are based on the LSDA or PBE-GGA. The use of the onsite
Hubbard interaction in combination with PBE-GGA, namely, PBE + U or GGA + U
[51, 55, 70, 73], and the Tran-Blaha modified Becke-Johnson (TB-MBJ) [64, 73] gives
electronic structures different from that obtained using the LSDA or PBE-GGA,
which may lead to a temperature dependence of S well-fitted to the measured one.

Also, defect and/or disorder in full-Heusler compounds affect the temperature
dependence, as well as the sign of S, which could be another reason for the
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Figure 6.

Temperature dependence of the calculated S of Co,TiZ (Z = Si, Ge, Sn) considering the FM-NM phase
transition. In the calculation, the chemical potential at T = o, p(0), was set to (a) ex and (b) 150 meV below
er. (Reprinted from [38]. Copyright 2010, with permission from American Physical Society).

discrepancy in the temperature dependence of S. The structure model used for the
calculation in Figures 3 and 6 is the L2;, X or Y structure, which is highly ordered
phases, devoid of any defect, for the ternary and quaternary full-Heusler com-
pounds. Popescu et al. [52] investigated the effect of several defects on the temper-
ature dependence of S for Co,TiZ (Z = Si, Ge, Sn) in the FM state. As shown in
Figure 7, off-stoichiometric defects, such as Co vacancy and the substitution of
excess atoms at a particular site, change the sign of S.

The effect of structural disorder on S for Co,CrAl, Co,MnAl, Co,MnSi, Co,FeAl
and Co,FeSi has been obtained, as shown in Figure 8 [53]. The figure compares the
calculated Sgy . v With the measured S. It is observed that the measured values of
S are individually higher than the calculated value (Sgm , nm). Considering the
crystal structure, Co,CrAl, Co,MnAl, Co,MnSi, Co,FeAl and Co,FeSi are not in the
fully ordered L2, structure; most of them crystallise in the disordered B2 and/or A2
structures. This result implies that the B2 and/or A2 structures exhibit higher S than
the L2; structure. Recently, Li et al. [78] investigated the effect of structural disor-
der on the value of S for half-metallic Mn,VAI compounds by varying the B2 order
degree. Figure 9(a) shows the measured S values for Mn,VAl with the B2 order
degree of 27 and 66%. The S values for the structure having 66% B2 order degree are
observed to be higher than those for 27% B2 order degree in the entire measurement
temperature range. In addition, it is observed that the S value increases with
increasing the B2 order degree (Figure 9(b)). The increase in the B2 order degree
means an increase in the disorder between the V and Al atoms, that is, a decrease in
the L2; order degree. To understand the reason for the difference in S between the
L2, and B2 structures, the DOS of Mn, VAl with the L2; and B2 structures was
calculated by using the Korringa-Kohn-Rostoker method. It was obtained that the
B2 structure exhibits a steeper DOS of the majority-spin sp-electrons than the L2;
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Change in calculated S for Co,TiSi with several off-stoichiometric defects such as (a) Co vacancy (Vc,),

(b) excess Co atoms at the Si site (Cos;), (c) excess Co atoms at the Ti site (Cor;) and (d) excess Si atoms at the
Ti site (Sit;). (Reprinted from [52]. Copyright 2017, with permission from Amevican Physical Society).
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Comparison between the calculated Sgpy . ny and the measured S at 300 K for several Co-based full-Heusler
compounds. (Reprinted from [53]. Copyright 2017, with permission from Springer).

structure, which is considered as the main reason for the higher S of the B2 struc-
ture than that of the L2, structure. Further increase in the B2 order degree is
expected to yield a higher S for Mn, VAL The modulation of the order degree can be
a key strategy to enhance the S value of the half-metallic full-Heusler compounds;
the disorder in Co,CrAl, Co,MnAl, Co,MnSi, Co,FeAl, Co,FeSi and Mn,VAl gives
rise to the higher S. To establish this strategy, the effects of the order degree, not
only on S but also on ¢, should be investigated for several half-metallic full-Heusler
compounds.

Considering the TE performance of the half-metallic full-Heusler compounds,
not only PF but also 2T are important. To evaluate the 2T of Co,MnSi, we obtained
the temperature dependence of the total thermal conductivity, k.. (Figure 10(a)).
Similar to the case of common metals, a high k., was obtained. It decreases with
increasing temperature from 79 W/Km at 300 K to 21 W/Km at 1000 K.
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Figure 10(b) shows the temperature dependence of 2T for Co,MnSi calculated
using the PF value (Figure 5(b)) and the k. value (Figure 10(a)). Due to the high
Ktot, the maximum zT value, 2Tp,.«, of Co,MnSi is 0.039, which is obtained at
temperatures above 900 K. Although this 2T}, value is far below the standard level
of 2T = 1, it is higher than that of Co,TiSn (0.033 at 370-400 K) [38] and those of
semi-metallic full-Heusler compounds (0.0052 at 300 K for Ru,NbAl [28] and
0.0027 at 300 K for RquAlo.szaoys [29] )
It should be noted that the & of Co,MnSi is not equal to the carrier thermal
conductivity, «.. The k. value can be calculated by using the Wiedemann-Frantz
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law, ke = LoT, where L is the Lorentz number. Evaluating the L value on the basis of
the single parabolic band model [87] and using the measured o value (Figure 5(a)),
the k. value of Co,MnSi was calculated and plotted in Figure 10(a). It can be
observed from the figure that «, is only half as high as k. The rest is attributed to
the lattice thermal conductivity, kj (=Kot — Ke), as shown in Figure 10(a), which
amounts to a half of the k.. This is contrary to the case of common metals where
the kot is mainly dominated by k. [88]. The non-negligible x; suggests that, for the
theoretical evaluation of 2T of the half-metallic full-Heusler compounds, the con-
tribution of x; should not be ignored. Experimentally, the high contribution of ; to
Kior indicates that the k.. of half-metallic full-Heusler compounds could be reduced
by decreasing the ;.

4. Future prospects of magnetic full-Heusler compounds as potential
thermoelectric materials

In this section, we introduce other full-Heusler compounds to demonstrate the
potentials of magnetic full-Heusler compounds in TE applications. First, we con-
sider the full-Heusler SGSs as an example. Schematic illustrations of the DOS of
SGSs and HMs are shown in Figure 11. The DOS of SGSs has an open band gap in
one spin electron and a closed gap in the other. Since the Fermi level ¢ is located
just at the closed gap, the electron or hole concentration in SGSs is expected to be
less than that in HMs. One of the investigated SGSs is the full-Heusler Mn,CoAl,
which crystallises in the X structure (the inverse Heusler phase). The variation of its
o, S and carrier concentration, #, with temperature is shown in Figure 12, as
determined by Ouardi et al. [19]. It can be observed that the ¢ and # vary slightly
with the temperature, which is attributed to the typical behaviour of gapless semi-
conductors [89]. In addition, the S value is nearly equal to 0 pV/K. The reduced
Seebeck effect indicates the occurrence of electron and hole compensation, which is
the evidence that ¢ is at the top of the valence states and at the bottom of the
conduction states.

Owing to the nearly zero S values, Mn,CoAl cannot be used as a TE material;
however, there is a possibility of achieving high |S| in Mn,CoAl by tuning the
position of eg. The position of e can be varied via partial substitution, which
increases the hole or electron carrier concentration in Mn,CoAl. We calculated the S
value for the partially substituted Mn,CoAl, as shown in Figure 13(a). The calcula-
tion was based on a rigid band model; thus, the electronic structure of the partially
substituted Mn,CoAl is assumed to be the same as that of Mn,CoAl. In the figure,
the horizontal axis is y-er, where y and ¢ are the chemical potential (i.e., the Fermi

Spin-gapless semiconductors Half-metals
(SGSs) (HMs)

DOS

Figure 11.
Schematic illustration of DOS for spin-gapless semiconductors (SGSs) and half-metals (HMs).
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(a) Calculated S value at 300 K for the partially substituted Mn,CoAl plotted as a function of p-eg, where
and eg are the Fermi levels of partially substituted Mn,CoAl and that of Mn,CoAl, respectively. The highest [S]
values are obtained at | = ep — 0.184 and at p = ep + 0.053, as denoted by orange and green arrows,
respectively. (b) Temperature dependence of Sat y = g, 1 = e — 0.184 and p = €r + 0.053.

level) of the partially substituted Mn,CoAl and the Fermi level of Mn,CoAl,
respectively. A negative/positive y-er value means an increase in the hole/electron
carrier concentration. Although the value of S at y = ¢, corresponding to the case of
Mn,CoAl, is small, it is large at 4 = e — 0.184 and at = & + 0.053 (pointed by
orange and green arrows, respectively). The temperature dependences of S at u = e,
u = ep — 0.184 and p = & + 0.053 are shown in Figure 13(b), which again demon-
strates that high |S| values can be achieved for both p-type and n-type regions.
These calculation results prove the full-Heusler SGSs as potential materials for TE
applications.
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To achieve high |S| values for Mn,CoAl, it is important to retain its SGS charac-
teristic. Galanakis et al. [90] theoretically investigated the effects of structural
disorder on the electronic structure of Mn,CoAl. It was obtained that the SGS
characteristic is not conserved in the presence of Mn-Co, Mn-Al and Co-Al antisite
defects. Instead of the closed gap, low DOS intensity emerges in the electronic
structure of the majority spin electrons around eg, indicating that the disorder
induces half-metallic characteristics in Mn,CoAl. Also, Xu et al. [91] reported that
an as-prepared Mn,CoAl compound is non-stoichiometric and contains the Mn-Co
antisite defect. In a case where Mn,CoAl is not an SGS, the |S| cannot be increased
via partial substitutions.

Other examples considered here are the full-Heusler compounds having low
values of k. Figure 14 shows a flower-like microstructure of Co,Dyg sMng sSn
observed by Schwall et al. [43]. Although the chemical composition of
Co,Dyg sMng 5Sn coincides with that of the full-Heusler phase, Co,DyosMng sSn is
not in a single phase. It consists of two major phases: half-metallic Co,MnSn and
ferromagnetic CogDy3Sn, phases. This phase separation is induced by rapid cooling
from the liquid phase. Consequently, the «; value of Co,DyosMng sSn is lower than
those of Co,MnSn and CogDy3Sn,.

He et al. [9] theoretically discovered a new class of stable nonmagnetic full-
Heusler semiconductors with high PF and ultralow x;, attributed to atomic rattling.
The compounds contain alkaline earth elements (Ba, Sr or Ca) in the X sublattice
and noble metals (Au or Hg) and main group elements (Sn, Pb, As or Sb) in the Y
and Z sublattices, respectively. The x; value of Ba,AuBi and Ba,HgPb was obtained
to be lower than 0.5 W/Km at 300 K. At higher temperatures, it was close to the
theoretical minimum, that is, the amorphous limit of 0.27 W/Km [92]. Park et al.
[16] further examined the TE properties of Ba,BiAu. They predicted that consider-
ably high 2T of ~5 can be achieved at 800 K.

Finally, there are many ternary and quaternary full-Heusler compounds yet to
be explored. Among the full-Heusler compounds, nonmagnetic Fe,VAl-based com-
pounds have been intensively investigated as one of the potential TE semiconduc-
tors [93]. Despite the long historical investigation, Hinterleitner et al. [94]
discovered quite recently that a metastable Fe,Vo gWg Al thin film exhibits
extremely high 2T of ~6 at 350 K as a result of its high S. The crystal structure of the
thin film is reported to be the disordered A2 structure, which could be the reason
for its high S, as in the cases of several half-metallic Co-based and Mn-based full-
Heusler compounds [53, 78]. If the disorder in structure contributes to the high S,
then the strategy of enhancing 2T by controlling structural disorder would be
applicable to the other full-Heusler compounds. Herewith, more conventional and
novel findings on the full-Heusler compounds can be achieved.
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Figure 14.

Flower-like microstructure of Co,Dy, sMn, sSn. (a) Elemental mappings, (b) combined image of elemental
mappings shown in (a). (c¢) Line scan along the line indicated in (b). (Reprinted from [43]. Copyright 2012,
with permission from WILEY-VCH).
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Figure 15.

Calculated S versus o/t at 1000 K for several Co-based and Mn-based full-Heusler compounds. The grey curves
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To explore the potentials of the full-Heusler compounds, theoretical studies are
vital to minimise the experimental tasks. Figure 15 exhibits a plot of S versus o/7 at
1000 K for several Co-based and Mn-based full-Heusler compounds, as calculated
by Li et al. [60]. Furthermore, recent advancements in machine learning dispel the
difficulty in searching novel full-Heusler compounds [95, 96]. Combining such
calculations with experiments, we can effectively discover magnetic full-Heusler
compounds with much higher TE efficiency, which promises the realisation of high-

efficiency TE power generation devices.
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Nomenclatures

nmax [_]

2T [-]

T [K]

S [V/K]

o [S/m]

x [W/Km]
PF [W/K’m]
g [eV]

k [m™]
S [V/K]
6 [S/m]
Ko [W/Km]
e = 1.60217662 x 10 ° C
e [eV]
er [eV]
fro [-]
N [-]
7 [1/s]
= 6.582119569 x 10 ¢ eVs
6 [S/m]
DOS [states/eV]
M [-]

u [eV]

ke [W/Km]
L [WQ/K?]
k1 [W/Km]
n [1/m?]

Author details

maximum TE efficiency
dimensionless figure-of-merit
absolute temperature

Seebeck coefficient

electrical conductivity

thermal conductivity

power factor

electronic energy-wavenumber dispersion curve
of the i-th band

wavenumber

Seebeck coefficient tensor
electrical conductivity tensor
carrier thermal conductivity tensor
elementary charge

electron energy

Fermi level

Fermi-Dirac distribution function
total number of k-points

relaxation time

Dirac constant

conductance spectrum tensor
density of states

normalised magnetisation calculated by using
molecular field theory

chemical potential

carrier thermal conductivity
Lorentz number

lattice thermal conductivity

carrier concentration
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Chapter 5

Zr-Based Heusler Compounds
for Biomedical Spintronic
Applications

Anca Birsan and Victor Kuncser

Abstract

Current advances in microelectronics depend on novel approaches based on the
synergistic use of charge and spin dynamics of electrons in multi-functional mate-
rials. Such new concepts have already found practical applications in magnetoelec-
tronics or spintronics (e.g., spin valves or nonvolatile memory components). For
efficient spintronic devices, it is desirable to have an enhanced spin polarization,
that, to work with nearly 100% spin-polarized currents. Since half metallic materi-
als have electrons of unique spin polarization around the Fermi level (finite density
of states in only one spin channel), they are promising candidates for use as spin
injectors in spintronic devices. Although the Heusler compounds reported in the
literature presenting half-metallic ferro/ferrimagnetism are numerous, only a few
contain elements with low toxicity, as for example zirconium, being also susceptible
of convenient preparation and processing. Therefore, in future, zirconium-based
compounds could become a much suitable alternative to the presently known
cobalt, iron, chromium, titanium, manganese, or scandium-based half-metallic
Heusler compounds, being of interest especially in biomedical spintronic related
applications involved in corrosive/active environment.

Keywords: Heusler compounds, spintronics, half metallic, spin gapless
semiconductors

1. Introduction

The recent developments in thin films and nanofabrication techniques of bio-
sensors and related spintronic devices are the forefront of current research efforts,
bridging material sciences, physics, chemistry, and engineering, to form a seamless
integration of digital world into the soft or living systems. Magnetic functionalities
may provide a sense of proximity, orientation, or displacement to this novel formu-
lation of biomedical electronics.

High spin polarization is one of the requested and necessary properties of mate-
rials used as electrodes or spin pumping/spin analyzers elements in spintronics,
including those used in medicine and this is by definition a characteristic of alloys
with half-metallic properties [1, 2]. The property of half-metallic ferromagnetism
initially discovered in Cu,MnAl compound [2] consists in a metallic behavior of one
spin channel of electronic structure and a semiconducting one in the other, thus
creating a material with hybrid properties between metals and semiconductors. As
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a direct consequence, there will be always a 100% net spin polarization at the Fermi
level due to the unique spin polarization of electrons in only one channel.

In materials in which the unit cell consists of two distinct sublattices with
antiferromagnetic coupling between them, an internal spin partial compensation
occurs and this particular property was referred as half-metallic ferrimagnetism
[3, 4], which comparing to half-metallic ferromagnetism exhibits lower magnetic
moments per formula unit (f.u) and weaker stray fields. Moreover, if the magnetic
moments of the constituent sublattices fully compensate each other (with a net
spin = 0 pp/fu.), an alloy with a completely compensated ferrimagnetism (CCF) [5]
resulted and the compound was classified as half-metallic completely compensated
ferrimagnet (HM-CCFs) [6]. However, such a complete spin polarization of carri-
ers occurs in the case of zero temperature and only in the absence of the spin-orbit
interactions. Apart from this, HM-CCFs are intensively studied to develop new
stable spin-polarized electrodes for biomedical in-vivo applications, junctions or
integrated spin-transfer torque nano-oscillators for telecommunication.

A particular class of half-metallic materials is Spin Gapless Semiconductors
(SGS). These compounds exhibit around Fermi level, in one spin channel a typical
semiconducting band gap, while in the other (where in usual half-metallic com-
pounds a metallic character is present), the negligible density of states are equiva-
lent to a very narrow almost zero band gap. The above described characteristic of
electronic structure, places SGSs at the boundary between half-metallic compounds
and semiconductors.

In this particular case of half-metallicity, the materials act like topological insu-
lators, where in particular high Curie temperature may coexist with high resistance.
A combination of spin gapless semiconducting properties with completely compen-
sated ferrimagnetism (0 pp total magnetic moment per f.u.) leads to spin gapless
completely compensated ferrimagnetism (SG-CCF) [7].

Particularly, attractive classes of alloys exhibiting half-metallic properties, based
on which may be developed biosensors, the new electrode materials with high spin
polarization include alloys like Heusler compounds [2]. This class of materials, used
in present as electrodes for magnetic tunnel junctions were discovered by Fritz
Heusler, in 1903, who reported that Cu,MnAl alloy is ferromagnetic, even though,
alone, none of constituent elements has magnetic properties [8]. These intermetal-
lic alloys are described by two variants: the half-Heusler XYZ compounds, with
Cyp crystal structure and the full-Heusler X,YZ variants which typically crystallize
in Cu,MnAl (cubic L,;)-type structure; where X is a transition metal, Y may be a
rare-metal or a transition metal, and Z is a main group element. Recently, it has
been shown that in case of a full-Heusler compounds X,YZ, if the Y element is
more electronegative than X, a structure with Hg,CuTi-prototype is observed. This
is the so called as inverse Heusler structure, crystallizing in F43m space group [9],
with X atoms placed in the 4a(0,0,0) and 4c(1/4,1/4,1/4) Wyckoff positions, Y in
4b(1/2,1/2,1/2) and Z in 4d(3/4,3/4,3/4), respectively. In this crystal structure, no
octahedral symmetry Oy, is adopted, and all atoms have tetrahedral symmetry T.

The Slater-Pauling curve gives the interrelation between the total magnetic
moment and the valence electron concentration in ferromagnetic/ferrimagnetic
alloys [10, 11]. The original Slater-Pauling approach suggests the existence of
different laws, due to the average over all atoms of the total magnetic moment and
the number of valence electrons. For compounds with different kinds of atoms and
ordered crystalline structures, it is more appropriate to consider all atoms of the
unit cell, to find the magnetic moment per unit cell.

In terms of two-orbital two-electron stabilizing interactions, within the frame-
work of density functional theory, the states of each spin channel are occupied
according to several aspects concerning ionic arguments, crystal structure of
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primitive cell, lattice parameter, approximations made for the exchange and cor-
relation interaction, energy threshold set between the core and valence states, and
also Brillouin zone integration mesh. Based on ionic arguments, the most electro-
positive element transfers the valence electrons to the most electronegative element.
The purpose is to obtain stable closed shell ions. In addition, strongly dependent by
the atomic arrangement of atoms and environment, hybridization occurs when-
ever the sum of metallic radii (12-coordinated) of two first-neighbors exceeds the
interatomic distance.

A particularly useful measure to describe the electronic properties of a material
is the electron spin polarization P at Fermi level (¢, ), given by Eq. (1)

_pT('gF)_pi(gF)
P e () W

where p,(&;) and Pu (¢r) denote the spin projected density of states around
Fermi energy. The states of opposite spin (majority and minority spin states or
spin-up and spin-down states) are represented by arrows 1 and { . Depending on
the magnetic characteristic of the material, the electron spin polarization vanishes
in case of antiferromagnetic and paramagnetic compounds or has a finite value for
ferrimagnetic and ferromagnetic alloys, below the Curie temperature. When either
p+ (&) or p, (&) equals zero, the electrons around Fermi level are fully spin

polarized.

For ternary 1:1:1 Heusler compounds, the Slater-Pauling rule was firstly
reported by Kiibler [12]. These compounds, with Cy, structure have three atoms per
unit cell and follow the Slater-Pauling 18-electron-rule (M, = Z; - 18), where M, is
the total magnetic moment per the formula unit, Z, is the total number of valence
electrons, and 18 represents the number of occupied states in the spin bands. A
Slater-Pauling 24-electron-rule (M, = Z; - 24) was found for the 2:1:1 family of
full-Heusler compounds with Ly; structure (Cu,MnAl-prototype) [13]. The present
work deals only with ternary 2:1:1 full-Heusler compounds with Hg,CuTi type
structure. Even though the origin of the band gap in the latter 2:1:1 full-Heusler
compounds is different than that of the ternary 1:1:1 Heusler compounds, the
corresponding Slater-Pauling rule is similar: 18-electron-rule (M = Z, - 18). This
Slater-Pauling 18-electron-rule was recently explained for Ti,-based full-Heusler
compounds [4, 14].

Many Co,, Mny, Ti,, and Sc, — Heusler compounds reported in literature are
ferromagnetic [15-18], ferrimagnetic half-metals [19], or spin gapless semiconduc-
tors [20]. Among them, Mn,CoAl full-Heusler compound crystallizing in Hg,CuTi-
prototype was extensively studied: theoretically investigated, the structure was
experimentally verified by XRD and the electron transport characteristics where
obtained by a Physical Properties Measurement System (PPMS) on samples cut
from ingots. The total magnetic moment was experimentally measured using a
Magnetic Properties Measurement System (MPMS) [20]. Zirconium has a Pauling
electronegativity value lower than those of all d-elements and hence Zr-based
Heusler materials are supposed to crystallize in Hg,CuTi type structure, similar to
Mn,CoAl

Zirconium-based Heusler compounds were selected because they exhibit low
toxicity and are corrosion resistant, being therefore susceptible of convenient
preparation and processing in the field of electronic biomedical sensors ranging
from healthcare and medical diagnosis, food safety, and environmental monitoring
to life science research.
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The information about the experimental preparation and electronic structure
of Zr-based Heusler compounds with true half-metallic properties are still scarce.
Therefore, to understand the properties of potential zirconium-based Heusler com-
pounds, in the beginning, theoretical investigations can be performed via density
functional theory (DFT). Self-consistent calculations using a “muffin-tin” model
and various approximations to describe the exchange and correlation interactions
can lead to valuable information about the energetically favorable crystalline struc-
ture, electronic configuration, or magnetic properties by means of the total energy
minimization.

This chapter gives a comprehensive overview of the key electronic structures
and magnetic properties usually found in half-metallic zirconium-based full-
Heusler compounds.

2. Half-metallic ferrimagnetic materials

The cubic crystal structure of full-Heusler Zr,YZ variants exhibits two magnetic
sublattices, coupled to each other. Thus, the two Zr atoms are located in tetrahedral
lattice sites and interact to each other. In addition, Zr and Y atoms form a second
and more delocalized magnetic sublattice. Therefore, ferrimagnetic interaction
between the Zr and Y atoms is frequently reported phenomena.

The total spin-polarized density of states of a typical half metallic ferrimagnetic
material exhibits in the spin-up channel a semiconducting band gap while in the
spin-down channel a metallic behavior. A relevant example is illustrated in Figure 1
for Zr,CrAl (unpublished results). The main contribution to the total density of states
from spin-down channel comes from transition metal constituent elements, and these
results are consistent with other published information [21].

Desirable candidates for magnetoelectronic devices, half-metallic ferrimag-
netic compounds provide an unequivocal advantage over their ferromagnetic
counterparts by reduction of the magnetic moment due to the ferrimagnetic
interaction resulted from compensation of partial magnetic moments of the
two different magnetic sublattices. This phenomenon is illustrated in Figure 2
(unpublished results) for the Zr,CrAl compound, where one can notice the
magnetic moment of Cr atoms, partially compensated by magnetic moments
of Zr located in the two different sublattices and having different neighbor-
hoods. Similar DFT outcome were reported for Zr,YZ (Y = Cr, V, Z = Al, Ga, In,
Pb, Sn, T1) [21-24].

Figure 3 (unpublished results) exhibits the position of the Fermi level and the
width of the energy gap in spin-up channel as function of the lattice parameter.
According to theoretical investigations, the Zr,CrAl compound is a potential ideal
candidate for spintronics, due to the presence of a steady energy gap in only one
spin channel, for a large lattice parameter range.

Table 1 summarizes the published results regarding Zr,CrZ (Z = Al, Ga, In)
[21, 22]. As can be seen, the energy band gap (E,) from spin-up channel increases
as the atomic radii of Z elements increase. The ferrimagnetic interaction occurs
between the zirconium atoms from both sublattice and the chromium ones, phe-
nomena which are reflected by the opposite sign of the partial magnetic moments
of Zr and Cr atoms. The total magnetic moment per f.u. for all compounds strictly
follow the Slater Pauling rule described earlier.

In the ideal case of a fully compensated magnetic moment, a half-metallic fer-
romagnetic material would be obtained, useful to be applied in a junction device as
a stable spin-polarized electrode based on spin-transfer effect.
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Figure 1.
Partial and total density of states (PDOS and TDOS) of half-metallic ferrimagnetic Heusler compound,
Zr,CrAl at optimized lattice parameter.
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Figure 2.
Partial and total magnetic moments in Zr,CrAl Heusler compound.

The theoretical results from in literature for Zr,VZ (Z = Al, Ga, In, Si, Ge, Sn,
Pb) [23, 24] report that the most energetically favorable crystalline structure com-
paring with the Hg,CuTi structure has the prototype Cu,MnAl and in this configu-
ration the materials do not present half-metallic properties. However, the Hg,CuTi
type structure can be synthesized experimentally due to the negative entropy of
formation. In the inverse Heusler crystalline structure, the Zr,VZ exhibits half
metallic ferrimagnetic characteristics, the partial magnetic moment of Vanadium
being opposite to the one of zirconium atoms.
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Figure 3.
The positions of the highest occupied states from the valence band (solid rhombs) and of the lowest unoccupied
states from the conduction band (solid stars) of total DOSs (spin-up channel) for Zr,CrAl as function of the

lattice parameter.

Alloy a(A)  pra (pef/atom) pg o (us/atom) pyaw (pfatom)  pyaay  pe(pe/fu.) E,
(pp/atom) (eV)

ZrCrAl 659 -0.955° -0.768" 2.835 -0.110° 1.000° 0.452°

Zr,CrGa 6635 0.849* 0.702* -2.591° 0.049* -1.000* 0.629*
6622 -1.011° -0.914° 2.994° -0.068" 1.000° 0.512

ZrCrln  6.875° 1.016* 0.859* -2.930° 0.034° -1.000* 0673
6.812° -1.213° -1.080° 3343 -0.049° 1.000° 0.615°

“Ref. [22].

"Ref. [21].

Table 1.

Calculated lattice parameters, partial, total magnetic moments, and energy band gap in Zr,CrZ (Z = Al, Ga, In).

3. Spin gapless semiconductors

Particular cases of half-metallic ferromagnetic materials are the spin gapless
semiconductors, where a semiconducting band gap is formed in one spin channel
and a pseudo-band gap in the other one. Such a pseudo band gap is often called zero
or closed band gap because the maximum energy of the valence band is very close
to the minimum energy of the conduction band. The Zr,MnAl compound presents
a typical behavior of spin gapless semiconductors and may allow a tunable spin
transport (see Figure 4). The Fermi level, located at 0.04 eV below the conduction
band minimum, in case of Zr,MnAl, falls into a typical spin gapless semiconducting
band gap of 0.41 eV in spin-up channel, according to Ref [25]. In the spin-down
channel, a zero band gap is reported around the Fermi level. In both spin channels,
the significant contribution to density of states between -4.5 and -1.5 eV comes
from the 3d electrons of Mn, while the 4d electrons from Zr atoms have contribu-
tion only above the Fermi level.

Figure 5 presents the contribution of double and triple degenerated states (d,
and dyy, respectively) of Zr and Mn atoms, calculated around the Fermi level, at
optimized lattice parameters. In Zr,MnAl compound, the highest bonding states
from valence band, below the Ef, belong to triple degenerated states of manganese
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Figure 4.
Partial and total density of states (PDOS and TDOS) of spin gapless semiconductor Zr,MnAl at equilibrium
lattice parameter.
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The densities of states of double and triple degenerated states of Zr and Mn atoms, around the Fermi level,
calculated at optimized lattice parameters for Zr,MnAl. The Fermi level, d,, and d,,,, are illustrated with black
dotted, red dashed, and blue solid line, respectively.

dyy,, while the lowest anti-bonding states from conduction band come from the

triple degenerated states dyy; of Zr;, Zry, and Mn. As a result, the energy gap from
spin-up channel results due to Zr-Mn hybridization. The Zr,MnAl alloy presents
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an indirect band gap of 0.41 eV, in the spin up channel with the higher bonding
states from valence band located in the A point and the lowest anti-bonding states
from the conduction band, distributed in the A and W high symmetry points of
Brillouin zone.

It is obvious that the change in the lattice parameter affects the presence of the
zero band gap from spin channel and the width of the semiconducting band gap. In
Zr,MnAl alloy, the band gap increases initially by increasing the lattice parameter.
The largest band gap is obtained for a lattice parameter of 6.6 A, which corresponds
to a volume increase of 2%. Above the lattice parameter of 6.6 A, the spin gapless
semiconducting properties of Zr,MnAl compound disappear, due to the shifts of
the Fermi level in to the conduction band. The width of the energy band gap from
spin-up channel decreases as illustrated in Figure 6.

The spin gapless semiconductors may present a finite total magnetic moment;
however in the particular case, when a perfectly compensated ferrimagnetism
appears the total magnetic moment of compound equals zero and the alloy becomes
a spin gapless completely compensated ferrimagnet, like Zr,MnAl (see Figure 7).

Surprisingly, the zirconium element which does not exhibit natively mag-
netic properties shows magnetic behavior. A ferrimagnetic interaction occurs
between the magnetic moments of Zr and Mn atoms, whereas the zirconium
atoms, located in different Wyckoff positions, are coupled ferromagnetically.
The magnetic moments of manganese increase with the lattice parameter, in all
compounds. The magnetic moments of zirconium atoms coupled ferromagneti-
cally decrease with the lattice parameter increase and compensate the magnetic
moment of Mn atoms. The main element Al does not carry significant magnetic
moments, but non-negligible contribution to the magnetic moment comes from
conduction electrons.

Antiferromagnetic “ab initio” results were reported for Zr,MnZ (Z = A, Ga) [26-
28] and were gathered in Table 2. For Zr,MnAl, the band gap is slightly increased
from 0.41 eV for ferromagnetic calculation to 0.48 eV to antiferromagnetic results.
However, the semiconducting band gap from spin-down channel decreases when
the atomic radius of the main element increases (when Ga replaces Al). Due to the
different magnetic ordering structures, having the spin moments of manganese
antiparallel (antiferromagnetic configuration) or parallel (ferromagnetic con-
figuration) oriented, the sign of partial magnetic moments from Table 2, differs.
However, the opposite spin orientation is clearly explaining the ferrimagnetic
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Figure 6.

The positions of the highest occupied states from the valence band (solid rhombs) and of the lowest unoccupied
states from the conduction band (solid stars) of total DOSs (spin-down channel) for Zr,MnAl as function of
the lattice parameter.
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Total magnetic moments in spin gapless semiconductor Zr2MnAl.

Alloy a(A)  pzr@a) (up/atom) pzyac) (up/atom) pyp) (Mp/atom) pzeq) (up/atom) [ E,
(pa/fu)  (eV)

Zr,MnAl 656 -0.77 -0.69° 244* -0.04* 0.00°  041°
664> 1.74>" 1.50>" -3.26> 0.02>" 0.00">"
6.968% 147 135 -433% 0.088% 0.00%" 048!

Zr,MnGa 6.59% 1.66% 1.52% -3.08% ~0.10%" 0.00%"
6.935° -1.48° -142° 434° -0.030° 0.00°  031°

Antzfewomagnetic calculation was performed.

“Ref. [25].

"Ref. [26].

“Ref. [27].

“Ref. [28].

‘Ref. [29].

Table 2.

Calculated lattice parameters, partial, total magnetic moments, and energy band gap in Zr,MnZ (Z = Al, Ga).

interaction between the Mn and Zr atoms and the ferromagnetic coupling between
the Zr atoms located in the two distinct sublattice. The total magnetic moment

per fu. calculated in both magnetic configurations is fully compensated by partial
magnetic moments of constituents and follow the Slater Pauling curve for typical
for half-metals.

4. Half-metallic ferromagnetic materials

Ferromagnetic zirconium-based half-metallic Heusler compounds represent
another category of materials of specific interest in biomedical spintronic applica-
tions where a good response to an external magnetic moment is required and that is
mainly related to their large total magnetic moment. From theoretical point of view,
the materials which exhibit a metallic character in the majority density of states
and a band gap in the minority one, around the Fermi level and the metallic total
density of states resulted from summation of partial density of states of all elements
are classified as half-metallic ferromagnets.

A typical example of density of states for a half-metallic ferromagnet is exem-
plified in case of Zr,CoAl [30-34] (see Figure 8). In the majority channel, the
significant contribution to density of states comes from the zirconium, located in
the origin of unit cell and the cobalt atom. The band gap from minority channel
(Figure 9) is formed between the 3d t,, electrons of Co and the 4d t,; unoccupied
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electrons of Zr located in origin and 4d t,; occupied Zr electrons locate in the 4c
Wyckoff position of Hg,CuTi prototype structure. This type of hybridization
between the Y element and the two X atoms of a X,YZ Heusler compounds is often
reported for half-metallic ferromagnets.

In general, the half metallic ferromagnetic properties characterized by the
presence of a semiconducting band gap in the minority spin channel of density of
states continue to be maintained for a large enough range of lattice parameter in
order to be stable from experimental point of view. This means that even if the unit
cell volume increases or decreases the material would present a high spin polariza-
tion typical for half metallic materials. In case of Zr,CoAl, the transition from
metal behavior to half metallic characteristic occurs at a 6.43 A lattice parameter,
and it remains stable at experimentally achievable increases of unit cell volume
(Figure 10) [30-34]. By definition, in the case of a ferromagnetic material, a net
magnetization may be measurable because even if the majority and minority den-
sity of states is identical and equally occupied; these are shifted against each other.
The total magnetic moment is obtained by adding the partial magnetic moments of
constituent elements as presented in Figure 11.

Table 3 overviews the state of the art ferromagnetic zirconium-based Heusler
compounds. Most alloys incorporate cobalt, and the main elements carry an
irrelevant partial magnetic moment. However, the influence of main elements
over the energy band gap from spin-down channel is significant. The average
width of band gap from spin-down channel is large enough to provide stable
half-metallic characteristics for a large deformation of the unit cell. All results
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Figure 8.
Partial and total density of states (PDOS, TDOS) of half-metallic ferromagnetic Heusler compound, Zr,CoAl,
at optimized lattice parameter.
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The band structure of Zr,CoAl for majority and minority spin channel, in the right and left panel, respectively,
at equilibrium lattice parameter.
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Figure 10.
The positions of highest bonding states from the valence band (solid purple rhombs) and of lowest anti-bonding
states from conduction band (solid magenta stars) of total DOSs for Zr,CoAl as function of lattice constants.
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Figure 11.
The partial and total magnetic moments as a function of lattice constant for half-metallic ferromagnetic
Zr,CoAl Heusler compound.

gathered in Table 3 are obtained based on density functional theory calcula-
tions, and these are influenced by the pseudo-potential used for electron-ionic
core interaction. This is the reason for various reported band gaps of such
compounds, as for example, the band gap reported by Ref [32] which is lower
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Alloy a(A) WzZx(4a) MZr(4c) Wy (4b) Mz(ad) Me Eg (eV)
( s/ (PB/ (us/ (I»lB/ ( us/
atom) atom) atom) atom) fu.)
Zr,CoAl 6.54 0.757 0.54* 2.00° 0.48
6.575' 1211 0.303! 0.538! -0.053 2.000 0.518
6.59° 1.34° 0.36° 04° -01° 2.00° 0.6046°
6.523¢ 1.088¢ 0.442¢ 0.553¢ 0.002¢ 2.00¢ 0.300¢
6.575° 1.21° 03¢ 0.54¢ ~0.05° 2.00° 0.518°
6.539f 0.725 0.262f 0.587 0.011f 2.00 0.5905
7r,CoGa 6.62° 1.30° 0.52° 0.34¢ -0.16° 2.00° 0.6990°
6.593 1162 0.402' 0.505! -0.070' 2.000! 0.533'
6.509¢ 1.074¢ 0.526¢ 0.522¢ 0.013¢ 2.00¢ 0.353¢
6.520f 0.714f 0.332f 0.518 -0.001 2.00 0.6546f
71r,Coln 6.75° 1.34¢ 0.62° 0.2° -0.16° 2.00° 0.7013°
6.627 1.215' 0.455' 0417 -0.089' 2.000 0.576'
6.7144 1.085¢ 0.581¢ 0.427 0.011¢ 2.00¢ 0.268¢
6.726f 0.722f 0.3630° 0.429° -0.002 1.999f 0.6580f
71r,CoSi 6.68° 1.59¢ 0.58° 1.0 -0.08° 3.00° 0.8419°
71r,CoGe 6.70° 1.65° 0.65° 0.86° -0.16° 3.00° 0.8365°
Zr,CoSn 6.76° 0.946° 0.446° 0.8106° -0.013" 3.00° 0543°
6.790 1.625' 0.605! 0.829' -0.060' 3.000' 0.614'
6.81° 1.70° 0.68° 0.78° ~0.16° 3.00° 0.8537°
6.7454 1.429¢ 0.746¢ 0.858¢ 0.0444 2.998¢ 0.406¢
6.745¢ 1.4298 0.7468 0.8588 0.0448 3.0008 0.658
Z1r,CoPb 6.86° 172° 0.76° -0.16° -0.24° 3.00° 0.58°
Zr,NiAl 6.60" 1.02" 0.98" 0.61" 0.15" 287" 0.44"
Zr,NiGa 6.58" 1.06" 0.81" 0.58" 0.21" 2.86" 0.50"
“Ref [30].
"Ref [35].
‘Ref [31].
“Ref [32].
“Ref [33].
TRef [34].
2Ref [36].
"Ref [37].
"Ref [21].
Table 3.

Calculated lattice parameters, partial, total magnetic moments, and energy band gap in Zr,YZ (Y=Co, Ni;
Z = Al, Ga, In, Si, Ge, Sn, Pb).

than the other published results. In all compounds, the ferromagnetic interaction
between constituent atoms is represented by similar signs of the partial magnetic
moments. The total magnetic moments, following Slater-Pauling curve, are
higher than for ferromagnetic half-metallic compounds, and as consequence,

the compounds may present a better response to an external magnetic field.
Theoretical results regarding zirconium-based half-metallic compounds con-
taining nickel provide information about electronic structures and magnetic
properties in alloys with Al and Ga. These intermetallic compounds theoretically
behave like half-metals from the electronic structure point of view; however
their reported total magnetic moments do not follow the Slater Pauling curve.
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In addition, the band gap from spin-down channel is significant lower than for
compounds incorporating cobalt.

5. Conclusion

The individualized medicine and high precise diagnosis can benefit from the
development of smart biosensors based on magnetic functionalities. Foreseeable
applications of zirconium-based biosensors with half metallic character include the
capability to measure, sense, or respond to magnetic stimuli desirable for in vivo
sensitive detection of markers for diseases.

This chapter overviewed the recent advances of zirconium-based full-Heusler
compounds from the point of view of electronic structure and magnetic prop-
erties. The representative materials described in this chapter obviously were
selected to offer significant information to emphasis the certain differences in
magnetic features: half-metallic ferrimagnetism, spin-gapless semiconducting,
and half-metallic ferromagnetism. Based on this, the Y elements of Zr,YZ were
selected from the most commonly used transition metals (Cr, Mn, and Co),
while the Z element was identical in all compounds (Al). The purpose was to
underline the influence of d electrons of Y elements and hybridization interac-
tion between the electrons of zirconium and Y atoms over the macroscopic
magnetic properties.

Furthermore, the theoretical and experimental advances in designing and
fabrication technology engage the construction of innovative materials to be

integrated in biosensors with significant high throughput able to reform the
biomedical field.
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Chapter 6

Diluted Magnetic Semiconductor
ZnO: Magnetic Ordering with
Transition Metal and Rare Earth
Ions

Kuldeep Chand Verma

Abstract

For advancement in future spintronics, the diluted magnetic semiconductors
(DMSs) might be understood for their origin of ferromagnetic aptness. It not much
clear to the ferromagnetism in DMS, that is intrinsic or via dopant clustering
formation. For this, we have included a review study for the doping of transition
metal and rare earth ions in ZnO. It is realized that the antiferromagnetic ordering is
found in doped ZnO to achieve high-T ferromagnetism. X-ray diffraction and
Raman spectra techniques have been used to detect the wurtzite ZnO structure and
lattice defects. Since ZnO has different types of morphology formation that is
generally dependent on synthesis conditions and dopant level. The band gap energy
of ZnO and lattice defect formation are shown by photoluminescence technique.
The room temperature ferromagnetism is described with bound magnetic polaron
(BMP) model in which oxygen vacancies play a major role. However, the
temperature-dependent conditions are responsible for ferromagnetic ordering. The
first principle calculation is used for dopant ions in ZnO for their replacement of
Zn”* atoms in the wurtzite structure as well as magnetic contribution.

Keywords: ZnO ferromagnetism, lattice structure, TEM, vacancies

1. Introduction

Diluted magnetic semiconductors (DMSs) and oxides raised hopes of applica-
tions based on single elements combining the logic functionalities of semiconduc-
tors with the information storage capabilities of magnetic elements [1]. The
research on DMSs is fascinating during the 1980s on II-VI semiconductors with
little magnetic impurities that opened the optical and electronic phenomenon to
introduce magnetic field effects [2]. The DMS required high Curie temperature, T,
for a material. Initially, II-VI semiconductors such as CdMnTe and ZnMnSe are
widely investigated as DMSs for which the valence of the cation matches with the
common magnetic ions, i.e., Mn [3]. Since the hole induced ferromagnetic order in
p-type InMnAs and GaMnAs, a lot of research is carried out on III-V-based DMSs
that unfortunately failed to give room temperature ferromagnetism (RTFM). After
that, a lot of efforts are carried out to result RTFM in III-V-based DMS, i.e., GaN,
GaSb, InAs, and oxide-based DMS, ZnO, TiO,, SnO,, In,03, etc. These DMSs are

109 IntechOpen



Magnetic Materials and Magnetic Levitation

attracting potential interest in spin-based information-processing applications. It
needs high T¢ for such DMSs of GaN and ZnO that may relate for their wide-band
gap [4]. However, the spintronic applications like spin-valve transistors, spin light-
emitting diodes, nonvolatile memory, logic devices, etc. have remarkable interest
of RTFM of DMSs [5]. Among DMSs, the Mn-doped GaAs is found to be
ferromagnetic with T¢ ~ 172 K is widely investigated [5].

1.1 DMS opens new window for spintronics

Even though low transition temperatures, ferromagnetism in diluted magnetic
semiconductors, DMSs is essential to explore new ideas to develop spintronic tech-
nology, which is actually the electrical manipulation of magnetism [6]. A small Mn
percentage in III-V semiconductors of (In, Mn)As and (Ga, Mn)As replaces Ga or
In atoms to stabilize the exchange interaction between charge carriers and localized
spins. Due to low carrier concentration in these DMSs, it is possible to control a
considerable portion of carriers by external electric fields using metal-insulator—
semiconductor or p-n junction configuration (Figures 1a, b). It has a thin ferro-
magnetic semiconductor layer, to the extent that the field significantly alters the
stability of the ferromagnetic phase and other magnetic properties. The value of T¢
is controlled in a ferromagnet with the application of an electric field which was
observed for metal-insulator-semiconductor configuration of (In, Mn)As thin films
[8]. Later, electrical manipulation of the coercive field (H¢) is also possible for (In,
Mn)As which means an applied electric field changes the magnetic anisotropy [9].
This is the exchange interaction which splits the carrier states according to the
spin-orbit interaction [10].

1.2 DMS made up as a computer memory

For low-power-consumption computer memory devices, the DMSs influencing
the magnetization direction to achieve magnetic data-storage and memory devices
of hard disks directs with the direction of magnetization [7]. In a hard disk, the data
is stored on a disk-shaped magnet in local magnetization form; to write informa-
tion, a pulse of current is applied to a small electromagnet that scans the disk. In this
process, an energy is wasted due to a magnetic field exists between the current and
the manipulated magnetization. However, a spin-polarized current is applied
directly to the magnet instead of using current to generate the magnetic field is an

(@

Paramagnetic state

()

Ferromagnetic state

A

Ferromagnetic
semiconductor

Metal

I~1nm Insulator

Figure 1.
(a, b) Electric control of ferromagnetism (schematic representation). (c) a spin-polarized current changes the
magnetization direction, i.e., (GaMn)As (adapted from [6, 7]).
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alternative way as schematized in Figure 1c. Such a current would exert torque on
the magnetization by exchanging spin-angular momentum with it as it passes
through the magnet. Exploitation of this phenomenon, called spin torque, is
expected to allow the development of compact magnetic memory devices that can
run on low-power consumption. In Figure 1c, the metal-insulator-semiconductor
device involving a semiconductor—a (GaMn)As film—that has ferro magnetic
properties at low temperatures [7]. The device includes a ‘gate’ electrode isolated
electrically from the (GaMn)As film. When a negative voltage is applied to the gate
electrode, carriers in the film that have positive charge (electron “holes”) are
attracted toward the electrode and vice versa. This property allows the density of
the electron holes, and thus the magnetic anisotropy in the (GaMn)As film
beneath the electrode, to be controlled electrically, resulting in a change in the
magnetization direction.

1.3 Ferromagnetic origin in DMS

The researcher has initially found high Tc in doped III-V DMS, which for a long
time was stuck at 110 K [1]. After that, several groups stressed out the defects—
mainly Mn atoms that form interstitials rather than substituting for Ga—responsi-
ble for this limit, and T¢ was raised up to 150 K. Dietl [1] proposed a Zener model to
perform so many experiments on (Ga, Mn)As, which create problem with higher
concentration of Mn due to the interplay between the disorder and localization, and
electron—electron correlations have a very influential effect on carrier-mediated
ferromagnetism at and above room temperature [11]. For example, for the Co-
doped ZnO, the Co occupies the Zn sites as Co is paramagnetic and there is no
ferromagnetism associated with Co, even when lots of carriers are added by Al co-
doping and the temperature is very low (5 K) [12]. Moreover, the solubility of Co in
ZnO is high, making it is easy to substitute Co for Zn throughout the crystal.
However, by considering defect-mediated ferromagnetism, an intrinsic form of
high-T¢ ferromagnetism in dilute magnetic oxides with lots of defects is observed.
This is because electrons associated with defects couple antiparallel to dopant spins
within the orbital volume of the defect. With high T, the defect coupling is strong.
But, it is difficult to control defects for practical applicability. To realize high-
temperature ferromagnetism in DMSs, a wide-band gap ZnO is undoubtedly a
major development if the ferromagnetism is unambiguously established to be
intrinsic (carrier induced) [13]. Coey et al. [14] proposed that the ferromagnetic
exchange is mediated by shallow donor electrons to form bound magnetic polarons
that overlap to create a spin-split impurity band. It is reported that the oxygen
vacancies might change the band structure of host oxides to induce ferromagnetism
[15]. The formation of BMP, which includes electrons locally trapped via oxygen
vacancies, with the trapped electron occupying an orbital overlapping with the d
shells of transition metal (TM) neighbors, might explain the room temperature
ferromagnetism (RTFM) in DMS. Within the BMP model, the greater density of
oxygen vacancy yields a greater overall volume occupied by BMP, thus increasing
their probability of overlapping more TM ions into the ferromagnetic domains to
enhance ferromagnetism. Zhen et al. [16] used first principle calculations on Co-
doped ZnO and observed the exchange coupling mechanism that accounts
magnetism with oxygen vacancies.

1.4 DMS ZnO

DMS ZnO has the hexagonal wurtzite structure (direct wide-band gap,
Eg ~ 3.3 eV at 300 K) due to its stability at room temperature and normal
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atmospheric pressure. The atomic arrangement of the wurtzite structure is com-
prised of four zinc ions (Zn**) occupying the corner of a tetrahedral coordinate with
one oxygen ion (0*7) located at the center and vice versa (Figure 2a) [20]. The
particle size, doping, and co-doping are used to induce the band gap of ZnO [17].
Dietl et al. [1] reported RTFM for DMS for which 3d ions substituted ZnO. How-
ever, the nanocrystals of pure ZnO also produce RTFM [21]. Gao et al. [22]
suggested oxygen vacancies locating at the surface of ZnO nanoparticles are
responsible for RTFM. It is also found that the ZnO nanoparticles had absorbed
certain organic molecules to modify the electronic structure to give RTFM without
any magnetic impurity ions [21].

1.4.1 Ferromagnetism of ZnO with transition metal ions

From the survey of many theoretical studies, it has been found that a slight
doping of TM metal ions is likely ~5%, induce ferromagnetic ordering that
observed at room temperature [21]. Venkatesan et al. [18] postulated on the basis of
spin-split donor impurity-band model to observe RTFM in DMS ZnO with 5% of Sc,
Ti, V, Fe, Co, or Ni, but not Cr, Mn, or Cu ions. For Cr, Mn, Cu, or Zn, no moment
appreciably greater than the experimental uncertainty (<0.1 pg) is observed at
room temperature. The basic action in a spintronic device is that the electrons are
traveling from a ferromagnetic metal, through a normal metal, to a second ferro-
magnetic metal. When the magnetizations of the two ferromagnetic metals are in an
aligned state, the resistance is low, whereas the resistance is high in the antialigned
state. For the light 3d elements, the 3d" states lie high in the 2p(0)-4 s(Zn) gap,
overlapping the donor impurity band which is spin split (Figure 2b). In the middle
of the TM series, there is no overlap with the 3d levels and exchange is weak, but
toward the end of the series, the 3d* states overlap the impurity band, which then
has the opposite spin splitting for the same occupancy. The high T¢ is found
whenever unoccupied 3d states overlap the impurity band, but not otherwise. The
likely origin of the donor impurity band in ZnO films is lattice defects, such as
oxygen vacancies, which have trapped between one and two electrons (F° centers)
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Figure 2.

(a) Hexagonal wurtzite ZnO unit cell. Density of states (schematic) of Zn, ,TM;O,TM = Ti (b), Mn ('),
Co (b"), for which the Fermi level lies in a spin-split donor impurity band. (c) Energy differences,

AE = Eppv — Eppg, for Zng g5,TM, 1,50 (TM = Cr, Mn, Fe, Co, and Ni) supercell; Zn(light gray spheres),
O(red), and TM (purple) (adopted from [17-19]).
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[18]. The electrons in the impurity band will be localized by the influence of
electronic correlations and potential fluctuations associated with the dopant cations.

1.4.2 Theoretical survey on magnetism of DMS ZnO with TM = Cr, Mn, Fe, Co,
and Ni ions

Wang et al. [19] reported that the Cr, Fe, Co, and Ni dopants in ZnO occupy
the Zn sites and couple antiferromagnetically, while Mn exhibits no site preference
and distributes uniformly in ZnO lattice. For hexagonal ZnO, the lattice constants
area = b = 3.249 A and ¢ = 5.205 A [space-group P6;mc (No. 186)]. The ZnO thin
film containing 28 formula units (Zn,gO,g) is shown in Figure 1c [19]. To find the
magnetic coupling among TM ions, the two Zn atoms are replaced with two TM
(= Cr, Fe, Co, and Ni) atoms with a dopant concentration of 14.28%. The preferred
magnetic coupling between the TM atoms is determined with ferromagnetic (FM)
and antiferromagnetic (AF) coupling by comparing their total energies,

AE = Epp — Egpy. Positive AE means that the FM state is lower in energy than the AF
state. In Figure 1c, when the two TM atoms are at the nearest neighbor sites on the
surface, the corresponding magnetic couplings are AF. It is also reported that the
total-energy difference between FM and AF states is reduced to 0.006-0.032 eV,
when the distance between two TM atoms are increased to about 5.60 A. It means
that the AF interactions are short ranged in TM/ZnO. Srinivasulu et al. [23]
suggested various 3d TM such as Ti, V, Cr, Mn, Fe, Co, Ni, and Cu that are also tried
as dopants in ZnO to improve its optical and electrical behavior. Among these
dopants, V, Cr, Mn, Co, Ni, and Cu are recognized as suitable dopants of ZnO for
spintronic and magneto-optical communication devices due to their RTFM. In TM
ions, the magnetization arises from partially filled 3d shells, and most of the cases
since total orbital magnetic moment is zero, the magnetic moment is only due to the
spin component, and hence total magnetic moment per atom is less [24]. Among
TM/ZnO, Co deserved a special attention due to its highest magnetic moments (4.8
pp) and a positive magnetic exchange coupling constant [25]. Coey et al. [14]
explained ferromagnetism in intrinsically n-type semiconductors and insulators by
a model, where shallow donor electrons, created due to intrinsic defects in the
semiconductors, form bound magnetic polarons with magnetic cations, which
finally give rise to the ferromagnetic interaction. For BMPs, the localized spins of
the dopant ion interact with the charge carriers such as oxygen vacancies, resulting
in a magnetic polarization of the surrounding local moments [26]. The mediated
oxygen vacancies are dependent upon dopant level and nanostructural formations.

1.4.3 Rave earth ions attributed ferromagnetism in DMS ZnO

In rare earth (RE) elements, magnetization appears due to unfilled 4f orbitals
leading to higher magnetic moment per atom, though 4f electrons interacted with
5d or 6 s electrons [24], but exhibits weak exchange interaction with other RE ions,
which is contrast to TM ions 3d electrons are directly interacted. The RE ion-doped
ZnO has ferromagnetism that is induced by p-f hybridization via defect carriers
[27]. Compared with 3d TMs, 4f RE ions have larger magnetic moments. The
intrinsic defects such as oxygen vacancies play an important role on the magnetic
properties of RE/ZnO. However, the exchange interaction by simultaneous doping
from TM and RE ions in ZnO is 4f-5d-3d, which is antiferromagnetic when the 5d
band is less than half full and the 3d band is more than half full. The first principle
calculations revealed that the superexchange interaction between two magnetic Nd
ions is mediated by the nonmagnetic O ions responsible for higher magnetic
moment of ZnO [28]. This approach of doping RE elements with intrinsic strong
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magnetic anisotropy and tailoring the coupling between dopants and defects should
be a general approach toward stable ferromagnetic order in ZnO nanomaterials.
Among RE ions, Sm** with five 4f electrons offers a unique possibility to induce the
bifunctional properties for RTFM as well as visible luminescence in ZnO, making
suitable material in spin transport properties and spin-LEDs [29].

2. Experimental methods

The DMS ZnO materials are synthesized by different methods such as thermal
evaporation method [30], chemical vapor deposition [31], sol-gel spin-coating
technique [32], spray pyrolysis [33], hydrothermal synthesis [34], solid state reac-
tion [29], coprecipitation method [35], etc.

3. Results and discussion

Recently, a lot of research work has been reported on RE ion-based DMS ZnO
[36]. Sun et al. [37] reported La-doped ZnO quantum dots in which luminescent
behavior is greatly enhanced by introducing defects and oxygen vacancies (Vo).
This is due to larger ionic size of La** in ZnO lattice that induces stress. However,
Bantounas et al. [38] suggested the weak magnetic coupling in Gd/ZnO and the
material remain paramagnetic at room temperature. Aravindh et al. [39] gives
origin of ferromagnetism in Gd/ZnO in which oxygen vacancies play an important
role. Using DFT calculation, it is analyzed that the RE Ce atoms replaced those Zn
sites in the wurtzite structure, which is the nearest neighbor to TM/Fe or Co atoms
[40]. The 4f electrons in Ce are tightly bound around the nucleus and shielded by
5s°p°d'6s” electrons, leading to strong local spin. For Ce-doped TM/ZnO, the larger
ratio of dopant cation to cation radius structure causes more defects, leading to a
larger concentration of electrons and holes.

3.1 Wurtzite structure and defect calculation in DMS ZnO
3.1.1 X-ray diffraction of Zng o4Feo.05Ce0.030 and Zng.94C0¢.03Ce0,030 nanoparticles

The Zng 94Feg 93Ceq.030 (ZFCeO) and Zng 94Co¢.93Ceq 930 (ZCCeO)
nanoparticles were synthesized by a sol-gel process [40]. Figure 3a shows the X-ray
diffraction (XRD) results for ZFCeO and ZCCeO nanoparticles using Rietveld
refinement (space group P6smc). The Rietveld refinement initiated with Zn** and
0% atoms is located at (1/3, 2/3, 0) and (1/3, 2/3, z), respectively. The XRD
reflections result into a hexagonal wurtzite ZnO phase. The refined lattice parame-
ters are a(A) = 3.259(1) and 3.262(3) and ¢(A) = 5.215(3) and 5.218(2); unit cell
volume, V(A%) = 47.9682(3) and 48.0828(2); bond length, I, o(A) = 1.9826 and
1.9842; R,,(%) = 6.57 and 6.95; R,,,(%) = 9.0 and 9.8; and x* = 1.97 and 2.05,
respectively, for ZFCeO and ZCCeO. Lattice parameters for the hexagonal wurtzite
ZnO structure is also calculated using the relation

W+ hk+ kY P
1_4p+hktk) P "
a2 3 a? c?

where a, ¢, 1, k, I, and d have their usual meaning. The value of bond length is
calculated [40]:
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a? 1 2
lZn—O = \/?'1' <§—u) *6‘2 (2)

2

where

a

=321 025 (3)

u

where u is a positional parameter. The volume per unit cell for the hexagonal
system is calculated using.

V =0.866 x> xc (4)

The calculated values of the lattice parameters are a (A) =3.257, 3.256, 3.260, and
3.261; c¢(A) =5.207, 5.206, 5.214, and 5.217; c/a = 1.5987, 1.5988, 1.5994, and 1.5998;
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Figure 3.

(a) XRD pattern of Zn, g Fe.03Ceo.0;0 (ZFCeO) and Zn 4,Co,.0;Ce0.0;0 (ZCCeO) nanoparticles. (b, d)
Raman and UV-visible absorption (for enevgy band calculation) spectra of Zn, 4sNi, o50 (ZNiO),

Zng. 9:Nig 05Ceo.0,0 (ZNiO/Ce), Zn, 55Cio.050 (ZCuO), and Zn, 5,Cio.05Ce0.0,0 (ZCuO/Ce)
nanoparticles. (¢) Photoluminescence spectra for ZnO with Co, Mn, and Fe nanoparticles (adapted from

[27, 40, 41]).
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Izn-o(A) =1.9808, 1.9825, 1.9829, and 1.9837; and V(A®) = 47.834, 47.796, 47.987,
and 48.044, calculated for Zng o;Fe( 30 (ZFO), Zng 97C0¢ 930 (ZCO), ZFCeO, and
ZCCeO, respectively. The calculated values of the c/a ratio of ZFO and ZCO are
slightly increased over pure ZnO (c/a = 1.598) due to the shape/size effect of the
nanorods. But, it is again enhanced with RE ions due to the ionic size effect.
Therefore, the observed variation in lattice parameters with doping indicated dis-
placement of atoms in wurtzite lattice to create defects, i.e., vacancies or intersti-
tials. It is also reported that the average size, D, of nanoparticles is 97 &+ 4 nm and
106 + 3 nm for ZFCeO and ZCCeO, respectively. The lattice defects are also
evaluated with Raman and photoluminescence spectra. The zero-field cooling
(ZFC) and field cooling (FC) magnetization measurement at H = 500 Oe and

T = 300-5 K show AF-FM transitions. At 5 K, the measured value of

M, (emu gfl) = 0.339 and 0.478 for ZFCeO and ZCCeO, respectively. For ZFCeO,
the weak RTFM is formed due to the mixed valance states Fe**/Fe’* via oxygen
vacancies.

3.1.2 Lattice structure and defect/vacancy evaluation by Raman spectra

The Zn0.95Ni0_050 (ZNIO), Zn0.91Nio.05C30.04O (ZNIO/CQ), Zno.95Cu0.o5O
(ZCu0), and Zng 9;Cug 05Cep. 040 (ZCuO/Ce) nanoparticles were synthesized by
sol-gel process [27]. XRD pattern found wurtzite structure with lattice distortion to
perform lattice defects. The average particles size is D = 27, 81, 57 and 159 nm,
respectively, measured for ZNiO, ZNiO/Ce, ZCuO, and ZCuO/Ce. The Raman
modes observed at room temperature for these pure Ni-, Cu-, and Ce-doped ZnO
are shown in Figure 3b. The presence of E, mode in all samples indicates that the
doping does not change the wurtzite phase. It is observed that Ni and Cu doping on
ZnO gradually decreases the intensity of E,(high) mode as compared with pure
ZnO [22]. But, it is again strengthen with Ce co-doping. This type of change in
E,(high) mode with dopant ions might induce structural defects and local lattice
distortions of wurtzite lattice [32]. The E,(high)-E,(low) modes indicate oxygen
defects or vacancy formation. The peak position of E,(high) mode also changes
with Ni, Cu, and Ce doping that is ascribed with the change in the level of oxygen
vacancies [33]. The magnetic results also reported low temperature ZFC/FC mag-
netic measurement that show AF-FM ordering and the doping of Ce ions results to
high T.. At 300 K, the values of M;(emu gfl) = 0.073, 0.085, 0.053, and 0.132,
and at 10 K M (emu gfl) = 0.096, 0.198, 0.136, and 0.251, respectively, for
ZNiO, ZNiO/Ce, ZCuO, and ZCuO/Ce. The enhancement in the oxygen
vacancies and ferromagnetism with Ce doping might depend on mixed valence
state Ce>*/Ce** ions.

3.1.3 Photoluminescence spectra for Fe-, Co-, and Mn-doped ZnO nanoparticles

The photoluminescence spectra for Fe (0.15%)-, Co (0.20%)-, and Mn (0.20%)-
doped ZnO nanoparticles are given in Figure 3¢ [41]. Pure ZnO nanoparticles show
emission maxima at 385 nm along with blue (424 nm, 468 nm) and green (521 nm)
luminescence. Transitions from Zn interstitials to valence band are attributed with
blue emission (424 nm). Oxygen vacancies are related with blue (468 nm) and
green emission (521 nm). The green emission is understood to be due to the recom-
bination of electrons in singly occupied oxygen vacancies with photoexcited holes
in the valence band. The blue emission is caused by two defect levels, either transi-
tion from Zn; to the valance band or transition from bottom of the conduction band
to the interstitial O(O;).

116



Diluted Magnetic Semiconductor ZnO: Magnetic Ordering with Transition Metal...
DOI: http://dx.doi.org/10.5772 /intechopen.90 369

3.1.4 UV-Visible absorption spectra and Tauc plot

Figure 3d’ shows UV-visible absorption spectra measured at room temperature
for Ni-, Cu-, and Ce-substituted ZnO nanoparticles. The absorption peaks are
observed corresponding to violet emission, i.e., ZNiO (409 and 426 nm), ZNiO/Ce
(433 nm), ZCuO (407 and 427 nm), and ZCuO/Ce (401 and 429 nm). In order to
evaluate the effect of dopant on Ni, Cu, Ce, on ZnO, the energy band gap, Eg, is

calculated using the Tauc relation [27] used for a direct transition using: (ahv)* =

K (hv — E,); and for an indirect transition:(ahv)"/? = K (v — E, ). The symbols in
these equations have their usual meanings. In Figure 3d, the value of direct band
energy, Eg(direct) = 3.38, 3.42, 3.41, and 3.44 eV, and from Figure 7d", the indirect
energy band gap, Eg(indirect) = 3.13, 3.21, 3.19 and 3.24 eV, respectively measured,
for ZNiO, ZNiO/Ce, ZCuO, and ZCuO/Ce. These values of E; show small variation
with bulk sample of pure ZnO [27]. However, a significant change in E, value from
direct and indirect measurement clearly indicates that some of the defect states are
present in the forbidden region.

3.2 Microstructural study of DMS ZnO
3.2.1 SEM image of Mn-doped ZnO nanowires
The ZnO nanowires were synthesized by a thermal evaporation method with 1

atom % Mn doping [44]. Figure 4a is a SEM image of Mn/ZnO nanowires of several
micrometer lengths and 70 nm diameters. The reported work given T¢ to be 437 K

Mn-ZnO I-}u

=%

S0 S0 100 150 200 250 300 350 400 450 SO0

Figure 4.
(a) Scanning electron microscopy (SEM) pattern for ZnO/Mn nanowires. (b) HRTEM for
Zng.g.Feq 5L, 030 nanoparticles. (c) TEM pattern for Zn, 4, Ni, o5Ce, 0,0 nanoparticles. (d) AFM pattern

for pure ZnO (adapted from [21, 27, 44, 45]).
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from SQUID measurements. The difference of AMR is up to 2.5% as the gate voltage
changes from —40 to +40 V at T = 1.9 K, which suggests the electric field control
of ferromagnetism for realizing spin logic devices.

3.2.2 HRTEM of Zng goFeq.o5Lag.030 nanoparticles

DMSs Zng g:Feq.05Lag.030 (ZFLaO53) nanoparticles were synthesized by sol-gel
process [21]. The value of nanoparticles size is 99 nm. The lattice spacing is calcu-
lated from high-resolution transmission electron microscopy (HRTEM) images
(Figure 4b), which show that the distorted lattice has an enhanced interplanar
spacing d [(101) planes] of ~ 0.247 nm. It is also observed from HRTEM that some
fractions within the lattice fringes are formed. This may due to some ferromagnetic
clustered growth by dopants in Zn** lattice. The high crystallinity of the particles
is evident from the selected area electron diffraction.

3.2.3 TEM of Zn 91Nig.05Cep,040 nanoparticles

The Zng 91Nig.05Ceg.040 (ZNiO/Ce) nanoparticles were synthesized by a sol-gel
process [27]. Figure 4c shows their TEM image with an average size of
nanoparticles of 81 nm.

3.2.4 Atomic force microscopy (AFM) of pure ZnO

The ZnO thin film is prepared by a sol-gel MOD method [45] with the average
size of nanoparticles of 40 nm (Figure 4d).

3.3 First principle calculation for DMS ZnO with TM and RE ions
3.3.1 Magnetic behavior of Zn; ,TM,O (T = Cr, Mn, Fe, Co, and Ni)

The magnetic properties of Zn; ,TM,O (T = Cr, Mn, Fe, Co, and Ni) thin films
are investigated using first principle calculations on the basis of DFT theory within
the generalized gradient approximation (GGA) [19]. Self-consistency is achieved by
allowing the total energy to converge within 1 meV because of very small-energy
difference expected between the FM and AF states. Figure 5a;—a, shows that TM 3d
levels dominate the density of states (DOS) at the Fermi energy and overlap with
O 2p states. This indicates that there is a strong interaction between TM and the
neighboring O atoms, which results into opposite magnetic moments of O atoms.
The contribution to the moment coming from TM 3d orbitals is 2.8595, 3.930p3,
3.189pg, 2.095pp, and 1.015pp for TM = Mn, Cr, Fe, Co, and Ni, respectively. In the
ground state configuration, the AF state is found to be lower in energy by —0.094,
—0.601, —0.832, —0.098, and — 0.102 eV than the FM state for Zng 9,9TMg 710
with TM = Cr, Mn, Fe, Co, and Ni, respectively.

3.3.2 Densities of states of Gd ions in ZnO

Figure 5b shows the first-principle calculation for Zns045Gd, and Znys04,Gd,
nanowires with and without oxygen vacancies, Vg [39]. The spin-up and spin-down
DOSs of doped nanowire are significantly different from that of the pristine
nanowire. The majority Gd f states (spin-up) that are located well below the valence
band maximum are fully occupied. However, the minority unoccupied Gd f states
are localized in the vicinity of the Fermi level. The Gd d states in the conduction
band overlap with the Gd f states. The hybridization of Gd f states with the states of
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(a,~a,) partial spin DOS of TM 3d and O 2p in Zn,,TM,0,g supercell. (b) DOS of Zn ;60 ,5Gd, and
Zn ,60,,Gd, supercell. (c, c') Total and projected DOS of Zns,V7,05,Nd, nanowire. Fermi level spin-density
isosurface (green dotted), Zn(blue), O(red), and Nd(green spheres) (adapted from [19, 28, 39]).

the host material occurs at the Fermi level. By introducing oxygen vacancies,

the Gd f state near the Fermi energy becomes partially occupied by donor electrons.
Consequently, the carrier concentration around Vy, is increased, which mediates
the interaction between the s (mostly from Zn) and f electrons. This is evident from
the DOS, as the s-f coupling is more prominent than p-f and f-f couplings. For
such case, the carrier involved long-range ferromagnetic order to determine the
exchange interactions in DMS ZnO. Moreover for these Gd-doped ZnO,

oxygen vacancies donate two electrons to the system, mediating the

ferromagnetic exchange, and hence, the s-f coupling is more prominent than other
mechanisms.

3.3.3 Giant anisotropy in Nd/ZnO nanowire

In Figure 5c, the origin of the giant magnetic moment and anisotropy at atomic
level is performed by spin-polarized DFT calculations on Zns;0s4Nd, nanowire
model using spin density (Ap = pt — p{ ) and the projection of DOS onto the O-2p
and Nd-4f orbitals [28]. The total magnetic moment is high as 6 pg calculated from
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supercell and 3 pg per unit cell, and the two Nd atoms are ferromagnetically
coupled. It is found that the magnetism mainly comes from the 4f electrons of Nd
ions with the local spin moment of ~3 pg, and both Zn and O atoms have nearly
zero spin contribution. Moreover, significant hybridization is observed between Nd
4f and O 2p orbitals, which leads to the superexchange interaction between two
magnetic Nd ions mediated by the nonmagnetic O ions. Both O and Zn vacancies
are considered, and it is found that V, can enhance the magnetism of about 1 pg as
compared with defect-free system. This enhanced magnetism mainly comes from
the unsaturated 2p orbitals of the surrounding O atoms.

3.4 DMS ZnO with TM = Cr and Mn ions

3.4.1 RTFM in Zn 94Cr0.060 nanovods

The Zng 94Crg.060 nanorods were synthesized by a radio frequency magnetron
sputtering deposition technique at different substrate temperatures [46]. The Cr
K-edge X-ray absorption near-edge structure and X-ray photoelectron spectroscopy
(XPS) results revealed that the Cr’* ions are located at the substitutional Zn sites.
The magnetization versus the magnetic field (M-H) loops of Zng 94Crg 060
nanorods measured at room temperature is shown in Figure 6a. The moment per
Cr atom increases with the increasing substrate temperature. The sample prepared
at room temperature has a net moment of 0.76 pp/Cr. With increasing substrate
temperature to 650°C, the value of magnetic moment shows a remarkable
increase to 1.16 pg/Cr. The coercive field, H, of Zng ¢4Crg 96O nanorod grown at
room temperatures, 300, 500, and 650°C, are around 104, 42, 53, and 82 Oe,

respectively.
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Figure 6.
(a) M-H hysteresis of Zn, 4,Cr 060 nanorods. SQUID measurements: Magnetic moment (b) with temperature

(c) with applied field, for ZnO/Mn nanowires. (d) M-H plots for ZnO/(Mn, Dy) nanoparticles (adapted from
[24, 44, 46]).
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3.4.2 Temperature-dependent magnetization in Mn (1 atom%)/ZnO nanowires

The Mn(1 atom%)-doped ZnO nanowires were synthesized by a gas phase
surface diffusion process using MBE system [44]. Figure 6c shows the M-H hys-
teresis loops measured at T = 10, 100, 200, 300, and 350 K for an assembly of Mn-
doped ZnO nanowires. The extracted M is 2.2 pg/Mn ion at 10 K and reduces to 1.4
ug/Mn ion at 300 K. Both values are smaller than the theoretical value of 5 pg/Mn
ion of Mn** state [1]. The temperature-dependent magnetization (Figure 6b) via
ZFC and FC at H = 100 Oe shows a typical FM behavior while no intersection is
observed in the temperature region of 10-400 K, which reaffirms that T, is higher
than 400 K. However, these FC/ZFC curves show the blocking temperature at
T, = 90 K. The existence of the blocking temperature may result from intrinsic
defects, such as oxygen vacancies [47], which contribute weak intrinsic ferromag-
netism. The bifurcation begins to increase as the temperature goes below 100 K, and
the effect of the external magnetic field starts to overcome the thermal fluctuation
and dominate the overall magnetization when the temperature is lower than 100 K.

3.4.3 Magnetism with simultaneous doping from Mn and Dy in DMS ZnO

Figure 6d shows the magnetic results at room temperature with simultaneous
doping of Mn and Dy in ZnO nanoparticles prepared by sol-gel process (Mn = 0 and
2% and Dy = 0, 2, 4, and 6%) [24]. The M-H results show that as doping concen-
tration of Dy is increased, magnetic behavior changes from weak ferromagnetic/
superparamagnetic to ferromagnetic states. The observed magnetic behavior is
linked with oxygen vacancies as determined with EXAFS and PL measurements.
The oxygen vacancy-mediated exchange interaction between the Dy>* ions is due to
the formation of BMPs.
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(a) M-H hysteresis for ZnO/Sm nanoparticles. (b) M-H hysteresis for ZnO/Nd. (c¢) SQUID M(T) behavior for
Zn0O/Gd (adopted from [29, 42, 43]).

121



Magnetic Materials and Magnetic Levitation

3.5 DMS ZnO with RE ions
3.5.1 RTFM in Sm/ZnO

The RTFM is enhanced with Sm doping into ZnO is given by M-H hysteresis at
room temperature (Figure 7a) [29]. It infers that ferromagnetism is intrinsic and
formed due to the percolation of BMPs. These BMPs are made up with magnetic
cations and defect carrier. A very weak ferromagnetism is observed in pristine
ZnO, which is the effect of Zn; and/or oxygen vacancy defects rather Zn vacancies
(Vzn). Because the formation energy of Vz, is too high, it is not preferably
formed in ZnO [48].

3.5.2 RTEM in Nd/ZnO

The pure and Nd-doped ZnO nanoparticles were synthesized by the
coprecipitation method, and the magnetic results are shown by M-H hysteresis
(Figure 7b) [42]. All the M-H hysteresis exhibited weak ferromagnetism at room
temperature. However, the magnetization increases with increasing Nd** concen-
tration. The value of saturation magnetization, Ms, is (emu g_l) =0.041, 0.051, and
0.069, respectively, for Zng 9;Ndg 030, Z1ng.94Ndg 060, and Zng 9;Ndg 09O. The
concentration of oxygen vacancies has a major role in mediating FM exchange
interaction among Nd>* ions. It is revealed that O vacancies and Zn interstitials are
generated with an increase in Nd>* doping to induce long-range ferromagnetism
consistent with the BMP model. Moreover, the s-f coupling between the RE ions (f)
and the ZnO host(s) states contributed ferromagnetism of DMSs [14]. The
coercivity is also increased with Nd** concentration.

3.5.3 Temperature-dependent magnetization in Gd/ZnO

Ney et al. [43] reported that for small doping concentrations (1.3% Gd), a large
fraction of the Gd atoms is substitutional on Zn lattice sites within wurtzite struc-
ture. The magnetic behavior is purely paramagnetic with magnetic moment 7
pp/Gd. Figure 7c shows the temperature-dependent magnetization from SQUID
measurement for Gd-doped ZnO with different Gd concentrations using FC and
ZFC conditions [43]. No separation between FC and ZFC magnetization occurs at
any temperature, which provides no evidence for ferromagnetic-like behavior.
Therefore, all samples have to be considered as paramagnetic. This is in contrast to
previous work, where signs of ferromagnetic-like behavior are found for Gd-doped
ZnO [49].

3.6 DMS ZnO with Fe and La ions
3.6.1 RTEM in Fe/ZnO nanorods

The Zn,_,Fe,O (ZFO) [x = 0.01 (ZFO1), 0.03 (ZFO3), and 0.05 (ZFO5)]
nanorods were synthesized by a sol-gel process [50]. The XRD pattern revealed the
hexagonal wurtzite structure with Fe doping. TEM images show nanorod formation
with an average diameter, D(nm) = 10, 48, 14, and 12, and length, L(nm) = 23, 113,
50, and 30, respectively, for ZnO, ZFO1, ZFO3, and ZFO5. Figure 8a shows M-H
hysteresis for pure and Fe-doped ZnO at room temperature. Pure ZnO exhibits
diamagnetic behavior, whereas ZFO samples display superferromagnetic behavior.
The values of are M (emu gfl) = 0.233, 0.459, and 0.328, respectively, measured for
ZFO1, ZF03, and ZFO5 nanorods. The variations in Mg values depend on factors
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Figure 8.
(a) M-H hysteresis at room temperature for Zn,_Fe,O nanorods. (b) XPS spectrum of Zn, o,Fe, o5Ceo.0;0
nanostructures. (c) M(T) and (c') M(H) for Zn, g,Fe, osLa, 030 nanoparticles (adapted from [21, 40, 50]).

like shape and size of nanostructures, concentration of dopants, and lattice defects.
Furthermore, an F-center exchange (FCE) mechanism has been employed to illus-
trate the ferromagnetism of Fe-doped ZnO nanorods [51]. In this mechanism, the
Fe*™ — V%4~ — Fe*' group is common for which an electron is trapped in the oxygen
vacancy to make an F-center, where the electron occupies an orbital (p,), which
overlaps the d2 orbital of the d shells of both iron neighbors. The interactions
between the ferromagnetic and paramagnetic or antiferromagnetic components
lead to variations in saturation magnetization. Another mechanism is related with
BMP formation by the alignment of the spins in TM ions [14].

3.6.2 Valence states of Fe in DMS ZnO influenced magnetic ordering

Figure 8b shows Fe 2p XPS spectra in a binding energy 707-728 eV of
Zng 94Fep 03Ce0.030 (ZFCeO) nanoparticles to find their contribution into ferro-
magnetism [40]. The Fe** and Fe®* 2ps/, peaks always show satellite peaks at 6 and
8 eV above the principal peaks at 709.5 and 711.2 eV, respectively. The satellite peak
is found in energy region of 6-8 eV above 2ps, principal peak, which indicates that
ZFCeO DMS has Fe coexisting in both Fe** and Fe* states. For this, a multiple
fitting of Fe 2p peaks with satellites show peaks corresponding to Fe** (709.60 and
722.51 eV) and Fe** (710.82 and 723.97 eV). It indicates that the Fe ions have mixed
valences of +2 and + 3. The peaks related with 2p3,; 709.89 eV and 2p,,; 723.35 eV
are also observed. Therefore, it is found that the Fe exists in mixed Fe** and Fe**
oxidation states to give RTFM due to Fe**-Fe’* transitions via oxygen vacancies.

3.6.3 Magnetic ordering with La ions in Fe/ZnO nanoparticles

The magnetic results for Zng osFeg sO (ZFO5) and Zng 9:Feq o0sLag.030
(ZFLa0O53) with My(emu g~ ') = 0.328 and 0.044 and M,(emu g ') = 0.0083 and
0.0064 with H.(Oe) = 12 and 144, respectively, are reported. The origin of observed
magnetism at room temperature for La-doped ZFOS5 is described via ZFC and FC
magnetization SQUID measurement. Figure 8c shows temperature-dependent ZFC
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and FC measurement with H = 500 Oe. The superimposition of ZFC/FC plots
between 150 and 300 K, as well as their clear separation at low temperature with
blocking temperature, T is observed. The observed Ty might correspond with Néel
temperature, Ty (~42 K) of AF [52]. For more detail, M-H hysteresis is also
measured at 200, 100, 50, and 10 K (Figure 8c’). The values M; and M, are
enhanced with temperature when going from 300 to 10 K. This is due to the
exchange interaction from AF to FM states. It is also shown that for 200-50 K, H.
varies so slowly, but at 10 K, it abruptly increased to 117 Oe, which is smaller than
144 Oe that is observed at room temperature. It means after AF transition, there is
some possibility of FM clustered growth in ZFLaO sample [53]. The localization of
electrons in magnetic clusters leads to develop high-spin and low-spin intersite
electronic transitions. These magnetic clusters may also result from magnetic
polarons [54].

3.7 DMS ZnO with Co, La, Gd, and Ce ions
3.7.1 RTFM in La- and Gd-doped Zng 95C00.050 nanostructure

Figure 9a shows the M-H hysteresis for Zng 5C0¢.050 (ZCO5),
Zn0.92C00_05L30_03O (ZCLOSB), and Zn0‘92C00.05Gd0403O (ZCGOS3) nanostructure,
measured at room temperature [36]. The pure ZCO5 shows weak ferromagnetism
of M,(emu gfl) = 0.354 and M, (emu gfl) = 0.0276 with H.(Oe) = 40 Oe. However,
the La- and Gd-doped ZCO5 result into paramagnetic-type behavior. The weak
ferromagnetism in ZCOS5 exists due to antiferromagnetic, AF interactions among
Co*" ions [41, 55]. The AF coupling between Co impurities is favored when Co
atoms are separated by more than a ZnO unit. While the ferromagnetic coupling is
stable if AF interaction in neighboring Co-Co ions falling into contour of BMPs.
However, the observed paramagnetism in La- and Gd-doped ZCO5 is related with
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Figure 9.

(a) M-H hysteresis for Co-, La-, and Gd-doped ZnO nanoparticles, measured at room temperature. (b) M(T)
and M(H) (inset) for Zn, 456C00.00,0 (ZCO04) nanoparticles. (b’ and b'"') XPS spectra for Co 2p and O 1 s.
(¢c) Temperature-dependent AC magnetic susceptibility (y) of ZFCeO nanoparticles (adopted from [15, 36,
40]).
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AF interaction establishment following 4f-5d-3d transition in Co and RE ions,
suggested by Singh et al. [56].

3.7.2 Magnetic ovdering in Zng 996C0¢.0040 nanoparticles

The Zng 996C00.0040 (ZCO04) nanoparticles synthesized with sol-gel process
for which free-charge carriers and oxygen vacancies might induce long-range fer-
romagnetic ordering [15]. The XRD pattern results into wurtzite structure of
ZCO04. The ZCOO04 crystalline product has nanorod formation with D(nm) =23 £+ 3
and L(nm) = 57 £ 5. Figure 9b (inset) showed the RTFM of M, (emu gfl) 0.0062
and M, (emu gfl) = 0.0038 with H. = 54 Oe. However, the pure ZnO nanorods are
diamagnetic [50]. Xu et al. [57] reported RTFM with higher surface-to-volume ratio
of nanostructure, which contribute large amount of surface oxygen vacancies
defects. It is expected that the RTFM is attributed via exchange interactions among
unpaired electron spins arising from either vacancies or surface defects, which is
explained on the basis of donor impurity band exchange model form BMPs [58]. It
is theoretically investigated that the oxygen vacancies have remarkable change in
band structure of host oxides to induce ferromagnetism [59]. For this case of BMPs,
the electrons are locally trapped by oxygen vacancies, with the trapped electron
occupying an orbital overlapping with the d shells of Co neighbors.

To evaluate the origin of RTFM of ZCO04 nanoparticles, the temperature-
dependent magnetization is given in Figure 9b via ZFC and FC at H = 500 Oe. The
separation between ZFC and FC starts increasing with reducing temperature from
300 to 5 K which indicates antiferromagnetic interactions converted to ferromag-
netic state. The absence of blocking temperature in ZFC might indicate long-range
antiferromagnetism without any cluster growth. The exchange interactions
between neighboring magnetic ions mediated by an F-center form a BMP contrib-
uting long-range ferromagnetism. At 10 K, the magnetic hysteresis is also shown in
the inset of Figure 9b with M;(emu g_l) = 0.0154 and M, (emu g_l) = 0.002 with
H.(Oe) = 93.

3.7.3 Valence states of Co and O ions in Zng 996C00.0040 nanoparticles

Figures 9b’, b” shows the XPS spectra for Co 2p and O 1 s of Zng 996C09.0040
(ZCO04) nanoparticles. For Co 2p, the doublet is the spin-orbit coupling (2ps/, and
2p1s2) given in Figure 9b'. The values of binding energy, Co 2pz,; ~ 780.019 eV,
2p1/2 ~ 795.51 eV, and AE ~ 15.51 eV, and satellite peak (S) ~ 785.48 eV are
observed. The binding energies of Co 2ps/, and 2p;/, indicate that the Co ions exist
either in +3 or + 2 valence states [60]. The difference AE of binding energy among
Co 2p3/, and 2p;; levels corresponds well with Co** that is homogeneously
surrounded by oxygen in tetrahedral coordination [61]. However, the peak S is
found in the energy region of 6-8 eV above the principle peak Co 2p;/; and the
value of S ~ 6 eV. It indicates the formation of multiple coordinations, i.e.,
tetrahedral or octahedral Co’* ions. For more clarification, Co 2p peaks shown by
octahedral Co?* (C'03+) and Co>* and tetrahedral Co** (C’otz+) are clearly marked.

To find defects/vacancies in ZCO04, the O 1 s spectra is shown in Figure 9b”,
which deconvoluted into three peaks (O,, Oy, O.) [15]. The peak located on low-
binding energy side, O, ~ 528.79 eV, is attributed with O®~ ions in wurtzite struc-
ture. This O, of O 1 s is associated with Zn-O bonds. The Oy, peak at 531.19 eV is
associated with O~ ions in the oxygen-deficient regions within the ZnO matrix,
which indicate defect formation. The O, peak at 532.16 €V is attributed to
chemisorbed oxygen on the surface of the ZnO.
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3.7.4 AC magnetic susceptibility (y) of Zn.94Feg 03Ce0.030 nanoparticles

The temperature-dependent real, y'(T), and imaginary, x”(T), components of
the AC magnetic susceptibility of Ce-doped ZFO nanoparticles at frequencies 100,
300, 500, and 1000 Hz are shown in Figure 9c [40]. The frequency-independent
peak maxima of ' correspond to magnetic phase transition into an AF state with
Ty = 56 K is observed. A slight dispersion in the y'(T) after the peak maxima is also
observed. It indicates the existence of certain spin glass, ferromagnetic clusters and
cluster glass magnetic type states [62]. However, the peak of x”(T) increases with
decreasing frequency. This is qualitatively different from the behavior of most spin
glasses in which we expect an increase of the peak magnitude with increasing
frequency. Thus, the obtained AC magnetization data supports the formation of
the AF DMS materials with a certain cluster glass formation.

4, Conclusion

The spintronic materials are the ferromagnetic oxide semiconductors for which
both charge and spin degrees of freedom exist, but with weak ferromagnetism and
small coercivity, there is a limitation in practical applications. Thus, these DMSs are
widely characterized for the development of semiconductor devices, which create
a new dimensionality to control and achieve high T¢ ferromagnetism. The first
principle calculation revealed that the Cr, Fe, Co, and Ni dopants in ZnO prefer to
occupy surface sites instead of bulk sites, while Mn exhibits no site preference and
distributes uniformly in ZnO. In addition, the TM ions in ZnO are intrinsically AF
because their substitution at Zn sites does not introduce any extra carriers. The
interaction among localized spins on the TM ions and delocalized carrier electrons
originating from the O vacancies is responsible for the required magnetic transition.
The doping RE ions with intrinsic strong magnetic anisotropy and tailoring the
coupling between dopants and defects should have a general approach toward a
stable ferromagnetic order in DMS ZnO. The observed magnetism of DMS ZnO for
both TM and RE ions might result with BMPs in oxygen vacancies.
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Ferromagnetism in SnO,
Doped with Transition Metals
(Fe, Mn and Ni) for Spintronics
Application: A Review of
Experimental Status
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Abstract

Due to their potential application in the field of spintronics, the discovery of
various types of oxide-based dilute magnetic semiconductors (ODMS) materi-
als that might work at practical room temperature ferromagnetism (RTFM) has
recently attracted great attention. Among ODMS materials, transition metal™
doped tin oxide (SnO,) compounds are important for the investigation of ferromag-
netism due to its special important property such as high chemical stability, high
carrier density, n-type behavior and trait long range ferromagnetism. However, the
question of understanding the mechanism of ferromagnetism (FM) process is still
not fully understood in these materials, due to unable to know exactly whether its
FM property arises from the nature of the intrinsic property or secondary phases of
the material. According to the results from many literature surveys, the mechanism
of magnetic ordering responsible for magnetic exchange interaction in these materi-
als is highly affected by oxygen vacancy, defects, dopant types and concentration,
temperature, sample preparation method and so on. In this chapter, we reviewed the
mechanism of ferromagnetism observed of Ni, Mn and Fe-doped SnO, materials.

Keywords: spintronics, diluted magnetic semiconductors (DMS), room temperature
ferromagnetism (RTFM), TM doped tin oxide, oxygen vacancy and defect

1. Introduction

Current semiconductor-based electronics device uses only the electron charg-
ing property to perform a particular feature in which the electron spin degree is
completely ignored [1]. The spin property of an electron which is associated with an
intrinsic angular momentum of the electron provides new effects and new function-
alities to electronics materials based on Spintronics principle [2, 3]. Spintronics deals
with the role played by the spin of an electron associated with its magnetic moment,
as well as the charge degree of electron [4]. Spintronics devices have several impor-
tant applications compared to non-spin based electronics device, such as consume
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Figure 1.
Schematic view of a non-magnetic (left) semiconductor and a diluted magnetic semiconductor (vight) [5].

less power of electricity, fast data processing speed, their memories are non-volatile
[4]. Starting from metal-based technology, the research area of Spintronics shifted
to the recent development of diluted magnetic semiconductors (DMS) materials
which are compatible with standard semiconductor based electronics device. DMS
are materials prepared through which a certain amount of the cations in a host
semiconductor are partially replaced by transition metal ions (Mn, Ni, Co, Fe, Cr)
as shown in Figure 1 [5] as a result the materials attains both semiconducting and
magnetic property which is makes these materials advantageous and applicable

for Spintronics application. The total ferromagnetic behavior of these materials is
linked to the interaction of the spin of the magnetic ions with the itinerant carriers
[6-8]. DMS are important materials in the sense that logic, communications and
storage operation can be achieved within the same materials technology [9, 10]. The
property of achieving RTFM is one of the most important factors that determined
DMS material to be used for practical spintronics application [7], The sp-d exchange
mechanism between the d states of the TM doping and sp free carriers as well as the
double exchange mechanisms are the main factor in the production of ferromagne-
tism in ODMS materials between d states of TM ions [11]. Among DMS materials
oxide based DMS materials such as TM doped with HfO, TiO,, ZnO and SnO, are
more advantageous than normal DMS materials and have important magnetic
properties arises from a large sp-d exchange interactions between the magnetic ion
elements and band electrons [9, 10, 12, 13]. ODMS has important special properties
such as having high n-type carrier concentrations wide band gap, light transparency,
capability to be grown at low temperatures, ecological safety and cheap [14-16].
Due to its n-type semiconductor, good conductivity, high carrier density and high
chemical stability, SnO, doped with TM is particularly promising materials for
spintronic applications [17, 18]. SnO, naturally existing in cassiterite form and it has
tetragonal rutile structure and its wide band gap is about 3.6 eV [19, 20]. SnO, has
many technological applications, including gas sensors, solar cells, heat reflectors,
lithium ion batteries and other optoelectronic devices [21-23].

2. Ferromagnetism in oxide-based DMS

In the recent years the research field of RTFM in O-DMS has got more attention
and many kinds of compounds have been discovered [24]. However, the idea behind
the original source of ferromagnetism in these materials is not well understood
a not complete it becomes the most challenging area in solid state physics [25].
Several groups have stated that the mechanism behind ferromagnetism in most
O-DMS materials is the material’s intrinsic property itself or the direct and indirect
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interaction between only magnetic impurities and magnetic impurity ions through
oxygen vacancies [10, 26-30]. Recently, various experimental methods have been
used to study the magnetic properties of DMS materials, in particular the vibrating
sample magnetometer (VSM), the superconducting quantum interference device
(SQUID), the physical property measurement system (PPMS) and the electron
spin resonance (ESR) techniques. According to the results from many literature
indicated that sample preparation, growth conditions, dopant type and concentra-
tion, co-doping effect, oxygen vacancies, defects and crystal structure has played a
role for the magnetic behaviors observed in ODMS material [31-37]. Some scholars
reported that vacancy-induced magnetism has been played a major role for the
observed ferromagnetism in undoped SnO, [38]. In some cases SnO, thin films
does not shows RTFM when doped with 34 cations rather show when doped with
Mn, Cr, Fe, Co, or Ni [39-41]. Similarly undoped SnO, did not shows FM behavior.
However, the doped SnO, shows FM behavior at higher doping level completely
removes the ferromagnetic behavior of the doped one [31, 42]. As shown in Figure 2
the improvement of magnetization by co doping (Ni-Mn, Fe-Co, Fe-Ni and Fe-Mn)
in tin oxide has been reported and the mechanism of FM is due to double exchange
interactions occur via oxygen vacancies [11, 43]. The electronic or lattice defects of
the materials associated with the intrinsic nature of the materials can be responsible
for the high temperature FM of TM doped SnO, [39]. Despite much experimental
success, the idea behind FM in most O-DMS is controversial. Here, we present a
brief review of the Fe, Ni and Mn Doped SnO, system experimental work.

2.1 Ferromagnetism in Mn-doped SnO,

Mn-doped SnO; is an excellent candidate and promising materials for RTFM
study, but only very little work has been reported so far compared to others. Among
other preparation methods sol-gel preparation technique is best method for prepa-
ration of TM doped SnO, thin film and nano structures [44, 45].

2.1.1 Experimental
SnMnO, thin film is prepared by sol-gel method according to the literature

reported [44]. The solution was prepared by dissolving a certain amount of tin tetra-
chloride SnCl, and manganese nitrate hydrate [Mn (NOs),6H,0] in distilled water and
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J |—Ni (0.08) + Mn (0.08)
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Figure 2.
M-H curves of (Ni-Mn) co-doped with SnO, [11].
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ethanol respectively and stirring for 5 hour and aging for at least a week, the prepared
solution was spin-coated on silicon substrate and heated at 120°C for 25 min. The film
precursors were obtained after multilayer coating. Finally, to obtain SnMnO, thin
films, the precursors of films were calcinated in atmospheric air at 5000°C for an hour.
As reported by Tian et al., the chemical co-precipitation method was used to
synthesize Mn doped SnO, nanoparticles [46]. First, appropriate quantities of SnCl,
and manganese acetic acid were dissolved in ethanol solution, then a few drops of
HCI solution were applied to ensure dissolution. Then a 10 M ammonium bicarbon-
ate solution with continuous stirring at 60°C was applied to the mixture solution
until a pH of 9 was reached. After being distributed by ultrasonic for 15 min to get
nano-crystalline powders. The resulting precipitation washed to clean the impuri-
ties and dried in air at 150°C. Finally, the nano crystalline powders were sintered
in the air for 3 hours. X-ray diffraction (XRD) recorded the crystal structure of the
synthesized SnMnO, thin film as shown in Figures 3 and 4. The study magnetiza-
tion property and RTFM were performed using a superconductive quantum inter-
ference device (SQUID) and vibrating sample magnetometer (VSM) respectively.

2.1.2 Result and discussion

According to various reports, the origin of the observed FM in Mn-doped SnO,
depends on a number of factors; some reported that Mn- SnO, prepared by PLD
method exhibits the only paramagnetic behavior [47]. Similarly, others reported that
the dopant Mn does not contribute any role for the observed FM behavior of Mn-doped
SnO, films; it is assumed that oxygen vacancies and defects are the main factors con-
tributing to the FM order in the system as shown in Figure 5 below [48]. Others report
on Mn-SnO, powders confirmed that the observed FM property is likely the results
from oxygen vacancies, and Mn doping has only a significant role of the observed
source of RTFM in the materials [49]. High level of Mn dopant can degrade the FM
behavior where as small doping concentration intrinsic defects can act as a source of
the FM in Mn-doped SnO, due to a very large magnetic moment [39]. On the other
hand, a study reported on Mn doped SnO, nanoparticles shows sintering temperature
and doping concentration can affects the magnetism of the materials system [46]. As
shown in Figure 7 that Mn-doped SnO, powder that concentration of Mn ion contrib-
utes to a decrease in the average magnetic moment of magnetic ions, this is due to the
competition between the super-exchange antiferromagnetic coupling and the F-center
coupling mechanism [50]. Similarly, other research on Mn-doped SnO; thin films
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Figure 3.
XRD patterns of SnMnO, films [44].
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RTFM for undoped and Mn doped tin oxide thin films, room temperature ferromagnetism.

synthesized by sol-gel method show that dopants and electronic cloud interactions play
a significant role in establishing FM [44]. The ferromagnetic property of Mn doped
SnO, confirmed that BMP’ overlapping, oxygen vacancies and F-center exchange
interaction are the cause for the existence of ferromagnetic behavior in in pure and
doped Mn doped SnO, materials [51]. The increment of Mn concentration lead to the
decline of magnetic moment of the origin of ferromagnetism behavior in Mn-doped
SnO, films is explained BMP and the average magnetic moment per Mn concentration
decreases with increasing Mn content [44]. Overall, the origin of FM in Mn doped
SnO, system is still controversial and there is no such exact cause FM in this material.

2.2 Ferromagnetism in Fe-doped SnO,
2.2.1 Experimental

Rodri et al. reported that Fe-SnO, thin films on the LaAlOj; subtract were synthe-
sized with PLD techniques. The doped SnO, target was synthesized with metallic

Fe powders and SnO,. The powders were mixed with a ball-mill for 2 minutes,
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then pressed uniaxially (200 MPa) into a disk and finally sintered at 1000°C [52].
The crystallographic structures of the prepared Fe doped SnO, were determined
by X-ray diffraction (XRD) and the magnetic measurements were performed with
superconducting quantum interference device (SQUID).

2.2.2 Result and discussion

There have been reports of Fe doped SnO, in which the ferromagnetic interac-
tions between magnetic impurities mediated oxygen or free carriers in the Fe
doped SnO, system responsible for forming FM. Similarly, defects in undoped SnO,
semiconductors may contribute to the observed ferromagnetism [33, 53]. Similarly
both undoped and Fe-doped SnO;, thin films shows the observed FM property
is due to oxygen vacancies near Fe increased the magnetic moment, the RTFM
behavior observed in the SnO, film must be associated with the sample shape or to
defects incorporated during film growth and, part of the magnetism observed in
SnO, as shown in figure [52]. The results from Fe-doped SnO, powders prepared by
polymerized complex method confirms that the annealing temperature contributes
to decline of magnetic saturation which is related to the defects rather than from
dopant iron sites shown in Figure 6a below [54, 55] the existence of vacancies
and defects in the grain boundaries and interfaces in Fe doped SnO, nanoparticles
leads to decline the ferromagnetic behavior of system [56]. The decrease in Fe
ion’s magnetic moments, with their doping concentrations increasing, The super-
exchange interaction may result in the interaction between neighboring TM-ions
of the anti-ferromagnetic form, resulting in the observed decrease in the magnetic
moment with increased concentration of TM as shown in Figure 10 [57]. The work
of the other group reporting shows that the lattice distortion induced by co-doping
Fe-SnO, enhance ferromagnetic saturation magnetization of the compared with not
co-doped one [26]. As shown in Figure 7 oxygen vacancies has a great impact on the
FM property of Fe doped SnO, [58]. The ferromagnetic behavior of Fe-doped SnO,
thin films is caused by the coupling of ferric ions through an electron trapped in an
oxygen vacancy [59]. In some cases the introduction of iron in semiconducting nano
particles SnO, is responsible for appearance of paramagnetic behavior of the system
that is due to weak antiferromagnetic interaction [60]. The decline of antifer-
romagnetic interaction in Fe-SnO, nano particles was reduced by the increment of
Fe concentration [61]. Some study reported that the magnetic properties Fe-doped
SnO, nano powders shows that the an increased Fe concentration leading to the
reduction of oxygen-related vacancy changes magnetic property to paramagnetic
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Figure 6.
Fe doped SnO, magnetic hysteresis annealed for certain hours at different temperatures [54].
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Figure 8.
RT magnetization versus magnetic field curves for the Fe-doped SnO, nano powders [62].

system as shown in Figure 8 and the FM interactions is based on Bound Magnetic
Polarons (BMPs) formation [62]. Sometimes the host systems SnO, and SnO doped
with Fe during sample preparation can affect the observed magnetic properties of
the system [63]. Another study confirms that changes in temperature play a role in
the magnetic transition from paramagnetic to ferromagnetic behavior at ambient
temperatures and low temperatures.

2.3 Ferromagnetism in Ni doped SnO,
2.3.1 Experimental

Asreported in the literature SnNiO, films were prepared by sol-gel method [64]
the same procedure as [44]. The solution was prepared by dissolving SnCl, and
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NiCl,-6H,0 in distilled water and ethanol. For the film preparation, to get the thin
films the solution was spin-coated on silicon substrate. As reported by [57] undoped
and Ni doped SnO, prepared using a method of co-precipitation, the solution
was prepared by dissolving SnCl,.5H,0 and NiCL.5H,0 properly into de-ionized
water. After the white precipitates were obtained, ammonium hydroxide (NH,OH)
was added with stirring to the solution. The resulting mixtures were washed with
de-ionized water to remove unwanted ionic impurities that may develop during the
process of synthesis. Such washed precipitates were dried in air and Ni doped SnO,
powder products were eventually obtained.

Detail crystallographic structures of the prepared SnNiO, thin films and pow-
ders were carried out using XRD and the details of the magnetic properties were
probed by vibrating sample magnetometer (VSM) measurements.

2.3.2 Result and discussion

According to recent experimental investigation of RTFM on Ni doped SnO, has
made it important and promising materials for spintronics application [64-68]. The
observed FM in these materials is linked to oxygen vacancy and structural defects
of the materials [67]. In some cases, nano-crystalline Ni doped SnO, exhibits
Paramagnetic character [68]. As shown in Figure 9 the super-exchange interaction
may result in an anti-ferromagnetic type interaction between neighboring TM-ions,
resulting in a decline in magnetic moment with an increase in TM concentration
[57]. In some studies the introduction of more Ni doping concentration leads for
reduction of magnetic moment Ni ion of because the antiferromagnetic super-
exchange interaction among closest neighbor in Ni** ions in Ni doped SnO, samples
the BMP model can explain for RTFM on these systems on the other hand nickel
(Ni) doped SnO, powder shows a substitution of Sn atom by Ni atom interstitially
lead to the appearance of diamagnetic state [64]. Kuppan et al. shows that oxygen
vacancy around magnetic impurity plays a major role in establishing ferromagne-
tism in Ni doped SnO,. Nevertheless, saturation magnetization slowly decreases
with a persistent rise in Ni doping concentration [68]. Thus we strongly feels that
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The RTEM hysteresis of SnFeO, and SnNiO, at different doping concentration [57].
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Room temperature magnetization for pure and Ni doped SnO, NPs [69].

the oxygen vacancy and or defects in the Ni doped SnO, system. Similarly a report
from Ni-doped SnO, nanoparticles synthesized by a polymer precursor method
demonstrated that doping small amount of Ni doping concentration can push
defect-related FM while introducing high Ni concentration favors the paramagnetic
phase stabilization [70]. Similarly oxygen vacancy and defects on Ni doped SnO,
thin film contribute for the formation RTFM [71]. As shown in Figure 10 some
studies have confirmed that Ni ions doping creates numerous defects or oxygen
vacancies in SnO, nanoparticles in order to introduce RTFM in SnO, nanoparticles
[69]. Some reported that substrates on thin film deposition have a strong impact on
the magnetic moment of these material and the result confirmed that that FM in
the films is as result of the doped matrix grown in different substrates [65]. In some
cases the decrease of magnetic moment of per Ni ion is observed with the intro-
duction of more dopants Ni ions that is associated with antiferromagnetic super-
exchange interaction between in Ni ions in the system [64, 72]. Some reported that
the mechanism of the observed FM in nickel (Ni) doped tin oxide thin films can be
explained in bound magnetic polaron (BMP) mode [73].

3. Conclusion

Most of the results reported in the review shows that the perfect mechanism of
induced FM in Mn, Fe and Ni doped SnO, is related to the intrinsic nature of the
material itself, especially oxygen vacancies and defects of the crystal formed during
sample preparation and doping magnetic impurity influence the magnetism of the
systems. Even though, a different type of FM is reported. However, the different
reported results are contradictory with each other and further research is needed to
bring new solution for the contradiction idea behind FM.
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Chapter 8

Magnetic Levitation Based
Applications in Bioscience

Fatih Ozefe and Ahu Arslan Yildiz

Abstract

Contactless manipulation of small objects, such as micro—/nanoparticles, bio-
logical entities, and even cells is required in varied applications in biosciences.
Magnetic levitation (MagLev) is a new-generation methodology to achieve
contactless magnetic manipulation of objects. Lately, magnetic levitation method-
ology has been utilized in several applications in bioscience, such as biosensors,
diagnostics and tissue engineering. Magnetic levitation enables separation or posi-
tioning of objects in three-dimensional (3D) space based on their density features.
Therefore, density-based separation assays utilizing magnetic levitation for
biosensing or diagnostic purposes are developed recently. Specific particles or cells,
which are markers of any disease, could be detected by sorting them based on
density differences through magnetic levitation. On the other hand, tissue engi-
neering studies and production of self-assembled 3D cell culture structures are
carried out by magnetic levitation, where cells are magnetically positioned while
allowing cell-cell interaction resulting in 3D cell culture formation. Lately, magnetic
levitation methodologies received more interest in the field of bioscience due to
advantages about the efficiency and cost. This contribution broadly summarizes
recent efforts in magnetic levitation techniques that are mainly applied in
diagnostics and tissue engineering.

Keywords: magnetic levitation, tissue engineering, diagnostic tools, biosensors,
density-based assay, contactless manipulation

1. Introduction

Mimicking the microenvironment of biological systems is crucial, especially for
diagnostic and tissue engineering purposes. There are several contact-free manipu-
lation methodologies [1] that mimic and control the microenvironments of biolog-
ical systems, such as magnetophoresis [2], acoustophoresis [3], electrophoresis [4],
and thermophoresis [5]. Magnetophoresis is a method that provides contact-free
manipulation of particles in a magnetic field. There is no additional equipment
required instead of permanent magnets or electromagnets for magnetophoresis;
however, sound waves, electrical source, and heat source are required for
acoustophoresis, electrophoresis, and thermophoresis, respectively [6].

Magnetophoresis is a contactless manipulation method, which provides the
manipulation of particles in the magnetic field provided by either permanent mag-
nets or electromagnets. During manipulation of particles in a magnetic field gradi-
ent or/and in a magnetized medium, neither pH nor temperature of sample is
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affected [7]. There are two different types of magnetophoresis, such as positive and
negative magnetophoresis (Figure 1A, B). In the positive magnetophoresis, parti-
cles that have magnetic properties migrate within nonmagnetic (diamagnetic)
medium. On the other hand, particles that do not have magnetic properties migrate
within paramagnetic medium in negative magnetophoresis [8, 9]. The migration of
particles in both types of magnetophoresis depends on the magnetic susceptibility
differences between particle and medium.

Magnetic levitation (MagLev) technique, which works with the principle of
negative magnetophoresis, manipulates the diamagnetic particles in paramagnetic
medium by providing antigravity conditions (Figure 1C) [10]. The diamagnetic
particles that are suspended in a paramagnetic medium are positioned at specific
height called levitation height depending on their densities when the external mag-
netic field is applied. According to magnetic levitation principle, diamagnetic par-
ticles are specifically positioned depending on their densities by balancing all forces
on particles, which are gravitational force (from gravity) and magnetic buoyant
force (from magnetic field).

In magnetic levitation systems, biological entities (as diamagnetic particles) are
also levitated and manipulated in a three-dimensional (3D) space as well as
nonbiological particles in the paramagnetic medium [11]. The paramagnetic
medium is an important parameter for magnetic levitation-based approaches,
because magnetic susceptibility differences between paramagnetic medium () > 0)
and diamagnetic particle (¥ < 0) provide magnetic buoyancy force on diamagnetic
particles in the presence of external magnetic field [12]. There are different para-
magnetic mediums that are used in magnetic levitation-based approaches, such as
ferrofluids [13] and paramagnetic salt solutions [2]. Ferrofluids are the suspension
of maghemite (Fe,O3) or magnetite (Fe;0,4) that has higher magnetic susceptibility
than paramagnetic salt solutions; however, observation of the samples is limited
because of their opaque nature [14]. Manganese (II) chloride (MnCl,) and
diethylenetriamine-pentaacetic acid (Gd-DTPA) are generally chosen and used
paramagnetic agents in magnetic levitation; however, they are used in high con-
centration to effectively levitate diamagnetic particles because of their low mag-
netic susceptibilies. The use of paramagnetic salts in high concentration is the main
reason for toxicity-based limitations in bioapplications of magnetic levitation
technology [2].

o0 0000
@ .‘ @ °o®
Diamagnetic o
. @ Flow
e’ =—> o
9°0 o
Particies .... ..o. 00000000 0
A . o lF':Ianr‘:magnelil:
[ Ty
®°0 XXX
..o. ° o o O00O0O0O0 siaann;calggenc
Paramagnetic (o]
@ ° Flow C
o ®0 > ®
®°0® )
Diamagnetic . . . .
Particles
B
Figure 1.

Migration of particles with magnetophoresis. (A) Positive magnetophoresis, which means the migration of
magnetic particles in diamagnetic fluid. (B) Negative magnetophoresis, which means the migration of
diamagnetic particles in paramagnetic fluid. (C) Migration of diamagnetic particles in paramagnetic fluid via
magnetic levitation principle.
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1.1 History and theory of magnetic levitation

Magnetic levitation concept appeared within the study named as “An Absolute
Micromanometer Using Diamagnetic Levitation” at the end of 1960s. In this study,
the diamagnetically levitated ultramicromanometer was described where friction-
free suspension was produced via magnetic induction for graphite disk to measure
absolute pressure down to 10~ ° Torr [15]. Later, density-based separation was
carried out for minerals [16] and metals [17] by magnetic levitation principle. In
another study, improvement of magnetic levitation system has been studied to
measure the density differences of liquids and solids [18-20]. On the other hand,
magnetic levitation-based approaches also appeared in tissue engineering applica-
tions. The magnetic levitation techniques were also used to mimic 3D cellular
microenvironment and to form 3D cellular structures by guiding the cells [21-26].

As depicted in Figure 2, the diamagnetic particles in paramagnetic medium are
density-dependently positioned at specific height, in which each force (gravita-
tional, magnetic buoyant forces, and steric interactions) on diamagnetic particle
(Figure 2B) is equalized under magnetic field produced by permanent magnets
[Egs. (1) and (4)] [27-29]. The magnetic and gravitational forces act on diamag-
netic particles and cause the particles to either float or sink in paramagnetic solution
(Figure 2C) [1].

At balanced height:
Fy+Fpn=0 1)
Fy = (pp - pm) Vg 2)
Fp = %)y (5.5)5 ©
Ho
Fy+F, = (pp—pm)VngWV(E.g)_’—O (4)

In Eq. (4), the gravitational (Fg) and magnetic (F m) forces on levitating

particles are balanced. Here, p, and p,, refer to the density of levitating particle and
paramagnetic medium (kg.m ), respectively; and X, and X, represent the

paramagnetic
salt solution
(X, >0}

jo4T

IOT
: h

HoaTt

Figure 2.

The principle of magnetic levitation. (A) Magnetic field between the magnets, which is oviented in anti-
Helmholtz configuration. (B) the forces on levitating objects within the magnetic levitation systems. (C) the
alignment of levitating objects at specific levitation heights depending on their densities.
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magnetic susceptibility of levitating particle and paramagnetic medium (unitless),
respectively. V is the volume of levitating particle (m?); g is the gravitational
constant (9.81 m.s2); Ho is the permeability of free space (1.26 x 10°° kg.sf2.A72);
and B is the magnitude of applied magnetic field (T).

Zy = (5)

guoh’ [h Prgloh’
p

X.—Xx,)4B |7 T |27 X, - X,,)4B2
0 0

According to Eq. (4), the levitation height of levitating particles, which is shown
as Zp (m) (Figure 2B), could be mathematically determined in certain space
between magnets, which is shown as 2 (m) Eq. (5) [28].

2. Magnetic levitation approaches in biosciences
2.1 Magnetic levitation technology for biosensors and diagnostics

Magnetic levitation-based technologies were recently developed for positioning
and sorting of diamagnetic particles, which can be either biological or nonbiological
materials to be used in biosensing and diagnostic purposes. The magnetic levitation
systems in diagnostic field are mainly composed of strong magnets and optical
components. N52-grade NdFeB magnets are oriented in anti-Helmholtz configura-
tion where same poles face toward each other. N52-grade NdFeB magnets produce
magnetic field around 0.4 T, which causes the magnetic buoyant force on diamag-
netic particles suspended in paramagnetic medium [1].

In the earliest version (Figure 3A), magnetic levitation system is fabricated
from polydimethylsiloxane (PDMS) material, which is combined with NdFeB mag-
nets. These systems had capability to dynamically separate polymeric diamagnetic
particles suspended in paramagnetic salt solution (GdCl;) by differentiation of
levitation height depending on their density differences. While the diamagnetic
particles with highest densities were moved through bottom part of the channel, the
diamagnetic particles with lowest densities were moved through upper part of the
channel [29]. After that, simple cuvette was integrated into magnetic levitation
system instead of PDMS holder to analyze the quality of chemical reactions and also
to statically measure the density of diamagnetic solid particles. As shown in
Figure 3B, magnetic levitation technique was utilized to monitor chemical reactions
by observing the levitation height changes of polymeric beads. The decrease in the
levitation heights was observed depending on increasing the density of polymeric
beads during solid-phase reaction [28]. Also, the density determination of materials
with unknown densities was performed by using density versus levitation height
curve, which is produced from materials with known densities [18]. To improve
measurable density range that could be measured by magnetic levitation system,
“Tilted MagLev” system (Figure 3C) was developed. In such system, the range of
measurable densities was expanded around 15-fold; however, the sensitivity of
“Tilted MagLev” was limited [19]. To overcome the sensitivity limitations in “Tilted
MagLev,” high-sensitivity magnetic levitation setup was developed by rotating
“Tilted MagLev.” As shown in Figure 3D, density measurement could be
performed with resolution down to 10~° g/ml, which means the rotated configura-
tion improved the sensitivity 100-fold over previous [20].

On the other hand, a magnetic levitation platform has been developed for anal-
ysis of proteins’ binding event. The diamagnetic polymeric beads were covalently
functionalized with the derivatives of benzenesulfonamide to be used for capturing

152



Magnetic Levitation Based Applications in Bioscience
DOI: http://dx.doi.org/10.5772 /intechopen.92148

AI-

EXHAUSTSYRINGES

INLET OUTLET
TUBING. TUBING
-

- NG RN @

80
— -l
7 = 50
. S8 4w
EXHAUST TUBING g 5
{, ——— NEEDLES w
(fiigia eonnactiona) Ea
! ig®
COLLECTION
J wviaLs z E 1o
| I | o
INJECTION ' SEPARATION COLLECTION EXHAUST 12348 878 20011
SYSTEM DEVICE SYSTEM Vial Number

paramagnetic

mostly
product

N

Torion ! |

Glass |
{standard) T?ﬂf" Aurmi
vg L 2.7

ol
time:0 5 10 15 20 30 40 60 80 120
Alignment Holes
D Sample:
Mm_c""f‘ Holding Arm ..-0.0034 glom®

..-0,0016 glom®
.~0.0009 glem®

Right Mirror

Left Mirror
Magnats

Figure 3.

Development and improvements in the magnetic levitation systems used in diagnostic applications. (A) the
platform that had injection system, separation device, collection system, and exhaust was used in density-
dependent separation. Reprinted with permission from Ref. [29], Copyright 2007 American Chemical Society.
(B) the magnetic levitation device that contained capillary tube levitates the particles. Reprinted with
permission from Ref. [28], Copyright 2008 American Chemical Society. (C) Tilted MagLev that provides the
particles in broad range of densities. Reprinted with permission from Ref. [19], Copyright 2016 American
Chemical Society. (D) The MagLev device that provides high-sensitive separation of particles depending on their
densities. Reprinted with permission from Ref. [20], copyright 2016 American Chemical Society. (E) The
magnetic levitation system that provides the analysis of cells via microscope. Reproduced with permission from
Ref. [11], Copyright 2015, proceedings of the National Academy of Sciences USA.

BCA. After capturing protein in solution containing disodium gadolinium (III)
diethylenetriamine pentaacetic acid, Gd(DTPA), the changes on the levitation
heights of ligand-coated diamagnetic particles were analyzed in magnetic levitation
systems. The levitation height of ligand-coated diamagnetic particles changed due
to protein capture. Depending on levitation height change of ligand-coated dia-
magnetic particles, the interaction between ligand and protein, and furthermore
protein concentration was determined in the sample [30]. Later, magnetic levitation
system was improved for hepatitis C detection. In this system, magnetic levitation
principle was combined with enzyme-linked immunosorbent assay (ELISA), called
density-linked immunosorbent assay (DeLISA). The surface of diamagnetic
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polymeric beads was functionalized with HCV-NS3 protein, and levitation heights
were determined before and after anti-HCV NS3 binding. Analyzing the levitation
height differences, which are caused by interaction between ligand and protein, the
detection of hepatitis C was carried out via DeLISA [31].

Especially for diagnostic purposes, a new-generation magnetic levitation device,
which is compatible with light microscope, was designed and developed to analyze
micro-sized particles, such as polymeric beads and cells (Figure 3E). This device is
composed of two N52-grade NdFeB magnets, microcapillary channel, mirrors and
poly (methyl methacrylate) (PMMA) holder. The microcapillary glass channel was
integrated in between magnets (oriented in anti-Helmholtz configuration) where
all system components were assembled within PMMA holder. The mirrors were
placed in 45" angle to reflect light through microcapillary channel for providing the
visualization of micro-sized particles within magnetic levitation system. As shown
in Figure 3E, the developed system was highly sensitive for density-dependent
separation of micro-sized particles and was used to profile densities of different
cells, such as breast adenocarcinoma, esophageal adenocarcinoma, colorectal ade-
nocarcinoma, colorectal carcinoma, and red and white blood cells [11]. Later, sim-
ilar magnetic levitation system was used for diagnosis of malaria-infected red blood
cells and sickle cells by analyzing their density-dependent levitation heights
[32, 33]. Previously mentioned magnetic levitation systems [11, 32, 33] require
highly sophisticated analyzing instruments such as light microscope that causes
high cost. To reduce that cost, magnetic levitation system was combined with
smartphone to analyze micro-sized particles and even cells. Smartphone-assisted
systems allow levitation height determination of micro-sized particles in
microcapillary channel by the camera of smartphone and lens, which are used for
focusing [34-36]. One of these systems, namely “i-LEV,” was used for density-
dependent analysis of cells from whole blood via smartphone. In addition to
counting red and white blood cells in whole blood, “i-LEV” could be used in the
detection and analysis of single cells where there is a difference between healthy
and sick cell. Based on the density-dependent alignment of cells, “i-LEV” was used
for monitoring sickle cell disease [35].

2.2 Magnetic levitation technology for tissue engineering

Magnetic levitation systems have been also specialized to provide contactless
manipulation of cells for the production of 3D cellular structures in tissue engi-
neering applications. In the earliest version, magnetic force-based tissue-
engineering (MagTE) setup was developed, which utilizes magnetic cationic lipo-
some (MCL)-guided cells for the formation of 3D string or ring-shaped tissue
structures under magnetic field provided by permanent magnets. MCLs in the
culture medium were uptaken by myoblast C2C12 cells, and then labelled myoblast
C2C12 cells were manipulated by inducing the magnetic field provided by perma-
nent NdFeB magnets. The oriented skeletal muscle tissues, string-like and ring-like
assemblies, were obtained [21]. Later, 3D bioassembler, which is M13 phage-based
hydrogel containing magnetic iron oxide (MIO) and gold nanoparticles (Au/NP),
was utilized for the formation of 3D cellular structures via magnetic levitation
technology. The cells in magnetic levitation system interacted with each other and
formed 3D clusters after 30 min right after cells were levitated. Varied 3D cellular
structures were obtained by incubating clustered cells for 24 h. The different cell
types, human glioblastoma cells and human astrocytes, were also 3D cocultured
[22]. In another study, poly-L-lysine cross-linked MIO/AuNP hydrogel, termed as
NanoShuttle, was developed and used in magnetic levitation system to form 3D
cellular structures in 96-well plate from varied cell types, for example human
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embryonic kidney cells, mouse fibroblast cells, human mammary epithelial,
human umbilical vein endothelial cell, and human hepatocyte cells. However, the
morphologies of 3D cellular structures were different for each cell line depending
on their cellular properties [25]. Also, the same magnetic levitation system was
utilized for the formation of multicellular 3D cellular structures, called organoids.
The bronchiole wall was formed by sequential layered assembly technique. Epi-
thelial cells (EpiCs), smooth muscle cells (SMCs), pulmonary fibroblasts (PFs),
and pulmonary endothelial cells (PEC) were individually grown and levitated for
4 h. Later, levitated cell lines were sequentially taken into bronchiole coculture as
EpiCs, SMCs, PFs, and PECs [23]. The same procedure was also applied to form
the aortic valve coculture formation from valvular interstitial cells (VICs) and
endothelial cells (VECs) [24] and heterogeneous breast tumors from various
breast cancer cells and fibroblast [26]. On the other hand, the generation of
organoids, called as adipospheres, by the culturing of 3 T3-L1 preadipocyte

cells and bEND.3 endothelial cells with magnetic levitation technique has been
accomplished [37].

Recently, a new magnetic levitation system, which uses only paramagnetic salt
solution instead of NanoShuttles or any other magnetic biomaterial, was developed.
Cells were encapsulated into methacrylated gelatin (GelMa) or polyethylene glycol
dimethacrylate (PEDGA) hydrogels and they were levitated in the presence of Gd**
solution. 3D cell cultures were achieved by the levitational self-assembly of those
microstructures [38].

In tissue engineering applications, the above-mentioned magnetic levitation
systems have limitations because of the scaffold or additional compounds were
required for 3D cell culturing. The new-generation magnetic levitation system that
allows scaffold-free cell culturing was developed to overcome with these limitations
[39]. In such system, cells are three cultured in 3D microenvironment without any
scaffold materials or additional requirements. The mouse fibroblast cells (NIH 3T3)
and non-small-cell lung cancer cells (HCC827) were mixed with Gadolinium (IIT)
(Gd?*) chelate, which is a paramagnetic agent, before loading into developed mag-
netic levitation setup. With the help of paramagnetic agent, the cells were levitated
and suspended at their specific levitation height in the presence of external mag-
netic field. By interacting with levitated cells, cells started to secrete their own
extracellular matrixes, and cellular clusters were formed within the magnetic levi-
tation setup. The 3D cellular spheroids were formed from low number of cells
(1x103) in 48 h; however, the cellular strings were observed when a high number of
cells were used (1x10°) [39].

3. Summary and conclusion

Magnetic levitation-based technologies are new-generation systems that are
used in biosensing, diagnostics, as well as tissue engineering. Density-dependent
separation of particles provides high-speed analysis of biomolecules, even cells,
with low cost in diagnostics. On the other hand, contactless manipulation of cells via
magnetic force can also be provided by magnetic levitation systems. In such sys-
tems, cells are easily manipulated in the presence of magnetic field after they are
magnetized with specialized molecules, such as ferrofluids and paramagnetic
agents. By positioning the cells at a specific height in medium, where they can easily
interact with each other, natural 3D microenvironment can be formed.

While the magnetic levitation-based systems provide faster, cost-effective, and
easy-to-use diagnostic applications, at the same time, it is also used to form 3D
cellular structures in tissue engineering field.
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Chapter 9

Electromagnetic Levitation of
Metal Melts

Vadim Glebovsky

Abstract

The main advantage that attracted the attention of researchers was the lack of
contact of liquid metal with refractory lining, which ensured the elimination of one
of the main sources of metal contamination by such a harmful impurity, such as
oxygen. This is especially important for melting refractory and highly reactive met-
als and semiconductors. Compared to other melting methods, which also ensured
the absence of contact of liquid metal with the crucible (vacuum arc, electron beam
floating zone, cold crucible, plasma, etc.), EML of metal melts has a number of
significant advantages. Among all types of noncontact technologies, only EML has
the functions of levitation and heating.

Keywords: electromagnetic levitation, magnetohydrodynamics, free-surface, cold
crucible, liquid metal, numerical simulation, surface tension, oscillations, semi-
levitation, inductor, coil

1. Introduction

The creation of new inorganic materials, in particular metallic, requires the
improvement of existing and the development of new methods for their prepara-
tion. The latest melting methods (vacuum arc, induction and electron beam,
electroslag, zone, plasma, laser, etc.) of metal melts contribute to further develop-
ment of modern materials science, while possessing well-known limitations. There
is no universal method of melting that would completely satisfy the most diverse
requirements of scientists and engineers engaged in this problem. Therefore, it is
necessary to use combinations of known melting methods. In this regard, it is of
considerable interest to use new methods of melting, for example, electromagnetic
levitation (EML) or induction melting furnaces with a cold crucible. It should
be noted that, despite a number of obvious advantages, induction melting with a
cold crucible cannot yet be widely applied due to imperfect energy conditions for
heating the charge and significant heat losses, although quite a certain progress is
observed in the designs of furnaces using the principle of cold crucible.

Otto Muck proposed electromagnetic levitation of a metal melt, which is also
called melting in an electromagnetic crucible or noncontact, in 1923. He gave the
first and simple theoretical explanation of this phenomenon-the implementation
of suspension or metal levitation by an electromagnetic field. However, only 30
years later, the first works on the theory and use of this type of melting appeared.
Later, studies appeared aimed at expanding the applied and scientific functions of
the levitation of metals and alloys both on a laboratory and semi-industrial scale. It
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is also interesting that the theoretical justification of the method has always been
accompanied by the development of EML [1-11].

* Adjustable residence time of a drop of metal in a liquid state.

* Controlled gas atmosphere and slag phase.

* Controlled metal temperature (from melting temperatures to boiling).

* Ability to use an additional heat source (electronic, laser beam or plasma).
* Vigorous stirring of metal by electromagnetic field.

* Possibility of introducing alloying additives into a liquid drop.

* A favorable ratio between the surface of the droplet and its volume for the
passage of heterogeneous reactions.

* Achieving extremely high crystallization rates up to 10°~10°C/s.

Perhaps the disadvantages of the method include a small mass of metal, not
exceeding several tens of grams, which to some extent limits the wide industrial
application of the method. However, there are known applications of EML in the
application of thin coatings in electronics, or the production of fine powders for
additive technologies. By the way, for most physical and physicochemical studies, a
small mass is not an obstacle.

EML techniques enable the noncontact study of thermophysical properties
over a wide temperature range. In this regard, an overview on measuring enthalpy
through the method of levitation dropping calorimetry for 30 years is of interest
[11]. The results of these measurements of melting enthalpies and melting entropies
really amaze with the breadth of coverage (three subgroups of refractory metals)
and the complete novelty (obtained for the first time due to EML). For these three
subgroups of the periodical table: IVb (Ti, Zr, Hf), Vb (V, Nb, Ta), and VIb (Cr,
Mo, W), a group similarity was discovered. Accordingly, the melting entropy of
metals of the fourth group is 6.8-8 ] mol™* K™, the fifth group is 10-11 ] mol ™ K™,
and the sixth group is 13-14 ] mol " K/, although earlier these data simply did not
exist. As for possible industrial applications, the promising process of deposition
of thin films of light metals on metal and plastic surfaces, based on the levitation of
conductive materials in a high-frequency electromagnetic field, has been studied
[12]. The authors focused on the design of the inductor, which ensures the achieve-
ment of high specific powers, and the system of rational distribution of vapor,
which contributes to the production of a uniform thin coating. According to the
authors of [12], this method is most optimal when applying thin coatings of metals
with low vapor pressure, such as Al, Ni, Cu and their alloys. It seems quite natural
and reasonable to use EML as a part of new technology for high rate physical vapor
deposition of coatings onto metallic strip. Many publications are known in which,
at a good theoretical level, specific technical problems were solved, for example,
increasing the mass of levitated metal or spraying liquid metal [13-22].

During EML, the sample quickly melts, the melt undergoes strong mixing, and
as a result, the melt becomes completely homogeneous [23-33]. EML has become
widely used to study the refining processes in obtaining metals of high purity, active
and with high melting points. EML of metals means the electromagnetic interaction
of a sample and a magnetic field. For this, metal samples are placed in an inductor
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with a high-frequency alternating current, forming an electromagnetic field in
which the sample rises and then melts. Induction current, as a rule, arises on the
surface of metal samples, and the interaction between the induction current and the
high-frequency magnetic field forms the Lorentz force, which is in equilibrium with
the gravity of a solid metal sample in a magnetic field of a certain configuration.

As a result, the metal sample hangs in the inductor and levitation is realized. The
simultaneous action of the induced current or eddy currents generates Joule heat,
which leads to heating and melting of the sample.

The lifting power of levitation, temperature and stability are important factors
in the state of EML. At different times, the researchers modeled the influence of
the design and arrangement of inductors on the dynamic deformation and stabil-
ity of metal melts, as well as the vibrations of metal droplets at different points in
time, for which arbitrary Lagrange-Euler equations and the finite element method
were used. The effect of the second (transverse) magnetic field on the stability
of rotation of the experimental samples was also investigated. In the process of
EML, the samples are simultaneously subjected to heating and levitation, and EML
creates a high temperature distributed on and around the levitated melt. The factors
affecting the temperature characteristics of EML, the melting of samples with low
conductivity and high density at relatively low temperatures are investigated. It
seems interesting to study the influence of the structural dimensions of multi-turn
inductors and the sizes of a metal sample on the temperature characteristics of
EML, analyzed with the aim of correctly choosing a suitable inductor for various
applications.

EML of melts is a progressive and universal method for conducting high-
temperature physical and physicochemical studies necessary to improve metal-
lurgical processes, as well as a means for producing miniature parts and samples
from high-purity metals. Due to its unique characteristics, noncontact levitation
provides obvious advantages in the field of research of new materials. Compared
to traditional studies using crucibles made of refractory materials, noncontact
technology is a unique research technique, and only it opens up the possibility of
completely avoiding contaminants entering the metal melt from the refractory
material of the crucible. Noncontact levitation is also used to crystallize samples
of objects, measure physical and chemical properties, and produce ingots of
highly pure crystalline and amorphous materials. Noncontact measurement of
the physical and physicochemical properties of liquid metals made it possible to
observe thermal and surface vibrations during the levitation of metal melts not
only in terrestrial conditions, but also in zero or microgravity [34-38]. Significant
underheating of the sample can be one of the advantages of the noncontact method
of levitation. Undercooling means the nonequilibrium state of a liquid sample
at temperatures below its equilibrium melting point. The noncontact of a liquid
sample is the essence of EML, especially when combined with an ultrapure process
medium. In addition, EML is one of the oldest noncontact methods of levitation
used for material science experiments for decades. New levitation methods include
aerodynamic and acoustic levitation, as well as electrostatic levitation. In these
methods, levitation forces arise from electrodes located above and below a sample
containing a surface charge, while heating is performed, for example, using a laser.
EML is the most mature of all noncontact melting methods and has been used for
decades in ground-based experiments, as well as in experiments with microgravity
with a wide range of alloys.

Thus, surface tension, density and solubility of various gases in liquid met-
als were measured, as well as decarburization parameters were established, and
features of the Fe desulfurization ability of slags in a wide range of carbon concen-
trations were studied.
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2. Physical features of electromagnetic levitation
2.1Liquid metal floating in an electromagnetic field

A metal with diamagnetic properties can freely hang in a constant magnetic
field in the presence of a potential well in it, that is, a region where the tension
decreases from the edges to the middle [4-7]. The interaction of a high-frequency
magnetic field with a metal leads to the appearance of eddy currents in the latter,
which displace the field from the space occupied by the metal, or, in other words,
the field inside the metal is weakened by eddy currents. As a result of this, in a vari-
able magnetic field, a nonferromagnetic conductor behaves like a diamagnet in a
constant field. Due to the force interaction of eddy currents and the field, the metal
is pushed out of the zone with a higher field density to a region with a lower density,
that is, into a potential well. If the indicated forces are sufficiently large, then the
metal can be raised up despite the action of gravity and held in space in suspension.
The simplest field diagram of an inductor system consisting of three parallel wires
is shown in Figure 1.

It is of interest to consider qualitatively the physical processes that occur during
metal levitation. In Figure 1b, the location of the metal in the potential well of the
magnetic field of three wires with currents is shown. The direction of eddy currents
in the surface layer of the metal is opposite to the current in the wires. On the surface
of the molten metal, there are special areas characterized by the absence of eddy
currents. This is due to the weakening of the magnetic field in these areas. During
levitation, in the lower part of the molten metal sample, such areas necessarily exist
with almost any configuration of the magnetic field. The absence of eddy currents
in such areas eliminates the appearance of electromagnetic pressure, which should
lead to the flow of liquid metal through these places, but this does not happen, since
the existing surface tension forces compensate for the weakening of the power shell
near points 1-4. It should be noted that these forces can balance only a small part
of the hydrostatic pressure of the metal and contribute to the retention of the latter
at a small height of the liquid column above the indicated surface area. To partially
compensate for the weakening of the interaction of eddy currents of the metal
with the field, use a two-frequency power supply system of the inductors, which
allows you to periodically shift the weakened magnetic field on a larger surface of
the metal. Due to the rapid redistribution of the weakened magnetic field and the
large inertia of the molten metal, its outflow through singular points does not occur.
This technique also contributes to an increase in the mass of the metal. However, the
increase in mass is limited by the formation of folds in the lower part of the liquid
metal column. The direction of the folds coincides with the magnetic field lines of
force, and the depth of the folds is commensurate with the penetration depth A.

Figure 1.

The magnetic field of three wires with currents (the density of the field lines is shown by the degree of blackness
of the shading and fixes the hydrostatic pressure). a—without metal; b—with metal; the numbers 1, 2, 3, and 4
are singular points on the surface of the metal melt.
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Along with the indicated limitations of the levitation of metallic melts, there
are two more. The first is associated with a given vibrational power in the inductor
circuit or, in other words, the limiting field strength corresponds to the limiting
metal height /. The second is due to the presence of a minimum volume of liquid
metal, which may still be in a levitation state in the cap, close to the penetration
depth or skin layer s, = A. This was confirmed experimentally by melting Al, Sn,
Fe, Ti and Cu using frequencies of 500-2500 kHz. It should only be noted that the
surface tension coefficient « and the penetration depth A depend on temperature.
Currents flow in the upper wires in the same direction, so the field between them is
weaker than around each. A particularly strong field is created near the lower wire,
through which the current flows in the opposite direction.

In addition to the above-considered features of the interaction of a high-fre-
quency electromagnetic field and a liquid metal during levitation, there is a group
of phenomena associated with the stability of the metal [4-7]. The swaying of a
droplet hanging in a magnetic field is not a specific property of the liquid state but
is caused by the electromagnetic interaction of the metal with the field. Change in
the position of the metal relative to the inductor at a constant emf affects the value
of the current flowing through the inductor, which causes a change in the force
acting on the metal. When conducting experiments with balls of aluminum floating
in air, water and oil, the following features of their behavior were discovered:

* Stable equilibrium with respect to finite disturbances in a more viscous
medium than air

* Stable undamped oscillations with a small amplitude of constant magnitude
(ball in water)

* Increasing oscillations with an amplitude exceeding the size of the inductor

(ball in the air)
* Quickly established stable equilibrium (for all studied balls) in oil

The presented nature of the phenomena does not depend on the current value
in the inductor (10-30 A) and on the degree of compression of the balls by the
magnetic field. The stability of the metal is ensured if the center of curvature of the
surface of the melt in its stable state lies outside the volume of the melt. However,
this is impossible, since in acute angles, the value of the Laplace pressure of the
curved surface of the liquid would reach infinity. The presence of a special configu-
ration in the electromagnetic field of the potential well, as well as a relatively large
volume of metal, leads to the extension of the lower part of the ball, and a drop of
metal takes the form of a pear hanging from the cuttings down [7].

A characteristic feature of liquid metal during levitation is intensive mixing
inside the drop. A model study carried out with liquid sodium placed in a glass flask,
which was in an electromagnetic field (Figure 2), showed the existence of turbulent
motion of the metal inside the flask [4-7]. Using pitot tubes, as well as photograph-
ing methods, melt velocities were measured. It can be seen that the bulk of the liquid
in the floating flask moves up. Along the walls of the flask, the metal moves at a
much greater speed down. To determine the dependence of the metal velocity on
the magnetic field strength, the flask was fixed and the vertical velocity component
was measured for various current values. Special experiments without a flask made
it possible to conclude that the mixing of the melt during levitation in vacuum or an
inert gas is more intense than that described above, since the velocity of the metal on
the surface of the drop is not equal to zero. With an increase in the current value in
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the inductor, the metal velocity increased. The stability of the metal largely depends
on the speed of its rotation. This is usually observed with a spherical shape.

The complete process of heating and melting a sample can consist of four
stages. At the first stage, the solid sample rises to fixation in a certain stable posi-
tion (Figure 3a,b). This part of the process completely depends on the location of
the inductor, field currents and the initial position of the sample. With incorrect
levitation parameters, the behavior of the sample may turn out to be unpredict-
able. The next step is to heat the sample to the melting temperature (Figure 3b). At
this stage, with increasing temperature, a change in the physical properties of the
material itself is possible, which can affect both the change in the electromagnetic
field and the stability of the position of the sample. Therefore, this stage is central
to the duration and overall effectiveness of the levitation process. The third stage
consists of melting the sample (Figure 3c). It is known that the melting model is

Figure 2.
The motion of the melt in a flask with liquid sodium. 1, 2—inductors with 50 and 700 turns, 3—diaphragm.

Figure 3.

Simplest arrangement of induction melting with one inductor: 1—solid charge, 2—inductor, 3—ceramic
stand. a—the solid sample is fixed in a certain stable position in an inductor; b—the sample is heated to

T,.; c—melting the sample; d—the sample is melted, and the melt can be heated to a given temperature due to
intensive mixing.
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not easy even from a geometric point of view, but it is characterized by the fact that
the internal volume of the sample remains solid, while the surface of the sample is
covered with a liquid film due to the surface nature of the implementation of Joule
losses. At the fourth stage (Figure 3d), the sample is melted, and the melt can be
heated to a given temperature due to intensive mixing.

2.2 Solid and liquid metal levitation

The main problem of levitation is the development of a theory and its applica-
tions to the problem of the retention of liquid metal during EML, although over
the past decades there have been many studies that are somehow related to the
theoretical basis of levitation. The significant advantages of EML compared to other
methods of metal melting have led to the rapid spread of this method; however,
this had to be done almost by touch, without sufficient theoretical justification.
More recently, more or less adequate theoretical foundations of the method have
been developed that can be used to optimize the setup parameters for levitation.
Historically, for example, in Russia, the development of levitation occurred along
the path of using two-coils and multi-coil inductors. This significantly affected the
development of the theory. The main reason for using two types of inductors is the
different power of high-frequency generators used for levitation. Two-coil induc-
tors require increased power (26-100 kW), while multi-coil inductors are able to
operate at lower power (8-15 kW). Theoretical prerequisites and experimental pos-
sibilities for using two-coil inductors (with parallel turns) were developed by Alex
Vogel and his lab [6, 39]. In accordance with the development of this lab, the effect
of an idealized uniform electromagnetic field on the metal half-space is summed
up from the electromagnetic force (F) and the power absorbed by the metal (P;),
which goes to heat it. Analytically, this is expressed as the following relationship:

F=\ulmpf Pss 1)

where F is the electromagnetic force acting on the metal and equal to its mass;
u is the magnetic permeability of the vacuum; p is the electrical resistivity of the
metal; f is the field frequency; and ps is the power transmitted to the metal and
referred to a surface unit:

Ps = %\/n’ﬂpf H? )

where H is the amplitude of the magnetic field on the surface of the half-space.
As aresult of solving the system of Maxwell equations for a plate in a longitudinal
plane-parallel magnetic field, the dependence of the magnetic component of the
field on its frequency is established for

px = Re [g} = Const. 3)

and a constant plate thickness. This dependence was hyperbolic in nature.
Therefore, with a fixed size of the metal sample, there is a well-defined frequency
range at which the metal theoretically levitates in an electromagnetic field. The
choice of a specific frequency value is determined by the required sample tempera-
ture. In addition, it is also necessary to take into account the configuration of the
field in order to determine the nature of the dependence of the lifting force on its
parameters. Several similarity criteria were theoretically established (conditions
for the equality of electromagnetic pressure and mass, equality at specific points
of hydrostatic and Laplace forces, and equality relating the skin effect, circular
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frequency, etc.) and experiments were conducted to simulate the vaporization

of liquid aluminum on molten sodium. In an elongated two-coil inductor “with a
parallel reverse coil,” a group of droplets that did not merge with each other due to
the existence of repulsive forces between them was stably held, which is obviously
explained by the interaction of currents of the opposite direction flowing at the ends
of the droplets. For levitation, when the field is inhomogeneous and the metal moves
in it, falling into zones of various configurations, coefficient A characterizing the
configuration of the field is introduced into Eq. (2), and then Eq. (2) takes the form:

F=\ulmpf APs )

The validity of this equation is verified experimentally, provided that the
inductor has a coefficient value A = Const. The power supplied to the copper,
molybdenum and niobium balls with a diameter of 15 mm at different field
frequencies using the same two-coil inductor “with side parallel coils” was calori-
metrically determined. This power was compared with the calculated one [6, 39].
The difference between P, obtained by calculation and experimentally was 23%,
which proves the good reliability of Eq. (4), in which the values of coefficient A
are determined experimentally for each type of inductor. For a two-coil inductor
“with two side parallel coils,” the values of A vary from 0.7 to 0.9, whereas for a
two-coil inductor “with two parallel coils,” these values vary from 0.4 to 0.7. For a
two-coil inductor “with sequential switching of coils,” the values of coefficient A
are in the range of 0.2-0.7. Ensuring the transmission of a given power P depends
on the mass of the metal, the surface of the sample, the frequency of the field and
a certain coefficient A. Coefficient A characterizes the degree of heterogeneity
of the electromagnetic field. It was experimentally established that the greater its
heterogeneity, the smaller the coefficient A, which theoretically can tend to zero,
but it is practically impossible to get it less than 0.2. The heterogeneity at the surface
of the melt is different; therefore, the value of A also depends on the position of the
melt in the inductor and on the size and shape of the sample. When considering the
behavior of a metal ball in the field of a two-coil inductor system, the functional
dependence of coefficient A on the position of the sample was determined [6]. All
investigated metals are divided into three groups in accordance with the interval of
fixed temperature:

Group 1: Al, Fe, Co, Ni, Cu, Rh, Hf, Ir (t, > ty); Group 2: Ti, Zr, Nb, Mo, Ru
(t; > t,, depending on I and U); Group 3: Ta, W, Re, Os (t; < tp,).

For a two-coil inductor, the dependence of /A on the volume of various metals
is obtained, which varies similarly to the previously described [6]. The increased
temperature range corresponds to the optimal volume of the metal, so that depend-
ing on the frequency, a different temperature of the metal melt is set, and in
vacuum, the temperature is always higher. It is promising to obtain a stable melt
temperature using two fields: holding and heating, but not for all metals equally.
For Group 1 metals, the use of two-frequency heating is excluded, since the confin-
ing field overheats these metals much higher than ¢,,. For metals of Groups 2 and 3,
two-frequency heating is practically possible.

The interdependence between the values of the function F characterizing
the skin effect and the power P transmitted to the metal is extremely important.
Obtaining a given metal temperature is achieved either by changing the frequency
of the generator or by choosing the shape of the inductor. A change in the current
in the inductor cannot lead to a direct change in the P/F ratio, since both quantities
depend on I>. With increasing current, the metal in the inductor rises and falls into
the area with a lower electromagnetic field strength and a large gradient of it. This
means that temperature can only be controlled to a limited extent.
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In addition to the dependences of the lifting force described above on the
frequency and intensity of the electromagnetic field, as well as on its configuration,
there are specific conditions for a limited choice of the field frequency for holding
aliquid metal, which is characterized by a change in shape. It was previously noted
that metal during levitation is located in a potential well in which at least one singu-
lar point or area of a weakened field necessarily exists through which the metal does
not pour out only due to surface tension on a curved surface. In areas of a weakened
field, the pressure of a liquid metal column is balanced by the difference in surface
tension values on the curved surfaces of the lower and upper parts of the metal [6].
The use of a two-coil inductor at the selected frequency and configuration of the
electromagnetic field revealed the need to study the relationship between the volt-
age applied to the inductor and the behavior of the liquid metal during levitation.
Experimentally, the lowering of a drop was recorded with a decrease in voltage.
When a certain value was reached, the metal began to flow out of the inductor. The
release of the melt can be controlled by increasing the area of the weakened field
while maintaining the strength of the magnetic component of the field, necessary
to hold the bulk of the metal. It was experimentally established that in a two-coil
inductor there are three zones of the electromagnetic field [6]. In the first zone, the
solid metal hangs, and the liquid merges independent of the capillary constant. In
the second zone, the liquid metal hangs unstably; its degree of stability depends on
the volume of the metal and does not depend on the capillary constant. In the third
zone, the position of the metal in the inductor is associated with the presence of
volume dependence. The use of a multi-coil inductor at the selected frequency and
configuration of the electromagnetic field revealed the need to study the relation-
ship between the voltage applied to the inductor and the behavior of the liquid
metal during levitation.

2.3 Temperature of the levitated melt

Along with the retained metal melt, the production and regulation of its tem-
perature are of great importance. For two-coil inductors, the theoretical foundations
and technological designs that provide the necessary heating of the samples were
considered in [6, 7]. The validity of the functional dependence (4), which relates the
electromagnetic lifting force to the power absorbed by the metal, has been proved
experimentally. In the steady state in vacuum, the power transmitted to the metal
is equal to the radiated power. For most metals, the temperature dependence of the
power P, radiated from a unit surface is well known (Figure 4). This power is usually
determined by the reverse calculation. It is known that ensuring the transmission of
a given power P; depends on a number of factors: the mass of the melt, the surface of
the sample, the frequency of the field and coefficient A. The mass of the melt during
levitation in a multi-coil inductor can be determined by knowing the minimum
frequency of the electromagnetic field that implements the levitation of a metal melt
with a given height and physical properties.

Obtaining high temperatures during the levitation of metal melts has no fun-
damental obstacles. In practice, this is accomplished by choosing, for example, a
multi-coil inductor, the conical part of which is open at a small angle and whose
field has a small tension gradient. To obtain the necessary lifting force, a sufficiently
large current is needed, due to which the metal is heated. Due to the fact that the
power increases proportionally with frequency, and the lifting force is much less
dependent on it, the field frequency is increased to obtain a higher temperature. In
each case, the field frequency must be chosen so that the value X = R/A (here R is
the radius of the sphere and A is the thickness of the skin layer) is more than 10 and
the value of F does not depend on the change in p. Otherwise, during heating, the
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Figure 4.
Dependence of the specific radiation power on the temperature of refractory metals. ABB—the absolutely
black body.

value of X may become less than 10, and the value of F atI = Const. will decrease,
which will lead to the discharge of the molten drop. Low temperatures of the melt
can be obtained at such a frequency and diameter of the spherical sample, when
the value of X is more than 10. In this regard, F should be about 50% less than its
full value (when X is more than 10). As mentioned above, the current in this case
is regulated within certain limits, and the shape of the inductor must be such that
the intensity gradient is maximum. In this case, the stabilizing forces become
very small.

Temperature control can be done in two ways. The first is the selection of such
an inductor shape in which there is a strong dependence of the P/F and F ratios on
the position of the sample inside the inductor. An inductor is suitable for this, in
which there exists a possibly large linear decrease in field strength along the axis of
the inductor. In this case, P also depends linearly on the position of the sample. If the
current is increased, the sample rises to the upper part of the inductor and its tem-
perature decreases. The second method consists in the separate action of two induc-
tors fed by currents of two frequencies: the lower one-for levitation of the metal at
the lowest temperature-and the upper one-only for heating and melting the sample
with regulation of current and frequency. In EML, samples simultaneously partici-
pate in heating and soaring, so that the power of EML unambiguously indicates a
high temperature distributed around the soaring sample. This explains the interest
in studying factors regarding the influence on the temperature characteristics of
EML with the final goal of gaining additional knowledge in order to not only fully
realize the levitation and melting of samples with low conductivity and high density
at relatively low temperatures, but also fully use the primary role of inductors on the
temperature characteristics of the electromagnetic field. So, in [6, 39] for the first
time, using the finite element analysis, the influence of the design of inductors and
the mass of samples on the temperature characteristics of levitation were studied.
The modeling capabilities are confirmed experimentally as a result of a detailed
analysis of the effect of the inductor on the temperature characteristics of levitation
when choosing the optimal inductor in various applications. The shape of the metal
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melt depends on the degree of compression of the melt by an electromagnetic field,
which is largely determined by the configuration of the inductor. In a multi-coil
inductor, the limiting melt height can be approximately two times smaller than in a
two-coil inductor [6].

To obtain a given stable steady-state temperature, not only two-frequency
levitation, cooling gas mixtures, but also other heating sources (electron beam,
light beam, electromagnetic beam with a frequency corresponding to the cen-
timeter and millimeter wavelength ranges) can be used. Refractory metals are
known (Group 3), which, under experimental conditions, levitated in an inductor,
but were not melted. Therefore, for their additional heating, a source of thermal
energy-an electron beam-was used [6, 7]. Indirect heating is also used due to the
relatively low efficiency of induction heating, which is mainly due to the presence
of alarge gap between the inductor and the metal sample and, in fact, depends on
the design of the inductor. The use of additional heating is shown by the example
of tungsten, which should melt at a frequency of 440 kHz, a power of 160 kW and
amass of 28 g. Figure 5 shows experimentally determined temperatures depend-
ing on their mass and voltage at the inductor (40-90 V). Obviously, an increase in
the mass of the sample cannot lead to a significant increase in the temperature of
the metal (~3000°C). At this temperature, the power emitted by the melt surface
(~7.5 cm?, the shape of the melt is a spinning top) is 1.7 kW, which corresponds
to 1.7% of the power consumed by the generator. This complicates the cooling of
the inductor with water and significantly increases the voltage (up to 300 V). The
arrow in Figure 5 shows the temperature rise of a metal after being heated by an
electron beam (~3700°C). Radiated power increases to 3.4 kW, that is, 1.7 kW is
additionally transmitted, which is 68% of the total power of the electron beam unit
(2.5kW).

Similar results were obtained with EML of a 30 g Nb sample in a multi-coil
inductor at a voltage of 30 V, a generator power of 25 kW and a frequency of
80 kHz. The metal temperature was 2100°C, which in terms of absorbed power is
0.5 kW or 2% of the power consumed by the generator. The metal was heated by an
electron beam to a melting point of ~2415°C, and the power was 1.2 kW. The melt
surface emitted ~1 kW. This means that the electron beam additionally transmitted
atleast 0.5 kW or 40% of the power consumed by the electron beam setup. By the
way, electromagnetic levitation of the Nb melt without additional heating can be
carried out in the same type of inductor using a more powerful generator (60 kW)
with a frequency of 440 kHz and a voltage of 160 V.

Additional heating may also be necessary in specific cases, for example, with
silicon levitation. Pure silicon is known to have an extremely high electrical resis-
tance; therefore, at ordinary frequencies (of the order of hundreds of kilohertz)
and power (tens of kilowatts), silicon cannot be levitated. With increasing tempera-
ture, the electrical resistance of silicon decreases, especially sharply at the melting
temperature; therefore, for silicon levitation, it is necessary to pre-heat it with an
electron beam. If the field frequency during silicon levitation is about 200 kHz,
then the sample should be heated to 10,000°C, and at frequencies of 70-80 kHz, up
to 14,000°C.

Two-frequency heating has been studied in less detail. The experiments with
aluminum were carried out in air. An inductor for EML was connected to a machine
generator with a frequency of 8 kHz, and an inductor for heating, from a generator
with a frequency of 440 kHz. Five different two-coil inductors were tested, produc-
ing a two-frequency field. The most rational were (1) an inductor with a single coil
for holding the sample, placed above the main heating coil; (2) an inductor with a
single holding coil placed between two main heating coils; and (3) an inductor with
a single holding coil placed above the main heating coil.
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The dependence of the power of the generator and the temperature of tungsten of various masses on the voltage
at the inductor; the arrow shows the temperature of the metal after additional heating by an electron beam:
1—P, kW; 2-28.5 g; 3-20 g; 4-10 &

In axisymmetric EML, the Lorentz force vanishes on the axis of symmetry. At
the lowest point on the axis of the levitated sample, only the surface tension of
the melt prevents the flow of the melt, which affected the limitation of the mass
of the melt-not more than 50-100 g. With electromagnetic two-frequency levita-
tion, lifting forces also arise along the axis of the levitated sample. Digital models
developed to optimize EML were implemented in [13-18]. At the same time, data
were obtained on the electromagnetic flux and the dynamics of the free surface,
for which calculations of the electromagnetic force, as well as modeling of the melt
volume and restoration of the shape of the free surface, were made.

2.4 Setups for EML of melts

Depending on the voltage at the inductor, its design and the conditions of the
technology and experiment, all setups for EML are divided into two groups: with an
internal inductor and an external inductor relative to the reaction vessel. The first
group includes setups powered by quenching circuit generators and equipped with
two-coil or multi-coil inductors of all known types when operating in a vacuum or
inert gas environment. The second group includes setups with multi-coil inductors,
powered by generators without a quenching circuit for operation at atmospheric
pressure or low discharge. The setup with a two-coil inductor, designed to obtain
samples used in metal research, appeared in the middle of the last century [6, 39].
The metal vessel housed an inductor for levitation, a rotary table with copper molds,
a table for initial samples and a manipulator. Later, the same authors [6, 39] devel-
oped a 27-position setup for levitation, consisting of a high-frequency generator, a
reaction vessel and a vacuum unit. Another reaction vessel is shown in Figure 6b.

A sample with a manipulator was placed in a double-coil inductor, where levitation
and melting of the metal took place. A transparent shutter 6 protected the sight glass
8 from condensation of metal vapors on it. After a given exposure, the melt was
poured into the mold 2, located coaxially with the inductor 4. A characteristic feature
of such setups was the presence of a rotating table with molds and a manipulator.

172



Electromagnetic Levitation of Metal Melts
DOI: http://dx.doi.org/10.5772/intechopen.92230

Another feature of such setups was devices for various physicochemical studies,
for example, the interaction of elements in the melt-slag-gas system. The reaction
vessel shown in Figure 6 is made of copper, and the flanges of the vessel are closed
with plexiglass covers. Water cools the inductor and the stabilizer ring, located
directly above the conical multi-coil inductor. A copper pin crystallizer cooled by
liquid nitrogen is intended for crystallization of the drop with aliquid slag (in the
lower part of the drop). The mold could be moved in vertical and horizontal planes
without violating the tightness of the reaction vessel. The setup was powered by
a 10 kW generator with power regulation at the inductor by lowering the primary
coil, which provided finer regulation.

Typical for setups of the second group with an external inductor relative to
the reaction vessel is the use of multi-coil inductors, quartz glass for the reaction
vessel and various means for instant crystallization of metal melts (Figure 7a,b).
This is explained by the fact that such plants were used for high-temperature
studies of the solubility of gases in melts, in particular, nitrogen in iron-carbon
melts and the pressure of saturated iron vapor. The body of the reaction vessel
is made of quartz glass with polished joints of individual elements. The location
of the reaction vessel in the inductor is characteristic-its configuration repeats
the internal shape of the inductor, which led to a slight increase in the diameters
of the upper and lower coils of the inductor and, as a result, to a decrease in the
efficiency of the inductor and an increase in the used power of the generator. At
the bottom of the reaction vessel was a turntable with molds for melt crystal-
lization. The turntable was rotated in such a way that there was a free socket
on the same axis as the reaction vessel, which made it possible to measure the
temperature of the melt using an optical pyrometer. Depending on the purpose of
the experiment, some elements were changed in the setups of the second group
and additional devices were introduced, for example, to crystallize the melt when
oxygen was falling in the atmosphere or to crystallize at an increased velocity
using the hammer-anvil device.

Figure 6.
a—Multi-position setup for levitation and studies in systems “melt-gas”; b—Levitation setup for
physicochemical studies in “melt-gas” and “melt-slag-gas” systems.
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Figure 7.
Schemes of levitation quartz setups for studying the solubility of gases in liquid metals with fixation of dissolved
gas using: a—Crystallization in molds; b—crystallization with a hammer and anvil.

2.5 Inductor designs

The inductor and the heated metal sample form a single electromagnetic system,
similar to a transformer in short circuit mode. However, the functions of its parts
are clearly separated in the transformer: electric current passes through the wind-
ings, magnetic flux through the magnetic circuit. In contrast, the surface layer of
the heated sample is simultaneously a secondary electrical winding and part of the
magnetic circuit. Therefore, in the general case, when calculating the parameters of
the inductor, it is necessary to take into account not only the magnetic flux passing
in the gap, but also the flux in the metal. In addition, the consideration is also com-
plicated by the fact that the values of p and p at different points of the cross section
of the heated metal are different and change over time. The heating process (cold,
intermediate and hot modes) during electromagnetic levitation and the assump-
tions made to simplify the relationship between p and y for subsequent calculations
(p x u = Const.) are studied in detail and are available in the reference literature.
The values of p are determined as a function of the magnetic field strength at the
interface, using the magnetization curve. Due to the fact that the magnetization of
the magnetic field depends on the specific power in the heated sample, the magnetic
permeability is its function. Examples of the general calculation of the inductor are
quite possible, and the necessary relations can be obtained from solving the elec-
tromagnetic field equation as applied to the propagation of electromagnetic energy
inside a flat conductor of infinite thickness. Examples of calculating a single-coil
quenching cylindrical inductor, with which the diameter of the inductor and its
width, voltage and current, the efficiency of the inductor and the power supplied to
it could be determined. However, it is impossible to use this calculation to determine
the parameters of inductors for EML, since it does not take into account the main
difference between EML and known heating methods-the existence of a force sup-
porting a metal sample in solid and liquid states.

In this regard, the most important and necessary feature of EML is the use of
special inductors, the electromagnetic field of which holds and heats the metal
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sample. As noted above, the great merit of Alex Vogel [6] and his lab consists in the
development of two-coil inductors, consisting of two parallel coils connected in
parallel. The inductor design is shown in Figure 8. The vertical bends of the profiled
copper tube are made for stable melt levitation. One of the important operating
parameters of two-coil inductors is the relationship between the power referred to
the mass of the metal and the square of the amplitude of the magnetic field.

In addition, a feature of this inductor is the presence of two critical voltages: the
first and second, indicating a limitation of stability in the lower and upper posi-
tions. It also has some disadvantages: manufacturing difficulties (profiled copper
tube); the maximum achievable temperature of the melt is always lower than in the
inductors of two other designs; the need to place an inductor inside the reaction
vessel. However, this inductor has several advantages: its dimensions are relatively
small; the field is symmetrical; potential difference is minimal; the bottom of the
inductor is at the same potential; and the mass of the sample is greatest. Two-coil
inductors of two other types differ significantly in their characteristics from the
inductor described above. Their designs are presented in Figures 9 and 10. In both
cases, the P/G values monotonically increase with increasing power supplied to the
inductor. A higher temperature of the metal melt is achieved as a result of a larger
compression of the melt by the field. However, this leads to an increase in hydro-
static pressure in the melt and levitation of a smaller volume of metal compared to
the first inductor.

The inductor of the second type has the following characteristic features: (1) the
maximum potential difference between the inputs is lower than in the third induc-
tor; (2) the bottom of the inductor is not equipotential, although the low voltage at
the lower coil and the large contact resistance between the inductor and the sample
exclude melt welding; (3) higher losses in current leads than in the third inductor;
and (4) the limiting temperature of melt during levitation is always less than in the
third inductor. For the inductor of the third type, the characteristic of the induc-
tor of the second type is valid with the difference that: (1) the potential difference
between the inputs of the inductor is maximum; (2) losses in current leads are
minimal; (3) the highest sample temperature; (4) the smallest sample mass [7].

Multi-coil inductors having a reverse coil or a stabilizing ring are most widely
used in the practice of electromagnetic levitation. Figure 11 shows the multi-coil
inductor with a stabilizer ring, which was used for several physical studies with Nb,
Mo, Fe, Co and Ni [7]. The main advantages of these inductors are as follows: (1) the
possibility of using generators of low (8-15 kW) and medium (30-60 kW) power;
(2) obtaining an electromagnetic field of almost any configuration; (3) a small
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Figure 8.

Type 1 (a) inductor and the dependence of the power transmitted to the sample on the voltage across the
inductor (b); his the distance from the center of the sample to the upper plane of the lower part of the coil, and
the field frequency is 200 kH.

175



Magnetic Materials and Magnetic Levitation

$Ze
Lot

Figure 9.

Type 2 (a) inductor and the dependence of the power transmitted to the sample on the voltage across the
inductor (b); the distance from the center of the sample to the plane of the lower coil of the inductor is constant,
and the frequency is 200 kHz.
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Figure 10.

Type 3 (a) inductor and the dependence of the power transmitted to the sample on the voltage across the
inductor (b); the distance from the center of the sample to the plane of the lower coil of the inductor is constant,
and the frequency is 200 kHz.

Figure 11.
Multi-coil inductor with stabilizing water-cooled ving. 1—Inductor, 2—stabilizing ring, 3—coaxial water
cooling.

potential difference at the inductor when using generators with a quenching circuit;
(4) the accuracy with which inductors are made is not limited; (5) relative ease of
manufacture, no shaped tubes, special welding; and (6) ease of operation. The
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disadvantages are also simple: (1) low mass of the sample; (2) limited temperature
control; and (3) the possibility of burning the inductor with the melt.

Previously, the behavior of the melt during levitation in a multi-coil inductor
(the number of coils of the conical part, the angle of inclination and the number of
reverse coils) and the parameters of the levitated sample (levitation and melt tem-
perature) were examined in detail. A rigorous calculation of a multi-coil inductor for
levitation of a melt is still impossible. In this regard, the selection and manufacture
of such inductors are carried out empirically, taking into account general ideas about
their work. The literature describes more than two dozen designs of multi-coil induc-
tors used for various physical studies. It is almost impossible to classify them accord-
ing to any criteria, since the tasks solved by their creators were always different. The
technique for selecting multi-coil inductors is as follows [7]: the selection criteria are
stable levitation (determining the location of the sample in the potential well of the
electromagnetic field) and the maximum possible regulation of the temperature of
the metal (e.g., solid copper and liquid iron). A generator with a power of 30 kW
and a frequency of 230 kHz was used. Inductors were prepared from a copper tube
with an outer diameter of 4 and 6 mm. The initial shape, the number of coils of the
conical part and the cone angle (~60°) were selected in accordance with the data of
[7]. The internal diameters of the lower coil of the conical inductor and the upper
return coil (d; = 15.5 mm; d, = 22 mm) were the same for all multi-coil inductors
and were selected in connection with the required metal mass (average weight 3.5 g)
and dimensions of the reaction vessel. Stable levitation of the melt was determined
visually: the time from the moment of melting to the outflow of the metal from the
inductor was noted (the latter phenomenon is associated with the saturation of liquid
copper with oxygen, which reduces the surface tension of the copper melt during
levitation in air). It turned out that along with the size d;, the number of spiral coils
affects the lifting force during levitation.

3. EML in physical research

The emergence of new metallurgical processes, such as electroslag melting,
electron beam melting, arc melting, induction vacuum melting and plasma melting,
revealed the limitations of the available thermodynamic and kinetic data necessary
for the correct refining of liquid metal. A characteristic feature of these methods
are higher temperatures in comparison with the temperatures at which traditional
methods of melting steel and alloys are carried out. The melting temperature of
high alloyed steels can reach 1700-1750°C, and temperatures up to 2000-2500°C
develop in the reaction zone when the steel is purged with oxygen or air. When
melting refractory metals in the arc and electron beam setups, local overheat-
ing of the metal is possible at 1000°C above the melting temperature. There are
almost no experimental data on the behavior of liquid metals at such high tem-
peratures, which is explained by the limited capabilities of experimental methods.
Electromagnetic levitation significantly extends the temperature range of studies
related to the solubility of gases in liquid metals, the processes of interaction of
metal and slag melts with the participation of the gas phase, etc. It is known that
such studies are impossible due to chemical reactions developing between the melt
and the refractory material of the crucible.

3.1 Physical properties and chemical reactions studied by EML

The study of heterogeneous systems with the help of EML encounters a number
of difficulties with which it was not necessary to deal with the study of liquid

177



Magnetic Materials and Magnetic Levitation

metals by traditional methods. One of the main difficulties is the strong evapora-
tion of the metal. This process arises due to two characteristic features of the
electromagnetic levitation method: high temperature and a large specific surface
of a molten metal drop (Figure 12). Evaporation is particularly active when the
liquid metal is held in a deep vacuum. For example, the temperature of the carbon
iron melt can reach 2000-2100°C in a few seconds, and its five-minute exposure
in vacuum is 10°~10"° mm Hg and leads to a decrease in mass by 34 times. Such
intense evaporation of metal in a vacuum makes it difficult to study liquid metals
by electromagnetic levitation with prolonged exposure.

To reduce the contribution of evaporation processes during electromagnetic
levitation, an inert gas or gas mixtures are used at different pressures, which can
be changed from a few mm Hg to several atmospheres. Although metal evapora-
tion proceeds more slowly in this case, metal vapors condense not only on cold
surfaces, but also in less heated areas of the reaction vessel, forming condensate
flakes. Their appearance makes it difficult to observe the liquid drop and distorts
the temperature measurements. In addition, chemical reactions can occur between
the gas phase and the metal vapor, which distort the results. Since the temperatures
of the liquid metal droplet and the gas phase are different, two processes affect the
rate of metal evaporation: natural gas convection and vapor condensation. Both
of these processes, together or separately, increase the rate of evaporation with
an increase in the temperature gradient in the system. Around the drop of molten
metal, a boundary gas layer appears, the thickness of which can vary from 0.06 cm
at an ambient temperature of 0 K to 0.32 cm at an ambient temperature equal to
the temperature of the melt. If the surface of a molten metal, for example, iron, has
a temperature of ~2000 K, then at the boundary of the gas layer, it will be 1650 K
at an ambient temperature of 0 K. In this regard, when studying heterogeneous
processes using electromagnetic levitation, it is necessary to take into account the
possibility of reactions between metal vapors and the gas phase in the boundary gas
layer at temperatures different from the parameters of the molten metal.

Intensive evaporation of the metal of a liquid droplet leads to strong dust-
ing of the sight glasses. In those cases when the experiment is conducted in a gas
atmosphere, the evaporating metal does not pollute them; however, the condensate
formed in the chamber, along with the gas flows rising from the liquid droplet,
continuously moves along the reaction chamber. For this reason, the temperature
of aliquid droplet is usually measured from the side or from the bottom through
special devices installed in the reaction vessel. For example, to measure the
temperature of liquid iron under conditions of strong evaporation, you can use a

Figure 12.

Top and side views of the same @ 10 mm liquid iron drop in the multi-coil inductor. The top view is almost a
sphere with a disfigured surface, move like a dried apple, but during the shooting on the surface of the sphere,
the author observed traces of that “muscle play” under the covers that took place in the volume of the sphere.
The side view also contains no evidence of the ideal surface of a metal drop during levitation [7].
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movable tube mounted on bellows and brought almost to the melting inductor on
the side. When measuring temperature at the bottom of a melt drop, the pyrometer
is sighted through an opening in the turntable. After performing several operations
to measure the temperature, a mold is placed under the drop, which is installed in
another nest of the table.

The microdistribution of temperature over the sample was studied, and the
measurement was carried out in the central and peripheral zones of a solid sample
heated to premelting temperatures. The difference in temperature measurements of
these sections did not exceed 10-12°. Apparently, in the case of molten metal, the
temperature difference becomes completely insignificant due to intensive mixing
and continuous updating of the surface of the liquid droplet. This eliminates the
accumulation of impurities on the surface of the droplet, which could affect the
temperature measurement.

The temperature control of liquid metal during levitation can be carried out
by optical, radiation and color pyrometers. The use of the first two is allowed in
the absence of noticeable smoke or contamination of the sight glasses. The surface
of the metal when measuring temperature should be free of oxide or any other
film. Color pyrometers are not very sensitive to the appearance of films on glasses;
therefore, they are used especially often, although they are difficult to operate. In
the case of using a brightness pyrometer, it is necessary to first measure the emis-
sivity of metals in a special setup, since a strong dependence of the emissivity on
temperature has been revealed. To determine the temperature dependence of the
emissivity of some refractory metals in the solid state, it is desirable to use a model
of an absolutely black body. The shape of such samples should be chosen so that the
samples had the greatest stability in the inductor and the direction of the hole in an
absolutely black body looked vertically upward. The calibration of the pyrometers
was carried out on the reference points of pure metals, molten during levitation or
in a small ceramic crucible. A drop of metal was slowly melted and then crystal-
lized. To do this, you can take advantage of a change in the gas flow rate or a copper
crystallizer cooled by liquid nitrogen, supplied to the drop from above. When it
comes into contact with metal, it is possible to observe the crystallization front and
make multiple measurements of the melting point. When using pyrometers with
automatic recording of the melting and crystallization temperatures, they are fixed
with the corresponding areas or bursts (Figure 13) [7]. The use of conventional
thermocouples is difficult, since it is difficult to eliminate the influence of a high-
frequency electromagnetic field on the junction and, secondly, the volume of the
metal is usually not large enough to neglect the errors introduced in the temperature
readings when a solid junction is introduced into a liquid metal drop.

3.2 Measurement of surface tension and melt viscosity during levitation
in zero gravity in parabolic flights and ISS

Volumetric metal glasses or amorphous alloys are a new phenomenon in materi-
als science. The main advantage of these materials is their superior mechanical
properties compared to conventional crystalline materials. Amorphous alloys are
solid metal materials with a disordered glass-like structure of an atomic scale.

They are formed when their cooling from a liquid state occurs much faster than the
critical cooling rate. During supercooling of the melt, the increasing thermody-
namic driving force of crystallization and amorphous atomic kinetics compete with
each other. A strong increase in viscosity during cooling and a high probability of
amorphization of the melt also establish boundary conditions for the correct choice
of parameters of the process. To justify superplasticity, it is important to know the
temperature-dependent viscosity of the alloy. Thus, in order to create technology
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Figure 13.
Temperatuve of liquid iron in the process of electromagnetic levitation; red—a “%ig-zag” at the moment of
melting the ivon sample.

and theoretical models, it is necessary to know the basic thermophysical proper-
ties in a wide temperature range. Electromagnetic levitation is clearly a powerful
technique for the noncontact manipulation of electrically conductive samples. This
method allows to correctly measure the surface tension and viscosity of metal melts.
However, under conditions of gravity of the earth, the melt in natural geometry or
raised by an electromagnetic field will be significantly deformed. The simultaneous
control of temperature and levitation is limited under normal gravitational condi-
tions of 1 G, since the electromagnetic field needed to lift the samples can heat the
sample to significant temperatures, even above the melting point. Flows in a heated,
deformed melt drop under terrestrial conditions are poorly controlled (laminar
transition to turbulent), which makes it necessary to conduct experiments in zero
gravity (microgravity) conditions. One of the possibilities to achieve micrograv-
ity in a short period of time (10-20 s) is parabolic flights, for example, performed
using the Airbus A310 or International Space Station. The experimental results
were obtained during several parabolic flight campaigns in 2016 and 2017 using the
TEMPUS EML setup. The surface tension and viscosity of the Pd43Cu27Ni10P20
melt were measured, and it was shown that the temperature dependence of the
viscosity of this alloy can be well described by the free volume model. In addition,
in [23-33], using X-ray diffraction, it was confirmed the absence of the long-range
order characteristic of amorphous samples. The morphology of the samples was
analyzed using X-ray computed tomography before and after flights.

The noncontact of a liquid sample is the essence of electromagnetic levita-
tion, combined with an ultra-clean environment. In addition, electromagnetic
levitation is one of the oldest noncontact methods of levitation used for materials
science experiments for decades. Electromagnetic levitation is the most mature of
all noncontact melting methods and has been used for decades in ground-based
experiments, as well as in microgravity experiments with a wide range of alloys.
Electromagnetic levitation in terrestrial conditions has some problems associated
with gravitational forces, so if levitation is performed under microgravity condi-
tions, then only small levitation forces are required to compensate for residual
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accelerations. With an inductor optimized for microgravity, heating and positioning
of the samples can be carried out almost independently. Since positioning requires
minimal effort, the low temperature mode is more accessible, convection is reduced
and the deformation of the samples is eliminated. As a result, many additional
samples can be processed, and their thermophysical properties can be determined
with higher accuracy.

Other factors are the length of periods of microgravity and the ability of the
experimenter to interactively control the experiment during a parabolic flight.
Electromagnetic levitators have been developed for a wide range of carriers and
tasks. Due to the flight duration, which was on the order of 1-2 weeks, it was
possible to conduct several experiments lasting several hours each, where each
experiment with this sample included several melting cycles with this sample.
The experiments were preprogrammed, so interactive access via telemetry is pos-
sible. The ISS missions are essentially a continuation of previous Spacelab mis-
sions and provide long-term access to a good microgravity environment. Several
batches of samples can be loaded onto an object, processed and returned to the
ground. The experiments are preprogrammed; interactive access via telemetry is

possible.
3.3 Atomization of liquid metals in levitation

The advent of 3D metal printing and other additive technologies has stimu-
lated an increase in demand for spherical metal powders with high rheological
flow characteristics. The spraying process consists of feeding a vertical sacrificial
rod into a conical inductor, where the end of the rod is melted by eddy currents
of an electromagnetic field, resulting in the formation of a stream or droplets of
liquid metal that are sprayed with a powerful flow of inert gas. In fact, one of the
functions of classical electromagnetic levitation is involved in the process-the
melting of the metal, without holding it by a magnetic field. The spraying unit
is very simple and consists of a feeder with a sacrificial rod, a melting chamber
with an inductor, a spraying chamber with nozzles for supplying an inert gas,

a powder storage device and a generator. The proposed method is noncontact
and ideal for producing high-purity, reactive and refractory metal powders. All
process parameters are known and easily adjusted, which allow full control of the
size of the powders. The process is simple, manageable and flexible. Perhaps, this
process stands out among analogues for its simplicity and reliability, especially in
the production of high-quality pure spherical powders from refractory and rare
metals such as titanium, zirconium, niobium and precious metals, which are in
great demand in additive technologies in aerospace, medical and other industries
[20-22].

3.4 Chemical equilibrium in the system metal-slag-gas during EML

Heating, melting and crystallizing a metal melt with slag occur in a controlled
gas atmosphere or in vacuum. The exposure time to the onset of chemical equilib-
rium in the “iron melt-slag melt-gas” system is usually short and does not exceed
several minutes. Slag melting occurs due to levitation and heating of iron, liquid slag
initially covers a metal drop with a thin film, which can be observed visually, and
then it collects in the lower part of the drop and is held in liquid state by interfacial
tension. It is this joint behavior of the molten metal and slag plus convection in lig-
uid iron that ensures the rapid achievement of chemical equilibrium in the distribu-
tion of sulfur (the usual or radiochemical sulfur isotope *°S). The initial sample for
levitation was a capsule of a specially prepared alloy of iron with carbon weighing
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~5 g with an opening in which a slag powder weighing 0.35 g was laid; the hole was
tightly closed with a thin foil lid of the same alloy. The initial sample was placed in
an inductor for subsequent levitation, which, depending on the task, was carried
out in vacuum, inert gases and carbon monoxide. After the generator was turned
on, levitation and melting of the sample took place with heating to the experimental
temperature, and the metal melt took an egg-shaped form, on the lower half of
which slag was collected. At the beginning of the experiment, when the capsule

was melted, the slag was in the form of a thin film enveloping the entire drop. The
experimental time required to reach chemical equilibrium was determined by diffu-
sion in the liquid slag phase.

Using levitation, the sulfur distribution between iron-carbon melts and
lime-alumina slag was studied [7, 28, 32]: the dependence of the equilibrium
sulfur distribution coefficient on the C content, gas phase composition and
temperature.

Experimental results are shown in Figure 14. Comparison of the reduced
coefficients of the equilibrium distribution of sulfur, obtained by numerical
modeling using known thermodynamic data and the experimental equilib-
rium values of the reduced coefficient of the sulfur distribution, is shown in
Figure 15. Since the known data for the equilibrium constant of the desulfur-
ization reaction differ by one and a half orders of magnitude, this noticeably
affects the reduced sulfur distribution coefficient. On the whole, it is necessary
to recognize such a discrepancy as completely admissible and justified. As can be
seen in Figure 15, in the logarithmic coordinates, the calculated and experimen-
tal curves slightly differ in slope, which is due to tolerances in the calculation
and experiment [7].
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Figure 14.
Experimental dependence of the reduced coefficient of distribution of S between Fe-C and oxide slag melts on
the activity of C in iron. 1—Pc¢, =1 atm, 2000°C; 2—Py, = 1 atm, 1750°C; 3—Py, = 1 atm, 2000°C.

Figure 15.
Dependence of the experimental (2) and calculated (1) coefficients of the distribution of sulfur between liquid
Fe-C and slag on the activity of C in ivon at P,, = 1 atm and 2000°C.
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3.5Reaction of C + O — CO in the melts of Fe and Nb at EML
3.5.1 Melts of Fe-C-O at EML

For comparing EML with crucible melting, the study was made of the influence
of the refractory lining on the decarburization kinetics of Fe-C-O samples, which
were carried out on melts in corundum crucibles, degassed in vacuum at 1700°C.
The data obtained showed that the composition of the products of the decarburiza-
tion reaction is close to equilibrium; however, the total volume of gases released
from the metal depends on the melting method. In melts in a crucible, the gas
evolution of CO and CO, always exceeded the gas evolution during levitation of
similar samples. For stable levitation of samples of this system, a setup was used
with an inductor inside the chamber; the working pressure in which was 10~ atm
and a metal temperature of 2000 + 30°C. The received dependence (see Figure 16,
area 6) is qualitatively confirmed by the data obtained from the smelting of Fe-C-O
alloys in an electron beam setup at 1550°C and a vacuum of 10~ atm (see Figure 16,
area 3). The calculated dependence of the O content on C for 2000°C confirms the
disproportionate relationship between the deoxidation capacity of carbon and the
partial pressure of CO in the gas phase. The observed decrease in the O concentra-
tion in the metal is due to a change in the deoxidizing ability of C due to a change in
P.,. Apparently, the data obtained for melting in an inert atmosphere characterize
the maximum possible increase in the deoxidizing ability of C at 2000°C.

The increase in the deoxidizing ability of C dissolved in liquid iron, which
occurs as a result of a decrease in P, over the melt, is observed to a certain limit
determined by the kinetics of the CO bubble growth. Since the deoxidizing ability
of C is usually expressed by the product of the concentrations of C and O in the
metal m = [% C] x [% O], the dependence of the deoxidizing ability on the partial
pressure of CO can be expressed by a parabola. Under levitation conditions, when
liquid metal does not come into contact with a refractory lining and there is no
influence of the lining on the formation of CO bubbles, volume decarburization
should prevail, not excluding the evaporation of CO molecules from the surface of a
liquid droplet. It is likely that the contribution of evaporation to the removal of CO
from a levitated drop of liquid metal should decrease as O adsorption in the surface
layer decreases. In low-carbon iron, the formation of CO bubbles in a metal volume
is facilitated by thermodynamic and kinetic factors. If the nucleus is comparable in
size to large nonmetallic inclusions, the value 26/r is much lower than atmospheric
pressure. In this regard, as the partial pressure of CO in the gas phase decreases, the
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Figure 16.

Solubility O in Fe-C-O melts. 1—P,, = 1 atm, 2000°C; 2—P,, = 1 atm, 2000°C; 3—P,, = 107 atm, 1550°C,
EBM; 4—P,, = 107 atm, 1600°C (refractory crucible); 5—P,, = 1 atm, 1600°C (refractory crucible); 6—
P, = 107 atm, 2100°C.
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decarburization reaction intensifies until this pressure is equal to the partial pres-
sure of CO in the gas nucleus and the deoxidizing ability of C becomes constant. The
surface decarburization of carbon iron cannot be decisive due to the low diffusion
rates of C and O to the metal-gas interface. When bubbles form in the metal volume,
the pressure necessary to overcome the forces of surface tension should be two to
three orders of magnitude higher than atmospheric. It follows that in iron-carbon
melts, in particular at contents >1.5% C, with a decrease in the partial pressure of
CO in the gas phase, the deoxidation ability of C in iron should not change. The
description of EML experiments on Co and Ni is not given here because of limited
space in the chapter.

3.5.2 Melts of Nb-C-O at EML

The interaction of C and O should be taken into account when obtaining pure
metals and studying their surface and bulk properties. However, the study of the
behavior of these impurities in solid and liquid metals was often qualitative because
of the complex nature of physical and chemical processes in the bulk and on the
surface of the metal and because of significant experimental difficulties. A model
was created within the framework of which a closed system of equations was
obtained [34, 35]. The model allows describing the kinetics of the interaction of C
and O during maintaining them in a liquid state in vacuum. It was found that if C
and O impurities with initial concentrations of N(0) and N.(0) are uniformly dis-
solved in the metal volume, then by thermal desorption of CO and MO molecules in
vacuum (at high contents of oxygen, MO,), since the average O concentration Ny (t)
decreases infinitely, then, in accordance with the proposed model, the average C
concentration N.(t) should reach a definite threshold level N.(c0). It is shown that
the ratio between the average concentrations of O and C is uniquely fixed by two
parameters, N* and S. The first of them, N* = /G, is determined by the ratio of the
constant of the MO desorption rate w to the effective constant of the CO desorption
rate G and has a certain critical value, which sets the characteristic concentration
scale. The effect of one impurity on another becomes high only when its concentra-
tion beats this critical value. The parameter S is a dimensionless indicator of the
relative intensity of diffusion or surface processes.

The relative simplicity of the model makes it possible to experimentally check the
behavior of the average concentrations of carbon N,(¢) and oxygen Ny(t) in time, as
far as the created model [34, 35] corresponds to reality and determines the param-
eters N and S. So, if the model is correct, then in the coordinates dA/d (In N,) — A,
regardless of the ratio of the initial concentrations of N.(0) and N,(0), the experi-
mental points should be on a common line with the fixed slope and ordinate.

The comparison of the results with the theoretical ones becomes much easier
if the S values in the experiment are sufficiently large, which means that diffusion
is more intensive than surface processes. In this case, the dependence In N, = f (A)
should be close to linear (Figure 17). Thus, the experimental points for different
ratios of the initial concentrations O and C in the In N, — A coordinates should fit
on parallel straight lines with a slope 1/N.

The kinetics of the interaction of C and O was investigated in a wide range of
ratios of their initial concentrations during levitation of Nb and Mo in vacuum.
The temporal relationship between the average concentrations of C and O in a wide
range A follows a simple law. The kinetics of conducting of the average concentra-
tions of C and O was calculated numerically, which showed a good alignment
between the digital simulation and the experiment for all studied series. The
effective constant of the CO desorption rate and the high-temperature sticking
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Figure 17.
Mean C concentrations as a function of the value A = N, — N, + N, plotted in coordinates In N, — A (lines A
and D) and In N, — In(1 + A/N') (lines C and B) on the basis experimental data.

coefficient of CO to Nb and Mo were received. The description of EML experiments
on Mo is not given here because of limited space in the chapter.

4, Conclusions

The main advantage that attracted the attention of researchers was the lack of
contact of liquid metal with refractory lining, which ensured the elimination of
one of the main sources of metal contamination by such a harmful impurity, such
as oxygen. This is especially important for melting refractory highly reactive met-
als and semiconductors. Compared to other melting methods, which also ensured
the absence of contact of liquid metal with the crucible, EML of liquid metals has a
number of significant advantages: adjustable residence time of a drop of metal ina
liquid state; controlled gas atmosphere and slag phase; controlled metal temperature
(from melting temperatures to boiling); ability to use an additional heat source
(electron beam, laser beam or plasma); vigorous stirring of metal by electromagnetic
field; possibility of introducing alloying additives into a liquid drop; a favorable ratio
between the surface of the droplet and its volume for the passage of heterogeneous
reactions; and achieving extremely high crystallization rates up to 10°~10°°C/s.

The noncontact of a liquid sample is the essence of EML, combined with an
ultra-clean environment, which is an excellent instrument for researches. In addi-
tion, ELM is one of the oldest noncontact methods of levitation used in materials
science experiments for decades. EML is the most mature of all noncontact melt-
ing methods and has been used for decades in ground-based experiments, as well
as in microgravity experiments with a wide range of alloys. EML in gravitational
conditions has some problems associated with gravitational forces, so if levitation
is performed under microgravity conditions, then only small levitation forces are
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required to compensate for residual accelerations. With an inductor optimized for
microgravity, heating and positioning of the samples can be carried out almost
independently.
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