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Abstract

Strong rare-earth permanent magnets have become relatively cheap to produce, and
play an important role in the development of modern technology. One example is
the integration of magnetophoresis and microfluidics, where permanent magnets are
miniaturized and integrated onto lab-on-chip devices with the help of micro-electro-
mechanical systems techniques.

A structure of two adjoined giant magnetic anisotropy rare-earth magnets with
opposite directions of magnetization produces a very strong and inhomogeneous
magnetic stray field. The field is several times stronger than the induction of the rare-
carth material itself, and BVB reaches theoretical and simulated values of 108-10%°
mT?/m. Building upon this basis, a new design adds two thin, soft magnetic masks on
top of the magnets, forming a small air gap directly above the junction line between
them, in order to adjust the shape and strength of the stray field.

Simulations with 50 pm thick vanadium permendur masks show that, when the gap
size decreases towards 50 pm, the tangential component of the stray field increases with
a factor of 20%, and narrows in width comparable to the gap size. In a distance of 10 um
from the masks BVB now exceeds 10! mT?/m. The normal and tangential gradient
of B are oppositely directed and on the same order, nevertheless, the tangential field
is several times stronger than the normal field, thus the main contributor to BVB.

Singularities in the demagnetization field above the corners of the masks are
responsible for most of the increase and distortion of the magnetic stray field. However,
above a critical distance of 40 pum they are undetectable. The stray field is now
automatically reduced since the masks increase the absolute distance to the source of the
field. Thus depending on mask thickness, all BVB distributions are correspondingly
decreased. Magnetic separation of large bulk quantities is thus performed better in a
device without masks, while separation of small quantities in confined regions, beneath
the critical distance, benefits significantly from the new design.

Experimental results indicate that, the simulations predict close to realistic results
above the critical distance. The experiments are, however, not performed close enough
to observe the singularities, and the full extent of the simulations can thus not be
verified. Nevertheless, as a consequence by the fact that, keeping corners perfectly
square and junctions between materials ideal in a real device, simulations where BVB
exceeds 10 mT?/m are not realistic. A more realistic value is 10! mT?/m, still
several times larger than that in simulations of a structure without masks.

The new design is thus superior for separation purposes in microfluidic environments,
if the separation distance is less than 40 um. Developing new and better magnet and
mask material compounds, as well as perfecting techniques ensuring ideal magnet-mask
and magnet-magnet junctions will increase its potency even further.
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Chapter 1

Introduction

Ever since the discovery of magnetism, magnets and magnetic fields have been im-
portant tools in instruments, both in physics and experimental techniques. Today
magnets are used in anything from car engine speed sensors to computer hard drive
recording, and reading heads. In recent time, with the introduction of nanotechnology,
a growing demand for magnets producing stronger and more inhomogeneous magnetic
fields in smaller environments, has pushed science far beyond what only thirty-forty
years ago seemed a daunting task. Still, applications based on magnetic properties
have conventionally been dominated by strong magnetic fields produced exclusively by
cooled solenoids, electromagnets, and superconducting magnets. Recently, however,
the literature reports about permanent magnet systems, able to produce strong and
inhomogeneous magnetic fields reaching field values of up to 5T. Moreover, it is
anticipated that micro-electro-mechanical systems techniques, for fabrication of minia-
turized magnets, can integrate such permanent magnetic structures into microfluidic
analysis systems, thus widely expanding the possibilities for applications based on
magnetophoresis.

1.1 Background

In the following we study an invention based on a half open Kittel domain, consisting
two adjoined giant magnetic anisotropy rare-earth magnets with opposite directions
of magnetization. At the top edges where the magnets meet, a very strong and
inhomogeneous magnetic stray field is produced, several times stronger than the
induction of the rare-earth material itself, and BV B reaches values of 108-10'° mT? /m.

An innovative design proposes to add two thin, soft magnetic masks, forming a
small air gap directly above the junction line on the top of these magnets. The gain
by doing so is twofold. Firstly, the magnitude of the magnetic stray field is increased
even further. Secondly, the width of the peak in the magnetic stray field extends a
distance comparable to the gap size. Consequently, as the gap size decreases, the
gradient of the stray field increases by orders of magnitude. The device, as a result,
produces extremely intense magnetic forces with short ranged action, with possible
applications in electronics, metallurgy, chemistry and biology.

Applications in magnetophoresis are of particular interest. The magnetic force
on any magnetic or non-magnetic particle is proportional to its susceptibility (x),
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the magnetic induction (B), and the gradient of the applied field (VB). The intense
magnetic forces can be used to separate weak paramagnetic substances from dia-
magnetic substances according to their susceptibility. One application concerns the
separation of red blood cells, differentiating between oxyhemoglobin (diamagnetic)
and deoxyhemoglobin (paramagnetic) saturated cells [1 2].

Additionally, the device is proposed acting as a recording head, able to magnetize
high coercivity storage media (H. = 0.35 — 1.15 MA/m). This type of storage media
will increase density, reliability, and lifetime of recording information considerably
compared to today’s standards [3].

1.2 Problem description

The main objectives in this thesis concern the generation of a simulation environment
completely describing the behavior of the invention [4], aiming to define an optimal con-
figuration of mask thickness, gap size, soft magnetic material in masks and permanent
magnet material in magnets, in order to maximize BVB. Secondly, simulations of the
invention performed by Il'yashenko et al. [5] are investigated. Moreover, the theoretical
approximations to a half open Kittel domain, derived by Samofalov et al. [6], forming
the basis of the invention, are numerically studied. Finally, experiments where the mag-
netic stray field is measured on a model of the invention, aim to verify theory and simula-
tions.

The objectives are as following:

e Numerically investigate the theoretical approximations describing the basis of
the invention.

Generate a simulation environment completely describing the invention.

Investigate simulation results obtained for the invention.

Perform experimental measurements on a model of the invention.

Compare theory and simulations with experiments.

1.3 Disposition of the dissertation

Chapter 1 briefly discusses background work, problem description and methods, as
well as incentives for carrying out the assignment.

Chapter 2 covers a theoretical introduction to magnetism, ending up formulating
all the basic differential equations needed to define and solve any magnetostatic
problem.
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Chapter 3 gives a theoretical description of a half open Kittel domain, forming
the basis of the invention as well as a detailed description of the device itself.
Additionally, this chapter defines the basics needed to operate within MagNet’s
simulation environment, a professional finite element analysis program.

Chapter 4 presents all results and discussions concerning the simulations of half
open Kittel domains and the device, including mask thickness, gap size, soft
magnetic material, and permanent magnet material comparisons.

Chapter 5 investigates experimental results obtained from measuring the magnetic
stray field on a model of the invention using semiconductor Hall effect sensors.
Lastly, theory and simulations are compared to the experiments.

Chapter 6 theoretically studies the force on objects, moving in hydrodynamic
fluid flows under the influence of externally applied magnetic fields. Different
magnetophoresis methods operating on microfluidic scales are presented, and
includes high-gradient magnetic separation techniques like field-flow fractionation
(FFF), split-flow fractionation (SPLITT), and on-chip free-flow magnetophoresis.

Chapter 7 summarizes results and discussions concerning the invention as well as
outlining what future work should focus on.
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Chapter 2

Magnetostatics

The quantitative and qualitative importance of the key elements in the device, as
well as the correlations between them, are studied in detail through finite element
analysis (FEA). The basis of any magnetostatic problem is a set of partial differential
equations (PDE), which the FEA method is particularly robust at solving. Having
a firm grasp of the principle physical laws concerning these equations is essential, in
order to understand how these problems are solved. The most important aspects of
magnetostatics are thus covered in this chapter.

2.1 Magnetic flux density B

In classical electromagnetism the magnetic vector potential (A) in units of Weber
per meter provides a mathematical way to define a magnetic field (B) in units of
Weber per square meter, through magnetic field lines. It is analogous to the electric
potential, which defines the electric field in electrostatics. The field lines, however, are
not directly observable. Only the magnetic field they describe may be measured.

A field line is a locus!. It is defined by a vector field and a starting location within
the field. A vector field defines a direction at all points in space; a field line may be
constructed by tracing a path in the direction of the vector field. More precisely, the
tangent line to the path at each point is required to be parallel to the vector field at
the same point. In other words, these field lines are space-curves r(¢), tangential to
the local magnetic field vector B(x) which satisfy the differential equation

dr _ B(r(t)
a B

This definition yields |dr/d¢ = 1|, demonstrating that the parameter ¢ is the
arc-length along the field line, measured forward in the direction of the vector from
point r(0) [7].

A complete description of the geometry of all the field lines of a vector field is
sufficient, to completely specify the direction of the vector field everywhere. In order
to depict the magnitude, a selection of field lines is drawn in such a way that, the

(2.1)

'In mathematics, a locus is a collection of points which share a property.
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density of field lines at any location is proportional to the magnitude of the vector
field at the same point.

Gauss’s law for magnetism states that the magnetic field has divergence equal
to zero [8]. Hence, it is a solenoidal vector field. A physical interpretation of this
statement is that magnetic monopoles can not exist, and thus the field lines form closed
loops. Using Helmholtz decomposition theorem [9, [10], Gauss’s law for magnetism
implies the existence of a vector potential such that V x A = B. Note that there is
more than one possible A satisfying this equation for a given B. As a matter of fact
there are infinitely many. The magnetic field is thus invariant under transformation
of any field on the form V¢, yielding V x A =V x (A + V¢). This transformation
is known as a gauge transformation, and the usual gauge for A in magnetostatics is
V- A =0, known as the Coulomb gauge.

In general circumstances, the only way to find a field line is to integrate Equation
2.1} A useful shortcut is available, however, in cases with one symmetry dimension.
In these special circumstances a general magnetic field satisfying V - B = 0 can be
written in terms of a scalar function called the flux function (A(x,y)), and an arbitrary
component in the ignorable direction, both depending only on two coordinates. When
z is the ignorable coordinate, the expression is B(z,y) = VA(z,y) X z + B(zx,y)z,
where the flux function is the z-component of the magnetic vector potential. The
flux function then has the useful property of being constant along field lines since its
derivative dA(z,y)/d¢ = BB -V A(z,y) = 0. A selection of field lines is thus easily
drawn for two-dimensional models by contouring the flux function.

Although the magnetic field is an abstract concept, the effects of B are concrete
and physical. Figure shows the field lines around two permanent magnets in the
vicinity of a steel bar. In simplified terms, the field lines can be treated as elastic
bands pulling the bar towards the magnets.

Figure 2.1: Magnetic field lines around two permanent magnets with opposite directions of
magnetization along the y-axis, in the vicinity of a rectangular steel bar.
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Another direct physical interpretation of B is given by the Lorentz equation. The
magnetic force on an electric charge (¢) moving with velocity uis F,,,, = qu x B. This
means that, the force on a charge moving in a magnetic field is always perpendicular
to the magnetic field.

2.2 Magnetic field strength H

Electric currents give rise to magnetic fields. The currents may flow in conductors or
coils or may take the form of currents produced by electron magnetic dipole moments
in the atoms of a magnetic material. In either case the problem is to define the
relationship between the magnetic field described by B, and the currents which are
the source of the field. In seeking a mathematical form for this relationship that can
be used to solve practical problems, it is useful to introduce a new magnetic quantity
H, which is related both to B and to the currents that are the source of B. For a
magnetic field in free space, set up by currents flowing in conductors, H is defined
through the equation B = poH with units of Amperes per meter. The relationship
between H and the currents is then given by Ampere’s circuital law

]{ HdS = L, (2.2)

where the integral on the left is taken round a closed path, and I.,. is the net free
current that penetrates through the surface S. This equation makes it easy to calculate
the field of a simple system such as a long straight conductor or a toroidal coil, and is
the basis of the magnetic circuit concept, widely used for approximate calculations in
electromagnetic devices. When magnetic materials are present, however, the situation
is completely different.

2.3 Magnetic materials

Magnetic fields are typically conceptualized with so-called field lines. When such field
lines encounter any sort of matter an interaction takes place, in which the number of
lines is either increased or decreased. The original magnetic field therefore becomes
amplified or diminished in the body of matter as a result of the interaction. This is
true whether the matter is a typical magnetic material like iron or nickel, or a so-called
non-magnetic material like copper or air.

Different substances possess varying degrees of magnetization. The aforementioned
examples of strongly magnetic materials have the ability to strengthen an applied
magnetic field by a factor of several thousand. Such highly magnetizable materials
are called ferromagnetic. Certain other substances, like aluminium, only marginally
increase an applied magnetic field. Such weakly magnetizable materials are called
paramagnetic. Still other substances, like copper and the rare gases, slightly weaken an
applied magnetic field. Such opposing magnetizable substances are called diamagnetic.
However, as shown by Figure [2.2] all substances are magnetic to some extent. Only
empty space is truly non-magnetic.
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Figure 2.2: The degree of magnetization in truly non-magnetic (a), diamagnetic (b) and
paramagnetic materials (c). The dotted line in figure b and ¢ corresponds to the solid line in
figure a, i.e., an unperturbed magnetic field.

The magnetic permeability of a substance is a numerical description of the extent
to which that substance interacts with an applied magnetic field. Let an externally
applied field be described by the vector quantity H. On passing through a body of
interest, H magnetizes the body to a degree M, formally defined as the magnetic
moment per unit volume. The units of M are usually Ampere per meter. The
combined effects of the applied field and the magnetization of the bodies, the sum
total flux per unit area or flux density is B = uo(H+ M), where 1 is the permeability
of free space equal to 47 x 1077 Henry per meter. In itself, the magnetization is
unimportant. What matters is the relationship between H and the resultant B. This
relationship can be extremely complex. The vectors may not be in the same direction,
and the present value of B may depend on the past history, as well as the present
value of H. For many practical purposes, however, these complexities can be ignored.

The absolute permeability (1) of a magnetized body is defined as, the induction
achieved for a given strength of applied field, i.e., p = B/H. Often, the absolute
permeability is normalized by g to result in the relative permeability pu, = p/po.
Figure [2.3] shows how the absolute permeability and flux density of a typical soft
magnetic material varies with an externally applied field.

0.012

0,010

i Hm-

0.008
0.006
0.0044 T

0.0024

Permeability,

100 200 300 00
Field strength, H ! Amps per metre

Figure 2.3: Magnetic permeability (black) and flux density (yellow) in a typical soft
magnetic material, varying with an externally applied field.

The amount by which the relative permeability differs from unity is called the
volume magnetic susceptibility, often called the intrinsic permeability, denoted Y,
such that x, = u, — 1 = M/H. Both x, and pu, are dimensionless quantities. The
volume magnetic susceptibility is easily converted to mass and molar susceptibilities,
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in cases where this is needed.

Moreover, all substances fall into one of three magnetic groups according to
their magnetic susceptibility. The three groups include diamagnetic, paramagnetic,
and ferromagnetic materials, with ferromagnetic as a subclass of the paramagnetic
group. Two other important subclasses of the paramagnetic group, ferrimagnetic, and
anti-ferromagnetic materials, are not included here. Additional discussions of these
subclasses can be found in [11].

2.3.1 Diamagnetic materials

In any atom, the orbiting and spinning electrons behave like tiny current loops. As
with any charge in motion, a magnetic moment is associated with each electron. The
strength of the moment is typically expressed in units of Bohr magnetons.

Diamagnetism represents the special case in which the moments contributed by all
electrons cancel, and the atom as a whole possesses a net zero magnetic moment. An
applied field, however, can induce a moment in the diamagnetic material, where the
induced moment opposes the applied field. The magnetization (M) induced in the
substance is therefore anti-parallel to the applied field (H), and diamagnetic materials
have relatively small negative values of x, since u, < 1. Superconductors may be
considered to be perfect diamagnets with y, = —1, since they expel all fields from
their interior, due to the Meissner effect. In other words, diamagnetic materials are
repelled from magnetic fields, and forced towards minima of magnetic field strength.
Because of this they are often referred to as non-magnetic.

Most materials are weakly diamagnetic, including gold, water, wood, glass, poly-
mers, proteins, cells and DNA.

2.3.2 Paramagnetic materials

In a paramagnetic substance the individual electronic moments do not cancel, and
the atom possesses a net non-zero moment. In an applied field, the weak diamagnetic
response is dominated by the atoms tendency to align their moments parallel with the
applied field direction. The materials experience a small force towards magnetic field
maxima, i.e., they are attracted to magnetic fields.

Paramagnetic materials have relatively small positive values for x, since p, 2 1.
Thermal energy, however, retards a paramagnet’s ability to align with an applied
field. Over a considerable range of applied field and temperature, the paramagnetic
susceptibility is constant. However, with very high applied fields and low temperatures,
a paramagnetic material can be made to approach saturation, which means the
condition of complete alignment with the field. Examples of paramagnetic materials
include oxygen and platinum.

2.3.3 Ferromagnetic materials

Ferromagnetic substances are actually a subclass of paramagnetic substances. In
both cases the individual electronic moments do not cancel, and the atom has a
net non-zero magnetic moment, that tends to align itself parallel to an applied field.
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However, a ferromagnet is much less affected by the randomizing action of thermal
energy compared to a paramagnet. This is because the individual atomic moments
of a ferromagnet are coupled in rigid parallelism, even in the absence of an applied
magnetic field.

Ferromagnetic materials like iron, cobalt and nickel have xy > 0 since u, > 1, and
are strongly attracted to magnetic fields. Another special case of paramagnetism is
superparamagnetism. Superparamagnetic particles have a core of small iron oxide
crystals encased by a polymer shell. The particles are magnetised in a magnetic field.
However, they have no magnetic memory. Once the external field is removed, the
particles redisperse and behave like a non-magnetic material.

With no applied field, a demagnetized ferromagnet is comprised of several magnetic
domains. Within each domain, the individual atomic moments are parallel to one
another or coupled, and the domain has a net non-zero magnetization. However, the
direction of this magnetization is generally opposed by a neighbourring domain. The
vector sum of all magnetizations among the domains is zero. This condition is called
the state of spontaneous magnetization.

With an increasing applied field, domains with favourable magnetization directions
relative to the applied field direction, grow at the expense of the less favourably
oriented domains. The exchange forces responsible for the ferromagnetic coupling are
explained by Heisenberg’s quantum mechanical model [12]. However, above a critical
temperature known as the Curie point, the exchange forces disappear and the formerly
ferromagnetic material behaves exactly like a paramagnet.

2.3.3.1 Hysteresis in ferromagnetic materials

When a ferromagnetic material is magnetized in one direction, it will not relax back to
zero magnetization when the imposed magnetizing field is removed. If an alternating
magnetic field is applied to the material, its magnetization will trace out a path called
a hysteresis loop. The term hysteresis has been used to describe many instances
where an effect lags behind the cause. However, Ewing was apparently the first to
use the term in science, when he applied it to the particular magnetic phenomenon
displayed by ferromagnetic materials [I1]. Magnetic hysteresis occurs during the
cyclical magnetization of a ferromagnet, as seen in Figure

The magnetization path created, while increasing an externally applied field, is not
retraced on subsequent decrease and even the reversal of the field. Some magnetization,
known as remanence, remains in the material after the external field has been removed.
Some compositions of ferromagnetic materials will retain an imposed magnetization
indefinitely, and as a consequence useful as permanent magnets.

During magnetization, ferromagnetic materials show very different characteristics
from diamagnetic and paramagnetic materials. The dotted line in the first quadrant
in Figure shows an initial magnetization curve for a typical ferromagnetic material.
Note that M is not linear with H, except in the very low and very high-field regions.
Because of this, the permeability p for ferromagnetic materials must always be specified
at a certain applied field. Note that pu is the slope of the line, connecting a point of
interest on the magnetization curve to the origin. It is not the slope of the curve itself,
although this value dM/dH is called the differential permeability.
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Figure 2.4: The magnetization in a ferromagnetic material traces out a loop called a
hysteresis, when subjected to an alternating externally applied magnetic field.

Another ferromagnetic characteristic evident in Figure is saturation. Once
the applied field has exceeded a certain but relatively low value, the slope of the
magnetization curve assumes a constant value of unity. At this point the induced
magnetization in the material has reached a maximum value, and the material is said
to be saturated. For all practical purposes, all magnetic moments in the ferromagnetic
material are aligned with the applied field at saturation. This maximum magnetization
is often called the saturation induction (B;) [13]. Note, that Bj is an intrinsic property,
and does not include the applied field in its value. This characteristic is typical for
ferromagnetic materials, like iron, nickel, cobalt, manganese and their alloys.

The ferromagnetic materials can be divided into two main categories, hard and
soft magnetic materials, as shown by Figure [2.5]

Retains a large Marrow hysteresis loop implies
fraction of the a small amount of dissipated
e | [Sersion ) | sy epetecy revers
e G magnetization .
M M
H H H
Applied
Magnetic
Field
Desirable for permanent The area of the Desirable for transformer
magnets and magnetic hysteresis loop is and motor cores to minimize
recording and memory related to the amount the energy dissipation with
devices. of energy dissipation the alternating fields associated
upon reversal of the with AC electrical applications.

field.

Figure 2.5: Comparison of hysteresis loops for hard magnetic (left), and soft magnetic
(right) materials.
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Soft magnetic materials includes a wide variety of compounds. In a material such
as transformer steel, the magnetization virtually disappears when the external field
is removed. As a consequence, the magnetization curve almost passes through the
origin. For these materials it is convenient to express the magnetic induction as
B = pop.-H. Typically pu, is not constant but varies with H. It has an initial value of
several thousand, but may fall well below 100 in the saturation region.

Permanent magnets are hard magnetic materials, which have the property that
some magnetization remains in the material when the external field is removed. For
these materials, the important part of the magnetization curve lies in the second
quadrant, known as the demagnetization characteristic. Permanent magnet materials
have two distinctive parameters: the remanence (B,) is the magnetization remaining
in the material when the applied field is zero, and the coercivity (H,) is the negative
value of H that must be applied to reduce the magnetization to zero.

Some permanent magnet materials like samarium-cobalt or neodymium-iron-boron,
have magnetization curves which are virtually straight lines from (0,B,) to (-H,,0).
These materials are treated as linear, with a constant relative permeability u,. specified
by B, and H..

2.4 Magnetostatics formulation

The following set of SI unit equations covers the fundamental physicial laws, used for
solving the differential equations of magnetostatic problems in numerical analysis [14].

From Maxwell’s equations for static magnetic fields, the field intensity (H), flux
density (B), and current density (J) must obey

VxH=1J (2.3)
V-B=0 (2.4)
vV-J=o0. (2.5)

For non-magnetic and soft magnetic materials the relationship

B =uH (2.6)

holds true, while for hard magnetic materials like permanent magnets

B = u(H + H,), (2.7)

where H, is the coercive field intensity of the magnet. For isotropic materials the
magnetic permeability is

L= Hofhr, (2.8)

where 19 = 471077 Hm™!, and p, is the relative permeability. If the material is

non-linear, 1 is a function of B, otherwise it is constant.
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Maxwell’s equations requires that the tangential components of H and normal
components of B have to be continuous across any material interface, thus

nXlenXHQ (29)

l’l'Bl :n~BQ. (210)

The finite element method used by most FEA programs has a single value of
each variable on an interface, and therefore requires that the quantities chosen for
system variables must be continuous across the interface. However, in the general
case, meeting the continuity requirements can be impossible.

Instead of using field quantities, any field that satisfy the above equations can be
calculated via the magnetic vector potential using the expression

B=VxA, (2.11)

which always enforces 2.4, Furthermore, A can be shown to be continuous everywhere
in the domain, and represents the condition of 2.9 and correctly.

The magnetic vector potential can be derived from Ampere’s law in Equation [2.2]
and shown to be the integrated effect at each point of all the current loops active in
the domain. In this derivation A has components parallel to the components of J,
thus it can be determined a priori which components of A must be represented.

Equation [2.11] alone is not sufficient to uniquely define A. It must be supplemented
by a gauge definition of V - A to be unique, usually taken as the Coulomb gauge
V - A =0, a definition consistent with the derivation of A from Ampere’s Law. It is
not important what the gauge condition is, in all cases V x A and therefore the field
quantities, remain the same.

For every point of a computational domain, except those inside permanent magnets,

the combination of Equation [2.3] and implies

1
V x (;VXA):J, (2.12)

whereas for points inside permanent magnets the corresponding expression resultant

from Equation [2.3] 2.7 and is

VX%VXA—HQ:J (2.13)

Equation [2.13] is valid for every point in a computational domain and for all

materials, since it incorporates Equation for space regions outside permanent

magnets by simply setting H. = 0. Thus, the advantage of using vector potential

formulation is that Equation [2.3}2.7] forming the mathematical model of the problem,
have been combined into a single equation.

Applying the curl theorem

(//AFWFm“i%ﬁmXFMS (2.14)
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on Equation results in

///VVX((VxA)/M)dV:///VVdeV:j{]iandS. (2.15)

The natural boundary condition thus defines n x H on external boundaries, and n x H
is assumed continuous across internal boundaries, consistent with Maxwell’s equations.
In the general three-dimensional case, J and A are vectors with tree components
each. In the two-dimensional case, however, the magnetic vector potential has some
very useful properties. For the xy-plane of translational geometry, the current and
therefore the vector potential, is in the z-direction. The components of B are thus
given by
04: p . —04 (2.16)
dy ox
From equation [2.16] it may be shown that equipotentials which are lines of constant
A, are field lines. Thus, if A is found, B and H can be deduced from and [2.6] or

respectively.

B, =

2.5 Summary and discussion

The differential equations, derived from Maxwell’s fundamental magnetostatic equa-
tions, are sufficient to establish a numerical analysis tool for solving almost any 2D
magnetostatic problem. With the theoretical foundation now at hand it is time to
look at the environment in which these equations are applied. The degree to which the
equations give accurate answers depends heavily on the geometry, dimensionality, and
material properties of the magnetostatic structure. A detailed theoretical description
of the basis of the invention as well as a qualitative description of the invention itself,
coupled with a thorough discussion of a finite element analysis program called MagNet,
is thus covered in the next chapter.



Chapter 3

Simulation environment

This chapter describes the half open Kittel domain forming the basis of the invention,
as well as all the key factors of the invention itself. Furthermore, the magnetostatic
differential equations established in Chapter 1 are solved using FEA in MagNet, and
the simulation parameters in this environment are thoroughly discussed. FEA methods
are powerful techniques and accurate tools, even when studying structures whose
components are very small, or when dealing with very weak or strong forces. Complex
domains, problems where the desired precision varies across the system, or regions
where the solution lacks smoothness, are handled particularly well. This is promising,
since the system in question shows important and interesting characteristics, dealing
with extremely intense magnetic forces with short range action, typical on the order
of 10310 mT?/m in a 10-100 um range.

3.1 Kittel domain - the basis of the invention

Magnetic and non-magnetic particle separation in conventional magnetophoresis is
an area, mainly dominated by strong magnetic fields produced by cooled solenoids,
electromagnets, and superconducting magnets. Recently, however, the literature
reports about permanent magnet systems, able to produce strong magnetic stray fields
reaching field values of up to 5T [I5] [16], produced in closed systems formed as a type
of Halbach cylinder [17, I8, T9]. These strong fields are possible due to the discovery
of giant magnetic anisotropy! permanent magnets based on rare-earth elements [20].
It is reported, however, that the fields are uniform and as such not interesting, since
magnetic separation of any practical use requires sources which produce strong, but
also high-gradient magnetic fields. The magnetic force, that acts on a magnetic or
non-magnetic particle, is proportional to its susceptibility (), the magnetic induction
(B), and the gradient of the applied field (VB), i.e., F o« xBVB [21]. Thus, to
increase the sensitivity of magnetic separation, the highest possible value of BVB is
required.

LA magnetic anisotropic material will align its moment to an easy axis of magnetization. Orienting
the magnetic direction in the direction of the easy axis, optimizes the magnetic induction behavior
outside the magnet in the pole environment, and makes it possible to achieve the maximum value of
remanence, and energy product for the given material.

15
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3.1.1 Theoretical approximations

Figure shows the half open Kittel domain considered by Samofalov et al. in [3] [6].
The structure consists of two adjoined giant magnetic anisotropy rare-earth magnets
with opposite directions of magnetization, placed on top of a yoke made of a soft
magnetic material.

/ 1 (};{
Mg I l Mg
e
b
2a /

Figure 3.1: Schematic of a half open Kittel domain structure. Two permanent magnets
with opposite directions of magnetization (Ms) are joined together, enforcing a strong, and
inhomogeneous magnetic stray field (B) noted by a dotted line in the figure. The yoke in the
structure eliminates magnetic charges of opposite signs on the bottom poles of the magnets,
thus increasing the stray field over the upper plane of the structure. For future references, O
1s understood as the point where x,y,z — 0.

A strong magnetic stray field is produced in a small volume in the vicinity of
the junction line in the zone of the upper edges of the joining magnet faces, where
a step-wise change of poles take place. The B,(x, z) and B,(z,z) component of the
stray field are described by the following expressions in SI units, derived by Samofalov
et al. [6]:

By(z,2) = ]\/[SZ—;[ln(@2 —2az + 2%+ 2%) — 2In(2® + 2%) +In(a® + 2az + 2° + 2%)] (3.1)

B.(z,2) = MSZ_; ( arctan(a i x) - arctan(a

— x

. ) 2arctan(z)), (3.2)
where My = B, /u, and a is the size of the magnets along the z-axis. The expressions
are derived for a structure where b > a, but are valid even when b =~ a. The latter
case, however, overestimates the stray field with a factor of 10-15%, but only in the
immediate vicinity of O. Additionally, the expressions are derived for a structure
without a yoke, consequently the expressions do not describe the complete picture of
the magnetic stray field above the magnets for a structure with yoke, only the field
close to point O.

In a small area —0.1a < x < 0.1a around point O, the magnetic stray field makes
an abrupt jump, increasing in magnitude as z — 0, noted by a dotted line in Figure
[3.1] The strength of the components of this field are found calculating the gradient of
the potential, and in this region the intensity of the tangential component (B, (z, z))
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reaches values, several times stronger than the induction of the magnet material
itself. The maximum value of Equation is less than B, /2 ~ Mgu/2, thus the
normal component (B,(z, z)) comprises less than half the value of the induction of
the magnet material. Finally, owing to the geometry of the system, B, (x, z) ~ 0, and
thus ignored. As a result, the magnitude of the magnetic stray field is described by
By = (B? + B%)'/2,

The magnets must be highly anisotropic, and the reason is connected to the value
of the demagnetization field (By) penetrating inside the domain body, corresponding
to the considered stray field (Bs:) over the domain. The uniaxial anisotropy field of
the ferromagnet is given as Bx = 2K/M,, where K is the anisotropy constant. If
By > B,, then By does not produce substantial deflection of magnetization from the
easy axis.

In uniaxial ferromagnets with large but finite values of the anisotropy field, where
Bg &~ B,, then B, can produce deflection of the magnetization vector from the easy
axis, and will favour the closure of the magnetic flux in the subsurface layer, i.e., the
magnetization distribution will be inhomogeneous in the domains of the surface similar
to a transition layer called a Bloch wall? [12]. This inhomogeneous distribution leads
to formation of closed domains, and the half open one-dimensional Kittel domain
structure does not exist in plates with relatively low anisotropy, as a result of this. In
order for highest possible field values, the magnets must therefore be made of materials
with much greater magnetic anisotropy than the induction of the material itself, such
as neodymium-iron-boron, iron-platinum, or samarium-cobalt permanent magnets.

Figure shows the field lines around an open and a half open Kittel domain.
The yoke in the half open domain prevents flux from escaping, pushing it back into
the magnets, thus increasing the magnetic stray field over the upper plane of the

W
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Figure 3.2: Field lines around an open Kittel domain (left), and a half open Kittel domain
(right). The middle picture shows the field lines in a half open domain, zoomed in on the
top junction between the magnets.

The important practical feature of the magnetic system described is the fact that,
the magnetic stray field possesses an extremely high gradient, which in the area near

2A Bloch wall is a narrow transition region at the boundary between magnetic domains, over
which the magnetization changes from its value in one domain to that in the next. The magnetization
rotates through the plane of the wall unlike the Néel wall, where the magnetization rotates in the
plane of the wall.
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point O depending on distance to the surface, reaches theoretical values of 105-107
mT/m, while the product BVB reaches theoretical values of 108-10' mT?/m. A
huge disadvantage with this design, however, is the near impossible task of controlling
the shape and strength of the magnetic stray field, which in turn makes magnetic
separation less accurate, as well as more difficult.

3.2 Inventive device

In order to establish control over the strength and shape of the magnetic stray field,
thus control of the gradient, a high-gradient magnetic field device, for separation of
substances, is suggested by Il'yashenko et al. [4], [5].

The device, as seen in Figure |3.3] is based on a half open Kittel domain structure,
and is embodied in the form of two rectangular shaped magnets (1, 2) of constant
magnetization (M), joined together by the side faces (3, junction line). They have
polarities oppositely directed, and with greater magnetic anisotropy than the induction
of the magnet material. The magnets are mounted on top of a common base (4, yoke),
made of a non-retentive material. Two thin plates (5, 6, masks), also made of a
non-retentive material, are placed on the top faces of the magnets, forming a gap (7)
arranged above the top edges of the magnets adjoined faces. Two devices (8, 9) are
mounted on the left and right side of the magnets, in order to regulate the gap size,
while a thin transparent table (10) is used for separating substances (11).

Figure 3.3: Schematic drawing of a permanent magnet system, designed to produce extremely
strong magnetic field gradients.

The effect of introducing the soft magnetic masks is seen in Figure 3.4, As the
field lines "move” from left to right, they are soaked up by the soft magnetic material
in the masks, as it is much more permeable than the surrounding air. The mask
material is also chosen for its high magnetization saturation, thus, depending on the
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thickness, preventing most of the flux from escaping beyond the masks. However, once
the field lines "reach” the gap, they are "released” into the air. Note that, due to
geometry there will be a relative large build-up of flux near the mask corners. In any
case, the concept is now that, the second mask located at the other side of the gap
"forces” these field lines to abruptly change their direction, in order to get back into a
more permeable material. This sudden change of direction over a very small distance
comparable to the gap size increases the magnetic gradient, compared to a system
without masks. As a result, BVB increases.

Figure 3.4: Field lines around a half open Kittel domain with masks. The picture to the
right shows field lines in a similar domain, zoomed in on the gap at the top of the magnets
Junction line.

3.2.1 Four key factors

Mainly four key factors contribute to altering the strength and shape of the magnetic
stray field, and these are comprehensively studied in a numerical environment. The
goal is to find an optimal combination, in order to maximize BVB. The factors
include but are not limited to:

e The coercivity of the permanent magnets: the coercivity determines the strength
of the magnetic stray field.

e The thickness of the masks: a thick mask prevents leakage of flux and increases
saturation volume, however, locates the point of separation further away from
the magnet surfaces.

e The size of the gap: the path of the field lines leaking out of one mask, making
their way back into the other mask, thus the profile of the stray field distribution
is determined by the gap size.

e The soft magnetic material: the basis for choosing a soft magnetic material
rests on two criteria, the magnetization saturation, and magnetic permeability
of the material. To date the most promising soft magnetic material is vanadium
permendur (VFeCo), with saturation levels at room temperature up to 2.5 T.
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3.3 Approaching finite element analysis

A handful of different FEA-solvers have been tested at some stage during the simula-
tions. Most of them, however, presents problems including reduced control of mesh
structures, restrictions on number of nodes and iterations allowed, lack of non-linear
solver options, or to low solution accuracies. Infolytica MagNet on the other hand,
excels and proves to be just the solver for the task at hand. This program is fully
devoted to solving magnetostatic problems, with built in options for non-linear mate-
rials, no restrictions on solution accuracy, mesh structure, model design, number of
nodes, or iterations.

e Infolytica MagNet?

FlexPDE 3.0*

Ansoft Maxwell®

LISAS®

FEMLABY
o FEMM?®

Quickfield®
According to J. D. Edwards (2007) in [22]:

"MagNet is the most advanced package currently available for modeling
electromagnetic devices on a personal computer. It provides a ”virtual
laboratory” in which the user can create models from magnetic materials
and coils, view displays in the form of field plots and graphs, and get
numerical values for quantities such as flux linkage and force.”

The full version core of MagNet offers a powerful technique for numerically solving
electromagnetic field equations, and comes with facilities for user-defined adjustment
of the model parameters, calculation of further results from the field solution, and
control of the operation via scripting forms. It is designed as a full 3D-modeling tool
for solving static magnetic field problems, but offers the option of 2D-modeling, with
a substantial saving in computing resources and solution time. The version of the
software used in this thesis, however, is restricted to two-dimensional static magnetic
fields, without scripting options for automatic extraction of solution data.

MagNet employs a finite element method, to solve the 2D form of Equation
for the magnetic potentials [23]. The region of the problem is divided into a mesh of

3http://wuw.infolytica.com/

“http://www.pdesolutions.com/
Shttp://eetimes.firstlightera.com/EN/Microsites/1/Ansoft/Maxwell.htm
Shttp://www.lisa-fet.com/

"http://www.femlab.com/

8http://femm.foster-miller.net/wiki/HomePage
Ynttp://wuw.quickfield.com/
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triangular elements, and the potential in each element is approximated by a simple
function of the z and z coordinates. The simplest function is a linear variation
with position. This gives first-order elements, where the potential inside a triangular
element is obtained from the potentials at the three vertices, or nodes. High-order
elements use higher order polynomials and additional nodes to represent the potential.
The problem of solving Equation then reduces to the solution of a set of linear
equations for the unknown potentials at all the nodes. This is repeated several times
if the model contains non-linear magnetic materials.

The accuracy of the finite element solution depends on three factors: the nature of
the field, the size of the elements, and the element order. In regions where the direction
or magnitude of the field changes rapidly, high accuracy requires small elements, or a
high element order. In addition, the methods used to find the finite element solution
are iterative, with an adjustable error criterion for terminating the process. The
accuracy can be improved by increasing the order of the polynomial, or using smaller
elements in critical regions of the model by adjusting the adaption refinement.

With any numerical method, perfect accuracy is not possible. Even with full
use of the options for improving the accuracy, the solutions generated by MagNet
contain errors. In most cases, these errors are insignificant and likely to be smaller
than the changes caused by manufacturing tolerances, or variations in the magnetic
properties of the materials. Calculated values for forces, however, are particularly
sensitive to errors in the field solution, and are likely to change significantly as the
solution accuracy is improved.

Similarly, where quantities are expected to be equal in magnitude, the difference
should be a small fraction of the mean magnitude. As a result, the automatic method
of refining the mesh may not yield an accurate solution. A typical example is the
calculation of forces in a device, where an active air gap is very small compared to the
dimensions of adjoining materials. In this region the values may not converge towards
a limit when the refinement level is increased. Cases like this require an increase of
the subdivision of the mesh structure along the edges in order to increase the accuracy,
and poses a small but manageable problem in the device studied in this thesis.

3.4 MagNet solver options

When non-linear magnetic materials are present, the permeability (u) depends on the
local value of B. Equation is thus solved as the following in MagNet:

1. Constant values of permeability are chosen for each element, found from the
initial slope of the material’s magnetization curve.

2. The resultant linear equations are solved numerically for the magnetic potential,
using a semi-iterative conjugate gradient method.

3. The flux density values are calculated from the magnetic potential, and the
results are used to calculate new values for the element permeabilities.

4. The process is repeated until the permeability values of the elements converge.
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This solver routine lists several essential commands for controlling input and output
accuracy in the 2D magnetostatic model solved by MagNet:

e Conjugent gradient (CG) steps: At each step in the conjugate gradient process,
the change in the solution is monitored. The process continues until the change
is less than the CG tolerance.

e Permeability calculation: For 3D problems MagNet gives a choice of the Newton-
Raphson method!?, or successive substitution for calculating updated element
permeability values. The default Newton-Raphson method normally converges
more rapidly, but there can be convergence problems with some material charac-
teristics, in which case the successive substitution method is required. In 2D
problems, the Newton-Raphson method is the only available option.

e Newton steps: At each step in the permeability calculation process, the change
in the solution is monitored. The process continues either, until the change is
less than the Newton tolerance, or until the limit of maximum Newton iterations
is reached. Problems where permanent magnet material is in direct contact with
non-linear soft magnetic material, where the flux density values are very high,
or closed magnetic circuits in iron surrounding a current should run with very
low tolerances, and increased numbers of iterations.

e Adaption: This is an automatic process to refine the mesh structure, in order to
improve the solution accuracy. For 3D models, there is a choice of two adaption
methods: h-type adaption where element sizes are halved, and p-type adaption
where the element polynomial order is increased. For 2D models, only h-type
adaption is available. A consequence of the finite element approximation to the
true field is a discontinuity in the value of B, from one element to the next.
MagNet determines which elements to refine, by calculating the discontinuity
error values. At each adaption step, elements with the largest error are refined
first. The total number of elements, refined at each step, is determined by the
percentage of elements to refine option. After each adaption step, the change in
the calculated value of stored magnetic energy is monitored. Adaption continues
until this change is less than a specified tolerance, or the specified number of
steps has been reached. If the quantity of interest is the force rather than an
energy related quantity such as inductance, a more accurate solution may be
required. The change in the stored magnetic energy may therefore not be a
good indicator. In such cases, it is often advantageous to set the tolerance to
a very low value, and control the mesh refinement by adjusting the maximum
number of adaption steps. The optimum setting can be determined by changing
the number of steps, and monitoring the change in the force values.

10Newton-Raphson method is one of the best methods, for successively finding better approximations
to the roots of real valued functions. Starting out with an initial guess, which is reasonably close to
the true root, the function is approximated by its tangent line, and the z-intercept of this tangent
line is computed. This z-intercept will typically be a better approximation to the root of the function
than the original guess, and the method is iterated until the desired solution accuracy is obtained
[24].



3.4. MagNet solver options 23

e Polynomial order: The solver polynomial order setting is useful for initial tests
on a complex model, and for 2D models the solver polynomial order option sets
the value, which will be used for the entire model. With some models, increasing
the polynomial order, is as effective as using adaption to improve the solution
accuracy. In most cases, however, good results will be obtained by setting the
polynomial order to 2, but special cases requires a high order in conjunction
with adaption.

e Control of the mesh structure: MagNet determines the initial mesh structure
automatically. However, adaption can be used to refine the mesh, to get an even
more accurate starting solution. In cases where this process fails, or gives very
long solution times, direct control of the mesh structure is possible by specifying
the following quantities: Maximum-element-size determines the maximum ele-
ment edge length. This can be increased to force adaption, to start with a coarse
mesh, or reduced to give a fine mesh. Curvature-refinement-ratio measures the
maximum deviation, when a curved part of the model is approximated by the
straight-line edge of an element. Curvature-refinement minimum-element-size
limits over-discretization of tight curves, when the elements are refined. These
properties can be set for the entire model, or on individual components, surfaces,
and edges. In addition, the mesh can be controlled by edge subdivision. This
feature of MagNet enables the ability to specify the number of segments on a
given component edge, line, or arc, when the initial mesh is generated. The
subdivisions can be linear, or logarithmic.

e Boundary conditions: To solve the field equations it is necessary to specify what
happens to the field beyond the device. Theoretically the field extends to infinity,
which implies an open boundary. In 2D models, an artificial boundary takes the
form of a closed curve, along which a property of the field is specified. In other
words, the field property is the boundary condition. Two kinds of boundary
conditions are relatively easily implemented solving the field equations: The
Dirichlet and the Neumann boundaries, which are the tangential and normal
boundary conditions, respectively. The tangential boundary condition simulates
a constant flux over any portion of the boundary, i.e., the entire outer boundary
will become a flux line. It is equivalent to putting the model in a cavity of a
material with zero permeability, so that no flux can escape from the model. If
the boundary is taken sufficiently far away from the components of the model, it
is a good approximation to an open boundary. The normal boundary condition,
however, simulates the direction of B at right angles to any portion of the
boundary, i.e., the flux lines enter the portion at right angles. If the field normal
boundary condition is applied to the entire boundary, the effect is equivalent to
putting the model in a cavity of a material with infinite permeability. This has
the opposite effect to the flux tangential boundary, drawing flux away from the
model, which is a simple way of simulating the effect of a magnetic screen.
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3.5 Summary and discussion

A detailed theoretical description of the basis of the invention as well as a qualitative
description of the invention itself has been coupled with a thorough discussion of
MagNet, a professional finite element analysis program. Seeing how there are four
key factors contributing to altering the strength and shape of the magnetic field, it is
imperative that the combination of these factors are comprehensively studied, in an
array of different configurations. With emphasis on the models and solver routines
discussed so far, the next chapter thus deals with simulations of the invention, aiming
to find an optimal configuration of the key factors maximizing BVB.



Chapter 4

Simulation study

The most important task of the simulations is to establish an optimal configuration
of mask thickness, gap size, permanent magnet, and soft magnetic material in a
structured manner, with emphasis on the model explained in Chapter 3, in order to
increase BVB as much as possible.

4.1 Modelling the system

MagNet provides an extensible scripting utility tool to automate modelling and solving.
Through the use of these scripts, the characteristics of the model, as seen in Figure
[A.1] e.g., length scales, materials, boundary conditions, and solver options, are easily
changed in a standard text editor.

Figure 4.1: Schematic drawing of a simple model made in MagNet, able to produce a very
strong magnetic stray field with extremely strong gradients. Any parameter can easily be
changed, using the scripting utility in MagNet, e.g., mask thickness, and gap size, which in
this case have been over-exaggerated for better visual effects.

There are mainly three factors contributing to the complexity of solving the model
numerically. Number one is the fact that, two permanent magnets with opposite
directions of magnetization are forced together, creating a strong magnetic stray field
in the vicinity of their junction line, in the zone of the upper edges of the joining
magnet faces. Secondly, the complexity of working with extremely small length scales,
e.g., mask thickness, and gap size. Lastly, the problem of having permanent magnet
material in direct contact with non-linear soft magnetic material, seriously increasing
the difficulty of the permeability calculation process.

25



26 Chapter 4. Simulation study

Moreover, there are two complications that restricts the solution accuracy even
further, not due to complexity in the model itself, but more of a physical nature.
Firstly, the amount of physical memory (RAM) available, secondly, the simulation
time. The challenging task is to find a good relationship between acceptable simulation
times and solution accuracy, not exceeding the RAM limit. In order to do so, careful
analysis of a simpler model is carried out where the solver options, as explained in
Chapter 3, are appropriately chosen. The presented model is only solved in 2D, due
to symmetry in the geometry of the device, with parameters as the following:

e The conjugate gradient step is set with a tolerance of 1-10722; the program skips
to the next step when the solution changes less than this in the course of one
iteration.

e A 2D Newton-Raphson method is used for calculating updated element perme-
ability values, with a tolerance level set to 1-1071%.

e To improve the solution accuracy even further, the h-adaption process is used
with a 100% refinement of the mesh structure, in conjunction with a tolerance
of 5:1076.

e The model incorporates non-linear materials, hence a non-linear solver routine
is chosen.

e A polynomial order of 4 is used; this is a global value that applies throughout
the model.

e The option of improving the initial mesh quality before solving is enabled.

e The Dirichlet (flux tangential) boundary condition is used, simulating the model
in a cavity of a material with zero permeability, i.e., in an environment where
no external magnetic sources interferes with the model.

4.1.1 DMaterials and configurations

During the simulations, two different soft magnetic and three permanent magnet
materials are tested. The permanent magnets are simulated as linear, isotropic
materials having real coefficients with a constant magnetization parallel to the z-axis,
with parameters as in Table The permanent magnet materials neodymium-iron-
boron 42H and 50M are simulated with specifications obtained from EastMagnet!. The
permanent magnet labeled NdFeB ”perfect” is at present time not manufacturable,
however, is most likely possible to make in the future.

Note that the permanent magnet material of type NdFeB 42H is of particular
interest, since the experimental studies are performed on a model currently held at
IFE, with specifications similar to this material. The results obtained by IlI’'yashenko
et al. [5] are also carried out with permanent magnets similar to NdFeB 42H.

'Rare-earth permanent magnet manufacturer http://www.eastmagnets.com/Neodymium_Block_
Magnets.htm


http://www.eastmagnets.com/Neodymium_Block_Magnets.htm
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Permanent magnet material

Parameters NdFeB 42H | NdFeB 50M | "Perfect”
Energy product (BH )z [kJ/m?| 320 390 n/a
Magnetic remanence B, [T] 1.32 1.45 2.00
Relative permeability pu,. 1.10 1.10 1.10
Coercivity H. [kA/m] 955 1033 1455
Dimension [mm®] 50x50x25 | 50x50x25 | 50x50%25

Table 4.1: Specifications of all know parameters of the permanent magnet materials used
in the simulations. The magnet labeled “perfect” is a fictitious NdFeB magnet, while NdFeB
42H and NdFeB 50M are standard rare-earth permanent magnets.

The soft magnetic materials incorporated in the simulations includes vanadium
permendur, and a cold rolled low carbon steel mixture, with a carbon weight? between
0.08-0.13%. They are represented by non-linear magnetization curves in Figure [4.2]
whose data is listed in Appendix A.1-A.2. The magnetization curve for vanadium
permendur is obtained from the materials library in FEMM, while the curve for
low carbon steel is found in MagNet. Vanadium permendur is chosen for its high
magnetization saturation with B, = 2.39 T. Low carbon steel has a slightly lower
saturation with By, = 2.22 T. Alternating between the two materials will provide
information about the dependency of the saturation point of the mask material.
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Figure 4.2: Non-linear magnetization curves of vanadium permendur and low carbon steel,
as found in the libraries of FEMM and MagNet, respectively.

?http://www.efunda.com/materials/alloys/carbon_steels/show_carbon.cfm?ID=AISI_
1010&prop=all&Page_Title=AISI%201010


http://www.efunda.com/materials/alloys/carbon_steels/show_carbon.cfm?ID=AISI_1010&prop=all&Page_Title=AISI%201010
http://www.efunda.com/materials/alloys/carbon_steels/show_carbon.cfm?ID=AISI_1010&prop=all&Page_Title=AISI%201010
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A series of different configurations, cf., Tables and [£.4] of mask thicknesses,
gap sizes, mask and magnet materials are studied. In each case the yoke is 25.0 mm
thick, and made of vanadium permendur, while the model is surrounded by air whose

relative permeability p, = 1.00.

NdFeB 42H
Configurations Simulation times [x10* s]
Analog system 0.36
Mask thickness [mm] | Gap size [mm] || VFeCo mask | Steel mask
0.05 0.05 4.32 14.4
0.05 0.10 1.29 0.69
0.05 0.30 1.86 1.44
0.05 0.50 1.44 1.44
0.05 1.00 1.62 1.26
0.10 0.05 1.20 1.11
0.10 0.10 1.20 0.84
0.30 0.05 1.02 0.60
0.30 0.30 0.42 0.42
0.50 0.05 1.08 0.78
0.50 0.50 1.05 0.81
1.00 0.05 1.14 0.66
1.00 1.00 0.36 0.72

Table 4.2: Configuration of mask thickness and gap size, with corresponding simulation
times in seconds. The permanent magnet NdFeB 42H has a coercivity H. = 955 kA/m,
relative permeability p, = 1.10, and a magnetic remanence B, = 1.32 T. The analog

configuration represents a system without masks.

NdFeB 50M

Configurations Simulation times [x10? s
Analog system 1.62
Mask thickness [mm] | Gap size [mm] || VFeCo mask | Steel mask
0.05 0.05 4.32 2.76
0.30 0.05 1.44 1.14
0.30 0.30 0.96 1.14

Table 4.3: Configuration of mask thickness and gap size, with corresponding simulation
times in seconds. The permanent magnet NdFeB 50M has a coercivity H. = 1033 kA/m,
relative permeability p, = 1.10, and a magnetic remanence B, = 1.45 T. The analog

configuration represents a system without masks.
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NdFeB " perfect”

Configurations Simulation times [x10? s]
Analog system 1.08
Mask thickness [mm] | Gap size [mm] || VFeCo mask | Steel mask
0.05 0.05 4.14 5.52
0.30 0.05 0.78 0.96
0.30 0.30 0.90 0.78

Table 4.4: Configuration of mask thickness and gap size, with corresponding simulation
times in seconds. The permanent magnet NdFeB 7perfect” has a coercivity H. = 1455
kA/m, relative permeability p, = 1.10, and a magnetic remanence B, = 2.00 T. The analog
configuration represents a system without masks.

4.2 Results

The tangential (B,) and normal (B,) component are, for several elevations in the
magnetic stray field, exported to standard text format files after a successful simulation.
The data is then imported to MatLab?, in order to create graphical representation of
both the magnetic field and gradient. Appendix B.1-B.3 contains details of all scripts
used in MatLab.

Note, however, there is a small, delicate problem connected to all the results
throughout the discussion. It arises from the fact that, MagNet delivers a thousand
data points resolution in any elevation plot as long as the mesh structure allows it,
i.e, has enough nodes between the end points. The problem then manifests itself by
requesting elevation plots between two end points very close together, or very far from
each other.

Choosing the points to close to each other can lead to very noisy BVB char-
acteristics, and may furthermore produce false results. This is obvious since small
irregularities in B, and B,, due to mesh grid entangling and discontinuities in values
of the magnetic field or permeability, can severely distort the shape and value of
the gradient. This problem often occurs where the magnetic field rapidly changes
magnitude, or in the transition layer between non-linear and permanent magnets.
Choosing the points to far away from each other, and distinct features of BVB might
disappear as B, and B, become more smooth.

Determining just the right distance is critical. Such an assessment is made, and a
distance of 20.0 mm between the end points give satisfactory results in most cases,
thus used for most elevation plots requested. The graphical representations are in
most cases, however, zoomed in on much smaller areas around the center of the gap.

The results of the simulations are split into three categories: (I) study of mask
thickness, (II) study of gap size, and (III) study of dependency and behavior of soft
magnetic material in the masks. The discussion, however, starts with a look at the
analog system for different permanent magnet materials, i.e., a system without masks,
to make the transition between the aforementioned categories smoother.

3MatLab is a powerful matrix processing tool http://www.mathworks.com/


http://www.mathworks.com/
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4.2.1 Theory and simulation comparisons in analog systems

Figure shows a general contour plot of the simulated values of component B, and
B, of the magnetic stray field in an analog system.
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Figure 4.3: Contours of the flux density, produced by the tangential component (B, left)
and normal component (B, right) of the magnetic stray field in an analog system. The
permanent magnets are made with NdFeB 42H specifications, cf., Table[{.1. The yoke
prevents flux leakage, i.e., eliminates charges of opposite signs on the bottom poles of the
magnets, thus increasing the stray field over the upper plane of the structure.

Close to the surface in the vicinity of point O, as explained in Figure [3.1| B,
reaches values several times stronger than the induction of the magnet material itself,
while B, changes sign crossing the junction line, in agreement with theory [6].

Several interesting characteristics of the analog systems are studied, including
comparisons of theoretical and simulated B, and B, distributions 0.01 mm above the
surface of the magnets, as shown in Figure [£.4] and [£.5] respectively. Note that, all
coordinates are relative to the axis in Figure - A comparison of the distribution of
B, versus the distance to the magnets in the z-direction, normal to the magnet surfaces,
is shown in Figure while Figure [£.7 shows comparisons of BVB distributions, 0.01
mm above the surface of the magnets.

The strength of the components of the stray field, according to simulation distri-
butions in Figure [£.4{4.6] are precisely linear with the coercivity of the magnets, thus
in agreement with the theoretical approximations derived in Equation [3.1] and [3.2],
where B,, B, o« M,. Furthermore, the theoretical approximations match the shape
of the simulated distributions. There are deviations in the tangential distributions
close to O, however, caused by the fact that the field is overestimated with a factor
of 10-15%. Note that, when z = 0 the second term in Equation gives positive
contributions to the tangential field when z < 1, with a diverging behavior growing as
z — 0, zero contribution when z = 1, and small negative contributions when z > 1.
Knowing that the theoretical approximation to B, is extremely sensitive when z — 0,
the calculations are only performed as low as z = 0.01, i.e., 0.01 mm above the surface
of the magnets. However, after correcting the theoretical tangential distributions for
overestimating the tangential field in O, they match the simulations very well.
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Figure 4.4: Comparison of theoretical and simulated B, distributions 0.01 mm above
the surface of three different permanent magnet materials. The black peak in the NdFeB
"perfect”, theoretical distribution is corrected for a 15% overestimation of the field. The
corrected theoretical distribution matches the simulated distribution better and better closing
in on O, until there is a complete match in x = y = 0 as explained in Chapter 3. The
correction constitutes a similar behavior for all magnet materials.
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Figure 4.5: Comparison of theoretical and simulated B, distributions 0.01 mm above the
surface of three different permanent magnet materials. The theoretical distributions are not
overestimated and match the simulated distributions very well.
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Figure 4.6: Comparison of theoretical and simulated B, distributions in x = 0, versus the
distance from the surface of three different permanent magnet materials. The first point
in the curves corresponds to z = 0.01. The black line in the NdFeB ”perfect”, theoretical
distribution is corrected for a 15% overestimation of the field, and in z = 0.01 there is a
complete match between theory and simulation.
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Figure 4.7: Comparison of theoretical and simulated BV B distributions 0.01 mm above
the surface of three different permanent magnet materials. Note that, when corrected for a
15% overestimation of the tangential field the maximum value of theoretical and simulated
BV B distributions are approrimately the same.
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From Equations [3.1] and [3.2] it follows that

Ala,z,z)0A(a,x,z) Bla,z,2)0B(a,z,2)
+ );
ox dz
where A and B depends only on the dimensions of the system. This behavior is also
observed in the simulations. The NdFeB 42H simulation states that BVB reaches a
value of 8.6x10° mT?/m, in a distance of 0.01 mm to the surface of the magnets. When
the theoretical tangential field distribution is corrected for a 15% overestimation, the
theoretical value of BVB reaches a value approximately that obtained in simulations,
thus placing both within range of the expected result of 108-10'° mT?/m, derived in
[6].

Thus, so far there is an agreement between simulations and theory. The theoretical
and simulated models, however, are based on ideal adjoining surfaces of the materi-
als, opposed to non-ideal in real life devices, consequently predicting unrealistically
obtainable values.

BVB x M?Z(

(4.1)

4.2.2 Mask thickness comparisons

The behavior of the magnetic stray field is investigated in Figure and [4.9] where
masks of different thicknesses, cf., Table [£.2] are added on top of a half open Kittel
domain. The tangential component of the field drastically changes characteristics,
when the distance to the masks is 0.01 mm.
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Figure 4.8: Comparison of tangential magnetic stray field distributions (By) 0.01 mm
above the surface of vanadium permendur masks of different thicknesses. The gap size is
kept constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is
taken 0.01 mm above the surface of the magnets. The inset shows the same distributions,
however, zoomed closer in around the center of the gap.
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Figure 4.9: Comparison of normal magnetic stray field distributions (B,) 0.01 mm above
the surface of vanadium permendur masks of different thicknesses. The gap size is kept
constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is taken
0.01 mm above the surface of the magnets.

The effect of adding 0.05 mm thick masks, forming a 0.05 mm gap size on top of a
half open Kittel domain, is studied by Il’yashenko et al. [5]:

”A device with a mask creates a magnetic field with the tangential com-
ponent of the induction exceeding 4.0 T (Fig. 2). This is almost 1.3
times more than in an analogue system [6]. The width of the peak of the
tangential component of the magnetic field at half height in the device

with the mask is narrower than for an analogue system without a mask
(Fig. 2).”

Almost the exact same pattern is observed in the new simulations. After adding
0.05 mm thick masks, forming a gap of 0.05 mm on top of the domain, the tangential
component of the magnetic stray field, in a distance of 0.01 mm above the masks,
is about 1.2 times larger than in the analog system. The width of the peak of
this tangential field at half height, is also narrower than in the analog system, thus
producing a higher gradient.

When the masks thickens, the values of the tangential and normal fields are lowered,
connected to the fact that they are measured further and further away from the source
of the stray field, as well as the masks soaking up more and more flux. As the thickness
of the masks approach 0.50 mm, the strength of the tangential field is even lower than
in the analog structure. However, this does not affect the gradient. The shape of
the tangential field is preserved, and stays much sharper than in the analog system,
regardless of mask thickness.
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Rave et al. [25] show that ferromagnetic bodies exhibit a singular behavior in the
vicinity of sharp square edges, caused by the demagnetization field around the edge.
This is observed as fringes, or sudden peaks, in the center of the normal distribution
of the stray field, where the upper corners of the masks are located. The effect is
not directly observable in the tangential field. In this case, the two singularities
merge together to form one, adding to the total induction of the peak. However,
above an exchange distance A = (A/27M2)2, where A is the exchange constant, the
singularities are effectively smoothed by a logarithmic singularity in the exchange field,
supported by Thiaville et al. [26], and as a result a crystal anisotropy field always has
a finite value.

Figure[4.10[shows distributions of the tangential field in x = 0 versus the z-direction
normal to the surface. The gap size is kept constant at 0.05 mm, and the thickness of
the masks is varied. As expected, the tangential component is linear with the thickness,
while the steepness of the curves are the same regardless of thickness, supported by
the tangential distribution comparison in Figure [1.8]

4

—— Mask thickness 0.05 mm
—— Mask thickness 0.10 mm
Mask thickness 0.30 mm
Mask thickness 0.50 mm
Mask thickness 1.00 mm
—— Analog system

35}

w

Magnetic induction [T]

0 01 0.2 0.3
Distance [mm]

Magnetic induction [T]
N
tn

i8]
T

Distance [mm)]

Figure 4.10: Comparison of B, distributions in x = 0, versus the distance to the surface
of vanadium permendur masks, i.e., in the z-direction relative to z = 0. The gap size is kept
constant at 0.05 mm, and the mask thicknesses varies. NdFeB 42H permanent magnets are
used in all distributions. The analog comparison is taken 0.01 mm above the surface of the
magnets. The inset shows the same distributions, however, for a smaller z-distance.

Figure now shows how BVB behaves 0.01 mm above the surface of masks,
that varies in thickness when the gap size is kept constant at 0.05 mm. Clearly, the
tendency is that BVB increases, as the thickness of the masks decreases. A structure,
with 0.05 mm thick masks, produces a value roughly six times larger than in the
analog structure. Even for a mask as thick as 1.00 mm, the value is almost four times
that in the analog structure.
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Figure 4.11: Comparison of BV B distributions 0.01 mm above the surface of vanadium
permendur masks of different thicknesses. The gap size is kept constant at 0.05 mm, and
NdFeB 42H magnets are used. The analog comparison is taken 0.01 mm above the surface
of the magnets.

The noise that is seen in the distributions is caused by numerical imperfections in
MagNet, and is not real physical properties of the structure. In a best case scenario, the
curves will be smooth. Instabilities occur, nevertheless, as a result of the simulations
running with a tolerance of only 5107 in the refinement of the mesh structure. The
current version of MagNet is only able to operate with a maximum of 4 gigabyte of
physical memory. Once the tolerance closes in on 5-107% this threshold is reached,
and the program is not able to create more nodes in the mesh, thus, terminating the
process. This is of course connected to the fact that, representing very thin masks,
and small air gaps, where field values and permeabilities change rapidly, requires a lot
of nodes.

Figure 4.12f and indicates that, as the distance to the masks increases BVB
decreases. Further notice that, in a distance of 0.10 mm the analog distribution is
larger than in any of the other distributions. The reason is that the field, hence the
gradient, is no longer influenced by the singularities in the vicinity of the sharp corners
of the masks. Consequently the masks now have the opposite effect than what is
desired. A thicker mask increases the distance to the source of the stray field, as
well as "trapping” more flux, which combined lowers the magnetic induction. In this
distance VB is on the order of 10° mT/m, thus consistent with the simulations in [5].

The results suggests that, in order to increase the magnetic separation potential of
the device, a mask thickness of 0.05 mm is favorable. The separation should also be
performed as close as possible to the surface of the masks, and in any case closer than
0.10 mm, in order to utilize the full potential in the gradient of the field.
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Figure 4.12: Comparison of BV B distributions 0.10 mm above the surface of vanadium
permendur masks of different thicknesses. The gap size is kept constant at 0.05 mm, and
NdFeB 42H magnets are used. The analog comparison is taken 0.10 mm above the surface
of the magnets.

I I
—— Mask thickness 0.05 mm
—— Mask thickness 0.10 mm
Mask thickness 0.30 mm
Mask thickness 0.50 mm
Mask thickness 1.00 mm ||
— Analog system

. BVB [mT%/m]

2% 40 i 50 55 50 65
Distance [mm]
Figure 4.13: Comparison of BV B distributions 1.00 mm above the surface of vanadium
permendur masks of different thicknesses. The gap size is kept constant at 0.05 mm, and
NdFeB 42H magnets are used. The analog comparison is taken 1.00 mm above the surface
of the magnets.
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As a concluding remark about mask thicknesses, it is worth to mention that further
narrowing the field distribution will drastically increase BVB, since most of the
dependency here lies in the shape of the magnetic stray field. Additionally, as seen
in Figure [4.14] the z-gradient of B opposes the a-gradient of B. The gradients are
on the same order, however, B, is roughly five times larger than B,, thus B,(VB),
is the dominating contributor to the magnetic force and will keep growing relatively
stronger, since the new design increases the tangential field, but not the normal.

x 10"

6 T T T
—— Simulated BX(VB)X
—— Simulated ESZ(VB)Z

97 98 99 10 101 102 103
Distance [mm]

Figure 4.14: Comparison of simulated B, (VB), and B,(VB), distributions 0.01 mm above

the surface of the masks. The comparison shows that B,(VB), opposes B;(VB)z, however,

B, (VB), is roughly five times stronger than B,(VB),, thus the dominating contributor to

the magnetic force.

4.2.3 Gap size comparisons

It has been established that BVB increases, compared to an analog structure when
the thickness of the masks decreases, but how are the shapes of B, and B, affected,
facing increasing gap sizes? In order to investigate this, structures with 0.05 mm thick
masks are subject to increasing gap sizes, according to Table [4.2] and Figure [£.15}4.16
and show how B, and B, changes, respectively.

As the gap size increases the contribution to the tangential field, caused by
singularities in the demagnetization field around the sharp corners of the masks,
become more and more distinct. As mentioned earlier, this effect is observed as a
single fringe in the tangential field when the gap size is very small, in fact smaller
than 0.10 mm. Starting from a gap of 1.00 mm, Figure 4.16| shows just how the
shape of the tangential profile is ”pushed” upwards, as the fringes merge when the
gap decreases in size. Furthermore, when the gap size increases towards and above
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Figure 4.15: Comparison of tangential magnetic stray field distributions (By) 0.01 mm
above the surface of masks of vanadium permendur for different gap sizes. The mask thickness
is kept constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is
taken 0.01 mm above the surface of the magnets.
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Figure 4.16: Comparison of the same tangential magnetic stray field distributions (By)
0.01 mm above the surface of masks of vanadium permendur as in Figure[4.15, with distances
scaled to the respective gap sizes. The mask thickness is kept constant at 0.05 mm, and
NdFeB 42H magnets are used. The analog comparison is taken 0.01 mm above the surface
of the magnets and scaled to fit the x-axis.
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Figure 4.17: Comparison of normal magnetic stray field distributions (B,) 0.01 mm above
the surface of masks of vanadium permendur for different gap sizes. The mask thickness is
kept constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is
taken 0.01 mm above the surface of the magnets.

0.30 mm, the tangential distribution converges towards the strength and shape of
the analog distribution, but with visible fringes located at the position of the mask
corners, matching the fringes in the normal distribution.

As discussed in the previous section, the gradient is no longer influenced by
singularities in the demagnetization field when the distance to the masks is increased
to 0.10 mm. This behavior is additionally seen in Figure 4.18| and [4.19] where the
fringes in the tangential and normal distribution almost disappear, regardless of gap
size. In fact, both distributions converge towards the behavior of the analog system,
because the masks are only 0.05 mm thick, and as a result only have a small negative
effect on the magnetic stray field.

Figure show how the strength, shape, and position of BVB changes with
increasing gap sizes. Above gap sizes of approximately 0.10 mm, the driving forces
in BVB are no longer located in the center of the gap, but caused by gathering and
escape of flux in and around the corners of the masks. Hence, the locations of the
field gradient minima and maxima are determined by the gap size. The singularities
at the corners, however, are caused by ideal square edges. Precisely controlling the
shape of these corners in real devices is difficult. A slightly rounder corner will most
likely significantly decrease the effect. The simulations, nevertheless, supports the
idea of adding masks on top of the magnets, in order to increase the potential of the
magnetic force, but strongly suggests using gap sizes below 0.10 mm.

The maximum value of BVB, found from simulation 0.01 mm above the surface
of the masks, is a factor of eight lower compared to what is reported in [5], but
still roughly six times higher than in the corresponding analog structure. On the
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Figure 4.18: Comparison of tangential magnetic stray field distributions (By) 0.10 mm
above the surface of masks of vanadium permendur for different gap sizes. The mask thickness
1s kept constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is

taken 0.10 mm above the surface of the magnets.
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Figure 4.19: Comparison of normal magnetic stray field distributions (B,) 0.10 mm above
the surface of masks of vanadium permendur for different gap sizes. The mask thickness is
kept constant at 0.05 mm, and NdFeB 42H magnets are used. The analog comparison is

taken 0.10 mm above the surface of the magnets.
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Figure 4.20: Comparison of BV B distributions 0.01 mm above the surface of masks of
vanadium permendur for different gap sizes. The mask thickness is kept constant at 0.05
mm, and NdFeB 42H magnets are used. The analog comparison is taken 0.01 mm above the
surface of the magnets.
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Figure 4.21: Comparison of the same BV B distributions 0.01 mm above the surface of
masks of vanadium permendur as in Figure with distances scaled to the respective gap
sizes. The mask thickness is kept constant at 0.05 mm, and NdFeB 42H magnets are used.
The analog comparison is taken 0.01 mm above the surface of the magnets, and scaled to fit
the x-axis.
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other hand, an interesting thing is observed in the BVB distributions 0.01 mm above
the masks in Figure [£.22] The magnetic field data is obtained 2.00 mm between
the end points around the center of the air gap in steps of 0.002 mm, opposed to
20.0 mm in steps of 0.02 mm used so far. Due to the aforementioned problem with
numerical instabilities, caused by discontinuities in permeabilities and field values, the
distributions are extremely noisy, and consequently hard to interpret. The general
behavior somewhat opposes what is seen in Figure [£.20] nevertheless, BVB reaches
values of 10" mT?/m, much closer to the reported value of 4.2x10" mT?/m in [5].

11

x10
2 T T I
— Gap size 0.05 mm
— Gap size 0.10 mm
Gap size 0.30 mm
151 Gap size 0.50 mm [|
Gap size 1.00 mm
— Analog system
1 |- -
E 05 .
(3]
E
o i
& 0 — i <
' eS|
-0.5+ -
Ak i
15 | | |
04 0.6 1.2 14 16

Distance [mm]

Figure 4.22: Comparison of BV B distributions 0.01 mm above the surface of vanadium
permendur masks 2.00 mm between the end points symmetrically around x = 0. The masks
are kept constant at 0.05 mm, and NdFeB 42H permanent magnets are used.

A preliminary conclusion so far suggest that the thinner the mask the better, but
more importantly, the gap size needs to be smaller than approximately 0.10 mm.
However, most importantly is the fact that, the new design only produces larger BVB
values than in a corresponding analog structure, if the distance to the masks is smaller
than 0.10 mm. In an attempt to determine the exact distance above the masks, where
the singularites in the demagnetization field are undetectable, BVB distributions
0.04 mm above vanadium permendur masks of different thicknesses, where the gap
size is kept constant at 0.05 mm, are compared in Figure [£.23] The distributions
are very noisy, still connected to numerical instabilities caused by discontinuities in
permeability and field values. Additionally, the individual distributions with masks
might not be accurately described, relative to each other. There is, nevertheless, little
doubt that a device with masks produces larger BVB values than that in the analog
structure, but only slightly larger. Increasing the distance to 0.05 mm will most likely
cause all distributions to converge towards the analog distribution. A distance of
0.04 mm is thus a much better estimate of the distance above the masks where the
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singularites in the demagnetization field become undetectable. In other words, the
new design only works better and produces larger BVB values than a corresponding
analog structure, if the distance to the masks is equal to, or less than 0.04 mm. For
future references, this distance shall be referred to as the critical distance.
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Figure 4.23: Comparison of BV B distributions 0.04 mm above the surface of vanadium
permendur masks of different thicknesses. The gap size is kept constant at 0.05 mm, and
NdFeB 42H magnets are used. The analog comparison is taken 0.04 mm above the surface
of the magnets.

There is a problem, however, that needs more investigation in order to make any
final conclusions. How important are the characteristics of the materials used in
the masks, e.g., magnetic saturation and permeability, and are the behavior of the
non-linear materials representative to the real materials?

4.2.4 Examining behavior of soft magnetic mask material

A comparison of the tangential and normal distribution of the magnetic stray field
0.01 mm and 0.10 mm above the surface of vanadium permendur, and low carbon
steel masks, are shown in Figure and Figure [4.25] respectively.

The magnetic saturation of vanadium permendur is 7.66% higher than that of
low carbon steel. Using vanadium permendur, contra low carbon steel in the masks,
increases the peak in the tangential distribution by 2.3% 0.01 mm above the surface of
the masks. In a distance of 0.10 mm, however, the gain drops to 0.4%, confirming that
the singularities in the demagnetization above the mask corners have dissappeared.
Increasing the saturation of the masks thus changes the strength of BVB, demonstrated
in Figure Choosing vanadium permendur over low carbon steel makes up for a
6-8% increase in BVB, very close to the difference in magnetic saturation between
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Figure 4.24: Comparison of tangential magnetic stray field distributions (B,) 0.01 and
0.10 mm above the surface of vanadium permendur and low carbon steel masks. The mask

thickness and gap size is kept constant at 0.05 mm, and NdFeB 42H magnets are used.
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Figure 4.25: Comparison of tangential magnetic stray field distributions (B,) 0.01 and
0.10 mm above the surface of vanadium permendur and low carbon steel masks. The mask

thickness and gap size is kept constant at 0.05 mm, and NdFeB 4/2H magnets are used.
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the materials. Consequently, increasing the magnetic saturation of the mask material
constitute close to a linear increase in BVB below the critical distance.
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Figure 4.26: Comparison of BV B distributions 0.01 mm above the surface of vanadium
permendur, and low carbon steel masks. The colored curves correspond to the following: red
has a mask thickness of 0.05 mm and a gap size of 0.05 mm; green has a mask thickness of
0.05 mm and a gap size of 0.50 mm; blue has a mask thickness of 0.50 mm and a gap size
of 0.05 mm. NdFeB 42H magnets are used.

A connection between the magnetic saturation of the masks, the strength of the
magnetic stray field, and its gradient has been worked out, but how reliable are the
results? Simulating very thin and non-linear materials, especially in direct contact
with permanent magnets, seriously aggravates the problem at hand. As a result,
an assessment of the behavior of the non-linear materials is necessary, i.e., how the
permeability and saturation change with an externally applied field.

Figure shows the magnetic induction (B,,), external magnetic field (H,,),
and magnetization saturation (By) in the middle of vanadium permendur, and low
carbon steel masks. The external field is represented as the field, solely produced
by the permanent magnets, in Ampere per meter, multiplied by the permeability of
free space (pp). Two weak spots are located symmetrically around the center, to
the far left and right above the magnets, in agreement with the field lines observed
in Figure In this area, the value of the external field drops as low as 50 A/m,
nevertheless, the magnetic induction inside the masks reaches 0.5 T, dictating highly
permeable mask materials. This observation is sustained in Figure [£.28] reflecting the
relative permeability (u,) across the masks, where the maximum relative permeability
of vanadium permendur is approximately 7000 times unity. Closing in on the air gap,
however, the permeability drops to approximately twice that of free space, and finally
to unity inside the air gap, as seen in Figure [4.29
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Figure 4.27: Comparisons of the magnetic induction, external magnetic field as well as
magnetic saturation of vanadium permendur, and low carbon steel masks. The masks are
0.05 mm thick, and resting on top of NdFeB J2H permanent magnets with a magnetic
remanence B, = 1.82 T. All comparisons are made in the middle of the mask, with an air
gap of 0.05 mm.

There is a pressing question, however, which needs some consideration. Are the
soft magnetic materials more permeable and saturated than they realistically are?
There are no easy answers to this question, nevertheless, it is possible to verify that
the saturation of the masks do not exceed the limits in the magnetization curves,
shown in Figure [4.2

The magnetization saturation of both vanadium permendur and low carbon steel
masks are found, using Equation [2.7, and shown as dotted lines in Figure ??. The
saturations are approximately 2.30 T, and 2.05 T for vanadium permendur and low
carbon steel, respectively, consistent with the saturation in the magnetization curves
of the materials, never exceeding the limits. The magnetic induction at the weak spots
are also solely produced by the magnetization of the mask materials. Additionally, the
saturation drops to zero inside the air gap. This is of course good news, and suggests
that the simulations of these materials are, if not realistic, close to realistic.
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Figure 4.28: Comparison of the relative permeability in the middle of vanadium permendur,
and low carbon steel masks. The masks are 0.05 mm thick, and resting on top of NdFeB
42H permanent magnets with a magnetic remanence B, = 1.32 T.
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Figure 4.29: Comparison of the relative permeability around the air gap in the middle of
vanadium permendur and low carbon steel masks. The masks are 0.05 mm thick, and resting
on top of NdFeB 42H permanent magnets with a magnetic remanence B, = 1.32 T.
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4.3 Summary and discussion

The magnetic force, acting on magnetic and non-magnetic particles, is proportional to
the magnetic susceptibility (x) of the substance, the magnetic induction (B), and the
gradient of the applied magnetic field (VB). Establishing a connection between BV B,
mask thickness, gap size, soft magnetic, and permanent magnet material is therefore
essential, in order to determine an optimal configuration of the design, where the goal
is to increase the magnetic separation capacity of the newly designed device.

Numerical studies of the theoretical approximations to half open Kittel domains,
when corrected for a 15% overestimation of the tangential field in the immediate
vicinity of point O, estimate BVB values on the order of 10° mT?/m. The corrected
theoretical distributions match the simulations, and do not exceed the results derived
for half open Kittel domains in [6].

Simulations show that, adding 0.05 mm thick vanadium permendur masks forming
a gap of less than 0.10 mm on top of a half open Kittel domain increases the strength
of the tangential field, in a distance of 0.01 mm, with a factor of up to 20% compared
to an analog system, i.e., a structure without masks. The width of the peak in the
tangential distribution is also narrower than in the corresponding analog structure.
These results are consistent with what is obtained by Il’yashenko et al. in [5].

Further analysis show that, BVB increases compared to that in the corresponding
analog structure, when the mask thickness and gap size decrease from 1.00 mm and
down to 0.05 mm, until it reaches a maximum value in the range of 101°-10'* mT?/m,
depending on what distribution the gradient is obtained from. Distributions 20.00 mm
between the end points around the center compared to 2.00 mm produce less noise, but
lowers the value of the gradient. The noise is suppressed when the distance increases,
connected to that fact that, local numerical instabilities, caused by discontinuities
in permeability and field values, are smoothed out and disappears. However, as
the distance increases, the distributions are less accurately described, consequently
lowering the value of the gradient. The results of 10'* mT?/m, obtained for 2.00 mm
distributions in a distance of 0.01 mm to the masks are, regardless of noise, comparable
to what is obtained in [5]. In any case the simulations predicts that, BVB is increased
at least a factor of six compared to the analog structure in a distance of 0.01 mm to
the masks, regardless of distance between the end points.

The singularities in the demagnetization field around the sharp corners of the
masks, contributing to the increase of the tangential field, merge together to form one
when the gap size decreases below approximately 0.10 mm. The merging consequently
"pushes” the tangential distribution upwards, adding to the total magnetic induction
of the peak, and the width of the peak narrows. Above this gap size, however, the
strongest gradients are no longer positioned in the center of the gap, but governed by
the location of the mask corners, with values of BVB in the range of 101°-10* mT?/m,
and approaching analog values of 10 mT?/m in the center of the gap. Simulations
additionally show that in distances larger than a critical distance of 40 pum, the
singularities in the demagnetization field disappear. The masks now decrease the
magnitude of the field, since the absolute distance to the magnets is increased, and the
distribution profile of BVB converge towards the analog distribution, with maximum
values depending on the thickness of the masks.
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As a consequence, the device has the ability to control the position of the gradient
maxima and minima by adjusting the gap size. The singularities at the mask corners,
however, are produced in demagnetization fields near ideal square edges, and precisely
controlling the shape of these corners in real devices is difficult. Additionally, when
the gap size is smaller than 0.10 mm, the gradient maxima and minima is a result
of two singularities merging in the tangential field. For these particular reasons the
simulations strongly suggest using gap sizes below 0.10 mm, in order to focus the
separation in the center of the gap for and additive effect.

The device is able to produce an extremely strong magnetic field gradient several
times stronger than in the analog system, owing to the fact that, most of the dependency
in BVB lies in the shape the magnetic stray field. The z-gradient of B opposes the
x-gradient, nevertheless, B, is larger than B,, thus B,(VB), is the dominating
contributor to the magnetic force. Future work should thus be motivated towards
narrowing the field distribution even further. This will only slightly increase the value
of the tangential field, but drastically increase the gradient, however, both contributing
to increasing the magnetic force.

Additional study show that, the strength of the magnetic stray field is proportional
to the coercivity of the permanent magnets, while BVB is proportional to the square
of the coercivity. Furthermore, BVB is proportional to the saturation of the masks
if the distance to the masks is less than the critical distance. As a result, producing
new and better compounds will increase the effectiveness of the newly designed device
even further.

The gradient is focused in a small volume, thus producing intense magnetic
forces with short ranged action. This is of great interest, not only for separation of
nanoparticles or biological materials like blood cells and DNA, but also for making
magnetic recording heads, able to magnetize high coercivity storage media (H. =
0.35 — 1.15 MA /m), where the objective is to manipulate single electrons at a time.
The active element in recording heads thus needs to be as small as possible.

As a concluding remark, the results throughout this chapter are based on models
with perfectly square edges and ideal adjoining surfaces between materials, difficult
to obtain in real devices. The results, derived from theory and simulations, are thus
likely to be larger than the corresponding experimental measurement of the device.
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Experimental study

How credible are the theoretical approximations and the results obtained in the simu-
lations? In order to answer these questions, the magnetic stray field is experimentally
measured on a model of the system.

Unfortunately, equipment for measuring strong magnetic fields with the presicion
we would like is not available to us. We therefore, to the best of our knowledge, made
a tool in collaboration with the electronics department at IFE, able to measure the
stray magnetic field on the model in a distance of 1.75 mm above the surface of the
masks.

5.1 The Hall effect and Lorentz force

The magnetic field is measured using small semiconductors, exploiting a natural
phenomena called the Hall effect. The basic physical principle underlying the Hall
effect is the Lorentz force. When a carrier moves along a direction perpendicular to an
applied magnetic field it experiences a force, acting normal to both the motion of the
carrier, and the applied magnetic field. In the semiconductor shown in Figure the
carriers are predominately electrons, moving with a constant current in the presence
of a perpendicular magnetic field (B). Electrons subject to the Lorentz force drifts
away from the current line towards the left side of the bar, leading to an excess surface
electrical charge on that side. The result is a potential drop across the two sides,
known as the Hall voltage. This transverse voltage obeys the expression Vi = I B/qnd,
where [ is the current, d the sample thickness, n the bulk carrier density, and ¢ the
elementary charge [27].
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Figure 5.1: Principle behind the Hall effect in a semiconductor.
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5.1.1 Hall effect sensors

It is imperative that the probes used in the experiments are as small and thin as
possible, in order to measure the magnetic stray field as close as possible to the surface
of the masks, where it is the strongest. Furthermore, the active sensors must be able to
operate linearly in very high magnetic flux density ranges, for accurate measurements
of the field. Note that, when referring to a probe it is understood as the branded
surface encasing a small active semiconductor Hall element sensor, i.e., the probe is
not the sensor.

Figure [5.2] and show two different probes used in the experiments, both made
by Chen Yang Technologies!.
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Figure 5.2: Schematic drawing of a CYL/I9E probe, whose Hall effect sensor is used to
calibrate a CY-P15A Hall effect sensor. Pin 1 is connected to a 5.00 V power supply, pin 2
to ground, and pin 3 provides Hall voltage output. All length scales in millimeters.
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Figure 5.3: Schematic drawing of a CY-P15A probe (left and right), used in order to
measure the magnetic stray field. Pin 1 is connected to an input current no larger than 1.50
mA, pin 2 and 4 to ground, and pin 3 provides Hall voltage output. The middle picture
shows the active Hall effect sensor area, situated in the center of the probe. The grey areas
are ohmic contacts, while the active sensing area is the white cross, known as a Greek
cross. Table[5.1] shows specifications of SOT 143 package and Greek cross dimensions, i.e.,
characteristic CY-P15A probe, and sensor length scales.

!Company specializing in permanent magnets, soft ferrite cores, measuring instruments as well as
Hall effect sensors. http://www.chenyang-ism.com/


http://www.chenyang-ism.com/

5.1. The Hall effect and Lorentz force 53

Min. dim. [mm] | Max. dim. [mm]
A 2.8 3.04
B 1.2 1.39
C 0.89 1.14
D 0.45 0.60
F 0.39 0.50
G 1.78 2.03
H 0.013 0.10
J 0.08 0.15
K 0.46 0.60
R 0.45 0.60
S 2.11 2.48
L 0.21 0.21
W 0.07 0.07

Table 5.1: Minimum and mazimum dimensions of the SOT 143 package encasing a Greek
cross Hall effect sensor.

The SOT 143 package, encasing the CY-P15A Hall effect sensor, is the smallest
probe we could find with satisfactory specifications of the active sensor. The sensor
operates linearly in a magnetic field ranging, from 0.10 4T to 2.00 T. Unfortunately,
it is not calibrated. A CYL49E sensor with a characteristics curve as in Figure [5.4] is
thus used to calibrate the CY-P15A sensor. It requires a 5.00 V constant power source
in order to operate with outputs changing linearly with the magnetic flux density of
the input ,in a confirmed range of -90.0 mT to 90.0 mT.

Hall voltage [V]
N w -~
2] w 3 ~ <]
T T T T
L

N
T

0 L L L L L
-100 -80 -60 -40 -20 0 20 40 60 80 100
Magnetic induction [mT]

Figure 5.4: Characteristics curve of a CYL49E Hall effect sensor, as listed by ChenYang
Technologies GmbH & Co. KG. The sensor operates linearly in a range of -90.0 mT to 90.0
mT
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5.2 Implementation and design

The measurements are performed in a controlled environment, where the positions of
the probes are governed with micrometer precision. Furthermore, in order to minimize
disturbances in electronic equipment, possibly sensitive to magnetic fields, the setup is
designed to ensure that most of the electronics are located far away from the magnets
themselves. The result is an experimental setup as in Figure 5.5

Figure 5.5: The complete experimental setup of all equipment except the power source
supplying the sensors with constant current. In ascending order: 1. Operational amplifier
soldered onto a circuit card. The box encased in red shows a close up of the amplifier. 2.
Manual translation stage adjusting the position in the z-direction. 3. Motorised translation
stage adjusting the position in the x-direction. 4. Heavy work bench on which the translation
stages are mounted. 5. Two CY-P15A probes mounted at the tip of a long plastic rod,
whose sensors measures the magnetic field. The box encased in red shows a close up of
the tangential probe. The normal probe is located underneath the end of the glass rod, thus
not visible. 6. Small gap in the masks above the magnets. 7. Multimeter, monitoring the
current through the sensors. 8. Multimeter, monitoring the Hall voltage output. 9. Power
supply unit (PSU) supplying the operational amplifier with +12.0 V.

The two CY-P15A probes are soldered onto two printer cards mounted at the
tip of a long plastic rod. The wires from the sensors are pulled up along the rod,
and connected to an operational amplifier on a small circuit card. A detailed circuit
diagram of the connection between the sensors and the operational amplifier is shown

in Figure
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Figure 5.6: Circuit diagram of a CY-P15A Hall effect sensor, where pin 1-4 are connected
to the four ohmic contact points on the Greek cross. A LT1002 operational amplifier (op-amp)
1s further connected to the sensor in the non-inverting amplifier configuration. The input
signal is applied to the non-inverting input (+) of the op-amp. The feedback, on the other
hand, is taken from the output of the op-amp via a resistor (Ry) to the inverting input (-) of
the op-amp, where another resistor (Ry) is taken to ground. As the signal moves in either
direction, the output will follow in phase to maintain the inverting input at the same voltage
as the non-inverting input. The result of this circuit is a device which can amplify signals,
without inverting the polarity of the original input voltage. The voltage gain is always more
than 1, and is worked out from Vygin = (1 + R—{) In this case resistors Ry and Ry are equal
to 1.0 KQ and 2.7 K, respectively, thus Vggim = 3.7.

In order to improve the sensitivity of the sensors, thus increasing the resolution
in the measurements of the magnetic stray field, a LT1002 dual matched precision
operational amplifier is connected to the sensor, increasing the Hall voltage output
with a factor of 3.7. The amplifier is produced by Linear Technology?, and has an
insignificant maximum offset voltage of 100 uV.

The position of the probes are governed by a motorised translation stage with
an accuracy of 1.25 pm in the z-direction, and a manual translation stage with an
accuracy of 10.0 um in the z-direction. The translation stages, depicted in Figure
[b.7], are assembled together and tightly fastened onto a heavy work bench, in order
to prevent unwanted movement of the probe heads during the measurements. The
motors are produced by Standa?®, an opto-mechanical manufacturer.

The operational amplifier is supplied with +12.00 V, while the CY-P15A Hall
effect sensors are supplied with a constant current of 1.06 mA, thus safely within
operational limits. The Hall voltage output is monitored by a multimeter, delivering
the data to a PC through a GPIB* bus interface.

2Company specializing in designing, manufacturing, and marketing a broad line of standard high
performance integrated circuits. http://www.linear.com/

3Company specializing in developing motorised and manual translation and rotation stages, as
well as motion controllers. http://www.standa.lt/.

4Eight bit general purpose interface bus, originally created for use with automated test equipment.
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Figure 5.7: Translation stages, governing the position of the probes in the x (left) and
z-directions (right). The device to the left is a motorised SMT173-50 model, while the device
to the right is a 7T173-25 model, which adjusts the position manually.

5.2.1 LabVIEW and data processing

National Instrument’s Laboratory Virtual Instrumentation Engineering Workbench
(LabVIEW)? is a virtual environment tool, enabling users to develop applications
which includes receiving data through dasy-chained GPIB bus interfaces in automated
measurements, and controlling instruments. LabVIEW is executed in sequence, step by
step performing commands in pre-programmed subroutines, called virtual instruments
(VI). Each instrument has three components: a block diagram, a front panel, and a
connector panel. The block diagram is a set of function-nodes wired together, where
information propagates through the wires, and a node executes as soon as all its
input data becomes available. The front panel is a graphical interface for entering
initializing values and parameters, as well as for starting and stopping routines. Lastly,
the connector panel enables users to connect different VI’s together.

For this particular experiment, LabVIEW is used to operate the motorised transla-
tion stage, governing the position of the probe in the z-direction, as well as recording
Hall voltage outputs acquired from multimeters. Appendix C.1 contains a detailed
block diagram of a VI instrument, performing these tasks in the experiments.

5.2.2 Calibration of CY-P15A sensors

Placing a CYL49E sensor inside weak and uniform magnetic fields yields Hall voltages
that are compared to its characteristics curve, thus obtaining the field strength at
those points. The field is then measured again, at the exact same points with a
CY-P15A sensor. The outputs are compared to the field strength already found, thus
obtaining a magnetic flux density versus Hall voltage characteristics curve for that
CY-P15A sensor.

The calibration is performed on two weak magnets, producing relatively uniform
magnetic fields. The magnetic field must be weak in order to not exceed the limit,
above which the CYL49E sensor is no longer linear. Furthermore, by relatively uniform,
it is understood that the magnetic field does not change considerably over distances,
comparable to the uncertainty in the thickness of the branded surface encasing the
sensors, which in all cases is very close to £ 0.10 mm.

Shttp://www.ni.com/labview/
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According to Table and Figure [5.2] the difference in thickness between a
CYL49E and CY-P15A probe is 0.54 mm. Furthermore, assuming that the active
Hall elements are point sensors, thus disregarding the size of the elements themselves
and assuming they are positioned in the center in all spatial directions, the CY-P15A
sensor sits 0.27 mm closer to the surface of the probe, compared to the CYL49E
Sensor.

The calibration is performed 0.75 mm and 6.50 mm above the surface of the
magnets. The difference in distance from sensor to probe-surface is taken into account,
by measuring the magnetic field 0.27 mm further away from the magnet with the
CY-P15A probes, equal to 216 steps a 1.25 um with the motorised translation stage.
Figure shows the calibrated characteristics curve obtained for both CY-P15A
sensors. The experimental data producing the curves is listed in Appendix D.1-D.3,
while Appendix B.4 contains a MatLab script used to process the data.
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Figure 5.8: Two calibrated characteristic curves, obtained for the two CY-P15A Hall effect
sensors used in the experiments. The linear fits are produced in MatLab, and yields two
equations computing the magnetic induction for a specific Hall voltage. The inlet figure
(upper left) shows the corresponding tangential probe (blue), and normal probe (red) mounted
at the plastic rod in such way that, the distance from the lower edge of the tangential probe
to the surface of the normal probe is 0.23 mm.

The calibrated equations for the tangential and normal CY-P15A sensors, where x
is the measured Hall voltage and y the magnetic induction are

T
Yangentiat = BT.167= x & — 2284.6mT (5.1)

T
Ynormal = 60802m7 X x — 2336.7m7T. (52)
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5.3 Results

The model, upon which the experiments are performed, consists of two giant magnetic
anisotropy neodymium-iron-boron permanent magnets of dimension 50x50x 25 mm?,
coercivity H. = 955 kA /m, and magnetic remenance B, = 1.30 T. The magnets rest
on a base made of low carbon steel, and on top of the magnets there are two 0.30 mm
thick masks, also made of low carbon steel.

The probes are positioned perpendicular to the x and z-component of the magnetic
field in y = 0. The surface is sweeped 20.0 mm in the z-direction, in steps of 0.05 mm
over a gap approximately 0.10 mm wide. Note that, all coordinates are relative to the
axis in Figure According to Figure 5.8 the minimum obtainable distance between
the bottom edge of the tangential probe to the surface of the masks is 0.23 mm. Thus,
still assuming that the active Hall elements inside the probes are positioned in the
center in all spatial directions, disregarding the size of the elements themselves, the
tangential field is measured no closer than 1.75 mm to the surface of the masks.

5.3.1 Magnetic stray field distribution comparisons

Figure [5.9 and show the tangential and normal distribution of the magnetic stray
field, respectively, measured 1.75 mm above the masks together with theoretical ap-
proximations and simulations. Appendix D.3-D.4 contain all Hall voltage experimental
data, that in combination with Equation [5.15.2] produce the distributions.
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Figure 5.9: Comparison of theoretical, simulated, and experimental tangential magnetic
stray field distributions (By), 1.75 mm above the surface of 0.30 mm thick low carbon steel
masks with a gap size of 0.10 mm. The 10th order polynomial fit to the tangential distribution
1s used to calculate the gradient of the field. Note that, the theoretical approximation is
obtained for a system without masks.
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Figure 5.10: Comparison of theoretical, simulated, and experimental normal magnetic stray
field distributions (B, ), 1.75 mm above the surface of 0.30 mm thick low carbon steel masks
with a gap size of 0.10 mm. The Tth order polynomial fit to the normal distribution is used
to calculate the gradient of the field. Note that, the theoretical approximation is obtained for
a system without masks. Furthermore, the experimental distribution is adjusted for a -50
mT error due miss-match in Hall voltage offsets between calibration and experiment. The
offset is most likely caused by the multimeter.

The theoretical approximations to the magnetic stray field assumes no masks, thus
strictly not comparable to the simulations. Nevertheless, the field is calculated 1.75 mm
above the masks and, according to the simulations in Chapter 4, the singularities at
the corners of the masks are no longer detectable, cf., Figure [1.18{4.19] thus behaving
much like the field in an analog structure. The only difference is that the masks now
act as magnetic screens, consequently decreasing the difference in magnetic induction
between simulation and theory, relative to that in the corresponding analog structure,
cf., Figure 4.4 Note that, closing in on z = 0 in the tangential distribution the
difference is actually increased, owing the fact that there are no masks here, while at
the same time, since z > 1, the theoretical approximation is no longer as accurate.
The second term in Equation now gives negative contributions, thus predicting to
low values. Nevertheless, the theoretical and simulated distributions are comparable.

Most important, however, is that the experimental, tangential, and normal field
distributions match the shape of the theoretical approximations as well as the sim-
ulations, suggesting gradients on the same order. There is, however, a considerable
deviation in magnetic induction, especially in the tangential distribution.

A likely cause for some of the deviation arises from the fact that, the magnetic
field is not measured at singular points in space assumed so far. In reality, the active
sensor element inside the probe head extends 0.21 mm in the y and z-directions. In a
uniform magnetic field this will not cause any problems, however, in this case the field
is very inhomogeneous, thus altering the physics of the Hall effect sensor response.
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The response to a spatially dependent magnetic field is studied in [28]. Starting
from the analytic expression of the response of a Greek cross shaped Hall sensor, to
an ideal field dot as a function of its position, as proposed by Thiaville et al. [29], a
simple formulation is found, allowing the deduction of the response of the sensor to
any spatially inhomogeneous magnetic field. The results show that the sensor response
has a limited full-width at half-maximum (FWHM), approximately equal to the length
of the central part of the Greek cross. Due to spatial field averaging effect occurring
over the sensor area, the overall sensitivity is lower than that expected from an ideal
point sensor. However, their results show that this average is not equivalent to the
simple field average taken over the effective area, especially very close to field sources.

The precise effect the altered Hall effect response has on the experimental data is
thus somewhat unclear. The overall induction is, however, lowered because the field
is not measured with an ideal point sensor. Moreover, the spatial averaging across
the sensor most likely produce more loss of precision closer to the center of the gap,
where the field changes more rapidly.

Further deviations in the magnetic induction may be connected to uncertainties
in probe thickness in accordance with Table [5.1] distance between probe-surface
and mask-surface, as well as perpendicularity between Hall effect sensors and the
x and z-component of the magnetic field. Additionally, theory and simulations use
permanent magnets with a remanence of 1.32 T, while the real model uses magnets
with a remanence of 1.30 T. Furthermore, positioning the sensors in the y-direction is
governed with hand-eye precision, ultimately increasing the total uncertainty. The
magnetic stray field changes relatively little around the y-axis for small y, however,
inevitable ever so slightly decreasing as |y| increases.

In any case, BVB depends mostly on the altered shape of the field distribution, as
established in Chapter 4. The shape of the experimental curves are comparable to the
simulations and the theoretical approximations, thus suggesting that the gradients are
on the same order.

5.3.2 BVB distribution comparisons

Figure and show experimental B,(VB), and B,(VB), distributions, found
directly from the green curves in Figure[5.9) and The noise is most likely explained
by the fact that, the field is measured in steps as small as 0.05 mm. The combined
errors due to the sensors not being able to pick up subtle changes in magnetic field
strength, spanning a distance of 0.05 mm, together with small "random” offsets
in electronic equipment, produce local discontinuities in the tangential and normal
distributions of the magnetic field. The local discontinuities, seen as ”disturbances”
in the experimental curves, transform into very noisy gradients since any gradient
is extremely sensitive to rapid changes of its respective vector field. In any case,
polynomial fits to the noisy distributions reveal shapes, which are recognizable from
simulations as well as theory.

Figure [5.13 shows a complete comparison of theoretical, simulated, and experimen-
tal B,(VB), and B,(VB)., distributions. The experimental distributions are obtained
from the polynomial fits to the tangential and normal distributions of the magnetic
stray field, seen as yellow curves in Figure [5.9] and
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Figure 5.11: Experimental B,(VB), distribution 1.75 mm above the surface of 0.30 mm
thick low carbon steel masks, with a gap size of 0.10 mm. The shape of the 10th order
polynomial fit to the experimental data is recognizable from simulations. The center of the
gap in the masks is approximately in 8.00 on the distance scale.
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Figure 5.12: Experimental B,(VB), distribution 1.75 mm above the surface of 0.30 mm
thick low carbon steel masks, with a gap size of 0.10 mm. The shape of the 10th order
polynomial fit to the experimental data is recognizable from simulations. The center of the
gap in the masks is approximately in 15.00 on the distance scale.
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Figure 5.13: Theoretical, simulated, and experimental By(VB), and B,(V B), distributions
1.75 mm above the surface of 0.30 mm thick low carbon steel masks, with a gap size of 0.10
mm. The experimental distributions are obtained from the polynomial fits to the tangential

and normal distributions of the magnetic stray field, cf., Fz’gure and (5. 10}

As explained in Figure [1.14] B,(VB), and B.(VB), are on the same order but
oppositely directed, a behavior also observed in the experimental distributions. For
the same reasons as in the previous section, theory is comparable to simulations, and
experiments. Both experimental distributions match the corresponding simulated and
theoretical distributions very well, and show clear signs of the same relative behavior as
in the tangential and normal field distributions in Figure [5.9]and [5.10] The conclusion
is, nevertheless, that the normal experimental distribution matches its corresponding
simulated distribution better than what the tangential experimental distribution
matches its corresponding simulated distribution. As discussed earlier, the Hall effect
sensor response is altered in the very strong and inhomogeneous part of the field in the
center of the gap. Since the tangential field, according to simulations, is roughly 2.3
times stronger than the normal field, the altered response has a much larger impact on
the tangential field. The result is a less accurately described tangential distribution in
the center of the gap, and the difference between simulated and experimental values
increases relative to that further away from the gap, thus increasing the difference in
the gradient accordingly. The experimental distributions also match the corresponding
distributions in Figure and , topping out at 107 mT?/m.

Figure [5.14] shows the final and complete picture of theoretical, simulated, and
experimental BVB distributions. The experimental distribution reaches a value of
approximately 2.5x 107 mT?/m, 3.5 times lower than the simulated value. Comparing
the experimental distribution to the simulated distributions in Figure and [4.13]
where BVB reaches values of approximately 3.00x10° mT?/m and 1.75x10® mT?/m,
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0.10 mm and 1.00 mm above 0.30 mm thick masks, respectively, the experimental
distribution supports the statement that BVB decreases, close to linearly with
increasing distance to the masks. This statement, however, assumes that the distance
is larger than the critical distance, and does not verify the simulations in the regions
where the singularities in the demagnetization field above the corners of the masks
are detectable.
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Figure 5.14: Theoretical, simulated, and experimental BV B distributions 1.75 mm above
the surface of 0.30 mm thick low carbon steel masks, with a gap size of 0.10 mm. The
experimental distribution is obtained from the polynomial fits to the tangential and normal
distributions of the magnetic stray field, cf., Figure[5.9 and[5.10. According to Figure[5.1
the experimental tangential and normal distributions only ”coexist” between 5 and 15 on the
distance scale. The distribution of BV B is thus only represented in this region. According
to Figure [{.7, however, the distribution outside this region should converge towards the
distribution in the simulation.

5.4 Summary and discussion

Simulations show that the mask corners produce singularities in the magnetic field,
detectable in distances less than 0.04 mm. The main problem with the experiment is
that, the field can not be measured close enough to observe these singularities, owing
to the thickness of the Hall effect probes. The full extent of the simulations from
Chapter 4 can, thus not be verified. In any case, if the experiment is any indication, the
reported magnetic field and BVB distributions produced in simulations, are close to
realistic in distances larger than the critical distance, with slightly overestimated values
connected to the fact that, it is difficult to introduce ideal adjoining surfaces between
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materials in real models. On the other hand, all the uncertainties in perpendicularity
between the Hall effect sensors and the x and z-component of the magnetic field,
thickness of the probes, distance between probe-surface and mask-surface, position
of probes in the y-direction, gap size, coercivity of magnets, and spatial averaging of
Hall voltage output in the Greek cross Hall effect sensor suggests that, the magnetic
field is stronger than what is really measured.

Measuring the magnetic field using a giant magnetoresistive (GMR) effect sensor,
with a magnetic film of thickness less than 0.04 mm, is one possible solution to the
experimental problem. GMR is a quantum mechanical effect observed in thin film
structures, composed of alternating ferromagnetic, and non-magnetic layers. The
effect manifests itself as a significant decrease in electrical resistance in the presence
of a magnetic field. In the absence of an external magnetic field, the direction
of magnetization of adjacent ferromagnetic layers is anti-parallel, due to a weak
anti-ferromagnetic coupling between layers. The result is high-resistance magnetic
scattering. When an external magnetic field is applied, the magnetization of the
adjacent ferromagnetic layers is parallel. The result is lower magnetic scattering, and
lower resistance [30].

As a concluding remark based on assumptions, a real model is most likely not able
to produce BVB values, in a distance of 0.01 mm above the surface of the masks,
exceeding 10! mT?/m. Tt is reasonable to assume that, the masks do indeed have a
positive effect on the field, and gradient in distances less than the critical distance,
but a more realistic suggestion places BVB in the region of 10'® mT?/m, still several
times the magnitude in an analog structure.



Chapter 6

Magnetophoresis

Magnetism and microfluidics have always been important concepts in physics. Recently,
however, micro-electro-mechanical systems' (MEMS) techniques for fabrication of
miniaturized magnets have gained attention, as it is anticipated that permanent
magnet structures can be integrated into microfluidic analysis systems.

The concept of particle separation have historically been dominated by dielec-
trophoresis, electric manipulation of polarizable particles, in applications like capillary
electrophoretic separations, electroosmotic pumping, and dielectrophoretic trapping
[31], B2, [33], despite the great advantages applications based on magnetic fields offers.
Externally applied magnetic fields can manipulate particles inside a microfluidic chan-
nel without direct contact with the fluid itself. Bead manipulation, where bio-material
is attached to small but highly magnetic particles, makes it possible to isolate certain
types of material from the rest of the sample. Additionally, magnetic interactions
are generally not affected by external factors like surface charges, pH, or tempera-
ture, all common problems in electrophoresis. Furthermore, magnetic forces are no
longer restricted to manipulation of highly magnetizable particles, like ferrofluids, but
can even be used to manipulate non-magnetic material, e.g., diamagnetic objects as
demonstrated in [34] with the levitation of a frog.

6.1 Magnetic separation techniques

Today there is an on-going effort to miniaturize traditional laboratory functions in
lab-on-chip devices, i.e., the integration of functions by means of MEMS techniques
onto chips. Functions like transportation, positioning, mixing, separation, and sorting
of magnetic, as well as non-magnetic particles, are made automatic and compatible
with the physics of fluid flows on microfluidic scales. Miniaturization of lab-on-chip
devices offers two things: a fast and highly efficient separation, because the magnetic
force on a particle is higher, the closer it is to the magnet surface. Secondly, meeting
the growing demand for small devices, able to work efficiently with nano-sized particles.

Magnetic forces and microfluidics are combined in a myriad of ways, all offering
different techniques and methods for separation, e.g., high gradient magnetic separation

! Micro-electro-mechanical systems is the integration of mechanical elements, sensors, actuators,
and electronics, on a common silicon substrate through micro-fabrication technology.

65
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(HGMS) techniques, often performed in tubes or capillaries, separating magnetic
particles or cells [35], 36], 37]. Field-flow fractionation (FFF) [38] 39, 40], and split-
flow thin fractionation (SPLITT) [41], 42] [43] are effective methods for separation
of micro-particles in continuous fluid flows, in which several forces, such as gravity,
thermal, electric, or magnetic fields, and gradients are combined. Magnetic field-flow
fractionation was first demonstrated by Vickrey and Garcia-Ramirez [44], and Figure
shows the principle of FFF and SPLITT.
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Figure 6.1: Schematic drawing of the configuration of the magnets and the pole pieces
in the capillary magnetophoresis of FFF and SPLITT fractionation, first demonstrated by
Vickrey and Garcia-Ramirez.

Based on FFF and SPLITT separation methods, a continuous flow method, capable
of separating magnetic particles from non-magnetic, as well as separating different
magnetic particles from each other, is termed on-chip free-flow magnetophoresis [45].
Laminar flow is generated over a flat separation chamber by a number of inlet and
outlet channels, as seen in Figure [6.2
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Figure 6.2: Principle of free-flow magnetophoresis. Magnetic particles are pumped into a
laminar flow chamber where a magnetic field is applied perpendicular to the direction of flow.

Particles deviate from the direction of laminar flow according to their size and magnetic
susceptibility, and are therefore separated from each other, and from non-magnetic material

R

Perpendicular to the direction of laminar flow, i.e., in the y-direction, an inho-
mogeneous magnetic field is applied, which forms a magnetic field gradient over the
separation chamber. A mixture of magnetic and non-magnetic particles is injected
continuously into the system, through the sample inlet channel. The non-magnetic
particles are not influenced by the magnetic field, and leave the chamber at the exit,
opposite the sample inlet. Paramagnetic and ferromagnetic particles, however, are
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dragged into the inhomogeneous magnetic field, leaving the chamber via one of the
other outlet channels. Their deflection depend on the susceptibility and size of the
particle, and can be studied in a microscope.

The device studied in this thesis produces extremely intense magnetic forces in
very small volumes. This makes it perfectly suitable for magnetic and non-magnetic
separation purposes in ever smaller environments, and has the potential to significantly
improve applications based on magnetophoresis. It is especially interesting in combi-
nation with on-chip free-flow separation. The device is based on rare-earth magnets,
and as a result can be integrated in microfluidic systems using MEMS techniques. In
any case, an understanding of the magnetic forces and how they interact with the
surroundings is essential, in order to optimize the magnetophoresis techniques. The
next sections, thus outlines one approximation to the magnetic force on objects in
hydrodynamic fluid flows.

6.2 Force on a magnetized object

The literature contains a multitude of slightly different expressions for the magnetic
force on an object, all based on different assumptions and approximations. One of
the most common notation states that, under the influence of a magnetic field (B)
the magnetic potential energy (U) of a particle with volume V', and volume magnetic
susceptibility x, is written as

Xp — Xm
240
where 1 is the magnetic permeability of vacuum, and x,, is the volume magnetic

susceptibility of the medium. The magnetic force acting on a particle is consequently
described by

U=— VB2, (6.1)

Fpy = —VU = VEXBVB, (6.2)
Ho
thus depending on the volume of the particle, difference in magnetic susceptibility
between the particle and the surrounding buffer medium, as well as the strength and
gradient of the applied magnetic field [21]. Note that, A y is the effective volume
susceptibility, and includes the demagnetization factor of the particles.

This result assumes spherical particles and homogeneous properties of the medium
and the particles. Moreover, interactions that come about when there are more
than one particle present are disregarded; The field due to magnetization of one
particle induces an additional magnetic moment in other particles, gives rise to an
inhomogeneity of the field at the position of the other particles and thus a force,
and an additional magnetic moment interacts with the dipole field of neighbouring
particles. Nevertheless, it is generally a good approximation for the magnetic force
on particles in magnetic fields. Note that, in a homogeneous field, i.e., a field where
VB = 0, the force on the particle is zero. As a consequence, the particle will be
magnetized but not pulled in any direction.
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6.2.1 Susceptibility of particle and carrier medium

The difference in magnetic susceptibility between a particle and its surrounding buffer,
or medium is termed A x = X, — xm- For diamagnetic particles (x, < 0) in a
diamagnetic medium (y,, < 0), the term A x can be positive or negative, i.e., the
particle is either repelled from, or attracted to the magnetic field. The magnetic
susceptibility of a particle and the surrounding material are generally very close to each
other, thus A x is often rather small, and the force on the particle almost negligible.

The buffer medium can be made paramagnetic. When a diamagnetic particle
(xp < 0) is placed into a paramagnetic medium (x,, > 0), A x is always negative, thus
the diamagnetic particle is repelled from the magnetic field, and pushed towards field
gradient minima. The larger y,, the stronger the repelling force.

Additionally, a paramagnetic particle (x, > 0) can be made to act like a diamagnetic
material by placing it into a strongly paramagnetic medium, (x,, > x, > 0). In this
case, A Y is negative, and the paramagnetic particle is repelled from the magnetic
field. In most cases, however, paramagnetic particles are placed into a diamagnetic
medium, (x,, < 0 < x,), resultant in a positive A x, and consequently attraction of
the paramagnetic particles towards field gradient maxima. Attraction of particles,
towards field gradient maximum, is perhaps the most interesting case concerning the
invention since |[VB| > |B].

6.3 Hydrodynamic interactions

The magnetic force is the sole driving agent of the separation. Nevertheless, a better
understanding of how the magnetic force interacts with the surroundings, results
in better theoretical understanding of the whole separation process. Magnetism is
not the only phenomena contributing to the motion of particles in magnetophoresis
in microfluidic environments. Hydrodynamic interactions is the phenomenon that,
particles moving in a fluid is also moved by the surrounding fluid, thus particles
subject to a magnetic force is moved relative to the unperturbed fluid flow. This
relative motion sets up a viscous drag from the fluid, thus a momentum transfer. This
transfer of momentum gives rise to an additional flow, a change in fluid velocity, that
in principle affects the global fluid flow pattern. In any case, dampening of velocity
differences, caused by viscous action, i.e., the mechanism of dissipation of kinetic
energy gives rise to drags on bodies moving relative to the surrounding fluid, and
forces the particles to accelerate, in order to establish a force balance between drag,
and the external magnetic force.

6.3.1 Motion in viscous fluid

The drag force on a spherical particle of radius a in an incompressible fluid is given by
Stokes’ law

F, = —6mnav, (6.3)

where 7 is the bulk fluid viscosity, and v is the velocity of the spheres, relative to the
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fluid [46].

This definition is only valid under low Reynolds numbers, where the viscous effects
dominate, and the motion of v is laminar?, and slow. The factor (67na)~" is called
the mobility b, and is interpreted as the speed a spherical particle attains, when it is
subject to a unit force.

A spherical particle suddenly subject to a changed external force will accelerate
until the viscous force balances the external force on the particle. By Newton’s second
law and Stokes’ law for the viscous drag this balance is written as

)
mé%:Fgﬁ+Fn:me—&mv (6.4)

The terminal magnetophoretic velocity is thus given as F.,;/67na, and is attained
exponentially with a time constant of

m  2pa®

(6.5)

T= = )
6mna 9In
where p is the density of the fluid [47]. The acceleration happens very quickly, e.g., in
water at room temperature where the viscosity is 1073 kg/ms, and the density is 103
kg/m?, a particle with a radius of 10 um obtains maximum velocity in less than 0.25

1S,

As the changes in the external force happen on a much shorter time-scale than
changes in the force experienced by the particles, the viscous drag balances the external
force at all times. Furthermore, since the acceleration happens very quickly, and the
mass of the particle is very small, m%—;' is negligible. According to Watarai et al. [21]
the terminal velocity is then represented as

2
v= 28X, ByB. (6.6)
9 pon

The magnetophoretic velocity is, thus dependent on the size and magnetic charac-
teristics of the particle, i.e., the velocity is proportional to A y, and a?. Different sized
particles with different susceptibilities will therefore be deflected from the direction of
the laminar flow, to different degrees.

6.3.2 Motion in fluid flow and external magnetic field

The balancing of forces in a microfluidic channel, where a particle is subject to a fluid
flow and an external magnetic field, thus yields

Vax
Ho
where u(r) is the velocity of the fluid flow, and v is the velocity of the particles,

relative to the fluid [21], 47]. Note that, 7. is the effective viscosity of the fluid in
the channel, and is generally larger than the bulk viscosity (7). The reason is that,

0=F,,+F,= BVB — 6mnepra(v —u(r)), (6.7)

2A laminar flow is a regular, smooth fluid motion known as a Poiseuille flow. It occurs when
Re = pdv/n < Re., where Re is the Reynolds number and Re, is the critical Reynolds number. A
flow that is not laminar is turbulent.
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microfluidics is a complex area where fluids often have spatial rheological variations,
characterized by length scales comparable to the structure of the system. Nearby walls,
as well as correlations between individual particles, severely complicates the local
viscosity in tiny, confined, or complex fluids, consequently measuring the rheological
properties is quite challenging. Nevertheless, the more complex the system, the more
essential it is to understand these properties, in order to describe the "true” motion of
the particles. A study, made by Svasand et al. [48], presents a method for measuring
the effective viscosity of very small volumes of ferrofluids. The hydrodynamic drag
force in Equation [6.3] acting on a particle in an incompressible fluid, is corrected to
take into account the effect of nearby walls, as well as correlations between particles,
and by doing so obtaining a result, consistent with viscosity values found in s