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Abstract

This thesis is an experimental study of spin dependent transport in Magnesium oxide
(MgO) magnetic tunnel junctions (MTJ) and width modulated ferromagnetic wave-
guides.

The magnetoimpedance of micron sized magnetic tunnel junction sensors with 1.7
nm MgO tunnel barrier was investigated using ac impedance spectroscopy (IS). We
performed impedance spectroscopy in the frequency range between 100 Hz and 40 MHz
as a function of applied magnetic field in the sensing direction. The results were
evaluated using equivalent circuit models. We did not observe any magnetocapacitance
in single MgOMTJ devices. Multiple single MTJs connected in series (array junctions)
were also measured by tunnel magnetoresistance (TMR) and IS techniques. We have
observed non zero magnetocapacitance and magnetoinductance for array junctions.
We have shown that TMC can be used to sense external dc magnetic fields. We have
also shown that the raw magnetoimpedance measurements can be used in sensing
external dc magnetic field without equivalent circuit analysis with better sensitivity
compared to sensitivity via dc-TMR. The dc voltage bias dependence of single MgO
MTJs was also studied. These results provide improvements and new ways to measure
magnetic fields and they are valuable to the magnetic sensor industry.

Magnonic crystal structures which included a coupled reservoir and a waveguide were
fabricated and measured using time and space resolved scanning magneto-optic Kerr
microscopy (TSRSKM). Two kinds of devices were fabricated. A rectangular reservoir
connected to an unmodulated waveguide and to a width modulated waveguide. Both
the reservoir and the waveguide were sputter deposited (110 nm Permalloy). We
have observed propagating spin wave injection under uniform global ac magnetic field
between 3.6 and 4.4 GHz. The reservoir acted as a broad-band antenna and injected
spin waves into the waveguides. Unlike the unmodulated waveguide, the modulated
waveguide also showed a standing wave which was dictated by the modulation. We did
not observe stop/pass bands for spin waves (magnonic crystal). The results provide
better understanding of spin wave creation and propagation.
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1. Introduction

This thesis is a product of the research conducted in Prof. Snorri Þ. Ingvarsson’s
research group at the University of Iceland (HI) between 2007 − 2012. It gives a
summary of the efforts of fabrication and characterization of ferromagnetic devices
for magnetic field sensing and for future high-speed magneto-electronics. The results
presented here were obtained via international collaboration with Prof. Gang Xiao’s
group at Brown University, Micromagnetics Inc. in USA and Dr. Volodymyr V.
Kruglyak’s group at the University of Exeter played an important role to obtain the
results presented in this thesis.

The structure of the thesis is as follows: A brief summary of the motivation for this
work and basics of magnetism and its terminology will be presented in chapter 1. Chap-
ter 2 includes a short overview of the growth and patterning techniques which were
used to fabricate the devices reported in the present work. Theoretical aspects, fabri-
cation details, measurement setups and results for magnetic tunnel junctions (MTJ)
are given in chapter 3. chapter 4 presents creation and detection of spin waves in a
magnonic crystal structure.

1.1. Spintronics

Spintronics (Spin-electronics), an emerging technology, equips conventional charge
based electronics with a new functionality; electron spin. Relying on the idea of
manipulation and detection of electron spin by external electric and magnetic fields,
this subject is one of the possible solutions to the problem of fundamental limits
which the conventional semiconductor electronics devices are reaching soon (ITRS
2009). Spintronics offers not only the possibility of signal transmission via pure spin
currents as opposed to charge current but also interesting effects and an opportunity
to test fundamental physics in solid state materials and devices. Thanks to the in-
tense research contributed by the groups all over the world for nearly thirty years,
the subject is blossoming with new results in both fundamental physics and device
application. Spintronics,which can be traced down to the experiments in ferromag-
net/superconductor systems (Tedrow & Meservey 1971), extends over a wide range of
subjects such as giant and tunneling magnetoresistance (GMR/TMR), spin Hall effect
and topological insulators, magnetocaloric phenomena, spin transfer torque devices,
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1. Introduction

magnetoelectric coupling (multiferroics and complex oxides) and semiconductor spin-
tronics with device applications such as magnetic memory elements, spin logic devices
and magnetic sensors (Bader & Parkin 2010, Žutić et al. 2004). During the research
which is reported in this thesis, we explored spin dependent tunneling in Magnesium
oxide (MgO) junctions and external AC field response of the magnetic thin films and
patterned nanostructures in microwave frequencies.

1.2. Magnetism

A proper overview of this enormous subject can be found in many books on mag-
netism and related phenomena (Blundell 2001, Buschow & de Boer 2003, Coey 2010,
O’Handley 2000, Skomski 2008).

Magnetic dipole moment (dµ) is a fundamental object in magnetism. Imagine there
is a current I around an elementary area. The magnetic dipole moment is given by:

dµ = IdS (1.1)

and it is given in A·m2. The magnetic moment is associated with the angular mo-
mentum (L) of the electron since a current loop is a result of the motion of electrical
charges. The relation between the magnetic moment and the angular momentum is
established via the gyromagnetic ratio (γ):

µ = γL (1.2)

The energy of a magnetic moment in a magnetic field B and the torque (G) applied
to it are given by:

E = −µ ·B (1.3)

G = µ×B (1.4)

The torque is equal to rate of change of angular momentum which is related to the
magnetic moment. Therefore, the rate of change of dµ is written as:

dµ

dt
= γµ×B (1.5)

2



1.2. Magnetism

This equation shows that the magnetic moment precesses around B (Larmor preces-
sion). Besides it angular magnetic moment, an electron possesses an intrinsic magnetic
moment due to its intrinsic angular momentum which is called spin (S). The total
magnetic moment is the sum of orbital and intrinsic magnetic moments. Therefore
the magnetic moment of an electron (with S = ±~/2) is:

µ = −µB(L + gS) (1.6)

where µB is the Bohr magneton (µB = e~/2me ≈ 57.9 µeV/T) and g is a constant
known as the Lande g-factor (≈ 2 for free electrons). The energy levels of an electron
splits in a magnetic field by an amount of gµBB (Zeeman splitting).

There are large number of atoms with magnetic moments in a magnetic material, each
of them contributing to the total magnetic moment. The magnetization (M) is defined
as the magnetic moment per unit volume. M is a vector quantity and considered to
be a continuous-smooth vector field except at the edges of the material in “continuum
approximation”. The relation between the magnetic flux density (B) and the magnetic
field strength (H) in a solid is defined by the magnetization:

B = µ0(H + M) (1.7)

Both B and H are often referred to as the magnetic field. The relation between them
however is complicated and they can be in different direction and magnitudes. In
“linear materials”, the magnetization and the magnetic field H are linearly related
with a dimensioneless parameter (M = χH). Therefore in a solid eq. (1.7) can be
rewritten as:

B = µ0µrM (1.8)

where µr = 1 +χ. µr and χ are the relative permeability and magnetic susceptibility,
respectively.

Applied magnetic field (Ha) and the magnetic field inside the material (Hi) can be
quite different because of the magnetic field contribution of internal magnetic moments:

Hi = Ha + Hd (1.9)

where Hd is called the demagnetizing field. It can be very difficult to calculate for
arbitrary shape of objects.

3



1. Introduction

1.2.1. Diamagnetism & Paramagnetism

An applied magnetic field induces a magnetic moment in a solid. Depending on the
direction of this moment, opposing to the field or aligning with it, the material is
called diamagnetic (χ < 0) or paramagnetic (χ > 0).

In diamagnetic materials, external magnetic field changes the orbital velocity of elec-
trons around the nuclei and therefore alters the magnetic dipole moment, with a neg-
ative magnetic susceptibility. Materials with no unpaired electrons are diamagnetic.
All materials show diamagnetism to some degree but it is a very weak effect (ex-
cept in superconductors) with no temperature dependence and surpassed by stronger
interactions. Diamagnetism is an entirely quantum mechanical effect. Langevin the-
ory of diamagnetism which treats a material as a classical (non-quantum mechanical)
collection of permanent magnetic dipoles with no interaction between them, doesn’t
apply to metals since non-localized electrons exist in metals. Diamagnetism in metals
is explained by Landau theory of diamagnetism which considers the modification of
electron trajectories due to Lorentz force and formation of a weak counter-acting field.

Paramagnetism refers to a positive susceptibility. The external field induces a magne-
tization in the material and the external field and magnetization are aligned in parallel.
Unlike diamagnetism, paramagnetism deals with atoms that have a non-zero magnetic
moment (i.e. unpaired electrons). These magnetic moments are aligned in random
directions and average to zero total magnetic moment in the absence of an external
field. An external magnetic field lines the magnetic moments up, resulting in a net
magnetization. The temperature is also important since the random nature of the
magnetic moments depends on the temperature. As the temperature increases, the
magnetic moments will be randomized. Thereofore, the magnetization of a paramag-
netic material will depend on the ratio of B/T . Paramagnetism is generally stronger
than diamagnetism but still weak compared to ferromagnetism.

1.2.2. Ferromagnetism

Ferromagnetic materials show a long-range order in magnetization and have a non-zero
magnetization even in the absence of an external magnetic field. They usually have
large permeability values.

Exchange interaction is the origin of ferromagnetism. The exchange interaction de-
scribes coupling of magnetic moments in ferromagnets. Parallel alignment of neihg-
boring magnetic moments leads to ferromagnetic order while antiferromagnetic order
is a result of antiparallel alignment of the moments. There are different types of
exchange interaction mechanisms such as direct exchange, indirect exchange (superex-
change, Ruderman-Kittel-Kasuya-Yosida or RKKY), double exchange and anisotropic

4



1.2. Magnetism

exchange interactions, of which we will not go into the details in this text.

Another important interaction is magnetic dipolar interaction. It is a direct interaction
between two magnetic dipoles seperated by a distance. As a long range interaction, it
plays an important role in spin dynamics in ferromagnets.

Ferromagnets undergo a phase transition above a critical temperature, called the
“Curie temperature” (Tc). Ferromagnets show paramagnetic properties above the
Curie temperature. They show hysteretic behaviour under applied magnetic field
as seen in fig. 1.1:

M

H

Mr

Hc

Figure 1.1: Plot of the magnetization of a ferromagnet (M) as a function of magnetic
field strength (H) between two saturation configurations. Coercive field and remanence
magnetization are denoted as Hc and Mr, respectively.

Directional preference of magnetic configuration in ferromagnets is called magnetic
anisotropy. A magnetically isotropic material doesn’t have a preferred direction for its
magnetic moment vector without an external magnetic field. A ferromagnet, however,
is magnetically an anisotropic material with hard and easy (energetically favorable
direction of the spontaneous magnetization) axes. Magnetic hysteresis is caused by
magnetic anisotropy which can be introduced by different mechanisms:

• Magnetocrystalline ansiotropy : Crystal structure induces preferred directions
for magnetization.

• Shape anisotropy : Demagnetizating field is not equal in all the directions when
a material doesn’t have a perfect circular shape (i.e. ellipse).

• Exchange anisotropy : Also called exchange bias, interfacial magnetization con-
figuration is altered when a ferromagnet and antiferromagnet are brougth to-
gether.

5



1. Introduction

• Magnetoelastic anisotropy : Materials under stress might have different perme-
ability in different directions.

1.2.3. Antiferromagnetism and ferrimagnetism

Positive exchange interaction energy leads to ferromagnetism and aligns the spins par-
allel to each other. Negative exchange interaction energy, however, causes nearest
neighbour spins to align antiparallel to each other because of minimization of static
energy. This configuration is called antiferromagnetic state (fig. 1.2). It is a com-
mon state for materials with two sublattices (i.e. AxB1−x). The temperature above
which an antiferromagnet becomes paramagnet, is called “Neel temperature” (TN ).
Antiferromagnets have zero net magnetic moment.

a) b) c)

Figure 1.2: Magnetization configurations of a) ferromagnet; b) antiferromagnet and c)
ferrimagnet.

Similar to an antiferromagnetic lattice, a ferrimagnet has two sublattices with different
magnetic moments. Unlike antiferromagnets, they have a net magnetization. The tem-
perature, at which the net magnetization changes its sign, is called the “Compensation
temperature” (Tcomp).
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2. Fabrication

Micro/nano-fabrication is a generic term that describes fabrication of miniaturized
structures, micron sized or smaller, to be used in electronic devices. It is a multi-step
process which combines a variety of growth and patterning techniques as well as dif-
ferent disciplines such as material science, chemistry, physics, biology and engineering.
It has been developed by many research groups and companies for decades and it still
is a very active research field. The devices used in this thesis were fabricated using
some of the microfabrication techniques, namely, thin film depostion, lithography and
chemical etching. We will not try to give a proper introduction to or an overview of
the whole microfabrication field which is extremely wide but focus on the basics of
the techniques used to fabricate the devices characterized in our research. There are
many sources for a good introduction to the field (Jackson 2006, Jaeger 2001, Madou
2011).

A typical flow of a microfabrication steps for our devices is shown in fig. 2.1.

Figure 2.1: A typical fabrication process flow for the devices reported in this thesis.
Lithography and thin film growth is repeated for each thin film layer in multilayered
devices.

We follow top-down approach in fabricating our devices. The process starts with
a clean substrate. Desired patterns are defined on the substrate using lithographic
methods or etching and thin film layers are grown on the substrate. After removing
unwanted parts of the pattern, we obtain the desired structure which is ready for
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the measurements in a single-step process. If the structure includes more than one
layer of thin film, then this process is repeated for each layer (multi-step process). A
general information on lithography and thin film growth is given in section 2.1 and
section 2.2, respectively. Detailed step by step lithography recipes which have been
used to fabricate the devices used in this thesis are given in ??.

2.1. Lithography

Lithography is a generic name for pattern creation and transfer. Modern lithography
process finds application in various fields; to name a few, electronics industry, publi-
cation and printing and packaging. The electronics industry owes its success greatly
to the advances in lithography techniques. The ability to transfer a pattern on a sub-
strate by scaling down made it possible to produce devices with dimensions down to
several tens of nanometers. There are several lithography techniques used in micro-
fabrication industry and research groups. Among them, the most established ones are
optical and electron beam (e-beam) lithography. The research continues to date to
improve the limits and applications of these techniques as well as new methods such
as nanoimprint, interference, X-ray, extreme UV and scanning probe lithographies.
The optical and e-beam lithography techniques will be described shortly in the next
subsections since these two methods are the only ones employed in our research. A de-
tailed information on the lithography can be found elsewhere (Landis 2011, Levinson
2011).

Certain parts of a thin film or a substrate are selectively removed by physical and
chemical ways in optical and e-beam lithography processes in order to obtain the
desired pattern. The usual process starts with a clean substrate and a resist. The
resist is spun on the substrate. Certain parts of the resist are exposed to ultraviolet
(UV) light in optical lithography and electron beam in e-beam lithography to change
the chemical composition of the resist. A developer, which is another chemical, etches
either exposed or non-exposed parts of the resist away, depending on whether positive
or negative resist is used. After the growth of a thin film, the remaining resist is
removed with a lift-off agent which is usually acetone.

2.1.1. Photolithography

Also called photolithography, optical lithography uses UV light to transfer patterns
from a photomask to the substrate. The Cr photomasks we have used were designed
by us and produced by a commercial provider. A typical one layer resist process
is summarized in fig. 2.2 for both positive and negative type of resists. A thorough
cleaning (chemical and plasma) and prebaking is crucial before the lithography process
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2.1. Lithography

since the growth of the thin films highly depend on the adhesion between the films
and the surface of the substrate. An adhesion agent (HMDS) might also be useful to
provide better adhesion for the resist. A photoresist is applied on the surface using a
spinner and the sample is baked again. The desired thickness of the resist is obtained
by changing the spinning speed according to guidelines provided by the manufacturer
of the resist. Exposure of the resist by UV-light changes solubility of the exposed
areas. Exposed areas will become more soluble in positive photoresist while those
areas will become less soluble in negative photoresist. Proper developer (MaD-533S,
MaD-331S) will wash the exposed parts of the positive resist and nonexposed parts
for the negative. After washing the sample in deionized water and drying up, plasma
cleaning (Ar, O2) is applied to remove organic residues on the surface in order to
increase adhesion on the surface. The thin film grows all over the sample including
both the substrate and resist. As the final step, lift-off is performed by dipping the
sample into Acetone and/or applying sonication. This step removes the photoresist
along with the metal layer on top of it, leaving the desired metallic pattern on the
surface.

substrate

resist

mask

metal

a)

b)

c)

d)

e)

f)

Positive resist Negative resist

UV light

Figure 2.2: Basic photolithography steps for positive and negative type of photoresists:
a) cleaning the susbstrate; b) spinning the resist; c) exposure; d) development (with
proper developers); e) metal growth; f) lift-off (with Acetone) and the final structure
(figures represent ideal structures without under/overcuts.

Several parameters affect the lithography process. Besides cleaning (as mentioned
above), parameters such as exposure time, power density of the light source, develop-
ment time and the ratio of the resist vs. thin film layer thickness change the results
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significantly. The parameters which were not adjusted properly will cause several
problems such as under/overexposure, cracks in the metal layer, overdeposition on the
resist walls and unsuccessful lift-off. The fabrication processes which were given in
Appendix-A, were studied and optimized in terms of these parameters. Also, the pa-
rameters were checked and proved with dummy substrates before almost every lithog-
raphy session with the real samples. All the exposures were performed with contact
lithography technique and soft contact was used for the structures with bigger dimen-
sions by adjusting the vacuum between the mask and the substrate while hard contact
was used for smaller structures.

2.1.2. E-beam Lithography

Fabricating structures with dimensions less than a micron is not easy with conven-
tional photolithography techniques. Therefore we used e-beam lithography to fabricate
submicron devices.

The basic work-flow of e-beam lithography is very similar to that of photoloithography
except the materials (i.e. resist, developer) and the exposure step. E-beam lithography
is a maskless direct writing technique unlike photolithography. A focused electron
beam is directed onto the surface of a substrate which is coated with an electron
beam sensitive material (e-beam resist). Poly-methyl-methacrylate (PMMA) which
is a positive e-beam resist was used in our research. The beam can be produced by
a thermionic or field emission filament. Common e-beam filaments are lanthanum
hexaboride (LaB6) and heated Zirconium oxide coated Tungsten (W/ZrO2). Emitted
electrons are concentrated into small areas by electromagnetic lenses and focused on
the surface of the substrate. The electron beam breaks the bonds in the polymer
(PMMA) and changes the chemical composition. Selective removal of the exposed
areas is done with an organic solvent mixture Methyl-Isobutyl-Ketone and Isopropyl
alcohol (MIBK:IPA-1:3). After the development step, desired metal layers are grown
and lift-off with Acetone is performed just as in photolithography. Exposing PMMA to
very high doses or for long times hardens PMMA (burning) resulting with an insulating
layer which is not removable by Acetone. Such burnt PMMA layers were obtained by
applying 30 to 50 times higher dose of the normal level in order to deposit a thin
insulating PMMA film between different metallic lines to prevent electrical conections
between these lines in spin wave structures. The patterns are drawn with dedicated
software.

It is possible to fabricate structures with dimensions down to 20 nm with e-beam
lithography since diffraction of the electrons (λ = 0.2-0.5 Angstrom) is not a major
issue. The limiting factors are the condition of the beam (aberration in electron
optics), electron scattering, surface conduction and length of PMMA chains. We have
taken certain steps to address such problems. For example, a thin layer of Al (20 nm)
was deposited on top of PMMA for highly insulating glass substrates to increase the
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surface conduction in order to prevent charge build-ups. This layer was removed by
chemical etching after e-beam writing. For small structures (transmission lines with
less than 300-400 nm in a meander geometry or anti-dot lattice with holes whose radius
are 600 nm), e-beam dose was adjusted to decrease backscattering effects.

A Leo Gemini SEM with Raith e-beam writer at Nýsköpunarmiðstöð Íslands was used
to write our samples. The structures were drawn with Elphy software.

2.2. Thin Film Deposition

In microfabrication, a thin film is a layer of a material with a thickness ranging from
few nanometers to several microns. Practically, it is used in almost every electronic
device available today; from josephson devices to solar cells, from computer chips to
hard drives. The quality and features of thin films depend on the surface conditions of
the substrate it grows on as well as the thickness of the film and the growth technique.
A thin film is formed by decomposition of the seed material into atomic/molecular
scale and growing it on the substrate by physical and/or chemical ways.

Several different methods exist for thin film growth. Each one of these methods of-
fers advantage/disadvantage in terms of suitability for the substrate and material to
be grown, complexity, speed, control over the film parameters, reproducibility and
scalability etc. The most common of the growth methods can be classified into two;
chemical and physical methods. A list of growth techniques is given below. This list
however is by no means complete or detailed nor intended to be, since such an effort
is outside the scope of this thesis. The list should be taken as a summary of the most
common growth techniques used in the industry and academia. Interested readers can
consult resources which are focused on the structure and dynamics of the material
growth (Freund & Suresh 2009, Ohring 2001, Smith 1995).

• Chemical deposition: A class of techniques in which chemical reactions lead
to the film growth on the surface of the substrate. Necessary conditions and
elements are put through to promote a suitable chemical reaction which forms
the film on the substrate. It can be further catogorized into few subclasses:

– Electro-chemical deposition and plating.

– Chemical solution deposition or Sol-gel.

– Chemical vapor deposition (CVD) which includes various techniques such
as metalorganic CVD (MOCVD), plasma enhanced CVD (PECVD), atomic
layer CVD (ALCVD), vapor phase epitaxy (VPE) etc.

11
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• Physical deposition: Unlike chemical deposition, physical deposition makes use
of electrical/mechanical and/or thermodynamic ways to achieve material depo-
sition on the surface of the substrate. There are several different techniques:

– Physical vapor deposition: Cathodic arc deposition, thermal or resistive
heating evaporation, e-beam evaporation, sputter deposition, pulsed laser
deposition etc.

– Molecular beam epitaxy.

– Reactive sputtering.

• Other methods such as liquid phase epitaxy, plasma spray etc.

The devices reported in this thesis were all-metallic structures except magnetic field
sensors which include thin Magnesium oxide (MgO) layer as insulator. All the devices
were grown on either Silicon dioxide (SiO2) or glass substrates in order to prevent any
unwanted current flow from the devices into the wafer. Glass slides and some of the
SiO2 wafers were obtained from commercial manufacturers. Other SiO2 wafers were
obtained by thermal oxidation of Silicon (Si) wafers, again, purchased from commercial
manufacturers. Three different growth techniques were used in deposition of metal-
lic layers and MgO on these substrates: Magnetron sputtering, thermal and e-beam
evaporation.

2.2.1. Thermal Evaporation

A solid source material is heated to sufficiently high temperatures until it evaporates
in this method, which is also called resistive heating evaporation. This process is
achieved by passing a large direct current (DC) through a container which holds the
source. The vapor forms a thin film on colder substrate by condensation and also on
the walls of the chamber. A demonstrative drawing of a thermal evaporation system
is given in fig. 2.3.

A voltage source is connected to a metal container (boat) which holds pieces of the
source material (pellets). As the current passes through the boat, the source evap-
orates at a sufficiently high temperature and its vapor undergoes collisions with the
surrounding gas molecules inside the chamber. Therefore, the chamber must be evac-
uated in order to increase the mean free path of the molecules. The mean free path
for air at 25 C is approximately 45 and 4500 cm at pressures of 10−4 and 10−6 torr re-
spectively. Therefore, pressures lower than 10−5 torr are necessary to ensure a straight
line path for most of the evaporated species and for substrate-to-source distance of
approximately 10 to 50 cm in a vacuum chamber. Good vacuum is also a prerequisite
for producing contamination free deposition. There are several advantages of thermal
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Sample holder

Quartz crystal

Substrate

Vapor

Pellets

Boat

Vacuum pumpPower supply

Figure 2.3: A simplified sketch of a thermal evaporation chamber.

evaporation;

• relatively simple and cheap setup.

• source material can be made of different shape and size.

• good control of deposition rate.

with disadvantages:

• possibility of contamination from the boat (a ceramic boat would decrease the
contamination at the expense of more power/electricity).

• good for metal evaporation since metals melt easily while dielectric materials are
difficult to melt.

• the film quality is poor compared to other methods.

We use a custom made thermal evaporation chamber to deposit Gold (Au), Chromium
(Cr), Platinum (Pt) and Aluminum (Al).
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2.2.2. E-beam Evaporation

Electrom beam (e-beam) evaporation is a similar technique to thermal evaporation.
A target material, also called source, is heated until it starts boiling and it evaporates.
Then it is allowed to condensate on the substrate to be coated. An e-beam is directed
onto the target with the help of a magnetic field in order to heat the source up. A
typical e-beam evaporation chamber is seen in the fig. 2.4.

Vapor flowCrucible

Vacuum pump

Sample holder

Substrate

Power supply

   Electron beam
(magnetic focusing

Cooling water

   Electron beam gun

Figure 2.4: E-beam evopration chamber. Target in the crucible is evaporated by electron
beam flux which is created by passing a high current through tungsten filament. A
magnetic field directs the beam onto the target.

An electron gun is used to generate the electron beam. The gun (cathode) produces
the beam via thermionic or field emission. Emitted electons travel between cathode
and anode (crucible) due to high difference in potential (kilovolts). A magnetic field
is applied to bend the electron beam trajectory. Local heating on the material to
evaporate is possible with the help of the magnetic field, resulting in a high density
of evaporation power (several kilowatts). This allows control of the evaporation rate
over a large range of values. Also, materials with high melting point can be deposited
due to localized heating which can be up to 5000-6000 ◦C. Cooling the crucible helps
contamination problems from heating and degasification. Some of the advantages of
e-beam evaporation are:

• contamination from crucible can be reduced by water cooling.

• film quality is better compared to thermal evaporation.

• materials with high melting temperature can be deposited.
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with disadvantages:

• alloys are difficult to deposit.

• e-beam might damage resist material on the substrate.

• poor step coverage.

We have used a commercial e-beam evaporation chamber (Cryofox 600 - Polyteknik
AS) to grow Al, Pt, Cr and Au.

2.2.3. Sputter Deposition

In the sputter process atoms to be deposited on the surface of the substrate, are
released from a solid target material because of the bombardment of the target by
energetic particles (accelerated ions). As seen in fig. 2.5, a high voltage, from several
hundreds of volts to several kilovolts, is applied between the target (cathode) and
the chamber (anode). Argon (Ar) gas is introduced into the chanber and a high DC
voltage is applied between the cathode and the anode. Ar plasma is created between
the target and the substrate due to the applied voltage. Ar+ ions in the plasma are
attracted to and accelerated towards the cathode and strike the target. Impact of the
collision frees some of the atoms from the surface of the target as well as electrons,
known as secondary electrons. Stability of the Ar plasma depends on the density
of the secondary electrons. If it is sufficient then Ar atoms near the surface of the
target become ionized and a stable plasma is created. The target atoms released into
the chamber will move in all directions. Some of them will make it to the substrate
and stick to it, forming a thin film. Some will miss it and deposit on the chamber
walls, some will become ionized and return to the target, contributing to the process.
Basic parameters which affect the creation of plasma and the deposition are chamber
vacuum, Ar pressure, voltage between the anode and the cathode and the current
passed through the plasma by the ions.

In sputter deposition, Argon is the most common sputtering gas since it has a high
sputter yields for most of the metals, chemically inert, non-toxic and relatively inex-
pensive compared to Krypton and Xenon. One however can also use a reactive gas
along with or instead of the noble gas. In this case, the process is known as reactive
sputtering.

In order to confine the secondary electrons to the vicinity of the target to increase the
stability of the plasma and the efficiency of the process, an external magnetic field
is applied with permanent magnets mounted on the gun. In this case, the process is
called magnetron sputtering.
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Figure 2.5: Sputtering. Target in the crucible is evaporated by electron beam flux which
is created by passing a high current through tungsten filament. A magnetic field directs
the beam onto the target. (Figure source: Hongfeng PVD Machines Inc.)

With a DC voltage applied between the anode and cathode, positive charges will
accumulate on the target and it requires very high voltages to sputter insulators which
might damage the target source and the substrate. With an AC voltage instead of DC,
the positive charges will stay in the plasma rather than accumulating on the target
and the cathode will sustain high voltages. This configuration is called RF-sputtering.

Sputtering techniques are not limited to the mentioned above. There are also other
methods such as dual cathode sputtering, triode sputtering and ion beam sputtering.

Some of the advantages of sputter deposition are:

• better step coverage.

• easier alloy deposition.

with disadvantages:

• grainy and porous films.

• e-beam might damage resist material on the substrate.

• works well with metals but gives poor results with insulators (i.e. SiO2).

A home made custom sputter chamber with 6 guns was used to fabricate thin films.
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The materials grown in this chamber were Aluminum (Al), Permalloy (Py), Chromium
(Cr), Iron-Manganese (FeMn), Platinum (Pt), Copper (Cu) and Cobalt (Co). The base
pressure or the chamber pressure was usually aorund or less than 1.0×10−7 mbar. The
depositions were always done with Ar pressure of 3.0 × 10−3 mbar. The magnetron
guns were regulated using 50 Watts power.

17





3. Magnetic Tunnel Junctions

3.1. Magnetic Tunnel Junctions

Electron tunneling is a purely quantum effect which has no classical analogy and it
is one of the indications of wave-particle duality. When a particle (electron) meets a
barrier which it cannot cross over, it can tunnel through the barrier if the barrier is
thin enough. The first microelectronic device (tunnel junction) based on the tunneling
phenomenon was invented by Esaki (Esaki 1958) who later was awarded with Nobel
prize for his invention. Different versions of tunneling devices have been proposed and
realized over the years succesfully. A metallic tunnel junction is a tri-layer sandwich
structure with two metal layers (electrodes) and an insulator (tunnel barrier) in the
middle, as seen in fig. 3.1

EF

EF

eV

Figure 3.1: Metal-Insulator-Metal (MIM) tunnel junction with an electron tunneling
through the barrier. Blue line illustrates the electron waveunction.

3.1.1. Spin Dependent Electron Tunneling

Electron current density through a barrier in a metal-insulator-metal (MIM)can be
written as a function of temperature and bias (Wolf 1985):

I(V, T ) =
2πe
~

∞∫
−∞

τ(E)N1(E − eV )N2(E)[f(E − eV, T )− f(E − eV, T )]dE (3.1)
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where τ(E) is the tunneling probability, f(E) is the Fermi-Dirac distribution, N1(E −
eV ) and N2(E) are density of states (DOS) of the metal electrodes. The tunneling
probability can be found with the help of Wentzel-Kramers-Brillouin (WKB) approxi-
mation for the simplest case of direct tunneling dominated process (Merzbacher 1997)
(details are not given here):

τ(E) ∼= e−2d
√

2m∗Φ/~ (3.2)

where m∗ is the electron’s effective mass, d is the thickness of the insulator and Φ is
the barrier height. Although this approximation is valid for the simplest case where
we ignore several important phenomena affecting tunneling properties, such as tem-
perature dependence of the system, barrier lowering due to image charges and surface
states, surface scattering, trap assisted conduction, non-linear effects due to voltage
bias etc., it establishes a basic relation between the tunneling probability (or conduc-
tion) and the thickness of the insulator; tunneling current decreases exponentially as
the thickness increases. This thickness is 1-2 nm in today’s devices.

Magnetic tunnel junctions form a subclass of tunneling devices. A MTJ is a MIM
capacitor with ferromagnetic electrodes. Aluminum oxide (Al2O3 or AlOx) and, re-
cently, Magnesium oxide (MgO) are the most common materials for the barrier layer.
Titanium oxide (TiO) and Zinc oxide (ZnO) are also used as the barrier material. Re-
search to develop new materials (i.e. half metallic oxides, dilute magnetic oxides and
multiferroic oxides) is aggressively pursued all over the world. Typical electrodes are
made of Cobalt (Co), Iron (Fe), Cobalt-Iron (CoFe), Nickel-Iron (NiFe) and Cobalt-
Iron-Boron (CoFeB) for AlOx and MgO tunnel junctions (S. Ikeda & Ohno 2007,
Zhu & Park 2006).

Unlike normal metals, ferromagnetic metals have different density of states for up
and down spins under an external reference field. Therefore magnetic tunnel junctions
have a unique dependence of conduction (or resistance) on applied magnetic field. The
resistance changes as the relative configuration of ferromagnetic electrodes changes.
When the magnetization of the two electrodes are in the same direction (parallel
state) the resistance of the junction is less than that of the magnetizations in reverse
directions (anti-parallel state). An example of the resistance vs. external field graph
is given in fig. 3.2.

The resistance of the device jumps from 570 (parallel state) to 1089 Ω (anti-parallel
state) as the external magnetic field is swept from −90 Oe to +90 Oe, leading to 91 %
TMR value, which is defined as follows:

TMR = 100× Rap −Rp

Rp
(3.3)
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Figure 3.2: Resistance vs. magnetic field applied along the easy axes of the ferromagnetic
layers.

Several transport models have been proposed in order to explain the magnetic field
(or spin) dependent transport in ferromagnetic junctions. Among them Julliere’s two
current model is the simplest and most phenomelogical (Julliere 1975). The model is
based on two assumptions:

• Electron spin is conserved during the tunneling process. In other words, the
tunneling of spin up and down electrons are seperate and independent events.
Therefore, conductance can be thought of as a combination of two independent
spin channels, namely up and down. The electrons from a particular spin state
in the first ferromagnet (say up) can tunnel into available states of the same type
(up) in the second ferromagnet.

• The conductance of each spin channel is proportional to the product of the
effective density of states in both ferromagnets.

According to the assumptions above, an illustration of the tunneling process can be
seen in fig. 3.3. When the two electrodes are magnetized in the same direction (parallel
state), the majority carriers on the left side (spin up electrons) tunnel into unfilled
majority states on the right side (spin up) and minority carriers (spin down) tunnel
into the minority states. In the anti-parallel configuration however, the polarization
of the second electrode is reversed. The majority carriers are spin up electrons on the
left side while it is spin down electrons on the right side. Therefore, majority carriers
on the left tunnel into minority state on the right and vice versa. The total area of the
available states on the right electrode is simply larger for the parallel state. Therefore,
the conductance is higher in the parallel configuration, leading to a lower resistance
for the parallel state and a higher resistance for the anti-parallel state.

The density of states in each electrode can be expresses as (J. A. Bardeen & Schrieffer
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L R L R

GP ≈ ρL ρR + ρL ρR GAP ≈ ρL ρR + ρL ρR

Figure 3.3: Tunneling of spin dependent electrons in parallel (P) and anti-parallel (AP)
configurations of a MTJ. Conductance (G) is given in terms of density of states (ρ) in
the left (L) and right (R) electrodes. The color of the electrode in the tri-layer structures
at the bottom indicates the majority carriers for that electrode.

1957):

ρ1 = ρ1↑ + ρ1↓

ρ2 = ρ2↑ + ρ2↓
(3.4)

where 1, 2 refer to the electrodes while ↑ and ↓ are the spin up and down electrons,
respectively. The conductance can be expressed as:

G↑↑ = ρ1↑ρ2↑ + ρ1↓ρ2↓

G↑↓ = ρ1↑ρ2↓ + ρ1↓ρ2↑
(3.5)

Therefore inserting eq. (3.5) into the definition of the TMR (eq. (3.3)), one obtains
(dropping the percentage factor 100):

TMR =
2P1P2

1− P1P2
(3.6)

where P is the polarization (Meservey & Tedrow 1994):

P =
ρ↑ − ρ↓
ρ↑ + ρ↓

(3.7)
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The formula above is the central result proposed by Julliere. It is a simple model and
a thorough examination of this model reveals many points left open in the theory of
electron tunneling in MTJ structures. The tunneling probability is associated only
with the ferromagnetic electrodes, irrespective of the barrier or the interface. There
are many important factors affecting the tunneling phenomena in magnetic tunnel
junctions: Barrier properties such as barrier height and thickness are crucial for the
tunneling probability. Electron tunneling is also affected by interfacial bonding because
of the overlap of the wavefunctions at the interface and surface scattering (De Teresa
et al. 1999, Sharma et al. 1999). Symmetry filtering (i.e. ∆1, ∆2 and ∆5) has to be
taken into account to explain high TMR values in MgO junctions. Several models have
been proposed for the electron tunneling in ferromagnetic tunnel junctions (Bratkovsky
1997, MacLaren et al. 1997, Slonczewski 1989, Zhang & Levy 1999, Zhang, Li, Sun &
Pu 1997) and the theory of electron transport in these junctions is an active research
field today. Interested readers in the topic are suggested to consult a recent review
paper by Miao (G. X. Miao & Moodera 2011) and references therein. Despite all the
shortcomings, Julliere’s model still captures the essentials of the tunneling and is very
useful for researchers. We have used this model for the work presented in this thesis.

3.1.2. Magnetic Field Sensors

There are many different classes of magnetic field sensors. Each class has its own
advantages and disadvantages, such as operation range, sensitivity, fabrication costs
etc (Lenz & Edelstein 2006). A short list of several different types of magnetic sensors
and their working range is given in fig. 3.4. A particular class, which is the subject of
this chapter, is magnetoresistive sensors which includes hall effect, magneto-diode/-
transistor, anisotropic magnetoresistance (AMR), giant magnetoresistance (GMR) and
MTJ magnetometers. The MTJ sensors offer several advantages over other magnetore-
sistive sensors. The sensing range is much wider compared to hall effect, magneto-diode
and magneto-transistor devices. It covers a range from pico-Tesla to milli-Tesla and
beyond. AMR and GMR sensors have also a similar range, however, the magnetore-
sistance change they offer is quite limited with respect to MTJ sensors. The resistance
change for AMR devices is 3-4 % and less than 10 % for GMR devices while sputter
deposited MTJ sensors have TMR values up to 70 % and 250 % with AlOx and MgO
barriers, respectively, as of the year 2012. Therefore, MTJ devices offer better signal
to noise ratio and power consumption compared to AMR and GMR based sensors.
Among the disatvantages of the MTJ sensors are the fabrication issues (multi-step
process, optimization of the oxide and interface parameters) and limited temperature
range compared to hall effect sensors.

The hysteretic magnetic response of the tunnel junction is very useful for logic opera-
tions or magnetic RAMs with two well defined states, low (parallel) and high (antipar-
allel) states. However, such a square response is not helpful for sensing applications
since one needs a one-to-one magnetic response function (hysteresis free magnetore-
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Figure 3.4: A comparison of the sensing ranges of resistive magnetic field sensors ().
MTJ magnetic field sensors offers the highest sensitivity down to pico-Tesla.

sistance curve). A hysteretic curve suggests two different magnetic field values for
the same resistance value (multi-valued function) as well as a very limited sensing
range since the resistance increases abruptly during the switching between parallel
and antiparallel states. Both types of curves, hysteretic and one-to-one are as shown
in fig. 3.5.

Figure 3.5: Resistance vs. magnetic field applied in the easy axis of the ferromagnetic
layers.

For an ideal MTJ sensor, MR response should have zero coercivity in the sensing
regime. In order to have a high sensitivity, the MTJ also needs to have a significant
variation of the resistance for small fields. Linearization of the MR curve can be
achieved by setting the magnetizations of the pinned and free layers perpendicular.
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3.1. Magnetic Tunnel Junctions

Cross magnetization can be achieved in several ways with the help of external or
internal biasing: By applying a fixed magnetic field in the hard axis direction of the
free layer (external bias) or using shape anisotropy (Jang et al. 2006, Lacour et al.
2002, Lu et al. 1997, Mazumdar et al. 2008). Recently, it was reported that MTJs with
a superparamagnetic free layers can be used as a magnetic field sensor without cross-
magnetization configuration (Shen et al. 2009). We have characterized both unbiased
and biased junctions in this study. Unless indicated otherwise, biased junctions refer to
MTJs in cross-magnetization configuration. These junctions do not need an external
field along the hard axis to be used as a sensor. Unbiased junctions refer to MTJs
with parallel or antiparallel magnetization configurations. Unbiased junctions have a
hysteretic MR response and need a bias field along the hard axis direction in order to
switch from memory configuration into sensing configuration.

The sensors reported in this chapter were fabricated by the research group of Prof.
Gang Xiao of Brown University and Micromagnetics Inc. The sepcifications of the fab-
rication process can be found on their websites (www.physics.brown.edu/physics/
researchpages/cme/supermag/index.html and www.micromagnetics.com). The ac-
tual layer structure of the MTJ is more complicated than the tri-layer junction design
(pinned layer/insulator/free layer). There are extra layers to improve the performance.
The standard structure is as follows: substrate/buffer and seed layers/antiferromagnetic
layer/synthetic antiferromagnetic layer/pinned layer/insulator/ free layer/capping layer.
A typical MTJ structure is (thicknesses in nm): Ta(5)/Co50Fe50(2)/IrMn(15)/Co50Fe50

(2)/Ru(0.8)/Co40Fe440B20(3)/MgO(1.7)/Co40Fe440B20(3)/Ta(5) /Ru(10). A 150 nm
gold layer was deposited as low resistance top contact leads. A sketch of this structure
is given in fig. 3.6 and appendix B includes a short overview of the fabrication process.

Figure 3.6: The structure of a single MTJ which was used in the sensors reported in this
work.

The devices are grown on SiO2. A buffer layer induces the texture of the AFM layer
and increases the overall MR. This layer is usally Tantalum. However, Platinum
(Pt) or Ruthenium can also be used. The seed layer is grown on top of the buffer
layer. It is typically a thin Co50Fe50 film. Its purpose is to help the lattice mis-
match problem between the buffer and AF layers as well as improving the texture
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3. Magnetic Tunnel Junctions

of the latter. IrMn is the AF layer. This layer pins one of the FM electrodes via
exchange bias. IrMn forms a good texture on CoFe seed layer. Additionaly, the
high Néel temperature of IrMn makes it thermally stable and its non-corrosive na-
ture prevents degradation of the AF layer in the long term. A structure known as
the synthetic antiferromagnet (SAF) is used to set the ferromagnetic layer into its
pinned state since it provides stronger pinning rather than an AF/FM exchange bias
structure alone. A SAF is composed of ferromagnet/non-magnetic space/ferromagnet
layers (Co50Fe50(2)/Ru(0.8)/Co40Fe440B20). The ferromagnetic layers seperated by a
spacer creates a greater exchange bias than a simple AF/FM structure because of the
RKKY and Neel couplings with the latter being several order weaker than the former.
The SAF is also useful in minimizing the stray field effects which might lead to asym-
metry of the free layer magnetization. Finally, the strong coupling provided by the
SAF increases the stability of the magnetization configuration and allows the whole
structure to be annealed at higher temperatures. The next layer is the tunnel barrier:
MgO. It is grown via RF-sputter deposition with 1.0 to 2.2 nm nominal thickness. A
free ferromagnetic layer (Co40Fe440B20) is deposited on top of the insulator. The final
two layers are Ta and Ru. The purpose of these layers is to help the crystallization
of CoFeB during the annealing process. To finalize the sensor, a gold contact pad is
deposited on top of the whole structure.

3.2. Measurement Techniques and Setup

We have used two different electrical measurement methods to characterize the MTJ
field sensors in this work: Magnetoresistance at DC frequencies and AC impedance
spectroscopy at higher frequencies, between 100 Hz and 40 Mhz. A magnet coil setup
was constructed using two pairs of coils, power sources and resistors. A descriptive
sketch is shown in fig. 3.7. The setup was calibrated each time before the measurements
by using different sensors depending on the magnetic field to be produced. Several
Labview® programs were written in order to fully automize the measurement system.

3.2.1. Tunneling Magnetoresistance

The TMR measurements are basically resistance measurements in MTJ structures.
The TMR measurements for the devices reported in this thesis were performed with
Keithley 2400 source meters. An automatic measurement scheme was constructed
using data acquisition interfaces (GPIB for Keithley power sources and DAQ card
for analog power supplies) and Labview® software. The resistance measurements are
most commonly performed in 2-wire and 4-wire geometries as seen in fig. 3.8. In the
2-wire technique, the device is connected to the measurement setup with two probes
and the resistance measurements is performed at the ports of the instrument. There-
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3.2. Measurement Techniques and Setup

Figure 3.7: The sketch of the magnetic field setup.

fore the measured resistance is not only the resistance of DUT but also the resistance
of the cables connecting the DUT and the instrument. In 4-wire method, this extra
resistance coming from the cables and contacts is eliminated using 4 probes. A voltage
(or current) signal is sent through the device using two of the probes. The other pair of
cables senses the voltage drop accross the DUT. Therefore the resistance contribution
coming from the cables is eliminated. The success of 4-wire measurement depends on
how close the probes are attached to the unknown resistance. We employed 4-wire
method for both TMR and AC impedance spectroscopy measurements. A formal in-
troduction to the resistance measurements with details on the instrumentation, errors
and practical points can be found in experimental physics textbooks or application
notes from instrument manufacturers (Keithley 2004, Schroder 2006).

Figure 3.8: 2-wire vs. 4-wire measurements. In two wire measurement, the measured
resistance is equal to unknown resistance (RDUT ) and the resistance of the two cables
while in 4-wire measurement, the contribution of the cables is eliminated since sensing
is performed accross the device under test.
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3. Magnetic Tunnel Junctions

3.2.2. Impedance Spectroscopy

The impedance is the complex ratio of the voltage to the current in an alternating
current (AC) circuit, with the resistance being the real part and reactance being the
complex part. Impedance spectroscopy (IS) is a technique to measure the impedance
of a component or a circuit as a function of frequency, amplitude of the AC signal and
external bias. It has been helpful to understand the materials and devices in many
different subjects, from electrochemistry to physics and from materials science to elec-
tronics. IS can be used, for example, to investigate, the dynamics of bound or mobile
charges in any kind of solid or liquid material with conducting electrodes (Czichos
et al. 2006) or as a thickness monitor for electrochemical deposition process (Pau-
porte & Finne 2006) or to study the microstructure-grain boundary correlations in
ceramics (Muccillo & Kleitz 1996).

Figure 3.9: Basic work flow of impedance spectroscopy.

A general characterization procedure of materials/devices using IS is presented in fig. 3.9.
Experimental impedance spectroscopy data for a given system may be analyzed by us-
ing an exact mathematical model based on a realistic physical theory. Analytically or
numerically computed impedance function, ZTh(ω), where ω is the angular frequency,
is compared to the measurements. Another way to evaluate the data is to use relatively
empirical equivalent circuit models and compare the experimental results to the equiv-
alent circuit impedance, ZEC(ω). In principle, the former is always preferable since a
complete theory can produce exact results for the impedance of the system under in-
vestigation. Such a theory however might be very difficult to formulate. The latter, on
the other hand, is usually easier to employ but might get confusing in terms of data
evaluation. The same data can fit into different physical interpretations. However,
practicality of the equivalent circuit approach makes this method attractive for ex-
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3.2. Measurement Techniques and Setup

perimentalists. We have used equivalent circuit analysis to evaluate the experimental
data from our measurements.

There are several advantages of the impedance spectroscopy:

• The experimental setup is relatively simple using commercial equipments (impedance-
, frequency response- or network analyzers).

• A wide range of physical phenomena can be investigated with a relatively sim-
ple electrical measurement scheme with properly constructued circuit models.
Besides the examples given earlier, one can obtain information on, for exam-
ple, mass transport parameters, rates of chemical reaction, microstructure and
defects, corrosion, strain and relaxation and dielectric properties of solids, mem-
brane behavior of living cells, empirical quality control procedures in variety of
applications. In addition to these examples, it is also possible to deal with fun-
damental eletrochemical and electronic processes, both at the microscopic and
macroscopic levels.

• A circuit model can easily be extended to include several parameters, giving a
flexibility in the modeling while the simplicity in the overall process is preserved.

The disadvantages of IS are mainly related to possible ambiguities in circuit modeling
and its interpretation.

• An equivalent circuit involving three or more components can often be con-
structed in different ways to give the same impedance as shown in fig. 3.10. Or
model circuits with different number of elements can produce an exactly iden-
tical impedance functions, especially in a relatively small range of frequency.
Therefore, different interpretations of a physical phenomena can be drawn from
the same experimental data.

• Equivalent circuit models constructed with lumped elements may overlook non-
ideal behaviour of the components. A lumped element represents a perfect be-
haviour by assuming that the circuit contains ideal components only, joined by a
network of perfectly conducting wires. In reality, all the components in a circuit
are distributed in space and the device might show more complicated behavior
than the model constructed using lumped elements.

With the disadvantages listed above, equivalent circuit modeling can lead to compli-
cations in physical analysis as the structure of the DUT becomes more complex. The
reliability of the physical parameters deduced from EC modeling can be questionable
in many cases. These problems are usually handled by physical intuition while con-
tructing the model circuit and by carrying out several sets of measurements under
different conditions if possible, in order to eliminate drawbacks in the model. IS data
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3. Magnetic Tunnel Junctions

should also be supported by complementary measurements in case they are possible
and available (i.e. transmission electron microscopy measurements for thin films or
capacitance-voltage, electron tunneling and/or deep level transient spectroscopy mea-
surements for tunnel or Schottky junctions).

R1

R2

Z 1

R4 = R  (1+      )1
R1

R2

R3 =     +   R1 R2

Z 2 = Z  (1+      )1
R1

R2

2

Figure 3.10: Two different circuits which have the same total impedance.

In principle, an AC signal source and a signal detector synhronized with the source
are all needed to perform IS experiments. In practice however, different methods
have been developed in time and frequency domains for different purposes. A list of
these techniques includes audio frequency bridge, transformer ratio arm bridge and
Berberian-Cole bridge methods, oscilloscopic measurements, phase sensitive detectors
for direct measurements, frequency response analyzers, automated impedance analyz-
ers (autobalance bridges), spectrum and network analyzers. We will not go into the
details of these methods since the purpose of this study is to use IS measurements
for characterization of MTJs rather than developing an IS system. Detailed informa-
tion and description of these methods with their advantages and disadvantages can be
found elswhere (Barsoukov & Macdonald 2005).

3.3. Results

The devices reported here can be classified into two categories: Single and array
junctions. Although single junctions provide more precise information on the high fre-
quency response of the MgO tunnel junctions they are prone to electrostatic discharge
(ESD) problems and difficult to handle. This problem is addressed using array junc-
tion devices, which contain many individual MTJs connected in series, as explained
in section 3.3.2.

3.3.1. Single Junction Device

Magnetic tunnel junctions have been studied very extensively during the past two
decades. Electron transport in MTJ structures have mostly been focused on DC
transport due to possible applications of high magnetoresistance devices in magnetic
logic and sensing. The importance of frequency dependent AC transport has been
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underestimated and it had received little interest until recently. This situation is
changing slowly and new reports on AC response of MTJs have appeared in the liter-
ature (G. Landry. & Xiao 2001, H. Kaiju & Shiiki 2002) due to several reasons:

• time dependent transport is important for internal dynamics and high speed
devices

• the value of the MTJ capacitance is still under investigation due to the reported
significant variations from the geometric capacitance (P. Padhan & Djayaprawira
2007)

• the possibility of spin dependent capacitance due to ferromagnetic electrodes
and its use as a sensor at high frequencies.

A tunnel junction is essentially a capacitor with geometric capacitance:

Cg =
εA

d
(3.8)

where ε, d, A are the dielectric permittivity and thickness of the insulator and area
of the junction, respectively. This capacitance is due to charge accumulation at the
metal-insulator interfaces and it doesn’t take any other factor into account. It is cru-
cial to consider the electron-electron interaction to obtain a better description of the
capacitance of a junction. Charge builds up at the interface leads to electron screening
effect. The result of this screening is penetration of electric field into the metal on
the order of the screening length. The result is a deviation from the geometrical ca-
pacitance. The internal Coulomb mechanism in spin dependent transport was studied
by Chui for DC (1999) and AC (2002) signals. Chui considered current driven spin
dependent charge accumulation at the interface in MTJs. Since the electrodes are
ferromagnetic this charge accumulation will lead to a chemical potential difference for
different magnetization configuration of the MTJ and it is proportional to the current,
i.e. charge accumulation is zero for an infinite barrier. Zhang (1999) showed that the
exchange interactions due to spin accumulation can play significant role in the poten-
tial distribution in a MTJ. He introduced the spin dependent screening length concept
in MTJs, i.e. spin-dependent potential decaying exponentially into the surface of a
ferromagnet in the presence of an electric field applied perpendicular to the surface.
When electrons build up at the surface of the ferromagnet, the interaction between
them happens via Coulomb interaction for the charge degree of freedom, and via fer-
romagnetic exchange interaction which depends on the spin orientation. Therefore
spin up and down electrons will have different potentials and screening lengths due
to exchange splitting of spin up and down bands. This effect is voltage driven and
therefore different from Chui’s proposal of spin dependent potential which is due to
current driven spin accumulation. These different potentials, either current or voltage
driven, can be interpreted as potential taken by the ferromagnet, or as spin-dependent
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3. Magnetic Tunnel Junctions

electric field penetrating into the ferromagnet. There are ongoing efforts to constrcut
a unified model which includes both current and voltage driven effects simultaneously.

On the experimental side, there have been several reports investigating the frequency
dependent AC transport in MTJ structures via impedance spectroscopy. The tunnel
junction structures used in those reports include AlOx MTJ (G. Landry. & Xiao
2001, H. Kaiju & Shiiki 2002, M. Gillies & Donkers 2000, W. Chien & Lin 2006),
AlOx tunnel junctions with at least one non-magnetic electrode (K. McCarthy &
Hebard 1999, X. Liu & Xiao 2006) and MgO MTJs (J. Huang & Lee 2007, P. Padhan
& Djayaprawira 2007). These works reported a spin dependence for the capacitance
of the MTJs using impedance spectroscopy with equivalent circuit modeling. The
capacitance change with respect to magnetization configuration of the MTJ is dubbed
magnetocapacitance in analogy with the magnetoresistance. Kaiju et al. reported an
inverse tunnel magnetocapacitance (TMC), i.e. negative TMC for positive TMR, up
to 8 % for 6 % TMR in AlOx MTJs with Co electrodes. Padhan et. al. reported
a negative TMC up to 40 % for TMR values up to 247 % in MgO junctions with
CoFeB electrodes. The devices used in the works mentioned above are large devices
with areas ≥ 1000 µm2.

3.3.1.1. Spin Dependent Capacitance

Experimental results focusing on the spin dependent capacitance and screening effects
in MTJs are insufficient to draw a clear picture for magnetocapacitance. The results
found in the literature vary in magnetocapacitance magnitude are far from being
consistent. Therefore we have fabricated small area MgO MTJs in order to contribute
to the discussion and to test the magnetocapacitance and spin dependent screening
length. The devices were fabricated in ellipsoid shapes (2×4 µm2) with the structure as
following (thicknesses in nanometers): Ta(5)/Ru(30)/Ta(5)/Co50Fe50(2)/IrMn(15)/
Co50Fe50(2)/Ru(0.8)/Co40Fe440B20(3)/MgO(1.7)/Co40Fe440B20(3)/Ta(5)/Ru(10). A
post deposition thermal annealing was performed in high vacuum at a temperature of
310 ◦C for 1 hour with an applied field of 4.5 kOe.

The devices were patterned into ellipsoids to be able to probe the capacitance change
smoothly with respect to external magnetic field by taking advantage of shape anisotropy,
as explained in section 3.1.2. The measurement setup included an electromagnet which
could produce ±90 Oe DC field. Figure 3.7 shows a general sketch of the setup. Keith-
ley 2400 source meter and HP 4194A impedance analyzer with HP 16085B measure-
ment fixture were used for TMR and IS measurements, respectively. Several junctions
were measured and we observed qualitatively similar behaviour for all the junctions.
Therefore, only one of the junctions will be reported here as a representative.

The DC TMR curve for the MTJ is given in fig. 3.11. The linear increase in the
magnetoresistance shows a dynamic sensing range of 20 Oe with ∼ 3 Oe coercivity.
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Figure 3.11: DC magnetoresistance curve for single MgO MTJ sensor. Inset: Device
structure.

The extreme states at ± 90 Oe will be called as the parallel (P) and anti-parallel (AP)
states from now on. The resistance of the junction at these states change from 890 to
1890 Ω for the P and AP states, respectively. The tunnel magnetoresistance is 112.4 %
according to the definition in eq. (3.3).

Figure 3.12 shows the frequency dependence of the impedance with real (Re(Z)) and
imaginary (Im(Z)) parts in the parallel, anti-parallel and zero-field states in which the
free and pinned layer magnetization configurations are mutually perpendicular. Tradi-
tionally, parallel RC networks are used as the equivalent circuit to fit the experimental
impedance data for the tunnel junctions. As mentioned earlier, a tunnel junction is a
capacitance with a tunnel current. Therefore the leaky capacitor nature of the tunnel
junctions is expected to be represented by a resistor for the current passing through it
and a capacitor for its metal-insulator-metal structure. This assumption is supported
by circular patterns observed in Cole-Cole diagrams (Re(Z) vs. Im(Z)). In order to
keep the fit procedure and subsequent physical analysis simple, we initially used the
simplest model: a resistor and a capacitor connected in parallel. This model didn’t
capture all the parts of the spectra, i.e. it produced poor fitting to experimental data,
resulting in highly frequency dependent lumped circuit components etc. Therefore,
we had to extend our model into a slightly more complicated model: a parallel RC
circuit connected in series with an inductor (L). This model had produced good fit
results for all the single MgO junctions we measured. The inductor represents the
short section of wire bonds and on-chip wiring leading up to the MTJ that we were
not able to compensate for in our calibration. The complex impedance for this model
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Figure 3.12: Real and imaginary impedance as a function of frequency at room temper-
ature for the parallel and antiparallel magnetization configurations, as well as for the
zero field perpendicular (sensing) magnetization orientation. The solid lines are fits to
the data by using the equivalent circuit (inset) as explained in the text. For clarity we
have reduced the number of data points.

can be written as: Z = Re(Z) + iIm(Z) where:

Re(Z) =
R

1 + (ωRC)2
(3.9)

Im(Z) = ωL− ωR2C

1 + (ωRC)2
(3.10)

For a completely unknown tunnel junction, these two equations form a linearly coupled
system with three unknowns (R, L and C), resulting in an underdetermined system
with infinitely many solutions. In our case, however, R can be obtained from the low
frequency limit or from DC measurements. Re(Z) at low frequencies should approach
the DC resistance value of the junction. After deciding on R, eqs. (3.9) and (3.10)
can be solved for L and C. As extracted from Re(Z) at ∼ 1 kHz, the two values
for R that correspond to parallel and antiparallel alignment, are 890 and 1905 Ω.
These values are in good agreement with the DC TMR values. Using these resistance
values and the equivalent circuit described above, we managed to fit the experimental
data with frequency and magnetic configuration independent L and C values. The
L and C values which produced successful fits, were also confirmed by the solutions
of eqs. (3.9) and (3.10). The parameters which gave the best fits are Rp = 890 and
Rap = 1905 Ω, for, respectively, the parallel and antiparallel states, C = 6.5 pF and
L = 0.28 µH for both states. According to these results, the MTJ didn’t show any
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magnetocapacitance effect with respect to magnetization state of the junction, unlike
the other studies which reported significant magnetocapacitance (H. Kaiju & Shiiki
2002, K. McCarthy & Arnason 2003, P. Padhan & Djayaprawira 2007). The other
single MgO junctions which we characterized using the same methods didn’t show any
magnetocapacitance effect either. The permittivity of the insulator (MgO) was found
to be ≈ 199ε0 using eq. (3.8). The dielectric constant of bulk MgO is accepted as
εMgO = 9.7ε0. Therefore, the measured capacitance of the MTJ suggests an εr much
larger than the accepted value for the bulk MgO. The explanation of this difference
is the fact that the measured capacitance C is not equal to the geometric capacitance
Cg only. Interface capacitance Ci also contributes the measured value. Therefore C
can be expressed as:

1

C
=

1

Cg
+

1

Ci
(3.11)

where the geometric and interface capacitances are considered in series. The origins
of the interface capacitance are, mainly, surface roughness, interface states and/or
charge accumulation and screening at the metal-insulator interface. The last factor is
considered to cause magnetocapacitance effect as explained above.

Assuming a high quality of 1.7 nm MgO, i.e. εr = 9.7, the geometric capacitance is
calculated as Cg = 0.317 pF using eq. (3.8), with A = 6.28 µm2, d = 1.7 nm and
ε0 = 8.85×10−12 F/m. Inserting this value into eq. (3.11), the interface capacitance is
found to be Ci = −0.334 pF which corresponds to Ci = −10.62 µF/cm2 per interface.
This agrees quite well with the results in the literature (P. Padhan & Djayaprawira
2007), where they report −12.8 F/cm2 and −13.2 F/cm2, respectively, for the parallel
and antiparallel configurations. The negative value of the interface capacitance is asso-
ciated with a negative screening length and oscillatory screening that results in excess
pile-up of screening charge on the interface charges (Miesenböck & Tosi 1990). Based
on our results, we couldn’t find any spin dependent interface capacitance (TMC = 0)
which is in conflict with the other careful studies in the literature where up to 50 %
TMC have been reported. There might be few reasons for this difference.

It is possible to obtain different capacitance values using different equivalent circuits.
We tried to fit our experimental results using more complicated models, for example,
a model with several parallel RC circuits which are connected in series. Each parallel
RC circuit represent the barrier, the interface and contacts. Other models we tried
included inductor-resistor (R-L) for the wires and connections in addition to the RC
circuits. It is possible to obtain contradicting results (i.e. zero, positive or negative
TMC) because of the number of variables in complicated models which include sev-
eral components. We have found that, in these cases, there are simply too many fit
parameters, some of which usually end up with unreasonable or unphysical numerical
values. Therefore, we chose to use the equivalent circuit as simple as possible. The
simplest circuit we were able to fit the experimental data resulted with a zero TMC
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for all the single MTJs we have characterized.

Another possible reason is our measurement capabilities. We ran several tests in order
to find out about our abilities before we started any measurements. First of all, mag-
netic field sweeping should be fine enough to study a smooth change in any parameters
in MTJs (i.e. resistance, capacitance etc.). Magnetic field setup was calibrated with
different kinds of magnetic sensors, i.e. hall effect sensors, MTJ sensors. Our sweeping
resolution was about 1 Oe according to independent sensors. Also, the magnetic field
setup was calibrated before every measurement in order to make sure the consistency
of the measurements performed at different times. For the electrical sensitivity, we
used 4-wire measurements whenever it was possible. Standard calibration methods
(open, short and load) were performed for every experiment to cancel the contribution
of the cables and leads. Many complex RLC circuits were constructed using standard
circuit components and measured to decide the minimum level of detection/extraction
for the capacitance and inductance values. According to the results for these lumped
element circuits, we were able to measure 0.06 pF capacitance and 4 nH inductance
values quite reliably in different configurations. Also, integration time of the mea-
surement circuit was maximized to have more reliable impedance measurements. The
sensitivity of capacitance detection (0.06 pF) is almost 1 % of the measured value
(6.5 pF) which is quite acceptable. With such a sensitivity, we should have been able
to detect changes down to few percent very easily. None of the single junction de-
vices however showed any trace of magnetocapacitance. Therefore, we believe that
measurement accuracy concerns should be ruled out in our case.

Our samples differ in area and shape from the samples used in other studies on mag-
netocapacitance in the literature. The devices we measured have ∼ 6 µm2 area and
are patterned into ellipsoids (shape anisotropy) while other devices in the literature
are much larger (≥ 1000 µm2) and they were in the memory mode during the mea-
surements. Assuming the edge lengths of our junctions are much larger compared to
the characteristic wavelength for surface roughness and that we can neglect contribu-
tion from surface states then Ci scales with area much like the geometric capacitance
Cg. By that argument the area of the sample should not affect the visibility of any
magnetocapacitance effect. Also whether samples are set in memory or sensor config-
urations should have no effect since the last monolayer or two at the interface dictate
the spin of the tunneling electrons. At this point we cannot completely rule out the
possibility of a fringe capacitance that is independent of magnetization and becomes
dominant in smaller samples because it scales with the perimeter length, as opposed to
the area. In this case, however, it is difficult to see how we could get such good agree-
ment for the interface capacitance. A systematic study of different sized MTJs with
different geometries should resolve this puzzle about the spin dependent capacitance
and transport in MTJs by testing theoretical predictions.
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Figure 3.13: The resistance vs. dc voltage bias for a single MTJ in parallel and anti-
parallel states.

3.3.1.2. DC Biasing

The DC voltage bias has ben studied extensively Xiang et al. (2002), Zhang & White
(1998), Zhang, Levy, Marley & Parkin (1997) due to its importance in electron trans-
port as well as in storage applications. TMR decreases as the voltage bias is increased.
Although it is expected to see such a decrease due to barrier lowering, the origin of
this dependence is debated and the contribution of the interface and defects is under
investigation J. C. A. Huang & Lee (2005). We studied the DC voltage dependence of
a single MTJ under bias voltage which was sweept from ±0.4 V in steps of 0.05 V. The
junction was first set to parallel state and TMR and magnetoimpedance measurements
were performed with zero DC bias voltage. Then, IS measurements were repeated as
we changed the bias voltage. The bias was swept initially from 0 to 0.4 V, then −0.4 V
and finally to 0 V again. The same procedure was repeated for the anti-parallel state.
We repeated the measurements at liquid Nitrogen temperature after we finished the
measurements at room temperature.

The bias dependence of the resistance and TMR are shown in figs. 3.13 and 3.14,
respectively. The resistance values and TMR decreased as the bias voltage was in-
creased. Figure 3.15 shows the bias voltage dependence of the impedance of a single
MTJ in the parallel state. Two of the results, at 0 and 0.4 V are shown for clarity. The
impedance spectrum is similar to what we have observed for other single junctions at
0 V. However, as we increased the bias voltage, we have observed an increase in the
real component of the impedance above 1 kHz. This change in the impedance increases
as the bias is increased. The percentage of the increase which is shown in fig. 3.16
was calculated using the difference between the Re(Z) at 1 and 400 kHz. We did not
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Figure 3.14: TMR vs. bias voltage.

observe such significant difference for the measurements performed in liquid nitrogen.

The reason why we observed such an increase is unclear to us at this point. It might
be related with the accumulation layer which forms with the DC bias, or surface states
(disorders at the metal-insulator interface) or relaxation in the oxide. More work is
needed to observe this effect again and understand its origin.

3.3.2. Array Junction Devices

One of the aims of this research project was to examine the magnetic field sensing
using high frequency devices. Traditionally, magnetoresistive sensors have been DC-
devices. Magnetic field is detected through resistance change and the resistance is
measured via 2- or 4-wire DC measurements. Having magnetic field sensors running
at high frequencies is advantageous for certain reasons such as possible performance
improvements, lower power consumption, integration with high frequency electronics
for on board detection etc. Therefore we have studied DC-magnetic field detection
with a MTJ sensor running at high frequencies.

To investigate the high frequency response of MTJ sensors, we have fabricated MgO
MTJ sensors and applied the impedance spectroscopy procedure which has been de-
scribed in the previous sections. Handling the single MgO sensors is quite difficult and
they can easily be destroyed even during the transportation between sample storage
and measurement apparatus because of electrostatic discharge. We have destroyed
several devices while bonding the contact wires or hooking the device up to the mea-
surement setup, although we applied common safety procedures, i.e. grounding every-
thing including ourselves when we handled the junctions. However, this wasn’t enough
to ensure that the devices would work properly and re-measurement later was not an
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Figure 3.15: Real component of the impedance and its DC voltage dependence in the
parallel state. Only two values, 0 and 0.4 V data are shown for clarity. Very similar
results were observed for the anti-parallel state which is not shown here. Inset: Zoomed
in the increase in Re(Z) at 0.4 V.

option for many of the single junction devices. We have decided to use multiple MgO
junctions to increase the robustness. Nominally identical single MgO junctions are
connected in series to form a voltage divider. Any voltage, driving or electrostatic,
will be divided onto each junction equally and the chance to destroy the junctions will
be reduced. An optical microscope picture of such a device can be seen in fig. 3.17 in
section 3.3.2.1. Individual junctions are placed in a rectangular area using meander
line geometry for optimization purposes. These array junction sensors proved to be
very robust. None of the junctions were destroyed because of ESD and we were able
to measure them at different times with consistent results.

Some of the sensors were magnetically biased and some were not. For unbiased sensors,
we used a cross-magnetic field setup with a constant magnetic field in the hard axis
direction of the ferromagnetic electrodes and a sweeping field in the easy axis direction.
The biased junctions were driven with only one magnetic field which was swept in the
easy axis direction.

3.3.2.1. Capacitive Sensing

Our measurements reported in this section were performed using unbiased MTJ sen-
sors. Therefore magnetoresistance curves (resistance vs. applied field) were hysteretic
when there was no applied field in the hard axis directions of the ferromagnetic elec-
trodes. We applied two mutually perpendicular fields, which were generated indepen-
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Figure 3.16: The increase in percent with respect to voltage bias for the parallel and
anti-parallel states. The increase wal calculated between 1 and 400 kHz accepting 1
kHz Re(z) value as the base.

dently, during the measurements in order to drive the devices from memory mode into
sensing mode. The setup, which was described before, was used for both TMR and IS
experiments. The field in the easy axis was swept between ±40 Oe in 1 Oe steps while
a constant field along the hard axis was applied in 5 Oe steps between 0 and 65 Oe
during each sweep.

The device reported here had 24 single junctions connected in series. Evolution of its
TMR curve with respect to hard axis field is seen in fig. 3.17. The resistance response,
which was measured using Keithley-2400 source meter, changes from memory config-
uration into sensing configuration since the hard axis field dictates the magnetization
of the free and pinned layer to be mutually perpendicular. The TMR decreases from
89.5 % at zero hard axis field to 53.5 % at 65 Oe, as seen in fig. 3.18. The coercivity
also decreases from 20 Oe at zero hard axis field to 1.75 Oe and saturates at 40 Oe.
According to these results, we can claim that the device acts as a magnetic field sensor
starting at 40 Oe hard axis field where the gap in the magnetoresistance curve is closed
(coercive field) and the response curve becomes a 1-to-1 function.

The sensitivity (S) of a magnetic field sensor is defined as:

S = 100× 1

Rav

dR

dH
(3.12)

where Rav is the average resistance value in the linear (sensing) regime and dR/dH is
the slope of the response curve in the same regime, which was found by linear fitting.
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Figure 3.17: DC magnetoresistance vs. easy axis field under constant external fields (0,
25, 45 and 65 Oe) along the hard axis. Inset: Microscope picture of a similar device
used in this work.

Figure 3.19 shows the sensing curve and linear fit at 40 Oe hard axis field. We only
show the sensing curve at 40 Oe for clarity although similar graphs were plotted for
larger fields up to 65 Oe. The DC sensitivity is 1.78 %/Oe and decreases to 0.85 %/Oe,
respectively, at 40 and 65 Oe hard axis fields.

After DC characterization, we performed AC impedance spectroscopy using the same
setup. Following the same procedure applied for the DC-TMR measurements, the
frequency dependent impedance was measured between ±40 Oe easy axis and 0-65 Oe
hard axis fields. The IS results for the parallel and anti-parallel states under zero hard
axis field are displayed in fig. 3.20. The dots and squares in the figures show the mea-
surement results while the solid lines are fitting curves. As was the case for the single
junction devices, we have followed the same procedures explained in section 3.3.1.1
and found out the simplest equivalent circuit model which captured the experimental
data most satisfactorily, is again a parallel RC circuit with an L connected in series
with the RC, as seen in fig. 3.20:inset. Much to our surprise, the results revealed
not only a non-zero magnetocapacitance (TMC) but also a magnetic field dependent
inductance (tunneling magnetoinductance or TML) with the values given in table 3.1,
for the zero hard axis field. The hard axis field decreases the TMR, TMC and TML
as seen in fig. 3.21. As the hard axis field increased from 0 to 65 Oe, the TMR, TMC
and TML decreased from 86.6 % to 56.0 %, from 11.1 % to 4.3 % and from 50.0 % to
18.1 %, respectively.

This result is quite interesting since we observed non-zero magnetocapacitance and
magnetoinductance for the array junction device while the single MgO MTJs didn’t
show any magnetocapacitance or magnetoinductance using the same equivalent circuit
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Figure 3.18: Tunneling magnetoresistance vs. external field along the hard axis. TMR
values were calculated by using Rp and Rap at ±40 Oe easy axis fields. Inset: Coercivity
vs. hard axis field.

Table 3.1: Model parameters extracted from data, based on the equivalent circuit de-
scribed in the text. TMX corresponds to TMR, TMC and TML for the tunneling magne-
toresistance, magnetocapacitance and magnetoinductance, respectively, under zero and
65 Oe hard axis fields. TMC and TML are calculated in a similar fashion to TMR.

Parallel Anti-Parallel TMX (%) TMX (%)
(0 Oe) (65 Oe)

R (Ω) 568 1060 0 0
C (pF) 4.95 5.50 0 0
L (µH) 0.18 0.27 0 0

model. We followed the same steps to test the reliability of the capacitance values as
described in section 3.3.1.1. Under zero hard axis field, the measured capacitance is
4.95 and 5.50 pF for the P and AP states, respectively.

This is, however, is not equal to the capacitance of an individual MTJ. The sensor
array consists 24 identical MTJs. Therefore, the capacitance of an individual MTJ,
Cind, is C/24, where C is the total measured capacitance. Therefore, Cind is equal
to 118.8 and 132.0 pF for the parallel and anti-parallel states since the capacitors are
in series. Using the geometric capacitance of an individual MTJ (eq. (3.8)) and the
relation between the geometric and measured capacitances (eq. (3.11)), we calculate
the interface capacitance for an individual junction as Ci,p = −10.130 for the parallel
state and Ci,ap = −10.127 µF/cm2 for the anti-parallel state. The negative interface
capacitance is attributed to negative screening length due to excess pile-up of screening
charge on the interface charges (Miesenböck & Tosi 1990). These results agree quite
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Figure 3.19: Linear fit in the sensing regime. The solid line is the fit curve between 0
and 20 Oe while the dots are experimental data.

well with the results in the literature on AlOx (G. Landry. & Xiao 2001) and MgO
tunnel junctions (P. Padhan & Djayaprawira 2007, S. Ingvarsson & Xiao 2010) and
suggest that capacitance and inductance values extracted using the equivalent circuit
model is reliable.

Although interface capacitance density results are similar, our results in general have
important differences than those works. The single MgO MTJs, which are compa-
rable to the individual MTJs in the sensor array, didn’t show any magnetocapaci-
tance (S. Ingvarsson & Xiao 2010) while the MTJ array show a significant TMC, up
to 11.1 %. The shape of the array suggests that there might be internal capacitance
formation between the individual lines of the meander. The metal/dielectric/metal
structure could be constituted by the neighbouring meander lines being the electrodes
and the air gap between them being the dielectric. An AC signal with a wavelength
short enough could keep the MTJs on different arms of the serpentine at different
potentials. Therefore an extra capacitance would exist in addition to geometric and
interfacial capacitances. However, this explanation is quite unlikely in our case since
the wavelength of AC voltage is very long (7.5 m in vacuum at 40 MHz) compared
to the dimensions of the sensor which (less than a mm). Therefore all the individual
MTJs have the same potential in our range of AC signal frequency (100 Hz-40 MHz).
Another important difference between our results and previous reports in the litera-
ture is the existence of the tunnel magnetoinductance (TML). To our knowledge, TML
in MTJs has never been reported previously. Traditionally, inductive components in
circuit models for MTJs are attributed to the leads and wires in the junctions and
electrical connections which are non-magnetic metals. They do not lead to any spin
dependent inductance effect. We believe that the main reason for magnetoinductance
in our sensors is the serpentine geometry in which our samples were fabricated. The
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Figure 3.20: Real and imaginary impedance as a function of frequency at room temper-
ature for the parallel and antiparallel magnetization configurations. The solid lines are
the fit to the data by using the equivalent circuit (inset) as explained in the text. For
clarity we have reduced the number of data points.

current flows through the device following a path of half loops, causing an effective
inductance over the whole array. As the magnetic field changes, the resistance of the
individual junctions changes. According to Ohm’s law (V = IR) the current changes
since we apply 100 mV constant AC voltage. Therefore the total flux on the device
(Φ = LI) changes with respect to external magnetic field and we observe TML. At this
point, we suggest systematic study to resolve TMC and TML differences between the
reports in the literature and our measurements. MTJs arrays which include different
numbers of individual tunnel junctions in different geometries should be fabricated and
characterized. Such work should lead to the information about the relation between
experimental TMC/TML and the array structure (i.e. number of MTJs and the array
geometry).

It is not an easy task to explain the microscopic origin of the magnetocapacitance and
magnetoinductance effects in the array junctions due to the complexity of the device,
i.e. shape, connections between individual junctions etc. The possible arguments
that we can put forward would be speculative. These results, however, can still be
used to detect DC-magnetic fields with high frequency sensors using the capacitance
instead of the resistance. According to the equivalent circuit model (eq. (3.9)) which
we used to fit the experimental IS data, the real component of the impedance, Re(Z),
depends on the resistance (R) and capacitance (C) only . The eq. (3.9) can be solved
for the capacitance at a particular high frequency by inserting Re(Z) value at that
frequency and resistance of the junction (either DC resistance or low frequency Re(Z)
values). Figure 3.22 shows the capacitance vs. applied field (easy axis) curve (H-C) at
730 kHz. To obtain the response curve, the capacitance values were extracted for each
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Figure 3.21: The TMR, TMC and TML values vs. hard axis field. The values were found
by fitting the data to eqs. (3.9) and (3.10).

constant hard axis field, as described above. This procedure was repeated for each
bias field between 0 and 65 Oe to compare the evolution of H-R and H-C curves. At
zero bias field, H-C curve is a multivalued function (hysteretic) with 22 Oe coercivity.
Just like the H-R curve, the capacitance hysteresis transforms into a single valued
function (sensor configuration) with 1 Oe coercivity as the hard axis field is increased.
Compared to 40 Oe field at which the resistance curve becomes single-valued, the
capacitance curve reaches that point at 25 Oe. We calculated the sensitivity via
capacitance in a similar way to the sensitivity via resistance; 100/C × dC/dH. The
results vary between 1.02 and 0.21 %/Oe for 25 and 65 Oe bias fields, respectively. The
same values for the resistance function was 1.78 %/Oe at 40 Oe bias and 0.85 %/Oe
at 65 Oe bias. The sensitivity decreases by the factor of 1.75 to 4.1 times when spin
dependent capacitance is used instead of resistance values. However the bias field
(along the hard axis) at which the unbiased junction is driven into sensing mode, is
smaller for capacitive sensing (25 Oe) compared to resistive sensing (40 Oe).

3.3.2.2. Impedance Sensing

In the previous section, we showed that a MTJ sensor which presents magnetoca-
pacitance effect, can be used at both DC and AC frequencies to detect external DC
magnetic fields. The detection can be made either via DC-resistance measurements
or via capacitance measurements. The extension of DC sensing over AC frequencies
is done through impedance measurements and fitting procedure with an equivalent
circuit. The model circuit has to be chosen very carefully and the sensor needs to be
calibrated according to the capacitive element in the model. This procedure can give
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Figure 3.22: TMC vs. easy axis field at 730 kHz for different hard axis fields. Inset:
Coercivity vs. hard axis field.

different results in sensing properties (sensitivity, sensing range etc.) depending on
the measurement setup and conditions as well as the model circuit. In this section,
we present another way to detect magnetic fields using the impedance spectroscopy
results directly without the need of a model circuit or any fitting procedure.
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Figure 3.23: The resistance of the sensor vs. external field along the sensing direction.
Solid line is the linear fit in the sensing regime.

The MTJ sensor reported in this section is very similar to the one we reported in sec-
tion 3.3.2. It is an array junction with 24 individual MTJs placed in meander geometry.
These junctions, however, are biased unlike the ones in the previous section. In other
words, the device is already in the sensing mode with a smooth H-R response under
zero hard axis field. Therefore, the experimental setup included only one magnetic field
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which was swept along the easy axis of the ferromagnetic electrodes. The rest of the
measurement setup and the details of the measurements, for example the instruments,
calibration etc., are the same as described previously.
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Figure 3.24: Real (above) and imaginary (below) parts of the impedance for parallel and
anti-parallel states at ±80 Oe. Arrows indicate the vertical and diagonal movements of
the curves.

We characterized the sensor at DC first using TMR to be able to compare the sensing
properties in DC and AC cases. Figure 3.23 shows H-R curve. The TMR is 146 %
with 901 and 2215 Ω resistances for the parallel and anti-parallel states, respectively.
H-R curve is linear between 0 and 40 Oe. The sensitivity, according to eq. (3.12),
is 1.22 %/Oe, with Rav = 1571 Ω and dR/dH= 19.2 Ω/Oe. dR/dH, the slope, was
found by a numerical fit in the linear regime.

Looking at the impedance of a MTJ device (fig. 3.24), we see the evolution of the
impedance of the MTJ sensor as the MTJs switch between two extreme states at
±80 Oe, which we call parallel and anti-parallel states. The arrows indicate the move-
ments of real and imaginary components. As for the Re(Z), the curve moves up/down
with the external field while it retains its shape. As explained before, the value of the
real component agrees very well with the DC-resistance measurements at low frequen-
cies. A plot of the Re(Z) vs. external field at a low frequency up to few kHz, produces
H-R response curve which is measured via DC-TMR technique. As the MTJs are
driven from parallel to anti-parallel state by the external field, the imaginary compo-
nent moves diagonally as seen in fig. 3.24. The minimum of the curve moves both in
amplitude and in its corresponding frequency. This evolution is given in more detail
in fig. 3.25 which shows the Im(Z) between 100 Hz and 40 MHz for all the external
fields between ±80 Oe. Three distinctive patterns can be observed for Im(Z) with the
sweeping field: Accumulation of the impedance curves around the parallel and anti-
parallel states and a transition region in between the two accumulation regimes. As
we stated, these accumulated regions correspond to the extreme states of the MTJs,
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Figure 3.25: Im(Z) vs. external field along the sensing direction. Im(Z) curve shows
three distinct regions: the extreme states and sensing regime.

namely parallel and anti-parallel, and the transition region corresponds to the linear
(sensing) region of the DC-TMR curve (fig. 3.23). The sensing via Im(Z) can be
achieved in three ways: Using the absolute value of the minimum point (min[Im]),
using the frequency which this minimum corresponds to or using a bundle of Im(Z)
data at a constant frequency (vertical line in fig. 3.25).

Figure 3.26: Two possible ways to sens the magnetic field: Frequency and minimum of
the imaginary part of the impedance.

The response curve according to first two methods can be seen in fig. 3.26. Both
curves show linearity between 0 and 45 Oe. There is a very good agreement for
the linear regime between sensing via resistance and via the minima/frequency. The
sensitivity values for these methods were calculated using eq. (3.12), with R replaced
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Figure 3.27: ImZ vs. magnetic field at different frequencies.

with min[Im] and f , the frequency. The results are 1.05 for the min[Im] and 0.87 %/Oe
for the frequency method. A summary of the numbers is given in table 3.2.

Table 3.2: Comparison of different methods. P and AP denote the parallel and anti-
parallel states. The average values were calculated in sensing regime (0-40 Oe). The
slope, which was calculated using a numerical fit in the same regime, is given in Ω/Oe
except the frequency method which is in kHz/Oe. The last method was evaluated at
3 MHz.

Method P AP change (%) average slope S (%)
DC-TMR (Ω) 901 2215 146 1571 19.2 1.22
min[Im] (Ω) -596 -1375 131 -1006 -10.6 1.05
freq. (MHz) 7.15 12.85 79 9.68 84.6 0.87
Im{Z} (Ω) -247 -942 281 -526 -9.4 1.79

The third option to run MTJ sensors at high frequency is to use the imaginary part
of the impedance at a fixed frequency rather than the absolute value of ImZ or cor-
responding frequency values, as seen in fig. 3.25. In this case, the response curve,
Im(Z) vs. external field, is plotted at a certain frequency rather than the minimum
or its frequency. Several of these response curves at different frequencies between 3
and 17 MHz are seen in fig. 3.27. Although the response curve can be plotted at any
frequency below or above these values, the sensing regime is the same as DC-TMR
sensing regime (0 to 40 Oe) in 3 to 17 MHz frequency range. Outside these values,
response curve shows linearity shorter or longer than 40 Oe. The sensitivity, which
was found by eq. (3.12) as described before, changes greatly according to the operation
frequency, as can be seen in table 3.3. The highest values for the slope are obtained be-
low 7.15 MHz where the maximum change in Im(Z) for both parallel and anti-parallel
states occurs. The sensitivity however is the best at low operation frequencies (up to
1.79 %/Oe at 3 MHz). This value is 46 % higher than the DC value (1.79 %/Oe).
This method also brings the advantage of tuneability: The DC MTJ sensor becomes
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tuneable in the operation frequency. In other words, it can be run at any frequency
with a trade off in sensitivity.

According to our measurements, using impedance spectroscopy data itself has several
advantages. It is possible to run a DC sensor at higher frequencies in different ways
with better sensitivity and tuneability in the operation frequency. Unlike magnetoca-
pacitance concetps, which requires an equivalent circuit model to calibrate the sensor,
the Im(Z) results can be used to calibrate the device directly without any model.

Table 3.3: The slopes of the response curves in the sensing regime at different frequencies
and the sensitivity values.

Frequency (MHz) 3 5 7 12 17
Slope (Ω/Oe) -9.4 -12.3 12.4 -7.5 -3.2

Sensitivity (%/Oe) 1.79 1.58 1.37 0.82 0.44

3.3.3. Full Bridge Device

Sensor design is a vast field with purpose oriented designs. Each design has its ad-
vantages and disadvantages according to what needs to be measured. For example,
robustness and better detectivity are the main reasons for multiple MTJ sensors over
single junction sensors although they are more complicated in terms of fabrication.
Similarly, it is more difficult to fabricate Wheatstone bridges compared to an array of
MTJs in a meander geometry, but they provide better sensitivity since a Wheatstone
bridge provides a differential output due to the resistance variation.

Figure 3.28: Wheatstone bridge configurations: Unique element, half and full bridges.

Figure 3.28 shows some of the bridge configurations, namely, unique element, half and
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Figure 3.29: DC-TMR response of the sensor with respect to external field along the easy
axis in the sensing regime. The solid line is the linear fit.

full bridges. Here, we report the characterization of a MgO MTJ sensor in half-bridge
configuration. The bridge sensor consists of two fixed resistors and two arrays of MTJs
which are represented by variable resistor symbols in fig. 3.28. Each array contains 30
individual MgO tunnel junctions. The sensor is biased and it doesn’t require a cross-
magnetization configuration for a linear response curve. We followed DC and AC
characterization methods which were described in the previous sections using . The
details of the experimental setup and the procedures are given in sections 3.2, 3.3.1.1
and 3.3.2. The signal excitation and the measurements were done via port V0 and
the half bridge sensor wasn’t biased through Vb during the measurements. Figure 3.29
shows the resistive response curve of the sensor in the sensing regime from 0 to 20 Oe
(The data outside the linear regime is not shown here). According to this curve
and eq. (3.12), the DC sensitivity is 0.36 %/Oe with the slope dR/dH= 8.76 Ω/Oe
and average resistance Rav = 2461 Ω. Impedance spectroscopy results in the same
regime are shown in fig. 3.30. Using the method described in section 3.3.2.2, we
calculated the high frequency sensitivity as 0.51 %/Oe, at 10 MHz with the slope
dIm(Z)/dH= −5.32 Ω/Oe and average impedance Im(Z)av = −1046 Ω. Figure 3.31
shows the linearity of the Im(Z) with respect to external field. Although the device
becomes more sensitive when it is run at 10 MHz compared to resistive sensing, the
design of the MTJ sensors in bridge configuration needs careful attention and perhaps
improvements according the results seen in figs. 3.30 and 3.31.

According to these graphs, the real component of the impedance shows a hook-like
structure around 30 MHz. The frequency dependent impedance decreases as usual with
the frequency since the capacitor becomes short at high frequencies and the resistance
of the junction approaches to zero as expected then it starts increasing right above
30 MHz. The imaginary component also shows a two-step profile with a saddle point
around 10 to 11 MHz, depending on the state of the MTJ, and shows a sharp decrease
after that value all the lines corresponding to different states of the MTJ approaching
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Figure 3.30: Impedance spectroscopy of the MTJ sensors in half bridge configuration.
The data below 10 kHz continues straight and is not shwon here for display purposes.
The lines accumulated in the middle correspond to the sensing range, 0 to 20 Oe. The
lines above and below this regime was taken at ±170 Oe where the MTJs were at a
saturated state.

to the same point. At this point, we can only argue about possible reasons which
would be likely to lead such results, rather than constructing equivalent circuit models
and try to fit the data. The half bridge sensor has two MTJs and two resistors that we
do not know much about. The only thing we know about the tunnel junctions is the
resistance change from between the saturated states at ±170 Oe but we have no clue
about the TMR percentage. Therefore, trying to fit the data with an EC would be
quite speculative. However we can still argue qualitatively looking at the behaviour
of the frequency dependent impedance.

Up to know we have successfully applied a model which consists a parallel RC which
is in series with an inductor. The RC component corresponds to tunnel junction
while inductor represent the transmission lines and connections. One would expect
this model to include another resistance which would be in series with the RC and L
due to the constant resistors in the half bridge configuration. Such a model, however,
would show very similar characteristics to our devices which we reported earlier in
this chapter and it wouldn’t explain the increase in the real component and decrease
in the imaginary component at high frequencies since a lumped resistor is a purely
real component with no frequency dependence. As we know, a resistor is seldom pure
unless it is fabricated with the highest precision. In real life, there is usually a reactive
component which increases with the frequency. So, it is likely that the half bridge
sensor can be modelled not with a parallel RC, a resistor and an inductor in series but
with a model based on two parallel RC components in series. Each parallel RC would
correspond to the MTJ and the resistor in the half bridge configuration. Addition of
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Figure 3.31: Imaginary component of the impedance in the sensing regime. The vertical
line represents the bundle of data used for the evaluation of the sensing properties. Inset:
The data at 10 MHz vs. external applied field. The solid line is the numerical fit.

an inductor to this model would account for the contributions of the connections and
transmission lines. This kind of model would explain the two step behaviour of the
imaginary component because of the two different RC constants, one for the resistor
and one for the tunnel junction. It is however unlikely to apply this model to our data
since the increase in the real component is usually shown by a significant inductance
in the system. The sharp decrease in the imaginary component also suggests this
possibility.

At this point, as we stated above, it is quite difficult to guess where such an inductance
might come from since an impedance measurements going to higher frequencies is
necessary as well as the information on the individual resistors and tunnel junctions.
We suggest that this kind of work should be done in order to extend the usage of the
sensors at DC frequencies over AC. If something changes in the device in time and this
change affects the reactive configuration of the impedance then the calibration of the
sensor would have to be changed since the resonance-like behaviour of Im(Z) seems
to be happening close to RC constant frequency.
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4.1. Spin Waves

Spin waves in magnetically ordered materials can be seen as the counterpart of lattice
excitations in solids. It is helpful to think of a perfectly ordered ferromagnet in order
to get a visual concept of spin waves. All the spins are aligned along the external
field applied on a ferromagnet. If, for some reason, one of the spins flips over, the
neighbouring spins will be affected due to the exchange interaction in a chain-like
reaction. Applying a magnetic field on a ferromagnetic metal causes the spins to
precess around the magnetic field vector. Each spin precessing around this vector
will affect its neighbours and cause them to precess with a delay. In a chain-like
reaction, this effect will propagate over large distances rather than staying localized
as seen in fig. 4.1 and the propagation will be a wave-like due to the precession. This
excitation is called spin-wave since the moments involved in this propagation are spins.

Figure 4.1: A visual of a spin wave. The grey cones in the first line indicate the precession
orbit. The second line is the top view of the precessing spins.

The propagation of spin waves in a medium is defined by the dispersion relation which
depends on the type of the interaction between the spins (dipole or exchange), the
relative orientation of the propagation direction (k) and applied field (H) or magne-
tization vector (M), as well as the material properties such as damping factor, film
thickness etc. The spin wave dispersion can be quite complex even for the unstruc-
tured materials (i.e. semi-infinite films). There are different ways to calculate the spin
wave dispersion curve. The classical or macroscopic theory of spin waves can be con-
structed using the Landau-Lifshitz-Gilbert approach. In a continuous, non-periodic
system, the magnetization dynamics are described using the Landau-Lifshitz-Gilbert
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(LLG) equation of motion:

dM
dt

= −γµ0M×Heff +
α

Ms

(
M× dM

dt

)
(4.1)

where M is the magnetization, γ is the electron gyromagnetic ratio, Ms is the satu-
ration field, α is the Gilbert damping factor and Heff is the effective field which is a
combination of the external (Zeeman) field, demagnetization field and quantum me-
chanical effects such as anisotropy and spin interactions (exchange and dipole). In the
macrospin (single domain) approximation, all the individual spins are considered to
precess together (or in phase) in the case of homogeneous magnetization. The solution
of the LLG equation for the thin film case is given by the Kittel formula (Kittel 2004):

(
ω

γµ0

)2

= H

(
H +Ms −

2K

µ0Ms

)
(4.2)

where H andMs are in plane magnetic field and saturation magnetization, respectively,
while K represents an effective anisotropy in the out-of-plane direction. The Kittel
formula describes the solution of LLG equation for homogeneously rotating magneti-
zation (k = 0) within the entire film (fig. 4.2). This mode is also called magnetostatic
spin wave. The details of the derivation of the Kittel formula will not be presented
here. Interested readers are advised to consult standard textbooks on magnetism.

H k k (H   k)(H   k)

Figure 4.2: Uniform precession and spin waves. H is the applied field and k is the
propagation vector. The uniform precession in a ferromagnetic metal is shown on the
left. BVMSW (~k ‖ ~M) and FVMSW/DE modes (~k ⊥ ~M) are shown in the middle and
on the left, respectively.

The LLG equation can be solved for other spin wave modes with finite k values which
do not obey uniform precession assumption. In this case, it is important to distinguish
different interactions coupling individual spins: Dipole and exchange interactions.
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4.1. Spin Waves

4.1.1. Dipolar Spin Waves

In the magnetostatic limit (long wavelength limit), where the exchange energy be-
comes negligible, solving the LLG equation yields a set of dynamic solutions for a
thin magnetic film (B. Lenk & Munzenberg 2010, Damon & Eshbach 1961, Kalinikos
& Slavin 1986). These solutions can be classified according to the geometry of the
problem based on the relative orientation of the propagation vector, ~k, with respect
to the magnetization vector, ~M , or the external bias field direction ~H0. The dipolar
spin waves can be divided into three distinct classes (also called modes): Forward and
backward volume magnetostatic waves (FVMSW and BVMSW) and magnetostatic
surface spin waves (MSSW). Each type of spin waves has a different dispersion rela-
tion (Cottam 1994, Damon & Eshbach 1961, Damon & Vaart 1965, Eshbach & Damon
1960, Gurevich & Melkov 1996, Serga et al. 2010, Srinivasan & Slavin 1995, Stancil
1993, Stancil & Prabhakar 2009).

As seen in fig. 4.1 (a), FVMSW are associated with a magnetic film magnetized along
its normal vector direction while the propagation direction is perpendicular to the
magnetization vector (~k ⊥ ~M). These waves are visualized in fig. 4.2. A useful
approximation for the dispersion relation for these waves is given by in CGS (Gurevich
& Melkov 1996, Kalinikos 1980, Stancil 1993):

fFV =

√
fH

[
fH + fM

(
1− 1− exp(−kd)

kd

)]
(4.3)

where fH = γHint with γ is the electron’s gyromagnetic ratio and Hint is the effective
internal field; fM = 4πM0 with M0 is the saturation magnetization and d is the
thickness of the film. These modes are technologically less favorable since it demands
strong fields for saturation and they are also physically less interesting because the
spectrum is isotropic in the plane of the film. A general characteristic of the dispersion
curves can be seen in fig. 4.3:

BVMSW propagate parallel to the magnetization vector (~k ‖ ~M) (see fig. 4.2) and the
dispersion curve can be approximated by:

fBV =

√
fH

(
fH + fM

1− exp(−kd)

kd

)
(4.4)

As seen in fig. 4.3, the dispersion curve is very similar to that of FVMSW. Both curves
appear to be a mirror image of each other with a positive slope for the FVMSW and a
negative slope for the BVMSW. Therefore the BVMSW have a negative group velocity
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Figure 4.3: Calculated dispersion curves for FVMSW, BVMSW and MSSW (Damon-
Eshbach modes) using eq. (4.4), eq. (4.3) and eq. (4.5) (Serga et al. 2010). The
parameter used in the calculations are as follows: Bias magnetic field H = 1845 Oe,
saturation magnetization 4πM = 1750 G, film thickness d = 5 µm and γ = 2.8 MHz/Oe.

(υgr = ∂f/∂k). This leads to a negative dispersion as the waves travel backward in
phase.

The third class of the spin waves is called Magnetostatic Surface Spin Waves since
unlike the volume waves, these waves are localized to one surface of the film in which
they propagate. The distribution of precessional amplitude across the film decreases
exponentially with the thickness, with a maximum at one surface of the film. The
propagation is perpendicular to the magnetization vector in the plane of the film
(~k ⊥ ~M) as seen in fig. 4.2 and fig. 4.3. These waves are also known as Damon-
Eshbach (DE) modes. Their dispersion curve can be approximated by (Kalinikos &
Slavin 1986):

fMSSW =

√
(fH + fM/2)

2 − (fM )2exp(−2kd) (4.5)

We have performed our experiments in the Damon-Eshbach geometry. For the ex-
periments, the film thickness is usually chosen to be significantly smaller than the
wavelength of the MSSW in order to have an almost uniform distribution wave am-
plitude across the film thickness.
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4.2. Fabrication and Measurements

4.1.2. Exchange Spin waves

The wavelength of the spin waves spans several orders of magnitude from tens of
microns to subnanometers. For short wavelengths, one needs to solve the LLG equa-
tion by including the exchange interactions rather than obtaining the solution in the
magnetostatic limit which produces only dipole spin waves. Typically, exchange inter-
action dominates the characteristics of the spin waves for the wavelengths below 100
nm. The dominant mechanism in exchange spin waves is the coupling of neighbour-
ing spins. As a result of neglecting the dipolar contribution which has an anisotropic
nature, the dispersion in the exchange limit doesn’t change with the magnetization
direction. It is only determined by the distance between neighbouring spins and the
strength of the coupling. The frequencies of these spin waves can reach to THz values
for high k values. This picture is solved in many textbooks and will not be repeated
here since the exchange spin waves are outside the scope of this thesis.

In addition to the classical approach, solving the LLG equation to obtain the dispersion
relation for the spin waves, one can also attack this problem using microscopic (quan-
tum mechanical) theories. Interested readers are suggested to consult many resources
on the quantum theory of magnetism (Majlis 2007).

4.2. Fabrication and Measurements

The spin wave structures were fabricated using a standard microfabrication process.
Glass cover slips with 0.17 mm were used as substrates. After surface cleaning with
acetone, Isopropanol, de-ionized water and plasma cleaning, 300 nm PMMA resist
was applied to the surface of the glass slips. The structures were defined using e-beam
lithography and developed subsequently. We have grown 110 nm thick Permalloy
layer on top of 5 nm Cr adhesion layer using dc-magnetron sputtering and lift-off was
performed as the last step.

Figure 4.4: Optical microscope image of the magnonic crystal structure similar to the
one reported here, with different reservoir dimensions.

A microscope image of one of the samples can be seen in fig. 4.4. Two kinds of devices
were fabricated: Unmodulated and modulated waveguides which are connected to a
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4. Magnonics

reservoir. The detailed drawings of the devices are shown in fig. 4.5. Both kinds of
devices consist of a rectangular reservoir with the dimensions of 250 × 500 µm. The
unmodulated waveguide is a 10 µm wide Py strip. In the modulated waveguide, Py
strip width varies periodically between 8 (narrower section) and 10 µm (wider section)
for 6 repetitions. The length of the narrow and wide sections are the same; 6.25 µm.

W

L

W

L

a

b c
a

Figure 4.5: Sketches of the unmodulated and modulated waveguide devices. The features
in the sketches are not to scale for illustration purposes. The reservoir dimensions are
W × L = 250 × 500 µm2. The width dimensions of the waveguides are a = 10 µm,
b = 8 µm and the length of both narrow and wide sections of the width modulation is
c = 6.25 µm.

Time and space resolved MOKE measurements were performed at the University of
Exeter by Dr. Yat-Yin Au. A short overview of the measurement system can be seen
in fig. 4.6. The sample is placed on a coplanar waveguide (CPW) made out of printed
circuit board with a 0.5 mm central conductor (signal line). The CPW is used to deliver
microwave magnetic field (rf-field) with approximately 2 Oe amplitude on the sample
while a 200 Oe constant external bias field was applied during the measurements. The
rf field was applied along the long axis of the waveguides while the bias field was ap-
plied perpendicularly (short axis of the waveguides) to the rf-field. A Ti:sapphire laser
producing 100 fs optical probe pulses of 800 nm wavelength at the repetition rate of
80 MHz to synchronize the MOKE signal and the microwave excitation. The measure-
ments were performed in two configurations: Pulsed and continuous excitations. The
dominant precession modes in the reservoir and waveguides were investigated under
pulsed microwave excitation. The laser spot (400 nm in diameter) was placed at a
spot in the reservoir and 70 ps pulses were delivered using a pulse generator. The time
resolved MOKE signal was recorded for 4 ns in 3.3 ps steps to study the spin relaxation
dynamics. This procedure was repeated for the unmodulated and the narrow/wide
sections in the modulated waveguides. Fast Fourier transformation was applied to
the time resolved signal to calculate the frequency spectrum. The spatial scanning of
the surface was performed in continuous excitation configuration. An RF generator
was used to deliver microwave signal to the CPW and the sample was scanned for
300 µm along the long axis of the waveguides using a piezo stage. The scans started
in the reservoir and ended in the waveguide section of the sample. The scanning was
performed in steps of 2 µm and at each step, the time resolved signals were obtained
for 8 different times. The arrival time of the optical pulses to the sample surface was
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4.3. Results

delayed using a mechanical translation stage to acquire time resolved MOKE signals.
The details of the experimental setup can be found elsewhere (Au et al. 2011).
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Figure 4.6: TSRKM setup. The image is taken from Au et al. (Au et al. 2011) with
permission from the American Institute of Physics (AIP).

4.3. Results

Similar to its counterparts, electronic and optical crystals, magnonic crystals are pre-
dicted to create an artificial band structure for magnons with allowed (pass band) and
forbidden (stop band) frequency gaps. Several different types of magnetic structures
have been suggested for magnonic crystals: periodic multilayers (Deng et al. 2002),
arrays of ferromagnetic stripes (Kostylev et al. 2008), magnetic nano-dots (Ma et al.
2011), anti-dots and modulated waveguides (C. Ragusa & Finocchio 2011, Krawczyk
& Puszkarski 2008, Kruglyak & Hicken 2006, Nikitov et al. 2001). The idea behind
the magnonic crystal with modulated waveguides is the interference of the reflected
waves. A spin wave in a modulated waveguide should be reflected partially at each
junction between the narrow and wide sections as it propagates in the waveguide since
the effective field and the propagation of the spin waves depends on the dimensions of
the waveguide. The interference pattern formed between incoming and reflected waves
should lead to a band structure. The formation of band structure in the modulated
structures has been shown by micromagnetic simulations (Lee et al. 2009). The lateral
dimensions of the structures simulated are in the order of several tens of nanometers.
Such small structures pose challenges for fabrication and they are not suitable for
mass production yet. In addition, modulation with small dimensions leads to ex-
change dominated short wavelength spin waves. Experimental techniques to measure
the spin waves with short wavelength is yet to be developed. We chose to increase the
dimensions to micron level in our samples to overcome these challenges.
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Figure 4.7: The column on the left shows the time resolved MOKE rotation measurements
in pulsed configuration. FFT is used to obtain the frequency of the uniform precession
modes in the (a) reservoir, (b) unmodulated microstrip, (c) and (d) wide and narrow
sections of the modulated waveguide.

The uniform precession modes correspond to magnetostatic waves with k = 0. The
precession of the uniform mode depends on the applied field. For semi-infinite films,
the precession is described by the Kittel formula. For a finite film, the applied field
is no longer equal to the effective field in the LLG equation, since the demagnetizing
field due to magnetic charges formed at and near to the edges alters the applied field.
Therefore, the magnetostatic wave modes are different for semi-infinite and finite films.
This difference forms the basis for the design of our structures. The general approach to
create spin waves in magnetic waveguides is to apply a local rf-field on the waveguides.
An insulating layer is placed between a waveguide standing alone (i.e. not connected
to any reservoir or antenna) and a microstrip line. The microstrip line on the top
applies a local rf-field on the waveguide and excites the spin waves. In our structures,
the waveguide is connected to a reservoir and the whole structure is placed on a
macroscopic CPW. The rf-field is applied to the whole structure. The translational
symmetry is broken at the junction between the reservoir and the waveguide since
the magnetostatic wave modes in these parts are different due to the demagnetizing
field. The reservoir acts as an antenna and propagating spin waves are injected into
the waveguide by overcoming the momentum gap and leaping into a spin wave mode
with a finite k value (Au et al. 2011). The wave vector of the propagating waves, k,
and the bias field are perpendicular to each other. The spin waves in this geometry
are called Damon-Eshbach modes as mentioned before.

The measurements of time resolved signal in pulsed excitation configuration are given
in fig. 4.7 along with the Fourier transformed data. The uniform modes for the reser-
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voir, unmodulated waveguide, narrow and wide sections of the modulated waveguide
show differences because of the demagnetizing field. The frequency of the uniform
mode in the reservoir is 4 GHz under 200 Oe bias field while it is 3.5 GHz in the
unmodulated waveguide. The frequency decreases to 3.25 GHz for both sections in
the modulated waveguide, with small differences in the shape of the peak. These shifts
in the frequency of the dominant precession mode are attributed to the difference in
effective magnetic fields in different parts of the sample as explained above.
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Figure 4.8: Line scans at 4.0 GHz for both kinds of waveguides. The black dots are the ex-
perimental data while the solid lines represent the fit curve obtained using eq. (4.6). The
time delays are as folows: (a), ..., (h) = 20, 46.7, 73.3, 100, 140, 186.7, 233, 273.3 ps.

The spin wave injection was measured under continuous microwave excitation. Line
scans along the long axis of the waveguides were performed with 8 delay times to
obtain the time and space resolved MOKE signal. The excitation frequency was also
swept from 3.6 to 4.4 GHz to measure the broad-band nature of the injection. The
measurements were done for both the unmodulated and modulated waveguide for
comparison. As seen in fig. 4.8, spin waves decay soon in the waveguide after they
are injected from the reservoir. A decaying wave function (red line) is used to fit the
experimental data (dots):

f (x) = e−( x
d ) cos

[
2π
(x
λ
− ft

)]
(4.6)

where λ is the wavelength, d is the decay length, f is th frequency and t is the time.
Figure 4.8 shows line scans for both kinds of waveguides with 4.0 GHz excitation
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frequency. For the unmodulated waveguide, the fit parameters are as follows: f =
4.0 GHz, λ = 27 µm, d =21 µm and t = 20, 46.7, 73.3, 100, 140, 186.7, 233, 273.3 ps.
The same parameters for the modulated waveguide are: f = 4.0 GHz, λ = 25 µm and
d =30 µm with the same delay times. Once the right parameters were found for one of
the line scans, all the parameters were kept constant except the time to fit the other
line scans. Only the delay time was changed to fit the rest of the line scans.
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Figure 4.9: Wavelength of the injected spin waves vs excitation frequency.

The wavelength of the injected waves changes with the excitation frequency. The wave-
length decreases as the frequency increases as expected. For 3.6 GHz λUnmod = 53 µm
and λMod = 40 µm for the unmodulated and modulated waveguides, respectively, while
the same values are λUnmod = 19 µm and λMod = 15 µm at 4.40 GHz. Figure 4.9 shows
the spin wave wavelength in both kinds of waveguides for all the microwave excitation
frequencies between 3.6 and 4.4 GHz.

These results confirm the broad-band nature of the spin wave antenna (reservoir)
which is capable of injecting spin waves into the waveguide at different frequencies in
a wide range. The injection efficiency also changes with the excitation frequency. The
oscillation amplitude of the Kerr signal is the highest when the antenna is excited at
the frequency of the natural uniform precession mode in the reservoir, which is 4.0
GHz under 200 Oe bias field. As seen in fig. 4.10 the oscillation amplitude decreases
as the excitation frequency moves away from the uniform precession mode frequency
in the reservoir. In other words, the injection efficiency decreases as the frequency
deviates from uniform precession mode frequency to lower/higher values.

Comparisons of the line scans of the unmodulated and modulated waveguides reveal
an important result. The line scan data at 4.0 GHz (fig. 4.8) from the modulated
waveguide shows extra features which do not exist in the data from the unmodulated
waveguides. This feature can also be seen at other frequencies. Figure 4.11 presents
the line scan data in a colour coded format. Line scan amplitudes are assigned to
colours from red (highest) to blue (lowest) for three different frequencies, 3.76, 4.0 and
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Figure 4.10: Amplitude of the MOKE signal oscillation. The spin injection has the highest
efficiency at 4.0 GHz which is the frequency for the uniform precessional mode in the
antenna (reservoir) under 200 Oe bias field.

4.24 GHz for both the unmodulated and the modulated waveguides. Extra features in
the modulated waveguide spectra can be clearly seen by comparing the results from
both kinds of waveguides at all three frequencies. The difference between the line scan
data results between the unmodulated and modulated waveguides is also obvious in
the experimental dispersion curves in fig. 4.12 which is obtained by spatial Fourier
transform of the Kerr signal amplitude.
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Figure 4.11: Line scan comparison at different frequencies; 3.76, 4.00 and 4.40 GHz.

In fig. 4.12, the red lines at k/2π = 0 for both waveguides correspond to the direct
uniform response of the coupled reservoir and waveguide structure to the global field.
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Figure 4.12: Experimental dispersion curve for the unmodulated and modulated waveg-
uides. The peak for the positive k values correspond to propagating spin waves. For the
modulated waveguide, the peaks at k/2π = 0.08 µm−1 indicate a standing wave which
is dictated by te spatial modulation.

The peaks for the positive k values indicate a propagating wave which is injected
from the antenna. The dispersion curve for the propagating spin wave obeys the
Damon-Eshbach relation (~k ⊥ ~H) and the wavevector increases with the frequency.
The dispersion curve for the modulated waveguide shows two peaks clearly at k/2π =
0.08 µm−1 for 4.0 GHz and above. These peaks correspond to the extra feature in
the line scan data from the modulated waveguide. They indicate the existence of a
standing wave justified by their qualitatively equal intensities for positive and negative
value of k/2π = 0.08 µm−1. The standing wave is a result of direct coupling between
the global microwave field and the width modulation and k/2π = 0.08 µm−1 value is
dictated by the spatial periodicity of the modulation.

Colour coded line scans in fig. 4.11 confirm the existence of the standing wave below
4.0 GHz although the amplitude of the standing wave peaks at 0.08 µm−1 in fig. 4.12
becomes prominent around 4.0 GHz. The reason for this is because of the fact that
k values of the propagating wave (Damon-Eshbach modes) inside the waveguide ap-
proach those of the standing wave and the signal amplitude at 0.08 µm−1 becomes
stronger.
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5. Summary and conclusion

This thesis gives a summary of the research efforts of Mustafa Arikan under the super-
vision of Prof. Snorri Ingvarsson at the University of Iceland. Two main projects have
been carried during the Ph.D. training: 1) Investigation of MgO based magnetic tun-
nel junction sensors at dc and low frequencies using tunneling magnetoresistance and
impedance spectroscopy techniques. 2) Fabrication and magneto-optic measurements
of spin wave (magnon) structures.

The motivations for the MgO MTJ project were to investigate the spin dependent
capacitance in MTJ structures and to test the possibility of using dc-TMR sensors
at higher frequencies to detect dc-magnetic fields via spin dependent capacitance.
Magnetic field dependent capacitance due to the exchange interaction between the
electrons in the ferromagnetic leads were proposed and observed by several groups
during the last few years. According to our measurements on the state of the art small
area MgO MTJ devices, we did not observe any magnetocapacitance although other
parameters such as the spin diffusion length in the MTJs agree quite well with the
results in the literature. We attribute this contradiction to the difference between the
sizes of our samples and the samples reported by other groups. We measured samples
as small as 2 × 4 µm2 while the smallest sample in the literature was several tens
of µm2. We have also investigated effect of dc-bias on the magnetoimpedance of the
individual MTJs. We have observed an interesting increase in the impedance up to
8 % above 10 kHz for the bias values larger than 0.25 V. More work is needed to be
done to understand the origin of this increase. We applied the frequency dependent
impedance spectroscopy to array junction devices. These devices were fabricated by
connecting single MTJs in series in a meander geometry to increase the robustness
of the sensor. These arrays showed not only field dependent magnetocapacitance but
also magnetoinductance according to the circuit model we used to fit the experimental
data. We have shown that TMC can be used in detection of the external dc-magnetic
fields. Although the sensitivity via magnetocapacitance was lower than the sensitiv-
ity via magnetoresistance, the hard axis field required for the MTJs to switch from
the memory mode to the sensing mode was smaller in the magnetocapacitance curves
compared to magnetoresistance curves. We have also realized that the raw experi-
mental data from the impedance measurements can be used in magnetic field sensing
without equivalent circuit modelling and we have shown that using the raw impedance
values (Im(Z)) provides the ability to tune the operation frequency of the sensor in a
wide range. For certain frequencies, the sensitivity is better than the dc-TMR sensi-
tivity. This research has been performed in collaboration with Brown University and
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5. Summary and conclusion

Micromagnetics Inc.

The second project was carried out in collaboration with the University of Exeter.
Width modulated magnonic crystal structures were fabricated and measured using
time and space resolved Kerr microscopy. The structures included a coupled reser-
voir and microstrip line which are both 110 nm thick Py layers. They were grown on
glass microslips with a 5 nm Cr adhesion layer in between. The reservoir acts as an
antenna and the microstrip line is the waveguide for the spin waves. For comparison,
coupled structures without width modulation were also fabricated. The spin waves
were generated using a uniform global microwave field as opposed to local fields via
micro-transmission lines which is the general approach. We have observed the in-
jection of the propagating spin waves (Damon-Eshbach modes) into the waveguides
due to broken translational symmetry at the junction between the reservoir and the
waveguide. Injection happened over a large range of microwave excitation frequencies
from 3.60 to 4.40 GHz, revealing the broad-band nature of the spin wave antenna.
The injection efficiency was the highest at 4.0 GHz which is the frequency of the uni-
form precessional mode in the reservoir under 200 Oe external field. As the excitation
frequency was decreased/increased the efficiency of the injection decreased. In addi-
tion to broad-band spin injection into both kinds of waveguides, the width modulated
waveguides showed a standing spin wave which is dictated by the modulation. We
have not observed stop/pass bands in the dispersion relation for the injected wave
which was the initial purpose of this work. We suggest that the amplitude of internal
field modulation in the modulated region may not be strong enough to create efficient
reflection at the boundaries between narrow and wide sections in the waveguide. A
more significant change in the width might be required to create larger internal field
modulation in order to observe stop/pass bands for magnons.

In addition to the main research projects, contribution to two side projects were also
achieved: Theoretical investigation of a coupled organic quantum dot-microcavity
system and fabrication and characterization of Au-nanoparticle deposited Platinum
microantennae. The results were published in scientific journals.
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B. MTJ Fabrication Process

An overview of the fabrication of the MTJs reported in this thesis is as follows:

1. RCA cleaning (H2O2, NH4OH and H2O) of Si wafers.

2. Sputtering of the metallic and insulating layers (DC/RF magnetron sputtering)

3. Photolithography + ion etching to define the bottom contact layer.

4. Photolithography + ion beam etching to define the junction layer.

5. SiO2 deposition to insulate the top and bottom electrode layers.

6. Photolithography then capping with gold conductive layer.

The details of the fabrication can be found on Nanoscale Physics and Devices group’s
webpages:

http://physics.brown.edu/physics/researchpages/cme/supermag/index.html
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C. Fabrication Recipes

Optical lithography recipe:

1. Prebake for 30 min. at 175 ℃.

2. Apply MaN-1410 (negative resist) using 4000 rpm for 40 seconds.

3. Bake on hotplate for 175 ℃for 5 min.

4. Perform optical lithography

5. Develop for 45 sec. in MaD-533S. Rinse in IPA. Blow dry with Nitrogen.

6. Deposit the required metal.

7. Perform lift-off (Acetone+IPA+deionized water)

E-beam lithography recipes:

For single PMMA layer process:

1. Prebake for 30 min. at 175 ℃.

2. Apply 4 % 496K PMMA using 4000 rpm for 40 seconds.

3. Bake on hotplate for 175 ℃for 5 min.

4. Perform e-beam writing via SEM

5. Develop for 45 sec. in 1:3 MIBK:IPA. Rinse in IPA. Blow dry with Nitrogen.

6. Deposit the required metal.

7. Perform lift-off (Acetone+IPA+deionized water)
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C. Fabrication Recipes

For double PMMA layer process

1. Prebake for 30 min. at 175 ℃.

2. Apply 4 % 496K PMMA using 4000 rpm for 40 seconds.

3. Bake on hotplate for 175 ℃for 30 min.

4. Apply 4 % 950K PMMA using 4000 rpm for 40 seconds.

5. Bake on hotplate for 175 ℃for 5 min.

6. Perform e-beam writing via SEM

7. Develop for 1 min. 15 sec. in 1:3 MIBK:IPA. Rinse in IPA. Blow dry with
Nitrogen.

8. Deposit the required metal.

9. Perform lift-off (Acetone+IPA+deionized water)
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We have studied the magnetoimpedance of micron sized magnetic tunnel junction sensors with
1.7 nm MgO tunnel barrier. We performed ac impedance spectroscopy in the frequency range
between 100 Hz–40 MHz as a function of applied magnetic field in the sensing direction. We model
our devices with a simple RLC circuit. Fitting the model to our data results in frequency
independent R, L, and C, and our low frequency results are in agreement with dc measurements.
Despite excellent agreement with published result on interface capacitance for MgO barrier
magnetic tunnel junctions similar to ours we do not observe any magnetocapacitance in our
devices. © 2010 American Institute of Physics. �doi:10.1063/1.3449573�

In addition to being ideally suited as nonvolatile mag-
netic random access memory, magnetic tunnel junctions
�MTJs� are excellent magnetic field sensors.1 As such, they
are used in read-write heads in the magnetic storage industry
and play a big role in the increase in storage density in the
past few years.2 They have also found applications in mag-
netic microscopy.3

Recently, ac impedance spectroscopy of the MTJs has
received considerable interest because the above mentioned
applications require high speed functionality and small de-
vices �Al-oxide tunnel barriers,4–7 MgO tunnel barriers,8,9 at
least one electrode nonmagnetic�.10,11 All of these studies
dealt with “large area” devices of �1000 �m2 or larger.
They have exposed a magnetic configuration dependence of
the MTJ capacitance, called tunneling magnetocapacitance in
analogy with tunneling magnetoresistance �TMR�. In this pa-
per we present results of an ac impedance spectroscopy study
of individual micron-scale MTJs in the sensor mode, with
MgO as the tunnel barrier.

When, in the absence of any external field applied, the
magnetic moments of two ferromagnetic electrodes of a tun-
nel junction are aligned parallel or antiparallel with respect
to each other then the MTJ is said to be in the memory �or
switching� mode. The resistance-field behavior is hysteretic
and switches abruptly between the two extreme resistance
states. However, in the sensor mode, the ideal situation is a
resistance-field transfer curve that is a one-to-one function
with zero coercivity but steep slope dR /dH in the sensing
dynamic range. Here R is the junction resistance and H is the
applied field. This situation can be achieved, at least approxi-
mately, by setting the magnetic moments of the two ferro-
magnetic electrodes perpendicular to each other. In real de-
vices some hysteresis may remain.

The structure of the devices used in this work
is as follows �thicknesses in nanometers�: Ta�5� /
Ru�30� /Ta�5� /Co50Fe50�2� / IrMn�15� /Co50Fe50�2� /Ru�0.8� /
Co40 Fe40 B20�3� /MgO�1.7� /Co40 Fe40 B20�3� /Ta�5� /Ru�10�.
They were sputter deposited on thermally oxidized Si wafer
substrates. An artificial antiferromagnetic CoFe/Ru/CoFeB

trilayer structure has been used for the purpose of increasing
exchange bias and for thermal stability enhancement. It is
also important for preventing Mn diffusion from the IrMn
layer into the MgO tunnel barrier at high temperatures. De-
tails regarding sample fabrication and optimization are re-
ported elsewhere.12 The junctions were patterned into el-
lipses with major and minor axes of 2 �m and 4 �m,
respectively. Postdeposition thermal annealing was per-
formed in high vacuum at a temperature of 310 °C for 1 h
with an applied field of 4.5 kOe. To set the junctions in the
sensor configuration, the pinned layer magnetization is set
perpendicular to the free layer’s easy axis.

Our setup included an electromagnet capable of produc-
ing up to �90 Oe dc-field. Electrical measurements were
performed using a Keithley 2400 source-meter for dc-TMR
�with about 100 mV applied voltage� and a HP 4194A im-
pedance analyzer �100 Hz to 40 MHz� for ac impedance
spectroscopy with an HP 16085B measurement fixture �4-
probe technique, 100 mV ac voltage�. We used standard cali-
bration methods �open, short, and load� before each measure-
ment to cancel the effects of cables and leads. Several
complex RLC circuits were constructed and measured by

a�Electronic mail: sthi@hi.is.
FIG. 1. �Color online� dc magnetoresistance curve for MTJ-1. Inset: device
structure.
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using standard circuit components in order to find out our
measurement sensitivity, in particular to small capacitances,
as our devices are small. We were able to measure capaci-
tance values down to 0.06 pF quite reliably in configurations
mimicking our MTJ devices.

Here we present results for three nominally identical de-
vices �MTJ-1, 2, and 3�. The dc-TMR curve for MTJ-1 is
given in Fig. 1. It shows that the tunnel junction is in the
sensing mode with a small coercivity of 3 Oe. The sensor has
a field dynamic range of �20 Oe. Similar results were ob-
tained for the junctions MTJ-2 and MTJ-3. These are de-
tailed in Table I. Our TMR value is defined as the by now
conventional 100� �Rap−Rp� /Rp, where Rap�Rp� is the resis-
tance with antiparallel �parallel� configuration of the mag-
netic electrodes. The total MR for the three samples is in the
range of 118%–137%.

Figure 2 displays the frequency dependence of the real
and imaginary parts of the impedance, in parallel ��90 Oe�
and antiparallel �+90 Oe� states for MTJ-1. Also shown, are
results in zero field, with the free and pinned layer magneti-
zation mutually perpendicular. Similar behavior was ob-
served for MTJ-2 and MTJ-3. A priori, one expects the MTJ
sensor to behave like a “leaky capacitor,” the leakiness stems
from the tunnel current. Thus it should be representable by a
parallel RC circuit. This assumption is supported by our re-
sults, which show a characteristic dip for an RC circuit as
seen in Fig. 2. �The RC cut-off frequency increases as the
junction is swept from high resistance �9 MHz� to low resis-
tance state �20 MHz��. Also the Cole–Cole diagrams show
circular patterns that suggests that the circuit model should
have parallel RC networks. Our goal was to work with the
simplest possible model that would fit our data. However, it

turned out that the simple model of one resistor in parallel
with a capacitor does not quite capture all the details of our
data for any of the three junctions we report here. The reason
is due to the short section of wire bonds and on-chip wiring
leading up to the MTJ that we did not compensate for in our
calibration. This wiring contributes an inductive component
in series with the simple RC circuit described above �see Fig.
2 inset�. The complex impedance, Z=Re�Z�+ i Im�Z�, for this
circuit model can be written as,

Re�Z� =
R

1 + ��RC�2 , �1�

Im�Z� = �L −
�R2C

1 + ��RC�2 . �2�

For an unknown MTJ this presents two equations for three
unknowns, namely, R, L, and C. However, R can be obtained
from the low frequency limit �and it should, and does, agree
with the dc measurements�. Then L and C can be determined
readily by fitting Eqs. �1� and �2� to the data. Using this
model we were able to fit our data with fixed values of L and
C, and two values for R that correspond to parallel and an-
tiparallel alignment, respectively. All the parameters are fre-
quency independent, as one hopes to find if such a lumped
circuit element model is to faithfully represent the physical
system. Results of our fits to all three devices are detailed in
Table II.

Our data can be fit by more complex models but in these
cases we find there are simply too many fit parameters, some
of which usually end up with unreasonable or unphysical
numerical values. It is worth emphasizing that our results
show no dependence of the capacitance on relative magneti-
zation orientation of the ferromagnetic electrodes, i.e., we
see no hint of a magnetocapacitance effect. This appears to
be in contradiction with careful studies that have demon-
strated the existence of such an effect,6,8,10 explained theo-
retically in Refs. 13 and 14. However, it is important to re-
alize that our measured capacitance is a combination of
different contributions. Taken at face value our capacitance
results yield an effective dielectric constant for the MgO in-
sulator that is much larger than the bulk value of �=9.7�0.
This has been explained previously by an interface capaci-
tance Ci, in series with the geometric capacitance Cg=�A /d
of the insulating MgO layer, where A is the junction area,
and d is the MgO thickness.4,8,10 The measured capacitance
is thus

1

C
=

1

Cg
+

1

Ci
. �3�

This interface capacitance can include contribution from sur-
face roughness, interface states �in which case one would see
a frequency dependence of our model parameters�,11 and
charge accumulation and screening at the metal/insulator

TABLE I. dc-resistance measurements.

MTJ
Rap

���
Rp

���
TMR
�%�

Coercivity
�Oe�

1 1980 890 132 3
2 2420 1020 137 2
3 2100 965 118 2

FIG. 2. Real and imaginary impedance as a function of frequency at room
temperature for the parallel and antiparallel magnetization configurations, as
well as for the zero field perpendicular �sensing� magnetization orientation.
The solid lines are the fit to the data by using the equivalent circuit �inset� as
explained in the text. For clarity we have reduced the number of data points.

TABLE II. Model parameters extracted from data, based on Eqs. �1� and �2�.

MTJ
Rap

���
Rp

���
Cap

�pF�
Cp

�pF�
Lap

��H�
Lp

��H�

1 1905 890 6.5 6.5 0.28 0.28
2 2385 1095 7.5 7.5 0.35 0.35
3 2050 977 7.5 7.5 0.25 0.25
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interfaces.15 The last mentioned contribution is observed in
normal metal capacitors11 but develops another level of com-
plexity when the electrodes are ferromagnetic, as the ex-
change interaction causes a spin dependent screening
potential.14 This is what causes the above mentioned magne-
tocapacitance effect.13

Upon inserting Cg=0.317 pF for our 6.28 �m2 device
into Eq. �3� with C=6.5 pF, we obtain Ci=−0.334 pF. The
negative value of Ci is associated with a negative screening
length and oscillatory screening that results in excess pile-up
of screening charge on the interface charges, as explained
by Miesenböck and Tosi.16 Our results correspond to Ci /A
=−5.31 �F /cm2, i.e., −10.62 �F /cm2 per interface. This
agrees quite well with the results in Ref. 8, where they report
−12.8 �F /cm2 and −13.2 �F /cm2, respectively, for the par-
allel and antiparallel configurations.

How can magnetocapacitance be completely absent in
our results, while both Padhan et al.8 and Kaiju et al.6 ob-
serve such an effect, of up to 50%? We apply the same model
to fit our data and obtain very similar results for Ci. The main
difference in our studies lies in the sample size �	1000 �m2

or larger versus �1 �m2 in our samples� and the relative
orientation of the magnetic electrodes at zero applied field
�memory versus sensor configuration�. Assuming the edge
lengths of our junctions are much larger than the character-
istic wavelength for surface roughness17 and that we can ne-
glect contribution from surface states then Ci scales with area
much like the geometric capacitance Cg. By that argument
the area of the sample should not affect the visibility of any
magnetocapacitance effect. Also, whether samples are set in
memory or sensor configurations should have no effect, as it
is well known that the last monolayer or two at the interface
dictate the spin of the tunneling electrons. At this point we
cannot completely rule out the possibility of a fringe capaci-
tance that is independent of magnetization and becomes
dominant in smaller samples because it scales with the pe-
rimeter length, as opposed to the area. It is difficult to see
how we could get such good agreement for the interface
capacitance in that case. A systematic study of different sized
MTJs would resolve this specific issue.

In summary, we have fabricated micron scale MTJ sen-
sors with MgO tunnel barrier and characterized them by us-
ing complex impedance spectroscopy. We obtain high TMR

ratios in the range of 118%–137%. However, in contrast with
two previous studies in the literature, we observed no sign of
a magnetocapacitance effect. We can only speculate about
the reason for this, the only obvious difference of possible
significance between our study and previous ones is the
sample size. The effects of electron-electron interaction and
spin dependent screening �resulting in interface capacitance�
on the frequency dependence MTJs are rather poorly under-
stood and deserve more study both from experimental and
theoretical vantage points.
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DC and AC Characterization of MgO Magnetic Tunnel Junction Sensors
M. Arikan,1, a) S. Ingvarsson,1, b) M. Carter,2 and G. Xiao3
1)Science Institute, University of Iceland, Dunhagi 3, Reykjavik IS-107, Iceland
2)Micromagnetics Inc., 617 Airport Road, Fall River, Massachussets 02720
3)Physics Department, Brown University, Rhode Island 02912

We have fabricated multiple MgO magnetic tunnel junctions (MTJ) with 1.7 nm oxide, which are connected
in series, and layed out in a serpentine geometry. We performed DC tunnel magnetoresistance (TMR)
measurements and AC impedance spectroscopy with crossed DC magnetic fields in the easy and hard axis
directions. A simple RLC circuit model is used to fit our data and characterize the dependence on capacitance
(C) and inductance (L) of magnetization orientation of the MTJ sensors. We have found in our samples that
C and L are higher in antiparallel than in parallel configuration. We discuss possible reasons for the existence
of this field dependence and show the evolution of magnetic field vs. capacitance (H−C) curve from memory
mode into sensing mode at high frequencies.

PACS numbers:
Keywords: Magnetic sensors, magnetic tunnel junction, MgO, magnetoimpedance, magnetoresistance, mag-
netocapacitance, magnetoinductance.

Magnetic tunnel junctions are among the most suc-
cessful devices in spintronics. They are used in many ap-
plications such as magnetoresistive random access mem-
ory (MRAM), in read heads for magnetic media, mag-
netic field sensors and magnetic microscopy1–3. With
the introduction of Magnesium oxide (MgO), TMR has
increased to values as high as 600 % at room tempera-
ture4. Recently, there has been a growing interest in AC
response of the MTJs since it is crucial to understand
AC characteristics of the MTJs in order to study various
important spin effects such as frequency-dependent spin
transport, spin capacitance and electron-electron inter-
actions in spintronic devices5,6. AC magnetotransport
has also been proposed as a useful tool to probe spin de-
pendent potentials, dielectric relaxation mechanisms and
high frequency magnetic sensing7–10. Previous studies
found in the literature focus on large area single tunnel
junctions (≥ 1000 µm2) with Al-oxide and a few with
MgO as the insulator.
If the magnetic moments of ferromagnetic electrodes

in a tunnel junction are aligned along the same axis, ei-
ther parallel or antiparallel, then applied field vs. re-
sistance curve (H − R) will be hysteretic (multivalued
function). The magnetic moment of the free layer will
rotate abrubtly with respect to the external field, result-
ing in a jump in the resistance of the tunnel junction
due to switching between parallel (P) and anti-parallel
(AP) alignment of the magnetization. In this case the
tunnel junction is said to be in the memory (or switch-
ing) mode. One, however, needs a single-valued function
in order to be able to use the MTJs as a magnetic field
sensor. Ideally, the H-R curve must be a non-hysteretic
curve with zero coercivity and it should show a steep
slope ( dR

dH
) in the sensing regime. This configuration is

a)Electronic mail: arikan@raunvis.hi.is
b)Electronic mail: sthi@hi.is
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FIG. 1. DC magnetoresistance vs. easy axis field under con-
stant external fields (0, 25, 45 and 65 Oe) along the hard
axis. Inset: Microscope picture of a similar device used in
this work.

known as the sensing-mode. It can be achieved with the
help of shape anisotropy by fabricating the junctions as
ellipses12,13. Another way to drive the junctions into this
configuration is to apply a DC field along the hard axes
of the ferromagnetic electrodes. The hard axis field will
rotate the magnetic moment of the free layer perpendic-
ular to the pinned layer and the MTJ will be in sensing
mode. Also,it has recently been reported that it is possi-
ble to fabricate MTJ sensors with a superparamagnetic
free layer14.

In this report, we present our results of DC and AC
characterization of unbiased MgOMTJ sensors. A simple
RLC circuit model was used to fit the frequency depen-
dent impedance data. We use the results to show the
evolution of spin capacitance as the applied field in hard
axis direction increases.
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Each of the sensors used in this work have 24 identical
MTJs with 1.7 nm MgO insulator (Fig.1). The junctions
were placed in a serpentine geometry in order to minimize
the total sensor area and connected to each other in series
to obtain higher resistance and robustness. The MTJs
have the following structure (Fig.2) (thicknesses in nm):
Ta(30)/Co50Fe50(3)IrMn(15)/Co50Fe50(2)/Ru(0.8)/
Co40Fe40B20(3)/MgO(1.7)/Co50Fe50B20(30)/Ta(10)/
Ru(5). The layers were deposited by magnetron sput-
tering onto a thermally oxidized Si wafer. An artificial
antiferromagnet stack (CoFe/Ru/CoFeB) was deposited
in order to increase the exchange bias and enhance
the thermal stability as well as forming a barrier to
prevent Mn diffusion from IrMn into MgO layer at high
temperatures. Postprocessing thermal annealing was
then performed in vacuum at a temperature of 375 ◦C
for 1 hour with an applied field of 2.5 kOe. We refer to
Liu et al.15 for the detailed description of the fabrication
process and optimized parameters.

We performed DC magnetoresistance measurements
and AC impedance spectroscopy of the MTJ sensors un-
der an external magnetic field along the easy axis of the
MTJs, which was swept between ± 40 Oe in 1 Oe steps.
During each sweep, second external magnetic field was
applied along the hard axis in 5 Oe steps between 0-65 Oe
in order to drive the MTJs gradually from memory-mode
to sensor-mode. This allowed us to observe the evolu-
tion of the spin dependent impedance of the MTJs un-
der an external hard axis field. DC-resistance measure-
ments were performed with a Keithley 2400 source meter
by standard 4-wire configuration with 100 mV constant
applied voltage. AC impedance spectroscopy measure-
ments were performed between 100 Hz and 40 MHz by
using HP 4194A impedance analyzer with a HP 16085B
measurement fixture. A 100 mV AC signal was applied
in 4-probe configuration. All the measurements were re-
peated using HP 4284A LCR meter to prove that the
results are repeatable and independent of the experimen-
tal setup. We followed standard calibration procedures
(short, open, load) before each measurement to cancel
the contribution of cables and leads as well as the effect
of magnetic fields on the connections. By using standard
components (resistors, capacitors and inductors), several
complex RLC circuits were constructed and measured in
order to find out our measurements’ sensitivity, in par-
ticular to small capacitances, as our devices have small
capacitance. We were able to measure capacitance values
down to 0.06 pF reliably.

Six devices (S1-S6) were characterized in total. Fig.1
shows the magnetoresistance measurements for the MTJ
sensor-1 (S1). H − R curves are shown for different ex-
ternal fields which were applied in the hard axis direc-
tion and kept constant during the measurement for each
loop while the sweeping field was applied along the easy
axis. We show only 4 curves out of 14 for clarity. DC-
TMR values were found by the traditional definition:
100 × (Rap − Rp)/Rp, where Rap(Rp) is the resistance
of the antiparallel (parallel) magnetization state. TMR
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FIG. 2. Tunneling magnetoresistance vs. external field along
the hard axis. TMR values were calculated by using Rp and
Rap at ± 40 Oe easy axis fields. Inset: The structure of the
individual magnetic tunnel junctions sensors.

for S1 is 89.5 % (Rap = 1086 Ω ,Rp = 573 Ω) for zero
hard axis field and it reduces to 53.5 % (Rap = 932 Ω
,Rp = 607 Ω) as the hard axis field is increased to
65 Oe which is shown in Fig.2. The resistance of the
sensor in the parallel state increases from 573 and 607 Ω
as the hard axis field changes from 0 and 65 Oe with
∆Rp = 45 Ω or 5.9 %, while the resistance of the
anti-parallel state decreases from 1086 to 932 Ω with
∆Rap = −154 Ω or 14.1 %. As the hard axis field is
increased the coercivity also decreases and the hysteretic
H − R response becomes a single-valued function. The
sensitivity is given by the slope of this function in the
sensing regime (1/R × dR/dH)). For S1, the coerciv-
ity vs. hard axis field is given in Fig.3. According to
the results, the coercivity is ∼ 20 Oe for 0 Oe hard axis
field and it decreases to ∼ 1.75 Oe and saturates at this
value as the external field increases to 40 Oe. The sen-
sitivity was found by linear fitting in the sensing regime
between 0 and 20 Oe. The results change between 17.8
and 8.5 × 10−3/Oe for 40 and 65 Oe hard axis fields,
respectively.

We only show one of these H −R curves and its fit in

TABLE I. Summary of the DC-magnetoresistance measure-
ments under zero hard axis field. Antiparallel and parallel
resistance values were measured at ± 40 Oe easy axis fields.

Device Rap (Ω) Rp (Ω) TMR (%)
S1 1086 573 89.5
S2 2045 849 140.9
S3 11335 4951 128.9
S4 922 466 97.9
S5 1240 564 119.9
S6 4540 2055 120.9
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FIG. 3. Linear fit in the sensing regime. The solid line is the
fit curve between 0 and 20 Oe. Inset: Coercivity vs. hard
axis field.

Fig.3 for clarity. A summary of DC-magnetoresistance
measurements under zero hard axis field is given in table
1. The other devices used in this study (S2-S6) also show
similar characteristics with respect to external applied
field along the hard axis.

Using impedance spectroscopy, we evaluated the possi-
bility of using spin capacitance concept in magnetic field
sensing once we determined the necessary parameters and
conditions to drive the MTJ devices into sensing mode.
For the device S1, the frequency dependent impedance
for the parallel and anti-parallel states under zero hard
axis field are displayed in Fig.4. The dots and squares in
the figures show the measurement results while the solid
lines are fitting curves. A tunnel junction can be modeled
as a leaky capacitor. Therefore it can be represented by a
complex circuit with resistances and capacitances. Such
models are widely accepted and applied in similar works
found in the literature, ranging from a simple parallel
RC circuit8,9 to much more complex RLC models11,16.
We prefer to use a simple circuit model with minimum
number of components for our data. As the model be-
comes more complicated, the number of parameters af-
fecting the impedance increases. Therefore it becomes
possible to find several ways to fit the experimental data
succesfully by adjusting the values of the components in
the model in different combinations. We started with a
parallel RC model; a resistor and a capacitor connected
in parallel since Cole-Cole plots (not shown here) have
semi-circular patterns which is a hint for the existence of
parallel RC networks. However, this model didn’t cap-
ture our data for all the frequency regimes. Also, the
exact solutions of this model resulted with frequency de-
pendent TMR and TMC, especially at high frequencies,
which is an indication of the inductive nature of the data.
We modified this model by adding an inductor in series
(Fig.4) in order to include the effects of the wire bonds
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FIG. 4. Real and imaginary impedance as a function of fre-
quency at room temperature for the parallel and antiparallel
magnetization configurations. The solid lines are the fit to
the data by using the equivalent circuit (inset) as explained
in the text. For clarity we have reduced the number of data
points.

and transmission lines in the device. This circuit is mod-
eled by the equations below:

Re(Z) =
R

1 + (wRC)2
(1)

Im(Z) = wL−
wR2C

1 + (wRC)2
. (2)

For an unknown MTJ, this presents two equations for
three unknowns, namely R, L, and C. However, R can
be obtained from the low frequency limit and in our case
it agrees well with DC resistance measurements. Then
L and C can be determined by fitting Eq. (1) and (2) to
the data. Using this model we were able to fit our data
with frequency independent L and C, and two different
R values which correspond to parallel and antiparallel
alignment respectively, as seen in Fig. 4. All the param-
eters are frequency independent, as one hopes to find if
such a lumped circuit element model is to faithfully rep-
resent the physical system. TMR, TMC and TML values
decreased as we increased hard axis field from 0 to 65 Oe.

TABLE II. Model parameters extracted from data, based on
Eqs. (1) and (2).

Rap (Ω) Rp (Ω) Cap (pF) Cp (pF) Lap (µH) Lp(µH)
S1 1060 568 5.50 4.95 0.27 0.18
S2 2050 860 6.20 5.70 0.45 0.23
S3 11320 4936 5.80 5.00 0.95 0.64
S4 927 469 5.45 4.85 0.39 0.27
S5 1247 569 5.25 4.95 0.38 0.25
S6 4527 2037 5.00 4.80 0.52 0.34
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For S1, the TMR which is 86.6 % for zero hard axis field,
decreased to 56 % for 65 Oe, respectively, as seen in Fig.
5. In a similar fashion, TMC changed from 11.1 % to
4.3 % while corresponding values were 50 % and 18.1 %
for the TML. The devices S2-S6 showed similar results
as summarized in Table IV.
Since our devices have 24 single MTJs connected in

series, the measured capacitance C is not equal to the in-
dividual MTJ capacitance Cs but Cs/24, assuming they
are all identical. Therefore, for S1, the single MTJ ca-
pacitance of each individual MTJ can be accepted as
Cs,a = 118.8 pF and Cs,ap = 132.0 pF for the parallel
and anti-parallel states, respectively. The effective dielec-
tric constant for MgO which is calculated from the single
junction capacitances for both states is unphysically high
compared to the bulk value for MgO (ǫ ∼= 9.7ǫ0)

17. How-
ever, in a single tunnel junction, the measured capaci-
tance is the total capacitance with contribution of differ-
ent capacitances such as the geometric capacitance due
to insulator and interface capacitance due to interface
states, surface roughness and charge accumulation and
screening at the metal/insulator interfaces. In MTJs, in
addition to these factors, a spin dependent screening po-
tential at the interfaces because of the exchange bias has
to be taken into account5. Therefore, measured capaci-
tance can be described as:

1

C
=

1

Cg

+
1

Ci

(3)

where Cg = ǫA/d is the geometric capacitance (A is the
junction area, and d is the MgO thickness) and Ci is the
interface capacitance. With A = 6.28 µm2, ǫ = 9.7ǫ0
and d = 1.7 nm, we obtain Cg = 0.317 pF for an in-
dividual MTJ. Upon inserting this value into Eq. (3),
we find the interface capacitances of single junctions as
Ci,p = −10.78 and Ci,ap = −10.72 pF/µm2 for parallel
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and anti-parallel states respectively. The negative in-
terface capacitance is attributed to negative screening
length due to excess pile-up of screening charge on the
interface charges18. These results agree very well with
the results reported earlier on AlOx19 and MgO tunnel
junctions8,20.
Although interface capacitance density results are

similar, our results in general have important differ-
ences than other careful studies on frequency dependent
impedance spectroscopy in magnetic tunnel junctions.
One of the main differences is the sign of the tunneling
magnetocapacitance. Our devices show positive magne-
tocapacitance (i.e. higher capacitance for anti-parallel
and lower capacitance for parallel states) for positive
magnetoresistance. However, positive TMR vs. negative
TMC relationship has been reported for large area sin-
gle tunnel junctions by several groups8,9 while zero TMC
has been reported for single MTJs20 which are compara-
ble to the devices in this study in terms of single device
area. Also, it is interesting to observe a significant TMC
in array of junctions while comparable individual devices
do not show any TMC. A possible explanation for this
difference would be the serpentine structure. An AC sig-
nal with a wavelength short enough, could keep the MTJs
on different arms of the serpentine at different potentials.
Therefore an extra capacitance would exist in addition to
geometric and interfacial capacitances. However, in our
case, all the individual MTJs have the same potential
since the wavelength of AC voltage is very long (up to

TABLE III. Model parameters extracted from data for zero
hard axis field, based on Eqs. (1) and (2).

S1 S2 S3 S4 S5 S6
TMR 86.6 138.4 129.3 97.7 119.2 122.2
TMC 11.1 8.8 16.0 12.4 6.1 4.2
TML 50.0 95.7 48.4 44.4 52.0 52.9
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40 MHz ≈ 7.5 m in vacuum) compared to the dimensions
of the sensor (less than a mm). Therefore we rule out this
possibility for our devices. It is not an easy task to ex-
plain the microscopic origin of this magnetocapacitance
difference because of complexity of our devices. Another
important difference between our results and previous
reports in the literature is the existence of the tunneling
magnetoinductance. To our knowledge, there is no TML
in MTJs reported previously. Traditionally, inductive
components in circuit models for MTJs are attributed to
the leads and wires in the junctions and electrical connec-
tions which are non-magnetic metals. They do not lead
to any spin-inductance effect. The main reason for mag-
netoinductance in our sensors is the serpentine geometry
in which our samples were fabricated. The current flows
through the device following a path of half connected
loops, causing an effective inductance over the whole ar-
ray. As the magnetic field changes, the resistance of the
individual junctions changes. According to Ohm’s law
(V = IR) the current changes since we apply 100 mV
constant AC voltage. Therefore the total flux on the de-
vice (Φ = LI) changes with respect to external magnetic
field and we observe TML. At this point, we suggest sys-
tematic study to resolve TMC and TML differences we
observe. MTJs sensors with different numbers of indi-
vidual tunnel junctions in different geometries should be
fabricated and characterized in order to obtain more in-
formation about the effect of device geometry on TMC
and TML.

Magnetic field sensing can also be performed via capac-
itive methods other than DC resistance measurements.
Fig.6 shows the evolution of extracted capacitance vs.
magnetic field (easy axis) curves at 730 kHz as the bias
field (hard axis) is changed. Capacitance values were cal-
culated from Eq.(1). Measured DC resistance and Re(Z)
values at 730 kHz were inserted into Eq.(1) for each ex-
ternal field along the easy axis and capacitance values
were extracted. This procedure was repeated for each
bias field in the hard axis direction from 0 to 65 Oe. Ex-
tracted capacitance values along with the DC resistance
values were inserted into Eq.(2) and a visual fit to Im(Z)
data was performed. L was used as a fit parameter for
this step and we obtained very satisfactory results, con-
firming the reliability of the extracted capacitance. The
results are given in Fig.6. Only 4 of the capacitance vs.
magnetic field curves (out of 14) are shown for clarity.
The capacitance curve is hysteretic (multivalued func-
tion) with 22 Oe coercivity for zero hard axis field. As
the hard axis field increased, the capacitance curve trans-
forms into a single valued function (with ≈ 1 Oe coerciv-
ity) as is the case for the resistance curve. Compared to
40 Oe field at which the resistance curve becomes single-
valued, capacitance curve reaches that point at 25 Oe.
We calculated capacitive sensitivity in a similar way to
resistive sensitivity; 1/C × dC/dH. The results are 10.2
and 2.1 × 10−3/Oe between 25 and 65 Oe hard axis
field values, respectively. Sensitivity decreases 1.7 to 4
times when spin dependent capacitance is used instead

of resistance values.
In summary, we have fabricated sensors based on

MgO magnetic tunnel junction arrays which have mi-
cron scale single junctions connected in series. We per-
formed DC magnetoresistance and frequency dependent
AC-impedance spectroscopy measurements to find out
the sensor response at high frequencies. We drove our de-
vices into sensing mode by applying an external bias field
and showed magnetic field sensing at high frequencies by
using tunneling magnetocapacitance. We obtained high
TMR and TMC values between 89.9 and 140.9 % and 4.2
and 16 %, respectively. It was shown that these values de-
crease as the devices gradually switch from memory mode
to sensing mode. We have also shown that magnetoca-
pacitance and magnetoresistance relationship in MTJs
depends highly on the geometry of the device tested. We
observed a positive relation between magnetoresistance
and magnetocapacitance for our array-MTJ dvices, con-
trary to the reports on single MTJ devices in the litera-
ture. We attribute this difference to the geometry of the
sensors studied in this report. Therefore, for the possible
use of magnetocapacitance in sensing and other applica-
tions, it is crucial to characterize and extract the physical
variables from complex impedance data for each case in-
dependently. Sensitivity of our devices decreased almost
one order in capacitance measurements compared to re-
sistance based sensing. However, sensing configuration
was obtained earlier in capacitive sensing with respect to
resistive sensing (25 vs. 40 Oe hard axis fields).
We would like to thank the Electrical Engineering de-

partment at the University of Iceland for allowing us to
use their impedance analyzer. This research was funded
by the Icelandic Research Fund and the University of
Iceland Research Fund.
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DC Magnetic Field Sensing With Magnetic Tunnel Junction Sensors

Using AC Impedance Spectroscopy
M. Arikan,1, a) B. Þorgrímsson,1 M. Carter,2 G. Xiao,3 and S. Ingvarsson1, b)
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We fabricated magnetic tunnel junction (MTJ) field sensors and studied their magnetic field sensing properties
using tunneling magnetoresistance and complex impedance spectroscopy techniques up to 40 MHz. We
introduce a new model-free sensing method at high frequencies. An improvement in senstivity up to 46 % over
DC magnetoresistance method was observed when the sensor was run at MHz frequencies. Our measurements
have also revealed that MTJ sensors can be operated in a wide range of frequencies with a trade of between
the operation frequency and the sensitivity.

PACS numbers:
Keywords: Magnetic sensors, magnetic tunnel junction, MgO, magnetoimpedance, magnetoresistance,
impedance spectroscopy.

Several type of magnetic field sensors have been de-
veloped and become a part of current technology and
daily life. Among them, the most common magnetic
sensing technologies are superconducting quantum in-
terference device (SQUID), flux gate, fiber optic, opti-
cally pumped, nuclear procession, search coil, Hall effect,
anisotropic magnetoresistance (AMR), giant magnetore-
sistance (GMR) and spin dependent tunneling sensors? .

Magnetoresistance of tunnel junctions has improved
substantially as Magnesium-oxide (MgO) replaced
Aluminium-oxide (AlOx) as the insulating barrier due
to selective filtering of the tunneling electrons on the 3d
wavefunction? . This improvement has boosted TMR
magnetic field sensor research. Low and medium field
TMR sensors (from pico- to milli-Tesla)? ? ? have been
fabricated by fixing the magnetization of the free layer
perpendicular to that of the pinned layer with the help of
shape anisotropy or an external bias field. This arrange-
ment closes the magnetic hysteresis and transforms the
hysteresis curve into a 1-to-1 magnetic response which is
useful for sensing. Although there is an extensive liter-
ature on DC properties of TMR field sensors, high fre-
quency characteristics of MTJ sensors has gained inter-
est only in recent years. Tunneling magnetoimpedance
(TMI) and magnetocapacitance (TMC) properties of
MTJs have been investigated using complex impedance
spectroscopy for basic science and application purposes
and it has been suggested that magnetocapacitance can
be used to detect magnetic fields? ? ? ? ? ? . So far, how-
ever, magnetic field sensors operating at high frequencies
have been fabricated using amorphous wires, thin films
or ribbons which show giant magnetoimpedance (GMI)
due to skin effect? . MTJ structures also show magne-
toimpedance. However, the origin of the change in the
impedance of MTJs with respect to magnetic field is the

a)Electronic mail: arikan@raunvis.hi.is
b)Electronic mail: sthi@hi.is

leaky capacitance nature of these junctions. A tunnel
junction can be modeled as a resistor-capacitor network
in circuit theory with a RC constant. A MTJ there-
fore will have a RC constant which changes according
to external magnetic field. This also leads to a mag-
netoimpedance effect which can also be used as a field
sensor. Magnetic field sensing using magnetoimpedance
in MTJs, up to our knowledge, hasn’t been reported.

In this report, we demonstrate DC-magnetic field sens-
ing using magnetoimpedance in MgO MTJ sensors via
complex impedance spectroscopy. We compare AC-
sensing performance with that of DC using the resistance
method. The RC constant of the sensor and correspond-
ing imaginary value of the impedance change linearly as
the external magnetic field is swept, which allows us to
detect the external DC field at high operation frequencies
(MHz). The detection of the magnetic field using both
methods is presented here.

The sensors were fabricated in a serpentine geometry.
24 single MTJ devices were shaped into an ellipsoid
with the dimensions of 2 and 4 µm in order to obtain
sensing configuration using shape anisotropy. Individual
tunnel junctions were connected in series to increase the
robustness and to reduce the chance of damage because
of electrostatic discharge issues. Individual MTJs were
deposited on thermally oxidized silicon wafers using
high vacuum magnetron sputtering system. A MTJ
stack has the following structure (thicknesses in nm):
Ta(5)/Co50Fe50(2)/IrMn(15)/Co50Fe50(2)/Ru(0.8)/
Co40Fe440B20(3)/MgO(1.7)/Co40Fe440B20(3)/Ta(5)/
Ru(10). A 150 nm gold layer was deposited as low
resistance top contact leads. The MTJs were annealed
at 310 C for 4 hours in a constant field of 4.5 kOe. The
details of the fabrication process are given elsewhere? .

A magnetic field setup, which produces ±80 Oe, was
constructed using two coils and a power supply. DC
tunneling magnetoresistance (TMR) measurements were
done with a Keithley-2400 sourcemeter. The sensor resis-
tance was measured by 2-probe technique with 100 mV
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FIG. 1. H-R curve: The resistance of the sensor vs. external
field along the sensing directon. Solid line is the linear fit in
the sensing regime.

constant voltage. HP 4194A impedance analyzer with
an HP 16085B measurement fixture (4-probe technique,
100 mV AC voltage) was used for AC impedance spec-
troscopy between 100 Hz and 40 MHz. Open and short
calibrations were done to cancel the contribution of the
cables and the leads.

The sensor was characterized by DC-TMR first in
order to be able to compare the results with that of
impedance spectroscopy. The response curve of an MTJ
sensor with respect to applied magnetic field in the easy
axis is shown in Figure 1. The magnetic field was swept
between ±80 Oe in steps of 1.5 Oe. The resistance values
of the junction at maximum fields (±80 Oe), which will
be called parallel and anti-parallel states from now on,
are 901 and 2215 Ω. The DC tunnel magnetoresistance
is 146 % according to traditional definition:

TMR = 100×
RAP −RP

RP

(1)

The sensing regime according to this response curve
starts at 0 Oe and ends around 40 Oe. Using a simple
numerical fitting on our data, we found the slope and
the average resistance in this regime as 19.2 Ω/Oe and
1571 Ω, respectively. We used Eq.2 to obtain the sensi-
tivity (S ) of our MTJ sensor:

S = 100×
1

R

dR

dH
(2)

where dR/dH is the slope and R is the average (or
mean) of the resistance values in the sensing regime. The
DC-TMR sensitivity according to the formula above is
1.22 % /Oe.

Figure 2 shows the evolution of the impedance of the
sensor as the MTJs switch between parallel (P) and
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FIG. 2. Real (above) and imaginary (below) parts of the
impedance for parallel and anti-parallel states at ± 80 Oe.
Arrows indicate the vertical and diagonal movements of the
curves as the external magnetic field is swept.

anti-parallel (AP) states, following the external field.
The arrows indicate the movements of both the real
(Re{Z}) and the imaginary (Im{Z}) components of the
impedance. In the first case, Re{Z} retains its shape and
moves up/down with the external field. The DC-TMR
curve can be obtained from this figure since Re{Z} val-
ues are equal to the resistance of the junction at low
frequencies. In our case, there is perfect agreement be-
tween DC-TMR measurements and resistance values ob-
tained from the real component of the impedance at low
frequencies (around 1 kHz). The imaginary component
of the impedance (Im{Z}), however, shows a different
behaviour with respect to external field. As the MTJs
configuration is changed from anti-parallel to parallel
state, Im{Z} values between, approximately, 100 kHz
and 20 MHz increase. The minimum of the curve also
moves both in value and in its corresponding frequency.
The curve, therefore, shifts diagonally as the external
field is swept between ±80 Oe, as seen in Fig.2. The
evolution of the imaginary component is given in more
detail in Fig.3 for every step of the external field. We ob-
serve three patterns for Im{Z} with the sweeping field;
accumulation around the parallel and anti-parallel states
and a transition which corresponds to the sensing regime.
There are 3 ways to use Im{Z} data to sense exter-
nal DC-magnetic field: i) The value of the minimum
point (Im{min}); ii) The frequency corresponding to the
Im{min}; iii) The value of the imaginary part at a fixed
frequency which is shown with a vertical dotted line in
the figure

Fig.4 shows the response according to the first two
methods as the field is swept between ±80 Oe: For both
the minima and the frequency curves, the sensing (linear)
regimes are identical. It starts around 0 Oe and finishes
around 50 Oe. There is a very good agreement for the
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linear regime between sensing via resistance and via the
minima/frequency. The values of the minima and fre-
quency in the parallel (P) and anti-parallel (AP) states
is given in Table 1 as well as the average values in the
sensing regime. Slopes were obtained by numerical fitting
in the linear regime as done for the DC-resistance. We
replaced the parameter R in Eq.1 and 2 with Im{min}
and f , the frequency, in order to calculate the sensitiv-
ity which is 1.05 and 0.87 % /Oe, respectively as seen in
Table I.

Another way to detect the external field is to use the
imaginary part of the impedance at a fixed frequency
rather than the absolute value of Im{Z} or corresponding
frequency values. Fig.5 shows several Im{Z} vs. external
field curves at different frequencies. Although the device
can be characterized as a sensor at any frequency between
100 kHz and 30 MHz, we restrict ourselves into a range
of 3 to 17 MHz since the sensing regime at this opera-
tion frequency range is the same with DC-TMR sensing
regime (0 to 40 Oe). The sensitivity changes significantly

TABLE I. Comparison of different methods. P and AP de-
note the parallel and anti-parallel states. The average val-
ues were calculated in sensing regime (0-40 Oe). The slope,
which was calculated using a numerical fit in the same regime,
is given in Ω/Oe except the frequency method which is in
kHz/Oe. The last method was evaluated at 3 MHz.

Method P AP change (%) average slope S (%)
DC-TMR (Ω) 901 2215 146 1571 19.2 1.22
min[Im] (Ω) -596 -1375 131 -1006 -10.6 1.05
freq. (MHz) 7.15 12.85 79 9.68 84.6 0.87
Im{Z} (Ω) -247 -942 281 -526 -9.4 1.79
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FIG. 4. The minimum of Im{Z} vs. external magnetic field
in the sensing direction of the sensor and its corresponding
resonance frequencies vs. external magnetic field.

for each frequency since the relative change of Im{Z} and
the slope of the linear regime are quite different at those
frequencies as seen in Fig.5. Table. II summarizes the
slope and sensitivity values at different frequencies. The
highest values for the slope are obtained below 7.15 MHz
where the maximum change in Im{Z} for both parallel
and anti-parallel states occurs. The sensitivity however
is the best at low operation frequencies (up to 1.79 %/Oe
at 3 MHz). Therefore the improvement in the sensitivity
by AC methods over DC method (1.22 %/Oe) reaches up
to 46 % and decreases as the frequency increases.

In conclusion, we have shown that MTJ sensors can
be operated at high frequencies to detect external DC
fields. We demonstrated different detection methods, i.e.
the imaginary component of the impedance vector or its
minima or the frequency values to which those minima
correspond. This is the first time, up to our knowledge,
that magnetic field sensing using magnetoimpedance ef-
fect directly (i.e. without any circuit modelling) in MTJs
is reported. We observed that AC-MTJ sensors have the
advantage of variable operation frequency in a wide range
and they show a better sensitivity for certain frequencies
over DC sensing. Unlike magnetocapacitance method
which requires a circuit model to evaluate the impedance
spectroscopy results, Im{Z} values can be used directly
to detect magnetic fields as we demonstrate in this re-
port.

We would like to thank the Electrical Engineering de-

TABLE II. The slopes of the response curves in the sensing
regime at different frequencies and the sensitivity values.

Frequency (MHz) 3 5 7 12 17

Slope (Ω/Oe) -9.4 -12.3 12.4 -7.5 -3.2
Sensitivity (%/Oe) 1.79 1.58 1.37 0.82 0.44
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Broadband injection and scattering of spin waves in lossy width-modulated

magnonic crystal waveguides
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We have used the time resolved scanning Kerr microscopy to study the spin wave injection from the semi-
infinite magnetic films (“reservoirs”) into unmodulated (straight) and periodically modulated magnonic
waveguides. The measurements reveal a broadband nature of the spin wave injection in the frequency do-
main. The demonstrated tunability range of 0.8 GHz is determined by the linewidth of the reservoir’s uniform
resonance peak. In contrast to the unmodulated waveguide, we have observed a standing spin wave in the
modulated waveguide existed as a result of a direct coupling between the global microwave field and the finite
wavelength spin waves mediated by the spatial periodicity of the waveguide. The measurements are discussed
in terms of the important role played by magnetic damping in magnonics.

PACS numbers:
Keywords: Spin waves, Magnonics.

I. INTRODUCTION

Spin waves and magnonic structures have been subject
to intense research efforts during recent years1,2. Sev-
eral directions in this field have been explored and are
still being investigated with spectacular outcomes. To
name a few major advances, Bose-Einstein condensation
of magnons3,4, magnonic devices1,5, spin wave propaga-
tion6,7, magnonic crystals8,9 have been reported, lead-
ing to emergence of the research field of magnonics1.
Magnonic crystals are a subject of growing interest, since
magnonic lattices can exhibit wide magnonic band gaps
in the spin wave dispersion. In other words, a periodic
modulation of magnetic samples can create an artificial
band structure for magnons, with allowed (“pass band”)
and forbidden (“stop band” or “band gap”) frequency
regions. Such structures can be seen as magnetic coun-
terparts of electronic and photonic crystals8,10. In recent
years, several theoretical and experimental works have
been published focusing on different types of magnonic
crystals, including those composed by periodic multilay-
ers8,10–12, arrays of ferromagnetic stripes13,14, magnetic
nano-dots15,16, anti-dots2,17,18, and modulated waveg-
uides9,19–22. The band-gap in such structures can be ma-
nipulated using material parameters8,10–12,14,16,19,23,24 or
geometry9,13,17,18,20–22 of the structure.

The common approach to spin wave creation in waveg-
uide structures is via application of rf-field generated by a
microstrip line fabricated on top of the waveguide1,5,6,21.
Recently, Au et al. reported injection of spin waves from
a continuous film reservoir into an unmodulated waveg-
uide as a result of the entire structure being subjected to
a global uniform rf-field25. In this approach, a magnonic
waveguide is connected to a semi-infinite magnetic film
(“reservoir”), and the whole structure is placed on top of
a wide coplanar waveguide (CPW) delivering the quasi-
uniform rf-field to the sample. The authors have success-

fully demonstrated that uniform precession in the reser-
voir is transferred into the waveguide as a propagating
spin wave. Here, we explore the use of the same ap-
proach to inject propagating spin waves from a rectan-
gular reservoir into a periodically modulated NiFe (Py)
waveguide. The measurements are performed using the
time resolved scanning Kerr microscopy (TRSKM), and
their results are compared for modulated and unmodu-
lated waveguides. Our data analyses yield signatures of a
spin wave dispersion characteristic for magnonic crystals
and reveal the important role of the magnetic damping
both for the process of the spin wave injection and for
formation of the magnonic band gaps.

II. EXPERIMENTAL DETAILS

We fabricated 110 nm thick Py structures on a 0.17
mm thick glass cover slip with a 5 nm of Cr as an ad-
hesion layer. After a standard cleaning procedure (ace-
tone, isopropyl alcohol, and purified water), a 300 nm
layer of the Poly (methyl methacrylate) (PMMA) resist
was spun onto the glass substrate and patterned using
e-beam lithography. Following the resist development,
the Py film was deposited using magnetron sputtering at
3.0×10−3 mbar with a base pressure of 1.0×10−7 mbar.
No magnetic field was applied during the deposition. As
shown in fig. 1, the structure consists of a width modu-
lated waveguide that is connected to a rectangular reser-
voir film. The width of the Py stripe varies periodically
between 8 (“narrower section”) and 10 µm (“wider sec-
tion”), with six repetitions formed. The narrow and wide
sections each have the same length of 6.25 µm, so that
the period of the modulation is 12.5 µm. The dimensions
of the reservoir are 250× 500 µm2.

For the TRSKM measurements [25], the sample was
placed onto a CPW with a 0.5 mm wide signal line.
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FIG. 1. a) Experimental setup; b) Sketch of the waveg-
uide structures: Unmodulated (top) and modulated (bottom)
waveguides with the dimensions W ×L = 250× 500µm2, a =
10, b = 8 and c = 6.25 µm. Red lines show the directions of
the external and rf-magnetic fields while the white lines indi-
cate the line scan path. c) Pulsed microwave measurements
for the unmodulated (top) and modulated (bottom) waveg-
uides with the time resolved signal and its Fourier transfor-
mation.

The CPW was used to deliver the rf current and as-
sociated magnetic field to the sample, which was also
subjected to a 200 Oe external dc-bias magnetic field
created by an electromagnet. The TRSKM measure-
ments were performed using the frequency doubled out-
put of a Ti:Sapphire laser producing 100 femtosecond
optical pulses at 800 nm wavelength and 80 MHz repeti-
tion rate. The optical probe was focused on the surface
of the sample to an about 400 nm spot area. The rf gen-
erator producing the rf current and the laser were syn-
chronised using a master clock. The time resolution was
then achieved by varying the probe’s optical path (and
thereby the pump-probe delay) using a retro-reflector
mirror mounted on a mechanical translation stage. The
spatial resolution was achieved by scanning the probe ob-
jective lens using a piezoelectric stage. The experiments
were performed in two configurations, in which either
pulsed or continuous excitation was used to excite pre-
cessional dynamics in the sample. The dominant preces-
sion modes were identified from the measurements with
a pulsed excitation while their spatial character was re-
vealed in experiments with a continuous excitation. Fur-
ther details of the experimental procedure can be found
elsewhere25.

III. RESULTS AND DISCUSSION

A modulated width magnonic waveguide similar to the
one studied here was proposed by Lee et al9. Using micro-
magnetic simulations, they predicted stop and pass bands

for spin waves propagating in a modulated Py waveguide
structure. The lateral dimensions of their structure were
several tens of nanometers. Such structures are suitable
for micromagnetic simulations due to their small dimen-
sions. However, fabrication of and experimental probing
of spin waves in such structures are challenging. To cir-
cumvent this problem, we have increased the lateral di-
mensions of our samples to micrometre scales, so as to
enable the experimental study of the magnonic dispersion
using the TRSKM technique. A similar approach was
taken by Chumak et al for all-electrical measurements21.

As shown in fig. 1(b), the Py waveguide was mag-
netized along its short axis (y-axis) by an external bias
magnetic field of 200 Oe. To drive the spin waves, an
rf-field was applied along the long axis of the waveguide
(x-axis) by feeding an ac current into the coplanar waveg-
uide. The spin waves created in this geometry are known
as Damon-Eshbach (DE) modes26. The amplitude of the
rf-field was estimated as 2 Oe. For the sake of compara-
bility, the measured samples - modulated and unmodu-
lated waveguides - were both fabricated on the same chip
and connected to identical semi-infinite reservoir films.
Firstly, we used a broadband excitation by 70 ps spatially
uniform magnetic pulses to investigate the dominant pre-
cessional modes in different parts of the sample; in the
reservoir and in the unmodulated and modulated waveg-
uides (both in narrow and wide sections). At each point
of the sample, time resolved MOKE signal was recorded
for 4 ns in 3.3 ps steps. The frequency spectrum was
calculated by applying the fast Fourier transformation to
the time resolved signals. The measured signals and their
Fourier spectra are plotted in fig. 1(c) for the reservoir
and the unmodulated waveguide. The Fourier spectra
reveal that the dominant uniform precessional modes in
the reservoir and in the unmodulated waveguide have fre-
quencies of 4 and 3.5 GHz, respectively. The frequency
further decreases to 3.35 GHz in the modulated waveg-
uide both for narrow and wide sections, with small dif-
ferences in the peak shapes (the spectra are not shown).
The observed shift in the frequency of the dominant pre-
cessional mode is attributed to differences in the shape
anisotropy in different parts of the sample25. Indeed, the
applied magnetic field is partially compensated by the
demagnetizing field induced by magnetic charges formed
at the edges of the waveguide, leading to a weaker inter-
nal magnetic field in the waveguides as compared to the
reservoir.

The width dependence of the uniform mode frequency
forms the basis for the concept of spin wave injection
demonstrated in Ref. 25. The uniform modes can be
considered as magnetostatic spin waves with an infinite
wavelength or with a zero wave vector (k = 0). As dis-
cussed in Ref. 25, the translational symmetry is broken
at the junction between the reservoir and the waveguide
allowing the uniform mode in the reservoir to overcome
the momentum gap and to leap into a spin wave mode
with a finite k value corresponding to a propagating wave
in the waveguide. Furthermore, the dispersion of spin
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FIG. 2. Line scans for the unmodulated and modulated
waveguides at 3.76, 4.00 and 4.24 GHz microwave excitations.
The scan results between 50 and 250 µm are shown here for
clarity since the line scan signals are flat below/above this re-
gion. The boundary between the reservoir and the waveguide
is positioned around 100 µm.

wave will not be the same in the different sections of the
modulated waveguide since the demagnetizing fields in
narrow and wide sections are different. A spin wave prop-
agating in the wider (narrower) section of the waveguide
will be partly reflected as it reaches the next junction
with a narrower (wider) section. A periodic repetition
of such junctions will result in back and forth multiple
reflections. The interference of the multiple transmit-
ted and reflected waves should lead to a band gap phe-
nomenon, similar to the case of photonic waveguides.

To confirm the injection of propagating waves into the
waveguides, we performed line scans along the long axis
of the waveguide under CW microwave excitation at for
11 different frequencies between 3.6 and 4.4 GHz in steps
of 80 MHz. The laser probe spot was moved from a point
within the reservoir along a 300 µm line (the dashed line
in fig. 1(b)) into the waveguide. The time resolved Kerr
signal was recorded at 150 points on this line, i.e. with
2 µm spatial steps, for 8 different time delays correspond-
ing to eight equidistant values of the phase over one cycle
of the microwave. Figure 2 shows such line scans at three
representative frequencies, 3.76, 4.00, and 4.24 GHz, for
the unmodulated and the modulated waveguides. The
Kerr signal reveals the injection of spin waves from the
reservoir into the waveguide for all of the frequencies.
Therefore, the reservoir acts as a broadband antenna
that is capable of tuneable injection of spin waves into
the waveguide in a wide frequency range. The wave-
length of the injected spin wave is controlled by the ex-
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FIG. 3. The spatial Fourier transform amplitude of Kerr sig-
nal obtained from the line scan as a function of global rf field
excitation frequency and wavevector (both positive and neg-
ative directions) for (a) the unmodulated and (b) width mod-
ulated waveguides.

citation frequency. As the frequency increases, the wave-
length (λ) decreases. At 3.6 GHz, the λ values deduced
from the spatial Fourier transform spectrum ( fig. 3) are
λ = 53 and 40 µm for the unmodulated and modulated
waveguides, respectively. At 4.40 GHz, the values are 19
and 14 µm. The oscillation amplitude of the Kerr signal
peaks at 4.0 GHz, which is the natural uniform precession
frequency in the reservoir, and decreases as the frequency
deviates from 4.0 GHz to lower/higher values. Therefore,
the efficiency of the antenna decreases as the excitation
frequency is detuned from the uniform precession mode
of the reservoir.

The line scans shown in fig. 2 reveal a further im-
portant feature of the modulated waveguide. At fre-
quency of 4.24 GHz, the oscillation of the Kerr signal
in the modulated waveguide shows a more complicated
pattern compared to that of the unmodulated waveguide.
This pattern manifests itself also in the dispersion curve
(fig. 3), calculated by a spatial Fourier transformation
of the experimental data. Both for the unmodulated
(fig. 3(a)) and modulated (fig. 3(b)) waveguides, the dis-
persion curves show two prominent features; a red (dark)
stripe at k/2π = 0 and a broad dispersive peak for the
positive values of the wave vector (+k). The vertical red
(dark) straight lines at k/2π = 0 correspond to the direct
uniform response of the reservoir and waveguide struc-
ture as a whole to the global uniform field. The dispersive
peaks in the positive k region indicate spin waves that are
injected into the waveguide from the reservoir. The ex-
perimental dispersion curves obey the Damon-Eshbach
relation (k ⊥ H) as the k values increase with the fre-
quency.

The dispersion calculated for the modulated waveg-
uide has two additional ridge features at (k/2π) =
±0.08 µm−1 for frequencies above 4.0 GHz, which are
absent in the dispersion calculated for the unmodulated
waveguide. These ridges indicate the existence of a stand-
ing rather than propagating spin wave in the waveguide,
justified by their similar spectral intensities observed for
positive and negative directions of k at 0.08 µm−1. The
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occurrence of this standing wave is a result of a direct
coupling between the global microwave field and the mag-
netization in the waveguide enabled by the periodic width
modulation.
Indeed, the Bloch theorem dictates that the disper-

sion of spin waves in a periodically modulated waveguide
is also periodic in the reciprocal space, with the period
equal to 2π/T , where T is the period in the real space
and is equal to twice of the width modulation, T = 2c
where c is the modulation width, as seen in fig. 1(b).
Furthermore, in the real space, the Bloch wave excitable
by a uniform field is a periodic function of periodicity T .
The Fourier spectrum of the Bloch wave may therefore
have finite amplitude in points 2πn/T , where n is integer.
In other words, the periodic modulation enables scatter-
ing of the incident microwave power into spin waves with
k = 2πn/T . The amplitude at finite n values is deter-
mined by the character of modulation and quickly dimin-
ishes.
For the modulated waveguide considered here, the pe-

riodicity of the magnonic dispersion in the reciprocal
space is equal to 0.08 µm−1. So, the “ridges” are ob-
served for “images” of the centre of the Brillouin zone
at πn/T with n = ±1. The amplitude of the stand-
ing wave peaks becomes prominent for frequencies higher
than 4.0 GHz when the k values of the “native” DE
modes in the waveguide approach the symmetry points
(k/2π = ±0.08µm−1).
In contrast, we did not observe any manifestation of

formation of a magnonic band gap (e.g. flattening of the
dispersion curves) at k/2π values of 0.04 µm−1, where
the band gap opening would be expected to occur for the
specific dimensions of the modulation periodicity. The
most likely reason for this is the too short spin wave de-
cay length in the sample. Indeed, a complete amplitude
cancellation (e.g. for modes within a band gap) requires
a destructive interference of two waves of nearly equal
amplitude. This means that a spin wave should experi-
ence a negligible loss on a distance equal to one period
of the magnonic crystal. If this condition is not fulfilled,
a “smearing” of the band gap is observed, as know e.g.
from theoretical calculations27,28.

IV. CONCLUSIONS

In summary, we have fabricated Py reservoir-
waveguide structures and used the TRSKM imaging
to study their precessional dynamics under global mi-
crowave pumping. As a result, we have been able to verify
the tunability of the spin wave injection into the waveg-
uide for microwave excitation frequency ranging over 0.8
GHz. The tunability range is scales with the linewidth
of the uniform resonance of the reservoir antenna.
The measurements also revealed that the periodic

modulation of the waveguide’s width mediates a direct
coupling of the global microwave field into spin waves
at the image points of the centre of the Brillouin zone

in the reciprocal space. However, the measurements did
not reveal the expected band-gap opening at the edge of
Brillouin zone, most likely due to the magnonic propa-
gation length being small relative to the period of the
structure.
Our measurements highlight the importance of a

proper account of magnetic damping in design of
magnonic devices and a general need for patternable ma-
terials with small magnonic loss. At the same time, we
find that the spatial periodicity can manifest itself in the
scattering of spin waves between equivalent points in the
reciprocal space even if a large damping prevents one
from observing opening of the magnonic band gaps.
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