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Abstract

Spin manipulation and transport has been a widely studied topic for the opportunities it
presents to the data storage industry [1]. With an array of different methods ranging from
spin wave optimization and control of magnetoresistance up to the transport of spins with
heat [2] and even sound [3], the possibilities seem endless.

In this work, we grow and study magnetically and thermally induced changes in resistance
in textured Co/Nb/Co trilayers. Using anisotropic magnetoresistance (AMR) [4], Giant
Magnetoresistance (GMR) [5, 6] and cryogenic magnetoresistance we are able to study the
interaction and transport properties of the spins within the ferromagnetic (FM) trilayers
in the presence of an external magnetic field. We found a long-range exchange coupling
between the magnetic moments of the Co layers as far as 10 nm. We also found that this
coupling depends on the separation of the layers (i.e. the thickness of the Nb layer) and is
a non-monotonic decreasing function of that separation. This behavior is expected if there
is interlayer exchange coupling (IEC) [7]. The magnetic polarization within the sample is
affected by this coupling as well. It is studied using two different, complimentary, methods:
vibrating sample magnetometer (VSM) and magneto-optic Kerr effect (Moke). We found
that the shape of the hysteresis curves also reflect the presence of IEC. Furthermore, we
studied the influence of temperature on this behavior and found Hall and Nernst effects just
as predicted by previous works [8]. Both of these facts point towards a strongly coupled
interaction that can be exploited for spin transport applications as well as finely tuned
magnetic sensors.
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Chapter 1

Spintronics and related effects

It has been said that size matters and this has now been more prescient that in the current
digital age. Experiments such as ALMA or ATLAS can produce up to 5 TB of information
per day, and are expected to grow exponentially in years to come. All of this data has
to be processed and stored in order to become usable for the scientific community. This
storage must have certain characteristics in order to be practical: writing data should be
energetically inexpensive but sturdy enough so it does not get lost by random processes like
thermal noise, it has to be read easily without changing the written data and it should be
able to store information in the lowest volume possible.

To tackle this, as early as 1996, the Defense Advanced Research Projects Agency (DARPA)
implemented the first SPIN TRansfer electrONICS, or Spintronics, project [1]. This initia-
tive aimed to develop a non-volatile magnetic random access memory (MRAM) and magnetic
sensors for specialised applications. It was actually ahead of its time and based on a correct
assumption that it would be infeasible to operate transistors and other electronic compo-
nents reliably under a certain thermodynamic limit with charge alone. This assumption was
later confirmed and set the limit at 0.1 µm [9]. Then, taking advantage of the spin seems the
most logical next step in the manipulation of data at the nanoscopic level. Under the name
magnetoelectronics, there have been quite stunning developments in spin-driven electronics
decades prior to the spintronics project. In this chapter we will explore the physical phe-
nomena that lead to the progress made in spintronics. An in-depth discussion of the theory
and physics behind said phenomena is left for chapter 3.

1.1 Anisotropic magnetoresistance

Magnetoresistance is the general name for different phenomena that result in the same macro-
scopic consequence: a change in electrical resistance of an object submerged in an external
magnetic field. The first recorded instance of this type of behavior was in the late XIX cen-
tury by William Thomson [10], who reported that the shift depends on the angle between
the current and magnetic field directions. This is known as anisotropic magnetoresistance
(AMR) and the mechanisms behind it are actually quite simple.

On a very broad formulation, AMR arises from the presence of two different currents
on the material. Each of these currents carries electrons that are parallel and antiparallel
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CHAPTER 1. SPINTRONICS AND RELATED EFFECTS

with respect to the external magnetic field. The interactions of the spins present in each
current and the magnetic field depend on the orientation of the former, thus changing the
resistivity [11]. This is called Mott’s two-current model and requires two assumptions: the
conduction is carried out by s-band electrons almost in its entirety and spins do not flip
their orientations during scattering events. This spin discrimination is natural because of
the latter and the band structure of ferromagnets. As we can see in fig.1.1, there is a

Figure 1.1: Schematic band structures of a paramagnet (non-magnetic) and a ferromagnet
(magnetic). In the ferromagnet, the densities of states in the d band is humped.

difference in the electron population of the s and d bands in non-magnetic (paramagnetic or
NM) and magnetic (ferromagnetic or FM) materials. In the FM band structure, the d-band,
represented in the left side of the energy axis, in displaced downwards. This means that
there is an inequality in the number of conduction electrons for a given Fermi energy. Spin
↑ electrons are only in conduction states, while there are spin ↓ in d and conduction states.
Given that the conduction is carried out in the s band, we refer to the conduction electron
states as s-states. We can then construct a total resistivity using the random scattering
due to the magnetization, impurities and thermal noise. Using the two-current model and
Matthiessen’s rule [12], we can construct an average resistivity value with two independent
currents with two different relaxation times.

ρ =
ρ↑ρ↓
ρ↑ + ρ↓

(1.1)

This average is valid at low temperatures, since spin mixing due to magnons is ignored.
When spin mixing is considered, the expression changes somewhat [11]:

ρ =
ρ↑ρ↓ + ρ↑↓(ρ↑ + ρ↓)

ρ↑ + ρ↓ + 4ρ↑↓
(1.2)

In this case, ρ↑↓ is a spin mixing term that accounts for currents that may change their
orientation while traveling the material. We can see that (1.1) is just a specific case of the
more general (1.2) where ρ↑↓ is zero.
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1.1. ANISOTROPIC MAGNETORESISTANCE

Generally, one can express the shift in resistivity due to anisotropies of the material in
terms of the fraction ∆ρ

ρ
called the AMR ratio [13].

AMR =

(
∆ρ

ρ⊥

)
n̂

=
ρn̂ − ρ⊥
ρ⊥

(1.3)

Where ρn̂ refers to the resistivity of a material oriented in a specific direction and ρ⊥ is the
resistivity of the material when the external field is perpendicular to the probing current.

Spin-orbit coupling and spin mixing can change the electron states, and their possible
transitions, as well and are different for every material, as they depend of the electronic
configuration. In particular, for Ni and Ni-based alloys (such as those that Thomson used),
Campbell et al. [13] arrived to an expression for AMR adding s-s and s-d scattering to the
two-current model.

AMR =
∆ρ

ρ
= γ(α− 1) with α =

ρ↓

ρ↑
(1.4)

With resistivity ρ, ∆ρ the change in resistivity between the parallel and perpendicular orien-
tations with respect to the external magnetic field, α the ratio of spin ↑ and spin ↓ populations
and γ a parameter depending on the spin-orbit coupling.

Then, the AMR will depend on an anisotropy in the transport properties of electrons
through a ferromagnet. Although there is certainly an excellent agreement between this
simple model and experimental results, it must be stressed that this is a phenomenological
model and parameters γ and α should be determined experimentally and do not arise from
the crystalline or electronic structures [14]. Although, other attempts have been made, espe-
cially studying the relativistically-induced spin mixing, the field of spintronics has progressed
steadily without a complete description of the phenomena involved; given that the relaxation
time of the more intricate interactions is quite short.

Another remarkable and useful expression is that of AMR in polycrystalline ferromagnets.
In them, the change in resistance will depend only of the angle between the current and the
external magnetization [4].

ρ(θ) = ρ⊥ + (ρ‖ − ρ⊥) cos2 θ (1.5)

With ‖ and ⊥ the longitudinal and transverse resistivities and θ the angle. Now, using eq.
(1.3) and (1.5), we can calculate the AMR ratio for polycrystalline ferromagnets:

AMR =
∆ρ(θ)

ρ
=
ρ‖ − ρ⊥
ρ⊥

cos2 θ (1.6)

Despite efforts to increase the AMR ratio in resistivities in the smallest possible volumes, it
can achieve 30% at best at low temperatures and only a few percent at room temperature
[15]. This has been useful to design certain magnetic sensors for commercial use, but nothing
close to the high density of information required. Particularly, the volatility and suscepti-
bility to external fields of the magnetic moments in AMR made it infeasible as a long term
alternative to information storing and processing. Then in 1988, Grünberg [6] and Fert [5],
independently, made a discovery that changed the face of spin-transport electronics.
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CHAPTER 1. SPINTRONICS AND RELATED EFFECTS

1.2 Giant Magnetoresistance

Giant magnetoresistance (GMR) is a name given to a type of magnetoresistance induced in
multilayers that is much larger than AMR and detectable at higher temperatures. It was
first observed in Fe/Cr [6] and Fe/Cr/Fe [5] multilayers and it would revolutionize the data
recording industry, allowing the density of information as high as 3.1 gigabits per cm2 [15].

At its core, GMR relies on the fact that there is communication between two ferromag-
netic (FM) layers through a paramagnetic, or non magnetic (NM), layer between them. This
communication allows a coupling of their magnetic moments. At zero external field, they
minimize the energy of the system by aligning in an antiferromagnetic (AFM) configuration.
When we apply an external field strong enough to saturate all of the layers and they are
aligned parallel to it and each other, the resistance of the sample reduces considerably, as
shown in fig.1.2. Hence, GMR in multilayers studies the change in direction of the magneti-
zation of successive magnetic layers in these type of configurations. Given the fact that this
behavior is observed in exchange coupled layers, uncoupled layers, spin valves, multilayer
nanowires, and granular systems [16]; Grünberg and Fert were awarded the Nobel prize in
Physics in 2007 [17].

Similarly to AMR, we use a ratio to quantify the strength of the communication between
FM layers. The aptly named GMR ratio is defined as

GMR =
R(H = Hs)−R(H = 0)

R(H = 0)
(1.7)

Where the R resistance is a function of the external magnetic field and Hs is the saturation
field. We see that this normalized ratio allows us to see which fraction of the magnetore-
sistance is caused by the AF coupling at zero field. GMR can manifest in two different

Figure 1.2: Normalized resistance in multilayers as a function of an external magnetic field.
The large difference is due to a change in alignment of FM layers when the sample is saturated
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1.2. GIANT MAGNETORESISTANCE

configurations, depending of the direction of the current respect with the interface of the
multilayers: current in plane (CIP) and current perpendicular to plane (CPP). Although
both can be explained with the same phenomenological model, CPP GMR displays certain
spin accumulation effects that lead to further developments [15].

A lot of experimentation has been made since the discovery of GMR. First for its novelty,
and then for its technological applications. It was found by Parkin et. al. [18] that the
NM layer thickness has great influence on the value of the resistance. In their work they
also found that the strength of the AF coupling at zero field, and therefore the value of
GMR, decreases as an oscillating non-monotonic function of the NM thickness in Ru/Co
multilayers. The saturation field of their samples also changes accordingly. Both are shown
in fig.1.3. Although the decreasing behavior is expected, as the magnetic dipole interaction
of the FM layers weakens with distance, the oscillating pattern does not follow classical
magnetostatics. Although many microscopic mechanisms have been proposed to explain
GMR like the Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions or changes in density
of states, the phenomenological model is quite clear and easy to understand.

Figure 1.3: (a) GMR ratio and (b) saturation field in Ru/Co multilayers. Image adapted
from [18]

Recalling Mott’s two current model from the AMR section of this chapter, we can con-
struct an equivalent resistance based in the currents of two different spin channels and
their interactions with the multilayers. When the two currents are crossing a magnetized
layer, their electrons scatter elastically within the magnetized layers. This scattering is spin-
dependent [19], as illustrated in fig.1.4. We can observe that the alignment of the magnetic
moments has a clear influence in the trajectory of the electrons crossing the multilayers. The
spin diffusion length is much larger than the thickness of the multilayers, so spin is preserved
in both currents. Bearing that in mind, we can study both cases of coupling between FM
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CHAPTER 1. SPINTRONICS AND RELATED EFFECTS

Figure 1.4: GMR mechanism for electron conduction. We can see that the spin-dependent
scattering within the FM layers increases the mean free path of the electrons. Below, the
equivalent resistance models for FM and AFM coupling is presented. Image adapted from
[15]

layers. If we assume an upwards external magnetic field, we can express with certainty that
the majority spin electrons will be in the same direction as the case of the parallel configu-
ration of the FM layers. Then, we can calculate the resistance encountered by the electrons
of each spin-polarized current and add them as two resistances in parallel, as shown in the
bottom left panel of fig.1.4. The equivalent resistance is:

rP =
r+r−
r+ + r−

(1.8)

With r± representing the total resistance induced by spin-dependent scattering. If the elec-
tron imbalance in sufficient, we can short the current by the majority spin channel and
rP ≈ r+. In contrast, for the antiparallel configuration, both currents carry majority and
minority spin electrons alternatively. Here, there is no shorting to speak of. Here, the ma-
jority label is given to the spins of electrons of the same direction as the layer magnetization
and does not necessarily involve the spin value Sz = ±1

2
. Bearing this alternating spin

population, we can treat the trajectory of each channel, and their resistance, through the
multilayer as being half majority and half minority. Therefore, the resistance of each channel
is the sum of both of these halves, and the total resistance is the parallel equivalent for both
channels.

rAP =
r+ + r−

4
(1.9)

Replacing the two previous expressions in (1.7), we find a general expression for the GMR
ratio as a function of the resistances of the majority and minority spins.

GMR =
rAP − rP

rP
=

(r− − r+)2

4r+r−
(1.10)

As with AMR, spin transport plays a vital role in the change in magnetoresistance under
a magnetic field. A special case that we might want to consider and that will be directly
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1.3. MAGNETIC TUNNEL JUNCTIONS

Figure 1.5: Calculated MR curve for an in-plane multilayered thin film with magnetic field
parallel to the anisotropy axes. Image adapted from Hirota et al. GMR Devices of
Metallic Multilayers p. 54 [20]

applicable to our specific case is a multilayer in the presence of anisotropy and magnetic
coupling between FM layers separated by a NM spacer. In that case, if the field is in-plane
with the current and the anisotropy directions, we find a butterfly reminiscent MR curve like
the one pictured in fig.1.5 [20]. This pattern is the result of change in the relative alignment
of the multilayers by a magnetic torque that itself depends on electron movement within the
system.

As will be shown in a later chapter, we exploit this dependence to study the transport of
spins in multilayers.

1.3 Magnetic tunnel junctions

Tunneling is a quantum phenomenon that has been shown the versatility and strangeness of
particles at microscopic levels. A particle is said to tunnel if it has a non-zero probability to
be observed on the other side of a potential barrier higher than its total energy. Although on
its face there does not appear to be a technological application to this phenomenon, in 1977
Julliere [21] showed an interesting development in the magnetoresistance of multilayers. In
that seminal paper, he reported an increase in conductance in Fe/Ge/Co junctions when the
magnetization of the two ferromagnetic layers were parallel with respect to each other. He
rightly attributed his results to tunneling between the two ferromagnetic films induced by
exchange scattering of the conducting electron by the ferromagnetic atoms [22]. This change
in resistance as a product of the tunneling currents became known as tunneling magnetore-
sistance (or TMR) and the devices were named magnetic tunnel junctions (MTJ). Although
in those early days, the system required certain fine tuning of band gap of the semiconductor,
the author hypothesised about the feasibility of tunneling through an insulator and how it
would lead to a bigger dip in conductance, and therefore a larger resistance ratio.

It wouldn’t be until 1995 that Modera et. al [23] and Miyazaki et. al [24] reported success
in achieving TMR with an Al2O3 insulating film. As predicted by Julliere, the TMR ratio,
or the difference between the resistance when the magnetizations of the FM films are in
parallel and antiparallel alignment, is enormous. There are phenomenological models that
the keen eyed reader might find familiar at this point and boils down to a simple concept:
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CHAPTER 1. SPINTRONICS AND RELATED EFFECTS

Figure 1.6: Difference in conduction for parallel and antiparallel configurations of the FM
films. This effect is caused by electronic band overlap, or lack of thereof. Image adapted
from [22]

spin-dependent tunneling.
The difference in magnitude of the tunneling currents found by in TMR can be understood

examining the band structure of the FM films. In principle, the value of a tunneling current
should be proportional to the product of the density of states (DOS) at the electrodes [22].
For ferromagnets, the ground-state energy bands around the Fermi levels are shifted, as
shown in fig.1.1, creating majority and minority spin bands that produce an imbalance in
the conduction of electrons. This imbalance allows better conduction for spins parallel to the
external magnetic field. If we now assume that the electrons conserve spin when they tunnel
[22], we can see that the energy level difference plays a key role in interlayer conduction.
Fig.1.6 presents us with the basic principles for this model. When the magnetizations of
the FM layers are parallel with each other, spin up electrons and spin down electrons are
able to tunnel from majority to majority conduction bands, and from minority to minority
ones. In contrast, with an antiparallel orientation, the tunneling occurs from majority to
minority bands and from minority to majority bands, because the magnetization, and thus
the electronic bands, are shifted to the opposite orientation. The disparity between bands
leads to smaller polarization currents. This model is quite simple, but extremely effective,
and the change in resistance between magnetic alignments is given by the TMR ratio:

TMR =
2P1P2

1− P1P2

with P1,2 =
n↑1,2 − n↓1,2
n↑1,2 + n↓1,2

(1.11)

Where P1,2 are called the tunneling spin polarizations and depend of the difference in
DOS of spin up n↑ and spin down n↓ electrons at the Fermi level.

Although the simplicity of this model can be appealing, it bears to mention that it im-
plies that every electron at the Fermi level is able to tunnel from one film to the other. This
is rarely the case, as symmetric electrons with lower DOS dominate tunneling through the
barrier in many cases. Evidence points towards an increasing importance of the interface
between NM and FM films. Furthermore, the band structure of the barrier is important
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1.4. SPINTRONICS TECHNOLOGY

as well, as has been found for half-metallic metals. However, nothing has proven to as im-
portant as the ability of manipulate the magnetization of the outer layers. The methods
for accomplishing such tuning include differences in magnetic hysteresis of the FM elec-
trodes, exchange biasing with AFM buffer thin films and AFM interlayer coupling across
nonmagnetic metallic spacers. The latter of which will be expanded upon in chapter 3.

The three phenomena mentioned above would play a key part in the Spintronics project
and subsequent technology, as allowed for the design and manufacture of better, more reliable
and smaller read heads for hard drives and random access memories.

1.4 Spintronics technology

In the past sections we have treated the observed phenomena and their models chronolog-
ically, but in a sort of historical vacuum. Now, we aim to use our knowledge of the three
to explain the great technologies that these developments allowed and frame the research
discussed in this document within that incremental progress.

The 1990s was a golden decade for developments in multilayer magnetoresistance techno-
logical applications. We have seen on the previous sections that the strength of the currents
inside the samples depends heavily on the magnetization of the FM films and their alignment
with each other. The efforts of Stuart Parkin at IBM-Almaden proved fruitful as he discov-
ered that coupling one of the FM layers with an an additional AFM produces a pinning of
the magnetic moment by a phenomenon known as exchange bias. Because of said pinning a
much higher magnetic field will be needed to saturate the sample. In this type of devices,
the coupled layer is called the fixed layer and the other one is the free layer. Structures with
one fixed layer and one free are known as a spin valves and they kick started a revolution
[1].

In 1994, Moodera et. al and Miyazaki successfully replaced the non-magnetic metallic
film in multilayers with an insulating one, Al2O3. The change produced such high values of
MR at room temperature, that made the devices suitable for practical and even commercial
use, paving the way to a Magnetic Random Access Memory (MRAM) based in MTJ. That
discovery, coupled with the interest and simultaneous development of increasingly better
GMR structures, would set the foundations for the devices and technologies we take for
granted today.

Although the hard drive industry was booming since the invention of the data storage
tool, the main obstacle for mainstream access and success was the size and weight of the
machines themselves. The basic principles of operations have remain the same, even to
with day: a hard drive is composed of a rotating disk with magnetic tracks that can be
read or written, depending on their orientation, and writing and reading mechanisms. Back
when they first started, the writing and reading was done by the same device. A write/read
head consisted of small U-shaped inductors with fine copper wound around soft magnetic
cores attached to the end of a mechanical arm. As the disk rotated, the mechanical arm
would position the head on one of the tracks and the field generated by the inductors would
magnetize a section of the track. Depending on the direction of the magnetic moment,
the data would be stored as a 1 or a 0. To read the information, the inductor was placed
on top of the recorded sections and the difference on the magnetic flux induced a current
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CHAPTER 1. SPINTRONICS AND RELATED EFFECTS

whose direction depended on the magnetized direction. This was quite a stunning as a
fast moving arm could store and retrieve information much faster and reliably that previous
media. However, older magnetic materials could only store so much of information in a small
volume before being susceptible to magnetic bulk effects of even thermal disruption. Thin
films advanced in the reduction of the size of the behemoths on which data was recorded,
allowing a much higher data storage density. However, this also became a problem on
itself, as the technical issue of making ever smaller sets inductors came with the physical
limitations of interfering signals, accidental overwriting and even coordination of multiple
read/write sensors. It all changed when thin film experimental advances were brought to
the forefront of data storage innovation.

In the 1980s, AMR manufacture and underlying phenomena, mainly through the work of
Campbell and Fert [4], was ready to displace the antiquated methods of reading data. First,
it started by separation of the read and write functions in the hard drive, as variations on
the current through the inductor might result in erroneous writing. The reading was then
performed by an AMR thin film. As we showed in (1.5), the resistance of a polycrystalline
magnetic film depends on the angle of a probing current going across it and an external
magnetic field. The AMR thin film could sense smaller fields of magnetization in the rotating
disk, thus preventing disruption or corruption of the stored data. These type of sensors
would be the norm until 1998, when IBM introduced the Travelstar series of hard drives [1],
replacing the AMR films with the GMR spin-valve multilayers invented by Parkin. Given
the susceptibility of the free layers in this sort of devices, it permitted an extraordinary leap
forward in data storage density of the devices, effectively leading to an order of magnitude
improvement in reading signal. Eventually, GMR thin films were replaced by finely tuned
MTJ and establishing what has become known as Moore’s Law, where data storage density
is becoming exponentially better with time.

While thin film spin transport was being used to improve hard drive areal information
storage, the DARPA Spintronics project was focusing in another aspect of the possibilities
the spin, added as degree of freedom permitted: non-volatile MRAM. MRAM memory is an
important element an electronic device that stores the current operations and background
computation being performed by the software. It was first invented by Bell Laboratories
in 1957. Though the composition of these devices would change through the decades, the
principle of operation mainly remains unchanged: a series of wires wrapped around small
ferromagnetic cores. The data is written by magnetizing the cores via current through the
wires. For reading, a small current is passed through a particular core in order to try and
change its alignment. If it remained unchanged, the value would read as a 0, if it flipped
(and changed the incident current), it would read as a 1. Of course, this was a poor method
to store and retrieve data, since the configuration of the core changed every time it was
probed, besides the eventual thermal degradation of the magnetic moment on the cores;
therefore, it was mainly used for temporal calculations. This was the main driving force
behind a non-volatile (i.e. retains memory when the power is off) MRAM: non-disruptive
writing and reading high speed computation. The hope was that this could be accomplished
via MR, with the information being stored in a free magnetic layer and the resistance of it
as information read-out [1].

In the late 1980s, the first spin transport development was put forward with the AMR-
MRAM. It consisted of cells of dual AMR layers separated by a non-magnetic spacer embed-
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1.4. SPINTRONICS TECHNOLOGY

ded in a low magnetic field. This proved quite effective, since the memory did not degrade
when powered off and measuring the resistance of the sample would not change the mag-
netization of the layers. However, since the change in resistance in AMR is quite low, it
required many devices connected in series with a large pass transistor to correctly function,
and this lead to degradation of the signal at large distances. Back then, MRAM was a
specialty market with niche applications. Then, the rapid discovery of increasingly bigger
MR materials paved the path to a wider range of uses and application of MRAM. The ARM
layers where replaced by GMR multilayers with spin valves and a miniaturization of the
memories ensued. The relative orientation of the free layers with respect to the pinned lay-
ers was used as information storage and the external magnetic field was no longer needed for
operation. However, because these early GMR devices were entirely metallic, it still required
the connection of many devices in series and the drawbacks that entailed.

After the developments of MTJ using insulating aluminium oxides, DARPA funded
groups pursued its inclusion in MRAM aplications. They struck gold. The easily tun-
able MTJ devices that allowed for impedance matching with other electronic elements of the
circuitry, resulting in the successful marriage of the first MTJ/trasistor device. The archi-
tecture of the device permitted a MR ratio much bigger than those achieved by GMR (TMR
ratio 45%) and a read speed in the range of 10 ns [1]. Further developments in the writing
and reading modes would allow the launch of the first commercial MRAM chip in 2003 and
its gradual introduction into every day devices, like laptops, smart phones and smart cards.

As we have seen, spin transport based technologies have revolutionized the way we use
and manipulate electrons and permit a wide range of applications that charge alone cannot
hope to accomplish. In the next chapter we introduce the concept of thermal spin transport
and how it can be used to further enhance the manipulation of electrons at fundamental
levels.
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Chapter 2

From GMR to spin caloritronics

On the previous chapter we explored the basic phenomena of magnetoresistance as a con-
sequence of spin dependent transport in ferromagnetic materials and multilayers. In the
following sections we expand upon this concept tracing its origins back from the discovery
of spin waves, the exploitation of development in magnetoresistance in spin torque devices
and the burgeoning field of thermal spin transport, or spin caloritronics.

2.1 Spin waves and the beginnings of spin manipula-

tion

Ever since spin was discovered in 1921 by Stern and Gerlach [25], there had been notable in-
terest for the development of a model for reliable spin manipulation and devices that exploit
the novel degree of freedom that it entailed. Although spin waves started as an attempt
by Bloch to explain the decrease in magnetization as a ferromagnet is heated from absolute
zero [26], it has gained recognition for the insight they give us into spin transport within a
magnetized Bravais lattice. Even so far as being mentioned by Peter Grünberg in his 2008
Nobel Prize acceptance lecture [27] as the beginnings of GMR and the inspiration for the
subsequent developments in spin-transport-based devices. Here we present an abridged ver-
sion of Bloch’s model and the basis for the inelastic light scattering technique that influenced
Grünberg and the Jülich laboratory into the path of discovery.

Bloch’s approach for studying the gradual changes of spin orientation, or misalignment,
with respect to the bulk field is to take the evolving apparently patternless array of spins in
a magnetic lattice just above absolute zero and treat them as a set of single misalignment
traveling from atom to atom. Then, the whole array can be viewed as a superposition of
these single misalignments. However, in order to build upon this simple picture, we must
start by seeing where it comes from.

The Heisenberg Hamiltonian is a quantum mechanic operator for studying spin-spin
coupling and is generally cited as the microscopic origin of magnetism [12].

H = −gµBH
∑
i

Szi −
1

2

∑
i,j

Jij ~Si · ~Sj (2.1)
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2.1. SPIN WAVES AND THE BEGINNINGS OF SPIN MANIPULATION

Here the first term represents the energy of the individual ith spins due to their coupling
with an external magnetic field H, with g the Landé factor, µB the Bohr magneton and
Szi the spin component parallel to H. In contrast, the last term reflects the energy of the
system due to magnetic coupling with the intrinsic moments of the jth particles. This effect
is called exchange coupling or exchange interaction and it arises from the antisymmetry of
the wave function and the fact that fermions are indistinguishable but obey Pauli’s exclusion
principle. Said phenomenon is called an interaction or coupling, instead of a force since there
is no intrinsic force carrier. It is mediated by factor Jij that reflects the relative direction
of the spins with respect to each other. For positive Jij, all the spins in the system will
be arranged on the same direction and the overall behavior will be FM. And, for negative
Jij, every spin will be antiparallel with respect to its nearest neighbors, then resulting in an

AFM arrangement. Now, consider a set of magnetic ions at Bravais lattice positions ~R [12],
whose excitations can described by a Heisenberg Hamiltonian:

H = −1

2

∑
~R ~R′

~S(~R) · ~S( ~R′)J(~R− ~R′)− gµBH
∑
~R

Sz( ~R) with J(~R− ~R′) = J( ~R′ − ~R) ≥ 0 (2.2)

Similarly to the description ~R of each lattice site, ~R′ refers to every other lattice site. We
see that this Hamiltonian is ferromagnetic, given the sign of J . Therefore, if we regard the
spins ~S(~R) as classical vectors, the lowest energy state in which all of them are aligned along
the z-axis is a likely candidate for the ground state of the system. To test this hypothesis,
we can formulate a ground state |0〉 that is an eigenstate of Sz(~R) for every ~R with the
maximum eigenvalue S:

|0〉 =
∏
~R

|S〉~R where Sz(~R) |S〉~R = S |R〉~R (2.3)

Now, we must confirm that |0〉 is indeed an eigenstate of H. For this, we rewrite the
Hamiltonian in (2.2) in terms of the raising and lowering operators:

S±(~R) = Sx(~R)± iSy(~R) (2.4)

Which act on the spins like:

S±(~R) |Sz〉~R =
√

(S ∓ Sz)(S + 1± Sz) |Sz ± 1〉~R (2.5)

The Hamiltonian can be written as:

H = −1

2

∑
~R, ~R′

J(~R− ~R′)Sz(~R)Sz( ~R′)− gµBH
∑
~R

Sz(~R)−
1

2

∑
~R, ~R′

J(~R− ~R′)S−( ~R′)S+(~R) (2.6)

As all of the spins are oriented in the z direction, S+(~R) |Sz〉~R = 0 and only the terms with

Sz will survive. As |0〉 is constructed to be an eigenstate of every Sz(~R) with eigenvalue S:

H |0〉 = E0 |0〉 with E0 = −1

2
S2
∑
~R, ~R′

J(~R− ~R′)−NgµBHS (2.7)
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CHAPTER 2. FROM GMR TO SPIN CALORITRONICS

We conclude that |0〉 is indeed an eigenstate of H. To show that E0 is the energy of the
ground state, we consider another eigenstate |0′〉 with eigenvalue E ′0 such that 〈0′|H|0′〉 = E ′0.

When all J(~R− ~R′) are positive, E ′0 has a lower bound defined as:

− 1

2

∑
~R, ~R′

J(~R− ~R′)max
〈
~S(~R) · ~S( ~R′)

〉
− gµBH

∑
~R

max
〈
Sz(~R)

〉
(2.8)

where max 〈X〉 is the largest diagonal matrix element that the operator X can assume. As
we have the conditions 〈

~S(~R) · ~S( ~R′)
〉
≤ S2 with ~R 6= ~R′〈

Sz(~R)
〉
≤ S

(2.9)

These two inequalities, combined with the lower bound in (2.8), we obtain the value in (2.7)
for the lowest energy possible. With this ground state of the Heisenberg FM when can
study, not only the lowest energy state but also some of the underlying excited states at low
temperatures.

At absolute zero, the FM is in its ground state, the mean magnetic moment for each ion
is S. With N ions in a V volume, the magnetization density is:

M = gµB
N

V
S (2.10)

As we increase the temperature, we weight the mean magnetization of all states with the
Boltzmann factor eE/kBT [12]. As T → 0, only low-lying states will have appreciable weight.

To reconstruct some of theses states, we examine a state
∣∣∣~R〉 slightly different from |0〉 in

that the spin at site ~R has had its z-component reduced from S to S − 1:∣∣∣~R〉 =
1√
2S
S−(~R) |0〉 (2.11)

Using the definitions of S−(~R) and |0〉:

|R〉 =
1√
2S
S−(~R) |0〉 =

1√
2S
S−(~R)

∏
~R

|S〉~R

=

√
(S + S)(S + 1− S)√

2S
|S − 1〉~R

∏
~R′ 6=~R

|S〉 ~R′

= |S − 1〉~R
∏
~R′ 6=~R

|S〉 ~R′

(2.12)

It is evident that
∣∣∣~R〉 is normalized. We can also see that the spin will not assume its maxi-

mum z-spin value at the site ~R, then S+(~R) will not vanish. Then, the operator S−( ~R′)S+(~R)
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2.1. SPIN WAVES AND THE BEGINNINGS OF SPIN MANIPULATION

and Sz( ~R′) |R〉 can be evaluated in order to complete the picture from (2.6).

S−( ~R′)S+(~R)
∣∣∣~R〉 = S−( ~R′)S+(~R) |S − 1〉~R

∏
~R′ 6=~R

|S〉 ~R′

= S−( ~R′)
√

(S − S + 1)(S + 1 + S − 1) |S − 1 + 1〉~R
∏
~R′ 6=~R

|S〉 ~R′

=
√

2SS−( ~R′)
∏
~R

|S〉~R =
√

2SS−( ~R′) |0〉 = 2S
∣∣∣ ~R′〉

(2.13)

We see that this operator simply shifts the site at which the spin is reduced from ~R to ~R′.
For the z-component:

Sz( ~R′) |R〉 = S
∣∣∣~R〉 for ~R′ 6= ~R

= (S − 1)
∣∣∣~R〉 for ~R′ = ~R

(2.14)

Plugging both equations into 2.6, we got:

H
∣∣∣~R〉 = E0

∣∣∣~R〉+ gµBH
∣∣∣~R〉+ S

∑
~R′

J(~R− ~R′)
[ ∣∣∣~R〉− ∣∣∣ ~R′〉 ] (2.15)

Although it is clear that
∣∣∣~R〉 is not an eigenstate of H, H

∣∣∣~R〉 is a linear combination of
∣∣∣~R〉

and other states with a unique single lowered spin. As J is translationally invariant in an
ordered lattice, we can build linear combinations that are eigenstates of the Hamiltonian.∣∣∣~k〉 =

1√
N

∑
~R

ei
~k·~R
∣∣∣~R〉 (2.16)

We evaluate the Hamiltonian for the ansatz
∣∣∣~k〉

H
∣∣∣~R〉 = Ek

∣∣∣~k〉
Ek = E0 + gµBH + S

∑
~R

J(~R)(1− ei~k·~R)
(2.17)

We see that
∣∣∣~k〉 is indeed an eigenstate of H. Using the symmetry: J(−~R) = J(~R), we can

write the energy difference ε(~k) between the
∣∣∣~k〉 state and the ground state.

ε(~k) = Ek − E0 = 2S
∑
~R

J(~R) sin2(1
2
~k · ~R) + gµBH (2.18)

Here, we start to see an oscillating pattern that depends of the positions in the sites of the
Bravais lattice. In order to elucidate this further, we can analyze the physical interpretation

of the state
∣∣∣~k〉.
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CHAPTER 2. FROM GMR TO SPIN CALORITRONICS

Firstly: the
∣∣∣~k〉 state is a superposition of singular states in each of which the total

spin is reduced by one from the saturation value (i.e. all spins . The total spin in
∣∣∣~k〉 is

NS − 1). If we probe into the probability of finding this lower spin at any particular site

~R, we find
∣∣∣ 〈~k∣∣∣~R〉 ∣∣∣2 = 1

N
. This means that the lowered spin is equally distributed among

every magnetic ion. Now, if they all have the same probability of the lowered spin being
detected, we might be more interested in studying the spin correlation function. Projecting
the operators in the transverse directions to the external magnetic field:

~S⊥(~R) · ~S⊥( ~R′) = Sx(~R)Sx( ~R′) + Sy(~R)Sy( ~R′) (2.19)

If we evaluate the expected value of this operator in state
∣∣∣~k〉, if we can find a pattern within

the correlation, we might be able to study the spatial distribution of the low-temperature
low-lying states. First, we can try to reduce the operator to study the effect of the operators
in individual spins.

Sx(~R)Sx( ~R′) =
1

4

[
S+(~R)S+( ~R′) + S−(~R)S−( ~R′) + S+(~R)S−( ~R′) + S−(~R)S+( ~R′)

]
Sy(~R)Sy( ~R′) = −1

4

[
S+(~R)S+( ~R′) + S−(~R)S−( ~R′)− S+(~R)S−( ~R′)− S−(~R)S+( ~R′)

] (2.20)

Then ~S⊥(~R) · ~S⊥( ~R′) = 1
2

[
S+(~R)S−( ~R′) + S−(~R)S+( ~R′)

]
. Now, it is just a matter of

evaluating the expected value of the operator〈
~k
∣∣∣S+(~R)S−( ~R′)

∣∣∣~k〉 =
〈
~k
∣∣∣S+(~R)S−( ~R′)

1√
N

∑
~R

ei
~k·~R
∣∣∣~R〉

=
〈
~k
∣∣∣S+(~R)

1√
N

∑
~R

ei
~k·~RS−( ~R′) |S − 1〉~R

∏
~R′ 6=~R

|S〉 ~R′

=
〈
~k
∣∣∣S+(~R)

1√
N

∑
~R

ei
~k·~R
√

2S |S − 1〉~R |S − 1〉 ~R′

∏
~R′′ 6=~R, ~R′

|S〉 ~R′′

=
〈
~k
∣∣∣ 2S√

N

∑
~R

ei
~k·~R |S − 1〉 ~R′

∏
~R 6= ~R′

|S〉~R

=
1√
N

∑
~R

e−i
~k·~R 〈S − 1|~R

∏
~R′ 6=~R

〈S| ~R′
2S√
N

∑
~R

ei
~k·~R |S − 1〉 ~R′

∏
~R 6= ~R′

|S〉~R

=
2S

N

∑
~R

e−i
~k·~Rδ~R ~R′e

i~k· ~R′
δ ~R′ ~R =

2S

N

∑
~R

e−i
~k·~Rδ ~R′ ~Re

i~k·~R

(2.21)

〈
~k
∣∣∣S+(~R)S−( ~R′)

∣∣∣~k〉 =
2S

N
ei
~k·( ~R′−~R) (2.22)
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2.2. SPIN DEPENDENT SCATTERING: A LOOK INTO FERROMAGNETS

Figure 2.1: Comparison between a fully ferromagnetic metal at the ground state (up) and
the spin wave state (down). Image adapted from [12] p.706

Analogously
〈
~k
∣∣∣S−(~R)S+( ~R′)

∣∣∣~k〉 = 2S
N
ei
~k·(~R− ~R′), and

〈
~k
∣∣∣ ~S⊥(~R) · ~S⊥( ~R′)

∣∣∣~k〉 =
1

2

〈
~k
∣∣∣ [S+(~R)S−( ~R′) + S−(~R)S+( ~R′)

] ∣∣∣~k〉
=

2S

N

1

2

[
ei
~k·(~R− ~R′) + e−i

~k·(~R− ~R′)
]

=
2S

N
cos [~k · (~R− ~R′)]

(2.23)

Then, Bloch’s model shows that, on average, each spin has a transverse component perpen-
dicular to the direction of the magnetization. Also, there is a relative angle between them
of value ~k · (~R − ~R′). We can see this graphically in fig.2.1. The propagation of these mag-
netic disturbances is described as a pseudoparticle called magnon. This is an astonishing
result, and one that agrees with indirect measurements, such as magnetization splitting due
to standing magnetostatic modes and specific heat calculations. Nevertheless it would take
until the latter half of the 1950s to start observing the spin waves directly via elastic light
and neutron scattering. Precisely such scattering techniques were the ones to inspire the
work of Peter Grünberg to pursue the path that would eventually lead to the discovery of
GMR [27].

2.2 Spin dependent scattering: a look into ferromag-

nets

In the first chapter, we mentioned spin-dependent scattering repeatedly as the origin for
interface reflections in multilayers and the spin channel matching that births GMR. Here,
we prod a little deeper into the causes of this scattering, the models used to understand the
interface effects between phases and how the electronic structures of the different films may
influence the GMR ratio.

Scattering processes are the way we probe into the structure of materials. Be it photons
or neutrons, elastic or inelastic, reflection or refraction, we can get information of the size,
shape, lattice, roughness and even composition of impurities can be extracted from the
collisions of beams of particles with a material. However, there is a flip side to it. When the
beam of particles is used to determine a macroscopic property of the sample, said property
will depend heavily on the rate and kind of collisions that take place as the probing beam
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CHAPTER 2. FROM GMR TO SPIN CALORITRONICS

goes across. That is what happens when electrons go through a multilayers: a change in
resistance that will be a function of the inner scattering taking place.

We have previously discussed spin transport within ferromagnets and its origin in an
asymmetry in the availability of spin electronic states close to the Fermi surface. In the
case of multilayers, we are more interested in how the spins behave in the interface between
phases. According to Butler et. al [19], in a multilayered system composed of alternating
FM and NM thin films, the potential observed by the majority and minority spins in the
interfaces affects the conduction of electrons directly. In their model, the potential felt by
the majority spins changes almost imperceptibly between phases aligned parallel to each
other, but varies wildly otherwise. Then, we would measure a smaller resistance in the
case of parallel alignment between the FM layers because the majority channel electrons are
effectively short circuited while the minority will observe a huge potential shift (again, we
have chosen the same convention that chapter 1, pairing the majority label with the spin
pointing in the direction parallel to the external magnetization direction). In contrast, for
the antiparallel alignment, the potential shifts observed on each phase limit will affect both
majority and minority electrons, thus scattering them more, increasing their mean free path
and the resistance of the sample as a whole. This effective channel dependent potential has
its origins in the electronic configurations of the FM and NM films.

As discussed in chapter 1, in ferromagnets, the conduction band is split into two as a
function of spin-orbit and spin-field coupling. In a FM layer, the net magnetic moment
can be understood as the equilibrium condition in which the energy gained by the exchange
interaction due to electrons following the exclusion principle via the spin is equal to the
energy cost of separating the bands. In this state, exchange interaction lowers the energy
of the majority electron states proportional to the magnetization. This proportionality is
expressed as follows:

Im = I(n↑ − n↓) = ε↓kn − ε
↑
kn

With I called the Stoner parameter, n↑(↓) the number of majority (minority) spins, and
ε↑kn(↓) the corresponding shift due to band displacement. This will translate into a shift of
the Fermi energies of both bands via their chemical potentials, as given by

µ↑ = ε↑F (n↑)− 1
2
Im, µ↓ = ε↓F (n↓) + 1

2
Im

Here, the ε
↑(↓)
F are the energies necessary for it to be n↑(↓) number of electrons in a particular

state. It can be construed in terms of the density of states N(ε) [19] as:

ε
↑(↓)
F (n↑(↓)) =

∫ n↑(↓)

0

dn′

N [ε(n′)]

So, the total moment can be written in terms of the density of states

I(n↑ − n↓) =

∫ n↑(↓)

0

dn′

N [ε(n′)]
(2.24)

We can see in (2.24) that the total moment depends of the density of states and therefore of
the electronic structure of the interface. In fact, the total magnetic moment adjusts itself so
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one of the two Fermi energies is at a maximum, so the density of states will be at a minimum.
We can appreciate the reshuffling of electronic bands in a case study for a Ni-Cu multilayer
[28]. In said system, the majority d-bands in nickel will adjust to have all d-bands filled and
the Fermi energy of the majority will be at a low density of states region, above the d-bands.
Then, the density of states of Ni will match those of Cu and the conduction of majority
spins will be favored. Although there have not been simulations with the system described
in the title of this document, it is fair to say that this matching in the density of states acts
when there is similarity in the electronic band structures of two phases when they meet at
an interface (as is the case with Co and Nb).

We have broadened our view then, from a macroscopic to a microscopic perspective. As
will explore further in the next chapter, potential matching is very important because the
energies observed by traveling electrons will determine the ways in which they scatter. For
now, we know that the low state density of matching potentials then will lead to a low
probability of scattering, as it is proportional to the number of available states an electron
could scatter into [19]. And the difference in the scattering of the two spin channels is what
leads to spin-dependent scattering effects like GMR and TMR.

As closing remarks on spin dependent scattering it is important to say that the scattering
centers consequence of the interface potential matching mentioned in this section are a
good approximation to one of the effects taking place in electron transport in a multilayer.
The metals considered in the model are divided in distinct phases independent of each
other. However, there might be certain dead layers of unaligned moments or domain walls
of interdiffuse phases that alter the effective potentials and may change the density of states
[19]. As well, the presence of impurities, spin independent scattering, bulk scattering and
pinholes will affect the resistivity of a multilayer. Now, with a more complete understanding
of the scattering processes taking place within the different regions of a multilayer, we can
move into recent developments in spintronics technology: spin torque devices.

2.3 Beyond GMR: spin transfer torque devices

The next foray into spin transport exploitation is quite recent, but was predicted back in
1996 with a novel but simple idea: what if we could control spins the way we can control
charge? According to Slonczewski [29], it is not only possible but more versatile and useful
than current. He proposes that spin waves can travel through materials in the form of
pseudoparticles called magnons. The excitation then travels to an adjacent group of spins
and propagates in a process called spin transfer.

In spin transfer, a FM/NM multilayer is studied. As we have established, we can generate
an oscillatory perturbation in a ferromagnet under conditions just above absolute zero. These
magnons then can be moved either through a difference in electrical potential or an external
magnetic field. The movement of magnons across a lattice is called a spin polarized current
and its name is self explanatory. As every spin interacts and couples with its next neighbor,
the spin is transported across a FM film without necessarily involving charge transport, as
long as we have a spin current. It bears to clarify that this spin current can be generated
at higher temperatures by the two channel spin biasing induced by the Mott conditions
of difference in density of states and spin dependent scattering, both discussed previously.
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When the spin current arrives at a two layer interface, the oscillating spins couple with those
of the other layer, being transmitted or reflected depending on their relative orientation. The
remarkable feature here is that spin will transmit even if the secondary phase is paramagnetic,
and even if it is an insulator.

With this spin transfer property in sight it is easy to see a straight forward application:
what if we could use this current-driven spin to change the magnetization of the free layers
of a spin valve? With just the right sign and direction of polarized spin current, we can flip
the magnetic moment of an array of small magnetic dots, just as is the case for MRAM. The
advent of spin trasfer devices was predicted by Slonczewski [29], although with currents too
high for practical use [1]. Spin transfer torque (STT) MRAM is envisioned to revolutionize
the field of spintronics as it is an alternative equivalent of current proposals, but with a
virtually unlimited non-volatility and non-powered information conservation. As spin is an
intrinsic electron property, the memory cell can be reduced quite significantly and thus aim
for higher information density. Though, more cells also mean higher writing current and
that progressive advances in materials technology are what has been driving the incremental
improvements in STT MRAM [30].

One method that has proved effective to reduce writing current and operating voltage,
and thus reduce the size of the circuitry needed, is to introduce the spin polarized current
perpendicular to the interface of the layers. A quantity that measures the STT writing mech-
anism is the switching efficiency. This factor is a ratio between the thermal stability and the
operating current (∆, another ratio, between the thermal energy barrier and the operating
temperature of the device; it measures how much spin is lost due to thermal excitation).
The results had room for improvement at first, since one unintended consequence of spin
transfer is precession of the spins in the direction transverse to the current propagation and
generates a demagnetising field that increases the operating current two to three fold. One
novel and promising solution to this demagnetisation is to introduce a strong perpendicular
anisotropy that effectively cancels the magnetic field and allows the magnetic bit to flip at
lower excitations, therefore reducing the operating current. This lead to the manufacture
of STT MRAM cell nodes lower than 20 nm [1]. In the subsequent latter half of the 1990s
and early 2000s, research groups had moderate success in constructing STT MRAMs with
different combination of materials. The main drawback in these attempts were the appar-
ent contradictory manufacturing conditions, since the annealing temperatures of insulators
required for MTJs exceeded the thermal stability limit of ferromagnets with high spin trans-
mission rates. Eventually, the STT MRAM pulled through and set a standard ten times
between its MTJ predecessor, even with commercial interest outside academia and industry.
Both Sony and Hitachi have performed public demonstrations of STT MRAM with great
success over the years and there is hope for more developments to come.

As it stands now, current SRAM, DRAM and Flash technologies are fighting an uphill
battle to scale down [1]. SRAM consumes too much power, DRAM needs to refresh con-
stantly with increasing current and Flash is too slow and very high powered. These are the
right conditions for MRAM to pull through a saturated market, using magnetic principles
that enhance its storage capacity and density.

Fueled by this desire is the need to understand the different mechanisms involved in spin
transport and how to exploit them properly to design better devices, based in the burgeoning
field of thin film multilayers. Although we have largely ignored it or approximated it in our
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treatments so far, there is still one transport property that is becoming a source of growing
interest for its multiplicity of possibilities: temperature. Although rarely utilized, thermal
potentials are an effective, albeit unreliable, mode of particle transport. Because of its scalar
nature and proclivity to diffuseness, it has not been considered as a viable candidate to
direct the trajectory of electrons historically. Recently, a growing interest has been brewing
in novel ways to manipulate spin transport and heat has emerged as one of the alternatives.
This new field is named after the latin word calor, that means heat. Caloritronics, or heat
electronics and arisen as a new competitor in the spin transport arena, and although the
basis for spintronics and caloritronics were born around the same time, the latter never
amounted to anything more than fundamental research. However, with shrinking devices at
the forefront of current developments, the ways in which an electron, and the spin it carries,
can diffuse are limited and thermal motion is can be implemented better.

In the last section of this chapter we study some of the background of spin caloritronics,
its origins, early developments, its most relevant effects and phenomena and the renewed
interest it has gotten over the last few years.

2.4 Caloritronics: heat and spin

Thermoelectricity is the phenomenon in which a temperature gradient generates a voltage
across a conductor and viceversa. The foundations of thermoelectricity were studied and
understood in the XVII and XIX centuries and the full model and theory will be further
explained in the next chapter. For now, we are more interested in why this phenomenon has
gotten so much attention over the last decade and how it relates to spin transport. First,
we can start by understanding the basis on which predicates the basic thermal electron
transport.

The energy needed to take an electron out of a metal is called the work function W.
When two metals are in contact, electrons flow out of the one with less binding energy and
into the other. This binding energy is determined by the Fermi level of the material: higher
level translates into a lower energy. Electrons flow back and forth in an interface, changing
the Fermi levels via the electrostatic potential generated by the exchange of charge. This
potential is called a contact potential and is given by eφ12 = V1 − V2. The exchange stops
when said potential balances out the Fermi levels [31]. This balance impedes a constant flux
of current from one metal to the other. Now, let’s assume that we have two junctions between
those metals and heat on one of those junctions. The raise in temperature will change the
Fermi levels of the two metals differently and this difference will induce an electromotive
force and electron exchange once again. As the metals are connected, the movement of
electrons generates a current that then travels to the other junction and increases its Fermi
level. The increase is then discharged into the other metal and the process starts once again.

The phenomenon in which temperature gradients are converted into currents was first
reported by Thomas Seebeck in 1821 and is then called the Seebeck effect. He also found that
the current induced is directly proportional to the temperature gradient between junctions,
mediated by a scalar called the Seebeck coefficient. Nowadays, we use the Seebeck effect to
design thermocouples used in digital thermometers. A decade later, french physicist Jean-
Charles Peltier discovered the induction of a temperature gradient in two conjoined metals
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CHAPTER 2. FROM GMR TO SPIN CALORITRONICS

with a voltage across them. Then, in 1851, Lord Kelvin (William Thomson) discovered that
Seebeck coefficients are not constant in a spatial temperature gradient. A current passed
through this gradient generates a continuous Peltier effect that enhances the temperature
difference. The phenomenon is called, appropriately, the Thomson or Seebeck-Peltier effect
and points toward a relationship between the two effects. In the next chapter we show that
both effects are just a consequence of the thermodynamical reciprocal nature of the degrees
of freedom (voltage and temperature) of the carriers (electrons) in a continuous system.

In order to complete our thermoelectric picture, we ought to mention to final effects
discovered in the last two decades of the XIX century but that would not be understood
until much later, with the characterization of the nature of the electron. The Nernst effect
is the induction of an electric field in two conjoined metals when an external magnetic field
is applied in the presence of a perpendicular temperature gradient. The electric field is
normal to the directions of both. The reverse process is called the Ettingshausen effect.
The physical picture for these two phenomena is easy enough to paint with the help of the
previous explanation. As a Seebeck effect generates current through the material, the Lorentz
force acts on the charge carriers, forcing them to accumulate on opposite ends of the sample,
with a gradient perpendicular to both the magnetic field and the temperature difference.
The charges realignment is expressed as an electrostatic field and a voltage difference. Once
again, adding another degree of freedom to the force carriers via electromagnetic interaction
allows us to build new potentials and generalized thermodynamic forces.

Thermoelectricity stood there, with few relevant changes for over a century and although
spin was discovered in the 1922 Stern-Gerlach experiment, it wouldn’t be until 1988 (parallel
with the development of spintronics) that Johnson and Silsbee [32] established the theoretical
foundations to incorporate spin into the framework of thermodynamics. We study this
framework in detail in chapter 3, but for now it rest to say that the model was seminal in
which would come later. The successive innovations in multilayers for academic, industrial
and commercial research generated a fertile environment for novel spin transport methods
to have opportunity to flourish. In 2010, Uchida et.al [33] found a spin-Seebeck effect, i.e.
a polarized spin current induced by a temperature difference in Ni81Fe19/Pt films. Said
phenomenon was speculated to exist, but spin detection technology had not been sensitive
enough to detect it. Even so, the measured current is distinct enough from the model to
be discussed at length, with magnons, phonons, interface textures, domain walls and noise
playing an important part in sensitive multilayered samples [34].

New and bold developments have afford us some leeway to experiment with novel trans-
port mechanisms that may allow for better and more complex systems based on spin trans-
port. Encouraged by the success of thermal spin observations, researchers have been looking
in the right places and have found an anomalous Nernst effect. In this case, the generated
voltage is heavily influenced by the presence of spin and it splits, effectively creating a hys-
teresis curve for the induced voltage that depends on the direction of demagnetization of
the thin films. The work presented in chapter 4 onward presents this latter case, among
others, hoping to shed light into the transport phenomena taking place in the multilayers of
Co/Nb/Co. In order to build to that, we present the requisite theoretical models to study
the aforementioned physics with the tools at our disposal.

26



Chapter 3

Theory of spin transport models

On previous chapters we have studied the basic effects caused by spin transport and how
they have been exploited in academic and industrial research. In this chapter we delve into
the theoretical and phenomenological spintronic and caloritronic models that we will use
to study the samples we manufactured. The next pages do not attempt to be a complete
and irrefutable formulation of spin transport, rather a well supported exposition of the
phenomena that might be contributing to the effects observed in our multilayers and of the
tools we will use later.

As an introduction, we should begin first with what we know, and have been talking
about since the start of this thesis: how sample anisotropy affects electron transport in
metals.

3.1 Anisotropic resistivity effects

We briefly discussed anisotropy on chapter 1 and how electronic spin-orbit interaction may
change the resistivity of a sample submerged in an external magnetic field. In [4], Campbell
and Fert we get a good explanation that many effects arise from the symmetry (or lack
thereof) properties of a ferromagnet.

First, we consider with an isotropic conducting material homogeneously magnetized in
the z-direction. The resistivity tensor takes the following form [35]:

ρ =

 ρ⊥(B) ρH(B) 0
−ρH(B) ρ⊥(B) 0

0 0 ρ‖(B)

 (3.1)

Where the subindices ⊥ and ‖ are used to denote the transverse and longitudinal compo-
nents of each quantity. The off-diagonal components are imaginary and responsible for the
extraordinary Hall resistivity, then we denote them with the H coefficient [14]. Conventional
Hall effect refers to a magnetoelectric property reminiscent of the Nernst one, but instead,
a perpendicular voltage emerges when a current is traversing the material in an external
magnetic field. The isotropic resistivity can be obtained averaging these two contributions.

ρ̄ =
2

3
ρ⊥ +

1

3
ρ‖ (3.2)
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We use ρ̄ to normalize ρ⊥ and ρ‖ to get the transverse and longitudinal magnetoresistivity,
respectively: (

∆ρ

ρ̄

)
⊥

=
ρ⊥ − ρ̄
ρ̄

(
∆ρ

ρ̄

)
‖

=
ρ‖ − ρ̄
ρ̄

(3.3)

Furthermore, we can construct the magnetic and electric field vectors inside the sample [4].

~E = ρ⊥(B) ~J + [ρ‖(B)− ρ⊥(B)] [~α · ~J ] ~α + ρH(B) ~α× ~J (3.4)

Here, ~J is the current density vector and must not be mistaken by the coupling constant
in the Heisenberg hamiltonian, and ~α is the unitary vector of the magnetization direction.
The total magnetic field of the sample will depend on the external field ~H and on the
demagnetizing factor D of the particular sample geometry.

~B = ~H + 4π ~H(1−D) (3.5)

The dependence of the resistivity of the magnetic field is due to the Lorentz force exper-
imented by the free electrons in conductors. The fact that the diagonal elements of the
resistivity tensor in (3.1) are not equal, means that the resistivity depends on the relative

orientations of magnetization ~M and ~J . Assuming a current ~J propagating uniform to the
sample in the x direction, we can construct the resistivity as:

ρ = ~E ·
~J

| ~J |2
(3.6)

In the absence of external magnetic field, but not of magnetization, we can replace (3.2) and
(3.4) into (3.6):

ρB=0(θ) =
1

| ~J |2
(ρ⊥ ~J · ~J + [ρ‖ − ρ⊥][α · ~J ]2 + ρH (α× ~J) · ~J)

= ρ⊥ + (ρ‖ − ρ⊥) cos2 θ

(3.7)

We reported this result previously [36] and it easily leads to (1.5). It will be useful in
our treatment of our samples. As will be discussed in the next chapter, a measurement
of the resistivity of the sample via resistance 4-point probing can be helpful to determine
the anisotropy. The off-diagonal terms in tensor (3.1) lead to an extraordinary Hall voltage

perpendicular to ~M and ~J :
EH(B = 0) = pH ~α× ~J (3.8)

Likewise, we can define the extraordinary Hall angle

φH =
ρH
ρ⊥

(3.9)

And the extraordinary Hall coefficient

RS =
ρH

4πM
(3.10)
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3.1. ANISOTROPIC RESISTIVITY EFFECTS

Both ordinary and extraordinary Hall effects are magnetic transport effects and affect the
measurements detailed on the next chapter. Finally, to estimate the heat transport effects
we use an analogy between thermal currents and electrical currents. In that sense, thermal
conductivity and the Righi-Leduc effects are the thermal analogs of the resistivity and Hall
effects. We will expand on this in the section where we discuss the mathematical framework
on which spin caloritronics is built. For now, we can express the electric field generated in
a magnetized polycrystal with a temperature gradient ∇T as

~E = S∇T with S =

 S⊥(B) SNE(B) 0
SNE(B) S⊥(B) 0

0 0 S‖(B)

 (3.11)

S is called the Seebeck tensor and accounts for the directional nature of themomagnetic
transport, with the respective subindex representing parallel and perpendicular arrangements
and SNE the spontaneous Nernst-Ettingshausen effect.

In order to include spin in the model, we complement Mott’s two current model with
a specific treatment of the spin-dependent scattering taking place at the ferromagnets. In
Campbell et. al [13], spin-orbit interactions are included into the calculations for spontaneous
AMR in Ni alloys. This addresses the need to include s-d scattering processes given that
only s↑ states to s↑ states result from scattering, and previous calculations showed that s-d
processes dominate over s-s processes if they are allowed to happen.

Starting with the model described by (1.2), the authors state that, if there is spin-orbit
coupling in the d-band, there will be an amount of d↑ electrons mixed into the d↓ band and
vice versa. Of particular interest, this mixture can happen at the d↓ of the Fermi surface.
This allows s↑ electrons scattering into the d↑ part of this Fermi surface. It is clear that the
d↑-d↓ mixing is not isotropic, given the external magnetization, as it provides an axis for
the spin-orbit perturbation.

Here, we can use a perturbative model to study the mixing of spin populations in the
d-band. First, we start with a tight binding model for the d-states, with an exchange field
of He

zSz but no crystal field. Then, without spin-orbit coupling, we have five d-states with
the same density of states and introduce the spin-orbit perturbation as

AL · S = A{LzSz + 1
2
(L+S− + L−S+)} (3.12)

Where A is small compared to the field, Lz and Sz are the orbital angular momentum and
spin operators, and L± and S± are the ladder operators associated with these quantities.
Using second-order perturbation theory, the spin ↓ wave functions become

Ψ |2 ↓〉 = (1− 1
2
ε2)φ |2 ↓〉+ εφ |1 ↑〉

Ψ |1 ↓〉 = (1− 3
4
ε2)φ |1 ↓〉+ (3

2
)1/2εφ |0 ↑〉

Ψ |0 ↓〉 = (1− 3
4
ε2)φ |0 ↓〉+ (3

2
)1/2εφ |−1 ↑〉

Ψ |−1 ↓〉 = (1− 1
2
ε2)φ |−1 ↓〉+ εφ |−2 ↑〉

Ψ |−2 ↓〉 = φ |−2 ↓〉

(3.13)

Where ε = A/He
z and φ is the scattering potential [13]. Now, assuming the electrons are

described by plane waves and the s-d scattering potential is spherical, we can calculate the
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CHAPTER 3. THEORY OF SPIN TRANSPORT MODELS

transition probabilities for s-electrons with different wave vector directions. With this prob-
ability, we can write the magnetic quantum number and the associated orbital orientation.

m = ±2 dxy, dx2−y2 → 1
2
√

2
(x± iy)2

m = ±1 dxz, dyz → 1√
2
z(x± iy)

m = 0 dz2 → 1√
12

(r2 − 3z2)

(3.14)

Here, the z direction is parallel to the external magnetic field. From the shape of these
orbitals we can easily see the scattering processes that take place. For instance, an electron
in the state exp(i ~kz ·~r) can only be scattered into the d-state m = 0, while one with exp(i ~kx ·~r
can be scattered into m = ±2, 0. From (3.13) and (3.14) we can calculate:

ρ↑sd(kz) = 3
2
ε2ρ′

ρ↑sd(kx) = 3
4
ε2ρ′

ρ↓sd(kz) = (1− 3
2
ε2)ρ′

ρ↓sd(kx) = (1− 3
4
ε2)ρ′

(3.15)

where ρ′ is the resistance for spin electrons in the absence of spin-orbit coupling. The basics
of this mechanism indicates that the resistivity changes proportionally to the most probable
scattering transition due to this coupling. Then, part of the spin down electron collisions
will contribute to the spin up resistivity. And it can be observed that the electrons travelling
parallel to the magnetic field contribute twice as much as those perpendicular to it.

Then, if we assume all ρ↓ is due to s-d scattering and magnon scattering is not affected
by spin-orbit coupling, one can write the new resistivities in the corresponding directions:

ρ↑‖ = ρ↑⊥ + γρ↓⊥

ρ↓‖ = ρ↓⊥ + γρ↓⊥

ρ↑↓⊥ = ρ↑↓⊥

(3.16)

Replacing (3.16) into (1.2) we can calculate the magnetic ratio:

∆ρ

ρ
= (ρ‖ − ρ⊥)

1

ρ⊥
=

γ(ρ↓ − ρ↑)ρ↓
ρ↑ρ↓ + ρ↑↓(ρ↑ + ρ↓)

(3.17)

Particularly, at low temperatures:

∆ρ

ρ
= γ(α− 1) with α =

ρ↓

ρ↑
(3.18)

Similarity between the electronic configurations of Ni and Co make this results applicable
to our samples. ρ↑(T ), ρ↓(T ) and ρ↑↓ have been tested and their behaviour is similar to that
of Ni [37].

The ARM will depend of the difference in populations for the different bands. Although
there is certainly an excellent agreement between this simple model and experimental results,
it must be stressed that this is a qualitative model and parameters γ and α should be
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3.2. INTERLAYER EXCHANGE COUPLING

determined experimentally and do not arise from the crystalline or electronic structures [14].
Altough, other attempts have been made, especially studying the relavistically-induced spin
mixing, the field of spintronics has progressed steadily without a complete description of
the phenomena involved; given that the relaxation time of the more intricate interactions is
quite short.

3.2 Interlayer exchange coupling

Earlier, we showed that the GMR in multilayers is the result of the parallel and antiparallel
alignment of the FM films in an alternating structure. However, something less clear is the
reason why these phases are antiparallel in the first place. Even more, in fig.1.3 we saw that
the GMR ratio has an oscillating non-monotonic decay as we increase the thickness of the
spacer (NM layer). In the review by Bruno [7], he proposes simplified model to understand
this behavior in terms of quantum interference due to confinement of the electrons in this
spacer film.

For a first approach, we consider a simple system of a one dimensional quantum well,
that represents the spacer, with V = 0 and width D; with two barriers A and B with
respective widths LA and LB, and potentials VA and VB; as shown in fig3.1. As we have
seen on the previous chapter, in spin dependent scattering in multilayers, there is a shift
in the potential that acts on the scattering electrons in the interface between NM and FM
films. The barriers represent these shifts. Now, we consider an electron propagating to
the right, through the spacer, with wavevector k+. When the electron arrives at barrier
B, it is partially transmitted and partially reflected. The reflection complex amplitude is
rB ≡ |rB|eiφB . Then, the reflected wave with wavevector k− is reflected when it arrives
at barrier A with an amplitude rA = |rA|eiφA and on and on. On these expressions, the
modulus |rA(B)| represents the magnitude of the reflected wave and φA(B) the phase shift due
to the reflection. These reflections are the sums of standing waves, then we have interference
between the results of multiple reflections and this interference will modify the density of
state in the spacer layer. The phase shift result of two reflections is

∆φ = qD + φA + φB with q = k+k− (3.19)

A constructive interference ∆φ = 2nπ (with integer n) will increase the density of states,
while a destructive one ∆φ = 2(n+ 1)π will decrease it. We expect a change of the density
of states in the spacer, ∆n(ε), to vary with D as

∆n(ε) ≈ cos(qD + φA + φB) (3.20)

Furthermore, this effect must be proportional to |rArB|, the amplitude of the reflection at
barriers A and B, to the width of the spacer and to the density of states per unit energy and
width 2

π
dq
dε

. Getting all of these requirements together, we can study the modification ∆n(ε)
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Figure 3.1: Quantum potential well system that illustrates the properties consequence of
quantum confinement. The well represents the NM spacer and the barriers represent the
FM layers.

for a very large number of reflections:

δn(ε) ≈ 2D

π

dq

dε

∞∑
n=1

|rArB|n cosn(qD + φA + φB)

=
2

π
Im

(
iD

dq

dε

∞∑
n=1

(rArB)neniqD

)
=

2

π
Im

(
i
dq

dε

rArBe
iqD

1− rArBeiqD

) (3.21)

Here, the n-th reflection is represented by the n dependent factor of the sum.This long
expression can be integrated into a more manageable form to obtain the integrated density
of states N(ε) =

∫ ε
−∞ n(ε′)dε′. Thus, the modification of the integrated density of states due

to electron confinement in a non magnetic spacer of width D, result of a straight forward
integration, is:

∆N(ε) =
2

π
Im

∫ ε

−∞

(
dq

dε′
i

rArBe
iqD

1− rArBeiqD

)
dε′ = − 2

π
Im ln (1− rArBeiqD) (3.22)

A simple interpretation of the above result is the relation Im ln(z) = arg(z) for a complex
z. Then, ∆N(ε) is given by the argument of a circle in the complex plane center around 1.
The variation of the integral density of states is then sinusoidal as shown in fig.3.2. This
is clear evidence of the oscillations previously mentioned. Bear in mind the units of the
horizontal axis tell us that the period of the oscillation is determined only by the wavevector
q instead than by the reflection amplitude. Bruno also makes an extension of the formulation
to generalize for negative energies and imaginary wavevectors and shows that (3.22) holds
for every states. Furthermore, interprets the tunneling that takes place when the barriers
are negative as evidence that A and B are effectively coupled by tunneling.
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Figure 3.2: Integral density of states as a function of spacer thicknes for |rArB| = 0.1

Now, we ought to calculate the modification of the system’s energy due to quantum
confinement. For this, we employ the grand canonical ensemble, as it preserves the total
number of electrons. The grand canonical potential at T=0 is:

Φ ≡ −kB
∫ ∞
−∞

ln

[
1 + exp

(
εF − ε
kBT

)]
n(ε)dε = −

∫ ∞
−∞

N(ε)f(ε)dε

≡
∫ εF

−∞
(ε− εF )n(ε)dε = −

∫ εF

−∞
N(ε)dε

(3.23)

Then, the energy shift associated to the quantum interference as a function of D is:

∆E =
2

π

∫ ∞
−∞

ln
(
1− rArBeiqD

)
dε (3.24)

So far, this model has been described in a one dimensional case, however, it is not hard
to imagine a generalization for a three dimensional system, given the finding of a suitable
quantum number. Thus, we approximate to layers of infinite area and realize that the in-
plane wavevector ~k‖ is invariant under translations parallel to the plane. The treatment for
~k‖ is identical to the one before. The quantum interference effects result from integrating
over the two dimensional Brillouin zone and the previous expressions are modified to:

∆N(ε) = − 1

2π3
Im

∫
d2~k‖ ln

(
1− rArBeiq⊥D

)
(3.25)

∆E = − 1

2π3
Im

∫
d2~k‖

∫ ∞
−∞

f(ε) ln
(
1− rArBeiq⊥D

)
dε (3.26)

Now, to study a system of trilayers with the quantum confinement model, we consider a
paramagnetic layer in between two FM films. In such configuration, the reflections in the
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interfaces will be spin dependent. In general, the magnetic moments of the FM layers can be
alignment at any angle with respect to each other, but we are only interested in the parallel
and antiparallel alignments. For the parallel case, we consider the shift in energy caused by
the quantum interference of the majority and minority currents. Summing and averaging
(3.26) for both cases, we got:

∆EP =
1

4π3
Im

∫
d2~k‖

∫ ∞
−∞

f(ε)

[
ln (1− r↑Ar

↑
Be

iq⊥D) + ln (1− r↓Ar
↓
Be

iq⊥D)

]
dε (3.27)

Here, we have considered the majority-to-majority and minority-to-minority spin reflections.
Here, we see the relevance of spin in barrier to barrier interactions. Analogously, we can
construct the energy shift for the antiparallel alignment. As we saw before for GMR, this
is just a matter to interchange r↑B and r↓B, meaning that majority-to-minority and minority-
to-majority reflections are allowed.

∆EAP =
1

4π3
Im

∫
d2~k‖

∫ ∞
−∞

f(ε)

[
ln (1− r↑Ar

↓
Be

iq⊥D) + ln (1− r↓Ar
↑
Be

iq⊥D)

]
dε (3.28)

The difference between these two energies will give us the energy necessary to flip the magne-
tization of the layers so they will be parallel to each other, that is the strength of the coupling
between them. This is called the interlayer exchange-coupling (IEC) for its similarity with
the exchange coupling present in the Heisenberg hamiltonian. The IEC is:

EP − EAP =
1

4π3
Im

∫
d2~k‖

∫ ∞
−∞

f(ε)

[
ln

(1− r↑Ar
↑
Be

iq⊥D)(1− r↓Ar
↓
Be

iq⊥D)

(1− r↑Ar
↓
Be

iq⊥D)(1− r↓Ar
↑
Be

iq⊥D)

]
(3.29)

In the limit for small confinement (i.e. small reflection amplitudes), we can reduce the above
expression to:

EP − EAP ≈ −
1

π3
Im

∫
d2~k‖

∫ ∞
−∞

f(ε) ∆rA ∆rB e
iq⊥D dε (3.30)

This equation has an easy physical interpretation of IEC. Integration over the parallel
wavevectors in the first two Brillouin zones and over the energy up to the Fermi energy
are evidence that IEC is the sum of the contributions from all occupied electronic states.
From a specific electronic state, the contribution is the product of three quantities: ∆rA(B)

that express the spin asymmetry in the confinement due to the magnetic layers, and the ex-
ponential factor that describes the propagation across the spacer and causes the interference.
In order to study the dependence of IEC with spacer thickness we can calculate asymptotic
solutions for (3.29). For large values of D, the exponential factor oscillates wildly with ε and
~k‖ and many IEC contributions from different electronic states cancel out. This does not
matter, because the integration stops at the Fermi energy, only states located at said energy
contribute significantly. Then, the integral over ε can be calculated by fixing every quantity
at their εF value, and expanding q⊥ ≡ k+

⊥ − k
−
⊥ around this energy.

q⊥ ≈ q⊥F + 2
ε− εF
h̄v+−
⊥F

with
2

v+−
⊥F
≡ 1

v+
⊥F
− 1

v−⊥F
(3.31)
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Where v
+(−)
⊥F is the group velocity at (~k‖, k

−
⊥F ); and q⊥F is the vector that spans the complex

Fermi surface.
Direct integration [38] of (3.30) results in:

EP − EAP =
1

2π3
Im

∫
d2~k‖

ih̄ v+−
⊥F
D

∆rA∆rBeiq⊥FD F

(
2πkBTD

h̄ v+−
⊥F

)
(3.32)

With F (x) ≡ x
sinhx

. Then, we integrate over ~k‖ bearing in mind that the only contribu-

tions come from neighbouring critical vectors ~kα⊥ for which q⊥F is stationary at large spacer
thickness.

Under this model, it is possible to integrate (3.30) using the stationary-phase approxi-
mation. The complete mathematical operations are found in [38]. The result is detailed in
the equation below.

EP − EAP = Im
∑
α

h̄ vα⊥ κα
2π2D2

∆rαA∆rαBeiq
α
⊥D F

(
2πkBTD

h̄ vα⊥

)
(3.33)

Where κα is a measure of the curvature of the Fermi surface around the critical vectors.
According to the author, this analysis shows that the only remaining contributions in the
limit for large D comes from the neighbourhood of states that have in-plane wavevectors
~kα‖ such that the spanning vector of the Fermi surface q⊥F = k+

⊥F − k
−
⊥F is stationary with

respect to ~k‖ for ~k‖ = ~kα‖ , and the corresponding contribution oscillates with a wavevector
equal to qα⊥F . This selection rules allow us to find several stationary spanning vectors and,
several oscillatory components, which we ought to label by the index α.

Using the model presented above, and the relationship between the energy of two layers
with magnetizations aligned at angle θ with respect to each other: EAB = J cos θ, we can
find an expression for the exchange interaction of the Hamiltonian J [38] in the asymptotic
limit for large spacer thicknesses:

J =
∑
α

Aα
D2

sin (qαD + φα) (3.34)

Since the coupling constant and the energy are directly proportional, this result can explain
the oscillatory non-monotonic decreasing behaviour observed in fig.1.3 and will be useful for
future analysis of our samples.

3.3 Spin caloritronics

So far we have seen similarities in the way electron transport generates the different ther-
moelectromagnetic effects. However, all of these phenomena have something in common:
they are all macroscopic effects of electron movement within a solid. Yu et al. [2] make
an interesting proposal using the tools of thermodynamics. In this framework, a diffusive
current density can be defined for every density of extensive variables. Therefore, we can
use a heat current as long as that there is a reciprocal intensive variable that governs the

35



CHAPTER 3. THEORY OF SPIN TRANSPORT MODELS

interactions. In that sense, we can introduce an arbitrary number of correlated variables to
the diffusion tensor as long as we have a degree of freedom associated with it. That’s the
reason we have seen thermal and electrodynamic effects interplay with each other: the carrier
of these interactions (electrons) has momentum and charge, which allows it to interact with
the temperature gradient and electromagnetic field, respectively. Under said framework, we
construct a density of entropy source ρs [39]:

ρs =
1

T

∑
i

~ji · ~Fi (3.35)

Here, ~ji represent the current density associated to the extensive state variable i and gener-
alized forces ~Fi are the gradients of the reciprocal intensive variables. We can consider the
state variable (s, {nA, nB, ...}) to describe a mixture of substances A, B, .... In our case, the
substances represent the different degrees of freedom present in electrons. For a substance A,
the associated generalized force is the gradient of its electrochemical potential, µ̄ = µA+qAV ,
where V is the electrostatic potential and qA the elementary charge. Thus, the generalized
force associated with entropy for FA = ∇µA + qA∇T is −∇T .

Following the second law of thermodynamics, we know that for ρs ≥ 0 we can establish
a system of equations for the current of the extensive variable associated with substance A:{

~js = Lss · (−∇T ) +
∑

B LsB · ~FB
~jA = LAs · (−∇T ) +

∑
B LAB · ~FB

(3.36)

Here, Lαβ are the Onsager reciprocal relations between the substances α and β. In general,
they are tensors that estimate the anisotropy of carrier substance dependent transport. The
magnetic symmetry required by the Casimir-Onsager relations is

Lαβ(s, {nA, nB, ...}, ~B) = εαεβLαβ(s, {nA, nB, ...},− ~B) (3.37)

The parameters can take the values εα(β) = ±1, depending on their associated generalized

force ~Fα(β). If the generalized forces are invariant under time reversal, the coefficients will
positive, and negative otherwise. For the specific generalized forces involved below, they are
positive.

We consider the simplest case of an isotropic monophase medium without a chemical
potential (µA = 0) and at a uniform temperature (∇T = 0), but an electrical potential
differential. Evaluating (3.36) directly, we obtain:

~jA = − 1

qA
σ · ∇V (3.38)

And it is the tensorial form of Ohm’s law. Here, substance A is driven by the electric charge
and the generalized force is the voltage. This first result is very interesting, since we have
arrived to an electrodynamic result from a thermodynamic generalized framework.

In general, a tensor can be expressed as the sum of a symmetric and antisymmetric parts
σ = σs + σa. Treating the symmetric part is straight forward, but the antisymmetric will
give us better insight into mixed transport phenomena. We can write σa as a cross product,
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σa · ~x = σ⊥û× ~x, for any vector ~x. The macroscopic physical properties will determine the
direction and modulus of vector σ⊥û. With this decomposition, we may write the current
density above as:

~jA = − 1

qA
σ∇V − σ⊥

qA
(û×∇V ) (3.39)

Now, we apply a magnetic field ~B to the system. The relations (3.37) imply σaij( ~B) =

σaji(− ~B) = −σaji( ~B). Then, σa is an antisymmetric function of ~B. In an isotropic medium,
û will the in the direction of the magnetization. Then, from (3.39), we get:

~jA = − 1

qA
σ∇V − σ⊥

qA
(B̂ ×∇V ) (3.40)

Which is the vectorial form of the Hall effect. Moreover, near to the surface of the solid,
the absence of material introduces an antisymmetry in a direction n̂, normal to the surface.
From

~jA = − 1

qA
σ∇V − σ⊥

qA
(n̂×∇V ) (3.41)

We get the familiar result mentioned above that there is a current in the interface between
two metals until the charge in both surfaces is balanced. Within this framework, we can
explore different combinations of generalized forces. For instance, consider the presence of a
temperature gradient without an electric field (∇V = 0):

~jA = − 1

qA
σ · ε · ∇T (3.42)

Where the notation has been chosen to account for Ohm’s law as well as the Seebeck effect,
with σ = q2

ALAA and ε = 1
qA
L−1
AA · LAs. The advantage of said notation is that we can

decompose ε into its symmetric and antisymmetric components. Writing ε ·~x = ε‖~x+ ε⊥(û×
~x), the last equation becomes:

~jA = −
σε‖
qA
∇T −

σε⊥ + σ⊥ε‖
qA

(û×∇T ) (3.43)

In our particular case, û will designate the direction normal to the surface in discontinuous
mediums or the direction of magnetization by an external ~B. The Seebeck and Nernst effects
are observed when no current flows through the material ( ~jA = 0 and∇µA = 0). From (3.36),
we get:

∇V = −ε‖ · ∇T = ε‖∇T − ε⊥(û×∇T ) (3.44)

It is clear here that this is an expression for the Thomson effect, with the first term cor-
responding to the Seebeck effect and the second one to the Nernst effect. In all of the
examples above we have obtained thermoelectric and thermomagnetic effects without the
need to introduce an electromagnetic formalism. And that is the great advantage of the
thermodynamic framework. In contrast, we ought to remark that the results obtained by
these calculations are purely phenomenological and its aim is to explain observed physical
changes, but not to predict quantities associated with them.
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As we have seen before, the introduction of charge and its electromagnetic extensive be-
havior has allowed us to show the existence of transport effect on a thermodynamic frame-
work, without the need to speak of densities of state or scattering. Now, we could extent
the applicability of these tools considering its consequences on Mott’s two-current model for
conduction on ferromagnets. We recall from chapter 1, that the difference in collision rates
in majority and minority electrons, brought by a shifted density of states, can be modeled
by two independent currents, each carrying a different orientation of spin. In our thermo-
dynamic formalism, we can interpret the two currents just as carrier currents that depend
on the extensive variable of spin. Since these currents are no different that our entropy-lead
heat current, we can actually construct a three-current model using (3.36):~js~j↑

~j↓

 =

Lss Ls↑ Ls↓
L↑s L↑↑ L↑↓
L↓s L↓↑ L↓↓

−∇T−∇µ̄↑
−∇µ̄↓

 (3.45)

Where ~j↑(↓) represent the quantity of substance with spin up (or down) per area per unit of
time, and µ̄ its respective electrochemical potential. It is straight forward to evaluate each
current as by itself and find the effects previously mentioned, from a simple statement of
Ohm’s law:

σ↑ = q2L↑↑ σ↓ = q2L↓↓ (3.46)

Analog to the previous ε tensorial coefficient, we can define independent Seebeck coefficients
for both spin channels in the forms:

ε↑ =
1

q
L−1
↑↑ · Ls↑ ε↓ =

1

q
L−1
↓↓ · Ls↓ (3.47)

L↑↓ represent spin mixing. In other words, the contribution to the current in one spin channel
due to the generalized force associated with the other. As we saw in the case of anisotropic
resistivity effects, spin flipping collisions that conserve momentum have a direct impact on
the resistivity, and therefore on the current. Finally, to define Lss in terms of observables,
we consider Fourier’s law: ~jQ = κ · (−∇T ) in the case of ~jQ = T~js. For said law to apply,
there must be no other currents flowing through the medium. Replacing (3.47) and (3.46)
in (3.45), one can obtain:

Lss =
κ

T
+ (σ↑ · ε2↑ + σ↓ · ε2↓) (3.48)

Here, we can see that (3.45) can be expressed explicitly in terms of the conductivity and
Ohm coefficients. We can rewrite it as:~js~j↑

~j↓

 =
1

q2

 q2Lss qσ↑ · ε↑ qσ↓ · ε↓
qσ↑ · ε↑ σ↑ σ↑↓
qσ↓ · ε↓ σ↑↓ σ↓

−∇T−∇µ̄↑
−∇µ̄↓

 (3.49)

It is more convenient to work with the total current ~j and the spin polarized current ~jp [39]:~js~j
~jp

 =
1

q2
Σ

 −∇T−q∇V
−∆µ

 (3.50)
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Where the generalized conductivity Σ is:

Σ = q

 qLss σ↑ · ε↑ + σ↓ · ε↓ σ↑ · ε↑ − σ↓ · ε↓
σ↑ · ε↑ + σ↓ · ε↓ (σ↑ + σ↓)/q (σ↑ − σ↓)/q
σ↑ · ε↑ − σ↓ · ε↓ (σ↑ − σ↓)/q (σ↑ + σ↓)/q

 (3.51)

Here, the ∆µ = µ↑ − µ↓ potential is just a consequence of spin-dependent transport. Eq.
(3.50) shows us a collection of caloritronic relations that correlate spin, charge and heat
currents. As with the previous model, we might want to evaluate specific cases to check
that the found set of equations indeed produces coherent results. Let’s take an absence of
electrical current (~j = 0). Operating the second equation in (3.50), we easily obtain:

∇V = −(σ↑ + σ↓)
−1 · (σ↑ · ε↑ + σ↓ · ε↓) · ∇T (3.52)

This is an expression for an effective Seebeck coefficient of two materials in parallel [40],
which agrees with the model we laid for the total resistance of a GMR implementing the
two current model. Using the same tensor decomposition we saw before, from the previous
equation we can infer a spin-dependent Seebeck effect and a spin-dependent Nernst effect.
Not only that, but the third equality predicts a spin polarized current even if there is no
charge current or electrochemical potential and it is given by:

~jp =
1

q

[
σ↑ · ε↑ − σ↓ · ε↓ + (σ↑ − σ↓) · (σ↑ + σ↓)

−1 · (σ↑ · ε↑ + σ↓ · ε↓)
]
· ∇T (3.53)

We already knew that spin could be transported without necessarily move charge as traveling
spin waves, but this result also implies the existence of a heat-driven spin current.

Although the electrochemical potential is an accurate parameter that influences spin
transport, it is not one easily measured in a typical sample. So, we would like to find
another stable variable that can be directly measured. The magnetization is such a quantity.
In [41], Johnson and Silsbee showed experimental evidence that this is not only possible,
but desirable an interface where the charge and spin couple. Defining a current of magnetic
dipoles is a way to generalize it as an extensive variable and include it in the thermodynamic
framework.

Assuming a ~mA dipole moment per unit and nA as a quantity of substance A, magnetiza-
tion can be expressed as ~M =

∑
A nA ~mA. Since we can construct a magnetization current,

we can also describe its boundary conditions with a continuity equation:

~̇M +∇ ·~jM =
∑
A

(γAnA(~mA × ~B) + ~ΩA × ~mA) (3.54)

The right side of this equation is the source term of the continuity: the first term of which
computes the reversible evolution of dipole ~mA under the action of a field ~B, and the second
term is a dissipation that accounts for the relaxation of the magnetization. The previously
mentioned magnetization current is a tensorial quantity. We can express it as [2]:

~jM =
∑
A

~mA �~jA (3.55)
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Where � is a symmetric tensorial product. Plugging the current ~jA in (3.55) we find an
extensive tensorial expression for the magnetization current:

~jM = −σ⊥
qA

~mA � ( ~B ×∇V ) (3.56)

Thus, there will be a tensorial spin Hall current. Likewise, at the surface limit of an isotropic
medium with an orientation n̂, the magnetization current will be:

~jM = −σ⊥
qA

~mA � (n̂×∇V ) (3.57)

Applying a decomposition similar to (3.43):

~jM = −σε⊥ + σ⊥ε

qA
~mA � (û×∇T ) (3.58)

Here, we see that a thermally induced magnetic Hall current is expected. However, we would
like an expression without the tensorial product. If we suppose that conduction electrons
in substance A are oriented such that their magnetizations are perpendicular to the current
density (~mA ·~jA = 0), we can project the spin current vector in a conductor from the tensorial
magnetization current by multiplying the latter by the inverse of the magnetization.

~jS = ~m−1
A ·~jM (3.59)

Using this definition on the equations above, we can contract them under the usual condi-
tions of current ~jA orthogonal to the potential and temperature gradients. We can give an
expression for the spin Hall effect:

~jS = −σ⊥
qA

(n̂×∇V ) (3.60)

and for the thermally-induced spin Hall effect:

~jS = −σε⊥ + σ⊥ε

qA
(û×∇T ) (3.61)

If we invert (3.60) and (3.61) we obtain an inverse spin Hall effect and a thermally-induced
inverse spin Hall effect. With the magnetization as a variable state, the expression for
generalized forces is modified to include a magnetic term:

~FA = −∇µA − qA∇V + ~mA∇ ~B (3.62)

This added term corresponds to the force that magnetic moment ~mA experiences under a
magnetic field ~B. Analogously from the deduction above, we can derive the Seebeck and
Nernst effects. Setting ~jA = 0, we evaluate the magnetic contribution to the generalized
force:

~mA∇B = L−1
AA · LAS · ∇T (3.63)

To have in explicitly in terms of magnetization, we replace ~M = nA ~mA:

~M∇B = nAkB Λ · ∇T (3.64)
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where Λ is the dimensionless tensor Λ = L−1
AA · LAS/kB. Let’s consider two cases for the

magnetization. In the first, the magnetization dynamics can be described as a superposition
of plane waves. Then, the temperature gradient will induce a magnetic field ~B [42]. As the
strength of this effect will be inversely proportional to the wavevectors, we only keep the
contribution of the smallest k. The induced field then relaxes the magnetization. One can
interpret this relaxation as a thermal spin torque, because the relation can induce flipping
on the form:

τ = kTM̂ × (M̂ ×~jS) (3.65)

Here, kT is proportional to the temperature difference and has units of wave numbers, and

~jS =
µ0MS

k
~mk (3.66)

MS is the magnetization at saturation and ~mk is the magnetization of mode of wave vector
k. We must mention that this expression applies for insulators and has many applications
in spin transport that not necessarily requires charge movement.

For the second case, we can decompose tensor Λ as we have been doing all along this
section.

Λ · ∇T = λ∇T + λ⊥û×∇T (3.67)

We can use the properties of vector calculus to rewrite the left hand side of the previous
equations as [39]:

(∇× ~M) × ~B = nAkBλ∇T + nAkBλ⊥û×∇T (3.68)

The thermally induced relaxation in a thermodynamic irreversible process can be modeled
by a Landau-Lifshitz equation [2]. So, we can apply the last equation to a medium filled
with magnetic vortices pointing in the same direction. In that case, the bound current
∇× ~M = jM v̂ becomes a uniform vector field, with the scalar jM characterizing the strength
of an individual vortex. Vector v̂ also characterizes an asymmetry in the medium, so we can
replace û with it. By direct replacement into (3.68), we get:

~B =
λ⊥nAkB
jM

∇T (3.69)

Here, a magnetic field (not a magnetization) will be induced as the result of a thermal
gradient. For its similarity to the Seebeck effect, this is called the magnetic Seebeck effect.
For the other term of (3.68), assuming λ⊥ = 0 and multiplying by v̂×, we get a perpendicular
magnetic field that is aptly called a magnetic Nernst effect:

~B =
λnAkB
jM

(v̂×∇T ) (3.70)

To close this section, we will employ the generalization of the magnetization done above
to mention an effect directly observed in our samples, as will be shown in chapter 5. Since it
is possible to evaluate transport perpendicular to each other as long as the relevant current
densities are reciprocal to an extensible state variable, it is not out of the question to consider
a voltage gradient induced by a thermal difference in an object under the influence of an
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Figure 3.3: ANE measurements of the perpendicular (a) and transversal (b) voltages to the
temperature gradient in permalloy/Au microwires. Image adapted from A. von Bieren, F.
Brandl, D. Grundler, J.-P. Ansermet, Appl. Phys. Lett. 102 (2013) 052408 [43]

external magnetic field. This phenomenon precisely is known an anomalous Nernst effect
(ANE) and is described by

~EANE = −NANE
~M ×∇T (3.71)

Where the electric field is the voltage gradient and NANE is a Nernst coefficient from tensor
(3.44), with û pointing in the direction of the magnetization. The expected behavior in
a general case is a proportionality relation between the voltage and the external magnetic
field applied to the sample, which is itself proportional to the magnetization. However, the
behavior is much more diverse. As can be seen in fig.3.3, the actual behavior of the voltage
is hysteretic, much akin to a magnetization-field curve [43].

Such a hysteresis can be explained by the active role that spin plays in the magnetization.
As we can see, there are two clear domains in the magnetization as a whole. These domains
correspond to the magnetic energy necessary to flip every dipole in the sample to a direction
parallel to the external field. Since the voltage will depend directly of the quantity of spins
in the sample, we see it decreasing with the field before it is more energetically convenient for
every of them to flip. The splitting of the voltage is another consequence of spin transport
and reveals its versatility in the design of devices with a non volatile magnetic memory at
low temperatures.

Throughout these three past chapters we have explored the wide arrange of methods,
tools and models that compose the fields of spintronics and caloritronics. Now, with these
tools under our belts we can start closing in into our own samples, their fabrication and the
experimental set ups we used to study them. The next chapter is devoted to the manufactur-
ing of the Co/Nb/Co trilayers and the different probing mechanisms that where implemented,
as well as the information we can extract from each one of them.
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Chapter 4

Manufacturing methodology and
experimental setups

In this chapter we will delve into the experimental methods used to manufacture and char-
acterization the Co/Nb/Co trilayers. We will devote some time to the description of the
techniques employed to study macroscopic quantities directly related to microscopic spin
transport, their reach and their limitations. The information contained in this chapter will
be specific to the Co/Nb/Co samples and less to multilayers in general.

Besides the techniques, we will also mention some of the appropriate theory for each
characterization device when is deemed necessary for interpretation of the results. As with
the last chapter, these snippets of theoretical explanations are given within the context of
our own experiment and are not the definitive or only use of the setups mentioned. Let’s
start with the first step of a successful condensed matter experiment: sample fabrication.

4.1 Sample fabrication via sputtering

Sputtering is a fabrication technique for thin films via gravitational deposition. In sputtering,
high speed ions collide with a sample of the material to deposit called the target. These
incident ions transfer their energy to the atoms within the target and excite them. If the
energy is enough to exceed the atom’s binding energy, it exits the material and falls to a
rotating substrate, as illustrated in fig.4.1. In our particular case, the target was excited
using Ar gas plasma on a low pressure environment (∼ 10−3 Pa).

Since we needed to deposit multilayers, there were multiple targets within the plasma
chamber, each opened or closed using pneumatic shutters. On a sputtering device, the
time needed to deposit a certain quantity of matter is called the deposition rate. Different
materials have different rates that depend on their binding energy, given the same excitation
power. In the nanodevices laboratory at Universidad de Los Andes, we used a deposition
rate of 7.75 s/nm for Co and 25.7 s/nm for Nb. The deposition rate is assumed constant
over time, so the fabrication procedure is very simple. Once plasma has been achieved, the
shutters are opened for an interval of time proportional to the desired layer thickness. Then,
the process is repeated for as many layers as desired.

We fabricated ten samples, on a 5 mm by 5 mm silica substrate, composed of a layer of
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Figure 4.1: Sputtering setup used for sample manufacture. (a) A diagram illustrating the
operating behavior of sputtering and (b) the plasma chamber used in fabrication

Co (FM), a layer of Nb (NM), a layer of Co (FM) and a thin capping layer of Nb, as seen
in fig.4.2. The capping layer was added to avoid oxidation. In every sample, we used the
same thickness of Co (10 nm) in both layers and of Nb in the capping layer (5 nm). The
difference between the samples stems from their middle Nb layer thickness. To study the
effects of IEC between the FM layers on electron transport, the NM thickness has a range
from 0.5 to 10 nm.

Sputtering was chosen because it is a reliable, fast and relatively cheap manufacturing
method. However, due to the process in which the atoms of the target fall randomly on the
substrate, the obtained films are polycrystalline. This behavior gives rise to AMR, as dis-
cussed in the anisotropic resistivity effect in the previous chapter, but somewhat detriments
on other phenomena that rely on high anisotropy, as those of caloritronics.

Another characteristic of the films deposited this way is the texturization of the inter-
faces. Again, by random deposition, is impossible to assure a perfectly smooth surface when
the shutters are closed. This, however, should not be detractive from observing electron
transport, as a rough interface can contribute to their strength sometimes [7].

Finally, the presence of pinholes might be possible in this random deposition. However,
it is not likely given that the deposition times are of tens of second at the very minimum. At
the same time, big pinholes or an abundance of them would be detected as a short circuit
in the samples, which is not observed.

With our samples in hand, we now pass to the first measurements carried out and the
first topic we covered in this work: how does the resistance of the Co/Nb/Co trilayers change
when submerged in a magnetic field?
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Figure 4.2: Manufactured trilayers. The thin capping layer is added to avoid oxidation.

4.2 Vectorial and cryogenic magnetoresistance

Determining resistance is a complicated business. In the usual way, we connect a sample
in series with a known current source of low resistance and measure the voltage across it.
However, when dealing with the low resistances of thin films, the circuitry involved in the
current may interfere with the precise values needed to observe fickle changes, such as those
induced by spin transport. To solve this issue, there exists a configuration that measures
current and voltage independent of each other.

The 4-point probe method is used to determine resistance. In the arrangement, a current
is passed by two points of the material and voltage is measured in two other points. Since
electrons travel on random paths, the current passing through is assumed to be uniform
across a metallic sample. Then, the measurement of the voltage will give us an accurate
reading of the mean average path that electrons take between two points. For our particular
sample, the passed current through two of the corners and measured the voltage across the
other two, as shown in fig. 4.3.

Figure 4.3: 4-point probe configuration used in the magnetoresistance experiments

The samples were connected on the outermost capping layer with small dots of silver
paint and the voltage and current where measured using a Keithley Instruments model 2400
sourcemeter. This device provides high resolution and low noise in both DC and AC modes,

45



CHAPTER 4. MANUFACTURING METHODOLOGY AND EXPERIMENTAL
SETUPS

Figure 4.4: Low field room temperature electromagnet used in MR and AMR measurements.

so it is more than ideal for the task.

Now, we ought to provide the external field that will be the source of the magnetization.
At first, the measurements were performed at room temperature and low field. For that,
we used a ferromagnetic core electromagnet with a maximum generated field of up to 1 T,
pictured in fig. 4.4. There is a marked circular scale on top of the cane on which the sample
is lowered into the magnetic coils. It allows us to change the angle between the interface of
the layers and the external magnetic field. A study of the AMR was performed for a sweep
of magnetic fields up to 1 T in both directions, and different angles up to π

2
.

In order to reduce the thermal noise from the environment that may influence the ob-
served transport, the samples were placed inside a cryogenic high field ferromagnet. Despite
the massive size of it, as displayed in 4.5, the cryogenic MR experiment works in the same
manner as its VMR, but with liquid N and He to reduce the temperature as low as 4 K
and with an electromagnet capable of reaching up to 12 T. However, the sample can not be
rotated inside the latter.

In both of theses cases, we expect to observe a magnetoresistance in the shape of a
GMR bell (fig.1.2) or a spin valve for a CIP configuration. For the VMR, a behavior of
polycrystalline AMR, following (1.5) will be likely.

Although MR is quite remarkable because it permits multilayered thin films transport
measurements with relative ease, the underlying magnetic behavior is extrapolated from the
obtained curves of resistance. It might be better to measure the magnetization of the layers
directly and see what can be elucidated from it.
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Figure 4.5: High field cryogenic electromagnet in the nanomagnetism laboratory at Univer-
sidad de Los Andes.

4.3 Magneto-optic Kerr effect

The interaction between light and magnetization is understood and has been exploited for
non-invasive probing for some time. The use of the Magneto-optic Kerr (Moke) effect is one
of them. In Moke, and the related Faraday effect, incident light has a change in polarization
as it is reflected (or transmitted) by a material. Both changes in polarization are induced
by the anisotropic components of the permitivity tensor [44].

In Moke probing, a laser of known polarized light is specularly shone over the sample
and the polarization of the reflected beam is measured. Since the change in polarization is
proportional to the magnetization, one can construct a hysteresis curve for the thin films and
observe the way the samples magnetize. With an individual ferromagnetic sample, we would
expect to see a typical hysteresis curve as in fig.4.6(a), where the bulk of the spin domains
shifts in a uniform manner. In multilayers, we see a significant shift in the curvature of the
magnetization before it is close to the saturation field, as shown in 4.6(b). This plateau is
the result of a negative effective J in the coupling of the magnetic moments of the two FM
films. It is necessary to use more energy to overcome the antiparallel coupling that the films
have at certain NM spacer thicknesses. As shown in eq.3.34 and fig.1.3, coupling J is an
oscillatory decreasing function of spacer thickness. For J > 0, the domains will move at
unison and give us a curve in the manner of 4.6(a) and for J < 0 we will get 4.6(b).

Despite not being actively targeting electron movement, Moke probing can give us great
insight in what is happening in the magnetic domains of a multilayer when submerged on an
external magnetic field. The changes in these magnetic phases then give us a clue into the
potential shift that induces spin dependent scattering in the interfaces, and said scattering
then increases the mean free path of the electrons which affects the resistivity. Besides, it is a
non invasive technique that targets a specific magnetic section of the layer. Although the last
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Figure 4.6: Comparison between a classical (a) and multilayered (b) hysteretic behavior.
Image adapted from D.T. Grünberg , P.A. Pierce. Encyclopedia of Materials Science
and Technology. Multilayers: Interlayer Coupling. pages 5883-5888, 2001. [45]

sentence may sound appealing, because studying specific magnetic domains can tip us off of
some of the transport potentials that electrons might encounter, we saw in the IEC section
of the previous chapter that spacer thickness consistency is really fundamental for reflection
at the interface of two faces. Since the sputtering method does not ensure perfectly smooth
surfaces, our analysis is limited by the volume of the cross section of the incident light beam
analyzed. In order to complement and contrast the Moke measurements, we proceeded to
use a method that can study the magnetization of a sample as a whole instead.

4.4 Vibrating sample magnetometer

The name vibrating sample magnetometer (VSM) is a pretty descriptive one. On this setup,
a uniform magnetic field is applied to a sample by an electromagnet. The sample is then
vibrated using a piezoelectric actuator. The vibrating magnetization changes the magnetic
flux, and this change induces an electromotive force in a second set of coils pickup coils,
measured with a lock-in amplifier. An schematic diagram of VMS is illustrated in fig.4.7.

By pairing up the AC voltage with the oscillating frequency, it is possible to compare the
values of the magnetization for different fields and construct a magnetization curve such as
those obtained with Moke. There is an important difference though, while Moke is limited
by the magnetized volume contained in the cross section of the laser, VSM determines
the magnetization as whole. The main advantages of considering the entire system is that
thickness inconsistencies in any of the films are averaged out and the texturization effects of
the interfaces are more noticeable and therefore enhance the IEC [7].

Furthermore, the magnetization of the FM films will depend heavily on their crystalline
structure. In our particular case the Co films have FCC [46] structure and are polycrystalline.
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4.4. VIBRATING SAMPLE MAGNETOMETER

Figure 4.7: Detection setup in a vibrating sample magnetometer. Image reproduced under
a Creative Commons Attribution-Share Alike 3.0 Unported license courtesy of Wikimedia
Commons

.

That means that there will be hard and easy magnetic axes that we can measure. In the
setup pictured in fig.4.8, we can see the device used in static and vectorial VSM (V-VSM).
The vectorial part in V-VSM refers to an additional experiment in which we changed the
relative angle between the sample and the external field while keeping the latter in-plane with
the film interface. In V-VSM, the sample is saturated, then the magnetic field is brought
back down to zero. The remanence is measured, the sample is turned by a small angle and
the process is started again. This angular dependent magnetization can queue us into the
magnetic anisotropy result of the crystalline structure mentioned above or other magnetic
domain effects.

In fact, it is possible to determine the easy axes of each individual FM layer in our sample
[47]. One of the advantages of V-VSM is that allows us to determine the components parallel
and perpendicular to the external field. With this, we can construct a total magnetization
vector and observe the effect exchange coupling has over it. We can consider the total
magnetization as a vectorial sum of the magnetizations of each FM layer. The component
parallel to the field can be written as:

MR,X(θ) =
∑
i=1

MR,i | cos(θ − θi)| (4.1)

Here, MR,i and θi are the magnitude and angle of the remanence of the ith FM layer and
θ is the angle between the magnetization vector and the magnetic field before is it turned
off, analogous to the AMR. The diagram in fig.4.9 illustrates the case for a system with two
remanences. Each of these components can be extracted from the regression of MR,X and
yields a different easy axis for each of the layers.
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CHAPTER 4. MANUFACTURING METHODOLOGY AND EXPERIMENTAL
SETUPS

Figure 4.8: V-VSM setup used for the experiments. A precise electric rotary actuator on
top allows vectorial configurations between sample and field. Acknowledgements and thanks
are given to University of Paris VII for allowing us to perform the measurements in their
facilities.

Figure 4.9: Vectorial remanence for a multilayer with two FM layers. Image adapted from
F. Q. Zhu and C. L. Chien. Jour. of Appl. Phys., vol. 97, p. 10J110. 2005[47]

Furthermore, it is also expected that the magnetization curves will morph depending to
the IEC between the Co layers and their curvature will also change. One other expected
change in shape of the hysteresis curve is shown in fig.4.10. Here, we can see that the relative
direction of the magnetic field is reflected in the shape of the magnetic curve [48]. Visible
changes in the shape of the hysteresis will be an indication of the effect that the IEC parallel
or antiparallel coupling has in the magnetic domains of the layer. In the article by Nguyen
van Dau et. al, from which the figure was adapted, is it deduced that the saturation field
Hs, the magnetization M , the thickness t and the coupling constant J are related in the
following manner:

4J = HSMt (4.2)

According to eq. (3.34), J has an oscillatory decreasing behavior with respect to the thick-
ness, so the product on the right hand side of the equation is also expected to behave in this
manner.

In this chapter, we have showed the experiments that we performed in order to study
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Figure 4.10: Hysteresis loop of a (Fe60Å / Cr60 Å)5 multilayer at 77 K for an applied field
along the [100] and [110] directions in the multilayer plane 5 is the number of bilayers. Figure
adapted from Nguyen et al. Le Journal de Physique Colloques, 49(C8):8–1633, 12 1988. [48]

electron transport in our trilayers. In both cases of direct and indirect transport metrics,
our aim is to characterize the physical quantities that come into play in a wide range of
fields, temperatures and geometrical configurations. The exhaustive nature of the treatment
exposed corresponds to how sensitive carrier movement is to external factors like thermal
noise, magnetic walls and domains, and anisotropy. In the next chapter, we will show the
results obtained from these experiments and will analyze them in detail, looking for the
patterns that we have predicted based on the models we discussed previously. The results
were astonishing, to begin with.
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Chapter 5

Results and analysis

Once familiar with the experimental methodology and what can we expect from it, we are
able to delve deeper into the results obtained and how we might interpret them using the
tools we have discussed since the start of this thesis. In this chapter, we do just that, and
work towards the characterization of spin transport with which we started. First, we will
present the MR measurements at room temperature (RT) to observe the effect external
magnetization and anisotropy has on electron transport on our specific configurations for
the samples. Some of the results we present in this section have been reported previously in
an undergraduate thesis by the main author [36]. We study IEC and its role in determining
the mean free path of electrons in different magnetic arrangements.

Then, we characterize the magnetic anisotropy in the magnetic phases of the films. Like-
wise, we should observe modifications to the hysteretic behavior of the FM layers such as
changes in curvature that shed light on the type of interaction that takes places between
them. The previous oscillating decreasing behavior is expected to impact both the saturation
field and the magnetization according with the expression in eq. 4.2.

Finally, we show the effect of low temperature and high field in electron transport via
MR. Given the drastic reduction in thermal energy, magnetic and thermoelectromagnetic
contributions play a bigger part in the resistance changes observed. In this case, the influence
of generalized potentials is clearly visible in the measured magnetoresistance. Combined,
these results may point another way to devise spin engineered systems for low temperature
applications.

5.1 Long-range interaction in Co/Nb/Co trilayers

Using the 4-probe method, we measured a magnetoresistance curve at RT for different angle
configurations between field and interface. A sample of these measurements is shown in
fig.5.1. At first glance, we see that the multilayers in DC current indeed behave with the
butterfly-like AMR curve of metallic multilayer with uniaxial in-plane anisotropy predicted
by fig.1.5. However, keen eyed readers might have found that we have used the parallel
resistance as a denominator in the AMR ratio. This replacement is a simple matter of due
diligence when it comes to understanding the geometry of the resistance measurements and
how they affect the obtained results.
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5.1. LONG-RANGE INTERACTION IN CO/NB/CO TRILAYERS

Figure 5.1: Magnetoresistance curves for two of the trilayers at two different relative angles
between interface and plane. (a) 0.5 nm thickness of Nb spacer at 70o angle and (b) 10 nm
thickness at 10o.

The 4-point arrangement we presented in 4.3 presents a challenge when it comes to
interpretation of the resistance and the mean free path of the electrons. As a general rule,
we have said that a longer path for the electrons translates into bigger resistance, and that
parallel aligned FM layers will have a lower probability to scatter then and this will produce a
shorter paths for the carriers. However, this is only true for carriers that are detected across
the multilayers. Both the quantum confinement and GMR mentioned previously assume
that the probing current travels perpendicular to the films’ interface. This would be true
if we had an electrode connected to the bottom Co layer and another to the top. That
is not the case, both are connected to the top. Then, our assumptions require a minute
adjustment that will not change anything in terms of physical phenomena involved, rather
in interpretation of the results.

When the current is traveling on the top layer, the trivial way to interpret the transport
is assuming that electrons travel through the uppermost capping metallic layer. However,
nothing could be further from the truth. Since the system is metallic, stochastic collisions
will happen across its entirety and transport will occur along many different pathways. The
registered resistance change in the presence of a magnetic field will be the product of the
difference in pathways when the FM layers are aligned parallel or antiparallel to each other.
Let’s consider the path of a majority-channel electron injected from a current electrode and
its random walk takes is across the entire sample. If both Co layers are parallel to each other,
the electron will have a very small probability of being reflected at any of the interfaces and
will reach the silica substrate, where it will be perfectly reflected. The electron then travels
across the interfaces once again and comes out through the other current electrode. Compare
this with an electron that crosses the sample when the Co layers moments are antiparallel
with respect to each other. In that case, both spin channels will have at least one interface
in which they have a high chance of scattering and thus reflecting. Then, a reflected electron
does not travel the entire width of the multilayer before coming out the receiving current
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Figure 5.2: Difference in mean free paths for the parallel (P) and antiparallel (AP) align-
ments in two current electrode configurations. We can see that there is a correspondence
reversal when the electrodes are on top: the parallel coupling has a bigger resistance that
the antiparallel one.

electrode. This means that the mean free path and resistance do depend of the method
of current injection and voltage measurement. A schematic illustration of this difference is
shown in fig.5.2. Because the parallel alignment has a bigger resistance than the antiparallel,
it is used as the normalizing factor in the AMR ratio. It is important to remark that while
the resistances are reported with this other ratio, the underlying physical phenomena remain
the same and the subsequent analysis with previously mentioned models will still be valid.

Since the model from AMR with uniaxial anisotropy is indeed adequate to describe the
multilayers, we ought to check for the polycrystalline ferromagnetic AMR described by eq.
(1.5). The curves shown in fig.5.3 reflect an anisotropic pattern for the resistance of the
samples as they are rotated with respect to an external field. However, when we construct
the R(B = 0) versus θ curve, the behavior is somewhat strange. The magnetized resistance
as a function of the angle is plotted in fig.5.4. Out of the gate let’s not claim that the
behavior is exactly as expected. In no uncertain terms, a stretch of imagination is needed
in order to say that the sample with 0.5 nm spacer thickness follows eq.(1.5) exactly. As for
the 10 nm one, a better case can be put forth. So, in fig.5.4, we have used a different fit for
both systems. The reason behind this is that we have a different anisotropy axis for each
individual layer and they are sensible to the magnetization effects. Therefore, while the FM
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5.1. LONG-RANGE INTERACTION IN CO/NB/CO TRILAYERS

films with the 10 nm spacer acts independently and move as if they were a single one, the
layers with the 0.5 nm spacer are close enough that their magnetic moments actually feel
the presence of each other. The rotational AMR of this latter arrangement is modeled as
shown in the diagram of fig.5.4(a) the sum of two anisotropy vectors whose total energy is
reduced by a binding energy.

Figure 5.3: Angular shape change of the MR curve for the trilayers thinnest and thickest
spacer thickness

So, we must ask ourselves: What are the factors that may influence the energy necessary
to rotate the magnetization?

A good candidate for increasing the energy necessary to fully rotate the magnetization
of a sample is the IEC. Remember here that the ferromagnetic polycrystalline AMR was
deduced assuming a single slat of material. The inclusion of a magnetic coupling between
the layers would, in principle, change the behavior of the carriers when exposed to an external
magnetic field. We have already established that exists a butterfly like pattern in the MR
curves usually associated with exchanged coupled metallic multilayers. A thorough RT
transport analysis therefore demands an estimation of the strength of said coupling.

When we talked about GMR, we established that the exchange term J of magnetic
coupling in multilayers is proportional to the magnetic ratio between the resistances when
the FM layers are perpendicular and parallel to each other. Subsequently, if we establish that
MR ∝ J in our trilayers, then we expect to see an oscillating and decreasing magnetic ratio,
such as the J predicted by the quantum confinement interference in eq.(3.34). The calculated
MR for every spacer thickness as well as the best adjusted model and its uncertainty are
shown in fig.5.5. Though no one could argue that with ratios lower that 1% there is anything
but giant about out particular magnetoresistance, the model still holds. Immediately, the
image is reminiscent of the GMR ratios pictured in fig.1.3, indicating that the Co layers are
indeed exchange-coupled with qα =1.37 nm−1.

There is an important difference between our regressed models and those reported previ-
ously, though. The reach of the coupling is longer than thought. In the previously mentioned
image by Parkin et al. [18], the coupling has a maximum reach of 40Å or 4 nm, so we have
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Figure 5.4: Polycrystalline AMR for trilayers with a spacer thickness of (a) 0.5 nm and (b)
10 nm. The regressions used on each are showed on the bottom and the diagrams are the
AMR models from which the regressions are derived.

more than doubled that estimate. Not only that, but we can trace a horizontal line across
parameter c and observe two distinct magnetic ordering phases, each characterized by either
a positive or a negative value for coupling constant J . This pattern is abundantly clear look-
ing at fig.5.5. The oscillating non-monotonic decreasing behavior of the MR, and J , follows
eq.(3.34) beautifully. Not only is this proof that the Co/Nb/Co trilayers behave according
to the quantum confinement interference model, but this characterization of the strength
and type of coupling will also be useful when we study the magnetic anisotropy present in
the multilayers.

5.2 Characterization of the magnetic anisotropy

As we saw with the models and previously reported results in section 4.4, the magnetic
behavior of metallic multilayers is highly dependent on anisotropy. This anisotropy can be
present directly in the crystalline structure of the films or in the interactions between different
layers. In the solid line of 4.10 one can see that the coupling of the films has produced a
preferential direction in which the hysteresis curve deforms and the shift to saturation is less
gradual, with two clear fields for sudden changes in magnetization. At these two values, each
of the films flips its moment parallel to the external field H. That process is a stark contrast
with the typical monodomain dotted magnetization curve. This phenomenon is caused by
the additional magnetic coupling energy that has to be overcome before the sample behaves
uniformly.

In our particular samples, the changing coupling constant between layers will show defor-
mation of the magnetization curve between one film and the other, since we are effectively

56



5.2. CHARACTERIZATION OF THE MAGNETIC ANISOTROPY

Figure 5.5: Left: calculated magnetic ratios as a function of spacer thickness for all of the
samples. The best adjusted model is shown on the lower right corner and the colored area
indicates its confidence interval. Right: coupling constant classification based on the fitted
model. The horizontal line is parameter c

varying the energy necessary to shift the magnetic moments. In fig.5.6 we can see one such
comparisons between the samples with spacer thicknesses of 1.5 and 2.0 nm. Despite being
different samples, the curvature difference induced is not explained by the larger amount of
paramagnetic material in the latter. The evidence behind an anisotropy of the magnetiza-
tion domains in our multilayers caused by the oscillatory nature of the coupling constant is
starting to mount. It is evident, following fig.5.7 that the shape of the magnetic curve in a
metallic multilayer is related with the thickness of the NM spacer. The changes in curvature
on the first three induced by the relatively strong coupling is noticeable in contrast to the
others. Furthermore the general shape and girth of them also changes non-mononotonically
as the 4 nm is clearly constricted and more ferromagnetic than its two neighbors [49]. That
is consistent with the results obtained previously in fig.5.5, as 4 is very close to a local mini-
mum of the MR. Although these qualitative characterizations are appropriate, we would like
a more quantitative way to determine the coupling constant.

The model portrayed by eq. (4.2) is a simple and effective one. It is derived from the
energy minimization of two close non-aligned magnetic moments with coupling constant
J . However, the model uses magnetization and in our VSM measurements we obtain the
total magnetic moment, but not magnetization. Therefore, we must change said expression
somewhat in order to use our results directly. Using the relation M = dm

dV
and assuming an

average thickness t of the layers, we can write an expression of the coupling constant J as:

J =
1

4

Hsms(t)

A(t)
(5.1)

Where A is the area and ms is the total magnetic moment at magnetization. Although
the dependence of ms from thickness t is evident following our analysis, we have added an
area dependence of t to address imperfections present in our samples. The silica substrates
on which the trilayers were deposited were cut by hand and some of the edges of some
samples were damaged, as shown in fig5.8(a). Then, the area calculation cannot be performed
by arithmetic alone. To determine the area of deposited material, photographs of every
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Figure 5.6: Hysteresis curves for trilayers with 1.5 and 2.0 nm Nb spacer thicknesses. The
change in shape is remarkably similar to the one shown in fig.4.10 by Nguyen van Dau et.
al [48]

sample were loaded into the SketchAndCalc free software tool. This application allows one
to estimate the area of irregular figures using pixel counting in a squared grid, as pictured
in fig.5.8(b). With these values in hand, we can use eq. (5.1) to calculate the values of the
coupling constant for each trilayer.

The calculated exchange coupling constants J are presented in fig.5.9 as function of spacer
thickness. Once again we can observe an oscillatory decreasing behavior, although a phase
has been added, following eq. 3.34. This new model presents a better convergence and Bayes
information criterion in the Python code used to perform the non-linear regression. There is
a fantastic agreement of this regression with the quantum confinement interference one. We
can confidently say that the layers are exchange coupled with a qα = 2.42 nm−1. Despite that
last value has a 43% discrepancy with the one obtained by the magnetic ratio, we can also see
that the J domains are clearly differentiated and resemble those of fig.5.5. There is a clear
domain shift between 1.5 nm and 2.0 nm, as both are on opposite sides of the classification
line in spite of being very close to each other. One thing we might add to avoid confusion
is that the magnetic ratio is proportional to minus the coupling constant. So, at lower J,
electron in the sample will experience more scattering processes on average and the MR will
be bigger. In contrast, the total magnetic moment is directly proportional to J . That is the
reason for the apparent domain reversal when one sees them side by side. A close examination
shows a bigger period and a phase shift in the non-linear regression for the MR. One reason
for these discrepancies might be the inherent difference of the measured quantities in every
experiment. While the VSM hysteresis curves are a characterization of the global magnetic
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Figure 5.7: VSM curves obtained for different Nb spacer thicknesses. Each is accompanied
of its corresponding coupling constant JMR calculated in the previous section

features of the trilayers, the magnetic ratios quantify how the electrons interact with said
features, i.e. magnetic transport. In the case of 4-point probing, bulk scattering [14], spin-
flipping [13] and interfacial capping layer [7] processes modify or add to the terms in the sum
of eq. 3.34 [45], but still being mainly oscillatory. Also, both experiments were performed
at RT. As we established in the caloritronic framework, thermal energy can disturb carrier
transport.

The V-VSM results are inconclusive, but promising. They were modeled as a system with
two M layers following Zhu and Chien [47]. In that case, the component of the remanence
parallel to the magnetic field is:

MR,X = MR1| cos (θ − θ1)|+MR2| cos (θ − θ2)| (5.2)

So, the measured remanence was fitted with that model and the component parallel to the
external magnetic field was normalized with respect to the area. Right off the bat, we
can see the first values of the component at the easy axis shown in 5.10(a) present a non-
monotonic decreasing behavior. However, on the last value we see a dramatic increase in the
remanence. In 5.10(b), we present the results of the cosine of the angle between the vectorial
magnetizations of the two Co layers obtained after applying the model of eq. (5.2). The
shape of the cosine is very suggestive of exchange-coupled Co layers. As the thickness of
the spacer increases, the coupling of the magnetic layers will be smaller, until they act like
two independent layers. The remarkable behavior here is the slope sign shift from 3.0 to 4.0
nm and from 6.0 to 7.5 nm. This would suggest that the decoupling that takes place as the
FM films gradually separated is not monotonic and the easy magnetization axes rotate back
and forth with spacer thickness. However, the magnetization decrease is quite dramatic, as
it is apparent in fig.5.10(c). From 3.0 nm onward, we can see that the scalar product of the
magnetizations, which is proportional to the magnetic energy of the system, is practically
zero. It is very interesting to see that even though the interlayer magnetic energy is almost
non-existent, the easy axes continue to rotate as if the magnetic moments are communicating
with each other.

59



CHAPTER 5. RESULTS AND ANALYSIS

Figure 5.8: (a) Photography of a sample next to a 50 pesos coin. (b) The images is loaded
into trapezoid area calculation software SketchAndCalc in order to determine the magnetic
area of the sample.

Figure 5.9: Left: calculated coupling constants as a function of the spacer thickness. A
slightly different model is used to estimate the oscillatory non-monotonic behavior. Right:
magnetic orderings of the Co layers as determined by the parametric constant d.

One factor that reduces the effect that the coupling of the layers has on the magnetic
macroscopic properties is the thermal energy. The Moke magnetometer allows us to study
the magnetic hysteresis loops as a function of temperature. Some of the loops obtained are
shown in in fig.5.11. We see that the only relevant change taking place is a slight broadening
of the curve, consequence of the reduction of thermal energy and that the general shape
of the curve is maintained. Although we must not forget that the Moke measurements are
localized magnetic characterizations, we expect that the interfaces are uniform enough to
give us insight into the magnetic ordering of the FM layers.

Decreasing the temperature will have an enhancing effect of the coercive field detection in
every sample because the Co layers will be less likely to spontaneously loose their magnetic
ordering, whether or not they are coupled. This exact behavior can be observed in fig.5.12.
However, a very remarkable trait of the coercive field are the hills and valleys present in
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Figure 5.10: (a) Maximum parallel component of the remanence for every thickness. (b)
Cosine of the difference between the angles that each easy axes of each Co layer makes with
the external magnetic field. (c) Scalar product of the magnetizations.

some of the samples. Since the coercive field can be enhanced by the presence of coupling
between FM layers [50] and the coupling constant J depends on the thickness of the NM
layer, the thermal contraction of the Nb could be a good candidate for the behavior, as a
constant thinning would make the system to oscillate between positive and negative J . This
hypothesis can be quickly discarded with a quick search of the reported thermal coefficient
for Nb [51] and a calculation of the expected change in thickness over the course of the cooling
yields deformations in the order of pm. Such a change is inconsequential for our analysis since
it is well within the uncertainty limits of the spacer thickness. Neither changes of phase can
account for the phenomenon, as the only relevant one would be from Nb as it dips below its
critical temperature and becomes superconducting. On a side note, said phase transition was
not expected in our samples, given that it requires temperatures around 1 K for thicknesses
of our magnitude. Nevertheless, another pattern in the coercive field curves is that they are
not sorted uniformly either on the curve’s slope or its values at constant temperature. The
most notable outlier is 2.0 nm Nb thickness, that we have established as having a strong
antiparallel exchange coupling. There is no surprise that it has the lowest coercive field,
since the external field will need to do less work in order to reverse the magnetization of the
FM films. We can trace vertical lines across specific temperatures in order to see how the
coercive field depends on spacer thickness at three different temperatures: one close to RT,
one below Nb critical temperature and an intermediate one for comparison.

In fig.5.13, we can see an interesting phenomenon appears as we reduce the temperature.
While closer to RT, the magnetic fields could be modeled with a straight line, but the
story changes as we reduce the temperature. The general shape of the coercive field sweep
resembles the non-monotonic behavior that we have been getting from other methods. The
reason behind it is that exchange coupling enhances the coercive field [50] and changes in its
corresponding Js will be inherited.

Unfortunately, the Kerr effect magnetometer does not provide total magnetic moment
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Figure 5.11: Hysteresis loops for six different temperatures for the trilayer with 0.5 nm spacer
thickness.

measurements, but Kerr rotation angle. The latter are arbitrary units and do not allow for a
the direct calculation of J as we did previously in fig.5.9. The shape of the hysteresis curves
will be the useful, though.

We present the Kerr hysteresis curves in fig.5.14. A nice detail that is immediately obvious
is that we can study morphology of the hysteresis loops much better, as their features are
more pronounced. Since the difference between the low and middle temperatures is very
small, we picked the middle one, for reasons that will become apparent in the following
section. Hysteresis loops are classified in three types: rectangular (or Z-type), round (or
R-type) and flat (F-type) [52]. Each one of these characteristic shapes can tell us about
the magnetic ordering of the system. A squared loop, such as observed in 4.0, 5.0, 6.0
and 10.0 nm is evidence of a hard ferromagnetic sample. In those samples, the FM layers
are communicating strongly with a positive J or act as two independent moments. Flat
curves are obtained from antiferromagnets or paramagnets, where there is very little to no
remanence or coercive field. As expected, the curve for the 2.0 nm sample resembles these
type of curves the most. Fittingly, we have found consistent evidence of antiferromagnetic
exchange coupling for the 2 nm sample across all of the experiments performed before.
Finally, round curves are evidence of soft ferromagnetic coupling, and that is what we see on
the rest of the samples: although there is ferromagnetic exchange coupling, it is smaller than
the ones with a bigger squareness ratio [53]. In agreement with the non-monotonic behavior
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Figure 5.12: Coercive field as a function of temperature for every spacer thickness

Figure 5.13: Coercive field enhancement as a function of depths for three different temper-
atures

we have come to expect, since the square and round behavior alternate, and one can see
how they morph one type into another as the value of J oscillates with increasing thickness.
A contrasting look between JMR and JV SM tells us that the former ones agree better with
the shape observed. The apparent disparity stems from the fact that the magnetic ratio
is a direct measure of transport and is more susceptible to the potential disparity in the
interfaces generated by the exchange coupling within them.

Now that we have categorized the magnetic anisotropy in the trilayers, we can confidently
say that the potential walls encountered by the electrons at the interface between phases do
present an exchange coupling interaction. To close this chapter, we will study the effects of
this coupling on one of the samples using the thermodynamic framework we have established
previously.
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Figure 5.14: Hysteresis curves obtained with Moke magnetometer at 60K. Nb spacer thick-
ness is indicated on top of each loop, the J obtained for magnetic ratio on the upper left
corner, and that type on the lower right.

5.3 Cryogenic magnetoresistance and transport effects

In chapter 3, we showed that one can introduce the spin into the thermoelectrodynamic
effects by employing a generalized force thermodynamic framework. The model did consider
the two current channels generated by the disparity in the density of states population
of a ferromagnet, and cleverly included carrier transport due to a temperature gradient
by introducing a heat current. Under this three current model, spintronic versions of the
thermoelectric and thermodynamic effects can be observed. Furthermore, one can introduce
the magnetization as one of the state variables in the model and employ it to predict the
appearance of caloritronic effects.

One caloritronic extensive potential predicted is the voltage, either via the Hall (HE)
or Nernst effects (NE). In the first, a current is passed through an externally magnetized
medium. Due to the Lorentz force, the trajectory of the charge carriers is deflected and
they accumulate perpendicularly to both the magnetization and the current. The electric
field result of the accumulation generates a voltage in turn. On the other hand, the Nernst
effect is the spontaneous generation of voltage when an externally magnetized material is
subjected to a difference in temperature.

To start, we recall the expression for the HE:

∇V = RH
~I × ~B (5.3)

Where V is the generated voltage, ~I is the biasing current, ~B is the external field and RH

is a proportionality coefficient called the Hall resistance. Then, we can start by performing
voltage measurements setting the current constant and changing the magnetic field at a
constant rate. In fig.5.15(a)-(e), we can see that the voltages are directly proportional to
the external magnetic field. The rate with which the voltage changes with the field is called
the field dependent Hall voltage VHall and it is reported in every case. One interesting detail
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Figure 5.15: (a)-(e) Voltage with the 10 nm Nb thickness as a function of the out-of-field
plane for five different currents at 60 K. We can see that the slope of the voltage increases
with the current. The field dependent Hall voltage is presented un the lower right corner.
(f) Hall voltage versus current. The Hall resistance is presented in the upper left.

that reinforces the confidence in the above model is that these rates will increase with bigger
currents. In fig.5.15(f), we sum up the results of the previous panels and see a direct linear
behavior of the Hall voltage with the biasing current. Since we have proportionality in
both variables, we can confidently say that eq. 5.3 is fullfilled, with Hall resistance 1.42 ±
0.04 mΩ/T. Moreover, we can see that the values around zero have bumps consistent with
the AMR we observed before. This occurs at low fields and banishes quickly, as the field
surpasses the coercivity and the parallel components of both ferromagnetic layers are shifted
homogeneously. At higher currents we start to see changes in curvature, so we would like to
study what happens at high values.

In order to test the dependence, we employed a bigger range of fields, as shown in fig.5.16.
In the inset of the figure we can see that the AMR around zero does behave accordingly to
the measurements at room temperature. The main difference is that this measured voltage
is less noisy because the system is at a low temperature. Moreover, we can see that beyond
approximately 1.5T, the sample is saturated and its Hall voltage cannot change anymore.
The mechanism behind this saturation is the reordering of the charges that takes place
because of the Lorentz force. Since the sample is finite and thus has a finite motility and
carrier density, the charges will be totally reorganized with high enough field. The step
present in the shape of the Hall curve is just the interaction of the bias current with high
fields in both directions. In the case pictured, the relative directions of the field and current
are the opposite of those in 5.15. Another possible explanation for the saturation of the
generated voltage would be that the observed Hall effect is anomalous, rather than ordinary.
In that case, the magnetization of the thin film, instead of the external film is the source of
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Figure 5.16: Voltage for out-of-plane field up to 3T in both directions for the trilayer with
10 nm Nb thickness at 2K. The inset details the AMR for low fields.

the magnetic potential that generates the carrier transport. In order to differentiate between
these two, more measurements are necessary. Specifically, the saturation at high field for
many current values. If Hall effect is indeed ordinary, as we have said before, the value of the
saturation field will change for different currents. On the other hand, if it is anomalous, it will
not. The reason why the value of this field is so much bigger than the ones we found with the
magnetic characterization (tens of Oe) might be because the external field is perpendicular
to the interface of the layers. Shifting the entire magnetization to the layer perpendicularly
requires fields in the order of the kOe, consistent with what we have obtained.

The next logical step would be to check what effect does the direction of the current have
over the Hall curves of the trilayers. A quick look at fig.5.17 suggests that the Hall voltage
behaves the same way and is dependent of the direction relation between the current and
voltage. In both configurations taken, the shape and height of the curve appears to be same,
with it’s specific slope depending on the direction of the current vector. Take, for instance,
the positive value in both cases. In the figure in the left, the field is out-of-Plane and the
current vector will cross diagonally from the upper left corner to the lower right. A voltage
will be generated in the other two corners, where we are measuring. On the right, we see
that the current direction has changed almost perpendicularly to the one in the left and that
is equivalent to changing the sign of the generated voltage. Thus, we can confirm that the
magnitude and direction of the gradient of the voltage does indeed agree with eq. 5.3.

The way a measurement is taken can radically change the phenomenon and mechanism
of transport in the sample. Evidently, while measuring something as fickle as electron trans-
port it is important to consider what variables might be at play. In the context of the
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Figure 5.17: Voltage for a wider range of out-of-plane fields at 5 mA and 60K. The measure-
ment methodology is shown in the insets.

conjugation of the extensive variables and including the temperature as a state variable for
thermomagnetic effects, we mentioned the Nernst effect; and it follows an equation similar
to the HE, mediated by a Nernst coefficient NN :

VN = NN
~B ×∇T (5.4)

However, the reader might be suspicious on the reason for it, given that we are close to
the end of the document and we have not properly set up an experimental methodology to
heat only one side of the samples in order to generate a Nernst voltage, be it ordinary or
anomalous. Well, as fate would have it, while studying the vectorial nature of the relation
between current and field we came upon an interesting case for which the voltage steps do
not quite line up.

Fig.5.18 is a great textbook example of a way that our choice of methodology has inad-
vertently influenced the system and produce an effect that we did not expect to see. When
a current crosses a conducting medium, the charge distribution resembles less a condensed
beam and more a volumetric density function of the carriers that pass through an area per
unit time. In other words, the current distributes over the entire trilayer, but not in a uniform
manner. When a current is crossing a material with resistance, it will heat it via the Joule
effect. Then, different parts of the films will be heated according with the current density
across its volume. This disparity generates a temperature gradient and it is conveniently
perpendicular to the bias current, given that the path with the highest current density and
heating is a straight path from one electrode to the other. The charge carriers displaced by
this temperature differential will be deflected with the magnetic field and create a voltage
that is perpendicular to both the temperature differential and the field, which coincidentally
is the direction on which we measure the electric potential, as it is illustrated in the blue
curve configuration inset in fig.5.18. Conversely, in the configuration for the orange curve,
the relative direction between the current and the external field does flip, as well it does the
relation of the latter with the induced heating. So, the voltage of the HE and NE overlap
and create curves with two different steps. The height difference is clear evidence of a tem-
perature gradient. Additionally, we created this gradient without having introduced one via
an external device, as this is usually performed with a heater or focused laser heating [43].
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As with the HE, the NE might also anomalous. Further experiments are required in order
to determine the nature of this effect as well. It is quite interesting to observe the sensibility
that any gradient has over transport effects and how to systematically introduce these differ-
ences in order to develop better experimental methodologies and ultimately better devices.

Figure 5.18: Voltage and out-of-plane field for probing configurations with biasing currents
on adjacent corners. We can see a clear difference in the steps induced by the Nernst effect.
The Nernst voltage is reported in the lower left.

Across the last fifteen or so pages we have probed the magnetic transport and the poten-
tials that influence it in our Co/Nb/Co trilayers in a variety of ways. From the magnetoresis-
tance and the VSM we concluded that there is indeed an IEC that behaves as predicted in the
quantum confinement interference model. Classifying the shape and features of the hysteresis
curves using vectorial and temperature dependent measurements we gained further evidence
for the interplay of the magnetizations of the two Co films and how the energy necessary to
reverse their magnetizations does depend of their coupling. Finally, we employed our knowl-
edge of the magnetic potentials to construct a complete picture of caloritronic transport in
the sample with the thickest NM spacer, with AMR, EH and EN appearing simultaneously
in fig.5.18. The interplay of the physical mechanisms involved there is a beautiful example
of the caloritronic framework at play. Even the way in which the multilayers are measured
affect their transport capabilities.

As a send off for this work, in the final chapter we will summarize all results, put them
in the current scientific context of spintronics and discuss the possibilities that they can
yield for the design of a device that exploits the exchange coupling to manipulate electron
transport.
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Chapter 6

Closing remarks and outlook

It is remarkable what we have learned through our study of transport in Co/Nb/Co trilayers
over the course of the last chapter. We characterized the effects of an external magnetic
field on their resistance at room temperature and found the features of anisotropic magne-
toresistance, as well as an interfacial potential that depends on the thickness. Furthermore,
that dependence has the features of exchange coupled ferromagnetic films that promote spin
dependent scattering in the PM-FM frontier. We observed this coupling on distances as long
as 10 nm, twofold what is commonly reported for metallic multilayers [20] without the need
of a pinning layer. Such a long distance is a novel and interesting result.

Through contrasting magnetic measurements we determined that the sample with 2.0
nm of spacer thickness consistently presents a strong antiparallel coupling between the Co
films. The coupling of the others oscillate between J positive and negative, changing their
magnetic ordering. The easy axes of the magnetizations in the FM layers are also modified
by the exchange coupling and we can observe a non-monotonic dependence of the thickness
in the angle between the two, even when they appear to be independent from each other.
Besides, there is an enhancement of the coercive field at low temperatures that is consistent
with the presence of exchange coupling.

The transport experiments at low temperature revealed further interplay of the potentials
inside the samples. The Hall resistance was studied systematically and we determined a value
of 1.42 ± 0.04 mΩ/T for the Hall resistance. On the other hand, we found an novel way to
induce a temperature gradient in a small sample without the need for an external heating
element and saw that the voltage produced by the NE overlaps with the one from the HE
and reduces the total step generated by it when the transport anisotropy is studied at low
temperatures. Both of these results are consistent with the previous ones, as we can see
anisotropy in all of the samples voltage-field curves and the anisotropy induced voltage also
overlaps with the one from the other two transport effects in fig.5.18.

This last result bridges all of our characterizations together of our characterization as it
clearly shows the strongly connected nature of the different generalized forces produced by
the gradients of extensive quantities, as presented at length on chapter 3. This connected
nature permits us to further manipulate them in order to introduce new ones in novel ways,
as it happened with the appearance of the unexpected Nernst effect.

Future work will tell if transport features of the trilayers, other than the magnetic ratio,
are affected by the presence of strong and oscillating exchange coupling in the multilayers.
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As we stand now, we predict an enhancement of the observed effects and perhaps even
observation of spin and anomalous Hall effects in samples with a strong AFM coupling. As
for the caloritronic effects, a reduction of the amount of material in which the current can
pass through will only enhance the temperature gradient as the current will have narrower
paths to travel and its density will be higher. How these two interact will depend on how
spin dependent transmission and deflection takes place at the FM-NM interfaces.

A future Co/Nb/Co device must have lower area footprint in order to reduce the reduce
the paths electrons can take, but also high enough that the induced temperature gradients
may facilitate caloritronic transport. The observation of this new transport mechanism allows
for yet another degree of freedom in the fine tuning of possible future devices. The inclusion of
new parameters lends more versatility in electronic transport manipulation and exploitation
and clear understanding of them will improve the design choices of future developments.
Hopefully, in a near future, we might build microdevices that use the entire range of spin-
thermoelectromagnetic features of the electrons.
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