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Chapter 1

Introduction

When looking at a charge current at subnanometer scale, the current is propagated
by electrons, colliding with lattice imperfections. These collisions lead to a change in
momentum, which causes resistance. This generates Joule heat, seen as a loss of kinetic
energy of the electrons in the current itself. The heat is a problem for the technological
advancement in producing increasingly smaller electronics.

1.1 Spin currents

One way to counter the generation of heat in charge currents is using the spin angular
momentum of electrons instead of the translational momentum and transport only the
spin but not the charge of the electron. If the spin of the electrons in the current is
polarised, a spin current can be made.

A charge current can be defined as J; = J4+J |, where J; /| is the total charge current
of the spins in the 1 / |-direction. A spin current is defined as J; = —2—’1 (Jp=Jy). If
J+ = —J, the spin polarised current is a pure spin current. A pure spin current is
time reversal independent, which causes it to be transported without resistance[1]. This
property of pure spin currents can be used for applications such as low-heat, power
efficient spin-based electronics, called spintronics.

The field of spintronics consists of two parts; generating a spin polarised current and
retaining the spin polarisation of that current. To retain the orientation of the spins of
the electrons, light materials are used, of which the atoms do not easily couple to the
spins, causing the spin to be randomised only slowly.

To generate a spin current, ferromagnets are used. Different principles —such as
the spin Seebeck effect, or the spin Hall effect— can then be utilised to extract a pure
spin current from the ferromagnet. Another way to induce a pure spin current is by
a process called spin pumping. This requires that there is a normal metal adjacent to
the ferromagnet. The spin current will then flow from the ferromagnet into the normal
metal.

Just as the ability to retain the spin polarisation depends on the material that the
electron flows through, the ability to generate a spin polarised current depends on the
material of the ferromagnet. Moreover, the interface between the two layers determines
whether the spins from the ferromagnet reach the normal metal.
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1.2 Manganese oxides

Almost any ferromagnet can be used to generate a pure spin current. However, an in-
teresting group of materials for the purpose of spin pumping is the group of transition
metal oxides. These oxides can have a range of different physical properties, depending
on the base transition metal used, and the element used for doping the oxide with. Some
of these properties are ferromagnetism, ferroelectricity, antiferromagnetism, supercon-
ductivity, metallicity and half-metallicity.

Here we concentrate on oxides with a perovskite structure, with a chemical for-
mula of ABO3. It is a body-centered cubic structure with the oxygen atoms forming
an octahedron around the base atom. The A-sites of ABOj are at the corners of the
body-centered cubic structure, and the B-site is at the position of the base atom. The
pseudocubic structure of bulk is shown in Fig. 1.1.

Figure 1.1: The perovskite structure of bulk ABO3 (pseudocubic). In the case of
Lanthanum Manganese Oxide, LaMnQOs3, the base atom at the B-site is Manganese
atoms, which is coloured yellow, the Oxygen atoms are red and the Lanthanum atoms
at the B-sites are blue. From [2].

Lanthanum Manganese Oxide, LaMnOQOs, has such a perovskite structure, with Man-
ganese as base atom. It is an antiferromagnetic insulator with a Néel temperature of
150K.

LaMnOgs can be doped with another element. This means that the Lanthanum atoms
are replaced by this doping element. Doping LaMnQOg with Strontium will give it a range
of different physical properties, depending on the amount of doping. This can be seen
in Fig. 1.2.

The reason for this is that doping with Sr changes the number of valence electrons
available and so the occupancy of the energy levels in the material.

Interestingly, doping LaMnOg with 30% Sr, Lag 7Sro 3MnOj3 (henceforth called LsMO),
makes it a ferromagnetic conductor, and gives it a high Curie temperature of 369 K[4].
But the most prominent property is the fact that it becomes a half-metal[5]; the spin
polarisation is 100%. This in contrast with simple transition-metal ferromagnets, such
as Fe, which have a spin polarisation of only 40%]6].

This 100% spin polarisation is attributed to the double exchange mechanism, which
only allows electrons with spin up to be conducted from Manganese atom to Manganese
atom through an Oxygen atom. This mechanism is also the cause of so called colossal
Magnetoresistance behaviour.
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Figure 1.2: The doping phase diagram of Laj_,Sr,MnQO3. The symbols denote the
magnetic ordering. The letters A, R, C, O and T have to do with the crystalline
and magnetic order, FM means ferromagnetic metal and AF means antiferromagnetic.
The temperature on the y-axis is the Néel or Curie temperature of the particular
composition. From [3].

1.3 Thin LsMO films

Thin films of a certain material have to be grown on a substrate. This also means that,
if these do not have the same lattice parameters, the lattice parameters of the material
will be stretched or compressed in order to fit the substrate’s. This causes strain in the
film.

The amount of strain depends on: the lattice mismatch of the film with respect to
the substrate; the thickness of the film; the direction of the film with respect to the
substrate; and the structure of both the film and the substrate.

Strain can affect numerous properties of the material, e.g. magnetisation, transport
properties, the Curie temperature T and the way (magnetic) domains are formed. This
is also the case for LsMO, which seems particularly sensitive to strain.

LSMO thin films have a lower T than bulk LsMO, depending on the type of substrate.
Using NdGaOgs (NGO) as a substrate causes the T¢ to drop to a value which is still
above room temperature, which is advantageous for measuring and perhaps for use in
spintronics devices. Similar perovskite substrates, like SrTiO3, cause the LSMO to have
much lower T¢s. The reason for the higher Tx for LSMO on NGO is the small lattice
mismatch of bulk LsMO (a = 3.87 A) and (001)-oriented NGO (a = 5.43 A, b = 5.50 A,
c=T7.71R4).

The lattice mismatch is calculated by m = 9NGO—USMOYL " For epitaxial LSMO on

arsMo

(001) Nco, this is -1.11% in the [110] direction, and 0.16% in the [110] direction [7].
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1.4 This project

It is thus far not known whether a spin current can be induced from LSMO thin films.
The interface between LSMO and the adjacent layer of normal metal is a major issue.
The Fermi energies line up in a metallic contact, allowing for spins to be transported
into the normal metal. However, it is not known whether the quality of the LSMO is good
enough to still be metallic at the interface.

In this project an effort is done to check whether it is possible to induce a spin po-
larised current from LSMO on NGO. This is done by comparing the linewidths of single
films of LsMO with LsMO|Cu and LsMO|Pt bilayers. The linewidth of Lsmo|Cu should
not be much broader than that of the single layer LsM0O. However, a significant broaden-
ing in the LSMO|Pt results would indicate that spins have been pumped into the Pt layer.

Chapter 2 explains the theory of EPR/FMR and spin pumping. Chapter 3 gives in-
formation about the sample growth and characterisation, measurement equipment and
how the measurements are conducted. Chapter 4 contains the obtained results. Chapter
5 contains the discussion of these measurements and results. Chapter 6 contains several
conclusions drawn from both the measurements and the discussion.



Chapter 2

Theory

This chapter describes the theory needed for the experiment. It covers Electron Para-
magnetic Resonance (EPR), Ferromagnetic Resonance (FMR) and intrinsic and extrinsic
damping of FMR, which includes spin pumping. The free energy in the ferromagnet and
the magnetic anisotropy will also be discussed, which are important for LSMO, and finally
the Inverse Spin Hall Effect (I1SHE) will be described.

2.1 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance is a spectroscopy technique that relies on unpaired
electrons.

The origin of EPR spectroscopy lies in the degeneracy of the energy of the states
with the mg quantum number. If an external magnetic field Hy is applied, the states
will split into 2s + 1 states. In the case of electrons, s = 1/2, and thus there are two
states, ms = +1/2 and ms = —1/2; or up and down. This can be seen in Fig. 2.1.

AE = gougHg

\J

0 Ho

Figure 2.1: Lifting the degeneracy in the my quantum number by applying an external
magnetic field yields Zeeman splitting, illustrated here by plotting the energies of the
two ms-states as a function of the applied magnetic field Hy.

The external magnetic field Hy splits the energy into two distinct states, with energy
Ey = :I:% GeeizHo. Here, g.g is the effective Landé g-factor of the electrons in the material
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and py is the Bohr magneton. The difference of energy between the two states is AE =
Ei — E_ = gapsHo.

If the energy of the photons of the externally applied microwave radiation is equal to
this energy difference, the electrons in the material will be excited from the down-state
to the up-state. The strength of field Hy at which this happens is called the resonance
field, H,. The fundamental equation of EPR applies here:

hv = AE = gegpsH,, (2.1.1)

where h is Planck’s constant, and v is the frequency of the microwave radiation. In an
EPR experiment, the frequency v is usually held fixed while the field is swept through
the resonance condition.

2.2 Ferromagnetic Resonance

Ferromagnetic resonance is similar to EPR. The spins in a ferromagnet are coupled via
the exchange energy, and the whole system can be considered as a macrospin. The entire
magnetisation M of the ferromagnet will then precess around the effective magnetic field
H.g¢. This field is determined by:

Hpy=Hy+hys+hyg +Hg 4+ he + hg (2.2.1)

Here, Hy is the external field, h,s is the magnetic field of the microwave radiation, hgq
is the demagnetising field, Hyk is the magnetocrystalline anisotropy field, hey is the
exchange field, induced by the relative orientation of spins in the material, and hg is
the magnetic damping field[8].

The precessing magnetisation is described by the Landau-Lifschitz-Gilbert equation:

% = —YM x Heg + aM x % (2.2.2)

The first term describes the precessing magnetisation, where v is the gyromagnetic
ratio, given by v = g.gps/h. The second term describes damping , where « is called the
damping parameter, and contains all the different types of damping of the magnetisation.

The magnetisation vector can be seen as precessing around the effective field Heg.
The damping will then cause the magnetisation to fall inward onto the field vector. This
can be seen schematically in Fig. 2.2.

Equation (2.2.2) can be solved analytically, as done in [8], but the free energy density
F in the ferromagnet can also be used to extract information, as explained in section
2.6.

2.3 Damping

Because a precessing magnetisation is in a higher energy state than a static magneti-
sation, and nature seeks the lowest energy state possible, the ferromagnet will try to
decrease its internal energy. This is called damping, and the ferromagnet can do this in
various ways. Damping of the precessing magnetisation increases the total, peak-to-peak,
linewidth AH,, of the FMR signal.
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Figure 2.2: Illustration of the Landau-Lifschtiz-Gilbert equation. The magnetisation
precesses around the external effective magnetic field. It is damped by the damping
term, which points inwards, causing the magnetisation to spiral towards the center.

The damping parameter « in Eq. (2.2.2) contains all possible damping contributions.
A few of these are:

Intrinsic damping This is caused by spin-orbit coupling in the ferromagnet itself,
and therefore depends on the material of the ferromagnet. Intrinsic damping is
also dependent on the frequency of the magnetic field of the microwave radiation,
h.f; and causes the linewidth to increase according to AH,, ~ £ f [9].

Damping by eddy currents If a film is thick enough (d 2 50 nm), eddy currents,
which are current vortices, can appear in the ferromagnet.

Damping by exerting a pure spin current This is called spin pumping. This con-
stitudes most of this research, and is described in the following section. Damping
of this kind causes the linewidth to increase linearly with « [10].

These contributions are shown in Fig. 2.3.

—

0 500 1000
d,,, (Al

Figure 2.3: Typical linewidth dependence AH,, as a function of the thickness of the
ferromagnetic film dgy;. The different contributions are indicated. From [11].
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2.4 Spin pumping

Another way for the ferromagnet to decrease its internal energy is by ejecting spins,
in the case that the ferromagnet has an adjacent layer of normal metal. The spins will
then flow into the normal metal. There, their spins can be flipped around, after which
they can flow back into the ferromagnet. If the phase of the spins is different from the
phase of the spins in the ferromagnet, this can be seen as damping of the magnetisation.
The flow of spins leaving the ferromagnet is polarised in the direction of M. This entire
process lowers the magnetisation of the ferromagnet, and thus lowers the total internal
energy. This is shown schematically in Fig. 2.4.

a b
M
3
39
23
| @ Pl Eg
Spin current 3
=
=
° <
o
o - 7
Q g3
> Q
eF
2
=

Figure 2.4: Schematic depiction of the process of spin pumping. a) shows a static
magnetisation, which by itself causes a small net spin current. b) shows a precessing
magnetisation, which exerts a bigger spin current and flips spins flowing back, lowering

the magnetisation. From [12].

The amount of spin-flips in the normal metal depends on spin-orbit coupling, with
Hamiltonian Hgg. Since Hgo ~ Z*, where Z is the atomic number, the ease of spin-flips
depends heavily on the mass of the atoms in the metal. When the atoms of the metal
are heavy, for example Pt, so that spins easily flip, the metal is called a good spin sink.
Conversely, if the atoms are light, the spins don’t flip, and the material is called a bad
spin sink, for example Cu.

If spins flip easily, as a consequence, they do not accumulate at the interface of ferro-
magnet|normal metal, however, they cannot penetrate the metal deeply either. In other
words, the spin coherence length is short. Otherwise, if spins do not flip easily, they can
accumulate at the interface. If there is an accumulation of spins at the interface, spins
can be reflected back into the ferromagnet, effectively diminishing the damping.

The pumped spin current itself is described by[10]

dM dM
PP oMM x — — gV 2.4.1
S gr dt g1, dt ( )
Here, g/+ and gl-N are the real and imaginary spin mixing parameters at the interface,
respectively. They depend on the reflection and transmission coefficients of up and down

spins at the interface.
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2.5 Magnetic anisotropy

Magnetic anisotropy occurs when it is energetically favorable for electron spins to be in a
certain direction. This also depends on the structure and the symmetry of the material,
in other words, crystalline anisotropy; the shape of the material/sample, in other words,
shape anisotropy; and strain-induced anisotropy|[7].

The anisotropic energy is the energy which is needed to move the magnetisation of
the material away from one of the anisotropic axes. It contributes to the total free energy
in the ferromagnet, given by an in-plane and out-of-plane component:

Eanisotropy ~ K// + KJ-, (251)
where K/ is the parallel anisotropy constant, and K= is the perpendicular anisotropy
constant.

2.6 Free energy
The free energy density F is given by[13]:

F = E/V =  FZeeman + Fdemagn. + Fout—of—p.an. + En-p.an.
= —M; {cos B cos by cos vy + sin by, sin 6, }

- <27r]\482 - KL> cos? Oy
— 2K/ {3+ cos (¢ — @pcsr)} cost by,

(2.6.1)

Here, V is the volume of the ferromagnetic layer, Femagn. is the demagnetisation free
energy density, Fiypan. and Fouiofpan. are the in- and out-of-plane anisotropy free
energy densities, respectively, M; is the saturation magnetisation.The angles are shown
in Fig. 2.5.

Figure 2.5: The coordinate system used for the free energy. Electrodes, to measure
the inverse spin Hall voltage, are put on sites A and B.
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The resonance frequency w, of the precessing magnetisation is given by

<wr>2_(1)2 1 PFPF ([ 9°F |\’ 2.62)
v) \2r) MZ2cos?6, | 062 02 06,10y ' o
The linewidth can be written as

AH,, = AHM™ + AHWP™, (2.6.3)

where AHP}I‘)‘)m' is the homogeneous increase in linewidth, containing the increase due to

spin pumping, and AHgghom' is the increase in linewidth due to inhomogeneities in the
material.
At resonance H = H, and 6,, and y,, are determined by aaTi =0 and 8871; = 0. The

homogeneous part of the increase in linewidth can then be expressed as[14]:

O*F 1 02%F)\ |d(w,/y)|
A hom. _ ﬂ ‘ r 2.6.4
P M, (891\24 + cos? Oy, 890%) dH, ( )
The linewidth due to inhomogeneities can be expressed as
. dH, dH,
Afishom: — | T A(47 M, —TIAf 2.6.
PP Al M) | ST Men) + ‘ oy |~ (2.6.5)

where A(4mMeg) and Ay are the distribution of Meg and 6y in the film, respectively.

Measuring the linewidth as a function of 6; will give the linewidth due to inhomo-
geneities, an important aspect of LSMO, which is very sensitive to disturbances in its
internal structure.

2.7 Inverse Spin Hall Effect

The Inverse Spin Hall Effect describes how a charge current J, is produced by a spin cur-
rent Js;. The underlying mechanism is spin-orbit coupling and the asymmetric deflection
of up and down spins[15, 16].

The induced charge current gives rise to an electric field, given by[17]:

EISH (g JS X O. (2.7.1)

Here, o is the direction of the spin polarisation. This electric field in turn induces a
measurable voltage, according to Visy = wei|Esu|, where wy; is the width between the
two electrodes to measure the voltage. The effect is depicted schematically in Fig. 2.6.
The measurement of the inverse spin Hall voltage is described in section 3.2.3.

Charge current ——»

RS

|

Spin current

Figure 2.6: Schematic depiction of the process of the inverse spin Hall effect. From
[18].

10



Chapter 3

Experimental

This chapter describes the experimental side of this reseach. This constitutes: the sample
growth and preparation, the used measurement set-ups and the application of the theory
described in the previous chapter.

3.1 Growth of LSMO

A layer of 10 nm to 13 nm thick LSMO was deposited epitaxially, by sputtering in an
Oxygen atmosphere, on 8 mm X 8 mm or 10 mm X 10 mm and 0.5 mm thick NGO
(001) orthorhombic substrates supplied by CrysTec, at a temperature of 840 °C, and a
pressure of 2.2-2.3 mbar.

It is not known how these substrates are terminated; the final layer —the layer
adjacent to the LsMO layer— could be either NdO; s (single terminated) or GaOg_s
(double terminated).

The samples were then cooled down in vacuum to a lower temperature, depending on
the sample. Then Cu or Pt was deposited on it, in an Argon atmosphere. The samples
were then cut into pieces of ~2 mm x 2 mm. For each sample, the growth parameters
can be found in appendix B.

3.2 Measurements/Methods

3.2.1 Electron Paramagnetic Resonance
Equipment

EPR measurements were done using a Bruker EMX spectrometer, equipped with an ER
070 magnet and an ER 4119HS microwave cavity.

Set-up

EPR/FMR is the most important method of measuring used in this research. A typical
EPR set-up is shown in Fig. 3.1.

A sample is put inside a cavity located in a uniform dc magnetic field, Hy. This
magnetic field is modulated with a certain amplitude and frequency. Microwaves are
generated and sent through a waveguide, via a circulator, to the cavity, where they form
a standing wave. The sample will be located in the cavity in such a way, that it is in a
node of the electric field and an antinode of the magnetic field. Part of the microwave

11
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Figure 3.1: Schematic view of an EPR setup. From [19].

radiation will travel back into the waveguide and, via the circulator, end up on a diode,
which registers the amount of radiation left.

At 6, = 0°, the sample is in-plane with the magnetic field Hy. It can be rotated
out-of-plane by rotating the sampleholder. At 6, = 90°, the sample is completely out-
of-plane. Unfortunately, the sample can not be rotated in-plane.

Technical details

The frequency of the microwave radiation is in the X-band, at ~9.8 GHz. This frequency
can not be changed. The attenuation used is 10 dBm to 20 dBm. The modulation
frequency is always 100 kHz and the modulation amplitude is 20 G. The time constant
used was 2.56 ms or 5.12 ms, and the conversion time is between 15 ms and 40 ms.

Fig. 3.2 shows a sampleholder with a sample on it. The sampleholders are made from
one piece of Rexolite and a cut-out is made to place the sample in. The samples were
glued onto the sampleholder by using silver paint.

Figure 3.2: One of the sampleholders used. The sample is located in the cut-out of
the cylinder, glued on with silver paint.

Operation

The strength of the external field, Hy, is swept from 0 to Huyax, while subjecting the
electrons in the sample to microwave radiation. The electrons can absorb this radiation,
and be excited. The absorption spectrum is a function of the external field strength,
A(Hy).

This spectrum has, in the case of a ferromagnet, the shape of a Lorentzian. However,
since a lock-in detection is used in the setup, the output is the derivative of the absorption

12
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to the external field, g—ﬁ,, and is thus the derivative of a Lorentzian. This is shown in
Fig. 3.3.

Ho = Hres

4y
y

Absorption (A)

dA/dH

Ho(G)

Figure 3.3: Example of the EPR signal of a ferromagnet. The arrows denote the width
between the half of the maximum value of the Lorentzian (a) and the width between
the extreme values of the derivate of the Lorentzian (b). The width of a is v/3 times
that of b.

The linewidth, AH,,, is defined to be the width at half height of the Lorentzian,
in millitesla, which is the distance between the extreme values of the derivative %
multiplied with /3.

The sample was rotated out of the plane of the external field while measuring the
linewidth. This is defined as the angular dependence of the linewidth.

3.2.2 Magnetisation

Magnetisation measurements were done using a Quantum Design MPMS-5S. This SQUID
measures the magnetic moment in emu. This is converted to pz/Mn atom by:

signal [emu] = signal-1073 [A - m?]
= signal/(1.078 - 1029) [145]
= signal/(1.078 - 10%° - Vigyo/Vie) [ws/Mn atom]

Here, Viguo is the total volume of the LsSMO layer, and V.. is the volume of an LSMO
unit cell.
3.2.3 Inverse spin Hall effect

To measure the inverse spin Hall voltage induced by the spin current, two electrodes
are put on the sample —one on site A and one on site B, in Fig. 2.5. These electrodes
are copper wire glued on by silver paint. These wires run along the sample holder and
—with a connector— are put into a nanovoltage meter.

13



Chapter 4

Results

In this chapter the measurements are shown and briefly discussed. For each sample the
topography and the saturation magnetisation were determined. For most samples the
angular dependence of the linewidth is also shown.

Samples are named like NL1, which stands for N(GO)L(SMO )identifier. At the be-
ginning of each section, the full name, including the thickness of each layer, is shown. If
the identifier has the letter m in it, that means that it is a piece cut from the middle of
the larger sample. The structure of this is taken to be uniform. If the identifier has an
s in it, this means that the piece is from the side of the larger sample. It is not known
whether these samples are uniform.

Extra information about the samples —for example, dimensions, roughness, etc.—
can be found in Appendix A.

4.1 NL1

This sample is layered as NGO|LSMO(13nm). The purpose of measuring this sample
is to determine the various basic parameters of LSMO on NGO, such as the topography,
the magnetisation as a function of the external field, the magnetisation as a function of
temperature, and the angular dependence of the FMR linewidth.

4.1.1 Topography

The topography of NL1 measured by Atomic Force Microscopy (AFM) is shown in Fig.
4.1.1. One can see that the overall surface is smooth, however, there are a few specks of
dust or dirt on it.

14



CHAPTER 4: RESULTS

Figure 4.1.1: (a) The topography of NL1. (b) The height variations along the line
drawn in (a). The roughness is 0.33 nm.

4.1.2 Magnetisation measurements

In Fig. 4.1.2 the magnetisation of NL1 is plotted as a function of the temperature. This
measurement was done in an external magnetic field of 0.6 mT. The Curie temperature
is shown to be ~ 320 K. Afterwards, the sample was rotated in-plane by 90° and the
measurement was repeated. This is also shown in Fig. 4.1.2.

RN N L
Magnetisation at 0° in-plane
Magnetisation at 90° in-plane

Magnetisation (ug/Mn atom)
w

0 50 100 150 200 250 300 350 400

Temperature (K)

Figure 4.1.2: The magnetisation vs. temperature of NL1-4(s) in an external field of
0.6 mT. The Ty is 320 K.

To determine the coercive field and the saturation magnetisation, the magnetisation
was measured as function of the external field, at a temperature of 10 K. Afterwards,
the sample was rotated in-plane by 90°. The measurement was done at a temperature
of 300 K. This is shown in Fig. 4.1.3 and 4.1.4, respectively.
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Figure 4.1.3: The magnetisation of NL1-4(s) at a temperature of 10 K. The saturation
magnetisation is 2 pz/Mn atom.
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Figure 4.1.4: The magnetisation of NL1-4(s) at a temperature of 300 K. The satura-
tion magnetisation is 0.5 pp/Mn atom.

4.1.3 FMR measurements

A few different FMR spectra of NL1-6(m) are shown in Fig. 4.1.5. All of these spectra
were measured at room temperature.
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Figure 4.1.5: FMR spectra of NL1-6(m) at different out-of-plane angles at 293 K.

The angular dependence of linewidth is shown in Fig. 4.1.6. Rotating the sample by
90° in-plane gives no notable difference in the linewidth and is therefore not shown here,
nor has it been measured for subsequent samples.
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Figure 4.1.6: Angular dependence of linewidth of NL1-6(m) at a temperature of 293 K.

The angular dependence of the resonance field was also measured at room tempera-
ture and is shown in Fig. 4.1.7.
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Figure 4.1.7: Angular dependence of resonance field of NL1-6(m) at a temperature of

293 K.

4.1.4 Discussion of NL1

This sample has a very small RMS roughness, of 0.33 nm. The magnetisation saturation
M is 2 pp/Mn atom, which differs from the theoretical value of 3.5 y3/Mn atom, which
indicates a dead layer. There are significant differences in the resonance field H,, from
230 mT in-plane, to 630 mT out-of-plane. The angular dependence of linewidth also
differs, from 6.2 mT in-plane to 11.2 mT out-of-plane.

4.2 NLC1

This sample is layered like NGO|LSMO(13nm)|Cu(10nm). The purpose of this sample
was to see how the parameters of LSMO, in particular the parameters of sample NL1,
would change if a layer of Cu is sputtered on it. The Cu layer was grown directly after
the just grown LSMO had been cooled down, at a temperature of 27 °C. No EPR/FMR
measurements have been done for this sample.

4.2.1 Topography

To see whether or not the surface of the Cu layer was uniform, the topography was
imaged. This is shown, along with a profile, in Fig. 4.2.1.
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Z|nm |

Figure 4.2.1: (a)The topography of NLC1. (b) The profile along the line in (a). The
profile shows that there are holes in the Cu layer, reaching into the Lag 7Srg.3sMnOg
layer. The RMS roughness is 7.5 nm.

The image shows that there are deep holes in both the Cu and LSMO layers.

4.2.2 X-ray Diffraction measurement

After the surface was imaged, and showed signs that the LsMO layer may have been dam-
aged, along with the ferromagnetism, an X-ray diffraction measurement was done, to see
whether the LSMO still had the perovskite structure. The X-ray diffraction measurement
is shown in Fig. 4.2.2.
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Figure 4.2.2: X-Ray diffraction of NLC1. It consists of two measurements. The bottom
left measurement was done with a Cu filter, at 20 mA. The top-right at 30 mA.
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4.2.3 Magnetisation measurements

Finally, to check the actual ferromagnetism itself, the magnetisation of the sample as a
function of the external field was measured, at a temperature of 15 K. This is shown in
Fig. 4.2.3.
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Figure 4.2.3: The magnetisation of NLC1-m1 as a function of the external field. This
measurement was done at a temperature of 15 K. No saturation magnetisation can be
determined.

No hysteresis loop can be found in this graph.

4.2.4 Discussion of NLC1

We had not been able to deposit a uniform Cu layer on top of the LsMO without changing
the system as seen from M,. The sample has a high RMS roughness, of 7.5 nm, and the
Cu atoms seem to cluster.

Since the next sample, LC1, shows that Cu grows amorphous at 100 °C, it would
seem that it should also grow amorphous at 27 °C. Therefore, it could be that the LsMO
itself was not grown uniformly.

4.3 LC1

This sample is layered as LAO|Cu(10nm).

Because it may be that the Cu layer on the NLC1 sample has severely diminished
the ferromagnetism, this is a check to see with what growth parameters a smooth Cu
layer can be grown. It was found, from [20], that Cu grows amorphous on LAO at a
temperature of 100 °C. The topography is shown in Fig. 4.3.1. The growth parameters
themselves can be found in Appendix B.
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Figure 4.3.1: (a) The topography of LC1. (b) The profile along the line in (a). The
topography of the underlying LAO is visible on the Cu layer, indicating that the Cu
layer is very smooth. The RMS roughness is 0.57 nm.

The resulting layer of Cu is smooth and the structure of the underlying L.AO is visible.

4.4 NLC2

This sample is NL1 on which a Cu layer was deposited, at 100 °C. This depositing was
done more than a month later. The purpose of this was to check if a Cu layer could also
grow uniformly on a layer of LSMO, and not just LAO. The magnetisation as a function
of the external magnetic field and the angular dependence of the linewidth are also
measured and compared with those measurements of sample NL1.

4.4.1 Topography

The topography is shown in Fig. 4.4.1. Fig. 4.4.2 shows a zoomed in portion of a smooth
area of Fig. 4.4.1.
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Z[nm]

Figure 4.4.1: (a) The topography of NLC2-6(m). (b) The profile along the line in (a).
The RMS roughness is 2.2 nm.

290nm 0 02 04 06 08
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Figure 4.4.2: (a) The topography of NLC2-6(m). (b) The profile along the line in (a).
This shows that the surface is very smooth locally.

4.4.2 Magnetisation measurements

The topography shows that the Cu layer is quite smooth, however, it doesn’t give much
information about the condition of the LSMO layer underneath. To check whether the it
was still intact and ferromagnetic, the magnetisation was measured as a function of the
external field, at 15 K. The results are shown in Fig. 4.4.3.
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Figure 4.4.3: The magnetisation of NLC2-4(s) as a function of the external field at a
temperature of 15 K.

4.4.3 FMR measurements

The angular dependence of linewidth was measured for NLC2-6(m), at room tempera-
ture. This is shown in Fig. 4.4.4.
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Figure 4.4.4: The angular dependence of the linewidth of NLC2-6(m) at a temperature
of 293 K.

4.4.4 Discussion of NLC2

The AFM images show that the surface is reasonably smooth, with an RMS roughness of
2.2 nm. M; is shown to be 1.9 uz/Mn atom, at a temperature of 15 K. The measurement
of My of NL1 was done at a temperature of 10 K, so it might not have changed after
sputtering Cu on the sample.
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The linewidth varies from 8 mT in-plane to 23 mT out-of-plane, meaning that the
in-plane linewidth has not significantly changed, but the out-of-plane linewidth has more
than doubled. Maybe the LSMO layer is not uniform at the edges anymore, causing this
behaviour.

4.5 NLC3

This sample is layered as NGO|LSMO(10nm)|Cu(10nm). It is the attempt to grow a
uniform layer of Cu on top of a uniform layer of LSMO, with a better interface.

4.5.1 Topography
The topography and the profile of NLC3, as measured by AFM, is shown in Fig. 4.5.1.

Figure 4.5.1: (a) Topography of NLC3. (b) The profile along the line in (a). This
shows that while there are holes in the Cu layer, there are no visible holes in the
Lag.7Srg.3MnOg layer. The RMS roughness is 1.08 nm.

4.5.2 X-Ray diffraction measurement

The X-ray diffraction measurements of NLC3 is shown in Fig. 4.5.2 and Fig. 4.5.3.
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Figure 4.5.2: X-Ray diffraction of NLC3.
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Figure 4.5.3: X-Ray diffraction of NLC3 at 20 mA with a Cu filter. No Cu peak can
be seen, confirming that the Cu layer is amorphous.

4.5.3 Magnetisation measurements

The magnetisation as a function of the external field was measured at 15 K. The result
is shown in Fig. 4.5.4.
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Figure 4.5.4: Magnetisation vs. external field of NLC3-m at a temperature of 15 K.

4.5.4 FMR measurements

The angular dependence of linewidth of NLC3 was measured and is shown in Fig. 4.5.5.
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Figure 4.5.5: Angular dependence of linewidth of NLC3-m at a temperature of 293 K.

4.5.5 Discussion of NLC3

The surface of this sample has an RMS roughness of 1.08 nm. The M; was measured
to be 1.5 pz/Mn atom. Interestingly, the linewidth has increased significantly, rang-
ing from 28 mT in-plane, to 38 mT out-of-plane. It is not known why this happens.
One explanation is that the Cu sputtered on had another material in it, perhaps even
magnetic.
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4.6 NLCP1

This sample is layered as NGO|LSMO(10nm)|Cu(5nm)|Pt(15nm).

To test for the presence of spin pumping, half of the Cu layer of NLC3 was etched
off, and a 15 nm layer of Pt was deposited on the sample. This etching was done at
room temperature, using an Argon flow of 50 sccm and 75 W power. The Pt layer was
grown at room temperature, as well.

4.6.1 Magnetisation measurements

To check whether or not the act of depositing Pt on the sample has diminished the Curie
temperature, the magnetisation as a function of the temperature was measured for this
sample. The result is shown in Fig. 4.6.1.
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Figure 4.6.1: Magnetisation as a function of temperature of NLCP1-m in an external
field of 0.6 mT. The T¢ is still 320 K.

To compare with the sample without the Pt layer on it, Fig. 4.6.2 shows the mag-
netisation as a function of the extenal magnetic field.
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Figure 4.6.2: Magnetisation as a function of the external magnetic field of NLCP1-m
at a temperature of 15 K.

4.6.2 FMR measurements

The angular dependence of linewidth of NLCP1 is shown in Fig. 4.6.3. The linewidth
was measured from 0° to 180°, and the measured values were then mirrored over to the

180-360° domain.
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Figure 4.6.3: Angular dependence of linewidth of NLCP1-m, at a temperature of
293 K.

4.6.3 Discussion of NLCP1

It was found that the T remains 320 K after etching away Cu and sputtering Pt on the
sample. The saturation magnetisation M; has been halved, with respect to the sample
without a layer of Pt. The linewidth seems to have increased, from 45 mT in-plane, to
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50 mT out-of-plane. Spin Hall Effect measurements of this sample have shown no sign
of a voltage induced by a spin current.

4.7 LP1

This sample is layered as LAO|Pt(11.5nm).

Since it is not known whether the layer of Pt of the previous sample, NLCP1, was
uniform, plus the fact that the interfaces between adjacent layers could be bad, another
test sample was made. This time to check how a uniform, amorphous Pt layer can be
grown. The Pt layer of this sample is grown at a temperature of 400 °C. This temperature
was taken, because of a paper which showed that Pt could be grown amorphous on
perovskite substrates at 400 °C[20].

4.7.1 Topography

Fig. 4.7.1 shows the topography of LP1.
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Figure 4.7.1: (a) AFM image of LP1. (b) The profile along the line in (a). This shows

that, at 400 °C, the platinum formed structures on the LAO, and is thus not amorphous.
The RMS roughness is 1.52 nm.

4.7.2 X-ray Diffraction

The XRD measurement in Fig. 4.7.2 shows a distinct peak of Pt, indicating that the Pt
is structured, and not amorphous.
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Figure 4.7.2: XRD of LP1. A filter has been used to diminish the Pt peaks. The
thinner peaks are all from the LAO substrate.

4.8 LP2

This sample is layered as LAO|Pt(?nm). The thickness of the Pt layer is not known, but
it was grown in the same system and for the same amount of time as the LP1 sample.

The temperature of 400 °C seems too high for growing Pt on LAO. The Pt layer of
the next sample is therefore grown at 250 °C.

4.8.1 Topography
The topography is shown in Fig. 4.8.1 and Fig. 4.8.2 .
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Figure 4.8.1: (a) AFM image of LP2. (b) The profile along the line in (a). The RMS
roughness is 0.70 nm.
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Zooming out, it is possible to see the underlying structure of the LAO.
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Figure 4.8.2: (a) AFM image of LP2. (b) The profile along the line in (a).

4.8.2 X-ray Diffraction

The X-Ray diffraction measurement in Fig. 4.8.3 still shows peaks of Pt, indicating that
the Pt is structured in the (111) direction.
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Figure 4.8.3: XRD of LP2. A filter has been used to diminish the Pt peaks. The thinner
peaks are all from the LAO substrate.

Square root of Intensity

The Pt is taken to be smooth enough, and the following Pt layers will be grown at
250 °C.
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4.9 NLP1

This sample is layered as NGO|LSMO(7nm)|Pt(?nm). Neither the thickness of the LSMO
layer, nor the thickness of the Pt layer is known.
This is the attempt to grow Pt directly on LSMO, for a better interface.
4.9.1 Topography
Fig. 4.9.1 shows the topography of this sample.
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of NLP1. (b) The profile along the line in (a).

4.9.2 Magnetisation measurements

The magnetisation was measured both as a function of the temperature and as a function
of the external field. This is shown in Fig. 4.9.2 and Fig. 4.9.3, respectively.
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Figure 4.9.2: Magnetisation as a function of temperature of NLP1-m1 in an external
field of 0.6 mT. The T¢ has diminished to 305 £ 5 K.

32



CHAPTER 4: RESULTS

B T B

Magnetisation (ug/Mn atom)

R S R SR SR S
-10 -5 0 5 10

Field (mT)
Figure 4.9.3: Magnetisation as a function of external field of NLP1-m1 at a temper-
ature of 15 K. The M; is 0.2 pz/Mn atom.

4.9.3 X-ray diffraction measurements

The X-ray diffraction measurement, shown in Fig. 4.9.4, shows no Pt(111) peaks.
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Figure 4.9.4: X-Ray diffraction of NLP-m1, with a Cu filter. The measured peaks
belong to the substrate. No Pt(111) peaks can be seen.

4.9.4 FMR measurements

Fig. 4.9.5 shows the angular dependence of linewidth. The linewidth was measured from
0° to 180°, and the measured values were then mirrored over to the 180°-360° domain.
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Figure 4.9.5: Angular dependence of linewidth of NLP1-m2 at a temperature of 293 K.

4.9.5 Discussion of NLP1

Interestingly, the AFM image in Fig. 4.9.1 shows a lot of structure in the Pt layer, but
the X-ray diffraction measurement, in Fig. 4.9.4, shows no Pt(111) peak at all. It could
be that Pt grows differently on LSMO, which may be caused by a different termination
of LsMO. This may cause Pt to grow in another direction. The small bump in Fig. 4.9.4

at ~67° could be from Pt(220).

The T has diminished to 305 + 5 K. M of this sample is 0.2 p3/Mn atom. This is
about 10% of NLC2, the sample with just a layer of Cu on it. The growth temperature

of Pt is most likely still too high.

The linewidth varies from 20 mT in-plane to 28 mT out-of-plane, which is less broad

than the linewidth of sample NLCP1.
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Chapter 5

Discussion

In this chapter the measurements will be compared and the results shown in the previous
chapter will be discussed.

The goal of this project is to check if it is possible to induce a spin current from
LSMO into Pt with spin pumping. To check this, there are a few subgoals to complete.
These are:

1. To check if LSMO has FMR using EPR.

2. Growing a smooth layer of Cu on smooth LsMO. The linewidth of the FMR signal
must not increase by doing this, as Cu is a bad spin sink. The LSMO must also
stay intact, meaning the structure and the magnetisation.

3. Growing a smooth layer of Pt on LsMO. If a spin current is induced, the linewidth
of the FMR signal should increase, as Pt is a good spin sink.

4. To check for an inverse spin Hall voltage.

5.1 LSMO

5.1.1 Quality of sample

The surface was imaged to see if the LsMO had been grown uniformly. This was done by
AFM and is shown in Fig. 4.1.1. The roughness of the layer was measured to be 0.33 nm,
meaning the LSMO layer of this sample is very smooth.

The magnetisation was measured as a function of the temperature and as a function
of the external field, to measure the Curie temperature T¢, the coercive field and the
saturation magnetisation M. The T is measured to be 320 K, as shown in Fig. 4.1.2.

In this same image, the signal of the paramagnetic NGO can be seen to follow the
1/T dependence of the Curie law. This becomes prominent for 7' < 50 K. If T > T¢, the
signal is both from the NGO and the now paramagnetic LSMO.

Fig. 4.1.3 shows the magnetisation along the hard anisotropic axis at 10 K, and
shows that the coercive field is 3.9 mT. M is shown to be 2.0 y5/Mn atom. To arrive at
these numbers, the signal of the paramagnetic NGO was subtracted from the measured,
total signal.

The measured 2.0 pz/Mn atom is just more than half the theoretical value of M,
which equals 3.5 p5/Mn atom. The difference between the theoretical and the measured
value could be explained by a few things. One of these is by the inclusion of a dead
layer.
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A reason for the dead layer could be a loss of Oxygen in the LSMO. Oxygen can leave
the structure of the outside layers when the temperature is greater than 400 °C. This
loss of Oxygen means that the double exchange mechanism disappears in these layers,
causing the LSMO to lose both its ferromagnetic and its half-metallic properties. Since all
the LSMO layers are grown at 840 °C, and then cooled in vacuum, there is a chance that
some of the Oxygen has left the LSMO before a normal metal is grown on it. Perhaps
the LsMO must be cooled in an Oxygen atmosphere.

The thickness of the dead layer can be calculated from the saturation magnetisation.
The theoretical value of M is 3.5 pz/Mn atom. The measured M; is 2.0 pz/Mn atom
for the best measurement. The total thickness times the measured M, divided by the
theoretical M; gives the thickness of the magnetic layer in nm, and so:

(5.1.1)

d —d 1 M,measured
dead layer — Utotal Y

]\45 ,theoretical

Using Eq. (5.1.1), the thickness of the dead layer is calculated to be 5.57 nm.

The X-ray diffraction measurements do not show a visible LSMO peak. this could be
due to the low lattice mismatch between LSMO and NGO; the NGO(002) peak is greater
than the LsM0O(002) peak, and overlaps with it.

5.1.2 FMR signal

A few of the measured FMR spectra are shown in Fig. 4.1.5. At some angles, there seems
to be an extra resonance, most likely caused by some inhomogeneities in the LSMO
film. Fig. 4.1.6 shows the angular dependence of linewidth, the measured linewidth as a
function of the out of plane angle of the external magnetic field. The magnetic anisotropy
can be seen in this figure, however, due to the lack of a goniometer, the graph is not
symmetrical.

The shape of the anisotropy could be explained by strain caused by the external
magnetic field of the EPR set-up. The unit cells of LSMO on orthorhombic (001) NGO are
oriented sideways to the external field, shown in Fig. 5.1.1.

001]; gm0

Figure 5.1.1: LsM0(001) grown on orthorhombic NGO (001) is oriented sideways. From

[7].

If 6, = 0, this could cause some tensile strain and a lot of shear on the unit cell, as
shown in Fig. 5.1.2. When the sample is rotated by 55°, the shear is mostly gone, and
tensile strain in the [111] direction remains. When the sample is rotated by 90°, there
is only tensile stain in the [001] direction, which, most likely, costs the least amount of
energy.
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From the final sample, NLP, it can be seen that the linewidth is the smallest at
0y ~ 55°. This occurs when the external field is along the diagonal of the unit cell of
LSMO. The unit cell is cubic, therefore sin(6; + 90°) = cos 6y = L =9, =54.74°.

V3
»
0,,=55° 0,=90°
A 1
» »

Figure 5.1.2: LSMO unit cell deformation caused by external field as a possible cause
of linewidth change. The top left shows a unit cell without an external field.

0,=0°
A

To get the effective g-factor of 13 nm thick LSMO, the resonance field as a function
of the out of plane angle of the external magnetic field was also measured, as shown in
Fig. 4.1.7. From this, g.x is calculated to be 1.915. This is calculated by using g.; as
a plotting parameter in a Matlab program. The fitted curve is shown in Fig. 5.1.3. By
using this measurement, the effective magnetisation Mg can also be calculated in the
same way. It is found that Mg is 23.9 mT.
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Figure 5.1.3: Fit of the angular dependence of H, of NLI.

It seems that it is possible to get an FMR signal from LSMO, despite the fact that it
is a half-metal.

5.2 Cu on LSMO

5.2.1 Quality of NLC1

The second subgoal was to grow a smooth layer of Cu on smooth L.SMO. This proved
to be more difficult than first imagined. This is because of the fact that metals grow
differently on perovskite structures. They form structures easily and can diffuse into the
LSMO, effectively destroying the magnetisation.

The second sample, NLC1, shows that this is possible. For this sample, the Cu layer
was grown at room temperature. The surface was imaged using AFM, and is shown in
Fig. 4.2.1. It shows that the surface of the Cu layer is very rough, and that there are
deep holes in the sample. These holes even go through the LsSMO layer, all the way to
the substrate.

To confirm that the sample has lost its ferromagnetic property, the magnetisation
was measured as a function of the external field. Fig. 4.2.3 shows this result. No hysteris
loop can be seen, meaning that the magnetisation has indeed disappeared. A temper-
ature of 15 K was chosen for this measurement because of the paramagnetic NGO and
its 1/T dependence makes it harder to extract the saturation magnetisation at lower
temperatures.

5.2.2 LC1

The next step was to grow a smooth layer of Cu on LSMO, while retaining the magneti-
sation. In [20] it was found that, if the Cu is grown at 100 °C, the Cu will at least be
smooth. This was tested by growing a 10 nm thick Cu layer on LAO (001), of which the
surface is shown in 4.3.1. The RMS roughness of this sample is 0.57 nm. The underly-
ing structure of the LAO is visible, meaning the Cu is smooth. Unfortunately, no X-ray
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diffraction measurement was done on this sample, so it is not known whether or not the
Cu is amorphous or has structure.

5.2.3 NLC2
Quality of sample

To see if the sputtering of Cu on LSMO at any temperature would not destroy the
magnetisation, a layer of Cu was grown at 7' = 100°C on an old sample of NL1.While
the Cu layer is not so smooth —the RMS roughness is ~ 2.2 nm— as can be seen in
Fig. 4.4.1, the magnetisation is diminished only slightly, as Fig. 4.4.3, compared to Fig.
4.1.3, shows.

FMR signal

Since Cu is a bad spin sink, the linewidth should not increase when a layer of Cu is
grown on the sample. However, Fig. 4.4.4 does show a small increase of linewidth at
the thick "lobes" and a big increase in linewidth at the thinner lobes. This asymmetric
increase of linewidth could be due to dirt on the interface between the Cu and the LSMO
layer, since the Cu layer was sputtered on the LSMO more than a month later.

5.2.4 NLC3
Quality of sample

The next step is to increase the quality of the interface between LsMO and Cu. This is
done by growing Cu on a newly grown LSMO layer in the same system, without taking
the sample out first. Fig. 4.5.1 shows that the Cu is smooth, with an RMS roughness of
1.08 nm.

The X-ray diffraction measurement in Fig. 4.5.2 shows peaks, presumably originating
from imperfections in the substrate.

The measured M for this sample is, as shown in Fig. 4.5.4, around 1.5 pz/Mn atom.
Presumably, the dead layer is thicker for this sample. Using Eq. (5.1.1), it is calculated
that dgead layer = 9.71 nm.

FMR signal

The FMR measurements show that there is an increase in linewidth, as shown in Fig.
5.2.1. It is not known why this happens. Perhaps the Cu is contaminated with another
(possibly magnetic) metal.
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Figure 5.2.1: Comparison of the linewidth of NL1 (open circles) and NLC3 (closed
squares).

5.3 Pt on LSMO
5.3.1 NLCP1

Growing Pt on LsSMO should increase the linewidth of the FMR signal, assuming a spin
current is induced. This is first checked by growing a layer of Pt on the previous sample.
5 nm of Cu is etched off, and a 15 nm layer of Pt is then grown on that, at room
temperature. This may cause a bad interface, as it is not known how the surface of the
etched Cu looks.

Quality of sample

The magnetisation as a function of temperature was measured to see whether the T¢
was diminished. This is shown by Fig. 4.6.1. It shows that the T is still 320 K. The
magnetisation was also measured as a function of the external field, as shown in Fig.
4.6.2. The M; has decreased to half the original value, now at 0.75 pz/Mn atom, which
shows that the LSMO layer has been damaged, by either the Argon atoms from the
etching of the Cu layer, or the Pt atoms.

FMR signal

The FMR spectrum in Fig. 4.6.3 shows a slight increase in linewidth. A comparison of
this sample with the sample without the Pt layer can be seen in Fig. 5.3.1.
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Figure 5.3.1: The angular dependence of the linewidth of NLC3-m and NLCP1-m
compared.

The linewidth has increased slightly, but not enough to conclude that spin pumping
is the cause. The Pt could have slighty changed the structure of the LSMO, changing the
intrinsic damping. Inverse spin Hall voltage measurements show that no spin current
was induced.

5.3.2 LP1 and LP2

To grow amorphous Pt directly on LSMO, or any perovskite structure, the temperature
for growing the Pt must be carefully chosen. Fig. 4.7.1 shows the topography for LP1
grown at 400 °C. The RMS roughness is 1.52 nm . The X-ray diffraction measurement
in Fig. 4.7.2 shows that the Pt has a lot of structure in the (111) direction.

The growth temperature was assumed to be too high. Therefore, another test sample
was made, again Pt on LAO,where the Pt was grown at a temperature of 250 °C.

The topography of this sample, LP2, is shown in Fig. 4.8.1. The RMS roughness is
0.70 nm. When looking at a larger area, like in Fig. 4.8.2, the underlying structure of the
LAO is visible. Therefore, the temperature of 250 °C is taken to be low enough, and for
the next sample with LsMO and Pt on it, the Pt layer will be grown at 250 °C, despite
the X-ray diffraction measurement in Fig. 4.8.3 showing that the Pt layer is structured
in the (111) direction.

5.3.3 NLP1
Quality of sample

Growing Pt directly on LSMO gives the advantage of having just one interface that has
to be good. However, it is not known how this growing affects the LSMO.
The topography of the sample is shown in Fig. 4.9.1. This looks alot like the Pt on
LAO grown at 400 °C. It could be that the underlying LSMO layer itself is not uniform.
Fig. 4.9.2 shows that the T of NGO|LSMO(?nm)|Pt(?nm) has dropped to a value
between 305 + 5 K. Fig. 4.9.3 shows that the M; is only 0.2 pz/Mn atom. This was
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calculated by assuming that the LSMO layer of this sample is 10 nm. The most likely
explanation for the low M; is that the temperature at which Pt was grown was still too
high, and the Pt has somehow diffused into the LsMO.

Again assuming the total thickness is 10 nm, the thickness of the dead layer is
calculated to be dgead 1ayer = 9.42 nm.

FMR signal

Fig. 4.9.5 shows the angular dependence of FMR linewidth. Fig. 5.3.2 shows a comparison
of the linewidths between the bare LsSMO, the LsMO with Cu on it and LSMO with Pt
on it. It can be seen that the LSMO with a layer of Pt has a smaller linewidth than the
LSMO with Cu. According to [14], the linewidth is also dependent on both Mg and M;.
Since M; ~ 0.2 pz/Mn atom, the linewidth is smaller than it could be, and this could
explain the observed values.

Angle (deg)
255 270 g5 NLL ——
NLC3 ------
200 | oo 300 NLC3 -
225 o
210 330
195 345
180 R .7 - 9 Linewidth (mT)
: : : 40
165 | -
150 7 30
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Figure 5.3.2: Comparison of the angular dependence of linewidths of NL.1, NLC3, and
NLP1.

Inverse Spin Hall Effect

Inverse Spin Hall Effect measurements were also done, on both NLCP1 and NLPI.
However, no distinct voltage peak could be found in the noise.
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Conclusions

The Curie temperature of 13 nm thick Lag 7Srg.3MnO3 on (001)-oriented orthorhombic
NdGaQOg is shown to be 320 K.

It is possible that oxygen leaves the surface layers of the LSMO while leaving it to
cool down in vacuum, causing a dead layer at the surface and diminishing the total
magnetisation.

The X-Ray diffraction measurements of LSMO on NGO does not give information
about the structure of LsMO. This could be due to the small lattice mismatch between
LSMO and NGO, causing the peaks in the XRD spectrum to overlap.

LSMO is shown to have an FMR signal. This FMR signal is strongly dependent on the
quality of the LsSMO layer, the normal metal grown on top, and the interface between
the LSMO and the normal metal layer.

Copper grows amorphous on LSMO at a temperature of 100 °C. If a Cu layer is
grown on top of LSMO at room temperature, the Cu may diffuse into the LSMO layer
and diminish the magnetisation. It could also be that the LSMO layer in our sample was
not uniform to begin with.

A layer of amorphous Cu does not decrease the Curie temperature of LSMO on NGO.

Platinum grows (111)-structured on (001)-oriented LAO at temperatures of both
400 °C and 250 °C. It also grows structured on LSMO at a temperature of 250 °C, which
diminishes the magnetisation of the LsMO. However, it is not known whether the Pt is
(111)-structured. It is, to us, not known at what temperature Pt grows an amorphous
layer on epitaxial (001) LSMO.

The FMR signal of LsMO with Pt on it decreases slighly with respect to LSMO with
Cu on it. This could be due to a change in intrinsic damping due to structural changes
of the LSMO, or a diminished M; or Meg.

It is thus far not known whether a spin current can be induced from LSMO into Pt.
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Samples

Tables A.1 and A.2 show some basic information about the different LSMO samples.

Sample H name ‘ dL.sMo ‘ dcu ‘ dpy ‘ Roughn.gums
NGOJ|LSMO(13nm) NL1 13 nm - - 0.33 nm
NGO|LSMO(13nm)|Cu(10nm) NLC1 | 13 nm | 10 nm - 7.5 nm
LAO|Cu(10nm) LC1 - 10 nm - 0.57 nm
NGO|LSMO(13nm)|Cu(10nm) NLC2 | 13 nm | 10 nm - ~2.2 nm
NGO|LSMO(10nm)|Cu(10nm) NLC3 | 10 nm | 10 nm - 1.08 nm
NGO|LSMO(10nm)|Cu(5nm)|Pt(15nm) || NLCP1 | 10 nm | 5nm | 15 nm NA
LAO|Pt(11.5nm) LP1 - - 11.5 1.52 nm
LAO|Pt(?nm) LP2 - - ? 0.53 nm
NGO|LSMO(?nm)|Pt(?nm) NLP1 ? - ? 1.61 nm

Table A.1: Basic information about all samples.

Sample name H Old name

NL1 LS048
NLC1 LS054
NLC2 LS048-Cu
NLC2 LS058
NLCP LS058-Pt
LP1 Pt-01
LP2 Pt-02
NLP1 LS063

Table A.2: Sample names.

NL1 / NGO|LSMO(10nm)

This sample was cut into pieces called NL1-3(s), 4(s) and 6(m). More information about
these is available in table A.3 below.

NLC1 / NGO|LSMO(13nm)|Cu(10nm)

This sample was cut into NLC1-m1 and m2. More information about these is available
in table A.4 below.
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Sample H Dimensions (mm) ‘

NL1-3(s) 2.30 x 1.90
NL1-4(s) 2.30 x 2.15
NL1-6(m) 2.10 x 2.10

Table A.3: Basic information about the NL1 samples.

Sample H Dimensions (mm) ‘

NLC1-ml1 2.10 x 2.10
NLC1-m2 2.00 x 2.05

Table A.4: Basic information about the NLC1 samples.

NLC2 / NGO|LSMO(13nm)|Cu(10nm)

The NLC2 samples have the same dimensions as the NL1 samples.

NLC3 / NGO|LSMO(10nm)|Cu(10nm)
Table A.5 shows information about the NLC3 piece.
Sample H Dimensions (mm) ‘

NLC3-m || 210 x 200 |
Table A.5: Basic information about the NLC3 sample.

NLP1 / NGO|LSMO(?nm)|Pt(?nm)
Table A.6 shows information about the NLP1 piece.
Sample H Dimensions (mm) ‘

NLP1-ml | 2.05 x 2.00 |
Table A.6: Basic information about the NLP1 sample.
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Per-sample growth parameters

All LsMO layers were, after growth, cooled in vacuum. Cu and Pt layers were grown in
Ar atmosphere.

NL1 / NGO|LSMO(13nm)

Parameter LSMO layer | Cu layer
Temperature (°C) 840 100
Pressure (mbar) 2.2 0.6
Flow (sccm) 47.7 52.1

Table B.1: Growth parameters for the NL1 sample. The Cu layer was grown about a
month later, on small pieces, ~2x2mm.

NLC1 / NGO|LSMO(13nm)|Cu(10nm)

Parameter LSMO layer | Cu layer
Temperature (°C) 840 27
Pressure (mbar) 2.2-2.3 0.6
Flow (sccm) 43.7 54.4

Table B.2: Growth parameters for the NLC1 sample.

LC1 / LAO|Cu(10nm)

Parameter Cu layer
Temperature (°C) 100
Pressure (mbar) 0.6
Flow (sccm) 52.1

Table B.3: Growth parameters for the LC1 sample.

NLC3 / NGO|LSMO(10nm)|Cu(10nm)

The Pt layer was grown later in an external system, a Laybold-Heraeus Z-400, at room
temperature and with an Ar flow of 50 sccm.
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Parameter LSMO layer | Cu layer
Temperature (°C) 840 100
Pressure (mbar) 2.2-2.3 0.58
Flow (sccm) 43.2 ~50

Table B.4: Growth parameters for the NLC3 sample.

LP1 / LAO|Pt(11.5nm)

Parameter Pt layer
Temperature (°C) 400
Pressure (mbar) 1
Flow (sccm) 52.4

Table B.5: Growth parameters for the LP1 sample.

LP2 / LAO|Pt(?nm)

Parameter Pt layer
Temperature (°C) 250
Pressure (mbar) 1
Flow (sccm) 52.8

Table B.6: Growth parameters for the LP2 sample.

NLP1 / NGO|LSMO(?nm)|Pt(?nm)

Parameter LSMO layer | Pt layer
Temperature (°C) 840 250
Pressure (mbar) 2.2 1
Flow (sccm) 424 52.8

Table B.7: Growth parameters for the NLP1 sample.
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