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Chapter 1

Introduction

Spintronic devices integrating ferromagnetic materials and normal metals in multi-
layer hybrid structures represent well established basic elements in the field of data
storage. For future spintronic applications, anti ferromagnetic (AF) materials have
come into the focus of interest [1–11]. They promise to increase the dynamics [12]
as well as the robustness against external magnetic field perturbations [10, 13, 14].
Recently, the spin Hall effect [15–18], the spin-Seebeck and the spin-Nernst effects
[19–23], and other spin transport phenomena [24–30] were reported in different AF
insulators. For the application of such materials in data storage devices, however,
a robust detection scheme for their AF magnetization state is desired. The spin
Hall magnetoresistance (SMR) effect [31] could represent a sensitive probe for the
readout of the AF magnetization – so simple that only a planar metallic Hall bar
electrode has to be implemented in a bilayer thin film system.

The SMR originates from the interplay of charge and spin currents between a
magnetic insulator with magnetization M and a non-magnetic metal, exhibiting a
spin Hall effect (SHE) [32] and a finite spin polarization s at the interface. This
gives rise to an exchange of spin-angular-momentum between M and s and mani-
fests itself in a characteristic dependence of the resistivity on the angle ^(M, s) [33].
The effect was first experimentally reported in Y3Fe5O12(YIG)|Pt hybrid structures
[31] and theoretically explained by a non equilibrium proximity effect [33]. The
validity of the SMR model has been confirmed for YIG|Pt [31, 34–39] and other
collinear ferromagnetic insulator|normal metal systems like YIG|Ta [36], Fe3O4|Pt
[34], NiFe2O4|Pt [34], and CoFe2O4|Pt [40]. Recently, the SMR was used to re-
solve the spin structure residing on non-collinear magnetic sublattices in canted
(Gd3Fe5O12) [41] or spiral ferrimagnets (Cu2OSeO3) [42]. Furthermore the SMR was
found in FM|antiferromagnet (AFM)|Pt hybrid structures like YIG|NiO|Pt [30, 43–
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45] and in AFM|Pt samples [46, 47]. As the SMR requires only a simple planar
metallic electrode on top of the AFM, this discovery makes it a promising tool for
future applications.

In this thesis, we systematically study the SMR effect in antiferromagnetic nickel
oxide (NiO)|platinum (Pt) and hematite (α-Fe2O3)|platinum (Pt) bilayers and find
a 90◦ shift of the SMR signal in angle-dependent magnetoresistance (ADMR) mea-
surements with respect to the SMR using collinear ferromagnetic insulators like
YIG. Our results demonstrate that the SMR effect reflects the spin structure of the
AF sublattices in the AFM. We furthermore observe a strong dependence of the
SMR amplitude on the magnetic field magnitude in the NiO|Pt heterostructures.
To explain this behaviour in the framework of the SMR theory, we develop an an-
tiferromagnetic multidomain model and take into account magnetic field induced
modifications of the three-domain state.

To give a brief introduction of the SMR we start with the theoretical background
in Chapter 2. Chapter 3 introduces a theoretical model for a three-domain AFM
with a high magnetostriction and derives the expected SMR signal. In Chapters 4
and 5 the experimental data, using NiO|Pt and Fe2O3|Pt heterostructures for SMR
measurements, are shown together with the material properties of the AFM NiO
and Fe2O3. The summary and the outlook are given in Chapter 6 to conclude this
thesis.
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Chapter 2

Theoretical Background

We first give a brief introduction to charge and spin currents. Second, we present the
spin Hall effect and the inverse spin Hall effect (SHE and ISHE) that are necessary
to understand the principle of the spin Hall magnetoresistance (SMR) effect. As in
our experiments we investigated antiferromagnetic insulators (AFI) we focus on the
differences of the SMR there, compared to the ferrimagnetic insulators (FMI), that
have multiply been presented in literature so far [31, 34–42].

2.1 Charge and spin currents

A charge current in a normal metal (e.g. Pt, Cu) consists of moving electrons.
For this charge current, the electrons’ second degree of freedom, their spin angular
momentum, is not relevant. We now consider a two-spin channel model. Electrons
with spin states “up” and “down” contribute equally to the charge current

Jq = J↑ + J↓ (2.1)

(see Fig. 2.1 (a)). In contrast their spin direction changes the sign of their contri-
bution to the spin current

Js = − ~
2e

(J↑ − J↓) . (2.2)

Here, e is the elementary charge and ~ is the reduced Planck constant. For a
pure charge current, the equal contributions result in Js= 0 (Fig. 2.1(a)). For
ferromagnetic metals (e.g. Fe), the densities of states at the Fermi level are unequal
for the two spin directions. Therefore, the two spin states are not equally occupied.
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2.2 Spin Hall effect and inverse spin Hall effect

pure	charge	current	

J↑ = J↓

normal	metal	
e.g.	Cu,	Pt	

=

 Jq  > 0


Js  = 0


spin-polarized	current	

J↑ ≠ J↓

ferromagne1c	metal	

e.g.	Fe	

=

 Jq  > 0


Js  > 0


pure	spin	current	

J↑ = –J↓

"strange"	metal	

=

 Jq  = 0


Js  > 0


(a) (b) (c) 

Figure 2.1: (a) Schematic illustration of a pure charge current Jq with the same
number of spin “up” and spin “down” electrons moving in the same di-
rection, no spin current Js. (b) Unequal amount of spin “up” and spin
“down” electrons moving in the same direction lead to finite Jq and Js.
(c) Realization of a pure spin current Js without Jq for electrons with
opposite spin moving in opposite directions.

This does not affect Jq > 0, but leads to a finite Js > 0 and a so called spin-polarized
current (see Fig. 2.1 (b)). If we imagine a “strange” metal, where the electrons with
different spin states move in opposite directions (Fig. 2.1 (c)), the result would be
the inverse: A pure spin current Js > 0 with zero charge current Jq = 0.

2.2 Spin Hall effect and inverse spin Hall effect

To create a spin current from a charge current one can make use of the spin Hall
effect (SHE) [32]. There, due to spin-dependent scattering effects originating from
spin orbit interactions, a charge current causes a spin current

Js = αSH(− ~
2e

)Jq × s (2.3)

(Fig. 2.2 (a)). The efficiency of this effect is given by the material specific spin Hall
angle αSH. A non toxic material with a sufficiently high αSH= 0.11 is Pt [34].

4



Chapter 2 Theoretical Background

–Jq	

JS 

–Jq	

JS 
(a) (b) 

Figure 2.2: Illustration of the (a) spin Hall effect (SHE) and the (b) inverse spin
Hall effect (ISHE). Jq and Js denote the charge and the spin current,
respectively.

The inverse spin Hall effect (ISHE) converts a spin current back to a charge cur-
rent, see Fig. 2.2 (b). The direction of the generated current is always perpendicular
to both the direction of the initial current and the spin direction s.

2.3 Spin Hall magnetoresistance

The spin Hall magnetoresistance (SMR) effect emerges at the interface between a
normal metal (NM) and a magnetic insulator (MI) [31]. Via the SHE a finite spin
current is generated in the NM resulting in a spin accumulation at the interface
to the MI. Depending on the direction of its sublattice magnetizations M this spin
accumulation can relax in the MI via spin transfer torque [33]. For maximum re-
laxation, the spin direction s has to be perpendicular to M (Fig. 2.3 (a)). In the
parallel configuration, however, the spin current is reflected at the interface and
retransformed via ISHE to a charge current (Fig. 2.3 (b)).

The difference between relaxation and reflection of Js manifests itself in different
electrical resistances ρlong or ρtrans of the NM, measured along −Jq or perpendicular
to −Jq, respectively. This effect is used in our experiments where we manipulate the
magnetic sublattices with an external magnetic field and detect the related resitivity
changes. Using a ferrimagnet (FM) as MI permits to reorient M with an external
field H. The sublattices align (anti)parallel to H for sufficiently high magnitudes of
the external field. To define the direction of H, we introduce the angle α between
−Jq and H. So, α = 0◦ (h‖j) corresponds to the case of relaxation of the spin
current and, therefore, a higher resistivity ρlong than for α = 90◦ (H‖t), where the
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2.3 Spin Hall magnetoresistance

Figure 2.3: Via the SHE a charge current Jq is transformed to a spin current Js with
a spin polarization s at the Pt|MI interface (the MI is a FMI in (a) and
(b), an AFI in (c) and (d)). For perpendicular orientation between the
magnetization M in the FMI (a) or M1,2 in the AFI (d) to s, spin transfer
torque with spin relaxation is possible and causes a higher resistivity
ρlong (measured along Jq) than for M ‖ s (b), or M1,2 ‖ s (c). ρ0 is the
resistivity of the bare Pt electrode and ρ1 is the SMR amplitude [33].
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Chapter 2 Theoretical Background

Figure 2.4: Measurement geometry of a metal insulator (MI)|Pt bilayer, patterned
into a Hall bar structure via photolitography with current direction j,
transverse axis t and normal direction n. ρlong is determined along j,
ρtrans along t by measuring the voltage drop while applying a current
along j.

spin current is retransformed to a charge current reducing the resistivity.

In this thesis, we focus on AFI as MI. We expect that their magnetic sublat-
tices M1,2 orient perpendicular to H per magnetic domain [48, 49]. As shown in
Fig. 2.3 (c,d) for a monodomain case, the relaxation and the reflection of Js take
place for different orientations of H from the FM case above. As a result, α = 0◦

corresponds now to the case of reflection with low ρlong and α = 90◦ to the relaxation
with high ρlong.

In our measurements, we pattern the AFI|Pt bilayer into a Hall bar structure.
This permits us to apply a current along the direction j (‖ −Jq) and measure a
longitudinal resistivity (ρlong) along j and a transverse resistivity (ρtrans) along t
(see Fig. 2.4). A rotation of H in the Hall bar plane is an “ip” rotation (Fig. 2.5(a)),
in a plane perpendicular to j an “oopj” (Fig. 2.5(b)) and perpendicular to t an “oopt”
rotation (Fig. 2.5(c)).

In the extended SMR theory, those longitudinal and transverse resistivities of the
Pt layer are given by [33, 41]
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2.3 Spin Hall magnetoresistance

γ

h

j

t

n

h

j

t

n

α
β

h

j

t

n
ip oopj oopt

(a) (b) (c)

Figure 2.5: Definition of the rotation planes of the external magnetic field with unit
vector h. (a) in the Hall bar plane (ip). (b) in a plane perpendicular
to the current direction j (oopj). (c) in a plane perpendicular to the
transvere direction t (oopt).

ρlong = ρ0 +
∑
X

ρ1,X

[
1− (mX · t)2] (2.4)

ρtrans =
∑
X

ρ3,X [mX · j] [mX · t] , (2.5)

where mX are the unit vectors of the magnetizations of all sublattices X. ρ0 is the
resistivity of the bare Pt electrode, ρ1 and ρ3 are the maximal SMR amplitudes for
the longitudinal and the transverse measurements, respectively [33]. We now define
the angle between mX and j as ϕX such that ϕX = 0◦ means mX ‖j and ϕX = 90◦

means mX ‖t. Then mX ·j= cosϕX and mX ·t= sinϕX .

In FMI, we only have one magnetic sublattice with magnetization m (|m| = 1)
oriented parallel to H. So, ϕ = α and we get

ρlong = ρ0 + ρ1[1− sin2 α] = ρ0 + ρ1 cos2 α = ρ0 +
ρ1

2
+
ρ1

2
cos 2α , (2.6)

ρtrans = ρ3 sinα cosα =
ρ3

2
sin 2α . (2.7)

For a single antiferromagnetic domain with two sublattices X = 1, 2 and no canting
effects we assume m1 = −m2⊥H (|m1| = |m2| = 1) [48, 49], resulting in ϕ1 = α+90◦
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Chapter 2 Theoretical Background

and ϕ2 = α− 90◦. With ρ1,1 = ρ1,2 = ρ1/2 and ρ3,1 = ρ3,2 = ρ3/2 we obtain

ρlong = ρ0 + ρ1[1− cos2 α] = ρ0 + ρ1 sin2 α = ρ0 +
ρ1

2
− ρ1

2
cos 2α , (2.8)

ρtrans =
ρ3

2
[(− sinα) cosα + sinα(− cosα)] = −ρ3

2
sin 2α . (2.9)

In summary, the expected qualitative difference of the angle dependent magne-
toresistance (ADMR) between the FMI and the AFI for an in-plane rotation of H
is a 90◦ shift of the signal with respect to the angle α.
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Chapter 3

Model for a three-domain AFM

We now present a model to calculate the SMR for a three-domain antiferromagnet
under rotation in an external magnetic field H. This configuration will be relevant
for our experiments.

We consider a crystal structure with three distinguishable domains in an easy
plane with an angle of 120◦ to each other (see Fig. 3.1(b)). Each antiferromagnetic
domain Dk (k = 1, 2, 3) consists of two magnetic sublattices, oriented in positive
and negative sense along the staggered unit magnetization vectors lk which are the
normalized differences of the sublattice unit vectors m1,k and m2,k of the sublattice
magnetizations, Fig. 3.1(a). For magnetotransport measurements we, furthermore,
consider a metallic Hall bar on top of this AFM easy plane. The projections of lk
on the Hall bar directions j and t are defined as l(k)

j = cosϕk and l(k)
t = sinϕk, with

ϕk the angle between l(k)
j and the current direction j (Fig. 3.1(c)). For the SMR

calculation, we treat the interfaces between the Hall bar and the domains as serially
connected resistors with mobile domain walls (blue in Fig. 3.1(b)) between them.
The relative size (fraction) of each domain Dk is given by ξk. So the sum over all
domains is

∑3
k=1 ξk = 1. According to the SMR theory [15], the longitudinal and

the transverse resistivities can be written as

ρlong = ρ0 + ρ1

3∑
k=1

ξk[1− (l
(k)
t )2] , (3.1)

ρtrans = ρ3

3∑
k=1

ξ(k)l
(k)
j l

(k)
t , (3.2)

see also Eqs.(2.4) and (2.5). The angle between H and j is α and, therefore, the two
components of the external field are given by Hj = H cosα and Ht = H sinα. We
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3.1 Relevant energies

α

H

D1

D3D2

j

t

1

2 3 ϕm1 - m2

m1    m2

(a)                          (b)        (c)

|m1 - m2|
 =


 

Figure 3.1: (a) Definition of the staggered magnetization vector l as the normalized
difference of the unit vectors m1 and m2 of the sublattice magnetiza-
tions. (b) Illustration of the three-domain structure (D1 - D3). (c)
Measurement geometry. The directions j and t are defined by the Hall
bar (shaded area). α is the angle between the external magnetic field H
and j, ϕ is the angle between l and j.

only consider external fields applied in the Hall bar plane.

In the following, we will first summarize the relevant microscopic forces on the
magnetic sublattices to obtain the free energy of the system. Minimization of the free
energy with respect to the domain fractions ξk and the directions of the sublattice
magnetizations ϕk leads then to a field dependent microscopic domain picture and
is used to calculate the SMR.

The following energy ansatz is adapted from a theoretical model Olena Gomonay
proposed for the equilibrium domain structure in AFM in [46].

3.1 Relevant energies

In the absence of an external magnetic field H, the magnetic structure is determined
by the anisotropy energy

Ea =
1

6
MVHa〈cos(6ϕ)〉 , (3.3)

leading to a six-fold anisotropy domain structure. 〈...〉 is the mean average over the
domain structure and defined as 〈u〉 =

∑
ξku

(k). M is the sublattice magnetization
that is equal for all the antiferromagnetic moments in our model. V is the volume of
the sample and Ha the magnetic anisotropy field. Since ϕ for each domain is defined

12



Chapter 3 Model for a three-domain AFM

with a 30◦ shift relative to the easy axes, Ea has a positive sign. For H 6= 0, the
six-fold anisotropic domain structure is influenced by two competing interactions,
the Zeeman and the demagnetization energy. The Zeeman energy

EZee =
MVH2

2Hex

〈cos2(ϕ− α)〉 − MVH2

4Hex

(3.4)

defines the reorientation of l(k) of the magnetic sublattices and creates an energetic
difference between the before energetically degenerate domains. Hex is the magnetic
exchange field. This ansatz is taken from [50] where EZee ∝ H2, cos2 ^(H, l) and
Ea ∝ − cos(6^(easy axis, l)).
Furthermore, a (ponderomotive) force is generated and induces domain wall mo-

tion to eliminate energetically unfavourable domains. On the other hand, antifer-
romagnets with a pronounced magnetoelastic coupling show so-called destressing
effects. The destressing energy

Edest =
1

2
HdestMV [〈cos 2ϕ〉2 + 〈sin 2ϕ〉2] (3.5)

favours a multidomain state and can be seen as an analogon to the demagnetization
forces in ferromagnets [51–53]. Hdest is the magnetic destressing field and is given
by the magnetostriction of the material. Domain wall motion is, however, limited
by pinning effects like defects in the crystal, but in a first approximation we neglect
this phenomenon [46]. The total energy

Etot = Ea + EZee + Edest (3.6)

is the sum of Ea , EZee and Edest. For the materials relevant in this thesis, the values
for the anisotropy (Ha) and the exchange fields (Hex) are of the order of 10 mT and
1000T, respectively.

3.2 Minimization of the free energy

To calculate the magnetic domain structure we minimize the total energy with re-
spect to the domain fraction ξk and the orientation of the staggered vectors l(k) in

each domain by setting
∂Etot

∂ξk
= 0 and

∂Etot

∂ϕk
= 0. We obtain three regimes depen-

dent on the external magnetic field magnitude that have to be treated separately.
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3.2 Minimization of the free energy

For high fields, the three domains become indistinguishible and for H > HMD (HMD

is the monodomain field, see later) they behave as one large domain. For lowerH, we
separate between HMD/

√
2 ≤ H < HMD where depending on the orientation of H

two or three domains are existing, and H < HMD/
√

2 with an overall three-domain
state.

3.2.1 Three-domain regime for H < HMD/
√

2

In the three-domain regime, we substitute ξ1 = 1 − ξ2 − ξ3 and write all functions
of ξk and ϕk using the aforementioned mean average over the domain structure.
Differentiating the energies separately with respect to ξj and ϕj (j = 2, 3) gives

∂Ea

∂ξj
=
MVHa

6
(cos 6ϕj − cos 6ϕ1) (3.7)

∂Ea

∂ϕj
= −MVHaξj sin 6ϕj (3.8)

∂EZee

∂ξj
= −MVH2

2Hex

[cos2(ϕ1 − α)− cos2(ϕj − α)] (3.9)

∂EZee

∂ϕj
= −MVH2

2Hex

ξj sin 2(ϕj − α) (3.10)

∂Edest

∂ξj
= MVHdest[(cos 2ϕj − cos 2ϕ1)〈cos 2ϕ〉+ (sin 2ϕj − sin 2ϕ1)〈sin 2ϕ〉]

(3.11)
∂Edest

∂ϕj
= 2HdestMV ξj(cos 2ϕj〈sin 2ϕ〉 − sin 2ϕj〈cos 2ϕ〉) , (3.12)

and leads to

∂Etot

∂ξj
=
MVHa

6
(cos 6ϕj − cos 6ϕ1)− MVH2

2Hex

[cos2(ϕ1 − α)− cos2(ϕj − α)]+

+MVHdest[(cos 2ϕj − cos 2ϕ1)〈cos 2ϕ〉+ (sin 2ϕj − sin 2ϕ1)〈sin 2ϕ〉] = 0 , (3.13)

Since we are in the low-field regime, we consider the directions of the staggered
magnetizations of the three domains as fixed and set ϕ1 = 270◦, ϕ2 = 150◦ and
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Chapter 3 Model for a three-domain AFM

ϕ3 = 30◦. With j = 2, 3, we obtain the following two equations

j = 2 ⇒
√

3H2

4Hex

sin(2α +
2π

3
) +Hdest[+

3

2
〈cos 2ϕ〉 −

√
3

2
〈sin 2ϕ〉] = 0 (3.14)

j = 3 ⇒
√

3H2

4Hex

sin(2α− 2π

3
) +Hdest[−

3

2
〈cos 2ϕ〉 −

√
3

2
〈sin 2ϕ〉] = 0 . (3.15)

We note that the contribution from the anisotropy energy cancels out. Summing
and subtracting leads to

〈cos 2ϕ〉 = −H
2 cos 2α

4HexHdest

(3.16)

〈sin 2ϕ〉 = −H
2 sin 2α

4HexHdest

. (3.17)

Together with the definition of the mean average for

〈cos 2ϕ〉 =
3∑

k=1

ξk cos 2ϕk =
3

2
(ξ2 + ξ3)− 1 (3.18)

〈sin 2ϕ〉 =
3∑

k=1

ξk sin 2ϕk =

√
3

2
(ξ3 − ξ2) , (3.19)

we obtain

ξ2 =
1

3
− H2

4HexHdest

(
cos 2α

3
− sin 2α√

3
) (3.20)

ξ3 =
1

3
− H2

4HexHdest

(
cos 2α

3
+

sin 2α√
3

) (3.21)

ξ1 = 1− ξ2 − ξ3 =
1

3
(1 +

2H2 cos 2α

4HexHdest

) . (3.22)
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3.2 Minimization of the free energy

For the two “extreme” directions of H (α = 0◦ and α = 90◦), this results in

ξα=0◦

2,3 =
1

3
(1− H2

4HexHdest

) (3.23)

ξα=90◦

2,3 =
1

3
(1 +

H2

4HexHdest

) (3.24)

ξα=0◦

1 =
1

3
(1 +

2H2

4HexHdest

) (3.25)

ξα=90◦

1 =
1

3
(1− 2H2

4HexHdest

) . (3.26)

We see that for α = 0◦ the domain fractions ξ2 and ξ3 get zero at H = HMD ≡√
4HexHdest. There the domains D2 and D3 disappear and only D1 remains. We call

HMD the monodomain field. For α = 90◦, at H =
HMD√

2
, ξ1 goes to zero and we

obtain a two-domain state. In the next section, we will calculate the situation for
the two remaining domains at fields HMD/

√
2 ≤ H < HMD.

Now we calculate the resistivities ρlong and ρtrans using Eqs.(3.1) and (3.2) together
with the values for ξ2 and ξ3 (Eqs. (3.20), (3.21)) and the angles ϕ1 = 270◦,
ϕ2 = 150◦ and ϕ3 = 30◦. We obtain

ρlong = ρ0 +
ρ1

2
− ρ1

2

H2

H2
MD

cos 2α , (3.27)

ρtrans = −ρ3

2

H2

H2
MD

sin 2α (3.28)

and find a 180◦-periodic oscillation of the resisitivities with an amplitude propor-
tional to H2.

3.2.2 Two-domain regime for HMD/
√

2 ≤ H < HMD

From Eq.(3.26) we see that at α = 90◦ and HMD/
√

2 ≤ H < HMD we obtain a
two-domain state. In this section, we are going to calculate ρlong and ρtrans for
HMD/

√
2 ≤ H < HMD and angles α around α = 90◦ where only D2 and D3 are

existing. 1

Using ξ2 + ξ3 = 1 and minimizing the derivative
∂Etot

∂ξ2

=
∂Ea

∂ξ2

+
∂EZee

∂ξ2

+
∂Edest

∂ξ2

1For a rotation of the external field starting from α = 90◦, at some critical angle depending on
the external field magnitude D1 reappears and the SMR follows Eq.(3.27).
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Chapter 3 Model for a three-domain AFM

with

∂Ea

∂ξ2

=
MVHa

6
(cos 6ϕ2 − cos 6ϕ3) (3.29)

∂EZee

∂ξ2

= −MVH2

2Hex

[cos2(ϕ2 − α)− cos2(ϕ3 − α)]

= −MVH2

4Hex

[cos 2α(cos 2ϕ3 − cos 2ϕ2) + sin 2α(sin 2ϕ3 − sin 2ϕ2)] (3.30)

∂Edest

∂ξ2

= MVHdest[(cos 2ϕ2 − cos 2ϕ3)〈cos 2ϕ〉+ (sin 2ϕ2 − sin 2ϕ3)〈sin 2ϕ〉] ,

(3.31)

and the assumption of a symmetrical behaviour, i.e. cos 2ϕ2 = cos 2ϕ3 and cos 6ϕ2 =

cos 6ϕ3, we obtain

∂Etot

∂ξ2

= −MVH2

4Hex

[sin 2α(sin 2ϕ3 − sin 2ϕ2)] +MVHdest(sin 2ϕ2 − sin 2ϕ3)〈sin 2ϕ〉

(3.32)

with a minimum for Etot as for the three-domain case, see Eq. (3.17), at

〈sin 2ϕ〉 = −H
2 sin 2α

4HexHdest

= − H2

H2
MD

sin 2α . (3.33)

For
∂Etot

∂ϕ2

with the same assumptions, we obtain

∂Etot

∂ϕ2

=MV ξ2[−Ha sin 6ϕ2

− H2

2Hex

sin 2(ϕ2 − α)

+ 2Hdest(cos 2ϕ2〈sin 2ϕ〉 − sin 2ϕ2〈cos 2ϕ〉)] . (3.34)

We use Eq.(3.33) to replace the 〈sin 2ϕ〉, set the derivative to zero, and end up with
the result

〈cos 2ϕ〉 = − H2

H2
MD

cos 2α− 2HexHa

H2
MD

(4 cos2 2ϕ2 − 1) . (3.35)

Since HexHa is much smaller than H2
MD, we neglect the second term in Eq.(3.35)
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3.3 Summary

and obtain

〈cos 2ϕ〉 = − H2

H2
MD

cos 2α , (3.36)

which is the same result as in the three-domain case, see Eq. (3.16). With Eqs.(3.1)
and (3.2), we calculate ρlong and ρtrans for the two-domain case, using ξ3 = 1 − ξ2

and 〈cos 2ϕ〉 = cosϕ2, and obtain the same

ρlong = ρ0 +
ρ1

2
− ρ1

2

H2

H2
MD

cos 2α , (3.37)

ρtrans = −ρ3

2

H2

H2
MD

sin 2α . (3.38)

So we see, that the dependences for the three- and for the two-domain case are
the same. The resistivity shows a 180◦-periodic oscillation with an amplitude pro-
portional to H2. For external fields approaching the monodomain field, we have to
take into account that in the two-domain case the remaining staggered vectors l2
and l3 undergo a rotation to result in the perpendicular alignment to the external
field. Therefore, we must not put in fixed ϕ2 and ϕ3 as for the three-domain case
but assume a symmetric rotation for l2 and l3.

3.2.3 Monodomain regime for H ≥ HMD

For H ≥ HMD, we end up with one domain that follows the field rotation, because

in the equations for ρlong and ρtrans in both the three and the two-domain case,
H2

H2
MD

becomes unity

ρlong = ρ0 +
ρ1

2
− ρ1

2
cos 2α , (3.39)

ρtrans = −ρ3

2
sin 2α . (3.40)

Increasing the external field cannot increase the SMR amplitude any more.

3.3 Summary

We illustrate this scenario for two angles α (Fig. 3.2) and discuss the expected
behaviour of the longitudinal resistivity ρlong.
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H || j H || j H || jα = 0°
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Figure 3.2: Vizualization of the theoretic model. Red arrows l = m1−m2 show the
directions of the sublattice magnetizations for the three domains D1 -
D3. With increasing external field H along the current direction j up
to the critical field HMD, only the domain walls are moving (top row,
α = 0◦ where α defines the angle between H and j). In the second
row (α = 90◦), for H = HMD/

√
2 D1 vanishes and up to HMD the l1

and l2 rotate into the final monodomain state which is reached for the
two domains for H > HMD. In the bottom row, the longitudinal SMR
signal expected from this model for each regime of the external field H
is shown. The amplitude increases up to the monodomain field where it
reaches a constant maximum value.
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3.3 Summary

In the absence of a magnetic field (Fig. 3.2 (a)), the sample consists of three
AFM domains, equal in fraction. Their staggered vectors are aligned along the easy
axes at angles of 120◦ with respect to each other. The resulting resistivity ρlong

of the Pt Hall bar is independent of α and is higher than ρ0 for a single layer of
Pt. Calculating ρlong from Eq. (3.1) with ξ1 = ξ2 = ξ3 = 1/3 and ϕ1 = 270◦, ϕ2 =

150◦, ϕ3 = 30◦ results in a value of ρlong = ρ0+ρ1/2. Increasing the magnetic field up
to H = HMD/

√
2 (Fig. 3.2 (b)) does not affect the domain orientation, but changes

the domain fractions. For α = 0◦, D1 is energetically favourable compared to D2

and D3, because l1 is perpendicular to H and therefore D1 grows with increasing
field. In contrast for α = 90◦, l1 is parallel to H and therefore D2 and D3 are the
energetically favourable, increasing domains. This leads to a characteristic − cos 2α

dependence of ρlong.
For higher external fields of HMD/

√
2 < H < HMD (Fig. 3.2 (c)), for α = 0◦,

D1 increases further until D2 and D3 vanish, resulting in a monodomain state. For
α = 90◦ at H = HMD/

√
2, D1 vanishes and l2,3 in the two remaining, energetically

equal domains D2 and D3 start to rotate. The rotation also leads to a monodomain
state at H = HMD with l of the remaining domain perpendicular to H.

For field magnitudes of H > HMD (Fig. 3.2 (d)), the remaining domain rotates
with the external field and the SMR amplitude reaches its maximum. The depen-
dence of the SMR amplitude on the field is (H/HMD)2 for H 6 HMD. We note that
only a change in domain fraction causes the − cos 2α dependence of ρlong at small
magnetic fields, without rotation of the staggered vectors lk.
This model was developed for the easy plane AFM NiO and will be published in

[46].
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Chapter 4

Spin Hall magnetoresistance in
NiO|Pt bilayers

We present the SMR in NiO|Pt bilayers. We start with the material properties of
the AFM NiO and the fabrication of the samples, before we show the results of the
ADMR and field dependent measurements, that are performed to investigate the
SMR effect. Finally, we conclude with an explanation of the experimental data ap-
plying the theoretical model for a three-domain AFM, presented above in chapter 3.

4.1 Material properties of NiO

NiO represents a prototypical antiferromagnetic insulator with a Néel temperature of
523K [54] crystallizing in a simple, cubic sodium chloride structure (Fig. 4.1). The
Ni2+ spins (red and blue in Fig. 4.1) align ferromagnetically along the cubic 〈112〉
directions within the {111} planes and antiferromagnetically between neighbouring
{111} planes [55–57]. The 〈112〉 directions represent magnetically easy directions
as illustrated in Fig. 4.2. In the absence of a magnetic field H, NiO forms three
antiferromagnetic domains (D1 - D3), containing spins in opposite directions from
the neighbouring {111} planes.

The transition from the paramagnetic to the antiferromagnetic phase at the Néel
temperature is accompanied by a structural distortion from cubic to slightly rhom-
bohedral [58]. However, this does not influence the fact, that the {111} planes
containing ferromagnetically ordered spins are parallel to each other and perpendic-
ular to the diagonal of the rhombohedron. Therefore we neglect the rhombohedral
distortion and consider the AFM NiO as cubic in the following. The bulk lattice
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4.1 Material properties of NiO

Ni2+  

Ni2+ 
 

O2- 

[100] 

[010] 

[001] 

a 

√
 

 a/  2 

Figure 4.1: NiO crystal structure. The green oxygen ions are centered on the edges
and in the cube and the nickel ions in the corners and the center of each
face. The red and the blue triangle show the {111} planes with parallel
oriented Ni spins.

Figure 4.2: NiO domain structure with three domains D1 - D3 in the {111} planes.
Each domain consists of two magnetic sublattices m1 (red) and m2

(blue), pointing in the indicated easy direchtions.
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Chapter 4 Spin Hall magnetoresistance in NiO|Pt bilayers

constant is a=0.417 nm and the distance between two oxygen ions (green in Fig. 4.1)
in the {111} planes is a/

√
2 =0.295 nm.

The exchange and the anisotropy fields for NiO are reported to be µ0Hex = 968.4 T
and µ0Ha = 11 mT, respectively [57]. Furthermore, NiO is a material with a high
magnetostriction value of 9 × 10−5 [59–62], which causes a significant destressing
energy that has to be taken into account for the minimization of the free energy
[50–53]. We will find later that the destressing field is µ0Hdest = 46 mT.

4.2 Fabrication of NiO|Pt thin films

We grow 120 nm thin NiO films via pulsed laser deposition (PLD) with a repetition
rate of 2Hz and a laser fluence of 2.5 J/cm2 at 380 ◦C and 10 µbar oxygen pressure.
Via electron beam evaporation (EVAP), a 2 nm thin Pt electrode is deposited in situ
at room temperature and a base pressure of 6.7 × 10−7mbar on top of the sample.
Detailed information on PLD and EVAP can be found in the appendix.

We use (0001)-oriented Al2O3 substrates for the (111)-oriented growth of NiO.
Al2O3 has a hexagonal crystal structure with lattice parameters of a = 0.4763 nm

and c = 1.3003 nm. As in epitaxial growth the oxygen sublattice continues [63, 64],
we can calculate a mismatch εO of the oxygen lattice, comparing the distances of
two oxygen atoms in the (0001) plane of Al2O3 (δO,Al2O3 = 0.275 nm [65]) and in the
(111) plane of NiO (δO,NiO = aNiO/

√
2 = 0.295 nm) of

εO =
δO,NiO − δO,Al2O3

δO,Al2O3

= 7.3 % . (4.1)

Therefore, we expect a relaxed growth of NiO on the sapphire substrate.
We employ X-ray diffraction to characterize the crystallographic structure of our

samples. The out-of-plane 2Θ−ω scan shows only reflections which can be attributed
either to the substrate or the film (Fig. 4.3). We find the expected (000l) reflections
from the Al2O3 substrate and the (hkl) reflections (h=k=l) from the NiO thin film,
evidencing that NiO[111]||Al2O3[0001]. In addition, a broad feature is observed
which we attribute to the Pt top electrode. No secondary phases are detected. Via
Bragg’s law (Eq. A.1), using the three NiO reflections at Θ111 = 18.69◦, Θ222 =

39.85◦ and Θ333 = 73.97◦, we calculate the same value for the distance between
the NiO {111} planes to dNiO = 0.240 nm. The coincidence in d for the three
reflections shows that systematic errors are small. From the literature value for
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4.2 Fabrication of NiO|Pt thin films

Figure 4.3: X-ray diffraction diagram. The 2Θ − ω scan shows (0006) and (00012)
reflections of the Al2O3 substrate at 2Θ = 41.65◦ and 90.67◦. The (111),
(222) and (333) NiO film reflections are located at 2Θ = 37.38◦, 2Θ =

79.69◦ and 2Θ = 147.94◦. The feature around 2Θ = 40◦ results from the
Pt electrode. The intensities are given in counts per second (cps).

the NiO lattice constant, we calculate the distance between two {111} planes to
dNiO,literature = dNiO/

√
3 = 0.241 nm. Since this coincides well with our measurement

we conclude that the thin film grows out-of-plane relaxed as expected. Fig. 4.4 is a
detailed view of the NiO (111)- and the Al2O3 (0006) reflection, as well as a broader
feature. We assign this to the Pt top electrode, since cubic Pt with a bulk lattice
constant of 0.3920 nm [66] shows a (111) reflection at 39.80◦.

For the in-plane orientation, we expect NiO[110]||Al2O3[1010]. To check this
orientation and to calculate the in-plane lattice constant dip we recorded recip-
rocal spacemaps (RSM) of the substrate and the film reflection, see Fig. 4.5. The
NiO (402) reflection occurs at qH = 2.782 and qL = 10.812, after alignment to the
Al2O3(30312) reflection. From the NiO (402) we move in the reciprocal space map
“downwards” along the hexagonal [0001] (corresponding to the cubic [1 1 1]) direction
to q000L = 0 to reach the hypothetic NiO (220) reflection (Fig. 4.6 (a)). First we cal-
culate the distance between the NiO {220} planes via the equation for a hexagonal
lattice structure

1

d2
hkl

=

[
4

3
(h2 + k2 + hk) + l2

(a
c

)2
]

1

a2
. (4.2)
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Figure 4.4: X-ray diffraction diagram on an enlarged scale. The 2Θ− ω scan shows
the (0006) reflection of the Al2O3 substrate at 2Θ = 41.65◦ and the (111)
NiO film reflection at 2Θ = 37.38◦. The (111) reflection for bulk Pt is
expected at 39.80◦ (dashed blue line).

2 . 9 8 3 . 0 0 3 . 0 2

1 1 . 9 8

1 2 . 0 0

1 2 . 0 2 ( a )  A l 2 O 3 ( 3 0 3 1 2 )

q 00
0L

 (rl
u)

q H 0 H 0  ( r l u )

1 0
1 0 0 0
1 0 0 0 0 0

1 0 1
1 0 3
1 0 5

q H  =  3 . 0 0 0

I (c
ps

)

1 0 1 1 0 3 1 0 5

q L  =
1 2 . 0 0 0

I  ( c p s )
2 . 7 5 2 . 8 01 0 . 7 5

1 0 . 8 0

1 0 . 8 5 ( b )  N i O ( 4 0 2 )

q H 0 H 0  ( r l u )

1 0
1 0 0
1 0 0 0

1 0 1 1 0 2 1 0 3

q L  =
1 0 . 8 1 2

I  ( c p s )

1 0 1
1 0 2
1 0 3

q H  =  2 . 7 8 2

Figure 4.5: Reciprocal spacemaps and q-scans of (a) the Al2O3 (30312) and (b) the
NiO (402) reflection, found at qH = 2.782, qL = 10.812. The reciprocal
scattering vectors q are given in reciprocal lattice units (rlu).
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Figure 4.6: Epitaxial relations between NiO(111) and Al2O3(0001). (a) Expected
reflections from Al2O3 (black) and NiO (red) in a schematic recipro-
cal space map (not to scale). (b) Top view on the Al2O3(0001) plane
(grey shaded area) with the (0001)-oriented Al2O3 lattice (black) and
the (111)-oriented NiO lattice (red). Oxygen ions are indicated in green.
(c) Top view on the NiO(001) plane (yellow shaded area). The cubic
lattice parameter aNiO is indicated by a blue arrow.

We set the Miller indices h, k, l to h = 2.782, k = l = 0 for the film, but take a and
c for the hexagonal Al2O3, as we aligned on the hexagonal sapphire substrate. We
obtain d{220} = 0.1483 nm for the distance between the corresponding {220} planes.
The distance between the {110} planes is 2× d{220} = 0.2966 nm (Fig. 4.6 (b)). For
the in-plane lattice constant we are interested in the distance between the {100}
planes (Fig. 4.6(c)), so we need to multiply with

√
2 and obtain dip = 0.419 nm. As

well as for the oop lattice constant we find that the difference to the bulk lattice
constant of dip,literature = 0.417 nm is very small and conclude that the thin film
grows relaxed.

The rocking curve of the NiO (111) reflection (Fig. 4.7) shows a full width at half
maximum (FWHM) of 0.029◦. This indicates a high quality thin film with a low
mosaic spread.

To determine the layer thickness, we apply X-ray reflectometry from 2Θ = 0.5◦ to
2Θ = 5◦ (Fig. 4.8). The small oscillations originate from the thicker NiO film, the
larger oscillations from the thin Pt electrode. With a simulation of the experimental
data using the software LEPTOS, we obtain the thicknesses tNiO = 120 nm and
tPt = 2 nm and a low surface roughness below 0.8 nm (rms value).
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Chapter 4 Spin Hall magnetoresistance in NiO|Pt bilayers

Figure 4.7: X-ray rocking curve around the NiO (111) reflection with a full width at
half maximum (FWHM) of 0.029◦.

0 ° 1 ° 2 ° 3 ° 4 ° 5 °1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5
         N i O / P t
r e f l e c t o m e t r y
    s i m u l a t i o n

Int
en

sity
 (c

ps
)

2 �

Figure 4.8: X-ray reflectometry to determine the thicknesses of the bilayer. The
red curve was fitted to the black experimental curve using the software
LEPTOS.
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4.3 Magnetoresistance (MR) measurements

Via optical lithography and Ar ion milling, the sample is patterned into a Hall bar
mesa structure with a width of w = 80µm and a contact separation of llong =

600µm for the longitudinal and ltrans = 80µm for the transverse angle dependent
(ADMR) measurements. For the Hall bar geometry (Fig. 2.4) the longitudinal and
transverse resistivities (ρlong, ρtrans) are calculated from the longitudinal and the
transverse voltages Vlong and Vtrans as

ρ =
V w tPt

I l
. (4.3)

V is measured with a standard four-probe technique using a dc current of I = 100µA
and a current-reversal method [41]. After each measured voltage the current is in-
verted, taking six data points per voltage. By calculating the difference between the
data points, taken at positive and negative current, we eliminate thermal voltages.
The resistance of the Pt layer without an external field at room temperature is cal-
culated to ρPt = 2.30× 10−7 Ωm, in agreement to literature values for the resistivity
of 2.40 × 10−7 Ωm [34]. From resisitivity measurements, we aim to obtain an SMR
signal in the range of 6 10−4. The Pt resistivity, however, sensitively depends on
the temperature T (0.4% per K at room temperature [67]) and causes a signal of the
same order of magnitude if ∆T >0.025K. This makes the following data collection
quite challenging and requires to perform the experiments very carefully.

4.3.1 Angle and field dependent MR for in-plane rotations of

the external magnetic field H

We perform angle dependent magnetoresistance (ADMR) measurements at 300K by
rotating an applied magnetic field H of constant magnitude in the (111)-plane of the
NiO film. To eliminate any non-SMR related contributions to the resistivity, we plot
the ADMR data normalized to the ρlong value at α = 0◦ (j ‖ h), which corresponds
to the case, where M1,2 ‖ s at high fields and the spin current is reflected, because
no STT is possible (Fig. 2.3). Furthermore, we shift the normalized data ρlong/ρ(0◦)

by −1 to move the minimal ρlong(0◦) to zero (Fig. 4.9). We find a characteristic 180◦

periodic oscillation, similar to the SMR in AFM, but shifted by 90◦. The oscillation
amplitude increases with increasing external magnetic field. This corresponds to our
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Figure 4.9: ADMR measurements of a NiO(111)/Pt bilayer, measured at 300K at
in-plane external magnetic field magnitudes of (a) 1T, (b) 9T, (c) 15T,
(d) 17T. The normalized longitudinal resistivity ρlong (black symbols,
left axis) and transverse resistivity ρtrans (red symbols, right axis) are
plotted as a function of the magnetic field orientation α. The lines are
fits to the data according to Eqs. (4.4) and (4.5).
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Figure 4.10: Field-dependent longitudinal resistivity ρlong(H) of the NiO(111)/Pt
bilayer normalized to ρlong(H, 0◦) after subtracting ρlong(0 T, α). The
data were measured at 300K for α = 90◦ (H ‖ t, black symbols) and
α = 0◦ (H ‖ j, red symbols). The distance between the two curves
corresponds to the longitudinal SMR amplitude (blue arrow).

expectations in the theoretical model, presented in chapter 3. The data are fitted,
using

ρlong

ρlong(0◦)
− 1 =

1

2
SMRlong(H)− 1

2
SMRlong(H) cos 2α , (4.4)

ρtrans

ρlong(0◦)
= −1

2
SMRtrans(H) sin 2α . (4.5)

SMRlong(H) and SMRtrans(H) are the longitudinal and the transverse SMR am-
plitudes. Increasing the constant magnetic field magnitude H from 9T to 17T
(Fig. 4.9, (b-d)) shows that the SMR amplitudes are field dependent. The ρlong ∝
− cos 2α, ρtrans ∝ − sin 2α dependence of the ADMR resisitivity shows the same be-
haviour as derived in chapter 3, indicating the validity of our three-domain model
for the SMR in AFMs.

To further confirm this scenario, we measure the field dependence and perform
magnetic field sweeps at fixed orientations (α = 0◦ and α = 90◦) of the magnetic
field with respect to the crystallographic axes of NiO (i.e. at the minima and the
maxima of the ADMR measurements) at 300K (Fig. 4.10). The longitudinal resis-
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Figure 4.11: SMR amplitude of the NiO(111)/Pt bilayer obtained from ADMR mea-
surements at 300K at different external magnetic field magnitudes
(cf. Fig. 4.9) using the longitudinal (black symbols) and transverse (red
symbols) resistivities as well as data extracted from the fieldsweep mea-
surements shown in Fig. 4.10 (blue symbols) as a function of the exter-
nal magnetic field magnitude. The data are compared to a simulation,
based on the theory, presented in chapter 3 (green line).

tivity is plotted after subtracting a constant value of ρlong(0 T, α) from both curves
and dividing by the original ρlong(H, 0◦). Because of the longer duration of the
measurement, compared to the ADMR measurement, the sensitivity to temperature
instabilities is increased for the fieldsweep and causes the slight asymmetry. With
increasing field magnitude, the resistivity increases for α = 90◦ (black symbols) and
decreases for α = 0◦ (red symbols). This corresponds well with our theory model
and confirms our assumption of the AFM domain evolution (cf. Fig. 3.2).

In Fig. 4.11, we compare the SMR amplitudes SMRlong(H) and SMRtrans(H)

(black and red symbols), derived from the fits of the ADMR measurements with
the SMR amplitude from the fieldsweep (blue symbols). The error bars for the
ADMR measurements are determined from the fitting algorithm and the average
over different measurements per magnetic field value. For the fieldsweep, the error
is dominated by the temperature instabilities as described above. For H > 10 T, we
find a deviation beween the results from the fieldsweep and the ADMR measure-
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4.3 Magnetoresistance (MR) measurements

ments larger than the error range, which we arrtibute to a slight deviation between
the angle α in the fieldsweep and the real geometrical directions of the Hall bar. Fol-
lowing the model for the SMR in a three-domain AFM (Chapter 3), Olena Gomonay
calculated simulation curves for the field dependence of the SMR amplitude from

ρlong = ρ0 +
ρ1

2
− ρ1

2

H2

H2
MD

cos 2α , (4.6)

ρtrans = −ρ3

2

H2

H2
MD

sin 2α . (4.7)

using different monodomain fields HMD. The best fit was obtained for HMD =

13.4 T (green curve in Fig. 4.11). Up to 12.5T, we see a perfect agreement of the
simulated H2-dependence of the SMR amplitudes to the experimental data. The
abrupt saturation of the SMR amplitude at H > HMD is not reflected in our data,
mainly due to unavoidable imperfections of our NiO thin film, smearing out the
transition to a monodomain state over a broad field range.

4.3.2 Angle dependent MR for out-of-plane rotations of the

external magnetic field H

To complete the picture of the SMR effect in a three-domain AFM, we perform
out-of-plane ADMR measurements of ρlong - rotating a magnetic field of a constant
magnitude of 7T around the j (out-of-plane j, oopj) - and around the t axis (oopt),
see Fig. 4.12. As in the oopt rotation (red) we normalize the data to h ‖ j at 0◦, the
resistance should be at the same level as for the ip rotation (black), corresponding to
minimum STT for M1,2 ‖ s. Because of thermal drifts between the two measurments,
however, we find a gap in the raw data that was subtracted. We also adjust the
oopj (blue) to the oopt measurement such that they become equal at 90◦ for both
h ‖ −n. There the external field points out of the easy planes in NiO and we assume
that the anisotropy energy is dominant, resulting in the same multidomain state as
for H = 0 T (see chapter 3). Then, the value from the ip rotation (black) at 90◦

(h ‖ t) corresponds very well to the one from the oopj measurement (blue) at 180◦,
where maximal STT is possible as M1,2 ⊥ s.
The SMR amplitude is calculated as the difference between the oopj and the oopt

measurement at 0◦ and we find a good agreement to the SMR amplitude of the ip
rotation which nicely justifies our data normalization procedures.
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Chapter 5

Spin Hall magnetoresistance in
α-Fe2O3 |Pt bilayers

Applying the same experimental procedures as for the NiO|Pt heterostructures,
we investigate the SMR effect in Fe2O3|Pt bilayers. In this chapter, we present the
material properties of the AFM α-Fe2O3, the fabrication of our thin films on sapphire
substrates, and the results we obtained for the angle-dependent magnetoresistance
measurements, that we study at temperatures from 15K to 300K.

5.1 Material properties

The electrical insulator α-Fe2O3 has a hexagonal crystal structure with the lattice
parameters a = 0.504 nm and c = 1.375 nm [68]. It is an antiferromagnetic material
with a Néel temperature of TN = 950 K, which becomes paramagnetic above TN [69].
Another critical temperature is the Morin temperature TMorin. For T < TMorin the
antiferromagnetic sublattices M1 and M2 are parallel and antiparallel to the c-axis,
and for T > TMorin they are lying in the (0001)-plane and are slightly canted [70].
The existance of the Morin transition in Fe2O3 (0001) oriented thin films represents
a controversially discussed subject in research and is not always confirmed [69–
73]. This makes it diffucult to obtain reliable vaues for the the exchange and the
in-plane (0001) anisotropy fields. We assume µ0Hex = 1000 T and µ0Ha = 10 mT,
respectively. TMorin depends on the thickness of the Fe2O3 film. For 100 nm (250 nm,
500 nm) thick Fe2O3 the Morin transition was found at TMorin ≈ 180 K (225K, 250K)
[69] and for bulk material at 263K [74]. In contrast to NiO, the magnetostriction in
Fe2O3 does not exceed 1× 10−7 [75] and is, therefore, almost 3 orders of magnitude
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5.2 Fabrication of Fe2O3|Pt thin films

smaller than in NiO. As a result, Fe2O3 shows a much weaker destressing effect (cf.
Chapter 3) and gets monodomain under the influence of much lower magnitudes of
external magnetic fields, when they are applied in the magnetic easy (0001) plane.
The monodomain state, however, is not reached up to 0.6T [76], meaning that the
destressing field is at least 0.06 mT.

5.2 Fabrication of Fe2O3|Pt thin films

We grow 90 nm thin Fe2O3 films via pulsed laser deposition with a laser repetition
rate of 2Hz and a laser fluence of 2.5 J/cm2 at 320 ◦C and 25 µbar oxygen pressure.
Via electron beam evaporation, a 3.5 nm thin Pt electrode is deposited in situ at
room temperature and a base pressure of 6.7× 10−7mbar on top of the sample.
For the epitaxial growth of Fe2O3, we use single crystalline substrates of Al2O3

(cf. section 4.2). Al2O3 has a hexagonal crystal structure with lattice parameters of
a = 0.4763 nm and c = 1.3003 nm. This results in a lattice mismatch of

εa =
afilm − asubstrate

asubstrate

= 5.8 % and εc =
cfilm − csubstrate

csubstrate

= 5.7 % .

Because of this quite high mismatch we expect a relaxed growth. We are again
interested in Fe2O3|Pt bilayer samples with the Hall bar in the easy (0001) plane
of the AFM, at least for TMorin < T < TN. To obtain (0001) oriented Fe2O3 we use
Al2O3 (0001) substrates.

We employ X-ray diffraction to characterize the crystallographic structure of our
samples. As in the NiO|Pt samples before, the 2Θ − ω scan shows only reflections
which can be attributed either to the substrate or the film (Fig. 5.1). No secondary
phases are detected. The Al2O3 (0006) and (00012) reflections are located at Θ =

20.84◦ and Θ = 45.36◦, the (0006) and (00012) film reflections at Θ = 19.69◦ and
Θ = 42.36◦. So we calculate in the same way as for NiO the out-of-plane lattice
parameter of dFe2O3

oop = 1.372 nm and obtain a very good agreement to the bulk lattice
constant of cFe2O3 = 1.375 nm.
In Fig. 5.2, we show a detailed view of the 2θ − ω scan. The high crystalline

quality of our Fe2O3 films is evidenced by observing satellites due to Laue oscillations
around the Fe2O3 (0006) film reflection and the full width at half maximum (FWHM)
of 0.027◦ of the rocking curve (Fig.5.3) which furthermore indicates a low mosaic
spread.
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Figure 5.1: X-ray diffraction diagram. The 2Θ − ω scan shows (0006) and (00012)
reflections of the Al2O3 substrate at 2Θ = 41.68◦ and 90.72◦. The (0006)
and (00012) film reflections are located at 2Θ = 39.38◦ and 84.72◦. The
feature around 2Θ = 40◦ results from the Pt electrode. The intensities
are given in counts per second (cps).
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Figure 5.2: X-ray diffraction diagram on an enlarged scale. The 2Θ − ω scan
shows the (0006) reflection of the Fe2O3 film and the Al2O3 substrate at
2Θ = 39.38◦ and 41.68◦, respectively. The (111) reflection for bulk Pt is
expected at 39.80◦ (dashed blue line).

37



5.2 Fabrication of Fe2O3|Pt thin films

- 0 . 0 5 ° 0 . 0 0 ° 0 . 0 5 °0
1 x 1 0 2
2 x 1 0 2
3 x 1 0 2
4 x 1 0 2
5 x 1 0 2
6 x 1 0 2

F W H M  
0 . 0 2 7 °

Int
en

sity
 (c

ps
)

∆ω

Fe
2O

3 (0
00

6)

r o c k i n g  
   c u r v e

Figure 5.3: X-ray rocking curve around the Fe2O3 (0006) reflection with a full width
at half maximum (FWHM) of 0.027◦.

To calculate the in-plane lattice constant dFe2O3
ip , we record reciprocal spacemaps

(RSM) of two substrate and film reflections, see Fig. 5.4. The Fe2O3 (10110) re-
flection was found at qH = 0.942, qL = 9.467, when we align on the Al2O3 (10110)
reflection at qH = 1 and qL = 10. We calculate the distance between the {00010}
planes and compare the value with the oop lattice constant from the 2θ − ω scan.
Using the equation for a hexagonal lattice structure (Eq. 4.2) with the Miller in-
dices l = 9.467, h = k = 0 for the film and the lattice parameters a,c for Al2O3,
we obtain d{00010} = 0.1373 nm. Multiplying by 10 gives the out-of-plane lattice
constant dFe2O3

oop = 1.373 nm, which is in good agreement to the literature value
cFe2O3 = 1.375 nm.

For the in-plane lattice constant, we are interested in the distance between the
{1010} planes, so we use h = 0.942, l = k = 0 and obtain d{1010} = 0.437 nm. This
value has to be multiplied by 1/ cos 30◦ = 2/

√
3 (Fig. 5.5) to calculate dFe2O3

ip =

0.505 nm, which is in almost perfect agreement to the bulk ip lattice constant
aFe2O3 = 0.504 nm. So we can conclude that our Fe2O3 grows fully relaxed in-plane.
Analoguous to the characterization of the NiO|Pt bilayer, we determine the layer

thicknesses via X-ray reflectometry (Fig. 5.6). With a simulation of the experimental
data using the software LEPTOS, we obtain the thicknesses tFe2O3 = 90 nm and
tPt = 3.0 nm with a roughness below 1.1 nm (rms value) of the Fe2O3 thin film.

With superconducting quantum interference device (SQUID) magnetometry, we
determine the temperature dependence of the magnetization M of the sample (not

38



Chapter 5 Spin Hall magnetoresistance in alpha-Fe2O3|Pt bilayers

0 . 9 0 0 . 9 5 1 . 0 0 1 . 0 59 . 3
9 . 4
9 . 5
9 . 6
9 . 7
9 . 8
9 . 9

1 0 . 0

F e 2 O 3
( 1 0 1 1 0 )

q 00
0L

 (rl
u)

q H 0 H 0  ( r l u )

1 x 1 0 0
1 x 1 0 2
1 x 1 0 4
1 x 1 0 6

A l 2 O 3
( 1 0 1 1 0 )

1 0 0

1 0 2

1 0 4

q H  =  0 . 9 4 2

I (c
ps

) q H  =  1 . 0 0 0

1 0 0 1 0 2 1 0 4

I  ( c p s )

q L  =  9 . 4 6 7

q L  =  1 0 . 0 0 0
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Figure 5.5: Epitaxial relation between Fe2O3(0001) and Al2O3(0001). Top view on
the Al2O3(0001) plane (grey shaded area) with the (0001)-oriented Al2O3

lattice (black) and the (0001)-oriented Fe2O3 lattice (blue). Oxygen ions
are indicated in green.
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Figure 5.6: X-ray reflectometry to determine the thicknesses of the bilayer. The
black experimental curve was fitted with the red curve using the software
LEPTOS.
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shown here). In contrast to the predicted Morin transition, we do not observe a
reorientation of the antiferromagnetic sublattice down to 3 K. This is in agreement
with other reports [70], where no Morin transition was found in Fe2O3 (0001) ori-
ented, 100 nm thin films.

5.3 Magnetoresistance (MR) measurements

Via optical lithography and Ar ion milling, we fabricate Hall bars in the same way as
for the MR measurements in NiO. We measure again with the standard four probe
technique, described in chapter 4, and Eq. (4.3) is used to calculate the resistances
from the measured voltages at a dc current of I = 100µA and for the same Hall bar
geometry as in chapter 4.

We perform angle dependent magnetoresistance (ADMR) measurements at 15K,
100K, 150K and 300K by rotating an applied magnetic field of constant magni-
tude in the (0001)-plane of the Fe2O3 film. The measurements were carried out
while rotating the sample in the variable temperature insert of a superconduct-
ing magnet cryostat (for details see Appendix). The data were fitted according to
Eqs. (4.4) and (4.5).

5.3.1 Angle dependent MR for in-plane rotations of the

external magnetic field H at 300K

Since the magnetostriction for Fe2O3 is almost three orders of magnitude smaller
(6 1 × 10−7 [75]) than for NiO (9 × 10−5 [52]), the monodomain field is smaller.
So we started to measure at very low field magnitudes at 300K, see Fig. 5.7. For
0.01T and 0.1T, we detect no reproducible angle-dependent signal (Fig. 5.7 (a,b)).
For higher field magnitudes, we see the same characteristic oscillation as for NiO|Pt.
Compared to the FMI the maxima and minima of the 180◦-periodic oscillation are
again shifted by 90◦ and can be explained by the theoretical model presented in
chapter 3. The remarkable difference to NiO|Pt is, that the oscillation amplitude
for 0.3T (Fig. 5.7 (c)) is with 2 × 10−3 already at a much higher value than in
the monodomain case for NiO|Pt (chapter 4). Besides from 1T (Fig. 5.7 (d) and
Fig. 5.8 (a)) to 3T the SMR amplitude stagnates. This observation indicates that
the monodomain situation, depicted earlier in Fig. 4.9(d), is for Fe2O3 indeed reached
already at 1T and that the staggered magnetization rotates simultaneously with the
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Figure 5.7: ADMR measurements of a Fe2O3(0001)/Pt bilayer, measured at 300K
at in-plane external magnetic field magnitudes of (a) 0.01T, (b) 0.1T,
(c) 0.3T, (d) 1T. The normalized longitudinal resistivity ρlong (black
symbols, left axis) and transverse resistivity ρtrans (red symbols, right
axis) are plotted as a function of the magnetic field orientation α. The
data were collected while sweeping α first upwards to 360◦ at an incre-
ment of 3◦ and then downwards back to 0◦ at an increment of 10◦. The
lines are fits to the data according to Eqs. (4.4) and (4.5).
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external magnetic field. Higher field magnitudes up to 17T (Fig. 5.8 (b-d)) even
evoke a slight decrease of SMR amplitude. We assign this decrease to an increased
canting of the AFM sublattices [70] that contributes to the SMR in the same way
as a ferromagnetic sublattice, as the net canted moment is parallel to H.

5.3.2 Temperature dependence of the ADMR measurements

Because of the reported Morin transition at around 180K in thin films [69], we
studied the SMR effect in Fe2O3 also at low temperatures. If a Morin transition
with a reorientation of the Fe2O3 sublattice magnetizations along [0001] (i.e. out-
of-plane) was present we would expect a vanishingly small SMR signal. Fig. 5.9
shows ADMR measurements, rotating a constant magnetic field of 1T, 5T, 9T and
13T, at 15K, i.e. well below TMorin, in the Fe2O3 (0001) plane (ip). Surprisingly,
the results for 15K and 300K are almost the same. In Fig. 5.10, an overview of the
SMR amplitudes versus field for all ip measurements at 300K and 15K is shown. We
conlude, that our ADMR measurements, in agreement to the results from SQUID
magnetometry, do not indicate a reorientation of the magnetic sublattices in Fe2O3

between 15K and 300K as predicted for a Morin transition. The saturation of the
SMR amplitude at about 3T with a slight decrease for higher field magnitudes due
to canting effects, as described above, is observed at 15K as well.

The explicit temperature dependence of the SMR amplitude at 7T is shown in
Fig. 5.11 (red symbols). In contrast to the resistance ρlong(α = 0◦) of the Pt layer
at H = 7 T (black symbols), which increases monotonically from 15K to 300K as
the expected temperature dependence for metallic Pt, the SMR amplitude is almost
temperature independent. This result in AFM Pt|Fe2O3 bilayers is in contrast to the
situation in Pt|YIG samples [38], where the SMR amplitude increases significantly
with increasing temperature. This increase was attributed to the increase of the
spin Hall angle in Pt from 0.075 at 10K to 0.11 at room temperature [38]. Our
new result here, however, calls this interpretation into question and needs further
investigation. One possibility could be an increased canting of the sublattices with
increasing temperature [47] which reduces the spin transfer torque at the interface
and could compensate the effect of the increasing spin Hall angle.
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Figure 5.8: ADMR measurements of a Fe2O3(0001)/Pt bilayer, measured at 300K at
in-plane external magnetic field magnitudes of (a) 1T, (b) 9T, (c) 15T,
(d) 17T. The normalized longitudinal resistivity ρlong (black symbols,
left axis) and transverse resistivity ρtrans (red symbols, right axis) are
shown as a function of the magnetic field orientation α. The lines are
fits to the data according to Eqs. (4.4) and (4.5).
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5.3.3 Angle dependent MR for out-of-plane rotations of the

external magnetic field H

Using the same definitions for the rotation planes as in chapter 4.3.2, we performed
out-of-plane measurements of ρlong in our Pt|Fe2O3 samples at a constant field mag-
nitude of 2T (Fig. 5.12). Because of the small monodomain field, we could use a
different measurement setup with a 3D vector magnet, where the ip and the two oop
rotations can be carried out immediately one after each other without the need to
remount the sample, and temperature instabilities are almost not visible (for details
see Appendix). All data were normalized to the resistivity value at 0◦ where h ‖ j.

Again we find the coincidence of the oopt and the ip rotation at 0◦, where h ‖ j
for both rotations. The oopj signal at 0◦ and the ip signal at 270◦ are also at the
same resistivity level, because for both h ‖ −t. In contrast to NiO, the shape of
the oop measurements in Fe2O3 is different. From h ‖ j (h ‖ −t) at 0◦ for oopt
(oopj), the resistance levels stay constant at first, when we move towards h ‖ −n.
Only in narrow regions around h ‖ n,−n the resistivities change to an intermediate
level in between ρ(h ‖ t) and ρ(h ‖ j). As for NiO, we assign this case where the
external field points out of the easy plane to an anisotropy dominated multidomain
situation where the resistivity reaches ρ0 +ρ1/2. But as the energy scale differs from
NiO, the curve of the oop data is different. In analogy to NiO, the SMR amplitude
is represented by the difference of the oopj and the oopt signals at 0◦ and we find
almost perfect agreement to the SMR amplitude of the ip rotation.

In summary, the SMR effect in the Pt|Fe2O3 system can be described in the same
framework of a three-domain model as the Pt|NiO system, but with a much smaller
destressing energy resulting in a fast saturation of the SMR signal with increasing
magnetic field.
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Figure 5.12: ADMR measurements of a Fe2O3(0001)/Pt bilayer, measured at 300K
for out-of-plane (oop) external magnetic field rotations at 2T. The
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Chapter 6

Summary and Outlook

6.1 Summary

We investigate the recently discovered spin Hall magnetoresistance (SMR) effect in
bilayer thin film samples, using for the first time two different antiferromagnetic
oxides (NiO and α-Fe2O3, respectively) covered with a Pt top electrode. We study
the magnetoresistance while rotating a magnetic field of constant amplitude in or
out of the film plane at different temperatures. For in-plane rotations, we find a
180◦ periodic oscillation of the longitudinal and the transverse resistivity, character-
istic for the SMR effect, but shifted by 90◦ compared to the established results in
ferrimagnetic insulator|Pt bilayers (i.e. Y3Fe5O12(YIG)|Pt [31, 34]). In YIG|Pt the
maximal SMR amplitude of 1.6× 10−3 was already reached at 100mT. In contrast
the SMR amplitude in NiO|Pt shows an increase propotional to H2 up to 12.5T
and saturates at 17T with 7.8 × 10−4. Similar to YIG|Pt, Fe2O3|Pt shows a fast
saturation and reaches 2.5× 10−3 at 3T. Surprisingly, this value is higher than for
YIG|Pt. Above 3T, we even observe a slight decrease of the SMR amplitude. Mea-
surements down to 15K show the same results as for room temperature, indicating
the absence of the controversally discussed Morin transition in our Fe2O3 thin films.
Moreover we find an almost constant SMR amplitude over the whole temperature
range in contrast to the observation in YIG|Pt [38]. For out-of-plane rotations we
find the same longitudinal resistivity levels as for the in-plane rotation, where geo-
metrically expected. When the external magnetic field vector points out of the film
plane, the resistivity is at a value between the maximum and the minimum of the
in-plane rotation. During the whole out-of-plane rotation the resistivity never gets
higher or lower than for the ip-rotation.
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6.1 Summary

To explain the in-plane observations at room temperature we developed a model
for the SMR effect in antiferromagnetic insulator|Pt heterostructures [46]. In con-
trast to the single domain ferromagnet where the magnetization vector follows the
external magnetic field [33], we consider a multidomain state with two antiferromag-
netic sublattices per domain. The influence of an external field H, rotating in the
easy plane, first evokes a redistribution of the domain fractions, because domains
with sublattice magnetizations perpendicular to H are energetically favourable.
With increasing field magnitude we reach a monodomain state, where the sublattice
magnetizations follow the rotation of the external field and orient always perpendic-
ular to it. Formally we minimize the free energy as a sum of the anisotropy energy,
the Zeeman energy and the so-called destressing energy [51–53] which can be seen as
an analogon to the demagnetization energy in ferromagnets. As a result we obtain
analytic expressions for the longitudinal and the transverse resistivity, shifted by
90◦ compared to the observations for ferrimagnet|Pt samples. The oscillation am-
plitude, i.e. the SMR signal, increases with H2 and saturates at the monodomain
field. The size of the monodomain field depends on the magnetostriction of the
antiferromagnet.

The model represents a very good fit to our data and can be used to derive a
value for the monodomain field. For NiO the monodomain field is at 13.4T. For
Fe2O3 the saturation of the SMR amplitude at low external field magnitudes makes
it impossible to resolve the H2 dependence in the experimental data. Therefore we
can not name an exact value for a monodomain field, but nevertheless the data is
in agreement to the model, assuming a low monodomain field. This assumption is
reasonable because of the small magnetostriction in Fe2O3. We explain the decrease
of the SMR amplitude at higher field magnitudes with canting effects. Furthermore
the model can be used to explain the behaviour in bulk NiO|Pt [47] with a small
monodomain field of 4.1T [46].
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Chapter 6 Summary and Outlook

6.2 Outlook

The results presented in this thesis provide a comprehensive picture of the in-plane
SMR effect in NiO, where the experimental data are almost perfectly represented
by the developed theoretical model. As we furthermore performed out-of-plane
rotations an extention of the theory in this direction would be desirable. Besides we
focused on measurements at room temperature, but low temperature experiments
could complete the picture and explain the slight discrepancies between theory and
experiment at the saturation of the SMR amplitude.

With the observation of the SMR in α-Fe2O3|Pt we found a second material
to prove this effect in antiferromagnets. The higher SMR amplitude compared
to NiO|Pt and YIG|Pt with its fast saturation for low external field magnitudes
makes Fe2O3 a promising material for applications. To check the agreement to the
theoretical model in detail, in particular the H2 dependence of the SMR amplitude,
measurements with a higher resolution up to the monodomain field are needed. To
explain the decrease for even higher fields a more detailed theory, including canting
effects, is desirable. Furthermore in this work we studied the SMR effect in Fe2O3|Pt
down to low temperatures without detecting a remarkable change compared to room
temperature. This temperature independence, as well as the absence of the Morin
transition are subject to further investigation.

From the experimentalist’s point of view, it is obvious to focus on other anti-
ferromagnetic materials, i.e. on Cr2O3 or MnO, where the Néel temperature is
experimentally accessible to cross-check the SMR scenario in antiferromagnets and
complete the picture. In a future work one could moreover investigate the spin-
Seebeck effect in the AFM|Pt samples. However, all these ideas are beyond the
scope of this thesis.
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Appendix A

Experimental Methods and Setups

In the first Part of the Appendix the experimental methods and setups used in this
thesis will be discussed. These are pulsed laser deposition (PLD) and electron beam
evaporation (EVAP) for the growth of thin film samples and X-ray diffraction (XRD)
and magnetometry (SQUID) for their characterization. Then, the three setups used
for magnetotransport measurements will be described. The second part contains a
list of the growth parameters of the samples fabricated during this master’s work.
Some of the samples are discussed for this thesis.

A.1 Pulsed laser deposition (PLD)

The NiO and α-Fe2O3 thin films were grown on single crystalline Al2O3 and MgO
substrates using PLD. As shown in Fig. A.1, pulses of a high energetic UV excimer
laser (KrF, 248 nm, max. repetition rate 10 Hz) are focussed on a polycrystalline
target (laser fluence 0.5 - 5 J/cm2) to generate a plasma plume [77]. The ionized
material accumulates on the single crystalline substrates that are heated by an in-
frared (IR) laser (140 W, 940 nm) from the backside to max. 1000 ◦C. The substrate
temperature is measured via a pyrometer from outside the chamber. As we grow
oxides, the samples are grown in an oxygen atmosphere under pressures between
10−4 and 1mbar [77]. The growth is monitored by reflection high-energy electron
diffraction (RHEED). By varying the growth parameters listed in Appendix B, we
optimize the crystalline quality and obtain a highly epitaxial material at the desired
thickness. PLD is a process far away from thermal equilibrium.
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A.3 X-ray diffractometry (XRD)
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Figure A.1: Pulsed laser deposition (PLD) system at the Walther-Meissner-
Institute. Figure taken from [65]

A.2 Electron beam evaporation (EVAP)

To deposit metallic electrodes in situ on top of the epitaxial antiferromagnet, we
apply electron beam evaporation. There, the target material is heated thermally
with an electron beam until its melting point. The electrons are generated by a
filament, accelarated by an electric and focussed by a magnetic field. During the
evaporation process, an oscillating crystal monitors the growth and permits to stop
the process when the desired thickness is reached (see Fig. A.2).

A.3 X-ray diffractometry (XRD)

To characterize the samples and to determine their structural quality we employ
X-ray diffraction. The X-rays with a wavelength of λ = 0.154 06 nm from the Cu−
Kα1 line are monochromatized by a Goebel mirror and a Ge(022) monochromator
and subsequently diffracted from the sample. Due to constructive and destructive
interference of the X-ray beam at the lattice planes, the diffraction angle Θ can be
used to determine the distance between them (dhkl) using Bagg’s law:

nλ = 2dhkl sin θ , (A.1)
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Appendix A Experimental Methods and Setups

Figure A.2: Sketch of the used EVAP setup. Figure taken from Ref. [78].

When this equation is fulfilled we obtain constructive interference and get a max-
imum in the intensity. n indicates the order of the diffraction. To determine the
out-of-plane lattice constant we carry out a single 2θ-ω-scan. There the sample is
scanned with a constant 2θ-ω-relation (see Fig. A.3 for the angle definitions). For the
in plane lattice constants, reciprocal space maps are recorded, consisting of several
2θ-ω-scans with differnt 2θ-ω-relations.

Depending on the crystalline structure we can use dhkl to obtain the lattice con-
stant a. For a cubic system, dhkl is given by:

dhkl =
a√

h2 + k2 + l2
. (A.2)

For a hexagonal sytem we use:

1

d2
hkl

=

[
4

3
(h2 + k2 + hk) + l2

(a
c

)2
]

1

a2
. (A.3)

h, k, l are the Miller indices for the three directions in reciprocal space.

To determine the thickness and the roughness of the layer stack, we use X-ray
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A.4 Superconducting quantum interference device (SQUID) magnetometry

(a) (b)

X-rays

crystal

detector

monochromatic
X-rays

Figure A.3: Schematic picture of the X-ray beam path of the Bruker AXS D8 Dis-
cover system. Figure taken from Ref. [79].

reflectometry. This is a 2θ-ω scan with 0.5◦ < 2θ < 5◦, so that the X-rays are
diffracted at the surface and the interface instead of the lattice planes.

A.4 Superconducting quantum interference device

(SQUID) magnetometry

To determine the magnetization of the thin films, we employ a superconducting
quantum interference device (SQUID) magnetometer.

As shown in Fig. A.4(a), a sample glued with the diamagnetic “Marabu FIXOGUM”
in a diamagnetic plastic straw is moved up and down a 2nd order gradiometer. This
is the name of the measuring geometry of the superconducting pick-up coil to min-
imize the noise produced by interfering field gradients or fluctuations. As the straw
passes all 4 loops it induces no signal, whereas the magnetic flux of the sample creates
a current which is transformed by a RF-SQUID into a voltage curve (Fig. A.4(b)).
So, the SQUID acts as an extremely sensitive flux-to-voltage converter.

The software fits the curve and determines the absolute magnetic moment m in
the direction of the magnetic field. Then we have to subtract the signal of the
substrate and determine the magnetization

M =
m

V
(A.4)

of the sample by dividing by its volume V . We calculate V of the thin film by
multiplying its thickness from X-ray reflectometry (Sec. A.3) with the surface area,
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Figure A.4: Sketch of the gradiometer of the Squid magnetometer and the typically
measured signal. Fig. taken from Ref. [80].

obtained from a microscope image.

We use a Quantum Design MPMS XL-7 magnetometer. Its superconducting
magnet can create magnetic fields between -7 T and 7 T and the cooling system
permits to vary the temperature between 1.8 K and 400 K.

A.5 Superconducting magnet cryostats

For the magnetotransport measurements in a wide temperature range we use three
different cryogenic systems (Oxford Instruments) where the resistance can be deter-
mined as a function of the magnetic field magnitude, its direction, and the tempera-
ture. Each of the systems has its advantages. In a split coil magnet system we apply
fields up to 7T. Including remounting of the sample between each measurement, we
carry out ip and oop measurements. A 3D vector magnet permits to do ip and oop
measurements immediately without remounting, but only up to 2T. Furthermore,
we have a high field setup for ip measurements up to 17T. All cryostats have a
liquid He cooling system and can perform measurements between 2K and 300K.
The temperature stability varies from system to system.
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A.5 Superconducting magnet cryostats

A.5.1 Split coil magnet system

We apply magnetic field magnitudes in horizontal direction up to 7T. The dipstick
is inserted vertically and can be rotated around its axis between −20◦ and 380◦.
The sample can be mounted with its surface horizontally or vertically and allows so
ip and oop rotations, respectively. For NiO we measured the out-of-plane rotation
(Fig. 4.12) with this system and for Fe2O3 the ip rotations at low field magnitudes
(Fig. 5.7), as well as the temperature dependence of the SMR signal and the Pt
resistivity (Fig. 5.11).

A.5.2 High field setup

In our high field cryostat, both the magnetic field and the sample surface are oriented
vertically. On the dipstick a piezoelectric rotator (Attocube) rotates the sample in
the plane of the magnetic field vector from 5◦ and 325◦. All measurements up to
high field magnitudes (i.e. Figs. 4.9, 4.10, 4.11, 5.8, 5.9) were carried out in this
cryostat.

A.5.3 3D vector magnet system

Here, the sample rests and a with a 3D vector magnet the x-, y- and z-component of
the magnetic field can be controlled separately. Even if this is not a real rotation, we
can perform ip and oop angle dependent magnetoresistance measurements between
−10◦ and 370◦. The maximal field magnitudes in x- and y-direction are 2T, in
z-direction 7T. As for Fe2O3 2T are enough to obtain a monodomain state, we
can use this system to compare the ip and the oop rotation without remounting the
sample in between (Fig. 5.12).
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Appendix B

Samples and parameters

All the individual fabrication conditions are summarized in this chapter.
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