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Chapter 2

Theoretical concepts

In this chapter, theoretical concepts are discussed. The chapter is divided
into two parts: theoretical concepts that are used to understand (i) spin
injection signals across a semiconducting interface and (ii) spin and mag-
netotransport signals across heterostructures. As already mentioned in the
last section of Chapter 1, this thesis explores :

• spin injection-detection across a semiconductor interface by driving
the spin polarized current from a ferromagnetic contact.

• spin injection using a normal heavy metal to inject spin accumula-
tion at its edges that exerts a torque on the magnetic moments in a
ferromagnetic/anti-ferromagnetic insulator.

Finally, this chapter also includes the mechanism behind the observation
of the anomalous hall effect in ferromagnetic metals and, more specifically,
correlated oxide metals.

2.1 Creation of spin in non-magnetic materials

From the view of spin density of states in different materials, the materials
that exhibit spin polarization possess an asymmetry in the spin densities of



Chapter 2. Theoretical concepts

states at the Fermi energy level (EF ). This is true for 3d-transition metals
like Ni, Co, Fe where there is a difference in the spin up and spin down band
structures in the localised d-bands giving rise to a finite spin polarization
defined as:

P (EF ) =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF )
, (2.1)

where N↑ is the spin-up density of states and N↓ is the spin-down density
of states. The asymmetry is due to an exchange interaction that brings
about a spontaneous magnetization in these materials. Such materials are
called ferromagnets. Other than ferromagnetic materials, the materials that
possess a symmetric band structure at the Fermi energy level (EF ) do not
exhibit spontaneous magnetization and are called non-magnetic materials.
They have no spin polarization.
The important criterion for an efficient spin injection is to harness the
spin polarization from a ferromagnet into a non-magnetic material when
both materials are in proximity to each other. The spin split density of
states in a ferromagnet, shown in Fig. 2.1(a), at the Fermi energy level can
determine the transport of spin associated with an electron. The charge
transport from a ferromagnetic metal to a non-magnetic material (metal
or a semiconductor) take place via delocalized s and p bands. Spin related
information is determined by the localized d-bands at the Fermi energy
level.

2.1.1 Spin injection from ferromagnet to non-magnetic ma-
terials

Since a ferromagnet is spin polarized, a current applied to the bilayer sys-
tem consisting of a ferromagnet and a normal metal (NM)/semiconductor
(SC) drives the spin polarization into the NM/SC creating a spin imbal-
ance at the both side of the interface. This spin imbalance is called spin
accumulation in the NM/SC which exponentially decays with respect to the
thickness of the non-magnetic layer to restore equilibrium, i.e. N↑(EF ) =
N↓(EF ). The extent of the decay in spin accumulation in a non-magnetic
system is called the spin relaxation length λs. In a diffusive regime, λs
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2.1. Creation of spin in non-magnetic materials
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Figure 2.1: (a) Simplified band structure of a ferromagnetic metal, where the 3d-
band are more localized compared to the 4S-band, that displays a free electron
like model, the exchange splitting in the 3d-bands results in a spontaneous mag-
netization and an asymmetry in the spin up ↑ and spin down ↓ states leading to
spin transport with different Fermi velocities. (b) The electrochemical potential
difference of spin up ↑ and spin down ↓ states in the ferromagnetic metal and spin
accumulation (∆µ) in the normal metal. The spin accumulation diffuses into the
normal metal with a characteristic length λs. The figure (a) and (b) are adapted
from the thesis of Alexander M. Kamerbeek, from University of Groningen, 2016[1].
(c) Shows a simplified cartoon of spin injection, where a charge current drives the
spin polarized states into normal metal, where the spin accumulation exponentially
decays in the normal metal.
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Chapter 2. Theoretical concepts

is related to the spin diffusion coefficient Ds by spin lifetime τs given by,
λs =

√
Dsτs. Defining the current density for this process as[1, 2]:

J↑,↓ = −
σ↑,↓
e
∇↑,↓, (2.2)

where the charge current density is defined as Jc = J↑ + J↓ and spin current
density is defined as Js = J↑ - J↓. σ↑(σ↓) represents the spin conductivity
of up (down) spins. The diffusion equation is given by:

∇2µs =
µs
Dsτs

, (2.3)

where µs is given by µs = (µ↑ - µ↓)/2, called as the spin accumulation
due to injection of spin polarized electrons at the FM/NM interface. Eq.
2.3 can be solved with appropriate boundary conditions and charge cur-
rent conservation, ∇(J↑ + J↓) = 0. This gives rise to the solution of spin
accumulation ∇µs given by:

µs = Ae(−x/λs), (2.4)

The spin polarization across the FM/NM interface is given by,

PJ =
PFM

1 +RNM/RFM
, (2.5)

where RNM = λNMs /σNM and RFM =λFMs /σFM . Hence, from Eq. 2.5,
the spin polarization PJ across the junction between FM/NM is equal to
the intrinsic spin polarization of FM i.e. PFM only when RNM ≤ RFM .
This is true for normal metals but for semiconductors, RNM ≥ RFM . This
increases the possibility of spins to flip back into the ferromagnetic metals
giving rise to a conductivity mismatch problem.

2.1.2 Conductivity mismatch issue

For an efficient spin injection, the most obvious solution to avoid the con-
ductivity mismatch issue as shown in Eq. 2.5, is by increasing the resistance
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2.1. Creation of spin in non-magnetic materials

in the ferromagnets using ferromagnetic semiconductors such as (Ga,Mn)As
or by doping semiconductors by magnetic impurities as in dilute magnetic
semiconductors (DMS). Though spin injection has been realized in these
materials, due to Curie temperatures being very low, room temperature
investigation of spin injection has not been realized.
However, Rashba and Fert et al., independently proposed a different so-
lution to this issue by inserting a resistive barrier at the interface of a
ferromagnetic metal and a semiconductor, where the modified equation for
polarization PJ as described in Eq. 2.5 is given by[2–4]:

PJ =
PFMRNM + PBRB
RFM +RNM +RB

, (2.6)

where PB being the spin polarization that is associated with the resistive
barrier and RB being the resistance of the barrier.

2.1.3 Spin dependent tunneling

So far, spin injection from a ferromagnetic metal to a normal metal (NM)/
semiconductor (SC) is discussed on the basis of utilizing the spin polarized
electron from a ferromagnetic (FM) source to create a non-equilibrium spin
accumulation in a non-spin polarized interface (NM/SC) when both mate-
rials are in close proximity, i.e. at the junction of FM-NM. For an efficient
spin injection, i.e. to avoid back flip of the spins into the ferromagnetic
source, the indispensability of a large barrier resistance at the FM-NM in-
terface has been demonstrated. This large barrier resistance is provided by
an oxide tunnel barrier namely, AlOx, TiOx (amorphous and crystalline),
crystalline MgO etc. In this section, tunneling transport is discussed that
provides a strong foundation to the design of efficient spin injection con-
tacts on NM/SC.
Spin transport across a FM-NM junction (as discussed in the earlier sec-
tion) was treated classically (Boltzmann transport equation) by Valet and
Fert for a current perpendicular to the device plane geometry (CPP)[5].
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Chapter 2. Theoretical concepts

This is in the case of spin valve structures that were designed to exhibit
a change in the electrical resistance due to the relative orientation of the
spin polarization from two ferromagnetic (FM1 and FM2) electrodes with
a normal metal NM (nonmagnetic spacer) in between. This kind of mag-
netoresistance observed with applied magnetic field is called Giant Magne-
toresistance (GMR)[6, 7]. The conduction of the spin polarized electrons
from FM1 to FM2, depending on their orientation, is described by the cur-
rent flow in a two-channel model suggested by Mott in 1936[8]. This par-
ticular device structure was later modified by replacing the nonmagnetic
spacer from a normal metal to an insulator (oxide) where it was shown
almost three decades ago by Tedrow and Meservey that a tunnel current
in a heterostructure of a ferromagnet/insulator (I)/superconductor remains
spin polarized. The change in the electrical resistance for a FM1/I/FM2
structure was later described by Julliere as:

TMR =
∆R

R↑↑
=
R↑↑ −R↑↓

R↑↑
, (2.7)

where R↑↑ indicates the resistance due to the parallel states in FM1 and
FM2 and R↑↓ indicates the resistance due to anti-parallel states in FM2
with respect to FM1. This change in the electrical resistance is measured
with an applied magnetic field and is attributed to the change in the tunnel-
ing current due to the transport of electrons from an occupied/unoccupied
spin density of states from FM1 to occupied/unoccupied spin density of
states in FM2. This is known as the tunneling magnetoresistance (TMR).

The tunnel barrier between the two ferromagnetic contacts FM1 and FM2
preserves the spin polarization due to elastic scattering of the wave func-
tions that are incident and transmitted from the tunnel barrier. For a
metal/insulator/metal case, where the wavefunctions are considered to be
separate due to different electrochemical potential, the current density
across such a junction is given by:

J =
2e

2π2h

∫ ∞
0

dEx[f(E)− f(E + eV )]

∫ ∫
d2kD(Ex, V ), (2.8)

30



2.1. Creation of spin in non-magnetic materials

where f(E) and f(E+eV) are the two Fermi functions for electrons in the left
and right side of the metallic contacts as shown in the Fig. The difference
in the electrochemical potential for the two metallic sides is given by µ1 - µ2

= eV. The solution for the wavefunction at the tunnel region is due to the
superposition of the wavefunctions at the two metallic sides. The solution
has an exponential decay with increasing barrier thickness, i.e. ∝ exp(-x/d).
D(Ex, V) is the function at the tunnel barrier which has been approximated
as a slowly varying potential U(x) due to WKB approximation around the
turning points 0 and d. Upon application of a bias voltage V on the tunnel
barrier, the potential is written as:

U(x, V ) = U(x, 0)− eVx
d
, (2.9)

The transition rate of the electrons that are transported from M1 to M2
(according to the figure) is given by the Fermi Golden Rule:

w12 =
2π

h̄
T 2ρ(E2)δ(E2 − E1), (2.10)

2.1.4 Magnetic tunnel contacts on semiconductors

The crucial milestone in spintronics is its ability to integrate with semicon-
ductors for a SFET operation that is discussed in the first chapter. In this
section, the spin injection and detection using a tunnel contact is described.
This method was used earlier in spin injection-detection in silicon (Si) and
other conventional semiconductors[9–11], which has been used to describe
the results for Nb-doped SrTiO3 (Nb:STO) in chapter 4.
Let us consider a metal-insulator-semiconductor (MIS) junction as shown
in Fig. In the case of interest here, the metallic contact is used as the
ferromagnetic electrode with an oxide tunnel barrier (AlOx) as an insula-
tor. The semiconductor is Nb:STO. For a general case, let us consider a
simplistic picture as in Fig. and formulate the detectable spin signal. As
already discussed previously, the tunnel current between a ferromagnet and
normal metal is spin polarized, so introducing the tunnel conductances for
the majority and the minority spin carriers to be G↑ and G↓, respectively.
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Chapter 2. Theoretical concepts

With the application of a bias V, which is the difference between the spin
averaged potential in the ferromagnet (VFM ) and the semiconductor (VSC)
in the linear transport regime, both the charge current and the spin current
are given by[12]:

I = GV − PJG
∆µ

2
, (2.11)

Is = PJGV −G
∆µ

2
, (2.12)

where I is the charge current I = I↑ + I↓, and Is is the spin current Is =
I↑ - I↓. The tunnel conductance G is the total conductance of the majority
and minority carriers G = G↑ + G↓, ∆µ and PJ are spin accumulation
and spin polarization as described in Section 1.1.1. Phenomenologically,
establishing the relation between spin accumulation and spin resistance
(RNM ) in semiconductors which is given by:

∆µ = 2IsRNM , (2.13)

Reshuffling the eq. 2.11, 2.12 and 2.13 we have for spin accumulation:

∆µ =
2RNMRB

RB + (1− P 2
J )RNM

PJI, (2.14)

where RB is the tunnel resistance as discussed in Section 1.1.2 i.e. RB

= 1/G. If RB ≥ RNM , the spin accumulation is small compared to the
tunnel resistance avoiding the conductivity mismatch problem. Hence, spin
accumulation is given by : ∆µ = 2RNMPJ I.
And, the spin voltage developed across the FM and nonmagnetic metal /
semiconductor junction is given by:

∆V = PJ/2∆µ = P 2
JRNMI (2.15)

The spin resistance of the channel is given by RNM = ρλNM . Hence, the
spin amplitude (S-RA) detected is rearranged to the following form:

S −RA =
∆V

J
= P 2ρλ (2.16)
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2.1. Creation of spin in non-magnetic materials

In the case of semiconductors, such as Nb-doped SrTiO3 studied in this
thesis, with an upper estimate of resistivity (as it changes with different
doping concentration), ρ = 0.05 Ωcm, λ = 90 nm, P = 0.35, we estimate
a S-RA = 5.5 Ωµm2. λ, the spin relaxation length is given by λ =

√
Dτ ,

where D is the diffusion coefficient and τ = spin lifetime. D is calculated
from the band structure calculation of SrTiO3, where N(E) the density
of states = 0.615 states/Ry.cel and the electron mobility (µ) is connected
with the Einstein’s relation, nqµ = q2N(E)D, where, n is the doping con-
centration, q is the electronic charge. With an electron mobility at room
temperature, ranging from 1 - 10 cm2/Vs, we extract a D = 0.2 cm2/s.
A larger D value observed experimentally is accounted for, because of the
possible increase in the effective mass in Nb:STO by a factor of 2.5 and
hence D = 2 cm2/s[13].
The strength of the spin voltage response (S-RA) is an important consider-
ation nowadays, especially with a three terminal (3T) detection method as
it projects the origin of spin signal, as spin accumulation from semiconduc-
tors or spin accumulation in the localized states across the semiconductor
interface with oxide tunnel barrier. This also raises questions on the com-
pleteness of spin injection theory leading to longstanding issues with spin
injection using 3T geometry. Moreover, a unique feature in the magnetore-
sponse lineshape is observed that is new to such a spin injection interface.
In order to understand such signals, different magnetoresponses that are
generally observed are discussed below.

2.1.5 Hanle Effect

The Hanle effect refers to the dephasing of the coherent ensemble of spins
by applying a transverse magnetic field. This effect was first observed by
Wood and Ellett in 1924[12, 14], in their experiment where they observed
a diminishing degree of polarization of mercury vapor fluorescence, which
they regained by turning the apparatus by 90o. Interpretation of these ob-
servations was later provided by Hanle. Relevant to our work, the Hanle
effect is a standard test to prove the existence of spin accumulation in non-
magnetic materials.
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∆µ ≠ 0

∆µ = 0

M

Δµ

FM

SC

B

FM

B

∆V

FWHM ≈ 1/τ

Figure 2.2: Lorentzian lineshape of the spin voltage with the magnetic field applied
out-of-plane. The spin voltage carries the information of the spin accumulation
at the semiconducting interface (SC), that precesses along the direction of the
magnetic field resulting in the de-coherence of the accumulated spins, hence leading
to zero accumulation with increasing magnetic field strength.

The Hanle effect is observed across various nonmagnetic systems including:
metals; two-dimensional materials such as graphene[15, 16]; and conven-
tional semiconductors like Si[9], GaAs[10, 17], Ge[11] etc. A decade ago,
the observation of the Hanle effect in new material systems integrated with
magnetic tunnel contacts, was a first step towards the reporting of spin ac-
cumulation in such systems. Over the years, however, the reported signals
especially across an oxide tunnel barrier and semiconducting junction and
its strength seemed to mimic a Hanle response with magnetic field origi-
nating from localized states rather than from bulk semiconductor bands.
The dynamics and transport related to such signals also deviates from the
generic Hanle effect. In this thesis, however, we have restricted our discus-
sion to the Hanle effect which will be discussed further in Chapter-4.
As already discussed above, with injection of spin polarized current from
magnetic tunnel contacts into a semiconductor interface, a non-equilibrium
spin accumulation is formed, whose orientation is similar to the sponta-
neous polarization in ferromagnetic contacts. In general, that is always
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2.1. Creation of spin in non-magnetic materials

parallel to the plane of transport (owing to the in-plane magnetization of
the ferromagnetic transitional metals). With an application of a transverse
magnetic field, i.e. out-of-plane to the plane of transport (B⊥), the accu-
mulation spins at the semiconductor interface (∆µ) starts to precess along
the magnetic field direction with the Larmor frequency, ωL = gµBB⊥/h̄,
where g is the Lande g-factor, µB is the Bohr magneton and h̄ is the re-
duced Planck’s constant. This results in a systematic reduction of the spin
accumulation with increasing magnetic field strength, resulting in a decay
of the spin accumulation with a Lorentzian lineshape. It is presented as
follows:

∆µ(B) =
∆µ(O)

1 + (ωLτ)2
(2.17)

The expression for spin dynamics in nonmagnetic conducting materials in-
cluding one-dimensional (1-D) lateral diffusion in the plane of the transport
is given by:

S(x1, x2, t) =
1√

4πDt
e−[(x2−x1−vdt)2/4Dt]e−t/τssin(ωLt) (2.18)

where the equation describes the spin polarization detected at point x2 at
time t and injected at point x1 at time t=0. The spins move across the
semiconducting channel in x-space with a drift velocity vd and diffusion
constant D. Integrating this equation over time gives a steady state solu-
tion.

Spin Injection-detection using three terminal (3T) geometry: In
the case of 3T contacts, as shown in (a) in the Fig. above, the injection and
detection are the same contacts. So, the lateral dimension of the contact is
integrated over. The solution produces a Lorentzian function if the contact
dimension is larger than the spin diffusion length. Hence, the steady state
solution to Eq. 2.18 is given by[12]:

Sy(z) =
1√
2

√
1 +

√
1 + (ωL.τ)2

1 + (ωL.τ)2
(2.19)

35
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It is to be noted that the equation above accounts for the spatial homo-
geneity, i.e. the diffusion can occur in z-direction and the spin relaxation
time τ is homogenous in that direction. Hence, the spin relaxation time is
not limited to the tunnel interface. (This is deduced from the Lorentzian
function in Eq. 2.17). It has been shown earlier that the lifetime extracted
from Eq. 2.17 is smaller than the spin lifetime extracted from Eq. 2.19.
Hence, the spin lifetime extracted from just the Lorentzian function is a
lower bound estimation.

Out-of-plane Spin accumulation : With further increase in the out-
of-plane magnetic field (B⊥), the in-plane magnetization in the ferromag-
net, starts to rotate in the out-of-plane direction resulting in the increasing
out-of-plane spin accumulation in the semiconducting interface. This gives
rise to an upturn in the spin voltage response. On reaching the saturation
magnetization value in the ferromagnet, the spin voltage response also sat-
urates, shown by the flat line. Hence, the overall equation to describe the
spin voltage response is given by:

∆V = ∆Voutcos
2(θ) +

∆Vinsin
2(θ)√

2

√
1 +

√
1 + (ωL.τ)2

1 + (ωL.τ)2
(2.20)

where, θ(B) is the precessional angle of the accumulated spins in the di-
rection of the magnetic field. The angle θ is a function of the out-of-plane
magnetic field, which denotes the orientation of the magnetization, whose
relative direction with the magnetic field defines the orientation of the ac-
cumulated spins. ∆Vout is the spin voltage in the out-of-plane direction,
i.e. the out-of-plane spin accumulation and ∆Vin defines the amount of
dephasing of the spin accumulation due to the Hanle effect. In theory,
without any additional scattering like spin-orbit interaction or additional
magnetic contribution in the semiconductors in the plane of the transport,
the ratio of ∆Vout and ∆Vin should be equal to 1. This also defines the
spin accumulation lifetime ratio τin and τout equal to 1. Hence, in Eq. 2.20,
the first term indicates the spin accumulation in the out-of-plane direction
and the second term due to the Hanle spin dephasing.
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Figure 2.3: Spin voltage response with an externally applied magnetic field in
the out-of-plane direction. When the magnetic field is zero, the magnetization of
the ferromagnet is in the in-plane of the transport, with increasing field strength,
magnetization rotates in the direction of magnetic field with an angle θ with the
magnetic field. This give rise to a parabolic response of the spin voltage with the
magnetic field. Finally, when the magnetic field reaches the saturation field of
the ferromagnet, Ms, the spin voltage is then a flat line as the magnetization is
collinear to the magnetic field.
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2.1.6 Tunneling Anisotropic Magnetoresistance (TAMR)

The working principle of Giant Magnetoresistance (GMR) and Tunneling
Magnetoresistance (TMR) relies on the relative orientation of the magne-
tization of the two ferromagnetic electrodes. Gould and coworkers, showed
that replacing the ferromagnetic metal with a ferromagnetic semiconduc-
tor such as GaMnAs and using gold as the detector also results in spin
dependent magnetoresistance when the applied magnetic field is rotated
with respect to the different crystalline orientation[18, 19]. This is called
as Tunneling Magnetoresistance (TAMR) and has been observed with dif-
ferent ferromagnetic metals[20], where the detector not necessarily have to
be a ferromagnetic electrode.
TAMR arises due to spin-orbit coupling and specifically for the interfaces
used in this work, the Rashba spin orbit coupling at the interface induces
an electric field out-of-plane that modulates the Rashba spin orbit field
(an effective magnetic field) parallel to the spin quantization axis. Hence
the SOC has different impact on rotating the magnetic field out-of-plane
resulting in the spin resolved densities of states, that is expressed as a spin
dependent shift in the band structure given by [1]:

∆E↑↓ = ±wBR.M (2.21)

The equation indicates that the energy shift disappears when the magneti-
zation is perpendicular to the spin-orbit field and otherwise it has a finite
value. The TAMR responses are one of the main consideration in this thesis
and plays a dominant role in the measured spin voltage (or spin resistance)
across the Schottky interface of Nb:STO that is discussed in chapter 3 and 4.

2.2 Hall transport

Hall transport characteristics originate from the correlation of the elec-
tronic band structures in conducting/semi-conducting materials with the
magnetic field. This idea was developed from the fundamental electromag-
netism concept, that a current carrying channel in a conductor, when placed
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Figure 2.4: Ordinary Hall transport in a conducting slab of dimensions (l x w x
t) with situations: (a) with zero magnetic field, (b) non-zero transverse magnetic
field elading to accumulation of opposite charges along the edges leading to a
finite transverse voltage that essentially do not depend on the resistivity of the
conducting slab.

in a magnetic field that is out-of-plane (oop) to the plane of conduction,
generates a voltage in the transverse direction to the channel of conduc-
tion. This was observed for the first time by Edwin H. Hall in 1879. It
provided an elegant way to determine carrier concentration in conductors
thereby assisting in the birth of semiconductor physics and hence solid-state
electronics.

2.2.1 Ordinary Hall Effect (OHE)

Let us consider a rectangular bar of a conducting material where the current
I flows along the length l of the bar in the presence of an externally applied
magnetic field B pointing out-of-plane (oop) to the current flow. Within
the framework of Boltzmann transport, current density (J) applied along
the length of the bar (as shown in the x-direction) is proportional to the
drift velocity (v) of the charge carrier (q) and charge carrier density n and
the geometry of the bar (thickness x width, i.e. w x t). Also, according to
Ohm’s law, J = σE, where E is the electric field and σ being the conductivity
of the rectangular bar. Under the influence of a magnetic field B, the charge
carriers experience a Lorentz force that results in a deflection of one type
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of charge carriers (i.e. positive or negative) over the other. This creates a
charge accumulation along the width w of the bar generating a transverse
electric field Ew. Balancing the forces on the charge carriers due to electric
field and magnetic field at equilibrium,

qEw = qvB, (2.22)

The potential difference due to the transverse electric field is the Hall Volt-
age VH and the generation of transverse voltage in a rectangular slab due to
charge accumulation in the transverse direction under an applied magnetic
field oop is called the Hall effect. VH is given by:

VH = −
∫ w

0
Ewdw = −Eww (2.23)

The Hall resistivity ρxy (transverse resistivity), is given by (VH/I) x (w
x t)/l , that is:

ρxy = − 1

nq
B (2.24)

where, 1/nq is the Hall coefficient (RH). This is a crucial parameter to un-
derstand the carrier concentration in a conductor and also the minus sign
indicates the type of carrier, i.e. whether it is a positive charge carrier that
is deflected (Eq. 2.24 is negative) or a negative charge carrier (Eq. 2.24
is positive). This effect is more pronounced for extrinsic semiconductors
where it is important to know about the type of doping and also the car-
rier concentration that gives rise to degenerate semiconductors that will be
discussed in this thesis.
From Eq. 2.24, a linear dependence of the transverse resistivity is ex-
pected by sweeping the magnetic field oop, where the slope is the ordinary
Hall coefficient. However, certain materials that possess localized d-orbitals
exhibit interesting and both fundamentally and technologically important
transverse resistivities that is not explained by the framework of the Lorentz
force or classical Boltzmann transport. Hence, the former contribution to
the transverse resistivity is termed as the Ordinary Hall Effect (OHE). The
latter contributions to transverse resistivity originate from the spontaneous
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magnetization in ferromagnetic materials called the spontaneous Hall effect
or the Anomalous Hall Effect (AHE).

2.2.2 Anomalous Hall Effect (AHE)

As already mentioned above, ferromagnetic materials with broken time re-
versal symmetry give rise to an anomalous transverse current which is dif-
ferent from the OHE. This is called the anomalous Hall effect (AHE) whose
origin for different materials is still debated. In this thesis, the mechanism
responsible for the observation of the AHE in ferromagnetic SrRuO3 (SRO)
is discussed in Chapter 6. Here, I present a brief introduction to the mech-
anism and the debate that surrounds it.
In the early twentieth century, different researchers have indicated that in
transitional ferromagnetic metals e.g. Ni, a monotonic linear dependence
of transverse resistivity is observed at low magnetic fields that seems to sat-
urate at a high magnetic field[21]. Earlier, the mechanism was attributed
to spontaneous magnetization and its dependence on magnetic field. This
leads to an additional contribution to the transverse resistivity as given by:

ρxy = RHBz +RsMz (2.25)

Karplus and Luttinger (KL) pointed out that scalable spin-orbit coupling
arising from localized d-orbitals in transitional ferromagnetic metals, can
lead to asymmetric scattering of spin polarized stationery states transverse
to the current direction[22]. This is due to the origin of the anomalous
velocity v that is the same as the drift velocity in the conductivity tensor in
the Drude model, where the spin-orbit interaction is perpendicular to both
electric and magnetic field. The Anomalous Hall coefficient Rs scales with
the resistivity of the metal (ρ) as Rs ∝ ρ2. This agreed with experimental
data for Ni and Fe where the exponent was 1.42 and 1.94, respectively. So
far, this mechanism of explaining AHE in ferromagnetic metals is regarded
as the intrinsic contribution to AHE. Here the magnitude of Rs and ρ is
strongly dependent on temperature.
While the experimental data seems to agree with the above mechanism,
still there were aspects that was not completely explained. Smit pointed
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out that the spin-orbit interaction resulting in the transverse current, in
the case of a periodic potential, can change the charge distribution but is
not sufficient to scatter a moving electron[23]. It can only accelerate an
electron in the transverse direction when the periodicity of the crystal is
disturbed, i.e. assisted by a chemical impurity in the form of doping. This
disturbs the equilibrium between the force exerted by a periodic spin-orbit
coupling and electrostatic force giving rise to a non-zero current perpendic-
ular to the direction of the current flow. This is called the skew scattering
process, which an electron experiences due to inelastic collision with the
impurities present in the ferromagnetic materials that changes the trajec-
tory of the electron by asserting a change in their linear momentum. This
gives a clearer picture for the scaling of the Anomalous contribution in the
transverse resistivity where Rs ∝ ρ2 for a temperature higher than the De-
bye temperature.
Thereafter, in an effort to unify both concepts from the KL mechanism and
the effect proposed by Smit, Luttinger suggested that the average anoma-
lous velocity arising both from spin-orbit coupling in the periodic crystal
and due to skew scattering from impurities: (i) scales inversely with the
concentration of the impurity giving rise to Rs being proportional to ρ of the
sample and (ii) as already indicated in the KL mechanism, the anomalous
velocity being independent of scattering yields the transverse resistivity ρxy
to be proportional to square of ρ[24]. This gives us a picture for the con-
tribution to the transverse resistivity, where (i) Rs scales linearly with the
resistivity of the sample at low impurities and (ii) with moderate impurities,
ρxy should scale with the ρ2 due to spin-orbit interaction that accelerates
the scattered electrons with increasing impurity concentration. Here the
concept where Rs does not scale with the resistivity of the sample indicates
that Rs is insensitive to the scattering due to ordinary impurities and spin-
orbit interaction plays the dominant role to accelerate the electrons in the
transverse direction. Hence, the contribution to the anomalous Hall effect
is believed to originate from skew scattering as for condition (i) and from
intrinsic deflection of the spin polarized carriers inferred from condition
(ii). Therefore, for transitional ferromagnetic metals, the contribution to
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the transverse resistivity can be summarized as:

ρxy = RHBz +Rskews (ρ)Mz +Rints ρ2 (2.26)

With the discovery of more and more new materials in the form of alloys,
complicated compounds with complex crystallographic structures, the idea
of intrinsic deflection and skew scattering for the anomalous Hall effect was
not sufficient. This was due to increasing doping and increasing impurities
in the sample thereby increasing the resistivity even more such that the
quantity h̄/EF τ is no longer negligible, where EF is the Fermi energy of
the materials, τ being the scattering time and h̄ being the reduced Plank
constant. In these cases, Berger pointed out that an electron undergoes
a side jump scattering with side jump (∆w) of about 0.1 Å[25]. The side
jump scattering of the electron is along the transverse direction to the
current flow and is projected parallel to the length of the channel (direction
of the current flow). This is due to the electrons undergoing scattering
due to impurities or phonons and Rs being proportional to the square of
the resistivity of the sample. Hence, with the overall contributions to the
anomalous Hall effect, the transverse resistivity of a sample is given by:

ρxy = RHBz +Rs(ρ)Mz +Rints ρ2 (2.27)

where, Rs(ρ) is related as aρ + bρ2. The first term is due to the skew
scattering mechanism and the second term due to the side jump mechanism.

2.3 Spin Pumping and Spin Hall effect

In new age spintronics, pure spin current is created, manipulated and de-
tected across a normal metal/magnetic insulator interface. These effects
provide information about magnetic insulators (magnetization, magnetic
anisotropy etc.), the interface of a normal metal with magnetic insulator,
and the amount of detectable charge resistance.
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2.3.1 Spin Pumping

This is the process of generating pure spin currents by magnetization dy-
namics. It gives valuable information by generating spin currents from a
magnetic insulator to an adjacent normal metal. The process is initiated
as the magnetization ~M is brought into precession by an effective magnetic
field or by microwave radiation. The equation of motion is given by Landau,
Lifshitz and Gilbert[26–28].

d ~M

dt
= −γ ~M × ~H +

α

Ms

~M × d ~M

dt
(2.28)

The first term describes the precessional motion of the magnetization dy-
namics along the effective magnetic field ~H, with γ being the gyromagnetic
ratio. The second term gives the damping of the magnetization towards
the direction of the magnetic field called Gilbert damping. α is the Gilbert
damping parameter and Ms is the saturation magnetization. The preces-
sional magnetization once connected to a conducting material (heavy metal
for example), the energy is dissipated in the heavy metal leading to an in-
crease in α. Dissipation in the energy can be expected due to the interaction
of the magnetic moment in the insulator with the conduction electron in
the normal metal, leading to an effective pumping of the spin current in the
normal metal. The amount spin current pumped into the normal metal de-
pends on the magnetic insulator/normal metal interface that is quantified
by a parameter called spin mixing conductance, G = Gr + iGi that related
to the spin current Js as:

| ~Js|~σ =
h̄

e
(Gr ~m×

d~m

dt
+Gi

d~m

dt
) (2.29)

with ~m being a unit vector along the magnetization direction and σ defin-
ing the spin polarization direction of the injected pure spin current in the
normal metal. The imaginary part of G (Gi) results in the spins pumped
in the direction of the precessional motion and is an order of magnitude
lower than Gr and hence neglected[29–31].
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2.3.2 Spin Hall effect

From the ordinary Hall effect and anomalous Hall effect we understand
that the magnetic field (external) acts as a scatterer of charge and spin.
In a more relativistic phenomena, the spin-orbit interaction that is more
intrinsic to materials, can also act as a scatterer of spins as they experience a
force due to an applied electric field. The moving electrons gain momentum
transverse to their initial flow directions. When a charge current is applied
along the direction of the material as shown in the spin orbit interaction
causes an accumulation of spin-up electrons at one side of the material and
spin down on the other side. This induces a spin current Js which is called
the Spin Hall effect (SHE)[32, 33]. The SHE is a conversion of a charge
current to a pure spin current. The charge and spin current in the material
are related by:

~Js = θSHE~σ × ~Je (2.30)

where σ is the spin polarization and θSHE is the spin Hall angle. The recip-
rocal effect is called the inverse spin Hall effect (ISHE) which is conversion
of pure spin current to charge current. This is related by:

~Je = θSHE~σ × ~Js (2.31)

Similar to AHE, the origin of SHE can also be intrinsic or extrinsic. In-
trinsic results from the electronic band structures of the material itself,
whereas extrinsic originates from the scattering caused by defects in the
crystal lattice that leads to skew scattering and side jump.
Nowadays SHE and ISHE are widely used to create and detect spin cur-
rents. The use of Pt and Ta on magnetic insulators to extract and transport
spin current across the insulators have been successfully shown in ferromag-
netic and antiferromagnetic insulators. Use of Pt, Ta for spin Hall effect
is suitable because of high spin-orbit coupling and is called Heavy Met-
als. The two commonly used techniques to extract information about the
magnetization and spin current in magnetic insulators (MI) are Spin Hall
Magnetoresistance (SMR) and Spin Seebeck Effect (SSE).
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Figure 2.5: A cartoon interpreting the mechanism behind observation of Spin Hall
Magnetoresistance (SMR) across a heavy metal, Pt in this case and a magnetic
insulator (in green). The mechanism consists of two essential points, (a) Injection
of spin current in magnetic insulator by spin Hall effect (SHE) in Pt, that is
application of a charge current (Je) in Pt leads to a spin accumulation with a spin
polarization σ at the Pt edges. (b) Detection of the spin current in Pt due to
a relative alignment of σ in Pt and effective magnetization (M) in the magnetic
insulator results in a magnetoresistance in Pt due to inverse SHE.

2.4 Spin Hall Magnetoresistance

The magnetoresponse observed due to the relative orientation of the spin
accumulation because SHE in the heavy metal and the magnetization of
the underneath magnetic insulator is Spin Hall Magnetoresistance (SMR).
This kind of magnetoresistance also occurs across metallic interfaces, but
demonstration of SMR across magnetic insulators is quite remarkable for
the following reasons: (i) Study of pure spin current phenomena in magnetic
insulators and (ii) Effective information of magnetic ordering and magnetic
anisotropy 1.
SMR is a direct consequence of SHE and ISHE occurring simultaneously.

A normal metal with relatively high spin-orbit coupling strength like heavy
metals Pt, Ta is interfaced with a magnetic insulator (MI) collectively re-

1Albeit, point (ii) has a caveat, SMR gives information about surface magnetization.
Or, if the average magnetization of the magnetic insulator is equivalent to the surface
magnetization. This becomes more significant for thin films as the interface roughness and
defects can alter the magnetic ordering at the interface, especially incase of manganites.
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Figure 2.6: SMR signals obtained from local transport techniques. A hall bar of
Pt is patterned on top of a magnetic insulator, Top panel: SMR signals observed
for longitudinal contacts. The black solid line shows the sinusoidal oscillations in
an angular dependent magnetoresistance (ADMR) measurements, where the angle
α is between applied current and magnetization M(B) direction. The red dashed
lines shows an ADMR response that is opposite in phase due to relative orientation
of the applied current and antiferromagnetic Neel vector. Bottom panel: SMR
signals with transverse contacts showing a sin2(α) behavior with a ferromagnetic
insulator (solid black line) and an antiferromagnetic insulator (red dashed line).

ferred to as Pt/MI hybrids in this thesis. By applying a charge current
across a Pt layer, a spin accumulation is induced with a spin polarization σ
transverse to the applied current and spin current ( ~Js) injected normal to
the magnetic insulator. The spin current in the Pt exerts a torque to the
effective magnetization in the magnetic insulator via spin mixing conduc-
tance, by losing part of the angular momentum of the polarized electrons
in Pt (~σ). The part of the angular momentum that is transferred depends
on the relative orientation of ~σ in the Pt and ~M in the magnetic insulator.
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• ~σ ‖ ~M ; spins are reflected in Pt without flipping.

• ~σ ⊥ ~M ; spins are absorbed in the magnetic insulator resulting in spin
flip process.

The spins that are reflected keep their spin polarization direction resulting
in a net spin current flow in the Pt and a detectable charge current due to
ISHE. Hence, the angular rotation of the Pt/MI hybrids results in ’OFF’
and ’ON’ states in the observed magnetoresistance due to SMR. Thus, it
is possible to gain control of the spin current in the magnetic insulator
and determine the magnetic ordering. This kind of mechanism has success-
fully demonstrated magnetic ordering in Yttrium Iron Garnet (YIG)[34],
Nickel Ferrite (NiFe2O4)[35], and CoFe2O4[36], where the SMR responses
with angular rotation results in similar observations as discussed. However,
these are ferro (ferri) magnetic insulators where magnetization follows the
external magnetic field. In these cases of antiferromagnetic materials, the
magnetization orients perpendicular to the magnetic field after a spin flop
field. Therefore, the angular rotation leads to an opposite phase in the
magnetoresistance. This will be further discussed in the next section. In
this section, we assume the magnetic insulator to be ferromagnetic (such
as in YIG).
The strength of the SMR signals depend on the spin mixing conductance
across the interface of the Pt and the magnetic insulator. Optimal thick-
ness and growth of Pt on magnetic insulator can generate SMR signals for
a Hall bar fabricated Pt bars on magnetic insulator. SMR signals generated
in longitudinal and transverse contacts in Pt are given as follows:[37]

ρlong = ρ+ ∆ρ0 + ρ1(1−m2
y) (2.32)

ρT = ∆ρ1mxmy + ∆ρ2mz (2.33)

ρlong and ρT are the longitudinal and transverse resistivities. ρ is the resis-
tivity of Pt. mx, my and mz are the magnetization components in x, y and
z direction. ∆ρ0, ∆ρ1 and ∆ρ2 are given by:

∆ρ0

ρ
= −θ2

SHE

2λ

dN
tanh

dN
2λ

(2.34)
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∆ρ1

ρ
= θ2

SHE

λ

dN
Re(

2λGrtanh
2 dN

2λ

σ + 2λGrcoth
dN
λ

) (2.35)

∆ρ2

ρ
= −θ2

SHE

λ

dN
Im(

2λGitanh
2 dN

2λ

σ + 2λGicoth
dN
λ

) (2.36)

θSHE , λ and dN are the spin-Hall angle, relaxation length and thickness of
Pt respectively. G is the spin mixing conductance, an interfacial parameter
which is a complex quantity and is given by: G = Gr + i Gi. The spin
mixing conductance describes the transfer of angular momentum through
the interface, where more spins are absorbed in the magnetic layer due to
higher spin mixing conductance. G is sensitive to the interface of Pt/MI
hybrids. Gi is seen as an ’effective field torque’ acting on the magnetization
of the magnetic insulator and Gr is the ’in-plane’ or ’Slonczewski’ torque
resulting in an in-plane torque perpendicular to M[26].
In general, from ferromagnetic resonance (FMR), spin transport studies in-
volving spin absorption technique, spin valves structures, estimation of the
spin relaxation length (λ) and spin-Hall angle (θSHE) of Pt and observation
of SMR signals can give an estimation of Gr. Gi is always one order lower
than Gr and hence neglected in the case of Pt/MI hybrids.

2.5 Spin Seebeck Effect

Coupling of charge current and heat was first discovered by Thomas Seebeck
in 1821. Due to the difference in the conduction potential in a metal cre-
ated by a temperature gradient, an electric voltage develop across hot/cold
junction, known as the Seebeck Effect. Apart from the charge transport,
electron spin also couples to heat and the collective study on the interaction
of spin with heat is called as spin caloritronics[38].
The spin analogue to Seebeck Effect is known as the Spin Seebeck Effect
(SSE) or the Spin dependent Seebeck Effect (SdSE). Both the terminolo-
gies vary depending on material and hybrid material systems. SdSE is
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Figure 2.7: A cartoon showing the mechanism behind observation of Spin Seebeck
Effect (SSE) in Pt. The pure spin current developed in the magnetic insulator due
to creation of a thermal gradient leading to an electrochemical potential difference
in the magnon accumulation and is transmitted into the Pt via spin mixing con-
ductance. The resulting spin current in Pt is detected as a charge voltage due to
inverse SHE.

dependent on conduction electrons, where the SSE involves transfer of in-
formation via spins or spin waves / magnons in a magnetic insulator. The
spin current generated due to the transfer of angular momentum due to
heat gradient across a magnetic insulator and the adjacent normal metal
where the signals are detected via spin pumping and spin transfer torque.
As shown in the Fig. above, due to temperature gradient normal to the
Pt/MI junction, the electrochemical potential difference between the magnon
population in the magnetic insulator, i.e depleted of magnons at the hot
end and accumulation of magnons at the cold end (at the interface of Pt
and insulator), creates a net spin current in the insulator that is transferred
to the normal metal via spin mixing conductance. In the normal metal due
to larger spin Hall effect, the spin current is detected as a charge voltage
due to iSHE. This kind of geometry that are realized for the detection of
spin Seebeck voltage is Longitudinal Spin Seebeck effect (LSSE) where the
temperature gradient is parallel to the generated spin current.
Theoretical description related to the microscopic origin of SSE have been
proposed by Xiao et al., and Adachi et al.[39, 40], by means of scattering
and linear response theory. Considering the effective magnon temperature
to be Tm in the insulator side and eletron temperature to be Te in the
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metallic side, the spin current pumped from insulator to metal scales with
the difference of Tm and Te. Hence this is a non-equilibrium spin pump-
ing where the spin current is pumped into normal metal when Tm greater
than Te, as for the other cases the spin current is cancelled out by the
thermal spin noise. Hence at low temperatures, gigantic increase in the
SSE signals are reported for Pt/ YIG[41], Pt/ Cr2O3[42] systems due to
magnon-phonon mediated process. For the same reason, In transverse SSE,
where the temperature gradient is along the magnetic channel, for exam-
ple, in case of non-local (NL) detection of spin currents shown for Pt/YIG
hybrids, phonon mediated process gives rise to dominant contribution to
SSE. The phonon mediated process becomes more prominent for metallic
ferromagnet / Pt heterostructures, but for Pt/ MI hybrids, especially for
LSSE cases, magnon-phonon mediated process are dominant mechanism
for SSE signals.

2.6 Exchange interactions

In this section, a brief discussion on different magnetic exchanges that are
present in complex oxide materials, especially in manganites are discussed.
One of the major energy term that predominates in the total energy of
a magnetic material is the Heisenberg exchange. In general terms, the
coupling of the magnetic moment of site i with the site j in a 1D Ising
model is given by Heisenberg exchange, that is written as :

Hexc = −
∑
ij

Jij ~Si. ~Sj (2.37)

Jij is the exchange coupling constant that denotes the coupling integral

between the spins ~Si at site i and ~Sj at site j. In case of ferromagnets,
the sign of the Jij is positive and for antiferromagnets the sign is nega-
tive. Hence it is quite apparent that the overall Eq. 1.36, becomes positive
incase of antiferromagnetic alignment that aids an antiparallel alignment
between spins at i-site relative to j-site. This in particular, also reduces the
total energy in case of antiferromagnets resulting in an energy minima for
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Figure 2.8: (a) Superexchange interaction in SrMnO3 where the oxygen 2p-orbital
mediates an antiferromagnetic exchange between Mn4+ ions. (b) Double exchange
interaction where the oxygen 2p-orbital mediates a charge transfer by establishing
a ferromagnetic interaction between Mn3+/4+ ions in La0.33Sr0.66MnO3 (LSMO).

antiferromagnets. Hence it is clear that the antiferromagnetic materials are
non-responsive to any magnetic perturbations owing to their stable state
configurations.
Transition ferromagnetic metals posses a direct overlap of 3d-orbitals result-
ing in a spin dependent split of densities of states and fulfilling the Stoner
Criterion. The kind of exchange is called the direct exchange. In man-
ganites, the exchange is dominated by the interference of the 2p-orbitals
from the O2+ within the 3d-orbitals from Mn3+/4+. Kramers was the first
to introduce an exchange coupling for magnetic ions that is mediated by
a non-magnetic ion. This was to introduce the magnetic interaction in
MnO, where an antiferromagnetic ground state is established without a
direct exchange between Mn orbitals. The theory was modified by Goode-
nough, Kanamori and Anderson and is known as superexchange mechansim.
The set of rules that underlines the mechanism is known as Goodenough-
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Kanamori-Anderson rules (GKA rules[43–47]. It is as follows :

• The exchange interaction of two half-filled orbital is strong and anti-
ferromagnetic if both orbitals are coupled two one another by 180o.

• If the overlap of two half orbitals are 90o to one another, the exchange
interaction is weak and ferromagnetic.

• The overlap of a half filled orbital with an empty (or doubly occupied)
orbital is weak and ferromagnetic.

The antiferromagnetic exchange and ordering usually predominates with
superexchange. The exchange coupling constant can be determined from
the second order perturbation theory, and is proportional to a charge trans-
fer hopping integral given by :

Jij ∝ −
t2ij
U

(2.38)

where U is the Coulomb energy and t is the exchange integral of the two
orbitals at i and j site. It is written in the form as follows :

tij = 〈ψi
∣∣H ′∣∣ψj〉 (2.39)

where H’ is the perturbation energy of the electron in the orbital ψj induced
by ψi. In Fig. 2.8(a), the schematic of superexchange interaction is shown
for SrMnO3 where the exchange is mediated by O2− - 2p orbitals between
Mn4+ ions.
Another kind of interaction that involves hopping of electrons is the double
exchange (DE). This kind of interaction is mediated by O2− -2p orbitals
between mixed valence state of Mn3+ and Mn4+. This is predominant
with increasing Sr concentration in La1−xSrxMnO3 (LSMO). This is shown
in Fig. 2.8(b). This interaction leads to a ferromagnetic exchange where
by increasing xSr, results in a magnetic transition from antiferromagnetic
LaMnO3 (superexchange via O2− between Mn3+ ions) to ferromagnetic
LSMO. Such exchange interactions will be discussed in more detail in the
perspective of probing the magnetic ordering in SrMnO3 thin films as dis-
cussed in the chapter 5.
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2.7 Antiferromagnetism

Antiferromagnetic materials were mentioned to be ’interesting and useless’
by Louis Neel in his Noble lecture in 1970. A zero net magnetization and
a stable order system requires a larger energy and magnetic field to re-
spond. Despite such an inauspicious start, significant advancements have
been achieved in the last two decades in the field of antiferromagnetic spin-
tronics.

In spintronics, for a long time antiferromagnets have been used as a pas-
sive element in the read heads of magnetic tunnel junction, where it pins
the magnetization state of the ferromagnetic hard layer by exchange bias,
creating a strong uniaxial anisotropy across the interface. However, clever
experimental strategies where the non-responsive behavior of antiferromag-
nets are not being influenced by magnetostatic stray fields is currently an
active field of study. Another useful property that was exploited in the
last decade is the study of the magnetization dynamics at THz frequen-
cies, that are ultrafast in nature[48] and can facilitate faster processing of
information. The reorientation of the magnetic sublattices at the cost of ex-
change energy in antiferromagnets is larger than overcoming the magnetic
anisotropy energy in ferromagnets, and larger energy is required larger fre-
quency dynamics.

One of the key requirement in antiferromagnetic spintronics is the electri-
cal control of the magnetic ordering in antiferromagnets. This was demon-
strated in metals like CuMnAs, FeRh which are collinear antiferromagnets.
An interesting feature of such materials is the lack of inversion symme-
try in the bulk crystal that leads to an effective electric control of the
magnetic ordering via inverse Spin Galvanic effect (iSGE)[49]. This leads
to anisotropic magnetoresistance (AMR) responses with a magnetic field
applied in the plane of the transport. Further, spin pumping, where the
electrical control of the antiferromagnetic order parameter, Neel order ~L =
~M1 - (- ~M2), comprising of the sum total of the magnetization of each mag-

netic sublattices was actively exploited[50]. It was theoretically shown by
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Brataas and the coworkers, that effective spin pumping is achieved across
a normal metal that is interfaced with antiferromagnetic insulator either
with compensated or uncompensated moments[51]. Further, electrical con-
trol of spin waves (magnons) was demonstrated in an antiferromagnetic
insulator α-Fe2O3, where by reorientation of the magnetic sublattices with
increasing magnetic field resulted in a spin flop transition of such uniaxial
antiferromagnets[52, 53]. With increasing magnetic field, the Neel vector
~L orients perpendicular to the direction of the magnetic field during spin
flop transition. This was already discussed, in the section 2.4, where this
leads to an opposite phase in the ADMR signals due to SMR. It has been
pointed out for certain materials like Cr2O3[42], the spin flop transition is
observed with the magnetic field applied perpendicular to the easy axis.
However, when the magnetic field is applied in the easy plane, no spin flop
like transition is observed from the electrical response.

The electrical response obtained from Longitudinal Spin Seebeck Effect
(LSSE) carries the information via magnon in magnetic insulators. Fig. 2.9
shows the observation of spin flop transition in uniaxial MnF2, FeF2 and
Cr2O3. The magnon in antiferromagnets essentially consist of two branches,
α and β branch that carries the information of two magnetic sublattices
with opposite chirality and carrying equal and opposite angular momenta.
In absence of magnetic field, the two modes are degenerate and hence no
electrical signal in the normal metal due to SSE[55–58]. This degeneracy is
lifted upon the application of the magnetic field. The β mode as shown in
Fig. 2.9(b) decreases linearly with field and the α mode increase linearly
with field. The splitting is estimated from the angular cone described in one
of the AFM sublattice with respect to the other as shown in Fig. 2.9(b).
With a temperature gradient and magnetic field applied, a net spin current
can be achieved in the normal metal that is detected as an electric voltage
response due to ISHE. The magnetic field dependence of the SSE voltages
provides information on the orientation of the antiferromagnetic ordering
in the magnetic insulators.
Another, useful strategy to look into such incomplete rotation of the antifer-
romagnetic sublattices is by providing an exchange bias assisted exchange
spring like rotation of the ferromagnetic moments relative to the antiferro-
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Figure 2.9: Mechanism of spin current flow in antiferromagnetic insulators by
Spin Seebeck effect. (a) With a temperature gradient ∇T applied normally to
the surface of the insulator and normal metal and an applied magnetic field H
in-plane of transport, lifts the degeneracy of the magnon modes α and β that
increases and decreases respectively with field. This give rise in a spin current
in the antiferromagnetic insulator that displays different responses with applied
magnetic field as shown in Cr2O3, MnF2 and FeF2. These are adapted from
[42, 54, 55], (b) shows the modes, with a field applied along one of sublattice
direction. The degeneracy is lifted resulting the flow of spin current. With field
applied above the spin-flop state (HSF ), one of the mode is zero and an effective
magnetization in the direction of the magnetic field give rise to a ferromagnetic
resonance thereby leading to an induced ferromagnetic behavior. (c) the frequency
dependence is shown with applied magnetic field. This curve is sketched from the
antiferromagnetic resonance measurements on uniaxial Cr2O3 presented in [56].
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magnetic moments and detection using spin polarized tunneling, i.e. tun-
neling anisotropic magnetoresistance (TAMR). This was shown across a
multilayer of Py/IrMn/MgO/Pt[59], where the exchange pinning of the Py
moments due to exchange bias produced across the interface of Py/IrMn
(AFM) is detected as TAMR response in Pt from the field and ADMR
measurements. De Jong and his coworkers have observed such TAMR re-
sponse across exchanged biased Co/CoO multilayers where the response
is detected in Au layer[60]. Such indication of TAMR responses will be
discussed in Chapter 3, where using 3T geometry, switching like responses
are observed across Co/CoO multilayer on oxide semiconductor platform
of Nb-doped SrTiO3.

2.8 Summary

Relevant to this thesis, the theoretical concepts of spin polarized tunneling
and spin injection-detection in semiconductors were discussed. The Hall
effect measurements covers a wide spectrum of phenomena, where the cor-
relation of the conduction electrons in metallic ferromagnet with magnetic
field was discussed in Anomalous Hall effect, and the detection of spin cur-
rent from magnetic insulators into normal metal by spin Hall effect (SHE)
assisted spin transport were discussed with a note on its implementation
of such techniques in antiferromagnetic materials. Essentially, these exper-
imental detection methods will be used further in the succeeding chapters.
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