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Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

6.1 Introduction

Emergent phenomena arising across the oxide interfaces of SrIrO3 (SIO)
and SrRuO3 (SRO) is shown to host non-trivial magnetic topology like
skyrmions that displays an additional Hall transport known as the Topo-
logical Hall effect[1, 2]. Caviglia and coworkers have argued that the origin
of THE across such interfaces is brought about by the electron encountering
a non-trivial band crossing in the momentum space, and the Berry phase
can be gradually engineered with different combinations of multilayers of
SIO/SRO[3]. However, the appearance of THE in the Hall transport origi-
nating from skyrmions and magnetic textures are well established for B20
crystals like MnSi[4–6] and other chiral magnets. Although a comprehen-
sive study would require a clarity on the origin of the THE responses across
SRO/SIO, the rich physics such an interface host are quite interesting : (i)
The heavy 4d-orbitals of SRO and 5d-orbitals of SIO are strong contribu-
tors of spin-orbit coupling assisted transport phenomena, (ii) The combi-
nation of the perpendicular magnetic anisotropy (PMA)[7] in thin films of
the itinerant ferromagnet SRO and its non-trivial t2g band structures[8, 9]
with strong paramagnetic semi-metal SIO results in Dzyalonshinskii-Moriya
interaction that is shown to tune with the multilayers[1], (iii) The opti-
mal tolerance factor between SRO/SIO interface facilitates growth of high
quality crystalline films that is an ideal platform for tunable electronic and
magneto-transport.
The material of interest in this chapter, is SrRuO3, that is a ferromagnetic
metal and shows large Anomalous Hall effect arising from the non-trivial
band structures[8]. The combination of the high spin state of Ru4+ and
epitaxial strain engineering of thin films of SRO facilitates a PMA[7]. The
strong correlation of the electronic band structure with orbitals and mag-
netism brings about a new research direction on the investigation of the
emergent phenomena like skyrmion-bubble textures and its manipulation
with electric field[1, 2, 10]. Although, the anomalous Hall effect in SRO
thin films are well described by Karplus Luttinger(KL) formalism and side
jump mechanism, reasons from its deviation are often reported. One such
feature is the sign change in the Anomalous Hall signals with temperature.
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6.1. Introduction

It was pointed out that the intrinsic mechanism and the complex band
structure is responsible for a sign change in the transverse conductivity
(σxy) in the SRO films with a connection to a magnetic monopole in the
crystal-momentum space[8], the recent works by Lior Klein and the cowork-
ers have shown the sign change in the AHE signals to be a crossover of the
intrinsic KL formalism to more side jump mechanism and that the anoma-
lous Hall coefficient to vary quadratically with the Drude resistivity[11].
Still, the reports on the sign change are contradictory and often originate
from the differences in the crystalline symmetry in the SRO films[12, 13]
either induced by substrates or different growth conditions. Hence, the
study of the temperature dependence of the Anomalous Hall transport are
crucial to point out the differences in the electronic band structures and
crystalline symmetries in the SRO thin films. Moreover, in the last chapter
(chapter 5) the magnetic properties of thin films of SrMnO3 are probed
by bulk magnetization measurements (SQUID) and complementary spin
transport techniques. The magnetization values and ferromagnetic order-
ing in SMO were inferred from the SQUID and spin Hall magnetoresistance
studies. However, Spin Seebeck studies that probes the bulk magnetization
via thermal excitation of magnons in SMO indicates a presence of a surface
layer of ferromagnetic and a bulk layer of antiferromagnetic interactions.
In order to mitigate such ferromagnetic interaction at the surface, and to
harness the antiferromagnetic coupling in SMO, the magnetic transport of
exchange coupled SRO/SMO interface grown on SrTiO3 (STO) substrates
are studied in this chapter.
Compressively strained SrRuO3 films grown on STO show a perpendicular
magnetic anisotropy[7]. Additionally, a multi-axial anisotropy with tem-
perature and a magnetostatic dipolar field was found to stabilize skyrmion-
bubble textures across single-layer SRO films[10]. This work shows that the
insertion of a thin layer of SMO alters such magnetic features across SRO-
STO interfaces, indicating an alteration of the magnetic ground states due
to the added Ru-O-Mn bonds, by magnetization and magneto-transport
measurements.
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Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

6.2 Magneto-transport across SrRuO3 and SrTiO3

heterostructures

SrRuO3 (SRO) is an itinerant ferromagnet. The RuO6 octahedral planes
surround the transitional metal ion Ru4+ that is located at the center of
the perovskite structure with Sr2+ ions at the edges. The structure of SRO
albeit orthorhombic can be also described as a pseudo-cubic unit cell with
a lattice parameter of 3.93 Å. The ferromagnetic order in SRO is predom-
inantly due to the 4d-orbitals of Ru4+ atom. In SRO, Ru-O bonds are
strongly hybridized that are covalent in character and the RuO6 octahe-
dral plane is a zone of freely flowing electrons leading to itinerant metal and
enhancement of the densities of states that satisfies the Stoner criterion for
a ferromagnetic ground state in a metal. The importance of the Ru-O hy-
bridization and its effects in case of structural distortions in SrRuO3 and
CaRuO3 systems are studied, that reveals the deviation of the Ru-O-Ru
bond angles from 180o results in the ferromagnetic stability and ground
state in SrRuO3, unlike in CaRuO3 whose bond angles strongly deviate
from the cubic symmetry[14]. It has been often reported that the physical
and electronic properties in thin films deviate from the bulk properties,
owing to a strong influence of the lattice structures in the parent substrate
compounds[15, 16]. Owing to its strong correlated interplay of the struc-
ture, conductivity, and magnetic ordering, SRO thin films host magnetically
and electronically non-trivial topological features[1–3, 8, 10, 17].
The magnetic ordering in SrRuO3 thin films are extremely sensitive to
structural alterations and is largely dependent on the underlying substrate.
The intricacies of the interfaces concerning chemical bonding, pre-surface
treatment, the buffer layer, and variant growth conditions have shown to
offer tunable electronic properties in SRO films[18–20]. Additionally with
compressive strain from underlying STO (001) substrates have shown a
high spin state of Ru4+ to orient along the growth direction, c-axis, out-
of-plane[7, 21]. Thin films of SRO that possess a perpendicular magnetic
anisotropy are capped with SrIrO3 (SIO) a high electron 5d-orbital sys-
tem, that creates a competition between Dzyalonshinskii-Moriya and ex-
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6.2. Magneto-transport across SrRuO3 and SrTiO3 heterostructures

change interaction resulting in observation of stable skyrmion phases with
magneto-transport measurements and observation of Topological Hall Ef-
fect (THE)[1, 2]. Although, such signals in magnetotransport are observed
in conventional metallic systems earlier, the THE in SRO/SIO is very in-
triguing and is largely debated. The actual observed magnetic features like
skyrmion is challenged with a sensitivity of the anomalous Hall conduc-
tivity on the position of the Fermi level for avoided band crossings and
magnetization[3]. These observations and arguments lead to a discrepancy
in the origin and understanding of the skyrmion textures in SRO and also
in its manifestation in THE. However, single layer of SRO grown on STO
shows a different temperature dependent Anomalous Hall responses that
are sensitive to crystalline symmetries and growth conditions that are il-
lustrated further.
In this thesis, the anomalous Hall effect in SRO thin films are studied and

analyzed to provide evidence on magnetization and in its sensitivity with
samples and preparations, indicating a more intricate underlying mecha-
nism for magnetic ordering in SrRuO3.
Anomalous Hall Transport : The tranverse resistivity (ρxy) in the Hall
transport geometry is given by :

ρxy = RoB⊥ +RsM⊥(B⊥) (6.1)

where the first term is due to the ordinary Hall effect (OHE). The second
term is the anomalous Hall effect (AHE). For samples, where the AHE con-
tribution are shown, OHE background is subtracted which is written in the
form of ρxy - ρOHE .
Anomalous Hall effect provides the link between the spin dependent band
structures, crystalline symmetry and magnetocrystalline anisotropy in SRO
films with the Berry phase mechanism in crystal momentum space. Fig.
6.2 c(d) shows the scaling of the anomalous hall resistivity (conductivity)
for samples A and B with temperature ( bulk oop magnetization of SRO
films). The two samples show a contrasting scaling feature with temper-
ature and magnetization. Sample A shows a sign change in ρAHE with
temperature whereas no such sign change is observed for sample B. In the
intrinsic regime, σAHE is written as -ρAHE/ρ

2
xx. The resistivity and the
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Figure 6.1: (a) Resistivity vs temperature plot of two samples A and B of SRO thin
films patterned as Hall bar on STO (001). (b) Magnetization (SQUID) measure-
ment of sample B with magnetic field applied in and out-of-plane to the sample.
(c) Anomalous Hall resistivity of two samples are plotted with temperature. (d)
Anomalous conductivity defined as -ρxy/ρ2xx, plotted with the magnetization of
the samples A and B.

182



6.2. Magneto-transport across SrRuO3 and SrTiO3 heterostructures

-8 -6 -4 -2 0 2 4 6 8

-1.0

-0.5

0.0

0.5

1.0

 

 

ρ xy
 (µ
Ω

cm
)

Magnetic Field (T)

10 K

-1.0 -0.5 0.0 0.5 1.0
-0.2

-0.1

0.0

0.1

0.2

 

 

ρ x
y (µ

Ω
cm

)
Magnetic Field (T)

 125 K

Figure 6.2: Hall resistivity in SRO films with applied magnetic field oop. The
ordinary Hall effect (OHE) signals are subtracted around the origin as shown by
the linear blue line. The Hall resistivity is plotted at two different temperatures
to show the sign change in the anomalous Hall signals.

conductivity vanishes around Tc where the magnetization of the films are
zero. ρAHE is obtained from the zero-field resistivity after the subtraction
of the ordinary hall background.

A sign change in the anomalous Hall resistivity (ρAHE) is commonly
observed for SRO films which is attributed to the cross-over of the intrinsic
to extrinsic mechanism of anomalous Hall effect. Increase in temperature,
increases the resistivity (ρxx) of the films and the AHE is dominated by side
jump mechanism. Interestingly, we observe from Fig. 6.2(a), that sample
A has larger resistivity than sample B, whereas sample B shows no sign
change in ρAHE which is in contradiction to the to the above statement, as
side jump mechanism dominates at a larger ρxx. On the other hand, σAHE
depends on the band structures and avoided band crossings that acts as
magnetic monopoles in the crystal momentum space[8]. Larger conduc-
tivity at higher magnetization for both the samples indicate the plausible
Berry phase connection to the Hall conductivity in the intrinsic regime.
This proves that the conductivity in sample B also scales with magnetiza-
tion despite of no sign reversal in the conductivity. Let us now look at the
magnetization measurements with temperature and field for sample B. A
magnetic field of 4T (shown in Fig. 6.2 b), is not sufficient to saturate the
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Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

magnetization in both in and oop. This means that the direction normal
to the film plane, i.e. (001) is not a magnetic easy axis for the sample
B. Since all Hall transport measurements are performed with the magnetic
field applied in the direction normal to the plane, a clear indication of the
Hall resistivity being sensitive to the crystalline symmetry for the sample
B, is observed. Hence the contrast in the trend of both ρAHE and σAHE
indicates changing crystalline symmetry for samples A and B. As discussed
above, that the SRO films are grown on a mixed terminated surface of STO
(001), σAHE is sensitive to local changes in the band structure and elec-
tronic properties resulting in such a contrast.
Anomalous Hall resistivity (ρAHE) is obtained by subtracting the ordinary
Hall effect background (linear) as shown in Fig. 6.3. The background is
subtracted with linear curve passing through origin as indicated with blue
solid line in Fig. 6.3. Then, the difference of the value of the resistivity
at zero field is the ρAHE . As indicated in the figure, at low temperatures
for sample A i.e. at 10 K, the value of the resistivity while tracing the
field from negative to positive is recorded to be negative (ρA in Fig. 6.3),
whereas while retracing the value becomes positive (ρB). The difference is
then written as ρAHE = ρA − ρB. The situation changes at higher tem-
peratures i.e. at 90 K as shown in the figure. The values of the resistivity
at zero fields becomes just the opposite when the field is swept from nega-
tive to positive (trace) and vice versa (retrace). This gives rise to the sign
change in the ρAHE which is commonly observed with the Hall transport
in SRO films.
It is known from earlier reports that the sign change in the anomalous Hall
effect in SRO films indicate the crossover of the intrinsic to extrinsic contri-
bution to ρAHE [11]. The Anomalous Hall coefficient, Rs is written as the
sum of the contributions due to intrinsic mechanism, side jump and skew
scattering, that scales with the sheet resistivity (ρxx) of the SRO film :

Rs = Aρxx +
B

∆2 + (h̄/τ)2
ρxx

2 + Cρxx
2 (6.2)

the linear term of Rs with ρxx is due to the skew scattering, the quadratic
terms are due to both intrinsic and side jump contribution. ∆ is associated
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Figure 6.3: (a) M-T variation of samples A and B. The magnetization is recorded
in SQUID measurements by applying a field cooling with 3 T. The solid blue lines
are the critical exponent fit to the M-T curves. (b) Variation of Anomalous Hall
coefficient Rs with the longitudinal resistivity ρxx. The solid line is the fit to the
eq. 6.2 (c) Scaling of ρAHE with ρxx for samples A, B and C.

with the band structure and spin splitting which is taken as 0.2 eV, τ is the
scattering time which is taken as 6.6 x 10−14 s and C is the characteristic
side jump length which is taken as the maximum length of 10 Å[22]. B is
the coefficient that deals with the sign change in the Rs as shown in Fig.
6.4. Rs is obtained from ρAHE/M⊥ and is plotted with ρxx in Fig. 6.4(b).
The solid blue line is the fit to Eq. 6.2 and dotted red lines is the fit with
only the quadratic terms from Eq. 6.2.
Fig. 6.4(a) shows the magnetization of samples A and B with temperature.

The solid blue line indicates the fit to the behavior using power law where
the Tc was fixed at 125 K. This fit helps in normalizing the M⊥ to extract
the Rs. The variation of Rs is shown in Fig. 6.4(b) where solid red line is
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Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

the fit to Eq. 6.2. It is clear from Eq. 6.2 that the side jump term (C) can-
not exceed beyond 10 Å, so has a smaller dependence on the whole equation
with increasing ρxx. But a reasonable fit was obtained with Eq. 6.2 (solid
blue line) with B being negative and a value of one order higher than C
indicating a dominant intrinsic mechansim than the side jump. However,
from both the fits, it is clear that there is a significant contribution of skew
scattering in the SRO films although the conductivity σxx (1/ρxx), lies in
the moderate metal regime, i.e ≤ 104 S/cm. The overall ρAHE variation for
samples A, B and C is plotted with ρxx which shows that the anomalous
resistivity for samples B and C does not follow a clear power law variation
which makes it difficult to understand the extrinsic contribution to AHE.
Hence for all the samples, intrinsic contribution is more dominant.

From the above analysis it is inferred that the intrinsic mechanism is pre-
dominant in these samples. However, the above model do not explain the
contrast in the temperature dependent variation of the anomalous Hall re-
sistivity (ρAHE) in the three samples shown in the figure above. It has
been pointed out by Bern et al. [12, 13] that the anomalous Hall resitivity
is sensitive to the magnetocrystalline anisotropy in the films. Departure
from the cubic anisotropy to orthorhombic, the variation in the AHE with
temperature are seen. Then the question is how the similar growth con-
ditions can affect their magnetotransport properties. Additionally, Sample
A and B shows an additional hump like features in the Hall transport
with temperature. The hump like features are so robust, that they are
even visible by rotating the magnetic field from out-of-plane (oop) to in-
plane (ip)[10]. These hump like features are attributed to Topological Hall
Effect (THE), causing by the additional scattering of the electrons when
they encounter a topological defect in the form of magnetic skyrmions and
bubbles. Such THE signals are reported earlier in multilayers of SrIrO3

and SrRuO3 heterostructures due to the competition between the Heisen-
berg exchange and Dzyalonshinskii-Moriya exchange[1, 2]. But the THE
responses in single layer SRO in samples A and B were very intriguing.
Considering the multiaxial anisotropy and the magnetostatic dipolar inter-
actions in total magnetic energy consideration of the SRO layer, regions of
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6.3. Insertion of ultra-thin SrMnO3 across SRO-STO

Skyrmion-bubble phases in the phase diagram of field and the angle of the
magnetization orientation was obtained from numerical analysis[10].

6.3 Insertion of ultra-thin SrMnO3 across SRO-
STO

Thin films of SrMnO3 and SrRuO3 bring about distinct tunable magnetic
features that are absent in the bulk. It has also been pointed out in the ab-
initio calculations recently, that with engineering of the interfaces of SRO
and SMO with respect to the oxygen octahedral tilting at the interface, the
exchange interaction is governed by the Dzyaloshinskii-Moriya interaction
(DMI), brings about an exchange bias across this interfaces[23, 24]. How-
ever, the consideration of a G-type antiferromagnetic ordering of SMO (as
expected theoretically) do not contribute to any uncompensated moments
across the interface leading to no detected exchange bias with ferromagnets.
But with strain engineering and tilting of the oxygen octahedra, the oxy-
gen ions mediate a next to nearest neighbor exchange predominantly due
to DMI. Previously, researchers have integrated SRO with SrIrO3 a heavy
5d-localized electron system for observation of Topological Hall effect due
to skyrmion textures across such interfaces, but an all-oxide magnetic sys-
tem has not been considered for such an investigation. Moreover, the above
mentioned work on SRO system alone, has shown to possess a field depen-
dent skyrmion-bubble textures due to magnetostatic dipolar interaction and
higher order magnetocrystalline anisotropy. With insertion of SMO layer,
the control over the magnetostatic dipolar interaction and as well as mag-
netocrystalline anisotropy of SRO films is achieved. This section, discusses
the magnetic characterictics observed across two SRO/SMO films (single
layers) deposited by PLD and characterized by SQUID measurements.

6.3.1 Growth and characterization

The SMO-SRO films are grown under similar conditions mentioned above
for the individual films. It is to be noted that the individual growth tem-
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Figure 6.4: Atomic force microscopy (AFM) of the two films SS1 in the (left top
panel) and SS2 (in the right top panel) consisting of thin films of SRO and SMO
grown on STO (001), also evident from the 2θ − ω plot showing the 002- peak of
STO peak with SRO and SMO peaks on the two sides of the 002 peak. The AFM
image for SS1 shows periodic trenches indicating SRO growth of SrO-sublattices.
This is not seen in the SS2, which can be due to SMO films being thicker and
covering all the SrO sites.
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6.3. Insertion of ultra-thin SrMnO3 across SRO-STO

peratures are different for SRO and SMO, 600 and 900o C respectively.
On two annealed double terminated STO (001) substrates, ultrathin thin
films of SRO and SMO are deposited. First, the SMO layer is deposited at
900o C and at a low oxygen pressure of 0.05 mbar and fluence of 1 J/cm2,
followed by a small annealing at 0.13 mbar O2 flow (the growth pressure
for SRO) and is cooled down to 600o C. The SRO is grown on top of SMO
using 2 J/cm2 fluence and at 0.13 mbar O2 flow at 600o C. Finally the
samples are cooled down to room temperature at 100mbar O2 flush.
The samples that are finally prepared, were as follows :

• SS1 : SRO (4 nm) / SMO (1.7 nm) / STO

• SS2: SRO (3 nm) / SMO (2.8 nm) / STO

Fig. 6.5(a) and (b) shows the AFM images of SS1 and SS2. The appearance
of the black trenches in SS1 indicates a possible growth of SRO on SrO
sublattices that is shown to disappear in SS2 due to increasing thickness
of SMO. Also, it is to be noted that the deposition rate of SRO decreases
with increasing thickness of SMO resulting in a thinner film of SRO for
SS2, where the growth condition for SRO was kept to be constant during
the growth of both the samples. The 2θ − ω scan as shown in Fig. 6.5(c)
for both the samples show a peak of SRO on the left side of 002-peak of
STO and a peak of SMO on the right side of the 002-peak plot for sample
SS2.The thickness of the samples were estimated from the X-ray reflectivity
analysis (XRR).

6.3.2 Magnetization measurements

After growth and the structural characterization of the samples, they are
loaded into the Magnetic property measurement system (MPMS) to ob-
serve the magnetic features arising across these films. Fig. 6.6(a-d) shows
the magnetization measurements for sample SS1. Fig 6.6(a) shows the mag-
netic hysteresis loops when the magnetic field is applied in-plane. At 10 K,
the width of the hysteresis loop increases with an increasing field which is
very unusual for a ferromagnetic behavior. Such hysteresis loops disappear
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Figure 6.5: Sample SS1: (a) Magnetic hysteresis measurements with magnetic
field applied in-plane to the sample at 10 K and 50 K. (b) Magnetic hysteresis
plots with magnetic applied out-of-plane to the sample at temperatures, 10, 50
and 150 K respectively. (c) Magnetization vs temperature plot with running field
of 500 Oe and a field cooled (FC) of 1000 Oe. (d) Derivative of magnetization
with temperature showing the second phases to scale with field strength of the
field cooled (FC) measurements.

190



6.3. Insertion of ultra-thin SrMnO3 across SRO-STO

-6 -4 -2 0 2 4 6

-6

-4

-2

0

2

4

6

M
 x

10
0 

(e
m

u 
/ c

c)

B (T)

10 K
50 K
 100 K

-8 -6 -4 -2 0 2 4 6 8
-8

-4

0

4

8

M
 x

10
0 

(e
m

u 
/ c

c)

B (T)

 6 T FC
 ZFC 

0 75 150 225 300 375
0

1

2

3

4

 

 

M
 x

 1
00

 ( 
em

u 
/ c

c)

Temperature (K)

 FC_0.1 T
 FC_0.5T 

0 75 150 225 300 375
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

 

 

dM
/d

T

Temperature (K)

 FC 0.05T
 FC 0.5T
 FC 1T

(a) (b)

(c) (d)

Figure 6.6: Sample SS2: (a) Magnetic hysteresis measurements with magnetic
field applied out-of-plane to the sample at 10 K, 50 K and 100 K. (b) Magnetic
hysteresis with zero field cooled (ZFC) and field cooled (FC) of 6 T applied out-
of-plane to the sample. (c) Magnetization vs temperature plot with running field
of 500 Oe and a field cooled (FC) of 1000 Oe and 5000 Oe. (d) Derivative of
magnetization with temperature showing the second phases to scale with field
strength of the field cooled (FC) measurements.
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above 50 K. On the other hand, Fig. 6.6(b) shows the hysteresis loops with
a magnetic field applied oop. Clear hysteresis loops up to 150 K is observed
showing that the loops predominantly follow the SRO magnetization. Al-
beit, the discontinuity in the lineshape of the hysteresis at 10 K is quite
similar in behavior as seen with a magnetic field applied in-plane. The M-T
curve as shown in Fig. 6.6(c) shows a Curie-Weiss behavior of SRO with a
finite magnetization above its Curie temperature at Tc = 120 K. A closer
analysis of the curves by taking its derivative as shown in Fig. 6.6(d) shows
two dips around 50 K and 90 K with all field cooled (FC) measurements
indicating different magnetic phases transitions. A 400 emu/cc saturation
magnetization was observed from the M-H measurements. Such large mag-
netization values are not expected from the SrRuO3 thin films. Thin films
of SrMnO3 grown on STO as discussed in Chapter 5, also showed such large
magnetic hysteresis. The predominant ferromagnetic exchange as evident
from the magnetic hysteresis and surface-sensitive Spin Hall Magnetoresis-
tance (SMR) can be a potential candidate in the case of SRO/SMO samples
as well. Large saturation magnetization and the phase transition found in
the derivative of the M-T plot (Fig. 6.6d) at 50 K, can be the signatures
of the ferromagnetic contribution of the thin SMO films, that may add to
the total magnetization in the SRO/SMO films.
For sample SS2, similar hysteresis measurements are shown in Fig. 6.7(a)
and (b) with oop magnetic field. The saturation magnetization values are
as large as 500 emu/cc, which are larger than SS1. Interestingly, a clear
difference in the values of the saturation magnetization was observed with
zero-field cooled (ZFC) and field-cooled (FC) measurements at 10 K, as
shown in Fig. 6.7(b). The plots are obtained by similar subtraction of
the diamagnetic contribution from the STO substrate. With an FC of 6
T applied in the out-of-plane direction while cooling down from the room
temperature is shown to have enhanced magnetization of 600 emu/cc. The
OOP M-H data also show a two-step magnetization reversal process for
both samples at 10 K. The M-T plots in Fig. 6.7(c) and (d) show similar
coexistence of magnetic phase transitions at low temperatures.
The two-step magnetization reversal in both the samples and the enhanced
magnetization in the FC (6 T) compared to the ZFC case in SS2, points in
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the direction of the presence of Ru moments in the SRO film, that are ex-
changed coupled to Mn moments at the interface which is supplemented by
a free layer of Ru moments further from the interface. These two features
are consistent with the observation that the interfacial coupling between the
Ru and Mn moments is antiferromagnetic[25–27]. For the two-step magne-
tization switching process, the following explanation can be proposed. As
the field is reduced from its maximum value and then becomes negative, the
unpinned Ru moments follow first. This is the first ’step’ in switching. As
the field is reduced still further, the pinned Ru moments, which are coupled
antiferromagnetically with the interfacial Mn moments, to follow the field.
This AF coupling between the Ru and Mn moments can also explain the
enhanced magnetization when the sample is field cooled (FC). Finally, an
increase in the coercive field is observed in the OOP M-H hysteresis loop
at 10 K (and to a lesser extent at 50 K) for SS1. This can be explained by
the pinning of the domain walls in the SRO by the AFM domains, which
are coupled perpendicularto the magnetic moments of SRO. However it is
counter-intuitive, as no such coercivity increase is observed in the sample
with a thicker SMO layer.

6.3.3 Magneto-transport measurements

The samples are patterned as Hall bars by UV lithography and ion-beam
etching (similar steps) as mentioned in Chapter 3. Fig. 6.8 shows the
AHE responses after subtraction of the linear OHE with temperature for
sample SS1. Additional peaks as Topological Hall responses along with the
Anomalous Hall signals were observed. Interestingly, in this device (SS1),
THE responses are present at temperatures after the sign change in the
AHE (around - 35 K shown in a grey shade). On the other hand, the
AHE responses in sample SS2, as shown in Fig. 6.9, where no such THE
responses are observed at any temperature, and there is no sign change in
the AHE. The sign of AHE stays negative till 70 K, where a scalable AHE
signal was detected. The signal decreases faster compared to SS1, where
already at 90 K, linear OHE dominates.
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Figure 6.7: Sample SS1: Anomalous Hall resistivity with an out of plane ap-
plied magnetic field are shown at different temperatures in the left panel. These
responses are plotted after the linear subtraction due to the OHE signals. Addi-
tionally, the hump like THE features are observed after 35 K. The temperature
dependent ρAHE plot is shown in the right panel. The THE appears at the tem-
perature where the sign of the AHE signals change. Thereafter, both the AHE
and THE signals are present upto 90 K.
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6.4 Discussion

The observations from the Magnetization studies (SQUID measurements)
and the Hall transport measurements are summarized below:

• Typical exchange bias effect as has been reported with the superlat-
tices of SRO and SMO films[25–27], are not observed. Hence, the ef-
fect of Dzyalonshinskii Moriya interaction in these layers is not certain
as there are no ways to ascertain the oxygen octahedral tilt without
high resolution microscopic and spectroscopic techniques. It is con-
cluded that an optimal exchange coupling effect across the interface
of SRO-SMO from the magnetization measurements can be seen in
SS2, where the SMO layer was estimated to be 2.7 nm from the XRR
analysis and is slightly thicker than SS1. But the effect of such an
exchange coupling in the Hall transport signals as shown in Fig. 6.8
and 6.9 cannot be directly related. However, the presence of THE
like peaks accompanied by the sign change in the AHE responses in
sample SS1, and disappearance of both in SS2, does indicate the in-
fluence of the altering magnetic environment in the Hall transport of
SRO thin films.

• In sample SS2, the predominant ferromagnetic interaction of SRO is
suppressed as observed from the FC and ZFC responses in the mag-
netic hysteresis in the out-of-plane direction. This was evident from
the enhancement of the saturation magnetization in the case of FC
measurements. This in principle, provides antiferromagnetic stability
across the interface of SRO-SMO and might reduce the magneto-
static dipolar exchange in the SRO layer, that was a consideration
in the total energy governing the magnetization state for single layer
SRO[10]. However, it is observed in Chapter 5, that SMO owing to
its strong sensitivity to strain, growth conditions can lead to a pre-
dominant ferromagnetic exchange at such ultra-thin thicknesses. But
a local electrical probing technique as Hall transport, that is sensitive
to changes in the electronic conduction due to the alteration of crys-
talline symmetry, and intermixing of the Ru-O-Mn bond angles can
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display such contrasting AHE signals and resistivity behavior with
temperature[12, 13].

Hence from this work, shows how the exchange bias effect across the FM/AFM
interfaces with such a material SRO/SMO system is lacking. The SMO
system requires more investigation and optimization of growth parame-
ters. The oxygen vacancy related defects and strain altering the antifer-
romagnetic ground state are estimated theoretically but the experimental
determination are lacking. On the other hand, the SMO system looks
very promising in the field of magnonics and skyrmionics, that opens re-
search opportunities towards control and tunability of magnon transport
by strain engineering and altering the magnetic ordering in the SMO films.
Such strain engineering can also give rise to an electric field control on
the skyrmion-bubbles in SRO owing to the polar characteristics of strained
SMO films.

6.5 Concluding Remark

This thesis have discusses display of different magnetoresponse phenom-
ena across a spin injection interface with semiconducting Nb-doped SrTiO3

(Nb:STO), and opens a new area involving an oxide antiferromagnet,
SrMnO3, whose magnetic ordering are investigated using Spin Hall Mag-
netoresistance and Spin Seebeck Effect studies. In this final section of the
thesis, some overall highlights and conclusions are presented with key re-
search questions that can be helpful for further investigations. They are
mentioned as follows :

• Bias dependent modulation of magnetoresistance lineshape:
The initial part of the thesis dealt with the observation of the bias de-
pendent modulation of different magnetoresponse lineshapes originat-
ing from the spin dependent tunneling across a ferromagnet/Nb:STO
interface. The signals are detected using three (3T) terminal geome-
try which detects of signals across the junction of a metal/semicon-
ductor interface. This kind of geometry not only displays Hanle sig-
nals due to spin accumulation across the interface of Nb:STO, but
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also showed an additional contribution from Tunneling Anisotropic
magnetoresistance (TAMR). The modulation of the Rashba Spin or-
bit field, arising at the interface of the spin contacts on Nb:STO leads
to electric field modulation across the Schottky interface, as shown
in Chapter 3. Inspite of the lack of completeness in the spin injec-
tion theory to ascertain the origin of the responses, this geometry
is the most utilized geometry to study magnetoresistance responses
across Schottky interfaces of Ni/Nb:STO, exchange coupled interface
Co/CoO and spin injection interface of Ni/AlOx.

• Inverted TAMR and richness of Co-STO interface: The tunnel
spin polarization across Co-STO interface, is known to be extremely
sensitive to the structural modifications in STO. This can lead to a
discrepancy in the sign of the tunneling spin polarization and hence
Tunneling Magnetoresistance (TMR)[28, 29]. This thesis discusses
the TAMR signals across Ni-STO interface. However, a comparison
between the Ni and Co electrodes on Nb:STO, the TAMR responses
that are observed are counter intuitive in theory. A larger energy is
required to pull the magnetization out-of-plane for an in-plane magne-
tized Ni and Co electrodes, hence the electrical resistance is expected
to be larger with increasing magnetic field in the out-of-plane direc-
tion. The detected spin voltages in this thesis (Chapter 3) show a
decreasing TAMR quadratic lineshape with increasing field. This is
opposite to what is expected and similar variation is shown to oc-
cur with magnetic tunnel contacts on Nb:STO in Chapter 4. Similar
TAMR studies on Si shows an additional contribution to the out-of-
spin accumulation and hence adds to the signal, whereas with the
devices shown in this thesis, the signal competes with the Hanle spin
voltages (Chapter 4). The signals are detected using a 3T geometry,
where the tunnel spin polarization at the injector and the detector
are squared, as discussed in the chapter 2. Thus this inversion in the
TAMR signals cannot be fully explained. Moreover, as a compar-
ison the TAMR signals at room temperature is an order higher for
Co[30] than using Ni (Chapter 3). In order to understand whether the
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unintentional formation of CoO can affect the signals, the Co/CoO
interface that was prepared by oxidizing 1 nm Co was also investi-
gated. The magnetoresponse lineshape and magnitude both drasti-
cally changed with the insertion of a CoO layer, indicating the impor-
tant role of spin dependent tunneling of the 3d-orbitals of Co/Ni and
Nb:STO in the observed TAMR signals. However, if hybridization
of the 3d-orbitals across a 3d-ferromagnet and 3d-derived conduction
band of STO is the origin, then why there is such a difference in
the TAMR magnitude with Co and Ni is not well understood. This
work then majorly highlights the richness of Co-STO interface for
spin transport. With the recent studies of the charge based memris-
tive behavior across Ni/Nb:STO interface with 3T geometry[31], such
interfaces also offer an important platform for further investigation
into the memristive behavior. Cross-sectional Transmission electron
microscopy (TEM) study of a Co/Nb:STO interface with different
substrate surface preparation and study of Co oxidation states with
electron energy loss spectroscopy (EELS) can provide useful informa-
tion for the application of such interfaces as memristive devices.

• SrMnO3, for spin and magnon transport: In chapter 5, we have
shown the SMR and SSE responses across Pt/SrMnO3 hybrid system.
The SMR responses indicate a predominant ferromagnetic interaction
that is supported by the bulk SQUID magnetization measurements.
However, the SSE responses with field shows a linear response indi-
cating the rotation of the AFM sublattices with the easy-plane by
applying an increasing magnetic field. The combined effect of strain
and oxygen vacancy related defects, possibly leads the AFM ground
state ordering to a more ferroelectric-ferromagnetic ground state as
revealed also by independent ab initio studies [32–34]. This might
pose challenges for the electrical detection of the magnon transport
using non local schemes. However, the appearance of SSE signals
and thermal excitation of the magnons, indicate a sizeable magnetic
ordering in the bulk.
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