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Abstract
In this thesis we present our investigation of magnetism and superconductivity in SrTiO3 thin films
and heterostructures in the polar/non-polar interface of NdTiO3/SrTiO3, using milli-Kelvin
transport measurements. In Chapter 2 we describe our experimental method, including our low
temperature transport measurement setup. In Chapter 3 we present our investigation of the
magnetic properties of NdTiO3/SrTiO3 using milli-Kelvin temperature magnetotransport
measurements. We observe large negative magnetoresistance (in excess of -90%) and robust
hysteresis. We interpret our data in the context of spin-dependent transport and argue for the
presence of ferromagnetic ordering in this anti-ferromagnetic/ paramagnetic interface. In addition,
using time dependent magnetoresistance measurement we observe butterfly-shaped transit
hysteretic features near zero-magnetic field. Such butterfly-shaped hysteretic features are
previously interpreted as evidence for interfacial magnetism. We argue that these transient
hysteretic signals are consistent with magnetocaloric effects arising from magnetic materials
extrinsic to the sample.

In Chapter 4 we discuss our investigation of effects of paramagnetic pair breaking and spin-orbital
coupling on multi-band superconductivity. Using low temperature critical field measurements, we
observe robust evidence for multi-band superconductivity from the unconventional dependence of
critical field on temperature. We observe a pronounced positive curvature of the critical field curve
as function temperature. Furthermore, we observe that the out-of-plane critical field exceeds the
Pauli limit, while typically the out-of-plane critical field saturates about an order of magnitude
smaller than the Pauli limit. We interpret this as due to the enhancement of the critical field due to
multi-band superconductivity, as has been theoretically predicted. Furthermore, we propose an
original model for critical field for multi-band superconductors, which includes orbital pair
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breaking, paramagnetic pair breaking and spin-orbital coupling. We find excellent agreement of
this model with our data and that this model has wide reaching applications to any multi-band
superconductors in the dirty limit, in which all these effects are present.

Chapter 5 focuses on the comparison of effects of magnetic impurity scattering and non-magnetic
impurity scattering in the context of multi-band superconductors. We did extensive measurements
of magnetically doped (Nd-doped STO) and non-magnetically doped (La-doped STO) samples.
We measured samples with carrier densities spanning about an order magnitude, for both sets of
samples. We find that for magnetically doped samples the superconducting dome (critical
temperature as a function of carrier density) is shifted to lower densities. As a result, at lower
densities we observe that the critical temperatures of magnetically doped samples are higher than
those of non-magnetically doped samples, while at higher densities it is the opposite. Analysis of
out-of-plane critical field measurements reveals the multi-band nature of superconductivity in both
sets of samples. In–plane critical field data reveal the importance of spin-orbital coupling in Nd
doped samples. We argue that the reason why, at lower densities, Nd doped samples have higher
critical temperature despite being magnetically doped is the suppression of magnetic scattering by
spin-orbital coupling. Furthermore, we studied several very high mobility samples at extremely low
densities (<1018 cm-3) and we did not observe superconductivity down to less than 30mK, contrary
to observations reported in literature on oxygen vacancy doped samples.
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1 Introduction
This chapter is divided into three main sections: the first part introduces the main character of this
thesis, SrTiO3(STO): the material, its crystal structure, dielectric properties and electronic
properties. The second part deals with interfacial phenomenon arising at the interface of STO with
polar perovskite oxides. In this section we will give the relevant theoretical and experimental
background to give context to our investigation of magnetism in the polar/non-polar interface of
NdTiO3/SrTiO3. The third part deals with superconductivity in STO. In this section we will give a
relevant theoretical and experimental review to illustrate why superconductivity in STO is an
interesting research topic and motivate our work on superconductivity in STO. This includes
investigation of interplay between spin-orbital coupling and multi-band superconductivity through
critical field measurement and comparative study of effects of magnetic and non-magnetic doping
on superconductivity in STO.

1.1 Strontium Titanate, SrTiO3

SrTiO3 has come to be named the drosophila of complex oxides, alluding to the share of active
research interest it receives compared to other perovskite complex oxides. It has a cubic perovskite
crystal structure with lattice constant of 0.3905 nm, Figure 1.1. It goes through an antiferrodistortive crystal phase transition to a tetragonal phase below 105 K. The unit cell of STO
contains one Sr, one Ti and three oxygen(O) atoms. Sr has an electronic configuration of [Kr]5s 2
and hence has valance of +2 while oxygen has a valance of -2. This leaves Ti with an electronic
configuration of [Ar]3d24s2 in its +4 valance state.
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Figure 1.1 Crystal structure of STO. Figure taken from [1].

STO is remarkable in its extraordinary dielectric properties. It has a large and highly temperature
dependent dielectric constant, Figure 1.2. Bulk single-crystal STO has a relative dielectric constant
(εr) of about 300 at room temperature. The dielectric constant increases with decreasing temperature
and can reach about 20,000 at liquid helium temperatures. These unusual dielectric properties are
the consequence of ferroelectric fluctuations. As shown in inset of Figure 1.2, the dielectric constant
follows a Curie-Weiss law at high temperature, with a Curie temperature of about 35.5K [2].
However, this putative ferroelectric transition is quenched by quantum fluctuations and hence the
dielectric constant doesn’t diverge- as it would have at ferroelectric transition. Instead it takes a
different functional form bellow 35.5K and saturates at liquid-helium temperature. This behavior
is argued to be evidence for STO being a quantum paraelectric [2]. A quantum paraelectric refers
to a small energy barrier between different polarization orientations and hence the polarization
vector tunnels quantum mechanically between the different orientations, giving a vanishing timeaveraged net polarization.

3

Figure 1.2 Temperature dependence of the dielectric constant of STO along different crystal axis.
Inset, dielectric constant fitted to Curie-Wise law with transition temperature of 35.5K. Figure
taken from [2]

One consequence of STO having this exceptionally large dielectric constant is that it is able to
conduct at extremely low density of electrons (n). It is one of the lowest density semiconductors
known to show metallic conductivity, at carrier densities down to a few 1017 cm-3. If one is to
consider the Mott criterion for metal to insulator transition, it states the critical density(nc) is given
by:
−1/3

𝑛𝑐

≅ 𝑐𝑎0∗

Where 𝑎0∗ is the effective Bohr radius and 𝑐 is a constant of order unity. The effective Bohr radius
is given by a product of the bare Bohr radius in vacuum (a0) and the ratio of the relative dielectric
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constant and effective mass 𝜀𝑟 /𝑚∗ : 𝑎0∗ = 𝑎0 𝜀𝑟 ⁄𝑚∗. Taking 𝑎0 = 5.3 × 10−9 cm, 𝑚∗ = 2 and
𝜖𝑟 = 20000, we find that the effective Bohr radius is about 600nm- which is exceptionally large.
And using 𝐶 ≅ 2 we find that 𝑛𝑐 ≅ 8.4 × 1011 cm−3. This suggests STO offers the possibility to
study metallic phenomena at even lower electronic densities (≪ 1017 cm−3). However, this will
require advancements in material growth, to be able dope to such low densities and to mitigate
effects of disorder.

STO having such large dielectric makes it a very efficient gate dielectric and hence it is a promising
material for technological applications. In a parallel plate capacitor approximation of gating, the
gate voltage (𝑉) required to change the two-dimensional carrier concertation of a conducting layer
by an amount ∆𝑛2𝐷 is inversely proportional to the dielectric constant, 𝜀𝑟 , of the gate dielectric:
𝑉 ∝ ∆𝑛2𝐷 ⁄𝜀𝑟 . Hence the voltage required to modulate the charge concentration by a given amount
for a fixed dielectric layer thickness can be orders of magnitude smaller for STO compared to other
conventional and typically used gate dielectrics such as SiO2. This makes STO attractive for
potential technological applications in digital electronics. However, the largeness of the dielectric
constant also means it can be rendered conducting at very small impurity concertation and hence
can have large leakage current, which would be detrimental for gating. These impurities can be
introduced during lithography processes, such as ion milling. As a result, more controlled material
processing is needed to see the full potential of STO as a large-k dielectric for technological
applications.
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Figure 1.3 Band diagram of STO showing dispersion of energy along different crystal axis. Figure
taken from [3].

The conduction band of STO is made of the Ti d orbitals and the valance band is made of oxygen
3p orbitals. It has a band gap of 3 eV [4]. The conduction band, made of three t2g orbitals
originating from Ti d bands has a threefold degeneracy. The degeneracy of the bands is lifted by
atomic spin-orbital coupling (SOC) and by the crystal field in the tetragonal phase bellow 105K [3].
The SOC separation is about 30 meV while the crystal field separation is about 5 meV [3], Figure
1.3. According Van der Marel et al., [3] the second band is expected to be start to be filled at a
critical density 𝑛𝑐1 ≅ 8 × 1017 cm−3, while the third band is expected to be start to be filled at a
critical density of 𝑛𝑐2 ≅ 4.4 × 1019 cm−3. However, experimentally it is observed that the critical
densities are slightly different, with 𝑛𝑐1 ≅ 1 × 1018 cm−3 and 𝑛𝑐2 ≅ 2.5 × 1019 cm−3. [5] The
lowest band has the heaviest effective mass and it has the peculiar behavior where the effective
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mass of carriers in the band changes with carrier density [5]. This is a consequence of the nonparabolic nature of the band, Figure 1.3. In addition, while the two upper bands are fairly isotropic,
the lower band is highly anisotropic at higher carrier densities.

The temperature dependence of the resistance in STO has stimulated a lot of discussion [3,6,7], due
to deep implications about the mechanism of metallic conductivity in general. As stated above,
STO can exhibit metallic conductivity ( dR/dT >0) at extremely low densities. The resistance is
shown to follow R = R0 + AT2 over several orders of magnitude of carrier density and wide
temperature windows [3,6]. Such temperature dependence of resistance is usually attributed to
Fermi liquid behavior. Within the framework of Landau-Fermi liquid theory, T2 dependence of
resistance is a result of electron-electron interaction. And the electrons contributing to this
mechanism are assumed to be limited to within kBT of the Fermi energy, where kB is the Boltzmann
constant. What is interesting about STO is that unlike typical metallic systems, which have Fermi
energies of the order 104K, it can have Fermi energies of the order 10K to a few hundred K, owing
to its ability to conduct at very low densities. As a result, for temperatures comparable to the Fermi
energy of STO there is no clear defined Fermi surface and hence the typical mechanism by which
Fermi liquids result in quadratic dependence of resistance is not expected to work – as having a
well-defined Fermi surface is one of its prerequisites. In addition, at carrier densities on the order
of 1017 cm-3, the radius of the Fermi surface is so tiny compared to the Brillion zone that the
prerequisite Umklapp scattering mechanism which is required to give rise to the T2 dependence is
not expected and hence this raises deep questions as to how the T2 dependence arises.

Lifshitz transitions are associated with multi-band nature of STO. Lifshitz transitions refer to the
Fermi level crossing the bottom of a band. Two Lifshitz transitions are possible in STO. Lifshitz
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transitions have importance consequences to normal state transport and the superconducting state.
Their importance in the superconducting behavior of STO is been extensively investigated and
emphasized by Fernandes et al [8].

1.2 STO Based Complex Oxide Interfaces

Over the past decade and a half, interest in STO is been significantly increased due to the discovery
of a conducting two-dimensional electron gas at the interface between STO and polar complex
oxides. The first such interface is with lanthanum aluminum oxide (LaAlO3/SrTiO3) [9].
Subsequently many other STO based interfaces have been shown to exhibit metallic conductivity,
including LaTiO3/SrTiO3 [10], GdTiO3/SrTiO3 [11] and NdTiO3/SrTiO3 [12].

While the

emergence of a conducting interface between two insulators is quite a remarkable phenomenon in
itself, these systems have been shown to host variety of correlated phenomena including
magnetism [13,14] and superconductivity [15,16]. Several proposals have been put forward to
explain the mechanism by which interfacial conductivity can arise in these STO based
heterostructures. The most commonly discussed mechanism is called the polar catastrophe
model [17].

According to the polar catastrophe model, when a polar oxide is grown on TiO 2 terminated STO
layer by layer there is a linear buildup of electric potential with increasing thickness of the polar
layer. The LAO/STO interface is a canonical example. LaAlO3 is composed of alternating planes
of (LaO)+ and (AlO2)- . On the other hand, STO is composed of charge neutral planes, (TiO2)0 and
(SrO)0. As a result there is a linear buildup of the electric potential with increasing LAO thickness
on STO, Figure 1.4 . To prevent this diverging electric potential 0.5 per Ti atom are transferred to
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top most STO layer. When LAO is grown on SrO terminated STO, according to this model, there
is still a transfer of 0.5 holes per unit cell of the top-most STO layer, however these charges may
not be mobile.

One of the important predictions of this model is an expected carrier concentration of 3.4 ×
1014 𝑐𝑚−2 , which is equivalent to half an electron per unit cell of STO. However in the LAO/STO
interface the typical densities reported are about an order of magnitude smaller. Consequently, a
few other mechanisms, including oxygen vacancies [18] and cation-intermixing [19], are proposed
as additional candidates for the origins of the interfacial conduction.

Despite the inconsistency between the polar catastrophe model and observed charge density in the
first discovered interface of LAO/STO, there is a remarkably close agreement of the model with
the observed charge densities in other interfaces including NTO/STO [20] and GTO/STO [11].
Hence, it is plausible that polar discontinuity can result in emergent charge density at interfaces,
but it is likely not the only mechanism. In my study I focused on investigation of magnetism and
superconductivity at the NTO/STO interface.

9

Figure 1.4 Polar discontinuity model. Upper panel: alternating polarity of (LaO)+ and (AlO2)resulting in buildup of electric potential (V) with increasing LAO thickness, for LAO grown on
TiO2 terminated STO. Lower panel: resolution of the divergence of electric potential due to charge
transfer from LAO to STO. Figure obtained from [17].

1.2.1

NdTiO3 /SrTiO3 Interface

NTO is a Mott antiferromagnetic insulator with a Mott-Hubbard gap of 0.8eV and a Neel
temperature of ~90 K [21]. One important difference between the LAO/STO and NTO/STO
interfaces is that in the latter the polar oxide (NTO) has Ti just as in STO. In NTO, Ti exists in its
Ti3+ valance state while in STO it is in its Ti4+ state. Growing STO/NTO(1uc)/STO is equivalent
to delta-doping STO with Nd and this has been demonstrated to host an electron gas [22].
Furthermore, carrier concentrations equivalent to half an electron per unit cell of STO per interface
has been observed in STO/NTO/STO interfaces- which is consistent with the polar-discontinuity
model [20]. Furthermore, given tenability of Ti valance state, in a study that the author of this thesis
is a co-author of, it has been shown that by changing the Nd/Ti stoichiometry in NTO, it is possible
to tune the interfacial density of electrons over an order of magnitude [22], Figure 1.5. In addition,
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making the NTO layer thicker has been shown to increase the interfacial charge density to more
than order of magnitude larger than that of half an electron per unit cell of STO and this has been
explained as due to charge spill over [20]. All in all, by using a hybrid molecular beam epitaxy
technique (h-MBE), it has been demonstrated that the carrier concertation in NTO/STO interfaces
can be systematically controlled over two order of magnitude (1013 cm-2 – 1015 cm-2) .

As a result, the NTO/STO interface provides a wide parameter regime to investigate correlated
phenomena such as magnetism. In Chapter 3 we show the presence of ferromagnetic ordering in
this anti-ferromagnet/paramagnet interface and discus our observation of related strong spindependent transport. In addition, the samples we studied are grown by h-MBE and hence there are
more controlled and the roles of disorder and defects such as oxygen vacancies can be mitigated.

Figure 1.5 Formation and control of interfacial charge density at NTO/STO interface. The left panel
shows STO/NTO/STO sandwich structure with arrows depicting charge transfer from NTO to STO.
The right panel shows the dependence of interfacial carrier concertation on Ti/Nd cation
stoichiometry in NTO. Figures taken from [22].
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1.2.2

Proposed Mechanisms for Magnetism at Complex Oxide Interfaces

Proposed mechanisms for formations of interfacial magnetism at complex oxide interfaces can be
broadly classified in to two classes: (1) intrinsic mechanisms arising from interfacial electronic
reconstruction and (2) extrinsic mechanisms, which are to do with defects such as oxygen vacancies
and ion intermixing.

Using LDA+U method Pentcheva and Picket analyzed the ground state properties of LAO/STO
interface, using parameters such as band gap, lattice constant and atomic radius of parent bulk
crystals [23]. For the n-type interface of LaO/TiO2 they predict a ferromagnetic interface
originating from checkerboard style ordered alternating Ti3+ and Ti4+ sites, where the magnetic
moment resides on the Ti3+ site as it has uncompensated spin. In bulk STO, Ti is in its Ti4+ state
and has no magnetic moment and 3d orbitals arising from it are separated by a 3.2eV gap from the
valence band originating from oxygen p orbitals. At the interface the dxy orbital is substantially
pulled bellow the dxz and dyz orbitals and lies below the Fermi level. The dxy orbital of every other
Ti site is occupied by electrons, turning it from Ti4+ to Ti3+. They predict electrons at Ti3+ sites to
have ferromagnetic interactions. It is to be noted that ATiO3 bulk crystals with A site having a
valence of A3+ are magnetically ordered as Ti3+ has a net magnetic moment. The situation at the
interface is analogous, where Ti becomes Ti3+ due to excess charge from interfacial reconstruction.
However, contrary to experimental observations they predict an insulating ground state. They argue
that, conductivity can arise from hopping between the Ti3+ site at finite temperatures due to
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fluctuations. They add that additional contributions to conductivity can come from oxygen
vacancies.

On the front of the extrinsic origin of magnetism, Pavlenko et al. [24], propose an inhomogeneous
ferromagnetic state arising due to oxygen vacancies. By employing a DFT calculation they argue
that an oxygen vacancy free interface is non-magnetic. By introducing oxygen vacancies by hand
in their model, they show the density of states at the interface becomes locally spin-split. Spinsplitting indicates the imbalance of spin-up and spin-down states at a particular energy and hence
is indicative of ferromagnetic ordering. They propose an inhomogeneous magnetic state, where
areas rich in oxygen vacancies are ferromagnetically ordered and areas without oxygen vacancies
do not have magnetism. In areas rich with oxygen vacancies there is enhancement of densities of
states, naturally because of the excess charge. They argue this enhancement of density of states
enables, these cites to satisfy the Stoner criterion: 𝐼𝑣 > 1; where 𝑣 is the density of states at the
Fermi-level and 𝐼 = ∆⁄𝑚 – with ∆ being the exchange splitting and 𝑚 being the moment size of
Ti atoms in units of 𝜇𝐵 .

1.3 Superconductivity in STO
Superconductivity in STO remains a rich and widely studied problem more than half a century after
its initial discovery [25] in 1964. It is the first known oxide superconductor and the first
superconductor to show a superconducting dome. A superconducting dome refers to a nonmonotonic dependence of the critical temperature on the carrier density: where the critical
temperature initially increases with increasing carrier density and then reaches a maximum and
decreases with further increasing carrier density, even vanishing at higher densities. This dome
feature is similar to that observed in high temperature superconductors, which are of intense
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contemporary interest. This coupled with the unusual normal state behavior has raised the
possibility that insights gained from understanding superconductivity in STO can have broader
implications in other classes of unconventional superconductors [26].

Figure 1.6 Critical temperature as function of carrier density obtained from literature for STO.
Schooley et. al data is obtained from [27] while that of Lin et. al is obtained from [5] . The vertical
dashed lines labeled nc1 and nc2 correspond to the critical carrier concentrations for occupation of
the second and third conduction bands, as reported in [5].

STO was first known to superconduct with oxygen-vacancy doping, SrTiO3-δ, by Schooley et
al. [25]. Shortly thereafter, superconductivity was shown in Nb doped samples, SrNbxTi1xO3

[28,29] . Indications of superconductivity have also been reported in Zr doped STO [30]. In

addition, superconductivity has been demonstrated in Sr1-xLaxTiO3 [31] and Sr1-xSmxTiO3 [32].
Furthermore superconductivity is observed in ionic-liquid gated STO [33] and also at the interface
of polar oxides and STO; LaAlO3/STO [15] and LaTiO3/STO [10].
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1.3.1

STO: a very dilute superconductor

One of the most puzzling and intriguing features of superconduvity in STO is that it can host a
stable superconducting ground state at extremely low densities of the order few 1017 cm-3 [5]. This
puts STO in the class of very few materials which are able to superconduct at such low densities,
such as bismuth [34]. At these low densities the Fermi energy (EF) in STO is orders of magnitude
smaller than the Debye frequency (𝜔𝐷 ) and hence casts a strong doubt on the applicability of the
standard BCS phonon-mediated superconducting pairing.

Within the conventional BCS picture, while ordinarily electrons with identical charges would repel
each other via Coulomb interaction, inside a crystal it is possible for them to have an attractive
interaction. The physical picture of the attraction is that inside a conducting crystal, electrons move
around in a background of positively charge atomic nuclei, which are about three orders of
magnitude heavier than the electrons. The crystal as whole is charge neutral (has the same number
of electrons as protons) and hence on average there are as many electrons as proton everywhere in
the crystal. However, the charge density can fluctuate at very small time scales. For instance every
time an electron passes by a nucleus, it pulls it and its neighbors towards itself. After the electron
has passed by, the nuclei take a longer time to return to their original positions owing to their
heavier mass. For this brief amount of time before the nuclei return to their original location there
is a higher concentration of positive charge where the electron had just been. As a result, another
electron gets attracted to this higher concentration of positive charge and moves towards it. Hence,
it is as if the later electron is being attracted by the former one. This time-retarded interaction
between electrons, mediated through the back ground nuclei, is the key ingredient for the formation
of Cooper pairs and hence superconductivity in conventional superconductors. However in STO,
the time scales for motion of the lattice (1/𝜔𝐷 ) can be significantly smaller than that of the
electrons, ℏ/𝐸𝐹 , and hence the question is if and how the lattice can mediate an effective attractive
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interaction between electrons. As a result several unconventional mechanisms have been proposed,
including plasmon-mediated superconductivity [35], superconductivity arising from ferroelectric
fluctuations [36] and phonon-mediated superconductivity via instantaneous electron-electron
interaction [37].

The motivation for plasmon-mediated superconducting pairing is that the plasma frequency in the
dilute limit can be much smaller than the Fermi energy. In typical metals the Coulomb potential is
strongly screened by mobile carriers, where the potential falls of exponentially with distance
between charged particles. For example within a metallic solid the potential from a point charge
goes like 𝑉(𝑟) =

𝑞
𝑒 −𝑟/𝑟𝑠 ,
4𝜋𝜀0 𝜀𝑟 𝑟

where 𝜀0 and 𝜀𝑟 represent the permittivity of free space and the

relative dielectric constant respectively and 𝑟𝑠 is the characteristic screening distance given by the
𝑎0∗ 1/2
)
𝑛1/3

Thomas-Fermi screening length , 𝑟𝑠 ~1/2 (

, where 𝑎0∗ is the effective Bohr radius and n is

the carrier density. The largeness of the effective Bohr radius in STO, ~ 600nm, and the smallness
of the carrier density results in a significantly larger screening length compared to typical metals.
As a result, the largeness of the dielectric constant counterintuitively makes the Coulomb
interaction in STO long-range. The plasma frequency is given by 𝜔𝑝 ~𝑣𝐹 /𝑟𝑠 , and can be very
small, due to the smallness of the Fermi velocity and the largeness of the screening radius. Ruhman
et al. [35] argue that the plasma frequency being smaller than the Fermi-energy makes plasmon
exchange between electrons an important candidate mechanism for paring interaction. They fit
their theory to existing Tc vs n data and find a reasonable fit. While an impressive accomplishment,
to make the theory fit work they had to assume a dielectric constant which is an order of magnitude
smaller the typical dielectric constant of single crystal STO. Furthermore, at higher densities in
STO where 𝜔𝑝 > 𝐸𝐹 and superconductivity is observed, this mechanism ends up running into the
same problems as phonon-mediated superconductivity, which motivated the proposal for plasmonmediated superconductivity in the first place.
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As mentioned previously another proposed mechanism for superconductivity in STO is that of
pairing glue arising from ferroelectric fluctuations [36]. As discussed in previous subsection, the
parent compound STO is a quantum paraelectric, meaning the incipient ferroelectric transition is
frustrated due to quantum fluctuations. This is analogous to high temperature superconductors,
including the cuprates and pnictides, where superconductivity arises in the vicinity of
antiferromagnetic and ferromagnetic orders and where magnetic fluctuations are widely believed
to be the source of the paring glue.

There is experimental evidence in support of this mechanism. This includes the enhancement of Tc
in Ca doped STO, Sr1-xCaxTiO3-δ, near the quantum critical point for the onset of ferroelectricity in
Sr1-xCaxTiO3, compared to just oxygen vacancy doped STO [38]. Additionally, oxygen isotope
substitution of 18O for 16O SrTi(16O1-y18Oy)3-δ is shown to result in enhancement of Tc [39]. It is
known that SrTi( 16O1-y18Oy)3 can be rendered ferroelectric at a critical 18O concentration of yc ≅
0.35 [40]. It is to be noted that, in conventional superconductors, substitution of an element with
its heavier isotope leads to reduced Tc due to the suppression of the Debye frequency, owing to the
heaviness of the isotope.

We note the existing experimental work regarding superconductivity in these extremely low density
regimes is only done on oxygen vacancy doped SrTiO3-x. In Chapter 5 we discuss our search for
superconductivity in these density regimes using cation doping, NdxSr1-xTiO3. However, we didn’t
observe superconductivity there. We think that this has potentially important implications for the
nature of pairing mechanisms in these dilute regimes.

While the microscopic origin of superconductivity in STO remains an interesting and deeply
fascinating problem, another interesting aspect of superconductivity in STO is the involvement of

17
multiple conduction bands and hence the possibility of the presence of multiple superconducting
gaps.

1.3.2

Multi-band Superconductivity in STO

As discussed in the previous subsection, STO has multiple conduction bands and up to three bands
can be occupied at high carrier densities. Hence it is natural to consider if there exist multiple
superconducting gaps in STO. Fernandes et al. [41–44] have done extensive theoretical work in
this regard. Fernandes et al. consider the following phenomenological equation [44]:
3

𝛬
∆𝑖 = −𝑙𝑛 ∑ 𝑉𝑖𝑗 𝜌𝑗 ∆𝑗
𝑇𝑐
𝑗=1

where ∆𝑖 is the superconducting gap in band 𝑖 with 𝜌𝑖 being the corresponding density of states at
the Fermi level. 𝑉𝑖𝑗 detonates the intra-band (𝑖 = 𝑗) and inter-band (𝑖 ≠ 𝑗) paring interactions. 𝛬
represents the upper cutoff frequency; for BCS pairing this would be the Debye frequency.

Using simplifying assumptions that intra-band couplings are much greater than inter-band
couplings |𝑉𝑖𝑖 | ≫ |𝑉𝑖≠𝑗 | and assuming identical densities of states for each band they find a rich
and interesting phase diagram. For attractive inter-band couplings 𝑉𝑖≠𝑗 > 0 , the solution of the
above equation is that the superconducting gaps in each band will have the same sign and they can
form this s+ state. On the other hand, for modest repulsive interactions, 𝑉𝑖≠𝑗 < 0, the
superconducting gaps start to acquire opposite signs. Given there are three bands and all three can’t
have opposite signs at once, in certain regimes of relative strengths of 𝑉𝑖≠𝑗 , they find that one of
the gaps vanishes. They invoke that this is a superconducting analog of frustrations which occur
for Ising spins with an antiferromagnetic exchange interaction on a triangular lattice. And over a
wider parameter space, they find one of gaps still remains much smaller than the other two and the
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gap structure is such that two pairs of gaps have opposite sign and one pair of gaps have the same
sign. They call this s- state.

They propose examination of the effect of disorder on the superconducting properties, to be able to
identify the nature of multi-band superconductivity in STO, from the two possibilities of s+ and sstates [41]. They propose comparing effects of magnetic impurity scattering and non-magnetic
impurity scattering. In the clean limit ( 𝑘𝐵 𝑇𝑐 ≫ ℏ/𝜏) where ℏ is the reduced Planck’s constant and
𝜏 is scattering time, the effect of scattering on Tc is given by [26,45] :
−1
−1
𝜋ℏ (𝜏𝑆,𝑖𝑛𝑡𝑟𝑎
+ 𝜏𝑆,𝑖𝑛𝑡𝑒𝑟
)
∆𝑇𝑐
( ) =−
𝑇𝑐 𝑠+
4𝑘𝐵 𝑇𝑐

(

−1
−1
𝜋ℏ (𝜏𝑆,𝑖𝑛𝑡𝑟𝑎
+ 𝜏0,𝑖𝑛𝑡𝑒𝑟
)
∆𝑇𝑐
) =−
𝑇𝑐 𝑠−
4𝑘𝐵 𝑇𝑐

Where, 𝜏𝑠 and 𝜏0 represent magnetic and non-magnetic impurity scattering times, respectively, and
the subscripts intra and inter represent intra-band and inter-band magnetic impurity scattering,
respectively. While s+ states are only affected by inter- and intra-band impurity scattering, the sstate is only affected by intra-band magnetic and inter-band non-magnetic impurity scattering.
In fact, Trevisan et al. [42] have argued that the first superconducting dome in STO, Figure 1.6, is
the consequence of enhanced non-magnetic inter-band scattering on the first Lifshitz transition and
that this is consistent with the s- state.

Critical magnetic field measurements are efficient tools to probe the behavior of multi-band
superconductivity and they are especially sensitive to disorder. These will be subject of detailed
discussion in Chapter 4. In Chapter 5 we compare magnetic and non-magnetic doping studies. As
discussed above such systematic comparison can shed light on the nature of multi-band
superconductivity in STO.
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2 Experimental Methods and Techniques
The low temperature measurements are carried out in a dry dilution fridge cryostat (Triton 200)
with 15mK base temperature capability, purchased from Oxford instruments. Dry dilution fridges
have the advantage over wet fridges that they do not require regular cryogen refill and that it is
possible to change samples without warming the fridge up fully, when the fridge has a fast-sample
loading mechanism, as is the case in our Triton system. This made it possible for us to cycle through
many samples.

2.1 Dilution Fridge

The low temperature measurement results in this thesis are obtained using a dry dilution fridge
cryostat (Oxford Triton 200 from Oxford Instruments). The cryostat has a 15mK base temperature
capability and has a three-axis vector-rotate superconducting magnet. One axis of the magnet has
a maximum field capability of 6T and along the other two orthogonal directions, it can apply a
maximum of 1T; the field along all three of these directions can be independently tuned.

A crucial determining factor in the cooling capability of any cryostat is the cryogen fluid it uses.
The cooling and heating are accomplished by utilizing the phase diagram of the cryogen fluid. The
cryogen fluid of a dilution fridge is a mixture 4He and 3He which has a phase diagram shown in
Figure 2.1. An important element of the phase diagram is the finite solubility of 3He in 4He at zero
temperature. This is forbidden for classical fluids. However, due to the effects of quantum
fluctuations it is energetically favorable for the lighter 3He to be inside the heavier and superfluid
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4

He. This means, there is room for manipulation of the phase diagram at very low temperature and

cooling can be achieved by the heat gained and lost due to enthalpy of mixing.

Figure 2.1 Phase diagram of He-4- He-3 mixture. Picture taken from
(https://en.wikipedia.org/wiki/Dilution_refrigerator)

2.2 Electrical Filtering
The thermal agitations of electrons (which are charged particles) translates into an electrical signal
(noise), as understood in the framework of Johnson-Nyquist noise. The weight of the noise
spectrum shifts to higher frequencies with increasing temperature. Hence by employing low-pass
electrical filters, it is possible to reduce the temperature of electrons which reach the sample. We
designed and implemented such filters to our electrical lines which go down the fridge. While such
filters are commonly installed at room-temperature stages, we instead installed our filters on the
mixing chamber plate: the lowest temperature stage of the fridge. The former has the disadvantage
that the electrons can get heated back up again after the filtering but before they reach the samples.
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This is averted by thermalizing the filters to the lowest temperature available. The tradeoff is that
by installing filters on the mixing chamber plate, the thermal load on the mixing chamber plate is
increased, which can somewhat increase the time it takes the fridge to reach base temperature.

2.3 Low Temperature Components

Further considerations to be taken are magnetic properties of the instruments which are in close
proximity to the sample, which includes, the PCB and its components, Figure 2.2. It is desirable to
have as less magnetic material as possible near the mixing chamber. This is to avoid stray magnetic
fields from these components that could bringing uncertainty on the magnetic field applied to the
sample, and also to minimize heating arising from magneto-caloric effects. Magneto-caloric effects
can result in substantial relative change in temperature in millikelvin temperature scales with
changing applied magnetic field.

Furthermore, the cold finger is made of oxygen-free copper. The cold finger is a metal component
which attaches the samples to the fridge, Figure 2.2. Oxygen-free copper is picked because it has a
higher thermal conductivity. Furthermore we annealed the cold-finger to drive out hydrogen.
Removing hydrogen reduces the time dependent heat leak originating from the ortho-para transition
of hydrogen [46].

22

Figure 2.2 Cold finger and PCB

2.4 Electrical Measurement Setup

The measurements discussed in the rest of thesis are done in either DC or low-frequency AC mode
(quasi-DC). For both methods we used a current-and-voltage module (IVVI module) custom made
at Delft University of Technology. The IVVI module is designed to have low noise through series
of electrical flittering and insulation stages, and to be very sensitive such that small DC signals can
be measured without applying a large bias. This has several advantages. First it increases the signal
to noise ratio. Secondly, ground states of electrons which order only at milli-Kelvin temperature
scales are very fragile and hence application of low bias and sensitively to such small signals is
necessary in order to not destroy or significantly perturb the electric ground state. Third, smaller
current and voltages means smaller Joule heating, P=VI, and such heating can become significant
in at milli-Kelvin temperatures.
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For DC or AC measurements, a Keithley 2000 voltage probe or SR-830 lock-in amplifier is
integrated with the IVVI module, respectively, Figure 2.3. For DC measurements, the IVVI module
is used as the source of the bias, while the Keithley 2000 is used solely as a readout device. For AC
measurements, the SR-830 is used both as a source and probe. For AC measurements an AC voltage
bias is sent from lock-in amplifier to the IVVI module, Figure 2.3. This AC voltage is converted
into an AC current by the current source of the IVVI module and is wired to the sample. Signal
from the samples is picked up by the voltage probe module of IVVI module and is sent out to the
Lock-in amplifier. From here the information is transferred to a computer via GPIB connectors, for
data recording and analysis using QTLAB software, custom made at Delft University of
technology.

Due to the aforementioned presence of low-pass filters, we used low frequency signals (13Hz) from
the lock-in amplifier and measurement is internally referenced to this frequency. We picked 13 Hz
because it is a prime number and hence reduces the change of picking up harmonics from
extraneous sources. Picking a much lower frequency would demand increasing the time constant
for lock-in and which would then slow down the measurement. Hence 13Hz is picked as proximate
balance between signal suppression by electrical filters and having a reasonably fast measurement
speed. By comparing to DC measurements, we confirmed that the signal is not significantly
suppressed at 13Hz.
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Figure 2.3 Electronics set-up. While the IVVI module is designed to be very versatile and to be
used for numerous applications, shown above is a set for performing AC or DC current biased
measurement with AC/DC voltages being probed. Picture of IVV Module taken from
http://qtwork.tudelft.nl/~schouten/ivvi/index-ivvi.htm

For DC measurements, a digital signal is sent from a computer, which is then converted to an optical
signal using a digital-to-optical converter. This optical signal is transmitted to the IVVI module
through an optical cable. An optical cable minimizes electrical interference picked up on the way
and hence less noise is introduced. The digital signal from the optical fiber is converted to an analog
signal using digital-to-analog converter (DAC). This analog voltage signal is sent to a voltage-tocurrent converter in the IVVI module. The current is then sent to the sample, and the voltage from
the sample is retrieved in similar fashion to the lock-in measurement, except now the Keithley 2000
voltage probe is used instead of the SR-830 lock-in amplifier.
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2.5 Sample Growth and Characterization

The samples we studied were grown in Prof. Jalan’s lab at the University of Minnesota.
NdTiO3/SrTiO3 samples were grown by Peng Xu and doped SrTiO3 thin films were grown by Jin
Yue.

SrTiO3/NdTiO3 hetrostructures were grown on (001) (La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) substrates.
The substrates are commercially obtained from Crystech GmbH, Germany. The samples are grown
by hybrid molecular beam epitaxy (hMBE). This technique is traditionally called metal-organic
MBE. The metal-organic precursor used is Titanium tetra-isopropoxide (TTIP). TTIP provides both
Ti and oxygen. As a result, no additional oxygen is provided during growth. Nd and Sr are provided
by solid elemental sources. Additional details of material growth are provided elsewhere [12].

Nd doped and La doped SrTiO3 thin films in this thesis were also grown by using hybrid
molecular beam epitaxy (MBE), described above. The samples are grown on commercially
obtained (001) SrTiO3 substrates. The substrates are obtained from Crystec GmbH. TTIP
is used as source for Ti and oxygen. Additional oxygen was supplied using RF oxygen
plasma to ensure appropriate oxygen stoichiometry. Sr, Nd and La are provided by solid
elemental sources. The growth was monitored in-situ by using reflection high-energy
electron diffraction (RHEED). Phase purity and cation stoichiometry are determined by
using high-resolution X-ray diffraction (XRD) ex-situ.
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3 Ferromagnetism and Spin-dependent Transport at
NdTiO3/SrTiO3 Interface
In this chapter we discus about emergent magnetism at a complex oxide interface. Complex oxide
interfaces are a promising platform for studying a wide array of correlated electron phenomena in
low dimensions, including magnetism and superconductivity. The microscopic origin of these
phenomena in complex oxide interfaces remains an open question. Here we investigate the
magnetic properties of semi-insulating NdTiO3/SrTiO3 (NTO/STO) interfaces and present the first
millikelvin study of NTO/STO. The magnetoresistance (MR) reveals signatures of local
ferromagnetic order and of spin-dependent thermally activated transport, which are described
quantitatively by a simple phenomenological model. We discuss possible origins of the interfacial
ferromagnetism. In addition, the MR also shows transient hysteretic features on a time scale of
∼10−100 s. We demonstrate that these are consistent with an extrinsic magnetothermal origin,
which may have been misinterpreted in previous reports of magnetism in STO-based oxide
interfaces. The existence of these two MR regimes (steady state and transient) highlights the
importance of time-dependent measurements for distinguishing signatures of ferromagnetism from
other effects that can produce hysteresis at low temperatures.

This chapter is adapted from: Y. Ayino, et. al “Ferromagnetism and spin-dependent transport at a
complex oxide interface” Phys. Rev. Mat 2, 031401(R) (2018).
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3.1 Introduction

As highlighted in chapter 1, the interface between two complex oxides can host a high-mobility
conducting electron gas, even though the constituent materials are insulators. Since the initial
discovery of this phenomenon in LaAlO3/SrTiO3 (LAO/STO) heterostructures [9], several other
materials systems with this property have been identified [11,12,47]. These systems host a range
of highly-correlated phases, including superconductivity [15,48] and ferromagnetism [13,18,49–
52]. While superconductivity has been conclusively detected using transport [13,15,16,48] and
scanning-probe measurements [49] , reports of magnetism have been more difficult to reconcile
across experiments. Numerous studies have investigated the magnetic properties of this class of
oxide interfaces, with the majority of work to date focusing on the canonical LAO/STO
system [13,18,49,50,53].

However,

a

unified

picture

of

ferromagnetism

is

still

lacking [13,18,49,54–57]. Magneto-transport studies [18,50,58], have reported pronounced
magnetic hysteresis, suggestive of robust ferromagnetic order, however scanning-probe
magnetometry [49] and neutron scattering [55] studies have generally detected low magnetic
moments. One of the aims of the present work is to explore this inconsistency further.
A tantalizing possibility is that spin ordering emerges from electronic reconstruction at these
interfaces [23,59]. However, given the variability across studies, it is also possible that the observed
magnetic effects stem from sample-specific disorder, such as oxygen vacancies, dislocations and
roughness [24,60,61]. Since LAO/STO is typically grown by pulsed-laser deposition (PLD) of
LAO onto STO substrates, both stoichiometry and epitaxy near the interface have been difficult to
control precisely [62]. Moreover, the STO substrate is typically an integral part of the interface.
This poses an additional challenge since STO substrates contain defects which include
unintentional magnetic impurities [63].
Some of these sources of disorder can be better controlled in related STO-based interface
systems, which complement existing work on LAO/STO. Two promising but understudied systems
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are the titanate interfaces GdTiO3/SrTiO3 (GTO/STO) and NdTiO3/SrTiO3 (NTO/STO). These
are grown using hybrid molecular beam epitaxy (hMBE), an ultra-high vacuum MBE technique
recently developed for the growth of complex oxides [64], which ensures the highest possible
control over stoichiometry at the interface [12,20,22]. Previous work on GTO/STO has shown
evidence of interfacial ferromagnetism [50,53] . However, this could be linked to proximityinduced ferromagnetism, since GTO is ferrimagnetic and thus already has an intrinsic net moment.
Here we present the first investigation of the magnetic properties of NTO/STO
heterostructures. Both constituent materials are grown via hMBE on an LSAT substrate, which,
importantly, is not part of the interface. Furthermore, previous analysis of the transport and
structural properties of NTO/STO indicates that oxygen vacancies, dislocations and substrate
defects do not play a key role in its electronic properties [20,22], suggesting that any observed
magnetic properties are likely not determined by these factors either. We report local
ferromagnetism at the NTO/STO interface, and show that electronic transport is mediated by spindependent hopping between the localized ferromagnetic regions. We show that the magnetization
of these regions fluctuates superparamagnetically and can become blocked at temperatures below
~1.5 K, giving rise to hysteresis. Finally, we also observe a distinct and more pronounced magnetic
hysteresis. Crucially, however, our time-dependent measurements show that this effect is transient,
calling into question previous reports of magnetic hysteresis in oxide interfaces. We 3 demonstrate
that this transient hysteresis, with characteristic time scales of 10-100 seconds, is in fact
independent of the material being measured, and is consistent with heating of the sample due to
extrinsic factors that are common in low-temperature measurements [65].
We investigate the magnetic properties of hMBE-grown NTO/STO using electronic transport
measurements at temperatures down to 150 mK. Bulk NTO is a Mott-Hubbard anti-ferromagnetic
insulator with Mott-Hubbard gap of 0.8 eV and Néel temperature of ~90 K [21], while STO is a
band insulator with a gap of 3.2 eV. Electronic reconstruction at the NTO/STO interface forms a
high-density quasi-two-dimensional electron gas (q2DEG), similar to the case of LAO/STO [66].
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This q2DEG resides on the STO side of the NTO/STO interface, and extends for a few nm into the
STO, as previously shown through band structure calculations based on x-ray photoemission
spectroscopy (XPS) measurements and electron energy loss spectroscopy (EELS) [20]. The carrier
concentration of stoichiometric NTO/STO Heterostructures with less than 6 unit cells of NTO top
layer is ~0.5 electrons per unit cell (u.c.) of STO (3.2 x 1014 cm-2 ) [20], in excellent agreement with
the prediction of the polar discontinuity model for polar-non-polar oxide interfaces [66]. Note that
GTO/STO can also have this same charge density of ~0.5 electrons/u.c. [11]. In contrast, electron
densities typically reported for LAO/STO samples are an order of magnitude lower than this
predicted value. The exact reason for this discrepancy has not yet been resolved [22,67] . The
charge density of ~0.5 electrons/u.c. in NTO/STO suggests that charged defects do not drive
conduction in this system.

3.2 Experimental Methods
Samples were grown by Dr. Peng Xu, in Prof. Bharat Jalan’s group, in the Materials Science and
Chemical Engineering Department at the University of Minnesota. The samples are grown by
hybrid molecular beam epitaxy (hMBE) on commercially obtained (La0.3Sr0.7)(Al0.65Ta0.35)O3
(LSAT) substrate, as discussed in chapter 2.

Measurements were performed in a four-terminal van der Pauw configuration, in a dilution
refrigerator equipped with three-axis vector rotate magnet, with a base temperature of 15 mK. The
samples are mounted on a cold finger made of oxygen free copper, by using a silver paint. Electrical
contact to samples is made by ultrasonic wire-bonding of Al wires on sputtered Al
(40nm)/Ni(20nm)/Au(300nm) contacts. We focus on two stoichiometric samples with layer
structures STO(t u.c.)/NTO(4 u.c.)/LSAT, with t being 8 or 40 u.c. We also show results from three
other samples for comparison.
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3.3 Results and Discussion
The temperature-dependence of the resistance, R, is shown in Figure 3.1 for stoichiometric
samples STO(40 u.c.)/NTO(4 u.c.)/(La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) (001) (substrate) (sample-A)
and STO(10 u.c.)/NTO(4 u.c.)/LSAT (sample-B), for different values of the magnetic field, B,
𝜀

applied in the plane of the sample. R follows an Arrhenius-law behavior, 𝑅 ∝ exp[ 𝑘 𝑇], consistent
B

with thermally-activated electronic transport, where kB is the Boltzmann constant, T is the
temperature and 𝜀 is the activation energy. Remarkably, ε decreases by over 60% of its B=0 value
when a 6 T field is applied. This indicates that magnetic effects dominate transport through the
sample at low temperatures. Such magnetically-tunable thermally-activated behavior is a robust
characteristic of STO/NTO samples with 4 u.c. NTO, which are the focus of this work. When the
NTO thickness is increased to 10 u.c. the low-temperature transport shows only a weak upturn in
R at low T, Figure 3.2. We attribute this to the charge spillover mechanism present in NTO/STO
interfaces [20].
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Figure 3.1 Sheet resistance as a function of inverse temperature for different values of B for two
samples with STO/NTO(4 u.c)/LSAT layer structures: (a) STO(40 u.c.)/NTO(4 u.c.)/LSAT,
𝜀
sample A and (b) STO(8 u.c.)/NTO(4 u.c.)/LSAT, sample B. Lines correspond to fits to 𝑒𝑥𝑝[ 𝑘 𝑇].
𝐵

The data show a weak deviation from a simple Arrhenius law at larger values of B, which indicates
that 𝜀 acquires a small temperature-dependence as B increases.
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Figure 3.2 Sheet resistance as a function of temperature for a sample with STO
(24uc)/NTO(10uc)/LSAT layer structure, sample C: illustrating that transport is insulating at low
temperatures, but is not described by an Arrhenius law. The logarithmic temperature dependence
is consistent with a Kondo effect.

3.3.1

Time Dependent Magneto-Resistance

To further investigate the magnetic properties of the sample we measure the resistance, R, as a
function of B, while also recording its time-dependence. Before starting the measurement B is first
set at some large negative or positive value. During the measurement, B is stepped and held constant
while the resistance is measured as a function of time delay Δ𝑡 under constant B. The field is
stepped again after when Δ𝑡 reaches 320 s, then the procedure is repeated. All measurements are
performed under constant current bias. This procedure generates a three-dimensional data set: R as
a function of B and Δ𝑡, Figure 3.3. This is represented in the 2D color plot with magnetic field and
delay in each axis and resistance represented by a color scheme, Figure 3.3 (a). It can also be
represented in 1D plot of resistance as a function of the total time elapsed since the beginning of
the measurement Figure 3.3 (b).
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Figure 3.3 Time-dependent magnetoresistance data: (a) Two-dimensional color plot of R as a
function of B and 𝛥𝑡. (b) One-dimensional plot of the time-evolution of R plotted vs. the total time
elapsed from the beginning of the measurement. Each curve represents resistance measured at a B.
B is stepped during the time intervals which separate the curves, at which point the resistance is
not measured. Data shown here for sample-A.

Figure 3.4 shows the magnetoresistance for several values of Δ𝑡. Two main features stand out.
First, R decreases by up to ~75% of its zero-field value upon application of a 2.5 T field. Second,
curves measured at small Δ𝑡 exhibit a sharp resistance dip near B=0, which gradually decreases
with increasing Δ𝑡 and eventually disappears for Δ𝑡 >~90 s. The inset of Figure 3.4 shows the timeevolution of R at a fixed value of B. Initially, R increases rapidly from a value of ~55 kΩ, then
saturates around a stable value of ~140 kΩ, with a characteristic evolution time Δ𝑡 ∗ ~25 s. We
focus first on the steady-state properties (Δ𝑡 ≫ Δ𝑡 ∗), then return to the significance of the transient
dip.
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Figure 3.4 Magnetoresistance at different delays(𝛥𝑡): Resistance as a function of magnetic field at
different values of 𝛥𝑡. Inset: resistance as a function of 𝛥𝑡 for B = 0 T.

3.3.2

Magneto-transport in the steady-state

Important information about the underlying transport mechanism is obtained from the
temperature evolution of the magneto-resistance (𝑀𝑅 ≡

[𝑅(𝐵)−𝑅(0)]
𝑅(0)

× 100%). At low

temperatures, R becomes strongly suppressed for large B, yielding a large negative MR of up to 95% for B = 6 T at 150 mK, for sample-A and at 300mK for sample-B, Figure 3.5. For sample-A
and sample-B, as T is increased from 150 mK and 300 mK, respectively, the MR curves become
gradually shallower. For sample-A the MR curve eventually acquire a slightly positive curvature
for T >~4 K. In contrast to the large and strongly temperature-dependent negative MR observed
below 4 K, the MR does not exceed ~0.2% and is only weakly temperature-dependent above 4 K.
This suggests that distinct processes dominate transport above and below 4 K, in this sample.
Importantly, we also studied two samples where NTO was grown above STO (the opposite
configuration from the samples discussed above) (see Figure 3.6 and Figure 3.7). These samples
show small MR and qualitatively different MR curves. Ref. [20] shows through atomic-resolution
STEM data that whenever STO is grown on NTO the interface is rough on the order of a few unit
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cells, while when NTO is grown on STO the interface is atomically-sharp, suggesting that interface
roughness plays an important role in the observed MR.

Large negative MR has been observed in LAO/STO [18,68,69], leading to several possible
explanations, including ferromagnetic ordering [18], the Kondo effect [69,70], and a noninteracting model based on strong spin-orbit coupling [68]. The Kondo model [69] predicts large
MR only for in-plane B-field. In contrast, our devices show large MR for both in-plane and out-ofplane B, with no substantial anisotropy, Figure 3.8. Second, the model does not apply to our semiinsulating samples, which show exponential temperature-dependence and are therefore not in the
Kondo regime. Third, the Kondo model predicts a flat MR curve near B=0, in stark contrast to our
data. On the other hand, the non-interacting model with strong spin-orbital coupling [68], is by
construction limited to MR of at most -50%. However, our data shows MR in excess of -90%. This
model also applies only to in-plane fields, but our data (see Figure 3.8) shows that the effect is also
present for out-of-plane field. We conclude that, although these models capture certain features of
the LAO/STO MR data, they do not apply to our data.
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Figure 3.5 Magnetoresistance ratio and model fits. Magnetoresistance ratio at different values of
T: (a) for sample-A and (b) for sample-B. Solid lines are fits to eqn. (3.1) for T < ~4K, where a
pronounced negative MR is observed.
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Figure 3.6 Data for sample with NTO(20 u.c.)/STO(24 u.c)/LSAT layer structure, sample D. Note
this structure is a reversed growth sequence with respect to samples A-C. The left panel shows the
temperature-dependence of the sheet resistance. The right panel shows R vs. B. (data are for 𝛥𝑡 ≫
𝛥𝑡 ∗ ). The data shows a small sharp positive MR near B=0. Away from |B| > ~0.3 T there is a small
decrease in resistance. The absence of large negative MR is characteristic of heterostructures grown
with such “inverted” layer ordering, which have an atomically-sharp interface (see also data on
inverted sample E, below). Note the small negative MR (max MR ~0.9 %) and the qualitativelydifferent shape with respect to non-inverted samples (samples A-C). This is likely due to the much
lower interface roughness in inverted samples. Note also that this sample has the same NTO
thickness as the non-inverted sample E (below).
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Figure 3.7 Data for sample with NTO(10uc)/STO(50uc)/LSAT layer structure, sample E. Note this
structure is a reversed growth sequence with respect to samples A-C, but same as sample D. The
left panel shows the temperature-dependence of the sheet resistance. Although the resistance
increases with decreasing temperature, the smallness of the size of the resistance and its logarithmic
temperature dependence is not consistent with insulating behavior. However, it is consistent with
weak-localization behavior. The right panel shows that the sample has a small negative MR (max
MR ~-0.5%) (data are for 𝛥𝑡 ≫ 𝛥𝑡 ∗ ). In this sample, the MR is also qualitatively different from
that in non-inverted samples (A-C), but it is largely similar to that of the other inverted sample
(sample D). Again, this is likely due to the much lower interface roughness in inverted samples.
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Figure 3.8 Angular dependence of magneto-resistance. The magneto-resistance is largely
independent of the direction of the applied field B with respect to the sample plane. The MR is
slightly smaller when B is applied out of plane (along Z) than in the plane (along X or Y). This is
consistent with a weak in-plane magnetic anisotropy.

Below, we propose a simple model which accounts for all features of our data with high
accuracy. The model is intended for semi-insulating samples in which transport is mediated by
hopping in the presence of an effective activation energy. The decrease in activation energy 𝜀 with
increasing B (Figure 3.1) is reminiscent of carrier delocalization under applied magnetic field
reported in mixed-valence manganites, which show colossal magnetoresistance [71,72]. Although
the resemblance with manganites is purely phenomenological, it is useful to note that in those and
other related materials [73] electrons are localized by a spin-dependent potential barrier, and
become delocalized by an applied magnetic field. As mentioned above, in our samples, the
magnetic field dependence of R is largely independent of the direction between B and the sample,
Figure 3.8, consistent with spin-dependent effects. Despite the differences between NTO/STO and
manganites, the activation energy, 𝜀, can be separated on general grounds into a spin-independent
contribution, 𝜀0 , and spin-dependent contribution, 𝜀𝑠 , yielding 𝜀 = 𝜀0 + 𝜀𝑠 . The spin-dependent
energy cost for hopping from site 1 to site 2, with magnetization unit vectors 𝑴1 and 𝑴2
respectively, can be written as 𝜀12 𝑠 = −𝛼𝑴1 ∙ 𝑴𝟐 , where 𝛼 characterizes the hopping energy [72].
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Macroscopic averaging leads to 𝜀𝑠 = −𝛼(𝑀/𝑀𝑠 )2 , where, 𝑀 is the magnetization and 𝑀𝑠 the
saturation magnetization of the sample. In the paramagnetic limit, where M vanishes for B=0, the
MR can therefore be expressed as:

𝑀𝑅 = (𝐸𝑥𝑝 [−

𝛼 𝑀 2
( ) ] − 1) × 100%
𝑘𝐵 𝑇 𝑀𝑠

(1)

For paramagnetic and superparamagnetic systems the local moments fluctuate and the average
value of the 𝑀 is described by the Brillouin function, B𝑗 , where 𝑗 is the angular momentum of each
fluctuating moment. For larger values of j, fluctuating moments behave classically and the Brillouin
function quickly approaches the Langevin function, yielding

<𝑀>
𝑀𝑠

= L(𝑔𝜇𝐵/𝑘𝐵 𝑇), where g is the

effective Landé g-factor and 𝜇 is the magnitude of the average fluctuating moment. To test the
validity of our model, we fit equation (1) to the MR data (Figure 3.5). We find an excellent
agreement over an order of magnitude in temperature using only two fitting parameters, 𝛼 and 𝑔𝜇,
for both sample-A and B. Interestingly, the Brillouin expression for the quantum paramagnet does
not yield good fits for small 𝑗 < ~10ℏ when T > ~1.5K. This indicates that the angular momentum
of each local moment is larger than ~10ℏ, which justifies using the classical description.

The remarkable fit of the model to the negative MR data suggests a simple microscopic picture
in which electrons undergo spin-dependent hopping between magnetic regions for T < 4 K, Figure
3.9 c. The moments of these regions fluctuate over time as described by the Langevin function. The
lower bound on j discussed above points to the magnetic regions being clusters with local
ferromagnetic order, rather than individual atomic sites. Thus, 𝜇 is a measure of the average
moment of the magnetic clusters that are fluctuating at a given temperature. Consistent with this
picture, the values of 𝑔𝜇 extracted from the fit are approximately constant for T > 1.5 K, for sample-
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A, Figure 3.9. This indicates that for 1.5 K < T < 4 K all magnetic regions undergo large-amplitude
superparamagnetic fluctuations. These magnetic particles may be completely free, but could also
interact through exchange coupling, provided that the exchange interaction is weak compared to
kBT. [74] On the other hand, for T < 1.5 K, 𝑔𝜇 decreases rapidly and approaches zero near T=0. For
sample-B we also see that, 𝑔𝜇 decreases with decreasing temperature, over the narrower widow of
temperature we have data on, Figure 3.9 b. This suggests that for, Sample-A, below 1.5 K the
regions with larger 𝜇 cease to fluctuate because kBT decreases below their magnetic anisotropy
energy. Since the smaller regions have smaller anisotropy energy they continue to fluctuate as the
temperature is decreased, until they are also gradually blocked at lower T. Thus, 1.5 K corresponds
to an effective superparamagnetic blocking temperature of the entire sample. Note that the MR
becomes weakly positive above 4 K, consistent with the loss of ferromagnetism and dominance of
orbital processes above ~4 K, Figure 3.5 (a) and Figure 3.10. These observations are consistent
with reports of weak local ferromagnetism and superparamagnetism observed by scanning
superconducting quantum interference device studies in other STO-based interfaces [14,52,61].

Figure 3.9 Magnetoresistance model fit parameters and microscopic mechanism cartoon: (a) for
sample-A and (b) for sample-B. Upper panels show temperature evolution of the average
fluctuating moment, µ, multiplied by the effective g-factor, displayed in units of of Bohr
magnetons. Lower panels show activation parameter 𝛼 as function of temperature. (c) Schematic
showing the net moments of the superparamagnetic islands discussed in the text. Blue indicates

42
nonferromagnetic regions. At B = 0 the moments are randomly oriented (upper panel), whereas at
finite B they become polarized (lower panel).

Our model shows that negative MR in our samples is due to local ferromagnetism. Our data in
Figure 3.5 a shows negative MR for T ≤ 4 K and positive MR above 4K, which therefore sets a
lower bound on Tc of ~4 K. Note that since the ferromagnetic regions are already fluctuating
superparamagneticaly at 4K, it is fundamentally impossible to set an upper bound on Tc through
time-average data (i.e. any typical transport or magnetometry measurement).

Figure 3.10 Magnetoresistance of sample A for T ranging from 5 K to 100 K

3.3.3

Hysteresis in Steady State

Below ~800 mK the MR curves become hysteretic for sample-A, Figure 3.11, indicating that a large
fraction of the superparamagnetic domains have been cooled below their blocking temperature. In
this temperature range, magnetic anisotropy energies dominate over thermal effects. This stabilizes
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the direction of the local domains and leads to irreversible behavior. Consistent with this picture,
the hysteresis becomes more pronounced with decreasing temperature Figure 3.11. The presence
of hysteresis provides direct evidence for ferromagnetic ordering. We note that hysteresis is a
sufficient, but not necessary signature of local ferromagnetism. Its presence only indicates that at
low T the moments of the magnetic clusters do not fluctuate over the duration of the measurement.

Although a full microscopic description of the NTO/STO interface is beyond the scope of this
study, the small extracted gμ values could be indicative of local canting of spins at the interface
and with the presence of so-called weak ferromagnetism. Weak ferromagnetism is a form of
ferromagnetism that occurs in certain antiferromagnets, in which the Dzyaloshinskii-Moriya
interaction stabilizes spin canting, leading to a small spontaneous net moment. The DzyaloshinskiiMoriya interaction is allowed in rare-earth titanates, and past work on doped NdTiO3 showed that
a weak ferromagnetic phase can form in this material due to spin canting, with measured net
moment densities of ∼10-3 to 10-2 μB/f.u., depending on the doping level [21]. In our nominally
undoped samples we can expect that weak antiferromagnetism, if present, could be further affected
by the ultrahigh interfacial charge density and by strong local electric fields stemming from
interface roughness, as discussed in depth in sections 3.3.5 and 3.3.6 bellow. Moreover, we note
that our fit yields the product gµ, rather than just the moment µ. Past work has shown that g itself
can be quite small in STO-based interfacial electron systems, with values as low as ∼0.6 [75]. This
shows that the small extracted gμ values are consistent with weak ferromagnetism in our samples.
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Figure 3.11 Steady state magnetoresistance hysteresis. R vs. B while stepping B from negative to
positive value (cyan) and positive to negative values (red). The black lines are guides to the eye.
Arrows indicate the direction along which B is stepped. Different panels correspond to different
temperatures. Insets in each panel show a zoom-in near B=0, highlighting that hysteresis becomes
more pronounced at lower T.

3.3.4

Comparison with microscopic phase separation in mixed-valence manganites

Microscopic phase separation is a common feature of many correlated material systems, including
mixed valance manganites, doped cuprate superconductors and others. [e.g. Ref. [76] and
references therein]. The term describes the coexistence of separate phases in a sample, in a certain
parameter range. For example, in manganites, this can involve the appearance of metallic
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ferromagnetic domains that can vary in size from a few nanometers to hundreds of nanometres,
with interspersed insulating regions [77]. The formation of these spatially-inhomogeneous phases
can be due to several factors, including the long-range Coulomb interaction, strain and
disorder [73,76] . Electronic transport in phase-separated manganite systems exhibiting colossal
magneto-resistance is believed to take place via hoping between such metallic ferromagnetic
regions, which are embedded in an insulating matrix [77]. In general, the inhomogeneous phases
in these manganites undergo a percolative transition as a function of external parameters such as
temperature. Phase separation can also be expected in polar-perovskite/SrTiO3 heterostructures
due to the large charge densities. This is consistent with our observation of a large negative
magneto-resistance and hysteresis in NdTiO3/SrTiO3, which agrees quantitatively with our
phenomenological model of spin-dependent hopping between small ferromagnetic regions. We
emphasize however that in the absence of a detailed microscopic picture for the formation of these
ferromagnetic regions (which is beyond the scope of this work), the similarity between our
observations and those in manganites cannot be extended beyond the purely phenomenological
level. One marked difference is that we do not observe evidence of a percolative transition, but
rather of the gradual blocking of the superparamagnetic behavior of these ferromagnetic regions.
This explains why in our study the large negative MR and the hysteresis increase upon cooling, in
contrast with manganites (where percolation leads to the formation of a connected ferromagnetic
phase across the sample, which consequently suppresses spin-misalignment and spin-dependent
hopping as samples are cooled below their Curie temperature).

3.3.5

Comparison of the MR of an STO/NTO/LSAT sample with an inverted
(NTO/STO/LSAT) sample, both with the identical NTO thickness

By comparing the data in Figure 3.12 (STO/NTO/LSAT sample C) to those in Figure 3.7 (inverted,
NTO/STO/LSAT sample E), we show that the MR is qualitatively different for the two cases, even
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when both have the same NTO thickness. The MR of the non-inverted sample (Sample C) is
monotonically negative, while that of the inverted sample (Sample E) shows a complex, nonmonotonic structure, with a large dip and peak near B=0. While the origin of this structure in the
inverted samples (a similar structure, minus the peak is also seen in inverted sample D) remains an
open question, it could be due to with weak (anti- )localization. Note also that the MR is several
times smaller in the inverted sample E than in the non-inverted sample C, another qualitative
difference. As stated in preceding sections, and evidenced via Scanning Transmission Electron
Microscopy (STEM) in Ref [20], the non-inverted interface (STO/NTO) is rough, while the
inverted interface (NTO/STO) is atomically sharp. This dramatic difference in the smoothness of
the two types of interfaces, together with the qualitative difference in MR discussed above, suggests
that interfacial roughness likely plays an important role for the observed inhomogeneous magnetic
phase, though we cannot exclude the possibility that other mechanisms may also be relevant.
Roughness could induce local ferromagnetic order at the non-inverted (STO above NTO) interface
by generating uncompensated spins. One possible mechanism is the formation of so-called weak
ferromagnetism due to the Dzyaloshinskii-Moriya interaction in conjunction with the ultra-high
interface densities and with the large local electric fields expected from interfacial roughness. This
candidate microscopic picture is in accord with the small value of the magnetic moment that is
suggested by the extracted fitting parameters of our model (assuming a g-factor of ~2) (see Figure
3.9 a and b ). A second, but related possibility could be that the observed interfacial roughness in
STO/NTO may lead to some interfacial intermixing. Specifically, this could create small clusters
of Nd and Ti3+ atoms (which are spinful) in the STO near the interface (see the quantitative analysis
of the interface in Ref [20] ). Note that previous work on SmTiO3/SrTiO3, where SmTiO3 is also
antiferromagnetic, did not show evidence of interfacial ferromagnetism [78]. This further supports
the picture that the specific details of the interface, such as roughness, play an important role for
the observed magnetism in NTO/STO.
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Figure 3.12 Magneto-resistance for a sample with STO (24uc)/NTO(10uc)/LSAT layer structure,
sample C. The figure shows that the sample has a small negative MR (max MR only -4%),
consistent with our model, which predicts that large MR is associated with thermally activatedtransport in our NTO/STO samples (data are for Δ𝑡 ≫ Δ𝑡 ∗ ). Instead, for sample C, R shows only
a weak upturn at low T. Correspondingly, the fit of the MR data to our spin-dependent transport
model (red line) is not as good as for the thermally-activated samples (Samples A and B), and yields
an effective activation energy parameter 𝛼 of only 0.1 µeV, about three orders of magnitude lower
than for the thermally-activated samples, further validating the applicability and sensitivity of our
model. The extracted value of 𝛼 = 0.1μeV is two orders of magnitude smaller than the temperature
scale of 0.2K (~ 17 μeV), consistent with non-Arrhenius behavior of transport. This implies that
magneto-transport in this sample is not due to tuning of a spin-dependent activation energy. Note
that, in contrast, for samples A and B the extracted 𝛼 parameter is comparable or bigger than the
temperature scale. This serves as a consistency check on the model: large MR occurs if and only if
the sample shows thermally-activated transport.

3.3.6

Quantitative analysis of the NTO/STO interface

Using scanning transmission electron microscopy with electron energy loss spectroscopy (STEMEELS) and energy dispersive x-ray spectroscopy (EDX) mapping, it is been previously shown that
cation intermixing/oxygen vacancies/non-stoichiometry cannot explain the observed n2D in our
films [20]. In Ref [20] , they used HAADF intensity profile (Fig. 2a in Ref [20] ) and the elemental
maps (Fig. S4b-h in Ref [20] ) to show the normalized O, Sr and Nd profiles across the NTO/STO
interface. The oxygen signal was normalized to the substrate value, and the Sr and Nd signals were
normalized to the value within the interior of appropriate film. A concentration gradient occurs
over 2 u.c. for Nd and Sr, revealing an intermixed region of ~2 u.c. (see Fig. S4h in Ref [20] ).
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They note that probe beam broadening and atomic terraces can also lead to a similar profile at an
atomically sharp interface. These results thus represent an upper limit for the extent of cation
interdiffusion. The same analysis of the rougher STO/NTO interface leads to a mixed region of
thickness ~3-4 u.c. Significantly, these are much smaller than the length scales over which a change
in the Ti valence occurs, establishing that unintentional doping by cation interdiffusion is not
responsible for the change in Ti valence, at least outside of the potentially intermixed regions.
Additionally, no change in O concentration in excess of the noise occurs across the interface (Fig.
S4g in Ref [20]) as would be expected if O vacancies were the driver of interfacial conductivity, or
the dominant driver for the observed change in Ti valence across the interface. They also analyzed
the oxygen content variation across the STO/NTO/STO interfaces using the STEM-EELS
illustrated in Fig. S5 in Ref [20]. The results show that there is no significant change in O
concentration across either interface.

3.3.7

Magneto-transport in the transient regime

We now turn to discussing the magnetoresistance measured at short delays, Δ𝑡 < Δ𝑡 ∗ . Unlike
the data presented in the previous section, conventional MR measurements (including continuous
sweep methods) are performed effectively in the limit of small t. As noted above and shown in
Figure 3.4, in this time regime, t < t*, we also observe magnetic hysteresis. In fact, for t < t* the
hysteresis is far more pronounced than that observed in the steady state. This is illustrated in Figure
3.13 a, which shows the MR measured at Δ𝑡 = 2 s and T=200 mK (bottom panel). The data shows
a striking hysteretic dip for |B|< ~50 mT. Such butterfly-shaped dips in the magneto-resistance have
been previously used as evidence of interfacial magnetism in oxide interfaces and oxide thin
films. [18,50,58] Figure 3.14 shows such data from references [18,50]. To investigate the origin
of this effect, we performed a control experiment on a non-magnetic, Si-doped, insulating GaAs
crystal with similar resistance to that of sample A (Figure 3.13 b). Strikingly, the MR curve
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measured on GaAs at Δ𝑡 = 2 s shows a similar hysteretic butterfly-shaped dip (Figure 3.13 b,
bottom panel) as the NTO/STO sample. This feature is also transient, as shown in Figure 3.13 b,
upper panel, measured for Δ𝑡 = 320 s. Since the GaAs sample is a high-purity non-magnetic bulk
crystal, this demonstrates that this transient hysteretic resistance dip is not the result of magnetism
in the sample, but is instead an extrinsic effect. This conclusion is further supported by a similar
measurement on a BaSnO3 thin film Figure 3.15.

Figure 3.13 Magnetoresistance at short delay(Δt). R vs. B for: (a), sample A, with composition
STO(40 uc)/NTO(4 uc)/LSAT, and (b), for a Si-GaAs control sample. For both samples, a
hysteretic dip develops near B = 0 at short Δt (lower panels), while no such dip is observed at long
𝛥𝑡 (upper panels). Unlike the NTO/STO sample, the GaAs sample does not show any hysteresis in
the steady state, but only a weak, reversible, negative MR, consistent with quantum interference
effects in insulating n-GaAs [79].
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Figure 3.14 Butterfly shaped magnetoresistance from literature. Left panel is obtained from
Ref. [18] and right panel is from Ref. [50].

Having ruled out intrinsic magnetism as the origin of the transient hysteresis, we now consider
the possibility of a magneto-thermal origin. Interestingly, of all the samples we studied, the
transient dip was observed only in samples for which R has a large upturn at low T (e.g. Figure
3.1). In contrast, metallic samples, for which R is only weakly temperature dependent at low T,
show no transient hysteresis. This is consistent with a magneto-thermal origin of the transient
hysteresis dip, which is likely extrinsic to the sample itself: for semi-insulating samples even a
small increase in the effective sample temperature leads to a substantial decrease in R.
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Figure 3.15 Magnetoresistance of a BaSnO3 control sample.(a), R as a function of B at short delay
(∆t=2s) for control sample thin film consisting of a La-doped BaSnO3 (BSO) thin film (layer
structure is La-BSO(100nm)/BSO(120 nm)/STO (substrate)). The resistance shows a hysteretic dip
near zero field, similar to that seen for STO/NTO/LSAT samples. (b) Resistance as a function of
magnetic field at (∆𝑡 = 320𝑠), showing that the dip disappears in the steady state.

To quantify this effect, we extracted the effective temperature of our STO/NTO/LSAT sample as a
function of B at Δ𝑡 = 2s . The resistance of the sample is a strong function of T, B and Δ𝑡. In order
to determine the effective sample temperature (Teff) at a given B and Δ𝑡 we use the steady-state MR
curves taken at Δ𝑡 ≫ Δ𝑡 ∗ as reference, upper panel of Figure 3.16. Specifically, we assume that for
Δ𝑡 ≫ Δ𝑡 ∗, Teff = Tmix, where Tmix is the mixing chamber temperature. To acquire the calibration
data, we measure R as a function of B and Δ𝑡 for Tmix ranging from 200 mK to 270 mK in 5 mK
increments. At each temperature, we ensure that Tmix has stabilized near the desired set-point before
measuring R. The resulting steady-state data R(Δt=320 s, Tmix, B) are shown in upper panel of Figure
3.16.

To determine Teff as a function of B in the transient regime (Δ𝑡 < Δ𝑡 ∗ ) when Tmix is set to 200 mK,
we compare the measured values of R(Δ𝑡, Tmix=200 mK, B) with the steady-state calibration data,
R(Δt=320 s, Tmix, B). This provides an estimate of Teff at short delay for Tmix =200mK at each value

52
of B. Because of the finite resolution of Tmix increments (5 mK), we use spline interpolation to
estimate temperatures from resistance values which fall in between adjacent points. Hence the
uncertainty of Teff is estimated to be +/- 2.5mK. The extracted Teff as function of magnetic field is
shown in lower panel of Figure 3.16.

Figure 3.16 Estimation of sample temperature due to extrinsic magneto-thermal heating. (Upper
panel), Curves with open points represent long delay resistance, R(Δt=320 s, T mix, B), for Tmix
ranging from 200 mK to 270 mK in 5 mK increments. The overlaid curve with solid points is the
short delay data, R(𝛥𝑡 = 2𝑠, Tmix=200 mK, B), showing that near zero field a temperature spike of
approximately 30-40 mK occurs for Tmix = 200 mK. (Lower panel) Extracted effective temperature
of sample A as a function of B for 𝛥𝑡 = 2 s. The arrows indicate the direction along which B is
stepped. Inset: R vs. T for sample A, showing the steep dependence of R with T at low values of
T, characteristic of semi-insulating behavior.
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As shown in Figure 3.16, the transient hysteretic effect is associated with an increase in sample
temperature by only ~30 mK, which develops as B is stepped through the -80 mT to +80 mT range.
This rapid increase in temperature near B=0 could be due to heat released by an avalanche magnetic
reversal process. Such processes are commonly observed when the spin configuration of a
ferromagnet, spin glass or spin-ice switches abruptly [80]. The presence of a magneto-thermal
material nearby our sample is confirmed by the fact that the mixing chamber temperature of our
dilution refrigerator rises by ~5 mK as B crosses zero. While we cannot precisely determine the
location of the magneto-thermal material, we note that magneto-thermal effects are common and
can have dramatic consequences [65] below several Kelvin, where the relative change in T can be
large. The transient nature of the butterfly-shaped hysteretic resistance dip can be understood as a
consequence of the characteristic thermal re-equilibration time of the sample, which we estimate
to be ~Δ𝑡 ∗ ~25 s, Figure 3.4. It is important to note that in the absence of time-dependent data such
as this (which has generally not been investigated in complex oxide studies) the intrinsic magnetic
hysteresis in NTO/STO would have been obscured by this much larger magneto-thermal hysteresis,
and its transient, extrinsic nature would have been hard to detect. This effect is universal and applies
to any material with a sufficiently strong temperature-dependence of the resistance at low T,
including superconductors near their critical temperatures and upper critical fields. We note that a
hysteretic magneto-resistance in superconducting LAO/STO interface and doped STO thin films,
has been previously reported [50,58],Figure 3.17. These observations have been interpreted as
evidence for coexistence of magnetism and superconductivity in these systems [50,58]. Motivated
with this, we also measured magneto-resistance of a superconducting Nd doped SrTiO3 sample
and we also observe hysteresis, Figure 3.18. This hysteresis is consistent with extrinsic magnetothermal effect we discussed above. We add that magneto-thermal effects are expected to be
particularly effective in known magnetocaloric materials such as the ferromagnetic alloys of
Gd [81] .
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Figure 3.17 Magneto-resistance hysteresis in the superconducting state from literature. Left panel
shows resistance as function of magnetic field from Ref. [50] in the superconducting state on La
doped STO, showing hysteresis. Right panel shows critical temperature as a function of magnetic
field extracted from magneto-resistance measurement, from Ref. [58], also showing hysteresis.
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Figure 3.18 Magnetoresistance hysteresis at short delay (∆t) for a superconducting NdxSr1-x TiO3
sample: (a) R vs B for a superconducting NdxSr1-x TiO3 sample with Tc=110mK, measured at
90mK. The data shows a positive magneto-resistance, consistent with superconductivity. It also
shows hysteresis, which is pronounced near B=0. (b) The difference in resistance between down
and up sweeps as function of magnetic field, clearly showing the presence of hysteresis.

3.4 Conclusion
In conclusion, we observe ferromagnetic ordering at the epitaxial interface between NTO and
STO. We provide the first demonstration of magnetic effects in a complex oxide interface system

56
that is not grown on an STO substrate and where neither constituent layer has intrinsic net moment.
We find that ferromagnetism develops in-homogeneously in isolated regions, which are
superparamagnetic at temperatures between 1.5 K and 4 K. Electronic transport is in excellent
quantitative agreement with spin-dependent, thermally-activated hopping between the
ferromagnetic regions. Furthermore, we highlight the importance of time-dependent measurements
for distinguishing signatures of magnetic order from extrinsic magneto-thermal effects. The
observed magnetism is unlikely to originate from oxygen vacancies, dislocation defects or substrate
impurities, since these factors have no detectable role on the electronic properties of our NTO/STO
heterostructures, as shown using STEM-EDX, STEM-EELS, XPS and transport data in Refs. [22]
and [20]. Thus, the inhomogeneous magnetic phase observed here could be due in part to electronic
reconstruction. However, interfacial roughness likely also plays an important role by generating
regions of uncompensated spins at the anti-ferromagnetic layer of NTO at the interface. This is
supported by the fact that large negative MR ratios are observed only in heterostructures where
STO was grown on NTO, but not in samples where the growth order was reversed. The layer order
is significant because atomic resolution electron microscopy shows the former interfaces to be
rough on the atomic scale due to intermixing, while the latter are atomically sharp [20]. The
Dzyaloshinskii-Moriya interaction could also contribute to the onset of the observed
ferromagnetism in conjunction with the interfacial roughness and the large interfacial charge
densities [21] . Importantly, we also highlight the need for time-dependent measurements for
distinguishing signatures of magnetic order from commonly occurring extrinsic magnetothermal
effects that can dramatically affect the interpretation of low-temperature data on a wide range of
materials. Further experiments can benefit from using nanoscale devices to probe transport over
the length scales of individual magnetic regions and to assess the potential for oxide-interface
spintronic devices.
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4 Effects of paramagnetic pair-breaking and spin-orbital coupling
on multi-band superconductivity
The BCS picture of superconductivity describes pairing between electrons originating from a single
band. A generalization of this picture occurs in multi-band superconductors, where electrons from
two or more bands contribute to superconductivity. The contributions of the different bands can
result in an overall enhancement of the critical field and can lead to qualitative changes in the
temperature dependence of the upper critical field when compared to the single-band case. While
the role of orbital pair-breaking on the critical field of multiband superconductors has been explored
extensively, paramagnetic and spin-orbital scattering effects have received comparatively little
attention. Here we investigate this problem using thin films of Nd-doped SrTiO3. We furthermore
propose a model for analyzing the temperature-dependence of the critical field in the presence of
orbital, paramagnetic and spin-orbital effects, and find a very good agreement with our data.
Interestingly, we also observe a dramatic enhancement in the out-of-plane critical field to values
well in excess of the Chandrasekhar-Clogston (Pauli) paramagnetic limit, which can be understood
as a consequence of multi-band effects in the presence of spin-orbital scattering.
This chapter is adapted from “Effects of paramagnetic pair-breaking and spin-orbital coupling on
multi-band superconductivity”, Y. Ayino, J. Yue, T. Wang, B. Jalan and V. S. Pribiag, J. Phys.:
Condens. Matter 32 36LT02 (2020)

4.1 Introduction

In the conventional picture of superconductivity electrons that form the Cooper pairs originate from
a single band. However, in certain materials superconductivity involves electrons from multiple
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bands, leading to multiple, interacting superconducting condensates. The coherent interactions
between the condensates in multi-band superconductors are predicted to give rise to unique effects,
such as vortices with fractional flux [82], time-reversal breaking solitons [83], and enhanced upper
critical fields ( H c 2 ) [84].
Experimental evidence for multi-band superconductivity has been reported in several materials,
including MgB2, [85] iron-based superconductors [86,87], the heavy-fermion superconductor
PrOs4Sb12 [88], and NbSe2 [89]. The majority of these are bulk, three-dimensional
superconductors. Here we report on the interplay between multi-band superconductivity and spinorbit coupling (SOC) in thin films of doped SrTiO3. Superconductivity in STO (which in its
undoped form is a band insulator) remains a rich and widely-studied problem over half a century
since its initial discovery [25].
As discussed in the introduction to this thesis, the band structure of STO is particularly
interesting because up to three bands can contribute to conduction, depending on doping levels.
Specifically, the conduction band of STO is composed of three t2g orbitals originating from titanium
d bands. The degeneracies of the three t2g orbitals are lifted by SOC and by the crystal field, in the
low temperature tetragonal phase [3]. As a result, a natural question is whether superconductivity
in STO can also involve multiple bands. The earliest report of possible two-band superconductivity
in STO comes from a double-peak feature observed in tunneling spectroscopy on Nb-doped STO
above a certain carrier concentration [90], which could indicate two superconducting gaps. Other
work has shown that the transition temperature (Tc) peaks near Lifshitz transitions between STO
bands [5], which could indicate that multiple bands are involved in STO superconductivity. On the
other hand, more recent tunneling spectroscopy studies on thin films of Nb-doped STO have
reported only a single coherence peak as a function of tunneling bias for a wide range of carrier
concentrations, consistent with single-band superconductivity [91]. In addition, microwave
radiation experiments on bulk Nb-doped STO have been found to be consistent with single-gap
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superconductivity [92]. Similarly, in superconducting LaAlO3/SrTiO3 interfaces, weakening of
superfluid stiffness near Tc at large charge densities has been attributed to the onset of multi-band
superconductivity [93], yet SQUID measurements of the superfluid density vs. temperature have
also observed results consistent with only a single-band, BCS picture [94]. One possible reason for
these discrepancies is washing out of multi-gap features by disorder in certain samples [92]. Here
we investigate multi-band superconductivity in thin films of doped STO using the temperaturedependence of the upper critical field ( H c 2 ). To our knowledge, the effects of STO multi-band
superconductivity on H c 2 have received relatively little experimental attention, yet this approach
is well-suited precisely for the dirty limit, where disorder may limit the sensitivity of other
experimental probes [95].
Multi-band superconductivity can result in marked differences in the temperature dependence
of H c 2 vs. the single-band case, as well as an overall enhancement of H c 2 (T ) , as observed for
example in Fe-based superconductors [86] and MgB2 [84,96,97]. However, previous theoretical
work on multi-band superconductivity has so far not considered the combined effects on H c 2 (T )
of orbital depairing together with paramagnetic depairing in the presence of SOC [84,95,98],
although SOC can have measurable effects on superconductivity in some materials, such as
STO [99]. In order to explore the interplay between multi-band superconductivity and SOC, we
therefore propose an extension of existing two-band superconductivity models to include all these
effects. As described below, we find very good quantitative agreement of our extended model with
our data on doped STO. This model is not specific to STO and we expect it to be applicable to other
multi-band superconductors in which SOC effects are important.
As mentioned in the introduction to this thesis, to date, STO has been shown to superconduct
when doped with one of a handful of dopants: O vacancies [25], Nb [28], La [31] and Sm [32],
with critical temperatures in the range of few hundred mK. In addition, superconductivity has been
reported in ionic-liquid-gated STO [100], with a similar range of critical temperatures as
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chemically-doped doped STO. Our samples are grown using a previously-unexplored dopant, Nd3+,
which substitutes for Sr2+ (forming NdxSr1-xTiO3) and therefore n-dopes the STO, as confirmed by
Hall measurements. Unlike all previous STO dopants, Nd3+ has a net spin, suggesting that Nd could
act as a magnetic dopant.

4.2 Methods
Samples were grown by hybrid-molecular beam epitaxy on a commercially STO
substrate [101]. A buffer layer of undoped STO is grown before growing the doped layer. The
samples are annealed in an oxygen-rich environment post growth to drive out any residual oxygen
vacancies. As-grown undoped STO films were insulating, suggesting no measurable conduction
due to oxygen vacancies. XRD and RHEED analyses confirm a single-crystalline, epitaxial, smooth
STO film on STO (001), Figure 4.1.We studied fourteen samples, with carrier densities spanning
from 5.0  1017 to 1.6  1020 cm-3. We observed superconductivity for samples in the density range
1.7  1019 to 1.6  1020 cm-3. Below, we discuss in detail four of these samples.

Figure 4.1 XRD and RHEED analysis. XRD and RHEED (inset) data on sample with 𝑛 = 3 ×
1019 𝑐𝑚−3 indicating an epitaxial, single-crystalline, smooth film.
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4.3 Results and Discussion
4.3.1

Normal State Transport

The observed normal-state resistance is described by a quadratic law, R  R0  AT 2 , across
the entire temperature range, with a change in the R0 and A parameters near T=180 K (Figure 4.2).
A T 2 dependence of the resistance at low T is typically attributed to Fermi liquid behavior,
including in the case of STO [6]. However, unlike in typical metals, where the Fermi temperature
(TF) is ~104 K, in STO it can be as low as ~10 K due to its exceptionally large dielectric constant
(in excess of 20,000 at low T). This means that the Fermi-liquid approximation, which requires
T<<TF, may not generally hold for STO. Intriguingly, we find that the 𝑇 2 dependence extends to
temperatures above TF and persists up to room temperature. At these elevated temperatures, the
system transitions from Fermi liquid to a Boltzmann gas and hence can no longer be adequately
described by Fermi liquid theory. Hence it is likely that the T2 behavior, at least near and above TF,
has another root and may therefore not be a robust indicator of a Fermi liquid, as also recently
pointed out in Refs. [102–104].
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Figure 4.2 Normal state sheet resistance (Rs) as function of temperature (T), for four of our samples,
plotted on T2 scale, showing quadratic dependence of R on T from 2K to 300 K, with a cross-over
in the T2 prefatory around 180K. From top to bottom, the samples have n  2.1, 3.6, 3.9 and 5.7
×1019 cm-3 respectively. The thicknesses of the doped STO layer are 60 nm, 60 nm, 230 nm and
220 nm respectively (see Table 1). For reference, TF ~150K for the sample with 3.9 ×1019 cm-3 in
the parabolic band approximation. Inset: Zoom-in of the data for T < 200K. Inset: Zooming in to
the plot at T < 200K.

4.3.2

Superconducting State Transport

As our samples are cooled further, they become superconducting at temperatures ranging
between 90 mK and 200 mK. These values of Tc are in the same overall range as reported by
previous studies on STO and STO-based interfaces [10,15,25,28,31,33]. Figure 4.3 shows R vs. T
19
3
curves as a function of magnetic field (B) for the sample with n  3.9 10 cm . Results from

other samples are shown in Appendix-A, where we also discuss further details of the measurements.
In Figure 4.3, for out of plane field larger than 400 mT R saturates at finite value bellow 40mK.
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This is due to hot electron effect, rather than ground state property of the material [105]. This is
supported by the fact that with increasing magnetic field from 500 mT to 700 mT the position of
the resistance saturation remains fixed around 40 mK. As discussed Chapter-2, at mill-kelvin
temperatures the electron temperature can be substantially higher than that of lattice temperature.
We installed electronic filters in our dilution fridge to minimize these effect. Hence 40mK sets the
mixing chamber temperature at which electron temperature in our superconducting samples starts
to deviate from mixing chamber temperature. This value of 40mK is smaller than 60 mK mixing
chamber temperature at which electron temperature saturation is been reported in superconducting
thin films [106], indicating our electronic filtering did indeed help minimize this effect.

Figure 4.3 Resistive superconducting transition. Resistance (R) as a function temperature (T) at
different out of plane magnetic fields for the sample with n=3.9 ×1019 cm-3, showing the
superconducting transition. Note that the apparent saturation of resistance below ~40 mK is due to
reaching the minimum temperature to which the sample can be cooled, rather than actual saturation
of the sample resistance.
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4.3.3

Out-of-plane critical field

We now turn to the discussion of the temperature-dependence of the critical field, which
underpins the key points of our study. Figure 4.4 displays H c2 (T ) for four of our samples. First,
we note that all display a non-negative curvature starting just below Tc. This behavior is not
expected from a typical single-band BCS superconductor, and is a hallmark of multi-band
superconductivity [84,86]. For a single-band superconductor, a negative curvature would instead
be expected at all T, as described by the WHH model [107].
19
3
For the n  3.9 10 cm sample a second remarkable feature of the data is that the value of

H c2 (T ) measured at the lowest temperature (~0.25Tc) reaches almost twice the value of the

Chandrasekhar-Clogston (Pauli paramagnetic) limit, H p ~ 1.84Tc T / K  . For thin film
superconductors it is common to observe in-plane critical fields ( H c 2 ) exceeding H p , due to the
geometrical enhancement of the bulk critical field, combined with the presence of SOC [99,108].
However, the out-of-plane critical field, H c2 (0) (like H c 2 for bulk samples), is typically much less
than H p in most materials (including in past work on STO) because orbital pair-breaking effects
are strong in this configuration, which makes the observation of H c2 (0)  H p striking. Exceptions
are certain bulk organic and heavy-fermion superconductors [109,110]. In the former case, this has
been attributed to a field-dependent dimensionality crossover coupled with the presence of SOC,
while in the latter the very large effective electron mass contributes to suppressing orbital effects.
Below, we argue that H c2 (T )  H P for our STO sample is the consequence of the enhancement of
the orbital critical field by multi-band superconductivity, coupled with the presence of strong SOC.

In Figure 4.4 we plot our data against the single-band WHH expression in order to contrast our
observations with the expectations for a single-band superconductor. It is evident that despite taking
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into account SOC, single-band superconductivity does not capture the salient features of the data,
including the non-negative curvature and large H c2 (0) .

According to the single band WHH model the slope of H c 2 (T ) near Tc determines its maximum
value, H c 2 (0), via the simple relation H c 2 (T )  0.69Tc dH c 2 dT

|

Tc

. In contrast, a large

enhancement of H c 2 beyond the single-band prediction occurs in two-band superconductors if the
diffusivity of one of the bands is small. In particular, H c 2 (0) is no longer simply determined by

dH c 2 dT | . A theoretical picture of two-band superconductivity was first developed by
Tc

Suhl [111] and further extended by Gurevich to calculate critical fields [84,98]. For two-band
superconductors subject to orbital effects alone, the Gurevich model predicts that H c 2 (0) is given
by [84]:

H c 2 (0) 

ck B  ( 0  )/2 w
e
,
 eD1

for D1

D2e  0 /2 w

(1)

Here D1 and D2 correspond to the diffusion constants of the two bands (we denote the lower, heavier
band as band 1),   11  22 ,

0  (11  22 )2  41221 , and w  1122  1221 , with ij

as the intra- and inter-band coupling constants.

ln( )  0.577 is the Euler constant, and c, kB

and e are the speed of light, Boltzmann constant and elementary charge, respectively. Importantly,

H c 2 (0) is determined by the lower of the two diffusivities. This unique feature of two-band
superconductors allows much enhanced H c 2 (0) values with respect to the single-band case. For
𝐷1⁄𝐷2 ≪ 1 or 𝐷1⁄𝐷2 ≫ 1 a pronounced positive curvature and significant enhancement of Hc2
compared to the single band case are expected. On the other hand, for 𝐷1⁄𝐷2 ≅ 1, the critical field
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behavior resembles qualitatively that of single-band. Increasing disorder tends to affect
disproportionately one of the bands, leading to more pronounced two-band effects, such as Hc2(T)
positive curvature [98,112]. In STO, three bands become occupied for carrier densities above ~2 to
3 × 1019 cm-3 [5], however, a two-band model is expected to provide a good description because
the difference in energy between the lower two bands is between 3-5 meV, while that between the
middle and upper bands is about 12-30meV. As a result, inter-band scattering can be significant for
the lower two bands and therefore these two bands can be approximated as a single band, especially
when all three bands are occupied, as supported by theoretical modeling [8].
We note that earlier examples of out-of-plane critical fields exceeding the Pauli-limit can be
found in the STO literature [31,32]. These references show data where H c 2 is up to ~1.6 H p ,
although the effect was not noticed or discussed in those works. This suggests that this unusual and
interesting effect could be a general property of doped STO under the right experimental conditions,
although what these conditions are is at present not known.

Next we proceed to analyze the T-dependence of H c2 using the prediction of the Gurevich
two-band model, noting that for a thin film H c2 is effectively H c 2 of the bulk material. The
Gurevich model has been previously used to fit H c 2 (T ) data on two-band band superconductors
such as MgB2 and Fe-pnictides with good quantitative agreement [86,113]:

a0  ln t  U  h    ln t  U h    a1  ln t  U  h    a2  ln t  U h    0

Here,

(2)

U ( x)   (1/ 2  x)  (1/ 2) , where  is the di-gamma function. a0,1,2 are determined by

the band coupling constants ij as described in reference [84], h=D2eH/2𝜋ckBT (we use cgs units),
t= T/Tc, and η=D1/D2. Note that in the limit of 

 1 eqn. (2) reduces to the single band de Gennes-

67
Maki equation, ln t  U  h   0 . To determine a0,1,2 we use the coupling constants obtained
in [43], 11  22  0.14 and 12  21  0.02 , indicative of a dominant intra-band coupling.

Having thus fixed the ij using the values from Ref. [43], we are left with only two adjustable
parameters, D1 and D2. The slope of H c 2 vs. T near Tc is determined by the sum of D1 and D2.
Hence, by fixing this sum there remains only one free parameter for the rest of the data. Although
the Gurevich two-band orbital model does not account for paramagnetic and SOC effects, we find
a good agreement with our H c2 (T ) data (Figure 4.4). The best fit values of D1 and D2 are listed in
Table 1. Note that the ratio η=D1/D2 varies between ~0.02 and 0.3, indicating a large difference
between the diffusivities of the two bands, as well as variations between samples with different
carrier concentrations and thicknesses. We find that the sum of D1 and D2 is comparable to the
value of D extracted from the normal state properties. Taking the sample with 𝑛3𝐷 = 3.9 × 1019
cm-3 as example, we estimate the diffusion constant obtained from the normal state resistivity to be
D ≈ 2 cm2 /s. For comparison, the fits to the superconducting critical field data yield 𝐷1 + 𝐷2 ≈
3.06 cm2 /s, which is close to the value of D. As a broader point, we note that order of magnitude
discrepancies can be observed between the diffusivities obtained from normal state and
superconductivity measurements in doped STO [114], which could be due to different bands
playing a dominant role in the normal and superconducting states.

Importantly, the model clearly displays a non-negative curvature, in agreement with the data and
in contrast with the single-band WHH model. For completeness, we note that a positive curvature
of H c 2 (T ) has been attributed to melting of the vortex lattice in high-Tc cuprates and has also been
theoretically associated to paramagnetic impurities [115,116]. However, since STO is a low-Tc
superconductor, vortex fluctuations are negligible and so we can rule out the melting of a vortex
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lattice in our case. Moreover, the concentrations of Nd3+, x=0.1% to 0.3% are unlikely to be
sufficient to lead to any spin-spin correlations here.

We note that our data is not consistent with the other published set of estimates for ij [117],Figure
4.5. This provides experimental constraints on the values of these constants. Furthermore, the data
is inconsistent with dominant inter-band coupling, 1221  1122 , or 1221  1122 , suggesting
that intra-band coupling is dominant.

Figure 4.4 Out of plane upper critical field and fitting to single-band and two-band models. (a-d)
Out-of-plane upper critical field vs. temperature for four samples, with n  2.1, 3.6, 3.9 and 5.7
×1019 cm-3, respectively. Solid curves correspond to fits using single-band WHH, two-band model
with orbital effects only and two-band model with orbital, paramagnetic and SOC effects. Note the
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different temperature ranges in the four plots, due to the different T cs of the samples. For the two
samples in (c) and (d) the results of the Gurevich two-band model overlap with those of the twoband model with Pauli paramagnetic and SOC effects.

Table 1 Values of fit parameters for two band models discussed in the text.
19
−3
19
3
n  2.11019 cm3 n  3.9 1019 cm3 n  3.6 10 cm 5.7 × 10 𝑐𝑚

(60-nm doped

(230-nm doped

(60-nm doped

(220-nm doped

STO)

STO)

STO)

STO)

D=1.5 cm2/s

D=4.5 cm2/s

D=1.6 cm2/s

WHH model D=2.1 cm2/s
Two-band

D1=0.9 cm2/s

D1=0.06 cm2/s

D1=1.6 cm2/s

D1=0.16 cm2/s

(orbital)

D2=3.3 cm2/s

D2=3.0 cm2/s

D2=7.4 cm2/s

D2=3.1 cm2/s

model

d=28 nm

d=8 nm

d=22 nm

d=22 nm

Two-band

D1=0.90 cm2/s

D1=0.036 cm2/s

D1=1.6 cm2/s

D1=0.16 cm2/s

model w.

D2=3.3 cm2/s

D2=3.0 cm2/s

D2=7.4 cm2/s

D2=3.1 cm2/s

Pauli and

λso,1=2.0

λso,1=3.5

λso,1=2.5

λso,1=1.2

SOC effects

λso,2=5.5

λso,2=0.4

λso,2=5.5

λso,2=0.6

d=26 nm

d=8 nm

d=20 nm

d=17 nm
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Figure 4.5 Comparison of two-band model fits with different coupling constants from literature.
⊥
Out of plane critical field, 𝐻𝑐2
(𝑇) , for four samples, plotted as a function of temperature. The solid
curves correspond to fits to our two-band model which includes orbital, Pauli and SOC effects,
using estimated coupling constants from Bussmann-Holder et. al [117]: 𝜆11 = 0.3, 𝜆22 = 0.1 and
𝜆12 = 𝜆21 = 0.015 and from Fernandes et. al [43] . The figures shows clearly that values of
coupling constants from Ref. [117] do not produce a good fit, while those from Ref. [43] do. Our
data is thus able to constrain the values of these parameters.
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Figure 4.6 Two-band model fit with dominant inter-band coupling. Out of plane critical
⊥
field, 𝐻𝑐2
(𝑇) , plotted as a function of reduced temperature (t=T/Tc). The solid curves correspond
to best obtained fits to the orbital-only equation using 𝜆11 = 𝜆22 = 0.05 and 𝜆11 = 𝜆22 = 0.15,
corresponding to dominant inter-band coupling. The two fit lines (red and green) differ in the values
of the diffusivities, in an attempt to capture the low-t and high-t regimes as well as possible. In both
cases, a poor fit is obtained, suggesting that the data is inconsistent with dominant inter-band
coupling.

4.3.4

In-plane critical field and an extended two-band model

Having shown that the H c2 (T ) data reveals the presence of two-band superconductivity in our
samples, we now turn to a discussion of H c 2 (T ) ,Figure 4.7, which reveals additional physics. We
first proceed with an analysis based on the Gurevich two-band model for H c 2 (T ) . We use
h=1/6D2e2H2d2/hc2, consistent with Ref. [98] In Figure 4.7 we show the prediction of the model
for the entire temperature range using the parameter values obtained above for H c2 (T ) , with only
one adjustable parameter, d, the effective thickness. We find that the model describes the data well
near Tc, but substantially overestimates the low-T data for two of the four samples (best fit values
are shown in Table 1). We argue that the overestimation of the model stems from the ignoring
paramagnetic effects. Moreover, since experimentally Hc 2 (0)  H p for all four samples, SOC
effects must also be taken into account. This motivates the need for a more comprehensive two-
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band model, which includes orbital, paramagnetic and SOC effects, in order to account for the
totality of our observations. To our knowledge no such models have been developed.

Figure 4.7 In-plane critical field data and fits to two-band models. (a-d) In-plane upper critical field
vs. temperature for four samples, with n  2.1, 3.6, 3.9 and 5.7 ×1019 cm-3 respectively. Solid curves
correspond to fits using the two-band model with orbital effects only and the two-band model with
orbital, paramagnetic and SOC effects.

Here we propose an extension of the Gurevich two-band model, which includes all these
effects. The generalization of the single-band critical field equation to the case of two-band systems
is generally straightforward. In the limit of negligible inter-band scattering, the procedure entails
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solving two single band equations independently and casting these into a two by two matrix
equation. The diagonal matrix elements contain the intra-band coupling constants, while offdiagonal elements contain the inter-band coupling constants. This yields eqn. (2), with 𝑈(ℎ) and
𝑈(𝜂ℎ) replaced with the appropriate form for the single-band model. All the existing two-band
superconductor critical field equations can be understood in this fashion [84,98]. In the case of a
two-band superconductor in the dirty limit with orbital, paramagnetic, and SO effects, the relevant
single-band model is the WHH model, and hence extending the two-band model to include
paramagnetic and SO scattering effects involves replacing 𝑈(ℎ) and 𝑈(𝜂ℎ) in eqn. (2) with the
WHH expressions with 𝑈 ∗ (𝜂ℎ̅, 𝛼1 , 𝜆𝑠𝑜,1 ) and 𝑈 ∗ (ℎ̅, 𝛼2 , 𝜆𝑠𝑜,2 ), as defined bellow:
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characteristic spin-orbital coupling energy for each band normalized by the condensation energy,
and  i includes the paramagnetic (Zeeman) term. And we illustrate the details of the derivation of
the two-band model which incorporates all these three effects next.

Following Refs. [84,98], we write the equations for the two superconducting gaps for each
bands, 𝛥1 and 𝛥2 , in terms of the

l  U * function, which describes the dependence of the critical

field on the relevant parameters ( l  ln  2D /  T  , where  is the Euler constant and  D is the
Debye frequency). The first term in the coupled equations below represents the intra-band coupling
(parametrized by 𝜆11 and 𝜆22 for bands 1 and 2, respectively), and the second the inter-band
coupling (parametrized by 𝜆12 and 𝜆21). This approach is the same as in Refs. [84,98], but now
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U * is allowed to depend on the SOC parameters, so ,1 and so,2 , and also accounts for Pauli pairbreaking via the  parameter.

𝛥1 = 𝜆11 [𝑙 − 𝑈 ∗ (ℎ∗ , 𝛼, 𝜆𝑠𝑜,1 )]𝛥1 + 𝜆12 [𝑙 − 𝑈 ∗ (𝜂ℎ∗ , 𝜂𝛼, 𝜆𝑠𝑜,2 )]𝛥2
𝛥2 = 𝜆22 [𝑙 − 𝑈 ∗ (𝜂ℎ∗ , 𝜂𝛼, 𝜆𝑠𝑜,2 )]𝛥2 + 𝜆21 [𝑙 − 𝑈 ∗ (ℎ∗ , 𝛼, 𝜆𝑠𝑜,1 )]𝛥1

This can be written in a matrix form as:
𝛥
𝐴 ( 1) = 0
𝛥1
(𝑙 − 𝑈 ∗ (ℎ∗ , 𝛼, 𝜆𝑠𝑜,1 )) 𝜆11 − 1
With 𝐴 = (
(𝑙 − 𝑈 ∗ (ℎ∗ , 𝛼, 𝜆𝑠𝑜,1 )) 𝜆21

(𝑙 − 𝑈 ∗ (𝜂ℎ∗ , 𝜂𝛼, 𝜆𝑠𝑜,2 )) 𝜆12
(𝑙 − 𝑈 ∗ (𝜂ℎ∗ , 𝜂𝛼, 𝜆𝑠𝑜,2 )) 𝜆22 − 1

)

This equation has a non-trivial solution at H=Hc2, where the gaps vanish. As a result, to find the
expression for Hc2 we solve for det A=0, as in Refs. [84,98]. Solving the determinant equation
yields the following implicit algebraic equation for the critical h* and hence for critical field, Hc2:

𝑎0 (ln(𝑡) + 𝑈 ∗ (𝜂ℎ̅, 𝛼1 , 𝜆𝑠𝑜,1 ))(ln(𝑡) + 𝑈 ∗ (ℎ̅, 𝛼1 , 𝜆𝑠𝑜,1 )) + 𝑎1 (ln(𝑡) + 𝑈 ∗ (𝜂ℎ̅, 𝛼1 , 𝜆𝑠𝑜,1 ))
+ 𝑎2 (ln(𝑡) + 𝑈 ∗ (ℎ̅, 𝛼2 , 𝜆𝑠𝑜,2 ))
=0

(4)

Where,
𝑎0 =

2(𝜆11 𝜆22 −𝜆12 𝜆21 )
;
𝜆0

𝑎1 = 1 +

as determined in reference [84].

𝜆11 −𝜆22
;
𝜆0

𝑎2 = 1 +

𝜆22 −𝜆11
𝜆0

and 𝜆0 = √(𝜆22 − 𝜆11 )2 + 4𝜆12 𝜆21,
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For small applied fields,

B H
 k BTc

1
so ,i , where orbital effects are dominant, eq(4) reduces to the
2

orbital-only critical field model given by eqn. (2) [84], while in the absence of SOC ( so ,i  0 ),
this reduces
to the Gurevich model with paramagnetic effects [98], in the limit of vanishing inter-band
scattering.

To assess our extended model(eq(4)), we fit both the H c2 (T ) and H c 2 (T ) data using the
same literature values of the coupling constants a0,1,2 as used above for the orbital-only model (see
Figure 4.4 and Figure 4.7). There are five adjustable parameters: D1, D2, so ,1 , so ,2 and d.
However, physical insight about the role and type of SOC (detailed below) helps reduce their
effective number. Moreover, the fact that the parameters must satisfy both the H c2 (T ) and the
H c 2 (T ) data simultaneously places a further constraint on the model. To fit to both data sets we

use an iterative approach. We begin by obtaining an initial best fit to the H c2 (T ) data, which we
find to be relatively insensitive to the SOC strength, so that the fit is essentially based on only D1
and D2. The out of plane fit is not that sensitive to SOC compared to in-plane field, because for inplane field there is a wider parameter area over which the we observe exceeding of Pauli-limit.
Using these initial values for D1 and D2, we then fit to the H c 2 (T ) data by varying so ,1 , so ,2 and
d. We note that the H c 2 (T ) data is sensitive primarily to the value of d below H p , where SOC
effects are weak, and most sensitive to so ,1 and so ,2 above H p , where SOC and paramagnetic
effects play the biggest role. The iterative process is then repeated, using the values of so ,1 , so ,2
and d so obtained to yield a better fit to H c2 (T ) on the next iteration. We repeat the iterations until
the fits to both data sets converge and the parameters no longer change appreciably.
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To further constrain so ,1 and so ,2 and to shed light on the origin of the SOC, we consider two
commonly occurring SOC mechanisms: Elliot-Yafet (EY) and Dyakonov-Parel (DP). For EY, the
transport lifetime (  p ) is proportional to the spin lifetime,  so   p . The opposite is true for the
DP mechanism:  so  1/  p . Using vF2 2

so ,1 so ,2

10vF2 1 [3,95] and Di  vF2 ,i p ,i / 3 we find that

(1/ 10) D2 D1  1/ (10 ) for EY SOC and so ,1 so ,2  10 for DP SOC. This

allows the SOC to be described by only one parameter instead of two. To determine which type of
19
3
SOC is likely dominant, we perform the fits with each type on the n  3.9 10 cm sample.

Assuming that the DP mechanism dominates, we obtain a good fit to the data with D1 ~ 0.04 cm2/s,
D2 ~ 3 cm2/s, so ,1 ~ 2 and so ,2 ~ 20 . The value so ,2 ~ 20 corresponds to a spin-orbit energy
h / k B so ,2 ~ 120 K , which is rather large, suggesting that the DP mechanism is not the main source

of SOC. On the other hand, fitting under the assumption that EY dominates, we obtain D1 ~ 0.04
cm2/s, D2 ~ 3 cm2/s, so ,1 ~ 4 and so ,2 ~ 0.4 , with d ~ 8 nm. In this case, the maximum SOC
energy ( h / k B so ,1 ) corresponds to ~20K. The dominance of EY over DP is consistent with the
absence of inversion symmetry breaking in STO. The fit parameters for the remaining three samples
are shown in Table 1, for dominant EY SOC. Interestingly, the obtained SOC energies h /  so ,i of
up to ~ 2 meV are significantly larger than the condensation energy of ~30 µeV. We note that in
STO, a third type of SOC, intrinsic SOC, could also play a role [99], however there is currently
relatively little experimental understanding of the effects of this mechanism on superconductivity.
Another outcome of the fits is that the extracted film thicknesses (d) are in the 8 to 25 nm range
(Table 1), which is close to the values obtained from the Gurevich orbital-only model, but much
less than the nominal thickness of the NdxSr1-xTiO3 layer, which ranges between 60 and 230 nm.
This indicates that the samples behave effectively as two-dimensional superconductors, as
corroborated by the angular-dependence of H c 2 , described next. The extracted thickness of the
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superconducting layer does not necessarily correspond to the thickness in which mobile electrons
are present. Given the strong carrier density dependence of superconductivity in STO, if the density
varies somewhat across the film thickness, this can make a thin slice of the film dominate in the
superconducting measurements, even though most of the film may contribute to the normal state
transport. This can arise, e.g. due to surface charge depletion, a large effect in STO due to its
exceptionally large dielectric constant [118]. In addition, STO is well-known for its tetragonal
domain structure, which could also play a role [119,120].

4.3.5

Angular dependence of the critical field

We conclude our analysis with a discussion of the angular dependence of H c 2 , which is
typically used as test of the effective dimensionality of a superconductor. Figure 4.8 shows plots
of H c 2 vs. 𝜃, the angle between the applied field and the normal to the sample. To describe the
angular dependence of

h   

H c 2 between the out-of-plane and in-plane limits, we use

2
D2 
1
deH sin    . We find a good agreement of our model
 2eH cos   
2 ckBTc 
3 c


with data over a wide range of angles, with no fitting parameters, using the values extracted
previously from fitting H c2 (T ) and H c 2 (T ) . For comparison, we also fitted the data to the singleband 2D (Tinkham) and anisotropic 3D (Ginzburg-Landau) models, with two adjustable
parameters, H c2 and H c 2 . Although neither of these models takes paramagnetic or SOC effects
into account, the 2D Tinkham model is frequently used to fit angular dependent data for thin films,
even where the in-plane critical field is significantly larger than Hp, often with good agreement to
the data [108,121]. We find that the 2D Tinkham model yields a satisfactory fit, however the full
model including paramagnetic and SOC effects provides an overall better fit across the samples
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studied, despite having no free parameters vs. two for the Tinkham model. As seen in the insets of
Figure 4.8 the 3D anisotropic Ginzburg-Landau model produces a rounded peak, in clear deviation
from our data, confirming the 2D nature of the observed superconductivity. A possible reason for
the observed 2D behavior could be the onset of surface superconductivity, that is the presence of a
surface superconducting layer with critical field Hc3 ~1.7 Hc2, which can occur in samples with very
clean surfaces when a magnetic field is applied parallel to the surface [122]. Under this scenario,
the measured parallel critical fields would be H c 3 rather than H c 2 . However, since this effect is
unstable for perpendicular applied fields, it is unlikely to contribute to the observed H c2 (T)
behavior. STO-vacuum surfaces have also been shown to host a natural two dimensional electron
gas localized to within a few unit cells of the surface in cleaved samples [123,124], presumably
due to oxygen vacancies [123,125]. This mechanism is also unlikely to play a role in our samples,
which were grown in an oxygen-rich environment and are insulating when not doped with Nd.
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Figure 4.8 Angular dependence of the critical field and model fits. (a-c) Upper critical field as a
function of angle measured from the normal to the sample plane for three samples, with n  3.9,
5.7 and 3.6 ×1019 cm-3 respectively, at temperatures ~108 mK, 60 mK and 100 mK, respectively.
Insets show zoom-in around 900 (field nearly aligned to sample plane). The different curves
correspond to fits using the two-band model with orbital, paramagnetic and SOC effects, the 2D
Tinkham model and the anisotropic Ginzburg-Landau model.

4.4 Conclusions
In conclusion, we showed that the temperature-dependence of the upper critical field can be a
powerful and sensitive approach for investigating the interplay between two-band
superconductivity and spin-orbit coupling in the dirty limit. In particular, we proposed a method
for analyzing this temperature-dependence when orbital pair-breaking effects coexist with
paramagnetic and spin-orbital effects. We found a very good agreement between our model and
our data on Nd-doped SrTiO3 thin films, which suggests that this model could be used successfully
for other materials systems in which these mechanisms are at play, including STO thin films with
various dopants, STO-based interfaces and others. Interestingly, we find that under the right
circumstances the zero-temperature critical field of such systems can exceed the Pauli limit even
for magnetic fields applied perpendicular to the film plane, as confirmed experimentally.
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5 Comparative study of multi-band superconductivity in SrTiO3
with magnetic and non-magnetic impurity doping
5.1 Introduction
Interplay of impurity scattering and superconductivity is a long-standing topic of research.
Magnetic impurity scattering is expected to have a detrimental effect on superconductivity, as first
shown in the seminal work by Abrkosov and Gorkov. On the other hand, in conventional single
band superconductors with s-wave symmetry, non-magnetic impurity scattering is not expected to
influence the critical temperature, as per Anderson’s theorem. However, in multi-band
superconductors, both non-magnetic and magnetic impurity scattering can have a detrimental effect
on superconductivity [44,45] . As discussed in the introduction to this thesis, investigating the
effects of magnetic and non-magnetic impurity scattering provides important insights on the nature
of multi-band superconductivity [44]. The s+ state (where the superconducting gaps in each band
have the same sign) is only affected by inter and intra-band magnetic impurity scattering [44,45].
On the other hand, the s- state (where the superconducting gaps from different bands have opposite
signs) is only affected by intra-band magnetic and inter-band non-magnetic impurity
scattering [44,45].

Here we carry out a comparative study of the effects of magnetic and non-magnetic doping on
multi-band superconductivity in STO. Magnetic doping is accomplished by Nd doping, Nd xSr1xTiO3,

and non-magnetic is achieved by La substitution, LaxSr1-xTiO3. Nd has an electronic

configuration of [Xe]4f46s2, hence substitution of Nd for Sr results in Nd3+ which has an electronic
configuration of [Xe]4f16s2. As a result, Nd3+ has an uncompensated spin and makes it a spin-full
impurity. In contrast, La3+ has an electronic configuration of [Xe] and hence has no net spin
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moment. We compare the superconducting properties of NdxSr1-xTiO3 and LaxSr1-xTiO3 with
carrier densities spanning from 2 × 1019 − 1.4 × 1019 cm-3 and identical thickness of 60nm. This
range of densities is chosen to cross the second Lifshitz transition. We observe evidence for multiband superconductivity in both sets of samples from analyzing out-of-plane critical field
measurements. In the lower half of the concertation range mentioned above we find that Nd xSr1xTiO3

has a higher critical temperature than LaxSr1-xTiO3, despite Nd doped samples having

magnetic impurities. On the other hand, at higher carrier densities LaxSr1-xTiO3 has a higher critical
temperature. We argue that this non-trivial result is a consequence of the presence of strong spinorbital coupling in NdxSr1-xTiO3. The presence of strong spin-orbital coupling in NdxSr1-xTiO3 is
confirmed by in-plane critical field measurements.

5.2 Methods
The samples are grown by hybrid molecular beam epitaxy, as was described in Chapter 2. The
samples are grown on commercially obtained STO substrates, from Crystech GmbH, Germany. A
35nm STO buffer layer is deposited first, and then 60nm thick active layers of Nd or La doped STO
are deposited.

The low temperature transport measurements are carried out in a dilution fridge described in
Chapter 2. The samples are contacted by wire bonding with aluminum wires in a Van der Pauw
configuration. Transport measurements are carried out using a custom-made IVVI system which is
also described in greater detail in Ch-2. We performed quasi-DC measurements at 13Hz, by
integrating a lock in amplifier, SR830, with the IVVI system. We used an AC bias ranging from
20nA – 200nA.
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5.3 Results
5.3.1

Superconducting Transitions

Figure 5.1 shows sheet resistance as a function of temperature, showing superconducting transition
for various Nd and La doped STO samples with different electron densities. All the samples have
the same structure and same active layer thickness of 60nm. We studied Nd doped samples with
concentrations ranging from 2.12 − 10.5 × 1019 cm−3, while La doped samples with
concentrations ranging from 2.0 − 14.0 × 1019 cm−3. We observe that Nd doped samples have
overall higher normal state resistance.

In Figure 5.2 is plotted the critical temperature as a function of carrier density for both sets of
samples. The critical temperature is defined as the temperature at which the resistance is lowered
to half of its normal state value (0.5Rn). We observe a superconducting dome for Nd doped
samples, with optimal carrier concertation between 5.9 − 6.7 × 1019 cm−3 and maximum Tc ~0.24
K. For La doped samples we do not observe a clear dome behavior, up to the maximum carrier
density we measured. The critical temperature monotonically rises with increasing carrier density.
However, the rate of change of Tc with carrier density is significantly reduced at higher carrier
density, indicating the approaching of the optimal concentration. This result suggests that by further
increasing carrier density beyond our maximum density the critical temperature will start to
eventually decrease. Furthermore, these results suggest that the superconducting dome of Nd doped
samples is shifted to lower densities relative to La doped samples. The highest T c observed in La
doped samples is 0.236K, which is close to the highest Tc observed for Nd doped samples at optimal
doping.
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Figure 5.1 Resistive superconducting transition for Nd and La doped STO samples. Sheet resistance
(Rs) as a function of temperature (T) for a series of 60nm thick (a) Nd doped and (b) La doped STO
samples with different carrier densities, showing the superconducting transition.
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Figure 5.2 Critical temperature (Tc) as a function of carrier density (n) for Nd doped and La doped
STO samples. The dashed lines are guide to the eye and the vertical dotted line labeled nc2 marks
the critical density for second Lifshitz transition.

For both sets of samples the density regime for highest rate of increase of the critical temperature
as function of carrier density coincides with that of the density regime for second Lifshitz transition
(𝑛𝑐2 ≅ 2.5 × 1019 cm-3 ) [126] . This corresponds to the critical density for the occupation of the
upper-most band. This is consistent with the sudden enhancement of the density of states due to the
population of the upper-most band. Furthermore this transition is concomitant with a sudden
decrease in normal state resistance upon crossing nc2, as can be seen from Figure 5.1 . It has been
shown, by theoretical calculation, that the sudden decrease in normal state resistance across n c2, is
consistent with dominant intra-band scattering compared to inter-band scattering [127]. This is in
turn consistent with a larger energy gap between the upper band and the lower two bands (which
have a much smaller energy difference between them), as shown in Figure 1.3.
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5.3.2

Out of Plane Critical Field

Figure 5.3 shows an example of resistance as a function of temperature for various out-of-plane
applied magnetic fields, which we measured for all samples. The data shown here are for a Nd
doped sample with carrier density 𝑛 = 3.6 × 1019 cm−3 .

Figure 5.3 Resistance as a function of temperature curves for different out of plane applied magnetic
fields for a sample with 𝑛 = 3.6 × 1019 𝑐𝑚−3. The black horizontal dotted line demarcates the
0.5Rn position for determination of the critical temperature.

We determined the critical temperature at various applied magnetic fields, using the 0.5Rn criterion
(the black dotted line in Figure 5.3). Figure 5.4 shows the out of plane critical fields normalized by
their zero temperature value as function of reduced temperature: (𝐻𝑐2 (𝑇)⁄𝐻𝑐2 (0) Vs 𝑇⁄𝑇𝑐 ) for
four Nd and four La doped samples. 𝐻𝑐2 (0) is determined is by fitting raw Hc2(T) data to twoband model, as discussed next.

As discussed in depth in Chapter 4, two band critical field models are extensions of single band
models. The important parameter which determines the qualitative and quantitative behavior of
multi-band critical fields is the ratio of the diffusion constants of the two bands 𝜂 = 𝐷2⁄𝐷1 . In
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Figure 5.5 is shown theoretical predictions 𝐻𝑐2 (𝑇)⁄𝐻𝑐2 (0) Vs 𝑇⁄𝑇𝑐 for multi-band model (eq 2,
in Chapter 4), for different 𝜂 values. As is also emphasized in chapter-4, the curves obtain less
negative curvature with 𝜂 decreasing from 1. For 𝜂 ≪ 1 they acquire pronounced positive
curvature near T/Tc=1. The positive curvature is more pronounced for smaller and smaller 𝜂. We
note that for 𝜂 = 1 , the two band reduces to that of the single-band WHH model curve. Hence
single band critical field models are the two-band critical models in the limit of 𝜂 → 1. We fit our
data to the more general, two-band model, and we use 𝐻𝑐2 (0) extrapolated from these fits to
normalize our data. We obtain 𝜂 ≪ 1 for all the samples we measured, both Nd and La doped
Figure 5.4 (a) & (b). This says that both sets of samples exhibit multi-band superconductivity.
Having established the presence of multi-band superconductivity, from out-of-plane critical field
analysis we turn to discussion of our in-plane field data.
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Figure 5.4 Critical field normalized by its zero-temperature value plotted as a function of reduced
temperature. (a) for Nd doped samples and (b) La doped samples. Solid lines on each graph
correspond to theoretical curves for two band model with η=0.2 and η=1. Note η=1 curve is
identical to single band WHH curve.
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Figure 5.5 Theoretical predictions of critical field as a function of temperature for two band SC
with varying ratio of diffusion constants.

5.3.3

In Plane Critical Field

Plotted in Figure 5.6 is in-plane critical field normalized by the BCS Pauli-limit(Bp) as function
of reduced temperature, for three Nd-doped and one La-doped sample. The Pauli-limit is
determined by Bp=1.84Tc (T/K). A critical field exceeding this limit indicates the presence of
spin-orbital coupling and the larger the spin-orbital coupling, the more the in-plane field can
exceed this limit. We observe that for Nd doped samples the in-plane critical field substantially
exceeds the Pauli-limit. This evidences the presence of strong spin-orbital coupling Nd doped
samples, as shown in Figure 5.6. In contrast, for a La doped sample the in-plane field does not
exceed that Pauli-limit, suggesting the absence of strong spin-orbital coupling.
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Figure 5.6 In plane critical field normalized by the Pauli-limit field as function reduced temperature
for Nd and La doped STO samples

5.4 Discussion
For the doping range of the comparative study, the fraction concertation of Nd ranges from x=
0.0015 – 0.0074 while for La its spans a comparable range of x= 0.0014 – 0.0098. At first glance
it would seem that the concentrations of spin-impurities are too small to give rise to magnetic pair
breaking effects. In quite general terms, the presence of spin-impurities can affect
superconductivity in two ways. One is through the magnetic field generated by the spin-impurities,
which can act like external magnetic field. However, because of the diluteness of the impurities,
the average magnetic field generated by dilute impurities is too small have any effect. The second
and more important way the impurities can affect the superconducting state is through their action
on the spin-degree of freedom of the Cooper pairs, through the exchange interaction. From the
seminal work by Abrkosov and Gorkov the strength of such effect is characterized by the following
parameter 𝛼 = 𝑥𝐽2 /𝐸𝐹 , where x is the fractional concertation of spin-impurities as defined above.
J is the exchange coupling energy averaged over atomic volume and EF is the Fermi-energy.
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Here at first glance it seems this effect could be also too small as it is proportional to x. However,
we note for a multi-bund superconductor, MgB2, with Mn substitution, MnxMg1-xB2, significant
suppression of Tc is observed for x ≅ 0.005. [128] Mn is in its Mn2+ state in MnxMg1-xB2 and hence
carries a net spin-moment. Furthermore, in our samples EF is very small. From the expression of 𝛼
above, we see that a smaller Femi-energy results in a larger suppression of Tc. This can be
understood as the smaller Fermi-energy meaning a smaller density of states, and hence larger Pauliparamagnetic susceptibility. This implies a larger effect of the exchange field on the spin-degree of
freedom.

Given that the spin-full dopants in our Nd doped samples are also the source of the carriers, we
have 𝑥 ∝ 𝑛 and 𝐸𝐹 ∝ 𝑛2/3. Assuming J does not show a strong dependence on carrier density, we
find that 𝛼 ∝ 𝑛1/3 . Therefore we expect the magnetic pair breaking due to spin-flip scattering to
increase with carrier density and be diminished at very low densities. At first glance this prediction
seems to be consistent with the behavior we observed at 𝑛 > 8 × 1019cm-3 in Figure 5.2, where
magnetically doped NdxSr1-xTiO3 have smaller Tc than those of non-magnetically doped LaxSr1xTiO3

samples. However, it is not consistent with that of 𝑛 < 8 × 1019cm-3 – as the magnetic

impurity scattering should still give a smaller Tc regardless of the density of impurities.

This puzzle can be illuminated if we consider of effect of SOC. In the presence of SOC spin is no
longer a good quantum number and Pauli-paramagnetic susceptibility is suppressed. As a result, in
the presence of spin-orbital coupling the effects of dilute magnetic impurities on superconductivity
will be suppressed. As we discussed in the previous sub-section, Nd doped samples have strong
spin-orbital coupling.
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5.5 Absence of superconductivity at low densities
As discussed in the introduction to this thesis, one of the most interesting aspects of
superconductivity in STO is its ability to superconduct at extremely low densities, reaching down
to few 1017 cm-3. Despite the immense experimental and theoretical interest in the subject,
investigations of superconductivity at these extremely low densities are only carried out on oxygen
vacancy doped STO. One of the main reasons is the difficulty to substitutional dope at this very
low densities. Here we measured 3 Nd doped samples, grown by hybrid molecular beam epitaxy,
at this low density regimes (𝑛 = 6.7 × 1017 − 2.8 × 1018 cm−3 ). These samples have very high
mobility, in excess of 40000 cm2/Vs, indicating the very high cleanliness of the samples. The lowest
doped samples with carrier density of 𝑛 = 3.4 × 1017 cm-3 and thickness of 1060 nm has a low
temperature mobility of 42,120 cm2/Vs [127]. This is larger than the highest mobility achieved in
single crystal films doped with oxygen vacancies. In Figure 5.7 we show our observation of
Shubinkov de Hass oscillations in a sample with carrier density of 𝑛 = 1.4 × 1018 cm-3 and
thickness of 638nm at 100mK. Our observation of Shubinkov de Hass oscillations indicates the
presence of a well-defined Fermi-surface and is consistent with cleanliness of the sample.

Contrary to reports in literature, we did not observe superconductivity down to the mixing chamber
temperature of 30mK in these very clean samples, as shown in Figure 5.8. We believe that our
observation of the absence of superconductivity in these density regimes suggests the importance
of the nature of impurities or defects in driving superconducting instability in these dilute regimes.
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Figure 5.7 Magnetoresistance oscillations. Figure showing longitudinal resistance as function of
magnetic field for Nd doped sample with carrier density n= 1.4 × 1018cm-3 and thickness of
638nm.

Figure 5.8 Compilation of critical temperature as a function of carrier density obtained from
literature and that from this study. Schooley et. al data is obtained from [27] while that of Lin et. al
is obtained from [5] . The vertical dashed lines labeled nc1 and nc2 correspond to the critical carrier
concentrations for occupation of the second and third conduction bands, as reported in [5].
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5.6 Conclusion
We carried out a comparative study of superconductivity in magnetically and non-magnetically
doped STO thin films. From an analysis of out-of-plane critical field dependence on temperature
we established the importance of multi-band superconductivity for both sets of samples. We found
that, surprisingly, for a substantial concertation range magnetically doped samples have a critical
temperature higher than non-magnetically doped samples. From analysis of in-plane field
dependence we find that Nd doped samples have strong spin-orbital coupling, as evidenced by the
in-plane critical field substantially exceeding the Pauli limit. On the other hand, for La doped
samples the in-plane critical field does not break the Pauli-limit. We argue that due to the presence
of strong spin-orbital coupling, the effects of magnetic impurity scattering on superconductivity is
suppressed in Nd doped samples. As a result, we suggest future theoretical work on the effects of
magnetic impurity scattering in multi-band superconductors to incorporate the effects of spinorbital coupling. Furthermore, we studied extremely low density Nd samples with density range
(𝑛 = 6.7 × 1017 − 2.8 × 1018 cm−3 ), and we did not observe superconductivity, contrary to what
has been reported in oxygen vacancy doped STO.
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6 Conclusion and Outlook
In this thesis, using millikelvin temperature transport measurements, we investigated magnetism
and superconductivity in STO based hetrostructure and thin films, grown by hybrid molecular beam
epitaxy.

In Chapter 3, using milli-Kelvin magneto-transport measurements, we showed ferromagnetic
ordering and spin-dependent transport is possible in at NTO/STO interfaces. We showed
ferromagnetic order arises in a Mott antiferromagnetic insulator and band insulator interface. We
observed a very large negative magneto-resistance, reaching in excess of −90%. We proposed a
magneto-transport model based on spin-dependent localization and found excellent quantitative
agreement with our data. From our analysis we find that electrons have to pay two “types” of
energies to hop from one site to another. One is the usual electrostatic energy originating from the
electrostatically disordered landscape. The second is coming from the exchange energy which is
dependent on the spin-orientations of the hopping electrons. This later energy cost is the important
one for magneto-resistance behavior that we observed. Without external magnetic fields, superparamagnetic islands in the sample assume random orientations and hence the magnetic energy
cost for transport is the highest. But with application of external magnetic field, the magnetizations
of the islands start to orient in the same direction and the spin-dependent energy cost is reduced.
At small fields, this results in exponential suppression of resistance with increasing magnetic field.
At larger fields, all the superparamagnetic islands align with each other and the dependence of
magneto-resistance on magnetic fields becomes weaker and starts to saturate.
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We found that growing STO on a thinner thickness NTO resulted in the highest negative
magnetoresistance and showed evidence for magnetic localizations. We attributed this, based on
STEM-EELS and EDX mapping data, to the interfacial roughness of such interfaces. On the other
hand, for interfaces where NTO is grown on STO, the interfaces are sharper and we observed a
metallic behavior and did not observe larger negative magneto-resistance. These results provide a
window of opportunity for disorder engineering to create magnetic ordering at oxide interfaces.
This in turn lends itself for potential venues for oxide interface-based spintronics.

Furthermore, we found that signals with extrinsic magneto-thermal origin can result in hysteretic
magneto-resistance curves which can be mistakenly attributed to ferromagnetic ordering intrinsic
to the samples. We showed by careful control experiments and time dependent magneto-resistance
measurements that extrinsic magneto-thermal heating originating from extrinsic sources can result
in hysteric magneto-resistance features which have a sensitive time dependence. We highlighted
that similar signals, as ones attributed here to extrinsic sources, have been attributed to intrinsic
magnetism previously in literature and emphasized the importance of time dependent magnetoresistance measurements.

In Chapter 4 we investigated the interplay of multi-band superconductivity and spin-orbital
coupling in Nd doped SrTiO3 using critical magnetic fields measurements in milkelvin
temperatures. We showed strong evidence for multi-band superconductivity from analysis of the
temperature dependence of the critical field. We find our data is inconsistent with single band WHH
model and well described by multi-band models. For samples which have substantial difference
between the diffusion constants for the two bands, we find that the out of plane upper critical field
can exceed the Pauli-paramagnetic limit. We interpreted this as due to the enhancement of the upper
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critical field due to multi-band superconductivity. For multi-band superconductors with a large
difference in the diffusion constants between the two bands, the zero-temperature limit critical field,
Hc2(0), is determined by the band with smaller diffusion constant and scales like the inverse of this
diffusion constant, D-1. This lends a potential venue for engineering high magnetic field
superconductors for technological applications.

While our observation of out-plane critical field exceeding the Pauli-paramagnetic limit
necessitates considerations of Pauli pair breaking and spin-orbital coupling effects, we find an even
stronger case for such considerations from our examination of the in-plane field dependence. We
find that the in-plane critical fields exceed the Pauli-limit substantially above the out of plane
critical fields and we observed this for all the samples we studied in that chapter. As a result, twoband critical field models, which only takes into account effects of orbital pair breaking, failed to
describe to our data. Motivated by this we proposed a multi-band critical field model, which takes
orbital pair breaking, Pauli pair breaking and spin-orbital coupling in account, and we find excellent
agreement with our data. These original model is general, in that it can be applied to other dirty
multi-band superconducting systems which have strong spin-coupling effects.

In Chapter 5 we carried out a comparative study of effects of magnetic and non-magnetic
doping on multi-band superconductivity in SrTiO3. Magnetic doping is achieved by Nd substitution
for Sr: NdxSr1-xTiO3. While nonmagnetic doping is achieved by La substitution: LaxSr1-xTiO3. We
find magnetically doped samples show a higher critical temperature at lower concentrations range
than non-magnetically doped samples. On the other hand, at higher densities the non-magnetically
doped samples have higher critical temperature.

We confirm the multi-band nature of

superconductivity through analysis of out of plane critical fields. In-plane critical field
measurements confirm the presence of strong spin-orbital coupling in the magnetically doped
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NdxSr1-xTiO3 samples, as evidenced by the in-plane critical fields substantially exceeding the BCS
Pauli-limit. We argue that, the reason, at lower densities, NdxSr1-xTiO3 samples have a higher
critical temperature than LaxSr1-xTiO3, despite being magnetically doped, is because of the
suppression of effects of magnetic impurity scattering by spin-orbital coupling in NdxSr1-xTiO3.

One avenue of interesting research is the investigation of the effect spin-orbital coupling on the
superconducting instability. Cancelation of effects of magnetic excitation by spin-orbital coupling
is not expected to enhance the critical temperature to larger than when there are no magnetic
excitations. Our observation of larger critical temperature for NdxSr1-xTiO3 at lower densities seems
to suggest spin-orbital coupling might not be just playing the part of canceling effects of magnetic
impurity scattering. It seems to suggest it might also be playing a role of enhancing the critical
temperature. We add that in LAO/STO interfaces it is been suggested that spin-orbital coupling
plays a role in the superconducting instability [129]. Furthermore, as noted in Chapter 4, the spinorbital energy in NdxSr1-xTiO3 samples can be substantially larger than the condensation energy.
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8 Appendix-A
Bellow we provide additional data for the four samples we discussed in chapter 4 and discus
about additional measurement details.

8.1 Additional discussion of the R vs. T data for NdxSr1-xTiO3 samples
In Figure 8.1 is show the normal state resistances as function of temperature for the four samples
discussed in Chapter 4. The results are shown for two Van der Pauw configurations for each
samples.

Figure 8.1 Normal state resistance as a function of temperature (plotted on a quadratic scale) in the
van der Pauw geometry for each sample chapter 4. Shown are the results for the two possible ways
to measure the resistance, differing by a 90-degree rotation of the current and voltage leads (see
Figure 7.3) We refer to these two measurement configurations as vdP0 and vdP90, respectively.
The solid lines correspond to fits using R=R0 + AT2, showing the lower T and higher T quadratic
behaviors. Insets: the data zoomed in at lower T.
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In Figure 8.2 is shows the resistances as function of temperature near the superconducting transition
temperature for different out of plane applied fields, for a sample with n = 3.9 × 1019 cm-3,
discussed in Chapter 4. The results are shown for two Van der Pauw configurations.

Figure 8.2 Resistance as function of temperature near the superconducting transition for different
out-of-plane applied magnetic fields for the sample with 𝑛 = 3.9 × 1019 cm-3 for the two possible
van der Pauw configurations, (a) vdP0 and (b) vdP90. The data shown in chapter 4 is vdP0. The
peak near the superconducting transition measured as vdP90 is typical of all superconducting
samples we measured and is analyzed in Section V, below. (The step-like behavior seen where the
resistance varies slowly with temperature is due to discretization by the digital lock-in amplifier.)
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8.2

R vs. T curve analysis
The upturn in R near the superconducting transition visible in Figure 8.2 at finite B is most

likely due to spatial variations in resistivity across the sample, which are common for SrTiO3-based
heterostructures and other complex materials [120,130–132]. This type of transport feature has
been observed in other superconductors and, excluding an exotic origin, can be analyzed within a
simple resistor network model [133], as illustrated schematically below (Figure 8.3).

Figure 8.3 Current redistribution model. Schematics showing (a) a rectangular sample, (b) the
sample being modeled as a four-resistor network, (c) one of the four-terminal van der Pauw
measurement configurations (vdP0) and (d) the other configuration (vdP90), with current and
voltage leads rotated by 90 degrees with respect to vdP0.

The voltage drops for a given applied current (I) for vdP0 and vdP90 respectively are:

𝑉𝑣𝑑𝑃0 =

𝑅1 𝑅3
𝐼
(𝑅1 +𝑅2 +𝑅3 +𝑅4 )

(1)
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𝑅2 𝑅4
𝐼
+𝑅
1
2 +𝑅3 +𝑅4 )

𝑉𝑣𝑑𝑃90 = (𝑅

(2)

The respective resistances are defined as 𝑅𝑣𝑑𝑃0 = 𝑉𝑣𝑑𝑃0 ⁄𝐼, 𝑅𝑣𝑑𝑃90 = 𝑉𝑣𝑑𝑃90 ⁄𝐼 and 𝑅𝐻𝑎𝑙𝑙 =
𝑉𝐻𝑎𝑙𝑙 ⁄𝐼 = 𝑅𝑣𝑑𝑃0 − 𝑅𝑣𝑑𝑃90. If there is a difference in transition temperatures between R1, R2, R3
and R4, this leads to an upturn in the measured values of RvdP0 (T) and RvdP90(T) near the
superconducting transition [133]. For instance, if the critical temperatures of R2 and R4 are smaller
than those of R1 and R3 an upturn is expected for the measured RvdP90 from eqn. (2) above, while
no upturn is expected for RvdP0 according to eqn. (1). This is because R1 and R3 appear in the
denominator of eq (2) but not on the numerator. This is consistent with our observation of an upturn
along one measurement configuration and not the other.

To get a further qualitative and semi-quantitative insight, we make simplifying assumptions of
R2=R4 and R1=R3, obtaining:

𝑅𝑣𝑑𝑃0 =

𝑅12
2(𝑅1 +𝑅2 )

𝑅22
1 +𝑅2 )

𝑅𝑣𝑑𝑃90 = 2(𝑅

(3)

(4)

To illustrate this effect, in Figure 8.4 we calculate examples of RvdP0(T) and RvdP90(T) starting
with generated R1(T) and R2(T) curves satisfying T(0.5*R2 normal state) < T(0.5*R1 normal state) for B>0,
and using equations (3) and (4) to compute RvdP0 and RvdP90 from these curves. Note that the
obtained curves match qualitatively very well with the experimental features from Figure 8.2 (a)
and (b). We should add that experimentally, the upturn is always observed in the vdP configuration
with the smaller normal-state resistance. In the context of the above resistor-model analysis, this is
consistent with the fact that for a typical superconductor in the dirty limit the critical field scales
with the normal state resistance (Hc ∝ Rnormal state) [134]. In other words, Tc(R2) ~ Tc(R1) (defined as
half of the normal state resistance at B=0), that is T(0.5*R2 normal state) ~ Tc(0.5*R1 normal state) at B=0.
Upon application of finite B, T(0.5*R2 normal state) becomes less than T(0.5*R1 normal state) because Hc
of R2 is less than the Hc of R1 since R2 normal state< R1 normal state.
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Figure 8.4 Current redistribution model and R vs. T curves. Generated R vs. T curves for (a) R1
=R3 and (b) R2=R4 at different magnetic fields. The effect of an applied B field is included as a shift
in the curves to lower Tc as B increases, such that the Hc2(T) for R1 and R2 follow a WHH curve.
(c) RvdP0 vs. T curves at different magnetic fields, computed from R1 and R2 from (a) and (b) using
eqn. (3). (d) RvdP90 vs. T curves at different magnetic fields, computed from R1 and R3 from (a) and
(b) using eqn. (4).
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8.3 Discussion of Hc2(T) analysis
Next we consider whether the observed differences between RvdP0(T) and RvdP90(T) have a
bearing on the interpretation of Hc2(T) discussed in the main text. In particular, we assess whether
the non-negative Hc2(T) curvature discussed in the main text and expected for a multi-band
superconductor could arise adventitiously if the observed superconductivity were actually singleband and hence described by the WHH formalism. As shown in Figure 8.5, the answer to this
question is negative: if the system were described by the single-band WHH model, which has
negative Hc2(T) curvature, then the measured Hc2(T) for both vdP0 and vdP90 would also show
negative curvature and be well-described by the WHH model, in contradiction to our observation.
This demonstrates that the observed non-negative curvature is a real feature of the
superconductivity in our samples. It also shows that different Hc2(T) curves are expected along
vdP0 and vdP90, each of which is indicative of the actual physical properties of the sample, but
under different measurement conditions.

Figure 8.5 Synthetic critical field as a function of temperature curves. Critical field as a function of
temperature corresponding to the synthetic R1(T,H), R2(T,H), Ra(T,H) and Rb(T,H) curves shown
in Figure 7.4. For R1 and R2, the Hc2(T) data points were picked to follow the WHH model, in order
to mimic a single- band superconductor. In contrast, for Ra and Rb, the Hc2(T) data points were
computed from the Ra(T,H) and Rb(T,H) curves, which were in turn obtained from R1(T,H) and
R2(T,H) using eqns. (3) and (4). We note that these Hc2a(T) and Hc2b(T) data points also show a
negative curvature, which fits well to the WHH model (solid curves). This indicates that the
experimental non-negative curvature cannot be adventitious, and represents the underlying physics
of the sample.
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8.4 Critical field as function temperature for a Van der Pauw channel with smaller
Rn
Figure 8.6 shows out of plane and in-plane critical fields as function of temperature measured
along vdP90, for a sample with n = 3.9 × 1019 cm-3.

Figure 8.6 Out-of-plane and in-plane critical fields as a function of temperature for the sample with
= 3.9 × 1019 cm-3 measured on vdP90 (data are from a separate cooldown from that in which the
data in the chapter 4 was taken). In this cooldown, it was not possible to reach temperatures below
⊥
~100 mK. (a) Out-of-plane critical field, 𝐻𝑐2
(𝑇), showing non-negative curvature. (b) In-plane
∥
critical field, 𝐻𝑐2 (𝑇), exceeding Pauli limit. The critical fields are determined by using the
0.5Rnormal state criterion, where Rnormal state is the resistance before the onset of the peak. Note that the
critical fields measured along vdP90 are about four times smaller than along vdp0 (Figures 4.4(a)
and 4.6(a) in Chapter 4), consistent to the four times lower normal state resistance along vdp90 and
the proportionality Hc ∝ Rnormal state [134]

