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Abstract

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 multi-band
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.

Keywords: superconductivity, complex oxides, thin-film oxides
Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction electrons from multiple bands, leading to multiple, interacting
superconducting condensates. The coherent interactions
In the conventional picture of superconductivity electrons between the condensates in multi-band superconductors are
that form the Cooper pairs originate from a single band. predicted to give rise to unique effects, such as vortices
However, in certain materials superconductivity involves with fractional flux [1], time-reversal breaking solitons [2],
and enhanced upper critical fields (H;) [3]. Experimen-
tal evidence for multi-band superconductivity has been
3 Author to whom any correspondence should be addressed. reported in several materials, including Mng, [4] iron-based

1361-648X/20/38LT02+9$33.00 1 © 2020 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-648X/ab940c
https://orcid.org/0000-0003-1784-6347
mailto:vpribiag@umn.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ab940c&domain=pdf&date_stamp=2020-6-19
https://doi.org/10.1088/1361-648X/ab940c

J. Phys.: Condens. Matter 32 (2020) 38LT02

P Letters

superconductors [5, 6], the heavy-fermion superconductor
PrOs;Sby, [7], and NbSe, [8]. The majority of these are
bulk, three-dimensional superconductors. Here we report
on the interplay between multi-band superconductivity and
spin-orbital (SO) scattering in thin films of doped SrTiOs,
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 [9].

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 ty, orbitals originating from tita-
nium d bands. The degeneracies of the three t, orbitals are
lifted by SO coupling and by the crystal field, in the low tem-
perature tetragonal phase [10]. As a result, a natural question
is whether superconductivity in STO can also involve multi-
ple bands. The earliest report of possible two-band supercon-
ductivity in STO comes from a double-peak feature observed
in tunneling spectroscopy on Nb-doped STO above a certain
carrier concentration [11], which could indicate two supercon-
ducting gaps. Other work has shown that the transition temper-
ature (7.) peaks near Lifshitz transitions between STO bands
[12], which could indicate that multiple bands are involved in
STO superconductivity. On the other hand, more recent tun-
neling 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, con-
sistent with single-band superconductivity [13]. In addition,
microwave radiation experiments on bulk Nb-doped STO have
been found to be consistent with single-gap superconductivity
[14]. Similarly, in superconducting LaAlO3/SrTiOj5 interfaces,
weakening of superfluid stiffness near 7' at large charge densi-
ties has been attributed to the onset of multi-band superconduc-
tivity [15], yet SQUID measurements of the superfluid density
vs temperature have also observed results consistent with only
a single-band BCS picture [16]. One possible reason for these
discrepancies is different degrees of interband-coupling in dif-
ferent samples or gap homogenization due to defect scattering
[14], which can affect the visibility of the multi-band character.
Here we investigate multi-band superconductivity in thin films
of doped STO using the temperature-dependence of the upper
critical field (H,). This approach is well-suited precisely for
the dirty limit, where disorder may limit the sensitivity of other
experimental probes [17].

Multi-band superconductivity can result in marked differ-
ences in the temperature dependence of H., vs the single-
band case, as well as in an overall enhancement of H.,(T),
as observed for example in Fe-based superconductors [5] and
MgB, [3, 18, 19]. However, previous theoretical work on
multi-band superconductivity has so far not considered the
combined effects on H»(T) of orbital depairing, paramagnetic
depairing and SO scattering [3, 17, 20]. We propose an exten-
sion of existing two-band superconductivity models to include
all these effects. As described below, we find very good quanti-
tative 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 SO
scattering effects are important.

2. Experimental details

To date, STO has been shown to superconduct when doped
with one of a handful of dopants: O vacancies [9], Nb [21],
La[22] and Sm [23], with critical temperatures in the range of
few 100 mK. In addition, superconductivity has been reported
in ionic-liquid-gated STO [24], with a similar range of criti-
cal temperatures as chemically-doped STO. Our samples are
grown using a previously-unexplored dopant, Nd**, which
substitutes for Sr2* (forming Nd,Sr;_, TiO3) and therefore n-
dopes the STO, as confirmed by Hall measurements. Interest-
ingly, unlike all previous STO dopants, Nd*T has a net spin,
suggesting that Nd could act as a magnetic dopant, although
this is not the focus of this work.

The Nd-doped SrTiO; films in this study were grown
homoepitaxially on a thin undoped buffer SrTiO; film on
SrTiO; (001) substrate (Crystec GmbH) using hybrid molec-
ular beam epitaxy (MBE) approach (details described else-
where [25-28]). Sr was supplied using a conventional solid
source effusion cell, while Ti was supplied with a gas deliv-
ery system using the metalorganic precursor titanium tetraiso-
propoxide (TTIP). Additional oxygen was supplied using a
rf plasma source (Mantis, UK) to ensure oxygen stoichiom-
etry. All the films were grown within the optimized growth
window condition [25] and at a fixed substrate temperature
of 900 °C (read by thermocouple). Control undoped STO
films were insulating, suggesting no measurable conduction
due to oxygen vacancies. Reflection high-energy electron
diffraction (RHEED) was employed to monitor the growth in
situ, and high-resolution x-ray diffraction (XRD) was used to
determine the phase purity and cation stoichiometry ex situ
(figure 1(a)). We studied fourteen doped samples, with car-
rier densities spanning from 5.0 x 10'7 to 1.6 x 10?° cm 3.
Milli-Kelvin measurements were performed in an Oxford Tri-
ton dry dilution refrigerator equipped with home-made RC
and Pi thermalizing filters mounted on the mixing chamber
plate. We observed superconductivity for samples in the den-
sity range 1.7 x 10" to 1.6 x 10?° cm 3. Below, we discuss
in detail four of these samples, which are representative of
the properties of the entire set studied (sheet carrier densi-
ties, nyp, are reported in table 1 alongside the volume carrier
densities, n).

3. Results and discussion

The observed normal-state resistance is described by a
quadratic law, R = Ry + AT?, across the entire temperature
range, with a change in the Ry, and A parameters near 7 =
180 K (figure 1(b)). A T* dependence of the resistance at low
T is typically attributed to Fermi liquid behavior, including
in the case of STO [29]. However, unlike in typical metals,
where the Fermi temperature (TF) is ~10* K, in STO it can
be as low as ~10 K due to its exceptionally large dielec-
tric constant (in excess of 20000 at low 7). This means that
the Fermi-liquid approximation, which requires 7 < Tr, may
not generally hold for STO. Intriguingly, we find that the 72
dependence extends to temperatures above Tr and persists
up to room temperature. At these elevated temperatures, the
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Figure 1. (a) XRD and RHEED (inset) data on sample with

n =3 x 10"”cm~3 indicating an epitaxial, single-crystalline,
smooth film. (b) Normal state sheet resistance (R) as function of
temperature (7'), for four of our samples, plotted on T2 scale,
showing quadratic dependence of R on 7" from 2 K to 300 K, with a
crossover in the T prefactor around 180 K. From top to bottom, the
samples have n = 2.1, 3.6, 3.9 and 5.7 x 10'°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, 7r ~ 150 K for
the sample with n = 3.9 x 10'"°cm ™3, in the parabolic band
approximation. Inset: zoom-in of the data for 7 < 200 K. (c)
Resistance (R) as function temperature (7') at different out of plane
fields for the sample with n = 3.9 x 10%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.

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 7% behavior, at least near
and above T, has another root and may therefore not be a
robust indicator of a Fermi liquid, as also recently pointed out
in references [30-32].

As our samples are cooled further, they become super-
conducting at temperatures ranging between 90 mK and
200 mK. These values of 7. are in the same over-
all range as reported by previous studies on STO and
STO-based interfaces [9, 21, 22, 24, 33, 34]. Figure 1(c)
shows R vs T curves as a function of magnetic field
(B) for the sample with n = 3.9 x 10! cm~3. Results from
other samples are shown in the supplemental material
(https://stacks.iop.org/JPCM/22/063034/mmedia), where we
also discuss further details of the measurements.

3.1. 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
paper. Figure 2 displays H5(T) for four of our samples. First,
we note that all have non-negative curvature starting just below
T.. This behavior is not expected from a typical single-band
BCS superconductor, and is a hallmark of multi-band super-
conductivity [3, 5]. For a single-band superconductor, a nega-
tive curvature would instead be expected at all 7', as described
by the WHH model [35].

For the n = 3.9 x 10" cm~ sample a second remarkable
feature of the data is that the value of H5(T) measured at
the lowest temperature (~0.257 ) reaches almost twice the
value of the Chandrasekhar—Clogston (Pauli paramagnetic)
limit, H, ~ 1.847T, (T K~'). For thin film superconductors it

is common to observe in-plane critical fields (Hl‘z) exceed-
ing Hp, due to the geometrical enhancement of the bulk crit-
ical field, combined with the presence of SO scattering [36,
37]. However, the out-of-plane critical field, HCLZ(O) of thin
films, just like H., for bulk samples, is typically much less
than Hj, in most materials because orbital pair-breaking effects
are strong in this configuration. Exceptions are certain bulk
organic and heavy-fermion superconductors [38, 39]. In the
former case, this has been attributed to a field-dependent
dimensionality crossover coupled with the presence of SO
scattering, while in the latter the very large effective elec-
tron mass contributes to suppressing orbital effects. Moreover,
bulk critical fields as high as H,, (i.e. H(0) < H},) have been
reported in iron-pnictide superconductors [6, 40]. However, for
STO the observation of H5(0) > H, is quite striking. Below,
we show that H5(T) > Hp for our sample is the consequence
of the enhancement of the orbital critical field by multi-band
superconductivity, coupled with the presence of strong SO
scattering.

In figure 2 we plot our data against the single-band WHH
expression in order to contrast our observations with the expec-
tations for a single-band superconductor. It is evident that
despite taking into account SO scattering, single-band super-
conductivity does not capture the salient features of the data,
including the non-negative curvature and the large H5(0).
In single-band superconductors the slope of He(T) near T,
determines the maximum value of the critical field, H.,(0),
via the simple relation He(0) = —0.69T.dH,, /dT|z,, which
can be rewritten as H,(0) o %, where D is the diffusiv-
ity. This shows that the important material parameters which
determine the critical field are T, and D. A larger 7. and a
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Table 1. Values of fit parameters for the models discussed in the text.

n=2.1x10%m>3,

nop = 1.3 x 10ecm ™2

n=23.6x10%m>3,
nyp = 2.2 x 10Mem™

n=3.9x10%m™>3,
nop = 9.0 x 10em 2

n=5.7x10%m>3,

2 nyp = 1.3 x 10%cm 2

(60 nm doped STO) (60 nm doped STO) (230 nm doped STO) (220 nm doped STO)
WHH D=2lcm?s! D=45cm?s! D=15cm?s"! D=16cm?>s”!
model
Two-band Dy =09cm?s !, D, =16cm?s!, D, =0.06cm? s~ !, D; =0.16cm? s !,
(orbital) D> =33cm?s ', Dy, =74cm?s™ !, D> =30cm?s ', Dy, =31cm?s !,
model d =28 nm d =22 nm d =8 nm d =22 nm
Two-band D; =0.90 cm? s !, Dy =16cm?s!, D; =0.036 cm? s~ !, D; =0.16cm? s !,
model w. D, =33cm?s !, Dy =74cm?s !, D, =30cm?s !, Dy =31cm?>s !,
Pauli and Aso1 = 2.0, Asol = 2.5, Aso1 = 3.5, Asol = 1.2,
SO Aso2 = 5.5, Aso2 = 5.5, Ason =04, Aso2 = 0.6,
scattering d =26 nm d =20 nm d =8 nm d =17 nm
effects

smaller D will result in larger critical field. Both 7. and D
depend on the density: 7. is a non-monotonic function of n
(superconducting domes), while D generally decreases with
increasing density.

The same considerations apply to the two-band case.
However, in contrast, for two-band superconductors a large
enhancement of H,, beyond the single-band prediction occurs
if the diffusivity of one of the bands is small. This is possible
because Hc(0) is no longer simply determined by dH,, /dT |7, .
A theoretical picture of two-band superconductivity was first
developed by Suhl [41] and further extended by Gurevich to
calculate critical fields [3, 20]. For two-band superconductors
subject to orbital effects alone, the Gurevich model predicts
that H,(0) is given by [3]:

ki
H(0) = 77: B e Go-Ao/aw

oD, Jfor Dy < Dy e /2 (1)

Here D; and D, correspond to the diffusion constants
of the two bands (we denote the lower, heavier band as
band 1), A = )\11 — )\22, )\0 = \/()\11 — )\22)2 + 4)\12)\21, and
w = A1 A2 — ApAgg, with Ay as the intra- and inter-band cou-
pling constants. In(y) = —0.577 is the Euler constant, and
¢, kg and e are the speed of light, Boltzmann constant and
elementary charge, respectively. Importantly, H,(0) is deter-
mined by the lower of the two diffusivities. This unique feature
of two-band superconductors allows much enhanced H.,(0)
values with respect to the single-band case. For Dy /D, < 1 or
D, /D; > 1 a pronounced positive curvature and significant
enhancement of H., compared to the single band case are
expected. On the other hand, for Dy /D, = 1, the critical field
behavior resembles qualitatively that of single-band super-
conductors. Increasing disorder tends to affect disproportion-
ately one of the bands, leading to more pronounced two-band
effects, such as H(T') positive curvature [18, 20]. In STO,
three bands become occupied for carrier densities above ~2 to
3 x 10" em 3 [12], 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—-30 meV. 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 [48].

We note that earlier examples of out-of-plane critical fields
exceeding the Pauli-limit can be found in the STO litera-
ture [22, 23]. These references show data where H,; is up to
~1.6H,, 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.

We next proceed to analyzing the T-dependence of H
using the prediction of the Gurevich two-band model, not-
ing that for a thin film HJ is effectively H., of the bulk
material. The Gurevich model has been previously used to fit
H(T) data on two-band superconductors such as MgB, and
Fe-pnictides with good quantitative agreement [5, 42]:

ap(In 1+ U (h))(n t+ U (nh)) + a; (In £+ U (h))

+ax(In 1+ U(nh) =0 (2)
Here, U(x) = 1(1/2 + x) — 1(1/2), where ¥ is the di-gamma
function. ag ; » are determined by the band coupling constants
Ajj as described in reference [3], i = DyeH/2mckgT (we use
cgs units), t = T/T., and n = D;/D,. Note that in the limit of
n = 1 equation (2) reduces to the de Gennes—Maki equation,
In t+ U(h) =0. To determine ap;» we use the coupling
constants obtained in [43], A\;; = A\»» = 0.14 and \j» = Ay
= 0.02, indicative of a dominant intra-band coupling. We note
that our data is not consistent with the other published set of
estimates for \; [44]. This provides experimental constraints
on the values of these constants. Furthermore, the data is incon-
sistent with dominant inter-band coupling, A2 21 > A1 A2,
or AppA2 = A1 A, suggesting that intra-band coupling is
dominant.

Having thus fixed the \; using the values from reference
[43], we are left with only two adjustable parameters, D; and
D». The slope of H,, vs T near T, is determined by the sum
of D; and D,. Hence, by fixing this sum there remains only
one free parameter for the rest of the data. Although the Gure-
vich two-band orbital model does not account for paramag-
netic and SO scattering effects, we find a good agreement with
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Figure 2. (a—d) Out-of-plane upper critical field vs temperature for four samples, with n = 2.1, 3.6, 3.9 and 5.7 x 10'°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 SO scattering effects. Note the different temperature ranges in the four plots, due to the different 7'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 two-band model with Pauli paramagnetic

and SO scattering effects.

our Hgiz(T) data (figure 2). The best fit values of D and D, are
listed in table 1. Note that the ratio n = D;/D, varies between
~0.02 and 0.3, indicating a large difference between the diffu-
sivities of the two bands, as well as variations between samples
with different carrier concentrations and thicknesses. We find
that the sum of D; and D, is comparable to the value of D
extracted from the normal state properties. Taking the sam-
ple with n3p = 3.9 x 10'° cm~3 as example, we estimate the
diffusion constant obtained from the normal state resistivity
to be D ~ 2 cm?s~'. For comparison, the fits to the supercon-
ducting critical field data yield D 4+ D, ~ 3.06 cm?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 superconduc-
tivity measurements in doped STO [47], 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 cur-
vature, in agreement with the data and in contrast with the
single-band WHH model. For completeness, we note that a

positive curvature of H.(7) has been attributed to melting
of the vortex lattice in high-T. cuprates and has also been
theoretically associated to paramagnetic impurities [45, 46].
However, since STO is a low-T superconductor, vortex fluc-
tuations are negligible and so we can rule out the melting of
a vortex 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.

3.2. In-plane critical field and our extended model

Having shown that the H5(T) data reveals the presence of
two-band superconductivity in our samples, we now turn to
a discussion of Hl‘z(T) (figure 3), which reveals additional
physics. We first proceed with an analysis based on the Gure-
vich two-band model for H'y(T). We use h = 1/6D,e*H2d?/
he?, consistent with reference [20]. In figure 3 we show the
prediction of this model using the parameter values obtained
above for HCLZ(T), with only one adjustable parameter, d, the
effective film thickness. We find that the model describes the
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Figure 3. (a—d) In-plane upper critical field vs temperature for four samples, with n = 2.1, 3.6, 3.9 and 5.7 x 10"?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 SO

scattering effects.

data well near T, but substantially overestimates the low-7
data for two of the four samples (best fit values are shown
in table 1). We argue that this overestimation stems from
ignoring paramagnetic effects. Moreover, since experimen-
tally Hl‘z(O) > H,, for all four samples, SO scattering effects
must also be taken into account. This motivates the need for a
more comprehensive two-band model, which includes orbital,
paramagnetic and SO scattering effects, in order to account
for the totality of our observations. To our knowledge no such
models have been developed.

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 solving
two single band equations independently and casting these
into a two by two matrix equation. The diagonal matrix ele-
ments contain the intra-band coupling constants, while off-
diagonal elements contain the inter-band coupling constants.
This yields equation (2), with U(h) and U(nh) replaced with

the appropriate form for the single-band model. All the exist-
ing two-band superconductor critical field equations can be
understood in this fashion [3, 20]. In the case of a two-
band superconductor in the dirty limit with orbital, param-
agnetic, 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(nh) and U(h) in equation (2) with the WHH
expressions, U*(nfz,al, Aso.1) and U*(h, oz, Aso2), as defined
below (additional details are provided in the supplemental
material):

_ 1 idsos 1 h+ i +iv
U* h3 i’)\s i) = " : " 2 :
(2, Qs Aso) <2+47,->¢<2+ 21

1 i)\so,i 1 ljl + %Aso,i - VY:
G- G

()

As in the original WHH paper, A\,; = 2@/ 3mkgT T, Where

. . . . . _ DyeH _
Tsoi 18 the spin-orbital scattering time, h = ke Te? and v; =

3)
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7\2 1 2 n
\/(ah) — (3As0i) ", where o; = amp; - Here, Ao represents

the characteristic spin-orbital coupling energy for each band
normalized by the condensation energy, and -y; includes the
paramagnetic (Zeeman) term. Note that for small applied
fields, ﬂ‘j{‘;’;c < %)\so,,‘, where orbital effects are dominant,
we recover the orbital-only critical field model given by
equation (2) [3], while in the absence of SO scattering (\so; =
0), this reduces to the Gurevich model with paramagnetic
effects [20], in the limit of vanishing inter-band scattering.

To assess our extended model, we fit both the H5(T) and

Hl‘z(T) data using the same literature values of the coupling
constants ap ;2 as used above for the orbital-only model and
display the results as the green solid lines in figures 2 and 3.
There are five adjustable parameters: Dy, Dy, A1, Aso2 and
d. However, physical insight about the role and type of SO
scattering (detailed below) helps reduce their effective num-
ber. Moreover, the fact that the parameters must satisfy both
the H5(T) and the Hl‘z(T) data simultaneously places a fur-
ther 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(T) data, which we find to be relatively insensitive to
the SO scattering strength, so that the initial fit is essentially
based on only D; and D,. Using these initial values for D,
and D,, we then fit to the H(UZ(T) data by varying As 1, Aso2

and d. We note that the H(UZ(T) data is primarily sensitive to
the value of d for H < Hj, because SO scattering effects are
weak for this range of fields. Conversely, it is most sensitive to
Aso,1 and Ao for H > H,,, where SO and paramagnetic effects
play the biggest role. The iterative process is then repeated,
using the values of A1, Aso2 and d so obtained to yield a
better fit to HCLQ(T) at the next iteration. We repeat the itera-
tions until the fits to both data sets converge and the parameters
no longer change appreciably. To further constrain s, ; and
Aso2 and to shed light on the origin of the SO scattering, we
consider two commonly occurring SO scattering mechanisms:
Elliot—Yafet [49] (EY) and Dyakonov—Perel [50] (DP). For
EY, the transport lifetime (7,,) is proportional to the spin life-
time, 74, o< 7p. The opposite is true for the DP mechanism:
Tso  1/7p. Using v, ~ 10v§, [10, 17] and D; = v§;7,/3
we find that Aso 1 /Aso2 >~ (1/10)D, /Dy = 1/(10n) for EY and
Aso.1/Aso2 = 10n for DP SO scattering. This allows the SO
scattering to be described by only one parameter instead of
two. To determine which scattering mechanism is likely dom-
inant, we perform the fits with each type on the n = 3.9 x
10”cm—3 sample. Assuming that the DP mechanism domi-
nates, we obtain a good fit to the data with D; ~ 0.04 cm? s~!,
Dy ~3cm?s™!, A1 ~ 2and A5 ~ 20. The value A, ~ 20
corresponds to a spin—orbit energy h/kpTs2 ~ 120K, which
is rather large, suggesting that the DP mechanism is in fact
not the main source of SO scattering. Indeed, Dresselhaus-
type DP SO scattering is precluded by the fact that the STO
unit cell is centrosymmetric, although Rashba-type SO cou-
pling and DP SO scattering occur in certain STO-based sur-
faces and interfaces due to structural inversion asymmetry
[51-55]. On the other hand, fitting under the assumption that

EY dominates, we obtain D; ~ 0.04 cm?s™', D, ~3cm? s~ !,

Aso.1 ~ 4and Ag2 ~ 0.4, with d ~ 8 nm. In this case, the max-
imum SO scattering energy (h/kgTso,1) corresponds to ~20 K.
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 SO scattering.) Interestingly, the obtained SO
scattering energies i1/7g; of up to ~ 2meV are significantly
larger than the condensation energy of ~30 peV. We note
that in STO, a third type of SO mechanism, intrinsic SO
coupling, could also play a role [36], however there is cur-
rently 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 val-
ues obtained from the Gurevich orbital-only model, but much
less than the nominal thickness of the Nd,Sr;_,TiO;3 layer,
which ranges between 60 and 230 nm. This indicates that
the samples behave effectively as two-dimensional supercon-
ductors, as corroborated by the angular-dependence of H,,
described next. The extracted thickness of the superconduct-
ing layer does not necessarily correspond to the thickness
in which mobile electrons are present. Given the strong car-
rier 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 superconduct-
ing measurements, even though most of the film may con-
tribute 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 [56]. In addi-
tion, STO is well-known for its tetragonal domain structure,
which could also play a role [57, 58].

3.3. Angular dependence of the critical field

We conclude our analysis with a discussion of the angular
dependence of H., which is typically used as test of the
effective dimensionality of a superconductor. Figure 4 shows
plots of H, vs 6, the angle between the applied field and the
normal to the sample. To describe the angular dependence
of H., between the out-of-plane and in-plane limits, we use
h(0) = 5.2 (2¢H [cos (0)] + 5y [deH sin (6)]*). We find a
good agreement of our model with data over a wide range of
angles, with no fitting parameters, using the values extracted
previously from fitting H(T) and H!Z(T). For comparison,
we also fitted the data to the single-band 2D (Tinkham)
and anisotropic 3D (Ginzburg—Landau) models, which have
two adjustable parameters, H and Hl‘z. Although neither of
these models takes paramagnetic or SO scattering effects into
account, the 2D Tinkham model is frequently used to fit angu-
lar dependent data for thin films, even where the in-plane
critical field is significantly larger than H,, often with good
agreement to the data [37, 59]. We find that the 2D Tinkham
model yields a satisfactory fit, however the full model includ-
ing paramagnetic and SO scattering effects provides an over-
all better fit across the samples studied, despite having no
free parameters vs two for the Tinkham model. In contrast, the
3D anisotropic Ginzburg—Landau model produces a rounded
peak (insets of figure 4), in clear deviation from our data,
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Figure 4. (a—c) Upper critical field as function of angle measured
from the normal to the sample plane for three samples, with n = 3.6,
3.9, and 5.7 x 10"cm ™3, respectively, at temperatures ~100 mK,
108 mK and 60 mK, respectively. Insets show zoom-in around 90°
(field nearly aligned to sample plane). The different curves
correspond to fits using the two-band model with orbital,
paramagnetic and SO scattering effects, the 2D Tinkham model and
the anisotropic Ginzburg—Landau model.

confirming the 2D nature of the observed superconductivity.
A possible reason to consider for the observed 2D behavior
could be the onset of surface superconductivity, that is the
presence of a surface superconducting layer with critical field
Hg ~1.7 Hp, which can occur in samples with very clean
surfaces when a magnetic field is applied parallel to the sur-
face [60]. Under this scenario, the measured parallel critical
fields would be HCH3 rather than Hﬂz. However, since this effect
is unstable for perpendicular applied fields, it is unlikely to

contribute to the observed H(T') behavior. STO-vacuum sur-
faces 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 [52, 54], presumably due to oxygen vacan-
cies [52, 61]. 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.

4. Conclusions

In conclusion, we showed that the temperature-dependence
of the upper critical field can be a powerful and sensi-
tive approach for investigating the interplay between two-
band superconductivity and spin—orbit coupling in the dirty
limit. In particular, we proposed an approach for analyz-
ing 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 SrTiOj3 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 oth-
ers. 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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