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We have examined the intrinsic spin-orbit coupling and orbital depairing in thin films of Nb-doped
SrTiO5 by superconducting tunneling spectroscopy. The orbital depairing is geometrically suppressed in
the two-dimensional limit, enabling a quantitative evaluation of the Fermi level spin-orbit scattering using
Maki’s theory. The response of the superconducting gap under in-plane magnetic fields demonstrates short
spin-orbit scattering times 7., < 1.1 ps. Analysis of the orbital depairing indicates that the heavy electron

band contributes significantly to pairing. These results suggest that the intrinsic spin-orbit scattering time in
SrTiO; is comparable to those associated with Rashba effects in SrTiO; interfacial conducting layers and

can be considered significant in all forms of superconductivity in SrTiO;.
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The relativistic spin-orbit interaction is fundamental in
the solid state, connecting the conduction electron spin to
the atomic, electronic, orbital, and structural symmetry
properties of the material [1]. SrTiO5 is an oxide semi-
conductor with highly mobile #,, conduction electrons and
exhibits superconductivity at the lowest known carrier
density of any material [2-4]. The importance of the
intrinsic spin-orbit coupling (SOC) for superconductivity
in the bulk material remains an open question: the atomic
SOC produces a relatively small splitting (29 meV [2])
of the 7,, bands, but might be an important energy scale
considering the small superconducting gap in SrTiOs.
Moreover, SrTiOj; is the host material for unconventional
two-dimensional (2D) superconductors such as FeSe/
SrTiO3 [5], §-doped SrTiO; [3], and LaAlO;/SrTiO;
[6]. Spin-orbit coupling in SrTiOj5 interfacial accumulation
layers has been extensively studied both experimentally
and theoretically [7—13]. In these systems, Rashba SOC has
been suggested to give rise to unusual normal- and super-
conducting-state properties (e.g., complex orbital subband
structure with spin texture [12,14], triplet pairing
[13,15,16], and efficient spin-to-charge conversion [17])
due to the broken inversion symmetry and highly asym-
metric confinement potential. Beyond Rashba effects, other
forms of SOC, such as intersubband spin-orbit hybridiza-
tion [18,19] or the bulk spin-orbit coupled band structure
[20], may be relevant.

The spin-orbit coupling strength can be quantitatively
extracted from superconducting tunneling spectra of
thin films in large parallel magnetic fields [21-23]. In a
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conventional s-wave superconductor, a magnetic field acts
in two ways on the conduction electrons: by inducing
cyclotron orbits and via the electron magnetic moment
(spin). Both of these effects lead to the breaking of Cooper
pairs once their energy scale competes with the condensa-
tion energy. For thin films in the 2D limit, the orbital
depairing can be geometrically suppressed, leading to
highly anisotropic upper-critical fields with large in-plane
H |- In the absence of spin-orbit coupling, spin is a good
quantum number and H is determined by the Pauli

paramagnetic limit (Hp = Ay/v2up, where A, is the
superconducting gap at T = 0 and up is the Bohr magne-
ton) [21,24,25]. The application of an in-plane magnetic
field splits the spin-up and spin-down superconducting
quasiparticle density of states (DOS) through the Zeeman
effect [Fig. 1(b) left panel] [21]. Increasing the spin-orbit
coupling leads to a mixing of the spin-up and spin-down
states and lifts H ., | above the Pauli limit [21,26,27]. If the
spin-orbit scattering rate is very fast (4/z,, > A(, where 7,
is the normal-state spin-orbit scattering time), then the
superconducting DOS does not exhibit measurable Zeeman
splitting [Fig. 1(b) right panel]. Fitting the tunneling spectra
using Maki’s theory [28-30] enables a quantitative extrac-
tion of both the orbital depairing parameter (,) and 7,
from the tunneling spectra. This approach, pioneered by
Tedrow and Meservey, has been used extensively to explore
depairing mechanisms of conventional elemental super-
conductors [21-23,29,30].

Here we examine spin-orbit coupling and orbital
depairing in thin films of Nb-doped SrTiO; (NSTO) using
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FIG. 1. (a) Schematic of the tunneling junction device structure
and atomic stacking of the oxide heterostructure. (b) Expected
effect of Zeeman splitting on the spin-dependent DOS for two
cases: zero spin-orbit coupling (b = 0) (left panel) and large spin-
orbit coupling (b = 6) (right panel). The dimensionless SOC
parameter b = h/(37,Ag) reflects the strength of the SOC
relative to the gap energy scale. Dashed blue (dashed gray)
and solid red (solid gray) curves represent the spin-up and spin-
down DOS, respectively, while the solid black curve gives the
total DOS from p4 + p, (shifted upwards by 1 for clarity). The
spectra were calculated using Maki’s theory [Eq. (2)] at T = 0 K,
lifetime broadening parameter ¢ = 0.1, and magnetic field
ugH/Ay = 0.6.

tunneling spectroscopy. Recently, we have developed an
approach for realizing high-quality tunneling junctions for
bulk NSTO with ueV resolution of the superconducting gap
[31,32]. By carefully engineering the band alignments
using polar tunneling barriers, the interfacial carrier density
probed by tunneling corresponds to the nominal density of
dopants. We study the tunneling conductance (di/dv) of
NSTO films in the 2D limit (d < &g, where d is the film
thickness and &g is the Ginzburg-Landau coherence
length). We find a single superconducting gap that closes
at the superconducting transition temperature (7.). We
extract H, | from the tunneling spectra and find that it
greatly exceeds the Pauli limit. Under in-plane applied
fields, Zeeman splitting is not observed and an apparent
single gap persists at all fields until closing completely near
1.6 T, indicating that the spin-orbit coupling scale (/) is
larger than A,. We analyze the data using Maki’s theory
[28-30] and examine the relative contributions from orbital
depairing and spin-orbit scattering. Because of the heavy
mixing of the spin states, Maki’s theory provides an upper

bound for the spin-orbit scattering time of 7, < 1.1 ps and
spin diffusion length 1, < 32 nm.

We fabricated tunneling junctions consisting of super-
conducting NSTO thin films of thickness d = 18 nm,
with a 2 unit cell (u.c.) epitaxial LaAlO; tunneling barrier,
and Ag counterelectrodes as described elsewhere [31,32].
NSTO with 1 at.% Nb doping was homoepitaxially
deposited on undoped SrTiO;(001) by pulsed-laser depo-
sition [33]. Films grown by this technique exhibit full
carrier activation and bulklike electron mobility. The polar
LaAlO; tunnel barrier plays a crucial role in enabling
access to the electronic structure of NSTO in the 2D
superconducting limit. The LaAlO; layer provides an
interfacial electric dipole which shifts the band alignments
between the Ag electrode and semiconducting SrTiO; by
~0.5 eV/u.c. [34-36]. Aligning the Fermi level between
the two electrodes significantly reduces the Schottky
barrier and eliminates the long depletion length which
prohibits direct tunneling.

First, we report the zero-field superconducting behavior
of the sample. Figure 2(a) shows di/dv measured at
base temperature (7" = 20 mK) and ygH = 0 T exhibiting
a single superconducting gap (A). We note that a single
superconducting gap was also observed in the 3D limit
(d > &g) by tunneling and microwave spectroscopy
[31,37]. Although we observe high-energy coupling to
longitudinal-optic phonon modes (not shown) as reported
recently [31], we do not find other strong-coupling
renormalizations (i.e., McMillan and Rowell [38]) in the
tunneling spectra. The superconducting gap is well fit by
the Bardeen-Cooper-Schrieffer (BCS) equation for the
density of states with Ayj =47 =1 pueV. Because of the
finite resolution of the measurement and thermal broad-
ening, the minimum of the superconducting gap is finite.
Here, the gap minimum is 2 orders of magnitude smaller
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FIG. 2. Tunneling spectroscopy and resistivity in zero field.
(a) Tunneling conductance (di/dv) of 18 nm thick Nb-doped
SrTiO; thin film measured at the base temperature of the dilution
refrigerator. (b) Superconducting gap amplitude (A) (open
circles, left axis) compared to the normalized resistance [solid
blue (gray) line, right axis]. The superconducting gap closes at
T = 315 £5 mK, which is very close to the resistive transition
temperature 7, = 330 mK defined as 50% of the normal state
resistivity at 7 = 0.6 K.
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FIG. 3. Tunneling spectroscopy of the superconducting gap

under applied magnetic field. (a) Raw di/dv data for several
values of magnetic fields applied out-of plane (uyH |, left panel)
and in-plane (uoH), right panel). (b) Zero-bias conductivity
(6 = di/dv) of the gap minimum normalized to the normal-state
conductance (oy) for both field orientations. The out-of plane
(Hc2,1) and in-plane (H, ) upper critical fields are indicated.
The vertical dashed blue line indicates the Pauli paramagnetic
limiting field (Hp).

than the normal state conductance, demonstrating the
dominance of elastic tunneling and the high quality of
the junction, even in the 2D limit. The superconducting gap
closes near 7. =330 mK as measured by four-point
resistivity [Fig. 2(b)]. Importantly, we do not observe a
pseudogap as was recently observed in LaAlO;/SrTiOs
[39], suggesting the pseudogap is specific to the LAO/STO
interface and not a generic feature in the 2D limit.

We now turn to the magnetic-field response of the
superconducting DOS. Figure 3(a) shows di/dv at
several characteristic values of applied magnetic field
(left panel: H,, right panel: H)). Figure 3(b) displays
the zero-bias conductance (gap minimum) normalized to
the normal-state zero-bias conductance for both field
orientations. We find a large anisotropy between H, |
and H., | with a ratio H, | /H. | = 0.052. We extract
the Ginzburg-Landau superconducting coherence length

éoL = /Py/(2nH5 ) =62 nm > d, confirming the

superconducting state is in the 2D regime. SrTiO; is a
type-Il superconductor with large London penetration
depth compared to &g and d, and the quenching of
superconductivity due to an out-of-plane field can be

attributed to the formation of vortices. For fields applied
in-plane, the large size of a vortex core is energetically
unfavorable to form in the 2D limit and the orbital
depairing is dramatically suppressed leading to enhanced
He . We find that the superconducting gap exhibits
large H, | far in excess of the Pauli limit (Hp = A/

V2up = 0.574 T), and in agreement with a study of upper-
critical fields from resistivity measurements in o-doped
SrTiO; quantum wells [27]. Here, we can examine the
spin-dependent response of the superconducting gap spec-
tra to extract the relevant contributions to orbital and spin
depairing mechanisms.

The superconducting DOS has been given by Maki’s
theory, which takes into account orbital depairing, Zeeman
splitting of the spin states, and SOC [22,28]. The spin-
dependent DOS is given by

Po Uy
pr | = —=—sgn(E)Re| ——— |, 1
T D) g ( ) < Ui 1) ( )

where p, is the normal-state DOS and u, are defined by

E H U+ — Uy
_ LT s e Uy _f_b(i]F >’ 2)

u
- A \/1—143E 2

I —u%
for which E is the energy relative to the Fermi level (Er),
b =n/(3r,A) is a dimensionless quantity representing
the strength of the spin-orbit scattering relative to A, and ¢
represents spin-independent lifetime corrections. Maki’s
equation [Eq. (2)] reduces to the BCS DOS in the limit of
vanishing { and b. The quantity ppH represents the Zeeman
splitting of the spin-dependent states and observation of
this splitting in the experimental data depends on the
strength of b (see Fig. 1). The parameter { = a; + aoHﬁ

includes field-independent broadening (a;) and a, =
De*d?/(6hA,) is the standard orbital depairing for a thin
film in a parallel magnetic field (D is the diffusion
coefficient) [21,22,28]. We follow the numerical approach
of Worledge and Geballe in applying Eq. (2) to the
tunneling data [28-30].

We now focus on the spectra shown in Fig. 3(a) (right
panel) for in-plane applied fields. The magnetic fields
explored here (ugH| /A, < 2) are large enough to observe
Zeeman splitting in the weak spin-orbit limit (b < 1) [40].
However, for all measured magnetic fields, the data do not
exhibit a clear signature of Zeeman splitting indicating
strong spin scattering relative to the superconducting gap
[compare Fig. 1 with Fig. 3(a) right panel] and consistent
with the violation of the Pauli limit. While the spin-orbit
parameter b is field independent, the effect of Zeeman
splitting in combination with rapid spin mixing is to
produce an effective broadening of the total DOS
(p1 +p,. see Fig. 1) following an H? dependence [22].
Therefore since both orbital depairing and the large SOC
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FIG. 4. Maki analysis of the superconducting gap spectra under
in-plane magnetic fields. (a) Total quasiparticle broadening ¢’
(black dots) determined by fitting the tunneling data in the right
panel of Fig. 3(a) using Eq. (3). The total broadening exhibits a
dependence on the square of the applied magnetic field and the
solid line represents a fit to ¢’ = a; + nH>. (b) Normalized di/dv
data (solid black line) measured at uoH| = 0.5 T and theoretical

fit [dashed red (gray) line] using Maki’s full theory as expressed
in Eq. (2) with b = 6, a; = 0.056, a, = 0.11, and Ay = 47 ueV.

produce quasiparticle broadening under an applied field, it
is a useful exercise to first consider a reduced version of
Maki’s theory that ignores the spin-degree of freedom in the
problem, such that,

E , u
= — —_—, 3
ue > u =gt (3)

which in zero field is equivalent to the Dynes formulation
were the phenomenological Dynes quasiparticle broad-
ening parameter is given by I' = {’A, [53]. We first fit
the data in the right panel of Fig. 3(a) using Eq. (3) where ¢’
is the only free parameter. The results for {’ are shown in
Fig. 4(a) as a function of Hﬁ and are well described by

¢ = a; + nH* with a; = 0.056 and = 0.4 T~2. The small
intrinsic quasiparticle broadening (¢;) gives ' = 2 peV and
identical to our previous report in the bulk limit [31]. The
extracted 7 value reflects the total contribution to field-
induced broadening from both spin-orbit coupling and
orbital depairing.

To quantify the spin-orbit and orbital depairing contri-
butions, we apply Maki’s full theory [Eq. (2)] to the set of
tunneling data between 300 and 700 mT (0.3 < uzH/
Ay < 0.86) including the spin-dependent density of
states, spin-orbit parameter b, and depairing parameter
¢ =a; +a,H?. The only free parameters are b and a,,
which must both be singly valued at all fields. We find that
the best fits are statistically equivalent for b > 4 (with
varying ag) [40], indicating short spin-orbit scattering times
T < 1.1 ps. In this regime (b > 4), ay and b are corre-
lated. This can be understood as a competition between the
spin-orbit induced effective broadening and orbital depair-
ing. For instance, in the limit » — oo, the broadening from
SOC vanishes and orbital depairing must asymptotically

approach 7 to account for the experimentally observed
broadening. Figure 4(b) shows a characteristic best fit
for uoH| =0.5T (ugH/Ay=0.61) with b =6 and
ap = 0.11. Additionally, an upper bound on the spin

diffusion length is given by A, =4/3Dy7y < 32 nm
[54], where Dy, = v27,/3 ~0.0012 m?/s is the transport
diffusion coefficient. Here we have estimated the Fermi
velocity vy in a single-band approximation with effective
mass m* = 1.24m, [3] and Fermi level Er = 61 meV
[2,31]. We have used the Drude scattering time
T = m*u,/e, where u, = 300 cm?/V s is the experimen-
tally measured electron mobility.

The contribution from orbital depairing in the tunneling
data provides additional information on the superconduct-
ing phase. The best fits from Maki’s theory in the range
b > 4 correspond to 0.016 T~ < a, <5, for which a,
increases commensurately with b. Thus, even though spin-
orbit and orbital depairing cannot be quantified independ-
ently, there are clear experimental limits on «,. We can
compare the experimental «, with the expected orbital
contribution from normal-state transport parameters with
a, = D,e*d*/(6hA) ~2 T2, which is far in excess of
the measured total broadening of 7 = 0.4 T~2. This appar-
ent discrepancy can be resolved by considering the multi-
band nature of bulk SrTiOs with three occupied 7,, orbitals
comprised of two light- and one heavy-electron bands
[2,10]. Normal-state transport coefficients typically reflect
the highly mobile light electrons, but these carriers only
make up a fraction of the total DOS, whereas the lowest
lying heavy band comprises the majority of the electrons at
Er [2,3,10,55]. In other words, the experimental data
cannot be explained by solely considering highly mobile,
light electrons in forming the superconducting phase. We
can transpose the orbital depairing extracted from the
superconducting tunneling data to Dgc representing the
diffusion coefficient for electrons which contribute to
pairing. We find 0.1 x107*m?/s < Dgc <2.3x107*m? /s,
which agrees very well with a simplistic estimate of the
diffusion constant for the heavy electron band with m* =~
6m, [56] and momentum scattering time 7y, ~ 100 fs,
giving Dy ~ 1 x 107* m?/s. Therefore, the robustness
of superconductivity at high magnetic fields is consistent
with the established bulk band structure for which the
heavy electron band dominates the total DOS and results
in weak orbital depairing. These results are striking in light
of the many considerations of multiband superconductivity
in SrTiO; [57-59], and indeed occupation of the light
bands could be important [4]. While one possible explan-
ation might, in principle, be assigned to strong interband
scattering [37], the interplay of the heavy and light bands
for superconductivity remains a fundamental question
in SrTiO;5.

The spin-orbit scattering times observed here are com-
parable to the momentum scattering time (z,. /7, ~ 0.1) and
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significantly shorter than those suggested theoretically
in a single band limit [60]. Additionally, we can expect
that Rashba and Dresselhaus fields are minimal in the
current sample structure under investigation [40].
Therefore, the rapid spin mixing near the Fermi level
can be understood in the context of the multiband
electronic structure of bulk SrTiO; with hybridized
orbital character arising from the tetragonal crystal field
splitting and the intrinsic atomic spin-orbit interaction
[2]. This picture is analogous to p-type Si where short
spin relaxation times are characteristic despite the
modest SOC [61,62]. The spin-orbit scattering explored
here reflects the electrons with the largest contribution
to the density of states and the superconducting con-
densate, which in bulk SrTiO; is the heavy electron
band. This is in contrast to transport experiments
exploring spin-orbit coupling in the normal state [i.e.,
weak (anti-)localization, Shubnikov—de Haas oscilla-
tions], which are most sensitive to the highly mobile
subset of carriers [3,55]. Therefore, careful analysis of
the subband structure and orbital character in confined
SrTiO5-based heterostructures (e.g., LaAlO3/SrTiO3) is
critical to understanding the spin-orbit properties of the
normal and superconducting phases. Regardless, it is
interesting to note that the scattering times found here
(tso ~ 1 ps), are in the ballpark of those found in SrTiO;
2D heterostructures (7, ~0.1-10 ps) by weak (anti-)
localization [8,9], suggesting that the spin-orbit scatter-
ing at the Fermi level arising from the intrinsic atomic
spin-orbit interaction contributes at least on equal foot-
ing with Rashba effects.

In conclusion, we have performed tunneling experiments
on the dilute superconductor SrTiO5 doped with 1 at.% Nb
in the 2D superconducting limit. These results were enabled
by precisely designing the tunneling junction with epitaxial
dipole tunnel barriers, which shift band alignments and
facilitate high-resolution tunneling spectroscopy. The data
indicate a single superconducting gap which closes at T',.. By
geometrically suppressing the orbital depairing, we show
that the large intrinsic SOC can be observed directly in the
tunneling spectra by the violation of the Pauli limit and the
absence of Zeeman splitting. Surprisingly short spin-orbit
scattering times of order 1 ps were obtained. Examination of
the orbital depairing parameter indicates that the heavy
electron band, which is difficult to explore in transport
experiments, plays an important role in the formation of the
superconducting phase.
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