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We have examined the intrinsic spin-orbit coupling and orbital depairing in thin films of Nb-
doped SrTiOs 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 75, < 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 SrTiOgs is comparable to those associated
with Rashba effects in SrTiOgs interfacial conducting layers and can be considered significant in all

forms of superconductivity in SrTiOs.

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]. SrTiOj is an
oxide semiconductor with highly mobile ¢34 conduction
electrons and exhibits superconductivity at the lowest
known carrier density of any material [2-4]. The im-
portance 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 to4 bands, but might be an
important energy scale considering the small supercon-
ducting gap in SrTiO3. Moreover, SrTiOgz is the host
material for unconventional two-dimensional (2D) super-
conductors such as FeSe/SrTiO3 [5], 0-doped SrTiOg [3],
and LaAlO3/SrTiO3 [6]. Spin-orbit coupling in SrTiOs
interfacial accumulation layers has been extensively stud-
ied both experimentally and theoretically [7-13]. In these
systems, Rashba SOC has been suggested to give rise
to unusual normal- and superconducting-state proper-
ties (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 inver-
sion symmetry and highly asymmetric confinement po-
tential. Beyond Rashba effects, other forms of SOC, such
as inter-subband spin-orbit hybridization [18, 19] or the
bulk spin-orbit coupled band structure [20], may be rel-
evant.

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 con-
ventional 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
condensation energy. For thin films in the 2D limit, the
orbital depairing can be geometrically suppressed, lead-
ing 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 = A¢/v2up, where
Ay is the superconducting gap at T = 0 and up is the
Bohr magneton) [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. 1b left panel) [21]. In-
creasing the spin-orbit coupling leads to a mixing of the
spin-up and spin-down states and lifts H.y || above the
Pauli limit [21, 26, 27]. If the spin-orbit scattering rate is
very fast (i/7so > Ap, where 75, is the normal-state spin-
orbit scattering time), then the superconducting DOS
does not exhibit measurable Zeeman splitting (Fig. 1b
right panel). Fitting the tunneling spectra using Maki’s
theory [28-30] enables a quantitative extraction of both
the orbital depairing parameter (a,) and 74, from the
tunneling spectra. This approach, pioneered by Tedrow
and Meservey, has been used extensively to explore de-
pairing mechanisms of conventional elemental supercon-

ductors [21-23, 29, 30].

Here we examine spin-orbit coupling and orbital de-
pairing in thin films of Nb-doped SrTiO3 (NSTO) using
tunneling spectroscopy. Recently, we have developed an
approach for realizing high-quality tunneling junctions
for bulk NSTO with peV resolution of the superconduct-
ing gap [31, 32]. By carefully engineering the band align-
ments using polar tunneling barriers, the interfacial car-
rier density probed by tunneling corresponds to the nom-
inal density of dopants. We study the tunneling conduc-
tance (di/dv) of NSTO films in the 2D limit (d < &qr,
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FIG. 1. (Color online) a) Schematic of the tunneling junc-
tion device structure and atomic stacking of the oxide het-
erostructure. 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 = 1i/(37s0A¢) re-
flects the strength of the SOC relative to the gap energy scale.
Dashed blue (dashed grey) and solid red (solid grey) 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 pp H/Aq = 0.6.

where d is the film thickness and £gy, is the Ginzburg-
Landau coherence length). We find a single supercon-
ducting gap which closes at the superconducting transi-
tion temperature (7). We extract H.y from the tun-
neling 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 (i/7s,) is larger than Ag.
We analyze the data using Maki’s theory [28-30] and ex-
amine the relative contributions from orbital depairing
and spin-orbit scattering. Due to the heavy mixing of
the spin states, Maki’s theory provides an upper-bound
for the spin-orbit scattering time of 75, < 1.1 ps and spin
diffusion length A; < 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 LaAlO3 tunneling barrier,
and Ag counter electrodes as described elsewhere [31, 32].
NSTO with 1 at.% Nb-doping was homoepitaxially de-
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FIG. 2. (Color online) Tunneling spectroscopy and resistiv-
ity in zero field. a) Tunneling conductance (di/dv) of 18 nm
thick Nb-doped SrTiOgs thin film measured at the base tem-
perature of the dilution refrigerator. b) Superconducting gap
amplitude (A) (open circles, left axis) compared to the nor-
malized resistance (solid blue (grey) line, right axis). The
superconducting gap closes at T' = 315+ 5 mK, which is very
close to the resistive transition temperature T, = 330 mK
defined as 50% of the normal state resistivity at 7' = 0.6 K.

posited on undoped SrTiO3(001) by pulsed-laser deposi-
tion [33]. Films grown by this technique exhibit full car-
rier activation and bulk-like electron mobility. The polar
LaAlOs tunnel barrier plays a crucial role in enabling
access to the electronic structure of NSTO in the 2D su-
perconducting limit. The LaAlOs layer provides an in-
terfacial electric dipole which shifts the band alignments
between the Ag electrode and semiconducting SrTiO3 by
~0.5 eV/u.c. [34-36]. Aligning the Fermi-level between
the two electrodes significantly reduces the Schottky bar-
rier and eliminates the long depletion length which pro-
hibits direct tunneling.

First, we report the zero-field superconducting behav-
ior of the sample. Figure 2a shows di/dv measured at
base temperature (T = 20 mK) and pgH = 0 T exhibit-
ing a single superconducting gap (A). We note that a
single superconducting gap was also observed in the 3D
limit (d > £ 1,) 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 renor-
malizations (i.e. McMillan and Rowell [38]) in the tunnel-
ing spectra. The superconducting gap is well fit by the
Bardeen-Cooper-Schrieffer (BCS) equation for the den-
sity of states with Ag = 47+1 peV. Due to the finite res-
olution of the measurement and thermal broadening, the
minimum of the superconducting gap is finite. Here, the
gap minimum is two-orders of magnitude smaller than
the normal state conductance, demonstrating the dom-
inance of elastic tunneling and the high quality of the
junction, even in the 2D limit. The superconducting gap
closes near T, = 330 mK as measured by four-point resis-
tivity (Fig. 2b). Importantly, we do not observe a pseu-
dogap as was recently observed in LaAlO3/SrTiOs5 [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 3a shows di/dv at sev-
eral characteristic values of applied magnetic field (left
panel: H,, right panel: H)). Figure 3b displays the
zero-bias conductance (gap minimum) normalized to the
normal-state zero-bias conductance for both field orien-
tations. We find a large anisotropy between H.p | and
He with a ratio Heo 1 / Hep = 0.052. We extract
the Ginzburg-Landau superconducting coherence length
o = /Po/(2mrHsz 1) = 62 nm > d, confirming the
superconducting state is in the 2D regime. SrTiOg is
a type-II superconductor with large London penetration
depth compared to g1, and d, and the quenching of su-
perconductivity due to an out-of-plane field can be at-
tributed to the formation of vortices. For fields applied
in-plane, the large size of a vortex core is energetically un-
favorable to form in the 2D limit and the orbital depair-
ing is dramatically suppressed leading to enhanced Hy ;.
We find that the superconducting gap exhibits large Heo |
far in excess of the Pauli limit (Hp = AO/\/?MB = 0.574
T), and in agreement with a study of upper-critical fields
from resistivity measurements in é-doped SrTiO3 quan-
tum wells [27]. Here, we can examine the spin-dependent
response of the superconducting gap spectra 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, Zee-
man splitting of the spin states, and SOC [22, 28]. The
spin-dependent DOS is given by,

= (1)

JVud —1

where pg is the normal-state DOS and uy are defined by,
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for which FE is the energy relative to the Fermi level (Er),
b="N/(3750Q0) 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 ugH repre-
sents 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 parame-
ter ( = oy +a,H ﬁ includes field-independent broadening
(a;) and o, = De?d?/(6hA) is the standard orbital de-
pairing for a thin film in a parallel magnetic field (D is
the diffusion coefficient) [21, 22, 28]. We follow the nu-
merical approach of Worledge and Geballe in applying
Eq. (2) to the tunneling data [28-30].
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FIG. 3. (Color online) Tunneling spectroscopy of the super-
conducting gap under applied magnetic field. a) Raw di/dv
data for several values of magnetic fields applied out-of plane
(noH 1, left panel) and in-plane (uoH)j, right panel). b) Zero-
bias conductivity (o = di/dv) of the gap minimum normalized
to the normal-state conductance (on) for both field orienta-
tions. The out-of plane (Hcz,1) and in-plane (H. ) upper
critical fields are indicated. The vertical dashed blue line in-
dicates the Pauli paramagnetic limiting field (Hp).

We now focus on the spectra shown in Fig. 3a (right
panel) for in-plane applied fields. The magnetic fields ex-
plored here (upH| /Ao < 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 does
not exhibit a clear signature of Zeeman splitting indicat-
ing strong spin scattering relative to the superconducting
gap (compare Fig. 1 with Fig. 3a right panel) and con-
sistent 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
(pt+ + py, see Fig. 1) following an H? dependence [22].
Therefore since both orbital depairing and the large SOC
produce quasiparticle broadening under an applied field,
it is a useful exercise to first consider a reduced version of
Maki’s theory which ignores the spin-degree of freedom
in the problem, such that,

E
Uy U=+ (o

Y )

which in zero-field is equivalent to the Dynes formulation



were the phenomenological Dynes quasiparticle broaden-
ing parameter is given by T' = (’Ag [41]. We first fit the
data of Fig. 3a right panel using Eq. (3) where ¢’ is
the only free parameter. The results for {’ are shown in
Fig. 4a as a function of Hﬁ and are well described by
¢" = a; + nH? with a; = 0.056 and n = 0.4 T=2. The
small intrinsic quasiparticle broadening («;) gives T' =
2 peV and identical to our previous report in the bulk
limit [31]. The extracted n value reflects the total contri-
bution to field-induced broadening from both spin-orbit
coupling and orbital depairing.

To quantify the spin-orbit and orbital depairing con-
tributions, we apply Maki’s full theory (Eq. (2)) to
the set of tunneling data between 300 and 700 mT
(0.3 < upH/Ag < 0.86) including the spin-dependent
density of states, spin-orbit parameter b, and depairing
parameter ¢ = a;+0a,H?. The only free parameters are b
and «, 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 scat-
tering times 75, < 1.1 ps. In this regime (b > 4), ap and
b are correlated. This can be understood as a competi-
tion between the spin-orbit induced effective broadening
and orbital depairing. For instance, in the limit b — oo,
the broadening from SOC vanishes and orbital depairing
must asymptotically approach 7 to account for the exper-
imentally observed broadening. Fig. 4b shows a charac-
teristic best fit for puoH) = 0.5 T (upH/A¢ = 0.61) with
b =6 and ag = 0.11. Additionally, an upper-bound on

/3D < 32

nm [42], where Dy, = v%7,./3 ~ 0.0012 m? /s is the trans-
port diffusion coefficient. Here we have estimated the
Fermi velocity vr in a single-band approximation with
effective mass m* = 1.24mg [3] and Fermi level Ep =
61 meV [2, 31]. We have used the Drude scattering time
Tr = m* 1 /e where p, = 300 cm?/Vs is the experimen-
tally measured electron mobility.

the spin diffusion length is given by A; =

The contribution from orbital depairing in the tunnel-
ing data provides additional information on the super-
conducting phase. The best fits from Maki’s theory in
the range b > 4 correspond to 0.016 T~2 < a, < n, for
which «, increases commensurately with b. Thus, even
though spin-orbit and orbital depairing cannot be quan-
tified independently, there are clear experimental limits
on «,. We can compare the experimental «, with the
expected orbital contribution from normal-state trans-
port parameters with a, = Dy.e?d?/(6hAg) ~ 2 T2
which is far in excess of the measured total broadening of
n = 0.4 T~2. This apparent discrepancy can be resolved
by considering the multi-band nature of bulk SrTiOgs
with three occupied ¢, orbitals comprised of two light-
and one heavy-electron bands [2, 10]. Normal-state trans-
port 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 com-
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FIG. 4. (Color online) Maki analysis of the superconducting
gap spectra under in-plane magnetic fields. a) Total quasi-
particle broadening ¢’ (black dots) determined by fitting the
tunneling data of Fig. 3a right panel 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 poH) = 0.5 T and theoretical fit (dashed red
(grey) line) using Maki’s full theory as expressed in Eq. (2)
with b = 6, a; = 0.056, o, = 0.11, and Ay = 47 peV.

prises the majority of the electrons at Er [2, 3, 10, 43]. 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 superconduct-
ing tunneling data to Dgc representing the diffusion co-
efficient for electrons which contribute to pairing. We
find 0.1 x 107% m?/s < Dgc < 2.3 x 107* m?/s, which
agrees very well with a simplistic estimate of the diffu-
sion constant for the heavy electron band with m* ~ 6m
[44] and momentum scattering time 74, ~ 100 fs, giving
Dp. =~ 1x10* m2/s. Therefore, the robustness of su-
perconductivity 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 multi-band superconduc-
tivity in SrTiOg [45-47], and indeed occupation of the
light bands could be important [4]. While one possible
explanation might, in principle, be assigned to strong
inter-band scattering [37], the interplay of the heavy and
light bands for superconductivity remains a fundamental
question in SrTiOg.

The spin-orbit scattering times observed here are com-
parable to the momentum scattering time (74 /75, ~ 0.1)
and significantly shorter than those suggested theoreti-
cally in a single band limit [48]. 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 SrTiOs with hybridized orbital char-
acter 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 relax-
ation times are characteristic despite the modest SOC
[49, 50]. The spin-orbit scattering explored here reflects
the electrons with the largest contribution to the density
of states and the superconducting condensate, which in
bulk SrTiO3 is the heavy electron band. This is in con-
trast to transport experiments exploring spin-orbit cou-
pling in the normal state (i.e. weak (anti-)localization,
Shubnikov-de Haas oscillations) which are most sensitive
to the highly mobile subset of carriers [3, 43]. There-
fore, careful analysis of the sub-band structure and or-
bital character in confined SrTiOs-based heterostruc-
tures (e.g. LaAlOj3/SrTiO3) is critical to understand-
ing the spin-orbit properties of the normal and supercon-
ducting phases. Regardless, it is interesting to note that
the scattering times found here (75, ~ 1 ps), are in the
ballpark of those found in SrTiO3 2D heterostructures
(Tso ~ 0.1 —10 ps) by weak (anti-)localization [8, 9], sug-
gesting that the spin-orbit scattering at the Fermi level
arising from the intrinsic atomic spin-orbit interaction
contributes at least on equal footing with Rashba effects.

In conclusion, we have performed tunneling experi-
ments on the dilute superconductor SrTiO3 doped with
1 at.% Nb in the 2D superconducting limit. These re-
sults were enabled by precisely designing the tunneling
junction with epitaxial dipole tunnel barriers, which shift
band alignments and facilitates high-resolution tunneling
spectroscopy. The data indicates a single superconduct-
ing 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 scatter-
ing 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.

We thank M. E. Flatté for useful discussions. This
work was supported by the Department of Energy,
Office of Basic Energy Sciences, Division of Mate-
rials Sciences and Engineering, under Contract No.
DE-AC02-76SF00515; and the Gordon and Betty
Moore Foundation’s EPiQS Initiative through Grant
GBMF4415 (dilution fridge measurements).

* aswartz@stanford.edu
[1] R. Winkler, Spin-Orbit Coupling Effects in Two-
Dimensional Electron and Hole Systems.
[2] D. van der Marel, J. L. M. van Mechelen, and I. I. Mazin,
Phys. Rev. B 84, 205111 (2011).
[3] M. Kim, C. Bell, Y. Kozuka, M. Kurita, Y. Hikita, and

H. Y. Hwang, Phys. Rev. Lett. 107, 106801 (2011).

[4] X. Lin, G. Bridoux, A. Gourgout, G. Seyfarth,
S. Krdmer, M. Nardone, B. Fauqué, and K. Behnia,
Phys. Rev. Lett. 112, 207002 (2014).

[5] W. Qing-Yan, L. Zhi, Z. Wen-Hao, Z. Zuo-Cheng, Z. Jin-
Song, L. Wei, D. Hao, O. Yun-Bo, D. Peng, C. Kai, et al.,
Chin. Phys. Lett. 29, 037402 (2012).

[6] A. D. Caviglia, S. Gariglio, N. Reyren, D. Jac-
card, T. Schneider, M. Gabay, S. Thiel, G. Hammerl,
J. Mannhart, and J.-M. Triscone, Nature 456, 624
(2008).

[7] M. Ben Shalom, M. Sachs, D. Rakhmilevitch,
A. Palevski, and Y. Dagan, Phys. Rev. Lett. 104, 126802
(2010).

[8] A.D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C. Can-
cellieri, and J.-M. Triscone, Phys. Rev. Lett. 104, 126803
(2010).

[9] H. Nakamura, T. Koga, and T. Kimura, Phys. Rev. Lett.
108, 206601 (2012).

[10] Z. Zhong, A. Téth, and K. Held, Phys. Rev. B 87, 161102
(2013).

[11] G. Khalsa, B. Lee, and A. H. MacDonald, Phys. Rev. B
86, 125121 (2012).

[12] P. King, S. M. Walker, A. Tamai, A. De La Torre,
T. Eknapakul, P. Buaphet, S. Mo, W. Meevasana,
M. Bahramy, and F. Baumberger, Nature Commun. 5,
3414 (2014).

[13] P. K. Rout, E. Maniv, and Y. Dagan, Phys. Rev. Lett.
119, 237002 (2017).

[14] G. Herranz, G. Singh, N. Bergeal, A. Jouan, J. Lesueur,
J. Géazquez, M. Varela, M. Scigaj, N. Dix, F. Sanchez,
and J. Fontcuberta, Nature Commun. 6, 6028 (2015).

[15] K. Michaeli, A. C. Potter, and P. A. Lee, Phys. Rev.
Lett. 108, 117003 (2012).

[16] M. S. Scheurer and J. Schmalian, Nature Commun. 6,
6005 (2015).

[17] E. Lesne, Y. Fu, S. Oyarzun, J. Rojas-Sénchez, D. Vaz,
H. Naganuma, G. Sicoli, J.-P. Attané, M. Jamet,
E. Jacquet, J.-M. George, A. Barthélémy, H. Jaffrs,
A. Fert, M. Bibes, and L. Vila, Nature Mater. 15, 1261
(2016).

[18] E. Bernardes, J. Schliemann, M. Lee, J. C. Egues, and
D. Loss, Phys. Rev. Lett. 99, 076603 (2007).

[19] H. Bentmann, S. Abdelouahed, M. Mulazzi, J. Henk, and

F. Reinert, Phys. Rev. Lett. 108, 196801 (2012).

| P. W. Anderson, Phys. Rev. B 30, 4000 (1984).

] R. Meservey and P. Tedrow, Phys. Rep. 238, 173 (1994).

| P. Fulde, Adv. Phys. 22, 667 (1973).

| R. Meservey, P. Tedrow, and R. C. Bruno, Phys. Rev.

B 17, 2915 (1978).

[24] A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962).

[25] B. Chandrasekhar, Appl. Phys. Lett. 1, 7 (1962).

[26] X. Wu, P. Adams, Y. Yang, and R. McCarley, Phys.
Rev. Lett. 96, 127002 (2006).

[27] M. Kim, Y. Kozuka, C. Bell, Y. Hikita, and H. Hwang,
Phys. Rev. B 86, 085121 (2012).

[28] K. Maki, Pog. Theor. Phys. 32, 29 (1964).

[29] J. Alexander, T. Orlando, D. Rainer, and P. Tedrow,
Phys. Rev. B 31, 5811 (1985).

[30] D. Worledge and T. Geballe, Phys. Rev. B 62, 447 (2000).

[31] A. G. Swartz, H. Inoue, T. A. Merz, Y. Hikita, S. Raghu,
T. P. Devereaux, S. Johnston, and H. Y. Hwang, Proc.
Natl. Acad. Sci. 115, 1475 (2018).

[32] H. Inoue, A. G. Swartz, N. J. Harmon, T. Tachikawa,

20
21
[22
23



Y. Hikita, M. E. Flatté, and H. Y. Hwang, Phys. Rev.
X 5, 041023 (2015).

[33] Y. Kozuka, Y. Hikita, C. Bell, and H. Y. Hwang, Appl.
Phys. Lett. 97, 012107 (2010).

[34] T. Yajima, M. Minohara, C. Bell, H. Kumigashira,
M. Oshima, H. Y. Hwang, and Y. Hikita, Nano Lett.
15, 1622 (2015).

[35] T. Tachikawa, M. Minohara, Y. Hikita, C. Bell, and
H. Y. Hwang, Adv. Mater. 27, 7458 (2015).

[36] Y. Hikita, K. Nishio, L. C. Seitz, P. Chakthranont,
T. Tachikawa, T. F. Jaramillo, and H. Y. Hwang, Adv.
Energy Mater. 6, 1502154 (2016).

[37] M. Thiemann, M. H. Beutel, M. Dressel, N. R. Lee-
Hone, D. M. Broun, E. Fillis-Tsirakis, H. Boschker,
J. Mannhart, and M. Scheffler, Phys. Rev. Lett. 120,
237002 (2018).

[38] W. L. McMillan and J. M. Rowell, Phys. Rev. Lett. 14,
108 (1965).

[39] C. Richter, H. Boschker, W. Dietsche, E. Fillis-Tsirakis,
R. Jany, F. Loder, L. Kourkoutis, D. Muller, J. Kirtley,
C. Schneider, et al., Nature 502, 528 (2013).

[40] See Supplementary Information, which includes Refs.
[51-62].

[41] R. Dynes, V. Narayanamurti,
Rev. Lett. 41, 1509 (1978).

[42] I. Zuti¢, J. Fabian, and S. D. Sarma, Rev. Mod. Phys.
76, 323 (2004).

[43] A. D. Caviglia, S. Gariglio, C. Cancellieri, B. Sacépé,
A. Fete, N. Reyren, M. Gabay, A. F. Morpurgo, and
J.-M. Triscone, Phys. Rev. Lett. 105, 236802 (2010).

[44] Y. J. Chang, A. Bostwick, Y. S. Kim, K. Horn, and
E. Rotenberg, Phys. Rev. B 81, 235109 (2010).

[45] G. Binnig, A. Baratoff, H. Hoenig, and J. Bednorz, Phys.
Rev. Lett. 45, 1352 (1980).

[46] R. M. Fernandes, J. T. Haraldsen, P. Wolfle, and A. V.
Balatsky, Phys. Rev. B 87, 014510 (2013).

[47] S. Klimin, J. Tempere, J. Devreese, and D. Van der

and J. P. Garno, Phys.

Marel, J. Supercond. Nov. Magn. 30, 757 (2017).

[48] C. Sahin, G. Vignale, and M. E. Flatté, Phys. Rev. B
89, 155402 (2014).

[49] K. Ando and E. Saitoh, Nature Commun. 3, 629 (2012).

[50] R. Jansen, S. P. Dash, S. Sharma, and B. C. Min, Semi-
cond. Sci. Technol. 27, 083001 (2012).

[51] R. Dynes, J. Garno, G. Hertel, and T. Orlando, Phys.
Rev. Lett. 53, 2437 (1984).

[62] T. Greibe, M. P. Stenberg, C. Wilson, T. Bauch, V. S.
Shumeiko, and P. Delsing, Phys. Rev. Lett. 106, 097001
(2011).

[63] J. P. Pekola, V. Maisi, S. Kafanov, N. Chekurov,
A. Kemppinen, Y. A. Pashkin, O.-P. Saira, M. M&ttonen,
and J. Tsai, Phys. Rev. Lett. 105, 026803 (2010).

[64] A. Feshchenko, L. Casparis, I. Khaymovich, D. Maradan,
O.-P. Saira, M. Palma, M. Meschke, J. Pekola, and
D. Zumbiihl, Phys. Rev. Appl. 4, 034001 (2015).

[65] H. Engler and P. Fulde, Z. Phys. 247, 1 (1971).

[56] O. Copie, V. Garcia, C. Bodefeld, C. Carrétéro, M. Bibes,
G. Herranz, E. Jacquet, J.-L. Maurice, B. Vinter, S. Fusil,
K. Bouzehouane, H. Jaffres, and A. Barthélémy, Phys.
Rev. Lett. 102, 216804 (2009).

[67] T. Yamamoto, S. Suzuki, K. Kawaguchi, and K. Taka-
hashi, Jpn. J. Appl. Phys. 37, 4737 (1998).

[58] K. Yoshimatsu, R. Yasuhara, H. Kumigashira, and
M. Oshima, Phys. Rev. Lett. 101, 026802 (2008).

[69] Z. Chen, Y. Hongtao, Y. Xie, D. Lu, H. Inoue, Y. Hikita,
C. Bell, and H. Y. Hwang, Nano Lett. 16, 6130 (2016).

[60] Y. A. Bychkov and E. Rashba, P. Zh. Eksp. Teor. Fiz.
39, 78 (1984).

[61] C. Jia, S. Mi, M. Faley, U. Poppe, J. Schubert, and
K. Urban, Phys. Rev. B 79, 081405 (2009).

[62] C. Cantoni, J. Gazquez, F. Miletto Granozio, M. P. Ox-
ley, M. Varela, A. R. Lupini, S. J. Pennycook, C. Aruta,
U. S. di Uccio, P. Perna, et al., Adv. Mater. 24, 3952
(2012).



