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Field-induced resistance peak in a superconducting niobium
thin film proximity coupled to a surface reconstructed SrTi10;

Akhilesh Kr. Singh', Uddipta Kar'?, Matthew D. Redell®, Tsung-Chi Wu', Wei-Hsiang Peng’, Bipul Das’, Satish Kumar",

Wei-Cheng Lee @™ and Wei-Li Lee ®'™

Oxygen vacancy is known to play an important role for the physical properties in SrTiO3(STO)-based systems. On the surface, rich
structural reconstructions had been reported owing to the oxygen vacancies, giving rise to metallic surface states and unusual
surface phonon modes. More recently, an intriguing phenomenon of a huge superconducting transition temperature enhancement
was discovered in a monolayer FeSe on STO substrate, where the surface reconstructed STO (SR-STO) may play a role. In this work,
SR-STO substrates were prepared via thermal annealing in ultra-high vacuum followed by low energy electron diffraction analyses on
surface structures. Thin Nb films with different thicknesses (d) were then deposited on the SR-STO. The detailed studies of the
magnetotransport and superconducting property in the Al(1 nm)/Nb(d)/SR-STO samples revealed a large positive magnetoresistance
and a pronounced resistance peak near the onset of the resistive superconducting transition in the presence of an in-plane field.
Remarkably, the amplitude of the resistance peak increases with increasing fields, reaching a value of nearly 57% of the normal state
resistance at 9 T. Such resistance peaks were absent in the control samples of Al(1 nm)/Nb(d)/STO and Al(1 nm)/Nb(d)/SiO,.
Combining with DFT calculations for SR-STO, we attribute the resistance peak to the interface resistance from the proximity coupling
of the superconducting niobium to the field-enhanced long-range magnetic order in SR-STO that arises from the spin-polarized in-

gap states due to oxygen vacancies.
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INTRODUCTION

One intriguing factor governing the physical property in an oxide
system is the oxygen content. In cuprates, extensive studies have
demonstrated the effective tuning of the superconducting
properties by simply varying the oxygen content in the parent
compounds'™. On the other hand, it is also known that oxygen
vacancies in SrTiO; (STO) serve as electron donors®, which turns
the STO from a wide band-gap insulator into an unusual dilute
superconductor®. As it turns out, the influence of the oxygen
vacancies to STO can be multifold according to some recent
investigations®®. Microscopically, oxygen vacancies locally break
the d-orbital symmetry of titanium ions, giving rise to unusual in-
gap states and possible magnetism. Such in-gap states in oxygen-
deficient STO have been observed in angle resolved photo-
emission spectroscopy and scanning tunneling spectroscopy
measurements”'®, More recently, a remarkable and nearly 10-
fold enhancement of superconducting transition temperature was
discovered in a monolayer of FeSe on STO'', which motivates
numerous investigations to reveal the intrinsic mechanism for
such a huge T. enhancement'*'®. Among various possibilities,
oxygen vacancy and charge transfer from STO substrate are
potential factors'®, and more experimental efforts are keenly
required. In light of this quest, we study the influence of the
superconducting property in thin niobium (Nb) films deposited on
surface reconstructed STO (SR-STO) substrates. The SR-STO
substrate can be prepared by annealing TiO,-terminated STO in
an ultra-high vacuum (UHV) environment, and the resulting
oxygen vacancies cause structural reconstruction at the STO
surface that can be identified by low energy electron diffraction
(LEED) measurement and analysis. A striking field-induced

resistance peak was uncovered at temperatures near the onset
of the superconductivity in niobium, which is absent in zero field
and also in control samples of niobium films deposited either on
SiO,/Si substrate or on TiO,-terminated STO without any surface
reconstruction. Surprisingly, the magnitude of resistance peak is
more pronounced with in-plane fields and appears to grow with
increasing field strength. The DFT calculations were carried out
using oxygen vacancy structures obtained from the LEED analysis,
where a unique spin-polarized in-gap states was found. The peak
resistance phenomenon in Nb/SR-STO is likely resulting from the
interplay between the superconducting Nb and the magnetism
from the spin-polarized in-gap states of SR-STO.

RESULTS

For more than ten TiO,-terminated STO substrates we prepared,
several annealing temperatures ranging from 800°C to 900 °C
were used with an annealing time of 4 h, and those substrates
were then cooled down to room temperature for the LEED
characterizations. The LEED pattern transformed from a simple
cubic structure of major diffraction spots (Fig. 1a) into a much
more complex pattern with additional secondary diffraction spots
that come from the surface structural reconstruction effect. We
also note that the diffraction spots become broader with different
intensity after UHV annealing, indicating an increase in the surface
roughness and also the inelastic scattering contribution to the
LEED pattern. A rich variety of surface structure on STO after UHV
annealing has been reported previously by many authors'>™"7,
where annealing temperature and duration are both crucial
factors. For the following Al(1 nm)/Nb(d)/SR-STO sample
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The surface structure of SR-STO. The LEED patterns of TiO,-terminated STO(100) substrates at room temperature: a no surface

structural reconstruction. bv/5 x 1/5R26.6° surface structure after UHV annealing. d c(4 x 2) surface structure after UHV annealing. ¢, f are the
simulated LEED patterns based on the /5 x v/5 R26.6° and c(4 x 2) surface structures, respectively, showing excellent agreements with
observed LEED patterns. The red and blue circles represent the secondary diffraction spots from different surface structure domains. Those
surface structures after UHV annealing are stable after cooling down to lower temperatures. e shows the LEED pattern at 6 K, which is identical

to that with c(4 x 2) surface structure at room temperature.

preparations, we chose to use the annealing temperature of
850 °C and annealing time of 4 h for the preparation of all SR-STO
substrates. With this annealing condition, two distinct and
reproducible surface structures can be identified from the LEED
measurements. They are v/5 x /5 R26.6° structure and c(4x2)
structure, which are shown in Fig. 1b and d, respectively. The
simulated LEED patterns using LEEDpat package'® with v/5 x /5
R26.6° and c(4 x 2) structures, shown in Fig. 1c and f, respectively,
are in excellent agreements with the patterns we observed. The
red and blue circles are secondary diffraction spots, deriving from
different surface structure domains. We also note that those
surface structures of SR-STO are stable down to lower tempera-
tures. Fig. 1f is an example of the LEED pattern of c(4 x 2) structure
measured with SR-STO at 6K, showing negligible changes as
compared to that at room temperature (Fig. 1d).

In order to study the influence of the proximity coupling
between SR-STO and the superconducting Nb layer, control
samples using different substrates of SiO,/Si and STO were
fabricated for comparison. The sample composition is illustrated in
the lower inset cartoon of Fig. 2a. Figure 2a shows the
temperature dependence of the sheet resistance R, for Al(1 nm)/
Nb(10 nm)/Sub. with Sub.= STO, SiO,/Si and SR-STO. The sheet
resistance R, equals 96.2 Q and 77.8 Q at T= 280K for Sub. = STO
and SiO,/Si, respectively, which is nearly 8-fold larger than that in
sample with Sub.=SR-STO (R,=12.2Q). In particular, Ry drops
rapidly with decreasing temperature for Sub. = SR-STO, giving a Rs
of about 12mQ at T= 10K, which is more than three orders of
magnitude lower than that in Sub.=STO and SiO,/Si at similar
temperature. Such a low R, at lower temperatures in Sub. = SR-
STO indicates a highly conducting nature in the SR-STO, and the
electron—phonon scattering plays a crucial role, giving rise to a
rapid drop of more than three orders of magnitude in R as
temperature goes from 300K to 10K. Therefore, Al(1 nm)/Nb
(10 nm)/SR-STO shall be considered as an interesting system of
superconducting layer proximity coupled to a highly-conducting
SR-STO substrate with a strong electron-phonon coupling. Figure
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2b plots the normalized sheet resistance Ry/R,, versus T near the
superconducting transition for samples with d=10nm. We
adopted the convention by taking the superconducting transition
temperature T, as the temperature with Ry/R,, = 1/2. The T, equals
4.6 K and 4.9 K for Sub. = STO (blue line in Fig. 2b) and Sub. = SiO,/
Si (red line), while T, for Sub.=SR-STO (black line) is apparently
higher with a value of 6.2 K. The detailed thickness dependence on
the T, is shown in Fig. 2c, where the Nb thickness was in-situ
monitored by a quartz crystal microbalance. The control samples of
Sub. = SiO,/Si with different thicknesses follow a simple relation of
log(T.)  1/d, which is consistent with some earlier works'®, We
remark that samples of Sub.=SR-STO (star symbols and open
triangles in Fig. 2¢) turn out to show higher T. compared to control
samples (circles and diamonds) with the same Nb thickness, where
the difference in T. appears to be larger for thinner Nb layer
(smaller d).

The upper critical field He, can be readily obtained from the
field dependence of sheet resistance Rs(H) and Hall resistance
R«/(H) at temperatures ranging from 2K to 7 K as shown in Fig. 3a
for Al(1 nm)/Nb(10 nm)/SR-STO sample with a field perpendicular
to the film surface. The extracted H,, as a function of the reduced
temperature (T/T.) is shown as black squares in Fig. 3b, where the
results for control samples of Sub. = STO (blue circles) and SiO,/Si
(red diamonds) were also included for comparison. For Sub. = SR-
STO at T/T =04, poHe>,. (H L ab) and poHc, (H ]| ab) equal 2.24T
and 10.88T, respectively. The effective superconducting layer
thickness dg; and also zero temperature Ginzburg-Landau (GL)
superconducting coherence length &;,(0) can be estimated from

the H. anisotropy based on the GL theory of ugHe ) =

%‘G":’(O), /1 =& and poHe, 1 = %(1 — T—TC)ZO, where @, is the
flux quantum. The extracted dg,; and &g, (0) values are summarized
in Table 1. For Sub. = SR-STO and d = 10 nm, effective thickness d
is about 8.5 nm that is about 10% lower than that for control
samples. On the other hand, &(0) equals 9.3 nm, which is about
10% higher than that for control samples. Similar behavior is
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Fig.2 The sheet resistance data. a The temperature dependence of the sheet resistance R; in a logarithmic scale for Al(1 nm)/Nb(10 nm)/Sub.
with three different substrates of STO, SiO,/Si, and SR-STO. For Sub. = SR-STO, R, is nearly an order of magnitude smaller at room temperature,
and it rapidly decreases with decreasing temperature, giving a mere R, = 10 mQ at around 10 K. The inset cartoon of a illustrates the device
composition. b The normalized sheet resistance Rs/R,, as a function of temperature below 7 K. The blue and red lines are the curves for Al
(1 nm)/Nb(10 nm)/STO and Al(1 nm)/Nb(10 nm)/SiO,/Si samples, respectively, showing lower superconducting transition temperatures as
compared to that in Al(1 nm)/Nb(10 nm)/SR-STO. ¢ The superconducting transition temperature T. in log scale versus 1/d, where d is the
thickness of the Nb layer. The phenomenological dependence of log (T.) < 1/d is well observed in samples with Sub. = SiO,/Si. T. appears to
be higher in samples with Sub. = SR-STO (star symbols and open triangles).

found in d = 15 nm samples. We do note that dg,; values are close
to but somewhat smaller than the nominal thickness d
determined from the quartz crystal microbalance. The magne-
toresistance (MR) data of Al(1 nm)/Nb(10 nm)/Sub. are shown in
Fig. 3c with green and black lines for transverse MR (H L ab) and
longitudinal MR (H ||/), respectively. A large positive transverse
and longitudinal MR with a magnitude of 251% and 86%,
respectively, at upH=10T are observed in the sample with Sub.=
SR-STO (left panel of Fig. 3c), which is more than two orders of
magnitude larger than that in samples with Sub. = SiO,/Si (middle
panel) and Sub.=STO (right panel). We also remark that the
negative Hall slope in sample with Sub.=SR-STO (Fig. 3a lower
panel at 7 K) indicates dominant electron-like carriers, which is
opposite to the hole-like carriers found in control samples with
Sub. = STO and SiO,/Si (see Supplementary Fig. 2).

As shown in Fig. 3b, the upper critical field H., for H|| I can be
more than 10Tesla at lower temperatures. An unusual field-
induced resistance peak was uncovered near the superconducting
transition, which is absent in zero field and tends to grow larger in
magnitude with field strength. Fig. 4a shows the R, — H curves at
temperature varying from 2K to 7K, where the inset cartoon
illustrates the field orientation of H || I. For T<5K, a pronounced
resistance peak was observed when the system passes from a
superconducting state to a normal state via field sweeping, and
the magnitude of resistance peak grows with increasing field
strength. On the other hand, such a resistance peak can also be
observed by temperature sweeping across the superconducting
transition as shown in Fig. 4b with field ranging from 0T to 12T.
For uoH = 2.5 T, R, starts to rise up as the temperature drops below
an onset temperature (T,,), and it then reaches a local maximum
at T, before quickly entering the superconducting state with
vanishing R.. The relative magnitude of the resistance peak (Ar) for
Al(1 nm)/Nb(d)/SR-STO with d =10 nm (open symbols) and 15 nm
(closed symbols) with two different field geometries of H ||/
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(circles) and H || ab L/ (squares) are summarized in Fig. 4c, where
the inset figure of Fig. 4c illustrates the definitions of the T, T,
and Ar we used in the discussions. In general, Ar is zero at low
fields, and it starts to appear above a certain field, where Ar grows
practically linear with field strength up to more than 10 T. Ar can
be as large as 0.56 at uoH = 8.5 Tesla for d = 15 nm with H || ab L /.
In the sample of d =15 nm with H ||/, we note that Ar decreases
with increasing field for 5 < pgH < 7.5 T, where the corresponding
To turns out to shift to a lower temperature (see Supplementary
Fig. 1), and thus the peak resistance effect was largely reduced by
the rapid drop in R at T.. From those observations, we
constructed a unique H-T phase diagram for the proximity
coupled superconducting system of Al(1 nm)/Nb(d)/SR-STO, which
is shown in Fig. 4d for d=10nm with H|| /. The color code in
Fig. 4d corresponds to the value of normalized sheet resistance of
Rs/R,. Other than the regular phase boundary of T, (yellow line)
between the normal state (light gray color) and superconducting
state (black color), there is a white region between the T, (blue-
dashed line) and T¢ lines, representing the appearance of unique
peak resistance effect. The T, line is found to be close to T line at
higher fields. It gradually moves toward the T, line as H reduces
and meets with Ty, line at about poH =2.5T, below which the
peak resistance effect completely disappears.

DISCUSSION

Similar resistance peak phenomena have been reported before in
several systems, such as mesoscopic superconducting nanowires,
disordered superconductors, and anisotropic superconducting
systems. A large resistance peak was observed at zero field in
several cuprates, including La,_,Sr,CuO,4, Bi,Sr,CaCu,0g, and
YBa,Cu30,°'"%3, which has been attributed to either the interplane
vortex effect or the resistivity and thus T. anisotropy in those
layered superconductors. Simulations, based on the measured
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Fig. 3 The magneto-transport data. The upper and lower panels of a show the field dependence of the sheet resistance R, and Hall
resistance R,, respectively, in Al(1 nm)/Nb(10 nm)/SR-STO sample at temperature varying from 2K to 7 K. The field is applied perpendicular to
the film surface as illustrated in the inset figure of the lower panel. b The field anisotropy of upper critical field H,, as a function of reduced
temperature T/T. for samples using different substrates of SR-STO, SiO,/Si, and STO. ¢ A comparison of the magnetoresistance (MR) in the
normal state. The green and black lines are the MR curves with field perpendicular to the film surface and field parallel to the in-plane current
direction, respectively. A large positive MR was observed in the sample with Sub. = SR-STO (left panel), which is more than two orders of
magnitude larger than that with Sub. = SiO,/Si (middle panel) and Sub.= STO (right panel).

Table 1. The GL parameters for Al(1 nm)/Nb(d)/Sub. samples.
d=10nm d=15nm

Sub. dgL(nm) &L (0)(nm) dg.(nm) é6.(0)(nm)

SR-STO 8.5 9.3 10.1 9.2

STO 9.5 8.6 11.0 8.1

SiO, 9.3 8.4 10.5 8.0

difference in resistivity and T. with a current either along or
perpendicular to the layer, do reproduce such a resistance peak
feature in the R-T curve®®. We thus performed a control
experiment by measuring the R-T behavior in Nb/SR-STO samples
with currents applied along two different substrate crystalline
axes. The difference in T. and transition width is negligible, and we
thus exclude the possibility of field-induced in-plane anisotropy
for the occurrence of resistance peak. We also note that the
resistance peak we observed in Nb/SR-STO is not likely due to an
inhomogeneous current distribution, since the R-T profiles can be
well reproduced regardless of the voltage leads geometry and
location (see Supplementary Fig. 3 and Fig. 4). On the other hand,
resistance peak in a mesoscopic superconducting wire is typically
associated with the formation of superconductor-normal metal-
superconductor (SNS) junction and possible enhanced phase-
slips®>°. In this case, the resistance peak appears to be the largest
in zero field, and its magnitude got suppressed rapidly by a small
external fields. This is the opposite of what we observed in our Nb/
SR-STO samples, in which the resistance peak is absent in zero
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field and grows larger with field intensity as shown in Fig. 4c. The
fact that the resistance peak is much more pronounced with in-
plane fields also precludes the role of vortex effect. A number of
reports also showed pronounced resistance peaks at zero field in
disordered or granular superconductors®’?®, where a possible
localized Cooper pair state due to disorder is proposed. This is
incompatible to the absence of the resistance peak in zero field
found in our Nb/SR-STO samples. In addition, the atomic force
microscope and low angle reflectivity measurements reveal a
relatively smooth surface and a macroscopic uniformity of our Nb
film thickness, respectively (see supplementary Fig. 5). Therefore,
disordered effect is less likely to be important in our Nb/SR-STO
samples, and other new mechanism is needed to explain the
resistance peak phenomenon found in our Nb/SR-STO system.

DFT calculations of electronic structure of SR-STO

A similar behavior was reported in mesoscopic devices, compris-
ing superconducting electrodes proximity coupled by a ferromag-
netic nanowire?’, The resistance peak was found to survive under
intense magnetic field, and the magnetism in the ferromagnetic
wire was inferred to play a crucial role. In systems with a single
oxygen vacancy, previous DFT results have shown that the
interplay between the local C; symmetry breaking on Ti atom near
the oxygen vacancy and the Hubbard U interaction leads to in-gap
states with local moments and a Rashba-like spin texture®®,
Furthermore, it has been reported that DFT with dynamical mean-
field theory (DMFT) predicts strong tendency toward ferromag-
netic ordering in the presence of two oxygen vacancies. In light of
this result, we performed DFT calculations using the Perdew-
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Fig. 4 The peak resistance effect. a The field dependence of Ry at temperatures ranging from 2K to 7K in Al(1T nm)/Nb(10 nm)/SR-STO
sample. b The temperature dependence of R; at fields ranging from 0 to 12 T. Pronounced field-induced resistance peaks are shown in a, b.
The relative magnitude of the resistance peak Ar as a function of the field strength is shown in (c). Solid and open symbols are results for d =
15 nm and 10 nm, respectively. The upper left inset figure illustrates the definitions for the peak temperature Tp, onset temperature T, and
Ar. Ar practically increases with increasing field without saturation, except for d=15nm sample with H|//. See main text for more
descriptions. d The H-T phase diagram of the Al(1 nm)/Nb(10 nm)/SR-STO system. The blue-dashed and red-dashed lines are the extracted Ty,
and Tp values, respectively. The color code represents the normalized sheet resistance (Rs/R,,) of the sample with light-gray and black regions
for normal state and superconducting state, respectively. The white region between the blue-dashed line and yellow-solid line (T,) is an
unusual state with resistance peaks uncovered in the Al(1 nm)/Nb(d)/SR-STO system.

Burke-Ernzerhof (PBE) generalize gradient approximation (GGA)
functional®® with the Hubbard U correction in the WIEN2k
software package®' to explore the possible magnetism arising
from the SR-STO. Using the TiO,-terminated STO, we created the
surface unit cells shown in Fig. 5a, d with a depth of 5 TiO, slabs in
the low-temperature tetragonal structure, we simulated the
patterned oxygen vacancies in order to study the vacancy effects
on the surface of STO. In our results presented, we considered a
5% 5x 1 k-mesh and included spin-orbit coupling along the [001]-
direction with U= 2eV. We performed the calculations for both
paramagnetic and ferromagnetic states and found the ferromag-
netic state to always be the ground state. We also tested different
magnetization axes for the spin-orbit coupling ([100] and [010])
and found no discernible difference in the total energies.
Additionally, we tested U=1, 2, 3, and 4 eV and found our results
were consistent for the entire range of
U used. From our calculations, we found a strong non-zero net
magnetic moment (} (n; — n,)) on the surface of our SR-STO unit
cell. To identify the root of this net moment, we first calculated the
projected density of states (PDOS) for the Ti atoms at the surface
of our SR-STO unit cell with this initial spin arrangement and
compared it with the total density of states of our unit cell (Fig. 5b
and e). From this, we see the onset of an in-gap peak, as was
reported previously®’, which can be mostly attributed to the Ti
atoms on the surface as well as a larger population of the spin-up

Published in partnership with Nanjing University

electronic states, similar to the two oxygen vacancy case®2 Our
GGA+U simulations reveal that the highest spin densities are
found at Ti atoms near the vacancy sites and decreasing for atoms
further from the vacancies. Those results are consistent with the
picture proposed by Lin and Demkov that the magnetism is
induced by the local orbital mixing due to the oxygen vacancy’.
Since our system forms a global vacancy pattern, this spin density
distribution forms spin density wave states, which can be seen in
Fig. 5¢, f. The formation of spin density wave (SDW) states leads us
to conclude that the system may be close to the ferromagnetic
long-range order, which tends to compete with the super-
conducting order of the proximity-coupled Nb.

Magnetic property of SR-STO and interface resistance between
superconductor and ferromagnet

We carried out comprehensive magnetization measurements on
Al(1 nm)/Nb(d)/SR-STO samples and also a control sample of STO
without surface reconstruction for comparison. The upper panel of
Fig. 6a shows the magnetization (M), normalized to the surface
area of the substrate, as a function of in-plane magnetic field (H //
ab) for Al(1 nm)/Nb(10 nm)/SR-STO sample at T=10K and 300K,
and the M-H curve for the control sample of STO at 10K is shown
as blue lines. For |uoH| = 0.1 T, the magnetic signal is dominated by
the diamagnetic moment from the bulk STO, making it difficult to
extract the surface magnetic moment contribution in the high
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Fig. 5 The DFT calculations. a—c Refer to the v/5x /5 R26.6° structure and d-f refer to the c(4 x 2) structure. a, d show the surface unit cells,
where the open red circles indicate the locations of the oxygen vacancies in the unit cell. All calculations were done with a structure having 5
TiO, planes thick. b, e show the DOS for the SR-STO structure with U =2 eV in comparison with the total DOS to show the onset of the spin-
polarized in-gap peaks for the surface Ti atoms. The shaded region in each plot shows the energy range used in calculating the spin densities.
Finally, ¢, f show the net spin densities for the surface of our SR-STO unit cells, directly correlating with the net magnetic moment due to states
in the energy range shaded in b, e. The color bar represents the values of local magnetic moment calculated from DFT. The regions indicated
by the green circles are referencing the Ti sites neighboring the vacancies, as in the surface unit cells in a, d. By expanding the visible area to
2 x 2 unit cells in the x and y directions, we can see that the presence of periodic, patterned oxygen vacancies leads to the appearance of a

spin density wave.

field regime. We thus focus on the weak field regime, where the
diamagnetic background is vanishing small. The apparent
hysteresis loop indicates the presence of a ferromagnetic-like
magnetic signal that persists up to 400K (see Supplementary
Fig. 6). The corresponding differential susceptibility x = dM/dH is
plotted in the lower panel of Fig. 6b, where the data for Al(1 nm)/
Nb(10 nm)/SR-STO at T=300K and STO control sample at 10K
were shifted upward and downward by a magnitude of 0.2 yemu
cm2G ', respectively, for clarity. The red open circles and blue
open squares represent the data points with opposite H sweeping
directions, indicating by the arrows in the figure. The coercive field
H. for Al(1 nm)/Nb(10 nm)/SR-STO, extracted from the local
maximum in dM/dH-H curve, equals=35mT at T=10K, and it
reduces to about 7 mT at T=300K. By integrating the dM/dH-H
curve, the shaded area shown in the lower panel can be obtained,
giving the weak-field magnetization (M) for the ferromagnetic-
like contribution. The extracted M, in four different samples were
summarized in Fig. 6b with two different field orientations of H//
ab (left panel) and H L ab (right panel). The control sample of STO
without surface reconstruction was found to give the lowest M,
of <50 uemu cm 2 (shaded area in Fig. 6b). It can be attributed to
minute magnetic impurities of a level <1 ppm in STO (e.g., 1 ppm
Fe*" ions give about 200 emu cm™2 with a substrate thickness of
0.05 cm). For other samples using SR-STO as substrate, the weak
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field M,y is at least two-fold larger than that in the control sample
of STO without surface reconstruction. For Al(1 nm)/Nb(10 nm)/SR-
STO at T=10K, M,y is about 245 and 144 emucm~2 for H// ab
and H 1 ab, respectively, and M, values do not vary significantly
up to 300K. We also note that similar magnetic behavior was
observed for Al(3 nm)/SR-STO sample without Nb layer, suggest-
ing the weak field M, is intrinsic and deriving from the SR-STO. In
Fig. 6¢, the corresponding H. values are shown with magnitude
less than 50 mT. Those results agree with the possible SDW phase
from our DFT calculation and also several earlier reports on the
surface magnetism in oxygen-deficient STO (for a review, please
refer to ref. 33). The origin of such an intrinsic weak field M,
remains a debatable issue, where complex spin coupling between
the in-gap spin-polarized states and the itinerant d electrons may
play an important role. We also notice that, for Al(1 nm)/Nb
(15 nm)/SR-STO, the M,y is much reduced at a lower temperature
for H L ab, which is most likely associated with the presence of
magnetic anisotropy at lower temperatures.

Based on the existence of such an intrinsic ferromagnetic-like
magnetism in SR-STO, the physical phases in Al(1 nm)/Nb(d)/SR-
STO system can be illustrated by a cartoon shown in Fig. 7a, where
the horizontal (blue) arrows represent the magnetization with a
declining magnitude as moving away from the Nb/SR-STO
interface. Within a thickness of about &,=+/D/h (D and h are
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Fig. 6 The magnetization data. The upper panel and lower panel of a show the magnetization and differential susceptibility x = dM/dH,
respectively, as a function of in-plane magnetic field (H // ab) for Al(1 nm)/Nb(10 nm)/SR-STO sample. A Large weak field hysteresis loop was
observed, which persists up to 300K, which is in big contrast to the much smaller loop for the control sample of STO without surface
reconstruction (blue lines). The shaded area in the lower panel can be obtained by integrating the dM/dH-H curve, giving the weak field
magnetization (My). The dM/dH-H curves for T=300 K and STO without surface reconstruction at 10K were shifted for clarity. b, ¢ Show the
summaries of the extracted M, 4 and the corresponding coercive field H,, respectively, for four different samples at T= 10K and 300 K with
different field orientations of H//ab (left panel) and H L ab (right panel). See the main text for more details.

the diffusion coefficient and exchange field, respectively, of the
ferromagnet®®), there is a proximity-induced superconducting
regime on the SR-STO side, which forms a superconductor/
ferromagnet (SC/FM) interface shown as green dashed line in the
cartoon. Considering a one dimensional spin diffusion model
across a SC/FM interface, the boundary conditions at the interface
require both y; (x=0) = —u;(x = 0) and j;(x = 0) =j,(x = 0) due to
constraints from Andreev reflection effect and zero net spin
current on SC side® (Fig. 7b), where py(, is the chemical potential
for spin up (down) electrons, and spin current density j,=
—(01(/e)0uy/ox. The SC/FM interface resistance can be
expressed as R, = Au/ej = [p? /(1 — p?)](peAee)***°, where p = (o) —
0))/(0; +0,) and pg (AE;) are the spin-polarization and resistivity
(spin-diffusion length), respectively, of the FM. For T< T, the SC/
FM interface is located within the SR-STO, and it disappears as the
temperature goes above T.. A simplified resistor network model
for the Al(1 nm)/Nb(d)/SR-STO system can then be constructed
and shown in the inset cartoon of Fig. 7c. As T increases across the
superconducting transition, R; transforms from the resistance of a
SC/FM interface to that of a metal/FM interface, and the interface
resistance changes across T, can be expressed as

fp?
=p)(1—p+h)
where f=peAt: /NS and py (A§) is the resistivity (spin diffusion
length) of the Nb in normal state. We remark that AR; is always
positive and diverges as p approaches one that corresponds to a

fully spin-polarized state in the FM. We then model a step-like
function for the temperature dependent interface resistance of

AR =R(T<T)-R(T>T) = peree, (1)

Published in partnership with Nanjing University

R(T)=A/(e /R 1 1) — C, where A, w and C are some constants,
and Ry, is the sheet resistance of the Nb thin film from the control
sample using SiO,/Si as a substrate. As an example in Fig. 7c, the
simulated effective sheet resistance (Ref) of the resistor network
(blue line), using Ri(T) and the the corresponding Ry, and Rsg_sto
from control samples, can reasonably reproduce the resistance
peak feature found in the experimental Ry data (open circles) of Al
(1 nm)/Nb(10 nm)/SR-STO sample. Nevertheless, considering the
macroscopic junction area (~1 mm?) in our samples, the simulated
SC/FM interface resistance R; of about 2.2 mQ turns out to be only
possible with a fully spin-polarized state in the FM (1 — p < 107°) if
we take pr=0.01Qx 10 °cm and A5, = 107> cm. It is not clear
whether a field-enhanced exchange coupling for the in-gap states
can lead to such a fully spin-polarized state. While more complex
model than resistor network may be required, further investiga-
tions are also needed to reveal the spin-polarization and other
spin-related parameters near the surface of a SR-STO under
magnetic field.

To justify the resistor network model, we construct a SC/FM/SC
layered tight-binding model shown in the upper panel in Fig. 7d
to investigate the conductance across the SC/FM interface. To
minimize the finite size effect, a periodic boundary condition
between SC layers on both sides is introduced. The ferromagnet-
ism is introduced by the spin-dependent chemical potential u, =
Er — oM, where M is the ferromagnetic order parameter. In SC
layers, the superconducting gap A is introduced via the standard
BCS mean-field pairing Hamiltonian. The interface is modeled by
the barrier potential V,, which is similar to the Z parameter used
in the Blonder-Tinkham-Klapwijk (BTK) formalism3®. The
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Fig.7 The resistor network model with SC/FM interface resistance. a An illustration of the proximity coupled Al(1 nm)/Nb(d)/SR-STO system.
The blue horizontal arrows represent the magnetization in SR-STO, and the green dashed line is an SC/FM interface between the proximity-
induced SC region and the rest of SR-STO. b The spin-up (spin-down) chemical potential u;(;) across a SC/FM interface, and x is the distance to
the interface. A boundary condition of u;(x = 0) = —u,(x = 0) was introduced to respect the constraint due to the Andreev reflection effect.
The interface resistance R; = Ap/ej can then be determined using a one dimensional spin diffusion model. A simplified resistor network model
is shown in the inset cartoon of (c). The resistance peak feature for the Al(1 nm)/Nb(10 nm)/SR-STO with an in-plane field of yoH=>5T is well
reproduced by the simulated effective resistance R of the proposed resistor network (blue line). The dashed black and red lines are the
corresponding Ryp and R; for the simulated Re¢. The geometry of the SC/FM/SC layered model is shown in the upper panel of (d). There are N,
layers for SC on both sides and N, layers for FM. The lower panel of d shows the normalized zero-energy conductance GN(A, E = 0) in the

transparent limit.

tight-binding Hamiltonian can be written as
H=H"+ Hee + Heg,

il e 1

H" = Z Z [e (k) — pg + (52,2’ + 62‘1”)‘/13] Cyz.0Ckz,0

ko z=2'

+ (—tc,tyz_racklﬂ,o + h.c.),
AL N, .
Hse = ; Z] o (65°(k) — Er)Cp, oChzo
fo
+(—t5cc,t‘zaock‘z+1_g +hc) + (—ACLZ?TCJL,(“ +h.c),

R 2N, N,
HSC = Z Z Za (€SC(k) - EF)CLZVOCKZ,D‘ + (_tSCCL’z,OCk.zH.a + h.C.)

k z=z'+1
+ (—Ac)ﬁ_zjc‘:k_’z‘l +h.c.),
()

where there are N, layers for SC at both sides and N, layers for FM,
Z=N1+1 and Z’=N;+ N, are the layer indices for the
interfacial  layers, k is the in-plane  momentum,
€M = —2t(cosky + cosky), and €5 = —2tsc(cos ky + cosky ). With
this Hamiltonian, we can use the Landauer formula to compute
the conductance between layers i and ji

Gy(E) = % YU TH(E) . TH(E) = |G} (E.K)I,

GR(EK) = [(E+im)i — Fu],

3)

where Tf.jf(E) is the transmission probability from layer i to j with in-
plane momentum k, and g,;‘.(E, k) is the corresponding retarded
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Green'’s function. We compute the conductance from i =2 —1
(the last layer of SC on the left) to j = Z” (the last layer of FM), as
shown in the upper panel of Fig. 7d to capture the Andreev
reflection near the SC/FM interface. In all the calculations
presented here, we put N; =N, =200 and tsc/t = 4.

We focus on the conductance at zero energy, which corresponds
to the resistance used in the resistor network model (R; ~ 1/G(0)). In
the lower panel of Fig. 7d, we plot the zero-energy conductance
normalized to the normal state one, defined as GN(4, E=0) = G/(4,
E=0)/Gy{A =0, E=0), as a function of A with (V}, M) fixed. Since our
sample is likely to be in the transparent limit, we set V, =0 in the
calculation. It is confirmed that the normalized zero-energy
conductance across the SC/FM interface for the FM layers with large
M always decreases with A and saturates to a certain value for large
A, due to the suppression of the Andreev reflection by the spin
polarization. On the contrary, for small M the normalized zero-energy
conductance increases with A, because the Andreev reflection
remains robust for small spin polarization. Since from the BCS theory
A(T) o< A(T = 0)4/1 — T/T, our calculation suggests that the zero-
energy interfacial conductance for the FM layers with large spin
polarization will monotonically decrease with the temperature below
T, which justifies the step-like temperature profile of the interfacial
resistance R; proposed in the resistor network model.

We further fabricated superconductor/SR-STO heterostructure
using different superconducting layers of lanthanum (La) and
aluminum (see Supplementary Fig. 7). Similar resistance peak
phenomenon was observed in La(20 nm)/SR-STO sample, and the
magnitude of resistance peak (Ar) increases with increasing
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in-plane field strength, which is in accord with the field-induced
resistance peak in Al(1 nm)/Nb(d)/SR-STO samples. However, we
do notice that Ar is nearly 5-fold smaller as compared to Nb
(10 nm)/SR-STO sample at similar field strength. Such a notable
variation in Ar at similar field strength may be attributed to the
difficulty in the experimental control over the interface quality and
thus the barrier potential (V,) that can affect the interface
resistance, according to the DFT calculations (Fig. 7d).

We studied the superconducting property in proximity coupled
Al(1 nm)/Nb(d)/SR-STO system. With proper preparations, SR-STO
substrates with surface structures of v/5x v/5 R26.6° and c(4 x 2)
can be well reproduced, and the corresponding electronic
property not only exhibits strong electron-phonon coupling
effect but also shows intriguing spin-polarized in-gap states based
on the DFT calculations. While those spin-polarized states do not
give a long-range magnetic order in weak fields, a larger field can,
in principle, promote the long-range magnetic order in SR-STO,
making it an intriguing example of proximity coupled super-
conductor/ferromagnet bilayer. We uncovered a notable region in
the H-T phase diagram, showing unusual resistance peak
phenomenon. Such a field-induced resistance peak can be
attributed to the proximity coupling of the superconducting Nb
to the spin-polarized in-gap states with possible field-assisted
long-range magnetic order. By using a simplified resistor network
model with a step-like interface resistance (Ri(T)), the resistance
peak behavior can be explained, and the extracted R; value for SC/
FM interface is on the order of a few mQ that may infer a fully
spin-polarized FM state in the SR-STO under magnetic field. Similar
resistance peak phenomenon was also observed using La as the
superconducting layer, justifying the generic feature of the peak
resistance effect in a superconductor/SR-STO heterostructure. Our
work provides an intriguing way of revealing the unusual
electronic states in the SR-STO due to oxygen vacancies by
proximity-coupling to a superconductor.

METHODS

A series of TiO, terminated STO substrates were slowly heated up and
annealed in an UHV LEED chamber at temperatures ranging from 800 °C to
900°C followed by LEED measurements to characterize the surface
structures of the STO substrates. In order to ensure the best surface
quality of STO, the SR-STO substrates were annealed in an UHV chamber
and then transferred directly under UHV environment to another UHV
electron beam evaporator chamber for niobium film deposition at ambient
temperature, where the base pressure during the film deposition was kept
as low as 5x 10" torr. The film thickness was monitored using a quartz
crystal microbalance, where the deposition rate was precalibrated by X-ray
low-angle reflectivity measurements. At last, a thin aluminum film of
thickness about 1 nm was subsequently deposited as a protection layer.
The surface morphology of resulting Al(1T nm)/Nb(d)/SR-STO samples were
probed using an atomic force microscope. The magnetotransport
measurements were carried out using a superconducting magnet system
with a variable temperature insert. For comparison, a series of control
samples were fabricated with the same conditions of films deposited either
on TiO,-terminated STO without surface reconstruction or on SiO,/Si
substrates instead.
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