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High-mobility carriers and superconductivity at the SrNbQ;-SrTiOj; interface
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Interfaces between transition-metal oxides can host two-dimensional electron gases (2DEGs) that exhibit
intriguing quantum phenomena. The interfacial 2DEG system has attracted significant attention due to its
versatile properties and tunability. In this study, we present the discovery of a high-mobility 2DEG characterized
by well-developed Shubnikov-de Haas oscillations, alongside superconductivity at temperatures below 230 mK,
in a heterostructure comprising bulk-metallic STINbO3; on SrTiO;3. The 2DEG is featured with extremely low
carrier density for the quantum oscillations, and the superconductivity with two-step behaviors in various
transport properties. Both the 2DEG and the superconductivity exhibit a common dependence on the thickness
of the StNbOj; layer. The dependence underscores the crucial role of epitaxial strain within the metallic layer on
these two phenomena. Our findings introduce a novel platform for investigating interfacial high-mobility 2DEGs
coexisting with superconductivity, with the bulk-metallic components of StNbOj; playing a pivotal role in these

heterostructures.
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Interfaces between transition-metal oxides (TMOs) have
attracted remarkable interests because of their potential in
hosting two-dimensional electron gases (2DEGs) with distinct
band structures and exotic properties. The first realization of
2DEG at the interface between LaAlO3; (LAO) and SrTiOj
(STO) [1] provides a ground-breaking platform to demon-
strate exotic quantum phenomena [2-10], among which
superconductivity attracts tremendous attention because of its
importance in fundamental sciences and practical applications
[11,12]. Recently, substitution of STO by KTaO3; (KTO) is
expected to introduce stronger topological nature because
KTO’s spin-orbit coupling (SOC) strength is more than 20
times larger [13]. Interfacial superconductivity has been re-
alized for heterostructures of EuO/KTO and LAO/KTO till
now with specific crystalline orientations [14-20].

2DEGs usually reside on one side of the TMO het-
erostructures within STO or KTO. The 2DEG at LAO/STO
heterostructures is thought to be formed via charge transfer
from LAO to STO due to the discontinuity of polarity at
interfaces [21]. Nevertheless, the general formation mecha-
nism of the electron systems within TMO heterostructures is
obscure. Besides interfacial charge transfer, oxygen vacancies
are also possible sources of extra charge carriers [22] while
their existence is unstable for quantitative controls or analy-
ses. Intermixing of atoms have also been observed in systems
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that create 2DEGs at the interface [23]. On the other hand,
introducing exotic properties such as topological band struc-
tures and magnetic orders is usually realized by engineering
the adjacent overlayer, but not always convenient. Proximat-
ing effect, the major route for such engineering, is usually
limited by multiple factors such as robustness of the property,
quality of interfaces, etc. Novel methods of constructing and
engineering interfacial superconductivity is therefore needed.
The difficulty mentioned above may be relieved by deposit-
ing a metallic overlayer. With large charge density and affinity
to electrons, the metallic layer could either build stronger
interactions with the 2DEGs in STO or KTO via proximity
effect, or even make the 2DEGs cross the interface and re-
side in the overlayer. As a metallic perovskite in bulk phase,
SrNbO;3; (SNO) possesses Nb’s 4d orbitals and is expected to
integrate the electron system with both strong correlations and
large SOC. It is an appropriate candidate to realize a 2DEG
near the interface and to explore exotic properties, including
unconventional or topological superconductivity [24-26].
Here, we report on the observation of the coexistence of su-
perconductivity and Shubnikov-de Haas (SdH) oscillations in
SNO/STO heterostructures. The superconducting transition
temperature varies between 150 and 230 mK, being dependent
on the thickness of the SNO layer. A high-mobility electron
system is inferred to exist by the SdH oscillations. Notably,
its carrier density is 4 ~ 5 orders of magnitude smaller than
that of all itinerant charge carriers, which is suggestive of its
unique formation mechanism. Both the superconductivity and
SdH oscillations exhibit similar dependence on the thickness
of the SNO layer, implying their origins near the interface at
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FIG. 1. (a) STEM picture of the SNO/STO interface look-
ing along the [100] direction. (b) Characterizations of chemical
intermixing at the interface by HAADF and EELS intensities.
(c) Temperature dependence of a SNO/STO heterostructure with
d= 15 nm from 300 to 4 K. Temperature dependencies of
SNO/LAO heterostructures are shown in (d) and (e) with d = 115
and 6 nm, respectively.

the SNO side. It is by far unclear whether these two stem from
the same electron system.

High-quality SNO films were deposited on STO substrates
with (001) orientation and TiO,-terminated surface by pulsed
laser deposition (PLD) technique. An atomically sharp in-
terface could be confirmed by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
[see Fig. 1(a)]. With the lattice constants being 3.905 A for
STO and 4.023 A for SNO, the substrate exerts an in-plane
biaxially compressive strain € = —3.02%. Electron energy
loss spectroscopy (EELS) [see Fig. 1(b)] displays the distri-
butions of Ti and Nb elements and suggests a sharp transition
across the interface. The chemical intermixing could not be
detected within the measurement resolution (about two unit
cells) and the HAADF intensity near the interface clearly
exhibits periodic arrangement of SrO, NbO,, and TiO, planes.
Both the HAADF and EELS results convincingly confirm
high crystalline quality of the oxides and the sharpness of
the interface. A series of SNO/STO heterostructures were
prepared with the thickness of SNO layer d = 4, 6, 15, 37,
75, 150 nm. All samples are square shaped with dimensions
of 5 x 5 mm?.

Electric transport measurements were conducted using the
van der Pauw (vdP) method from room to ultralow tempera-
tures (~20 mK). A typical residual resistance ratio (RRR) is as
high as ~3000 for all samples [Fig. 1(c)], confirming the high
crystallinity of SNO films. Superconductivity was observed
for the samples with d > 6 nm [see Fig. 2(a)]. The transi-
tion temperature (7;), determined by the onsets of resistance
drops, monotonically increases with d from 150 to 230 mK.
The 37 nm sample exhibits a two-step transition during the
resistance drop at around 150 mK.

For control experiments, we prepared another two het-
erostructures by depositing SNO (d =6 and 115 nm,
respectively) on LaAlO3 (LAO) substrates. The 6 nm film
is insulating with sheet resistivity on the order of MQ [see
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FIG. 2. (a) Temperature dependence of resistances for all the
SNO/STO samples. The arrows label the superconducting transition
temperatures 7. (b) Resistances as magnetic field varies between
40.5 T at 30 mK. (c) Differential resistances (dV/dI) as I, varies
between 400 pA at 30 mK.

Fig. 1(e)]. The transition from being metallic to insulating is
due to the strain exerted by the substrate. On the other hand,
it provides further confirmation about the high crystalline
quality for the deposited SNO film. The 115 nm sample,
although recovering the metallicity at higher temperatures
because of strain relaxation, still exhibits a mild insulating be-
havior below 1.0 K. More importantly, no superconductivity
was observed down to 20 mK [see Fig. 1(d)]. It convinces
that the observed superconductivity is unique to the specific
combination of SNO and STO and does not stem from the
relaxed bulk SNO.

We further characterize the superconductivity by variating
magnetic field (B) and bias current (lyi,s). Both R — B and
dV/dI — Iyi,s curves shown in Figs. 2(b) and 2(c) evolve from
“V” to “U” shape as d increases, suggesting the strengthening
of superconductivity. Again, a two-step behavior is discernible
in the Ry curve for the 37 nm sample, and more obvious
in the dV/dI — Ly, curves for all except the 6 nm sample.
Figure 3(b) summarizes the thickness dependence of two-
dimensional conductivity before superconducting transition
(o2p), T, critical current (I.), and critical field (uoH.). Here
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FIG. 3. (a) In-plane (a) and out-of-plane (c) lattice constants
as functions of SNO thickness extracted by XRD measurements.
(b) Thickness dependence of o,p, T, I., and H,. (¢c) Dependence on
a/c for the same data shown in panel (b). The dashed lines indicate
linear dependencies.
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FIG. 4. (a) SdH oscillations and (b) fast Fourier transformation (FFT) spectra for all samples. (c) and (d) are Landau fan diagrams for
F, and F, oscillations, respectively. The insets show zoom-in views of intercepts of each diagram. (e) Thickness dependence of identified
frequencies. The oscillations are dominated by F; for d < 15 nm and by F, for d > 37 nm, while interference of two appears for d = 37 nm
[shown in panel (a)]. The shaded belt highlights the weak peak of Fy. (f) Ny for F, and F, oscillations for various d.

uoH, is determined by the field at which resistances drop
to 90% of the normal state values, and I. is determined by
the onsets of sudden increases of dV/dI. All the parameters
rapidly increase before d reaches 37 nm. For larger d, the first
three universally switch to a much slower increasing rate, but
woH, significantly decreases.

The thickness dependence is likely associated with the
relaxation of in-plane biaxial strain exerted by the substrates.
Compression leads to smaller in-plane lattice constant (a)
and larger out-of-plane lattice constant (c). As d increases,
the influence of the substrate fades away, and a and ¢ grad-
ually merge. They were characterized by x-ray diffraction
(XRD) measurements for each sample [see Fig. 3(a)], and
impressively exhibit similar thickness dependence as the
superconductivity—rapid change for d < 37 nm and mild
evolution for larger d. Strain relaxation can be seen in further
details by reciprocal space mapping (RSM) measurements
(see Fig. S2 in the Supplemental Material [27]). Both XRD
and RSM data prove that most of the strain is relaxed within
37 nm from the interface where a large strain gradient exists.
The strong effect of the strain gradient on superconductivity
can be seen in Fig. 3(c).

Strain can have an impact on the carrier density and band
structure [31]. For perovskite compounds, the split between
I, and e, bands is caused by crystal field and is thus sensitive
to strains; orbital energies within each band also differ when
spatial symmetry is broken, leading to further lift of degener-
acy. The evolution under strain may lead to reconstruction of
band structure. For instance, a Dirac point in SNO is predicted
to emerge not far from Fermi level when compressive strains
and rotations of NbQg tetrahedrals are considered [25].

To exploit the effects of epitaxial strain modulation on band
structures, we conducted magnetoresistance measurements
for all samples. Similar as the previous study [32], large linear
magnetoresistances (LMR) were observed (see Fig. S4 of the
Supplemental Material [27]). In addition, SdH oscillations
were observed superimposed to the LMR. The oscillations
are periodic in 1/B, and composed of two major frequencies
[Figs. 4(a) and 4(b)]. One (F}) rapidly shifts upwards for
4 nm < d < 37 nm, and switches to a slower increasing rate
for larger d; another (F3) is only visible for d > 37 nm and

mildly increases [see Fig. 4(e)]. The thickness dependence of
F; agrees with that for the strain. The coincidence not only
unveils the strong modulation of strain on band structure, but
also implies the correlation with strain for both the supercon-
ductivity and the quantum oscillations. Another weak spectral
peak (labeled as Fp) exists between 38 and 50 T with no
obvious dependence on d. Its obscurity might be associated
with low mobility of the corresponding band.

Landau-fan diagrams for F} and F, are plotted in Figs. 4(c)
and 4(d). The integer indices of Landau levels are marked at
the minima of the oscillating component AR because py, >
Pxx (see Fig. S5 in the Supplemental Material [27]). Accord-
ing to the Lifshitz-Onsager quantization rule, Sr - (h/eB) =
2w (N + Ny) = 2n(N + 1/2 + y), where Sp is the Fermi sur-
face area, h the Planck’s constant, and e the electron charge.
Here Ny = 1/2 4 y is the intercept of Landau-fan diagram
and y is associated with dimensionality and Berry phase.
We note that Ny of the F| Landau-fan diagram continuously
evolves as d increases [see Fig. 4(f)], exhibiting similar thick-
ness dependence.

The metallicity of bulk SNO and possible oxygen va-
cancies within the STO substrates introduce complexity to
analyses. We therefore aim to estimate their charge carrier
densities that contribute to the transport process. Figure 5(a)
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FIG. 5. (a) Carrier densities extracted by Hall measurements.
The dashed line is a guide to the eye. Inset: zoom-in view for d <
20 nm. The intercept nyo = 3.38 x 10" cm™2 at d = 0 is a residue
density associated with the doped STO. (b) Comparison of carrier
densities extract from Hall measurements and the SdH oscillations.
The estimated error bars are smaller than the symbol size.
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plots the two-dimensional carrier densities as a function of
SNO thickness. The densities ny are determined by Hall
measurements, which include the contributions from all itin-
erant charges. The extrapolation to the d = 0 limits, which
excludes the contribution from the SNO layer, gives a finite
value of ngo = 3.38 x 105 cm~2. This is in consistence with
other STO-based heterostructures with insulating overlayers
[1]. Given the small uncertainties of ny, the estimation of
ngo should be sufficiently precise [see the inset of Fig. 5(a)].
On the other hand, the densities of the high-mobility elec-
tron system, inferred by the SdH oscillations, are given by
nsag = (2e/h)F; = (0.6 ~ 3.6) x 10'2 cm™2 where the spin
degeneracy of two has been taken into account. It is 3 ~ 4 or-
ders of magnitude smaller than ngg [see Fig. 5(b)], suggesting
that nyo is mainly contributed by the charge carriers within
the STO substrates due to oxygen vacancies doped during the
sample growth [33-36].

The high-mobility electron system is featured with some
specialties which imply its possible unique formation mech-
anism. First, It should not reside in the bulk metallic SNO
because the mobility and phase coherence will be easily de-
stroyed by itinerant charges. Second, given the 2DEGs in
LAO/STO heterostructures may also exhibit SdH oscillations
[37-42], it seems that oxygen vacancies could be one possible
mechanism for the high-mobility electrons in our samples.
However, one should note that although there is constantly a
difference between ng,y and ny in these studies (nyo/nsay =
3 ~ 5 [41]), the ratio for the SNO/STO samples nyo/nsqy >
10 is 2 ~ 3 orders of magnitude larger. Furthermore, the
lowest nggy = 0.6 x 10'2 cm™2 is lower than that for two-
dimensional LAO/STO heterostructures, while compatible a
one-dimensional counterpart [42]. On the other hand, the de-
pendence of ngyy (ox F1) on d still suggests its close relation
with the metallic SNO layer. One possible mechanism is that
charges transfer from bulk SNO toward the interface under a
strain gradient. This agrees with the density-functional-theory
(DFT) calculations which demonstrate a charge accumulation
at the interface (see Fig. S7 in the Supplemental Material
[27]). We emphasize that this mechanism is completely dif-
ferent from the transfer due to interfacial polar catastrophe.

STO can indeed exhibit superconductivity by doping
oxygen vacancies or intermixing Nb [43]. The optimal
dosage gives a carrier density between 107 and 10%* ¢cm™3
[33,34,44]. For our case, the carrier density—if converted
from nyo for a typical thickness less than 100 nm—is be-
yond this range, otherwise it requires a doped layer thicker
than 340 nm to exhibit superconductivity. Such a thickness,
while not completely ruling out the possibility, is extremely
unlikely. Moreover, the two-step behaviors exhibited by
the SNO/STO superconductivity, including R — 7T, R — B,
dV/dI — Iy, curves (shown in Fig. 2) and the temperature
dependence of critical field (shown in Fig. S3 in the Supple-
mental Material [27]), have not been observed for LAO/STO
heterostructures. Alternatively, the thickness dependence of

superconductivity gives a strong indication that it is closely
related with the SNO layer, although the contribution of
superconductivity in the doped STO cannot be ruled out con-
clusively. Considering the absence of superconductivity has
been verified by the SNO(115 nm)/LAO heterostructure, it
should originate from the interface or the strained SNO. So
far, there is no convincing evidence to attribute both the su-
perconductivity and the SAH oscillations to the same electron
system, although their correlations with the strain can be
confirmed by the thickness dependence in common. The state-
ment is strengthened further by the simultaneous appearance
of the abnormal suppression of puoH, [see Fig. 3(c)] and the
F, oscillations for d > 37 nm. A detailed investigation on the
suppression shows that the linear temperature dependence of
uoH, breaks into two sections (see Fig. S3 in the Supplemen-
tal Material [27]). The nature of multiband structure has been
confirmed for SNO both by angle-resolved photoemission
spectroscopy (ARPES) experiments and DFT calculations
[24]. With a larger SNO thickness, carrier density increases
to a threshold and starts to fill the higher band, thus intro-
ducing certain mechanisms to suppress superconducting order
parameters.

In summary, we have fabricated a series of heterostruc-
tures composed of metallic STNbO3 and insulating SrTiO;,
and observed superconductivity coexisting with Shubnikov-de
Haas oscillations. The superconducting transition temperature
varies between 150 and 230 mK, and the SdH oscillations
confirm the existence of high-mobility 2DEG with a density
in the range of (0.6 ~ 3.6) x 10'> cm™2. Both phenomena
exhibit similar dependence on the thickness of the SNO layer.
Careful analyses have been performed to determine that both
phenomena are located in the strained region of SNO near the
interface, distinguished from previous reports on LAO/STO
heterostructures. The formation of the 2DEG is likely driven
by a mechanism of charge transfer from the bulk metallic
SNO toward the interface triggered by strain gradient. The
superconductivity is also closely related with the strain, al-
though whether it originates from the high-mobility 2DEG is
unclear. Our results convince that heterostructures of metallic
and insulating TMOs is an appealing platform for the study of
interfacial emergent phenomena.
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