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Role of locally polar regions in the superconductivity of SrTiO3
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Understanding the interaction between polar and superconducting order parameters may hold the key to
several classes of superconductors that remain poorly understood, including SrTiO3 and several tellurides. Here
we show that doped, strained SrTiO3 films can exhibit both global or local polar order, respectively, depending
on the amount of epitaxial mismatch strain, thereby providing a platform to understand how inversion symmetry
breaking affects superconductivity. We find that the superconducting critical temperature correlates with the
length scale of polar order. In particular, the transition temperature is enhanced when polar nanodomains are
sufficiently large or, in the extreme limit, films are globally ferroelectric. In these cases, the Cooper pairs reside
in a noncentrosymmetric environment. Conversely, low transition temperatures are found when the nanodomains
are small. The findings point to the length scale of polar nanodomains and spin-orbit coupling as important
parameters controlling the superconductivity of SrTiO3. The ability to control the size of the polar domains
opens up new opportunities to design and control the nature of superconductivity in a wide range of materials.
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I. INTRODUCTION

Superconductivity in SrTiO3 cannot be described by con-
ventional electron-phonon models and its Cooper pairing
mechanism remains a subject of significant debate, just
like that of many other unconventional superconductors [1].
Recently, suggestions that superconductivity in SrTiO3 is as-
sociated with the proximity to ferroelectric order have gained
significant interest [2–12]. Although pure and unstrained
SrTiO3 is not believed to be ferroelectric [13], ferroelectricity
can be induced in doped samples that subsequently become
superconducting, for example, by 18O isotope substitution,
alloying, or strain [14–18]. Ferroelectric materials are also
noncentrosymmetric, which means that spin-orbit coupling
can become an important energy scale [19,20]. Spin-orbit
coupling can give rise to unconventional superconducting
states, including mixed parity and topological superconduc-
tivity, and unusual magnetoelectric and magnetochiral effects
[5,9,10,19–23]. In addition, ferroelectric samples exhibit an
enhancement of the superconducting transition temperature
(Tc) by up to a factor of 2 [15–18], which has not yet been
explained with any of the current theories.

We have recently shown that polar nanodomains are
present far above the ferroelectric transition temperature and
that they are an essential precursor of the ferroelectric state
[24,25]. Their size decreases with increasing carrier density
until eventually the ferroelectric transition is suppressed [24].
Small polar nanodomains exist even in unstrained SrTiO3,
which does not become ferroelectric [24–27]. The role of
local inversion symmetry breaking in the superconductivity
of SrTiO3 has not yet been considered. Moreover, polar nan-
odomains have also been discovered in the parent phases
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of other classes of superconductors, such as the tellurides
[28–30], hinting at a connection to superconductivity that is
more general than is currently appreciated. One reason for
the lack of understanding is the low superconducting tran-
sition temperatures, which make it difficult to characterize
symmetry breakings at the nanoscale with existing tools. The
behavior of the nanodomains is, however, systematic as a
function of carrier density, strain, and with distance from the
ferroelectric transition [24,25]; therefore reliable extrapola-
tions can be made even from room temperature observations.

The goal of the present study is to investigate the potential
role of the polar (nano)domains in determining the supercon-
ducting transition temperature (Tc). To this end we keep the
carrier density constant but vary the degree of strain relaxation
in epitaxial thin films of SrTiO3, which will be shown to affect
the ferroelectric transition. We observe an enhancement of
superconductivity in samples with correlated polar distortions
regardless of the emergence of ferroelectricity. Our results
point to inversion symmetry breaking as the main parameter
controlling superconductivity in SrTiO3.

II. EXPERIMENTAL

Doped SrTiO3 films were grown on (001)
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) single crystals by hybrid
molecular beam epitaxy (MBE), as described elsewhere
[17,31]. For coherently strained films, the LSAT substrates
impose a 1% in-plane compressive strain. Near the peak of
the superconducting dome, the Tc of coherently strained films
exceeds 600 mK, which is at least twice that of unstrained
films [32]. We use the rare earth ions Sm (films A and C)
and La (films B and D) as dopants. As shown previously,
Tc does not depend on the type of dopant [32]. Electrical
measurements between 300 and 2 K were performed in a
Quantum Design Dynacool system. The carrier density (n3D)
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FIG. 1. Normalized resistance (R/RN) as a function of (a) temperature and (b) out-of-plane magnetic field for films A–D at 50 mK.

was calculated from the Hall effect at 300 K and ranged
between 6 and 8 × 1019 cm–3, which is slightly underdoped.
Measurements below 1 K were carried out in an Oxford
Instruments Triton dilution refrigerator. Cryofilters at the
mixing chamber of the dilution refrigerator were used to
decrease effective electron temperature [33]. The films’
resistance was measured using lock-in amplifiers at low
frequency (11 Hz). Tc was defined as the temperature at which
the resistance, R, was 5% of the normal-state resistance, RN.
The superconducting upper critical field (Hc2) was defined as
the value of the magnetic field (μ0H) when R reaches 95% of
RN. The superconducting coherence length was estimated as
ξ0 = √

φ0/2πHC2, where φ0 is the magnetic flux quantum.
A high-resolution Philips Panalytical X’pert thin-film x-

ray diffractometer with Cu Kα radiation was used to quantify
the degree of strain relaxation. The thickness of the films was
∼180 nm, which is near the critical thickness for strain relax-
ation on LSAT [34]. Sample A was fully strained (see Fig. S1
in the Supplemental Material [35]), while films B, C, and D
all showed some strain relaxation, as seen by a slight shift
of the out-of-plane lattice parameter from its fully strained
value and the absence of thickness fringes (see Fig. S1 [35]).
Optical second harmonic generation (SHG) experiments were
performed using an ultrafast laser supplying 40-fs pulses at
a 10-kHz repetition rate and a center wavelength of 800 nm.
The laser spot size was 30 μm, and the fluence was below
10 mJ/cm2. SHG signals were normalized to the incident laser
beam power. Cross-section transmission electron microscopy
(TEM) samples were prepared using a FEI Helios Dualbeam
NanoLab 600 focused ion beam for atomic-resolution scan-
ning transmission electron microscopy (STEM). High-angle
annular dark-field (HAADF) images were obtained using
Thermo-Scientific Talos G2 200× S/TEM (Cs = 1.2 mm) at
200 keV with a semiconvergence angle of 10.5 mrad. Twenty
fast scan images (2048 × 2048 pixels, 2 μs dwell time) were
sequentially recorded and cross-correlated to enhance the
signal-to-noise ratio and minimize scan distortion. Position-
averaged convergent beam diffraction (PACBED) patterns
[36] were obtained for all analyzed images to ensure that
the sample tilt is less than 1 mrad. Atomic column positions
can be determined with picometer precision [25,37]. Here, the
off-centering of Ti-O columns from the positions in a cubic,

centrosymmetric cell are used as a measure of the unit-cell
polarization, as described elsewhere [25]. The polarization
direction is defined based on the difference between the center
of mass of the four neighboring Sr columns and the Ti-O col-
umn position. All images were obtained at room temperature.

III. RESULTS

Figure 1(a) shows normalized resistances (R/RN) as a func-
tion of temperature. The extracted Tc values are similar and
correspond to 600, 600, 560, and 580 mK for samples A–D,
respectively. All Tc values are enhanced relative to unstrained
SrTiO3 and in line with those previously reported for co-
herently strained SrTiO3 [17], despite the fact that samples
B–D are partially strain-relaxed. Minor variations in Tc are
expected, similar to previous observations, and can be due to
small variations in the carrier density [32]. Figure 1(b) shows
the normalized resistances as a function of the magnetic field
at 50 mK. Unlike Tc, Hc2 varies between the samples. Table I
summarizes the sample parameters.

Figure 2 shows temperature-dependent SHG intensity for
samples A–D between 200 and 10 K. Upon cooling, only
the fully strained sample A shows a sharp increase in the
SHG response, which indicates the transition to a globally
ferroelectric phase at ∼90 K. As shown previously, the electric
polarization is normal to the film plane in film A [18]. In
contrast, samples B, C, and D do not show a ferroelectric tran-
sition. The SHG signal changes gradually with temperature,
excluding the possibility of any long-range ordered ferroelec-
tric polarization, whether in plane or out of plane, with a
length scale greater than the laser wavelength. In particular,
the presence of ferroelectric domains larger than the laser

TABLE I. Superconducting and materials parameters of films A–D.

Sample Dopant n3D(cm–3) Tc (mK) Hc2 (T) ξ (nm)

A Sm 6 × 1019 600 1.75 13.7
B La 8 × 1019 600 1.22 16.4
C Sm 8 × 1019 550 0.98 18.3
D La 7 × 1019 580 0.63 22.8
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FIG. 2. Temperature dependence of the SHG intensity of films
A–D. Only film A shows a sharp transition from a paraelectric to a
ferroelectric phase.

wavelength but smaller than the laser spot size would give rise
to a speckle pattern that is not observed experimentally. In-
stead, in all the samples a weak but finite SHG signal persists
to high temperatures, which is likely due to a combination of
diffuse SHG from the presence of polar nanodomains [24,25],
smaller than the laser wavelength, and higher-order optical
processes such as electric quadrupole SHG that do not depend
on the breaking of inversion symmetry.

Figure 3 shows the results from the analysis of HAADF-
STEM images that provide information about polar nan-

odomains in the fully strained and partially relaxed SrTiO3

films, respectively. The HAADF-STEM images can be found
in Fig. S2 [35]. The displacements of the Ti-O columns
in each unit cell are color coded, with the color indi-
cating the 〈001〉 direction closest to the direction of the
polarization vector. In film A the Ti-O columns displace
primarily along [001] (red color) and form large polar nan-
odomains. The other films (B–D) have smaller domains with
polarizations parallel to [001̄], [010], and [01̄0], respectively.
The larger nanodomains are on order of eight unit cells with
average Ti-O column displacements of ∼10 pm for all films.
The polarization direction in the nanodomains in the par-
tially relaxed films does not have a strong preference for
the out-of-plane direction, in contrast to film A. The differ-
ent polarization directions average out to give an isotropic,
but finite, SHG signal. Analysis of additional regions can be
found in Fig. S3 (Supplemental Material [35]) and give similar
results.

IV. DISCUSSION AND CONCLUSIONS

To briefly summarize the results, SHG shows that only the
fully strained film A transitions to long-range ferroelectric
order. All films show polar nanodomains, even if there is no
ferroelectric transition. Nevertheless, all films exhibit a sub-
stantially enhanced Tc. Thus a long-range ordered ferroelectric
state is not required for enhanced Tc.

The results can be explained if Tc is controlled by the
relative length scales of polar domains and the spatial sep-
aration of the Cooper pairs. The extreme case is a globally

FIG. 3. HAADF-STEM results showing polar domains in films A–D. Each pixel represents the displacement of the Ti-O column in that
unit cell. Displacements are color coded based on the proximity of the polarization vector to the nearest 〈001〉 direction.
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FIG. 4. HAADF-STEM results showing polar domains in (a) unstrained and (b) overdoped strained SrTiO3 film.

ferroelectric film which forms a single domain for compres-
sively strained films [18]. In this picture, sufficiently large
nanodomains achieve the same enhancement of Tc as a fer-
roelectric film as long as the Cooper pair separation is not
too large. Importantly, nanodomains will grow in size as
the temperature is lowered, as can, for example, be seen by
gradual increase of SHG signal with temperature. To test this
picture, we next discuss two films whose nanodomains are
small compared to the Cooper pair separation (Fig. 4). The
first case is an unstrained SrTiO3 film grown on an SrTiO3

substrate (n3D ∼ 7 × 1019 cm–3), and the second is a fully
strained SrTiO3 film on LSAT with a high carrier density in
the overdoped regime (n3D ∼ 3 × 1020 cm–3). The value of Tc

for the unstrained film is 227 mK, while it is 160 mK for the
overdoped, strained film (shown previously in Ref. [17]). Both
films show Tc values that are in line with expectations at these
carrier densities [17], e.g., Tc is not enhanced. Nanodomains
in the overdoped film were also shown in Ref. [24]. Data
shown in Fig. 4 were analyzed to allow for a direct comparison
with Fig. 3. As can be seen from Fig. 4, while the unstrained
film shows polar nanodomains, they are very small, spanning
on average 3.9 ± 0.9 unit cells. No nanodomains exist at
room temperature in the overdoped film, although small nan-
odomains might still form at lower temperatures [24]. Tc is
rapidly suppressed upon a slight increase in carrier density,
when nanodomains do not form at any temperature due to the
screening by the free carriers [17].

Thus all results are consistent with the length scale of
polar order determining Tc of SrTiO3. This finding points to
a crucial role of inversion symmetry breaking in the super-
conductivity of SrTiO3, and, in turn, of spin-orbit coupling,
which is present only in a noncentrosymmetric material. In
particular, if the polar domains are larger than the separation
of the Cooper pairs, then the Cooper pairs reside in a po-
lar or noncentrosymmetric material. In contrast, if the polar
domains are smaller than the separation between the pairs,
they reside in an (on average) centrosymmetric film, which,
as has been shown here, results in a low Tc. One could take
this picture one step further and suggest that superconduc-
tivity in SrTiO3 requires inversion symmetry breaking. This
would provide a natural explanation as to why ferroelectricity
and superconductivity vanish at similar carrier densities on
the overdoped side, where the nanodomains collapse upon
screening by the free carriers. It would also explain recent

observations of a relatively constant but low Tc in the very
underdoped regime [38], where the nanodomains are small
relative to the separation of the Cooper pairs but never com-
pletely vanish [24,26,27].

The importance of local polar regions and their length scale
thus point to spin-orbit coupling as the key to Cooper pairing
in SrTiO3. Our results are remarkably consistent with find-
ings that showed a strong correlation between the strength of
Rashba spin-orbit coupling and Tc in quasi-two-dimensional
electron gases in SrTiO3 [39]. The importance of spin-orbit
coupling in the superconductivity of SrTiO3 would also ex-
plain the surprising insensitivity of Tc to magnetic impurities
[32,40].

The results should motivate a microscopic theory of the
role of spin-orbit coupling and dipolar interactions in the su-
perconductivity SrTiO3. Finally, as mentioned above, locally
polar regions continue to be discovered in the parent phases
of many other unconventional superconductors [28–30], while
other incipient ferroelectrics have shown unexpected super-
conductivity [41]. It is therefore possible that Cooper pairing
is governed by polar or inversion symmetry broken regions
in a much wider range of materials than has previously been
appreciated.
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