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Strain-engineered interaction of quantum polar and superconducting phases
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The pairing mechanism of unconventional superconductivity in strontium titanate is hotly debated. Here,
using a multisensor experimental apparatus with a mechanical strain cell, an optical microscope, and with
transport and magnetic probes all contained in a closed-cycle dilution refrigerator, we determined that the
superconducting transition temperature of strontium titanate increases dramatically even for very small strains
induced by application of uniaxial tension. These results imply that superconductivity is controlled by very
small atomic shifts; the only strain-sensitive pairing channel candidate is the one linked to quantum ferroelectric
(polar) instability. This investigation, therefore, uncovers additional constraints on the debated theories of
superconductivity in this low carrier concentration material near the ferroelectric quantum phase transition.
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I. INTRODUCTION

The major open question of the mechanism of supercon-
ducting pairing in strontium titanate (STO) has stimulated
vigorous debate [1–12]. Recent experimental works have
demonstrated the enhancement of superconductivity in STO
via changes in crystal composition or epitaxy [13–16], and
they have revealed the potential importance of the ferroelec-
tric (FE) quantum phase transition to this material’s unusual
phonon behavior [17–21] and mysterious electron pairing
[3,7,22–28,13,14,10,29–33]. One of the debated aspects is
which phonons provide the pairing glue: longitudinal optical
phonons with energies that can be larger than the Fermi
energy, or the FE transverse optical modes with energy that
can be lower than the Fermi energy. From here the debate
splits into treating STO as either the antiadiabatic limit or as
a standard BCS limit but considering only some low-energy
phonons. From here the debate continues to a consideration
of the exact microscopic origin of the strong electron-phonon
coupling in the above phonon branches: single phonon, po-
laronic, the more recent two-phonon [12], and all-phonon-
inclusive proposals [34]. An additional complication is the
antiferrodistortive (AFD) order, which generally has not been
considered as influencing superconductivity in many experi-
ments and in all existing theories.

In summary, no single theory has conclusively explained
the microscopic pairing mechanism of superconductivity in
STO. We believe that experiments that precisely control both
the FE and AFD orders are necessary to guide future the-
oretical efforts. To address this fundamental challenge, here
we performed an experiment in which lattice properties were
changed in a controlled way, enabling us to accurately probe
the origin of superconductivity in STO and its relation to
structural changes and instabilities. We applied a previously
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unexplored tensile (001)t stress approach and observed a
large enhancement of the critical temperature (Tc) in STO,
which we interpret as originating in softening (Fig. 1 of this
paper and Fig. S1 of the Supplemental Material [76]) of the
transverse FE mode [35–39]. Softening of the mode under
tension could prompt strong changes in electronic behavior
even at small subpicometer deformations [40]. Note that our
experiment indicates that the strong interplay between the
AFD and FE modes is an important parameter. Within the
tensile deformation geometry investigated here, the AFD and
FE modes are expected to work in synchrony [41] and thus
may strongly increase Tc, as anticipated in FE soft-mode
scenarios [3,7]. The longitudinal optical FE phonon mode
does not respond directly to stress [35]; therefore, models
involving longitudinal optical modes are difficult to reconcile
with our experimental findings, unless some completely new,
unexplored theoretically secondary process is involved.

II. EXPERIMENTAL APPROACH

To elucidate the role of lattice modes in superconduc-
tivity in STO, we applied uniaxial compressive and tensile
stresses—a clean nonchemical control [33,42–44]—to narrow
thin bars of SrTi1−xNbxO3 crystals (Nb-doped STO), and
we measured the resistive and magnetic signatures of the
superconducting transition. Our experimental setup [Fig. 1(a)
and Figs. S2–S6] consisted of a home-built strain cell and a
polarizing optical microscope installed in a dilution refrig-
erator, as detailed elsewhere [45]. While we applied (un-
measured) uniaxail stress, we measured the resultant strain
along the stress direction using gauges attached to the samples
[Fig. 1(b)]. The strain, εzz, along the long side of the thin and
narrow crystals [Fig. 1(b)] reported in the following figures
was typically measured at ∼50 mK. This work reports data
from six independent samples that exhibited an increase in
the superconducting transition temperature, Tc, upon tensile
[001]t stress. We used very low excitation currents (100 nA
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FIG. 1. Experimental setup and expected FE phonon mode soft-
ening in STO under the stress-strain conditions used here. (a) Ap-
paratus based on a closed-cycle dilution refrigerator with a base
temperature of 7 mK. Electronic transport, mutual inductance, and
optical measurements were performed in situ while the strain was
continuously tuned [45]. (b) Long, narrow, and thin samples (left
image; typically 10 × 2 × 0.27 mm3) were clamped (right image)
in the custom strain cell to apply tunable strain monitored along
the long side of the crystals using the shown flexible strain gauge.
(c) Schematic of atomic vibrations of the FE phonon mode and its
alignment with the AFD c-axis for stress along [001]t . (d) Calculated
softening of the A2u(Z ) FE phonon mode parallel to the AFD rotation
axis and hardening of the Eu(X,Y ) mode perpendicular to the AFD
axis, under uniaxial [001]t tensile stress (based on Ref. [7]). (e) Strain
in the Z direction, εZZ , measured by the gauge has the opposite
sign to the coinduced X and Y strains, εX X and εYY , which can
be determined using Poisson’s ratio [47]. The sample geometry
promotes c-domains, which are fully detwinned by the [001] tensile
stress; a larger stress corresponding to the induced strain along the
[001]t direction of the detwinned crystal is expected to soften the FE
phonon mode.

to 100 μA) and an ultralow noise amplifier and a resistance
bridge to measure the resistive phase transition, with a signal
level of hundreds of picovolts. Mutual inductance coils were
installed in the strain cell to measure the magnetic signatures
of the transition ([46] and the Supplemental Material [76]).

In this paper, we use square brackets to denote a crystallo-
graphic axis and round brackets to denote a crystallographic
plane, e.g., [001] and (001), respectively. The a = b tetrag-
onal lattice sides are along the [100]t and [010]t directions.
The longer c lattice side (c-axis) is in the [001]t direction
[Figs. 1(c)–1(e)]. The subscript t is used to emphasize the
tetragonal (monodomain) phase. No subscript denotes direc-

FIG. 2. Large enhancement of Tc under uniaxial (001)t tensile
stress in SrTi1−xNbxO3 as confirmed by magnetic susceptibility and
resistive probes. (a) Magnetic susceptibility, reflecting the screening
fraction, and resistive transitions shift toward higher temperature
upon tensile stress; these two parameters were measured simultane-
ously for a sample with x = 0.004. Three measured εZZ values of
strain are indicated in %. The susceptibility data are the three down-
turning curves, from full Meissner to no screening (left ordinate). The
resistance data are the three up-turning curves, from zero to normal
resistance of a few m�. The screening signal extends all the way into
the resistive drop. Both the diamagnetic screening and the resistive
shifts in the transition happen in the same manner, which rules out
trivial filamentary superconductivity under stress and indicates a
large strain effect on the bulk transition temperature regardless of
the specific definition of the transition temperature. (b) Resistive
transition for the sample with x = 0.01. Curves are normalized to
the resistance at 1 K, Rn. The upper inset “Experimental timeline”
traces Rn: the sample measurements start from nonzero as-cooled
strain of 0.011% (the beginning of the arrow); next, the normal
resistance reduces slightly at increasing tensile strain values; finally,
the resistance value returns to the original value after the release of
strain (at the arrowhead, 0%). The reversibility demonstrates that
the critical temperature change is not driven by the formation of
permanent lattice defects. The lower inset shows the enhancement
of Tc and the almost constant width of the transition under different
strains; the enhancement is independent of the definitions of Tc

(emphasized on the colormap by the red R0 = const lines).

tions in the high-temperature cubic phase. This convention is
similar to that used previously in Ref. [35].
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III. RESULTS

Typical resistive transitions for various Nb contents are
given in Figs. 2 and 3(a)–3(d). We observed significant and re-
versible increases in the critical temperature of SrTi1−xNbxO3

under tensile strain [Figs. 2(a) and 2(b)]. When sufficiently
large strains were achieved, we observed a dramatic nonlinear
upturn toward higher temperatures [Figs. 3(b) and 3(c)]. The
entire resistive transitions were considered, and the tempera-
tures at which the resistance was 10%, 50%, 90%, 95%, and
98% of the normalized resistance were examined as different
critical-temperature definitions.

Bulk magnetic susceptibility measurements reproduced
the same relative change in the superconducting transition
temperature under (001)t tensile stress as compared to those
changes determined from the resistance traces [Fig. 2(a)
and Fig. S7]. This similarity ruled out filamentary behavior
that otherwise would have resulted in tremendously reduced
screening [48–50]. Instead, we concluded that the gap be-
tween the magnetic and transport transitions was a signature

of the “extreme type-II” nature of superconductivity in STO
[31,46,51], meaning that the combination of the extremely
low superfluid density and mobile vortices makes STO ex-
ceptionally susceptible to external perturbations. Additionally,
local susceptometry in previous works indicated that the
crossover from the bulk superconducting behavior to island-
like (percolative) behavior occurs fairly abruptly within ∼10
mK in unstrained bulk STO [52] of similar quality to the
crystals studied here. The same conclusions about the large
change in the critical temperature of STO crystals as a result
of the applied stress in our work were reached irrespective
of the Tc definition used [Fig. 2(b)]. The effect was evident
only in crystals with preferentially oriented domains (opti-
cal microscope images appear in the supplemental material,
Fig. S6).

Lower-doping and higher-doping samples underwent some
increase in Tc under strain [Figs. 3(a) and 3(d)], but they
had higher crystal brittleness [maximum strains are shown
in Figs. 3(a) and 3(d)], limiting the strain that we could

FIG. 3. Doping dependence of the increase in the onset of the superconducting transition under tension. (a)–(d) Representative resistance
data for Sr1Ti1−xNbxO3 crystals with four doping levels (x = 0.001, 0.004, 0.01, and 0.02) spanning a large portion of the phase space. The
main panels show resistive transitions (purple dots on linearly interpolated colormaps) normalized to resistances at 1 K. The red lines in
the main panels and insets depict equal-resistance contours that define Tc at 10%, 50%, 90%, 95%, and 98% of the normalized resistance R0.
Lower-doping samples [(a), x = 0.001] showed a mild enhancement only; they often fractured (usually normal to the strain axis) at intermediate
strains of ∼0.02%. Near-optimally-doped samples [(b) and (c); x = 0.04 and 0.01, respectively] displayed a large and divergent-like increase
in Tc (arrows). Note that the sample in Fig. 2 did not reach high enough strains to manifest divergent-like behavior (within the strain error bars
of approximately 0.01%). The overdoped sample [(d), x = 0.02] exhibited almost no increase in Tc (similar to other samples with the same
doping, data not shown). The normal resistance values defined at 1 K appear in the supplemental material (Fig. S9). Some sample-to-sample
variations apparently arise from imperfections in the sample mounting and wire-bonding rather than the compositions of the samples. All of the
above definitions of Tc yielded a consistent picture of enhanced Tc with slight sample-to-sample variations, as expected from our experimental
design and setup.
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FIG. 4. Large increase in the onset of the superconducting tran-
sition and general enhancement of Tc across the phase diagram. Tc

is shown as a function of doping; this figure summarizes the (001)
stress data from the four samples depicted in Fig. 3 (x = 0.001,
0.004, 0.01, and 0.02). The plotted “error bars” are ranges of Tc

defined as 0.98Rn at smallest-to-largest strains (Table I). Dashed
lines are guides to the eye. The width of the transition increased
insubstantially or remained largely unaffected by strain. These data
reveal anomalous Tc growth that is among the highest that was
detected in many conventional and unconventional superconductors
[43,55–60] in relative terms under given strain.

induce [53]. In general, we achieved higher strains in samples
with higher Nb content (and higher carrier concentrations;
Table S1 of the supplemental material contains basic sample
parameters). “Overdoped” samples [e.g., Fig. 3(d)] did not
exhibit a substantial increase in Tc. Thus, the highest starting
Tc and strongest increase in Tc occurred in nearly optimally
doped samples [Figs. 3(b) and 3(c)]. The enhanced Tc is
summarized as a “dome” phase diagram in Fig. 4, as well
as in Table I with all definitions of Tc yielding a similar
enhancement under tensile strain.

There was an apparent sample-to-sample (or experiment-
to-experiment) variation in the details of the transition, in
particular how smoothly the last stage of the transition to the
zero-resistance state occurred. The samples in Fig. 2 displayed
sharper and “cleaner” transitions than other samples with the
same Nb content shown in Figs. 3(b) and 3(c). The difference
between the datasets is the position of the measurement
wire-bond leads: they were bonded closer to the middle of
the samples whose data are plotted in Fig. 2 but closer to
the mounting ends, near the strain cell clamps, for Fig. 3.
We attribute an inhomogeneous strain or pinned tetragonal

domains near the mounting ends as being responsible for the
less homogeneous transition signatures of these samples.

We also note that the diamagnetic screening signal in Fig. 2
extends all the way into the resistive drop (for the out-of-phase
susceptibility, see Fig. S7); this observation was confirmed
in additional samples and other doping levels (Fig. S8).
This observation differs from those of some previous studies,
which reported a larger apparent gap between magnetic and
resistive data, e.g., Ref. [23]. To have less of an influence
on the responses of the sample in the transition region, we
typically applied only 10 μA transport current and only a
5 mG magnetic field amplitude at 200 kHz.

We also found that the critical temperature of
SrTi1−xNbxO3 decreases under small compressive (001) strain
for nearly or higher-than-optimal doping levels [Figs. 3(b),
3(c), 4, and Table I], consistent with previous studies of
multidomain samples [33]. Under small compressions in the
(001) direction, the samples may host all possible domains,
with the AFD c-axis pointing in the [100], [010], and [001]
directions; this geometry may be inconclusive. However, at
larger compressive (001) strains we observed a mild relative
enhancement in Tc, as reported elsewhere [54].

IV. DISCUSSION

We now discuss the hypothesis that FE instability drives
superconductivity in STO. Previous works reported that de-
formation geometries in which the c-axis elongates and the
oxygen octahedra are rotated further from their equilibrium
AFD angle enhance FE instability [36,41,61]. Similarly, in
our geometry, the (001)t tensile stress in crystals not only
promotes elongation of the c-axis due to the Sr matrix defor-
mation, but also causes the oxygen octahedra to rotate further
[61]. The additional rotation of the octahedra is on the order
of 0.5◦ to 1◦ (estimated assuming c-axis strains of ∼0.07%
[61]). This AFD rotation and c-axis elongation may lead to
a softening of the FE mode on the order of 1 THz, which is
enough to considerably soften the FE mode [62,63] and thus
substantially enhance Tc, according to the FE mode scenario.

The increase of Tc upon tuning toward ferroelectricity has
been captured in a recent model of FE phonon-mediated
coupling [3,7]. In this model, Tc is expected to grow sharply as
the phonon mode frequency decreases on the approach to the
incipient FE quantum phase transition. It is very likely that the
sharp upturn in Tc in our data is the start of the singularity (Fig.
S1) that would occur if the quantum phase transition occurred
near these strains. Another observation consistent with the
model is that the overdoped samples [Fig. 3(d)] responded
very weakly to strain even for relatively large strains, probably

TABLE I. Summary of Tc at extreme and zero strains for the four samples depicted in Fig. 3 (x = 0.001, 0.004, 0.01, and 0.02), defined at
different Rn levels.

n(1020 cm−3) 0.16 0.64 1.6 3.2

ε (%) 0 0.0221 −0.034 0 −0.048 −0.029 0 0.066 0 0.04
Tc (mK) at 0.1Rn – – 365 420 530 363 380 420 128 134
Tc (mK) at 0.5Rn 252 310 403 462 600 396 414 500 158 166
Tc (mK) at 0.98Rn 395 440 509 566 725 583 643 776 225 265
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because the overdoped samples are farther away in the phase
space from the expected polar phase transition than less-doped
samples (see the model in Ref. [7] and the Supplemental
Material).

Comparing our (001)t tensile stress data with a calcu-
lated trend in the FE phonon modes [Fig. 1(b) and Fig. S1]
demonstrates that the increase in Tc is correlated with the
expected softening of the transverse FE phonon mode whose
polarization is parallel both to the AFD axis and the applied
stress [Fig. 1(a)], the so-called A2u mode [35] (details in the
supplemental material). The asymmetric behavior of Tc under
stress or strain inversion in STO is nontrivial. The FE phonon
modes perpendicular to the AFD (and stress) axis are expected
to harden under tension and soften under compression (Fig. 1),
while the modes with the perpendicular polarization behave in
the opposite manner [64]. Our data indicate that Tc could be
linked specifically to the mode with polarization parallel to
the AFD axis [Figs. 1(a) and 1(b)].

The strength of the response and the maximum Tc and
strain appear to correlate with the dome of the critical tem-
perature (Fig. 4). The strongest response was near optimal
doping, and the weakest near maximum doping (Fig. 4).
One possible interpretation is that the response is strongest
near—but slightly off—the FE critical point (as would be
defined for undoped samples). At locations too close to the
critical point, there are not enough carriers to produce robust
superconducting stiffness; very far from the critical point, the
dopants dampen and screen the FE fluctuations too much and
thus suppress superconductivity. Therefore, the maximum Tc

and strength of the response are expected to occur slightly
closer to the undoped side.

The above interpretation is in qualitative agreement with
our data. However, on a quantitative level, the seemingly
weaker transverse FE phonon-electron mode coupling, as
compared to the longitudinal mode coupling, has been de-
bated [8,65]. This subject of further investigation requires
the development of a full microscopic model that includes
the anharmonic modes that are expected at the FE transition.
Developing such a microscopic model is well beyond the
scope of the current experimental work. However, to guide
future efforts, we point out that the longitudinal mode is
generally not coupled to strain [35], and therefore a full
explanation of our results by models based on the longitudinal
mode only is not sufficient; a role of the transverse modes is
not excluded. For example, a recently proposed two-phonon
electron-phonon coupling mechanism could be the key to
a more quantitative model [12]. Additionally, the effect of
increasing Tc is evident at fairly high doping, where the
multibands and the anisotropy [28,66–68] should not play
a major role under these tiny strains (see the supplemental
material).

The smallness of the maximal strains (0.05–0.07 %) and
the corresponding tiny unit-cell deformations (on the order of
∼0.2 pm)—which cause changes in Tc of tens of percent—
may seem surprising. This behavior is quite sensitive, given
that in many other works on different materials the strains
needed to be about an order of magnitude larger in order
for Tc to appreciably change [55–59,69]. On the other hand,

significantly enhanced response to strain is known to occur
near other phase transitions, e.g., in a topological transition
[43]. More relevant to our work, such small strains have been
shown to lead to a tenfold or more softening of the FE mode
under strain [35–39,41]. To our knowledge, this parameter is
the only one to change so dramatically in STO under such
small strains. We conclude that the FE polarization can have
a dramatic effect on the electron pairing properties, even with
very small picometer-scale lattice distortions [40].

In future works, it will be important to address the tem-
perature dependence of the normal state resistance [70] in a
large temperature range under uniaxial stress. Direct phonon
measurement and manipulation techniques, combined with
probes such as electronic transport and scanning SQUID
imaging [71], could bring to life new ideas such as probing
very high dynamic strain responses, potentially leading to
even higher values of Tc than those accessible with the static
strains used in this work.

V. CONCLUSION

The results presented here open an avenue for investiga-
tions of the interplay between superconductivity and strain
and pressure effects. Our interpretation of the higher Tc

observed here underscores the importance of the FE soft
mode for superconductivity in STO and suggests that the
structural AFD order cooperates with the FE order. Our
data show consistent behavior across the entire range of car-
rier concentrations for which superconductivity occurs, with
quantitative variations. Current theoretical descriptions of the
mechanism of superconductivity in STO [3–7,9,10,12,34] do
not account for the important interplay between incipient
[72] ferroelectricity [18] and structural conditions highlighted
here. These findings should provide key inputs for future
theoretical models that aim to explain the interplay between
superconductivity and other orders in STO. Our work and
the surge of experimental studies of other superconducting
compounds under stresses [73–75,60] vividly demonstrate
that strain is a promising control parameter to make significant
advances in tuning quantum materials.
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