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Quantum materials have a fascinating tendency to manifest novel and unex-
pected electronic states upon proper manipulation. Ideally, such manipulation
should induce strong and irreversible changes and lead to new relevant length
scales. Plastic deformation introduces large numbers of dislocations into a
material, which can organize into extended structures and give rise to quali-
tatively new physics as a result of the huge localized strains. However, this
approach is largely unexplored in the context of quantum materials, which are
traditionally grown to be as pristine and clean as possible. Here we show that
plastic deformation induces robust magnetism in the quantum paraelectric
SrTiO;, a property that is completely absent in the pristine material. We
combine scanning magnetic measurements and near-field optical microscopy
to find that the magnetic order is localized along dislocation walls and coexists
with ferroelectric order along the walls. The magnetic signals can be switched
on and off via external stress and altered by external electric fields, which
demonstrates that plastically deformed SrTiOj3 is a quantum multiferroic.
These results establish plastic deformation as a versatile knob for the manip-
ulation of the electronic properties of quantum materials.

One of the most sought-after properties of quantum materials is the
manifestation of multiple order parameters, either in coexistence or by
“switching” between states via external stimuli. Since charge, spin,
superconducting, topological and other orders are crucial for quan-
tum technologies, multi-order systems are expected to be of sig-
nificant value to future applications. One pathway to creating multi-
order systems is to take a compound with known properties and
introduce additional ordered states via doping or interfacing with a
different compound'>. An alternative route that has been receiving
much recent attention is strain engineering. This approach has been
used, or proposed as an avenue to induce magnetism, ferroelectricity
and other ordered states, to enhance superconductivity, and to create
novel excitations*™. However, this approach typically involves

relatively small elastic strains and is not a permanent modification -
once the stress is removed, the new properties vanish. In contrast,
plastic deformation leads to large local strains and induces permanent
modifications. This approach is widely used in materials
engineering>, but has received comparatively little attention in the
quantum materials community. Conventional wisdom holds that
quantum materials, especially metallic and superconducting systems,
should be as clean and pristine as possible, while plastic deformation
induces many defects and strong geometric deformations. However, a
recent study found that, in stark contrast to this preconception, plastic
engineering can induce a permanent enhancement of super-
conductivity and ferroelectricity in the unconventional super-
conductor SrTiO; (STO) as a result of self-organized, periodic
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dislocation structures™. This intriguing discovery suggests that plastic
engineering of quantum materials ought to be far more thoroughly
explored”®,

Here, we show that plastic deformation generates intrinsic mag-
netism in STO that is completely absent in pristine samples. The
magnetic order is strongly coupled to ferroelectric order, and both are
induced by nanoscale dislocation structures, in both insulating and
metallic (superconducting) samples. The successful conversion of a
ferroelectric and superconducting compound into a low-temperature
multiferroic system establishes plastic deformation as a powerful tool
for quantum materials design and study.

STO is a well-known unconventional superconductor and an
incipient ferroelectric (FE)'” that maintains its inversion-breaking
properties upon doping with charge carriers®® >, Pristine STO is typi-
cally considered nonmagnetic and exhibits a weak bulk diamagnetic
response. However, there have been persistent hints of emergent
magnetism in bulk samples and various STO-based interfaces?®*,
which has triggered an ongoing debate on the subject®***!, There has
also been a significant effort to study the relationship between
superconductivity and magnetism in STO interfaces”***>*, In addi-
tion, STO crystals are surprisingly ductile even at ambient tempera-
ture, with plastic deformation levels up to ~ 10% achieved in both
insulating and metallic samples'®**. Plastic deformation leads to the
formation of self-organized, quasi-two-dimensional dislocation struc-
tures - dislocation walls - surrounded by a field of high strain. The
local atomic displacements in these dislocation walls are comparable
to the unit cell dimensions'®*, and the dislocations themselves are
organized in chains with an inter-dislocation spacing on the order of
nanometers, elegantly bridging the gap from the atomic to the mac-
roscopic scale. This material is therefore a prime candidate for the
exploration of emergent properties through plastic strain engineering.

In order to study the effect of plastic deformation on magnetism,
we perform magnetic measurements on the micron scale. We find a
robust stripe-like magnetic landscape in both insulating and con-
ducting STO, and attribute this pattern to the localization of magnet-
ism at the dislocation walls that run perpendicular to the deformation
axis. Furthermore, we perform near-field infrared imaging of the
stripe-like features with submicron spatial resolution, and confirm
their origin to be nanoscale dislocation structures. Our local infor-
mation on the dislocation structure complements previous Raman
scattering measurements of ferroelectricity near the dislocations,

and demonstrates that both the ferroelectric and magnetic orders are
intrinsic and arise from magneto- and polar-elastic interactions. Even
more remarkably, by applying voltage to a gated sample, we show that
the magnetic signal responds to an externally applied electric field. Our
data and theoretical analysis show that the two orders are strongly
correlated, and we thereby establish that plastically deformed STO is a
quantum multiferroic. Our work demonstrates the potential power of
plastic deformation engineering in quantum materials: we generate
magnetism which is orders of magnitude stronger than other strain-
induced effects, e.g., from domain walls, without introducing external
charge dopants. Furthermore, ferroelectricity and magnetism are
induced by the same microstructures (the dislocation walls), which
render them strongly coupled and allow us to study them in tandem.

Results

Stripe magnetism in plastically deformed STO

In this study, we examine three types of plastically deformed STO:
metallic samples doped with niobium or oxygen vacancies, and
undoped, insulating samples. In order to map the normal-state local
magnetic landscape of deformed STO we employ scanning super-
conducting quantum interference device (SQUID) microscopy
between 5 K and 16 K, a temperature range in which quantum FE
fluctuations are expected to be strong®*®. The sketch in Fig. 1a illus-
trates our measurement setup (see section “Methods” for further
details). The scanning SQUID contains a micron-sized pick-up loop on
a tip and a coil to generate external magnetic fields. This enables the
detection of both spontaneous and field-generated magnetism with a
high spatial resolution. The tip-to-sample distance can be varied,
including to a zero-distance configuration where the tip is in
mechanical contact with the sample. This approach allows us to
investigate and characterize the magnetic properties of plastically
deformed STO at the micron scale.

We report two main findings. Our first finding is the detection of
robust stripe-like signatures of magnetism, but only when the tip is in
contact with the sample. This is seen in Fig. 1d-g, which show SQUID
images of both magnetic order and paramagnetic susceptibility as a
function of two-dimensional space when scanning in contact, with
similar results for both observables. The stripe-like modulation is also
found in the stress-sensing capacitance channel, as shown in Fig. 1c.
The orientation of stripes in the SQUID images is consistent with the
direction of the dislocation walls formed during deformation (see
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Fig. 1| Scanning SQUID measurement and stripy magnetic order in plastically
deformed SrTiO; observed by scanning in contact with the surface of the
sample. a lllustration of scanning SQUID measurement in contact mode (Note that
our axes choice is different from that in ref. 16, where the deformation axis was
[010] or y). b Optical images of the sample. The deformation stripes are visible on
the surface. c-e Scanning SQUID images of capacitive surface sensing, suscept-
ibility, spontaneous magnetism, respectively, in an undoped sample (sample 4).
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The magnetic stripe direction coincides with that of the deformed stripes shown in
(b). f, g Susceptibility and spontaneous magnetism, respectively, in a conducting
sample (Nb doped, sample 2). h Stress dependence of the magnetism exhibits
linear behavior (see also Fig. 2a). The capacitive reading is proportional to the force
exerted on the sample, see section “Methods”. i The strength of the magnetism (see
also 2b) increases with increasing temperature. Both the stress and the temperature
dependence are explained by the phenomenological model we suggest.
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Fig. 2 | Stress, temperature, and electric field dependence of magnetic signal in
undoped, plastically deformed SrTiOs. a Stress dependence of magnetic stripes
in susceptibility and magetometry at 8 K in undoped sample 4. Before contact (lift-
off height of 0.6 um) with the surface by the SQUID tip, we observe only back-
ground noise. The magnetic response increases with the applied force.

b Temperature dependence of magnetic stripes by scanning in contact, in undoped
sample 4. The applied force is estimated to be 0.1-1 uN (Note: this range is rather

O[M12 ®,/A ] Span:0.010,

Electric field dep.
at 8Kin contact

I | Span: 0.006 O,

uncertain because of the nonuniform surface). The magnetic response increases
with the temperature. (Further temperature ranges can be found in the SI

Figs. S2 and S3). ¢ Electric field dependence of magnetic stripes in the gated sample
5. The arrow indicates that the electric field is applied in-plane, perpendicular to the
direction of the deformation stripes. The details of the gate dependence require
further investigation. See SI Fig. SL.
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Fig. 3 | Nano-infrared imaging of optical phonon contrasts at an energy of 100
meV along the surface of an undoped 2.4% deformed crystal. Variations of the
absorption coefficient amplitude (a) and phase (b) in a1000 nm x 100 nm strip (see
section “Methods” for details). Striped contrast made clearly visible by the Grii-
neisen effect show that stresses and strains are localized to dislocation walls. The
inferred strain variations (averaged over the experimental spot size and penetra-
tion depth; see SI) are of order 0.1%, implying localized strains of order unity near
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the dislocations (see section “Methods”). ¢ A histogram of the nearest-neighbor
separation of the absorption amplitude peaks, revealing that the typical dislocation
separation is approximately 100 nm. The data for the phase is qualitatively the
same (see SI). d A histogram of the typical width of a peak, showing that the peak
width is approximately 10 nm, which is comparable with the resolution of our
experiment, confirming that strain is highly localized to the stripes.

Fig. 1b and discussion below). Within instrumental resolution, no
magnetic signal is found in non-contact mode (Fig. 2a). The magnetic
signal increases linearly with applied stress (Fig. 1h), accompanied by
enhanced contrast in the magnetic stripes (Fig. 2a), before saturating
at an applied force of approximately 1puN*. This signal is strongly
modified by applying an electric field perpendicular to the stripes
(Fig. 2c and SI Fig. S1). The dependence of the signal on stress remains
even in the presence of electric field. As we discuss in the next section,
the puzzling stress dependence is mostly likely due to an in-plane
ferromagnetic order that is canted out of the plane by the external
contact.

Our second main finding is that the in-contact magnetic signal
strength increases with temperature up to at least 16 K (Figs. 1i, 2b and
SI Figs. S2, S3). This is in contrast to the conventional situation where
magnetic order decreases with increasing temperature. We were
unable to perform measurements above 16 K, since at higher tem-
peratures the SQUID loop cannot be kept superconducting while
the chip is in physical contact with the sample. The observed behavior
is consistent across all our measured samples - both insulating and
(super)conducting. We do note that, in the Nb-doped sample 1, we
found magnetism only in a small region on the crystal surface (see SI
Fig. S4), and some signatures of deformation stripes in the super-
conducting phase (SI Fig. S5, measurements performed at 7= 0.02K).
This variation of the spatial distribution may be related to inhomo-
geneity of the surface profile.

The two principal observations, the stress- and temperature-
dependent magnetic signals, are highly robust, since the same results
are obtained by two independent scanning SQUID groups, in distinct
samples from different sample sources. The magnetic signal is roughly
two orders of magnitude stronger than in previous measurements of
in-contact magnetic signal in LaAlO5/STO interfaces and pristine STO
domain walls*. We note that an unconventional signal increase with
temperature was found in those experiments as well. If we assume that
the observed magnetic signal stems from an effective surface mag-
netization, ms, we may estimate mg ~1p/a3, where pg is the Bohr
magneton and ao =~ 4 A is the STO lattice constant (see section
“Methods”). This conservative estimate is not based on any specific
theoretical microscopic consideration. We do not have a quantitative
estimate of the magneto-electric coupling in our samples, but, as
Fig. 2c shows, the coupling is clearly strong enough to qualitatively
modify the magnetic signal.

In order to gain further insight into the origin of the stripe-
patterned magnetization signals, we perform nanometer-resolved
scanning near-field optical microscopy (SNOM) measurements*’ on
our deformed samples. Figure 3 shows the results of near-field optical
microscopy on an undoped deformed sample (sample 6, see section
“Methods”). This SNOM-based nano-infrared (nano-IR) imaging
approach directly probes the optical properties of surfaces with a
~10 nm spatial resolution*®. Our nano-IR measurements employ illu-
mination from an ultrafast laser source tuned to the energy of the
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Dislocation wall

(a)

Fig. 4 | Depiction of the theoretically expected magnetic configuration from
several different perspectives. a Sketch of the randomly distributed dislocation
walls and the Burgers vector orientations (Note that our axes choice is different
from that in ref. 16, where the deformation axis was [010] or ). b Magnetic order
along a dislocation wall. The dislocation wall consists of a repeating unit cell
(dashed lines) of two dislocations (purple Burgers vectors), and elastomagnetic
coupling induces a nonzero magnetic moment m whose magnitude is strongly
localized in “puddles” near the dislocations (heatmap, arbitrary units). The planar
projection (m,, m,) of m (black arrows) is shown in an “antiferromagnetic”

(d)

configuration of m,, and “ferromagnetic” configuration of m,. This order is nearly
degenerate with a fully ferromagnetic one. ¢ Magnetic order in a region occupied
by a random series of dislocation walls. The dashed region marks the area in the
unit cell of (b). d lllustration of a possible spin-spiral structure of the coarse-grained
spin-chain model of the dislocation wall. Blue arrows denote the constant back-
ground FE field direction, and red arrows the rotating magnetic moments. Only m,
remains ferromagnetic, which explains why there is no out-of-contact magnetic
signal.

highest zone-center optical phonon of STO* which is focused to the
sharp tip of a metallized probe (curvature radius = 20 nm). When
brought within nanometers of the sample surface, the probe polar-
ization, in both phase and amplitude, is modulated through near-field
interactions with its dielectric environment (see section “Methods”).
This produces a spatially resolved infrared “near-field” signal that
quantifies the optical response of the surface, and can be directly
correlated with local strain variations (Fig. 3a, b). Such variations were
undetectable in undeformed STO samples. By associating observed
nano-infrared contrasts with strain variations (*°, and see section
“Methods”), we conclude that strains in our deformed STO orient as
sharp stripes (Fig. 3a, b), with a typical inter-stripe distance of 50-100
nm (Fig. 3¢) and a characteristic width which appears to be only limited
by the spatial resolution of the optical nano-probe (-10 to 20 nm,
Fig. 3d). Such straight lines of strong, nanoscale localized strain fluc-
tuations indicate the existence of a dense distribution of dislocation
walls running parallel to each other, perpendicular to the surface and
the deformation axis (see Fig. 4a). Our analysis shows that strain var-
iations, averaged over the resolution, are on the order of 0.1%. This
result is consistent with the existence of dislocation-induced strains of
order unity (see section “Methods”), as such strain fields are multipolar
and periodic. Our findings are also quantitatively consistent with pre-
vious bulk X-ray and neutron diffuse scattering results', which indi-
cated the existence of dislocation walls running perpendicular to the
deformation axis. The scattering measurements are of course unable
to directly detect such walls in real space, but analysis of interference
patterns can be used to determine their structure. The walls were
found to consist of pairs of dislocations with Burgers vectors along the
unit cell face diagonal, (e.g. [101], [10-1]), with an inter-dislocation
distance of approximately h = 14a, (Note that our axes choice is dif-
ferent from that in ref. 16, where the deformation axis was [010] or y.).
The unit cell of a wall therefore has a length of 2h.

As we describe below (see next section), such dislocation walls
have strain profiles that decay on a scale of 2h ~ 10 nm. In addition, it is
well known that strains as small as -0.1% are enough to drive STO into a
FE state (ref. 5 and SI), and since dislocations induce strains of order
unity, our strain measurements imply that long-range polar order is
present in sheets localized near the dislocation walls. Indeed, previous
polarized Raman scattering experiments (see ref. 16 and SI Fig. S10)
have established that deformed STO hosts coexisting polar order and

soft polar fluctuations consistent with the quantum paraelectric state
of bulk STO. Our scanning optical measurements, together with the
previously reported bulk measurements of diffuse neutron, X-ray, and
Raman scattering, thus confirm the picture of parallel dislocation walls
running perpendicular to the surface and hosting magnetic signals,
with robust local FE order at the walls.

Coupling of dislocations, magnetism, and ferroelectricity

The dramatic difference between plastically deformed and pristine
samples indicates that lattice degrees of freedom play a crucial role. It
is unlikely that the magnetic signal is induced by the tip contact itself,
as previous in-contact measurements on undeformed STO and LaAlO5/
STO and y - AL O5/STO interfaces found magnetic signals orders of
magnitude smaller®®. The SQUID signals therefore must arise from
deformation-induced regions of both static magnetic order and para-
magnetism in close proximity to each other. This is consistent with
magnetism localized near the dislocation walls, surrounded by para-
magnetic regions. Furthermore, the magnetic moments must be
ordered so that they can only be detected when stress is applied by the
tip. This indicates the magnetic order is either homogeneous, i.e. fer-
romagnetic, but in the plane parallel to the surface (xy plane in Fig. 1a),
or an inhomogeneous, e.g., spiral, order. In both these cases the out-of-
plane magnetic field picked up by the SQUID would average to zero,
and would only be detected if the tip stress rotated the magnetic order
to induce an out-of-plane ferromagnetic component. In addition, it is
unlikely that the magnetism is triggered by local charge doping in the
walls, as the magnetic signal is qualitatively the same for insulating and
conducting samples; as noted, the latter are probably super-
conducting along the same dislocation walls. Finally, the magnetic
order must have an effective coupling to external electric fields. We
now show that our results are naturally explained by coincident mag-
netic and FE order, induced directly by the strong deformation of the
lattice at the dislocations and the large associated strains, and mutually
interacting.

To this end, we construct an effective low-energy model that
describes the interplay between strain, magnetism and FE order. For
simplicity, we assume that the walls are randomly distributed per-
pendicular to the deformation, which we choose as the x axis - see
Fig. 4a for a schematic (Note that our axes choice is different from that
in ref. 16, where the deformation axis was [010] or J). Since the
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dislocation spacing h > ao, the physics should be at least qualitatively
captured by a continuum theory, and we therefore construct a
Ginzburg-Landau free energy for the coupled magnetic moment m,
strain €5 and FE order u. In STO, u in both insulating and conducting
samples represents a zone-center polar phonon, whose condensation
mediates the breaking of inversion symmetry. Due to Coulomb forces,
only the transverse components of u are relevant at low temperatures,
so we assume V- u = 0. We neglect additional degrees of freedom, e.g.,
u’s corresponding longitudinal mode, or additional zone-boundary
phonons that can be expected to only quantitatively change the
results. We assume that the dislocations in each wall (see Fig. 4a) run
parallel to the scanning surface, since it can be checked that the
magnetic signal from dislocations running parallel to the surface will
be stronger than those from dislocations terminating at the surface.
Thus, the dislocations have an axis that runs along y, and so our fields
are (except for negligible boundary effects) independent of y,
e.g. m=m(x, 2).

We summarize here the results of our analysis, details of which are
provided in the Methods section. Both u and m orders are described
by simple quartic free energies, coupled to strain,

a b S
F,,=/dxd2{7”|r1|2+ T"Zj'lf“l- (Arz€> -tz], @

where n = m, u and f\,,é z)lgklek, is a strain-coupling tensor whose
elements are dictated by the undeformed lattice symmetries. The
strong strains near dislocations drive both magnetic and FE order,
since €; couples to quadratic terms of both m and u in the free energy,
and the dipolar strain fields of a dislocation ensure that some regions
around the dislocation are always favorable to order. By construction,
the FE order is “soft”, with a, < a,,, consistent with the proximity of
clean STO to a FE state, and has strong elastic coupling |a,| < |4,/
Hence, the region of induced u order is far more extensive than the
ordered m regions. This gives rise to localized “puddles” of magnetism
around each dislocation, and to quasi-long-range FE order along the
walls (see Fig. 4b, c for a depiction of the calculated magnetic puddles).
Interestingly, interference effects, the complex unit cell, and the
discrete symmetry of even the simplest lattice (we take a cubic lattice),
imply that the strain fields are sufficiently complicated to induce
nonzero and inhomogenous values of all three components of
magnetic field around a given dislocation. In particular, m,(x, z) # 0O,
in contradiction to the absence of a “no-contact” signal (Fig. 1h).
Furthermore, the temperature dependence of m (Fig. 1i) is also
inconsistent with pure strain-induced magnetism, which should lead to
Curie-like or, even more probably, a constant-7 dependence. We must
therefore take a step further and investigate the long-range effective
interactions among magnetic puddles.

We find that, due to a single remaining intra-unit-cell z-axis
inversion symmetry and the relatively large distance between dis-
locations, different magnetic puddles are approximately magnetically
uncoupled, so that a dislocation wall can be thought of as a series of
noninteracting spins (one spin per puddle). Thus, the long-range FE
order is a natural candidate to mediate long-range spin-spin interac-
tions. As opposed to the magnetic order, the FE polarization is strongly
constrained by its transverse nature. The complicated strain fields
always induce longitudinal deformations, except for the case where
u=u,(x,2)y, i.e, when the FE order is parallel to the dislocations
themselves. Symmetry constraints imply two allowed couplings:
biquadratic (-m*u? and magneto-flexupolar, Dzyaloshinskii-Moriya-
like (~-umVm) coupling. The biquadratic term readily accounts for the
magnetic T dependence, if the coupling is repulsive. The second term,
once the directional constraint of u is accounted for, naturally induces
a spiral or helical order for m in the yz plane (see Fig. 4d). Such a
configuration shows no out-of-plane moment. In the presence of a
force provided by the tip, a longitudinal FE component is again

introduced, causing u polarization to rotate and drag the m moments
with it. This induces an out-of-plane ferromagnetic component and a
signal in contact.

We now briefly discuss the electric field dependence. First, the
strong response of the stripes themselves (see Fig. 2¢) indicates that, as
discussed above, the FE and magnetic order coexist on the dislocation
walls. Given the huge dielectric susceptibility (-10*) of pristine STO, our
applied voltages of order ~10V can only yield energy shifts of order of
meV in the bulk. This is comparable to the transverse phonon energy
and is well below the longitudinal mode energy scale. Hence we may
expect the FE order to remain approximately transverse, and therefore
correlated with the dislocation lines. Applying a perpendicular electric
field likely creates angular shifts due to the large spatial variations of
strains, which can disorder the magnetic in-plane order and wash out
the signal. A detailed calculation of the magnetoelectric susceptibility
would require a modeling of the coupled dislocation, FE and magnetic
orders under the external fields, which is beyond the scope of the
present work.

Discussion

The observed magnetism is a result of plastic strain engineering. Our
analysis reveals that the magnetism is induced at the self-organized
dislocation walls. In terms of magnitude, the measured signals of ~1up
per surface unit cell are on the order of what has been reported for
carrier-doped STO. We, however, find similar magnitudes for undoped
samples as well, indicating that the source of the magnetism is not
doped carriers but rather strain. We note that STO shows a structural
transition to a tetragonal phase at 105 K, leading to tetragonal domains
at low temperatures, which could generate magnetism as well. How-
ever, although the domain walls probably do participate in the induced
magnetism, previous measurements of magnetic signals at the walls
are two orders of magnitude weaker than what we observe®. This
indicates that plastic deformation induces far larger localized strains.

The observed temperature dependence deserves some discus-
sion, since it is opposite to the Curie-type decrease with temperature
typical of paramagnetic and ferromagnetic materials. Doped STO,
where paramagnetism is expected, shows low-T Curie-type behavior®,
although there are also conflicting reports of anomalous magnetism
under various conditions, which tends to be much weaker than in our
work. The magnetic signals we observe are robust even in undoped
samples, making doping effects less likely. As discussed above, our
phenomenological model naturally attributes the T dependence to the
competition between the induced magnetism and the dominant FE
phase near the dislocation walls. This contradicts conventional wis-
dom that magnetism (especially spiral magnetism) should be induced
by inversion-symmetry breaking”. Below we discuss a few possible
microscopic effects that might berelated to the magnetism
reported here.

Our results raise two interrelated questions regarding the micro-
scopics of the magnetism: what is the source of the paramagnetism
near the dislocations, and what determines the strength of the mag-
netoelastic coupling that induces static order. Previous studies have
shown that STO dislocation strain can change the Ti valence by as
much as -1/2°*, which raises the possibility that Ti*" states near the
dislocations give rise to paramagnetism, analogous to the magnetic
properties found in rare-earth titanates such as (Y, La)TiO5**. Such
effects could be the cause of both the paramagnetism and the mag-
netoelastic properties. Another idea for paramagnetism in STO is that
coherent motion of polar moments induces paramagnetic fluctua-
tions. These can arise via Faraday’s law, either from the motion of polar
domains and associated charged defects, or from virtual fluctuations
near the FE quantum critical point***>*°, This mechanism also naturally
accounts for the repulsive biquadratic term and the temperature
dependence of the magnetism, since the effect is suppressed in the
ordered state. However, the magnitude of the magnetic signals that we
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observe is considerably larger than predicted from coherent virtual
motion. It should be possible to distinguish between these two effects
at high temperatures in future experiments, where coherent FE motion
would be suppressed, but the Ti-ion effects would remain.

The scanning SQUID technique is particularly suitable for the
detection of deformation-induced local magnetism, due to its high
spatial resolution and magnetic sensitivity, and the ability to apply
force with the tip. Unfortunately, its stringent temperature limitations
preclude any investigation of the magnetism at higher temperatures.
The use of complementary techniques would therefore be highly
desirable, although the conjectured spiral order and small volume
fraction (at most a few percent, see Methods) present unique chal-
lenges to bulk probes such as neutron diffraction, magnetometry,
muon spin resonance and NMR. We expect that any complementary
local measurement with an equivalent sensitivity, such as MOKE, MFM,
or NV-SPM in the presence of external stress, would yield similar
results. Highly sensitive resonant x-ray techniques such as nanobeam
magnetic circular dichroism (XMCD) might be the most suitable to
shed further light on this effect, including the intriguing possibility of
near-ambient temperature magnetism in deformed STO.

Conceptually, the most important result of our work is that the
large local strains accompanying dislocation structures can induce and
enhance quantum materials properties that are otherwise essentially
unavailable. Furthermore, the new properties appear on the nanoscale,
opening an avenue to intertwine the new properties with the old bulk.
Using STO as a model system, we demonstrate the tremendous
potential of plastic deformation as a quantum materials engineering
tool. Some of the key characteristics of this approach are its simplicity,
the ability to use macroscopic bulk samples, and a vast available
parameter space — deformation temperature, stress rate and direction
can all be varied in a wide range. We anticipate that this approach will
enable the creation of self-organized dislocation networks in many
other quantum materials of interest, and that other, more tailored
approaches could lead to similar results, with further enhanced con-
trollability and the possibility to create micron-scale devices. Some
avenues worthwhile of further investigation are fusing of surfaces to
create low-angle grain boundaries, engineering of large epitaxial lattice
mismatch, and nanoindentation, all of which are routinely used in
materials science to engineer and manipulate dislocation structures.
Another avenue is combining plastic deformation with other experi-
mental knobs, e.g., oxygen-vacancy doping, which has been suggested
as a source of magnetism in STO based heterostructures. Overall, we
believe that the present work points the way to an exciting possibility
of a large-scale quantum-materials engineering effort.

Methods

Samples

We examined four types of plastically deformed SrTiO; crystals: (i)
doped SrTi;—,Nb,O; (x = 0.002, SI Fig. S4 and S5, named sample 1),
previously reported to exhibit enhanced superconductivity at low
temperatures, prepared by the Minnesota and Zagreb groups from
commercial crystals (MTI Corp.)*, and SrTi;_,Nb, O3 (x = 0.004, Fig. 1
and SI Fig. S2, sample 2), sourced from Furuuchi Chemical’, plastically
deformed by the Connecticut group; (i) a conducting oxygen-
vacancy-doped sample (carrier density -4 x 10 cm™, Fig. S3, sample
3), (iii) an undoped, insulating sample for detailed magnetic mea-
surements (Figs. 1 and 2a, b, sample 4), and another similar sample for
the nano-optics, (Fig. 3), sample 6), and (iv) an undoped sample, gated
with gold for studying the electric field dependence (Fig. 2c and SI Fig.
S1, sample 5). Samples 3, 4, 5, and 6 were prepared by the Minnesota
and Zagreb groups from commercial crystals (MTI Corp.). Sample 1
was polished extensively after its deformation in order to reduce the
surface roughness induced by the deformation. However, the stress
appears to have destroyed the dislocation structure. The polishing
appears to have missed a small region, and that is probably the reason

for the inhomogeneous surface profile noted in the Results section,
and in SI Figs. S4 and S5.

Micro-SQUID setup

The SQUID sensor consisting of a 1.5 um or 7 pm diameter pick-up loop
was used in experiments at Bar-llan or Connecticut, respectively. The
pick-up loop detects the magnetic field. Additionally, the sensors have
an integrated micro-field coil that applies an alternating local excita-
tion field. By combining a low-pass filter and a lock-in technique, we
simultaneously record both spontaneous and field-generated mag-
netism and reliably distinguish between the two. During the scanning
process, the SQUID tip is 0.2-2 pum above the sample surface or in
contact with it. Scanning at different heights using a non-contact mode
does not yield any magnetic response (see Sl Fig. 6). To establish
contact, we use piezoelectric elements to press a nonconducting sili-
con chip onto the sample surface. We record the change of capaci-
tance resulting from the bending of a flexible cantilever during
scanning, which corresponds to the force applied by the piezoelectric
elements. The stress profile is triaxial, dome-shaped, centered around
the contact point. In previous works, we estimated the force by can-
tilever deflection to be around 0.1-1 uN***"*%, However here we expect
the profile to be more complicated than a simple dome, due to the two-
dimentional deformations. In the low-stress regime, where we operate,
we read the force exerted on the sample by the cantilever by a capa-
citor. The beam deflection after contact linearly changes the spacing
between the capacitor plates.

Scanning near-field optical microscopy measurements
We conducted nanoscale infrared imaging and spectroscopy of plas-
tically deformed undoped STO crystals using a Park Systems NX-10
atomic force microscope (AFM) modified to function as a scattering-
type near-field optical microscope (s-SNOM), using a home-built
asymmetric Michelson interferometer with dual imaging and spec-
troscopy modalities. Mid-infrared light was sourced from a difference-
frequency generation module pumped by the fiber feedback-stabilized
optical parametric amplifier of an ultrafast laser system (MIR, Alpha-
HP, and Primus units from Stuttgart Instruments), supplying 500 ps
infrared pulses with 50 cm™ bandwidth at 40 MHz repetition rate. The
laser frequency was tuned to an infrared frequency w = 750 cm™ (=90
meV)*, corresponding to the highest energy optical phonon. We
focused this light to the sharp tip of a metallic microcantilevered AFM
probe, which subsequently scattered in a manner determined by the
complex permittivity of the sample volume proximate to the tip,
whose apex radius determines the optical spatial resolution. A cryo-
genically cooled mercury cadmium telluride photoconductive detec-
tor (Judson Teledyne) recorded scattered infrared light which we
demodulated (HF2LI from Zurich Instruments) at the third harmonic
of the AFM probe oscillation (at 75 KHz, using an FM-PtSi probe from
NanoSensors) for background suppression. By placing the s-SNOM and
sample at one arm of the interferometer we could simultaneously
extract the amplitude and phase of scattered light*’. We conducted the
nano-infrared imaging (Fig. 3a, b) and spectroscopy measurements
(see SI) on the deformed STO sample via time-resolved pseudo-het-
erodyne imaging®® and nanoscale Fourier transform infrared spectro-
scopy methods®, respectively. NanoFTIR spectra were synthesized by
merging several distinct spectra acquired at incremental tunings of the
characteristic energy of the MIR stage output (from 600 to 1000 cm™).
The interference pattern we recorded directly reports on the local
strength of elastic strains near the tip. The visibility of these strains
follows from the vibrational Griineisen effect (see SI)*, in which the
local optical phonon energy is shifted from its unstrained value in
direct proportion to the local elastic strain. Earlier SNOM studies of
polar semiconductors have shown this effect can directly modulate the
optical phonon response in real-space®, as we observe here. By com-
bining our dedicated nano-spectroscopy measurements of the optical
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phonon in our STO sample with previously measured values for the
Griineison constant of this mode (see SI), a rudimentary analysis sug-
gests strain variations, averaged over our resolution, on order of 0.1%.
However, as is well known, dislocation-induced strain patterns are
multipolar in nature, and furthermore the pattern from the wall is
periodic (i.e. along the z axis in Fig. 4 (see SI, Fig. S9). This implies that
the averaged signal is reduced by a factor of (h/ W)"(h/D)“', where
W ~10nm, D ~ 50 nm are respectively the width and penetration depth
of quasi-electrostatic near-fields localized near the optical nano-probe,
and a, a’ are constants of order one that depend on the details of the
beam profile and the surface boundary effects. Hence we may expect
local strain variations are on order of 1-10%.

Estimating the magnitude of the magnetic moments
Our experiment does not give us a quantitative measurement of
the magnetic moments in the sample. However, it is possible to make
an order-of-magnitude estimate. Our pickup loop resides at a height
zy ~ 1 pm above the sample surface, and its radius is also R ~ 1 pm ~ z,.
In addition, the contact tip is situated several microns from the loop
center, and has a submicron contact region. Thus, all relevant lengths
are of the same order and for simplicity in what follows we take them
all ~z,. We verified that this approximation is an underestimation.
We start with an estimate of the effective magnetization at the
surface disregarding any microscopic considerations such as the dis-
location walls. Since strain decays algebraically, we may assume that
only magnetic moments within a distance on the order of microns
from the tip are rotated out of the plane. We therefore assume a patch
of Z polarized surface with a mean surface magnetization ms and area
~ z3. The standard expressions for the magnetic fields yield an average
B~ (uy/4mmg/z,, where ms has units of Ampere (magnetization per
area). This implies the average flux measured by the SQUID is

Homs Rj
O~ <Zo> HoMsZy. 2

Our mean measured flux at the highest stress is @ ~ 0.01®o, where @ is
the flux quantum. Plugging these expressions back into Eq. (2) we find
that ms ~ ug/d®, with a coefficient of order one.

Let us now try to assume that the magnetization is supplied by the
dislocation walls, and estimate the magnetization per dislocation. We
can obtain a rough estimate of the dislocation density by assuming
each dislocation wall removed one unit cell length from the sample,
yielding an average inter-wall separation of d ~ a/e, where € ~ 0.01 is the
deformation of the sample. We assume that the surface magnetization
calculated above is supplied by the infinite set of dislocations running
parallel to the surface at increasing distances and that the strain rotates
dislocations only up to a depth of order z,. In that case, we may esti-
mate m ~ mg/z,, where m is now the bulk magnetization (in Ampere/
meter) from the dislocation distribution. A unit-cell of the dislocation
wall has a width of d, depth of h, and height of a. Thus,

ms Mg (B _g¢Ps
m zy adh (ezo> 0'()adh £

so that we have approximately one Bohr-magneton per layer in each
dislocation. We note our estimates are rather conservative since we
assumed the tip fully polarizes the magnetic moments and ignored any
possible spiral order.

Theoretical modeling
As described in the main text, we describe our system via a Ginzburg-
Landau free energy that couples magnetism, ferroelectricity, and

strain. Its form is
F=Fm+Fu+Fme+Fue+qu' (4)

where F,, denotes the magnetic free energy, F, denotes the FE free
energy, and F,,, F,. denote the magneto- and ferro- elastic coupling.

Magnetic order. For the magnetic free energy terms we take,

Fm:/dxdz[%am|m\2+%bm2m;‘—%c,,,szm} (5)
. 7

1
Fre= 3 / dxdz (/l{"eeo\m|2 +15¢ [(ZSXX — €,)m3+(2€,, — exx)mj - )l;"eeomﬁ)} ,
(6)

where, i € {1, 2, 3}, €0 = €x *+ €, is the compressive strain, and 4™
denote respectively coupling to volume-changing, volume-preserving,
and shear strain, which are the allowed terms in a cubic lattice (which
we take for simplicity). The quadratic-linear coupling implies that
|m| ~ /€ upon ordering. We do not know a-priory the values of the
various couplings, however, our results do not strongly depend on the
values, provided a,, < A. In our numerics we take A5 = O for simplicity.

As discussed above, previous work has established that the dis-
location Burgers vectors are positioned approximately equidistantly
with a spacing of h = 14ag in walls lying in the yz plane. We assume that
the signal is dominated by dislocations parallel to the measurement xy
plane, hence the Burgers vectors in our wall have following pattern
(see Fig. 4), b,=by[x+(—1)"2];¥n € (—o0,00). Each dislocation b,
creates a displacement w,, with

W= (—1)" 1 [cos@)b, + (1— (1) sin2@p))b,,., . (1-20)
’(_)S_rr[ -0 -0

[ (sin(@) + cos(g)\ "
T <<cos(¢>fsin(¢)) On

log ()b,

@)

’

where, r? =x? +22, ¢ =tan~(z/x) and o = 0.24 is the Poisson ratio. The
strain tensors are as usual €;(x,2) =(1/2)(dw;/0r; +dw;/dr; |, and the
total strain field is obtained by summing up the infinite series for the
wall. (We note that the physical wall is actually half-infinite only.
However, this only gives rise to a boundary region of width ~ A which
we neglect.) The resulting strain field for a consecutive pair of Burgers
vectors oscillates along the z-direction, i.e. away from the measure-
ment surface, with periodicity 2k, and it decays exponentially away
from the wall (¢ < e ™", e at large |x|). We plug the fields back into
the free energy, Eq. (5) and solve the resulting system numerically via a
standard relaxation method. Starting from an initially weak spin-
ordering this modified coefficient leads to the ferromagnetic/anti-
ferromagnetic ‘puddle’-like structure. For c,,, = O, the different puddles
are completely independent, and this degeneracy is only weakly lifted
by the gradient term, due to a z-axis inversion symmetry (see Fig. 5). As
discussed in the main text, for generic coefficients all m; # 0.

FE order. The FE free energy has the same form as the magnetic one,
see Egs. (1) and (5). The coefficients au,/lj‘-‘e have been previously esti-
mated from DFT***, which means that u(x, z) can be computed
explicitly, at least for ¢, = 0. Taking ¢, > O does not qualitatively change
the result. As discussed in the main text, since V- u = 0, the FE order
must be parallel to the dislocation lines, i.e. u=u,(x,2)J, see Fig. 6.

The magneto-polar coupling. Next we consider the possible
magneto-polar interactions. The simplest coupling is just fully-
symmetric ~ under all lattice  transformations,  namely,
Fou= | dxdz1Q,,/m?luj?. Previous experiments in deformed STO
found that the FE mode decreases (roughly linearly) with temperature
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Fig. 6 | The FE order along the dislocation walls. The intensity map corresponds
to uy (arbitrary units). For simplicity we set ¢, = 0. At nonzero c, the ordered regions
will merge together and create long-range order.

up to some rather high Tx>100K. Thus, the temperature dependence
m(7) depicted in Fig. 2b is consistent with Q,, > 0. Indeed, the cou-
pling just renormalizes the magnetic a, namely, a, —
A+ Quulu? =a, +Q, 20— where A is the average strain-
induced correction to a, = ﬁo(TFE - T). Crucially, we see that a,,
decreases and therefore |m| increases with increasing temperature. The
second possible coupling is a magneto-polar-elastic coupling where u
appears linearly and inversion symmetry is restored by a gradient
operator. To understand the impact of this coupling, we recall that a
key difference between the magnetic and FE modes is, that the mag-
netic moments are localized forming ‘puddles’ along the dislocation
lines, but the FE mode has long-range order. We therefore coarse-grain
each dislocation wall into a series of “spins” running along z
with magnitude m,, ~ (/lmee)l/zhz, and similarly for the FE mode. This
means we can treat each wall as a 1D chain, and for simplicity we
assume the spins have constant magnitude mo, and the FE order is
constant in both magnitude and direction. In that case the lowest order
coupling is just Fue = jszmuemy(z)uyazmz(z), with Qe being the
coupling constant. The gradient term induces a helical configuration
for the spins along the out-of-plane z-direction. To see this it is con-
venient to study the system in the single-mode approximation
m, =const, m, =m €os(qz), m, =My sin(gz). A solution exists with a
nonzero q = —Qpuelly/ (2¢,,), which is a minimum of the free energy for
U > N pyeD / Qe Where Npye = O(1) is some numerical coeffi-
cient. Note that when ¢, goes to zero the spiral is always preferred.

Data availability
All the data used in this work are available upon request from the
corresponding authors.

Code availability
All the code used in this work is available upon request from the cor-
responding authors.
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