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In the search for properties beyond those found in pristine or 
doped materials, the coupling between the lattice and electronic 
degrees of freedom has proven particularly useful. Considering 

the case of the multifunctional oxide SrTiO3 (STO), strain has led 
to a transition into ferroelectricity1 and a 300% increase of the elec-
tron mobility2. Furthermore, where the lattice symmetry of the bulk 
STO crystal is broken, for example at the interface between LaAlO3 
(LAO) and STO, electrons can be confined to the interface, allow-
ing a wide range of properties to be tuned by gating3. An additional 
intrinsic lattice symmetry breaking occurs below approximately 
105 K, when the cubic unit cell of STO becomes tetragonal with the 
long axis oriented along the [001], [010] or [100] direction, thereby 
forming tetragonal domains with one of the three orientations4–7. 
The domain walls show modified electronic properties8,9 and well-
defined orientations that change when STO is subjected to thermal 
cycles above 105 K8,10,11, mechanical forces12,13 or electric fields9,13, 
which enables regulation of the electronic properties of LAO/STO 
at the nanoscale.

A new dimension was added to the functionality of STO when 
magnetism was found in LAO/STO14, as spin and its coupling to 
charge and lattice could then be utilized. Local imaging showed 
magnetic islands in LAO/STO with LAO thicknesses of at least  
3 unit cells15 where the magnitude and orientation of the magne-
tization could change in response to local stress16. However, the 
spin state of the confined electron gas turned out to display some 
intriguing scientific puzzles. First, the ferromagnetic order coexists 
with superconducting order even though ferromagnetism occurs 
by alignment of spins whereas electrons pair in a singlet state to 
form the conventional superconducting state17,18. Second, the super-
conductivity can be broken by application of a magnetic field, but 
the pairing of the electrons can survive in a non-superconducting 
state19. A recent experiment suggests that the electron pairing 
occurs at the ferroelastic domain walls20, where they form a non-
superconducting singlet state19 or possibly even a spin-polarized 

state with more than two paired electrons. The magnetic state and 
the electron pairing are therefore intimately linked21.

Several theoretical models have been proposed to explain the 
magnetic state, including spiral magnetism in a charge-ordered 
state22 and oxygen vacancy induced magnetism23. Experimentally, 
spatially resolved magnetometry measurements have played a key 
role. A scanning superconducting quantum interference device 
(SQUID) operating at low temperatures revealed disperse sub-
micrometre ferromagnetic patches15,17. Room-temperature magnetic 
force microscopy was also used to probe the magnetic landscape 
emerging as the electrons at the LAO/STO interface were depleted 
using a top gate24. Additional experimental signatures of magnetism 
stem from (i) magnetometry measurements without spatial resolu-
tion, such as SQUID25 & torque magnetometry18, (ii) transport mea-
surements reporting Kondo-like resistance minima14,26, anomalous 
Hall effect27–29 and negative or anisotropic magnetoresistance25–28,30,31 
and (iii) irradiation-based techniques such as β -decay from nuclear 
magnetic resonance32 and X-ray magnetic circular dichroism33. On 
the other hand, a magnetic state was not consistently detected by 
scanning SQUID15,34 or neutron reflectometry35, and not only the 
nature of the magnetic state in these systems but even its mere  
existence is an open question.

Here, we observe a long-range magnetic order in LAO/STO,  
γ -Al2O3 (GAO)/STO and bare STO surfaces with striped modu-
lations oriented parallel to the ferroelastic domain walls of STO.  
The magnetic state is coupled to the itinerant charges as well as 
the lattice, and it can be reversibly tuned by applying local external 
forces. This observation provides an opportunity for realizing mul-
tifunctional nanoelectronics at domain walls with strain-tunable 
ferromagnetic, ferroelastic and ferroelectric properties.

Imaging striped magnetic order
We map the microscopic landscape of the magnetic state  
in STO-based systems using scanning SQUID microscopy  
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(see Supplementary Section 1 for materials and methods). The 
scanning SQUID measures the magnetic flux entering a 1.8 µ m  
wide pick-up loop, and produces a two-dimensional map of  
the flux when the pick-up loop scans across the sample surface. 
The measurements are performed in the absence of an externally 
applied magnetic field (background field <  0.1 µ T) and there-
fore probe the magnetic field originating from a spontaneous 
magnetic order in the samples. In the case of LAO/STO, such 
measurements originally showed the presence of ferromagnetic 
patches in some of the samples15. Looking into regions without 
ferromagnetic patches and enhancing the signal-to-noise ratio, 
our magnetic flux maps reveal wide, striped modulations in LAO/
STO, GAO/STO and vacuum-annealed STO (see Fig. 1a–c). The 
striped modulations extend over hundred micrometres, show-
ing a long-range magnetic order. The striped modulations in the 
magnetic flux have been observed in five GAO/STO heterostruc-
tures with a typical magnitude of the order of 1 mΦ0 at 5 K. The 
modulations are generally stronger in GAO/STO when compared 
with LAO/STO and STO.

As the magnetic flux escaping a homogeneously magnetized 
sample will show a homogeneous flux map in regions far from 
the sample edges, the flux modulations that we observe point to 
a magnetization with spatial inhomogeneities. We estimate that 
the typical modulation magnitude of about 1 mΦ0 corresponds to 
changes in the magnetization of the order of 0.05 µB per surface 
unit cell (see Supplementary Section 2). The inhomogeneities are 
observed along the [100], [010], [110] and [110]  crystallographic 
directions of STO in all three material systems. These orientations 
coincide with the orientation of ferroelastic domain walls on the 
(001) surface of STO5,9. Furthermore, we can relate the magnetic 
stripes to STO crystallographic domain structure by performing 
temperature cycles around the structural transition tempera-
ture at 105 K. For example, in the case of GAO/STO we observe 
that a set of [100]-oriented striped magnetic modulations with 
an amplitude of 0.5 mΦ0 changes to barely detectable [110]-ori-
ented modulations with an amplitude of less than 0.05 mΦ0 (see 
Fig. 1d). Changes in the striped magnetic landscape after ther-
mal cycling also occur for bare STO without the GAO layer (see 
Supplementary Section 3). The results of the thermal cycling 
exclude the possibility that the magnetic stripes are caused by a 
trivial magnetic contamination.

Scanning SQUID has also been used to map the spatial distribu-
tion of current flow in LAO/STO8 and GAO/STO36, which revealed 
striped current modulations with the same crystallographic orien-
tations as the magnetic stripes. Comparing the current flow with  

optical imaging of the domain structure showed that their orien-
tations coincide10. Here, we perform magnetometry and current 
mapping on the same area, and observe a clear relation between the 
magnetic and current modulations (see Supplementary Section 4),  
implying that both the magnetic and current modulations are 
related to the domain structure.

When the temperature of the GAO/STO heterostructure is 
raised gradually from 5 K to 70 K, the magnetic modulations 
monotonically decrease in size until they disappear at around 40 K 
(see Fig. 1e). This characteristic temperature also roughly marks 
another anomaly of the STO substrate, where its quantum paraelec-
tric behaviour causes the dielectric constant to diverge37,38. Other 
interesting observations below this temperature are polarity at the 
STO domain walls39,40 and striped modulations in the current flow8. 
Cooling the heterostructure back to 5 K reintroduces the magnetic 
modulations without noticeable changes in size or location, as long 
as the 105 K transition temperature is not crossed.

Coupling between the magnetic state and current flow
The disappearance of the magnetic modulations above 40 K is 
reflected in the Hall and magnetoresistance measurements, as 
observed clearly in the case of GAO/STO. A Hall effect that is lin-
ear as a function of the magnetic field serves as a valuable tool for 
extracting the carrier density in a single-band conductor, while 
deviations from linearity can be used to deduce the band struc-
ture or magnetism. In the case of LAO/STO41, the Hall resistance 
is S shaped at low temperatures for carrier densities exceeding 
about 1.7 ×  1013 cm−2. The S shape originates from transport occur-
ring in two n-type bands with dxy and dxz/dyz character41. The pres-
ence of magnetism can lead to the anomalous Hall effect, which has 
been observed as small perturbations to the S shape27–29. In the case of 
GAO/STO, the Hall resistance (Rxy) is linear for T >  40 K, revealing, 
for the sample presented in Fig. 2a, a high carrier density of ns ≈  6 × 
1014 cm−2. For T <  40 K, pronounced nonlinearities arise without 
hysteresis. At these low temperatures, ∣ ∕ ∣R Bd dxy  increases at high 
magnetic fields, in contrast to the S-shaped nonlinearities observed 
in LAO/STO. If the nonlinearity of the Hall resistance in GAO/
STO were due to two-band conductivity, it would entail the coex-
istence of a large number of electrons and holes, which we reject as 
detailed in Supplementary Section 5. Instead, we attribute the non-
linearity to the anomalous Hall effect resistance (Rxy

AHE) arising from 
the interaction between the itinerant electrons and the component 
of the magnetization normal to the interface42, =R R Mxy s z

AHE AHE .  
We find that the anomalous Hall prefactor (Rs

AHE) scales linearly 
with the sheet resistance (Rs), as expected when the skew scattering 
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Fig. 1 | Scanning SQuID maps of striped magnetic order. a–c, Large-area scans showing magnetic stripes along the [100] crystallographic direction in 
GAO/STO, LAO/STO and vacuum-annealed STO. d, The same location on GAO/STO imaged in two subsequent scans before and after thermal cycling of 
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mechanism dominates42 (see Supplementary Section 6). This leads 
to the following expression:

= + = − +R R R
en

B kR B T M B T1 ( , ) ( , )xy xy xy z
OHE AHE

s
s

where Rxy
OHE is the ordinary Hall effect and k is a field- and temper-

ature-independent constant. For GAO/STO the dxy/dyz bands have 
been reported43 to have comparable or even lower energy than dxy. 
This, together with the high density of states of the dxy/dyz bands, 
means that the majority of the electrons are expected to populate 
the dxy/dyz bands. For simplicity we describe the ordinary Hall effect 
through the sheet carrier density (ns) with a one-band model. Our 
data cannot exclude the presence of a second n-type band, but as 
outlined in Supplementary Section 6 this will not change the con-
clusions drawn here. At high magnetic fields, the sheet resistance 
increases linearly with the magnetic field, which results in a non-
saturating anomalous Hall effect up to at least 15 T (see Fig. 2b). 
The usual extraction of the carrier density from the slope of the Hall 
resistance at high magnetic fields is therefore invalid, as this region 
includes contributions from both the ordinary and anomalous Hall 
effects. The carrier densities can be most accurately determined at 
low magnetic fields, where the contribution from the anomalous Hall 
effect is small (see Supplementary Section 6). The low-field slope 
of the Hall resistance is constant at all temperatures (see Fig. 2a),  
and we can therefore extract a temperature-independent carrier 
density of approximately 6 ×  1014 cm−2. This is consistent with the 
temperature-independent carrier density deduced optically from 
the infrared Berreman mode, similar to ref. 44.

By extracting = − ∕kM B T R R R( , ) ( )z xy xy
OHE

s we infer that the com-
ponent of the magnetization aligned with the perpendicular mag-
netic field starts to saturate at approximately 2 T for temperatures 
below approximately 8 K (see Fig. 2c). Increasing the temperature  

opposes the alignment of magnetic moments up to T ≈  40 K, where 
the magnetization is no longer detectable. This agrees well with the 
disappearance of the magnetic modulations observed with scan-
ning SQUID. Together with the appearance of magnetic modula-
tions and nonlinear Hall resistances for T <  40 K, we also observe 
that the magnetoresistance deviates from Kohler’s rule45 at these 
temperatures (see Supplementary Section 7). This is consistent 
with the fact that Kohler’s rule does not consider the reduction 
of charge-carrier scattering due to field-induced suppression of 
spin fluctuations. A similar behaviour of the Hall resistance and 
magnetoresistance is observed in four different samples (see 
Supplementary Section 6-7).

Mechanical tuning of the magnetic state
A particularly intriguing feature of the magnetic stripes is their tun-
ability under small stresses. When applying a local force to GAO/
STO, the temperature dependence of the magnetic modulations is 
markedly different (see Fig. 3a). Instead of the gradual decrease of 
the modulation strength observed up to 40 K, sharp, stripy features 
emerge when a force of 56 nN is applied. This applied force cor-
responds to a pressure of the order of 107 Pa (see Methods). The 
features start to emerge around 10 K and the flux modulations are 
increased by a factor of four when 16 K is reached. Sharp features 
are only obtained after applying a local force to the sample surface 
with the tip of the sensor’s chip, and the features become mono-
tonically stronger when increasing the applied force (see Fig. 3b). 
Interestingly, in all cases, the original magnetic landscape without 
the sharp magnetic modulations can be restored without notice-
able hysteresis by lowering the temperature or removing the force. 
Similar behaviour is also observed in LAO/STO (see Supplementary 
Section 8). We emphasize that this observation is different from the 
results of the same experiment performed on the ferromagnetic 
patches mentioned earlier16, where the magnetization of the islands 
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reoriented after application of local stress. The signal of the magnetic 
islands was almost two orders of magnitude stronger; they appeared 
in isolated and dispersed locations, and did not change with tem-
perature15. The magnetic stripes we observe here are weaker, long 
range in nature, become stronger with temperature under the appli-
cation of stress, and appear at different locations after temperature 
cycles. The relation between stress and magnetism can also be 
examined by investigating the naturally occurring stresses in the 
samples by mapping large areas. We find that areas with complex 
domain structures, formed to relieve local stress in the sample, are  
more likely to exhibit magnetic stripes (such as those in Fig. 1a–c). 
In the samples measured in this study, there were large areas with 
extents of hundreds of micrometres where no magnetic stripes  
were observed within our detection limit of 0.05 mΦ0 (d.c.). After 

temperature cycles above 105 K, magnetic stripes can be found 
within these areas, as in Fig. 2b. Modulations are observed more 
strongly in the vicinity of areas expected to exhibit stress, for exam-
ple close to sample borders or around a scratch introduced inten-
tionally on the surface of one sample.

Furthermore, we measured the magnetic response (susceptibil-
ity) by applying a small oscillating magnetic field of ± 0.3 mT locally 
to the GAO/STO heterostructure while simultaneously applying a 
local force of 56 nN with the scanning probe. We find that the weak 
magnetic susceptibility observed below 5 K increases markedly 
above approximately 8 K (see Fig. 4a) and reaches a strong para-
magnetic response up to 8 Φ0/A at 16 K. The spatially resolved sus-
ceptibility data (Supplementary Section 9) reveal that the areas in  
Fig. 3 with strong magnetic signals also show a slower increase in the  
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paramagnetic susceptibility above approximately 8 K. Interestingly, 
this characteristic temperature also appears in the anomalous Hall 
effect analysis. The characteristic magnetic field (Bc) for the emer-
gence of the anomalous Hall resistance can be described by the half 
width at half maximum of the bell-shaped dRxy/dB. Below approxi-
mately 8K, the characteristic field is temperature independent, 
consistent with reports on NGO/STO29, as expected if an exchange 
coupling in a magnetically ordered state prevents the magnetization 
from being induced or aligned along the field (see Fig. 4a). At higher 
temperatures, Bc is linearly increasing with temperature pointing 
towards a behaviour similar to paramagnetism where the alignment 
of magnetic moments is countered by thermal fluctuations.

Discussion
The striped magnetic modulations originate from the tetragonal 
domain structure of STO and are thus displayed in both STO and 
the STO-based heterostructures. The undoped STO studied here 
is electrically insulating, which hinders spintronic applications 
and investigation of the magnetic state through the anomalous 
Hall effect and magnetoresistance. Interfacing STO with GAO or 
LAO provides itinerant carriers to the surface of STO, which cou-
ple closely to the magnetic moments. Our observations uncover 
characteristic temperatures of approximately 8 K and 40 K occur-
ring in both transport and SQUID measurements. We propose 
that these characteristic temperature regimes originate from the 
following factors.

(1) Below 8 K, the STO-based heterostructures are in a magneti-
cally ordered state, which manifests itself in small or no modulations 
in the magnetization in the scanning SQUID maps (Fig. 3a,b). This 
state is characterized by a very weak (almost zero) susceptibility in 
response to small magnetic fields of ± 0.3 mT. Applying a magnetic 
field of Bc ~ 2 T aligns the magnetic moments perpendicular to the 
interface, which causes the anomalous Hall effect (Figs. 1a and 4a).  
At these temperatures, a local application of an external force of up 
to 106 nN has no observable effect on the ordered state.

(2) Above about 8 K, the magnetic order is less robust. This is 
supported by the increase in the paramagnetic susceptibility under 
a small applied force of 56 nN (Fig. 4a), suggesting a gradual change 
where ordered magnetic moments convert into paramagnetic 
moments. The conversion is slower at the domain walls, where the 
magnetic moments appear to be ordered more strongly, leading to 
areas with a slower growth in the magnetic susceptibility and large 
modulations of the magnetic signal (Supplementary Section 9). The 
alignment of the paramagnetic moments with the magnetic field is 
countered by thermal fluctuations, resulting in a linear increase of Bc 
with temperature (see Fig. 4a). The fragile magnetic order above 8 K 
is highly sensitive to externally applied forces, and stronger magnetic 
modulations can be induced here (Fig. 4a). This points towards a 
delicate balance between the unperturbed magnetic order existing in 
the absence of stress and a ferromagnetic order induced by the stress. 
Applying force causes a shift towards the ferromagnetic order in this 
temperature range. One of the possible mechanisms for the appear-
ance of ferromagnetism is that the magnetic moments are produced 
by oxygen vacancies23,46. This is supported by the vast number of 
oxygen vacancies present particularly in GAO/STO47–49 as well as the 
localized in-gap states formed by the oxygen vacancies50.

The unperturbed magnetic order may be due to, for exam-
ple, spiral magnetic ordering22 or electron pairing19,21 where it  
is expected that the state is non-hysteretic and results in a small 
magnetic susceptibility when applying small magnetic fields. It has 
been predicted that a pressure-sensitive transition from a spiral 
order to a ferromagnetic order occurs due to a polar distortion in 
STO where titanium ions are displaced relative to the oxygen ions22. 
This agrees well with recent experiments in LAO/STO showing 
that applying a local external force changes the polar state at the 
ferroelastic domain walls of STO40. Such a polarity-induced ferro-

magnetic order may also explain why the magnetic stripes (even 
in absence of an external force) are parallel to the domain walls in 
STO, as the domain walls have been observed to be polar39,40.

(3) Above 40 K, all signatures of magnetism from the anoma-
lous Hall effect, magnetoresistance and scanning SQUID vanish. 
This characteristic temperature also marks the disappearance of 
the striped current modulations in LAO/STO8 as well as the disap-
pearance of magnetism in LAO/STO according to some studies30,31. 
It also agrees reasonably well with the emergence of polar domain 
walls39,40 only below approximately 50 K, again hinting towards the 
influence of STO polarity.

The advances made here demonstrate that STO-based material 
systems show an intriguing link between the charge, spin and lattice 
degrees of freedom in STO-based heterostructures as illustrated in 
Fig. 4b. The magnetic state couples to the current flow, causing an 
asymmetric scattering of the charge carriers (Fig. 2). The lattice and 
its domains also influence both the magnetic state (Fig. 1) and cur-
rent flow8,36,40. In particular, applying an external pressure in vicin-
ity of the ferroelastic domain walls dramatically alters the magnetic 
state (Fig. 3 and Supplementary Section 9), the current flow40 and 
the polarity of the ferroelastic domain walls40. We therefore propose 
that an exciting multiferroic state awaits discovery, where a strain-
tunable ferroelectric, ferroelastic and ferromagnetic order coexists. 
The key role played by the ferroelastic domain walls of STO demon-
strates the prospects of using domain walls for functional nanoelec-
tronics with tunable magnetic properties.

Data availability
The data that support the plots within this paper and other find-
ings of this study are available from the corresponding authors upon 
reasonable request.
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