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Section 1: Influence on 2DEG-related magnetism
Taken into consideration the antiferromagnetic coupling between the Ti atom spins neighboring the VO sitesS1, the VO
formed within polarized regions at the interface will yield enhanced magnetic moments. This mechanism is assumed to
be the origin of 2DEG-based interface ferromagnetismS2. We use threshold PEEM magnetic circular dichroism (MCD)
imaging to investigate the interface magnetism at room temperature. Circularly polarized light was used under grazing
incidence excitation (65°) as excitation source to observe the magnetic domain structure. The MCD asymmetry is calcuIleft − Iright
lated as
, in which Ileft(Iright) stands for the photoemission intensity obtained with the left(right) circularly poIleft + Iright
larized 400-nm beam. A higher MCD asymmetry implies a higher net magnetic moment. From the raw MCD PEEM
data (Fig. S1(a)) and the area integrated energy-resolved MCD asymmetry (Fig. S1(b)), it is clear that the induction of
defects at the interface leads to locally enhancement of room-temperature magnetism. Space-resolved MCD images at
0.4 eV and 0.1 eV below the Fermi level (Fig. S1(c) and S1(d)) indicate that the enhancement of the magnetic moment is
mainly caused by the localized states at higher binding energy rather than the itinerant electron states near the Fermi
level. This observation emphasizes the role of RKKY interaction in 2DEG-based magnetism, where the VO serve as local
magnetic momentsS3. It is worthwhile to mention that interface oxygen vacancies may not be the only source for local
magnetic moments in such interfaces. Other mechanisms are predicted that are leading to the interface magnetism, as
for example the Ti-Al anti-site defects induced by cation mixingS4.
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Fig. S1 | PEEM MCD measurement of the 2DEG magnetism. (a) Raw PEEM images using circularly polarized 400-nm laser light. (b) Energyresolved MCD asymmetry of the corresponding regions marked with blue and green dashed lines in (a). The gray dashed line stands for the
Fermi level. (c) and (d) are energy-resolved PEEM MCD images with a corresponding energy of (0.40 ± 0.05) eV and (0.10 ± 0.05) eV below the
Fermi level.

Section 2: Color changes after sequential annealing
The color of the as-deposited sample was brown and semi-transparent before any treatment, as shown in Fig. S2(a).
After high-temperature annealing in ultra-high vacuum, the sample became black (Fig. S2(b)), which indicated the induction of oxygen vacancies. The changes of color can be attributed to the free carrier absorption due to increased Ti3+
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states5. Afterwards, the sample was annealed in the O2-rich environment, which turned the sample to semi-transparency again due to the recombination of the oxygen vacancies, as shown in Fig. S2(c).
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Fig. S2 | Color changes of the sample (a) before annealing, (b) after high-temperature annealing in ultra-high vacuum, and (c) after exposing to air.

Section 3: Work function analyses
We extracted the surface work function of the sample in each pixel of our energy-filtered PEEM image (left cutting-edge
of the spectrum). In spite of a rather inhomogeneous PEEM image as shown in Fig. S3(a), we observed only minor differences (< 2%) in the work function within different interface regions (Figure S3(b) and line scan in Fig. S3(c)). Therefore, the work function is nearly homogeneous over the whole surface, despite the regional distribution of polar sites in
the SrTiO3 layer.
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Fig. S3 | Raw PEEM images (a) and the extracted surface work function (b). (c) The line scan corresponding to the grey dashed line marked in (b).

We run the same pixel-to-pixel extraction of the estimated work functions out of the energy-resolved PEEM images
which has been measured before the UV treatment and after 15 minutes of UV illumination. The results are shown in
Fig. S4. After 15 minutes of UV illumination, the surface work function drops from 2.3 eV to 2.2 eV. The changes on the
surface work function are homogeneous over the whole surface. Hence, the difference in the work function in the two
types of regions can be neglected within the range of uncertainty of our studies. The small reduction in the work
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Fig. S4 | Raw PEEM images (upper row) and the extracted surface work function (lower row) obtained (a) before UV radiation and (b) after 15minute UV radiation. All images are displayed with the same color bar and extracted from the same area of the sample.
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function indicates the formation of light-induced defects on the top surface.
Section 4: Power dependence of the laser beam
To make sure that the proposed models for electron dynamics used in the text illustrate the actual behaviors in a reliable way, we carried out power dependence measurement using the fourth (FHG, 210 nm, Fig. S5(a)) and second (SHG,
420 nm, Fig. S5(b)) harmonics laser beam as the excitation source. We continuously collected the photoemission intensity from a same area of the sample surface while varying the power of incident laser beam using a neutral density filter.
As shown in Fig. S5, the observed data follows a perfect one-photon photoemission process in both cases, where photoemission intensity is linearly proportional to the power of the incident laser beam.
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Fig. S5 | Power dependency measurement of laser beams corresponding to the fourth harmonics (a) and the second harmonics (b). r in the insert label stands for the Pearson correlation coefficient calculated from the observed data.

Section 5: Influence of LaAlO3 thickness
It has been widely reported that the insulator-to-metal transition and formation of 2DEG only occur at LaAlO3/SrTiO3
interface when the thickness of LaAlO3 exceeds a critical threshold, which is approximately 4 unit-cells. Fortunately, we
observed several scratches on the sample surface which formed during transportation of the sample, and these scratches
result in trenches with reduction of LaAlO3 thickness. This offers an opportunity for us to investigate the influence of
VOs on insulated LaAlO3/SrTiO3 interface. As shown in Fig. S6, we found that within the surface trench, the photoemission intensity was completely suppressed in both the defect-free regions and the VO-cluster regions. This suggested that
VOs alone could not give rise to the insulator-to-metal transition of the interface when the LaAlO3 thickness is below
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Fig. S6 | (a–b) Raw PEEM images of surface contamination excited by 400-nm laser and UV light. (c–d) Raw PEEM images of defect domains
(both types) excited by 400-nm laser and UV light.
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the critical threshold. The 2DEG should be resulted from a mechanism with the participant of both the polar discontinuity and interface VOs. However, this is only a roughly guess, as the depth of the surface trench and its influence on
the material structure was still unknown.
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Section 6: Time-resolved signals from other samples
To avoid any chance factors, we furtherly present time-resolved photoemission signals of other samples. Figure S7
shows the decay curves extracted from multiple regions from the sample surface. Fig. S7(b) and S7(c) show decay curves
extracted in different regions. It is quite obvious that compared to defect-free regions, there is a distinct enhancement
on photoemission intensity within short time delays in the polarized regions. Although the deviation of specific data
points is quite large due to the limited sampling points in each spatial-resolved region, the difference in decay curve
shapes can be solely attributed to the changes in distribution of electronic states.
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Fig. S7 | Comparison of decay curves in multiple surface regions. (a) PEEM image of the sample surface obtained with a 400-nm (hν = 3.1
eV) laser beam. Decay curves in (b) polarized regions and (c) defect-free regions corresponds to areas marked by dashed line in (a).

Section 7: LEEM measurement of sample surface
To furtherly prove such an argument, we performed low-energy electron microscopy (LEEM) imaging after vacuum annealing the sample. The LEEM imaging shares the same electronic lens system with the PEEM imaging, which is not expected to induce any damage to the sample. During LEEM imaging, low-energy electrons were accelerated with various
start voltages and cast on the sample surface, and the back-scattering electrons together with the mirror electrons were
collected and imaged.
Figure S8 shows the LEEM intensity within the polarized regions and defect-free regions. The decline edge marked as
surface corresponds to the mirror electron microscopy, where low-energy electrons are reflected in front of the surface
while those with higher energy reach the surface and are scattered. The other rising edge marked as work function is the
back-scattering and second-emitting electrons from the sample, which is highly dependent on the surface work function. The merely slight difference on this edge in the two types of regions suggested that there is no significant differ-
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Fig. S8 | LEEM intensity from different regions with varied start voltage.
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chemical structure in the polarized regions.
This result may serve as an additional proof for the surface absorption of oxygen atoms in polarized region. However,
there is still limitation on the persuasion of such evidence, since the chemical changes may not be the oxygen absorption, and the polarization may also result in the changes in work function.
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