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FIG. 13.

Torque magnetometry. (a) Torque measured as a function of the applied field at different temperatures for sample A. The

magnetic field is applied 70° away from the surface normal. (b) The corresponding magnetization (field) characteristics. Here, the
projected magnetization 7/H is shown; to obtain the actual magnetization values, the data should be divided by sin(20°) or by sin(70°)
for the in-plane and out-of-plane contributions, respectively. (c) The sketch shows the two contributions to the magnetic signal: the in-
plane hysteresis loop (red) and the out-of-plane linear contribution that saturates at high fields (blue). (d)—(f) The same for sample B.

V. CONCLUSIONS

In conclusion, we have shown atomically thin StRuO;
to be ferromagnetic and conducting if embedded in
SrTiO;. The observation that conductivity and ferromag-
netism is present in both the superlattices and in the
single-layer sample indicates that the magnetization and
conductivity originates from the properties of atomically
thin layers of SrRuO; and do not arise because of
coupling between the layers. In these samples, the
electron systems comprise only a single RuO, plane.
Magnetic hysteresis is observed for 7 < 25 K, and
signals of magnetism persist up to approximately
100 K. Because the observed magnetic moment is only
3%-30% of the magnetic moment of bulk SrRuO;, we
cannot exclude an inhomogeneous electron system with
magnetic and nonmagnetic areas. These structures are a
rare example of two-dimensional ferromagnetism and the
first demonstration of two-dimensional ferromagnetism
due to indirect exchange. They may therefore serve as a
model system for further theoretical studies [4]. The
conductance and 7 of atomically thin SrRuO; is
expected to increase with additional charge carrier
doping [47], possibly resulting in a triplet superconduct-
ing ground state [48]. With recent advances in electric-
field gating technology [49-51], we expect electric-field
control of the conductivity and ferromagnetism to
become possible.
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APPENDIX: METHODS

SrRuO; — SrTiO; superlattices are deposited with MBE
on TiO,-terminated (001) SrTiO; substrates at 680 °C using
shuttered deposition of the elements Ti, Sr, and Ru.
Reflection high-energy electron diffraction (RHEED) oscil-
lations are monitored to determine the deposition time.
The samples are grown in a distilled ozone atmosphere of
6.7 x 1077 mbar. After growth, the samples are cooled to
room temperature over the course of one hour under the
same ozone pressure in which they are grown. For the
single-layer samples, we grow one monolayer of StTRuO;
capped with 20 unit cells of SrTiO; at a substrate temper-
ature of 680°C and a chamber background pressure of
1.1 x 107 Torr (of approximately 10% Oz + 90% O,) on
(001)-oriented SrTiO5 substrates. The temperature is mea-
sured with a pyrometer at a measurement wavelength of
980 nm that detects the temperature of the platinum
adhesion layer on the back side of the substrate. We obtain
a singly terminated substrate surface by thermal annealing
at 1300 °C [52]. The one-monolayer-thick StRuOjs is grown
in an adsorption-controlled regime, where the excess
ruthenium evaporates off the film surface as RuO,
(x =2 or 3) [23]. Strontium is evaporated from a low-
temperature effusion cell, titanium flux is provided by a Ti-
Ball™ source [53], and ruthenium is evaporated from an
electron beam evaporator. Before growth, the strontium and
titanium fluxes are calibrated to an uncertainty of less than
1% using shuttered RHEED oscillations [54], while the
ruthenium flux is calibrated using a quartz crystal micro-
balance (QCM). Postgrowth, the samples are cooled down
below 100 °C under the same ozone pressure in which they
are grown.

Cross-sectional STEM specimens are prepared either by
mechanical wedge polishing followed by Ar-ion milling
[55] (sample A) or by focused ion beam (FIB) lift-out
(samples B and C). FIB lift-out is performed using an
FEI Strata 400 FIB with a final milling step of 2 keV to
reduce surface damage. STEM and EELS data are recorded
from cross-sectional specimens in the 100-keV NION
UltraSTEM, a fifth-order aberration-corrected microscope
optimized for EELS spectroscopic imaging with a probe
size of approximately 1 A, an EELS energy resolution of

0.4 eV, and a beam current of 100-200 pA. Large
spectroscopic maps of the Ru-M, s edge and the Ti-L,;
edge are acquired with an energy dispersion of
0.25 eV/channel with a Gatan Quefina dual-EELS spec-
trometer. For the large spectroscopic images, we integrate
components of the spectra over energies corresponding to
ruthenium and titanium after a linear combination of
power-law background subtraction. Because of the close
proximity of the Sr-M,; and Ru-M,s edges, and the
Ru-M,; and Ti-L,; edges, we use small integration
windows and principal component analysis (PCA) filtering
to remove noise, keeping the six components of the spectra
which capture all of the spatially varying components. The
ruthenium is extracted from the tail of the M, s edge, and
the titanium is extracted from the first 1.5 eV of the Ti edge.
To ensure PCA is returning no artifacts, we also use dual
EELS to simultaneously map the Ru-L,; edge and the
Ti-L, 5 edge, shown in Supplemental Fig. S1 [42]. The high
energy of the Ru-L, ; edge makes it prohibitive to do large
spectroscopic maps shown in the main text, although the
mapping with the Ru-M,; edge provides qualitatively
similar results.

The resistivity measurements for 7 < 1 K are performed
using a He® /He* dilution refrigerator and a low-frequency
ac lock-in measurement technique with a 1-nA excitation.
The high resistivity of sample A makes the measurements
problematic. We do therefore not obtain reliable data of the
magnetotransport of this sample at 7 = 200 mK. It turns
out that the temperature of the samples is not stable at low
fields due to the relatively high sweep rates of the magnetic
field used during the experiment. We attribute the thermal
instability to magnetocaloric parts in the sample holder.
The temperature varies up to 25 mK, and, since the samples
have a strong temperature dependence of the resistivity in
this temperature range, an error is made in the magneto-
resistance measurements. We therefore exclude all data
where the temperature is outside of a window of 2 (for the
200-mK sweep) and 10 mK (for the 500-mK sweep) from
the analysis. We note that these temperature fluctuations do
not affect the magnetic structure inside the samples. The
resistivity and MR measurements for 7 > 2 K are per-
formed with a Quantum Design physical properties meas-
urement system using a 20 4A dc current excitation. The
transport measurements determine the sheet resistance
Rgeet Of the samples. The resistivity p of the samples is
obtained from the sheet resistance by p = Ry,...-d. Here, d
is the total thickness of the conducting layer(s) that
corresponds to either 20 times approximately 0.4 nm
(samples A and B) or approximately 0.4 nm (sample C).

The SSM measurements are performed using a square
pickup loop with an inner dimension of approximately
3 x 5 ym?. During the measurement, the pickup loop is
scanned approximately 2 ym above the sample surface
at a contact angle of approximately 10°. The SSM records
the variation of magnetic flux threading the pickup loop,
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and the flux detected by the pickup loop is converted
to a magnetic field by dividing by the effective pickup
area of approximately 15 ym?. The typical flux sensitivity
of the SSM is around 14 u®,Hz '/, where ®, =2 x
10715 Tm? is the flux quantum and the bandwidth is
1000 Hz. As our SSM sensor has a 10-degree inclination,
the measured magnetic stray-field component B, is almost
perpendicular to the sample surface. The practical sensi-
tivity during measurements is set by external noise sources
and is estimated to be about 30 nT.

We perform torque magnetometry measurements with a
homebuilt cantilever setup by attaching the samples to a
thin beryllium copper cantilever. Under an external mag-
netic field H, the sample rotation is measured by tracking
the capacitance between the metallic cantilever and a fixed
gold film underneath using an AH2700A capacitance
bridge with a 14-kHz driving frequency. To calibrate the
spring constant of the cantilever, we track the angular
dependence of the capacitance caused by the sample weight
at a zero magnetic field.

We also explore the magnetization in the samples by
SQUID measurements and by muon spin rotation. In these
experiments, no (muon spin rotation) or only a weak
(SQUID) magnetic signal is observed beyond the diamag-
netic background of the SrTiOj; substrate. It is not possible
to attribute the magnetic signal observed in the SQUID
measurements to a signal originating in the SrRuO;,
because the signal could also arise from impurities in
the SrTiO;5. Therefore, we discuss only the magnetoresist-
ance, SSM, and torque measurements here.
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STEM imaging and spectroscopic imaging

Scanning transmission electron microscopy and electron energy-loss spectroscopy
data were recorded from mechanically polished cross-sectional specimens in the 100
keV NION UltraSTEM. Large, simultaneous spectroscopic maps of the Ru-M4,5 edge
and the Ti-L2,3 edge were acquired with an energy dispersion of 0.25 eV/channel with
a Gatan Quefina dual-EELS Spectrometer, as shown in the main text in Fig. 2. For
these large spectroscopic images, we integrated components of the spectra over
energies corresponding to ruthenium and titanium after a linear combination of power
laws background subtraction. Because of the close proximity of the Sr-M2,3 and Ru-
Ma,5 edges, and the Ru-Mz,3 and Ti-L2,3 edges, we used small integration windows and
PCA filtering to remove noise, keeping the six components of the spectra which

captured all of the spatially varying components (as discussed more for Fig. S2).

To ensure there are no artifacts with the overlapping edges or PCA filtering in
determining the ruthenium distribution, we used dual EELS to acquire two energy

ranges simultaneously to map the Ru-L2,3 edge and the Ti-L2,3 edge, shown in Fig. S1.



The high energy of the Ru-L23 edge is distinct from other edges (Sr, Ti, O), making it
possible to unambiguously map the ruthenium, as shown in Fig. S1. In Fig. S1(a) we
show the large area image of the region chosen for this analysis, similar to regions
shown in the main text. We performed EELS on a small region shown in (b), with a
color map for the spectra shown in (c) with green representing titanium and purple
representing ruthenium. (d) and (e) show the titanium and ruthenium signals
respectively. The titanium map shows no structure in the ruthenium layer, and the
ruthenium map shows the ruthenium forming a single layer. From inspection of the Ru-
L2,3 edge in Fig. S1f, we see that there is a strong peak on the ruthenium row. There
also seems to be some ruthenium present on the row below (row 2), although if we
inspect the spatial distribution of the edge (e.g., Fig. S2e) it appears featureless,
indicating it may be due to probe tails and beam spreading. The map of the Ru-L23
edge demonstrates that the ruthenium is confined to the single ruthenium layers, with
minimal intensity and no structure outside these layers. This is also clear from
inspecting a line profile of the ruthenium signal, Fig. S1(g), where the ruthenium is well
localized to the atomic column of ruthenium. From these maps we find little intermixing

between the two layers.

While unambiguous, doing mapping of the Ru-L23 edge on a large field of view is
prohibited by the high energy and low scattering cross section of the edge. Mapping
this edge with high signal-to-noise requires long integration times and high beam
doses which may damage the specimen for larger field of view images. The lower
energy ruthenium edge (Ru-Ma;s) has a larger cross section and thus requires less
dose to acquire high signal-to-noise data. However, the lower energy edge overlaps

with Sr-M23 and C-K edges (see Fig. S2f), so care must be taken to separate the



signals. Here we show our results from the low-energy edges qualitatively reproduce
the results we have from the high-energy edge, as shown in Fig. S1. This implies there
are no misleading artifacts in our large field of view spectroscopic maps, such as

shown in the main text in Fig. 2 and in Fig. S2.

Another dataset from the spectroscopic imaging of sample A is shown in Fig. S2.
Figure S2a corresponds to the simultaneous ADF image. For these spectroscopic
images, we integrated components of the spectra over energies corresponding to
ruthenium and titanium after a linear combination of power laws background
subtraction. Because of overlapping Sr-Mz,3 and Ru-Mas5 edges, and overlapping Ru-
M2,3 and Ti-L23 (see Figs. S2e,f), the integration of the edges themselves resulted in
mixed Sr-Ru or Ru-Ti signals. For ruthenium mapping, we used the post-edge features
that easily distinguished ruthenium with appropriate background subtraction. The
onset of the titanium edge should not be mixed with ruthenium signal, so we used a
very small integration window at the onset of the edge to obtain titanium. Because of
the small integration windows necessary, we used PCA filtering to remove noise,
keeping six components of the spectra. Five of the six components had noticeable
spatially varying features, and we kept the sixth component to ensure we did not throw
away additional information. Figure S2b shows the ruthenium signal obtained by this
method. Like in Fig. S1, which used the Ru-L2,3 edge instead of the Ru-M2,3 edge, the
ruthenium signal is confined to single atomic layers of ruthenium. Figure S2c
corresponds to the titanium signal, which is similarly well ordered. The color overlay
shown in the main text is reproduced in Fig. S2d. The signal to noise ratio in the
spectroscopic maps is 15 for titanium and 13 for ruthenium, and we clearly resolve

both signals with atomic precision. Representative spectra that are averaged over a



titanium column and a ruthenium column are shown in Fig. S2f, showing the
overlapping edges. Reference spectra for the edges from the Gatan EELS atlas®' are
shown in Fig. S2g for reference. We could not determine the valence state of Ru from
the fine structure of the spectra, because the Ru-M4,;5 edge overlaps with Ti and C
edges and the Ru-L2;3 edge is too high in energy. The latter does not enable us to
obtain the high-signal-to-noise-ratio spectrum required for valence determination
without damaging the sample. In contrast, we determined the valence state of Ti to be

4+ without any position dependence.

X-ray diffraction

Figure S3 shows a close-up of the 00(0+6) and 00(0+20) superlattice reflections for
both samples A and B. Next to the 00(0+6) superlattice reflection, sample A shows
some Kiessig fringes. The fringes correspond to the expected thickness of 20
(SrRuO3)1—(SrTiO3)s repeat units. We did not observe the fringes in sample B. Also in
sample A, the fringe visibility is much smaller than that expected for a perfect
heterostructure. We have performed simulations with the Panalytical reflectivity
software. The expected reflectivity curve for a perfect 20 times superlattice is shown
as the top line in the set simulations 1. Adding interface roughness to the model does
not affect the fringe visibility much. Even at a roughness of 0.4 nm per interface (much
more than that deducible from the STEM data), the fringes should be clearly resolved,
simulations 1 bottom line. Therefore, interface roughness cannot explain the lack of
fringe visibility. The main effect of the roughness is to reduce the overall intensity at
higher momentum transfer. We observe an intensity ratio of about 10 between the
00(0+0) and 00(0+20) superlattice reflections. This is consistent with an interface

roughness smaller than 0.2 nm.



As discussed in the main text, the superlattice reflections deviate from the expected
peak positions, indicating the average thickness of the repeat unit is somewhat less
than 6 unit cells. We have therefore performed simulations of a heterostructure with
an 80% sample volume of (SrRuOs)1—(SrTiOs)s and a 20% sample volume of
(SrRuO3)1—(SrTiOs)4. The precise stacking of the model is as follows: 4 times
(SrRuQ3)1—(SrTiO3)s, 1 time (SrRuO3)1—(SrTiO3)4, 3 times (SrRuO3)1—(SrTiO3)s, 1 time
(SrRuQ3)1—(SrTiOs)4, 5 times (SrRuO3)1—(SrTiOs)s5, 1 time (SrRuOs3)1—(SrTiO3)4, 4
times (SrRu03)1—(SrTiOs)s, and 1 time (SrRuO3)1—(SrTiOs)4. The simulation results are
shown in Fig. S3, set simulations 2, as a function of interface roughness. Qualitatively
the simulations capture the trends in the measurements well. The shifts in peak
position are accounted for and a number of the finite thickness fringes are averaged
out. The presented model is of course only a very well ordered approximation of a
sample with an average SrTiOs thickness of 4.8 unit cells. Therefore we expect that
these thickness variations reduce most of the fringe visibility in the samples. Due to
the large amount of possible structure variations and fit parameters, we do not try to

fit any curve to the experimental data.

Additional torque data

Additional torque magnetometry data is shown in Fig. S4. Figures S4a and S4b show
the magnetic field dependence of the torque and derived magnetization of sample A
for a larger temperature range than that depicted in Fig. 13. The magnetic hysteresis
disappears at temperature above approximately 30 K, but magnetic signal remains
present up to much higher temperatures. Figures S4c-h show torque data obtained

from different pieces of sample B. Pieces B1 and B2 show no hysteresis but a



magnetic signal that disappears at temperatures higher than 25 K. Piece B3 shows
hysteresis and measurements with the field applied close to the in-plane direction also
show magnetic signal persisting up to approximately 200 K. Taken together, all pieces
are ferromagnetic but they have different switching behavior. As discussed in the
manuscript, the magnetic anisotropy favours a domain structure with both in-plane and
out-of-plane components. The energy barriers for the switching of these components
clearly differs from piece to piece. The temperature dependence of the data that shows
a hysteretic part at low temperatures and magnetic signal persisting up to high

temperature is in good agreement with the MR measurements.
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Figure captions

Figure S1: Spectroscopic imaging of Sample A, including the Ru-L2,3 edge which does
not overlap with any other edge in the material. (a) survey image before EELS
acquisition. (b) simultaneous ADF during EELS acquisition and (c) titanium (green)
and ruthenium (purple) overlays with colorbar, corresponding to the titanium map from
the Ti-L2,3 edge in (d) and the ruthenium map from the Ru-L23 edge in (e), both
generated by integrating the background subtracted edge. The background subtracted
spectra of the Ru-L2,3 edge are shown in (f) for each layer of the material, showing a
strong Ru peak on the Ru layer. While there is a small Ru peak on layer 2, the Ru

image (e) shows no structure so we believe this may be attributable to probe tails or



beam spreading from the Ru layer. (g) shows the line profile of the ruthenium over the

layers.

Figure S2: Spectroscopic imaging of Sample A (same data set as in Fig. 1 in the main
text). (a) simultaneous HAADF image acquired during the spectroscopic acquisition.
(b) The ruthenium map from the Ms45 edge and (c) the titanium map from the L23
extracted using a linear combination of power law background fit on PCA filtered data,
retaining 6 components. The ruthenium was extracted from the tail of the M4 edge,
and the titanium was extracted from the first 1.5 eV of the Ti edge. (d) A color overlay
of the titanium and ruthenium signals, with titanium in green and ruthenium in purple,
as shown with the colorbar and colormap used in (e). (f) background subtracted, PCA
filtered EELS spectra on a ruthenium column and on a titanium column. (g) reference

spectra taken from the Gatan EELS atlas (ref S1).

Figure S3: XRD reflectivity of samples A and B together with simulations. The curves
have been offset for clarity. The set of simulations 1 were performed by assuming a
perfect (SrRuQO3)1—(SrTiO3)s superlattice with 20 repeats. The different curves in the
set correspond to interface roughnesses of 0 (top line), 0.2 (middle line) and 0.4 (bottm
line) nm, respectively. The set of simulations 2 were performed by assuming an 80%
sample volume of (SrRuQO3)1—(SrTiO3)s and a 20% sample volume of (SrRuOs)1—

(SrTiO3)4. The interface roughness values are identical to set 1.



Figure S4: Torque magnetometry performed on pieces of samples A and B at different
temperatures. (a,b) Torque and projected magnetization z/H as a function of applied
field for piece A1. Here H is applied 20 degrees away from the in-plane direction. (c,d)
piece B1. Here H is applied 20 degrees away from the out-of-plane direction. (e,f)
piece B2. Here H is applied 20 degrees away from the out-of-plane direction. (g,h)

piece B3. Here H is applied 20 degrees away from the out-of-plane direction.
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