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High-resolution angle- and spin-resolved photoemission spectroscopy reveals new features of the
electronic structure of the ferromagnetic triple-layered ruthenate SrsRuszO109. There are narrow
spectral peaks ~30 meV below the Fermi-level in two regions of the Brillouin zone: a hole-like band
at the zone-center and a saddle-point van Hove singularity at the zone edge. Below T each feature is
almost completely spin-polarized, with opposite sign polarization and with strong Kondo-coherence-
like temperature-dependent spectral weight variation suggestive of strong Hund’s metal correlations.
In addition, there are distinct Fermi surfaces for wide electron-like minority spin bands around the
zone center and narrow hole-like majority spin Fermi surface contours around the zone corners. The
origin of these features is in general agreement with density functional calculations, if they are shifted
to reduce the exchange splitting, and scaled to take into account effects of correlation. Furthermore,
the deduced narrow band origins from the tri-layer splitting of d,,,. orbitals implies a layer-specific
spin-polarization contribution from the narrow bands. Over a larger energy range, net spin-majority
polarization of incoherent Ru d-bands is observed to extend down to the top of the oxygen bands,
where additional narrow oxygen bands contribute to the magnetism with spin-minority polarization.

Introduction

Strontium ruthenates of the Ruddlesden-Popper
phases Sr;,+1Ru, O3, 41 (n =1, 2, 3, ...00) play a pivotal
role in studies of strongly correlated electron systems.
Depending on the number n of the RuOg octahedra lay-
ers in the unit cell, they exhibit phenomena ranging from
unconventional superconductivity in SroRuOy4 (n=1) [1],
quantum critical metamagnetism and nematic fluid with
heavy d-electron masses in Srz3Ru2O7 (n=2) [2, 3], and
anisotropic ferromagnetism and in-plane metamagnetism
in SryRu3019 (n=3) [4-7]. The limit of n =oco is the
three-dimensional ferromagnetic crystal SrRuOj3. It has
often been considered to be an itinerant ferromagnet [8],
but there is evidence of localized correlated behavior [9].
This rich array of distinct collective phenomena can be
traced to the competition between local and itinerant be-
haviors, effects of dimensionality, structural distortions,
orbital polarization, crystal field splitting and spin-orbit
coupling [10]. In all these materials electronic correlation
and magnetism play key roles.

The electronic structure of the single-layer SroRuQOy4
and double-layer Sr3RusO; have been studied in great
detail [3, 11-14]. The Ru ions are formally Ru™* with 4
electrons in the 4d shell that hybridize with the oxygen p
states to form quasi-two-dimensional to, bands, with d,

dy. and dy, all partially occupied. The Fermi surfaces
are well-described by density functional calculations, but
there are strong effects of correlation which are revealed
by large renormalization of the masses of bands at the
Fermi energy [3, 13]. In SrgRusO7 angle-resolved pho-
toemission spectroscopy (ARPES) experiments [3] have
revealed shallow renormalized bands with a complex den-
sity of states with van Hove singularities near the Fermi
level, a situation which is favorable for magnetic instabil-
ities. They are often considered to exemplify the class of
materials termed Hund’s metals in which there are multi-
ple bands and correlation is due primarily to intra-atomic
exchange interactions characterized by the Hund’s rule
coupling which favors high spin configurations [15-17].
The effects depend upon the occupancies of the atomic-
like orbitals and lead to correlation on multiple energy
scales. The striking effects of correlation were estab-
lished already in the 1960’s for single-impurities with
spin S coupled to a sea of conduction electrons, where
the characteristic Kondo temperature decreases exponen-
tially with S [18-20]. More recently it has been realized
that the effects extend to crystals with bandwidth signif-
icantly larger than Hund’s exchange energies as shown in
a number of studies using dynamical mean field theory
(DMFT), which is a self-consistent impurity solution. For
example, a recent DMFT calculation for SroRuQ4 using



realistic parameters from DFT calculations finds a two-
stage process of screening orbital and spin fluctuations,
so that Fermi-liquid behavior sets in only with spin co-
herence below Trp ~25 K [21].

Triple-layer SryRu3O19 exhibits ferromagnetic order
below T, ~105 K with a low temperature (T') average
moment of 1.1 yp/Ru parallel to the c-axis that is about
half the maximum moment of 2 for Ru™ ions populating
three energy levels. For weak in-plane fields this magnetic
moment rises to a maximum at ~60K and is then sup-
pressed again close to zero at low temperature [5, 22, 23].
The observation of two field-dependent steps for the in-
plane metamagnetism in Sr4Ru3zO1¢ have prompted spec-
ulatation about the role of multiple van-Hove singulari-
ties near Ep and/or the inequivalence of the Ru sites in
the central versus two outer layers of the tri-layer crys-
tal structure [6]. Subsequent analysis of neutron diffrac-
tion data indeed identifies layer-dependent moments and
models of layer-dependent spin-orientations are proposed
[24-26].

In this work we report spin-resolved ARPES for
SryRu3z01¢ which reveals new correlated electron phe-
nomena that are qualitatively different from SroRuOy4
and Sr3RuyO7 due to the ferromagnetic order. The re-
sults are in general agreement with recent ARPES exper-
iments [27] and with DFT calculations [28] which found
very different occupancies of the t», bands. There are
wide electron-like minority-spin bands at the Fermi en-
ergy that are less than half-filled. The majority spin
bands are filled or almost filled with hole-like bands at
the Fermi energy; however, present-day functionals are
not accurate enough to make a definitive prediction. The
present work shows definitively the minority spin conduc-
tion bands, and almost filled majority spin bands that
form a Fermi liquid with sharp hole-like Fermi surfaces at
low temperature. Spin-resolved ARPES reveals narrow
bands that are almost completely spin polarized with op-
posite polarization in different parts of the BZ. Moreover,
the two narrow bands have different d,. /, . orbital origins
whose dominant DFT characters reside in different layers
of the tri-layer crystal structure. Like SrgRusO7, narrow
bands with large densities of state are a possible mecha-
nism for metamagnetic behavior, and in SryRu3O19 the
variation of the spin-polarization, with orbital and layer
differentiation, provides new possibilities.

In addition, we find a striking temperature dependence
of the narrow bands near the Fermi energy. While, the
spin-polarization rapidly jumps to >60% below T, the
spectral weight dramatically increases down to <20K
reminiscent of a Kondo-like effect in previous studies of
Hund’s metals [29, 30] .

There are several recent papers on related ferro-
magnetic systems. STM-based quasiparticle-interference
measurements of SryRuzO1g [31] could not detect the
spin polarization directly, but have observed features in
agreement with the minority spin Fermi surfaces found

in the present work. The majority spin Fermi surface
bands described here were not observed, but a van Hove
singularity dispersion was detected with a much smaller
energy-scale [32] than the spin-majority saddle-band re-
ported here. A study of films of the three-dimensional
SrRuOj3 that combined DMFT and spin-resolved ARPES
[9] found both spin-split itinerant bands crossing Ex, and
a momentum-independent localized spin-majority back-
ground at high binding energy as part of a “dual” ferro-
magnetism characterization.

Methods

Single crystals of SryRuzO19 were grown using flux
techniques described in Ref. [33].  Spin-integrated
ARPES in the photon energy range of 30-150 eV was
performed at the MERLIN beamline 4.0.3 of the Ad-
vanced Light Source (ALS) employing both linear hori-
zontal (LH) and linear vertical (LV) polarizations from
an elliptically polarized undulator. A Scienta R8000 elec-
tron spectrometer was used in combination with a six-
axis helium cryostat goniometer in the temperature range
of 10-150K with a total energy resolution of >15 meV and
base pressure of <5x10~! Torr.

Spin-resolved ARPES was performed at ALS beam-
line 10.0.1 using 56 eV and 76 eV LH-polarized x-rays.
A Scienta-Omicron R4000 DA30 spectrometer with two
Ferrum spin detectors [34] was used for data acquisition.
Samples were in-situ field-cooled from >120K to 14K
with c-axis field-alignment prior to cleavage. Only c-axis
spin-asymmetry was measured for this study. More de-
tails about the spin-integrated and spin-resolved ARPES
measurements are provided in the supplementary mate-
rial [35].

The ARPES results are compared to predictions of
spin-polarized density functonal theory (DFT) calcula-
tions of the ferromagnetic ground state of SryRusOqq
using the pseudopotential, plane-wave implementation
of DFT in Quantum Espresso [36, 37] and using the
PBEsol exchange-correlation functional [38] without and
with spin-orbit coupling as described in Ref. [28]. Ad-
ditional LDA exchange-correlation functional predictions
are provided in the supplementary materials [35].

Low Temperature Electronic Structure
Spin-integrated ARPES

We first present low temperature constant energy high-
symmetry ARPES maps and electronic band dispersions
of Sr4Ru301p in Fig. 1. The layered structure of this ma-
terial exhibits opposite in-plane RuOg octahedral rota-
tions between the middle and outer layers, as illustrated
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FIG. 1:

Spin-integrated ARPES electronic structure of low temperature SrsRu3Oqg.

(a) Side view of the

three-layer crystal structure with oxygen octahedra rotation directions indicated. (b) Fermi surface map at hv=76 eV using
LH polarization. (c) Near-Er band dispersion image for the horizontal dotted line in (b) through (27,0) with labeled band
features and Ep-crossings. (d) Corresponding wider energy band image using LV polarization. Inset shows a zoom of the two
near-parallel Ep-crossing bands. (e, f) Band dispersion images for the horizontal dotted line in (b) through (37,0). Dots in (b)
indicate where spin-resolved ARPES spectra were measured. Band and FS contour labeling follow SroRuO4 BZ location and
d-orbital origins for (, 8,v) and Ref. [27] for (§). Zone-folded bands are labeled with a prime (’).

in Fig. 1(a), which results in an in-plane doubling of the
unit cell and a zone-folding of the (unrotated) tetragonal
electronic structure into a smaller 45°-rotated diamond-
shaped Brillouin zone (BZ), shown as yellow lines in Fig.
1(b,c). The spectral intensities of the zone-folded bands
are observed to be weak in the photon energy range of
these ARPES measurements, and so for this study, we
use (m,0) zone-edge and (7,7) zone-corner tetragonal BZ
labeling for discussion of experimental and theory results.

Figure 1(b) shows a spin-integrated FS map spanning
two BZs measured using a photon energy of 76 eV with
LH polarization. Spin-integrated data were taken using
76 eV photons since a key shallow hole-band (4) at the
I-point displayed in Fig. 1(c,d) is greatly enhanced at
this photon energy (see Figure S1). Consistent with the
previous ARPES study [27], this shallow -30 meV band,
exhibits a maximum cross section in the first BZ using LV
polarization. Important for our subsequent spin-ARPES
measurements, it is also relatively strong in the second
BZ using LH polarization, and additionally enhanced at
56 eV, as shown in the supplementary Fig. S1 [35].

A second key high symmetry shallow band in the (7,0)
region, whose -30 meV deep electron-like dispersion (g),
shown in Fig. 1(f), is observed to be strongly enhanced at
the (37,0) point between second and third BZs for 76 eV
and LH polarization. Similar to SroRuQy, this tetragonal
zone edge feature is actually a saddle-point van Hove sin-
gularity, whose orthogonal hole-like dispersion is evident

in Fig. 1(c) at (0,m).

A prominent feature in the Fermi map in Fig. 1(b) is
the larger zone-centered rounded-square F'S contour vis-
ible in both BZs, and especially enhanced in intensity
along one edge in the second zone at ~(2.57,0). This
feature is actually composed of two wider-energy electron
band dispersions, highlighted by LV photon polarization
in Fig. 1(d), with very different band minima. The outer
band () has a light mass dispersion originating from be-
low -0.7 eV, while the inner band (f) emerges from a
high-intensity band minimum at -0.35 eV. As discussed in
the previous ARPES study [27], both bands have a heav-
ier mass ‘kink’ dispersion from -40 meV to Fg, resulting
in a near-parallel Fermi velocity and small momentum-
separation along k, and k, [inset in Fig. 1(d)] that be-
comes larger at the diagonal corners of the F'S contour.

Another distinct feature of the low temperature band
structure is a pair of concentric small square FS contours
(cv1,2) located inside a flower-shaped F'S contour (a3) at
the tetragonal (m,7) zone corner, mostly clearly visible at
(3w, £m) in Fig. 1(b). They originate from hole-bands,
shown in Fig. 1(e) for LH polarization, that are only
sharp down to -40 meV and then become broader and
less distinct down to -80 meV as they come closer to a
strong intensity hole band (v') centered on (,0) that in-
tercepts the shallow saddle-point electron band (¢). The
higher binding energy (BE) dispersion of the outer (m,7)
hole band (as), crossing the (m,0) hole band (v') and



reaching -0.4 eV, is visible with LV polarization in Fig.
1(f). Similar to the large F'S electron bands (v/8), the
(m,m) hole bands (a1 2) also have a distinct heavier mass
Fermi velocity kink above -40 meV compared to its higher
BE dispersion.

The octahedral rotation effect of zone-folding of tetrag-
onal zone bands (n) is also visible in the Fig. 1, labeled
as (n’). The two concentric square (m,7) FS contours («)
appear with weak intensity (o’) at both (0,0) and (27,0)
' points in Fig. 1(b), and their sharp band dispersions
are clearly visible at (0,0) in Fig. 1(d) between the -
30 meV hole band and Er. The converse zone-folding
of the (0,0) flat band (9) to (m,m) is also evident in a
faint hole-like spectral intensity (') at -30 meV interior
to the distinct hole bands at (3w,£7) Fig. 1(f) (see also
supplementary Fig. S7 [35]). Zone-folding of the large
rounded-square zone-centered FS contour (v) is also ob-
servable (7') in Fig. 1(b), centered at all of the (d7,4)
and (3m,£7) points. Similarly, the strong intensity light
mass band (7') in Fig. 1(e,f) that is hole-like relative
to (m,0) and terminates at the saddle-point band (¢), is
identified to be the zone-folded replica of the electron-like
band (v) centered on (0,0).

Spin-resolved ARPES

We now turn attention to identifying the spin-
polarization of different key ARPES features identified by
yellow dots in Fig. 1(b). The representative spin-resolved
ARPES spectra in Fig. 2, for the c-axis cleaved crys-
tal, show only the c-axis vector component of the spin-
polarization parallel to the field-cooled magnetization di-
rection along the magnetic easy axis. For the I'-point flat
band spectrum at the (27,0) hotspot () measured with a
photon energy of 56 eV, the narrow -30 meV peak shows
a strongly spin-minority polarization (i.e. spin direction
opposite to the global magnetic moment) in Fig. 2(a).
At higher binding energy, the spectrum shows a sign re-
versal to spin-majority polarization with uniform 20%
amplitude across a broad spectral hump centered at -0.3
eV. While the net minority spin polarization at the nar-
row band maximum amplitude is evaluated to be only
50%, isolation of the spin-dependent peak amplitudes
from modeled background intensities (dashed lines), re-
sults in much higher spin-polarizations, as discussed in
supplementary section S1 [35].

In contrast, the narrow peak (e) at the saddle-point
(37,0), measured at 76 eV, shows a strong spin-majority
polarization in Fig. 2(b), opposite to that of the I'-point
narrow band, but with a same-sign ~30% spin-majority
polarization at higher binding energy.

Spin-resolved spectra were also acquired at two other
larger band-velocity Ep-crossing k-points. The spectra
at the large zone-centered rounded-square FS contour
(v/B), measured at ~(2.57,0) and 76 eV, shows a dis-

tinct spin-minority composition similar to that of the I'-
point flat band [Fig. 2(c)], and eventual sign-reversal to
spin-majority polarization below -0.5 eV. The spectra at
the intermediate-sized square FS contour (as) close to
(m,m) measured at 56 eV shows a spin-majority polar-
ization similar that of to the nearby (37,0) narrow band
[Fig. 2(d)], but with distinctly weaker spin-polarization.
Assuming same-sign spin-polarization along F'S contours
and ignoring weak intensity zone-folded bands, a pattern
of near-Fr states emerges of spin-minority polarization
close to the zone-center and spin-majority polarization
along the tetragonal zone boundary. In the next section,
we will see that this is a general consequence of having
bands dispersing upward from the zone center with an
exchange splitting nearly as large as the bandwidth.

Finally, in Fig. 2(e), a wide energy range spin-resolved
spectrum at the (37,0) point shows the spin-majority po-
larization below the near-FEr peak extending uniformly
all the way to the top of the oxygen bands, where an op-
posite spin-minority polarization of two narrow O-band
states exists. Notable for later discussion, is that the
distinct uniform 20% spin-majority polarization above -
2 eV in the Ru-d valence band region does not persist in
or below the oxygen band region.

Comparison with DFT calculations

Together with recent spin-polarized DFT calculations
[28], the present experimental results allow us to under-
stand the major features of the electronic states. Like the
non-magnetic ruthenates SroRuO4 and SrgRusO7, which
have been studied extensively [13, 14], the bands near
the Fermi energy are derived mainly from the Ru d g,
dyy and d/,. manifold of states mixed with oxygen p
states, but the results are very different due to the tri-
layer structure and the magnetism. In this section we
compare with the DFT calculations using the PBEsol
functional reported in [28]. Similarities and differences
using other functionals are discussed in the supplemen-
tary material.

In all cases, the dispersion of the bands in the plane
starts at the zone center (0,0) and rise steeply to a max-
imum at (m,7) with a saddle-point at (7,0) which leads
to a large density of states (DOS). The d,, bands dis-
perse in both directions, and the d,.,,. bands have one
dimensional character, each dispersing strongly in one di-
rection and nearly flat in the other. In SryRu3O;( the
three planes of Ru and oxygen atoms are strongly coupled
to form bonding (B), non-bonding (NB) and antibonding
(AB) d,. /- bands. This is analogous to the bonding and
antibonding bands of the two-layer material SrgRuyO7;
but there is a important difference because the central
layer is not equivalent to the outer two layers, whereas
the two layers are equivalent in SrgRusO7.

The rotations of the oxygen octahedra double the unit
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FIG. 2: Spin-resolved ARPES at low temperature.

Spin-up and spin-down spectra measured at 14 K and the net
spin-polarization (Spin Pol.) at four selected k-locations: (a)
the (27,0) I-point, (b) the (37,0) saddle-point region, (c) the
large F'S contour centered on (27,0), and (d) a square hole
FS contour centered on (3m,7). The four k-points are iden-
tified as yellow dots in Fig. 1. All measurements use LH
polarization excitation and are overall scaled to unity at high
binding energy for the weaker intensity spin-minority back-
ground. (e) Wide spectrum at (37,0) showing uniform spin-
majority background in the Ru-d valence band region and
spin-minority narrow peaks at the top of the oxygen bands.

cell leading to the smaller Brillouin zone as shown in
Fig. 1, the same as in Sr3RuyO7, which also has rotated
octahedra and a cell that is doubled in the same way.
However, as illustrated in Fig. 1, there are only weak
effects in the observed intensities and the data can be
analyzed in an extended range of k-space corresponding
to the larger tetragonal Brillouin zone, with weak replicas
due to the doubling of the cell. This is indicated in Fig.
3(a) where the bands from [28] are “unfolded” schemat-
ically to show the regions of k-space where the intensity
is large with weak replicas indicated by light lines.

The qualitative difference in SryRu3zO;q is the ferro-
magnetism which leads to splitting of the bands into
minority- and majority-spin bands. Since there is a large

moment, the majority-spin bands have large occupation
so that the Fermi energy is near the top of the bands.
In contrast, the minority-spin bands have reduced oc-
cupation and the Fermi energy is in the lower part of
the bands. As shown in Fig. 3(a), the wide electron-
like minority-spin bands dispersing steeply upward from
(0,0) and crossing the Fermi energy. These can be iden-
tified with the experimental bands that disperse upward
in Fig. 1(d) and form the square-shaped Fermi surface
that fills most of the BZ in Fig. 1(b), and are found to
be minority spin in Fig. 2(c). This is a robust result of
the theory that depends only on characteristic shapes of
the dyy and d/,. bands, and the ferromagnetic order.

The prediction that the majority-spin bands are full
or nearly full is also a robust result of the DFT calcu-
lations, and since the effects of band folding are small,
we expect strong intensity in ARPES measurements in
the region around (,7). This provides an interpretation
for the majority-spin bands observed in the experiment;
however, the degree of filling depends on the energy dif-
ference between the majority and minority-spin bands
and effects of correlation. As discussed below, present-
day theory is not at the point where the energies can be
predicted with accuracy of a few tenths of an eV, and we
will use the experimental measurements as a guide.

There are two other definite predictions of the the-
ory that provide the basis for understanding the spin-
polarized narrow bands near the Fermi energy around
(0,0) and (7,0) which are observed in the experiments.
The first point is that the only states with large intensity
near (0,0) are spin-minority bands; as indicated in Fig.
3(a), the spin-majority bands with large intensity near
(0,0) are well below the Fermi energy and any majority
spin bands are due to the weak effects of folding. Thus,
even though there are several minority-spin bands in this
region, with uncertainties in the theory and the fact that
energies are affected by correlation beyond the DFT cal-
culations, nevertheless, it is clear that the narrow peak
observed in the experiment should be derived from bands
that are overwhelmingly minority spin, as observed in the
experiment. The second conclusion from the calculations
relates to the states near the saddle point (7,0). As is
clear from Fig. 3(a), the theoretical calculation finds
majority spin bands in this region below the Fermi en-
ergy, the same bands that form the majority-spin Fermi
surfaces around (m,7). We can expect that the narrow
peak observed just below the Fermi energy observed in
the experiments is formed primarily from these bands, in
agreement with the majority spin-polarization found in
the experimental results.

A more quantitative analysis of the experimental re-
sults provides more information that helps to narrow
down the uncertainties in the theory, and we have ana-
lyzed the comparison with the calculations in more detail.
Comparison with the DFT calculations provides a con-
sistent interpretation of the experimental results for the
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Spin-resolved DFT and comparison to ARPES. (a) DFT GGA-PBEsol theory calculation of spin-up/down

band structure with ~0.9 eV exchange splitting, resulting in the (0,0) AB band just above Er and the (,0) saddle-point band
SP1 crossing below Er. (b) Energy-shifted and scaled PBEsol bands with ~0.6 eV exchange splitting, resulting in the (0,0)
AB band below Er, and the (7,0) SP2 band crossing below Er. Energy scale renormalization by ~2x then provides good
agreement to experimental bands (open circles). (¢) Comparison of experimental FS contours (filled circles) to PBEsol contours
including the energy shifts in (b). Solid colored lines emphasize the tetragonal band or contour origin, while lighter gray lines
correspond to features with octahedral-rotation and zone-folding origins. Arrows in (b) and (c) indicate two key disagreements

that are resolved with the inclusion of spin-orbit coupling [35].

narrow bands near (0,0) and (7,0) and the Fermi surfaces
around (m,7), as long as we allow for small shifts of the
calculated bands and renormalization of DFT band ener-
gies close to Fg, similar to the other Sr ruthenates. Fig.
3(b) show the bands near the Fermi energy, with ARPES
bands (open circles) compared to the PBEsol calculation
with -0.16 eV (40.10 eV) energy-shift corrections to the
minority (majority) spin bands, and a 2x energy scale
renormalization which then provides good agreement to
the heavy effective mass dispersions of both the (0,0) hole
and (m,0) electron narrow bands. The effect of the down-
ward shift of the energy on the minority-spin bands is to
move the band at I" from just above Er in the DFT cal-
culation shown in Fig. 3(a) to just below as shown in Fig.
3(b); together with the renormalization, this provides an
explanation for the narrow band (§) at I' shown in Figs.
1(c) and 1(d) and in Fig. 2(a), and represented by the
line of circles near (0,0) in Fig. 3(b). The effect of the
upward shift of the majority-spin bands is to move the
AB state at (7,0) labeled SP1 in Fig. 3(a) to above Ep
and the state labeled SP2 to just below Fr, where it pro-
vides an explanation for the observed majority-spin band
at -30 meV labeled ¢ in Figs. 1(e) and 2(b). The shift
leads to better agreement with experiment, which finds
only one band below Ep at (7,0) in this energy range,
and it also improves the agreement for the majority-spin
bands (shown as the lines of circles) that cross the Fermi
energy along the direction (,0) to (m,7). The Fermi sur-
faces for the shifted bands are shown in Fig. 3(c), which
shows good overall agreement with the major features of
the experimental results.

However, the shifts of the bands do lead to two major

discrepancies with experiment, highlighted by arrows in
Fig. 3(b) and (c). First, the PBEsol calculations predict
a two-fold band degeneracy just below Er at (0,0), which
results in the prediction of both downwards and upwards
dispersing AB branches, and an electron-like Er-crossing
which is not observed experimentally. Second, the down-
ward shift leads to spin-minority bands at Er in a region
around (7,0) for most combinations of energy-shift and
energy-scaling corrections. These effects lead to bands
and pieces of Fermi surface marked by arrows in Figs.
3(b) and 3(c), which are not observed in the experiments.

The inclusion of spin-orbit coupling provides a reso-
lution of these discrepancies, as described in detail in
the supplementary information. In Fig. S4(a) is shown
the bands including spin-orbit coupling from [28], shifted
and scaled in a way corresponding to that of Fig. 3(b).
Since the spin-orbit coupling mixes the spins it is not a
simple matter to identify the majority and minority spin
projections and to shift the bands independently, and
the bands in Fig. S4 are derived by approximations de-
scribed there. It turns out that the effects are not large
overall, but there are major consequences for states near
the Fermi energy. One is that the degeneracy of the AB
states is lifted so that the upward curving band at I' is
above the Fermi energy, consistent with experiment that
did not observe such a band. The other discrepancy is a
quantitative matter and it turns out that spin-orbit cou-
pling raises the energy of the minority-spin bands at (,0)
to above the Fermi energy. The resulting Fermi surfaces,
shown in Figs. S4(b) and S4(c), are in quantitatively
better agreement with experiment, with the absence of
the FS contours marked by arrows in Fig. 3(c).



The shifts of the majority-spin bands upward and the
minority-spin downward relative to the Fermi energy has
the effect of reducing the differences between both the
energies and the occupations of the majority and mi-
nority bands. The average energy difference, called the
exchange energy, is a consequence of interactions which
are taken into account in approximate ways depending
on the functional used in the calculation. The shifts of
the bands calculated using the PBEsol functional amount
to a reduction of the exchange splitting from ~0.9 eV to
about ~0.6 eV. This results in a smaller spin moment
and provides a possible explanation for the discrepancy
between PBEsol prediction of a 1.77 up average moment
per Ru site [28] and the significantly smaller experimen-
tal value of 1.1 pp/Ru [5].

A spin-polarized DFT calculation using the LDA
exchange-correlation functional, shown in the supplemen-
tary materials [35], finds a reduced average moment of
1.36 pup and a corresponding reduced exchange split-
ting of ~0.6 eV which is a closer match to the exper-
imental ARPES. A comparison of DFT predictions us-
ing LDA, PBEsol, and PBEsol+U functionals is provided
in the supplementary materials [35]. The better agree-
ment of the LDA functional to experiment in SryRuszO01g,
the systematic trend towards increasing exchange split-
ting and larger moments for LDA — PBEsol — PBE96
— DFT+U, and the prediction of a large moment half-
metal groundstate (not observed) for small U is consis-
tent with previous comparative studies of DFT exchange-
correlation functionals for magnetism in SrRuOjs [39],
SrsRupO7 [40] and ferromagnetic transition metals [41].

Narrow band T-dependence

We next turn our attention to the temperature depen-
dent amplitude and spin-polarization of the prominent
narrow bands at -30 meV. Figures 4(a) and (b) present
the fine temperature-step spin-integrated evolutions of
the narrow band amplitudes. Both narrow bands exhibit
dramatic amplitude reductions towards higher temper-
ature and 7., with approximately linear dependence as
shown in Fig. 4(c).

The spin-resolved temperature evolution of the I'-point
was also measured at the 56 eV (27,0) k-location with
spectra presented in Fig. 4(d) for ~30K steps from 14K
to 120K, along with their spin-polarization energy pro-
files. The strong spin-minority narrow band amplitude is
observed to linearly decrease with temperature, consis-
tent with the spin-integrated measurement, whereupon,
as expected, the spin-polarization of both the peak and
high BE background go to zero above T.. The high
BE spin-polarization, averaged over the energy interval
of -0.2 to -0.6 eV, exhibits a weak monotonic decline
from 21% to 15% at T, as summarized in Fig. 4(e).
with comparison to a bulk magnetization curve [7] that

exhibits a similar weak decline. In contrast, the raw
spin-polarization analysis of the narrow peak exhibits a
steady linear decline, seemingly correlated to the linear
amplitude variation. However, with consideration of a
background subtraction to isolate the spin-asymmetry
of the narrow peak, and also with a second BZ large
angle 1/cosf correction factor of 1.11 [see supplemental
Fig. S2 for more details|, a modified T-dependent spin-
polarization profile of the narrow peak in Fig. 4(f) also
exhibits a weak decline from 80% at low T to 60% close
to T, that scales very well with that of the high BE
spin-polarization profile.

Discussion

We now discuss the implications of our data for the
general character of the correlations and the magnetism
of Sry.Ru3z01p. The traditional simplified pictures are the
Stoner model of itinerant band ferromagnetism and, at
the other extreme, localized spins which are ordered in
the ferromagnetic phase. In the Stoner picture there are
well-defined bands and the energy difference between the
bands for the two spin states, called the exchange en-
ergy, which decreases with temperature until the bands
become degenerate above the transition temperature 7.
On the other hand, the picture of localized spins is that
they persist at all temperatures and become disordered
above T,. The energies of the states remain the same even
if the directions of the moments are disordered with no
preferred direction. In addition, at all temperatures one
expects localized states to lead to broadening of band-
like features, so that the spectra would not show sharp
features with dispersion as a function of momentum. In a
Fermi-liquid metal, however, there is another important
consideration. No matter what is the nature of the states,
at low temperature there should be a sharp Fermi surface
satisfying the Luttinger theorem. Additionally, for the
two ferromagnetic ruthenates SrRuOsz and SryRuszOqg,
the magnetization should be given by the difference in
the volumes of the Fermi surfaces for the two spin states
multiplied by pp. See the supplemental sections S4 and
S5 for more on the effects of spin orbit coupling, and
comparison and contrast of the two ferromagnets.

The experimental data presented here for SryRusO1q
in Figs. 1 and 2 shows clearly Fermi surfaces for both
spins, neither of which act as completely localized. To
assess localization we must turn to measurements as a
function of energy (away from Fy), at low temperature,
e.g. incoherent broadening, and/or the behavior as a
function of temperature. As is also true for SrRuOs,
away from Fp, the spectra show no overt spectroscopic
signatures of localization, such as split-off Hubbard bands
or atomic multiplets, so we must focus on T-dependences
and strong incoherent broadenings as the important sig-
natures of local moments. Based on analysis of such
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FIG. 4:

Narrow band temperature dependent spin-polarization. Spin-integrated spectra at (a) the (0,0) I'-point

and (b) the (37,0) saddle-point exhibiting dramatic temperature dependent amplitude reductions of the strong narrow peaks
warming to above T;. (c) Linear behavior of the temperature evolution of the two narrow peak amplitudes. (d) Spin-polarized
(27,0) T'-point spectra and spin-polarization profiles for selected temperatures from 14-120K. (e) Comparison of the spin-

polarization profiles from (d).

(f) Summary of the spin-polarization of the average of the high binding energy region shown

in (e), the narrow peak amplitude, and the background-subtracted narrow peak spin-polarization corresponding to the dots in
(d) and (e), including an additional 1.11x geometry-correction. A c-axis bulk magnetization profile Sr4RuzO1o is provided for

reference.

signatures, a “dual ferromagnetism” model has recently
been proposed for STRuO3[9], in which the moments of
the spin-minority electrons are itinerant and the mo-
ments of the spin-majority electrons are localized.

In a general way, SryRuzO;pg also manifests such a
duality, but it is more complex and nuanced than in
the neatly binary picture proposed for SrRuQOgs. In an-
other publication we will present the detailed ARPES
T-dependence and explore this complexity, along with
how it might fit into a Hund’s metal picture. Here we
only summarize. We begin by noting a low-T' similar-
ity to SrRuQOg and its spin polarized DMFT calculation
[9], that the low-T' Ru-d valence band region above -
2 eV is broad and incoherent, implying some localiza-
tion, and shows a uniform 20% spin-majority polariza-
tion in Fig.2(e). We attribute the polarization to a net
larger spin-majority DOS rather than an extrinsic inelas-
tic background due to spin-dependent mean free paths
[42], which would persist below the oxygen bands. For
the T-dependence, a broad general characterization is
that (a) at T, the up and down spin spectra remain to-
tally different, a clear failure of the Stoner model, (b)
the large rounded-square Fermi surface(s), identified as
minority spin, survive with minimal broadening above
T., (as measured by spin-integrated ARPES, not shown),
even though there is no macroscopic average magnetiza-
tion, whereas (c) the small hole-like Fermi surfaces for

the majority spins broaden with temperature until they
are only barely discernible for T>7.. Of the limited
T-dependent data actually reported here, we take note
that both the spin majority and spin-minority narrow
band peaks shown in Fig. 4 have T-independent ener-
gies, suggesting a T-independent exchange splitting for
both. However the spin-majority hole bands (c 2) that
cross Ep at (m,m) do have momentum and energy shifts
with increasing 7T, signaling some decrease of exchange
splitting, although well short of actual collapse at T..

Our experiments also show more aspects to magnetic
behavior in SrsRu3zO19. The dramatic T-dependences
of the narrow band amplitudes in Fig. 4 are strongly
reminiscent of f-electron local-moment Kondo lattice
coherence evolutions. Such a T-dependence is consis-
tent with key signatures of correlated Hund’s metal be-
havior, for which a two-stage screening process of or-
bital and spin-fluctuation coherence has been proposed
[21]. In addition, the two experimental spin-minority
Ep-crossing bands, as well as the two spin-majority hole
bands at (mw,7), exhibit additional heavier mass kinks in
their dispersion, which reflect additional energy correla-
tions and/or electron-lattice coupling not included in the
DFT calculations. Correlation of the kink energy scales
in SrRuOj3 [43] and in SryRu3O;0 [27] to Raman spec-
troscopy vibrational modes have suggested an electron-
boson coupling origin. On the other hand, DFT+DMFT



calculations with Hund’s coupling (U=2.3 eV, J=0.4 eV)
find rounded band velocity renormalizations for SroRuQOy4
[13] and orbital-dependent heavier dispersion anomalies
confined to +0.1 eV about Er in StRuOj [9], suggestive
of Hund’s-assisted electronic correlation origins.
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FIG. 5: Summary of low temperature Srs;Ruz 019 spin-
polarized narrow bands. (a) Momentum-space schematic
of the highly coherent -30 meV narrow spin-majority saddle-
bands at (m,0) and spin-minority hole-band at (0,0). Zone-
folding effects are not represented. (b) Schematic of the spa-
tial distribution of the narrow band weights in the outer and
central layer of the tri-layer structure.

Next, we discuss the narrow band spin-polarization in
relation to the magnetic behavior specific to the trilayer
structure of SryRu3O19. Layer-dependent moments have
been identified from polarized neutron diffraction analy-
sis, and models of layer-dependent spin-orientations have
been proposed for the in-plane metamagnetic behavior
[24-26]. Similar to a model of in-plane moments with an-
tiferromagnetic coupling between adjacent outer Ru lay-
ers [26], the application of modest pressure to SryRuzO1¢
reveals an instability of the c-axis ferromagnetic state, by
inducing a transition to an antiferromagnetic state with
the magnetic easy axis aligned within the basal plane
[7]. Here, in this c-axis magnetization ARPES study,
we have identified two distinct high-DOS narrow band
states below Ep with large momentum-separation and
opposite spin-polarization, as schematically shown Fig.
5(a), which also possess different AB versus NB d. .
orbital origins from the comparison to DFT. The NB or-
bital has an odd symmetry relative to the central layer
mirror plane, and thus contains zero central layer char-
acter, while the B and AB orbitals have even symmetry
and contain mixed layer character, but with a more dom-
inant central layer spatial origin. Hence, the high-DOS
spin-minority narrow band at (0,0) with AB band ori-
gin is spatially localized primarily in the central layer,
while the high DOS spin-majority saddle-point van Hove
singularity at (7,0) with NB band origin is primarily lo-
calized in the outer layers, as schematically represented
in Fig. 5(b). A quantitative character breakdown is to
be presented elsewhere.

Summary

This work shows that SryRu3O;1¢ displays a remark-
able range of spin-polarized features that are important
for the understanding of the magnetic behavior. At
low temperature: (i) Distinct Fermi surfaces with op-
posite spin-polarization are found at the zone center and
the zone corner, with weak intensity oxygen-octahedron
zone-folding effects. (ii) Two separate very high inten-
sity narrow bands exist 30 meV below the Fermi-level, a
hole-like band located at the zone-center and a van Hove
singularity saddle-band dispersion at the zone boundary,
also exhibit opposite nearly-pure spin-polarization. (iii)
An intrinsic incoherent spin-majority background exists
over the entire Ru-d valence band region. (iv) Sharp
spin-minority oxygen bands exist at the top of the oxy-
gen manifold.

The narrow bands exhibit dramatic temperature-
dependent amplitude suppression upon warming to 7T,
which we attribute to Hund’s metal coherence-like behav-
ior [15-17]. The spin-resolved T-dependence of the zone
center narrow band and the incoherent spin-majority
background, shows that both maintain a strong spin-
polarization right up to T, similar to the bulk magneti-
zation profile. The T-independence of the narrow band
energies suggests the localized behavior of a constant ex-
change energy up to 7. and clear departure from the
predictions of simple itinerant ferromagnetism.

Comparison of the sharp low T' FS contours and nar-
row band energies to spin-polarized DFT calculations, al-
lows quantitative evaluation of the predictions of differ-
ent exchange-correlation functionals, and identifies the
zone center and zone boundary narrow bands to have
different anti-bonding versus non-bonding d, /,. orbital
origins, which in turn have weight predominantly in dif-
ferent layers of the three-layer structure. The strong
coherence-like T-dependence, opposite spin-polarization,
momentum separation, and layer-specific localization of
the narrow band states are key new ingredients to be con-
sidered for the modeling of magnetic and metamagnetic
behaviors in SrysRuzOqg.
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SM1 Spin-integrated ARPES photon dependence

Spin-integrated photon-dependent mapping of the electronic structure, both at normal emission and off-normal,
was key to the identification of the k-space locations at which the narrow flat bands at I' and at the tetragonal BZ
boundary saddle-point were strongest intensity and most suitable for subsequent spin-resolved measurements. Figure
S1(a) shows a normal emission (first BZ) Ep-intensity map for LH polarization in which no photon energy in the range
of 30-124 eV exhibits a strong matrix element enhancement of the I'-point flat band. In contrast for LV polarization
photon-dependent mapping, a strong enhancement centered on 76 eV is observed in Fig. S1(b). However, since LV
polarization was not available at the spin-ARPES beamline 10.0.1, further angle-dependent mapping into the second
BZ was explored.

Indeed at 76 eV and using LH polarization for angle-dependent mapping, a strong enhancement of the (27,0) I'-
point narrow band is observed in Fig. 1 of the main text. In addition it reveals a very strong enhancement of the
(37,0) saddle-point region as well as the large square FS contour, both used in the spin-ARPES measurements. To
further explore the relative (27,0) matrix element enhancement, an off-normal photon-dependent map with a constant
k)= 1.62 A—1 centered on the second BZ, was performed. As shown in Fig. S1(c), an even greater enhancement was

discovered at 56 eV, using LH polarizatin, which also coincidently corresponded to the maximum flux performance of
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FIG. S1. Photon energy dependent k,-k. maps. (a) Normal emission map using LH polarization. (b) Normal emission
map using LV polarization. (¢) Off-normal second BZ map using LH polarization. (d) Angle-dependent FS map at 56 eV using
LH polarization.

the spin-ARPES beamline. Thus 56 eV could be chosen to optimize the (27,0) I'-point spin-ARPES measurements
without having to compromise the energy resolution settings that are very comparable to those at ALS beamline
4.0.3. Figure S1(d) shows the corresponding angular dependent k,-k, FS map at 56 eV showing the (27,0) second
BZ center enhancement of the I' flat band.

The strong matrix element enhancements observed above originate from ARPES structure factor terms and not
from any resonant photoemission process, such as in the f-electron spectra of rare-earth materials tuned to specific
4d-4f absorption edges. Hence we regard the extremely enhanced low temperature spectral weight of the narrow bands
at (0,0) and (m,0)-equivalent points as reflecting true high densities of states, and not an artificial enhancement of
the photoemission process that deviates from theoretical predictions (such as DMFT spectral functions). E.g. the
absence or weaker appearance of the narrows bands at other (0,0) and (7,0)-equivalent points reflects a matrix-element

suppression of spectral weight that deviates from the true DOS.

SM2 Spin-resolved ARPES detection

Spin-resolved ARPES was measured at the Advanced Light Source beamline 10.0.1 using a Scienta R4000 spectrom-
eter equipped with DA30 deflector plates for spin-integrated ARPES mapping and for steering electrons into dual very
low energy electron diffraction (VLEED) spin-detectors. The two exchange-scattering type spin-detectors use in-plane
magnetization of FeO thin film targets to provide (k.,k;) and (k.,k,) components of the spin-asymmetry, e.g. with
redundancy in the k, component. For each spin-detector, the sequentially measured spectra I (w) and I_(w) are used
to compute the raw spin-scattering asymmetry, Ay (w) = (I —I_)/(I+ + 1), which is corrected by the instrumental
spin-scattering efficiency factor, i.e. the Sherman function Sct¢, to determine the photoelectron spin-polarization
P(w) = Ay (w)/Sess. The corrected spin-dependent spectra are then calculated as I+ (w) = I, (w)(1 £ P(w)), where
I, = (I4+ +1-)/2. The Sherman function for this exchange spin-detector is calibrated to be S.f§~0.25.

To achieve uniform magnetic domain alignment for spin-resolved ARPES, a permanent magnet with ~0.2 T field
strength at the sample surface was used to field-cool the sample, both prior to and after sample cleaving. The
magnetization profiles of SryRuszOq¢ in Fig. S2(a) shows how such an external field strength parallel to the c-
axis enables magnetization saturation (domain alignment) of the sample (even without field cooling) and how the

magnetization is maintained when the external field is removed. In contrast, the high-moment state for ab-plane
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FIG. S2. Spin-detection procedure and analysis corrections. (a) Magnetization profile of Sr4RusO19 at T=1.8K [1]
illustrating low temperature c-axis magnetization domain alignment with ~0.2 T applied external field. (b) Demonstration
of the sign reversal of the experimental spin-spectra for a reversal of the c-axis external field. (c) Example of background
subtractions of the I'-point narrow peak resulting in enhanced spin-polarization asymmetry (open dot). (d) Schematic of the c-

axis spin-alignment relative to a z-axis spin-component detection, resulting in an additional 1/cosf spin-polarization correction
(solid dot in (c)).

magnetization requires a higher critical field and is not maintained at low temperature. For this study, only a
field alignment parallel (or anti-parallel) to the crystalline c-axis was used, and only the k,-components of the spin-
asymmetry parallel to this magnetization axis are presented. Fig. S2(b) demonstrates how the sign of the detected
spin-asymmetry is reversed if the sample is remagnetized with the external field reversed to be antiparallel to the
c-axis.

The spin-polarization of coherent peaks in the spin-dependent spectra requires additional modeling and subtraction
of spin-dependent incoherent background profiles. Fig. S2(c) shows an example of such a procedure to separate out
first the coherent peaks (shaded) whose amplitudes (or areas) are then used to compute a single spin-polarization
value (open dot). An enhancement of the experimental spin-polarization from 50% to 80% is observed for the (27,0)
example. The spin-polarization of the (37,0) narrow peak is similarly enhanced to >80%, with subtraction of its
same-sign majority-spin background.

A second quantitative spin-polarization correction arises from the large ~26°-34° sample polar angles (rotation
about the sample vertical b-axis) required to measure at the second BZ (27,0) and 37,0) points at 56 eV and 76
eV, respectively. The P, spin-polarization is not purely aligned to the sample magnetization axis, as shown in Fig.
S2(d), but also has a non-zero in-plane component, i.e. P, = P.cosf + P,sinf. Conversely, a P, spin-polarization
measurement could contain a non-zero c-axis component, i.e. P, = —P.sinf + P,cosf. Hence, a pure c-axis sample
spin-alignment (P,=P,=0), could result in a non-zero P, measurement, and P, should be corrected by P. = P,/cosf

to obtain the true c-axis spin-polarization, e.g. P.=1.11P, ~90% for the (27,0) coherent peak in Fig. S2(c).



SM3 Exchange functional comparison

In Fig. S3, we provide a side-by-side comparison of three spin-polarized DFT calculations with different nominal
exchange splittings of approximately 0.6, 0.9 and 1.1 eV. The PBEsol and PBEsol+U (1eV) bands are taken from
Ref. [2] and replotted with left/right separation of spin-up/down states for greater clarity. The octahedral rotation
and zone-folding effect, indicated by the (0,0) and (m,7) labeling equivalence, has not been unfolded to the tetragonal
BZ (as performed in Fig. 3(a)). The LDA functional calculation, new to this work, is similarly plotted. A recent
PBE96 calculation from Benedic¢i¢ et al.[3] also predicts a large exchange splitting value of ~1.1 eV similar to the
PBEsol+U calculation, in which the Fermi-level cuts just slightly below the highest energy (,7) hole band.

The better agreement of the LDA functional to experiment, the systematic trend towards increasing exchange
splitting and larger moments for LDA — PBEsol — PBE96 — DFT+U, and the prediction of a large moment half-
metal groundstate for small U is consistent with previous comparative studies of DF'T exchange-correlation functionals
for magnetism in SrRuOg [4], SrsRu2O7 [5] and FM transition metals [6].
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FIG. S3. Comparison of different exchange-correlation functionals Spin-polarized SraRusOjofor three different (a)
LDA (b) PBEsol and (c) PBEsol + U (1 eV). The Er result in (c) is very similar to a recent PBE96 calculation [3]. Round,
diamond and square symbols help to identify key equivalent spin-up and spin-down bands for purpose of evaluating the exchange
splitting variations.

The comparison in Fig. S3 also highlights the main text logic flow for the variable exchange-splitting exercise to
find a consistent assignment of both the -30 meV narrow hole band at (0,0) and the saddle-point band at (,0), as
well as find a quantitative agreement with the (m,7) hole FS contours.

(i) The large DFT+U exchange splitting result in Fig. S3(c) of a half-metal in which the spin-majority states
are completely filled is trivially ruled out due to the distinct experimental observation of spin-majority F'S contours
in the (m,7) region. This also rules out an NB d,/,. flat band origin for the narrow hole-like state at (0,0) which
would require an even larger upwards spin-down energy shift and/or extremely large >10x energy renormalizations
to achieve a -30 meV energy.

(ii) With the spin-minority AB flat state at (0,0) being the target assignment of the strong ARPES at (0,0), the



PBEsol calculation to PBEsol calculation in Fig. S3(c) is observed to incorrectly predict the spin-minority AB state
to reside just above Eg. Also, while a shallow AB-derived spin-majority saddle-point band is correctly predicted to
be below Er at (,0), it also predicts a second parallel dispersing NB-derived saddle-point band to be just below it.
In contradiction, ARPES shows only one -30 meV saddle-band dispersion.

(iii) A reduced overall exchange-splitting is proposed that both lowers the spin-minority AB state to be below Ep,
and raises the spin-majority states to produce only a single NB-derived saddle-point dispersion below Er. Rigid shift
corrections of +0.10 (-0.16) eV to the PBEsol spin-up (down) bands are selected, i.e. total exchange splitting of 0.64
eV (=0.9-0.26). The spin-up correction is fine-tuned to provide a quantitative match to the three ( flower + two
nested square) F'S contours at (m,m). The large velocity spin-minority dg, electron bands that form the large squarish
contour(s) centered on (0,0) are less sensitive to the small corrections to the exchange splitting. Also consistent with
ARPES, another d,/,. NB-derived light mass band converges with the d,, band near Ff.

(iv) The LDA functional calculation in Fig. S3(a) also predicts a smaller exchange splitting of ~0.6 eV in closer
agreement to the ARPES-matching PBEsol exchange-splitting adjustment. A rigid shift correction of -0.05 (-0.05) eV
to the LDA spin-up (down) bands is required to obtain a similar result to the PBEsol exchange-splitting correction.

(v) The PBEsol and LDA calculations without spin-orbit coupling (SOC) predict two-fold band degeneracies of the
B, NB and AB d,,/,. states at (0,0). When the degenerate AB state is shifted to be below Er to obtain agreement
with the experimental shallow hole band at (0,0), this results in the prediction of an upwards dispersing electron-like
FEp-crossing that is not observed experimentally. This discrepancy is cured by the inclusion of SOC which splits this
degeneracy at (0,0) as illustrated in the next supplemental section SM4.

(vi) The main text discusses the comparison of the average magnetic moment (Mzy/3) of the PBEsol and LDA
calculations to the experimental SryRuzOjo low temperature saturated moment of 1.1 pug/Ru for low-field c-axis
magnetization [1]. The moment increases to 1.2 pup/Ru at higher applied fields of 7 T. Larger experimental total
moments up to 1.36 pp/Ru have been reported [7], but are likely the result of contamination by ingrowth of SrRuO3-
like higher-order ruthenate layers [8] which giving an additional M~0.2 contribution extending above T.=105 K up

to 160 K, i.e. the Curie temperature for SrRuOs. Table S1 summarizes these moment and exchange splitting values.

TABLE S1. Comparison of experimental and spin-polarized DFT calculated exchange splittings and average magnetic moments.

Exchange-Correlation Exchange  Average
Functional Splitting  Moment®  Reference
(eV) (np/Ru)
LDA (unrelaxed) 0.44-0.6 1.36 -
LDA (relaxed) 0.44-0.6 1.17 -
PBEsol 0.8-0.9 1.77 2]
PBE96 1.1 b 3]
PBEsol+U(1 eV) 1.1-1.3 ~2 [2]
LDA+U(2 eV) 1.1-1.3 ~2 -
Energy-shifted PBEsol 0.64 - ~ARPES
Experiment, B||c, 0.1T - 1.1 [1]
Experiment, B||c, 7T - 1.2 [1]

@ Mayw=Miot /3. Pvalue not reported.



SM4 Spin-orbit coupling

We have ignored spin-orbit coupling (SOC) in much of the analysis since it is mainly a small effects and it complicates
the analysis in terms of majority- and minority-spins. However, it is important for details of the bands near the Fermi
energy. The DFT PBEsol calculations without SOC presented in Fig. 3(b) predict two extraneous features (highlighed
by yellow arrows) that are not experimentally observed. (i) The PBEsol predicts two-fold band degeneracies of the B,
NB and AB d,,/,. states at (0,0), which result in the prediction of both downwards and upwards dispersing branches
from the AB state. Thus, after correcting the AB to be below Er, an electron-like Fg-crossing is predicted which is
not observed experimentally. (ii) In addition, the bottom of spin-minority states at (m,0) are only ~20 meV higher
than the (0,0) AB state energy. Thus, the AB energy correction inevitably also shifts these spin-minority states to be

crossing below Er at (m,0) — which are also not experimentally observed.
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FIG. S4. PBEsol 4+ Spin-orbit Coupling comparison to ARPES. (a) Energy-shifted and scaled PBEsol+SOC bands
with ~0.6 eV exchange splitting, giving similar (7,7) and (,0) spin-majority agreement to ARPES as in Fig. 3(b), but with key
SOC-splitting of the spin-minority AB band degeneracy at (0,0). (b) Experimental spin-minority F'S contours (v/8) compared
to energy-shifted PBEsol+SOC FS contours. Lighter shaded contours correspond to zone-folded bands. (c) Experimental
spin-majority F'S contours (o, €) compared to energy-shifted PBEsol+SOC FS contours. Many of the lighter shaded contours
correspond to spin-minority bands (with incorrect energy shifts) due to finite spin-mixing in the SOC calculation.

As shown by the DFT calculations [2], SOC splits the d,,/, . state degeneracies at (0,0) and creates two separated
electron-like and hole-like narrow AB bands with even flatter band dispersions near (0,0). Reduction of the exchange
splitting so that Ef lies in this spin-minority SOC gap, as shown in Fig. S4(a), preserves the AB energy level and
renormalized dispersion agreement to ARPES, while eliminating the unobserved electron branch. In addition, SOC
pushes the bottom of the spin-majority states at 7,0 to higher energy above Fg in alignment with the upper AB
branch at (0,0). This also cures the PBEsol presence of spin-minority FS contours in the (7,0) region of Fig. 3(c),
which are now absent in Fig. S4(b). A symmetric rigid shift correction +0.12 (-0.12) eV to the PBEsol+SOC spin-up
(down) bands also gives similar agreement as PBEsol (without SOC) to the (m,7) region FS contours [Fig. S4(c)].

A final observation from both the shifted and scaled PBEsol plot in Fig. 3(b) and the PBEsol+SOC plot in Fig.
S4(a) is that the lack of experimental spin-polarization of the bottom of the experimental 8 band at (0,0), i.e. the
0.2 eV wide spectral hump centered at -0.35 eV in Fig. 2(a), originates from the coincidental energy alignment of
downwards-shifted spin-majority AB states and upwards-shifted spin-minority NB states. The SOC splitting of these

states contributes to the broadened width of the experimental spectral hump.



SM5 Thin film SrRuOj; spin-ARPES comparison

Similarities and differences between a recent spin-ARPES study of a 15 unit-cell thin film of StRuOj3 [9] and our
study of cleaved bulk SryRu3Oq crystals are discussed.

(1) (0,0) hole-band. A shallow hole-like band very close to E is observed at the zone center I'-point in both
systems. In the SrRuO3 thin film study, the hole band maximum is at -10 meV and has a relatively stronger intensity
than the other FS crossing bands for the 21.2 eV measurement. Its existence in SrRuOg is identified as originating
from one of the two operative zone-foldings from octahedral rotations and tilting distortions, and is labeled o
indicating (,7) origins. Also it has the same majority spin-polarization as the high binding energy background, with
the corresponding spin-minority hole-band identified in the spin-integrated spectra as crossing Fr with a 32 meV
exchange-splitting.

In contrast, the zone center flat band in SryRu3019 has a band maximum of -30 meV, and has a dramatically strong
intensity at low T' (for the optimized photon energy in the second BZ). It is identified in this study to originate from

the spin-minority trilayer-split d AB flat band in DFT, and hence it exists regardless of octahedral rotations and

zy/yz
zone-folding. Sharp zone-folded (m,7) hole-bands are separately observed at (0,0).

(2) Spin-split band pairs. In the thin film StRuOj3 study, spin-split parallel dispersing bands are identified for
the (0,0) hole band and also for a large rounded-square 8 band crossing Er. A small true exchange energy splitting
of ~0.12 eV was derived from the 32 meV splitting of the o/ hole band multiplied by a 3.8x energy renormalization
of the 8 band exhibiting a low energy kink in the band dispersion.

In this SryRusOig study, we separately observe spin-majority itinerant bands crossing Er at (w,m7) and spin-
minority itinerant bands forming the large square F'S contours centered on (0,0); however, without observation of the
corresponding parallel-dispersing opposite-spin band in either case. This is due to a much larger ~0.3 eV exchange
splitting determined from the theory-experiment comparison, i.e. ~0.6 eV prior to an ~2x energy renormalization,
which is comparable to the bandwidth of the relevant bands involved at the top of the Ru d-to4, manifold.

(3) T-dependent exchange splitting. A 2013 thin film StRuO3 ARPES study [10] did not reveal any significant
change in the exchange split band structure up to T.. The recent thin film SrRuOj3 study [9] observes a temperature-
dependent reduction of the exchange energy splitting of the (0,0) o hole band (from 0.12 eV to 0.04 eV at T.) as
well as a reduction of the momentum separation of the spin-split § Ep-crossing bands. However, the accompanying
increased spectral broadening up to T, prevent the authors from definitively distinguishing partial versus full reduction
of the exchange splitting.

In SryRusOqp we also observe (not reported here) a variable exchange splitting behavior of a small momentum
shift of the (m,7) spin-majority bands, accompanied by increasing broadening of the states at Er near T.. The
corresponding spin-majority energy shift of only 50 meV is significantly smaller than the +0.15 eV exchange splitting
energy shifts derived from comparison to DFT, and is strongly suggestive of a non-Stoner-like finite exchange splitting
remaining at 7.

(4) Spin-majority background. Common to both studies is the observation of a spin-majority polarization of the

mostly featureless high binding energy background. In the thin film SrRuOg3 study, the background spin-polarization



of ~15%, presented down to -0.5 eV, is interpreted as arising from localized spin-majority Ru-d states based on their
DMFT calculations which also predicts a large >50% net spin-majority polarization in the incoherent high binding
region. In addition, an enhanced spin-majority inelastic background for photoelectrons propagating to the surface
due to disparate spin-dependent inelastic mean free paths is a well known alternative origin [11].

In this SryRu301¢ study, the wide-energy range spectrum Fig. 2(e) exhibits a little larger value of ~20% net spin-
majority polarization, but only in the Ru-d valence band region above the oxygen bands. This confirms the intrinsic
incoherent spectral weight origin of the Ru-d spin-polarized background, with weak or negligible contribution from

extrinsic inelastic-scattering energy-loss spectral weight, which should also extend below the oxygen bands.
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