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Rare earth permanent magnets (REPMs) with both localized moments and itinerant conduction bands are not only important
for fundamental research but also have significant technological applications. In particular, Sm;Co;7 is a prototypical high-
temperture REPM, where the Co atoms form a kagome-honeycomb stacked lattice. Here we report the synthesis of epitaxial
Sm,Coy7 films using molecular beam epitaxy and measurements of their momentum-resolved electronic structure from in-situ
angle-resolved photoemission spectroscopy. Our results unveil two flat bands from Co 3d orbitals near the Fermi level (Ef), one
at ~-300meV and another right at Er, which arise from orbital-selective destructive interference and strong electron correla-
tions, respectively. In addition, our results reveal that Sm 4 f states are far away from Er (hence mostly localized) and exhibit an
anomalous temperature dependence, caused by the 3d-4f magnetic coupling. Our findings provide direct spectroscopic insights
to understand the strong uniaxial ferromagnetism in Sm,Co; (and REPMs alike). Our work also opens avenues to explore flat-
band physics near Er and emergent phenomena in correlated kagome-honeycomb lattices.
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1 Introduction

Rare-earth permanent magnets (REPMs), which are inter-
metallic compounds composed of rare earth (R) and transi-
tion metal (7T') elements, are extensively utilized in the au-
tomotive, data storage, electric power, and medical imaging
industries. The key feature driving their widespread appli-
cation is their strong uniaxial ferromagnetism (FM), which
remains robust against demagnetization. Significant efforts
have been dedicated to elucidating the fundamental mecha-
nisms underpinning the robust FM in REPMs [1-7], aiming
to design and engineer superior REPM materials. While the
strong uniaxial FM is typically explained by the magnetic
exchange interactions of the 3d and 4 f sublattices [8,9], par-
ticularly the 3d-3d and 3d-4 f interactions, the different types
of exchange interactions are expected due to the localized
or itinerant nature of 4f/3d electrons. Therefore, it is cru-
cial to reveal their energy positions relative to the Fermi level
(EFr) and momentum dispersions for a fundamental under-
standing of REPMs. However, direct measurements of their
momentum-resolved electronic structures have remained elu-
sive up to now.

Among REPMs, Sm,Co;7 stands out due to their excep-
tionally strong FM and very high Curie temperatures (7,)
[2]. Interestingly, it belongs to a large family of binary com-
pounds R, T, (x:y being 1:5, 2:17, 1:2, etc.), which feature
kagome layers composed of transition metal atoms 7 (see
Figure 1(a-c)). Recently, kagome-based materials have gen-
erated widespread interest in physics and material science
[10, 11], owing to a variety of many-body phases includ-
ing superconductivity [12-14], FM [15-18], spin/charge den-
sity waves [19-22], Wigner crystal [23], and fractional quan-
tum Hall effect [24-26]. In particular, destructive interfer-
ence of electronic wave functions in the kagome lattice can
give rise to flat bands with a high density of states (DOS),
as recently observed by angle-resolved photoemission spec-
troscopy (ARPES) [27-35]. However, in most cases, the
flat bands are far away from Er and they do not make
significant contributions to the physical properties. If the
flat bands are close to the Ep, they can be favorable for
the formation of flat-band FM [15, 16]. In Sm,Co;7, the
kagome Co layers are sandwiched by honeycomb Co layers,
and symmetry-protected flat bands were predicted in such a
kagome-honeycomb lattice [36-38], motivating the spectro-
scopic detection of these flat bands and the exploration of
their connection to the robust FM.

A typical method for measuring the momentum-dependent
electronic structure is ARPES. However, this is challeng-
ing for REPMs, as ARPES measurements typically require
large single crystals with natural cleavage planes and min-
imal residual magnetic field. For Sm,Co,7, single crystals
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are very difficult to synthesize [39], hampering in-depth un-
derstanding of its intrinsic properties. Here, we successfully
overcome these experimental obstacles by combining thin
film growth via molecular beam epitaxy (MBE) with in-situ
ARPES measurements [40], thereby obtaining for the first
time the momentum-resolved electronic structure of a pro-
totypical REPM Sm;Co;;7. Our work paves the way for a
fundamental understanding of the strong uniaxial ferromag-
netism in Sm,Co7 (and other REPMs) from an electronic
structure perspective and represents a step forward to search
for flat bands beyond the simple kagome lattice [36,37]. Our
synthesis of epitaxial Sm,Co;7 films also opens up opportu-
nites to explore thin-film applications based on REPMs.

2 Experimental and calculational methods

The epitaxial SmyCo,; films were grown on Al,O3(0001)
substrates, modified from a previous growth method [41].
The base pressure of the MBE chamber is better than 1x107!°
mbar. The evaporations of Sm and Co were achieved using
effusion cells, whose deposition rates were set to approxi-
mately ~0.8 A min~! for Sm and ~1.4 A min~! for Co, re-
spectively, as determined by a quartz crystal monitor. Be-
fore growth, Al,O3 substrates were heated up to 650°C in
ultrahigh vacuum for 30 min. We found it helpful to first
grow a thin Co buffer layer at 120°C before the actual growth
of SmyCoy7. The substrates were then heated to 400°C for
growing Sm;Coy7 films. The growth of Sm;Co;7 films was
monitored by in-situ reflection high-energy electron diffrac-
tion (RHEED). After growth, the Sm;Coy; films (typically
20 nm) were transferred under an ultrahigh vacuum to a lab-
based ARPES system equipped with a helium lamp for in-
situ ARPES measurements. The sample temperature was
kept at ~ 6 K during all measurements unless noted other-
wise. All ARPES data were taken with the He I (21.2 eV)
or He II (40.8 eV) photons. The typical energy and momen-
tum resolution is ~12 meV and ~0.01 A~!, respectively.
Density functional theory (DFT) calculations were per-
formed using the Vienna Ab initio Simulation Package
(VASP) [42,43], incorporating the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) [44] for
the exchange-correlation functional. To model the ferro-
magnetic state, Sm 4f electrons were treated as valence
electrons with a Hubbard interaction U = 7.0 eV and
Hund’s coupling J = 1.0 eV, as is commonly adopted for
Sm-based systems. A linear interpolation double-counting
(DC) scheme between fully localized limit (FLL) DC and
around-mean-field (AMF) DC [45,46], which minimizes the
total energy was chosen to give a reasonable magnetic mo-
ment of Sm. For Co 3d electrons, we found that U = J = 0
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gave the best agreement with our experimental results
(see Supplementary Information for details). To achieve a
quantitative match with experiment, we applied a bandwidth
renormalization (reduction) factor of ~ 1.7, which is not
uncommon in strongly correlated 3d-electron sys-
tems as DFT calculations tend to overestimate the
bandwidth [47-50].

The structure of SmyCoy; films was examined using
ex-situ high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and X-ray diffraction
(XRD). HAADF-STEM imaging was carried out on a state-
of-the-art spherical-aberration-corrected transmission elec-
tron microscope. Synchrotron XRD and X-ray absorption
spectroscopy (XAS) were performed at beamlines BLO2U?2,
BLO7U, and BL11B of the Shanghai Synchrotron Radia-
tion Facility (SSRF). Magnetic properties were studied with
a SQUID magnetometer at low temperatures, subtracting
the substrate signal. To minimize contributions from the
Co buffer, these ex-situ measurements were done on thicker
Sm,Coy7 layers (typically 100 nm) with a very thin or no Co
buffer.
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3 Results

3.1 Characterization of Sm,Coy; films

The fundamental building block of R, T, compounds is the
hexagonal RTs structure, as illustrated in Figure 1(a) (taking
SmCos as an example). This structure consists of alternating
SmCo; and Co layers stacked along the ¢ axis. Within the Co
layer, the Co atoms form a pure kagome lattice without inter-
stitial atoms, while in the SmCo, layer, Sm and Co atoms
are arranged in triangular and honeycomb lattices, respec-
tively. By periodically replacing one-third of the Sm atoms
in the SmCo, layer with a Co-Co dimer (green balls in Fig-
ure 1(b) and (c)), the thombohedral phase of Sm,Co;7 can
be obtained. Hence, the Sm,Co;7 lattice can be viewed as a
weakly distorted version of the basic SmCos lattice, with an
enlarged unit cell of a* ~ V3a and ¢* ~ 3 ¢, where a* and ¢*
(a and c¢) are the lattice constants of Sm;Coy7 (SmCos). No-
tably, the kagome and honeycomb Co layers remain intact in
the Sm,Co,7 structure (yellow and blue balls in Figure 1(b)
and (¢)).
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Figure 1 (Color online) (a) The primitive cell of SmCos. (b) Top view of the unit cell of SmyCoy7. (c) The conventional cell of thombohedral SmyCo;7. The
yellow and blue balls in (a-c) indicate Co atoms in the kagome and honeycomb layers, respectively. (d) HAADF-STEM image of a SmyCoj7 film. Yellow and
blue arrows indicate the kagome Co and SmCo layers. (e) Synchrotron XRD scans along H at two L values (note the different multiplication factors). (f) The
magnetization M as a function of field A at different temperatures for fields parallel and perpendicular to the ¢ axis. (g) XAS result of a thick SmyCo;7 film
near the Sm M edge, obtained from total electron yield (TEY). The inset shows a zoom-in view near the My edge, highlighting a very weak Sm** component.
The Sm3* and Sm?* components are marked by black and blue arrows, respectively.
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We successfully grew high-quality Sm,Co;7 films using
MBE (See Supplementary Information Figure S1 for more
details). The sample quality is verified by the atomic-
resolution images obtained via HAADF-STEM (Figure 1(d))
and the sharp peaks from synchrotron XRD (Figure 1(e)).
Specifically, since one third of Sm atoms in Sm;Coy7 is
replaced periodically with a Co-Co dimer compared with
SmCos, the Sm atoms in the SmCo layer exhibit a X3 pe-
riodicity along [110], which can be clearly identified in Fig-
ure 1(d) as two bright spots and one weak spot. The XRD
result in Figure 1(e), where the H, K, and L directions are de-
fined with respect to the bulk Sm,Co7 lattice, shows that the
superstructure peaks exclusively associated with Sm,Coy7,
e.g.,(H, K, L)=(1, 0, 11), can be observed, although they are
nearly three orders of magnitude weaker than the dominant
peaks expected from ideal SmCos, e.g., (H, K, L)=(0, 0, 12).
This indicates that the superstructure distortion from SmCos
to Sm,Coy7 is weak but clearly discernible.

The magnetization as a function of applied field (M-H
curves) is summarized in Figure 1(f), clearly showing ferro-
magnetic behavior with pronounced hysteresis loops. When
the field is aligned along the ¢ axis (the easy axis), the satu-
ration moment remains nearly unchanged up to 270K, con-
sistent with a high Curie temperature (T¢). In contrast, the
coercive field (H,) is strongly temperature-dependent (Fig-
ure 1(f) and Supplementary Information Figure S1): For in-
stance, H, increases from ~0.5T at 270K to ~1.4T at 6 K.
The strong magnetocrystalline anisotropy (MCA), which is
crucial for rare-earth permanent magnet (REPM) applica-
tions, is evident from the M-H response measured with the
field perpendicular to the ¢ axis (Figure 1(f)), where the mo-
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ment remains unsaturated even under a field of ~4 T and the
hysteresis is significantly reduced. Therefore, our magnetic
measurements of single-crystal thin films confirm the strong
MCA expected in Sm,Coy7 and also reveal its pronounced
temperature dependence, which can be related to the anoma-
lous temperature evolution of 4f states (see sect. 3.4). Fi-
nally, measurements from XAS (Figure 1(g)) show dominant
contributions from Sm3* (strong peaks marked by black ar-
rows), and very weak Sm>* components (shoulder structures
marked by blue arrows).

An advantage of MBE growth is the ability to control the
surface termination. Figure 2 compares the energy distribu-
tion curves (EDCs) from photoemission measurements for
kagome Co and SmCo terminated surfaces. For the kagome
Co termination, two flat bands at —5.6 and —8 eV (indicated
by black arrows in Figure 2(c)) can be clearly observed.
These features can be attributed to bulk 4 f states associated
with Sm3* (47), consistent with previous studies on Sm-
based compounds [51-53]. In contrast, for the SmCo ter-
mination, these 4f states shift downward by approximately
0.4 eV (red arrows), likely due to a surface core-level shift
[51,54,55], while an intense peak emerges near —5 eV (green
arrow), possibly a pure surface component [55, 56]. More-
over, the valence bands from -2 eV to Ep are obviously
stronger for the kagome Co termination, as they predomi-
nantly originate from Co 3d electrons (see below).

3.2 Fermi surface and flat bands on kagome Co termi-
nation

Figure 3(a) presents constant-energy k.-k, maps on the
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(Color online) (a), (b) Large-scale ARPES spectra of kagome Co terminated surface (a) and SmCo terminated surface (b) using 40.8 eV photons.

(c) The corresponding momentum-integrated EDCs of two terminations. The black and red arrows indicate the bulk and surface-shifted 4 f peaks, while the

green arrow indicates a surface 4 f peak on the SmCo termination.
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Color online) Electronic structure for kagome Co terminated surface. (a) Constant energy k,-k, maps at various energies. The original data,
g gy y map; g g

covering more than half of the surface BZ, were symmetrized according to the bulk C3 symmetry to yield these maps. Green and black dashed hexagons on the
—100 meV map indicate the surface BZ’s of SmCos and Sm,Co;7, respectively. (b), (c) Experimental energy-momentum cuts along I'-M (b) and T-K-M (c).
(d), (e) Spin-resolved band structure from DFT+U along I'-M (d) and I'-K-M (e), for comparison with (b), (c). The red and blue curves indicate majority-spin
and minority-spin bands, respectively. (f) Experimental energy-momentum cuts along two directions labeled in the —100 meV map in (a).

kagome Co terminated surface, acquired from ARPES using
21.2 eV photons. This corresponds to k, ~ 47t/c based on
an estimated inner potential V, = 19.6 eV, determined by
matching the ARPES data taken with both 21.2 and 40.8 eV
photons to the calculations (see Supplementary Information
Figure S2 for data taken by 40.8 eV photons). Notably, the
dominant features in these maps follow the surface Brillouin
zone (BZ) of the Co kagome layer, which is the same as
SmCos (green dashed hexagon at E = —100 meV), rather
than the smaller BZ of Sm;Co;7 (black dashed hexagon). For
instance, at E = —100 meV, circular hole pockets are clearly
observed at the K points of the SmCos BZ. This whole band
at K is evident in the energy-momentum cut of Figure 3(c),
where the band maximum is located near —70 meV. Mean-
while, an electron pocket centered at M emerges around
—70 meV (Figure 3(a)) and expands upon approaching Ep,
corresponding to the upper branch of an X-shaped band at
M (white arrow in Figure 3(b)). The fact that the measured
bands follow the surface BZ of the Co kagome layer (or
SmCos) indicates that the surface-sensitive ARPES spectra
are mostly contributed by electronic states residing on the
Co kagome layer and are therefore not sensitive to the weak
lattice distortion of the SmCo, layer in Sm;Co;7. Hence,
for simplicity, we compare our ARPES data with the simpler
band structure of SmCos, as shown in Figure 3(d) and (e).

Indeed, most of the spectral features can be reasonably cap-
tured by this simplified calculation. By contrast, many band
features predicted from the Sm;Co;7 calculation are not ob-
served experimentally (see Supplementary Information Fig-
ure S3), further validating our comparison with the simplified
band structure of SmCos that ignores the weak distortion in
the SmCo, layer.

In Figure 3(a), a broad pocket centered at I is observed
at Er (E = 0), extending over a large momentum range.
This feature corresponds to a nearly dispersionless band, la-
beled FB1 in Figure 3(b) and (c). In addition, another flat
band (FB2) appears around —300 meV, exhibiting only slight
dispersion (see also the second-derivative data in Supple-
mentary Information Figure S4 for a clearer presentation).
Figure 3(f) shows two additional energy—momentum cuts,
demonstrating that both FB1 and FB2 persist over a wide mo-
mentum range. Additionally, our ex-situ STM measurements
(see Supplementary Information Figure S5) also demonstrate
the existence of FB2, shown as an robust peak at ~ =300 meV
in STS spectra.

Figure 3(d) and (e) depict the spin-resolved band struc-
ture for ferromagnetic SmCos, calculated via DFT including
Hubbard U and Hund’s coupling J (DFT+U) (see Support-
ing Information for more details). The calculations indicate
that the Sm valence is close to Sm** (4f3), and correspond-
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ingly the 4 f multiplet lies several eV’s below E, consistent
with our XAS and photoemission results (Figures 1(g) and
2). Moreover, the valence bands near Er predominantly orig-
inate from Co 3d electrons and exhibit large spin splitting
(Supplementary Information Figure S6). The majority-spin
bands (red) are almost fully occupied below Er, whereas the
minority-spin bands (blue) dominate near Er. The essen-
tial experimental features near Ey are reasonably reproduced
(compare Figure 3(b) and (c) and 3(d) and (e)). Interestingly,
the calculations also reveal a nearly non-dispersive band at
~ =300 meV, which is consistent with the FB2 band observed
experimentally.

The FB1 band at Ef is not adequately captured by the
DFT+U calculations. While it is tempting to attribute this
band to Sm 4f states, our experimental results are inconsis-
tent with such a scenario: The photoemission intensity of
FB1 strongly decreases when using 40.8 eV photons (Sup-
plementary Information Figure S7), whereas the photoemis-
sion cross section for 4 f electrons should be enhanced un-
der this photon energy. This indicates that FB1 is predomi-
nantly derived from Co 3d orbitals rather than Sm 4f elec-
trons. This is also consistent with the Sm valence being close
to 3+ below (see sect. 3.4), where the Sm 4 f states near Ep
corresponding to Sm?* should be weak. Therefore, the FB1
is most likely caused by the strong correlation effects in a
multi-orbital 3d system, due to a combination of Hubbard in-
teraction U and Hund’s coupling J [57,58]. Such correlation
effects can lead to orbital-selective band renormalization, an
accurate description of which is beyond the scope of standard
DFT methods [59, 60].

3.3 Destructive interference in a kagome-honeycomb

lattice

Figure 4(a) and (b) shows the orbital- and layer-resolved
band structure of SmCos obtained from DFT+U calculations
(see also Supplementary Information Figure S8). Here, the
orbitals were grouped into d. +d,; and dy+d_p+d, re-
spectively, based on the wavefunction symmetry and orbital-
selective destructive interference discussed in ref. [38]. They
demonstrate that the flat band near —300 meV (FB2) origi-
nates from Co d,; and d,; orbitals, with contributions from
both the kagome and honeycomb layers. By contrast, the
minority-spin bands at Ep (corresponding to FB1) arise
mainly from d,, and d,._» orbitals located in the kagome
layer. This naturally explains why, on the SmCo terminated
surface (Figure 4(d)), the FB1 band near Er is much weaker
compared with the kagome Co termination (Figure 4(c)),
whereas the FB2 band remains strong, thanks to the surface
sensitivity of ARPES measurements. Moreover, the layer-
resolved (and orbital-integrated) DFT+U calculations in Fig-
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Figure 4 (Color online) (a), (b) Orbital-resolved DFT+U band structure
(left: dy;+dy;. right: dyy+d2+d2_2) projected from kagome Co (a) and
honeycomb Co (b) layers. (c), (d) ARPES spectra near Er corresponding
to kagome Co (c) and SmCo (d) terminations. (e), (f) Orbital-integrated
layer-resolved band structure from the kagome Co (e) and honeycomb Co
(f) layers, for comparison with (c) and (d). The color bars are shown on the
right.

ure 4(e) and (f) can reasonably reproduce the observed spec-
tral features and their termination dependence (comparing
Figure 4(e) and (f) with Figure 4(c) and (d)).

The very flat band at ~ —300 meV (Figure 3(d) and (e)) and
its spatial extension into the honeycomb layer (Figure 4(a)
and (b)) are noteworthy, since interlayer hopping and mul-
tiorbital mixing often destroy flat bands in kagome lattices.
Here, the flat band arises from orbital-selective destructive
interference in the kagome-honeycomb stacked lattice, as
theoretically proposed in refs. [36,38]: The lattice symme-
try effectively decouples the d,, and d,. orbitals from other
orbitals at k, = 0, leading to destructive interference for both
intralayer hopping within the kagome layer and interlayer
hopping between the kagome and honeycomb layers. This
interplay results in a symmetry-enforced flat band at k, = 0,
namely FB2. Our calculations further indicate that this flat
band persists over a considerable range in k, (Supplementary
Information Figure S9).
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3.4 4f states and temperature evolution

The 4f electrons play an important role in generating
the large MCA in REPMs [61-63]: The crystal electric
field (CEF) experienced by 4f electrons produces strongly
anisotropic 4 f moments, which couple to 3d moments, lead-
ing to large coercive fields and resistance against demagne-
tization. Typically, 4f electrons are regarded as stable, with
negligible valence mixing. However, Sm-based materials of-
ten exhibit valence fluctuations between Sm3* and Sm?*, as
exemplified by SmBg¢ [64-66], where the average Sm valence
is close to 2.6. In Sm,Co;7, both XAS measurements and
DFT calculations indicate that the Sm valence remains pre-
dominantly 3*, albeit with small 2* component. Figure 5(a)
displays the temperature evolution of the 4 f states associated
with Sm**, whose intensity (proportional to the Sm** com-
ponent) gradually increases upon cooling. This phenomenon
is corroborated by additional measurements under repeated
temperature cycling on different samples (Supplementary In-
formation Figure S11). Moreover, our ARPES data reveal
reduction of spectral intensities near —0.5 and —1.5eV upon
cooling, which could indicate either a direct response of the
Co 3d states due to the 3d-4 f coupling or a reduction in the
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Figure 5 (Color online) (a) Temperature evolution of momentum-
integrated EDCs. The inset shows a zoom-in view of the Sm>* 4f states.
(b) The Sm3* component extracted from (a) and normalized to its value at
6 K. (c) A cartoon illustrating the 3d-3d and 3d-4f magnetic interactions.
The 3d-3d interaction stems from itinerant 3d bands, which develop flat
bands from destructive interferences, for both intralayer hopping within the
kagome layer (light blue) and interlayer hopping between the kagome and
honeycomb layers (green arrows). The 3d-4f interaction, indicated by grey
wavy lines, is realized through mostly localized 4 f electrons with suppressed
valence fluctuation and contributes to the large MCA.
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Sm?* component. Future temperature-dependent resonant
photoemission measurements, to be carried out in syn-
chrotron facilities with tunable photon energies, will be cru-
cial for distinguishing these two scenarios.

To quantify the temperature-dependent valence change,
we integrated the intensity of the Sm** 4 f peak (from —10 to
—4 eV) after background subtraction and normalized it to its
value at 6 K (Figure 5(b)). The analysis indicates a small va-
lence increase of approximately 0.04 from 210 to 6 K, which
is difficult to resolve in XAS measurements. Such a low-
temperature increase in Sm valence is rather unusual, con-
trasting with well-known mixed-valent Sm systems [64, 67],
where Sm valence typically decreases toward Sm>* at low
temperature due to enhanced 4 f itineracy. Such anomalous
temperature evolution could be attributed to the magnetic
coupling between Sm 4 f moments and Co 3d bands, which
we shall discuss below.

4 Discussion

The flat bands observed near Er, arising from destructive in-
terference in the kagome-honeycomb lattice (FB2) and from
strong 3d correlation effects (FB1), contribute to an enhanced
DOS that can promote itinerant FM in Sm,Co;7. This mecha-
nism could also apply to other RCos and R,Co;7 compounds,
providing a natural explanation for their common ferromag-
netic behavior [2,4]. According to calculations [38, 68], the
FB2 band is highly tunable under pressure or strain. Interest-
ingly, experiments on YCos (which lacks 4 f electrons) have
revealed a marked magnetoelastic lattice collapse under pres-
sure [69], attributed to a Lifshitz transition when FB2 crosses
Er [38,68]. In Sm;Co,7, the FB1 flat band near E persists
over a large k, range (Supplementary Information Figures S2
and S9). Such spin-polarized flat bands at Er open avenues
for exploring emergent phenomena, e.g., high-temperature
fractional quantum Hall effects [24-26].

The robust uniaxial FM in REPMs is often explained
through 3d-3d and 3d-4f magnetic interactions. Our
momentum-resolved measurements directly verify the itin-
erant (localized) character of the 3d (4f) electrons underly-
ing these interactions, as illustrated schematically in Figure
5(c): The 3d-3d coupling stems from itinerant Co 3d bands
near Er and dominates the FM with a large band splitting
of ~ 1eV (Supplementary Information Figure S6). In con-
trast, Sm 4f electrons remain mostly localized, and the ex-
change coupling J of the 3d-4f interaction, estimated from
DFT+U calculations, is on the order of a few tens of meV—
much smaller than the 3d-3d interaction. Furthermore, our
DFT+U results indicate that the 4 f spin moments align par-
allel to the minority-spin direction of the 3d electrons (see
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Supplementary Information Table S1), whereas the 4 f or-
bital moments are antiparallel to (and larger than) their spin
moments. Hence, the net moments of Sm 4 f and Co 3d elec-
trons are parallel and ferromagnetically coupled along the c-
axis. These findings naturally account for the strong FM ob-
served in Sm;Coy7 [61]. Previous studies have proposed that
the 3d-4f interaction is most likely mediated by the small
amount of Sm 5d states near Er [8], which is supported by
our calculations in Supplementary Information Figure S6.
In addition, because FB1 has a clear overlap with these 5d
states, its nearly flat dispersion with large DOS can further
reinforce the indirect 3d-4f exchange and thus help boost
the uniaxial ferromagnetism.

The 3d-4f interaction is important for the large MCA in
REPMs and is likely the cause of the anomalous tempera-
ture evolution of the Sm valence. Specifically, the enhanced
Sm3* component at low temperatures in Sm;Co;7 could be
attributed to its strong ferromagnetic order, which competes
with the 4f delocalization process driven by Sm valence
fluctuations, thereby suppressing itinerant (and nonmag-
netic) Sm?* components. This scenario is analogous to the
well-known competition between magnetic order and Kondo
screening in Ce- and Yb-based Kondo systems [70-73]. Our
findings thus suggest that strong valence fluctuations (or the
Kondo effect) could undermine the robust FM (and conse-
quently the performance of REPMs), in agreement with re-
cent theoretical studies on Ce-based REPMs [74, 75]. Inter-
estingly, the rise in the Sm>* component coincides with a pro-
nounced increase in the coercive field H, at low temperature
(Figure 1(f) and Supplementary Information Figure S1(d)).
It would therefore be interesting to investigate how this va-
lence change can be connected to the enhanced H. at low
temperatures [62].

5 Conclusion

In summary, we have successfully grown epitaxial Sm,Co17
films by MBE and revealed, for the first time, the the layer-
and momentum-dependent electronic structure for a typical
REPM. Our results unveil that the Co 3d electrons form flat
bands near Ef, one at ~—300 meV and another right at Ef,
which arise from the orbital-selective destructive interference
in a kagome-honeycomb lattice and correlation effects, re-
spectively. Our work further reveals that Sm** 4f states
are far away from Ep and exhibit an anomalous tempera-
ture evolution, due to the 3d-4f interaction and competition
with strong FM. These findings can be reasonably captured
by theoretical calculations, thereby paving the way for a fun-
damental understanding of REPMs. The spectroscopic in-
sight also hints on alternative approaches to search for high-
performance REPMs, through judicious design/engineering
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of crystal structures and associated flat bands. Finally, our
results also suggest new routes to explore emergent phenom-
ena associated with flat bands near Er [60,76,77], by gener-
ating destructive interference in kagome-honeycomb lattices
in combination with strong correlation effects.
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