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Open access Ordinary metals contain electron liquids within well-defined ‘Fermi’ surfaces at which
the electrons behave as if they were non-interacting. Inthe absence of transitions to
entirely new phases such as insulators or superconductors, interactions between
electronsinduce scattering that is quadraticin the deviation of the binding energy
from the Fermilevel. Along-standing puzzle is that certain materials do not fit this
‘Fermiliquid’ description. A common feature is strong interactions between
electrons relative to their kinetic energies. One route to this regime is special lattices
toreduce the electron kinetic energies. Twisted bilayer graphene'™*is an example,
and trihexagonal tiling lattices (triangular ‘kagome’), with all corner sites removed on
a2 x 2 superlattice, can also host narrow electron bands® for which interaction effects
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would be enhanced. Here we describe spectroscopy revealing non-Fermi-liquid
behaviour for the ferromagnetic kagome metal Fe,Sn, (ref. 6). We discover three
C,-symmetric electron pockets at the Brillouin zone centre, two of which are expected
from density functional theory. The third and most sharply defined band emerges at
low temperatures and binding energies by means of fractionalization of one of the
other two, most likely on the account of enhanced electron-electron interactions
owingtoaflatband predicted to lie just above the Fermilevel. Our discovery opens the
topic of how such many-body physics involving flat bands”® could differ depending on
whether they arise from lattice geometry or from strongly localized atomic orbitals®™°.

For interactions between electrons to matter in the sense of yielding
departures from the conventional theory of metals, the interactions
must be strong relative to the electron kinetic energy or bandwidth
(W).Therefore, itis natural to consider systems characterized by intrin-
sically small W, corresponding to nearly flat bands for the electrons.
There are two material classes meeting this requirement, the first con-
taining atoms with electrons that can occupy orbitals with small over-
lap, resulting in small hopping probabilities and narrow bands.
Materials of the second class are built from lattices for which destruc-
tive interference between different hopping paths reduces W, even
though the underlying hopping amplitudes are large. The latter
approach was proposed for the kagome lattice, alongside the predic-
tion that, if the host material were also aferromagnetic metal, it could
show a fractional quantum Hall effect in the absence of an external
magnetic field". Rhombohedral (space group R3m, SG-166) Fe,Sn, is
precisely such asubstance®. Its building blocks are bilayers of distorted,

three-fold (not six-fold) symmetric kagome layers of Fe atoms alternat-
ing with single layers of stanene, as shown in Fig. 1a. It is also a ferro-
magnet with a high Curie temperature (640 K), which undergoes a
first-order spin-reorientation transition near 120 K (refs. 13,14).
TheFe,Sn,electronic states have beeninvestigated by various spec-
troscopies” ™™ and bulk-transport measurements>*°23, The simplest
tight-binding calculations (single orbital per site of kagome lattice)
for idealized 2D slabs reveal flat bands and Dirac points. By contrast,
density functional theory (DFT) for the bulk material yields neither
obvious flatbands nor Dirac nodes (Extended Data Figs.1-3) butinstead
Weyl points near the Fermi surface (FS)®. DFT further accounts for
the seemingappearance of Dirac nodes in angle-resolved photoemis-
sionspectroscopy (ARPES)™"® by suggesting that they™'¢ derive froma
coincidence between minima and maxima of surface and bulk bands,
respectively. The ARPES data collected so far show neither resolved
flat bands nor sharply defined Weyl nodes. However, there is another
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Fig.1|Crystal structure and calculated band structure of Fe,Sn,.a, Crystal
structure of Fe;Sn, showing a stanene layer sandwiched between kagome
bilayers. 6,,denotes the angle between the magnetic moment Mand the c axis.
Twin domains may occur when the systemis rotated around the c axis.

b, Calculated FSatk,=0.05I'Z for U=1.3 eV showing a three-fold pattern (left)

feature that unambiguously distinguishes the tight-binding calcula-
tions from DFT predictions, namely, that only DFT predicts electron
pockets surrounding the zone centres® (Fig. 1c and Extended Data
Figs.1-3).Furthermore, asshowninFig. 1c, the pockets are highly sen-
sitive to electron-correlation effects as parametrized by the effective
Coulombinteraction Uin DFT+U calculations, and so could be exploited
for both measurement of U as well as the discovery of new electronic
phenomenainwhich the effective band structureis strongly influenced
by the Coulomb interactions encoded by U.

Here we report the first, to our knowledge, detailed experimen-
tal study of the distinct electron pockets, by using state-of-the-art
laser-based micro-focused ARPES (p-ARPES) to overcome averaging
over crystallographic twins as well as the surface sensitivity of conven-
tional synchrotron-based ARPES.

Motivation for spatially resolved ARPES experiments

ARPES is the natural technique for determining the electronic band
structure and has been applied on numerous occasions to Fe,;Sn,
(refs.15-18). For this material, ARPES faces potential difficulties beyond
the usual challenge of distinguishing surfaces and bulk contributions.
The first relates to the large number of atoms per unit cell (18 Fe and
12 Sn), leading to closely spaced bands, which—owing to magnetic
order—will also be spin split. The second difficulty is the possibility of
crystal twinning associated with the ‘breathing’ kagome motif of Fe,Sn,
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anditstwinnedimage (right) when the magnetic momentis pointing transverse
to the caxis (6, = 90°; top) and along the c axis (6, = 0°; bottom). ¢, Results of
DFT calculations for k,= 0 and magnetizationin the plane with representative
U=0eV,0.5eVand1.3 eVrevealing anelectron pocket (denoted by an asterisk),
whichisinvestigated by p-ARPES (marked by the area within the dashed box).

(Fig.1a), which corresponds to rotations by 6 = m x 60°, m = +(1,3,5)
(Fig.1a,b). The third isthe presence of ferromagnetism, in which—owing
tospin-orbit coupling (SOC)—different magnetic domains are associ-
ated with different electronic structures®. Ferromagnetism with
non-zero in-plane-ordered moment breaks rotation symmetry,
although difficult to discern compared to the overall three-fold sym-
metry of the underlying crystal structure®. However, the ARPES images
published so far are predominantly six-fold symmetric® 8, which can
only be attained on the high-symmetry k, = (0, 30—") planes for asingle
crystallographic domain with no in-plane ferromagnetism. Tanaka
et al.®interpreted their ARPES results as three-fold symmetric for
k,# (O, 3TT[) but their datawere not sufficient to reach that conclusion
unambiguously. These difficulties can only be remedied by
high-energy-resolution p-ARPES, with spatial resolution sufficient to
resolve magnetic and structural domains over which ordinary ARPES
measurements perform averages. As described in Methods, we have
alsoused a variety of X-ray-based microscopies to ensure that the laser
H-ARPES instrument withits 3 pm (full width at half maximum (FWHM))
spot size meets the spatial resolution requirement.

Laser p-ARPES

The 6.01 eV photon energy limits the momentum space probed to
near the I' point, which—nonetheless—is of great interest because
it enables detailed imaging of the electron pocket seen previously
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Fig.2|Spatially resolved laser ARPES data and twin domains of Fe;Sn,.
a,Laser ARPES datafor Fe,Sn,. Top row, FSs showing a three-fold patternwith
anelectronpocketatthel pointand three petals, which are rotated relative to
each other, distinguishing the crystal twin domains. Bottom row, energy versus
momentum cut of one of the petals (dashed linesin the plotsin the top row,

MI M’ direction) showing the electron-pocket band labelled o, aband labelled
B, whichabruptly disappears through «, a petal labelled y sharingabottom

at low resolution with a large beam® and predicted by DFT"*¢ but
not by published tight-binding models™. Figure 2a shows dataat 6 K,
which reveal this electron pocket with unprecedented clarity for two
laser-beam positions on the sample.

The FSs are located on three rings in (k,, k), with the inner ring
clearly three-fold modulated and the second and third rings less
obviously so, but nonetheless with their most intense feature 60° out
of phase with the inner ring (Fig. 2a). The rings are located near the
Brillouin zone centre as in Fig. 2b, top. Comparison of the data in
Fig. 2a, top row immediately indicates a relative rotation of 180°,
equivalent to 60° for this rhombohedral material. We thus come to
the important finding that the electronic structure of Fe;Sn, at 6 K
shows two distinct yet equivalent areas rotated from each other by
180°. The dispersion curvesin Fig. 2a, bottom row show the intercepts
ofthree bands with the three FSs and confirm the same 180° rotation
in (k,, k,), which relates to their respective FSs measured in Fig. 2a,
top row. Two of the bands define the innermost and outermost FSs
and are labelled as a and y, respectively, in Fig. 2a, bottom row and
merge to form a parabola centred atT with pocket minimum at about
0.085 eV. There is also a very sharp feature between o and y, labelled
B, which abruptly loses intensity around £; = 0.025 eV, as can be
seen from the energy-momentum cut image (Fig. 2a, bottom row).
We also notice a very weak broad band at higher binding energy,
labelled as 6.

Thetwodistinct areas rotated by 180° with respect to each other, that
is, twinned domains, canbe mapped inreal space by colour coding the
intensity asymmetry between the left and right sides of the aband in
the ARPES cut (Fig. 2a, bottom row). In the upper panel of Fig. 2¢c, we
see that there is a relatively abrupt transition from the ‘red’ to ‘green’
regions, indicating that the twinned domainis rotated discontinuously.
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withthe aband and, last, abroad and weak band, referred to as 6. b, Top,
illustration of the reciprocal space probed withlaser ARPES, whichspans a
small portion of the total Brillouin zone. Bottom, DFT calculation along the
MIM’ direction for k,= (0-0.05)I Z as anillustration of k,broadening and
asymmetrization, agreeing tentatively with the formation of a and y bands.
¢, Twindomain patterns at 6 Kand 80 K. Scale bars, 40 pm.

Aroughmeasurement of the domain-wall angle gives a value of 60°, in
agreement with the twin rotation for the crystal structure.

Thebulk electronic properties of Fe;Sn, undergo pronounced evo-
lution on cooling below 80 K, at which the spin reorientation is com-
plete®. Particularly notable are the modulation of the carrier density
depending on the magnetization direction below 80 K (ref. 23) and
the temperature dependence of the anisotropic magnetoresistance
and planar Hall effect?, which features a three-fold (not six-fold)
antisymmetric termas afunction of in-plane field direction. To deter-
mine whether any of the ARPES features that we see at low temperature
could be related to these transport phenomena, we have collected
H-ARPES data at 80 K, which is near the onset of the unusual magne-
toelectrical phenomenabut stillin the regime in which the magnetism
is dominated by domains with moments along the kagome planes™.
The bottom panel of Fig. 2c shows the intensity asymmetry image for
80K, which is not appreciably different from the 6 K image above it.
The main effect of warmingis abroadening of the spectraand, in par-
ticular, the loss of the very sharp 3 band, as seen in Fig. 3a,ii,iv. We
attribute the three-fold pattern itself to probing (slightly) off the
high-symmetry k, =0 plane (see Methods for further explanation),
consistent with our bulk DFT calculations; high-symmetry probing
atk,=0ork,= 3711 will generate a six-fold pattern regardless of the
‘breathing’ of the kagome layers.

Comparison with DFT+U calculations

Inthe calculations, electron pockets centred onI'and close to the Fermi
level, E, exist for U= 0-3.0 eV (Extended Data Fig. 1). However, the
distance AE to E; from the bottom of the bands for the pocket varies
strongly with U, as do the Fermi vectors k, which canbe seenin Fig. 1c
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Fig.3|Fitting of MDCs and extraction of peak positions and widths. a, The
MIM’ cut from LH polarization shows mostly the band labelled a at 6 K (i)

and 70 K (iii), with the MDC at F; and the fitting result. The M[ M’ cut from LV
polarization shows mostly the bands labelled 3 and y at 6 K (ii) and 70 K (iv), with
theMDCat £; and the fitting result. b, Top, plot of the fitted peak position from

and Extended DataFigs.1-3. The best description of the a and ybands,
takingintoaccount boththe bandbottomand k;, occursfor U=1.3 eV,
differing from the values U= 0.5 eV (ref. 15) or U>2 eV (ref. 24) used
previously and more than ten times larger than the measured band-
width W= 0.1eV for the electron pocket.

We show the DFT cut along MM’ by combining the k, = (0-0.05)
IZ,U=1.3eVinFig.2b, bottom. The cut is dominated by parabolic
bands coexisting with arelatively flat band located around 15 meV
above E; and supports the assertion that o and y originate from bulk
states smeared because of k, broadening® and are asymmetric
(three-fold instead of six-fold) owing to slight off k, = 0 probing. We
have labelled the features in the cut accordingly: the k, broadening
yields two visible branches cutting £; along the M trajectory, whereas
there is a broader, merged a-like dispersion along'M’. The Fermi
velocities do not precisely match those obtained by ARPES but canbe
tuned through small adjustments to E; on account of the apparent
hybridization with the flat band just above E;. We note that, irrespec-
tive of the choice of U, substantial differences remain between ARPES
and DFT. None of the existing DFT calculations reproduces the very
small gap between the bottom of the a and y bands and the top of §;
furthermore, the sharp 3 band found by ARPES at low T near E; is not
seenin calculations.

Sharp quasiparticles at low temperatures

Experimental datashownin Fig. 2ayield key parameters, including FS
areas, velocities and scattering lengths, as summarized in Methods.
The B-band FS centred onT has area equivalent to ade Haas—van Alphen
(dHvA) frequency ngy,, =254 £ 20 T,inreasonable agreement with that
reportedinref. 26 (approximately 200 T) and attributed to the ‘Dirac
ring’ emanating from the putative Dirac pointatKand 0.1 eV below E..
Given that DFT accounts for electron pockets centred on I' while
explaining the Dirac-like features in terms of an accidental overlap of
surface and bulk bands™"8, a reinterpretation of the observed ng,, is
needed.
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the MDC for a (blue 6 Kand red 70 K) and 3 (black 6 K) with resulting linear fit
superposed. Bottom, plot of peak width Ak versus k - k;, showing linear
behaviour withsame gradient close to £ for « (blue 6 Kand red 70 K) consistent
with the marginal Fermiliquid hypothesis. On heating to 70 K, the line is shifted
asdescribed by equation (2).

For the 3 band, the measured quasiparticle scattering length
A= ﬁ =155+5A, inwhich Akis the half width of the momentum distri-
bution curve (MDC) peaks (at 6 K and at £;), is remarkably long for a
topological (bulk) metaland comparable with that for the much simpler
surface Dirac quasiparticles for the n-type Bi,Te; topological insulator
(about190 A)?. For a, Ais reduced by afactor of two to around 85 A but
isstilllong by the same standards. These values are consistent with the
residual (T=2K) resistivity p,,(0) = 4.35 pQ cmand a carrier density of
1.8 x10* m”from transport data>* for similar samples. Applying the
Drude formula g, = ”fn—r for conductivity, we obtain a scattering time
7~4.5x10™" s by assuming that the carriers have an effective mass
m=m,. For an averaged Fermi velocity of about 1.2 eVA, 7 converts to
amean free path/=v;T=82 A, whichis on the order of the ARPES results
for the aand 3 bands.

B-band formation

The most notable feature of the 3 band is its appearance at the very
modest binding energy of roughly 25 meV as well as on cooling, both
evident in Fig. 3a as well as in Fig. 4a,b, showing higher statistics data
for another sample. The qualitative outcome was usually the same
for all crystals, but with different FS parameters: the essential feature
of the 3 band is that, although its k; is smaller, its Fermi velocity is the
same as that of the yband. This suggests that the two bands are linked,
a hypothesis that we tested further by the spectral analysis shown in
Fig.4c,d. TheMDC peak areasin Fig.4d arenormalized by theintegrated
area of the y-band pocket minimum (the y-band pocket minimum is
not affected by the temperature) and we see an abrupt appearance of
the  band as the binding energy falls below 25 meV. What the analysis
alsoshowsisthat, whenthe p band disappears, itisaccompanied by an
increaseinthe y-band spectral weight at the same binding energies. On
warming to 25K, the cross-over linked to -band formation moves to
lower binding energy and becomes broader. Notably, the summation of
both B-band and y-band spectral weightsisindependent of temperature
and shows much smoother (indeed nearly flat) behaviour, indicating
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Fig.4|Spectral-weight analysis of p and ybands andillustration of band
hybridization and localization givingrise to the B band. a,b, High statistics
cutalongMTl M’ from LV polarization focusing on the p and ybands at 6 K (a)
and 25K (b) showingthat, at 25K, the p band broadens but can still be
separated from the yband by fitting the MDC. ¢, The p peak MDC width, Ak
versus |k — k¢| from 6 Kto 25 K shows a clear shift while keeping the gradient
(dashed lines) the same. The solid line represents the phenomenological fit
explained by equation (1).d, The MDC peak area for 3, yand the sum of both for
6Kand 25K, showingthe spectral-weight distributionbetweentheandy
bands. Asthe 3-band spectral weightis depleted at binding energies larger

the conservation of spectral weight between § and y bands and that,
therefore, the p band originates or is ‘borrowed’ from the y band.
The 3 band, unlike the much broader yband, does not continue toa
minimum nearT. Itsimply looks like asharp copy of the yband displaced
upwards by about 20 meV towards E; (the same energy at which the
band starts to disappear). These observations, not easily accounted
for by DFT, suggest amany-body origin for the  band. A possible sce-
nariois that thereis strong hybridization between flat-band and y-band
states near the bare FS, which resultsininteraction-induced (Mott-like)
localization that reduces the free carrier density; k; for the electron
pockets seen here (y) would then be correspondingly reduced by 8k,
andtheresulting () band will be raised towards E; by A = v 6k; (Fig. 4e).
Thereisstillabroad spectral weight from the unrenormalized (y) bands
at the original k; and, for binding energies exceeding 4, the localized
electronsrejoin the Fermisea and the spectral weight will reside primar-
ily near the y band, as might be calculated using DFT. Warming would
similarly act to delocalize the carriers and thus cause the loss of the 3
‘band’inagradual manner, as shown by the 25K datain Fig. 4, towards
the indistinguishability of  and y, as shown in the 70 K datain Fig. 3.

Energy- and temperature-dependent scattering

The spectral-weight-conserving appearance of a sharp resonance as
described above is difficult toaccount for within ordinary band theory
and suggests strong interaction effects. A more subtle manifestation of
such effects is anomalous quasiparticle scattering as binding energies
dip below E;, seen most famously for the copper oxide superconduc-
tors. In particular, the ordinary theory of Fermi liquids asserts that
the inverse scattering lengths Ak(E), proportional to quasiparticle
scattering rates by means of the Fermi velocity, are

than about 20 meV, spectral weight is gained by the yband. The spectral-
weight function shows that the f band disappears at higher binding energy at
6 Kthanat 25 K. By contrast, the sum of both spectral weightsisindependent
oftemperature and relatively constant versus binding energy, indicating the
conservation of the spectral weights. e, lllustration of the band hybridization
that producesinteraction-induced (Mott-like) partial localization, resulting in
the appearance of the sharp f band, asdescribed in the text. Also, the flattening
ofthehybridized band ‘y’ near £ could account for the upturnin Ak observed
incforsmall |k - k.
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with {=2and b a dimensionless constant, whereas acommon finding
for ‘strongly correlated’ matteris {=1, which defines the marginal Fermi
liquid ansatz?®?, Experiments have yielded a variety of values for bin
strongly correlated systems for which {=1(refs. 29-32). For the aband,
which is sharply defined and does not seem to be linked to another
band (as the  band is to the yband), {=1provides a description more
consistent with our data (Fig. 3b, bottom) than the simple quadratic
form with {=2. More important is that b, = 0.353 + 0.071 is close to
b= % for which the relative quasiparticle wavelength 21/|k(E) — k¢l is
precisely twice the quasiparticle scattering length 1/Ak(E), that is, we
arealmost exactly at the point at which the scattering provides a confin-
ing potential for the quasiparticles. Onthe other hand, for the  band,
by =0.137 £ 0.008 is much smaller in the small |E - E¢| regime, implying
that—somehow—the formation of the 3 band effectively reduces the
scattering. This conclusion is also warranted by the observation that,
as we move into the range in which the spectral weight of the f band
starts to be depleted, the scattering becomes much stronger, with by
rising to2.11+ 0.10 when {=2.3to provide an overall phenomenologi-
calfit for the entire range of the  band (Fig. 4c solid fitting line).

For both the o and 3 bands, warming has a strong impact on Ak(E),
which—inthe linear regime—acts additively, that is

AK(E, T)=Ak(E, T=6K)+Ak(E=0,T) 2)

In the cross-over regime in which the 3 band becomes less visible,
AK(E, T) is less dependent on temperature.
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Discussion and conclusions

Our combination of high-resolution spectroscopy with single domain
selection provides an unprecedented opportunity to examine the
quasiparticles in a strongly correlated kagome metal. At low tem-
perature, after elastic scattering contributions are subtracted, the
scattering rates for the aband, predicted by DFT, quasiparticles scale
with their momenta, implying marginal rather than ordinary Fermi
liquid behaviour and associated strong correlation physics. However,
the peculiarities of the sharpest band (), not accounted for by DFT,
indicate that Fe,Sn, is hosting more than ‘conventional’ strong correla-
tions. In particular, the B-band spectral weight comes at the expense of
diminishing y weight, raising the profound possibility that, on cooling,
electrons are fractionalized between 3 and y bands in the approxi-
mate ratio of 1:2 based on the spectral weight in Fig. 4d, correspond-
ing to charge 1/3 quasiparticles, but are not lost to charge-density or
spin-density wave formation. The flat band seen in DFT just above
E: may be arelevant feature: hybridization of y with this band could
greatly enhance the dimensionless electron-electron interactions
beyond the already large U/W =10 obtained from our ARPES/DFT work,
thus accounting for the sharp and displaced 3 band, which appears
below 70 K together with numerous anomalous magnetotransport
properties>?%,

Our discovery of what looks like fractionalized quasiparticles at low
temperature in a topological ferromagnetic metal calls for further
spectroscopic and electrical measurements as well as theory to under-
stand how the apparent fractionalization of one species of electronis
related to the long-standing predictions”®" of fractional quasiparticles
for two-dimensional lattices with flat bands of single-orbital origin. A
further questionis whether the bands that are flat on account of small
underlying orbitalsin Anderson and Kondo lattices could also give rise
to fractionalization.
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Methods

DFT calculations

Method. Electronic-structure calculations are performed within the
DFT framework using the projector augmented-wave method*asim-
plemented in the Vienna Ab initio Simulation Package (VASP)***. The
exchange-correlation potential is described using the Perdew-Burke—
Ernzerhof® functional within the generalized-gradient approximation.
Plane waves are used asabasis set with a kinetic energy cutoff of 450 eV.
To sample the Brillouin zone, we use a 24 x 24 x 24 I-centred k-grid.
TheSOCisincludedinour calculations as described inref. 37. We take
into account the p and d semi-core states for the Fe and Sn projector
augmented-wave datasets used and the simplified on-site Hubbard U
correction® is added for the Fe d orbitals.

Flat band and Dirac/Weyl crossing in Fe;Sn,. The ARPES data from
Fe,Sn,reportedso far provide no evidence for the flat band predicted
from the tight-binding calculations originally proposed to describe
this material. We, along with other authors®, attribute this to the
breathing nature of the kagome layers as well as the hopping of the
electrons across different kagome layers, that is, the electrons are not
confined to the kagome layer only as assumed for the tight-binding
calculations.

Dirac crossings at K points in triangular, honeycomb and kagome
lattices are common in simple tight-binding calculations. However,
these crossings can be gapped by SOC or small perturbations such as
‘breathing’ distortions of the kagome planes. Thus, our first approach
to understanding this kagome material is to use DFT+Ufor the 3D mate-
rial without making assumptions about 2D confinement of the electron
movement. We adjust the Uvalue to match the ARPES data.

Experimental detection of the Weyl nodes is difficult for ordinary
vacuum ultraviolet ARPES because of their large number® combined
with ferromagnetic and crystallographic domain structures, resulting
inasuperposition of differentband structures, as well as the presence
of surface states. Theoretical guidance is also imperfect given that
correlation effects can move the nodes.

‘Dirac points’, electron pockets and magnetization direction depen-
dence in DFT calculations at various U values. We attempted to
reproduce the ‘Dirac points’ predicted in the tight-binding model by
changing the Uvalue in the DFT calculations as shown in Extended
DataFig.1(alsoBrillouin zonelabels). Our results show that the ‘Dirac
points’ are not reproduced for U values between 0 and 1.3 eV. We can
see that the closest resemblance of the band dispersion to the linear
crossingis achieved at a Uvalue of 0.5 eV or above, at which the gap is
narrow but never fully closes.

We determined aHubbard Uvalue of 1.3 eV toreproduce the ARPES
band structure around the I point at £;. Band structures calculated
using several different U values with magnetic moments pointing in
the kagome plane are shownin Extended Data Fig. 1c. In Extended Data
Fig.2,theband-structure evolution as afunction of magnetic moment
direction (M||x, 8 =70°and M||z) is also plotted with selected U values
(0,0.5and1.3 eV).Extended DataFig. 3 plots the bands calculated in the
ARPES energy window for the range k, = (0-0.05)'Z (for more details
about this, see the section ‘Laser p-ARPES’).

Sample growth and structural characterization

Fe,Sn, crystallizesinarhombohedral structure with space group R3m,
withcrystalaxisa,b=5.34 A, c=19.80 Aandy =120°. Fe,Sn,single crys-
tals were grown by a vapour transport method. Stoichiometriciron
powder (Alfa Aesar, 99.9%) and tin powder (Alfa Aesar, 99.9%) were
placed into an evacuated quartz tube. The tube was then annealed at
800 °Cfor 7 days before quenchinginicy water. The crystal structure
of the polycrystalline Fe;Sn, precursor is confirmed by the X-ray
diffraction data shown in Extended Data Fig. 4a. The obtained

polycrystalline Fe;Sn, precursor was thoroughly ground and sealed
with/, (about 4 mg cm™) ina quartz tube 1 cm in diameter and 16 cm
in length. Fe,Sn, single crystals were obtained under a temperature
gradient of 650 °C (source) to 720 °C (sink) for two weeks.

The cleaved surface for laser ARPES is confirmed to be (001), the ab
plane, fromlow-energy electron diffraction measurements on afreshly
cleaved surface, asshownin Extended Data Fig. 4b. The typical cleaved
surfaceis shownin Extended DataFig. 4c, indicating aflat surface suit-
able for ARPES measurements.

Magnetic domain and surface termination probed by XPEEM

We first consider the magnetic domain configuration and different
surface terminations, which typical ARPES averages over, by using
X-ray photoemission electron microscopy (XPEEM) to obtain spatially
resolved X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) maps of the sample using the SPELEEM Il instru-
ment (EImitec GmbH) at the Surfaces/Interfaces: Microscopy (SIM)
beamline of the Swiss Light Source. The aimis to establishwhether there
arevariabilities in the sample on the length scale of the laser p-ARPES
experiments. In our case, the XAS is monitored using photoelectrons
with kinetic energy below approximately 1-2 eV (low-energy second-
ary electron, ‘bulk’ sensitive to a depth of 3-5 nm from the surface),
whereas the XPS photoelectrons have a kinetic energy of 96 eV (sur-
face sensitive). The sample was cleaved in vacuum and investigated
at 80K, the base temperature of the cryostat. Extended Data Fig. 5a
shows the magnetic domains of the system, which are obtained from the
pixel-wise ratio of XAS collected for left circular (CL) and right circular
(CR) polarized photons at the Fe L, edge. Extended Data Fig. 5b shows
the map of the photoelectron yield summed over both polarizations
(CL + CR), confirming that the iron content in the ‘bulk’ of the sample
ishomogeneous.

The surface termination of the Fe,Sn,samplesis probed by mapping
the Sn 3d;, and Fe 2p,, local photoemitted electron intensities. The
photon excitation energy was varied such that the kinetic energy of the
detected electrons was fixed at 96.8 eV to achieve a high surface sensi-
tivity (about 2 Aaccording to the universal curve®). The photoemission
peaks are determined by recording XPEEM image sequences with vary-
ingincident photon energy with X-rays linearly polarized in the plane
of the sample. Extended Data Fig. 5c shows the XPS map for the same
regionasinpanelsaandb, obtained for the Sn3d levels and indicating
variations inthe Snintensity. Similar results are observed for a differ-
ent cleaved surface, shownin Extended DataFig. 5f. Panel d shows the
intensity histogram fromthe red square in panel c:itis bimodal (in this
case, well characterized as the sum of two Gaussians), which indicates
that there are two possible Sn populations for the surfaces formed
after cleaving Fe,Sn,. The ratio between the mean intensities for the
two Gaussiansis /;/,=1.8 + 0.6, in which /; is the brighter intensity
and /, is the darker intensity mean value (the derivation is described
below). The bimodal distribution of the Sn intensity, also visible in
the sharp step in intensity of the line scan shown in panel d, arises
because the material consists of (kagome) Fe bilayers alternating with
stanene monolayers. In the topmost two layers, one expects either
one (one stanene layer) or two Fe layers (no stanene layer), asshownin
panel h. Thus, the clear contrast inSndistribution (panel c) arises from
stanene termination for the brighter areas and kagome termination
for the smaller, lower intensity islands. Furthermore, given the much
bigger area associated with the larger Sn photoemission intensity,
we conclude that most of the sampleis stanene terminated, agreeing
with the suggestion madeinref. 15. Comparison of panels cand aalso
demonstrates that the magnetic domain patternis uncorrelated with
the surface termination.

A second XPS map is shown in Extended Data Fig. S5e-g, showing a
clear cleaved surfaceand an areawith glueresidue and acrack. The XPS
intensity distributions for the Sn 3d;, and Fe 2p;,, peaks are shown in
panelsfandg, respectively. Electrons emitted from the Sn3d;,, orbitals
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have two distinct intensities in the spatially resolved map in panel f,
revealing alarge region of higher intensity together with smallerislands
of lower intensity. By comparison, the iron emission map shownin panel
g is more homogeneous and has a lower signal-to-noise ratio owing
to the lower photoemission yield of the Fe 2p transition. We assign
the brightareain panel fas stanene terminated and the darker area as
kagome terminated. However, we cannot determine the exact kagome
termination, that is, whether it is one or two Fe layers (panel hi or iii)
within the intensity resolution of our measurements. A comparison
between these two sets of datashows that the area attributed to kagome
terminationcan varyinsize andis notlimited to the small areas shown
inpanel c. The XPS spectrum shownin panel g is obtained by integrat-
ing over anarealarger than that for the Sn XPS peak shown in panel f.

The X-ray magnetic circular dichroism map, collected at T=80K,
reveals a magnetic domain pattern with a hierarchy of characteris-
tic features ranging in size from 50 to <1 pm, indicating the need for
H-ARPES to avoid averaging of momentum and energy-resolved states
associated with different magnetization directions. The length-scale
distributionis similar to that for previous magnetic force microscopy
(MFM) studies™, which also showed that, at the lower temperatures
of our p-ARPES experiments described below (about 6 K), the mag-
netic domain pattern was characterized by larger domains and
that, although they are smaller at 80 K, they are still predominantly
polarized parallel to the kagome planes (domains with perpendicu-
lar polarization are a minority and would produce subtly different
band structures; see Fig. 1b and ref. 15). At the same time, the differ-
ent surface terminations as established by XPS are characterized by
length scales in the same range, implying that p-ARPES could also
detect differencesin surface states should they matter for the photon
energy chosen.

Intensity ratio of the XPS signal. The photoemission electron micro-
graphs showing different terminations in Fe,Sn, can be numerically
analysed as follows:

1. Weassume that the photon penetration depthis much deeper than
the escape depth of the most energetic photoelectron, that is, an
electron at E;. Thus, we ignore the exponential decay component
of the photon intensity.

2. Assumption (1) leads to an expression for the photoelectronintensity
from a given atom called a, on layer called b, with distance d from
the surface as

d
I = Capllap€XP [_ Xj

inwhichAisthe escape depth of the electron, C,, is the proportional-
ity constant that contains the photon cross-section of atom a at layer
of type band n,, is the atom a density at layer of type b.

3. Generalizing (2), we can express the total intensity from atoms a in
alllayers of type b as a summation

o0 d
Iab total = Cabnab z eXp[— I[]
i=1

inwhich we assume the proportionality constant C,,to be the same
for all similar layers at different depths.

With these three assumptions, we can obtain the total XPS inten-
sity from both Sn and Fe. First, we notice that there are three possible
terminations and call them double kagome termination (S,,), single
kagome termination (S,) and stanene termination (S,), as shown in
Extended Data Fig. 5h.

Double kagome termination (S,,) case. The total Sn and Fe intensity
from this termination can be expressed as
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inwhich C, ;is the proportionality constant for Sn atomsin the stanene
layer, ng, s is the Sn density in the stanene layers, s, and C, ) are the
proportionality constants for Sn and Fe atoms in the kagome layer,
respectively, ng,, and n;, are the Sn and Fe densities at the kagome



layer, respectively, h is the distance of Fe layers between two adjacent
kagome layers (the kagome bilayer), h, is the distance of Fe layers in
the kagome layer to the nearest stanene layer, z,, is the distance of Sn
atom layers between two adjacent kagome layers (the kagome bilayer)
and z,, is the distance of Sn atom layers from a kagome layer to the
nearest stanene layer.

Fromthe expressions above, we canconcludethat e 5 </e 5, <fre s,
based on the following relation
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According to this model, we should be able to see the Fe peak contrast
between different terminations, which we do not identify in our data
owing to insufficient signal-to-noise ratio.

Meanwhile, for Snintensity, we can posit that

nSn,s id 2nSn,k

onaccountofthetwice higher density of Snin the stanenerather than
inthe kagome layer. It is also reasonable to assume

CSn,s = CSn,k

to obtain the double kagome termination (S,,) case
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With these assumptions, we have the Sn intensity relation for dif-
ferent terminations as

Isn s <tsn,s, <Isn,s,

From the intensity relation of both Sn and Fe, we can conclude that
they areinversely related to each other.

We investigate the Sn intensity ratio between terminations to cor-
relate with the experimental data we obtained from XPS. In this model,
we use

z~2Aand z, =2.5A.

The summary of the intensity (proportional to Cs, s, ) is given in
Extended Data Table 1 for two different A values.

Comparing with the experimental result of /y,;gp// 4, = 1.84 + 0.57
from Extended Data Fig. 5d, although we cannot tell if the darker region
is coming fromthe single or the bilayer kagome, we can safely infer that
the bright regions have stanene termination.

Laser p-ARPES
For the p-ARPES measurements, we use a 6.01 eV fourth-harmonic gen-
eration continuous laser from LEOS as photon source, acustom-built
micro-focusinglens toreduce the beam-spot diameter to about 3 pm
and an MB Scientific analyser equipped with a deflection-angle mode
tomap the dispersionrelation while keeping the area of interest intact
(that is, not changing owing to sample rotation). Typical energy and
angular resolution (FWHM) were 3 meV/0.2°. The pressure during
the measurement is kept at <10™'° mbar. The sample is mounted on a
conventional six-axis ARPES manipulator as described inref. 40 and the
sample position is scanned with an xyz stage of 100 nmresolution and
better than1pumbidirectional reproducibility. Amore detailed descrip-
tioncanbefoundinref. 41. During the measurement, the temperature
is first lowered to 6 K, at which the sample is cleaved in situ, and the
sample driftat subsequent higher temperaturesis tracked by using the
edges of the sample as reference. The samples are pre-aligned to the
high-symmetry cut with low-energy electron diffraction after cleaving.
The perpendicular momentum k, of the electrons measured by ARPES
can be obtained from the expression

2
kz_/ mex( Kouet Vo) = K wSin’g

in which m is the effective mass of the electron, K,,, = hv - w - |E| is
the kinetic energy of the electron, hvis the photon energy, |E,| is the
binding energy of the electron, wis the work function of the detector,
V, is the inner potential of the material and ¢ is the analyser slit angle
(more details can be found in refs. 25,42). The laser photon energy
used, 6.01 eV, correspondstoa perpendlcular momentum closetothe
centre of theBrillouinzonek, = i x 2 inwhichi iso1ev=5.93 = 6,asshown
inExtended DataFig. 6a, whosei mner potential usedistakenfromref. 15
and assuming m¢ = m.. The synchrotron photon energy used is 48 eV,
whichalso lies roughly in the same position at the centre of the Brillouin
zone, i g = 11.98 = 12. From Extended Data Fig. 6a, we can see that these
two photon energies differ by two Brillouin zones.

We can also estimate the uncertainty (6k,) of k, determination from
theescape depthoftheelectron. Inthis case, we canfocus onthe elec-
tron close to E; (K, =1.64 eV), which has an escape depth around
A= 60 Aaccording to the universal curve®, giving us 6k, = ~0.016 A v
0.05T'Z. In Fig. 2b, bottom, we show DFT calculatlons fork values
between0and 0.05T'Z, revealing that, at E, the dispersionalong k, could
easily result in contributions to the in-plane Ak of order 0.02 A™. Fur-
thermore, the yband has alarger dispersion along'Zthan the aband,
accounting for the larger Ak seen in the experiments for the y band.

Synchrotron versus laser ARPES. Crystallographic twins exist in
Fe,Sn, and both will contribute to the ARPES data if the beam spot is
bigger than the size of the domains. For example, we show in Extended
Data Fig. 6b an example of ARPES data measured with photon energy
48 eV, temperature 17 K and a spot size of roughly 35 pm collected at
the Surface/Interface Spectroscopy (SIS) beamline, Swiss Light Source,
equipped with a Scienta R4000 hemispherical analyser. The overall
feature shows asix-fold pattern with no indication of a three-fold pat-
tern. A closer look around the centre also shows arather blurred circular
shape, which canbe attributed to acombination of all twinned domains
thatit may cover. This central feature caninfact be reconstructed from
thelaser ARPES results by combining data from both twinned domains
and different polarizations (LH + LV) to give us the picture shown in
Extended Data Fig. 6¢. Indeed, we reproduce the synchrotron ARPES
data but with higher momentum resolution.
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Fitting MDCs. The MDCs are fitted to obtain the half-peak width
at half-maximum (Ak), which—after correction for the 6k, effects
described above—is the inverse of the average quasiparticle scat-
tering length. We obtain Ak by fitting the MDC peak with a Voigt line
shape, that is, a Lorentzian convolved with a Gaussian, for which
the Gaussian simulates the instrument response. For momentum
scans (MDC), the latter combines angular and energy resolutions
toyieldaFWHM

2
oEY"!
k= [(6k)? +(6k,)* = |(6k)*+|SE (&j

inwhichy,= %g—f .Inthis case, we set 6k, ~ 0.001A™ and 6E ~ 4.7 meV

for the datain FigF. 3,86E=1.9 meV for the datain Fig. 4 and %i as listed

in Extended Data Table 2. We can therefore see that, typically, the broad-
eninginthe MDCis owingtothebroadeninginthe energy distribution

-1
curve (EDC) because 6k, < 65(2—:) .

Fitting sharp quasiparticle peak (B) EDC. Extended Data Fig. 7 shows
the sharp quasiparticle peak of f at £y at 6 K, fitted with a Voigt function
in which the Gaussian FWHM was 4.7 meV to represent the detector
response (dashed line). We obtain the resolution-corrected Lorentzian
FWHM of 2.5 meV.

Tofitthe 25K data, we constrainthe y peak position by using the result
of the 6 K peak position and let the 3 peak position at 25 K relax from
the maximum separation obtained from the 6 K fitting while keeping
the slope of E(k) versus k similar to the y band.

In Extended Data Table 2, we summarize for the three pockets the
Fermivelocity y. = %g—i ,theareaof the electron pocket convertedinto
the dHvA frequency as Ff( = % x areaand the scattering lengths of
the quasiparticle bounded from below (on account of k,broadening®)
by A= Al—k, in which Ak is the half width of the MDC peaks (at 6 K and
at ;). The area of the electron pockets is calculated by tracing the
visible peaks of the corresponding band at £ and assuming a circular
extrapolation to make closed contours.

Data availability

All data related to this paper are available at a public repository
(MARVEL Materials Cloud Archive), with the same title as this paper
(https://archive.materialscloud.org).
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Extended DataFig.1|Brillouin zone convention and band-structure
calculation with varying Uvalues. a, Brillouin zone of Fe,Sn, and the naming
convention for this work. b, Band-structure calculations of Fe;Sn,at k,= 0
performed with different Uvalues fail to reproduce the ‘Dirac points’ at the
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plots of Fe;Sn, for M||xand various Uvaluesinthe direction K at k,= 0, showing
thesshift of bands, inwhich the electron pocket close to £ is formed by different
bands.



Article

U=0.0,M||x U=0.5 M| x U=1.3, M| x
kz=0.00IZ 05 kz =0.00Z 05 kz=0.00TZ

BT TR v

X/
N AL

-1.0
M r M M V&
U=0.5,6=70° U=1.3,0=70°
kz=0.00rZ kz=0.00TZ

NPV

05
1.0 ;
M r M 9 r M
U=00,M|z Uu=0.5 M|z U=13,M]| z
os kz =0.00 [Z kz=0.00rZ kz =0.001Z
Ny v
3 2 00
uf Uy
L w
05 -0.5
10N Pl 1.0 ™ i/ 1.0
M r M M r M M

inthedirection'M, showing the shift of bands and band splitting as the moment
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magnetic momentdirections. Band-structure plots of Fe,Sn, for selected
Uvalues (0,0.5,1.3 eV) at various moment directions (M||x, 8 = 70° and M|| 2)
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Extended DataFig. 4 |Sample characterization. a, Powder diffraction
pattern of polycrystalline Fe,Sn, precursor, showing good agreement with the
previously reportedR3m structure, with crystalaxesa,b=5.34A,c=19.80 A
andy=120°.b, Low-energy electron diffraction of the cleaved surface of an
Fe,Sn, flake showing the correct symmetry pattern exposing (001) surface or
abplaneinconventionallattice. ¢, Typical cleaved surface picture of Fe,Sn,
showingarelatively flat surface suitable for ARPES measurement.
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Extended DataFig. 5| XPEEMresults.a, XPEEM magnetic contrast (CR-CL
intensity, 7=80K) map taken at the Fe L, peak, whose signal is ‘bulk’ sensitive,
showing a complex magnetic domain configurationinanareainwhich panelb
(CR+CLintensity) shows no contrast variation, indicatingahomogeneous
phaseofthe sample. ¢, XPEEM XPS map of the sample at the Sn 3d5/, peak,
whosesignalis surface sensitive, showing adomainstructure distinct from
the magnetic domainshownin panela, whichisattributed to different
cleaving terminations, thatis, two different surface terminations. This shows
that the magnetic domains have no correlation to the surface terminations.
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e, Opticalimage of a cleaved surface of Fe;Sn, single crystal with highlighted
areainwhich the spatially resolved XPS was taken, showing the areawith
crackandsilver glueresidue. f, Real-space XPS intensity distribution of the
Sn3ds, photoemission line with the typical XPS spectrum shown below it.
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thetypical XPS spectrumshown belowit. h, The three possible surface
terminations.
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Extended DataFig. 6| Comparison of synchrotron-based and p-focus
laser-based ARPES. a, Perpendicular momentum (k,) position for 6.01eV laser
energy and 48 eV synchrotron photon energy, showing that the ARPES data
were collected on planeswithk, = i x 27" b, FSof Fe;Sn, at k,= O for ARPES data
using synchrotron light (hv=48eV).c, Combined FS (LH + LV polarization) at
k,=0fromtwinned-domain (two domains combined) laser ARPES data, 6.01 eV,
simulating the synchrotron dataprobed withalargerbeamspot.
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Extended Data Table 1| Summary of Sn relative intensity

ISn,SS ISn,Skk ISH,Sk A (A)
2.15 111 1.29 1
2.575 1.56 1.95 2

ISn,SS/ISn,Skk ISn,SS/ISn,Sk ISn,Sk/ISn,Skk A (A)
1.94 1.67 1.16 1

1.65 1.32 1.25 2

Summary of Sn relative intensity coming from various terminations, S (stanene), S, (single kagome), or S, (double kagome), with two different electron escape depth values (A(A)).



Extended Data Table 2 | Summary of the calculated quantities (at 6K)

Band FS Area dHvA frequency Fermi velocity | Effective mass | Scatt. length
(A72) (T) vp (A-s71/h) (m"/m) 2 (@A)

a (Fig.2) | 0.015 4 0.005 157+ 20 1.62 £0.05 0.36 + 0.06 855

B (Fig.2) | 0.024 £ 0.005 254 £ 20 0.78 £ 0.01 1.01 +0.08 155 £ 20

y (Fig.2) | 0.041 £ 0.002 433 + 20 0.79 £ 0.04 1.10+0.10 3815

B (Fig. 4) N. A. N. A. 0.69 £ 0.05 1.43 +0.03 143 + 20

y (Fig. 4) N. A. N. A. 0.67 £ 0.05 1.42 + 0.03 42 £5

FS area, dHVA frequency, Fermi velocity and scattering length, calculated at the FS of the corresponding a, 8 and y bands. N.A. is because of incomplete measured FS map for the high-statistics

data.
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