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Ferromagnetic ordering in the magnetic Weyl semimetal CozSn2So occurs at T, = 177 K, influ-
encing both its topological and spin-electronic properties. Using circular dichroism in angle-resolved
photoemission spectroscopy, we study the spin-polarized band structure of CozSn2S2 in an attempt
to observe its half-metallic nature. Though we have not yet obtained conclusive spectroscopic ev-
idence of this half-metallicity, asymmetry in the circular dichroism appears across the Fermi level,
indicating that future experiments in photoemission spectroscopy may be a promising route towards
understanding the complex magnetic landscape of CozSnaSs.

I. INTRODUCTION

Weyl semimetals (WSMs) are an exotic class of topo-
logical materials in which the low-energy electronic exci-
tations form Weyl fermions [IH5]. While Weyl fermions
were initially predicted in the context of particle physics
in 1929 [6], so far their appearance as fundamental parti-
cles in vacuum has remained undiscovered. On the other
hand, Weyl fermions have been successfully observed as
quasiparticles in condensed matter, with the discovery
of the first WSM compounds starting in 2015 [7HIT].
Though the discovery of Weyl fermions in these initial
compounds was made possible through the breaking of
inversion (Z) symmetry, more recently, a new class of
WSMs has been found in which Weyl fermions are real-
ized through the breaking of time-reversal (T) symmetry
[12H14]. Because T symmetry is typically broken through
the onset of magnetic order [I5] [16], these materials have
come to be known as magnetic WSMs.

One prominent magnetic WSM candidate is Co3SnsSs,
which orders ferromagnetically at T, ~ 177 K [I7, [1§].
The spin-resolved electronic structure of this system is
of great interest due to the system’s half-metallic nature
[I7H24]. Additionally, the formation of Weyl fermions in
Co3SnyS, also leads to other unusual spin phenomena
such as anomalous Hall effect [25H27], chiral-anomaly in-
duced negative longitudinal magnetoresistance [25], and
giant magneto-optical response [28]. Though these stud-
ies indicate interesting magnetic features of CozSnsSs,
a full understanding of the magnetic landscape has yet
to emerge. For instance CosSnySs displays many com-
plexities which are not yet understood, such as magnetic
phases ranging from 90K to just below T, [29H31], as
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well as magnetic domains [32] and electronic correlations
[33, 4], some of which persist above T, [35].

In this study, we use circular dichroism (CD) in angle-
resolved photoemission spectroscopy (ARPES) to probe
the spin-dependent band structure of CosSn2Sy fig. [6]
We then combine this with spin-dependent band struc-
ture calculations from density functional theory (DFT) to
assess our results. This is done in order to gain a better
understanding of the magnetic properties of Co3SnsSs,
starting from the point of half-metallicity, which should
have a clear spectroscopic signal. Though we observe
fairly strong CD asymmetry across the Fermi level, our
data also contains both positive and negative contribu-
tions to the CD signal. This is in contrast to the ex-
pectation of only one spin species across the Fermi level,
leading to complications in the interpretation of our data.
We thus examine some of the experimental complexities
in the data, and consider the role that CD ARPES may
play in future investigations aimed towards understand-
ing the magnetic landscape of CozSnsSs.

II. METHODS/TECHNICAL BACKGROUND
A. Angle-resolved Photoemission Spectroscopy

Angle-resolved photoemission spectroscopy (ARPES)
is a photon-in, electron-out spectroscopy technique which
is often used to probe the band structure of a mate-
rial [36H40]. Standard ARPES measurements probe this
band structure by obtaining a photoemission intensity
I(E,k) at each value of the binding energy E and the
crystal momentum k of an electron from when the elec-
tron was traveling inside the solid. These quantities are
related to the measured values of the experiment — the
kinetic energy Ey;, and the polar angle 6 (shown in fig.
— through the photoelectric effect and the conservation
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of in-plane momentum, respectively. This allows the
band structure of the material to be visualized by plot-
ting the photoemission intensity as a function of £ and
k as a color map in 2D. In these maps, higher relative
photoemission intensities essentially trace out the shape
of occupied energy bands, whereas lower intensities cor-
respond to regions of (k) space where electrons are less
likely to be found.

A simplified version of the geometry for ARPES ex-
periments is shown in fig. [T} In this setup, photons come
from a controlled external light source, allowing the en-
ergy and polarization of the light to be fixed. These pho-
tons illuminate the sample at a particular spot, causing
electrons from inside the material to be excited via the
photoelectric effect. Photoexcited electrons escape into
the vacuum according to the equation

Eyin = hv — ¢ — |E| (1)

with Ey, the kinetic energy, hv the photon energy, ¢ the
work-function of the material, and | E| the binding energy
of the electron. The kinetic energy is measured by the
electron analyzer, which applies a voltage between two
concentric hemispheres in order to select a small range
of allowed kinetic energies. The analyzer is also charac-
terized by a finite acceptance angle 8, which determines
the parallel component of the crystal momentum, kj,
through the equation

P + Ik + Q = /2mEy, sin 6 (2)
This is simply a statement of in-plane momentum con-

servation, which arises due to translation symmetry in
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FIG. 1. Simplified schematic for the geometry of a standard
ARPES experiment. Photons are shone onto the sample via
an external light source, causing electrons to be photoejected
in all directions. Some of these electrons are detected by the
electron analyzer, which is characterized by a finite accep-
tance angle and kinetic energy range. The number of detected
electrons is related to the photoemission intensity I(E,k),
which is then used to visualize the band structure.

the x-y plane. Here, p|, represents the momentum of
the incoming photon, which is typically ignored due to
its small contribution to the initial momentum. Note
also that eq. is defined only up to a reciprocal lattice
vector Q, resulting from the periodicity of momentum
space in solids. In order to extract the perpendicular
component of the crystal momentum, k| , some approx-
imation is often required due to the step potential at
the surface, which breaks translational symmetry along
z. Nonetheless, k| is typically a function of the photon
energy, which can be varied in order to access different
slices of the 3D Brillouin zone.

B. Circular Dichroism

In CD ARPES, one takes advantage of coupling be-
tween the helicity of light and the (total) angular mo-
mentum of electrons in order to probe the spin polar-
ization of the band structure—if certain energy bands
are populated asymmetrically with regards to different
spin species, then these energy bands are expected to
be detectable via CD ARPES [41] [42]. Whereas stan-
dard ARPES experiments typically use linearly polarized
light in order to photoexcite the electrons, CD ARPES
experiments use left circularly polarized light and right
polarized light, and calculate the difference between the
two spectra to obtain a signal.

Here, the CD signal is defined to be the normalized
difference between the ARPES intensities of spectra ob-
tained from left circularly polarized (L) light versus right
circularly polarized (R) light. That is,

I(E,k) — Ig(B,k) 3
IL(E,k) + Ir(B, k)

Icp(E k) =

Because CD ARPES couples to the total angular mo-
mentum of electrons rather than the spin angular mo-
mentum (SAM), CD ARPES serves as an indirect probe
of the spin-polarzized band structure. However, when
combined with more direct techniques such as spin-
resolved ARPES, CD ARPES can be used to obtain a
more complete picture of the magnetic landscape. Fur-
thermore, CD ARPES has also been successfully used
to image spin polarization in a large portfolio of ma-
terials relevant to CoszSnaSs, such as ferromagnets [43],
topological insulators [44H47] (including magnetic [48],[49]
and magnetically-doped topological insulators [50]), and
WSMs [51].

C. Co3Sns2Ss structure

As shown in fig. [2] Co3SnsSs, crystallizes into a hexag-
onal shandite-type structure [24]. The corresponding
Brillouin zone (BZ) contains six bulk Weyl points (three
pairs), which can be found in the k,-k, planes lying at



k, = +0.086A " [12]. Given that CosSn,S; is a 7T~
symmetry breaking WSM, this number of WPs is the
minimum number allowed for this compound, due to the
presence of both Z symmetry and C3 rotational symme-
try.

The Co3Sn,S, structure also features an A-B-C stack-
ing pattern along the z direction, formed by layers con-
sisting separately of Co, Sn, and S atoms. The Co
atoms form a Kagome lattice, and are responsible for
the magnetic order of Co3zSnsSo, which orders ferromag-
netically at the Curie temperature T = 177 K [17, 18].
As such, the Co atoms possess a magnetic moment of
~ 0.33115/Co atom, which points out of plane along the
c-axis. In addition, the half-metallicity of Co3SnySs is
typically attributed to the Co-3d orbitals, which are the
primary orbitals crossing the Fermi level in the spin-
dependent band structure [I8, [52].

D. Methods

To investigate the spin-polarized band structure of
Co3SnyS,, we performed CD ARPES measurements on
Co3SnyS, single crystals, which were synthesized via a
solution growth, as detailed in Ref. [35]. The data pre-
sented in this manuscript was collected at Beamline 5-2
of the Stanford Synchtron Radiation Lightsource (SSRL).
A photon energy of 115 eV was used in order to reach

FIG. 2. Structure and BZ of Co3Sn2S2, adapted from Ref.
[35] (a) Crystal structure of CozSnzSs, with Co atoms (blue),
Sn atoms (white), and S atoms (yellow) shown. The red plane
marks a S-type termination and the blue plane marks a Sn-
type termination, while the green plane marks the Kagome
lattice sub-plane. Data in this manuscript is believed to
come from Sn-terminated samples. The red structures in the
Kagome lattice sub-plane represent the Co-3d,2_,2 orbitals,
rotated in accordance with the C3 rotational symmetry of the
material. (b) BZ of CosSnsS2, along with its projection along
[001]. The Weyl points are shown as cyan and pink spheres,
and high symmetry points are labelled appropriately. The
dashed orange line in the projection indicates the I' — K cut
used in this report.

(*qre) £31sueu] SATIR[Y

FIG. 3.

FS map from standard (i.e.
ARPES measurements, symmetrized according to the Cs ro-
tational symmetry of the material. F'S map is obtained using
an integration window of ~ 30 meV, and the first BZ is plotted
in black along with the labelled high symmetry points. The
dashed black line indicates the high-symmetry cut I' — K.

linearly polarized)

the k., = —0.086A71 slice of the Brillouin zone, which ac-
cesses the bulk Weyl points of Co3zSnsSs [12]. The tem-
perature of the data is T = 100 K, which is below the
temperature T, ~ 177 K at which Co3zSnyS, orders fer-
romagnetically. Samples were cleaved in-situ at this same
temperature, in an ultra-high vacuum environment with
pressure no greater than 5 x 10~!! torr. The spot size
of the beam has dimensions of 0.04 mm (horizontal) by
0.01 mm (vertical). While this may raise concerns relat-
ing to the mixing of surface terminations [I3], we believe
that these concerns have been addressed appropriately
and that our data is dominated by the Sn termination,
based on comparisons with previous data from Ref. [35].

III. RESULTS

Using data from linearly polarized ARPES, we pro-
duce a Fermi surface (FS map) going through the k, =

—0.086A " slice of the BZ, as represented by the [001]
projection in fig. [2l This allows us to visualize the elec-
tronic structure of Co3SnyS, near the Fermi energy, in
proximity to the Weyl points of the material. The pro-
jection of the BZ along [001] at the corners is clearly
visible in the FS map, which has been symmetrized ac-
cording to the C5 rotational symmetry of the material.
The BZ of Co3SnsSse, along with labelled high symmetry
points, has also been plotted on top of the FS map as
shown in fig. We note that though the material fea-
tures C3 symmetry, the data appear six-fold symmetric
due to the ferromagnetism-induced broken k <+ —k sym-
metry along k., which is effectively integrated out while



T
LR U TN
IS
- 444
,‘(' o
AN
[ s
. E
1 ] A —
1 ! 2
\ / \
\ ! A
A Moema]
\_//
I"‘\
—~ f—~
& AR
s Y AN
>y, A N
\ e 77 W\ A
. VN
“ /
STy SV
-1.0 0.0 1.0 -1.0 0.0 1.0
o o
k (A k (A7)
X X

FIG. 4. High-symmetry cut I'— K paired with band structure
calculations, adapted from Ref. [35]. (a) ARPES spectrum
taken using linearly polarized light, with a temperature of
30K. (b) Slab calculations along the cut K —I' — K. Dashed
black lines indicate the bulk bands, while slab bands are col-
ored based on their properties—blue bands indicate Sn termi-
nation surface bands, while gray bands indicate bulk bands.

producing the FS map, as explained in Ref. [35].

ARPES measurements from previous data in Ref. [35]
also indicate the band structure of CozgnsSo, as shown
in fig. [@ In panel a of fig. [4 we show data along the
high symmetry cut I' — K, which was taken with linearly
polarized light at 7" = 30 K. Slab calculations for this cut
are shown in panel b, with blue lines indicating surface
bands for the relevant termination (Sn) and gray lines
indicating the bulk bands. Dashed black lines are used
to indicate bulk bands under standard periodic boundary
conditions. Near the Fermi energy, we see that we have

bands around roughly k, ~ i0.55f\71, which lead to the
formation of Fermi pockets near the corners of the BZ in
fig. Bl

Using CD ARPES measurements, we then produce a
spin polarized FS map going through the same slice of
the BZ. This allows for visualization of the spin polarized
features of the electronic structure, and the projection of
the BZ along [001] is again clearly visible at the corners
of the first BZ, as shown in fig.[5| Specifically, this is seen
through the strong CD signal at the zone corners, which
suggests evidence of spin polarized Fermi pockets in this
region, consistent with theory. We also note that there
is a strong signal in the center of the first BZ, though
this corresponds to a region of low intensity based on
the non spin-polarized FS map from fig. suggesting
that the signal in this region may be exaggerated due to
normalization in eq. .

The spin-dependendent band structure of CogSnsSs is
also visualized directly, using CD ARPES data from the
high-symmetry cut along I' — K. This data is compared
to spin-dependent DFT calculations, which have been
computed within the local spin density approximation
(LSDA) as reported in Ref. [35].
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FIG. 5. FS map dichroism, symmetrized according to the
Cs rotational symmetry of the material. FS map is obtained
using an integration window of 100 meV, and the first BZ is
plotted in black with labelled high symmetry points and the
high-symmetry cut I' — K. The red and blue signals represent
regions of uneven photoemission intensity from left and right
circularly polarized light respectively, as defined in eq.
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FIG. 6. CD ARPES spectrum along the high-symmetry cut
I'— K. Spin-dependent band structure calculations from DFT
are overlain on the plot, and are adapted from Ref. [35]

IV. DISCUSSION

The half-metallic nature of CozSnsSs implies that
there should be spin polarized bands crossing the Fermi
energy. This agrees with our observations in fig. 5 in
which we see a fairly strong CD asymmetry (~ 44%),
which we define as the maximum value of the magnitude
of eq. . However, the half-metallic nature of CozSnsSo
also implies that bands crossing the Fermi energy should
belong only to a single spin species. While we believe
that the CD signal around the corners of the first BZ



(shown in red) supports the existence of spin polarized
pockets for the majority species, we believe that the op-
posite sign signal near the center (shown in blue), which
indicates the presence of the minority species, is artifi-
cially large due to the denominator in eq. because of
low photoemission intensities, as can be seen in fig. [3]

Furthermore, the presence of a strong CD signal near T"
may be influenced by the indirect nature of CD ARPES.
The indirectness of CD ARPES, in the context of spin-
resolved measurements, is most easily seen through the
fact that the helicity of light couples to the total angular
momentum of electrons, rather than just the spin angular
momentum (SAM) [1],[42]. This suggests that contribu-
tions to the FS map can come from the orbital angular
momentum (OAM) of electrons, independent of the spin-
structure based half-metallic nature of Co3SnsSs. Pre-
vious studies performed using CD ARPES have found
that OAM textures in materials can have dominant ef-
fects on the circular dichroism, even in materials already
possessing strong spin splitting [44] [53].

CD ARPES is also known to be very sensitive to the
experimental conditions of the experiment, such as the
setup geometry and the photon energy. For instance, the
setup geometry of the experiment can have an effect on
not only the magnitude of the CD, but also the direc-
tion of spin polarization [41l 42]. Similarly, it has been
found that the photon energy can have an effect on the
sign of the dichroism, which may be flipped due to final
state effects [45], suggesting that the observed CD signal
may not always properly represent the intial spin polar-
ization of electrons from when they were inside the solid.
These complications can have a profound impact on the
measured CD signal, leading potentially to qualitative
differences in the measured FS map. Though this makes
interpretation of the spin-polarized band structure more
challenging, it is significant to note that the F'S map pro-
duced in fig. [5| nonetheless shows spin-dependent bands
crossing the Fermi level, which is an important first step
towards observing half-metallicity.

More information can be obtained by looking at the
cut along I' — k in fig. [] One thing we note is that the
CD asymmetry is much higher in the cut along I' — K
(100%) than in the symmetrized F'S map found in fig.
(~44%). This supports our claim that this asymmetry
is most likely artificial, and can be attributed to the fact
that photoemission intensities are low (beyond observ-
able values) at energies near the Fermi level, causing the
denominator in eq. to be small. This causes the CD
signal to be artifically higher near the Fermi energy, af-
fecting both the data in fig. [6] and the FS map in fig.

While low photoemission intensities near the Fermi
level may be attributed in part due to the quality of data,
these intensities are also strongly affected by the presence
of matrix element effects at these energies, which attenu-
ate the photoemission intensity [36]. The effects of these
matrix elements, which are generally a consequence of ex-
perimental details, can be seen in the linearly polarized
data as well, which is not sensitive to spin polarization.

For instance, in panel b of fig. [d we compute a bulk band
with parabolic dispersion centered around -y, which dips
to ~400 meV. This band is very difficult to observe how-
ever in the linearly polarized ARPES spectrum, and cor-
responds to the same low-energy parabolic band shown
(“spin up”, red) in fig. @from spin-dependent DFT calcu-
lations. Thus the effect of matrix elements near this band
is strong, preventing a clear interpretation of the CD sig-
nal near this part of the spectrum from being made.

V. CONCLUSION

Data taken from CD ARPES indicates the presence
of bands crossing the Fermi energy which are coupled to
the angular momentum of electrons, though these bands
contain both positive and negative contributions to the
CD signal. For consistency with the half-metallic nature
of Co3SnySy, we expect to see a contribution from only
one spin species. The region of the FS map near the
center I" in fig. |5| seems to be dominated by a negative
signal (blue), but we believe that this part of the FS
map is exaggerated by normalization at low intensities,
and hence that this part of the signal is representative
of imperfections in experiment, rather than the existence
of spin polarized bands near I". However, there is also a
portion of the FS map containing positive contributions
to the signal (red) near the K points, and we believe
that these contributions stem from the computed bands
starting from ~200 meV at the K points, as shown in
fig. @ Therefore, we attribute the positive signal (red)
in our data to the spin majority states (“spin up”) cross-
ing the Fermi energy, and the negative signal (blue) to
the spin minority states (“spin down”). Agreement with
these bands however still shows room for improvement,
and we note that the slab calculations in fig. [] contain
surface bands near K crossing the Fermi energy, which
may be affecting the CD ARPES signal at low energies.
These bands have not yet been accounted for in the spin-
dependent DFT calculations however, and are beyond
the scope of the present work. The data may also in-
dicate some faint agreement along the K edge at higher
energies, though further investigation is required at this
point to draw further conclusions.

Future experiments may probe the spin angular mo-
mentum dependence directly using techniques such as
spin-resolved ARPES, rather than doing so indirectly
through CD ARPES, which is sensitive to OAM as well.
However, data from CD ARPES and from spin ARPES
can be compared as a way of trying to identify effects
in the band structure stemming from SAM coupling and
effects stemming from OAM coupling. This comparison
can also be used to see how these bands are influenced
by other magnetism-related complexities in CozSnaS,.
For instance, it is known that in-plane anomalous an-
tiferromagnetic phases are present at temperatures as
low as 90K in CosSnySs [29], which may even affect
the data presented in this report, taken at 100K. Thus,



one route for further exploration may be taking CD
ARPES data at different temperatures, including ones
well within the ferromagnetic regime, ones which are po-
tentially affected by the presence of anomalous phases,
and ones near T,.. The magnetization of Co3SnySy can
also be controlled by doping with Ni [I7), [64], which of-
fers an alternative route towards exploring the effect of
magnetism on the spin-polarized band structure without
the presence of temperature-induced anomalous antifer-
romagnetic phases.
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