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Spin-orbit coupling in noncentrosymmetric crystals leads to spin-momentum
locking - a directional relationship between an electron’s spin angular
momentum and its linear momentum. Isotropic orthogonal Rashba spin-
momentum locking has been studied for decades, while its counterpart, iso-
tropic parallel Weyl spin-momentum locking has remained elusive in experi-
ments. Theory predicts that Weyl spin-momentum locking can only be realized
in structurally chiral cubic crystals in the vicinity of Kramers-Weyl or multifold
fermions. Here, we use spin- and angle-resolved photoemission spectroscopy
to evidence Weyl spin-momentum locking of multifold fermions in the chiral
topological semimetal PtGa. We find that the electron spin of the Fermi arc
surface states is orthogonal to their Fermi surface contour for momenta close
to the projection of the bulk multifold fermion at the I' point, which is con-
sistent with Weyl spin-momentum locking of the latter. The direct measure-
ment of the bulk spin texture of the multifold fermion at the R point also
displays Weyl spin-momentum locking. The discovery of Weyl spin-
momentum locking may lead to energy-efficient memory devices and
Josephson diodes based on chiral topological semimetals.

Objects that lack inversion and mirror symmetries are chiral and often
show an intimate relationship between the direction of their spin
angular momentum and their linear momentum. For instance, in par-
ticle physics, the chirality of the hypothetical massless Weyl-fermion
determines if its spin is either parallel or antiparallel to its momentum
direction’. In chemistry and biology, chiral molecules such as DNA
have been shown to act as effective spin polarisers, via an effect known
as chirality-induced-spin-selectivity (CISS)>*. CISS has recently been
attributed to a locking of the linear electron momentum to the elec-
tron’s orbital angular momentum, which is linked to the spin via
spin-orbit coupling (SOC)*. In condensed matter physics, three

fundamental prototypes of spin-momentum locking (SML) can be
distinguished to leading order in a k - p expansion (cf. Fig. 1a): Rashba
SML®, where the spin is isotropically locked orthogonal to the elec-
tron’s linear momentum; Dresselhaus SML®, where the locking is mixed
orthogonal-parallel, depending on the momentum direction; and Weyl
SML, where the spin and momentum are parallel along all momentum
directions. Whilst Rashba and Dresselhaus SML can occur in achiral
noncentrosymmetric crystals and have been studied for decades’,
Weyl SML is only allowed in chiral cubic crystals and has so far
remained elusive in experiments. Note that generic Weyl-fermions,
which have been found in many achiral Weyl semimetals, are typically
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described by a Hamiltonian where the Pauli matrices act on an orbital
pseudospin degree of freedom and not the physical electron spin®.

It has been argued that generic structurally chiral crystals can
exhibit Weyl SML due to the absence of mirror planes. However,
without cubic crystalline symmetries, they typically have the spin
locked parallel to the momentum only along one dimension or a
special rotational axis, but not along all three dimensions simulta-
neously, as in the case of Weyl SML. An example of this is trigonal
semiconducting tellurium, where the spin is locked parallel to the
momentum only along a single screw axis’ %

Finding a material with true Weyl SML would not only complete
the trio of prototypical forms of linear spin-momentum locking, but
could also enable novel applications that are impossible to realize with
any other spin texture: running a charge current through such material
would produce a parallel spin-current whose spin direction is parallel
to both charge and spin currents, which could find applications in
energy-efficient memory devices™'. In non-cubic chiral crystal such a
longitudinal coupling between magnetization and current has been
observed along specific directions™. In contrast, in the presence of
Weyl SML this behavior should be independent of the crystallographic
direction along which the current is flowing, It is therefore particularly
advantageous for thin film devices, where rotational grain disorder is
common and thus precludes the alignment of the current direction
with a special crystallographic axis. Moreover, interfaces between
chiral topological semimetals and magnetic and superconducting
overlayers can be fabricated on any of the many possible surface
planes of the cubic chiral crystals, which could facilitate lattice
matching for device applications. Moreover, we predict that such
materials could also display a new type of parallel Josephson diode
effect”, which could lead to novel superconducting circuit elements™
(see Supplementary Note 9 for more details).

Isotropic parallel Weyl SML has recently been predicted for chiral
cubic topological semimetals®”, a class of quantum materials that host
singly or multiply degenerate nodal electronic band crossings with
large topological charges'*?*. The screw and rotational axes of cubic
point groups {T,0} force the effective Hamiltonian describing such
singly degenerate crossings to take the form of the isotropic Weyl-
Hamiltonian H =k - @, where k is the crystal momentum wave vector
and ¢ is a vector of Pauli matrices acting on the physical electron spin.
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Fig. 1| Spin-momentum locking prototypes and spin texture of
Rarita-Schwinger-Weyl fermion in PtGa. a Overview of the prototypical forms of
spin-momentum locking (SML) linear in momentum, (left) orthogonal isotropic
Rashba SML with Hamiltonian H = k.0, - k,0,, (middle) mixed orthogonal-parallel
Dresselhaus SML H = k.0, - k0, and (right) isotropic parallel Weyl SML

H = ko, + k,0, for k,=0. b Calculated three-dimensional spin texture of the two
spherical Fermi surfaces formed by the S =3/2 Rarita-Schwinger-Weyl multifold
fermion in PtGa. Both electron pockets are centred at the I' point. Panels (i-iii) show

outer pocket

Such quasiparticles would therefore exhibit true three-dimensional
isotropic Weyl-type parallel spin-momentum locking.

We recently developed a theory showing that Fermi surfaces
formed by multifold fermions also possess spin-momentum locking
close to the degeneracy point®. Whilst various complex spin textures
are possible depending on the involved orbitals, the simplest possible
spin texture shows, as in Kramers-Weyl fermions, isotropic parallel
spin-momentum locking. Additionally, Refs. 11,26 considered the spin
texture in chiral crystals for bands that can be treated in the limit of
weak SOC, and derived the possible spin textures for weakly spin-split
Fermi surfaces, finding many cases where chiral cubic symmetry
enforces perfectly isotropic parallel SML. In the context of multifold
fermions, Refs. 11,26 apply to Fermi pockets far enough from the nodal
point such that bands are only weakly spin-split; this complements the
approach of Ref. 25 which is applicable much closer to the nodal point,
where bands cannot be described in a simple spin-orbit
decoupled basis.

Multifold fermions that could realize Weyl SML are the fourfold
degenerate spin S = 3/2 Rarita-Schwinger-Weyl multifold fermion and
the sixfold degenerate S = 1 multifold fermion, which were predicted to
occur in materials of the cubic B20 crystal structure (space group 198)
at the I and R points, respectively'>*"*. Recent experiments confirmed
the existence of the multifold fermions in several B20 materials, such
as CoSi***, RhSi*?, PdGa*, AIPt”, or PtGa’** by directly imaging the
nodal crossings and determining the Chern number by counting the
Fermi-arc surface states with angle-resolved photoemission spectro-
scopy (ARPES). Moreover, a direct link between the sign of the Chern
numbers and the handedness of the host crystal has been
established®**2. However, this prior work did not study the exotic spin
textures of these multifold fermions. Therefore, experimental evi-
dence for Weyl SML still remains elusive until now.

The method of choice to study momentum-resolved spin textures
is spin-resolved ARPES (spin-ARPES). However, spin-ARPES measure-
ments of Kramers-Weyl and multifold fermions are challenging for
two reasons: Firstly, accurate measurements of bulk band structures
around 3D nodal points typically require soft X-ray ARPES to obtain a
high out-of-plane momentum resolution. Because of the low photo-
emission cross-section in the soft X-ray energy range, spin-resolved
soft X-ray ARPES with the currently available single-channel spin-
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two-dimensional slices through the three-dimensional Fermi surface, indicating the
radial nature of the spin texture along all momentum directions. S, denotes the out-
of-plane component of the calculated spin polarization and the corresponding
color coding applies to all three panels. c lllustration of the link between the spin
texture of the bulk multifold fermions (green arrows) and the spin texture of the
topological Fermi-arcs surface states (orange arrows). Since the Fermi arcs inherit
the spin texture of the bulk bands in the k,= 0 plane, their spin texture is ortho-
gonal to their Fermi surface contour.
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detectors is typically unfeasible due to low count rates. Secondly, in
many materials, the separation between Kramers-Weyl or multifold
fermions and other spin-polarized bands is small in energy and
momentum, which makes it difficult to disentangle the contributions
of all individual bands due to the limited resolution. For instance, for
the material PtGa, previous studies reported the spin-polarization of
the bulk states consistent with time-reversal symmetry®, but no sig-
natures of spin-momentum locking.

Results

In the present work, we overcome these obstacles by inferring the
Weyl SML of the bulk multifold fermions in PtGa from an observation
of the Fermi-arc spin texture, and by direct measurement of the bulk
spin texture, which is consistent with our expectation from our theo-
retical models. Our ab initio calculations predict that for PtGa the
multifold fermion at the I point is located just below the Fermi level
and forms two electron pockets on the Fermi surface (Fig. 1b): the
inner one is practically spherical and displays Weyl SML. The outer
pocket is almost spherical, with small corrections towards a rectan-
gular shape that lead to minor deviations from parallel SML. Since the
bands making up the multifold fermion at I' are only weakly split by
SOC (see Supplementary Fig. 5 for a band structure calculation without
SOC), parallel SML is also consistent with the prediction of Refs. 11,26
for B20 crystal structure.

Turning to the surface states, we note that the Fermi arcs connect
and simultaneously are derived from the surface-projected Fermi
surface pockets of multifold fermions with opposite Chern number®,
In the absence of SOC, two spin-degenerate Fermi arcs will emanate
from the bulk projection of the Fermi surface. Our theoretical analysis
in Supplementary Note 7 considers the leading-order spin-orbit cor-
rection where the multifold crossing is well described by

HEK)=vek-L+A,L -0

- - 1
+4 K- o+ k - (Lx0)+3AkiL;0, »

where k describes the linear momentum, ¢ are Pauli matrices acting on
the physical spin, L is a vector of higher-order pseudospin matrices, L
is a vector of time-reversal even symmetric matrices'*** (see
Supplementary Note 7), vf is the Fermi velocity, Ao is the magnitude
of the k-independent bulk spin-orbit interaction near I' and A; are the k-
dependent spin-orbit interaction terms. By fitting this model to our
DFT calculations of PtGa, we find that for the bands at the Fermi-level
near the I' point, we are in the limit of A;|k| < Ao < vg|K|. In this regime, if
we are focused on the highest energy bands of Hy we can neglect
Adi=1,2,3) and treat Ao as a perturbation to Ho=vgk-L. In this
approximation, we find that SOC splits the bulk bands with a Weyl-type
SML. Additionally, we find that the Fermi arc surface states are given by
the highest pseudospin eigenstates of i - L where f is the unit vector
normal to the arc direction (and with zero z component). To first order
in perturbation theory (and in the limit of A;> 0), SOC splits the spin
degeneracy of the Fermi arcs with an energy splitting AH(k)=1,0 - 6.
Thus, the bulk parallel SML at the Fermi surface leads to the locking of
the Fermi arc spin orthogonal to its Fermi surface contour (i.e., the spin
is parallel to the group velocity of the surface states). We can therefore
see that the Fermi-arc surface states in the vicinity of the multifold
node inherit the Weyl SML of the k,=0 bulk states as illustrated in
Fig. 1c, since the group velocity of a Fermi arc tangentially merging
with the bulk pocket is pointing along the same direction as the
projected bulk momentum. Note that this analysis is only valid close to
the degeneracy point. As we get away, the description in Eq. (1) breaks
down, introducing higher-order terms that make the spin texture
deviate from isotropic parallel spin-momentum locking.

By measuring the surface spin texture of the Fermi arcs suffi-
ciently close in momentum to the projection of the multifold node, we
can therefore infer the spin texture of the latter. For larger momenta

away from the multifold fermion, the k- p approximation will break
down and the Fermi-arc spin texture will no longer be linked to the spin
texture of the multifold fermions near the node. Because the Fermi
arcs are non-dispersive in the out-of-plane direction, spin-ARPES can
be measured at relatively low photon energies with high cross-section,
which makes such experiments feasible with currently available syn-
chrotron set-ups. Furthermore, since there are sufficiently large pro-
jected bulk band gaps at the Fermi surface of PtGa close to the
multifold fermion at the I' point, we can measure the Fermi-arc spin
texture without interference from other bands.

The samples studied in our work were enantiopure PtGa single-
crystals that were cut along different crystallographic directions, then
polished and cleaned in vacuum by cycles of Ar-ion sputtering and
annealing (see Methods section for more details). Our bulk sensitive
soft X-ray ARPES measurements on PtGa crystals cut along the [111]-
direction directly image the S =1 multifold band crossing at the R point
(Fig. 2a-b) and the S = 3/2 Rarita-Schwinger-Weyl multifold fermion at
the I' point (Fig. 2c-d), which are well reproduced by our ab-initio
calculations. Note that the Rarita-Schwinger-Weyl fermion at the I'
point is only about 100 meV below the Fermi level, which means that
the Fermi wave vector kg is close to the I' point and thus the SML
derived from the k - p approximation can be expected to hold on the
Fermi surface.

With our more surface-sensitive VUV-ARPES measurements of the
(001) surface of PtGa (Fig. 2e-h) we resolve two Fermi arcs close to the
center of the surface Brillouin zone that have a Fermi surface contour
approximately parallel to the k, axis, and which merge into the small
projected bulk pockets of the multifold fermion at the I' point (upper
red arrow in Fig. 2e). Further away from the I' point, these Fermi arcs
wind from the centre of the surface Brillouin zone around the pro-
jected bulk pocket centered at the R point and ultimately merge with
the latter. The Fermi arcs are well reproduced by our ab-initio calcu-
lations (Fig. 2f) and our photon energy dependent VUV-ARPES mea-
surement confirms experimentally that they have no out-of-plane
dispersion (Fig. 2g), as expected for 2D surface states. The experi-
mental band dispersion along the T-R high-symmetry direction is dis-
played in Fig. 2h, and shows how four Fermi arcs merge with the
projection of the multifold fermion at the T point in the center of the
surface Brillouin zone.

The resolution of the four individual Fermi arcs close to the
multifold fermion at T, which are well separated from other bands due
to a large projected bulk band gap, enables us to measure their spin
texture (Fig. 3). As illustrated in Fig. 3a, we find that close to T, the spin
polarization of the outer Fermi arc points anti-parallel to the k, axis,
whilst the inner Fermi arc points parallel to the k; axis. For both Fermi
arcs, the spins point orthogonal to the Fermi contour, which is also
reproduced by our ab initio calculations (Fig. 3b). Since the Fermi arcs
inherit the spin texture of the multifold fermion for momenta close to
T, we can infer from the spin texture of the Fermi arcs that the inner
(outer) bulk pocket of the multifold fermion has a spin texture that is
parallel (antiparallel) to the momentum pointing away from (towards)
the I' point. This is consistent with parallel Weyl-type parallel
spin-momentum locking of the multifold fermion predicted by our
bulk ab initio calculations.

We have also measured the spin texture of the Fermi arc in-
between T and R (shown in Fig. 3¢c-e), expecting that there would be no
spin-momentum locking due to a breakdown of the k- p approxima-
tion. Surprisingly, we find that both the measured and calculated in-
plane spin textures are predominantly tangential to the Fermi contour.
This suggests that in this momentum region, the Rashba-effect due to
surface inversion symmetry breaking could dominate.

To check that the measured spin texture of the Fermi arcs near T is
indeed a property of the initial states and not influenced by matrix
element effects (see Refs. 35-37), we have repeated the measurement
with different light polarizations (s-, p-, right-circular and left-circular)
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Fig. 2 | Spin-integrated band structure of PtGa. a Bulk band dispersion along the
X - R - X direction measured with soft X-ray ARPES hv =547 eV and p-polarization.
The red arrow indicates the 6-fold band crossing located at the R point, which is
well-reproduced by ab-initio calculations displayed in b. ¢ Bulk band dispersion
along the M - T - M direction measured with hv= 653 eV and p-polarization. The red
arrow indicates the 4-fold Rarita--Schwinger--Weyl multifold fermion located at the
I point that is located about 100 meV below the Fermi level, which is well repro-
duced by our ab-initio calculations (d). e Fermi surface measured with surface

sensitive VUV-ARPES hv =60 eV and p-polarization. Red arrows indicate the Fermi
arcs close to the centre and at the boundary of the Brillouin zone. f Ab-initio surface
state calculations of PtGa on the (100) surface. g Fermi surface along the in-plane k;
vs. out-of-plane k, momentum direction measured with photon energy dependent
VUV-ARPES. k; points along the diagonal of the surface Brillouin zone. h Band
dispersion along the TR high symmetry direction, measured with Av=60 eV and p-
polarization.

and with a different experimental geometry at a different synchrotron
beamline. We find that the extracted spin-polarization is practically
identical for all measured polarizations (Fig. 4) and photon energies
(see Supplementary Fig. 3), which is strong evidence that the observed
spin texture reflects the initial equilibrium Bloch state with Weyl-type
SML. We note that in the measurement s-polarized light Fig. 4 the
surface state spectral weight is suppressed due to selection rules,
preventing an accurate determination of the spin direction for this
specific spectrum since the variation of the spin polarization of the
surface state is small compared to the noise on the background con-
tribution. As another consistency check, we have also investigated the
spin texture of the Fermi arc of the opposite enantiomer and found
that the spin texture behaves as expected from the transformational
properties of a pseudovector (see Supplementary Fig. 4).

Due to the presence of k, broadening, most of the bulk bands near
the multifold crossings in PtGa are insufficiently separated from each
other to allow a well-defined spin-ARPES measurement with VUV ener-
gies. The notable exception is the lower branch of the multifold fermion
at the R point (Fig. 2a, b), which as shown in Fig. 5a is still discernible as a
single band, even when measured at hv=74eV, corresponding to
k,=7m/c in the free-electron final state model. To determine the
appropriate photon energy to probe the R point, we have used the inner
potential Vp=12eV as determined in Ref. 38 for PtGa. The similarity
between the bulk-sensitive SX-ARPES measurements shown in Fig. 2a
and the spectrum measured at hv =74 eV (Fig. 5a) further supports the
correct choice of photon energies. To measure the spin-polarization of
this band we have acquired energy distribution curves (EDCs) at dif-
ferent locations around the R point in the k,=0 plane, where the k,
broadening is reduced because the Fermi surface changes only slowly
along the &, direction. Due to the crystal symmetry the obtained results
are representative of equivalent points in the k=0 and k, =0 planes as
well. The positions of these cuts are indicated with Roman numerals on
a constant energy surface in Fig. 5b, which also shows the calculated
spin texture from ab initio models. Here the spin-direction is indicated

by yellow arrows and shows a Weyl-type parallel spin-momentum
locking. To investigate potential matrix element effects, we obtained
spin-resolved measurements with four different light polarizations
(Fig. 5¢). The direction of the spin polarization of the band of interest
within the energy window E, was extracted with respect to the back-
ground in the nearby projected bulk band gap E., and is shown in
Fig. 5d. The systematic error of this approach was estimated by moving
E.r within the grey shaded region of the background in Fig. 5a, as
described in more detail in the Supplementary Note 3. We note that the
vast majority of the data points shown in Fig. 5d are close to the black
dashed lines, consistent with Weyl-type parallel SML locking of the bulk
band near the multifold crossing at R. Two outliers are the measurement
with C™-polarized light in cut iii, and the one with s-polarized light in cut
ii. The former has almost the same degree of polarization as the back-
ground, hampering an accurate extraction of the spin direction. The
latter could be related to spin-interference effects in the photoemission
process”. However, the fact that the vast majority of the extracted spin
directions point parallel to the momentum, also for the directions (i, iii)
that are not along a high symmetry axis, provides strong evidence for
Weyl-type isotropic parallel spin-momentum locking of the band
forming the multifold fermion at the R point.

Discussion

In conclusion, our combined spin-integrated and spin-resolved ARPES
measurements in combination with our theoretical models provide
strong evidence that the S =1 multifold band crossing at the R point and
the S=3/2 Rarita-Schwinger-Weyl multifold fermion at the I' point in
PtGa display Weyl SOC with almost isotropic parallel spin-momentum
locking. This finding makes chiral topological semimetals interesting
materials to realize novel memory devices. By combining such a chiral
material with a ferromagnet with perpendicular magnetic anisotropy
(PMA) in a bilayer, one could deterministically switch the magnetization
direction of the magnet by running a charge current orthogonal to the
interface, without the need for magnetic fields that are commonly used
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Fig. 3 | Spin texture of the Fermi arcs on the (001) surface of PtGa. a Spin texture
of the two Fermi arcs close to the projection of the multifold fermion at the T point,
orange arrows indicate the direction of the in-plane spin-polarization. b Calculation
of the spin texture of the Fermi arcs around the T point, in good agreement with the
experimental result. ¢ Spin texture of the two Fermi arcs dispersing in-between T
and R points. The orange arrows indicate the direction of the in-plane spin-

polarization. d Calculation of the Fermi-arc spin texture in-between T and R.

e Asymmetries in the measured in-plane spin-polarizations along various momen-
tum directions indicated by the Roman numerals in a, c. The direction of positive Py
and P, polarization is indicated with arrows on the Fermi surfaces in a, c. The black
lines show fits to the data and the error bars indicate the statistical error due to
counting statistics, see e.g., Ref. 44.

; :(E p-pol. s-pol. C*-pol. C-pol.
BOEALl I
= : :
2€ : :
S o2
o -0.
0.2
B 0.0 L e |l fpnne £
-0.2
N 0.2
0.0 ;
o 0.2 ) ) ) ) L F
0.0 O. 0.0 O. 0. 0.2 0.0 0.2
A K A ATk, (&)

Fig. 4 | Light polarization dependence of surface state spin texture near I'.

a Spin cuts corresponding to Fig. 3a measured with linear s- and p- polarized light
and circular polarized light C* of opposite helicity. The black lines show fits to the
data and the error bars indicate the statistical error due to counting statistics.

b Direction of the resulting in-plane (@in-piane) and out-of-plane (8oyc.of-plane) SUrface
state polarization components for the two surface states labeled with (i) and (ii)

from a. Note that the extracted direction of s-pol. is unreliable, since the surface
state is suppressed due to photoemission selection rules and thus the variation of
the polarization across the surface state is within the statistical uncertainty. The
black dashed lines correspond to the expected surface state spin-polarization
orthogonal to the Fermi surface contour of the arc, c.f., Fig. 1c.

for PMA switching with the Rashba-effect or spin-Hall effect®. In contrast
to conventional magnetic tunnel junctions used for field-free switching
of PMA magpnets, such a device would not require a tunnel barrier, thus
potentially allowing for larger switching current densities. It could
potentially also be more energy-efficient®. It has recently been predicted
that the magnetization state of the PMA magnet could also be read out
via magnetoresistance in such a bilayer, analogous to the unidirec-
tional magnetoresistance reported in Ref. 39. Such magnetoresistance
could enable a memory device with only two terminals, thus enhancing

scalability compared to commonly employed three-terminal devices
based on the Rashba- or spin-Hall effect. Moreover, since the magne-
toelectric response in materials with Weyl-type SML is isotropic, device
design is simplified because no preferred crystallographic alignment
between the magnet and chiral semimetal is required. Furthermore,
even in the presence of rotational disorder of crystal grains in a sample,
the isotropic nature of Weyl SOC ensures that the magnetoelectric
response of all grains adds up constructively. This advantage is parti-
cularly relevant for thin-film heterostructures in devices where grain
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Fig. 5 | Bulk spin texture of multifold fermion at R. a Band dispersion along the
R-Y high symmetry direction, measured with hv =74 eV. b Calculated spin texture
(yellow arrows) at £, =—0.75 eV; corresponding to the band £, indicated in a.

¢ Spin polarization as a function of binding energy at different momenta around R
indicated by red dots and labelled by the Roman numerals in b. Different colors
indicate different light polarizations. The position in k-space and the binding
energy corresponding to cut ii are indicated in a by a dashed line and a black box,
respectively. The spin polarization was assumed to be zero within the bulk band

gap indicated by the black shaded region E..r in a. The error bars show the statis-
tical error due to counting statistics. d In-plane (@in-piane) and out-of-plane (Goyc-or-
plane) direction and magnitude of the spin polarization within the energy window
E(4), shaded black and indicted by black lines in a and ¢, respectively. The dashed
black line in b and d indicate the direction expected for Weyl-type SML around the
R point. The error bars show a combination of statistical and systematical errors.
The systematical error was estimated by varying the position of £, within the gray
shaded region in a. The precise calculation is provided in Supplementary Note 3.

disorder is common. Furthermore, Weyl-type SML could also enable
Josephson diode effects” where the supercurrent tunnelling direction is
parallel to a magnetic field or magnetization, which could be useful for
low-dissipation readout of magnetic domains in cryogenic memory
devices. By combining a Weyl-SML with a Rashba-SML material, one
could potentially also tune the optimal angle between supercurrent and
field (see Supplementary Note 9). The discovery of Weyl SML of multi-
fold fermions in PtGa suggests that many other chiral cubic topological
crystals hosting multifold fermions could display similar spin textures.
For instance, many metallic members of the B20 crystal structure type
are predicted or have been shown to host multifold fermions near the
Fermi level. Therefore, numerous materials are available to test the
exciting predictions for novel phenomena enabled by this new form of
spin-orbit coupling.

Methods

Crystal growth

The growth and characterization method of the PtGa single crystals
used in this study was previously published in Ref. 30. The single crystal
samples were grown with a self-flux technique. Stochiometric and
polycrystalline samples were first produced by arc melting and then
crushed and then melted at 1150°C for 10 h. Subsequently, the sample
was cooled to 1050°C at a rate of 1'C/h followed by subsequent cooling
to 850°C at a rate of 50°C/h. Finally, the sample was annealed at 850°C for
120 h prior to being cooled to 500°C at a rate of 5°C/h, which further

improved the sample quality. A detailed single crystallinity analysis with
crystal orientation and a stoichiometry check were performed using
Laue backscattering and energy-dispersive X-ray (EDX) spectroscopy,
respectively. Homochirality was verified via Flack parameter analysis in a
single-crystal X-ray diffractometer. Polished surfaces along different
high symmetry directions were produced, after aligning the crystals at
room temperature with a white-beam backscattering Laue X-ray setup.

ARPES

Prior to any ARPES experiments, the PtGa single-crystals were cleaned
in an ultrahigh vacuum with a base pressure better than 5x 10~ mbar
by repeated cycles of sputtering (Ar*, 1 keV, ~1x10° mbar) and
annealing (970 K) until a clear LEED pattern was obtained.

Soft X-ray (SX-ARPES) experiments were performed at the SX-
ARPES endstation’® of the ADRESS beamline* at the Swiss Light
Source, Switzerland. This endstation is equipped with a SPECS analyzer
with an angular resolution of 0.07°. The photon energy was tuned
between 350 eV and 650 eV and the combined energy resolution
ranged between 50 meV to 100 meV.

Spin-integrated vacuum ultraviolet ARPES (VUV-ARPES) mea-
surements were executed at the high-resolution ARPES branch line of
the beamline 105** at the Diamond Light Source, United Kingdom. The
endstation was equipped with a Scienta R4000 analyzer. Note that in
the k; scan in Fig. 2g) at hv above 50 eV, a linear drift of the Gamma
point by less than I° was corrected manually by assuming the spectral
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features to be symmetric around Gamma, which they should be due to
time-reversal symmetry.

Spin-resolved VUV-ARPES measurements close to the I' point
(Fig. 3(d)i) were carried out at APE-LE endstation at Elettra Synchrotron
Trieste, Italy, using a VLEED spin-detector*’. The MDCs were acquired
with alternating magnetization of the spin-filter crystals in a (+B, -B,
-B, +B) sequence, to average out first-order systematics on the
resulting asymmetry spectra.

Spin-resolved surface state ARPES measurements around the R
point (Fig. 3(e)ii-vii) were carried out at the COPHEE branch** at the SIS
endstation of the Swiss Light Source, Switzerland, which is equipped
with double classical Mott detectors and has an angle and energy
resolution better than 1. 5" and 75 meV, respectively.

Spin-resolved VUV-ARPES measurements of bulk bands around
the R point and the polarization dependence of the I'-point surface
state (Figs. 4 and 5) were performed at the Bloch B endstation at MaxIV,
Lund, Sweden, using a Ferrum-VLEED spin-detector with a spin-rotator.
Spectra were acquired with alternating magnetization of the spin-filter
crystals in a [-++——++-] sequence, and measurements with different
spin rotator settings were carried out subsequently. Infrequent noise
from the preamplifier was removed, if a single point deviated by more
than 110 from all other points measured with the same settings, as
described in detail in Supplementary Note 2.

All ARPES experiments were executed with the sample held
around 20 K and at a pressure better than 2 x107° mbar. The spin-
resolved MDCs in Fig. 3, and Supplementary Figs. [1, 3, 4] were mea-
sured perpendicular to the scattering plane and the ones in Fig. 4
within the scattering plane.

For the calculation of the spin polarization, the instrumental
asymmetry was corrected by numerically adjusting the detector relative
gain between opposite Mott detectors/for opposite spin-filter magne-
tization. This will affect the absolute value of the polarization, but not its
angle dependence. For the analysis of the EDCs in Fig. 5 we assumed a
gain of one, since, although mathematically not equivalent, the effect of
comparing the polarization to a reference window E¢is almost the same
as adjusting a gain, such that there is no polarization within .. To
quantify the orientation of the Fermi-arc spin-polarization, we used a 3D
vectorial fit of the measured spin expectation values with a well-
established fitting routine®. Note that for the s-pol. cut in Fig. 4a position
and width of the two surface state peaks were assumed to be the same as
in the p-pol. cut from the same figure. For all Fermi arcs, the magnitude
of the spin expectation values was assumed to be 1. The Sherman factor
has been set 0.3, 0.08, and 0.29 for the data recorded at the APE-LE,
COPHEE, and Bloch-B endstations, respectively. When transferring the
spin polarization onto the Fermi surface, MDCs measured at the oppo-
site side of the high symmetry point (indicated by negative k-values)
were moved to the other side by assuming time-reversal symmetry.

Note that in our measurements of the surface state spin texture,
we cannot directly measure the out-of-plane spin component since the
signal will be averaged over multiple domains with Fermi arcs spin-
polarized in opposite out-of-plane directions. The measured out-of-
plane spin texture is therefore always close to zero (see Supplementary
Figs. 1, 2, and Supplementary Note 1 for more information).

Ab-initio calculations

In order to study the spin-polarization properties of the bulk and
surface electronic bands we performed density functional theory
(DFT) calculations as implemented in the full-potential local-orbital
code (FPLO)*. We use the Perdew-Burke-Ernzerhof (PBE)
parameterization” within the generalized gradient approximation
(GGA). We used a Monkhorst-Pack grid of (9 x 9 x 9) k-points for reci-
procal space integration. To analyze the surface spectrum and Fermi
arcs we construct an interpolated Hamiltonian in the maximally loca-
lized Wannier basis, choosing as starting projections s, p, and d orbitals
for Pt and s, p orbitals for Ga. The surface spectrum is computed

following the iterative Green’s function method as implemented in
WannierTools*,

Data availability

The primary and processed data generated in this study have been
deposited in the Open Research Data Repository of the Max Planck
Society under accession code 10.17617/3.GIT9)N [https://doi.org/10.
17617/3.GIT9)N], see Ref. 49.

Code availability

DFT calculations were performed with the FPLO® code available from
IFW-Dresden at https://www.fplo.de/. The WannierTools are available
at https://github.com/quanshengwu/wannier_tools. ARPES data were
analyzed with the MATools package available from https://www.psi.ch/
en/sls/adress/manuals, the vectorial fitting routine from Ref. 45 and
custom scripts available in the data repository*.
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