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Chiral crystals and molecules were recently predicted to form an intriguing platform for unconventional
orbital physics. Here, we report the observation of chirality-driven orbital textures in the bulk electronic

structure of CoSi, a prototype member of the cubic B20 family of chiral crystals. Using circular dichroism
in soft x-ray angle-resolved photoemission, we demonstrate the formation of a bulk orbital-angular-
momentum texture and monopolelike orbital-momentum locking that depends on crystal handedness. We
introduce the intrinsic chiral circular dichroism, icCD, as a differential photoemission observable and a
natural probe of chiral electron states. Our findings render chiral crystals promising for spin-orbitronics

applications.

DOI: 10.1103/PhysRevLett.132.196402

Quantum phenomena resulting from structural chirality
are attracting growing interest in condensed matter physics
and related disciplines. Structural chirality refers to an
inherent asymmetry in the arrangement of atoms within a
crystal lattice or molecule, breaking spatial inversion
symmetry and all other improper symmetry operations
such as reflection [1]. Chiral crystals are reported to host
topological band nodes in their electronic structure, asso-
ciated with long surface Fermi arcs [2-5] and unconven-
tional spin textures [6—8]. Moreover, chirality-induced
spin-selectivity (CISS) in electron transmission and trans-
port has been observed in a variety of molecular, crystal-
line, and nanoscale systems [9-11]. Recent theoretical
works propose that structural chirality induces electronic
chirality via orbital degrees of freedom, manifesting in
bulk orbital-angular-momentum (OAM) textures with dis-
tinctive features compared to noncentrosymmetric but
achiral systems [12,13], including monopolelike orbital-
momentum locking [14]. Such chirality-driven orbital
textures are expected to have the potential for generating
large orbital Hall effects [14] and to underlie CISS
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phenomena [12,13], making them relevant to applications
in spin orbitronics [15].

Orbital textures in two- and three-dimensional systems
have been studied successfully by linear and circular
dichroism (CD) in angle-resolved photoelectron spectros-
copy (ARPES) [16-27]. In particular, it has been shown
that the bulk OAM texture, as probed by CD-ARPES, can
directly reflect the monopole topological charge at band
nodes and thus carries information on topological proper-
ties [26]. However, for systems with bulk structural
chirality, the CD-ARPES response and orbital textures
remain largely unexplored in experiment. Here, we focus
on CoSi as a prototype chiral crystal in the B20 compound
family that provides an excellent platform for investi-
gating chirality-induced orbital textures [14]. In particular,
CoSi is nonmagnetic and has a weak spin-orbit coupling.
Consequently, structural chirality is expected to be the
driving force of a finite OAM texture.

In this work, we report the observation of chirality-
driven orbital momentum-locking in the bulk electronic
structure of CoSi using CD-ARPES at bulk-sensitive soft

© 2024 American Physical Society
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x-ray excitation energies. The measured CD textures differ
profoundly from previous experiments on achiral systems,
and they reflect the lack of mirror symmetry in the chiral
crystal structure shaping the orbital texture. We show how
this unconventional CD response provides evidence for a
monopole-like OAM texture, in agreement with theoretical
predictions [14]. CD measurements for both enantiomers of
CoSi demonstrate a reversal of the OAM texture upon
changing the crystal handedness. Finally, we introduce the
intrinsic chiral circular dichroism icCD as a differential
photoemission observable, to highlight the chirality-
induced OAM texture.

We performed CD-ARPES experiments at the ASPHERE
I end station of the variable polarization XUV beamline
P04 at PETRA III, DESY, Hamburg [28]. Clean (001)
surfaces of CoSi enantiomers A and B single crystals,
synthesized using the Czochralski method [29], were
prepared in sifu via cycles of Art sputtering and annealing
at ~950 K. Throughout the photoemission experiments, the
samples were kept at a temperature of around 80 K and in an
ultrahigh vacuum below 5 x 107! mbar. The energy and
angular resolutions of the electron analyzer were set to
< 40 meV and < 0.1°, respectively. We resolved the out-of-
plane k; component by collecting ARPES data using a
series of photon energies between hv = 330-650 eV.
Moreover, by considering the low-energy electron diffrac-
tion and surface Fermi arcs in ARPES as studied previously
[3,30], we ensured the crystallographic orientation of the
two enantiomers. Further details on sample growth and
characterization, and out-of-plane momentum determina-
tion are described in the Supplemental Material [31].

CoSi belongs to the B20 crystal family and crystallizes in
space group P2;3 (No. 198). It is nonsymmorphic and
chiral in the sense that the space group contains only proper
rotations. As a consequence, the crystal exists in two
distinct enantiomers, A and B. These are related by spatial
inversion, e.g., reflection. Figure 1(a) illustrates the crystal
structure of the CoSi enantiomers A and B, with the
corresponding Brillouin zone in Fig. 1(b). ARPES datasets
close to the Fermi level in the I'-X-M high-symmetry plane
are shown in Figs. 1(c)-1(e). The data agree with previous
DFT calculations [32,33] and ARPES studies of the bulk
band structure in CoSi [3,34]. In particular, the two lower
branches of the topological threefold band crossing at the I
point [3,32] are resolved and labeled in Figs. 1(d)-1(e).

To study the orbital texture in CoSi, we performed CD-
ARPES experiments in the I'-X-M plane of the bulk
Brillouin zone. We used photon energies of hv = 350
and 593 eV as determined from photon energy scans of the
k, dispersion (see Supplemental Material [31]). The circu-
lar dichroism (CD) intensity is expressed as Icp = I, — I,
where /; and I are the photoemission intensities for left
and right circularly polarized photons. Figure 2(a) illus-
trates the experimental setup. The photon beam is incident
in the xz plane highlighted in gray, at a grazing angle
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FIG. 1. (a) The atomic configuration of enantiomers A and B of

CoSi in a unit cell with Co in blue and Si in white. (b) The high-
symmetry points in a simple cubic Brillouin zone. ARPES
datasets for CoSi(001) along the high-symmetry lines (c) I'-M
and (d) I'-X, obtained for enantiomer A at a photon energy of
hv = 593 eV. (e) Constant-energy momentum distribution in the
I'-X-M plane. Labels (1) and (2) indicate two branches of the
multifold band crossing at the I" point [3,32].

of 20°. The intensity momentum distributions strongly vary
depending on photon polarization and enantiomer type
as shown in Figs. 2(b), 2(c), 2(f), and 2(g). This results in
strongly enantiomer-specific CD distributions as shown
in Figs. 2(d) and 2(h), in qualitative agreement with re-
cent photoemission calculation for chiral crystals [1].
Interestingly, we observe a strong CD signal in the xz
plane of light incidence with a pronounced 4k, antisym-
metry, seen in Figs. 2(e) and 2(i). Similar characteristics are
observed in Figs. 3(a)-3(f), where we show CD momentum
distributions for another photon energy and at various
binding energies. As we will discuss in more detail below,
the dichroic responses in Figs. 2 and 3 reflect the absence of
inversion and mirror symmetries in our structurally chiral
system. Indeed, the observed momentum distributions are
notably different from previous CD-ARPES experiments
on nonchiral systems (see, e.g., Refs. [16—18,26,35-43]),
where mirror symmetries impose additional constraints on
the orbital and CD textures. For example, a crystalline
mirror plane aligned with the xz plane of incidence results
in vanishing Icp at k, =0, and Icp(ky) = —Icp(—ky)
[16,17,26,44]. Overall, the enantiomer-specific CD textures
in Figs. 2 and 3 indicate chirality-driven orbital textures
in CoSi.

As a result of the chiral crystal structure, the Bloch
wave functions in CoSi are predicted to carry an OAM
texture L(k), with features distinct from noncentrosym-
metric but achiral systems. In particular, a monopolelike

196402-2



PHYSICAL REVIEW LETTERS 132, 196402 (2024)

s

b

A

lIIIIIIIlII]I

gy

||"||||||||||

[

'ICD,max ]CD,mx
I

42

I""I""I'*(h)

A o] B I T T 1T | | Ly :
0.5 J W _—J-'q, e
= o by L R
<00 - *’ o 1 r ‘ ‘ o8
o5 M e 3 £ -
T | 11 1 1 I b | ] 1 4 Bl I 1111 | 11 1 1 | 1 4
-05 0.0 05 -0.5 0.0 0.5
(e) kX [A-1] (I) kX [A-1]
max 7 T
N ' B[ AN
8 0 d_/‘ \.\1 i i ; "'"'\A:
B \ :"‘*‘my A
max 11 I 1111 I I\“* 11 I 1 1 11 I 1 I'V‘I I 1111 I 1 1
-05 00 05 -05 00 05
k A k A

FIG. 2. (a)Geometry of the ARPES experiment using incoming
left (1) and right (Iy) circularly polarized light, in the gray xz
plane. (b)—(c), (f)—(g) Isoenergy momentum distributions in the
I'-X-M plane for enantiomer A (left panels) and enantiomer B
(right panels), obtained using hv =593 eV and E - Ep =
—0.25 eV. The I'-X direction is aligned along the plane of light
incidence. The momentum distributions were taken with (b),(f)
left and (c),(g) right circularly polarized light. (d),(h) The
corresponding circular dichroism, /cp = I; — Iy, for enantiomer
A and B, respectively. (e),(i) Circular dichroism Icp in the
plane of light incidence (k, = 0) extracted from (d) and (h),
respectively.

orbital-momentum locking is expected around the I" and R
points, related to the topological band crossing at these
high-symmetry points [14]. Consistent with this, our CD-
ARPES data reveal manifestations of OAM monopoles. To
see this, we first focus on the I'-X line, which lies in
the plane of light incidence of our experimental setup

[Fig. 2(a)]. Along I'-X, the crystal symmetries in CoSi
impose L(k,) = L.(k.)é, with L (-k,)=—L(k,),
reflecting the monopole. At the level of the crystal unit
cell, the wave functions may be represented as |¥) =
|dxz> + i7<kx)|dxy> with }/(_kx) = _y(kx) and Lx & y(kx)'
Here we focus on d . and d,, orbitals (/ = 1), which appear
to be dominant around I" according to calculations [45].
However, analogous considerations also apply to a combi-
nation of d,. and d\>_ (I = 2). Note that L, arises from
hybridization with an imaginary phase iy between orbitals
of even and odd symmetry with respect to the xz plane of
light incidence. The electric field vectors of left and
right circularly polarized light are approximately E = (0,
+i€,, £.). Here, for the moment, we neglect the compa-
rably small £, component in our grazing-incidence geom-
etry, the role of which will be discussed below. We obtain a
relation between OAM and CD in the plane of light
incidence via dipole selection rules, assuming an even
free-electron final state [46,47]. In particular, we find
Icp(k,) e y(ky) - R(T3T,), with the transition matrix
elements T, = (k|E.p.|d,.) and T, = (k|E,p,|d,,). The
results of this simplified model agree with previous results
on the relation of CD and OAM [48,49].

The sizable CD signals in the plane of light incidence
demonstrate the formation of OAM L, parallel to the mo-
mentum k. Furthermore, the measured reversal I (—k,) =
—Icp(k,) reflects the monopolelike reversal of OAM L,
across the I" point, since both originate from the sign change
in the complex phase iy between different d orbital compo-
nents. Going from enantiomer A to enantiomer B, the OAM
monopole at I" is predicted to transform into an antimono-
pole [14]. Within our simplified consideration, this corre-
sponds to a sign change yg(k,) = —y4(k,). Indeed, our
experimental data show I3y, (k,) = —I2;(k,) in the plane of
light incidence [see, e.g., Figs. 2(e) and 2(i)]. This demon-
strates an OAM reversal between the two enantiomers.

Figures 3(g) and 3(h) show CD-ARPES datasets along
I'-X for the two photon energies hv = 350 and 593 eV. The
CD sign changes in the plane of light incidence, i.e.,
Icp(k,) = —Icp(—k,) within enantiomers, and I3 (k,) =
—I8,(k,) between enantiomers, are persistent over the full
band width. Interestingly, for a given enantiomer, the CD
signal changes sign between the two photon energies.
Within the model discussed above, this sign change can
be attributed to the term MN(7;T,), since the matrix
elements 7', and 7', depend on the final state and therefore
vary with photon energy. Similar effects have been
observed for dichroic and spin-resolved intensities in
two-dimensional systems with spin- and orbital-polarized
states [37,50,51].

We now consider the symmetry properties of the CD
momentum distributions in Figs. 2 and 3 in more detail.
The experimental data show that (i) Icp(ky. k) =
—Icp(—ky. —ky). This relation can be understood based
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FIG. 3.

Constant-energy momentum distributions of the circular dichroism in the I'-X-M plane for (a)—(c) enantiomer A and (d)-

(f) enantiomer B. The datasets were obtained at a photon energy of hv = 350 eV and at different binding energies as indicated. (g),(h)
Circular dichroism in band-structure maps in the plane of light incidence (k, = 0), obtained with hv = 350 and 593 eV.

on the C,, crystal symmetry of CoSi, which relates (k. k,)
and (—k,,—k,). Furthermore, assuming fully grazing
incidence, C,, swaps the light polarization state from left
to right circular, i.e., (0, +i&y, &,) to (0, —i&,, £.), so that
Ip(ky, ky) = I, (=k,,—ky). Comparing the datasets for
different enantiomers in Figs. 2 and 3, we observe
(i) 18p (k. ky) =185 (=k,. k,) and (iil) [dp(k,. k) =
—I8,(k,, —k,). These relations are connected to the mirror
operation M ., which transforms the crystal structure of the
two enantiomers into each other. The light polarization
(0, £i&,, £,) is invariant under M, such that I4 ; (k,, k,) =
1% (—k,. k). Relation (iii) can be understood as a direct
consequence of the relations (i) and (ii).

The finite £, component of the light in our experimental
geometry could be expected to induce deviations from the
above relations (i) and (ii). The role of £, may be grasped as
an additional contribution to the CD textures that is even
under the C,, operation and arises from a light field
component (&, £i€,,0). However, such deviations are
marginal in our datasets at both photon energies. Because
of the grazing light incidence, this contribution is attenu-
ated for geometrical reasons. Moreover, in the plane of light
incidence (&,,=+i&,.0) is expected to couple to the L,
OAM component, which vanishes in the I'-X-M plane [14].
In this regard, photon energy-dependent CD-ARPES mea-
surements in a geometry closer to normal incidence could
be an interesting approach to address the L, component
across the OAM monopole.

Let us consider manifestations of the predicted OAM
monopole [14] in the measured CD texture beyond the
plane of light incidence discussed above. While the CD
signal generally reflects the OAM L, texture [48], it may
also contain extrinsic contributions that arise from the

experimental geometry-induced symmetry breaking [52]
(see Supplemental Material [31]). Considering the datasets
185 (ky. ky) and I (k,, ky) in Figs. 2 and 3, we notice that
the main features change sign between enantiomers while
no or only weak changes are observed in other momentum
regions. The latter may be understood by the fact that
contributions to the CD signal originating from experi-
mental geometry remain unchanged upon the exchange of
enantiomer. We introduce the intrinsic chiral circular
dichroism which we define as icCD =1 (I3, — IE).
The approach is inspired by Refs. [23,24], which consid-
ered a differential dichroic signal resulting from two
different orientations of one achiral crystal. By contrast,
we compare datasets for two different crystals in the same
orientation, the two enantiomers A and B. The icCD allows
us to extract contributions to /cp arising from structural
chirality, which imposes equivalent band structures but
inequivalent OAM textures for the two enantiomers. In
Fig. 4 (and in the Supplemental Material [31]), we consider
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FIG. 4. (a) Schematic of the OAM monopole (gray arrows) in
the I'-X-M plane according to Ref. [14], and the corresponding
dichroic signal. (b) Momentum distribution of the intrinsic
chiral circular dichroism, icCD=1(I¢,—I&,), at hv = 593 eV

and E - Ep 0.25 eV.
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the icCD signal, which is in good agreement with a
monopolelike L, texture across the full momentum dis-
tribution. Moreover, we find that, to good approximation,
icCD(k,, ky) shows the expected symmetry properties of
the L, component, namely, L,(k,,k,) = —L,(=k,. k).
The icCD thus confirms key characteristics of the chiral-
ity-driven OAM texture.

Our experiments exploit the increased probing depth in
the soft x-ray photon energy regime to probe the bulk
electronic chirality and orbital texture. We anticipate that
more surface-sensitive CD-ARPES in the vacuum ultra-
violet regime could provide an interesting approach to
exploring the interplay of surface and bulk states in chiral
topological semimetals [21]. The pronounced handedness-
dependence of the photoemission response we observe in
CoSi also motivates spin-resolved measurements, particu-
larly in view of possible CISS effects in photoemission
[53]. In contrast to the photoelectron CD observed in
ensembles of randomly oriented chiral molecules in the gas
phase, typically on the order of a few percent [54,55], we
observe here a markedly higher chiral CD response on the
order of the absolute intensity. In view of uncoventional
excited-state dynamics observed in chiral molecules upon
exciation with circularly polarized light pulses [56], this
substantial enhancement in CD underscores the potential of
chiral crystals in the generation and manipulation of orbital
photocurrents [57].

In conclusion, we studied the orbital texture in the bulk
electronic structure of CoSi using circular dichroism in
bulk-sensitive soft x-ray ARPES. Our measurements unveil
a strong and highly enantiomer-specific dichroic response,
demonstrating how electronic chirality arises from the
handedness of the chiral crystal structure. Our experimental
findings confirm recent theoretical predictions of monop-
olelike OAM textures around high-symmetry points in
chiral topological semimetals [14]. This exotic OAM
texture is expected to result in transport phenomena, such
as orbital current generation [14], and highlights the
potential for applications of chiral topological semimetals
in spin orbitronics. Furthermore, our observation of chi-
rality-driven OAM textures support recent theory predict-
ing an OAM-assisted origin of the CISS effect in chiral
structures [12].

We have introduced the intrinsic chiral circular dichro-
ism, icCD, as a differential photoemission observable
sensitive to electronic chirality. We envision that the
icCD may enable new types of experiments for a variety
of systems with chiral electron states. Besides crystalline
and molecular materials with structural chirality, these may
include chiral magnets [58], and electronic-instability-
driven states with chiral charge order, e.g., in Kagome
metals [59], or chiral charge-density waves [60].

Note added.—Recently, a preprint on CD-ARPES experi-
ments on a different chiral topological semimetal became
available [61].
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