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The relation between crystal symmetries, electron correlations and electronic 
structure steers the formation of a large array of unconventional phases of matter, 
including magneto-electric loop currents and chiral magnetism1–6. The detection of 
such hidden orders is an important goal in condensed-matter physics. However, until 
now, non-standard forms of magnetism with chiral electronic ordering have been 
difficult to detect experimentally7. Here we develop a theory for symmetry-broken 
chiral ground states and propose a methodology based on circularly polarized, 
spin-selective, angular-resolved photoelectron spectroscopy to study them. We use 
the archetypal quantum material Sr2RuO4 and reveal spectroscopic signatures that, 
despite being subtle, can be reconciled with the formation of spin–orbital chiral 
currents at the surface of the material8–10. As we shed light on these chiral regimes,  
our findings pave the way for a deeper understanding of ordering phenomena and 
unconventional magnetism.

A central problem in condensed-matter physics is the existence of 
unconventional magnetism beyond the usual forms, arising from the 
long-range order of magnetic dipole moments μ = (2S + L), where S and 
L are the electron spin and orbital angular momentum, respectively11–15. 
Such magnetic dipole moments normally arrange spatially with ordered 
patterns in the crystal, but other forms of magnetic phase may still 
originate from an electronic ordering resulting from charge currents at 
the atomic scale. Such phases are odd in time (time-reversal symmetry 
is broken), inherently subtle and difficult to observe and they are often 
associated with a hidden magnetic order1,2,16.

The transport properties of all metallic quantum materials are deter-
mined by the spin and orbital degrees of freedom of the Fermi surface. 
Broken symmetry states (mirror and/or time) with charge currents 
can have an internal structure with a combination of spin and orbital 
angular momentum. The spin and orbital angular momentum are pseu-
dovectors with magnetic dipolar nature, so we can refer to their product 
as a spin–orbital quadrupole or orbital quadrupole. Spin and orbital 
angular momentum are odd in time and the current is an odd func-
tion of a crystal wavevector. Currents carrying spin–orbital or orbital 
quadrupoles, which are even in time, therefore break time-reversal 
symmetry8,17–19 (Fig. 1a).

A hallmark of both orbital and spin–orbital quadrupole current is 
the appearance of additional symmetry-breaking related to mirror, 

inversion or roto-inversion transformations, more generically known 
as chirality. A chiral electronic ordering may therefore be realized 
uniquely as a consequence of the intrinsic spin and orbital structure 
of the charge currents20–22. Chirality is known to set out several uncon-
ventional forms of transport and magnetism2,23–28. However, chiral 
effects have been difficult to detect because their electronic signature 
is weak. So far their measurements have been limited to only a few 
material-specific cases1,29–31.

In a metallic state, chiral orders are imprinted on the spin and 
orbital textures of the electronic states close to the Fermi level32–34. 
The action of mirror- and time-reversal symmetries connects the 
amplitude of spin and orbital angular momentum of the electron 
states at symmetry-related momenta. For instance, for time-reversal 
symmetric electronic states (Fig. 1b), the associated spin angular 
momentum at symmetry related crystal wavevectors, +k and −k, must 
have opposite orientations, that is, (−k, ↑) transforms into (+k, ↓)35. 
The same behaviour applies to the orbital angular momentum L. 
However, for mirror-symmetric electronic states, owing to the axial 
nature of S and L, after mirror transformation the components lying 
in the mirror plane change sign, whereas those perpendicular to the 
plane remain unchanged. Apart from the dipolar one, the interaction 
between spin and orbital degrees of freedom can set out physical 
observables with tensorial character. Here the time-reversal and mirror 
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symmetries are also expected to affect the behaviour of the spin–orbital  
(Li Smk) and orbital (LiLmk) quadrupole components {i, m} = x, y, z when 
probed at symmetry-related momenta. This means that the spin–
orbital dipolar and quadrupolar structures are the relevant observa-
bles of the onset of symmetry breaking and can be used to assess the 
nature of the realized electronic ordering. For a ground state hosting  
chiral currents, there is a lack of symmetry in the  combination of L 
and S. In this situation, the spin–orbital texture of the electronic states 
at the Fermi level exhibits a distinctive behaviour: spin–orbital chi-
ral currents give rise to orbital moments with the same parity as for 
mirror-symmetric systems, although spin–orbital quadrupoles have 
neither a time-symmetric nor a mirror-symmetric profile. It is this physi-
cal case that we explore in this work.

To exemplify the concept of a chiral metal, we can make an anal-
ogy with chiral crystals and their symmetry properties. We can then 

generally identify a chiral metal with an electronic state that has a 
well defined handedness, owing to the lack of inversion, mirror or 
other roto-inversion symmetries36,37. In this study, we start from this 
description to introduce the concept of a surface spin–orbital chiral 
metal to indicate a conducting electronic state of matter that has a 
well defined handedness, owing to an interaction driven by a magne-
tochiral order that lacks mirror symmetries, resulting from the internal 
spin–orbital structure, but has the same translational symmetry as 
the hosting crystal.

Here we show the relationship between the spin–orbital textures 
of the electronic states, for both dipolar and quadrupolar channels, 
and the consequential occurrence of a chiral electronic ordering. 
By supporting the theory with circularly polarized, spin-selective, 
angular-resolved photoelectron spectroscopy, we introduce a meth-
odology to probe otherwise undetectable symmetry-broken chiral 
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Fig. 1 | Currents and symmetries in an electronic system. a, The possible 
charge, spin and orbital currents that can be created in a material. The charge 
can give rise through its motion to a conventional current (the charge current), 
but spin and orbital dipoles or quadrupoles can also generate more-complex 
types of current. Indeed, the spin (S) and orbital (L) angular momentum are 
pseudovectors that change sign where there is time-reversal symmetry, and 
then the spin and orbital currents carrying spin or orbital dipoles are time- 
reversal conserving. Instead, the currents carrying orbital or spin–orbital 
quadrupoles break time-reversal symmetry and yield non-vanishing amplitudes 
for the dipole and quadrupole observables at a given momentum. b, Examples 
of mirror-preserving (top) and mirror-broken (bottom) configurations.  

In a system that preserves time reversal, a charge with its spin at a certain positive 
momentum, under the action of such symmetries, goes into a charge with 
opposite spin (directed in the same direction but opposite in sign) at negative 
(symmetry related) momentum. For mirror-symmetric configurations, the 
sign change occurs when the spin lies in the mirror plane, as shown here. Instead, 
with currents included, strong asymmetry in their product LS occurs. c, This 
experimental configuration with circularly polarized light (C+,−) was used to 
measure the asymmetry of LS caused by the chiral current-driven breaking of 
mirror symmetry. The Fermi surface of Sr2RuO4 is used here as a test bed for our 
theory. d, The binding energy (E − EF) of the electrons is shown as a function of 
momentum (k) for Sr2RuO4.
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electronic states. To do this, we use the archetypal quantum material 
Sr2RuO4 (see Methods for details of growth and measurements) and 
reveal signatures of a broken symmetry phase8, compatible with the 
formation of spin–orbital quadrupole currents at the surface of the 
material.

Dichroic and spin–dichroic photoemission effects
As anticipated, assessing whether the profile of the LS quadrupole com-
ponents has a mirror- and time-broken character is key to the detection 
of electronic phases with electronic chiral currents. Sr2RuO4 is an ideal 
candidate to host symmetry-broken chiral ground states because of its 
low-energy muon spin-spectroscopy8 and scanning-tunnelling micros-
copy measurements38, which reveal the existence of unconventional 
magnetism and electronic ordering forming at the surface.

Despite this, there have so far been no accepted methodologies to 
ascertain the existence of such symmetry-broken chiral states. Accord-
ing to our theory, to detect the action of symmetries on LS, we have to 
study the out-of-plane components of the orbital angular momentum 
(Lz) and spin (Sz). Experimentally, the LS asymmetry can be studied by 
circularly polarized, spin-selective, angular-resolved photoelectron 
spectroscopy35,39 (CP-spin-ARPES). This approach requires extreme cau-
tion in the alignment and geometry of the apparatus (Fig. 1c). Indeed, 
photoelectrons from circularly polarized light host a combination of 
intrinsic and geometric matrix elements40,41. These can, nevertheless, 
be disentangled41 (Methods).

In Fig. 2a, we show CP-ARPES spectra, collected in the geometry 
of Fig. 1c, that are compatible with signals coming from both the 
bulk and surface states. The latter appear weaker in spectral inten-
sity but are clearly visible after increasing the contrast (Methods). 
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Fig. 2 | CP-spin-integrated ARPES. a, Left: unpolarized ARPES spectrum  
from Sr2RuO4 along the direction orthogonal to the crystal mirror plane, 
corresponding to the dashed line in Fig. 1c. Middle and right: the spectrum  
has been obtained by summing both contributions from right- (middle) and 
left-circularly (right) polarized light. Here we refer to this as C+,−(±k, ↑, ↓) to 
indicate signals from right- or left-circularly polarized light, collected at 
momentum ±k, and with a spin-up or spin-down channels, respectively.  

b, Circular dichroism of ARPES spectrum obtained by subtracting the 
contributions from right- and left-circularly polarized light. Remarkably, the 
signal changes sign from +k to −k, with incoming light within the mirror plane. 
The asymmetry seen is discussed in both the main text and Methods. c, Energy- 
dependent circular dichroism collected with spin-detector (VLEED) at the 
k-points indicated in b.
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From left to right, Fig. 2a shows spectra with unpolarized, right- and 
left-circularly polarized photons. The CP-spectrum shows an overall 
symmetric intensity pattern between features at +k and at −k. From 
these spectra, the circular dichroism (CD) is extracted (Fig. 2b) and 
the signal CD(+k) becomes −CD(−k) at opposite momenta, consist-
ent with previous studies42. This behaviour is also seen in the momen-
tum distribution curve at the Fermi level (Fig. 2b, inset). Importantly, 
studying the spin-integrated circular dichroism in Fig. 2b reveals a small 
asymmetry in the residual of the amplitudes (Extended Data Figs. 5 
and 6) that can be as large as 10%. This value is slightly bigger than the 
estimated experimental error on the dichroism for this experimen-
tal set-up (around 8%). Furthermore, there might be a component of 
asymmetry related to the character of the chiral electronic ordering 
(discussed in Supplementary Information). However, such an asymme-
try remains notably smaller than the one measured for spin-resolved 
signals. For completeness, spin-integrated data are collected with a 
(VLEED)-type spin detector (Fig. 2c at two ±k points) and show the same  
behaviour.

Importantly, the spin-integrated data in Fig. 2c are not only consistent 
with other ARPES studies, but also they do not reveal mirror-symmetry 
breaking relatable to anomalous behaviour of Lz (z being the direction 
perpendicular to the surface). However, quantities such as spin–orbital 
chiral currents, which depend on the spin as much as on the orbital 
angular momentum, cannot be imaged by standard circularly polarized 
ARPES. Here we refer to C+,−(±k, ↑, ↓) to indicate signals from right- 
(or left-) circularly polarized light, collected at momentum ±k, and 
with a spin-up (or spin-down) components, respectively. In a perfectly 
symmetry-preserving situation, the circularly polarized spin-ARPES 
intensity transforms under the mirror operator from C+(+k, ↑) to 
C−(−k, ↓) (or equivalently from C+(−k, ↑) to C−(+k, ↓)). This means that 
C+(+k, ↑) and C−(−k, ↓) (or C+(−k, ↑) and C−(+k, ↓)) are expected to be the 

same under mirror symmetry in the case that the latter is preserved35. 
However, if chiral currents are present along the surface, the mirror 
symmetry is broken and these quantities are no longer equivalent. We 
tested this scenario with CP-spin-ARPES and the results are shown in 
Fig. 3a,b: we observe subtle differences at different k points, as noted 
in Fig. 3c, between C+(+k, ↑) and C−(−k, ↓) (or C+(−k, ↑) and C−(+k, ↓)). 
These differences, despite being small, result instead in a sizeable asym-
metry in the amplitudes of spin-up and spin-down dichroism (Fig. 3d). 
Note that for the latter, positive and negative momenta have been 
summed, compensating for possible instrumental asymmetry of the 
measurements.

Such a mirror-symmetry breaking in the amplitude of the spin 
dichroism seems to be compatible with the presence of spin–orbital 
quadrupole currents, as predicted by the theory. Furthermore, the 
finite dichroism difference observed experimentally is not seen for 
a temperature of 77 K, higher than the magnetic transition tempera-
ture as indicated by muon spectroscopy8, but this requires further 
investigation because the thermal broadening becomes substantially 
more pronounced (Methods). The important finding here is that the 
estimated difference in spin from the dichroic signals is up to three 
times larger than the spin-integrated one. In Fig. 3d, the amplitude of 
the spin-integrated dichroic signal is approximately 10% (grey curve), 
whereas the spin-resolved signal is as high as 20% for spin-up (red curve) 
and 30% for spin-down (blue curve); see Supplementary Information 
for a possible explanation of the spin-integrated asymmetry observed. 
We emphasize that a quantitative analysis is difficult and the signals 
detected are subtle. To quantify these effects correctly, future measure-
ments as a function of photon energy and various geometries will be 
desirable. Nevertheless, the presence of a sizeable asymmetry in the 
amplitude signal for k and −k is observed and this is consistent with 
the theoretical predictions.
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Fig. 3 | CP-spin-resolved ARPES. a, EDCs taken at six selected momenta  
(±ki, where i = 1, 2 or 3) with fixed spins and circular polarizations. In particular, 
the orange curves are obtained by measuring the EDCs at positive k values, 
right-circularly polarized light and spin-up channel (C+(k, ↑)), whereas the 
green curves are obtained with negative k values, left-circularly polarized light 
and spin-down channel (C+(−k, ↓)). b, ARPES spectra with reversed spin and 
circularly polarized light configurations. The orange curves refer to C+(−k, ↑), 
whereas the green curves are obtained for C−(k, ↓). c, ARPES image indicating 
the k values at which the EDCs have been taken. It is noted that the configurations 
in a and b show a difference that is larger than the experimental uncertainty.  
d, The amplitudes of the circular dichroism (at k summed up to see the actual 

residual) are reported for both spin-integrated and spin-resolved measurements. 
The data show that the spin-integrated signal (grey curve) shows a finite value 
as large as 10% (which is also similar to the experimental uncertainty of 8%, as 
shown in ref. 39), but the spin-resolved channels show a notably larger amplitude, 
by a factor of 2 and 3 for up and down channels, respectively. The amplitude 
values have been extracted from the data shown in a and b and in Extended 
Data Fig. 3, after including the Sherman function and calculating the true spin 
polarization, as described in Methods. The other indicated k points, as well as 
the dichroic amplitude in terms of the momentum distribution curve, are 
shown in Extended Data Figs. 4 and 5, and corroborate the validity of our result.
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Chiral current phase
We now analyse our experimental results from a theoretical point of 
view. This can be done with a two-dimensional tight-binding descrip-
tion of the electronic structure of Sr2RuO4 on the basis of the ruthe-
nium d orbitals (dxy, dxz and dyz) in such a way as to capture the profile 
of the experimental Fermi surface (Fig. 4a). In this model, we include 
the broken-symmetry states hosting orbital and spin–orbital quad-
rupole currents that are driven by the d–d Coulomb interactions 
(Supplementary Information). The internal structure of the charge 
currents is provided by either the orbital quadrupole L Lp q

̂ ̂  or by the 
spin–orbital quadrupole L sp q

̂ ̂  tensors, with {p, q} = x, y, z (see Fig. 1a 
for differences between these currents). For a given direction kl in 
momentum space, the amplitude of the charge current propagating 
through the lattice can in principle contain various components of 
the type  

j k L L= sin( )
l

l p qo  and 



j k L s= sin( )
l

l p qso  for the orbital and spin–
orbital quadrupole, respectively (note that the first does not contain 
any spin channel, whereas the second one does). In the presence of 
currents flowing along for example l = x that break all mirror sym-
metries (that is, Mj=x,y,z), the orbital and spin–orbital quadrupoles have 
to include components with ̂s  and ̂L that are perpendicular to x, and 

are therefore lying in the y–z planes. For instance, a term of the type 
k L Lsin( )x y z

   does not preserve the mirror symmetry for any choice of 
the Mj=x,y,z transformations. The latter is exactly the case for Sr2RuO4, 
in which a uniform charge current flows with the momentum aligned 
along the l = [110] direction of the ruthenium lattice (Fig. 4b). This 
pattern is compatible with symmetry-allowed loop currents involving 
charge current flowing from ruthenium to oxygen atoms at the octa-
hedra length scale8. The qualitative outcomes of the results are not 
altered by surface reconstruction or by having currents flowing along 
other symmetry directions (Supplementary Information). We select 
a spin–orbital chiral state that breaks the C4 rotational symmetry 
because it is compatible with the findings from scanning tunnelling 
microscopy38.

However, spin–orbital chiral states with loop currents that are 
rotational invariant can be also constructed. They break translational 
symmetry and do not modify the qualitative outcomes of the analysis 
(Supplementary Information).

Furthermore, the charge current along the [110] axis is directly  
relevant when probing the electronic states along the correspond-
ing direction of the Brillouin zone (along Γ–X in our experiment). To 
evaluate the orbital and spin–orbital textures for the electronic states 
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a, The computed Fermi surface of Sr2RuO4. b, A broken-symmetry state with  
an electronic pattern marked by either orbital-quadrupole (top) or spin– 
orbital quadrupole (bottom) currents. The sketch indicates a current in real 
space connecting the ruthenium sites along the [110] direction. c, Electronic 
phase with chiral orbital-quadrupole currents: amplitude of the orbital  
angular momentum Lz(n, k) of the bands described by the eigenfunctions  
of the Hamiltonian k∣ψ ⟩n,  with n = 1, 2 evaluated along the Γ–X direction 
( ∣ ̂ ∣L n ψ L ψ( , ) = ⟨ ⟩z n z n, ,k k k ). For clarity, we plot both Lz(n, k) (blue) and −Lz(n, − k) 
(orange) for any given momentum k to directly compare the amplitudes at 
opposite momenta. d, Electronic phase with chiral orbital-quadrupole currents: 

amplitude of the spin-projected orbital angular momentum related to the 
out-of-plane spin-up (+) and spin-down (−) components, as selected by the 
projector ̂s(1± )z . The amplitude is given by ∣ ̂ ̂ ∣L n ψ s L ψ( , ) = ⟨ (1± ) ⟩n z z n, ,z

± k k k . The 
amplitudes of Lz(n, k) and kL n( , )z

± , shown in c and d, do not show any symmetry 
and do not match at k and −k. e, Electronic phase with chiral spin–orbital 
quadrupole currents with antisymmetric L and S content with respect to the 
current flow direction k, that is, 

⋅ ( × )k L s ; for this configuration, Lz(n, k) and 
Lz(n, −k) coincide. f, Electronic phase with chiral spin–orbital quadrupole 
currents with antisymmetric L and S combination: spin-projected orbital 
moment kL n( , )z

±  at opposite momenta are unequal in amplitude. Similar  
trends occur for the other bands (Supplementary Information).
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in the presence of either orbital or spin–orbital quadrupole currents, 
we focus on such directions. For each band eigenstate 

kψ ⟩n,∣  at a  
given momentum k, we determine the amplitude of the out-of-plane  
orbital moment L n ψ L ψ( , ) = ⟨ ⟩z n z n, ,k k k∣ ̂ ∣  and the spin-projected orbital  
moment ∣ ̂ ̂ ∣k k kL n ψ s L ψ( , ) = ⟨ (1 ± ) ⟩z n z z n

±
, ,

 (that is, the out-of-plane spin-up 
(+) and spin-down (−) components, as singled out by the projector 

s(1 ± )ẑ ). These observables are related to the dichroic and spin-dichroic 
amplitudes probed by ARPES, respectively (Supplementary Informa-
tion). For clarity and simplicity, in Fig. 4c–f we show only two repre-
sentative bands, for example n = 1, 2 (the behaviour for the other bands 
is qualitatively similar, as shown in Supplementary Information). As 
shown in Fig. 4c, a broken-symmetry state with orbital quadrupole 
currents exhibits an asymmetry in the orbital angular moment at oppo-
site momenta: Lz(n, k) ≠ −Lz(n, −k). Moreover, both the amplitude and 
the sign of L n( , )z

± k  and kL n( , − )z
±  are dissimilar (Fig. 4d). Instead, for 

spin–orbital chiral currents jl
so (Fig. 4b) with an antisymmetric com-

bination of L and S, that is, 

kj L s= sin( )( × )l
l lso , we find that the orbital 

angular momentum turns out to be antisymmetric at k and −k, namely, 
Lz(n, k) = −Lz(n, −k) (Fig. 4e), whereas the spin-projected orbital 
moment does not exhibit any symmetry relation among the states at 
the opposite momentum (Fig. 4f). Importantly, the last asymmetry is 
the same as the one observed experimentally by CP-spin-ARPES. One 
way to grasp the origin of this behaviour is to inspect the structure of 
the equations of motion for the amplitudes of the orbital Lz(n, k) and 
spin sz(n, k) moments (Supplementary Information). The chiral cur-
rents lead to spin–orbital torques that in the case of the spin–orbital 
quadrupole current result in a balance such as the amplitude of the 
orbital moment having symmetric behaviour at symmetry-related 
momenta.

We also addressed the role of sublattice chiral currents caused by the 
surface reconstruction resulting from the octahedral rotations (Sup-
plementary Information). When we consider a non-homogeneous state 
with a staggered amplitude modulation of the currents, we find that 
a small asymmetry of the orbital moment is obtained. Nevertheless, 
its amplitude is substantially smaller than that of the spin-projected 
orbital moment (Supplementary Information). This implies that 
non-homogeneous chiral currents are also compatible with the 
observation of a much larger spin-dichroic asymmetry relative to 
the dichroic one. This behaviour holds independently of the selected 
band and momentum, and differently from that of magnetic states, 
such as antiferromagnetic ones, with a pattern in the spin and orbital 
moments that break time and mirror symmetries (Supplementary  
Information).

Conclusions
We developed a spin–orbital- and angular-momentum-sensitive meth-
odology based on CP-spin-ARPES that is able to investigate symmetry 
breaking and is compatible with the existence of spin–orbital chiral 
currents. We used it to study Sr2RuO4 but it applies to all chiral sur-
face metals and constitutes a tantalizing experimental way to detect 
symmetry-broken chiral states. However, because the effect is subtle, 
we cannot exclude the possibility that the observed symmetry break-
ing might arise from other real-space chiral orderings that break both 
time and mirror symmetries. Nevertheless, our work stimulates the 
combined use of circular dichroism and spin-selective photoemission 
to investigate how the three quantities L, S and LS behave and reveal their 
relationship to crystal symmetries, which are markers of hidden ordered  
phases.

The spin-dichroic signal we used to detect the putative presence of 
spin–orbital quadrupole currents at the surface of Sr2RuO4 can be used 
without restrictions in other quantum materials, even when currents 
appear in the bulk of a (centrosymmetric) crystal. In this situation, the 
currents might preserve the combination of time reversal with inversion 
symmetry, with the consequent absence of dichroism. Nevertheless, 

the asymmetry of the spin-dichroic signal could still be visible and 
therefore represents an efficient diagnostic tool for spin–orbital chiral 
metallic phases.
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Methods

The samples of Sr2RuO4 were grown using the floating-zone technique, 
following a previously published procedure43. Single crystals were 
postcleaved in an ultrahigh vacuum at a base pressure of 1 × 10−10 mbar 
and a temperature of 20 K (and 77 K). The temperature was kept con-
stant throughout the measurements. The experiment was performed 
at the NFFA–APE Low Energy beamline laboratory at the Elettra syn-
chrotron radiation facility and designed with an APPLE-II aperiodic 
source for polarized extreme UV radiation and a vectorial twin-VLEED 
spin-polarization detector downstream of a DA30 Scienta ARPES ana-
lyser44. The photon energy used for our measurements was 40 eV, which 
was found to maximize the spectral intensity, as shown previously45. 
The energy and momentum resolutions were better than 12 meV and 
0.018 Å−1, respectively. Importantly, as already mentioned, to eliminate 
the geometrical contribution to the circular polarization, the crystals 
were aligned as in Fig. 1c,d. For completeness, seminal works on ARPES 
and dichroism that might aid the understanding of our measurements 
can be found in refs. 39,41,46–48.

In the following sections, we report additional measurements that 
help to corroborate the message and conclusions given in the main text.

Sample alignment and experimental geometry
When using circularly polarized light, the disentanglement between 
geometrical and intrinsic matrix elements is crucial but problematic. 
A solution is to have the incoming radiation exactly within one of the 
mirror planes of the system studied and to measure in the direction 
orthogonal to that plane, as we show in Fig. 1c. In such a configuration, 
the differences in the CP-spin-ARPES signal can be attributed to intrinsic 
differences in LS, and the geometrical contributions are well defined. In 
this regard, it is of paramount importance to align the sample carefully. 
In the present case, the symmetric character of the material’s Fermi 
surface45,49,50 allows us to carefully align the sample with the incoming 
beam of photons lying in a mirror plane. The alignment of the sample 
was carried out by monitoring the experimental Fermi surface and by 
making sure that the analyser slit direction was perpendicular to the 
mirror plane. As shown in Extended Data Figs. 1 and 2, we estimated our 
alignment to be better than 0.9° from the ideal configuration, a value 
within the uncertainty considering our angular azimuthal precision 
(about 1°). Furthermore, different samples gave us the same results, 
corroborating the robustness of the measurement outputs within this 
azimuth uncertainty.

In the NFFA–APE Low Energy beamline laboratory, our sample was 
placed in the manipulator in normal emission conditions, with the 
synchrotron light impinging on the sample surface at an angle of 45°. 
This means that standard linear polarizations, such as linear verti-
cal and linear horizontal (Extended Data Fig. 1), would act differently 
on the matrix elements’ selection rules. In particular, linear vertical 
light would be fully within the sample plane, whereas linear horizontal 
light would have one component within the plane and one out of plane 
(with 50% intensity each). Now, when using circularly polarized light, 
to distinguish between real and geometrical matrix element effects, 
the incoming light needed to be aligned within the experimental error, 
within one of the mirror planes of the sample.

To estimate the azimuthal value we fitted the k-loci of the Fermi 
surface contours (red markers in Extended Data Fig. 2a,b) and we 
then aligned the horizontal and vertical axes (see ‘Details of the 
fitting’). In our configuration, there is negligible misalignment 
between the states at positive and negative values of k (Extended 
Data Fig. 2c,d). In Extended Data Fig. 2, we show that by extract-
ing momentum distribution curves (coloured horizontal lines in 
Extended Data Fig. 2c), the peak positions are symmetric within the 
resolution of the instrument (12 meV for energy and 0.018 Å−1). We 
can therefore confidently perform the measurements shown in the  
main text.

Details of the fitting
The k-loci of the Fermi surfaces shown in Extended Data Fig. 2a,b and 
the positions of the peaks in Extended Data Fig. 1d have been extracted 
by fitting the ARPES data. The fitting procedure used is standard and 
consists of fitting both energy distribution curves (EDCs) and momen-
tum distribution curves by using Lorentzian curves convoluted by a 
Gaussian contribution that accounts for the experimental resolutions. 
Then, as part of the fit results, we extracted the k positions of the peaks, 
which are shown as red markers in Extended Data Fig. 2 and the values 
in Extended Data Fig. 2d.

Spin-ARPES data
To obtain the values reported, the spin data shown have also been nor-
malized to include the action of the Sherman function of the instru-
ment. In particular, the data for spin-up and spin-down channels have 
been normalized to their background, so they matched in both cases. 
In the present study, the background normalization was done on the 
high-energy tails of the EDCs far from the region where the spin polari-
zation was observed. After normalization, to extract the spin intensity, 
we used the following relations:

I
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( )

2
× (1 + ),TRUE
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I
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2
× (1 − ),TRUE
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k
k

where P is the polarization of the system, ITRUE is the intensity value 
(for either spin-up or -down species) obtained after inclusion of the 
Sherman (see below) function of the spin detector, and  and ITOT =  
Ibg.norm(k, ↑) + Ibg.norm(k, ↓) is simply the sum of the intensity for EDCs 
with spin-up and spin-down after normalization to the background. 
For the polarization P, the Sherman function from the instrument was 
included and defined as η = 0.3 (ref. 44). The Sherman function was 
calibrated from measurements on a single gold crystal. Therefore,  
P is described by:
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This procedure was done for all light polarizations. We also character-
ized the spin channels by using different polarization-vector directions, 
as shown in Extended Data Fig. 3.

Dichroism and spin-dichroism amplitudes
A way to visualize the breaking of the time-reversal symmetry is to 
analyse the dichroic signal shown in Fig. 2c but resolved in the two 
different spin channels, up and down, which gives rise to different 
amplitude values when measured at ±k (expected for time-reversal 
symmetry breaking but not expected otherwise). We show this here at 
selected momentum values. The amplitude values have been extracted 
from the data shown in Fig. 3a and Extended Data Fig. 3, after including 
the Sherman function normalization.

To corroborate the claim in the main text, that is, the observation of a 
signal compatible with the existence of chiral currents, Extended Data 
Fig. 4 shows the relative amplitudes of the dichroic versus spin-dichroic 
signal. First, let us consider the spin-integrated dichroism shown in 
Extended Data Fig. 4a. Here, the orange and green curves represent 
positive and negative k values, respectively, and their behaviour is 
overall symmetric with respect to zero. However, a small asymmetry can 
still be noticed, estimated to be as large as 10%, which is close to a previ-
ously reported value39 of 8%. As we will clarify from a theoretical point 
of view, a small degree of asymmetry in the spin-integrated dichroism 
can still be expected, although the amplitudes of the dichroism selected 



in their spin channels are supposed to be larger. To demonstrate this 
difference, we have shown how the dichroism curves, resolved in their 
spin channels, up (red) and down (blue), appear at negative k (Extended 
Data Fig. 4d–f) and at positive k (Extended Data Fig. 4g–i). By also con-
sidering their residuals, we can compare them to the amplitude of 
the spin-integrated signal. We reported this comparison in Extended 
Data Fig. 5. The spin-down channel shows an amplitude as high as 30% 
and the spin-up one is as high as 20%. These values are three times 
and two times bigger, respectively, than the residual extracted for the 
spin-integrated signal. Such a large difference corroborates the validity 
of our methodology and the claims of our work. Note that summing the 
positive and negative momentum is also counteracting any possible 
effects caused by small sample misalignment.

Data and temperature
For completeness, we also performed C+(+k, ↑) and C−(−k, ↓) on the 
sample after cleaving it, also at high temperature (70 K), which is above 
the magnetic transition of Sr2RuO4. We report the results in Extended 
Data Fig. 6. In particular, in Extended Data Fig. 6a–c, the top panels 
with blue lines show the difference between C+(+k, ↑) and C−(−k, ↓), 
normalized by their sum, at three values of k and at low temperature, 
but the bottom line is the same for the data collected at 70 K. If in the 
low-temperature configuration we observe a varying finite signal, at 
high temperature we did not see such a variation. It is important to 
mention that even with our resolution, we do not see any finite signal, 
although there might be some differences that could be observed above 
the magnetic transition, because it is likely that not all magnetic excita-
tions are turned off immediately, although a reduction should be still 
observed. Furthermore, the high-temperature data are more noisy. Even 
if we cleaved the samples at high temperature, and the ARPES shown in 
Extended Data Fig. 6d,e confirms their presence, they are much weaker 
than at low temperature and are broadened thermally. Such a thermal 
broadening is not surprising to see in ARPES. Nevertheless, even with 
reduced intensity, the surface states are still clearly visible.

Calibrating the VLEED
Within the uncertainty of the instrument (1° integration region), the 
VLEED has been calibrated by acquiring spin EDCs at various angles, 
both positive and negative, for the sample. This is done for both spin 
species and with the used light polarizations. In the present case, for 
consistency, we did this with circularly polarized light (both left- and 
right-handed). Afterwards, by summing both circular polarizations 
and both spin species, we can reconstruct the ARPES spectra (Extended 
Data Fig. 7). This procedure was done by using only the spin detector to 
directly access the probed states and be sure that, when selecting the 
angular values on the deflectors, we effectively probe the selected state.

Uncertainties and additional calibration
To evaluate the uncertainty we used a controlled and known sample 
with no asymmetries in the dichroic signal, as in our previous work39. 
We used a kagome lattice because at the Γ point there is a well defined 
energy gap, opened by the action of spin–orbit coupling. Furthermore, 
at this point the bands are spin-degenerate; the system is also not mag-
netic. This allowed us to check the asymmetry, not only in the circular 
dichroism signal, but also in the spin-resolved circular dichroism. We 
estimated the uncertainty to be approximately 10% on the residual of 

the dichroism. Note that this is also consistent with that obtained by 
standard ARPES in our set-up: at the centre of the Brillouin zone, the 
difference between circular right- and circular left-polarized spectra 
(each spectrum was normalized by its own maximum intensity before-
hand) is indeed 10%.

Data availability
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Extended Data Fig. 1 | Photoemission experimental geometry. The sample, 
represented by the purple box, is such that the incoming synchrotron radiation 
(red wavy arrow) impinges with an angle of 45° with respect to its surface.  
In this configuration, with linear polarizations, we would have linear vertical 
(LV, green double-headed arrow) lying completely on the sample surface. 
Instead, linear horizontal (LH, blue double-headed arrow) would have both  
in- and out-of-plane components, projected along the y- and z-axis, respectively. 
The slit of the analyser is along the scattering plane (vertical slit).



Extended Data Fig. 2 | ARPES identification of the surface states and 
sample alignment. a Fermi surface collected at 40 eV (sum of the two 
circularly polarized lights) showing both bulk bands and surface states. The 
latter are weaker than the bulk in intensity but still visible. To better appreciate 
the precise sample alignment we fitted the data and extracted the k positions, 

reported in the image as red markers. The mirror plane deviates from the  
(b) ideal condition by 0.9°. c) Energy versus momentum dispersion collected  
in the same experimental conditions of (Extended Data Fig. 1a) showing a very 
symmetric character. To better appreciate this, we extracted MDCs and plotted 
them in panel d along with their extracted k values.
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Extended Data Fig. 3 | Spin-resolved data with unpolarised light. Energy distribution curves collected at momenta a-d ky = 0.75 Å−1, ky = 0.70 Å−1, ky = 0.65 Å−1, 
ky = 0.60 Å−1. The data are with sum of circular right and left light and spin-up and spin-down channels have been shown in red and blue, respectively.



Extended Data Fig. 4 | Spin-integrated and spin-resolved dichroism. Spin 
integrated circular dichroism collected at a ky = ± 0.73Å−1 (k1), b ky = ± 0.68Å−1 (k2), 
and c ky = ± 0.72Å−1 (k3), as indicated in the main text Fig. 3c. Green curves 

indicate negative k, and orange curve positive k. d-e-f Spin-resolved circular 
dichroism collected at negative k for the three momenta indicated. g-i Same 
but collected at positive momenta.
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Extended Data Fig. 5 | Amplitude of the dichroism, EDC and MDC.  
a-b-c The amplitudes of the dichroism (at k-summed up to see the actual 
residual) are reported for k1,2,3. These show that, while d the spin-integrated 
signal (grey curve) shows a finite value, as large as 10% (which is also very  
similar to the experimental uncertainty as reported in39 - purple stripe), the 
spin-resolved channels indicate a significantly larger amplitude, of a factor 
larger than × 2 and × 3 for up and down channels, respectively. e The amplitude 

of the dichroism have been also collected by using MDC at two binding energies, 
i.e., at the Fermi level and at 150 meV below it. As one can see, the grey line, 
which is the spin-integrated dichroism is nearly flat (in average is 7% - obtained 
by summing up all the points), while the spin-up and spin-down channels are 
varying and well-different. The fact that these are also varying is quite remarkable 
and indicates that our signal is intrinsic in nature.



Extended Data Fig. 6 | Temperature dependence data. a-c The upper line 
(blue curves) shows the difference between C+(+ k, ↑) and C−(k, ↓) - normalized 
by their sum - at three values of k and at low temperature (LT), while the lower 
line is the same for the data collected at 70 K (high temperature, HT), above the 
magnetic transition. When at LT we do observe a varying finite signal, it starts 

from negative and it switches sign into positive as a function of k, at HT we did 
not see such a variation. d and e show the Fermi surface maps and energy versus 
momentum dispersion for both LT and HT data. The surface states are visible in 
both cases.
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Extended Data Fig. 7 | Example of some ARPES from the spin-detector.  
a Energy dispersions as a function of negative k-values obtained by using the 
spin-detector only in a course alignment scan. b Same as a but interpolated for 
a thicker angular grid to see the bands better. c Energy dispersions as a function 

of positive k-values obtained by using the spin-detector only in a course 
alignment scan. d Same as c but interpolated for a thicker angular grid to see 
the bands better.
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