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I. MODEL AND BROKEN SYMMETRY PHASES WITH CHIRAL CURRENTS

We consider a two-dimensional system whose electronic states at the Fermi level are described

by d-orbitals belonging to the ¢, manifold (d,y,d,.,d,.) and can accommodate electronic phases

zy>
which are marked by non-trivial loop currents.
The model Hamiltonian for the surface of the SroRuO, is compatible with the C},, point group
symmetry. For the ¢5, manifold of the d, orbitals we introduce the components of the local or-
bital angular momentum. For the spin space, hereafter, we employ the Pauli matrices 5;—,,, ..
Assuming that the basis of the local creation operator of electrons for the d-orbitals for a given
spin orientation is CZL = [cly’k, sz,kﬁ cjmk], we have that the components of the orbital angular

momentum are given by:

0 —i 0 00 —i 00 0
Lo=1i 0 0 Ly=100 0 L.=1|00 —i (1)
000 i 0 0 040,

with L; fulfilling the usual angular momentum algebra.
Then, in the complete spin-orbital basis, given by C = [c;y e CLZ e el e c;y Lk CLZ I cl k)

the Hamiltonian can be generally expressed as
H=> CLH(k)Ck, 2)
k
with H (k) given by
H =" [(exy(ku ky) — p)Ps + (€0z (ks ky) — )Py + (s (ko k) — )Py + 3)
k
+ €xzyebu, k) (Laly + LyL,) + aor(sin(k,) L, — sin(k,)L,)60 + AsoL - & .

We recall that P, = (L? — 2L.2)/2 is the projector on the orbital state with a given distribution
that is perpendicular to the a direction (e.g. for a = z the projection is on the xy orbital config-

uration). Here, p is the chemical potential. The term proportional to €, ,.(k,, k,) corresponds
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to the symmetry allowed hybridization processes of the (zz,yz) orbitals along the [110] and [110]
orientations. The choice of the following electronic parameters reproduces with good accuracy the
experimental profile of the SroRuO,4 Fermi lines at the surface as measured by ARPES (as in this

paper and in Ref. 1, see e.g. Fig. 2):

€xy(kz, ky) =—2t3[cos(ky) + cos(ky)] — 4t4 cos(k,) cos(ky,) — 2t5[cos(2k,) + cos(2k,)]
2ty cos(ky)

)
) =—2ty cos(ky) —

€zz(ky, ky) =—2t; cos(k,) — 2ty cos(ky)
) (kz)

=—4tgsin(k,) sin(k,)

with t; = 0.145, t, = 0.016, t3 = 0.08, t, = 0.039, t5 = 0.005, ts = 0.001, p = 0.122,
Aso = 0.035, in units of eV [1]. We assume a weak amplitude for the inversion symmetry breaking
term apr ~ 0.01 eV, since the induced splitting is below the experimental resolution. The term
proportional to aipr represents the orbital Rashba interaction [2—5] and couples the atomic angular
momentum L with the crystal wave-vector k due to the breaking of inversion symmetry at the
surface.

Then, in order to take into account the breaking of time-reversal and mirror symmetry, we
consider the spin-orbital chiral current phase along the [ = [110] direction, as given the following

term in the Hamiltonian:

~

Jso = Gso - (L x &) sink; . (4)

Here, we take a representative gy, vector with amplitude |g,,| = 0.04 eV, with generic coefficients,
so that it does not point in any high-symmetry direction in the lattice. The outcome of the orbital
and spin-orbital quadrupole moments within the Brillouin zone is not qualitatively affected by the
choice of the coefficients. This current term can arise by a mean-field decoupling of the Coulomb
interaction for nearest-neighbor Ru centers (see Sect. IV). In Fig. 1 we report the orbital and
spin-orbital textures for all the bands assuming different types of broken symmetry chiral phases
marked by orbital and spin-orbital quadrupole currents.

In order to capture the different behavior of the orbital and spin-orbital moments in the presence
of chiral currents one can consider the equation of motion associated with the expectation values
of the spin and orbital moments for a given eigenstate at momentum k. In general, the time
dependent evolution of the spin and orbital angular momentum is provided by the equation of

motion T = Ty With M = s, L and 7, being the corresponding torques. For a given eigenstate
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FIG. 1. Orbital and spin-orbital textures in the presence of chiral currents. a Electronic phase with
chiral orbital-quadrupole currents: amplitude of the orbital angular momentum L (n, k) of all bands |ty, )
evaluated along the I' — X direction (L, (n, k) = <¢n7k\ﬁzlz/zn7k>). For clarity we plot both L, (n, k) and
—L,(n,—k) for any given momentum k to directly compare the amplitudes at opposite momenta. b Elec-
tronic phase with chiral orbital-quadrupole currents: amplitude of the spin projected orbital angular mo-
mentum (LE (n, k) = (¢ 1|(1 £ 3,) L. |1, ). The amplitudes of L, (n, k) and LE(n, k), displayed in a
and b, do not show any symmetry and do not match at k and —k. ¢ Electronic phase with chiral spin-orbital
quadrupole currents with antisymmetric L S combination: L(n, k) and L,(n, —k) coincide. d Electronic
phase with chiral spin-orbital quadrupole currents with antisymmetric L S combination: spin projected or-

bital moment L (n, k) at opposite momenta are unequal in amplitude.

|tni) of the band n at momentum k, one can write a torque equation for the amplitudes of the spin

Snk = (Unk|6|1nr) and orbital L, = <¢nk|i|¢nk> moments. The equation of motion reads as

dMy,
dt

= 7M with M = s,L and 7Y = i(¢p|[H, M]|tbn1.). Now, since we deal with equilibrium
configurations in time-independent conditions the amplitudes of the spin and orbital moments have

to fulfill the relations 7;)f = 0 with M = s, L. These relations in turn set out the amplitude of the
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spin and orbital moments.
For convenience and clarity, we introduce a Cartesian reference xyz and, without loss of gen-
erality, we assume that the chiral current in the broken symmetry phase flows parallel to the x-

direction. The spin-orbital current in Eq. (4) can be then generally expressed as

~ A ~

Joo = [0 (Lyfe = L) + gl (Laa = Latr) + 05 (Laty = Lyo) [ sinke— (9)
Furthermore, it is also convenient to write the Hamiltonian in the following compact form:
I—?[:HO_._IA{so_'_jso (6)

with H, containing the kinetic and the orbital Rashba coupling terms and HSO = Asoﬁ -o. We
notice that H,, preserves the vertical mirrors (), and M, ) and the time-reversal symmetries. Then,
we point out that among the components of j,, the term related to g5, 1s the source of chiral
symmetry breaking, as all the mirror symmetries are broken. This is because the components of
L and & are pseudovectors and are perpendicular to the current flow direction. Instead, the other
components, related to g%, and gZ,, preserve the )M, vertical mirror symmetry.

Let us now consider the spin and orbital amplitudes of the torque by taking for instance the
corresponding orientations along the z-direction. For this configuration, the commutators of the

Hamiltonian with the x component of spin and orbital angular momentum yield

[Ho, 64] =0 (7
|Haos 02| = iXaolLotry = Lyfr.) = idoA (8)
[Guor82] = [Ialh) B -y (2 By + () )| ©)

where B, = ﬁy&y + L.6., By = f@&y, B. = —L,6, and hi(ks) = gt sin(k,) with i = x,y, 2

On the basis of these relations, the equilibrium condition for the spin torque yields:

sz,so_|_ Z SI,]SO o (10)
'L xT,Y,z
with
750 = = Xyo (Yo Al (11)
o9 = — (k) (k| Bilthi) - (12)

We notice that in the equation for 777 the torque arising from the x component of the spin-orbital
current (i.e. 7, “”’j “’) breaks the M, mirror symmetry. Instead, the terms related to g¥° are mirror-

symmetric. We also observe that in the absence of the spin-orbital current the spin torque due to

5



o7 the spin-orbit coupling is identically zero. This implies that the spin and orbital moments must be
s collinear at any k. On the other hand, the presence of the chiral spin-orbital currents leads to a
9 deviation from the collinearity between s and L.

100 Let us now consider the analogous equations for the orbital moment. For the commutators with

101 L, we have:

[HO’ ] ny( ) —1 Z (gay{f/w IA/z} - gzy{f/aa f/y} = Z@(k) (13)
a=x,y,2

|:Hso7 ix:| = _i)\soA (14)

[g iz} = i(—ha(ks) By + hy(k)Cy + (ko) C) (15)

102 with C’y = fly&m and C, = L.4,. Here, the coefficient fy(k) = aorsin(k,) is related to the

103 orbital Rashba coupling. Hence, the equation for the orbital moment torque becomes:

The = le® g pleso o N et = g (16)
1=x,y,2
104 With
i = (Wl QUO ) (17)
7% = Ao (Wt | Al (18)
Tt 75 = ha () (k| B[t (19)
i = —hilhy) (i Gl (20)
s Now, it is interesting to observe that 7°*° = —7"=* and 75“3" — —7led% This relation is

106 a hallmark of the phase with spin-orbital quadrupole currents. Taking into account these relations
107 and the Eq. (10) for the spin torque, one can replace 7.7*° and TST’JS" in the Eq. (16) with the

=Y,z
va]so ’

18 combination of 7, . Hence, one can deduce an equation for the orbital torque that contains
100 only terms that are mirror symmetry compatible. This implies that the expectation value of the
10 orbital moment has a definite parity as for mirror-symmetric systems.

111 Let us now consider the case of the orbital quadrupole current:
5 = [gm(ﬁyﬁz + LoLy) + gU(LoLy + LoL.) + g2 (LaLy + LyLy)| sink, . 1)

112 As for the case of the spin-orbital quadrupole current, the term related to g, break both the hori-
113 zontal (M) and vertical (M, and M) mirror symmetries, while for the other current components,

114 we have that g¥ and g> preserve M,. For this configuration one can deduce that the spin torque

6
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FIG. 2. Fermi surface in the presence of the staggered octahedral rotation and average asymmetry
of orbital and spin-projected orbital moment. a Fermi surface. b k-integrated and band-averaged orbital
moment (§L.) = >, [ |L.(n, k) +L.(n, —k)|dk and (§LS) = 5 >, [ |LE(n, k) +L; (n, —k)|dk as
a function of the ratio of the staggered spin-orbital quadrupole current j;’}ig with respect to the homogeneous

spin-orbital quadrupole current js, component.

is not affected (i.e. & commutes with j,) and that the orbital part includes all the torques due to
the g¢=*%# current components. Then, the resulting orbital moment has to explicitly manifest a

breaking of the mirror perpendicular to the current flow as demonstrated in Fig. 1.

A. Surface reconstruction

To take into account the surface reconstruction due to the staggered octahedral rotation we
double the unit cell, in order to include both sublattices of the square lattice within the unit cell.
Then, the term related to the octahedral rotation can be included in the Hamiltonian as a staggered

potential for the d-states at the Ru site of the form:

~ ~ A

‘/stg == nstg%z (La:Ly + ZA—Jyj—/a:> s (22)

where 7, is a sublattice pseudo-spin operator given by the corresponding Pauli matrix and g, is
a characteristic energy scale of the rotation pattern. This term leads to a staggered splitting of

the (zz,yz) orbitals at the Ru site that arises due to the local vertical mirrors symmetry breaking

7
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FIG. 3. Orbital and spin-orbital moments in the presence of uniform chiral currents and octahedral
rotation pattern. Chiral orbital-quadrupole currents: a orbital L, (n, k) for all bands |, ;) evaluated along
the k, = 0 direction (I' — X), b spin-orbital LE(n, k). Chiral spin-orbital quadrupole currents: ¢ orbital

L. (n, k) of all bands ¢y, ) evaluated along the k, = 0 direction, d spin-orbital LE (n, k).
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resulting from the rotated octahedra. Here, for the computation of the electronic structure, we
use a representative value for 7y, = 5 meV. Variation of the strength of 7, does not alter the
qualitative outcome of the analysis. We also introduce a staggered spin-orbital current component

as given by the following contribution:

A‘Stg _~

Jso = T2 Q;t,g : (IAz X o)sink;| . (23)

Hence, regarding the chiral current broken symmetry phase, we assume an amplitude modulation
of the spin-orbital current along the [110] direction so that it is given by j3° = js, + j5¢ when
connecting Ru sites in octahedra that are clockwise rotated and j*° = j,, — 73 for anticlockwise
rotated octahedra.

We have thus considered the possibility of having an amplitude modulation of the spin-orbital
quadrupolar currents that follows the surface reconstruction due to the rotation of the RuOg4 oc-
tahedra. Then, it is expected that the ground state hosts chiral spin-orbital quadrupole currents
which are not spatially homogeneous, being affected by the structural change of the octahedra,
that result into different current amplitudes when linking ruthenium sites with inequivalent oc-
tahedral rotation. We have analyzed this configuration as a function of the current amplitude
unbalance associated with the two sublattices. For such a current pattern we find that the band
resolved dichroic asymmetry in the reconstructed electronic states (Fig. 2 a) is not exactly zero
(Fig. 2 b) as found for the uniform current configuration. In order to get an overall estimate of
the difference between the orbital and spin-projected orbital moments as a function of the current
sublattice unbalance, we have followed their integrated values (i.e. summing up all the band con-
tributions and integrating along the I' — X line). The outcome is reported in Fig. 2 b where one
can clearly see that a non-vanishing orbital moment is induced by the spatially modulated chiral
currents. Nevertheless, the asymmetry for the orbital moment turns out to be significantly smaller
than that related to the spin projected one. For instance, for a spatial modulated configuration of
the spin-orbital current with a sublattice unbalance of around 3% we find that the integrated value
of the spin-projected orbital moment is about five times larger than that of the orbital moment. The
point here is that the spatially homogeneous chiral spin-orbital current would lead to exact zero
asymmetries in the dichroic amplitude due to the balance among the torques arising from the chiral
current and that one arising from the spin-orbit coupling. Now, since the spin-orbit coupling at the

Ru site is homogeneous, a spatial dependent amplitude of the chiral spin-orbital current cannot be

9
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compensated and a non-vanishing amplitude of the dichroic signals can occur. Due to the surface
reconstruction of the electronic states in the SrosRuO,4 one might argue that small deviations of the
dichroic signals from zero can be consistent with the theoretical prediction when considering the
orthorhombic configuration due to the staggered octahedral rotations around the c-axis. The main
finding is that one can also account for an amplitude asymmetry of the dichroic signal keeping
however a significantly larger spin-dichroic asymmetry as compared to the dichroic one.

Finally, we have verified that for a uniform configuration of the spin-orbital quadrupole currents
the asymmetry of the orbital moment at k£ and —k is identically zero irrespective of the surface

reconstruction (Fig. 3).

B. C; rotational invariant spin-orbital chiral phases

We have considered states with spin-orbital chiral loop currents that preserve the C, rotational
symmetry (see Fig. 4). These configurations lead to a symmetric dichroic amplitude and an
asymmetric spin-dichroic value as related to the orbital moment L, (n, k) and spin projected orbital
orbital moment LE(n, k) for all bands |1, ;) evaluated along the k, = 0 direction. In particular,
due to the C; symmetries the orbital moment L, (n, k) can be vanishing. This implies that for this
type of configurations we also expect a large difference between the asymmetry in the dichroic

and spin-dichroic signals.

C. Canted antiferromagnetic order

We consider the case of a magnetic order with a canted antiferromagnetic configuration. The
broken symmetry state is introduced by an effective magnetic term in the spin channel with uni-

form/staggered magnetization:
Hmag =guB (%OMuni + 7A_z-Z\lstg) : é’, (24)

with M,,; and M, being the uniform and staggered magnetization components. We have com-
puted, for a representative antiferromagnetic configuration with canted moments, the orbital and
spin-resolved orbital moment for all the bands crossing the Fermi level (Fig. 5). As one case see
from the inspection of the results in Fig. 5 the orbital and spin-projected orbital moments exhibit a

sizable asymmetry when comparing the amplitudes at £ and —k. This is a general feature of all the

10
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FIG. 4. Schematic configuration of a C; rotational invariant spin-orbital chiral state. a The arrows
indicate the current direction on a given bond associated with the corresponding spin-orbital momentum. b

Schematic representation of a spin-orbital chiral state with C4 rotation symmetry.

magnetic phases with similar symmetry content with respect to mirror and time reversal symmetry

and based on a long-range spatial order of Ru spin moments.

II. SPIN RESOLVED CIRCULARLY POLARIZED ARPES: MATRIX ELEMENTS AND OR-
BITAL ANGULAR MOMENTUM

We report here the main steps to deduce the expressions for the dichroic and spin-dichroic
ARPES transition amplitudes. To this aim, we follow the derivation reported in Ref. [3] and adapt
it to the spin-dichroic case too. The starting point is to consider that the circular dichroic signals

probed by ARPES can be expressed through the normalized amplitude as

IR JE
D(k)=>" % (25)
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FIG. 5. Orbital and spin-orbital textures in the presence of canted antiferromagnetism and staggered
octahedral rotation. a orbital moment L.(n, k) and b spin projected orbital orbital moment LF(n, k)
for all bands |t ;) evaluated along the k, = O direction. The amplitudes of the magnetizations are:
Mg = (0,0,0.1) and My, = (0.02,0,0) in units of eV(g pp) "t (g is the electron g-factor and up is the

Bohr magneton.

The sum over the final state spin ¢ indicates the spin-integrated nature of the detection approach.
Thus, one can also introduce the spin-resolved dichroic amplitude as given by
(15— 17

IR+ 1L

here for convenience we assume that the spin configuration is along the z-axis and are labeled by

Dy(k) = (26)

s = +(—) to indicate the T, (J..) spin states, respectively. Similar expressions can be derived for
the all the other spin orientations.

To calculate the amplitude of the dichroic and spin-dichroic signal one has to evaluate the transition
probability I for an optical excitation between the initial and final states. The interaction with the
photon is given by H;,,; = A -p. The vector potentials are A = W’% for right circularly polarized

photons, and A* = % for left circularly polarized photons. Hence, the vector A x A* =

\/>
—iﬁph sets out the incident photon direction. For convenience and clarity, we report the main
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steps and expressions of the derivation to show the link of the ARPES intensity with the orbital
and spin-projected angular momentum. Let us consider as initial state the Bloch configuration
with momentum k that is given by []) = \/Lﬁ Y i OXD[ik - Ti]ua o (K)|i, a, o), where |u) =
Y a0 Uao(K)|i, o) is the Wannier configuration centered at the site r; associated with the 5,
orbitals labeled by a = zy, zz,yz and spin 0. A plane-wave state is assumed for the final state
|F') = [explikpr]|r) [6, 7] with kp being the Fermi wave vector. We recall that the expected
value of the orbital angular momentum evaluated on the state [1/{) is given by (L) = i 3" u, X

*

wi(k), with uy = (Uyss, Usp s, Usy,s) and the spin projected orbital components are expressed as

~

(L(1+s6,)) = ius(k) x u*(k), with s = £ singling out the spin up and down configuration with
respect to the z-direction, respectively. Following the derivation in Ref. [3], one can show that the

spin resolved transition probability can be generally expressed as

(A x A*)-Vg, x Vg
[(A-Vgo)(A*-Vgz) + (A" Vg, )(A - Vg;)]

D, = 27)

with
9o(kp) = Uy - Vi, f(kp) (28)

where the gradients are respect to the Fermi wave vector kr, and f(k) is the Fourier transform of
the part of the Wannier function that depends only on the radial distance r —r; related to the atomic
center at ;. The denominator of D is always positive and has a minor role in the dependence of
the matrix elements from the orbital angular momentum. The key quantity for our purposes is

given by the factor I's = Vg, X VgZ. One can show [3] that the term I'; can be expressed as

1

Rzﬁﬁmugx@%VﬂﬁxVRj (29)
1 ~

:ﬁﬁmu¢u+s@»v&fxvaf (30)

with the vector P having the following components (Q,., Q.., Q) With Q;; = 0;0;. We notice
that while the structure of the orbital angular momentum is similar to that of p-orbitals because we
are using an effective L = 1 manifold for the t,, sector, the second order differential operator ();;
takes into account the different structure of the orbital configurations. In a similar way, one can

show that the spin integrated [ amplitude is given by
1 .
F:@w%@@v&fxvaf, (31)

with €257 the Levi-Civita tensor. Then, one can see that the amplitude I' and thus the dichroic

~

signal is proportional to the projected orbital angular momentum components (L,,) with respect

13
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to the incident photon direction. Additionally, the spin-dichroic signal is proportional to the spin-
projected orbital angular momentum as given <ﬁa (14 s6,)) with s = =+ for projecting spin up and
down configurations, respectively. The remaining form factors depend on the Fermi momentum
and on the photon energy. Since our study aims to have a qualitative understanding of the anoma-
lies in the transition amplitude probed by Spin CD-ARPES, their contribution does not affect the
conclusions of our findings.

In the employed experimental setup the spin orientation is selected in a direction that is perpendic-
ular to the surface (i.e. z) and the incident photon direction is primarily selecting the out-of-plane
z-component of the orbital angular momentum. Hence, the dichroic and spin-dichroic signal are

A A

proportional to (L) and (L.(1 £ &,)) as considered in the manuscript.

III. CURRENT DRIVEN PHASE BY COULOMB INTERACTION

Let us now present how the electronic current phase arises as a broken symmetry state with a
nonvanishing expectation value of the current operator on the Ru-Ru bond due to the Coulomb
interaction. Indeed, in order to demonstrate this point one needs to introduce the spin-orbital

asymmetric operator

B (lm) = i (cf o (Des (m) = el (m)caq (D)) (32)

for the [ — m bond between two Ru atoms with position identified by the coordinates ; and R,,.
Here, ¢, (1)(cl, (1)) are the annihilation (creation) operators associated with an electronic state
with « orbital and spin ¢ at the atomic site 2;. Then, the spin and orbital dependent terms that
build up the density-density inter-site Coulomb interaction Uy, for a generic | — m bond can be

written in the following form
1 N o 1
Ut o(11g, 0 (m) = =2 Uin(65/5, (1)) 65750, (1L,m) + SUtm (0,0 (1) + 15,01 (m)) (33)

where the orbital and spin resolved density operators, 1, (1), are defined as nq (1) = ¢l ,(1)cao(1).
Hence, by decoupling the quartic term, one can introduce an order parameter associated with the

expectation value of ¢°, (1, m) and express the interaction as

Umaq(D)13,01(m) ~ —% (G (1, m)) (S0 (1)) + e, — (@50, (Lm)) P (34)

where the average value indicates the summation over all the electronic states weighted by the

Fermi distribution function. Taking into account the spin-orbital order parameters on the [ — m
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bond, by suitable superposition of the ¢ operators one can construct a bond current order parameter
that is given by the expectation value of the following orbital and spin-orbital quadrupole current

operators:

Jo(lm) =i <5T(z)ﬁi3j5(m) - h.c.> (35)

with ¢7(1) = |l (). ¢l (1), el (D). L, (1), e, (D)., i(z)} and i, j € {z,y,z}.
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