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Spin-orbit entanglement in 4d and 5d transition metal systems can enhance
electronic correlations, leading to nontrivial ground states and the emergence

of exotic excitations. There is also an interest to investigate spin-orbit entan-
glement in 3d compounds, though this is challenging due to their smaller spin-
orbit coupling. Here we demonstrate that the Jahn-Teller effect in Mn** reduces
the energy gap between high- and low- spin-orbital states that lead to
enhanced spin-orbit entanglement. Our results show a rare example of
synergistic effects of Jahn-Teller and spin-orbit interactions and provide a way
to entangle different degrees of freedom in d-metal oxides, which may allow
paths to explore the interplay of orbital, lattice and spins in 3d correlated

systems.

Spin-orbit entanglement in transition metal oxides may result in cor-
related phases', like spin-orbit Mott insulators®*, quantum spin
liquids®”, or excitonic magnetism®*7°, All these phases rely on the
emergence of strong spin-orbital textures, which require unquenched
orbital momenta. In this context, the interplay between Jahn-Teller
interactions and spin-orbit coupling is crucial, as the latter favors
degenerate electronic eigenstates with unquenched spatial angular
momenta, generally promoting spin-orbital mixing". Therefore, a
crucial aspect is how the orbital degeneracy is removed and how this
affects spin-orbit coupling and lattice interactions" ™. For instance,
Jahn-Teller effects in nd® octahedral low-spin configurations are over-
ruled by strong spin-orbit interactions, which lift the degeneracy of the
tyg shells except for Kramers doublets'”. The latter can interact
through anisotropic bond-dependent interactions (e.g., honeycomb
iridates or a—RuCls), whose ground state is a quantum spin liquid™.
Despite their smaller spin-orbit coupling” spin-orbital mixing in
3d systems has also grabbed attention to realize spin-orbit
entanglement*™® In this respect, intersite superexchange interac-
tions have long been studied to entangle spin and orbital degrees of
freedom in 3d compounds” notably Kugel-Khomskii models, where
bond-dependent exchange interactions are inherited from the large
directionality of d orbitals™. More recently, an interest has reemerged
in 3d systems due to the possible realization of intra-site spin-orbital
entanglement in @’ systems based on Co?"*'?, or Ni**?*%, In this case,

orbital degeneracy is present in t,g shells, but since Jahn-Teller effects
are weak in those states?, the degeneracy is completely removed (save
for Kramers degeneracy) by spin-orbit coupling, forming pseudospins
from split crystal-field multiplets®?*.

Here we discuss a different scenario, which is relevant to Mn*"
ions (d*) in the La,/;3Ca;;3sMnO3 perovskite. In this case, the orbital
degeneracy appears in the eg manifold, which in some systems may
drive strong Jahn-Teller effects. Remarkably, we observe that spin-
orbital mixing is enhanced by Jahn-Teller interactions, which is an
unlikely situation in t,g systems where spin-orbit and the Jahn-Teller
effect are generally antagonistic (though exceptions exist for d’ and
@ configurations'*). The underlying mechanism relies on the small
energy gap (reduced by Jahn-Teller effects) between high-spin and
low-spin configurations (Fig. 1). Such configurational mixing is
accidental and was proposed previously to describe X-ray absorp-
tion spectra of a series of 3d-transition-metal oxides*. More
recently, X-ray absorption experiments in La,/3Ca;;3MnO5 films have
been used to argue in favor of spin-orbit mixing”. Generally, how-
ever, mixing of t,, and e, orbitals has been considered irrelevant in
most cases’®. Here, on the contrary, we provide unambiguous evi-
dence that Jahn-Teller instabilities promote spin-orbital entangle-
ment in Mn*" which is detected using optical wavelengths, offering
further ways to explore the coupling of orbital, lattice and spins in
3d correlated systems.
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Fig. 1| Spin-orbital entanglement in Mn** driven by the Jahn-Teller effect.

a Occupation schemes of the 3d-derived orbitals of the relevant electronic states in
the O, and the Jahn-Teller elongated D,;, symmetry. b From left to right: high-spin
*E4(Op) and low-spin *T 4 (0,) states split by the Jahn-Teller effect (A, A%r), which
lowers the symmetry to D,,. We further indicate decomposition according to D4y
double group to relativistic states (denoted by D)) and their splitting due to intra-

term spin-orbit coupling (green dashed box in (b)). Finally, we indicate further
splittings of the relativistic states due to inter-term spin-orbit coupling between the
high-spin *4,,(Dy,) and the low-spin *E,(D,,) terms (green-dashed SOC line in (a)).
In the latter, the label m; indicates the effective total angular momentum (adding
spatial and spin angular momenta) along the C, axis of the D, structure.

Results and discussion

Origin of the t,; - e, spin-orbit entanglement

To understand the underpinnings of the ¢,,-e, spin-orbital mixing, we
consider the electronic configuration of a Mn*" ion in the MnOg cage of
the perovskite cell, which is unstable towards Jahn-Teller distortions.
The states of Mn** in O, symmetry split into high-spin £, (0,,) and low-
spin °Ty,(0y) states (Fig. 1a)”. The degeneracy of these sates is
spontaneously broken by £, x e, Jahn-Teller interactions*>***', which,
in the case of tetragonal modes, lower the symmetry to D,,, (Fig. 1b).
We consider tetragonal elongated distortions, which are the most
stable in a large number of compounds® including manganites® . As
aresult of the Jahn-Teller effect and its lower symmetry, the energy gap
between the high-spin *4,;(Dy,) and low-spin *E,(D,,) states is
reduced, enhancing the spin-orbit mixing through the intra-site inter-
term spin-orbit coupling, see Fig. 1a. Therefore, spin-orbital mixing of
t,, and e, states, which is often ignored*®, becomes prominent (though
arecent work discusses t2g-eg mixing restricted to 4d/5d ions®) Fig. 1b
also includes the double point-group representations (suitable to
analyze symmetries of spin-1/2 particles under spin-orbit coupling) of
both the high-spin and low-spin terms in D,;, point-group symmetry.
From this decomposition, we see that spin-orbit coupling entangles
[Byg * By, double-group representations of the *A,(D,y,) and *E4(D,)
terms, as well £, double-group pairs and A, double-group pairs of
each of the two terms.

This intra-site spin-orbital entanglement is detected through
optical spectroscopy as follows. Consider the La,;Ca;;3sMnO; com-
pound, where correlated Jahn-Teller polarons—exhibiting short-range
cooperative orbital correlations—emerge around the Curie

temperature (T ~ 260K)*. Near the ferromagnetic transition we
assume that Jahn-Teller Mn** ions are surrounded by Mn** sites. The
interaction with light induces inter-site hopping between neighboring
Mn*'/Mn** sites through second-order virtual processes across the O
atoms between the metal centers (Fig. 2a). We focus on the visible
spectrum and disregard contributions from charge transfer or intra-
site photoexcitations, whose resonances lie at higher frequencies®.
The amplitudes awé"""w” for the transfer induced by light between ¢, ;
and ¢, ; orbitals located at neighboring sites (i,j) are expressed as (see
our ref. 29).

a?mi¥ii = (tpd)z > Pl <p‘l{m,:)* 0))
w

qe Acr gew \" qew

Here m,k designate the spin-orbitals that participate in the
transfer and the lattice positions fulfill (¥; — F; )||€,. In addition, (-- y
denotes complex conjugation, ¢,4 is the p —'d hopping amplitude,
Acr=4eV* is the charge transfer energy between p and d orbitals, and
the electromagnetic matrix elements Pf:;/Pfg‘w involve two-center
integrals:

i (F 1 - o N\
Pjé:zzo = (;/ Y, OV, (riaeq>dr> € )

We use these hopping amplitudes to calculate the optical
response (“Methods”). In Egs. (1) and (2) €, indicates the hopping

Nature Communications | (2024)15:8694


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52848-8

240
(=}
—

215

18T

(o))
15%

1.85 2.10 2.35 2.60 2.85 3.10
Energy (eV)

- €K

— M(T)

(=)
o

Ut

[110]
wg ~ 2.7eV

Magneto-optical signal
RS

—_

0,
230 240 250 260 270 280 290 300
Temperature (K)

1073
g

- €K

— M(T)

Magneto-optical signal

o
wg ~ 2.7eV
0,

195 210 225 240 255 270 285 300
Temperature (K)

direction in the lattice, € (generally complex) describes the polar-
ization of light, a is the distance between Mn and O, and ¢, are
oxygen orbitals. The key point is that the intra-site spin-
orbital entanglement of e, and t,, states (namely, between high-
spin 5A1g(D4,,) and low-spin 3Eg(D,;,,) states) drives a unique gyro-
tropic response, i.e., a differential response to light of
opposite helicity, which induces inter-site transitions that break
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time reversal symmetry. Such transitions involve double group
representations for initial and final states in which the total angular
momentum changes by one unit, i.e., 4m;=+1 (see Fig. 1b). In
consequence, spin-orbit entanglement is expected to be
detected using circularly polarized light in a certain spectral region
that, as it turns out, happens at optical frequencies in the case of
L32/3C31/3Mn03.
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Fig. 2 | Optical detection of spin-orbital entanglement driven by the Jahn-Teller
effect (gyrotropic response). a In the presence of light, an electron in Mn*  hops to
neighboring sites (Mn*') across oxygen p-orbitals (not shown). This transfer is
described by hopping amplitudes ag}é”"w” between orbitals ¢, ; and ¢ ; located at
adjacent site i, j (Eq. (1)). The gyrotropic response (O — ©) is due to the different
amplitudes for left- and right- circularly polarized light (€ € {0, 0}) that arise from
inter-site transitions between high-spin A, (D,;,) and low-spin’£, (D) states
involving changes of angular momentum Am; = + 1. b Calculated nongyrotropic
(O + 0, Eq. (5b)) and gyrotropic (O — O, Eq. (5¢)) spectral densities. ¢, d Maps of
the experimental nongyrotropic (6 ,,,) and gyrotropic (6 ;) responses, respec-
tively, as a function of wavelength and temperature, obtained from transverse Kerr
spectroscopy. The two resonances observed in (c) (dotted circles) are mostly
contributed by nongyrotropic *By, (D) — *Ag (Dsy,) and gyrotropic *Ayg (Dyp)—
*E,(Dyy) transitions, respectively (features associated with these two resonances

are indicated by vertical arrows in the calculated spectra shown in (b)). e through
(h) display the temperature dependence of the magneto-optical Kerr ellipticity
(ex(T)) (blue solid circles) measured in (110)-oriented films. Red solid lines (M(T)) in
(e) through (g) are extracted (and rescaled) from fittings to SQUID measurements.
The anomalous gyrotropic peaks observed in the €,(T) curves in (e) though (g)
arise from the optical detection of spin-orbit entanglement driven by the Jahn-
Teller effect at resonance frequencies w, ~ 2.7 eV (A, (Dyy) = *E4 (Dyp) transition).
Such anomalous peak disappears when the Kerr response is measured away from
Wg,as shown for the €, (T) curve displayed in (h) measured at Wpg ~19eV.1t is also
absent in polar Kerr spectra measured at any frequency in (001) oriented films
(inset of h). The undetected spin-orbital mixing in (001) samples is due to their
particular texture of Jahn-Teller distortions and its orientation with respect to the
propagation of light (see Figs. 3 and 4).

Our calculations reveal that the optical response is dominated
by two contributions (shown schematically in Fig. 2a) coming,
respectively, from inter-site transitions between high-spin SBlg (D4p)
and *A,; (Dy;,) states and between high-spin 4,, (D,;,) and low-spin
’E,(Dyy) states. Vertical arrows in Fig. 2b indicate the two most
prominent features associated with these two transitions, which
appear in the visible range. Crucially, the calculations show that a
difference in the optical response to left- and right-circularly
polarized light—which corresponds to the gyrotropic response
represented by the red-dashed curve in Fig. 2b—only arises in the
high-energy region of the visible spectrum (ca. 2.4-2.8 eV), corre-
sponding to the inter-site transitions between high-spin °A,;(D,;)
and low-spin ’E, (D,y) states discussed above. We, therefore, pre-
dict the optical detection of spin-orbit entanglement in the vicinity
of blue wavelengths. As described in Supplementary Note S1f, the
calculation of the spectral densities shown in Fig. 2b allows to
estimate the energy gap 4’ ~ 0.47 — 0.68 eV between high-spin
*A1g(Dyy) and low-spin *E,(D,,) states, which is in reasonable
agreement with the gap inferred from X-ray absorption
experiments”. We also note that once the system interacts with
light, intersite hopping induced by the electromagnetic field may
reduce further the gap 4’ between high-spin and low-spin states and
enhance the effects of spin-orbit mixing®.

Optical detection of the t,; - e, spin-orbit entanglement

To verify experimentally the aforementioned predictions of optical
detection of spin-orbit entanglement, we used magneto-optical
Kerr spectroscopy. For reasons that will be understood below, we
focus the discussion on La,;3Ca;;3MnO; films grown on (110)-
oriented SrTiO; substrates. We first discuss transverse Kerr spectra
6y, which, following the protocols outlined in refs. 39-41, we
decomposed into gyrotropic 6, and nongyrotropic 6y ,, terms
(the latter are insensitive to changes of the circularly polarized state
of light). The mapping of 6y ,, as a function of temperature and
frequency (Fig. 2¢c) reveals the two predicted resonances located at
w,e ~1.9 eV and w, ~ 2.7 eV, respectively, and are detected in a
range of temperatures around T ~ 260K where correlated Jahn-
Teller polarons emerge. In contrast, the gyrotropic response 6y , is
only observed around w, ~ 2.7 eV (Fig. 2d), confirming our pre-
dictions of optical detection of spin-orbit entanglement in the blue
region of the visible spectrum associated with the high- to low- spin
*A1g(Dyp)— ’E4(Dyy) transition. Note that the °Bi(Dyy)— *A1g(Dyp)
transition, mostly contributing to the resonance at w,, ~1.9 eV,
does not involve changes in angular momentum, hence the absence
of gyrotropic signal at that frequency (although higher-order con-
tributions may give a gyrotropic response, but they are too weak to
be detected”). Note that the data in Fig. 2¢, d, shows that the
resonances appear only in a narrow range of temperatures around
the Curie temperature (-250-270 K), where correlated Jahn-Teller

polarons emerge. Outside this region, none of the two aforemen-
tioned resonances are detected. This observation demonstrates the
existence of spin-orbit entanglement driven by the Jahn-Teller
effect.

We also detected the Jahn-Teller-driven spin-orbital mixing by
polar Kerr spectroscopy through the temperature dependence of
the Kerr ellipticity €,(T) measured at frequency @, ~ 2.7 eV. Polar
Kerr spectroscopy is convenient because the signal is generally
larger than in transverse configuration*’. The €,(T) curves shown in
Fig. 2e-g display an anomalous peak above the background around
the Curie temperature (7. ~ 255 — 260 K), which is the optical fin-
gerprint of spin-orbit entanglement. These anomalous peaks dis-
appear when the Kerr response is measured at frequencies away
from the A, (Dyy,) —*Eg(Dyy) resonance (w, ~1.9 eV in Fig. 2h),
confirming their correlation with ¢,, — e, entanglement. Note that
the background signal, as discussed previously*, corresponds to
the conventional magneto-optical response of La,;Ca;;zsMnO;,
which is proportional to the magnetization. Importantly, we see that
the breadth and height of the anomalous €, (T) curve may vary
among the measured (110)-oriented films (Fig. 2e-h) but, remark-
ably, is absent in all polar Kerr spectra of films grown on (001)-
oriented SrTiO3 substrates (inset of Fig. 2h). This observation is
related to the symmetry of the spin-orbit entanglement, which
reveals the relevance of the geometrical configuration for its optical
detection. In particular, the inter-term spin-orbit coupling between
*A1g(Dyy) and *Eg(D,,) states connects spin-up x’-)’ orbitals of
%A14(Dyy) with spin-down xz orbitals of *E,(D,;,) (see green-dashed
line in Fig. 1a). In consequence, the optical detection of this entan-
glement requires light polarized in the x-y plane. In other words, the
propagation of light must have a component along the axis of the
Jahn-Teller distortion, i.e., the C, principal axis of the distorted Dy,
structure. This explains the variability in the amplitude of the
anomalous optical response, which results from the details of the
structural domain distribution and the subsequent distribution of
Jahn-Teller elongations with respect to the propagation of light.
This observation, as discussed in the following, is an additional
evidence of the optical detection of spin-orbit entanglement.

Theoretical model
To investigate these issues, we use linear response theory. The real part
of the conductivity tensor is expressed as*’,

meoaﬂ(X,x/’w) O(/ WW [GR

—00

(?x) (3”) [¢*@) - (@) de
a\

<~ <~
where we define V)x = 7[% - a%] with the derivative % acting on the
left, f¢) is the Fermi-Dirac distribution, and G*4(w) are the retarded/

(W+e)— GA(w+s)]

€)

Nature Communications | (2024)15:8694


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52848-8

30
04 a 110
_ [110] bs
|
L 0.2 bo
= 0 15
= >
3 —02 8 10
—04 o
1.6 18 2 22 24 26 28 3 32 U
Energy (eV)
30
04 ¢ 110
— [110] 25
|
Lo02 20
= 0 15
= 'V Y% :
5 02 10
—04 o
1618 2 22 24 26 28 3 32 U
Energy (eV)
30
04 e [001]
. 25
| -
= 0.2 20
= A - L
i\. 0 N~ ld%
5
3 02 10
—04 o
16 18 2 22 24 26 28 3 32 U

Energy (eV)

Fig. 3 | Orientational Jahn-Teller dependence of the optical detection of spin-
orbit entanglement. The gyrotropic spectral function ¢(w),, =1/2 (c(a))O - c(w)")
(defined in eq. (5)) is calculated for three relative orientations between the pro-
pagation of light and Jahn-Teller elongations (yellow-colored octahedra). Config-
urations (a, b) and (c, d) correspond to polar Kerr spectra in (110)-oriented films,
whereas configuration (e, f) is applicable to spectra in (001) films. The calculations
(left panels) are plotted for different angles 6 <30° (colored bars) between spins
and Jahn-Teller distortions (see inset of (a) where 6 is defined between the Jahn-
Teller elongation -black double arrow- and the spin -green arrow with ring-).
Cooperative effects are taken into account as follows (see sketches on the right).

b When the initial distortion is at 45° with respect to light, the electron is trans-
ferred to a neighboring site, where the elongation may be either at 45° or at 90°
with respect to light. d If the initial elongation is at 90°, the electron transfers to a
neighboring site with the elongation at 45°. f Finally, when the initial elongations
are at 90° with respect to light, the elongations at the transferred site are also at
90°. In this last configuration, the gyrotropic spectral function ¢(w),, is much
smaller (and vanishes when 8= 0°, see (e)). This explains why spin-orbit entangle-
ment is not detected in (001)-oriented films (inset of (h) in Fig. 2). The reason is that
in (001) films, Jahn-Teller elongations along the propagation of light are absent, see
(f) which follows from the structural analysis shown in Fig. 4.

advanced Green functions obtained from the diagonalization of the
Hamiltonian

H=Ho+Hyr +Hso + He s ® *)

In Eq. (4) we include crystal field and exchange interactions in H,,,
while H,; takes into account interactions with Jahn-Teller modes, Hs,

. . . . = D, P, .
is the spin-orbit coupling and H5=3© = Qe i @, ) (P, | describes the

interaction of electrons with the electromagnetic field with hopping
amplitudes afé"""p” calculated for left- (¢9) and right- () circularly

polarized light (see Eq. (1)). We use a configuration-interaction method
to solve the Hamiltonian, with wavefunctions grouped by irreducible
representations (Methods). The spectral functions for left/right cir-
cularly polarized light are calculated as*

‘<¢581g|lpm><(pk|w531g>‘2
(w - ka)Z +’22

1
(@20 = - 3[¢Fw) - W) =1z

(5a)

§(@)yg =1/2(6(@)° +¢(@)°) (Sb)

§(W)gy =1/2(¢(w)° — ¢(@)®) (5¢)

Here |¢sg ) is the initial many-electron wavefunction corre-
sponding to the *By, (D4y,) ground state, Z is the partition function, 17 is
the reciprocal lifsssetime of the photoexcited states and
Q= |0y — w,,| is the absolute value of the difference between
eigenfrequencies. We note that before interaction with light, °A,; (D)
states are depopulated since °By, (D) is the ground state (see Eq. 5a).
However, optical detection of spin-orbit entanglement requires that
*A14(Dyy) states become populated. Such mechanism is provided by
the photoexcitation resonance between °B;, (Dy,) and °Ay, (D) states
discussed above, enabling the optical detection of the spin-orbit
entanglement (see also the Supplementary Information).

Equation (5¢) allows us to use the spectral function ¢(w),, as a
means to evaluate the intensity of the gyrotropic response. For that
purpose, we computed ¢(w),, for different orientations of Jahn-Teller
distortions with respect to the propagation of light. In the calculations
(shown in Fig. 3a, c, e) we take into account Jahn-Teller cooperative
effects (described schematically in Fig. 3b, d, f). Spins are quantized
along the Jahn-Teller elongation, which is the C, principal axis of the
tetragonally distorted D,,, structure. This is because the spatial angular
momenta of the *E,(D,) term (m; = +1) are quantized along the C,
axis, which determines the spin quantization through spin-orbit
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coupling within the 3Eg(D4h) term. In turn, this spin quantization is
inherited by the °A;,(D,,) term through its spin-orbit coupling to
*E ,(D4p,). This argument is consistent with neutron scattering results,
which show that spins orient mostly along the Jahn-Teller elongation**.
To allow for small deviations from full alignment observed in these
experiments, we also include in Fig. 3a, ¢, e the dependence of ¢(w),,
on the angle 6 between the spin orientation and Jahn-Teller distortions
for angles |6 <30°]. In any case, the main conclusion is that ¢(w)y, is
highly anisotropic, and confirms the expected strong dependence on
the relative orientation between light propagation and Jahn-Teller
elongations (Fig. 3a, c). In agreement with symmetry arguments, the
anomalous gyrotropic signal becomes much smaller when Jahn-Teller
elongations are oriented perpendicular to the propagation of light
(and it indeed vanishes when spins fully align along the distortions, see
Fig. 3e). As discussed in the following, this explains why spin-orbit
mixing is not detected by polar Kerr spectroscopy in (001)-orien-
ted films.

Structural domains and their relation to the optical detection of
spin-orbit entanglement

The reason is that Jahn-Teller elongations in manganites mainly form
in the plane perpendicular to the c axis of the orthorhombic cell**
(for Lay/3Ca;3MnO;. the space group is Pbnm), where ¢ ~ 2a, and
a~b~+2a, and a, is pseudocubic lattice parameter (Fig. 4a).
Therefore, the c-domain structure of the films determines the rela-
tive orientation between the propagation of light and the direction of
Jahn-Teller distortions in polar Kerr experiments (Fig. 4d, g). To find
the domain texture we used high-angle annular dark field (HAADF)
imaging in scanning transmission electron microscopy (STEM) to
obtain Z contrast images. The c-axis orientation of the Pbnm lattice
was found from the characteristic half-order reflections appearing in
the fast Fourier transform, stemming from anti-polar displacements
of La sites running perpendicular to the c-axis (Fig. 4b). The analysis
shows that (110)-oriented films display three domains with the c-axis
along the pseudocubic [001], [110], [110] directions (Fig. 4c). Hence,
for (110)-oriented samples Jahn-Teller distortions have a component
along the propagation of light (Fig. 4d), which enables the optical
detection of spin-orbit mixing (Fig. 4e, see also Fig. 3a, c). In contrast,
(001)-oriented films exhibit a single domain epitaxy, with the c-axis
oriented along [001] (Fig. 4f). In this case, Jahn-Teller distortions are
in the plane of the film and subtend an angle of 90° with respect to
the propagation of light (Fig. 4g). This explains why spin-orbit
entanglement is not detected in (001)-oriented films (Fig. 4h and
Fig. 3e). Spin-orbit mixing is there, but it cannot be detected in this
optical configuration. Finally, we mapped the spatial distributions of
c-axis domains in (110)-oriented films (Fig. 4i, j). Variations in the
amplitude of the spin-orbit-entangled signal (Fig. 2e-h) may be
attributed to different relative weights of the three domains
observed in 4D-STEM diffraction maps (Fig. 4i and Supplementary
Information). Therefore, the correlation between structural c-axis
domains and gyrotropic response is an additional confirmation of
the optical detection of spin-orbit entanglement.

In summary, we demonstrate that the Jahn-Teller effect drives
spin-orbital entanglement in Mn*, which is detected using optical
spectroscopies. This observation relies on the condition that the
energy gap A’ between high-spin *A,, (D,,) and low-spin *E4(D,;)
states fulfills A" ~ 3/4Af;, where Af; is the Jahn-Teller gap in eg states
(see Fig. 1 and Supplementary Information for a discussion of this
point). As noted in ref. 26 this condition applies to d® metals too (e.g.,
Cr,03). Late-transition metals with d" configurations (n>4) have
significantly larger exchange splittings and, therefore, the spin-
orbital mixing is expected to be weaker. Thus, Cr or Mn-compounds
(either & or @ configurations) offer an ideal platform to investigate
t,g — €, spin-orbital mixing in 3d systems. Interestingly, we have
shown that (PryLa;—),/3Ca;;3sMn0O3 films—known to have stronger

electron-lattice coupling—display optical signatures of Jahn-Teller
polarons*. Therefore, the strength of the electron-lattice coupling
can represent an additional parameter to control the intensity of
spin-orbital mixing. Similar to spin-orbital exchange models', a
theoretical analysis of quantum entanglement could be done in these
materials as a function of the spin-orbital gap and coupling to
the lattice. Before ending, we note that, in contrast to the conven-
tional view considered in this work, some works assume oxygen
-rather than Mn—localization for the doped holes, and propose that
transitions between high-spin (tggei,)sfggm and (t%geé)s Tygty, states
may also contribute to the magneto-optic signal near the Curie
temperature**°, The model presented here may be further devel-
oped to consider this possibility.

Our observation opens interesting perspectives for the study of
strongly correlated systems, where orbital, lattice, and spin degrees of
freedom are entangled. This includes the use of electromagnetic fields
to study the coherence of E ® e or T ® e Jahn-Teller vibronic states'?,
reminiscent of the orbital waves that have been investigated in man-
ganites or titanates (see, e.g., ref. 47). In the case analyzed here,
selective photoexcitation of orbital symmetries is possible by tuning
the frequency of light. In the case of Mn**, orbital selectivity is possible
by tuning the wavelength of the photoexcitation, since photons with
ho ~ 2 eV resonate with high-spin to high-spin °B;, (Dy;) — A (D4p)
transitions, while photons with 7w ~ 2.7 eV resonate with high-spin to
low-spin *A,; (Dyp,) = *E4(Dyy) transitions. Since the end states of each
resonance have different orbital symmetries, this enables the study of
orbital-selective dynamics of orbital-lattice as well of orbital-lattice-
spin coupling. The last observation relies on the crucial point that
orbital and lattice modes are entangled by the Jahn-Teller effect, while
spins and orbitals are mixed by spin-orbit coupling. This paves the way
to analyze the dynamical coupling of different degrees of freedomin a
large family of materials, including manganites and their extremely
rich phase diagram (charge/orbital order, complex magnetic phases,
metal-insulator transitions). That may complement other spectro-
scopic techniques used in correlated systems which are orbital-selec-
tive, e.g., resonant inelastic X-ray scattering'’. Note also that orbital
polarization is not restricted to the Jahn-Teller effect. Indeed, other
effects (e.g., crystal field) may also contribute to orbital polarization in
3d states (as in nickelates with Ni"* ions*® that could allow selective
photoexcitation to study dynamical coupling of orbital, lattice and
spin modes).

Methods

Theory

To study the dynamics of d-electron states subject to Jahn-Teller and
spin-orbit interactions under electromagnetic fields, we solved the
following Hamiltonian,

H=Ho+Hyr+Hso+H"5° (6)

where H, includes crystal field and exchange interactions, H,; takes
into account interactions with Jahn-Teller modes, H, is the spin-orbit
coupling and H5=$"© describes the interaction of electrons with the
electromagnetic field (see Eq. (4)). In ref. 29, we fully describe this
Hamiltonian and its solution using exact diagonalization. The
eigenbasis for H, used to build the retarded and advanced Green
functions in Eq. (3) and (5), is constructed using a configuration
interaction method, by forming linear combinations of Slater
determinants of monoelectronic orbitals ¢,, € (xy),yz),lxz)) and
ez € (x> =), I2%) that comply with the Pauli exclusion principle and
the point-group symmetries in orbital and spin spaces. This multi-
determinant approach to build the manybody wavefunctions is
appropriate for finite-size systems like the Jahn-Teller clusters
considered here, and takes into account all possible virtual excitations
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in the d-manifold, allowing to introduce electron correlations
beyond an independent-electron approach®**°. This way, by building
the many-electron wavefunctions as irreducible representations of
pertinent point-group symmetries, we use Tanabe-Sugano diagrams
where electron correlations are taken into account to compute
the energies for every irreducible representation®. We express the
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eigenfunctions of the Hamiltonian  in terms of D,, point group
irreducible representations Ay, (Dyp), °Aig(Dap),’Big(Dsp) and
double-group representations of the low-spin 3’Eg (Dyy,) state
[Big +Bygl, Eg, [A)g + Ay,), Where the states in [--] are degenerate”.
Therefore, taking into account the spin multiplicity, the eigenbasis of
the Hamiltonian # is 19-dimensional.
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Fig. 4 | Role of the structural domains in the optical detection of spin-orbit
entanglement. a Structure of the orthorhombic cell of the La,;;Ca;sMnO; per-
ovskite (Pp.m, group space). Jahn-Teller distortions occur in the equatorial a-b
plane, normal to the orthorhombic c-axis (Glazer pattern a-b™ c*). b Z-contrast
image of a (001)-oriented film viewed along the [110] zone axis, which allows
identifying the orientation of the c-axis. The scale bar is 5 A. c, f Show low-
magnification Z-contrast images viewed along the [110] zone axis of (110) and (001)-
oriented films, respectively. Fourier transform (FT) patterns (insets) identify
domains with different c-axis orientations. d, g Depiction of the propagation of
light (in polar Kerr spectroscopy) with respect to the orientation of Jahn-Teller
distortions inferred from c-axis maps. For (110) films, some Jahn-Teller distortions
(red arrows) have a component along the propagation of light (d) and, therefore,

exhibit an anomalous gyrotropic signal due to spin-orbit mixing (e). In contrast,
(001) films have single domain epitaxy with the c-axis normal to the surface, which
constraints Jahn-Teller distortions to the plane, perpendicular to the propagation
of light (g). In this case, the anomalous response is absent (h). i Stitched HAADF
images and processed 4D-STEM maps of a (110)-oriented film. Green-dashed rec-
tangle indicates the region of the final orientation map (2.2 um x 50 nm). Red cor-
responds to diffraction patterns in [001] zone axis, green in [110] and blue in [110].
jOnthe left, three representative diffraction patterns used for the c-axis orientation
mapping. The sum of these patterns is shown at the rightmost panel. White-colored
diffraction peaks appear at the same location for all the three zone axes; those that
do not coincide appear as mono-color reflections (red, green, or blue), which are
used to obtain the orientation maps.

For reference, we give the explicit expression of the many-
electron wavefunction for the |55 ) ground state with spin quantum
number M =2, using the notation (l‘feﬁned in ref. 36.

PPBigv2)= — |{ntu @)

The other components of M are obtained by consecutive opera-
tions of spin lowering operator and normalization, see Appendix A of
ref. 29. In these expressions, we work in a product basis between
orbital and spin momenta. The wavefunctions described by Eq. (7)—for
general component M—are defined by kets like [*'GI' (y)M), where S
(=2 in this case) is the spin quantum number, I is the irreducible
representation in orbital space of group G (B,,(D,)), expressed in the
basis y (v in Eq. (7)) and M is referred to the magnetic quantum
number, M= -S§,...,S. The determinants |- - -| are expressed as @y spin-
orbital functions, where the orbital angular momentum part is
described by ¢ =,n,7,u,v and x =a, is the spinor part. The determi-
nants are expressed using spin orbitals. The overhead bar is used to
differentiate spin-down from spin-up orbitals. Accordingly, the nota-
tion inside the Slater determinants is written as @a — @ and @ — @
and M = —M for the M quantum number. The orbital part is expressed
as linear combinations of spherical harmonics Y}:

u=Y9~ % (322 -r?) (8a)

(8b)

(= ﬁ [Y2+1+ Y ] ~ ¢3yz (8c)
n= —% [Y{l - Yz‘l] ~ /3xz (8d)
T=— ﬁ [y 2—2] ~ /3XY (8e)

For the rest of irreducible representations, we follow the same
method, which is outlined in ref. 36. In the Supplementary Informa-
tion, we describe the linear combinations of Slater determinants
involving low-spin Eg (D4p) states.

The gyrotropic spectral function defined by equation (5a) involves
retarded and advanced Green functions derived from the following
expressions

‘l’s,;1 %) <‘/)k{‘l’551 >|
((‘) ka)+"1

©

G = 1/22

‘I’sglg |¥m) <‘Pk‘¢58 >}

10
(w— Qk,,,)—m a0

G'= 1/22

where Z is the partition function, |¢s, ) is the many-electron
g

wavefunction corresponding to the °By,(D,,) ground state in D,
point symmetry (Fig. 1), and [¢,,,), [¢x) are wavefunctions of virtual
states of the different irreducible representations that contribute to
the Green functions, n being the reciprocal lifetime of these
photoexcited states and (, =|w; — w,,| the absolute value of the
difference between corresponding eigenfrequencies. The eigenfunc-
tions |,), I«) used in equations (9) and (10) are obtained by exact
diagonalization of the full Hamiltonian # (Eq. (6)) in a 2 x 2 x 2 cluster
of Mn ions with periodical boundary conditions, with a single Mn*" ion
in the cluster while the rest are all Mn*%,

The matrix elements of the spin-orbit coupling term Hg, in the
Hamiltonian of Eq. (6) are computed in D,;, point symmetry using the
operator equivalent method described in ref. 36. Extensive details of
this procedure are given in ref. 29.

The term H5=2© of the Hamiltonian gives account of the inter-
action of electrons with the electromagnetic field. In the model, we
assume that inter-site photoexcitations consist of electrons jumping to
neighboring lattice sites after interacting with light, with a photo-
induced transfer described by hopping amplitudes af’"' */ defined by
Eq. (1). The photoinduced transfer is dominated by hopping through
p orbitals of oxygen, which requires defining many-electronic wave-
functions for the two neighboring d ions and the oxygen ligands. We
use the formalism of two-center Slater-Koster integrals to derive ana-
lytic expressions for the light-induced hopping amplitudes between
lattice sites (the details are given in ref. 29). In general, the resulting
amplitudes will depend on the circularly polarized state of light, which
is defined by the polarization vector € € {(),0}. Hopping amplitudes
that take complex values arise when time-reversal invariance is broken,
resulting in an electromagnetic response that depends of the circularly
polarized state of light, giving rise to a gyrotropic response. The model
also includes Jahn-Teller cooperative effects that restrict the possible
deformations of the neighboring sites where the electron is
transferred®.

The numerical calculations displayed in Figs. 2b and 3a, c, e were
carried out by setting the vibronic constants to F=450meV,
F =130 meV and G =20 meV (see Supplementary Note S1d). These
values are in agreement with the Jahn- Teller splitting observed for e,
and ¢,, electrons in 3d elements™. On the other hand, the charge
transfer gap was set to Acy =4 eV%, the reciprocal lifetime parameter
n=180 meV and the p - d hopping integral was set to ¢,,=1.2eV. The
values of the Slater-Koster coefficients were (sdo)=1, (ddo)=0.82,
(ddm)=0.29 and (dd6)=0.07. The spin-orbit coupling was set to
&50=20 meV. The crystal field parameters were chosen to work in a
region of the Tanabe-Sugano diagram appropriate for manganese ions
with d* configuration, for which the crystal field is 10D, ~ 2 eV and the
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Racah parameter is B ~ 0.11 — 0.13 eV. For a detailed definition of all
these parameters we refer to ref. 29.

Thin film growth

Some La,;3Ca;;sMn0O; thin films were grown by radio frequency (RF)
sputtering on (110)- and (001)-oriented SrTiO5 substrates. During the
deposition, substrates were held at 800 °C and pressure 330 mTorr,
with an O,/Ar pressure ratio of 1/4. After growth, samples were in-situ
annealed at 800°C for 1h in an O, atmosphere at 350 Torr. The
thickness ranged between ¢ ~ 17 and 93 nm. Other La,/3Ca;;sMnOs3 thin
films were grown by pulsed laser deposition using a KrF excimer laser.
The temperature during the deposition was varied between 725 °C and
825 °C while the oxygen pressure was set to 0.3 mbar. Data in Figs. 2c,
d, e and 4f, h correspond to samples grown by RF sputtering, while
data in Figs. 2f, g, h and 4c, e correspond to samples grown by pulsed
laser deposition. The thickness was varied by changing the number of
laser pulses during the deposition, while the growth rate was deter-
mined using X-ray reflectometry. In the Supplementary Information we
indicate further details on thin films growth and we discuss the optimal
growth parameters to detect optically the spin-orbital entanglement
driven by the Jahn-Teller effect.

Scanning electron microscopy

The local microstructure was analyzed by means of STEM on two
probe-corrected microscopes, a FEI Titan 60-300 microscope and a
ThermoFisher Spectra 300 both operated at 300 kV. Atomically
resolved images with Z contrast were acquired by HAADF. The
experiments were performed in the Laboratorio de Microscopias
Avanzadas of Universidad de Zaragoza and in ALBA synchrotron. 4D-
STEM diffraction maps were acquired across 100-nm and 50-nm thick
layers of the prepared FIB lamellas in order to map the different
crystalline orientations of the (110)-oriented La,;3Ca;;3MnO5 thin films.
These maps were acquired by scanning the electron probe and storing
a diffraction pattern in each pixel. A JEOL F200 TEM ColdFEG operated
at 200 kV in STEM mode was used. Probe size 6 and a 10-um condenser
aperture were selected to produce an electron probe of 1 mrad of
convergence angle following the alignment method*°. The 4D-STEM
maps were acquired through the synchronization of the DigiScan 3
external scanning unit with the Gatan OneView camera via the STEMx
system provided by Gatan Inc. Gatan Digital Micrograph program was
used for hardware control and data processing of the 4D-STEM maps.
Self-made Digital Micrograph and Matlab scripts were used to correct
small pattern shifts produced when scanning the beam along large
distances. The simulated diffraction patterns shown in Supplementary
Information (obtained from the program ReciPro)> correspond to the
indexation of the experimental patterns, thus the zone axes are [001]
(in-plane c-axis), [110] and [110].

X-ray reciprocal maps

X-ray reciprocal maps (discussed in Supplementary Information) were
measured in a Bruker D8-Discover diffraction instrument. The maps
were obtained by performing decoupled @ — 26 scans at fixed ¢ and x,
corresponding, respectively, to the angle defining the rotation around
an axis normal to the sample plane and the angle of the tilt obtained by
rotating around a horizontal axis within the goniometer plane and
contained within the plane of incidence. The @ — 26 scans were done
around particular asymmetric reflections, depending on the crystal
orientation of the films. For (001)-oriented films, reciprocal space
maps were collected around (103) and (130) reflections, which allowed
to determine the in-plane components along pseudocubic [100] and
[010] directions, while for (110)-oriented samples the maps were col-
lected around (130) and (222) reflections, from which the two inequi-
valent in-plane orthogonal directions were measured, corresponding
to [001] and [110] in-plane orientations. The positions of reciprocal
wavevectors Q, (in-plane) and Q, (out-of-plane) in the maps were

determined by locating the corresponding peak maxima for both the
SrTiO; substrates and the La,;Ca;sMnOs films. The shift between
experimental and theoretical values were corrected. After obtaining
the reciprocal vector moduli we calculated the cell parameters along
the pseudocubic directions, from which the strain state of the films was
measured.

Magneto-optical spectroscopy

The samples were measured in an optical transverse Kerr and polar
Kerr configurations using the null-ellipsometry method to extract the
magneto-optical responses®. In the experiments, a 150 W Xe arc lamp
was used as a light source, which was dispersed by a monochromator
and, after collimation, it was linearly polarized through a Glan-
Thompson prism. A photoelastic modulator (PEM) was used, so that
the phases of s and p-components of polarized light were modulated
periodically at frequency =50 kHz. After PEM, the light was reflected
from the samples (typical light beam diameter about =1 mm) and
directed toward a detector through a polarizing analyzer. Finally, the
signal collected from the detector is brought to a lock-in amplifier
synchronized to the frequency of the PEM retardation angle .

The transverse Kerr signal (6 = A,i), which is generally a complex
magnitude, is defined by the relative cflange with magnetic field of the
intensity /, of p-polarized light—i.e., light with its polarization con-
tained in the plane of incidence—upon reflection on a magnetic sur-
face. The different parity symmetries of 6, with respect to the applied
magnetic fields—even vs odd—were exploited to decompose the hys-
teretic 6, loops into gyrotropic magneto-optic 6k, and nongyrotropic
magnetorefractive 6 , terms, respectively’™*.

On the other hand, Kerr rotation (6) and ellipticity () were
obtained as a function of temperature in the range of wavelengths
~ 400 — 850 nm, with s- and p-polarized light incident at angles close
to the normal to the surface. In this optical arrangement, the ellipticity
and rotation are given by the expressions

-1 husg . 1w an
*4d,(po) 1o P 4dy(00) To
1l 1 by w©

& = £, =
* o 4d1(po) 1o P 4dh(90) To

where / ((po) are Bessel functions of the first kind, the PEM retardation
angle is set to ¢, ~ =137.8°, I, is the dc-component of the detected
light, and 1y, ;11 p.l20 5120 p are the first and second harmonics of the
detected light measured though the lock-in amplifier. The calibration
constant ¢ was determined experimentally.

Data availability
The data supporting this study have been deposited in Figshare
(https://doi.org/10.6084/m9.figshare.24906678).

Code availability

All codes to reproduce, examine, and improve our proposed analysis
are available at https://github.com/lexschz13/jtsocperovskite or from
the corresponding authors upon request.
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