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Symmetry breaking at the (111) interfaces of SrTiO3 hosting a two-dimensional electron system
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We used x-ray absorption spectroscopy to study the orbital symmetry and the energy band splitting of (111)
LaAlO3/SrTiO3 and LaAlO3/EuTiO3/SrTiO3 heterostructures, hosting a quasi-two-dimensional electron system
(q2DES), and of a Ti-terminated (111) SrTiO3 single crystal, also known to form a q2DES at its surface. We
demonstrate that the bulk tetragonal Ti-3d D4h crystal field is turned into a trigonal D3d crystal field in all cases.
The symmetry adapted a1g and eπ

g orbitals are nondegenerate in energy and their splitting, �, is positive at the
bare STO surface but negative in the heterostructures, where the a1g orbital is lowest in energy. These results
demonstrate that the interfacial symmetry breaking induced by epitaxial engineering of oxide interfaces has a
dramatic effect on their electronic properties, and it can be used to manipulate the ground state of the q2DES.
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I. INTRODUCTION

Transition metal oxides are renowned for the novel phys-
ical phenomena emerging at their surfaces and interfaces,
like the formation of a quasi-two-dimensional electron sys-
tem (q2DES) at the interface between (001) [1], (110),
and (111) [2] SrTiO3 (STO) single crystals and LaAlO3

(LAO) thin films. Some of the distinctive properties of
the (001) LAO/STO q2DES arise from the occurrence of
an orbital reconstruction, first demonstrated by x-ray lin-
ear dichroism (XLD) [3] and later on by angle resolved
photoemission spectroscopy (ARPES) [4–7]. In the (001)
LAO/STO, this orbital reconstruction causes a reverse or-
dering and splitting of the bulk conduction bands derived
from the nondegenerate t2g (3dxy , 3dxz, 3dyz) orbitals of Ti
3d states [Fig. 1(a)]. A similar orbital reconstruction was
observed also in other (001) titanate heterostructures, like
in the (001) LaAlO3/EuTiO3/SrTiO3 (LAO/ETO/STO) sys-
tem, which hosts a spin-polarized q2DES [8,9]. In the (110)
LAO/STO, instead, the q2DES does not show the reverse
ordering of the bands as it happens in the (001) case [10,11].
However, in both systems, the bulk tetragonal crystal field,
D4h, associated to the characteristic distorted octahedral oxy-
gen cages around Ti ions, is retained also at the interface.
Thus, the overall q2DES’s electronic properties can still be
described within a D4h framework.

The D4h symmetry is on the other hand naturally broken at
the (111) SrTiO3 surface, where the crystal field becomes trig-
onal owing to the D3d symmetry [Fig. 1(b)] associated to the
hexagonal surface lattice [12]. Within the D3d symmetry, the
t2g states are mixed, so that the three usual orbitals transform
into a1g and eπ

g states [Figs. 1(c) and 1(d)], which are further

split by the crystal field and/or by the spin-orbit coupling [13].
Consequently, the band structure of (111) oxide heterostruc-
tures is susceptible of being more significantly altered at their
interfaces with respect to the (001) and (110) cases.

As a matter of fact, interesting phenomena were theoret-
ically predicted in (111) oxides, like nontrivial topological
states and the possibility of quantum Hall effect up to room
temperature [14]. In particular, a massive symmetry breaking
was predicted in the case of (111) LAO/STO quantum wells,
with ordering of the (a1g , eπ

g ) derived bands depending on the
strain and on the confinement [12].

ARPES studies of the (111) STO surface state showed a
Fermi surface interpreted as originating from the projection on
the (111) plane of the confined and degenerate 3dxz, 3dyz, and
3dxy bands [15,16]. Since the surface unit cell of (111) STO
has an inherent trigonal symmetry, the derived surface states
have to be described as a combination of t2g orbitals, thus
in terms of a1g or eπ

g derived bands. One would then expect
a band structure very different from the bulk. Consequently,
it is natural to ask ourselves if the orbital and the electronic
symmetry of the Ti 3d states in (111) heterostructures and
at the (111) STO surface are perturbed by surface/interface
symmetry breaking, and how this would affect the global
properties of the q2DES formed thereby.

Here we have determined the orbital symmetry and split-
ting of the Ti-3d states in (111) STO, (111) LAO/STO, and
(111) LAO/ETO/STO titanate heterostructures. In particular,
by measuring, in total electron yield (TEY), the titanium L2,3-
edge and the oxygen K-edge x-ray absorption spectra (XAS)
and related x-ray linear dichroisms, we were able to probe the
electronic properties of the surface/interface unit cells where
the q2DES resides (TEY probing depth �3 nm). In all the
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FIG. 1. Energy diagram of the 3d Ti states in the case of (a)
tetragonal and (b) trigonal crystal fields. (c) t2g 3dxy , 3dxz, 3dyz

orbitals and (d) a1g and eπ
g orbitals viewed from the (111) surface

(shaded triangles). On the right is a schematic of the (111) LAO/STO
heterostructure.

(111) heterostructures we find that a D3d symmetry replaces
the tetragonal D4h symmetry of bulk SrTiO3. Moreover, the
a1g and eπ

g orbitals are nondegenerate, and their splitting
depends sensitively on the specific system analyzed, and it is
opposite in sign in the heterostructures compared to the bare
(111) STO surface.

II. EXPERIMENTAL RESULTS

The XAS measurements were performed at the ID32
beamline of the European Synchrotron Radiation Facility
(ESRF) [17] and at the X-treme beamline of the Swiss Light
Source (SLS) [18]. In both cases, the samples were mea-
sured in a variable temperature cryostat in ultrahigh vacuum.
Ti-terminated (111) STO single crystals were prepared by
buffered hydrofluoric acid chemical etching and oxygen an-
nealing, and were characterized by a 1 × 1 surface lattice
[Fig. 2(a)]. The LAO/STO and LAO/ETO/STO heterostruc-
tures were grown by pulsed laser deposition assisted by
reflection high energy electron diffraction [19,20] onto the
(111) STO single crystals mentioned above [Fig. 2(b)], using
a background oxygen pressure of 1 × 10−4 mbar and a laser
fluence of 1.5 J/cm2. In particular, we studied heterostruc-

FIG. 2. RHEED image along the [101̄] crystallographic direction
for (a) (111) STO and (b) (111) LAO/STO sample. (c) Sheet resis-
tance of the (111) LAO/STO (red) and (111) LAO/ETO/STO (black)
as a function of the temperature.

FIG. 3. Schematic of the XAS and XLD experimental configu-
ration. The x-rays propagation vector (red arrow) forms an angle θ

with the [111] surface normal. Blue lines indicate the direction of the
corresponding polarization vectors. The [101̄] crystalline direction
vector is parallel to the vertical polarization for any incidence angle.
On the surface plane we have superimposed the schematic arrange-
ment of the Ti (dark blue spheres) and oxygen (light gray spheres).

tures characterized by 10 unit cells (uc) of LAO in the case
of (111) LAO/STO, and by 3 uc of ETO plus 10 uc of
LAO sequentially deposited on STO in the case of (111)
LAO/ETO/STO [20]. In both types of samples, we observed a
metallic temperature dependence of the sheet resistance down
to 4.2 K, as shown in Fig. 2(c). The low temperature values
of the sheet resistances were comparable to standard (001)
LAO/STO and LAO/ETO/STO heterostructures deposited in
the same deposition conditions.

The samples were mounted on the XAS setups with the
(111) surface in the vertical laboratory plane, and the verti-
cal axis (V) parallel to the [101̄] crystallographic direction
determined by x-ray diffraction, i.e., parallel to one of the
three equivalent Ti-Ti bonds within the hexagonal surface
lattice (Fig. 3). The energy resolution at both beamlines
was around 100 meV. X-ray linear dichroism spectra were
obtained by averaging at least 16 XAS spectra for each of the
two linear horizontal (H) and vertical (V) polarizations. Linear
dichroism spectra were measured as a function of the angle θ

between the incident photons and the surface normal (Fig. 3).
While for the vertical polarization the x-ray electric field is
always parallel to the surface and to the [101̄] crystallographic
direction (Fig. 3), with horizontal polarization the electric
field vector is in the (111) surface plane and along the [12̄1]
direction for θ = 0◦ (normal incidence, NI), and almost par-
allel to the [111] lattice vector, i.e., along the surface normal,
for θ = 70◦ (grazing incidence, GI). The XAS and XLD data
were compared to theoretical spectra obtained by atomic mul-
tiplet scattering calculations using the CTM4XAS code [21].

In Fig. 4(a) we show a comparison between the Ti-L2,3

edge XAS measurements on the three systems. The XAS
spectra are all very similar, apart from a very slight increase
(less than 5%) of the half width at half maximum (HWHM)
Lorentzian broadenings of the main peaks in the case of the
LAO/STO and LAO/ETO/STO heterostructures as compared
to the (111) STO single crystal. The XAS data can be repro-
duced assuming a 3d0 atomic configuration (Ti4+) using the
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FIG. 4. Total electron yield XAS spectra of (111) STO (black
line), LAO/STO (red line), and LAO/ETO/STO (blue line) measured
at 5 K in grazing incidence conditions. The dark gray line (upper
curve in the figure) is an atomic multiplet calculation reproducing
the XAS spectra assuming a pure Ti4+ valence, a D3d crystal field,
and the parameters listed in Table I. Features A, B, C, and D indicate
the main absorption peaks at L3 (A, B) and L2 (C, D). All the curves
are stacked by a constant factor 0.4 for clarity. (b) IH -IV data in
the same conditions as function of the angle θ measured on a (111)
LAO/ETO/STO sample. The data are normalized to the IH + IV

maxima and stacked by a constant factor (0.04) for clarity. (c) XLD⊥
data, normalized to the XAS maxima at L3 edge of (001) LAO/STO
(green circles, divided by a factor 2), (111) STO (black circles), (111)
LAO/STO (red circles), and (111) LAO/ETO/STO (blue circles). The
data are shifted by a constant factor (0.05) for clarity.

parameters listed in Table I, namely the value of 10Dq , i.e.,
the overall splitting between eg and t2g orbitals, the Slater
integrals, and the Lorentzian broadenings of the four peaks
(A, B, C, D) in the spectra [Fig. 4(a)]. In Fig. 4(a) we used
a D3d symmetry, however similar results are obtained using a
D4h symmetry.

TABLE I. Crystal field parameters used to reproduce the XAS
spectra of the heterostructures studied.

HWHM HWHM HWHM HWHM
10Dq Slater Peak A Peak B Peak C Peak D
(eV) (%) (eV) (eV) (eV) (eV)

2.23 80 0.1 0.34 0.5 0.55

In Fig. 4(b) we show the angle dependence of the XLD =
IH -IV dichroic spectra of the LAO/ETO/STO q2DES mea-
sured at 5 K. We can see that, while the XLD intensity
changes as a function of the angle, its shape remains substan-
tially constant from 35◦ to 70◦. This result suggests that the
out-of-plane dichroism, which is mainly probed in grazing
incidence, dominates the IH -IV spectral shape. In normal
incidence, θ = 0◦, on the other hand, IH -IV is much smaller
and has a different shape, since it is related to in plane linear
dichroism XLD‖ = I[12̄1] − I[101̄]. From the spectra acquired
between 35◦ and 70◦, we can determine the experimental
out-of-plane dichroism, XLD⊥ = I[111] − I[101̄], considering
that I[101̄] = IV and I[111] ≈ (IH − IV cos2θ )/sin2θ [22]. As
shown in the Supplemental Material [20], the XLD⊥ data
obtained from different angles coincide, confirming that the
dichroic signal is due to the in-plane/out-of plane anisotropy.
Moreover, the XLD⊥ spectral shape of (111) heterostructures,
shown in Fig. 4(c), differs significantly from that measured
previously on (001) and (110) LAO/STO, and on bulk (001)
STO [3,10]. In particular, the three selected cases of (111)
STO heterostructures and the (001) LAO/STO XLD⊥ differ
both in the amplitude and in the shape of the main features
(A, B, C, D).

Before comparing the data to theoretical calculations, we
discuss what would be the expected XLD⊥ in case of D4h

symmetry, i.e., in a case where the bulk symmetry of STO
is preserved up to the interface/surface unit cells probed
by TEY-XLD (around 3 nm). Then the XLD⊥ would be a
combination of the I[001] and I[100] Ti L2,3 XAS along the
[001] and [100] directions, calculated in the D4h symmetry.
For example, the out-of-plane dichroism, XLD⊥,111,D4h,
would be given by [20]:

XLD⊥,111,D4h = I[111] − I[101̄] = 1
6 (I[100] − I[001]), (1)

while the in-plane XLD‖,111,D4h dichroism would be:

XLD‖,111,D4h = I[12̄1] − I[101̄] = 1
3 (I[100] − I[001]). (2)

Thus, if the tetragonal symmetry is preserved, with con-
sequent degeneracy of the t2g states, the dichroism would be
zero also for the (111) STO system. Moreover, even in the case
of nondegenerate t2g states, the nonvanishing XLDs would
have opposite sign with respect to the XLD⊥ = I[001] − I[100]

of (001) heterostructures, and their shape would be similar to
the one measured in the case of (110) LAO/STO [10]. The data
show clearly that this is not the case, thus suggesting a break-
ing of symmetry for all three systems analyzed. In particular,
the features B and D in the spectra have a shape reversed com-
pared to the (001) LAO/STO interface, while the features A
and C are similar in shape. Furthermore, the overall amplitude
of the dichroism is smaller in (111) heterostructures.
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FIG. 5. Comparison between out-of-plane linear dichroism spec-
tra measured in total electron yield of (111) STO (black circles),
LAO/STO (red circles), and LAO/ETO/STO (blue circles). Continu-
ous lines are the best fit of the data by atomic multiplet calculations.

In order to understand the effective symmetry of the novel
electronic configuration, we fit the XAS and the XLD⊥
spectra using atomic multiplet scattering calculations by the
CTM4XAS code. Starting from the XAS analysis shown in
Fig. 4(a), we then calculate the XLD⊥ spectra of 3d0 Ti4+

ions, in the case of a D3d symmetry for various values of
the a1g-eπ

g splitting, depending on the crystal field terms Dτ

and Dσ , the only parameters optimized in the fitting (Fig. 5).
More in detail, it is possible to show that the energy splitting
� = E(a1g ) − E(eπ

g ) is given by [20,23]:

� = √
�eg − 5Dq − 5

2Dσ − 7
2Dτ , (3)

with

�eg = (5Dq )2 + (
3
2Dσ

)2 + (
5
2Dτ

)2

− 5DqDσ + 25
3 DqDτ − 15

2 DσDτ . (4)

It turns out that peaks A and C are roughly influenced by
Dτ , while B and D depend mainly on Dσ . For (111) STO
the best agreement is for Dτ = −2.2 meV and Dσ = 2 meV,
corresponding to � = +8 meV, implying that the orbitals
of eπ

g symmetry are the lowest in energy. We remind that
the a1g orbital is an equal weight linear combination of the
pristine 3dxz, 3dyz, and 3dxy orbitals with real coefficients,
while for the eπ

g the coefficients are complex numbers. There-
fore, the orbital symmetry is quite different from the one
expected in the case of bulk t2g states simply projected on
the (111) surface. The opposite case is the one of the (111)
LAO/ETO/STO (and LAO/STO) heterostructure, where we
find � = −20(−8) meV, i.e., the lowest energy lying orbitals
have a1g symmetry.

It is important to underline that from the analysis it emerges
that STO-based heterostructures are characterized by an elec-
tronic configuration which is close to a perfect t0

2g (3d0)
occupation. However, the integral of the XLD⊥ spectra is not
null, and in particular we find it small and slightly positive in
the case of the (111) STO surface, while it is more than one
order of magnitude larger, and negative in sign, in the case

TABLE II. Dσ and Dτ parameters obtained from atomic multiplet
calculations reproducing the XLD data of Fig. 5 and the integral of
the XLD normalized to the integral of the sum I[111] + I[101̄].

Dσ Dτ � XLD
Sample (meV) (meV) (meV) (×10−3)

STO 2.0 ± 0.3 −2.2 ± 0.3 8 ± 3 0.1 ± 0.1
LAO/STO 12 ± 1 −4.2 ± 0.2 −8 ± 3 −3.0 ± 0.5
LAO/ETO/STO 16 ± 1 −4.2 ± 0.2 −20 ± 3 −6.0 ± 0.5

of the heterostructures, as shown in Table II. The negative
XLD⊥ integral suggests that the (few) 3d electrons in the
(111) q2DES preferentially occupy bands derived by orbitals
that have a predominant out-of-plane character, i.e., a1g de-
rived bands in both (111) LAO/STO and LAO/ETO/STO, in
agreement with the overall XLD⊥ data.

The removal of the 3d degeneracy and the consequent
anisotropy in the electronic states is also reflected in the rela-
tive contributions of the in-plane and out-of-plane orbitals to
the conduction band of the surfaces/interfaces. This behavior
was determined from oxygen K-edge XAS spectra measured
with the interface sensitive TEY method as a function of
the linear polarization of the photons (Fig. 6). In this x-ray
absorption process, 1s core electrons belonging to the oxygen
ions are excited to the 2p states. Since the oxygen 2p states
are nominally filled in both LAO, ETO, and STO, a 1s → 2p
transition occurs only because of the hybridization of the 2p
states with the d orbitals of the cations in the system. Because
of this hybridization, the peak at 531 eV of Fig. 6 is related
to the conduction band, located in STO just above the Fermi
level and it is composed, in these (111) heterostructures, of
3d titanium a1g and eπ

g orbitals hybridized with oxygen 2p
states. By using the TEY method of detection and grazing
incidence conditions, the only contribution to XAS spectra in

FIG. 6. Comparison between in-plane (black lines) and out-of-
plane (dashed red line) oxygen K-edge XAS spectra measured
in total electron yield at 4.5 K of (111) STO, LAO/STO, and
LAO/ETO/STO samples. The data on different samples are displaced
by a constant factor 0.4 and are normalized to the XAS peak at
531 eV.
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the 529 ÷ 533 eV region comes from the TiO2 interface layer
[24]. In the (111) STO case, we find that the oxygen K-edge
XAS, measured with linear polarization parallel to the surface,
is slightly at lower energy with respect to the one measured
with perpendicular polarization. In the heterostructures, on
the other hand, the energy shift between the in-plane and
out-of-plane XAS is reversed and, in agreement with the Ti-
L2,3 edge spectra, it is maximum in the (111) LAO/ETO/STO
heterostructures.

III. DISCUSSION AND CONCLUSIONS

According to theory [12], LAO/STO quantum wells can
host a variety of unconventional ground states, ranging from
spin, orbital polarized (with selective e0

g , a1g , or dxy occu-
pation), Dirac point Fermi surfaces, to charge-ordered flat
band phases, as a function of the strain and confinement. The
realization of these phases, however, depends on the effective
breaking of the D4h symmetry into a D3d symmetry, and on
the effective magnitude of the trigonal crystal field, which
is required to open a gap between otherwise degenerate t2g

manifolds. In this work, we demonstrated that the q2DES
formed in (111)-STO based heterostructures has indeed a D3d

orbital symmetry, as opposite to the bulk D4h symmetry, and
that the trigonal crystal field is sufficiently strong to open a
gap between a1g and eπ

g states. These results have, therefore,
interesting consequences about the current understanding of
the physics of (111) STO based q2DES.

Transport measurements have shown that the (111)
LAO/STO q2DES condenses to a superconducting state below
a critical temperature, Tc, of 250 mK [25], and analogously to
the (001) LAO/STO [26], it is characterized by a quite sizable
spin-orbit coupling [27], with a dome-shape Tc vs carrier
density. Furthermore, recently an accurate analysis of the gate
voltage dependence of the Hall effect has given evidences of
a transition from one-band to two-bands electron transport in

the same system [28]. The interpretation of all these results
is not easily reconciled with a band structure derived by the
simple projection of degenerate D4h t2g bands on the (111)
plane, which would result in an effective one-electron band
transport scenario. Our spectroscopic study, on the other hand,
suggests that a transition from a one- to a two-bands regime is
plausible because the (111) LAO/STO q2DES is characterized
by at least two nondegenerate electronlike bands. It is worth
noting that recent transport data proposed an out-of-plane spin
texture of the q2DES [29] in electrostatically gated (111)
STO, consistent with a breaking of the bulk D4h crystal
field into a trigonal crystal field (C3 symmetry), in overall
agreement with our findings.

Moreover, our data show that some of the crucial ingre-
dients needed to realize oxide quantum Hall effect systems
and nontrivial topological states, as proposed theoretically for
(111) perovskite oxide heterostructures [14], could be actually
present in the case of (111) STO-based q2DES. In particular,
we demonstrated that the trigonal crystal field in (111)-STO
based heterostructures is sufficiently strong to open a gap up
to 20 meV between a1g and eπ

g states. We also showed that
this gap can be changed and even inverted through epitaxial
engineering. Since the LAO/STO q2DES is characterized by
a sizable Rashba spin-orbit coupling in both (001) [26] and
(111) [27] cases, this study opens interesting perspectives for
the exploration of novel unconventional ground states in (111)
STO based heterostructures.

ACKNOWLEDGMENTS

The authors acknowledge received funding from the
project Quantox of QuantERA ERA-NET Cofund in Quan-
tum Technologies (Grant Agreement No. 731473) imple-
mented within the European Union’s Horizon 2020 Pro-
gramme. The authors thank A. Caviglia and C. A. Perroni for
useful discussions.

[1] A. Othomo and H. Y. Hwang, Nature (London) 427, 423
(2004).

[2] G. Herranz, F. Hwang, N. Dix, M. Scigaj, and J. Fontcuberta,
Sci. Rep. 2, 758 (2012).

[3] M. Salluzzo, J. C. Cezar, N. B. Brookes, V. Bisogni, G. M.
De Luca, C. Richter, S. Thiel, J. Mannhart, M. Huijben, A.
Brinkman, G. Rijnders, and G. Ghiringhelli, Phys. Rev. Lett.
102, 166804 (2009).

[4] A. F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna, S.
Pailhes, R.Weht, X.G.Qiu, F. Bertran, A.Nicolaou, A. Taleb-
Ibrahimi, P. L. Fevre, G. Herranz, M. Bibes, N. Reyren, Y.
Apertet, P. Lecoeur, A. Barthelemy, and M. J. Rozenberg,
Nature (London) 469, 189 (2011).

[5] W. Meevasana, P. D. C. King, R. H. He, S.-K. Mo, M.
Hashimoto, A. Tamai, P. Songsiriritthigul, F. Baumberger, and
Z.-X. Shen, Nat. Mater. 10, 114 (2011).

[6] G. Berner, M. Sing, H. Fujiwara, A. Yasui, Y. Saitoh, A.
Yamasaki, Y. Nishitani, A. Sekiyama, N. Pavlenko, T. Kopp,
C. Richter, J. Mannhart, S. Suga, and R. Claessen, Phys. Rev.
Lett. 110, 247601 (2013).

[7] C. Cancellieri, M. L. Reinle-Schmitt, M. Kobayashi, V. N.
Strocov, P. R. Willmott, D. Fontaine, P. Ghosez, A. Filippetti,
P. Delugas, and V. Fiorentini, Phys. Rev. B 89, 121412 (2014).

[8] G. M. De Luca, R. Di Capua, E. Di Gennaro, F. Miletto
Granozio, D. Stornaiuolo, M. Salluzzo, A. Gadaleta, I. Pallec-
chi, D. Marrè, C. Piamonteze, M. Radovic, Z. Ristic, and S.
Rusponi, Phys. Rev. B 89, 224413 (2014).

[9] D. Stornaiuolo, C. Cantoni, G. M. De Luca, R. Di Capua, E. Di.
Gennaro, G. Ghiringhelli, B. Jouault, D. Marre, D. Massarotti,
F. Miletto Granozio, I. Pallecchi, C. Piamonteze, S. Rusponi, F.
Tafuri, and M. Salluzzo, Nat. Mater. 15, 278 (2015).

[10] D. Pesquera, M. Scigaj, P. Gargiani, A. Barla, J. Herrero-
Martin, E. Pellegrin, S. M. Valvidares, J. Gazquez, M. Varela,
N. Dix, J. Fontcuberta, F. Sanchez, and G. Herranz, Phys. Rev.
Lett. 113, 156802 (2014).

[11] Z. Wang, Z. Zhong, X. Hao, S. Gerhold, B. Stoger, M. Schmid,
J. S.-B. and. A. Varykhalov, C. Franchini, K. Held, and U.
Diebold, Proc. Natl. Acad. Sci. USA 111, 3933 (2014).

[12] D. Doennig, W. E. Pickett, and R. Pentcheva, Phys. Rev. Lett.
111, 126804 (2013).

115143-5

https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/srep00758
https://doi.org/10.1038/srep00758
https://doi.org/10.1038/srep00758
https://doi.org/10.1038/srep00758
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nature09720
https://doi.org/10.1038/nmat2943
https://doi.org/10.1038/nmat2943
https://doi.org/10.1038/nmat2943
https://doi.org/10.1038/nmat2943
https://doi.org/10.1103/PhysRevLett.110.247601
https://doi.org/10.1103/PhysRevLett.110.247601
https://doi.org/10.1103/PhysRevLett.110.247601
https://doi.org/10.1103/PhysRevLett.110.247601
https://doi.org/10.1103/PhysRevB.89.121412
https://doi.org/10.1103/PhysRevB.89.121412
https://doi.org/10.1103/PhysRevB.89.121412
https://doi.org/10.1103/PhysRevB.89.121412
https://doi.org/10.1103/PhysRevB.89.224413
https://doi.org/10.1103/PhysRevB.89.224413
https://doi.org/10.1103/PhysRevB.89.224413
https://doi.org/10.1103/PhysRevB.89.224413
https://doi.org/10.1038/nmat4491
https://doi.org/10.1038/nmat4491
https://doi.org/10.1038/nmat4491
https://doi.org/10.1038/nmat4491
https://doi.org/10.1103/PhysRevLett.113.156802
https://doi.org/10.1103/PhysRevLett.113.156802
https://doi.org/10.1103/PhysRevLett.113.156802
https://doi.org/10.1103/PhysRevLett.113.156802
https://doi.org/10.1073/pnas.1318304111
https://doi.org/10.1073/pnas.1318304111
https://doi.org/10.1073/pnas.1318304111
https://doi.org/10.1073/pnas.1318304111
https://doi.org/10.1103/PhysRevLett.111.126804
https://doi.org/10.1103/PhysRevLett.111.126804
https://doi.org/10.1103/PhysRevLett.111.126804
https://doi.org/10.1103/PhysRevLett.111.126804


G. M. DE LUCA et al. PHYSICAL REVIEW B 98, 115143 (2018)

[13] D. I. Khomskii, in Transition Metal Compounds (Cambridge
University Press, Cambridge, 2014), Chap. 3.

[14] Di Xiao, W. Zhu, Y. Ran, N. Nagaosa, and S. Okamoto, Nat.
Commun. 2, 596 (2011).

[15] S. McKeown Walker, A. de la Torre, F. Y. Bruno, A. Tamai,
T. K. Kim, M. Hoesch, M. Shi, M. S. Bahramy, P. D. C.
King, and F. Baumberger, Phys. Rev. Lett. 113, 177601
(2014).

[16] T. C. Rödel, C. Bareille, F. Fortuna, C. Baumier, F. Bertran,
P. Le Fevre, M. Gabay, O. H. Cubelos, M. J. Rozenberg, T.
Maroutian, P. Lecoeur, and A. F. Santander-Syro, Phys. Rev.
Appl. 1, 051002 (2014).

[17] K. Kummer, A. Fondacaro, E. Jimenez, E. Velez-Fort, A.
Amorese, M. Aspbury, F. Yakhou-Harris, P. van der Linden, and
N. B. Brookes, J. Synchrotron Radiat. 23, 464 (2016).

[18] C. Piamonteze, U. Flechsig, S. Rusponi, J. Dreiser, J. Hei-
dler, M. Schmidt, R. Wetter, M. Clavi, T. Schmidt, H. Pru-
chova, J. Krempasky, C. Quitmann, H. Brune, and F. Nolting,
J. Synchrotron Radiat. 19, 661 (2012).

[19] P. Perna, D. Maccariello, M. Radovic, U. Scotti di Uccio, I.
Pallecchi, M. Codda, D. Marre, C. Cantoni, J. Gazquez, M.
Varela, S. J. Pennycook, and F. Miletto Granozio, Appl. Phys.
Lett. 97, 152111 (2010).

[20] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.98.115143 for details about the relationship
between XAS and linear dichroism spectra in D4h symmetry,
supplemental experimental out-of-plane XLD data of (111)

LAO/ETO/STO, and full relationship between D3d energy lev-
els and trigonal crystal field parameters.

[21] E. Stavitski and F. M. F. de Groot, Micron 41, 687 (2010).
[22] In the formula we have considered that I[101̄] ≈ I[12̄1] since the

NI linear dichroism is very small.
[23] M. W. Haverkort, Spin and orbital degrees of freedom in

transition metal oxides and oxide thin films studied by soft
x-ray absorption spectroscopy, Ph.D. thesis, Universitat Koeln
(2005).

[24] Z. Ristic, R. Di Capua, G. M. De Luca, F. Chiarella, G.
Ghiringhelli, J. C. Cezar, N. B. Brookes, C. Richter, J.
Mannhart, and M. Salluzzo, Europhys. Lett. 93, 17004 (2011).

[25] A. M. R. V. L. Monteiro, D. J. Groenendijk, I. Groen, J. de
Bruijckere, R. Gaudenzi, H. S. J. van der Zant, and A. D.
Caviglia, Phys. Rev. B 96, 020504 (2017).

[26] A. D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C. Can-
cellieri, and J.-M. Triscone, Phys. Rev. Lett. 104, 126803
(2010).

[27] P. K. Rout, E. Maniv, and Y. Dagan, Phys. Rev. Lett. 119,
237002 (2017).

[28] A. M. R. V. L. Monteiro, D. J. Groenendijk, I. Groen, J. de
Bruijckere, R. Gaudenzi, H. S. J. van der Zant, and A. D.
Caviglia, arXiv:1808.03063.

[29] P. He, S. McKeown Walker, S. S.-L. Zhang, F. Y. Bruno, M. S.
Bahramy, J. M. Lee, R. Ramaswamy, K. Cai, O. Heinonen, G.
Vignale, F. Baumberger, and H. Yang, Phys. Rev. Lett. 120,
266802 (2018).

115143-6

https://doi.org/10.1038/ncomms1602
https://doi.org/10.1038/ncomms1602
https://doi.org/10.1038/ncomms1602
https://doi.org/10.1038/ncomms1602
https://doi.org/10.1103/PhysRevLett.113.177601
https://doi.org/10.1103/PhysRevLett.113.177601
https://doi.org/10.1103/PhysRevLett.113.177601
https://doi.org/10.1103/PhysRevLett.113.177601
https://doi.org/10.1103/PhysRevApplied.1.051002
https://doi.org/10.1103/PhysRevApplied.1.051002
https://doi.org/10.1103/PhysRevApplied.1.051002
https://doi.org/10.1103/PhysRevApplied.1.051002
https://doi.org/10.1107/S160057751600179X
https://doi.org/10.1107/S160057751600179X
https://doi.org/10.1107/S160057751600179X
https://doi.org/10.1107/S160057751600179X
https://doi.org/10.1107/S0909049512027847
https://doi.org/10.1107/S0909049512027847
https://doi.org/10.1107/S0909049512027847
https://doi.org/10.1107/S0909049512027847
https://doi.org/10.1063/1.3496440
https://doi.org/10.1063/1.3496440
https://doi.org/10.1063/1.3496440
https://doi.org/10.1063/1.3496440
http://link.aps.org/supplemental/10.1103/PhysRevB.98.115143
https://doi.org/10.1016/j.micron.2010.06.005
https://doi.org/10.1016/j.micron.2010.06.005
https://doi.org/10.1016/j.micron.2010.06.005
https://doi.org/10.1016/j.micron.2010.06.005
https://doi.org/10.1209/0295-5075/93/17004
https://doi.org/10.1209/0295-5075/93/17004
https://doi.org/10.1209/0295-5075/93/17004
https://doi.org/10.1209/0295-5075/93/17004
https://doi.org/10.1103/PhysRevB.96.020504
https://doi.org/10.1103/PhysRevB.96.020504
https://doi.org/10.1103/PhysRevB.96.020504
https://doi.org/10.1103/PhysRevB.96.020504
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.119.237002
https://doi.org/10.1103/PhysRevLett.119.237002
https://doi.org/10.1103/PhysRevLett.119.237002
https://doi.org/10.1103/PhysRevLett.119.237002
http://arxiv.org/abs/arXiv:1808.03063
https://doi.org/10.1103/PhysRevLett.120.266802
https://doi.org/10.1103/PhysRevLett.120.266802
https://doi.org/10.1103/PhysRevLett.120.266802
https://doi.org/10.1103/PhysRevLett.120.266802



