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Magnetic and electronic properties at the γ-Al2O3/SrTiO3 interface
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The magnetic and electronic nature of the γ-Al2O3/SrTiO3 spinel/perovskite interface is explored
by means of x-ray absorption spectroscopy. Polarized x-ray techniques combined with atomic multi-
plet calculations reveal localized magnetic moments assigned to Ti3+ at the interface with equivalent
size for in- and out-of-plane magnetic field directions. Although magnetic fingerprints are revealed,
the Ti3+ magnetism can be explained by a paramagnetic response at low temperature under applied
magnetic fields. Modeling the x-ray linear dichroism results in a ∆0 ∼ 1.9 eV splitting between the
t2g and eg states for the Ti4+ 3d0 orbitals. In addition these results indicate that the lowest energy
states have the out-of-plane dxz/dyz symmetry. The isotropic magnetic moment behavior and the
lowest energy dxz/dyz states are in contrast to the observations for the two-dimensional electron gas
at the perovskite/perovskite interface of LaAlO3/SrTiO3, that exhibits an anisotropic magnetic dxy
ground state.

A complete understanding of the electronic and
magnetic properties confined at the interface be-
tween two oxide insulators remains a great chal-
lenge. Progress in this field is crucial for engineer-
ing materials with novel properties. Oxide inter-
faces have recently drawn attention due to an enor-
mous amount of observed physical phenomena, such
as the emergence of a two-dimensional electron gas
(2DEG),1–3 superconductivity,4–7 magnetism,8–10 coexis-
tence of magnetism and superconductivity,7,11–13 Rashba
spin-orbit coupling,14 and nematicty.15 In this context,
the interface of LaAlO3/SrTiO3 (LAO/STO), created by
two non-magnetic and band insulating perovskites, has
been extensively investigated. Even with the most re-
cent theoretical and experimental efforts, its interface
properties, such as high electron mobility (µLAO ∼ 103

cm2/Vs)16 and diverse types of magnetic ordering8,9,17–20

remain strongly debated due to controversial findings.
Similar to the LAO/STO material, a new class of het-

erostructures composed of two non-magnetic band insu-
lators have shown analogous properties, such as high-
electron mobility (µGAO ∼ 1.4 x 105 cm2/Vs)3,21,22

and magnetic fingerprints23 at the interface: γ-
Al2O3/SrTiO3 (GAO/STO). Although these interfaces
present several similar or sometimes even superior prop-
erties compared with LAO/STO,24,25 a full compre-
hension of the interface properties for the GAO/STO
remains lacking. In addition, it is surprising that
these heterostructures grow epitaxially with mate-
rials that exhibits distinct symmetries (GAO/STO:
spinel/perovskite). Motivated by the unconventional
electronic and magnetic properties that are likely to be
due to the Ti t2g/eg orbitals at the interface, we carried
out a microscopic investigation on this heterostructure.

X-ray spectroscopy performed on the LAO/STO
system10,26–30 revealed that within the first few nanome-
ters at the STO side of the interface, the Ti ions can
adopt two different states, i.e., Ti3+ and Ti4+ oxidation
states. This has direct influence on the magnetic proper-

ties since the presence of 3d1 (Ti3+) bands carry magnetic
moments. However, for the LAO/STO interface the mag-
netic response is still under discussion since it was sug-
gested that it has in-plane ferromagnetism10 or a com-
plex magnetic structure.29,31 Such magnetic phenomena
are also expected to occur in other heterostructures, such
as the GAO/STO investigated here. Recently, Chris-
tensen et al. [23] performed investigations with scanning
superconducting quantum interference device (SQUID)
measurements and found magnetic stripes different from
the magnetic patches found earlier in LAO/STO. In this
study, a long-range magnetic order was observed below
40 K as well as a strong tunability of the magnetic signal
upon application of stress to the sample. However, the
scanning SQUID technique only provides local measure-
ments of the magnetic field arising from the magnetic
state. Therefore, the information on the origin of the
magnetism or on ions responsible for it is still missing.

The electronic configuration of the Ti ions in the
LAO/STO heterostructures was found to be formed by
in-plane Ti4+ 3dxy states capable of hosting the 2DEG
and reside in proximity to the interface. By contrast, dxz
or dyz typically account for the high mobility charges in
the system, and reside away from the interface into the
STO.27,32 Concerning the GAO/STO heterostructures,
Cao et al. [33] have recently observed that the lowest-
lying orbitals are the out-of-plane dxz/dyz orbitals with
a strain-tunable splitting between the subbands. This
inversion of the Ti 3d subbands are expected to influence
the electronic and magnetic properties.

In this letter, properties of the γ-Al2O3/SrTiO3 in-
terface were investigated by means of x-ray absorption
spectroscopy (XAS) techniques at the Ti L2,3 edges.

X-ray linear dichroism (XLD) measurements suggest
an orbital configuration in which the out-of-plane Ti
dxz/dyz subbands are lowest in energy, however, being
very close to the in-plane dxy states. Using x-ray mag-
netic circular dichroism (XMCD) we observe that the
magnetism is mostly due to Ti3+ ions present at the in-
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FIG. 1. (Color online) (a) Schematics of the GAO/STO struc-
ture and the formation of the 2DEG at the interface. GAO
lattice parameter (aGAO) is approximately twice the STO unit
cell (aSTO). Illustration of the experimental setup for XMCD
and XLD measurements are shown in panels (b) and (c), re-
spectively. An external magnetic field (H) is applied parallel
or antiparallel to the x-ray wave-vector; XMCD intensity is
the difference between absorption spectra obtained with left-
(µ+; C-) and right-handed (µ+; C+) circular polarization;
XLD intensity is the difference between absorption spectra
obtained with linear horizontally (µab; LH) and vertically (µc;
LV) polarization.

terface with a paramagnetic-like response at low temper-
atures.

Spinel γ-Al2O3 thin films of approximately 3.5 unit
cells (u.c.) ∼ 2.7 nm thickness were deposited by pulsed-
laser deposition on a perovskite TiO2-terminated (001)-
oriented SrTiO3 as discussed elsewhere.22 Although both
materials exhibit different symmetries, the GAO lattice
parameter (aGAO ∼ 7.911 Å) is almost twice as large as
the STO lattice (aSTO ∼ 3.905 Å),34,35 which yielded a
compressive strain on the GAO film smaller than 1.3 %.
A structural representation of the spinel/perovskite ma-
terial is sketched in Figure 1(a). Transport measure-
ments were performed to characterize this heterostruc-
ture and current results are in good agreement with re-
cent works.23

XAS, XMCD and XLD measurements with the x-rays
energy tuned to the Ti L2,3 edges (454 - 460 eV) were
performed at the XTreme beamline36 of the Swiss Light
Source using the total-electron-yield (TEY) detection
mode. The experimental geometries used for the absorp-
tion measurements with circular and linear polarization
are represented in Figures 1(b) and 1(c), respectively.

The magnetic properties of the interface at low tem-
perature (∼ 3 K) and under magnetic field up to 6.5 T
were investigated by means of the XMCD technique in
two sample configurations37 (i.e., at θ = 30◦ and 90◦ in-
cidence angles as shown in panel 1(b)). X-ray absorption
spectra with left- and right-handed circular polarization
were subtracted (µ+ - µ−) to provide the XMCD inten-
sity. To improve the signal-to-noise ratio and remove

FIG. 2. (Color online) (a) X-ray absorption spectra collected
at the Ti L2,3 edges and compared to the linear fits of the
Ti4+ and Ti3+ contributions. The octahedral splitting for the
Ti4+ 3d bands results in two peaks labeled as t2g and eg for
each edge. The experimental data is obtained averaging two
absorption spectra with horizontally and vertically polarized
light. Panel (b) shows the calculated spectra for octahedral
coordinated Ti4+/Ti3+ ions which were used in panel (a) to
fit the experimental data and to extract their contributions.

non-magnetic contributions, at least 24 absorption spec-
tra with magnetic fields parallel and antiparallel to the
incident x-ray wave-vector were collected.

The Ti 3d orbital configurations were investigated us-
ing the XLD technique at room temperature and at
the two different sample configurations (θ = 30◦ and
90◦ incidence angles: panel 1(c)). Absorption spectra
with linearly horizontal and vertical polarized light were
recorded, for which the XLD signal is obtained from the
difference between the two spectra (µc - µab).

Figure 2(a) displays the x-ray absorption spectrum ob-
tained in the vicinity of the Ti L2,3 absorption edges for
the GAO/STO heterostructure. The experimental data
displayed in panel 2(a) was collected averaging two ab-
sorption spectra with horizontally and vertically polar-
ized light. The clear splitting of the crystal field (∆0 in
Fig. 4(d)) into eg and t2g states is observed at the L2 and
L3 edges which represents the Ti4+ (3d0) electronic con-
figuration. The splitting within the eg and t2g manifolds
(∆eg and ∆t2g in Fig. 4(d)) into subbands cannot be di-
rectly unveiled by the XAS spectra due to the core hole
broadening. Therefore, we compare the experimental re-
sults to atomic multiplet calculations carried out with
the ctm4xas code.38,39 These calculations are displayed
in Fig. 2(b) for octahedrally coordinated Ti4+ and Ti3+

ions.40 A fit with a linear combination of the two calcu-
lated Ti ions spectra (Fig. 2(b)) results in a good agree-
ment with the experimental data (Fig. 2(a)). The best
agreement between calculated and experimental data re-
sults in an approximately 10 % Ti3+ ion contribution.
As it is believed that the 3d1 bands exist only in the first
few nm of the interface,41 the amount of Ti3+ signal will
strongly depend on the electron escape depth. The TEY
method employed here has a probe depth between 1.5 -
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3 nm, which makes it mainly sensitive to the GAO/STO
interface.42 Therefore, assuming that Ti3+ ions will be
located directly at the interface, approximately 60 % of
the interfacial Ti will be trivalent.

The occurrence of such 3d1 bands has been argued
to be related to a rich amount of oxygen vacancies
in these heterostructures.43,44 XAS spectra reported for
some LAO/STO heterostructures may indicate a fraction
larger than 10 % of Ti3+ at the interface.41

Now we turn our attention to the magnetic proper-
ties of the system using XMCD. Figure 3(a) shows XAS
spectra taken with opposite photon helicities µ+ and µ−,
in which the difference results in the XMCD signal (see
panel 3(b)) that has a maximum size of ∼0.6% of the
L3 edge. The presence of a XMCD signal around the Ti
L2,3 edges gives clear evidence of magnetism at the inter-
face. The observed reversal of the magnetic features for
opposite field directions confirms the magnetic origin of
the XMCD signal (Fig. 3(d)). The panels 3(b) and 3(c)
also display the XMCD signal collected under 6.5 and 1.0
T, respectively. The similar magnetic contribution when
the magnetic field is applied perpendicular (θ = 90◦) or
closer to parallel (θ = 30◦) to the surface indicates a very
small magnetic anisotropy of the system.45 In addition,
Fig. 3(e) shows that the experimental XMCD spectra are
in reasonable agreement with atomic multiplet calcula-
tions in which the signal is dominated by Ti3+ magnetic
moments.

The electron configuration of the Ti 3d orbitals was
investigated through the XLD data. Figure 4(a) displays
XAS spectra with linear polarized light parallel (µc) and
perpendicular (µab) to the [001] direction collected at
room temperature (RT). According to Fig. 4(b), the XLD
signal is only present for θ = 30◦ indicating an absence of
in-plane anisotropy of the orbitals. The XLD signal col-
lected in grazing incidence angle is much stronger than

FIG. 3. (Color online) (a) XAS spectra acquired at 3 K with
different photon helicities (µ+ and µ−) at θ = 30◦. Panels (b)
and (c) show the XMCD collected at θ = 30◦ and 90◦ under H
= 6.5 T and 1.0 T, respectively. (d) XMCD signal for opposite
magnetic field directions and (e) shows a comparison between
experimental and calculated circular dichroic data based on
extracted concentration of the two Ti oxidation states.

FIG. 4. (Color online) (a) XAS spectra obtained with hor-
izontal and vertical linear polarization probing µc and µab,
respectively, at room temperature (RT) and at θ = 30◦.
(b) Calculated and experimental XLD intensities for grazing
(30◦) and normal incident sample orientation (90◦). (c) XLD
multiplet calculations assuming only Ti4+ and Ti3+ ions; a
linear combination of the two spectra is applied in panel (b).
(d) Schematics of the Ti4+ 3d0 orbital configurations at the
GAO/STO interface.

the XMCD signal (around 2% of the L3 edge) and it is
clearly observed at RT, indicating that it originates from
the Ti crystal field splitting. This is because the XLD
depends primarily on the crystal field splitting of the res-
onant atom which is little influenced by temperature. In
addition, Figure 4(c) shows the calculated XLD spectra
carried out separately for Ti3+ and Ti4+ ions. Assuming
that the XLD is a linear combination of approximately
90 % of Ti4+ and 10 % of Ti3+ ions, good agreement is
obtained with the observed XLD.

Even though the features characteristics of the Ti3+

ions are not distinctly observed in the XAS spectrum,
the presence of Ti3+ ions is confirmed by the atomic cal-
culations and its good agreement to the XMCD/XLD
data around the Ti L2,3 absorption edges. The presence
of these ions is crucial for the electronic and magnetic
properties. As shown in panels 3(b) and 3(c), the simi-
lar magnetic contributions in- and out-of-plane indicate
a negligibly small magnetic anisotropy of the titanium
magnetic moments. These results contrast the findings
reported by Lee et al. [10] for the LAO/STO interface,
in which an absence of magnetic dichroism is observed
when the magnetic field is applied perpendicular to the
surface. However, the shape of the XMCD signal mea-
sured at grazing incidence angle agrees quite well with
our data in which the magnetic signal originates from
the Ti3+ moments. This raises several questions regard-
ing a possible magnetic ordering and how these ions can
influence the 2DEG at the interface.

In order to investigate the origin of the magnetic signal,
atomic multiplet calculations performed assuming a four-
fold symmetry (C4) with a Zeeman exchange field of 10
meV and charge transfer (∼ 2 eV) are shown in Fig. 3(e)
for Ti3+ and Ti4+ ions. Magnetic features at the Ti L2,3

edges are well described by the calculated XMCD spec-
trum considering the presence of localized Ti3+ magnetic
moments. Salluzzo et al. reported for LAO/STO inter-
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FIG. 5. (Color online) (a) XMCD signal as a function of
external magnetic field. The spectra at different fields were
shifted vertically for the sake of clarity. Panel (b) shows the
evolution of the integrated intensity under the shaded area
(between 458 and 461 eV) displayed in (a). Dashed line is
a fit using (S = 1/2) Boltzmann distribution. (c) Hysteresis
loop obtained at the maximum of XMCD signal (dashed line
around 458.5 eV in panel (a)).

faces that the origin of magnetism (the XMCD signal)
can be achieved via two mechanisms:9,41 due to the pres-
ence of localized Ti3+ moments; or an asymmetry of the
spin-up and spin-down electronic states in the 3d band for
Ti4+ ions. Multiplet calculations assuming the splitting
of the 3d0 (unoccupied) bands (see Fig. 3(e)) suggest a
signal more than one order of magnitude smaller than the
Ti3+ magnetic moments, which makes it difficult to ob-
serve it. However, a small amount of magnetic moments
via splitting of the Ti4+ 3d bands can not be ruled out
in our system.

After establishing the presence of localized Ti3+ mag-
netic moments, we address the possible magnetic order-
ing at low temperature. Figure 5 shows the evolution of
the XMCD signal as a function of magnetic field from 0.5
to 6.5 T. Since the ratio of the spin and orbital magnetic
moment is expected to be temperature independent, the
shaded areas between 458 and 461 eV (panel 5(a)) in
the XMCD signal provide a good estimate of the evolu-
tion of the magnetic moments. For lowering the mag-
netic field, the magnetization approaches zero, as can
be seen in Fig. 5(b), which confirms the absence of a
remanent magnetization. The hysteresis loop shown in
Fig. 5(c) and performed at the maximum of the XMCD
signal (dashed line in panel 5(a): 458.5 eV) also indi-
cates the absence of a remanent field. Therefore, any
ferromagnetic ordering of the Ti3+ magnetic moments
must be approximately an order of magnitude smaller
than the total free moments (either in size or fraction
to the free moments) at the GAO/STO interface. In
addition, the Fig. 5(b) shows in dashed line the calcu-
lation for a quantum state of a half-integer paramag-
net spin (S = 1/2). Such a paramagnetic response as
a function of field at this low temperature agrees quite
well with our experimental results suggesting that the
GAO/STO interface hosts localized paramagnetic Ti3+

magnetic moments. As mainly discussed for LAO/STO

system, beyond the trivial paramagnetic phase, its in-
terface is proposed to develop a variety of magnetic or-
der, such as ferromagnetism,8,9,41 spiral-spin,19 electron
pairing,20 etc. For GAO/STO and LAO/STO, Chris-
tensen et al. [23] observed striped shapes (dozens of µm
in length) hosting long-range ferromagnetic order using
scanning SQUID microscopy. However, these magnetic
regions were not present homogeneously across the en-
tire sample and they exhibited a strong temperature de-
pendence where after thermal cycling these stripes were
washed out or signals became weaker than the detec-
tion limit. Our x-ray absorption measurements were per-
formed with an incident out-of-focus beam (spot size ∼
1 x 0.5 mm2), which would average over magnetic and
non-magnetic areas. Hence, the overall paramagnetic re-
sponse observed in XMCD not necessarily contradict the
existence of magnetic ordered stripes at the GAO/STO
interface.

To elucidate the Ti 3d electron configuration at the
interface, XLD spectra were compared to atomic simu-
lations. Crucial for the electronic properties is the po-
sition and the splitting of the t2g and eg states. Since
the room temperature STO near the interface exhibits
tetragonal symmetry, the 3d subbands can behave differ-
ently and its ground state has major consequence for the
electronic mobility of the 2DEG at the interface. Due to
the four-fold symmetry normal to the [001] direction,30,33

both linear polarized spectra are equal at normal inci-
dence as seen in Fig. 4(b). Tiny features observed in
the normal incidence XLD spectrum around 457-460 eV
[panel 4(b)] are most likely artifacts due to the sharp
peaks of the t2g and eg subbands. The good agreement
between the experimental XLD data measured at θ = 30◦

and the atomic simulation displayed in Fig. 4(b), allows
an extraction of the crystal field splitting (∆0), the split-
ting between the dxy/dxz,yz (∆t2g) and dx2−y2/d3z2−r2
(∆eg) orbitals. The simulations were performed for both
Ti valence states as displayed in panel 4(c), with best
agreement found for dominating Ti4+ signals. A crys-
tal field splitting (see (panel 4(d)) of ∼1.9 eV with the
∆t2g = 70 meV and ∆eg = 310 meV was found for the
3d0 electron configuration at the GAO/STO interface.
This indicates that the lowest energy levels are the out-
of-plane dxz/dyz subbands. These findings agree with
Ref. 33, however, they are in contrast to the observa-
tions for the LAO/STO system in which the in-plane
dxy subbands are lowest in energy. The lower energy
of the dxz/dyz subbands has direct impact on the or-
bital reconstruction at the interface, which highly affects
the magnetotransport.32 For the GAO/STO interface the
dxz/dyz subbands are at the lowest energy and there
is an absence of magnetic anisotropy, i.e., magnetic re-
sponse with similar intensities when the magnetic field
is applied in- or out-of-plane. This stays in contrast to
the properties of the LAO/STO interface, where the dxy
subbands being at lowest energy. In addition, the mag-
netic response is anisotropic. Although it was expected
that the GAO/STO and LAO/STO heterostructures dis-
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play similar properties, we demonstrated here that both
present distinct electronic and magnetic properties. In
addition, there is no straight forward connection between
the anisotropy axis and the orbital level splitting that is
defined by the crystal field, in particular for systems with
very small angular magnetic moments as is the case here.
Assuming though a fixed relation, the in-plane anisotropy
observed in the LAO/STO interface occurring in dxy sub-
bands, with the moment lying in plane of the orbital wave
functions, would imply that for GAO/STO the moment
will point equally along the x,z (y,z) axis, respectively,
being therefore isotropic as observed in the measurement.

In conclusion, our investigations using XAS techniques
found a significant amount of the Ti3+ states at the
GAO/STO interface. The XLD measurements show
that the ground state consists of dxz/dyz subbands, that
are only slightly lower in energy than the dxy subbands.
XMCD shows that the Ti3+ states are magnetic with
moments being rather isotropic. These moments show

a dominant paramagnetic behavior at 3 K. The strong
contrast to the LAO/STO interface suggests a fixed
relation between orbital wave functions and magnetic
anisotropy axis in these conductive interfaces.
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on the EPFL/PSI X-Treme beamline at the Swiss Light
Source, Paul Scherrer Institut, Villigen, Switzerland.
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Marrè, A. Gadaleta, H. Brune, F. Nolting, N.B. Brookes,
and G. Ghiringhelli, Phys. Rev. Lett. 111, 087204 (2013).

10 J.-S. Lee, Y. W. Xie, H. K. Sato, C. Bell, Y. Hikita, H. Y.
Hwang, and C.-C. Kao, Nat. Mater. 12, 3674 (2013).

11 L. Li, C. Richter, J. Mannhart, and R. C. Ashoori, Nat.
Physics 7, 762 (2011).

12 J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y.
Hwang, and K. A. Moler, Nat. Physics 7, 767 (2011).

13 Y. L. Gan, D. V. Christensen, Y. Zhang, H. R. Zhang, D.
Krishnan, Z. Zhong, W. Niu, D. J. Carrad, K. Norrman,
M. von Soosten, T. S. Jespersen, B. G. Shen, N. Gauquelin,
J. Verbeeck, J. R. Sun, N. Pryds, Y. Z. Chen. Accepted
for publication in Adv. Mater. (2019).

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

15 S. Davis, Z. Huang, K. Han, Ariando, T. Venkatesan, and
V. Chandrasekhar, Phys. Rev. B 97, 041408(R) (2018).

16 F Trier, D. V. Christensen, and N Pryds, J. Phys. D: Appl.
Phys. 51, 293002 (2018).

17 J. Garcia-Barriocanal, J.C. Cezar, F.Y. Bruno, P. Thakur
, N.B. Brookes , C. Utfeld, A. Rivera-Calzada, S.R. Giblin,
J.W. Taylor, J.A. Duffy, S.B. Dugdale, T. Nakamura, K.
Kodama, C. Leon, S. Okamoto, and J. Santamaria, Nat.
Commun. 10, 1080 (2010).

18 B. Kalisky, J. A. Bert, B. B. Klopfer, C. Bell, H. K. Sato,
M. Hosoda, Y. Hikita, H. Y. Hwang, and K. A. Moler, Nat.
Commun. 3, 922 (2012).

19 S. Banerjee, O. Erten, and M. Randeria, Nat. Mater. 9,
1038 (2013).

20 Y.-Y. Pai, A. Tylan-Tyler, P. Irvin, and J. Levy. ArXiv
Prepr. ArXiv161000789 (2016).
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