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Reversible metal-insulator transition in SrIrO3
ultrathin layers by field effect control of inversion
symmetry breaking
Fernando Gallego 1,2, Javier Tornos1, Juan Ignacio Beltran 1, Andrea Peralta 1, Javier Garcia-Barriocanal3,

Guichuan Yu3,4, Geoffrey Rojas3, Carmen Munuera2,5, Mariona Cabero 6,7, David Sanchez-Manzano 1,

Fabian Cuellar 1, Gabriel Sanchez-Santolino 1,2, Zouhair Sefrioui1,5, Alberto Rivera-Calzada 1,5,

Federico Jose Mompean2,5, Mar Garcia-Hernandez2,5, Carlos Leon1,5, Maria del Carmen Muñoz8 &

Jacobo Santamaria 1,5✉

SrIrO3 is a correlated semimetal with narrow t2g d-bands of strong mixed orbital character

resulting from the interplay of the spin-orbit interaction due to heavy iridium atoms and the

band folding induced by the lattice structure. In ultrathin layers, inversion symmetry breaking,

occurring naturally due to the presence of the substrate, opens new orbital hopping channels,

which in presence of spin-orbit interaction causes deep modifications in the electronic

structure. Here, we show that in SrIrO3 ultrathin films the effect of inversion symmetry

breaking on the band structure can be externally manipulated in a field effect experiment. We

further prove that the electric field toggles the system reversibly between a metallic and an

insulating state with canted antiferromagnetism and an emergent anomalous Hall effect. This

is achieved through the spin-orbit driven coupling of the electric field generated in an ionic

liquid gate to the electronic structure, where the electric field controls the band structure

rather than the usual band filling, thereby enabling electrical control of the effective role of

electron correlations. The externally tunable antiferromagnetic insulator, rooted in the strong

spin-orbit interaction of iridium, may inspire interesting applications in spintronics.
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5d oxides have recently gathered a lot of attention due
to the possibility of new electronic ground states
resulting from the interplay between spin orbit and

Coulomb interactions1. The strong spin orbit interaction due to
the large atomic number 5d element splits the d bands allowing
for the moderate Coulomb repulsion (U) to drive significant
electron correlation effects2. Strontium iridates of the Ruddlesen-
Popper series Srn+1IrnO3n+1 are an interesting family of com-
pounds where the first 214 member is a spin orbit Mott
insulator3–8 with a Coulomb gap opening in the narrow Jeff= 1/2
band. Increasing the index n progressively narrows the gap and
the end member n=∞ is the perovskite 113 Sr iridate (SIO)
which shows a paramagnetic semi-metallic ground state6–8. It has
been proposed that the reduced connectivity of the Ir sublattice
by the rock salt SrO blocks in the unit cell of the first members of
the series reduces the bandwidth (W) and effectively increases the
relative strength of the Coulomb repulsion U/W9,10. While in the
113 its surprisingly narrow electron and hole bands crossing the
Fermi level (responsible for the highly compensated semi-metallic
state) underscore the coupling of the electronic structure to the
IrO6 octahedral rotations which causes backfolded bands and
mixing of Jeff= 1/2 and Jeff= 3/2 states11. This system is in the
vicinity of a metal-to-insulator transition, what in view of the
similar energy scales (0.3−0.4 eV) of Coulomb repulsion, band
width (kinetic energy), and spin orbit interaction raises intriguing
questions on the interplay between spin orbit and Mott physics.
This is probably related to the metal to insulator (MIT) transition
displayed by SIO thin films grown on SrTiO3 (STO) when
thickness is reduced down to the nanometer scale12,13. First-
principles calculations have shown concomitant anti-
ferromagnetism developing at the transition12,13. However, at the
moment it is not clear whether the MIT transition is driven by
enhanced correlations in two dimensions or by the emergent
magnetic state at the transition. Fundamentally, establishing the
origin of the MIT is a major question whose answer could signal
the possibility of engineering a spin-orbit Mott insulator.

The controlled growth of transition metal oxides with strong
spin orbit interaction down to the unit cell thickness, opens the
possibility to study the interplay between quantum confinement,
spin orbit interaction and electron correlations. Spin-orbit
interaction couples electron spin to its motion in the electric
field generated by the lattice potential. In crystal lattices with
broken inversion symmetry as bulk wurtzite or zinc blende
semiconductors, the spin orbit interaction lifts the Kramers
degeneracy and splits electron bands14,15. These effects are also
present in 2D electron gases where the absence of inversion
symmetry, naturally broken in the growth direction, creates an
additional electric field16. In transition metal oxides ultrathin
films, the multiorbital nature of d electrons together with the

possibility of choosing ions with large atomic number opens
interesting new avenues for the interplay between spin orbit
interaction and symmetry breaking17–19. Spin orbit interaction
mixes t2g bands (corresponding to dxy, dxz, and dyz orbitals) of
different spin and orbital symmetry and yields narrow bands
resulting from the spin orbit splitting where Coulomb interaction
kicks in ref. 2. Inversion symmetry breaking, on the other hand,
opens new hopping channels and influence orbital mixing, band
width and eventually also spin splitting17–20. Moreover, the large
electric fields generated in field effect experiments with ionic
liquids can be used as an efficient knob to modulate symmetry-
breaking fields (meant here in the sense of breaking of inversion
symmetry of an ultrathin layer in the 2D limit by the presence of
the substrate and further modulated by an applied electric field)
and accordingly produce drastic changes in the electronic struc-
ture, strongly coupled to the electric field by the strong spin orbit
interaction, allowing for the stabilization of novel correlated
electronic states.

In this paper, we report ionic liquid gating21–27 of ultrathin
SIO 113 layers in the vicinity of the MIT. Complexities related to
the generation of oxygen vacancies and /or SIO degradation by
the ionic liquid were carefully excluded (See Methods and Sup-
plementary Note 1). The large electric field built up at the
interface between the ionic liquid and the oxide due to the for-
mation of the Electric Double Layer (EDL), is typically screened
over the Thomas Fermi length. SIO 113 iridate is a bad metal due
to a high degree of carrier (electron-hole) compensation and, as a
result, its screening length becomes nanometric, closely matching
the thickness range where SIO 113 thin films become insulating.
The incomplete screening of the electric field by the small carrier
density of SIO 113, which is further reduced at the MIT, is key for
the observation of effects of the electric field beyond electrostatic
doping. In particular, we will examine modulations of the elec-
tronic structure driven by its coupling to the electric field by the
spin-orbit interaction17–20. It is important to remark that this
result is different to the modification shown before28 of the
Dzyaloshinskii-Moriya interaction (DMI) in the SrRuO3 by the
small electric field developing in STO back gating. In our case, the
very strong electric field generated by the ionic liquid gate
modulates the inversion asymmetry (already broken by the sub-
strate) and couples to the electronic structure of the SrIrO3 thin
film through the strong spin orbit interaction triggering a MIT.

Results and discussion
Structural characterization. SIO 113 ultrathin films grown on
(001) STO with thickness in the range 1–3 nm exhibited a metal-
to-insulator transition below 2 nm as shown in Fig. 1. Specular
X-ray diffraction experiments evidence an enlargement of the out

Fig. 1 Samples characterization as function of thickness. a Resistivity as a function of temperature of SrIrO3 ultrathin films grown on SrTiO3. b Specular
x-ray diffraction of SrIrO3 ultrathin films grown on SrTiO3. Sketch of the contact lay-out for the ionic liquid gating experiment in the side gating geometry.
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of plane lattice parameter when the thickness is reduced, as
inferred from a shift of diffraction peaks to lower angles when
thickness is reduced (see inclined line in Fig. 1 connecting (002)
diffraction peaks).

This indicates structural modifications concomitant with the
thickness-controlled MIT transition. To explore the effect of
oxygen rotations on the reduced symmetry of the unit cell we
have conducted three-dimensional X-ray reciprocal space ima-
ging. Figure 2 shows reciprocal space maps of the 5 nm sample
with reflections indexed with (H, K, and L) triads referred to the
cubic unit cell of the SrTiO3 substrate. Non integer reflection both
in in-plane and out of plane axes can be clearly recognized
indicating the rotation of oxygen octahedra around both in
plane and out of plane axes similar to the bulk SrIrO3

2. The
mixed {0, ±K/2, L/2}, {±H/2, 0, L/2} and {±H/2, ±K/2, L/2}
reflections are thus an indication for a a−a−c+ pattern of the
oxygen octahedra29–31. This pattern arises from the out-of-phase
rotation of oxygen octahedra in the plane of the film layers
combined with out of plane tilting and antipolar displacements of
A site cations30,31. This shows that the antiferrodistortive in plane
rotations a0a0c- which have been shown to occur in the SIO at
layer thickness below 1 nm13, relax into the 3D rotation pattern of
the Pbnm space group of bulk samples when thickness is
increased from one to four unit cells. This rotation pattern was
consistently observed in a series of samples with thickness varied
between 2 and 10 nm, a thickness range where the films are
metallic.

Ionic liquid gating. Ionic liquid gating was performed in the
side gating geometry (see sketch in Fig. 1). We selected sam-
ples at the verge of the MIT (Fig. 1a) in the insulating (1.6 nm)
and metallic (2 nm) sides of the transition and carried out the
ionic liquid gating experiments in these samples to cross the
MIT from both sides (See Fig. 3). At each gate voltage
simultaneous measurements of longitudinal resistivity
(Fig. 3a, b) and Hall effect (Fig. 3c, d) were conducted. Ionic
liquid gating turned the conducting state of the samples from

metal to insulating and vice versa. Interestingly, as discussed
below, the effect of the gating was opposite to what is expected
from electrostatic doping. The metallic 2 nm sample (left
panels with data marked in red color in Fig. 3) turns into
insulating when positive gate voltages are applied (expected to
produce electron doping). Conversely, the insulating 1.6 nm
sample (right panels with data marked in blue color in Fig. 3)
turns into metallic under negative gate voltages (expected to
produce hole doping).

Hall effect measured at 40 K for the different gate voltages were
used to examine the changes in the carrier density resulting from
the gating process. This temperature is high enough to avoid the
effects of quantum corrections to the conductivity or to the
magnetoresistance of magnetic phases which, as discussed below,
emerge at low temperatures. Transverse resistivity had always a
negative slope indicating larger mobility for electrons than for
holes in agreement with previous reports11,31,32. On the metallic
side of the transition, for the 2 nm thick samples, when the
sample is gated with positive voltages (expected to produce
electron doping) an increase of the Hall resistivity is detected,
which could in principle be understood in terms of a decrease of
the hole density in a two-band picture. On the other hand, on the
insulating side of the transition, when the sample is gated with
negative voltages, the Hall resistivity decreases, which could be
understood in terms of an increase of the hole density in a two-
band picture. A rough quantitative analysis of the carrier density
can be done following reference32. Assuming charge compensa-
tion and larger mobility for electrons than for holes (see
Supplementary Note 2 and Supplementary Figures S3 and S4)
the analysis yields, in the metallic state, values of the carrier
densities for holes nh= 1020 cm−3 and electrons
ne= 7 × 1019 cm−3 with mobilities in the range 30–40 cm2/Vs
being larger for electrons than for holes. These values are
comparable to those reported in backgating experiments produ-
cing much weaker changes in the resistivity32. In the insulating
state carrier densities dropped to nh= 2 × 1019 cm−3 and
ne= 1 × 1019 cm−3 while mobility values were little affected by

Fig. 2 Reciprocal space map characterization of a 5 nm SrIrO3 thin film. a Reciprocal space map of a 5 nm SrIrO3 ultrathin film grown on SrTiO3 showing
the X-ray diffraction reflections projected on the KL plane. The contour plot uses a logarithmic false color scale and it shows half-integer reflections (0,
−0.5, 1.5), (0, 0.5, 1.5), and (0, 0, 1.5) corresponding to the pseudocubic unit cell of the iridate, as well as the integer (0 0 2) reflections of both film and
substrate. b, c Linear false color scale contour plots of HL and KL projections of the (0, 0.5, 1.5) reflection highlighted with a red box in a. d, e Intensity
profiles of the map displayed in c along the horizontal and vertical axis respectively.
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the gating process. The strong suppression of the concentration of
both carrier types indicates effects of the gating process beyond
doping of a semimetal, which is expected to yield opposite
changes of electrons and holes densities.

The gating process was checked to be reversible (though
hysteretic), see Supplementary Section 1 and Supplementary
Figure S1. This excludes doping by electric field generated oxygen
vacancies, shown before to happen in the related SrRuO3

compound33. The reduction potential of Ir 4+ is strongly negative
and it has been observed that oxygen migration forced at high
(reducting) voltages irreversibly damages SrSiO3 turning it into
an amorphous non stoichiometric Ir 3+ oxide34. The reversibility
of the gating process support absence of oxygen vacancy
generation. Moreover, oxygen outtake would degrade the double
layer and modify its capacitance contrary to what it is observed
(see Supplementary Fig. S2).

The anomalous reduction in both, electron and hole concen-
trations when the insulating state is approached, suggest the
opening of a charge gap. However, the question remains why this
phenomenon (if unrelated to doping) depends on the direction of
the electric field. In principle, the applied electric field will change
the strength of the confining potential and the magnitude of the
spin-orbit interaction, but a dependence on the field direction, as
experimentally observed, is not expected. As a result of the
reduced carrier density, screening effects on the charge density
are almost negligible, especially in the insulating state where the
Thomas Fermi screening length becomes comparable to sample
thickness. Therefore, the large partially screened electric field
generated in the gating process can produce deep modifications of
the electronic structure in a system, like ours, with broken
symmetry and strong spin-orbit interaction. This indicates that
symmetry breaking proper of ultrathin samples, possibly
modulated by the electric field generated during the gating
process, plays a leading role in the surprising asymmetric electric
field dependence.

A direct indication of the correlated nature of the insulating
state triggered by electric field is the unexpected (ferro)magnetism
revealed by the low-temperature measurements of the transverse
resistivity in the insulating state. Figure 4a–f show clear evidence
of anomalous Hall effect in the insulating state between 2 and
40 K. Subtraction of the normal Hall resistivity obtained from the
high field slope yields clear (inverted) hysteresis loops indicating
that the anomalous Hall conductivity is negative (see Fig. 4g).

The insulator state has an out-of-plane remanence and is thus
clearly different from other magnetic states found previously in
perovskite iridates with in-plane moments such as the metamag-
netic state found in SIO 2145 or the ferromagnetic state found It
is in SIO 113/ STO superlattices35–37. Interestingly, the out-of-
plane ferromagnetism is observed only in the insulating phase
and was suppressed when the sample was brought to the metallic
state.

Density functional theory calculations. The electric field mod-
ulation of the ground state of the SIO ultrathin films unearths an
interesting scenario of external control of symmetry breaking. To
gain insight in the electric field-driven modification of the SIO
electronic states, we have performed first principles density
functional theory (DFT) calculations. SIO films were modeled by
asymmetric (001) SIOm/STO slabs with two SrO layers at the
free surface and at the SIO/STO interface. The supercells had
four formula units in the plane to account for the reduction of
the symmetry (observed in X-ray reciprocal space maps) due to
anisotropic bond distortions produced by the rotation of oxygen
octahedra and polar displacement of Sr atoms. See Supplemen-
tary Note 3 and Supplementary Figure S5. The number of unit
cells (u.c.) in the (001) direction was varied between m= 1 and 6.
The external electric field is added via a sawtoothlike potential,
and conventional dipole corrections are used to avoid spurious
electrostatic interactions between the periodically repeated

Fig. 3 Electrical measurements of 2 and 1.6 nm thickness SrIrO3 samples for different gate voltages. Longitudinal resistivity (a, b) and Hall effect (c, d)
were measured at 40 K at each gate voltage during ionic liquid gating experiments of a 2 nm SIO 113 sample at the metallic side of the MIT (a, c) and of a
1.6 nm sample at the insulating side (b, d).
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supercells38. Structural optimization of the slab is then carried
out to take into account the electrostatic screening effects.

For m ≤ 2 the films are insulator and a MIT occurs for m= 3.
In Fig. 5 the band structure around the Fermi level, EF, of the SIO
(m= 3)/STO slab is shown. The system is metallic, the band
structure results from the cooperative interplay of electron
hopping and spin-orbit interaction and is modulated by the
tilting and rotation of the IrO6 octahedra and the magnitude of
the U Hubbard electron correlation. This band structure
corresponds to the most stable a−a−c+ crystal configuration
observed in the x-ray analysis but with the rotation angles of the
IrO6 octahedra nearest to the SIO-STO interface modified by the
proximity to the STO substrate. The plane-averaged Ir-O-Ir angle
takes the values 176.0, 162.0, and 160.2 degrees with values
decreasing from the interface to the surface. Besides hybridization
with the oxygen p orbitals, substantial mixing of the Jeff= 3/2 and
Jeff= 1/2 states is present in the occupied electronic bands, but
the unoccupied electronic states have mainly Jeff= 1/2 character,

reveling that ultrathin SIO films are close to the Jeff= 1/2 single
band limit. Different colors in the figure indicate projections into
the individual IrO2 planes in the structure (green corresponds to
the surface, red to the middle, and blue to the immediate vicinity
to the interface). Figure 5 also shows the corresponding band
structures for the SIO/STO asymmetric slab under electric fields
of ± 0.1 eV/Å perpendicular to the layers. A positive value
corresponds to electric field pointing from the SIO surface to the
interface with the STO and thus to positive gate voltages in the
experiment.

It is found that the calculated ground state depends on the
direction of the electric field. For positive electric fields, the width
of the mixed orbital t2g d band reduces significantly and the
narrowed Jeff= 1/2 t2g bands are pushed above the Fermi level
yielding an insulating state. Conversely, wider bands cross the
Fermi level for negative electric fields yielding a metallic state.
Thus, there is an asymmetric effect of positive and negative
electric fields on the width and energy position of the bands close

Fig. 4 Hall configuration measurements of the 1.6 nm thick SIO. a–f Hysteretic Anomalous Hall effect obtained measuring transverse resistivity as a
function of magnetic field at low temperatures. g Anomalous Hall effect obtained subtracting the ordinary component to the transverse resistivity. h Sketch
illustrating that the out of plane canted moment results from the bending of the Ir-O-Ir bonds or tilting of octahedra (Ir atoms are at the center and oxygen
atoms are at the vertexes). Green and blue arrows represent orbital and spin moments as calculated by first principles (see below).
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to the Fermi energy. These calculations are in fact fully consistent
with the experimental results described above. Notice that the
electric field has a symmetry-breaking effect. Positive electric
fields restore the degeneracy of the bands corresponding to the
individual IrO2 planes, already lifted in the asymmetric SIO/STO
slab, and increase the energy of the bands mainly localized in IrO2

planes at the film surface (green-colored bands in the figure),
while for negative fields the bands remain non-degenerate.
Therefore, electronic states corresponding to different planes
appear separated in the metallic state, even at zero applied electric
field, and mixed in the insulating state. Negative electric fields
increase the film asymmetry while positive electric fields reduce it
indicating the compensation of the intrinsic asymmetry of the
film grown on STO.

It is important to note that the tuning of the metal-insulator
transition by the positive electric field occurs only in the presence
of the spin-orbit interaction. In calculations that do not include
the spin-orbit interaction, the film is metallic and the electric field
is screened by charge redistribution between the IrO2 layers. (see
Supplementary Figure S6).

The dependence of the electronic structure on the direction of
the electric field indicates that the external electric field modulates
a broken symmetry state of the structure. It may result from
differences in the confining potentials of STO and vacuum at each
side of the SIO slab or from structural asymmetries in the layer
(see below). Direct evidence for this scenario is found from
calculations (see bottom panels in Fig. 5) removing the STO layer
while keeping the structure unrelaxed to maintain a certain
degree of asymmetry. Notice that the removal of the STO (with
the consequent reduction of band asymmetry) yields an
insulating state at E= 0, and that a negative electric field does

not restore the metallic state, although reduces significantly the
gap and increases the band asymmetry. This indicates that the
inversion symmetry breaking introduced by the STO is similar to
that of a negative electric field.

To further address the effect of the electric field in modulating
the inversion asymmetry introduced by the STO substrate, we
have examined the layer projected density of states for the three
fields, E= 0 and E= ± 0.1 eV/Å in structures in which the STO
substrate is present or removed from the supercell. Results are
shown in Fig. 6. In the presence of the STO base layer, and in the
absence of an external field, the SIO layers have a metallic density
of states. Applying a positive field alters the energy distribution of
the occupied bands, and there is a significant narrowing of the Ir
d-bands particularly at the surface layer and the energy gap opens
up. Conversely, the negative field causes a large rearrangement of
the electronic levels within the film maintaining the density of
states at the Fermi level. It is important to remark that, the
number of electrons in each layer determined either from the
integrated layer projected density of states or from the Bader
charges (see Supplementary Note 3) is practically unaltered by the
application of the electric field.

The second row of Fig. 6 displays the layer projected DOS of
SIO slabs without the STO layer but with the atomic structure
obtained in the calculation of the SIO/STO slabs (i.e. atomic
relaxation is not performed). The insulating state is already found
at E= 0 (instead of at the E=þ0.1 eV/Å found with STO)
indicating that the effect of the intrinsic symmetry breaking is
comparable to that of a negative electric field, i.e. pointing from
STO to SIO surface. Relaxing the lattice positions in the
symmetric SIO slab without STO produces an insulating state
which, being the SIO slab now fully symmetric, is not modified

Fig. 5 Electronic structure from first principles simulations. Band dispersion for the SIO supercell on STO (a–c). Different colors correspond to
projections of bands on the different IrO2 planes in the structure (blue, red, and green correspond respectively to the first, second, and third closest IrO2

plane to the STO interface). Calculations are under external electric fields E=−0.1 eV/Å (a), E= 0 (b) and E=+ 0.1 eV/Å (c). Band dispersion for the SIO
supercell without the STO layer but without relaxing the atomic positions (d–f). Electric fields are E=−0.1 eV/Å (d), E= 0 (e) and E=+ 0.1 eV/Å (f).
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when the direction of the electric field is reversed. Data are shown
in the three bottom panels of Fig. 6 for the same E= 0 and
E= ± 0.1 eV/Å electric fields values. This result evidences that the
cooperative effect of the electric field and the asymmetry of the
slab induces the inversion symmetry breaking and triggers the
metal-to-insulator transition in the system. An interesting result
from the DFT calculations is the splitting of the bands
corresponding to the individual IrO2 planes of the slab, the
bands mainly localized at the surface have always smaller energy.
This indicates a larger spin orbit-driven symmetry-breaking effect
of the applied electric field at the surface than at the interface and
supplies an interesting clue for the understanding of the electric
field-driven band splitting.

Discussion
A possible source of coupling of the electronic structure to the
electric field is through the restoration of the orbital angular
momentum degree of freedom in the t2g manifold (effective
L= 1). Orbital angular momentum couples to the inversion
symmetry-breaking electric fields built up in ultrathin oxide
layers, producing Rashba-type surface band splitting, which can
be the source of exciting unexpected new effects in low dimen-
sions driven by spin-orbit interaction and electron correlations39.
The coupling occurs through the interaction of the electric field
with the dipolar charge distributions associated to orbital angular
momentum states, and results in Rashba-type splitting40,41.
However, this would be at odds with the “up-down” electric field

Fig. 6 Density of states projected to SIO (SrO, IrO2,…) [001] lattice planes. The 3 columns correspond to the applied electric field with values
E=−0.1 eV/ Å (a, d, g), E= 0 eV/Å (b, e, h), and E=+ 0.1 eV/Å (c, f, i) from left to right respectively. The three rows correspond to 3 SIO atomic
models: SIO superstructure grown on STO (a–c), SIO superstructure without the STO layer but no relaxation of the atomic positions (d–f), and a fully
symmetric structure without the STO layer and allowing relaxation of the atomic positions (g, h, j).
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asymmetry uncovered by the gating experiments and the first
principles calculations.

Alternatively, the interplay between spin-orbit interaction and
inversion symmetry breaking can be understood in terms of mul-
tiorbital effects of Rashba spin-orbit interaction in t2g electron17–20.
SIO is a t2g electron system due to the splitting of d orbitals by the
strong crystal field. While in a cubic environment the t2g orbitals
can be decoupled, as interorbital hopping is forbidden by parity
symmetry, inversion symmetry breaking opens new hopping
channels in the Ir-oxygen network, i.e, when an electron hops from
a dzx (dyz) orbital to a neighboring O px (py) orbital in the y (x)
direction, the matrix element is different from zero in the presence
of a perpendicular electric field. Therefore, hopping processes will
be modulated by the external electric field and when combined with
the atomic-like spin-orbit interaction the new hopping channels
give rise to additional Rashba band splittings, which in multiorbital
systems take a much complex form than the conventional spin-
splitting in 2D semiconductor quantum wells17. The electric field
itself breaks inversion symmetry, and it may thus modulate the
effect of other forms of symmetry breaking in producing further
polar deformations of the orbital lobes which ultimately open the
new hopping channels. Although electric field only, does not dis-
tinguish up and down, the other forms of symmetry breaking may
establish different amplitudes of the hopping integral at the surface
and at the interface with the STO, which the electric field can
modulate. In our case there is an asymmetry of the oxygen rotations
at the interface (where the titanate suppresses the bending of out-of-
plane bonds) as compared to the surface where the film relaxes
towards the a−a−c+ structure of the bulk). Octahedral rotations
allow for antisymmetric inter orbital hopping terms between xy and
yz orbitals along the x direction originating at the deformation of
the orbital lobes of the surface layer18. Also, the missing apical
oxygen above the surface lowers the energy of the z2 orbital,
allowing for new tpdπ routes which have been proposed couple to
the electric field17. Future work will be directed to establish the
direct connection between the detailed mechanism and the broken
symmetry of IrO2 plane bands, but it is clear that the modulation of
the broken symmetry hopping channels by the strong external
electric field plays the central role in the observed effect and justifies
the lower energy (larger hopping) of the IrO2 planes at the surface.

Furthermore, and also in agreement with the experimental
results, the calculated insulator phase for the SIO/STO under a
positive electric field presents canted orbital (0.26 μB) and spin
(0.17 μB) moments yielding out of plane components of 0.04 μB
and 0.02 μB, respectively. Their ratio is 1.52, close to two, the ideal
value of the Jeff= 1/2 state. Orbital and spin moments in neigh-
boring Ir atoms align antiferromagnetically both in the same layer
and between different layers, albeit, there is a canting of the
magnetic moments associated with the rotation and tilting of the
IrO6 octahedra, yielding a weak ferromagnetic component per-
pendicular to the film, see Fig. 4h On the contrary, in the metallic
state reached by the application of the negative electric field,
where, although smaller local orbital and spin moments may
survive, the long-range magnetic order observed in the insulator
does not occur. The small out of plane moments are produced by
the canting of an antiferromagnetic state by the DMI42. The
bending of out-of-plane Ir-O-Ir bonds establish, according to
Bertaut rules43, the symmetry conditions for the existence of the
out-of-plane (weak) ferromagnetism44. The anomalous Hall
conductivity measured in the insulating phase reflects the canted
antiferromagnetic order. The non-collinearity yielded by the
strong spin-orbit interaction breaks time-reversal symmetry to
meet the conditions to the observation of AHE45,46 which
intrinsically originates at the Berry flux at avoided crossings
prompted by symmetry breaking and spin-orbit interaction47.

Conclusions
In summary, we have shown that in SrIrO3 ultrathin films, the
large electric fields generated in a field effect experiment with
ionic liquids couple strongly to the electronic structure producing
deep modifications, which are beyond those expected from
doping. The electric field modulation of new inter-orbital hop-
ping channels opened by the broken inversion symmetry explains
the anomalous band splitting triggering the metal-to-insulator
transition. The emergent anomalous Hall effect related to the out-
of-plane canted antiferromagnetic state found in the insulating
phase supplies solid evidence for the leading role played by
electron correlations in yielding the transition. The picture
emerges that the electric-field controlled inversion symmetry
breaking provides an effective knob to modulate the effective
strength of the correlations yielding the MIT transition.

A final remark concerns the finding of a canted anti-
ferromagnetic insulating state tunable by an electric field. Ferro-
magnetic insulators are scarce, yet they are very useful in
spintronics as spin filters or as electrodes in proximity interac-
tions. On the other hand, metals with strong spin-orbit interac-
tion are desirable as spin–charge converters. The possibility of
switching between both with an electric field demonstrated in this
work may inspire novel device concepts in low-dissipation oxide
electronics48.

Methods
Growth process. The 1-3 nm thick SIO thin films were grown on top of (001)
oriented SrTiO3 (STO) substrates by sputtering a stoichiometric target in high
pressure (2.8 mbar) pure oxygen atmosphere and at a substrate temperature of
650 °C. Growth was followed by a 1-hour annealing at 650 °C in pure oxygen
(1 atm). This technique produces highly perfect epitaxial layers of oxides at a slow
rate (0.1 nm/min) which allows an accurate thickness control49,50.

Fabrication and measurement of electric double-layer transistors. EDL tran-
sistors were fabricated 1-3 nm thick SIO thin films using the side gating geometry.
Conventional optical lithography combined with reactive ion etching were used to
define (250 micron) Hall bars with millimeter-size Au side gate contacts. This size
of the Hall bars yielded in some occasions the anisotropic transport reported earlier
due to coupling to STO structural domains51. The gate dielectric was formed by
depositing a 1 μl drop of the ionic liquid DEME-TFSI. The DEME-TFSI was baked
at 100 °C and at 10−2 Torr for a period of 24 hours. To avoid sample degradation
by reaction with the ionic liquid it was deposited on the sample on a precooled cold
plate inside a glove box filled with Ar gas. The gate voltage (VG) was applied at
230 K for a period of 5 minutes and the device immediately cooled down to 10 K.
Positive (negative) gate voltages correspond to electron (hole) doping. Magneto-
transport characterization of the EDL transistors was conducted in a Quantum
Design Physical Properties Measurement System (PPMS). Transport measure-
ments (resistance and Hall effect) were recorded during the warming of the sample
up to 180 K. For Hall measurements, magnetic fields were swept up to ±14 T. To
separate the Hall contribution, an antisymmetrization routine was conducted
using:

ρþxy Hð Þ ¼
ρþxy RAW Hð Þ � ρ�xy RAW Hð Þ

2

ρ�xy Hð Þ ¼
ρ�xy RAW Hð Þ � ρþxy RAW Hð Þ

2

where ρþxy RAW Hð Þ and ρ�xy RAW Hð Þ are the positive and negative field sweep bran-
ches of the raw measurements of the transversal resistivity, which were been
interpolating onto the same field. The effect of gating was reversible as far as
samples were in the metallic state. Entering the insulating state resulted in hys-
teretical voltages to recover the metallic state, i.e., larger negative voltages than the
positive ones required to drive the sample insulating. See Supplementary Figure S1.
Reversible (though hysteretic) gating rules out doping by the migration of oxygen
atoms in the SIO crystallographic unit cell52–54. This was further confirmed by
capacitance measurements of the double layer not showing changes due to elec-
trochemical reactions at the liquid interfaces associated with the transport of
oxygen ions. See Supplementary Figures S1 and S2.

X-ray diffraction reciprocal space maps. Reciprocal space maps were measured
in a Bruker D8 Discover Microdiffractometer equipped with a two-dimensional
Vantec detector, Hubber ¼ Eulerian cradle, video camera/laser alignment system,
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and a Co Kα x-ray radiation point source (λ= 1.79 Å). The beam is conditioned
with a graphite monochromator and the samples were mounted for reflection
configuration. We used an 800 μm collimator and the sample-to-detector distance
was kept at 20 cm. The diffractometer images acquired using the 2D detector were
analyzed and combined to reconstruct the structure factor in 3D reciprocal space
using a self-designed software tool (RS*App). A 3D view of the reciprocal space is
obtained allowing the interpretation and analysis of the shape of the different poles
of scattering as well as the projection of the data into different crystallographic axis
and planes.

First-principles calculations. Ab-initio density functional theory (DFT) calcula-
tions has been performed using the projector augmented wave method employing
the Vienna simulation package (VASP)55–57. We adopted the generalized gradient
approximation by Perdew-Burke-Ernzerhof (PBE) with a full treatment of relati-
vistic effects (SOC) and including on-site Hubbard corrections in the form of the
Dudarev approximation for a proper description of the electron correlation of the
Ir 5d and Ti 3d orbitals. Values of 1.5 and 4.4 eV for the Ir and Ti d-bands effective
Hubbard potential, respectively58,59 and a plane-wave energy cutoff of 500 eV have
been used. We model the SIO films grown on STO by a (SIO)m /STO supercell
containing 4 in-plane SIO unit cells (u.c.) and m SIO and one STO u.c. along the
out-of-plane direction, thus the slab contains 2 × 2 × (m+ 1) pseudocubic u.c. The
vacuum region included for detaching the supercell surfaces is 18 Å. In all the
calculations, we took the lattice parameters of the STO after full relaxation. We
allow for different configuration of the rotations and tilting of the IrO6 octahedra
network. We found that the ground state of the films is sensitive to the config-
uration of the rotation. For the calculations in presence of electric field, a sawtooth-
like potential is applied and dipolar corrections are included. The atomic relaxa-
tions of the slab are carried out in absence and presence of the electric field until
the Hellman-Feynman forces on each atom becomes <0.015 eV/Å. The structural
optimization of the slab with the field is important to take into account the elec-
trostatic screening effects. In presence of the electric field no significant
ferroelectric-like ionic displacements, were obtained.

Data availability
The data used in this paper are available from the authors upon reasonable request
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