Open Access Article. Published on 04 October 2021. Downloaded on 10/13/2021 10:42:35 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nanoscale
View Article Online

PAPER

Cite this: DOI: 10.1039/d1nr04207f

View Journal

Dimensionality-driven metal–insulator transition
in spin–orbit-coupled IrO2†
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A metal–insulator transition is observed in spin–orbit-coupled IrO2 thin ﬁlms upon reduction of the ﬁlm
thickness. In the epitaxially grown samples, the critical thickness (t ∼ 1.5–2.2 nm) is found to depend on
growth orientation (001), (100) or (110). Interestingly from the applied point of view, the insulating behav-
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ior is found even in polycrystalline ultrathin ﬁlms. By analyzing the experimental electrical response with
various theoretical models, we ﬁnd good ﬁts to the Efros–Shklovskii-VRH and the Arrhenius-type behaviors, which suggests an important role of electron correlations in determining the electrical properties of
IrO2. Our magnetic measurements also point to a signiﬁcant role of magnetic order. Altogether, our
results would point to a mixed Slater- and Mott-type of insulator.

Introduction

In the last decade, iridium oxides have generated significant
excitement due to the observation of unexpected properties
such as localized-like transport and magnetism.1–4 The ground
state of these compounds results from a delicate balance
between competing interactions so that it is possible to modify
it and tailor their electrical and magnetic behaviors through
interface and strain engineering.5–14 Upon approaching the
two-dimensional limit, the coordination of iridium ions at the
interfaces is reduced, typically resulting in a decrease in the
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electronic bandwidth W. Similarly, strain engineering resulting
in longer bond lengths or octahedral rotations typically results
in a decrease of W. Hence, by thickness (dimensionality)
control and/or strain engineering, a critical point may be
reached where a metal–insulator transition (MIT) is induced.
Benefitting from this tunability, one can not only change the
electronic structure and electrical/magnetic behavior but also
shed light on the mechanisms determining the electronic and
magnetic properties of iridates. Three mechanisms have been
proposed to describe the modification of the electronic structure as the result of the reduction of bandwidth, namely, the
reduction of W may (i) result in an increase in the eﬀective correlation (U/W, where U is the on-site Coulomb repulsion), (ii)
make the disorder (D) more eﬀective in causing Anderson
(weak) localization (i.e. D/W increases) and (iii) lead to an antiferromagnetic ordering transition resulting in a Slater insulator.
In consequence, the origin of the MIT in iridates is still under
extensive debate (Mott vs. Anderson vs. Slater) as illustrated by
numerous works on the compounds of the Ruddlesden–Popper
series, Srn+1 Irn O3n+1 (n = 1, 2, ∞).1,8,10–13,15–17
In IrO2, U/W and D/W are expected to be smaller than in
other iridates, such as the Ruddlesden–Popper series, due to
its higher connectivity based on the three-dimensional cornersharing and edge-sharing octahedral network. In fact, there is
a wide consensus regarding the metallic and paramagnetic
nature of bulk IrO2. On the other hand, theoretical studies
suggest that the metallic paramagnetic ground state of IrO2
can be tuned through structural modifications. In this context,
Panda et al.18 predicted that IrO2 may transform into an antiferromagnetic metal and eventually into an antiferromagnetic
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insulator when U/W increases. Similarly, Kahk et al.19 predicted that epitaxial strain may strongly aﬀect the electronic
structure through its diﬀerent eﬀects on orbitals within (dx2−y2)
and perpendicular (dxz, dyz) to the edge sharing planes. With a
similar view, Ming et al.20 focused on the evolution of the electronic structure as a function of the IrO2 layer thickness, m, in
(IrO2)m(TiO2)10 heterostructures, and predicted by the densityfunctional theory that the heterostructures exhibit a thicknesscontrolled MIT. According to their work, the subtle interplay
between electron correlation and spin–orbit coupling (SOC)
leads to an almost pure Jeﬀ = 1/2 spin–orbit insulating state at
the level of the atomically-thin monolayer. These predicted
emerging insulating and magnetic states are still awaiting
experimental confirmation.
Here, we investigate the electrical and magnetic properties
of (001)-, (100)-, and (110)-epitaxially grown thin IrO2 films of
diﬀerent thicknesses to directly address the eﬀect of dimensionality and strain. We find that an MIT occurs at a film thickness of ∼1.5 nm, i.e. ∼4 unit cells (u.c.). Moreover, our results
point to the possibility of achieving an MIT also in polycrystalline (110)-textured films. The mechanisms responsible for the
MIT have been studied by fitting the resistivity curves to
several models. In addition, our magnetization and XMCD
data suggest the appearance of magnetic ordering in IrO2
through thickness reduction as proposed by theoretical
predictions.18,20 Our study highlights ultra-thin IrO2 as a novel
building block for engineering the interplay of spin–orbit
coupling, electrical resistivity and magnetism.

2. Experimental
Epitaxial IrO2 films of thicknesses 5 nm and 100 nm were deposited on TiO2 single-crystal substrates with (100), (001) and
(110) orientation by pulsed laser deposition (PLD) using a KrF
excimer laser with 248 nm wavelength, 3 Hz repetition rate,
and 1.5 × 109 W cm−2 irradiance in an ultrahigh-vacuum
chamber using a deposition temperature of 380 °C. Epitaxial
films thinner than 5 nm were deposited on TiO2 substrates
with (100), (001) and (110) orientation by high pressure sputtering in pure oxygen atmosphere, a technique which has
shown the growth of complex oxides with good epitaxial properties.21‡ The substrate to target distance was fixed at 1.5 cm,
so that the plasma is tangent to the target surface. The sputtering power was set to 110 W and the oxygen pressure to
3.2 mbar. The substrate temperature was set to RT.
Interestingly, the crystal quality of the samples gets worse if
the substrate temperature is set above 400 °C. It is worth
noting the importance and novelty of this result since the
growth of other TMOs carried out by means of this technique
typically requires growing temperatures above 750 °C.22,23
Diﬀerent deposition times were used to obtain diﬀerent thick‡ Samples with t ∼ 5 nm were also grown by high pressure sputtering and used
to confirm that the resistivity behaviour does not depend on the deposition
method but they are not shown here.
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nesses. In addition, polycrystalline (110)-textured films,
labeled as (110)-text, were grown in a conventional reactive
magnetron sputtering equipment from an iridium target and
using an O2/Ar mixture gas that is ∼13.3% O2-rich. The base
pressure provided by the vacuum system was in the 10−7 mbar
range and the working pressure was ∼5 × 10−3 mbar. The DC
power used to grow the samples was about 8 W. The polycrystalline samples were grown on Si(100) substrates at RT and
subsequent thermal annealing was performed in air at 650 °C
for 6 hours.
X-ray reflectivity (XRR) and X-ray diﬀraction measurements
(XRD) were performed by using Bruker D8 and Rigaku D/max2500 diﬀractometers, respectively, by using the Kα radiation
line of copper. Field-emission scanning electron microscopy
(FE-SEM) images were recorded on the surface of representative samples to investigate the morphology of the films. Image
recording was performed at 15 kV by using a Carl Zeiss
MERLIN microscope. The electrical resistivity was measured
using the four points van der Pauw method24 by means of a
Quantum Design PPMS 9 T from 300 to 10 K with no applied
magnetic field and with a small electric current (0.1 mA).
Magnetization measurements were carried out by using a commercial SQUID magnetometer from Quantum Design.
Magnetization hysteresis loops were achieved up to 50 kOe at
RT and 5 K. Magnetization versus temperature data were collected from 5 to 350 K with a heating rate of 5 K min−1 at 1000
Oe.
High-energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XANES) measurements were carried
out at RT by using a beamline I20-Scanning at Diamond Light
Source.25–27 Further details can be found elsewhere.27,28 X-ray
magnetic circular dichroism (XMCD) measurements were
carried out at beamline 4-ID-D of the Advanced Photon Source,
Argonne National Laboratory. Measurements were done in a
cryomagnet with the sample cooled with 4He vapor. A 500 μmthick diamond phase plate was used to generate circularly
polarized X-rays and XMCD measurements were carried out in
helicity-switching mode. Measurements were done in fluorescence mode using a grazing incidence geometry and an
energy dispersive 4-element Si drift diode detector placed at 90
degrees relative to the incident beam direction. Data were collected at 10 K with the magnetic fields along and opposite the
X-ray propagation direction to remove any artifacts of nonmagnetic origin.

3. Results and discussion
IrO2 films of diﬀerent thicknesses from 100 nm down to
1.5 nm were obtained (Table 1). In the case of the thicker films
(t > 3 nm), the thickness was calculated from XRR data (see
the ESI†). For the thinner samples, (t ≤ 3 nm) t was calculated
from XRD data (Fig. 1) by using the Scherrer formula.
The panels (a), (b) and (c) of Fig. 1 show the HR-XRD data
of the epitaxially grown IrO2 samples. Only Bragg peaks corresponding to the substrate orientation were observed in each
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Table 1 Structural details of the IrO2 ﬁlms: growth orientation, thickness and lattice parameters along with their relative diﬀerences with the
bulk values

Orientation

t (nm)

a(εa)

b(εb)

c(εc)

(001)
(001)
(001)
(001)
(001)

96.0
5.7
2.5
2.2
1.5

—
4.59 (+2.0%)
—
—
—

—
4.59 (+2.0%)
—
—
—

—
3.11 (−1.6%)
—
—
—

(100)
(100)
(100)
(100)

89.0
5.1
1.7
1.5

4.46 (−0.9%)
4.48 (−0.4%)
—
—

4.59 (+2.0%)
4.59 (+2.0%)
—
—

3.13 (−0.9%)
3.10 (−1.9%)
—
—

(110)
(110)
(110)
(110)

92.2
5.3
2.7
2.2

—
—
—
—

—
—
—
—

—
—
—
—

(110)-text
(110)-text
(110)-text
(110)-text

106.5
6.3
3.3
1.4a

4.49(−0.2%)
—
—
—

4.49(−0.2%)
—
—
—

3.13 (−0.9%)
—
—
—

a

Estimated from deposition time.

Fig. 1

sample as expected from their epitaxial growth. The peak position is slightly dependent on the layer thickness indicating
modifications of the out of plane lattice parameter resulting
from epitaxial strain. The lattice parameters for the (001) and
(100)-epitaxial films were calculated from the reciprocal space
maps collected on selected 100 nm- and 5 nm-thick samples
(see Fig. S4 in the ESI†). The values are summarized in
Table 1. As rutile TiO2 substrates with nominal lattice parameters a = b = 4.59 Å and c = 2.96 Å were employed, the IrO2
films present diﬀerent degrees of tensile/compressive strain
depending on substrate orientation. Thus, the t ∼ 5 nm-thick
(001)-epitaxial sample presents a large tensile in-plane strain
that is not fully compensated by a decrease of the out-of plane
c direction, causing a significant modification of the unit cell
volume (εa = εb = 2.0%, εc = −1.6% and ΔV/V0 = 2.4%). In contrast, the (110)-textured sample presents almost unstrained a
and b lattice parameters (εa = εb = −0.2%) and a small compression along the c direction (εc = −0.9%) resulting in a
volume decrease ΔV/V0 = −1.4%. On the other hand, growing
the films with (100) orientation barely modifies the total
volume (|ΔV/V0| < 0.4%) but results in remarkably dissimilar a

XRD measurements of the (a) (001)-epitaxial, (b) (100)-epitaxial, (c) (110)-epitaxial and (d) (110)-textured ﬁlms with diﬀerent thickness.
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and b parameters. It is to be noted here that the a, b and c unit
cell axes are not oriented along the octahedral axis in the
rutile structure.
Further structural characterization of the films is exemplified in Fig. 2. A flat surface morphology is confirmed for ultrathin films by atomic force microscopy topography. It can be
seen that both sample and substrate present similar roughness
with maximum Z heights below 0.6 nm and rms ∼0.2 nm,
thus showing the continuity of the film. A flat interfacial plane
is also observed in the cross-sectional STEM images. Crystal
defects are not substantially detected. Representative rocking
curves, further showing the good structural quality of the films
have been included in the ESI.†
The (110)-textured polycrystalline film with t ∼ 100 nm displays the typical peaks of rutile-IrO2, with the relative intensity
of the (110)-peak clearly enhanced (Fig. 1(d)). For smaller

Nanoscale
thicknesses, no diﬀraction peaks can be discerned due to the
small amount of material present in the thinnest samples.
Even when some loss of crystallinity cannot be ruled out, the
well-defined features in the XAS spectra (see Fig. S3 in the
ESI†) confirm their crystalline (non-amorphous) character.
The HERFD-XANES spectra were recorded at the Ir L2,3
edges to get a hint on the possible changes in both the electronic structure and SOC. (The branching ratio, i.e. the ratio of
the integrated white line intensity recorded at the Ir L2,3
absorption edges, BR = IL3/IL2, is related to the angular part of
the spin–orbit interaction 〈L·S〉, see the ESI† for details). Very
similar spectral profiles can be observed irrespective of the
degree of crystallinity, thickness and strain; therefore, large
and mostly constant SOC values are inferred in all the cases,
as shown in the representative case displayed in Fig. 3.
Nevertheless, a slightly increasing branching ratio is found as

Fig. 2 (a) and (b) RT Atomic force microscopy (AFM) image of a 2 nm (001) IrO2 ﬁlm.(c) Proﬁle along the line shown in (b) compared to the proﬁle
measured on a TiO2 substrate. The root mean square roughness is 0.16 nm. (d)–(f ) STEM high angle annular dark ﬁeld images of a ∼5 nm IrO2 thin
ﬁlm on the TiO2 [001] susbtrate. (d) and (e) low magniﬁcation images and (f ) high resolution image of the framed area in (d) show the epitaxial IrO2/
TiO2 interface. Red arrows indicate the zone axis of the TiO2 [001] substrate. Scale bars are 20 nm, 5 nm and 2 nm, respectively.
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Fig. 3 Comparison of the normalized Ir L2,3-edges HERFD-XANES
spectra recorded on samples with diﬀerent thicknesses in (100)-epitaxial
samples. The inset plots the evolution of the branching ratio with
thickness.

Paper
the thickness is reduced. Although the diﬀerences between
100 nm and 1.5 nm thick samples are in general smaller than
10%, the trend is robust. In contrast, no clear trend can be discerned as the strain is modified by the growth on substrates
with diﬀerent crystalline orientations (See the ESI† for a
detailed discussion).
All the thick samples (i.e. t > 3 nm) present the typical
metallic behavior of IrO2 characterized by a monotonically
slightly increasing electrical resistivity, dρ/dT > 0, over the
whole temperature range (Fig. 4). For the thickest samples, t ∼
90 nm, electrical resistivity in the 30–55 μΩ cm range is
obtained at the lowest temperature, T = 10 K, with residual resistivity ratios, RRR = R (300 K)/R(10 K), in the 1.6–2.0 range
(detailed table in the ESI†). These values are in good agreement with other previously reported values for epitaxial
films.29–31 The low temperature-dependent contribution ρ(T )
fits well to a T2-dependence indicating that the electron–electron scattering dominates the temperature dependent part of
the electrical resistivity, i.e., a typical Fermi liquid behavior.

Fig. 4 ρ(T ) curves for the (a) (001)-epitaxial, (b) (100)-epitaxial, (c) (110)-epitaxial and (d) (110)-textured samples with diﬀerent thicknesses. Vertical
arrows mark the position of upturns.
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As t decreases, not only the residual resistivity due to
defects, impurities, size eﬀects, and grain boundary scattering
increases but also the thermal dependence varies. For the
∼2–3 nm-thick films, a slope change from dρ/dT > 0 at high
temperature to dρ/dT < 0 at low temperature is observed at
Tmin, marked with arrows in Fig. 4 (zoomed images in the
ESI†). This kind of low temperature upturns in resistivity is
often observed when a system approaches an MIT from the
metallic side.13,32–34 Furthermore, Tmin is located at increasingly higher temperatures as the thickness is reduced. This behavior is related to the progressive localization of the system
with thickness reduction, which, in turn, makes the bands
closer to the Fermi level progressively depopulated for a given
temperature. In this respect, a similar behavior observed in
SrIrO3 has been proposed to be related to the semimetallic
electronic structure where the hole bands lying just below the
Fermi level will be progressively depopulated with decreasing
temperature.8 For the thinnest samples (t = 1.5 nm for the
(001) and (001) samples and t = 2.2 nm for the (110) sample),
dρ/dT < 0 is observed in the whole temperature range.
Therefore, it is concluded that the IrO2 crystalline films
undergo a thickness-driven MIT within the 1.5–2.5 nm range.
Such layer thicknesses correspond to 3–5 unit cells, being
quite in agreement with the theoretical predictions.18,20 The
comparison between the diﬀerent panels in Fig. 4 indicates
that thickness reduction is more eﬀective in inducing an MIT
in the case of (100)-oriented samples and less eﬀective for
(001) orientation. Interestingly from the applied point of view,
the thinnest polycrystalline (110)-textured film also shows a
dρ/dT < 0 behavior over the whole temperature range.
While recent works on IrO2/TiO2 superlattices35 could not
find this MIT, it has to be noted that the superlattices of ref.
35 are distinctly diﬀerent from IrO2 single films, since the
former may be aﬀected by interlayer coupling by ultrathin (2
atomic planes) TiO2 spacers. In particular, the superlattices
are probably aﬀected by additional hopping channels between
the IrO2 layers, as observed in (SrIrO3)/(SrTiO3)m superlattices.36 By studying single IrO2 layers of diﬀerent thicknesses,
the eﬀect of dimensionality on IrO2 is directly addressed.
Fig. 5(a) shows the sheet resistance, Rs, as a function of
temperature for representative samples (Rs = Rπ/ln(2), with R
being the electrical resistance). It can be seen that Rs continuously increases as the film thickness is reduced. In addition,
the change in the electrical behavior occurs when Rs crosses
the 25 kΩ value, i.e. the so-called Mott-Ioﬀe-Regel limit. In very
thin films (∼2D), kFl = (h/e2)/Rs ≈ 25 kΩ/Rs, with l being
the mean free path and kF the Fermi wave-vector. Rs = 25 kΩ
corresponds to the limit where kFl = 1. The above
criterion defines a crossover between weak and strong
localization.37
Trying to shed some light on the mechanisms underlying
the MIT, the most resistive curves were fitted to several
models, see Fig. 5(b) and (c). The resistivity of the (001)-epitaxial film with t = 1.5 nm has a sheet resistance very close to h/e2
at RT and an insulating behavior is found at all temperatures.
For this strongly localized regime, a variable range hopping
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Fig. 5 (a) Sheet resistance calculated for the thinnest (001)- and (100)epitaxial ﬁlms. (b) ρ(T ) curve for the t = 1.5 nm (001)-epitaxial sample ﬁtted
to a ES-VRH model. Inset on the left (right) shows the ﬁt to the ES-VRH
model with n = 1/2 (disorder-driven localization 2D Mott-VRH model, n =
1/3). (c) ρ(T) curve for the t = 1.5 nm (100)-epitaxial sample ﬁtted to a
thermal activation model (red) and a 2D Mott-VRH model (black).

(VRH) type of conduction is expected. Electrons hop between
the localized states and the resistivity is given by:38,39
ρ ¼ C expðT 0 =TÞn

ð1Þ

where C is a constant and T0 is the characteristic temperature
of the compound, which depends on the density of the loca-
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lized states and the spread of their wave functions. The fitting
shown in Fig. 5(b) for the (001)-epitaxial sample with t =
1.5 nm yields an exponent n = 0.46, being in good agreement
with the Efros–Shklovskii VRH (ES-VRH) model (n = 0.5). Such
a model assumes a Coulomb gap opening in the density of
states near the Fermi level brought in by interactions between
localized electrons, i.e., a Mott insulator.40 As for the sample
with the highest electrical resistivity, i.e. the (100)-epitaxial
film with t = 1.5 nm, as shown in Fig. 5(c), its behavior is best
described by an Arrhenius type behavior given by:
ρ ¼ C expðEg =2K B TÞ

ð2Þ

where C is a constant, Eg is the energy gap and KB is the
Boltzmann constant. This fit yields an energy gap Eg of ∼30 meV.
Therefore, we find that the thickness reduction of IrO2
films yields an MIT. Best fits are obtained in the case of the
thinnest samples to either an ES-VRH or an Arrhenius model.
Both the hopping (ES-VRH) and thermal activation mechanisms indicate a gap opening that may be associated with an
enhanced role of correlations. Nevertheless, several mechanisms could coexist and, for example, an additional contribution of disorder should not be ruled out at this point. In
fact, the low temperature region of resistivity curves showing
an upturn has been commonly accounted for in terms of weak
(Anderson) localization, a disorder-driven eﬀect due to the
quantum interference of the conducting charge carriers at
defect sites. In the same way, a dissimilar presence of structural defects combined with the ultrathin thickness could also
be contributing to the diﬀerences in resistivity observed in the
work by Kawasaki et al.41 Thus, although the TEM characterization of our samples is in disagreement with the presence of a
substantial amount of defects and a major role of disorder, an
additional contribution of disorder should not be ruled out.
Similarly, the role of SOC and spin fluctuations should be
explored. In this regard, it seems unlikely that the little
enhancement of the SOC inferred from our data alone may
drive the MIT. On the other hand, as a result of the enhanced
localization in the thinnest samples (W reduction), the
eﬀective SOC increases and the role of the SOC may become
more relevant. The presence of the SOC could, for instance,
reduce the value of U necessary for the MIT. Further work is
required to fully describe the nature of this thickness-driven
MIT and the role of the diﬀerent interactions.
While no MIT has been reported for single IrO2 thin films to
date, it may be illustrative at this point to compare with previous
works on SrIrO3 thin films of variable thicknesses. Thus, our
experimental findings are in agreement with those reported by
Groenendijk et al.,8 who point out the major role of correlations.
In contrast to the thickness dependence, no significant
modification of ρ(T ) can be attributed to a strain-driven eﬀect.
As observed in Fig. 6, samples with large diﬀerences in their
lattice parameters display very similar resistivity curves. For
instance, the t ∼ 5 nm-thick (001)-epitaxial sample (with εa =
2.0%, εb = 2.0% and εc = −1.6%) presents a very similar resistivity to that of the (110)-textured sample (with εa = −0.2%, εb =

This journal is © The Royal Society of Chemistry 2021

Fig. 6 Comparison of the representative ρ(T ) curves measured in
samples with diﬀerent substrate-driven strains, t ≈ 5 nm (green circles)
and t ≈ 100 nm (black triangles).

−0.2% and εc = −0.9%) This behavior is noticeably diﬀerent
from that observed in SrIrO3, where a 35 nm-thick film deposited on NdGaO3 (with εa = 2.5% and εc = −2.7%) results in
dρ/dT < 0 over the whole temperature range.11,13 Such a
diﬀerent response to the substrate-driven strain could be
related to the structural diﬀerences of these iridates; while the
IrO6 octahedra in IrO2 share corners and edges, in SrIrO3 they
are only corner-sharing. This results in an initially broader
bandwidth as well as in a more rigid structure in the case of
IrO2. Consequently, although a similar substrate-driven strain
is achieved in both SrIrO3 and IrO2 cases, it seems not to be
enough to significantly reduce W in IrO2.
It is be noted, however, that a strain-driven eﬀect still could
become important in combination with ultrathin films. In this
sense, Kawasaki et al.41 report only a slight upturn at low
temperatures for ultrathin IrO2 film. We propose that these
diﬀerences in the transport behaviour can be ascribed to
diﬀerent lattices matching with the substrate and so to
diﬀerent lattice parameters and distortions.
No hint of magnetic order is observed in the M(H) measurements regardless of the thickness, growth orientation or strain
(not shown). On the other hand, the temperature-dependent
magnetization curves suggest that magnetic order may appear
for thin enough films. In particular, all the samples but the
most insulating one show a roughly paramagnetic behavior,
typically expected for IrO2, as illustrated by the curve recorded
on the 1.5 nm-thick (001)-epitaxial film (Fig. 7(a)). However, a
weak ferromagnetic-like transition with TC ∼ 125 K is observed
in the 1.5 nm-thick (100)-epitaxial film superimposed to the
paramagnetic response (Fig. 7(b)). Zero-field-cooled (ZFC) and
field-cooled (FC) curves split at a temperature slightly below
TC. This fact might indicate that weak ferromagnetism arises
from a canted antiferromagnetic order, as occurs in Sr2IrO4 42
or Sn-doped SrIrO3,15,17 and is also in agreement with the
theoretical predictions on IrO2.18,20 It should be noted here
that macroscopic magnetic data can hardly unambiguously
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debate in diﬀerent iridates (see for example43) and further
work is needed to clarify this point.
Contrary to the macroscopic magnetization data, the XMCD
data are unambiguously related to the IrO2 layer and allow us
to discard any spurious origin. The XMCD spectrum recorded
at the Ir L2,3 edges of the t = 1.5 nm (100)-epitaxial sample, i.e.
the sample exhibiting the largest electrical resistivity and hints
of magnetic ordering in the M(T ) curves at low temperatures,
is shown in Fig. 8. A small XMCD signal (0.4%) can be inferred
at the L3 edge. The presence of an XMCD signal at the Ir L2
edge is ambiguous. If any, its size is much smaller than that at
the L3 edge. The position, shape and sign of the small signal
observed agree well with previous XMCD measurements
carried out in other Ir4+-based compounds, such as in
Sr2IrO4,43 Sr2TiIrO6 44 or BaIrO3.45 In addition, the XMCD spectrum of powdered IrO2 presents a much smaller intensity
(Fig. 8(b)). These comparisons point out that the small XMCD
signal may indeed be associated with the magnetic ordering of
the Ir4+ cations or, at least, with an enhanced paramagnetic

Fig. 7 (a) FC/ZFC M(T) curves measured on the t = 1.5 nm (001)-epitaxial IrO2 ﬁlm. These curves correspond to H in-plane, but no hint of magnetic order is observed with H out-of-plane. (b) FC/ZFC M(T ) curves
measured with H applied in-plane on the t = 1.5 nm (100)-epitaxial IrO2
ﬁlm. The inset of panel (b) shows a direct comparison to the thermal
dependence of the resistivity.

confirm or discard a change in the magnetic behavior of such
thin films. In particular, the maximum values (∼1 × 10−5 emu
cm−2) expected for these films are not only very small but
similar to the typical uncertainties associated with the slightly
imperfect correction of the background contribution.
Therefore, slight diﬀerences in the magnetization cannot be
undoubtedly associated with the magnetic behavior of the IrO2
layer. Despite that, it can be observed that the magnetic transition appears approximately in the same temperature range at
which electrical resistivity shows a drastic increase (see
Fig. 4(b)). This would support that it is indeed associated with
the IrO2 layer and a related origin for both magnetic and electric transition. In addition, it is to be noted that the magnetic
transition is observed only for the (100)-oriented 1.5 nm-thick
film, which is far more resistive than the (001)- and (110)oriented samples. Altogether this suggests a relationship
between magnetic and electrical behaviors in such a way that
the onset of magnetic ordering would make the sample more
resistive. However, the role of magnetic interactions in driving
gap formation or gap enhancement has remained a matter of

Nanoscale

Fig. 8 (a) Normalized XANES and XMCD spectra recorded in the ﬂuorescence mode at the Ir L2,3 edges at T = 10 K and H = ±50 kOe on the t
= 1.5 nm (100)-epitaxial sample. (b) Normalized XANES and XMCD
spectra measured in the transmission mode at the Ir L2,3 edges at T =
10 K and H = ±35 kOe on commercial powdered IrO2. The lower intensity of the XAS white line is due to a 4% of metal Ir phase. Solid blue
lines indicate a smoothing of the experimental data (in solid symbols).
Red circles indicate a spurious artifact due to a monochromator glitch at
that energy.
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signal of this film. Therefore, although further work is needed
to verify the presence of magnetic order, these results are the
first experimental evidence supporting that magnetic ordering
can be achieved in IrO2 through structural modifications
(thickness
reduction)
as
proposed
by
theoretical
predictions.18,20 In addition, the fact that the magnetic transition appears in the same temperature range where the electrical resistivity drastically increases might indicate an important role of magnetic order in the opening of the electronic
gap, i.e. an unconventional Mott–Slater-type insulator. Finally,
the sum-rules analysis46,47 indicates that the net orbital magnetic moment is ml ∼ 0.003μB/Ir and the spin magnetic
moment ms ∼ 0.007μB/Ir (0.005μB/Ir) if Tz = 0 (14〈Tz〉/〈4Sz〉 =
0.6445) is assumed. The orbital to spin moment ratio is a
factor ∼4 smaller than the ml/ms = 2 proposed for a Jeﬀ = 1/2
state, indicating a deviation from the pure Jeﬀ = 1/2 state.

4.

Conclusions

The relationships between the structure of IrO2 thin films and
their electrical and magnetic properties have been studied.
The SOC in IrO2 thin films is very large and robust, being
mostly independent of the structural details. A small (∼1–10%)
but reproducible increment of the SOC is observed for the
thinnest samples. Regarding the electrical characterization,
upon reducing the IrO2 film thickness, the response evolves
from a metallic ground state to a strongly localized behavior as
the RT sheet resistance approaches h/e2 ≈ 25 kΩ for ∼1.5 nm.
At around 2–3 nm-thickness, the films show upturns in resistivity at low temperatures. Upon further reducing the thickness
of the deposited layer to ∼1.5 nm, a small band gap is opened
suggesting an enhanced role of electron correlations (U/W). As
for the magnetic properties, the temperature magnetization
curves suggest the presence of magnetic ordering (canted
AFM) at low temperatures in the thinnest samples. The XMCD
measurements also support this hypothesis. In addition, it is
found that the magnetic transition occurs at the same temperature at which the resistivity shows a strong increase, pointing to an interplay between magnetism and electrical behavior.
Overall, our results are consistent with a combined eﬀect of
electron correlations and magnetic order as the mechanisms
responsible for the thickness-dependent MIT found in IrO2
thin films (Mott–Slater-like insulator). This research highlights
ultrathin IrO2 films as a novel platform for tuning the electrical and magnetic response of this material. Finally, it is worth
noticing the potential relevance of combining the tunability in
resistivity here shown with other interesting features of IrO2,
namely, its large spin Hall eﬀect (SHE),48 its nonsymmorphic
crystalline symmetry that allows the switching of the charge
carrier type29 and its easy growth relative to other iridates.
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