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Dimensionality reduction induced metal-insulator transitions in oxide heterostructures are usually coupled
with structural and magnetic phase transitions, which complicate the interpretation of the underlying physics.
Therefore, achieving isostructural MIT is of great importance for fundamental physics and even more for applica-
tions. Here, we report an isostructural metal-insulator transition driven by dimensional-crossover in spin-orbital
coupled SrIrO; films. By using in situ pulsed laser deposition and angle-resolved photoemission spectroscopy,
we synthesized and investigated the electronic structure of SrlrO; ultrathin films with atomic-layer precision.
Through inserting orthorhombic CaTiO; buffer layers, combined low-energy electron diffraction measurements
and first-principles density functional theory calculations show that the crystal structure of SrIrO; films remains
bulklike with similar oxygen octahedra rotation and tilting when approaching the ultrathin limit. We observe that
a dimensional-crossover metal-insulator transition occurs in isostructural SrlrO; films. Intriguingly, we find the
bandwidth of J. = 3/2 states reduces with lowering the dimensionality and drives the metal-insulator transition.
Our results establish a bandwidth controlled metal-insulator transition in the isostructural SrlrOj; thin films.
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I. INTRODUCTION

Oxide heterostructures offer unprecedented opportunities
to tune the interactions with similar energy scales, e.g., crystal
field splitting, electron correlation and spin-orbit coupling
for modulating the ground state of transition metal oxides
[1-6]. Among all tuning knobs, dimensionality engineering
has emerged as an effective approach to control magnetic
and electronic properties in oxides heterostructures in a layer-
by-layer manner thanks to the tremendous development of
oxide thin film growth [7]. As a prominent example, the
metal-insulator transition (MIT) is widely observed in ox-
ide heterostructures through reducing dimensionality [8—15].
However, the dimensional-crossover driven MIT is commonly
accompanied by an associated structural phase transition
since transition metal oxides exhibit strong coupling between
charge, spin, and lattice degrees of freedom [16]. This coex-
istence obscures the underlying physics, making it difficult
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to disentangle the different intrinsic interactions that control
the MIT. Therefore, achieving an isostructural MIT through
dimensional-crossover and consequently controlling physical
properties of oxide heterostructures is of great fundamental
and technological interest [17,18].

Recently, the 5d transition metal iridates emerge as an
ideal platform for exploring novel quantum states of mat-
ter due to the interplay between strong spin-orbit coupling
and electron correlations [5,6,19-21]. Among all iridates,
the three-dimensional perovskite SrIrO; has attracted tremen-
dous attention as a key building block for engineering
electronic, magnetic, and topological phases in oxide het-
erostructure [22-28]. The bulk SrlrO; exhibits paramagnetic
and semimetal behavior with proposed Dirac nodal line and
large spin Hall effect, while being at the border of the MIT
[28-30]. Through reducing dimensionality, SrIrO; film un-
dergoes a MIT, accompanied by dramatic changes of the
magnetic and structural phases [16,31-33]. Intriguingly, the
crystal structure transforms from orthorhombic to tetragonal
upon reducing SrIrO; thickness, where the oxygen octahedra
tilting along the [001] direction is suppressed. Such entan-
gled multiple phase transitions have been also reported in the
Ruddlesden-Popper series [(SrIrO3),, SrO] [12] and mimic
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FIG. 1. Control of oxygen octahedral out-of-plane tilting in SrIrO;/CaTiO; heterostructures. (a) DFT calculated structure of the
SrIrO;/CaTiO; heterostructure on Nb:SrTiO; substrate. (b) DFT calculated layer-dependent tilting angle of the heterostructure. (c) The
octahedral out-of-plane tilting and (d) in-plane rotation angles as a function of film thickness with and without CaTiO; buffer layers. The
octahedral tilting is roughly independent on the film thickness after interfacing buffer layers. (d) Top view of structural model. The octahedral
out-of-plane tilting and in-plane rotation produce a 2 x 2 surface periodicity, which has been observed by LEED pattern in 10-, 5-, 2-u.c.

SrIrO; with CaTiO; buffer layers (f)—(h).

two-dimensional layered [SrIrOs, SrTiOs3] superlattices [13],
complicating the understanding of the underlying mecha-
nism of the dimensional-crossover driven MIT. Moreover,
the structural degree of freedom in iridates plays an im-
portant role in the electronic and magnetic properties [34].
To isolate the structural and electronic contribution of the
dimensional-crossover driven MIT, it is of great importance to
systematically investigate the electronic structure evolution in
SrlrOj3 ultrathin films, while the structural degree of freedom
is kept intact.

In this paper, we demonstrate an isostructural MIT
driven by dimensional-crossover in spin-orbital coupled
SrIrO; films. By controlling oxygen octahedral connectivity
via inserted orthorhombic CaTiO; buffer layers, combined
low-energy electron diffraction (LEED) measurements and
first-principles density functional theory (DFT) calculations
show that SrIrO; ultrathin films in the orthorhombic crystal
structure with bulklike oxygen octahedra rotation and tilting
during reducing film thickness. Employing in situ angle-
resolved photoemission spectroscopy (ARPES) we track the
evolution of the electronic structure as a function of SrlrO;
film thickness. Intriguingly, we identify that the bandwidth
of Jeir = 3/2 states shows negligible change in thicker films
and starts to decrease when the film thickness is below 4 unit
cells (u.c.), leading to an isostructural dimensional-crossover
driven MIT in SrIrOj3 ultrathin films.

II. RESULTS AND DISCUSSION

Epitaxial SrIrO3/CaTiO; heterostructures [see Fig. 1(a)],
consisting of varying SrIrO; thicknesses between 10 and
1 u.c. and fixing CaTiOj3 thickness at 5 u.c. as buffer layers,

were synthesized by pulsed laser deposition (PLD) on (001)
TiO,-termineted Nb-doped (0.5 wt %) SrTiOj substrates. The
film growth was monitored with atomic u.c. precision by
using high-pressure reflection high energy electron diffraction
(RHEED). The surface structure of thin films was verified
by LEED. After immediately transferring the sample into the
ARPES chamber under ultrahigh vacuum condition, in situ
ARPES measurements were performed at the SIS beamline
in Swiss Light Source. First-principles DFT calculations were
performed with the generalized gradient approximation using
the plane wave VASP package. More details regarding the
growth, sample characterization, and DFT calculations can be
seen in the Methods section.

Figure 1 summarizes the control of oxygen octahedral out-
of-plane tilting in SrIrOs heterostructures through interface
engineering. The orthorhombic SrIrO; possesses an a*b™ b~
rotation in Glazer notation [35]. In contrast, the cubic SrTiO3;
substrate possesses an a’a’a’ rotation without in-plane ro-
tation and out-of-plane tilting at room temperature. Strong
mismatch of oxygen octahedra occurs and results in sup-
pression of the out-of-plane tilting in SrlrO3 ultrathin films
when grown on the SrTiO3 substrate [16,32,33]. As shown
in Ref. [16], the structural transition from orthorhombic to
tetragonal during reducing film thickness can be inferred from
LEED measurements. This finding is in good agreement with
our density functional theory (DFT) calculations shown in
Figs. 1(b)-1(d) (details of calculations are described in the
Methods section). Intriguingly, after inserting orthorhombic
CaTiOs buffer layers, it is found that both oxygen octa-
hedral out-of-plane tilting and in-plane rotation in SrlrO;
are preserved even in the ultrathin limit. The presence of
the out-of-plane tilting and in-plane rotation enlarge surface
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FIG. 2. Dimensional-crossover driven metal-insulator transition in isostructural SrIrOs. (a) The three dimensional Brillouin zone (BZ) of
orthorhombic SrIrOs. (b) Fermi surface intensity map measured on 10-u.c. SrlrOs/CaTiO; heterostructure. (c) Energy vs momentum intensity
maps along I'-X direction with decreasing SrlrO; thickness. (d) Energy distribution curves (EDCs) at the Fermi wave vector indicated by the
vertical line in the corresponding image plots in (c). An exponential background has been subtracted from the raw EDCs (see Supplemental
Material Fig. S2 [36]). (e) The comparison of quasiparticle residue Z and tilting angles for SrIrOs films grown with and without CaTiO; buffer
layers. All data were taken at a photon energy of 82 eV with circular polarization and at temperature of 14 K.

periodicity as illustrated in Fig. 1(e), giving rise to a 2 X
2 LEED pattern in Figs. 1(f)-1(h) [16]. Moreover, the 2 X
2 LEED patterns are present for all the SrIrO;/CaTiO3 het-
erostructures with varying SrIrOs thickness from 10 to 1 u.c.
(as seen in Supplemental Material Fig. S1 [36]). Together, our
theoretical and experimental results conclusively demonstrate
that orthorhombiclike SrIrO; structure has been stabilized
without structural transition during reducing thickness after
introducing the CaTiO3 buffer layers.

Previous studies have found concurrent metal-insulator
and structural transitions as SrIrO; film thickness decreases
[16,31]. We track how the electronic structure evolves while
maintaining the crystal structure intact during reducing SrlrO;
film thickness down to the ultrathin limit. Figure 2(a) gives
the three-dimensional Brillouin zone of orthorhombic SrIrOs.
Figure 2(b) shows the Fermi surface intensity map of 10-u.c.
SrIrO; grown on a CaTiOj; buffer layer, which displays hole
and electron pockets around the I', S, and X points, respec-
tively. The Fermi surface is consistent with the semimetal
character found in thick SrlrO; thin films [30,38]. Figure 2(c)
show the energy momentum maps along the I'-X direction of
SrIrO3/CaTiOj3 heterostructures with varying SrlrO; thickness
from 10, 5, 4, 3,2 down to 1 u.c. and CaTiO; buffer layer fixed
at 5 u.c. The band dispersion shows negligible change when
the thickness >3 u.c., however, the spectral weight near Ef is
gradually suppressed and transferred into higher binding en-
ergy during further reducing film thickness, and eventually an
energy gap is clearly opened in 2- and 1-u.c. SrIrOj; ultrathin
films.

To further characterize the isostructural MIT, we focus
now on the evolution of energy distribution curves shown in
Fig. 2(d). The coherent quasiparticle peaks around Er dimin-
ish and transfer into incoherent peaks as the film thickness
decreases. To describe this quantitatively, we use an effec-
tive quasiparticle residue Z by fitting the energy distribution
curves (details of the fits are described in Supplemental Ma-
terial Fig. S2 [36]). The quasiparticle residue Z gradually
decreases when the film thickness >3 u.c., below which it sud-

denly drops nearly to zero. Figure 2(e) shows the comparison
of the quasiparticle residue Z and tilting angles as obtained
above for SrlrO; films grown with and without CaTiO3 buffer
layers. Similar evolution of Z is observed in SrlrOj; thin films
grown on SrTiOj3 substrates without CaTiO3 buffer layers (see
details in Supplemental Material Fig. S3 [36]), while the evo-
lution of tilting angles differs dramatically. It is clear that the
MIT occurs without the structural transition, establishing an
isostructural MIT driven by dimensional-crossover in SrIrO3
heterostructures.

In the following, we discuss the mechanism of the
dimensional-crossover MIT in isostructural SrlrO; by tak-
ing into account chemical shift and electronic bandwidth
(W) of the electronic states. We first show the thickness-
dependent evolution of Ir 4f core level and O 2p valence
band to quantify the chemical shift in Fig. 3. Each of the
Ir 4f spectra exhibits similar spectral features which can
be decomposed into two doublets in Fig. 3(a). The dou-
blet feature has been observed previously, corresponding to
screened and unscreened components of an Ir** state [39].
The Ir 4f spectra show negligible shifting in binding en-
ergy when thickness >3 u.c., while turning to higher binding
energy upon further reducing film thickness as marked by
black lines in Fig. 3(a). Accordingly, Fig. 3(b) show the
spectra of O 2p valence band shifting to higher binding
energy (see details of O 2p valence band with Av = 82eV
and hv = 70 eV in Supplemental Material Fig. S4 [36]). The
relative chemical shift of Ir 4f and O 2p are summarized
in Fig. 3(c). The cove level and valence band spectra show
equivalent shifting of ~0.4 eV to higher binding energy. We
note that negligible charge transfer occurs between SrlrOj
and CaTiOs, consistent with recent theoretical calculations
[40]. Thus, the observed rigid band shifting cannot induce the
dimensional-crossover driven MIT.

Next, we track the evolution of the electronic bandwidth
W in the isostructural SrlrO;3 heterostructures. Figures 4(a)—
4(d) show the photoemission intensity and the corresponding
second-derivative maps of 10- and 3-u.c. SrIrO3 with buffer
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FIG. 3. Thickness-dependent evolution of chemical shift. The spectra of (a) Ir 4f core level and (b) O 2p valence band as a function of
film thickness. The peak positions are marked with black lines. (c) The relative peak shift of both O 2p and Ir 4 f with reference to that of the

thick SrIrOj; film.

layers, respectively. The strong dispersive band around the
I' point away from Fermi level of about 0.2 eV is iden-
tified as the top position of J. = 3/2 band as shown in
Figs. 4(a)—4(c), which is consistent with theoretical calcu-
lations and previous ARPES measurements of bulk SrlrO;
[30,38,41,42]. We note that the J.¢ = 3/2 band in 3-u.c. thin
film shifts significantly to higher binding energy as shown
in Figs. 4(b)-4(d). Figure 4(e) shows the systematical evo-
lution of Jor = 3/2 band around I'" point as a function of film
thickness (see details in Supplemental Material Fig. S5 [36]).
The band dispersions are overlaid on each other and remain
almost identical with thickness >3 u.c., while for thinner
films they progressively shift to higher binding energy and
finally increase to —1.05 eV. The effective mass is extracted
by parabolic fits to the holelike bands, which show similar
evolution to the film thickness as shown in Supplemental

(e)

Materials Fig. S6 [36]. This observation agrees with the recent
ARPES study of SrIrOj; films grown by oxide molecular beam
epitaxy [30]. Meanwhile, we note that the bottom position
of Jer = 3/2 band coincides with the onset of the oxygen
valence band, consistent with theoretic calculations [43]. The
bottom position of J.r = 3/2 states shows a negligible change
as the film thickness reduces (see more details in Supplemen-
tal Material Fig. S4 [36]). This is in sharp contrast with the
band bottom position shift to higher binding energy observed
in SrlrO;3 films grown directly on SrTiO; substrates [16],
highlighting the important role of oxygen octahedra rotation
on the band structure. In Fig. 4(f), we summarize the evolution
of Jeit = 3/2 band top and bottom position, from which we
can determine the Jo = 3/2 states shifting to higher binding
energy and the effective bandwidth narrowing by 0.8 eV dur-
ing reducing the film thickness.
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FIG. 4. Mechanism of dimensional-crossover driven metal-insulator transition in isostructural SrIrO;. The photoemission intensity plots
of (a) 10-u.c. and (b) 3-u.c. SrlrO; with CaTiO; buffer layers taken along I'-X high symmetry direction. (a),(d) The corresponding second-
derivative plots. (e) Evolution of the J.; = 3/2 states around I" point. The data are extracted from (a)—(d) as a function of film thickness.
Details are described in Supplemental Material Fig. S5 [36]. (f) Evolution of band top and bottom position of the J. = 3/2 states. (g) The
thickness-dependent evolution in bandwidth of Jo = 3/2 and Jor = 1/2 states.
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In Fig. 4(g), we present the evolution of Je = 3/2 and
Jett = 1/2 states during dimensional-crossover. The observed
Jesf = 3/2 band narrowing and shifting to higher bind-
ing energy features agree well with the optical spectra in
Ruddlesden-Popper series [(SrlrO3),, SrO] [12,41,44]. The
reduction of bandwidth W is understood as breaking of
translation symmetry along the z direction, which in turn
provides less hopping channels in the ultrathin films. We
note that the electron correlation (U ) monotonically increases
as the dimensionality reduces [16,43]. Moreover, we have
also performed first-principles DFT calculations to investi-
gate the structural influence on magnetic states in ultrathin
SrIrO; films. As shown in Supplemental Material Table I
[36], the DFT + U + SOC calculations shows that the ultra-
thin SrlrOj; films favor antiferromagnetic state regardless the
crystal structure. This is in consistent with previous calcula-
tions [16,31,32]. Therefore, the cooperative effect between the
reduction of bandwidth W and enhancement of electron corre-
lation U makes the overall effective bandwidth U/W increase
dramatically. The combination of enlarged U/W and formation
of antiferromagnetic order in turn triggers the dimensional-
crossover driven MIT.

III. CONCLUSION

In conclusion, we demonstrated that the orthorhombiclike
SrIrO5 films have been stabilized without a structural tran-
sition upon approaching the ultrathin limit through oxygen
octahedra rotation engineering by inserting the orthorhombic
CaTiOj3 buffer layer. Our momentum-resolved band structure
measurements revealed that the dimensional-crossover driven
MIT occurs in SrlrOj3 ultrathin films regardless of the struc-
tural transition, which allows us to disentangle the electronic
and structural effects in the MIT. We further determined that
the reduction of the effective bandwidth plays a crucial role
in the dimensional-crossover driven MIT in the isostructural
SrIrO; thin films. Our study provides opportunities for explor-
ing the pure dimensionality effect on the topological phase
transitions and spin-orbitronics in isostructural SrlrO; thin
films and heterostructures [28,29].
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APPENDIX: METHODS
1. Sample growth and characterization

Epitaxial SrIrO3/CaTiO; heterostructures were synthe-
sized on TiO,-terminated Nb-doped (0.5 wt %) SrTiO3(001)
substrates by pulsed laser deposition. The heterostructures
consist of 5-u.c. CaTiOs as a fixed buffer layer, and SrlrO;
layers with thickness varying from 1 to 10 u.c. The film
growth was monitored with atomic unit cell precision by us-
ing high-pressure reflection high energy electron diffraction
(RHEED). During growth, the substrate was heated resis-
tively around 750 °C. The oxygen partial pressure during thin
film growth was 1 x 10~! mbar. After growth, the samples
were immediately transferred into the analysis chamber un-
der ultrahigh vacuum condition to perform the low energy
electron diffraction (LEED) and angle-resolved photoemis-
sion spectroscopy (ARPES) measurements. In situ ARPES
is used to investigate the thickness-dependent evolution of
electronic structure of SrIrO; thin films. ARPES measure-
ments were performed at the SIS beamline in a photon energy
range hv = 70-119eV. The angular and energy resolutions
were better than 0.3 ° and 20 meV, respectively. All samples
were measured around 14 K under a vacuum greater than
1 x 10" mbar. To overcome the charge-up problem in the
insulating samples during the ARPES measurements, conduc-
tive Nb-doped SrTiO3 substrates were used. Additionally, a
reference spectrum, i.e., Ti 3p core level, was used to calibrate
the spectra shift. The reference Ti 3p core level spectra were
measured on the clean Nb-doped SrTiOj3 substrates.

2. Density functional theory calculations

Our density functional theory calculations were performed
with the Vienna ab initio simulation package (VASP) [45,46].
The generalized gradient approximation (GGA) is used to
treat the exchange-correlation potential [47]. For structural
optimization, we use the k meshes of 4 x 4 x 1 and the cutoff
energy for the plane wave of 400 eV for all calculations. We
fixed the bottom three layers of atoms of the substrate and a
conjugate-gradient algorithm is used to relax the other ions.
The convergence criterion is set to 0.001 eV between two
ionic steps relaxation. For magnetic ground state calculations
in monolayer SrIrOs, the plane-wave cutoff energy is 500 eV
and the Brillouin zone integrations are performed with a 5 x
5 x 1 mesh. The in-plane lattice constants are fixed to be the
theoretical SrTiO; lattice. In the magnetic calculations, the
spin-orbit coupling and the effective on-site Coulomb inter-
action of U, = 3.0€eV are included.
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