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Layered perovskite iridate SroIrO4 shares many similarities with high T¢ cuprates and is expected
to host novel superconductivity but has never been realized experimentally. Despite the similarities,
the prominent IrOg octahedral rotations and sizable net canted antiferromagnetic moments lying
in each IrO2 plane in Sr2IrO4 are strikingly different from high T, cuprates where the octahedral
rotations and net canted moment are much smaller or negligible. Here, using reactive molecular
beam epitaxy, we demonstrate that the octahedral rotations around the in-plane and out-of-plane
axises in epitaxial iridate films can be suppressed step-by-step via interfacial clamping imposed by
cubic substrates as the films approach the two-dimensional limit. In situ angle-resolved photoe-
mission spectroscopy (ARPES) and first-principles calculations show a gapped antiferromagnetic
ground state with dispersive low-lying bands in 1- and 2-unit-cell-thick SrIrOs films, providing ideal

single- and bi-layer analogies of high T, cuprates.

PACS numbers:
Keywords:

Ruddlesden-Popper (RP) type layered perovskite iri-
date, SroIrOy4, has drawn great attention since they have
been predicted to host novel high-T,. superconductivity
with the Cooper pairs formed by 5d electrons [1, 2]. In
particular, SroIrO4 shares many similarities with high-T,
cuprates, including the layered crystalline structure [3],
(pseudo) spin 1/2 states [4-6], antiferromagnetic Mott
insulating ground state [7], Fermi arcs [8, 9], d-wave-like
and V shape energy gaps [10-12]. Nonetheless, direct
evidences of superconductivity such as zero resistivity
and Meissner effect are still lacking up to date. De-
spite so many similarities have been observed between
iridates and cuprates, the exact lattice structure and an-
tiferromagnetic ordering in SrolrOy4 are actually strik-
ingly different from cuprates. Superconducting cuprates
exhibit zero or tiny octahedral rotations and the an-
tiferromagnetic ordering in their undoped parent com-
pounds shows zero or negligible net canted moments
[13, 14]. Experimental studies imply that the lattice
distortion from a perfect square CuOs plane may sup-
press the superconductivity in cuprates [15]. In SraIrOy,
however, the cooperative interplay of strong spin-orbit
coupling (SOC), electron correlations and large octahe-
dral rotations (about the ¢ axis by ~12°) results in a
canted antiferromagnetic ground state with sizable net
magnetic moments (0.14 pp/Ir*t) lying in IrO, planes
(see Fig. la) [6, 16, 17]. This breaks the time reversal
symmetry and may hinder the expected superconductiv-
ity in iridates when the net canted moment is above a
certain critical value. Note that the sister compound
BasIrOy4 exhibits no IrOg octahedral rotations, however,
the effective charge carrier doping in BasIrQ, is diffi-
cult and more metallic states require the application of
high pressure [18, 19], which may cause octahedral ro-
tations and also prevent direct measurements of its elec-
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FIG. 1: (a) Schematics of the octahedral rotations, canted
antiferromagnetic ordering and net magnetic moments in
Sr2IrO4.  (b) Suppression of the octahedral rotations and
canted moments via interfacial clamping imposed by a cubic
substrate.

tronic structure by ARPES and scanning tunneling mi-
croscope(STM). Therefore, suppressing the octahedral
rotations and canted moments in SroIrO4 may shed light
on the exploration of novel high T, superconductivity in
iridates.

In addition to the layered perovskite SrolrQOy, its three
dimensional counterpart SrIrOsz has been recently em-
ployed as the key building blocks to construct quasi-two-
dimensional IrOg octahedron network in forms of super-
lattices [20, 21] and ultrathin films [22, 23]. Bulk crystal
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FIG. 2: The evolution of the superstructure diffractions in (a) LEED patterns taken at 150K and (b) RHEED patterns taken
at 200 °C on SrIrO; films indicates the suppression of the octahedral rotations around in-plane axises in 3 u.c. film and the
full suppression of all rotations in 2 u.c. and 1 u.c films. Red and yellow arrows point to the superstructure diffractions with
respect to the the undistorted cubic unit cell. (¢) The schematics of the octahedral rotations in ultrathin epitaxial SrIrOs films.

and thick films of SrIrO3 are paramagnetic semi-metal
with the Fermi surface consisted of electron and hole-like
pockets [24-26]. In [SrIrOs), /[SrTiOs]; superlattices, a
paramagnetic semi-metal to canted antiferromagnetic in-
sulator transition takes place as the SrIrOgz layers become
thinner than n = 3 [20, 21, 27]. Recent work by Schiitz
et al. reports the observation of a dimensionality-driven
gap opening between 4 and 3 unit cell (u.c.) SrIrOs
films, which is accompanied with the partial suppression
of the octahedral rotations [23]. Nonetheless, whether
the octahedral rotations and the weak ferromagnetism
can be fully suppressed in Sr-based iridates remains an
open question.

In this letter, using reactive molecular beam epitaxy,
we demonstrate that the octahedral rotations can be fully
suppressed in ultrathin epitaxial SrIrO3 films via inter-
facial clamping imposed by cubic substrates(Fig. 1b).
In situ ARPES and first-principles calculations show
gapped antiferromagnetic ground state with dispersive
low-lying bands in 2 u.c. and 1 u.c. SrIrOgs films, pro-
viding ideal bi-layer and single-layer analogies of high T
cuprates.

A series of SrIrOjz films of various thicknesses were
grown on (001) SrTiOs substrates by reactive molecu-
lar beam epitaxy (MBE) with an oxidant (distilled Og)
background pressure of 5 x 107% Torr and at a sub-
strate temperature of 850 °C. Following the growth,
SrIrOg3 films were transferred through ultra-high vacuum
(< 1 x 10719 Torr) into a high-resolution ARPES sys-
tem with a VG Scienta R8000 electron analyzer and a
VUV5000 helium plasma discharge lamp. ARPES mea-
surements were performed using He I (hv = 21.2 V)

photons with an energy resolution AE of 11 meV. Crys-
talline quality of SrIrOgs films were measured by a lab-
based high resolution four circle x-ray diffractometer and
the surface lattice structures were measured by in situ
reflection high-energy electron diffraction (RHEED) and
low energy electron diffraction (LEED). First-principles
density functional theory (DFT) calculations of bulk and
slabs of SrIrO3 were performed within the GGA-PBE
approximation using the VASP package. More details
regarding the film growth, characterizations and theoret-
ical calculations can be found in the Supplemental Ma-
terial [28] .

The octahedral rotations in SrIrQOj films strongly de-
pend on the film thickness, which can be probed by
diffraction techniques. As shown in Fig. 2, LEED pat-
terns taken on a 4 u.c. and thicker SrIrOs film exhibits
a 2 x 2 surface reconstruction with respect to the undis-
torted cubic unit cell, indicating the coexistence of ro-
tations along the in-plane and out-of-plane axies as re-
ported in bulk samples and thick SrIrOj films [25, 39].
Consistently, the RHEED patterns taken along the [110]
and [100] azimuth directions show clear half order diffrac-
tions (red arrows). As the film thickness decreases to 3
u.c., LEED pattern mainly show V2 x /2 reconstruc-
tion spots, and the half-order diffractions only remain in
the RHEED patterns taken along the [110] azimuth di-
rection. These indicate that IrOg octahedral rotations
around the in-plane axis disappear but the octahedral
rotations around the out-of-plane axis still exist, which
is consistent with the recent report on ultrathin SrlrOj
films by Schiitz et al. [23] and resembles the rotation pat-
tern in SrolrOy [40]. Interestingly, further decreasing the
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FIG. 3: (a) Fermi surface mapping of a 4 u.c. SrlrOgs
film, showing the coexistence of electron and hole-like pock-
ets around X and M points, respectively. (b) The electron
pockets disappear in the 3 u.c. film. Both electron and hole-
like pockets disappear in (c) 2 u.c. and (d) 1 u.c. SrIrOs
films. Inset figures in (c) and (d) show iso-energy maps taken
at higher binding energies. All ARPES measurements were
performed at 150 K.

film thickness to 2 u.c. and 1 u.c., LEED and RHEED
patterns show no superstructure diffractions, indicating
the full suppression of both in-plane and out-of-plane oc-
tahedral rotations in these ultrathin films. Note that
LEED and RHEED techniques are extremely surface sen-
sitive and has been employed to characterize tiny surface
reconstructions in the field of surface science [41, 42].
All of our films are terminated with SrO layer in order
to preserve the complete IrOg octahedral symmetry by
specifically deposit an extra SrO layer on TiOs termi-
nated SrTiOg substrate before the MBE growth of SrIrO3
films (Supplemental Material Fig. S2 [28]). Due to the
dangling bonds on the IrOq surface, the IrO9 terminated
films form surface reconstructions and exhibit v/2 x v/2
reconstruction spots in both RHEED and LEED patterns
(Supplemental Material Fig. S4 [28]), which may explain
why 2 u.c. and 1 u.c. SrIrOj films grown by pulsed laser
deposition (PLD) show reconstruction diffractions [23].
We should also point out that the low temperature phases
of Sr'TiO3 are not cubic [43], but the octahedral rotations
are small and negligible as that in cuprates. Other cubic
substrates can be also used to engineer the octahedral
rotations of iridates in future experiments.

The different critical thickness for the relaxation of oc-
tahedral rotations around the in-plane and out-of-plane
axises are interesting and mostly likely due to the differ-
ent bonding conditions. Moreover, the critical thickness

for octahedral rotation relaxation is strikingly shorter
than strain relaxation. The 30 u.c. SrIrO3 film grown on
SrTiO3 substrate is still fully strained without any relax-
ation (Supplemental Material Fig. S1(c) [28]), while the
octahedral rotations start to relax in 3 u.c. and the whole
rotation pattern is recovered in 4 u.c. SrIrOg films. Our
observations indicate that the engineering of octahedral
rotations can only be effectively performed in ultrathin
films. The suppression of octahedral rotations by interfa-
cial clamping is also supported by our theoretical calcu-
lations (Supplemental Material Fig. S8 [28]). The energy
gain with octahedral rotations is significantly lowered due
to the substrate clamping and the zero-rotation configu-
ration becomes more stable in the structure with thicker
SrTiOg3 substrate layer. Only thick enough SrTiOg3 layer
can win the competition and suppress the octahedral ra-
tions in SrIrOj films. This also explains the existance of
octahedral rotations and canted antiferromagnetism in
previous works on [(SrIrOs), /(SrTiOs3),,] superlattices
with thin SrTiO3 layers [21, 27].

The electronic structures of SrIrOs films also show
strong dependence on the film thickness and octahedral
distortions (Fig. 3). For thicker (> 4 u.c.) films, Fermi
surface maps show the coexistence of hole-like pockets
around X points ((£7,0) and (0, £7)) and electron pock-
ets around M points (+7/2,+7/2), consistent with the
previously report in thick SrIrOj films [25, 26]. As shown
in Fig. 4, the E vs k spectra taken along the high sym-
metric momenta are consistent with the Fermi surface
maps, showing the disappearing of electron bands in 3
u.c. and thinner films. These results indicate the gap
opening between 4 u.c. and 3 u.c. SrIrOj films, which
is consistent with the recent report by Schiitz et al. [23].
The reason why the Fermi surface of 3 u.c. film shows
hole-like bands is most likely due to the slightly imper-
fect stoichiometry of this film. It is known that IrO,
is volatile and slight Ir deficiency could effectively dope
holes in the films [25, 44]. Nonetheless, these results in-
dicate the gap opening as the film thickness approaches
the two-dimensional limit.

By fitting the momentum distribution curves (MDCs)
and energy distribution curves (EDCs) (Supplemental
Material Fig. S5 [28]), we extract the band dispersion
of the hole-like bands along the (0,0)-(0,7)-(0,27) high
symmetric momenta (Fig. 4b). We simply fit the hole-
like bands with a parabolic function to extract the “ef-
fective mass” to uncover the evolution of band dispersion
(Fig. 4c). As the film thickness decreases, the fitted “ef-
fective mass” gradually increases from 1.0 electron rest
mass (m,) for 6 u.c. film to 1.2 m, for 3 u.c. film. The en-
hancement of the effective mass is due to the decrease of
the number of nearest neighboring hopping sites in thin-
ner films, which narrows the band width W and increases
the effective correlations U/W [24].

In addition to the dimensionality driven effective mass
enhancement, the octahedral rotations also have strong
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FIG. 4: (a) E vs k dispersions along the high-symmetry mo-
menta of SrIrOs films of various thicknesses.The blue and red
symbols are the extracted peaks by fitting the energy dis-
persion curves (MDCs) and momentum distribution curves
(EDCs) using Lorentzian and Gaussian functions, respec-
tively. (b) Extracted hole-like bands along (0,0)-(0,7)-(0,27)
momenta with the valence band tops aligned at the Fermi
level. (c) Effective masses extracted by parabolic fits to the
hole-like bands shown in (b).

impact on the band dispersion. The suppression of the
rotations around the out-of-plane axis in 2 u.c. and 1 u.c.
films straightens the Ir-O-Ir bonding, which significantly
enhances the in-plane hopping and reduces the “effec-
tive mass” by a factor of 2. We should point out that
the electronic structure of bulk SrlrOgz is three dimen-
sional in nature while our lab-based ARPES measure-
ments with fixed-energy photons only probe the states of
a very narrow kz range. However, the calculated hole-
like bands around (0, 7) of bulk SrIrO3 only show minor
k., dependence and the above discussion of the effective
mass should still valid in a qualitative level. Note that 2
u.c. (1 u.c.) SrIrOg film is consist of two (one) layers of
corner-shared IrOg planes and can be essentially viewed
as bilayer (monolayer) systems. Compared to the bilayer
Sr3IrO7 [29] and monolayer SraIrOy [31], the low lying
bands of our 2 u.c. and 1 u.c. SrIrOgz films are much
more dispersive (Supplemental Material Fig. S6 [28]), re-
vealing the pivotal role of the octahedral rotations on the
electronic band structure.

We also performed first-principles density functional
theory (DFT) calculations to explore the magnetic
ground states in these ultrathin SrIrOj films. Direct ex-
perimental measurements on the antiferromagnetic or-
dering in such ultrathin iridate films are extremely chal-

lenging and formidable. As shown in Table I, the
DFT+SOCH+U calculations show that the insulating an-
tiferromagnetic state is much more stable than the non-
magnetic or ferromagnetic states for both 2 u.c. and
1 u.c. SrIrOj3. Consistently, antiferromagnetic ground
states were reported in low dimensional iridates, such as
single layer, bilayer, ultrathin films and superlattices of
iridates [8, 17, 23, 45, 46]. Interestingly, the antiferro-
magnetic order with spins lying in-plane along the Ir-
O-Ir bonding direction are energetically most stable in
both 2 u.c. and 1 u.c. SrIrOj slabs. In bulk iridates,
the spins in single-layer SroIrOy4 lie in-plane [17] while
the spins in bi-layer Sr3lroO7 lie along the out-of-plane
direction [47]. In fact, the driving force for the spin con-
figurations in layered iridates is highly nontrivial. For
example, whether intra- or inter-plane interactions play
more important role, in stabling the basal antiferromag-
netic ordering in SraIrQOy is still under debate [48-50].
The underlying mechanism why the spin configuration of
a 2 u.c. SrIrOg slab is different from bi-layer SrzlraO7 is
out of the scope of this experimental work but it is an
interesting problem to be explored in the future.

TABLE I: Calculated total energy as a function of magnetic
ordering and film thickness.

Energy (meV) per Ir
ion

AFM (spin lies along in
plane Ir-O-Ir direction)
AFM (spin lies along in
plane and 45° from Ir-O-|0.19 0.22
Ir direction)

AFM (spin lies along out-

1 u.c. 2 u.c.

of-plane direction) 0-79 0.74
Non magnetic 43.43 31.33
. ... |41.76 (re-|31.33  (re-

Ferromagnetic (spin lies

. - |laxed to near|laxed to
along in plane and 45 o160 spin| zero spin
from Ir-O-Ir direction) P p

moment) moment)

In summary, by a combination of MBE, LEED,
RHEED, ARPES and DFT calculations, we demonstrate
that the octahedral rotations, electronic structure and
magnetic ground state in ultrathin epitaxial SrIrOg films
can be engineered via interfacial clamping imposed by cu-
bic substrates. When approaching the two dimensional
limit, the octahedral rotations around the in-plane and
out-of-plane axises are suppressed step-by-step in ultra-
thin SrIrOgs films grown on SrTiOjz substrate. The low
dimensionality and straight Ir-O-Ir bonding in 2 u.c. and
1 u.c. SrIrOs3 films result in an antiferromagneitc ground
state with dispersive low-lying hole-like bands, providing
ideal bilayer and single-layer systems for exploring novel
superconductivity in 5d iridates upon charge carrier dop-
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