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BayIrOy is a sister compound of the widely investigated SrpIrO4 and has no IrOg octahedral rotation nor net canted
antiferromagnetic moment, thus it acts as a system more similar to the high-7; cuprate. In this work, we synthesize the
BayIrOy4 epitaxial films by reactive molecular beam epitaxy and study their crystalline structure and transport properties
under biaxial compressive strain. High resolution scanning transmission electron microscopy and x-ray diffraction confirm
the high quality of films with partial strain relaxation. Under compressive epitaxial strain, the BayIrO,4 exhibits the strain-
driven enhancement of the conductivity, consistent with the band gap narrowing and the stronger hybridization of Ir-t, and

O-2p orbitals predicted in the first-principles calculations.

Keywords: molecular beam epitaxy, iridate oxides, epitaxial strain, transport properties
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1. Introduction

The strong spin—orbit coupling and its interplay with elec-
tron correlations in 5d transition metal oxides (TMOs) give
rise to the intriguing Jeir = 1/2 antiferromagnetic Mott insula-
tor state in layered perovskite iridate SrpIrOy. U=31 The SrpIrOy4
possesses many common key signatures of superconductivity
with the high T, cuprates, such as Fermi arcs,*! antiferro-
magnetic Mott ground state, [®! d-wave band gap, erc.l’-10 As
such, Sr,IrOy is predicted to be a new type of high-temperature
superconductor upon electron-doping.!'"'2] However, it is dif-
ficult to effectively dope enough charge carriers into SrpIrOy4
and drive them into the potential superconducting state.[!3-17]
In contrast to SryIrOy4, the BayIrO4 (BIO) exhibits no IrOg oc-
tahedral rotations nor net canted ferromagnetic moments in the
IrO, planes, thus it is more similar to the parent compound
of high T, cuprates.!'®) However, the synthesis of large sin-
gle crystal BIO is challenging as it is metastable in bulk and
requires a high-pressure technique.''® The syntheses of BIO
thin films by pulsed laser deposition (PLD)['*! and molecu-
lar beam epitaxy (MBE)?") were previously reported. The
metal—-insulator (M-I) transition has been observed in BIO un-
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der high pressure.?!! Experimental researches have demon-
strated that epitaxial strains can tune the electronic structure
of SryIrOy4, 12 but the strain effects on Ba,IrQ, films remain
unclear.

In this work, we synthesize Ba;IrO4 epitaxial films by re-
active MBE and investigate their crystalline structures, trans-
ports, and electronic properties by x-ray diffraction (XRD),
scanning transmission electron microscopy (STEM), and first-
principles calculations.

2. Experiment

The BIO films were epitaxially grown on various single-
crystal substrates by reactive MBE (DCA R450) with an ox-
idant (distilled O3) background pressure of 5 X 10~° Torr
(1 Torr=1.33322x10? Pa) and at a substrate temperature of
800 °C."?%! Barium flux wase generated by using a Knut effu-
sion cell and iridium flux was produced by using an electron-
beam evaporator due to its high evaporation temperature.
Owning to the volatility of IrOy, the BIO films were grown in
the adsorption-controlled mode. (3! Since the BIO films were
found to degrade quickly in humid air, we capped the BIO
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films with 10 unit cell (u.c.) SrTiO3, which could protect the
BIO films from being moisturized in ambient conditions.

To explore the strain effects, in the present study, three
different single-crystal substrates were used, namely (001)
(LaA103)0.3(Sr2AlTaO6)0.7 (LSAT), (001) SI‘TiO3 (STO), and
(110) GdScO3 (GSO). Bulk BIO is in a tetragonal phase with
a=4.030 A and ¢ = 13.333 A.['8] The pseudo-cubic lattice
parameters of the substrates and their nominal lattices mis-
matched with those of BIO are listed in Table 1. The opti-
mal growth condition of BIO films strongly depends on the
substrate. We obtained high quality BIO films on STO and
GSO substrates but only poor-quality BIO films with impurity
phases on the LSAT substrates. By growing a buffer layer of
5 u.c. of STO high quality BIO films are obtained on LSAT
substrates. We also found that first deposition of a BaO layer
on the substrate before co-depositing Ba and Ir species could
greatly improve the film quality and this method is used for
all BIO films studied in this work. This can be related to the
volatility of IrO, and an A-site terminated surface will be fa-
vorable for the absorption of IrO,, but the exact underlying
mechanism is more complicated. The BIO films in this work
were all about 15-nm thick.

Table 1. Lattice parameters, lattice mismatches, and epitaxial strains of BIO
films grown on various substrates. In the table, agp of GSO is a pseudo-
cubic lattice constant, lattice mismatch (%) = (asyp — dbuik)/dsub X 100%,
€ = (afiim — @buik )/ aputk X 100%.

In-plane Lattice

Substrat A A) e (%
ubstrate ays (A)  mismatch (%) apio (A)  cpio (A) & (%)
GSO (110) 3.96 -1.77 4.00 1330  —0.74
STO (100) 3.90 -3.33 3.98 1340  -1.24
LSAT (100)  3.87 -4.13 3.99 1334 -0.99

The crystal structure of BIO films was characterized by
high-resolution four-circle XRD using Bruker D8 Discover
with Cu-K,, radiation. The STEM measurements were per-
formed by JEOL ARM 200CF with the ASCOR probe correc-
tor to investigate the microstructures of cross-sectional BIO
films. High-angle annular dark field (HAADF) images are
conducted with a 26-mrad convergence semi-angle and a 110-
mrad inner collection semi-angle. Temperature-dependent
electronic transport properties were measured by a conven-
tional four-probe approach using the Van der Pauw method.
The density functional theory (DFT) calculations were also
performed to investigate the stain-driven electronic structure
evolution.

3. Results and discussion

Figure 1(a) shows the crystal structure of BIO. The films
are grown on three different substrates and undergo compres-
sive strain imposed by substrates. The XRD 26— scans of
the BIO films exhibit sharp (001) peaks as shown in Fig. 1(b),
indicating the high crystalline quality of the single crystal BIO

films. To obtain the in-plane lattice constants and strain states
of the films, we perform reciprocal space mapping (RSM). As
shown in Fig. 2, the RSMs for all BIO films around the (103),
plane of substrates indicate that the H values of all the BIO
films deviate from the H value of the substrates indicating the
partial relaxation of the in-plane strain due to the large lat-
tice mismatches. The detailed lattice mismatch, in-plane (a)
and out-of-plane (c) lattice parameters determined from RSM
are listed in Table 1. The residual strain state results from the
combination of lattice mismatch and strain relaxation. The es-
timated residual in-plane compressive strains &, is calculated
from &, = [Clﬁ]m — abulk)/abulk] x 100%. For the BIO films
grown on GSO and STO substrates, the effective compressive
strain increases with larger lattice mismatch increasing. How-
ever, for the BIO films grown on the LSAT, the strain is almost
fully relaxed since the lattice mismatch (—4.13%) is too large.
Note that a 10-u.c.-thick capping layer STO is deposited on all
films in order to protect the BIO layer, which may contribute
to the final strain states in the BIO films. Also, like the rocking
curves, the width of the diffraction peaks along the H axis in
the HL reciprocal space mapping also reflects the distribution
of the crystal orientations. As shown in Fig. 2, the widths of
the BIO peaks along H axis are similar to those of the sub-
strates, indicating the high crystalline quality of the films.
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Fig. 1. (a) Schematic structure of bulk BayIrO4. (b) XRD 26—-® scans of
BIO films grown on various substrates, with asterisks (*) corresponding to
diffraction peaks of substrates. Note that BIO/LSAT film has a 5-u.c. STO as
the buffer layer in order to grow high-quality BIO film on LSAT substrate.
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Fig. 2. Reciprocal space mapping (RSM) of BIO (109) diffractions near
pseudo-cubic (103) diffractions of LSAT, STO, and GSO substrates. Note
that BIO/LSAT film has a 5-u.c. STO as a buffer layer in order to grow high-
quality BIO film on LSAT substrate.
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Fig. 3. (a)-(c) Cross-sectional STEM-ADF images projected along [010] direction near BIO/substrate interfaces, (d)—(f) selected-area electron diffrac-
tion patterns of the observed areas. Note that BIO/LSAT film has a 5-u.c. STO as buffer layer in order to grow high-quality BIO film on LSAT substrate.

High-resolution STEM annular dark field (ADF) images
on the cross-section samples of BIO/substrate interfaces along
the [010] zone axis are shown in Figs. 3(a)-3(c). The STEM-
ADF images show the high-quality stacking of BaO and IrO,
layers, which is consistent with the atomic crystal structure de-
picted in Fig. 1(a). The selected-area electron diffraction pat-
terns (Figs. 3(d)-3(f)) also show sharp and bright diffractions
of the BIO structure.
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Fig. 4. Measured resistivity versus temperature of BIO films. Note that
BIO/LSAT film has a 5-u.c. STO as buffer layer in order to grow high-quality
BIO film on LSAT substrate.

Figure 4 shows the resistivities as a function of tempera-
ture of BIO films grown on three different substrates. All sam-
ples show a typical insulating behavior with negative dp/dT.
The values of effective compressive strains are indicated in the
inset. The resistivities of BIO films show clearly their depen-

dence on the effective strain, namely the higher the compres-
sive strain, the lower the resistivity will be.

To understand the strain effects on the transport be-
haviors in BIO films, we perform the calculations by us-
ing the first-principles density functional theory (DFT) with
a generalized gradient approximation implemented in the
Vienna ab initio simulation package (VASP) code,?*%]
in which the projected augmented wave method!*%2”1 and
the Perdew—Burke—Ernzerhof revised for solids exchange-
correlation functional!?®! are used. The plane-wave cutoff en-
ergy is 520 eV throughout the calculations. The smallest spac-
ing between the k-points is 0.2 A~! (KSPACING = 0.2). A
V2 x v/2 x 1 supercell is used to accommodate the antifer-
romagnetic structure in BIO. The electron correlation of the
Ir ions is considered by the DFT+U scheme with the effec-
tive Hubbard U = 2.0 eV. Owing to the heavy Ir ions, the
spin—orbital coupling (SOC) effect is also added into our cal-
culations. The lattice constants and atomic positions are both
relaxed to simulate the unstrained bulk BIO and the final op-
timized lattice constants are @ = 4.001 A and ¢ = 13.283 A,
which are well consistent with the experimental results. Then
the in-plane compressing effect is simulated by reducing the
lattice constant (a) with a fixed ratio of 1%, and 2% while the
out-of-plane lattice constant (c¢) and atomic positions are free
to be relaxed.
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As shown in Fig. 5, the total density of states (DOS) of
BIO indicates a clear energy gap near the Fermi energy (red
dash line) for the unstrained condition. The band gap gradu-
ally shrinks and disappears at an in-plane strain of —2%. This
tendency is in accordance with transport experimental results
that the conductivity of BIO film increases with in-plane com-
pressive strain increasing. Projected-DOS on O-2p orbital,
iridating tag and e, orbitals are also shown in Fig. 5. The
orbital characteristics of the electronic states near the Fermi
level are dominated by Ir-tp; and O-2p, exhibiting clearly that
the stronger hybridization of these orbitals is enhanced with
compressive strains applied. As a consequence, this narrows
the band gap and increases the conductivity of BIO film under
compressive strain as observed in our transport measurements.
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Fig. 5. Total and projected densities of states (DOSs) of BIO, showing a gap
closing and increase of DOS under in-plane compressive strain. The dash
line refers to Fermi energy.

4. Conclusions

In this work, we grow epitaxial BayIrO4 films on LSAT,
STO, and GSO substrates by reactive MBE, and through the
XRD and STEM structure characterizations confirm that all
films have high crystalline quality. Three different strain states
are achieved on these substrates with partial strain relaxation
due to the relatively large lattice mismatch. The transport mea-
surements show an enhancement of the conductivity by in-
creasing in-plane compressive strains. The DFT calculations
are consistent with our experimental results, and show that a
band gap narrows and the hybridization between Ir-ty; and O-
2p orbitals increases under stronger compressive strain.
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