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Three-dimensional electronic structures and the metal-insulator transition
in Ruddlesden-Popper iridates
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In this study, we systematically investigate three-dimensional (3D) momentum (hk)-resolved electronic
structures of Ruddlesden-Popper-type iridium oxides Srt,.Ir,Os,4; using soft-x-ray (SX) angle-resolved
photoemission spectroscopy (ARPES). Our results provide direct evidence of an insulator-to-metal transition
that occurs upon increasing the dimensionality of the IrO,-plane structure. This transition occurs when the
spin-orbit-coupled j. = 1/2 band changes its behavior in the dispersion relation and moves across the Fermi
energy. In addition, an emerging band along the I"(0,0,0)-R(rr,7,7) direction is found to play a crucial role in the
metallic characteristics of SrIrO;. By scanning the photon energy over 350 eV, we reveal the 3D Fermi surface
in SrIrO; and k,-dependent oscillations of photoelectron intensity in Sr3Ir,O;. In contrast to previously reported
results obtained using low-energy photons, folded bands derived from lattice distortions and/or magnetic ordering
make significantly weak (but finite) contributions to the k-resolved photoemission spectrum. At the first glance,
this leads to the ambiguous result that the observed k-space topology is consistent with the unfolded Brillouin
zone (BZ) picture derived from a nonrealistic simple square or cubic Ir lattice. Through careful analysis, we
determine that a superposition of the folded and unfolded band structures has been observed in the ARPES
spectra obtained using photons in both ultraviolet and SX regions. To corroborate the physics deduced using
low-energy ARPES studies, we propose to utilize SX-ARPES as a powerful complementary technique, as this

method surveys more than one whole BZ and provides a panoramic view of electronic structures.
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I. INTRODUCTION

Spin-orbit coupling (SOC) of an electron, a relativistic
quantum effect, results in various exotic phenomena and has
recently opened up new frontiers in solid-state physics. Apart
from the phenomena related to surface science, such as the
Rashba and quantum spin Hall effects [1,2], there are some
cases in which SOC plays a predominant role in the bulk nature
of condensed matter. Among them, Ruddlesden-Popper-type
iridium oxides (RP-iridates) Sr,;Ir, 03,41 offer an excellent
opportunity for studying the interplay between the SOC and
electron correlation effects in the bulk material, since the
strength of the electron correlation changes together with
the dimensionality of the IrO,-plane structure depending on
the number n [3,4].

Two-dimensional layered SrpIrO4 (n = 1; Sr214), which
contains an isolated single IrO, plane, has the strongly spin-
orbit-coupled Jeir = 1/2 state, in which Ir 5d levels are par-
tially occupied by electrons (where J.g stands for the resultant

effective total angular momentum) [5,6]. Following are some
salient features of this state: (i) the SOC in the Ir 5d electrons
has an energy scale comparable to that of hopping integrals
of 5d electrons and the d-d Coulomb interaction because of
the large atomic number Z (=77). This leads to a significant
splitting of Ir 5d 1, levels. The five 5d electrons occupy the
upper jeir = 1/2 and lower jeir = 3/2 states (where jegr stands
for the one-electron effective total angular momentum). The
Jeff States are represented as linear combinations of atomic
I, orbitals with a mixture of up and down 5d electron spins.
(i1) The half-filled j. = 1/2 band, which plays an important
role in the unique nature of Sr214, further splits into two bands
across the Fermi energy ( E r) because of antiferromagnetic and
d-d Coulomb interactions, whereas the j.;r = 3/2 bands are
fully occupied and lie below E r. The presence of the half-filled
insulating band (the so-called lower Hubbard band) indicates
that Sr214 is a promising candidate for the parent material
of high-T7, superconductors, in analogy with La,CuO4 [7-9].
In contrast, the final member of the system, SrlrOs; (n = o0;
Sr113) shows metallic behavior above ~150 K [4,10]. Sr113
is now attracting much attention because a bulk semimetallic
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the semimetallic behavior of the Hall coefficient and possible
Dirac-like linear dispersions in the electronic structures pro-
jected onto the 2D momentum (or wave number k) space were
reported [4,16,17]. Between Sr214 and Sr113, an insulator-
to-metal transition occurs with increasing dimensionality. The
antiferromagnetic insulator Sr3Ir,O7 (n = 2; Sr327) is located
close to the border of the transition [4,18].

In the present study, we integrate the evolution of 3D
electronic structures with the dimensionality of the IrO,-
plane structure, and the synergy effects that occur between
the SOC and electron correlations in Je ground states in
the RP-iridates Sr214, Sr327, and Sr113. To address these
issues, we use angle-resolved photoemission spectroscopy
(ARPES) with brilliant soft-x-ray (SX) synchrotron radiation.
In the SX region, photoemission spectroscopy is suited to the
investigation of electronic structures in the bulk owing to the
large probing depth [19-21]. There are two more benefits in
using SX-ARPES for studying Ir jes states: (i) a high Ir 5d-O
2 p sensitivity ratio, which is about 60 times higher than that
in the vacuum ultraviolet (VUV) region [22], and (ii) a large
survey area that covers more than one whole Brillouin zone
(BZ) in the 3D k space. This is made possible by scanning
a photoelectron acceptance angle of about 10° and a photon
energy of over 350 eV [23,24].

Consequently, we discover k-resolved electronic structures
in the RP iridates consistent with a BZ derived from a simple
square or cubic Ir lattice, in contrast to the previously reported
UV and VUV-ARPES results [5,9,16,25,26]. Folded bands
attributed to lattice distortions and/or magnetic ordering give
significantly weak (but finite) contributions to the spectrum as
a result of a matrix element effect dominant in the SX region.
Through careful analysis, we conclude that a superposition of
the folded and unfolded band structures has been commonly
observed in ARPES experiments using photons in both UV and
SX regions. Meanwhile, we successfully observe the electronic
structures unique to each iridate and find direct evidence for
the insulator-to-metal transition. The j.s = 1/2 band moves
across E r with increasing iridate dimensionality. Furthermore,
an emerging band along the I'(0,0,0)-R(rr,7,7) direction is
shown to play a crucial role in the metallic behavior observed
in Sr113.

II. EXPERIMENT

Thin films of pseudocubic perovskite-type Sr113 were
grown on Nb (0.05 wt%)-doped SrTiO3; (001) substrates by
pulsed laser deposition (PLD). The typical film thickness
and out-of-plane (in-plane) lattice constant were determined
to be 240 A and 3.985 (3.905) A, respectively, using x-
ray diffraction (XRD) measurements, indicating the in-plane
epitaxial growth on the SrTiO;3 substrate with the original cubic
lattice constant of Sr113 in the out-of-plane direction. Details
of the sample preparation and characterization methods have
been reported elsewhere [4].

Single crystals of Sr214 and Sr327 were prepared using a
flux method with SrCl, as the flux material. A mixture of
the starting materials (SrCO3; and IrO,), together with the
flux, was placed into Pt crucibles and heated to 1350°C
for Sr214 (1100°C for Sr327), and was maintained for 12
h. Subsequently, the temperature was lowered to 900 °C for

PHYSICAL REVIEW B 94, 115103 (2016)

50 h. After cooling, platelike crystals were obtained. In both
complexes, the typical crystal size was about 0.8 mm x
0.6 mm x 0.3 mm. The crystal structures were evaluated
using powder XRD at the beam line BLO2B2 of SPring-8.
In the case of Sr214, the lattice constants a’(=+/2a) and
¢/(=2c¢), analyzed by Rietveld method based on the space
group I4;/acd, were 5.4955 A and 25.8130 A, respectively.
Meanwhile, for Sr327, the lattice constants were determined
to be d'(=+v2a) = 5.5157(2) A, b'(~+/2a) = 5.5188(2) A,
and ¢ =20.9027(2) A with the symmetry of Bbeb. The
temperature dependencies of the electrical resistivity and
the magnetization under 1 T were measured between 4 and
300 K using a quantum design physical property measurement
system (PPMS) and a magnetic property measurement system
(MPMS). Sr214 (Sr327) samples displayed an insulating
character across the entire temperature range and magnetically
ordered behavior below the Néel temperature, Ty ~ 240 K
(~280 K), as reported previously [27-31].

SX-ARPES experiments were performed at the Japan
Atomic Energy Agency (JAEA) actinide science beam line
BL23SU of SPring-8 using the Gammadata-Scienta SES-2002
electron-energy analyzer and unpolarized light delivered by a
twin helical undulator [32]. Films of Sr113 were prepared
with and without a two-monolayer-thick SrTiO; capping
layer. These films were stored under a high-purity N, gas
atmosphere during travel from the PLD growth chamber to
the load lock chamber in the beam line, and then transferred
to the ARPES chamber under ultrahigh vacuum (UHV). At
the measuring temperature 7 = 20 K, it was confirmed that
both films provided qualitatively similar valence-band spectra
in the binding energy (Ep) range of 0-3 eV in addition to
quantitatively similar analytical results with respect to the
topology of the Fermi surface (FS). To obtain clean (001)
surfaces for Sr214 and Sr327, single crystals were cleaved
in situ in UHV with a base pressure better than 1 x 108 Pa
at the measurement temperatures [33]. The energy resolution
of the measurements of the energy-band dispersions along
high-symmetry lines (for k-space maps) was set to about 130
(250) meV at a typical photon energy of hv ~ 750 eV. The
angular resolution was 0.2° (0.3°) parallel (perpendicular) to
the analyzer slit, leading to an in-plane momentum resolution
Ak (or Aky, Aky) of, at most, 0.08 AL Meanwhile, the
momentum resolution along the k, axis, Ak,, was estimated
to be 0.04 A~ at the typical photon energy, which was better
than one third of Ak, in the VUV region owing to the high
bulk sensitivity in the SX region [34]. The emission angle of
the photoelectron at each photon energy was converted into
ky or ky (k;) considering the photon momentum [and inner
potential V, which was experimentally estimated to be 10
(£3), 18 (£4), and 27 (£2) eV for Sr113, Sr327, and Sr214,
respectively] [33]. The Fermi energy was determined from the
photoemission spectra of in situ evaporated gold films.

III. RESULTS AND DISCUSSION

A. Overall electronic structures in RP iridates

We show the experimentally obtained 3D k-space maps
of the valence bands in RP iridates. First, note that the
main features of k.-k, maps for all three iridates shown in
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FIG. 1. Constant-energy surfaces in the k space obtained using SX-ARPES. The first BZs of (a) Sr113, (b) Sr327, and (c) Sr214 for RP-type
crystal structures without consideration of the IrOg octahedral rotation are shown. Note that the lattice constants a and ¢ are omitted from the
coordinate points. The constant-energy surfaces in the k-k; and k. -k, planes for Sr113 [(d) and (g)], Sr327 [(e) and (h)], and Sr214 [(f) and (i)]
are displayed. Solid red lines indicate the cross-sectional view of the BZs illustrated in (a)—(c). Dashed curves in (d) show the cross-sectional
FS discussed in Sec. III B. The surfaces in (d)—(i) were obtained by integrating the momentum-distribution curves around a certain E over
an energy window of £100 meV [35]. Their surface topology is qualitatively similar to that with smaller energy windows under the present

experimental conditions.

Figs. 1(g)—-1(i) are consistent with the unfolded BZ picture [see
also Figs. 1(a)-1(c) that were derived from crystal structures
without IrOg octahedral rotation and/or antiferromagnetic
ordering. As a result of the rotation and magnetic ordering, the
space group changes from Pm3m to Pbnm for Sr113, from
14/mmm to Bbeb for Sr327, and from 14/mmm to 14, /acd
for Sr214, leading to band folding and smaller BZs. However,

these folded bands were less visible or, in some cases, hardly
seen in the SX-ARPES (discussed later). Meanwhile, band
folding in the k,-k, plane has been clearly observed in
previous UV and VUV-ARPES experiments for the iridates
[5,9,16,25,26]. These observations, which probably result
from a matrix element effect, indicate that the lattice distortion
and magnetic phase transition only make slight or perturbative
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contributions to the photoemission spectrum in the SX region.
Here, we show, in a sense, the essential electronic structures
expected in undistorted RP iridates, whose crystal structures
are similar to those of RP ruthenates and RP cuprates.

Cross-sectional images of the FS in Sr113 are shown in
Figs. 1(d) and 1(g). The figures show that the I'(0,0,0)-
X(7,0,0)-M(7,0,7)-X(0,0,r) surface in the kj-k, plane is
equivalent to the I"(0,0,0)-X(rr,0,0)-M(7r,7,0)-X(0,7,0) sur-
face in the k,-k, plane, which is consistent with the cubic
BZ. This result demonstrates that, in the k, direction, vital
momentum broadening and other matrix element effects
were not observed. Meanwhile, in the case of Sr327, an
incommensurate periodicity with the BZ along the k, axis
is seen [Fig. 1(e)], while a k,-independent constant-energy
surface has been found for Sr214, as can be expected from the
strong two dimensionality of the electronic states derived from
the single-layer perovskite structure.

Turning to Fig. 2, we show the evolution of the jeg-
band width with increasing dimensionality of the IrO,-plane
structure. The top and bottom of the j. = 1/2 band in
Sr214 were located at M point (7r,0,0) and I point (0,0,0),
respectively, as shown in Fig. 2(a). Upon changing the structure
of the IrO; planes from 2D (Sr214), through quasi-2D (Sr327),
to 3D (Sr113), the joir = 1/2 band width increases, as expected
[Figs. 2(b)-2(d)]. To understand this in more detail, the energy-
band dispersions along the high-symmetry lines are shown for
all RP iridates. In the in-plane dispersions [green panels in
Figs. 3(a)-3(c)], the jer = 1/2 band in Sr113 goes across
the Er along X(7,0,0)-M(7r,7,0)-I'(0,0,0) line for Sr113 as
highlighted by arrows [see also Fig. 3(d)], and forms a holelike
FS around the M point (7,7,0). Meanwhile, for Sr327 and
Sr214, the M(rr,0,0)-X(7r,7,0)-I'(0,0,0) line corresponding to
the same path in Sr113 has its valence-band top at the M point
(r,0,0) and is folded at around (m/2,7/2,0), even though
the photoelectron intensity emitted from the folded band is
significantly weak [see also Figs. 2(a) and 6(e)], creating a
charge gap. The behavior of this band among the RP iridates
demonstrates an insulator-to-metal transition that occurs with
the increase in dimensionality associated with moving from
the quasi-2D (Sr327) to the 3D (Sr113) compound.

By taking full advantage of the high-k, resolution available
in SX-ARPES, we further investigated the energy-band dis-
persions for all other high-symmetry lines in the 3D BZ of
Sr113. Two additional E g-crossing points were successfully
observed in the I'(0,0,0)-R(m,7,7) and R(r,m,7)-X(0,0,7)
lines, as marked by arrows in the red and yellow panels in
Fig. 3(a) [see also Fig. 3(d)]. The observed dispersions were
compared with the results of the local density approximation
(LDA)+SOC band structure calculations for cubic Sr113 with
a = 3.985 A [36,37]. The behavior of the jor = 1/2 band
near the Ep-crossing points was generally well reproduced
by the calculation shown in Figs. 3(e) and 3(f); however,
some inconsistency is apparent in Fig. 3(a). Some bands,
whose tops are located at the R point (7,7,7), are pushed
below Er. In contrast, other bands around the I" point (0,0,0)
seem to go above Ep. These shifts make the theoretically
predicted hole (electron) pockets around the R (I") point
disappear. Since our calculated results do not have any flat band
in the M(r,7,0)-I'(0,0,0), I'(0,0,0)-R(7,7,7), and I'(0,0,0)-
X(7,0,0) lines, the observed bands at Eg >~ 0.7 eV around
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FIG. 2. jer = 1/2 band width depending on the dimensionality
of the IrO,-plane structure. (a) Energy bands seen in the SX-
ARPES spectra of Sr214 and the schematic view of their characters
assigned by calculations (see Fig. 6 for details). The j.; = 1/2 band
dispersions along the (0,0,0)-(:7,0,0) line are shown for (b) Sr113,
(c) Sr327, and (d) Sr214. Open circles indicate the peak positions
estimated from the momentum- (energy-)distribution curves of Sr113
(Sr327 and Sr214). The error bar represents statistical variability
and the variation of the peak position between the original and the
second-derivative images.

the I' point are considered to be folded bands resulting from
the IrO¢ octahedral rotation, as seen in the X(7,7,0)-1"(0,0,0)
line for Sr327 and Sr214. In fact, as mentioned above,
the photoelectron intensity emitted from these bands was
weaker than the original bands. Other bands that have broad
bandwidths of more than 2 eV are hardly seen in Fig. 3(a);
however, these bands become more visible following a change
in photon energy and are reproduced by our calculations [33].
Our results suggest that the narrow jer bands observed in
the low-energy ARPES experiments [16,17] are not derived
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FIG. 3. Energy-band dispersions along high-symmetry lines in (a) Sr113, (b) Sr327, and (c) Sr214. To yield a better view of the dispersions,
the second-derivative images are shown. The color of the images corresponds to that of the BZ planes [Figs. 1(a)-1(c)], in which the
high-symmetry line is included. The arrows in (a) indicate the positions where the observed bands go across Ef [see also (d)]. The LDA+SOC
band structure of cubic Sr113 is also shown in (a). Solid orange lines indicate the j. = 1/2 band. (d) Momentum-distribution curves of Sr113
near E along the high-symmetry lines, where the j.z = 1/2 band goes across the Er. Peak positions for the momentum-distribution curves,
estimated using a peak-fitting analysis, are also shown by red bars [33]. (e) and (f) Enlarged band dispersions in the vicinity of Er. Open circles
in red indicate the peak positions in either the momentum- or energy-distribution curve. Calculated j.r = 1/2 bands are shown by solid orange
lines. (g) W/2z value corresponding to an averaged hopping integral ¢ in the j. = 1/2 band, where z stands for the number of nearest-neighbor
Ir atoms. Here, W for Sr214 and Sr327 is defined as 2w, where w is the jer = 1/2 band width in the occupied state. The dashed line divides
the insulating and metallic states.

from the electron correlation effect but from lattice distortion B. Fermiology of SrIrO;

together with the matrix element effect. Unlike the results Figures 3(e) and 3(f) show the photoelectron-intensity
reported in a previous study [3], we conclude that the electron distributions in the vicinity of Er around the M point (7, 7,0)
correlation in Sr113 is rather weak. and R point (77,7, 7). It can be clearly seen that the jei = 1/2
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TABLEI. The experimentally and theoretically obtained gradient
of the jer = 1/2 band at E and the Fermi velocity in Sr113.

dE

High-symmetry line s Vp
=F
in cubic BZ eV A) (x107 cm/s)
SX-ARPES X-M 0.8 (£0.2) 1.2 (£0.3)
M-T >3.0 >4.6
'-R 3.3(£0.2) 5.0 (£0.3)
R-X 1.4 (£0.4) 2.2 (£0.6)
LDA+4SOC X-M 0.64 0.97
M-T 2.5 3.8
I'-R 3.1 4.7
R-X 0.92 1.4

band has various slopes at the Fermi wave number kr on
each high-symmetry line. The estimated Fermi velocities, v,
are listed in Table I. The value near the (v /2,7 /2,7) in the
R(m,m,m)-X(0,0,r) line is almost equal to the previously
reported value of 1.2 eV A at (7 /2,m/2) in the surface-
projected BZ [16]. Furthermore, we uncovered a significantly
faster band with 3.3 eV A that is, vp = 5.0 x 107cm/s near
(/2,7 /2,m/2) in the I'(0,0,0)-R(w,,7) line; this value is
about half the value generally reported for simple metallic
systems [39]. These experimentally obtained vy values can be
reproduced by the LDA+SOC calculation for cubic Sr113,
also listed in Table I, supporting the dominant je = 1/2
character of this band in Sr113.

We now discuss the FS topology of Sr113 in detail. The
Jeft = 1/2-band dispersions in Figs. 3(e) and 3(f) suggest the
presence of two hole pockets around the M point (7,7,0)
and R point (7,7,7); however, Fig. 1(d) shows that they
are connected to each other along the R(w,m,m)-M(m,7,0)
line, leading to a large open FS. The experimental FS closely
resembles a holelike FS for a simple cubic structure in the
tight-binding (TB) model illustrated in Fig. 4(b). The FS is
composed of a simplified energy band €; = —2¢(cosk.a +
cos kya + cos k.a), where t is an hopping integral [40]. Ate; =
0, the energy band reproduces a characteristic FS topology in
the R(rw,7,7m)-M(rr,7,0)-1'(0,0,0)-X(0,0,77) plane as shown in
Fig. 1(d) and the TB-model FS is consistent with the number of
E p-crossing points observed in all high-symmetry lines. Here,
we roughly estimate the number of the hole n;, not using
the LDA+SOC but the TB band since the experimental kr
values are well reproduced by the TB-model calculation rather
than the LDA+SOC calculation [33]. Approximating the
experimental FS by the TB-model FS, n;, in the Wigner-Seitz
cell can be analytically obtained by

Vis

nh=2(2_ﬂ)3 =1, 1)
where Vis (=4m3/a?) is the volume of the TB-model FS.
Following are the two principal results of the SX-ARPES:
(i) the observed band going across Ep corresponds to jeff =
1/2 and (ii) ny >~ 1. These results suggest that Sr113 has
a well-defined Jo = 1/2 ground state, as do Sr214 and
Sr327. Thus, the Joir = 1/2 picture is valid independent of the
dimensionality in RP iridates. Here, note that the FS consisting
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Eg=0(x0.1) eV
K ~134A"

FIG. 4. FS topology of Sr113. (a) Constant-energy surface
(including the FS) in the R(w,7,7)-M(7,0,7)-X(0,0,7)-M(0,7,7)
plane. Open circles in red indicate the kr points estimated from the
ARPES spectra [33]. (b) Schematic image of a holelike FS for a
simple cubic structure is shown. The cross-sectional views of the FS
are also illustrated by the dashed line in (a) and Fig. 1(d). Electron
reservoirs just below E are displayed in (c) and (d).

of only holelike bands appeared to be inconsistent with the
strongly temperature-dependent and negative Hall coefficient
and other theoretical predictions, which suggest that Sr113 is
semimetallic [4,11,12]. In fact, it has been reported that the
electronlike FS is composed of some folded bands invisible
in SX-ARPES [16]. Apart from that, we observed a finite
photoelectron intensity at Er around the R and X points, as
shown in Fig. 4(a) [see also Figs. 1(d) and 1(g)], resulting
from the j. = 3/2 and 1/2 bands approaching Er and a
finite energy resolution. These bands form electron reservoirs
as shown in Figs. 4(c) and 4(d), and can contribute to the
electron conductivity at high temperature.

C. Bilayer coupling effect in Sr3Ir,0;

Let us now discuss the dependence of the photoelectron
intensity on k, in the constant-energy surface of Sr327. As
has been shown in Fig. 1(e), the electronic structures along
the k, axis extend beyond the BZ. This result demonstrates
that the electronic states predominately contributing to pho-
toemission originate from an internal structure of the unit
cell, that is, the IrO, bilayer unique to Sr327. To understand
the incommensurate periodicity of the electronic structures,
we examined the matrix element effect derived from the
bilayer coupling in a manner analogous to that described
for BiySr,CaCu,Og.5 (Bi2212) [41]. We assumed that the
transition matrix element M for one-particle excitation can
be separated into two parts, i.e., M = M) + M, where M,
and M, are the in-plane and out-of-plane components of M,
respectively. Furthermore, given that the initial-state wave
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function in an Ir ion can be simplified to be a single Gaussian
function [41], the bilayer-coupled states are expressed by
a linear combination of these Gaussian functions, that is,

J

00 _d\?
M. (k) = / zexp[—(Z el

oo (Bd)?

i| exp(ik,z)dz £ /

PHYSICAL REVIEW B 94, 115103 (2016)

the odd and even functions ¥, and x,., as shown in Fig. 5(c).
The matrix element M, in the electric dipole transition to a
free-electron final state is now given by

oo d 2
Zexp [—(Z(;T)ZB] exp(ik,z)dz

—00

i/7 Bd exp (—#k;){d sin (%kz) + B%d%k, cos (%kz)} s for x.(2),

JaBdexp (—ELk2){d cos (4k.) — B2k, sin (2k.)} :for x,(2),

where d is the distance between IrO, layers, 4.070 A [30]. The
damping parameter 8 was set to be 1/35 so as to reproduce the
experimental results. Note that this optimal value of 8 is much
smaller than that reported for Bi2212 (8 = 1/6) in the VUV-
ARPES experiment, indicating the narrow spread of the wave
function in the present initial state [41]. In the photoemission
event using x-rays, the valence electron is considered to be
emitted spatially close to the ionic core, which can result in
small g values [42].

As shown in Fig. 5(b), the oscillation of the photoelectron
intensity at Eg = 0.15 eV along the X-Xline in the &, direction
is well reproduced by the calculated M, (k). This demonstrates
that the oscillation near Ef is derived from the symmetrically
coupled Ir 5d state [43]. The energy distribution curves along
the X-X line are shown in Fig. 5(a). It was found that the peak
contributing to the oscillation shifts to a point corresponding
to a deeper Ep when the transition probability M f for the
antisymmetrically coupled wave function x,(z) becomes large,
as shown in Fig. 5(b). Therefore, the two peaks at Ep =~ 350
and 550 meV can be assigned to the antibonding and bonding
states, originating from x.(z) and y,(z), respectively. This is
known as bilayer splitting, and the splitting energy is estimated
to be about 200 meV. Bilayer splitting in the folded band was
observed at the I' point [26]. Interestingly, with changing k.

=
o
~
1l
=
°
EE

1l

line profile along X-X
(Eg=0.15¢eV)

Litay

(c) ]

octahedron, .

2 1 0
Binding Energy (eV) MZ2 (arb. units)

FIG. 5. Bilayer splitting and matrix element effect in Sr327.
(a) Energy-distribution curves along the X-X line in the k, direction.
(b) Transition probability along the k, axis, M2, induced by photoexci-
tation for a bilayer-coupled system. The photoelectron intensity along
the X-X line from Fig. 1(e) is also shown. (c) Schematic illustration
of the bilayer-coupled wave functions.

2

(

values, the strengths of the photoelectron intensities along X-X
and M-M lines increase and decrease alternately [see Fig. 1(e)],
indicating that the antibonding state at the M point is derived
from y, instead of x.. Considering, as in the case of Sr214,
that the jor = 1/2 (3/2) band predominates in the vicinity of
Er at the M (X) point, it is clear that the nature of bilayer
coupling depends on the j.¢ band character.

D. Superposition of folded and unfolded
band structures in Sr,IrO4

Here, we provide deeper insight into the inconsistency in
the expected BZ size determined by SX-ARPES and the other
two experiments, UV-ARPES and XRD, by discussing the
well-known electronic structure in Sr214. As has already been
reported, the crystal structure of Sr214 is determined by XRD
[27]. The in-plane rotation (11°) of the IrOg octahedra makes
the primitive vectors rotate and the in-plane (out-of-plane)
lattice constant a (c) expands by a factor of V2 (2), changing
the crystallographic space group from /4/mmm to 14,/acd.
As a result, Sr214 has a small folded BZ unlike that of
the triplet superconductor Sr,RuQy. In comparison with the
energy-band dispersions at hv = 760 eV in Fig. 3(c) and at
21.2 eV in Ref. [44], the overall characteristic feature of the
Jefr bands, including the number of bands passing through the
high-symmetry points listed in Table II, are in good agreement
with each other. We stress that the experimental results at both
photon energies can be well reproduced by the energy spectrum
calculated for the unfolded BZ shown in Figs. 6(a)-6(d),
with the expectation of the band approaching Ef near the
I" point. Meanwhile, the other band, whose bottom is located
at (r,m) near Eg =1 eV at hv = 21.2 eV, is not resolved
at 760 eV but theoretically predicted within the unfolded

TABLE II. The number of j. bands at each high-symmetry
point between Er and Ez = 2¢eV in Sr214, observed using ARPES
experiments at various photon energies.

(0,0) (,0) (/2,7 /2) (m,m)
14/mmm r M X
hv I14,/acd r X M
760 eV 3 3 2 1
85eV? 1 2 2 -
21.2eVP 3 3 2 2

4Reference [5].
bReference [44].
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FIG. 6. (a) Theoretical energy spectrum based on the three-orbital
Hubbard model with consideration for the unfolded BZ of Sr214. (b)—
(d) Spectra projected onto the atomic je = 1/2, 3/2 (j, = £1/2),
and 3/2 (j, = £3/2) bases, respectively. The parameters and their
values for the calculation are identical to those used in the previous
study (i.e., U =1.44 eV, U' =1.008 eV, J =0.216 €V, and A =
0.432 eV in Ref. [46]). (¢) Experimental energy-band dispersion along
I'(0,0,0)-X(r,7,0) line. (f) Constant-energy surface at Egx = 5.2 eV.
These images were taken at hv = 760 eV. In (f), unfolded and folded
BZs are drown as solid and dotted lines, respectively.

BZ picture, as shown in Fig. 6(c) [45]. It can be seen that
the exceptional band near the I' point is derived from the
band folding since it appears in the calculated spectrum for
the folded BZ [46]. Nevertheless, the major feature in the
k-resolved photoemission spectra obtained using both high-
and low-energy photons are correctly explained within the
unfolded BZ picture in Sr214 as in other RP iridates. This
shows that, in any ARPES result, the high-symmetry point
(r,m) should be distinguished from the T" point (0,0), even
though they are identical in the surface-folded BZ [47].
Furthermore, it is clear that the photoelectron-intensity
ratio of the folded band relative to the other unfolded bands
does not change over the range of hv ~ 400 and 800 eV
[33]. This indicates that either the folded or unfolded band
is not derived from the surface structures since the probing
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depth changes from about 9—15 A with increasing photon
energy. We observed another folded band around the X point
(7r,m), whose intensity is significantly weak, in the O 2p (and
Ir 5d bonding) states, as shown in Fig. 6(f). Note that the
unfolded band structure in the O 2 p states remains dominant,
even though the oxygen atoms change their positions due to
the IrOg octahedral rotation. Judging from the above results,
we can conclude that the weak intensity arising from the
folded bands in the SX-ARPES spectra is not caused by
the bulk/surface or any specific band character. We propose
here that the most promising candidate for the origin of
this folded/unfolded problem is the matrix element effect of
the electric dipole transition in the photoemission process
excited by high-energy photons. A better understanding of
this phenomenon is expected to result from further theoretical
studies.

E. Structural dimensionality and metal-insulator transition

Finally, we discuss the relationship among the electronic
nature, structural dimensionality, and magnetic ordering in RP
iridates. Based on a simple TB model, the hopping integral ¢ is
expressed as W /2z, where W and z are the bandwidth and the
number of nearest-neighbor Ir atoms, respectively. Figure 3(g)
shows a plot of the W /2z values for the j.r = 1/2 band in
the I"'(0,0,0)-M(rr,7,0) and I"(0,0,0)-R(7r,7r,77) lines obtained
from the LDA4-SOC calculation for Sr113. The values in the
I'(0,0,0)-M(7r,0,0) line of Sr214 and Sr327, estimated from the
dispersions observed in Figs. 2(c) and 2(d), are also shown.
The hopping integral in Sr113 along the I'(0,0,0)-M(z,7,0)
line is nearly the same as the in-plane integrals in Sr214 and
Sr327. Meanwhile, the integral has a significantly large value
along the I"(0,0,0)-R(;r, 7, ) line, in which the hopping is only
possible in the 3D crystal structure unique to Sr113. This fact
strongly suggests that the hopping of the carrier along the body
diagonal direction plays a crucial role in the metallic nature of
Sr113.

In contrast to Sr113 (n = o0), Sr327 (n = 2), and Sr214
(n = 1) have no clear Fermi cutoff in the k-integrated spectra
shown in Fig. 7(a). This feature becomes more apparent
at the M point (7r,0,0) where the j.s = 1/2 band has the
valence-band top in both compounds. Figure 7(b) shows that
the k-resolved spectrum of Sr327 has a prominent peak at
Eg ~ 150 meV below the magnetic ordering temperature 7y,
whose tail goes across Er to unoccupied states because of a
finite energy resolution. Even though nonzero photoelectron
intensity at Er was observed, the clear Fermi cutoff could
not be found in the spectrum. The peak observed below Ty
becomes wider and shifts to a deeper E with decreasing n,
i.e., the structural dimensionality. The peak shift results in the
creation of the charge gap in Sr214.

The k-resolved spectra of Sr327 and Sr214 above Ty,
also shown in Fig. 7(b), resemble the k-integrated spectra of
these compounds in Fig. 7(a), respectively, suggesting that a
k-broadening effect predominates at room temperature [48].
The k broadening observed here is derived from the matrix
element effect mainly related to the Debye-Waller factor [49].
In addition, the energy broadening of a few hundred meV
resulting from the phonon-induced effect should be considered
[50]. Despite these broadening effects, it is revealed that the
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FIG. 7. Metal-insulator transition in RP iridates. (a) k-integrated
spectraof Sr113 (n = 00), Sr327 (n = 2),and Sr214 (n = 1) obtained
by summing up the SX-ARPES spectra in both k,-k, and k-k,
planes shown in Figs. 1(d)-1(i). (b) Temperature dependence of
the SX-ARPES spectrum at the M point (i7,0,0). (c) The structural
dependence of the electronic nature and its temperature variation,
where z stands for the number of nearest-neighbor Ir atoms. Open
circles (cross marks) indicate the temperatures at which the Fermi
cutoff was (not) observed.

k-resolved spectra of Sr327 and Sr214 in the vicinity of Er
are significantly different from each other. The Fermi cutoff
in the spectrum of Sr327 appears above Ty, indicating that
an insulator-to-metal transition occurs across Ty. Collapse
of the charge gap consistent with the drop of the electrical
resistivity above Ty demonstrates that a strong Mott insulating
picture is not applicable to Sr327 [31,51,52]. In contrast,
Sr214 has no Fermi cutoff in the k-resolved spectrum and
maintains the insulating character even above Ty. Based on
these results, we construct a phase diagram in which the
metallic nature of RP iridates, mediated by the electrons in
the spin-orbit coupled jor = 1/2 band, develops step-by-step
with increasing dimensionality of the IrO,-plane structure and
with the help of magnetic ordering as summarized in Fig. 7(c).
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IV. SUMMARY

We measured the 3D k-resolved electronic structures of
three RP iridates Sr113, Sr214, and Sr327, using bulk-
sensitive SX photoemission spectroscopy in conjunction with
theoretical calculations. The most striking results in the present
study are as follows: (i) it was clearly demonstrated that the
insulator-to-metal transition is induced by the variation in the
Jeff = 1/2 band dispersion, which occurs with the increasing
dimensionality in the RP iridates. In addition, Sr327 solely
showed the transition in conjunction with the magnetic phase
transition induced by temperature change. (ii) We discovered
a perfect 3D FS. This was made possible by the use of
the synchrotron light in the scanned photon energy range of
more than 350 eV. Furthermore, the dispersions among all the
high-symmetry points in the cubic BZ were experimentally
revealed. (iii) Broadly dispersive j.r = 1/2 bands, which only
go across E and are well separated from jor = 3/2 bands, can
be used to categorize Sr113 as a J. = 1/2 itinerant electron
system. (iv) We directly observed the photoelectron-intensity
oscillation derived from the bilayer coupling and found its
anisotropy in the k space depending on the js; band character.

Note that the superposition of the folded and unfolded
band structures can be intrinsically observed in the ARPES
experiments using any photons from the UV to the SX region.
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