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Abstract
We report evidence of a finite density of states at the Fermi level at the surface of epitaxial thin
films of the narrow bandgap Mott insulator Sr3Ir2O7(001). The Brillouin zone critical points for
Sr3Ir2O7(001) thin films have been determined by a comparison of the band mapping from
angle-resolved photoemission spectroscopy and low energy electron diffraction. Angle-resolved
x-ray photoemission studies reveal the surface termination of Sr3Ir2O7(001) is Sr–O. The
absence of dispersion with photon energy, or changing wave vector along the surface normal,
indicates the two-dimensional character of the bands contributing to the density of states close
to the Fermi level for Sr3Ir2O7(001) thin films. Thus, the finite density of states at the Fermi
level is attributed to surface states or surface resonances. The appearance of a finite density of
states at the Fermi level is consistent with the increased conductivity with decreasing film
thickness for ultrathin Sr3Ir2O7(001) films.
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1. Introduction

The Ruddlesden–Popper strontium iridates Srn+1IrnO3n+1

series show a transition from Mott insulator to semimetal
states with increasing n, which can be attributed to the increas-
ing Ir coordination numbers [1, 2]. It has been shown that
Sr3Ir2O7 (n= 2) has an insulating ground state with vanishing
bandgap [2–4], which makes its electronic state highly sus-
ceptible to small perturbations. Epitaxial thin films of stron-
tium iridates Srn+1IrnO3n+1 open the door to quantum con-
finement and symmetry breaking [5–7]. Furthermore, epitaxial
strain imposed by the substrate can lead to changes in the elec-
tronic structure [1, 2, 6–11].

In this regard, it is also of interest to see if the band structure
of Sr3Ir2O7(001) thin films resembles other strontium iridates
thin films subjected to quantum confinements, as is suggested
by a comparison of the many iridate band structures studied
to date [1]. For example, the atomic arrangement of mono-
layer SrIrO3 closely resembles the central regions of Sr3Ir2O7

unit cell, while SrIrO3(001) exhibits a film-thickness-driven
metal-insulator transition [9, 12, 13] and strain induced sur-
face reconstructions [1, 12, 14]. The different experimental
band structures of the bulk single crystals of Sr3Ir2O7(001)
[15, 16] are not in full agreement. One angle-resolved photoe-
mission (ARPES) study [15] showed that the surface of bulk
single crystals of Sr3Ir2O7(001) exhibits a finite electronic
spectral weight at the Fermi level, suggesting weak metallicity
at the surface. Another experimental band structure mapping,
by ARPES, revealed a small band gap less than 97 meV [16],
consistent with the band gap extracted from the dI/dV curves
obtained from scanning tunneling microscopy [17].

For SrIrO3(001), the surface is seen to be Sr-O terminated
[14], which is also the case for Sr3Ir2O7 single crystals [17].
The experimental band structure, obtained from the surface
sensitive ARPES experiments, may be dominated by this sur-
face layer, and thus decoupled from the bulk of the film, as
noted for SrIrO3(001) [14].

2. Experimental methods

We deposited 4.2–19.8 nm, or 2–9.5 unit cells (u.c.),
thick Sr3Ir2O7(001) (SIO327) thin films epitaxially on (001)
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates through off-
axis radio frequency magnetron sputtering. The films were
deposited at 630 ◦C, with 50 mTorr process gas composed of
Ar and O2 (ratio 40:1). After growth, the films were cooled
down to room temperature in process gas. Atomic force micro-
scopy measurements revealed a smooth surface morphology
for these samples with root-mean-square roughness of 3 Å, as
seen in supplementary figure S1. The x-ray diffraction θ–2θ
scan shows that the Sr3Ir2O7(001) thin films are single crys-
talline without impurity phases. The c-axis lattice constant is
21.0 Å for the 6.5 u.c. (13.6 nm) thick Sr3Ir2O7(001) film,
slightly larger than the bulk value (20.879 Å) [18–20]. The in-
plane lattice parameters of the (LaAlO3)0.3(Sr2TaAlO6)0.7 sub-
strate (CrysTec. Inc) and bulk Sr3Ir2O7 are 3.87 Å and 3.896 Å

[19], respectively, imposing an in-plane compressive strain
of −0.67% on the epitaxial Sr3Ir2O7 thin films. The slightly
expanded c-axis lattice constant is consistent with the com-
pressive strain. The film thickness was determined by fitting
to the Laue oscillations around the main Bragg peak (supple-
mentary figure 1(c) inset). For comparison, we also examined
a 12.5 u.c. (5 nm) SrIrO3(001) (SIO113) film on SrTiO3 sub-
strate. The growth conditions for the SrIrO3(001) (SIO113)
film can be found in [13].

Angle-resolved x-ray photoemission spectroscopy meas-
urements were carried out using an Al-Kα unmonochromat-
ized SPECS x-ray source with photon energy of 1486.6 eV,
and the energies of the emitted photoelectrons were analyzed
with a VG100AX hemispherical analyzer. The x-ray spec-
troscopy of the Ir 4f and the Sr 3d core levels show well
resolved spin-orbit splitting between the Ir 4f7/2 and Ir 4f5/2
(3.1 ± 0.1 eV)) and the Sr 3d5/2 and Sr 3d3/2 (1.6 eV),
with no indications of surface hydride formation [21–23],
as seen in the supplementary figure S2. The Ir 4f7/2 and Ir
4f5/2 core level binding energies are at 63.2 ± 0.1 eV and
66.3 ± 0.1 eV, respectively, as seen in the supplementary
figure S2. These values are in good agreement with previ-
ously reported values of 63.5 eV (4f7/2) and 66.4 eV (4f5/2)
[22], as well as 62.8 eV (4f7/2) and 65.9 eV (4f5/2) [24]. The
Sr 3d5/2 core level binding energies at 132.9 ± 0.1 eV, as
seen in figure S2, is in good agreement with the XPS core
level binding energy values of 133 eV reported for SrO [25],
133.5 eV reported for SrMoO4 [26], and 133 eV reported for
SrRh2O4 [26].

The experimental electronic structure measurements were
performed on several thicknesses of Sr3Ir2O7 films using
various spectroscopic methods. The ARPES studies were
performed on the linear undulator beamline (BL-1) of
the Research Institute for Synchrotron Radiation Science
(HiSOR), Hiroshima University [27, 28]. The ARPES experi-
ments were carried out using an angular (display) mode of the
hemispherical electron analyzer (R4000, VG-Scienta) with an
acceptance angle of ±15◦. We used several different incident
photon energies, focusing on results obtained at hν between
50 and 150 eV. The energy resolution was limited by temper-
ature, not the instrument, and estimated to be about 30 meV at
room temperature. The angular resolution was ±0.1◦, corres-
ponding to a wave vector resolution of 0.01 ± 0.005 Å−1 for
hν = 71 eV at the Fermi level (EF). Throughout this work, the
binding energies are referenced to the Fermi level (E − EF)
of an Au film electrically connected to the sample. We have
measured ARPES in the p-polarization geometry, where the
electric field vector lies in the plane of incidence as well as the
photoelectron detection plane. SrIrO3(001) and Sr3Ir2O7(001)
samples were treated with several successive annealing steps
at ∼560 ◦C with O2 gas pressure of 8 × 10−8 Torr for about
30 min.

Low energy electron diffraction (LEED) images were taken
in situ using an Omicron SPECTALEED rear-view LEED
optics system with electron beam energy of 38.5 eV and other
energies. Sample crystallographic conditions were seen to be
very sensitive to surface preparation.
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Figure 1. The ARPES results for a 6 u.c. (12.6 nm) thick
Sr3Ir2O7(001) thin film, taken at room temperature, along with an
isoenergy plot along both the kx and ky directions (001) plane, near
the Fermi level (EF). The experimental valence band electronic
structure was taken with a photon energy of 71 eV. (a) The
two-dimensional mapping of kx and ky, at E − EF = − 0.2 eV
(−0.2 eV below EF). (b) The dispersion along ky for kx = 0 line. (c)
The dispersion along kx for ky = 0 line. (d) The LEED image taken
with electron kinetic energy of 38.5 eV, with an overlay of the
Brillouin zone and the high symmetry lines, ΓX and ΓM.

3. The Sr3Ir2O7(001) Brillouin zone

Figures 1(a)–(c) shows the ARPES band mapping of a 6 u.c.
(12.6 nm) thick Sr3Ir2O7(001) film just below the Fermi level
(at E − EF = −0.2 eV). The LEED patterns confirm that the
surface lattice is well ordered and retains four-fold symmetry.
The isoenergy cut (figure 1(b)) through Sr3Ir2O7(001) band
structure was constructed from the ARPES experimental band
structure plots along the ky direction (figure 1(a)) and along the
kx direction (figure 1(c)). The Sr3Ir2O7(001) surface Brillouin
zone can be reconciled with the LEED pattern only if the edge
of the Brillouin zone (X̄) is at 0.81 Å−1 and the corners of the
square Brillouin zone (M̄) are at 1.15 Å−1.

The surface Brillouin zone can be definitively assigned
from the extensive analysis of LEED results, as shown in
figure 1(d), and the Brillouin zone critical points in the isoen-
ergy cut of the band structure in figure 1(a). Just below the
Fermi level (at E − EF =−0.2 eV), the isoenergy cut through
the Sr3Ir2O7(001) band structure (figure 1(a)) is in sharp con-
trast to that seen for bulk Sr3Ir2O7(001) single crystals at the
top of the valence band [15, 16], as the observed thin film
Brillouin zone here is much larger. The observed surface lat-
tice constant is 3.9± 0.2 Å. A similar lattice constant of 3.9 Å,
obtained via scanning tunneling microscopy, has been repor-
ted for the Sr–O surface termination of the bulk Sr3Ir2O7(001)

single crystal [17]. This is also consistent with the in-plane
lattice constant of the (LaAlO3)0.3(Sr2TaAlO6)0.7 substrate of
3.87 Å. In contrast, an in-plane unit cell of 5.5 Å is expec-
ted of the bulk Sr3Ir2O7(001) single crystal due to the oxy-
gen octahedral rotation [15–17]. This means that the expec-
ted lattice distortion of Sr3Ir2O7(001) single crystal is either
lost in the thin film, or the Brillouin zone is dominated by the
Sr–O termination.

For Sr3Ir2O7(001) thin films, there is a large density of
states at the Fermi level in the vicinity of X̄. This is clearly
evident in a comparison of different isoenergy cuts across the
band structure at theEF (figure 2(a)), and with increasing bind-
ing energies below the EF at E − EF = −0.1 eV (figure 2(b)),
at E − EF = −0.2 eV (figure 2(c)), at E − EF = −0.3 eV
(figure 2(d)), at E − EF = −0.4 eV (figure 2(e)), and at
E − EF = −0.5 eV. It is also clear that the symmetry
of the Brillouin zone is preserved with increasing binding
energy. Although the experimental band structure for the
Sr3Ir2O7(001) thin films (figure 1), including the isoenergy
cuts through the band structure (figure 2), are not as sharp
as the experimental band structures for Sr3Ir2O7(001) single
crystals [15, 16] obtained fromARPES, the basic features seen
in the isoenergy cuts of the band structure near the EF are very
similar.

Although the LEED is very sharp (figure 1(d)), indicative
of high crystalline order in the Sr3Ir2O7(001) thin films, espe-
cially at the surface, the angle resolved photoemission band
structure does not exhibit the sharp and distinct bands obtained
in the angle resolved experiments taken on cleaved surfaces
for the Sr3Ir2O7(001) bulk single crystals [15, 16]. Figure 3
compares the isoenergy cuts taken on 4.2 nm (2 u.c.) thick and
13.6 nm (6.5 u.c.) thick Sr3Ir2O7(001) films taken just below
the Fermi level, E − EF = 0.2 eV. Not surprisingly, the band
structure becomes more diffuse in the thinner films, as indic-
ated in figures 3(a) and (c). This trend is also apparent in the
band plots along the ΓM symmetry direction (kx direction at
ky = 0) for the 13.6 nm (figure 3(b)), and 4.2 nm (figure 3(d))
thick films.

4. The finite density of states at the Fermi level for
Sr3Ir2O7(001)

As shown in the band dispersion in figure 4, the Sr3Ir2O7(001)
thin films exhibit a finite density of states at the EF, which
is similar to that observed in the experimental band struc-
ture of Sr3Ir2O7(001) single crystals reported in [15]. For
both the 13.6 nm (figure 4(c)) and 4.2 nm (figure 4(d))
thick Sr3Ir2O7(001) thin films, the spectral intensity is vastly
enhanced if the integration is increased from a binding energy
range of −0.1 to −0.2 eV (dashed blue area) to a binding
energy range from EF to −0.2 eV (dashed green area). These
spectral intensity plots clearly indicate that there is a finite
density of states near EF. The absence of any strong photovol-
taic charging in the XPS core level binding energies further
support that the surface of these Sr3Ir2O7(001) thin films is
fairly conducting [29–32].
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Figure 2. The isoenergy valence band 2D electronic structure mappings of a 6 u.c. (12.6 nm) thick Sr3Ir2O7(001) thin film as derived from
ARPES measurements, plotted along both the kx and ky directions. The ARPES data was taken at room temperature with a photon energy of
71 eV. The isoenergy cuts are taken at binding energies (a) near EF, and at (b) E = −0.1 eV, (c) E = −0.2 eV, (d) E = −0.3 eV, (e)
E = −0.4 eV, and (f) E = −0.5 eV below EF.

Figure 3. The experimental valence band electronic structure for (a), (b) 13.6 nm (6.5 u.c.) and (c), (d) 4.2 nm (2 u.c.) thick Sr3Ir2O7(001)
films. (a) and (c) show the two-dimensional isoenergy band mapping, for in-plane kx and ky, at E − EF = − 0.2 eV (a) and just below EF

(c). (b) and (d) show the energy dispersion along ΓM symmetry direction, which is the kx direction at ky = 0, in (a) and (c). Data derived
from angle-resolved photoemission, taken at room temperature, with a photon energy of 71 eV.
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Figure 4. (a), (b) The band dispersion for the (a) 13.6 nm (6.5 u.c.)
thick and (b) 4.2 nm (2 u.c.) thick Sr3Ir2O7(001) thin films along the
ΓM symmetry directions. (c), (d) The experimental integrated
intensity as a function of wave vector along the ΓM symmetry
direction, for (c) 13.6 nm thick and (d) 4.2 nm thick (red)
Sr3Ir2O7(001) thin films. The integration was done in the binding
energy range of (c) −0.1 to −0.2 eV (denoted by the blue boxes) is
plotted in red and the integration was done in the energy range from
EF to−0.2 eV (denoted by the dashed green area) is plotted in black.

Figure 5 shows the energy dependent ARPES spectroscopy
for a 13.6 nm thick Sr3Ir2O7(001) thin film. The bands con-
tributing to the density of states at the EF exhibit negligible
dispersion along kz, indicating a quasi-two-dimensional state,
as seen in figure 5(a). The conservation of two-dimensionality
of state suggests that the band that contributes to the density
of states at the EF are either surface states or surface reson-
ances, i.e. localized electronic states at the surface. Thus, this
photon energy dependent ARPES shows that the finite dens-
ity of states at the EF is highly localized to the surface region,
confirming that is indeed a surface resonance and/or surface
state.

The localized density of states near the Fermi level
seen here is similar to what has been observed for bulk
Sr3Ir2O7(001) single crystals [15], where the states near EF

also showed little dispersion in wave vector perpendicular to
the surface. In comparing the experimental band structure and
density function theory, the bulk Sr3Ir2O7(001) single crystal
[15] appears p-type. Here, a comparison of the experimental
band structure with density function theory [15] suggests the
thin film surface is n-type. The conduction band minimum is
pushed below the EF and is thus partially occupied.

The results suggest that the surface resonance and/or sur-
face state drives the surface conducting, as occurs for Sb2Te3,
Bi2Te3 and Bi2Se [33] and EuO [34, 35]. One question is
whether the finite density of states at the surface is preserved
in the thin film limit, which occurs for Bi2Se3 only because
of band offsets, relative to the EF, in the thin film limit [36,

Figure 5. The photon energy dependence of ARPES for a 13.6 nm
(6.5 u.c.) Sr3Ir2O7(001) thin film surface. (a) The mapping for kx,
along the ΓM symmetry line and relative perpendicular wave vector
kz, corresponding to the density of states near EF, as indicated in
blue dashed rectangle area in (b). (b) The band mapping for kx
direction, along the ΓM symmetry line, corresponding to the
kz ≈ 5.0, indicated in (a) by the horizontal dashed blue line. This
horizontal line corresponds to a photon energy of 71 eV, within
energy range of 50–132 eV investigated here.

37]. Here, for the Sr3Ir2O7(001) thin films, the finite density
of states does appear to persist to a film thickness of 2 u.c.
(4.2 nm), as seen in figure 4.

The effect of the metallic or nearly metallic surface state
becomes evident in the conduction of Sr3Ir2O7(001) with
decreasing film thickness. Figure 6 shows conductivity σ

of Sr3Ir2O7 as a function of film thickness at 100 K and
300 K. For the 11.8 nm thick and thicker films, σ is about
4 × 104 S m−1 at 300 K and shows only a weak thick-
ness dependence. This conductivity is comparable with pre-
vious reports for epitaxial Sr3Ir2O7 films [38, 39] and more
than one order of magnitude higher than the bulk value [40].
The 4.2 nm (2 u.c.) film, surprisingly, exhibits a significantly
higher conductivity σ of about 7 × 104 S m−1. This is in
sharp contrast to previous observations of correlated oxide
thin films, which show suppressed conductivity with decreas-
ing film thickness towards the electrical dead layer thickness
[11, 13, 41–43]. All films exhibit insulating behavior, with
lower σ at low temperatures. At 100 K, σ shows a similar
film thickness dependence, with the conductivity increasing
weakly from 1.1 × 104 S m−1 to 1.6 × 104 S m−1 as the
film thickness decreases from 19.8 to 11.8 nm and then rises

5
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Figure 6. The conductivity σ as a function of film thickness at 100
and 300 K taken on 4.2–19.8 nm (2–9.5 u.c.) Sr3Ir2O7(001) films.
The dashed lines serve as the guide to the eye.

sharply to 3.8 × 104 S m−1 in the 4.2 nm film. Notably,
the thick films deposited on (LaAlO3)0.3(Sr2TaAlO6)0.7 exhib-
its similar increasing conductivity with increasing temperat-
ure, characteristic of insulating behavior, to the thick films
on SrTiO3 [38, 39], suggesting that the substrate does not
play a significant role in the emergence of metallicity in the
ultrathin films. The enhanced conductivity in the thinner film
suggests that the observed metallicity arises primarily from
a surface effect: as the film becomes thinner, the contribu-
tion of the surface metallic state to the overall conduction
becomes dominant, even though the bulk of the film remains
insulating.

5. The comparison of Sr3Ir2O7(001) and SrIrO3(001)

The Sr–O surface termination of Sr3Ir2O7(001), seen here and
reported elsewhere [17, 44], is similar to the Sr–O surface ter-
mination of SrIrO3(001) [14]. Interestingly, the band struc-
ture, determined from ARPES for Sr3Ir2O7(001) thin films,
also resembles the SrIrO3(001) band structure [14], as seen
in figure 7. An expanded comparison of the Sr3Ir2O7(001)
and SrIrO3(001) band structures with changing film thick-
ness is shown in the supplementary materials (figure S4). A
key difference between the experimental band structure of
Sr3Ir2O7(001) thin films and the SrIrO3(001) band structure
is that the top of the valence band for Sr3Ir2O7(001) is at
about 0.58 Å−1, while for SrIrO3(001) the top of the valence
band is at 0.73 Å−1 along the ΓM high symmetry line of
the surface Brillouin zone, seen in figure 7(d). This is distor-
ted for SrIrO3(001), as the top of valance band is now shif-
ted to 0.7 Å−1, along the ΓM high symmetry line of the sur-
face Brillouin zone, seen in figure 7(c). Unlike the insulating
Sr3Ir2O7(001), the 5 nm (12.5 u.c.) thick SrIrO3(001) films are
semimetals with close to fully compensated charges [13].

Figure 7. The comparison of the valence band electronic structures
as a function of wave vector along the ΓM symmetry direction for
(a) a 5 nm (12.5 u.c.) thick SrIrO3(001) thin film and (b) a 13.6 nm
(6.5 u.c.) thick Sr3Ir2O7(001) thin film. Shown are the integrated
density of state between EF and 0.2 eV binding energy, indicated by
dashed green, as a function of wave vector along the ΓM symmetry
direction for both the (c) SrIrO3(001) and (d) Sr3Ir2O7(001) thin
films.

6. Conclusions

We have investigated the electronic structure of the
Sr3Ir2O7(001) thin films using ARPES spectroscopy. We have
clear evidence of a finite density of states at the Fermi level
that appears to be the result of a surface resonance and/or
surface state. This density of states at the Fermi level may
well persist into the thin film limit. The Brillouin zone for the
Sr3Ir2O7(001) thin films is much larger than suggested for the
bulk Sr3Ir2O7(001), although the mapped band structure at the
Fermi level is very similar. The Brillouin zone critical points
are consistent with the LEED results. The Sr3Ir2O7(001) thin
films are terminated in Sr-O as seen for this and other iridates.
The band structure of the Sr3Ir2O7(001) thin films are similar,
but not identical, to the band structure for SrIrO3(001) iridate
thin films.
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