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Abstract
Perovskite iridates are a promising material platform for hosting unconventional superconductivity. Transport
measurements of Sr2IrO4 thin-film field-effect transistors are expected to provide irrefutable evidence for the existence
of superconductivity. However, these experiments have revealed a remarkably robust insulating state over wide
electron and hole doping ranges; this finding is in contrast to the case of the bulk material, in which metallicity
appears upon moderate electron doping by substituting cations in place of Sr. The nature of this robust insulating
state and whether any metallic state can be realized in the Sr2IrO4 thin film are two remaining challenges that preclude
further progress in the search for superconductivity in this system. Here, we show that this insulating state is enhanced
in Sr2IrO4 thin films by thermal annealing under vacuum conditions, while it can be destroyed upon annealing in an
oxygen atmosphere within restricted ranges of oxygen pressure, annealing temperature and ion substitution levels.
The resulting films exhibit metallic transport behavior near room temperature and a metal–insulator crossover at
~200 K. Our results point to the potentially important roles of the oxygen vacancies at different atomic sites in the
formation of the robust insulating state and the new metallic state and to their interplay in the Sr2IrO4 thin film. This
finding opens new possibilities in the search for unconventional superconductivity by further tailoring the as-found
metallic state in properly oxygen-annealed Sr2IrO4 thin films.

Introduction
Unconventional superconductivity remains a central

topic of condensed matter physics1–3. Special attention
has been given to compounds with crystal and electronic
structures similar to those of cuprates with the hope of
finding new superconductors and understanding the ori-
gin of cuprate superconductivity4–9. In addition to the few
related systems that have been primarily focused on4,9, the
5d transition-metal oxide system Sr2IrO4 has attracted
considerable interest. Undoped Sr2IrO4 features a unique
Mott insulating state as a result of the interplay between
strong spin–orbit coupling and Coulomb interac-
tions10–13. Melting of this spin–orbit Mott phase upon

electron and hole doping has been theoretically predicted
to yield unconventional superconductivity14,15. Consistent
with this finding, angle-resolved photoemission16 and
scanning tunneling microscopy17 experiments have
shown spectroscopic signatures consistent with a d-wave
superconducting gap in surface electron-doped Sr2IrO4 at
low temperatures. Nevertheless, transport evidence for
the zero-resistance state is required to establish the
occurrence of superconductivity in doped Sr2IrO4.
Electron18–20 and hole21,22 doping through cation sub-

stitution in bulk Sr2IrO4 can weaken and destroy the
undoped insulating state at relatively high temperatures
(>100 K) without the superconductivity observed at rela-
tively low temperatures. Restricted by the solubility limits
for various substitutional dopants, bulk doping cannot
reach the sufficiently high electron or hole doping levels
predicted for superconductivity to emerge. The ionic
liquid gating technique presents a general solution to this
problem, and it is capable of realizing ambipolar doping in
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excess of 10% in quite a few material systems23–27.
However, in the case of Sr2IrO4, liquid gating experiments
on thin-film samples have revealed remarkably robust
insulating behaviors over enormously wide electron and
hole doping ranges28,29. The origin of this behavior is
unknown to date, but it may occur due to factors intro-
duced by the gating technique27,30,31 and/or factors
intrinsic to the thin-film samples20,32. Indications for the
latter reasoning come from the observed increases in
resistivity upon (Ce) electron33 and (charge-transfer)
hole34 doping of the Sr2IrO4 thin films, in contrast to the
bulk cases18–20,22. To our knowledge, no metallic state has
thus far been found in the Sr2IrO4 thin film regardless of
the thin film growth and doping methods28,29,33–35. The
nature of the robust insulating state and whether any
metallic state can be realized in the Sr2IrO4 thin film are
two remaining questions36. Their resolutions are pre-
requisites for making progress on the important issue of
unconventional superconductivity in Sr2IrO4.
In this work, we perform a systematic study of the

effects of thermal annealing both under vacuum condi-
tions and in an oxygen atmosphere on the transport
property of the Sr2IrO4 thin film. We find that the robust
insulating state is enhanced by vacuum annealing and
weakened by oxygen annealing. This state can be
destroyed near room temperature after oxygen annealing
at ~50 atm and ~570 °C in a pristine thin film, where a
new metallic state appears. These observations outline an
emerging transport phase diagram of the Sr2IrO4 thin film
featuring an interplay between the robust insulating state
and the new metallic state. We argue that while the robust
insulating state is likely dominated by the defect scattering
effect of planar oxygen vacancies, the new metallic state
likely reflects an intrinsic bulk-like property of the IrO2

planes with effective electron doping due to apical oxygen
vacancies. This finding provides a new perspective for a
unified understanding of the puzzling transport properties
of the Sr2IrO4 thin film and suggests a new pathway for
discovering superconductivity in Sr2IrO4 around the as-
found metallic state.

Materials and methods
High-quality thin films of pristine Sr2IrO4 and 5% Ce-

doped Sr2IrO4 [(Sr0.95Ce0.05)2IrO4] were grown on
atomically flat (LaAlO3)0.3(Sr2AlTaO6)0.35 (LSAT) (001)
substrates by the pulsed laser deposition (PLD) method
using a KrF excimer laser (wavelength of 248 nm) as in
our previous study33. Ceramic targets of stoichiometric
Sr2IrO4 and (Sr0.95Ce0.05)2IrO4 were fabricated by con-
ventional solid-state reactions. The energy density of the
pulsed laser was approximately 0.3 J cm−2, and the fre-
quency was 5 Hz. During thin-film deposition, the sub-
strate temperature was maintained at 800 °C with an
oxygen partial pressure of 0.13 Pa. Upon the completion

of the deposition, the sample was first cooled to 650 °C in
an oxygen atmosphere of 0.13 Pa and then cooled to room
temperature at a 5 × 104 Pa oxygen pressure and a cooling
rate of 20 °Cmin−1. All films were ∼20 nm thick, and the
growth rate was ∼0.02 nm s−1. Thermal annealing of the
as-grown films was conducted in a chamber under
vacuum conditions exceeding 1 × 10−10 mbar. Thermal
annealing of the as-grown films in an oxygen atmosphere
was conducted in a high-pressure tube furnace (OTF-
1200X-HP-55, MTI Co.) with high-purity oxygen gas
(purity > 99.995%). The oxygen pressure was initially set
and subsequently maintained for each annealing at a given
pressure value, with the aid of an electromagnetic valve
for automatic gas release (deviation < ±2%), during tem-
perature increase (rate of 10 °Cmin−1) and maintenance
(duration of 1 h) stages. During the cooling stage (rate of
−10 °Cmin−1), the oxygen pressure naturally decreased
with decreasing temperature for a fixed amount of oxygen
gas inside the furnace. The structural properties of the
films before and after oxygen annealing (Fig. S1) were
characterized by four-circle X-ray diffraction (Bruker D8
Discover) with a Cu Kα1 wavelength of 1.5406 Å. The
chemical states of the films were characterized by X-ray
photoelectron spectroscopy (XPS; Thermo Scientific
ESCALAB Xi+) with Al Kα radiation (1486.6 eV).
The electrical transport properties of the samples

were measured with the four-point probe method to
effectively eliminate the lead and contact resistance
from the measurement. Gold electrodes with thick-
nesses of 50 nm were deposited on the surface of each
sample by thermal evaporation to ensure good electrical
contact. A Keithley 6221 current source and a Keithley
2182A nanovoltmeter were used for the resistance
measurement along the crystallographic a-axis or b-axis
of the thin film. The geometric dimensions of each
sample were accurately measured with an optical
microscope, and the a-axis (or b-axis) resistivities of the
samples were calculated based on the measured resis-
tance values and cross-sectional areas of the thin films.
Transport measurements were conducted in a cryostat
over the temperature range of 3.5–300 K at a cooling/
heating rate of 1 K min−1. To minimize the effects of
possible sample-to-sample variation due to the growth
process, each study of the annealing temperature (TA)
or pressure of oxygen atmosphere (POA) dependence
was performed on samples in small pieces
(∼2.5 mm × 5 mm) that were cut from the same large
piece (10 mm × 10 mm) of the as-grown sample using a
wire saw.

Results
The temperature dependence of the electrical resistivity

(R–T curve) of the as-grown Sr2IrO4 thin film is shown in
Fig. 1a. The resistivity of the sample decreases with
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increasing temperature, which depicts typical insulating
behavior. Figure 1a shows the R–T curves of Sr2IrO4 thin
films after thermal annealing at different temperatures
(TA= 350, 450, and 600 °C) under vacuum conditions.
The resistivity of the TA= 350 °C film at room tempera-
ture is nearly one order of magnitude higher than that of
the as-grown film. Upon a further increase in TA, the
sample resistivity increases, and the insulating behavior
persists.
Figure 1b presents the R–T curves of Sr2IrO4 thin films

after thermal annealing at different temperatures
(TA= 400–600 °C) in a 1 atm oxygen atmosphere. As TA

increases toward 570 °C, the resistivity of the oxygen-
annealed film at room temperature decreases gradually
and reaches a minimum value of 5.24 mΩ cm for
TA= 570 °C, which is close to a quarter of the value of the
as-grown sample. A further increase in TA leads to a rapid
increase in resistivity. This phenomenon points to an

overall nonmonotonic TA-dependent evolution of the
resistivity across TA= 570 °C, which is exemplified in the
inset of Fig. 1b for the resistivity value at room
temperature.
Figure 1c shows the R–T curves of Sr2IrO4 thin films

after thermal annealing at TA= 570 °C in an oxygen
atmosphere at various high pressures (POA= 1–150 atm).
With increasing POA, the sample resistivity at room
temperature first decreases rapidly for POA < 9 atm and
slows before increasing under high POA values (inset of
Fig. 1c). The room-temperature resistivity reaches a
minimum value of 2.61 mΩ cm at POA= 50 atm, which is
approximately 8 times smaller than the value for the as-
grown sample. Interestingly, nonmonotonic R–T curves
can be robustly found in the samples annealed in oxygen
under similar conditions at TA= 570 °C and
POA ~ 50 atm, which commonly highlights a
metal–insulator crossover at ~200 K, as shown in Fig. 1d.

Fig. 1 Temperature dependence of the electrical resistivity (R–T curves) of the Sr2IrO4 thin films subject to different annealing treatments.
a Vacuum annealing at different TA as indicated. b Oxygen annealing under POA= 1 atm at different TA values as indicated. c Oxygen annealing at
TA= 570 °C under different POA values as indicated. The insets in b and c summarize the resistivity values at room temperature of the corresponding
R–T curves as a function of TA and POA, respectively. d R–T curves (resistivity normalized at room temperature) of samples annealed under nearly
optimal conditions (POA ~ 50 atm, TA= 570 °C). Error bars in the insets of b and c mainly reflect the reproducibility of the resistivity measurement on
the given sample and the sample-to-sample variations in multiple samples (if available) grown/annealed/measured under nominally the same
conditions.
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The temperature dependence of the resistivity of a
semiconductor can be generally described by the formula
ρ Tð Þ ¼ ρ0½1þ α0ðT � T0Þ�, where ρ0, α0 and T0 are
material-specific parameters37. Here, we apply this for-
mula to fit the same R–T curves as shown in Fig. 1c and
reproduced in Fig. 2a in the vicinity of room temperature
(250–300 K), and we obtain the coefficient α0. Figure 2c
depicts the evolution of α0 with increasing POA. With
increasing POA, the magnitude of α0 first decreases and
then increases. α0 is generally negative, which is indicative
of the insulating behavior of the sample. The value
becomes positive in the vicinity of POA= 50 atm, which is
consistent with the metallic behavior observed near room
temperature in Fig. 1d.
As a comparison, we perform transport measurements

on the (Sr0.95Ce0.05)2IrO4 thin films. The resistivity of the
as-grown (Sr0.95Ce0.05)2IrO4 thin film is a few times larger

than that of the pristine film (cf. Figs. S2 and 1a), which is
consistent with our earlier report33. Oxygen annealing at
TA= 570 °C at an increasing POA leads to an initial
decrease in the resistivity of the Ce-doped film near room
temperature followed by an increase for POA > 50 atm,
which is reminiscent of the case of the pristine sample
(Fig. 2d). The optimal POA value for obtaining the mini-
mum resistivity is close to 50 atm in both cases, regardless
of the difference in Ce doping. However, important dif-
ferences are noted. The resistivity of the
(Sr0.95Ce0.05)2IrO4 thin films is overall higher than that of
the pristine films. The metal–insulator crossover observed
at ~POA= 50 atm in the pristine samples is absent in the
Ce-doped samples (Fig. S2).
The results of the coefficients α0 are similarly defined

for the R–T curves near room temperature of
(Sr0.95Ce0.05)2IrO4 thin films, and they are shown in Fig.

Fig. 2 Temperature- and POA-dependent evolution characteristics of the electrical resistivities for the Sr2IrO4 and (Sr0.95Ce0.05)2IrO4 thin
films after oxygen annealing at TA= 570 °C. a, b R–T curves of the Sr2IrO4 (a) and (Sr0.95Ce0.05)2IrO4 (b) thin films annealed under different POA
values, with each fitted by ρ Tð Þ ¼ ρ0½1þ α0ðT � T 0Þ� in the temperature range between 250 and 300 K. c Fitted coefficient α0 and d room-
temperature resistivity extracted from a and b for both types of samples under different POA values. Color ribbons in c and d are guides to the eye
based on the spline interpolations to the experimental data. Error bars in the insets of c and d mainly reflect the reproducibility of the resistivity
measurement on the given sample and the sample-to-sample variations in multiple samples (if available) grown/annealed/measured under
nominally the same conditions.
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2c. With increasing POA, the magnitude of α0 exhibits
nonmonotonic behavior and reaches its minimum value
at 50 atm, which is similar to the pristine case. However,
α0 is always negative, and no significant change is
observed at ~POA= 50 atm, as in the pristine case, which
is consistent with the absence of a metallic state in the Ce-
doped films. The above results suggest that the robust
insulating state is enhanced while the metallic state is
weakened by Ce doping in the Sr2IrO4 thin film.

Discussion
Our results obtained from the study of thermal

annealing under vacuum conditions and in an oxygen
atmosphere on the pristine and Ce-doped Sr2IrO4 thin
films are consistent with an emerging transport phase
diagram of the Sr2IrO4 thin film, as schematically depicted
in Fig. 3. A hypothetical resistivity (ρ) surface near room
temperature is shown as a function of the Ce doping (x)
and oxygen content (p). The pink/blue (dashed) curve on
the x ¼ 0/x ¼ 0:05 plane is the hypothetical ρ� p curve
for the pristine/Ce-doped sample near room temperature.
Specifically, the pink curve can be divided into three
regimes, as labeled in Fig. 3.
The as-grown state of the Sr2IrO4 thin film sits close to

the boundary between Regimes I and II, where oxygen
vacancies created during the thin film growth are likely
abundant in both the apical and planar oxygen sites.
Consistent with this finding, our XPS measurement on
the as-grown Sr2IrO4 thin film suggests the coexistence of
4+ and 3+ chemical states of Ir (Fig. S3). The planar
oxygen vacancies (on the IrO2 planes) can serve as defect
scattering centers that effectively disrupt the in-plane

electrical conduction, which is a well-known effect for the
case of CuO2 planes in cuprates38–40. Depending on the
density of oxygen vacancies, the resulting state can have
insulating transport behavior dominated by planar oxygen
vacancies rather than carrier concentration. This state is
expected to be minimally affected by the electrostatic
doping of carriers; it can be further enhanced by thermal
annealing under vacuum conditions, increasing the
number of planar oxygen vacancies (with decreasing
oxygen content moving the system toward/further into
Regime I in Fig. 3). This trend offers a simple explanation
for the robust insulating state of the Sr2IrO4 thin film.
Thermal annealing in the oxygen atmosphere upon

increasing TA and/or POA causes the oxygen vacancies to
be increasingly filled (with increasing oxygen content
moving the system toward/further into Regime II in Fig.
3). Consistent with this finding, our X-ray diffraction
measurements on the oxygen annealed thin films show
notable c-axis contractions that have been commonly
observed in oxide materials upon filling oxygen vacan-
cies41–43 (Fig. S1). Thus, we still do not know which types
of oxygen vacancies are filled. In this regard, we note that
the planar Ir–O bond length is smaller than the apical
bond length in Sr2IrO4

20,44. On thermodynamic grounds,
a larger bonding strength of the planar Ir–O bond sug-
gests that an oxygen atom can bind more easily with the
planar oxygen vacancy than with the apical oxygen
vacancy, as their binding reduces the energy of the system
by the amount of Ir–O bond strength. A caveat is that the
thermodynamic energy minimum associated with the
filling-in of a planar oxygen vacancy can be preceded by
some energy barrier that tends to block the access of the
oxygen atom to the planar oxygen vacancy. We speculate
that this sort of energy barrier might have been overcome
due to the increased mobility of oxygen atoms during the
high-pressure oxygen annealing of our samples at high
temperatures. This phenomenon can potentially lead to
the planar oxygen vacancies being preferentially filled in
over the apical oxygen vacancies.
As a result, the robust insulating state is weakened, and

the inherent in-plane conduction can eventually be
restored, as all planar oxygen sites are replenished.
Moreover, the IrO2 planes remain electron-doped due to
the unfilled apical oxygen vacancies that act as effective
donors. Metallic transport can thus occur, as in the case of
bulk electron-doped Sr2IrO4. This finding can explain
why a metallic state can be found in the pristine samples
under proper oxygen annealing conditions.
Oxygen annealing with further increasing TA and/or

POA causes the apical oxygen vacancies to be filled in
(with increasing oxygen content that moves the system
toward/further into Regime III in Fig. 3). The metallic
transport is gradually weakened due to the decrease in
electron doping until the intrinsic (insulating) transport of

Fig. 3 Schematic summary of the effects of Ce doping and
oxygen content on the electrical resistivity near room
temperature for the Sr2IrO4 thin films. See text for related
descriptions.
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the undoped bulk-like Sr2IrO4 eventually recovers. This
phenomenon can explain why this metallic state only
exists within a restricted parameter space of thermal
annealing (circled region in Fig. 3).
Hereafter (somewhere in Regime III), the intrinsic hole-

doped property may become apparent upon further oxy-
gen annealing that can create interstitial oxygen atoms as
acceptors. While the insulating transport at half-filling is
expected to be weakened by hole doping, the rate of
weakening appears lower than the case of electron doping
according to bulk doping studies18,19,21,22.
Concerning the effect of 5% Ce doping, we note that it is

sufficient to cause a major reduction in the resistivity and
induce metallicity in bulk Sr2IrO4

20. In thin films, we have
previously found that increasing Ce substitution leads to
c-axis contraction and weakening of the magnetic order33,
which is similar to the known effects of increasing Ce
substitution in the bulk20. This finding implies that Ce is
an effective electron donor in the Sr2IrO4 thin films.
Consistent with this trend, our XPS measurement on the
as-grown (Sr0.95Ce0.05)2IrO4 thin film shows a higher Ir3+

content than the pristine sample (Fig. S3). Surprisingly,
our resistivity measurements show that 5% Ce doping
strengthens the robust insulating state and weakens the
new metallic state. The latter aspect, in particular, cannot
be easily understood if the substituted Ce ions only serve
as effective donors20 that can promote in-plane conduc-
tion. Instead, both aspects can be rationalized if Ce doping
introduces additional defect scattering sites33 in the IrO2

planes that cannot be removed by oxygen annealing.
The above heuristic picture highlights the potentially

central role played by the oxygen vacancies at different
atomic sites in shaping the transport phase diagram of the
Sr2IrO4 thin film due to the interplay between the robust
insulating state and the new metallic state found in this
study. This finding suggests that while the robust insu-
lating state is likely dominated by the defect scattering
effect of planar oxygen vacancies, the new metallic state
likely reflects an intrinsic bulk-like property of the IrO2

planes with effective electron doping due to apical oxygen
vacancies. This phenomenon provides a new perspective
for a unified understanding of the puzzling transport
properties of the Sr2IrO4 thin film. While this perspective
should be scrutinized further in experiments with oxygen
annealing, it suggests a new pathway for finding super-
conductivity in iridates by modifying this metallic state in
the Sr2IrO4 thin film. Regarding directions for modifica-
tion, our study suggests that Ce doping might not be
sufficiently effective for Sr2IrO4 thin films. La doping is
reported to reduce the thin film resistivity28,35, unlike Ce
doping33. This finding seems to indicate that the defect
scattering effect may not be as strong in the case of La
doping, which is beneficial for the appearance of metal-
licity in oxygen-annealed Sr2IrO4 thin films. In any case,

using properly oxygen-annealed thin films as substrates
for ionic liquid gating experiments has a favorable
outcome.

Conclusion
The effects of thermal annealing in a vacuum and

oxygen atmosphere on the transport property of the
Sr2IrO4 thin film are investigated. We show that the
robust insulating state found in earlier experiments is
enhanced by vacuum annealing and weakened by oxygen
annealing. This state can even be destroyed after oxygen
annealing under ~50 atm at ~570 °C in the pristine thin
film, where a new metallic state appears near room tem-
perature. A unified picture is proposed to understand
these new transport findings on the Sr2IrO4 thin film,
which highlights the potentially central role played by the
oxygen vacancies at different atomic sites in the formation
of the robust insulating state and the new metallic state
and by their interplay. We establish the properly oxygen-
annealed Sr2IrO4 thin film as a viable platform for finding
superconductivity in iridates.
Note added after submission: It has been drawn to our

attention that two earlier studies reported resistivity
measurements based on electrochemical oxygen doping
of Sr2IrO4 in different forms45 and vacuum annealing of
polycrystalline Sr2IrO4

46, which is qualitatively consistent
with the results reported in this work.
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