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Heavy carrier doping by hydrogen in the spin-orbit coupled Mott insulator Sr2IrO4
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Highly efficient carrier doping into the spin-orbit coupled Mott insulator Sr2IrO4 is achieved by low-energy
hydrogen ion beam irradiation at low temperature. We demonstrate that heavy doping of hydrogen into a Sr2IrO4

epitaxial thin film induces a large increase in conductivity by band-filling control via electron doping, which is
confirmed by Hall effect measurements. The introduction of a large amount of hydrogen and its distribution along
the depth direction are clarified by nuclear reaction analysis. The doped interstitial and substitutional hydrogens
act as electron donors with minimum perturbation to the lattice, as evidenced by crystal structural analysis and
first-principles calculations of the defect formation energy for doped hydrogen. The hydrogen-doping method
offers a strategy toward realization of novel quantum phases in strongly correlated spin-orbit entangled systems.
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The investigation of emergent quantum phases in strongly
correlated systems with spin-orbit coupling is one of the cen-
tral issues in modern condensed matter physics [1]. Recently,
iridates have attracted much attention because the strength
of spin-orbit coupling is comparable to those of crystal field
splitting and on-site Coulomb interaction, giving rise to exotic
electronic states such as a quantum spin liquid, a topological
Mott insulator, a Weyl semimetal, and an electronic nematic
(anapole) state [2–6]. The layered perovskite oxide Sr2IrO4

is of particular interest because it is the first example of a
spin-orbit coupled Mott insulator [7,8]. The t2g states with
five valence electrons are split into a Jeff = 1/2 doublet and a
Jeff = 3/2 quartet by spin-orbit coupling, leaving a half-filled
Jeff = 1/2 band. The moderate on-site Coulomb repulsion
induces a Mott gap and, therefore, the spin-orbit coupled
Jeff = 1/2 Mott insulating state [7–10] with a canted antifer-
romagnetic ground state (T N = 240 K) [11].

Because of the similarity with cuprates, carrier-doped
Sr2IrO4 has been considered as an attractive candidate for
a novel high-temperature superconductor [12–14]. The un-
conventional superconductivity has been predicted in doped
Sr2IrO4 by theoretical studies [15–19], and the observa-
tions of Fermi arcs, pseudogaps [13,14,20], and a d-wave
gap behavior [21] were reported in electron-doped Sr2IrO4.
Even though a number of experimental investigations on car-
rier doping via chemical modification have been performed
[22–26], the distinct signature of superconductivity has not
been observed experimentally. Chemical substitution may in-
volve structural modification of the host material, which can
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result in unintentional alterations of other parameters besides
the band filling. For instance, the electron doping through
La substitution and oxygen depletion in Sr2IrO4 results in
metallic behavior, but the accompanied structural distortion
such as rotation of IrO6 octahedra induces a change in the
bandwidth [22,25,26]. Furthermore, solubility usually limits
band-filling control of solids over a wide range.

To address these problems, we focused on a hydrogen ion
beam irradiation method for carrier doping [27]. Hydrogen
can enter into solids with minimum perturbation to the lattice
because it has the smallest size among elements. The moder-
ate electronegativity allows it to interact with many elements
and electron systems. Moreover, a large amount of hydrogen
can be introduced into solids by suppressing desorption at
low temperature. Therefore the low-temperature hydrogen ion
beam irradiation has a large potential to dramatically change
the physical properties of materials [27–29].

In this Research Letter, we report highly efficient electron
doping via hydrogen ion beam irradiation into Sr2IrO4 thin
films with moderate perturbation of the host structure and,
therefore, the bandwidth. First-principles calculations predict
electron doping by interstitial and substitutional hydrogens, in
good agreement with our experiments.

Epitaxial Sr2IrO4 thin films were fabricated on
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) (001) substrates
using pulsed laser deposition (PLD). The LSAT and SrTiO3

substrates have nearly the same in-plane lattice constant as
Sr2IrO4 [30], but our previous experiments indicated that
SrTiO3 shows metallic conduction after hydrogen doping
[28]. Therefore we chose the LSAT substrate, which remains
insulating even after hydrogen doping. A KrF pulsed excimer
laser was used for the deposition with a fluence of 1.5 J/cm2
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FIG. 1. X-ray diffraction 2θ -θ scan of the Sr2IrO4 thin film be-
fore (a) and after (b) hydrogen ion beam irradiation. The diffraction
was measured at room temperature. The asterisks denote the (00n)
reflections from the LSAT substrate. (c) and (d) Reciprocal space
mapping around the (1118) reflection of the Sr2IrO4 and the (103)
reflection of the LSAT substrate.

and a repetition rate of 1 Hz. The depositions were performed
at a substrate temperature of 800 ◦C and an oxygen partial
pressure of 1 mTorr. Figure 1(a) shows the 2θ -θ x-ray
diffraction (XRD) pattern of the pristine Sr2IrO4 thin film.
The observed (004n) diffraction peaks indicate the epitaxial
growth of a highly c-axis-orientated Sr2IrO4 film. The
calculated c-axis lattice constant, c = 25.88(1) Å, is in good
agreement with the previous report [31]. To further investigate
the structure, we performed x-ray reciprocal space mapping
(RSM) around the Sr2IrO4 (1118) and the LSAT (103)
reflections, as shown in Fig. 1(c). The a-axis lattice constant of
the thin film (substrate) calculated from the position of spots
is a = 5.47(2)[3.87(1)] Å, indicating the coherent growth
[
√

2a(LSAT) = a(Sr2IrO4)] of the single-crystalline film.
Hydrogen ions (H+

2 ) were implanted several times into the
Sr2IrO4 film at 100 K with an acceleration voltage of 2.5 kV.
In situ transport measurements were performed using a van
der Pauw method, and the results are shown in Figs. 2(a) and
2(b). We note that the resistivity is simply calculated from the
thickness of the film. The pristine Sr2IrO4 thin film showed in-
sulating behavior with a room-temperature resistivity of about
0.1 � cm. Figure 2(b) displays the irradiation dose depen-
dence of the resistivity at 100 K. Upon implanting hydrogen,
the thin film shows a strong decrease in resistivity. The resis-
tivity is almost saturated after high doses, where a decrease
by three orders of magnitude is observed at 100 K. The total
irradiation dose calculated from the integrated current incident
onto the sample is 2.5 × 1016H2 ions/cm2. The temperature
dependence of the resistivity below 100 K was measured after
each irradiation step as shown in Fig. 2(a). Although the
resistivity below 100 K was reversible, the resistivity further
decreased irreversibly when the sample was heated to room
temperature after the final irradiation and cooled again. This
irreversible behavior is presumably attributed to an increase
in electrically active hydrogens and healing or migration of
irradiation defects at temperatures above 100 K, as we shall
see below.

Figures 1(b) and 1(d) show the 2θ -θ XRD pattern and the
RSM of the hydrogen-doped Sr2IrO4 thin film, respectively.

FIG. 2. (a) Temperature dependence of resistivity of pristine
(top) and hydrogen-doped Sr2IrO4 thin films, in which hydrogen
with an acceleration voltage of 2.5 kV was implanted in incremental
doses at 100 K. The resistivity showed reversible temperature de-
pendences below 100 K after the irradiations. A subsequent heating
to 300 K after the final irradiation induced irreversible change in
resistivity. (b) Dose dependence of resistivity under the hydrogen
ion beam irradiation (Irra.) with an acceleration voltage of 2.5 kV
at 100 K.

In the XRD pattern, although the doped sample exhibits the
same diffraction peaks as the pristine one, we observed addi-
tional peaks shifting towards a lower angle for each (004n)
diffraction. The c-axis lattice constant is calculated as c =
25.91(1) and 26.14(3) Å for the original and additional peaks,
respectively. The change in the c-axis lattice constant is con-
firmed also by the RSM [Fig. 1(d)]. The 1% lattice expansion
is attributable to the introduction of interstitial hydrogens,
most probably near the apical oxygen. Hydrogens may reside
in multiple locations to effectively spread the strain more
uniformly than a localized distortion on a single sublattice.

In our experiments, the hydrogen ion beam irradiated the
entire surface of the sample in normal incidence due to raster
scanning, so that we believe that the hydrogen ions are im-
planted homogeneously in the surface plane. However, there
should be a distribution of hydrogen along the depth direction
because of the limited penetration depth of the implanted
hydrogen ions. Therefore the above structural data indicate
that only the near-surface region is lattice expanded due to
the hydrogen introduction, while the deep nondoped region
is not distorted. In previous reports on fluorinated Sr2IrO4,
fluorine ion layers were inserted between the IrO4 layers,
and the oxygens were partially replaced by fluorine, which
resulted in large (40%) expansion of the c-axis lattice constant
[32,33]. In comparison, the very modest change in the c-axis
lattice constant safely excludes the possibility that intercalated
hydrogen layers exist in the hydrogen-doped Sr2IrO4. On the
other hand, the in-plane a-axis lattice constant hardly changed
[a = 5.47(2) Å] in the hydrogen-doped Sr2IrO4 as confirmed
by RSM [Fig. 1(d)]. This suggests that the effect of the im-
planted hydrogen on the bandwidth via a possible change in
the Ir-O-Ir bond angle is negligible.

We analyzed the resistivity data using a lnρ-T −1/4 plot in
order to further examine the transport properties, as shown
in Fig. S1 (see the Supplemental Material [34]). The pristine
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sample followed the three-dimensional (3D) Mott variable
range hopping (VRH) model below 100 K, which is consistent
with previous reports [35]. The Mott VRH model is described
as

ρ = ρ0 exp (T0/T )1/4,

where ρ0 and T0 are constants [36]. For the VRH model to be
valid, the mean hopping distance R̄M must be larger than the
localization length a, which is given by R̄M

a > 1 [37]. The ratio
is larger than 1 for both the pristine and doped samples; hence
the requirement is satisfied. In the VRH model, the constant
T0 is related to the density of states at Fermi level N (EF) and
the localization length a as

T0 = 18

kBa3N (EF)
.

Assuming the localization length of 2 Å, to the first ap-
proximation, N (EF) for the doped and nondoped samples was
calculated and is listed in Table S1 (see the Supplemental
Material [34]). The N (EF) decreases once, upon the first
hydrogen irradiation, but turns to increasing with increasing
dose. The increase in N (EF) indicates the gradual increase in
in-gap states due to doped (interstitial) hydrogens. The initial
decrease may be in part attributed to substitutional hydrogens
because the oxygen vacancies are considered to be filled pref-
erentially with hydrogen as discussed later. It is noteworthy
that N (EF) abruptly increased after the irreversible change in
resistivity induced by the thermal excursion to 300 K. This
behavior suggests that the amount of electronically active hy-
drogens increases with increasing temperature above 100 K.

After the hydrogen irradiation experiments in Fig. 2, ex situ
Hall effect measurements for the film with the largest applied
hydrogen dose were performed using a Physical Property
Measurement System (PPMS, Quantum Design). The temper-
ature dependences of carrier density and mobility calculated
from the Hall effect measurements are shown in Figs. 3(a) and
3(b), respectively. Although a previous study reported p-type
conduction in bulk Sr2IrO4 [38], the Hall coefficient for our
pristine Sr2IrO4 thin film is negative. This probably originates
from oxygen defects generated during the fabrication process
[39]. The hydrogen-doped film exhibits n-type conduction
with a drastic increase in carrier density. In addition, the car-
rier density is nearly temperature independent down to 200 K
after the irradiation, indicating that the transport properties
of the doped sample closely resemble those of degenerate
semiconductors. Therefore we confirmed that highly efficient
electron doping into Sr2IrO4 is achieved by the hydrogen ion
beam irradiation. Figure 3(b) displays the carrier mobility for
the pristine and hydrogen-doped Sr2IrO4 thin films, indicating
nearly the same value and temperature dependence. The car-
rier mobility depends on scattering factors, such as phonons
and impurities. Normally in doped semiconductors, the carrier
mobility decreases with increasing doping amount at high car-
rier concentration because dopants act as a scattering center.
The observed robustness of the mobility against hydrogen
doping suggests that the contribution of impurity scattering
to transport properties is not significant at least above 200 K.
Since the lattice deformation induced by hydrogen injection
is small, the effect on the lattice vibrational modes is also
expected to be small. This may rationalize the observation
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FIG. 3. (a) Carrier density and (b) mobility of the pristine (trian-
gles) and hydrogen-doped (squares) Sr2IrO4 thin film obtained via ex
situ Hall effect measurements. The magnetic field was applied along
the c axis. The total hydrogen dose of 2.5 × 1016H2 ions/cm2 was
applied to the hydrogen-dosed Sr2IrO4 thin film as shown in Fig. 2.

that hydrogen doping does not seem to influence the carrier
mobility to a large extent.

The distribution of hydrogen in the Sr2IrO4 thin film
was examined by nuclear reaction analysis (NRA) via the
1H(15N, αγ ) 12C reaction in the Micro Analysis Laboratory,
Tandem Accelerator (MALT), at the University of Tokyo
[40,41]. The resonance width of the 1H(15N, αγ )12C reac-
tion is sufficiently narrow, allowing for high-resolution depth
profiling of hydrogen. In this experiment, a pristine Sr2IrO4

thin film was irradiated by hydrogen ions with an accelera-
tion voltage of 2.5 kV at 100 K until the resistivity reached
saturation. Figure 4 shows the depth profile of the hydrogen
concentration, which indicates that the average penetration
depth of implanted hydrogen is about 17 nm and that a large
amount of hydrogen is actually introduced inside the Sr2IrO4

thin film. The sheet density of hydrogen ions calculated
by integrating the depth profile is 4.8 × 1016 H atoms/cm2,
which is nearly identical to the applied saturation dose. The
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FIG. 4. Depth profile of hydrogen in the hydrogen-doped
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FIG. 5. Absorption coefficient spectra of the pristine and
hydrogen-doped Sr2IrO4 thin films.

maximum hydrogen penetration depth is around 35 nm, which
is smaller than the film thickness (∼50 nm). Thus the deeper
bulk region remains nondoped, in agreement with the results
of XRD and RSM of the doped sample [Figs. 1(b) and 1(d)].
To examine the possibility of thermal diffusion and desorption
of hydrogen, we investigated the temperature dependence of
the hydrogen distribution. As seen in Fig. 4, the hydrogen
profiles are almost identical at 100 and 300 K. Therefore,
in this temperature region, long-range thermal diffusion and
desorption of hydrogen are negligible.

Figure 5 shows the optical absorption coefficient spectra
for the pristine and hydrogen-doped Sr2IrO4 thin film in the
range of 0.2–2.5 eV. For the pristine sample, there are two
absorption bands at 0.5 eV (α band) and 1.0 eV (β band)
characteristic of Sr2IrO4. The α peak is interpreted as the
transition from the lower Hubbard band (LHB) to the upper
Hubbard band (UHB) of the Jeff = 1/2 state, and the β peak
is interpreted as the transition from the Jeff = 3/2 state to the
UHB of the Jeff = 1/2 state. The Jeff = 1/2 model is based
on an ideal cubic symmetry, and a deviation from cubic IrO6

octahedra induces mixing between the Jeff = 1/2 and Jeff =

3/2 states. The previous fluorine-doping study reported that
a large modulation of electronic states induced by fluorine
insertion or substitution resulted in a blue shift of the β band
because of the large difference in the electronegativity be-
tween oxygen and fluorine [32]. In sharp contrast, the position
of the β band does not change in the hydrogen-doped Sr2IrO4,
indicating small perturbation to the lattice and therefore the
Jeff states themselves. This suggests that the majority of doped
hydrogens occupies interstitial sites near the apical oxygen.
In addition, a low-energy excitation appears after the doping
in good agreement with the increase in dc conductivity. The
low-energy excitation indicates a spectral weight transfer from
the Mott gap to the inner-gap regions for the doped sample,
which is often observed in doped Mott insulators [42,43].

We performed a first-principles evaluation of the defect
formation energy of the doped hydrogen in the way described
in the Supplemental Material [34]. The calculated defect for-
mation energies are −0.3 eV for H− replacing the equatorial
O2− [Fig. 6(a)], +0.3 eV for interstitial H+ neighboring the
apical oxygen [Fig. 6(b)], and +0.5 eV for interstitial H+
placed in the IrO2 plane [Fig. 6(c)], when the Fermi level is
located at the conduction band bottom. Note that a negative
formation energy means that the defect is stable. Considering
possible calculation errors originating from, e.g., a finite size
of the supercell and theoretical difficulty to accurately treat the
spin-orbit coupled Mott insulator, the precise determination of
the defect formation energy is very challenging. Nevertheless,
our calculation result of negative or relatively small defect
formation energies suggests that the electron doping by hy-
drogen can take place in Sr2IrO4. The interstitial hydrogen
relatively favors the position near the apical oxygen, which is
consistent with our experimental observation that the c-axis
length is elongated while the a-axis length hardly changes by
hydrogen doping. Also, considering that the pristine sample
possesses a few oxygen defects, our simulation suggests that
hydrogen possibly fills these vacancies.

We need to consider the potential for irradiation-induced
damage to sample since the diffraction peaks of Sr2IrO4 were
broadened after hydrogen irradiation. The annealing and/or
migration of irradiation-induced defects may be one of the
origins of irreversible change in resistivity at temperatures
above 100 K because a reduction in the defect concentration
is expected to reduce the resistivity. The irradiation defects
may trap metastable hydrogen that can be electrically inert

)c()b()a(

Ir

Sr

O

H

FIG. 6. Optimized crystal structures in first-principles calculations of Sr2IrO4 with several types of defects: (a) hydrogen replacing the
equatorial oxygen, (b) interstitial hydrogen near the apical oxygen, and (c) interstitial hydrogen in the IrO2 plane. The lines show the periodic
cell in the calculation. These pictures were drawn using VESTA software [44].
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just after implantation. The healing and/or migration of the
defects could be associated with migration of hydrogens. Al-
though we did not observe any change in the distribution of
hydrogen up to 300 K by NRA, a local displacement of atoms
may occur by heating to 300 K. Hydrogens that escaped from
metastable trapping sites are considered to act as electron
donors at elevated temperature, which can account for a large
increase in the density of states.

We also note that the hydrogen concentration is not ho-
mogeneous along the depth direction. However, this can be
improved by the use of thinner films or multiple irradiation
steps with various acceleration energies because the average
penetration depth of hydrogen depends on the acceleration
energy. The appropriate choice of irradiation temperature and
acceleration energy may improve the efficiency of carrier dop-
ing and homogeneity.

In summary, we investigated the effect of hydrogen doping
on the conductivity of epitaxial Sr2IrO4 thin films utilizing
low-temperature hydrogen ion beam irradiation. The in situ
transport measurements revealed a large decrease in resistivity
upon hydrogen doping and irreversible further decrease in
resistivity by thermal treatment. The introduction of a large
amount of hydrogen and its distribution along the depth direc-
tion were clarified by NRA. Hydrogen acts as a donor because

the hydrogen-doped Sr2IrO4 shows n-type conduction, which
is in good agreement with the first-principles calculation of
the defect formation energy for doped hydrogen. The ab-
sorption spectra, XRD, and RSM indicated that the doped
hydrogens occupy interstitial or substitutional sites in Sr2IrO4

with minimum perturbation to the lattice and generate an
in-gap state. Therefore low-temperature hydrogen ion beam
irradiation is a powerful method for controlling physical prop-
erties of highly correlated iridates and exploring exotic phases
such as a superconducting phase purely due to the band-filling
effect.
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