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Tuning transport properties via rare-earth doping and epitaxial strain in Sr,;IrQy, thin films
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Sr,IrOy is predicted to be a candidate for high-temperature superconductivity upon carrier doping, whereas
extensive research has proved it challenging to obtain a metallic phase in this compound, especially in thin films.
Here, we explore the impact of stoichiometry on the crystallinity, as well as carrier doping and epitaxial strain on
the transport properties of Sr,_,Nd,IrO, thin films. Via fine tuning the stoichiometry, the crystallinity of Sr,IrO,
films can be greatly enhanced, as indicated by the minimized systematic deviations of the x-ray diffraction peak
positions. As the cation doping level increases, the resistivity of Sr,_,Nd,IrO, films decreases, but it remains
semiconducting even at a high level of x = 0.4 where the resistivity has dropped by three orders of magnitude.
By further applying compressive epitaxial strain, the Sr; gNd(,IrO,4 films exhibit a metalliclike behavior with
an upturn at low temperature. Our finding reveals a promising combination of electron doping and compressive
strain to narrow the band gap and tune the transport properties in iridate films for potential superconductivity.

DOI: 10.1103/PhysRevB.107.235152

I. INTRODUCTION

The unconventional superconductivity has been widely
researched in transition metal oxides (TMOs), such as
La,_.Ba,CuQy4, SroRuQy4, and Nd;_,Sr,NiO, [1-3]. How-
ever, it seems that no general agreement on the mechanisms
of high-temperature superconductors has been reached un-
til now [4]. Thus, it is urgently necessary to seek a new
class of high-temperature superconducting (HTSC) materi-
als to provide more insight for the final establishment of
HTSC mechanisms. Among Ruddlesden-Popper (RP) iridates
St 411r,03,,41, SroIrOy4 (n = 1) exhibits the antiferromagnetic
Jegf = 1/2 state on a quasi-two-dimensional square lattice
without orbital degeneracy, which is regarded as a 5d analog
of HTSC cuprates [5—10]. As such, it is theoretically predicted
that HTSC materials could be achieved with electron-doping
in it [8-10]. To date, electron-doped Sr;IrO4 has been re-
vealed to exhibit many cupratelike features, such as Fermi
arcs, and a d-wave gap, although the direct signature of su-
perconductivity is still absent [11-14].

For the sake of the possible HTSC phase in iridates, a great
amount of effort has been devoted to the synthesis of high-
quality single crystals and thin films and the effective carrier
doping in this compound. On the one hand, the absence of su-
perconductivity in off-stoichiometry layered ruthenates [2,15—
17] and nickelates [3,18,19] films has indicated the negative
effects of out-of-phase boundaries (OPBs) in layered super-
conductors [20]. To exclude these off-stoichiometry defects, it
is of great importance to acquire high-quality stoichiometric
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Sr,IrQy thin films with precise Sr:Ir ratio control. On the other
hand, the metallic behavior in electron-doped Sr;IrOy4 films is
still unavailable up to now, despite that its single crystals have
shown metallic behaviors [21-24]. The resistivity of SryIrO4
single crystals can be greatly reduced via La**, Ce*t, Pr3t,
and Sm** doping, but most of them are still in semiconducting
states [22,23,25-27]. Meanwhile, for Sr,IrOy thin films doped
by Ce*" under compressive strain, it gives an opposite trend
to that in single crystals due to the localization of carriers,
in which the effects of electron doping and epitaxial strain
cannot be distinguished [20,27-32]. Hence, the growth of
high-quality stoichiometric Sr,IrOy4 thin films should be the
prerequisite to realize effective electron doping and study the
strain effect for the potential superconductivity in iridates.

In this work, using reactive molecular beam epitaxy
(MBE), we report the impact of stoichiometry on crystallinity,
as well as electron doping and epitaxial strain on the trans-
port properties of systematically doped Srp_,Nd, IrO4 thin
films. High-precision crystalline quality control is obtained
by minimizing the systematic deviation of the peak positions
in x-ray diffraction (XRD). Scanning transmission electron
microscopy (STEM) confirms the reliability of our method
growing SrpIrOy thin films. The density functional theory
(DFT) calculations are performed for the effect of epitaxial
strains on the band structure and density of states (DOSs)
of SrpIrOy4 thin films. Transport measurements reveal an ef-
fective modulation of transport property by a combination of
charge carrier doping and compressive strain.

II. EXPERIMENT

The SrIrO4 thin films
on (001)-oriented SrTiO;

were
(STO)

grown epitaxially
and (001)-oriented
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(LaAlO3)03(SrAlysTag503)07 (LSAT) substrates by reactive
oxide MBE in a DCA R450 dual growth chamber system. The
in-plane pseudocubic lattice constant of SroIrO4 is 3.878 A
[33], so that the lattice mismatches of epitaxial SrIrO4 films
on STO (a =3.905A) and LSAT (a = 3.866 A) substrates
are +0.7% and —0.3% respectively, where the tensile
(compressive) strain is signed as + (—). The TiO,-terminated
step-and-terrace surface of STO substrate was obtained by the
standard etching technique as reported previously [34]. For
the SrpIrO4 grown on LSAT substrates, a 10-u.c.-thick STO
buffer layer with a TiO,-terminated surface was prepared
before the growth in order to exclude the impact of exact
interface configurations. The films were grown under an
oxidant (distilled O3) background pressure of 2 x 107°
Torr and at a substrate temperature of 800°C. Besides,
all these films were grown by a codeposition method that
deposits all elements with a proper flux ratio simultaneously.
The growth process was monitored by in situ reflection
high-energy electron diffraction (RHEED), with glancing
electron beam parallel to either the [110], or the [100],
directions, where the subscript p denotes pseudocubic
indices. The crystallinity of the films was characterized by
XRD (Bruker D8 Discover). Cross-sectional STEM samples
were prepared using a Thermo Fisher Helios 5CX dual-beam
FIB/SEM (focused ion beam/scanning electron microscope).
Atomic-resolution annular dark-field (ADF) STEM imaging
was conducted with a double Cs corrected Spectra 300
(TES, USA) operated at the accelerating voltage of
300 kV and equipped with a Super-X energy-dispersive x-ray
spectroscopy (EDS) spectrometer. Temperature-dependent
resistivity was measured via the standard van der Pauw
geometry using the ultrasonic aluminum wire bonding
method in a homemade transport properties measurement
system.

III. RESULTS AND DISCUSSION

A. XRD analysis of cation stoichiometry on Sr,IrOy thin films

The precise control of high quality Sr;IrO4 thin film
growth has been shown to be challenging. By using the same
SrIrO; target in the pulse laser deposition (PLD) growth, a
slight variation of the growth conditions can result in strik-
ingly different phases, including SrlrO3, SryIrOy4, Sr3lr,O7,
and a mixture of these phases [35,36]. These results im-
ply the volatility of the IrO, and the great challenges in
synthesizing high quality iridate films with precise stoi-
chiometry. As the flux of all sources can be controlled
independently in MBE, we can investigate the effects of
the Sr:Ir flux ratio on the crystallinity of SrIrOs thin
films.

All these SrIr4,Oy thin films hold clear RHEED patterns
without any impurity phase diffraction, as shown in Fig. S2 of
the Supplemental Material [37], even when Ir flux is changed
by 30%. Also, the XRD 20 - w scans along the [00L] direction
exhibit a reasonably good pattern, showing sharp (00L) reflec-
tions with clear Kiessig fringes for a wide range. The lack
of sensitivity of RHEED and XRD characterizations to the
sample variations explains the difficulty in obtaining Sr,IrO4
films with ideal crystal quality. Interestingly, by careful
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FIG. 1. (a) XRD 20-w scans of 10-u.c.-thick SrIr;;,O,4 thin
films on STO (001) with various Ir concentrations. Diffraction peaks
of STO are identified by asterisks. The black dashed lines are guides
for the optimal peak positions. (b) Out-of-plane (OOP) lattice con-
stant ¢ from (002), (004), (006), and (008) versus Ir flux offset y,
respectively. The vertical (horizontal) error bars represent the vari-
ance coming from measurement errors of lattice constants (Ir flux
ratio). (c) The values of Ac (coos — coo2) versus Ir flux offset y using
Eq. (1). Black dashed lines are the linear fitting results. (d) Extended
XRD 26 -w scans of 002 peaks in Sr;Ir;,,Oy thin films. (¢) FWHM
(full width at half maximum) and normalized intensity of 002 peaks.

analysis of the XRD data, the peak positions in XRD actually
exhibit slight systematic dependence on the stoichiometry in
Fig. 1(a). For a perfect crystal, all the (00/) reflections are
from the same set of parallel planes and the calculated c lattice
constants should be the same. The difference in Ac reflects
the imperfection of the crystalline quality, which can help to
calibrate the Sr:Ir flux ratio finely beyond the quartz-crystal
microbalance (QCM) calibration. We observe a reverse trend
of lattice constant ¢ from (002) and (004) as the Ir flux is
changed correspondingly. We use the (00/) indexes of Sr,IrO4
to calculate the c¢ lattice constants and Ac (coos — Cop2) in-
creases as Ir dosage is changed:

Ac = cops — Con2- €))

An explanation of the appearance of Ac is related to
the appearance of Sr3Ir,O; phase when Ir is rich. We show
that a substantial increase of Ir concentration will eventually
result in a Sr3Ir,O; phase, which is shown in Fig. S3 of
the Supplemental Material [37]. Since SryIrQO4 is the n = 1
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FIG. 2. (a) RHEED patterns of the STO substrate and the
Sry §Ndy,IrO, thin film, along [110], azimuth, indicated as black
dashed lines. (b) XRD 26 -w scans of 10-u.c.-thick Sr,_,Nd, IrO4
thin films on STO (001) (x = 0%, 3%, 5%, 7%, 10%, 20%, 40%)
and on LSAT (001) (x = 20%) substrates. Diffraction peaks of STO
and LSAT substrates are identified by asterisks and sharps, respec-
tively. The Kiessig fringes are fitted as the black dashed lines.
(c) OOP lattice constants, ¢ (left axis), and values of Ac (right axis)
of Sr,_,Nd,IrO4 on STO substrate as a function of doping level
x. The ¢ values, extracted from (006) peaks, are denoted by black
diamonds. The deviations of two kinds of ¢ values, from (002) and
(004), are recorded by Ac at the right axis, denoted by blue crosses.

end member of the Ruddlesden-Popper series [St,,4111,03,41,
(SrIrO3),(SrO)], there is no well-ordered crystalline structure
made of SrO and IrO, building blocks when the dosage ratio
Sr:Ir is higher than 2:1. The excess Sr may form some SrO
impurities that does not appear on the XRD scans. As a result,
the crossing point between the incline line and the horizontal
line is the ideal SryIrO,4 structure with ideal 2:1 stoichiom-
etry, shown in Fig. 1(c), as the intensity, area, and width of
the diffraction peaks are closely related to the volume and
ordering of the crystalline structure. In Figs. 2(d) and 2(e),
the intensity, area, and full width at half maximum (FWHM)
of the (002) diffraction peaks clearly reach a maximum or
minimum at the optimal dosage, which can be utilized to
optimize the growth of iridate films. Additionally, the absolute
value of Ac reflects the deviation of the practical ratio Sr:Ir
away from the ideal case, as Ac = 0. In other words, we
take XRD to measure the slight structural aberration caused
by off-stoichiometry, and it feeds back on the growth with
an uncertainty of 0.8% in Ir flux ratio corresponding to

Ac < 0.1 A. The puny shifts in multiple diffraction positions
can be collected for structural characterization associated with
STEM. As the amount of Ir flux is reduced (increased), the
value of Ac is negative (positive), which is attributed to
the insufficient (excess) IrO,, corresponding to two types of
OPBs to maintain the Ir vacancies (the excess IrO, layers).
These two types of OPBs were observed in the STEM images
previously in n = 1 RP films, such as Sr,RuO, and Sr,TiO4
[17,38,39] corresponding to the minute deviation in the cation
stoichiometry. This practical method for SrIrO4 film synthe-
sis can help to calibrate the cation stoichiometry in SryIrO4
growth precisely. The resistivity of these off-stoichiometry
SroIry4,O4 thin films on STO (001) is shown in Fig. S4 [37]
which is different from the Sr;IrO, film. The excess/deficient
Ir seems to result in a lower/higher resistivity, which may
be caused by the formation of different types of faults.
Nonetheless, all these imperfect samples show large increase
of the resistivity due to the enhance defect scattering at low
temperature.

B. Structural characterizations on Sr,_,Nd,IrQ, thin films

Since we can optimize the stoichiometry in SrIrOy4 thin
films based on the values of Ac, it is possible to realize precise
ion substitution for electron doping. These Srp_,Nd, IrO4 (x =
0%, 3%, 5%, 1%, 10%, 20%, and 40%) films are grown by a
codeposition method, which is discussed in the Supplemental
Material and illustrated in Fig. S1 [37]. The thickness of films
can be estimated by fitting the specific thickness fringes in
Fig. 2(b) as 10 u.c. approximately, which is in good correspon-
dence with the nominal thickness controlled by the deposition
time. In addition, the Kiessig fringes indicate smooth film
surface and sharp interface in these films. Moreover, the
out-of-plane (OOP) lattice constant of Sr,_,Nd,IrO4 film on
LSAT is larger than that on STO, in line with the in-plane
compressive strain imposed by LSAT.

As Fig. 2(c) shows, the quality of all doped films is
examined on the basis of Ac, whose offset of Ir flux is less
than 1% as estimated by Fig. 1(d), except for x = 40%,
probably caused by lattice distortion from heavy doping.
Here, the x = 20% sample on LSAT is motivated because
20% electron doping is at the center of the predicted
superconducting dome [8-10]. The Ac of Sr;gNdj,IrO4
thin film on LSAT is smaller than 0.02 A, corresponding to
the Ir flux offset of less than 0.2%. Also, our films are more
stable in air compared to surface-potassium-doped Sr;IrOy,
confirmed by ex sifu characterizations [11,14,22,40].

Reciprocal space mappings (RSMs) indicate these
Sry_,Nd,IrO4 films are fully constrained to the substrates, as
shown in Fig. 3(a). Furthermore, the (1011) patterns are also
clearly observed, which are typically too faint to identify for
the off-stoichiometry films. In Fig. 3(b), the cross-sectional
ADF-STEM image of the SrjgNd,I[rO4 film reveals the
layered structure consisting of alternatively stacked perovskite
and rocksalt units. Meanwhile, a sharp interface without
obvious cation interdiffusion can be ascertained through the
corresponding EDS maps in Fig. 3(c). In particular, there is no
chemical segregation in Sr,_,Nd,IrOy4 thin films, suggesting
uniform doping. The Nd concentrations from EDS results are
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FIG. 3. (a) RSMs of the 10-u.c.-thick Sr,_,Nd,IrO, thin films, with x = 0%, 10%, and 20% around STO (103) diffraction peak. The black
dashed lines indicate the films are fully strained to the STO substrates. (b) Cross-sectional ADF-STEM image of the SrogNd,IrO, thin film
with a 10-u.c.-thick STO buffer layer on LSAT, with the crystal structure model overlaid. Scale bar, 2 nm. (c) Enlarged view of the ADF-STEM
image shown in (b), and the corresponding EDS maps near the interface, for Sr, Nd, Ir, and Ti. Scale bar, 2 nm.

consistent with the nominal doping levels as shown in Table
S1[37].

C. Transport properties in Sr,_,Nd,IrQ, thin films

The temperature-dependent resistivity of Sr,_ Nd,IrO4
thin films was measured by the van der Pauw method, as
shown in Fig. 4(a). The Sr,_ NdIrO4 (x = 0%, 3%, 5%, 7%,
10%, 20%, and 40%) films on STO exhibit semiconducting
behaviors, as shown in Fig. 4(a). The replacement of Nd**
on the Sr site is expected to introduce more carriers, thus the
resistivity of Nd-doped films falls significantly. In particular,
the resistivity drops by at least two orders of magnitude when
x = 20%. It is well established that the p ~ T curves can be
well fitted according to the Arrhenius-type behavior in the
high temperature range [22,41]. The resistivity data between
150 and 250 K were taken to estimate the evolution of energy
gap, which could be determined from In p ~ T-! curves, and
the results are summarized in Fig. 4(c). The activation energy
for the Nd-doped samples on STO decreasees from 88 meV
for x = 0 to 3.8 meV for x = 40%. It seems that the decrease
of the activation energy meets a saturation when x = 20%, at
which the sample is still semiconducting. It is worth noting
that the resistivity decreases further as the doping level in-
creases, to x = 40%, though its crystalline quality is relatively
poor as indicated by Ac in Fig. 2(c).

Considering the crystalline quality degeneration caused by
heavy doping at x = 40%, we focus our study of the films
with x = 20%, which is actually the optimal doping level
in the predicted superconducting dome [8-10]. In order to

further narrow the band gap, we apply the compressive epi-
taxial strain on these doped samples. To understand the
strain effects on the transport behaviors in SrIrOy4 films,
the electron band structures and DOS of free-standing and
strained Sr,IrOy4 are calculated by the DFT in the general-
ized gradient approximation implemented in the Vienna ab
initio simulation package (VASP) code [42,43], in which the
projected augmented wave method [44,45] and the Perdew-
Burke-Ernzerhof revised for solids exchange-correlation [46]
are used (see Supplemental Material for more details [37]).
The compressive strain can narrow the band gap in SrpIrOy,
as shown in Fig. 5 and Fig. S5 of the Supplemental Material.
The total DOS of Sr,IrO4 films indicates a clear energy gap
near the Fermi energy for the free-standing condition. The
band gap gradually shrinks as the in-plane strain increases.
This tendency is in accordance with transport experimental
results that the conductivity of Sr,IrO4 films increases with
increasing in-plane compressive strain. However, experimen-
tal reports show that undoped Sr,IrO4 films grown on LSAT
substrates with a pure compressive strain up to —0.3% remain
insulating [31].

In contrast, our experiments show that the Srj gNd(,1rO4
films with compressive strain imposed by LSAT demon-
strate a lower resistivity in the whole temperature range,
and the metalliclike behavior is observed. By a combina-
tion of electron doping and compressive strain modulation,
a low-temperature metal-insulator transition (Tyyr ~ 45 K) is
finally observed in Sr; gNdg,IrO4 films on LSAT as enlarged
in Fig. 4(b). The effect of the biaxial compressive strain is
proved to be helpful for the metallic behavior in Sr,_Nd,IrO4
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FIG. 4. (a) Temperature-dependent resistivity of 10-u.c.-thick
Sr,-Nd,IrOy4 thin films for x = 0%, 3%, 5%, 7%, 10%, 20%, and
40% on STO by solid lines, and for x = 20% on LSAT marked as a
dashed line. (b) Enlarged image for resistivity of Sr; gNdIrO4 on
STO and LSAT. The resistivity of Sr; gNdg,IrO4 on STO is rescaled
for clarity. (c) The activation energy A of Sr,_,Nd,IrO, thin films
on STO, as a function of doping levels x, which are calculated by the
thermal activation model in the range 150-250 K. The black dashed
line is a guide for the eyes. Inset: logarithmic resistivity of x = 20%
on STO as a function of 7! fit with straight lines to indicate the
thermal activation model.

films, which can be explained by the enhancement on the
hopping integral and the diminishment on the strength of
electronic correlation [32,47]. The conductivity of partially
relaxed Srj gNdg,IrO4 film on LaAlOs substrates is weak-
ened, due to the strain-induced disorders from the high misfit
[29,31], as shown in Fig. S6.

IV. CONCLUSIONS

In conclusion, the effects of electron doping and epitaxial
compressive strain in Srp_ Nd, IrO4 (x = 0 — 40%) thin films
have been demonstrated. A quantitative analysis of the XRD
peak position shifts has been determined to be an effective
route to precisely control the sample quality of Sr,_,Nd,IrO4
films via optimizing the stoichiometry. Measurements of the
transport properties in doped samples show that, as the doping
level increases, the resistivity of Sr,_Nd,IrO4 films reduces,
and the activation energy decreases correspondingly. The re-
sults from the DFT calculations confirm the modulation of
epitaxial compressive strains on the SryIrO4 films to narrow
the band gap. By further applying the compressive strain,
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FIG. 5. (a) DFT band structures of Sr,IrO4 with different strain
states indicated in corresponding panels. The dashed lines refer to
the Fermi energy. (b) Variation of the band gaps with strain e,,. The
values of band gaps are extracted from the total DOSs under various
in-plane strain states.

Sty g§NdgIrOy4 films exhibit a metallic behavior with an up-
turn at low temperature. Our work thus demonstrates the
effective tuning of the band gap and transport properties of
SrIrQy4 thin films by a combination of carrier doping and
compressive strain, paving the way for future exploration of
HTSC in the Sr,IrOy4 thin film.
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