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ABSTRACT

The emergent antiferromagnetic insulating phase of Srlr,_,Sn,O; has functional spintronic properties but is critically sensitive to the
substitution concentration x, which is difficult to precisely tune in thin films grown by conventional pulsed laser deposition (PLD). We
demonstrate the efficient composition control of epitaxial Srlr; ,Sn,O; thin films on SrTiO;(001) using a dual-beam PLD technique, co-
ablating SrIrO; and SrSnOj; targets. By controlling the relative beam intensity, we achieve wide-range tuning of x (from ~ 0.15 to ~ 0.45),
which is estimated from using the out-of-plane lattice parameter c¢. This substitution control is confirmed by a systematic evolution of the
magnetic and transport properties, including a monotonic increase in resistivity and a dome-like evolution of the Néel temperature and rem-
nant magnetization. This work establishes dual-beam PLD as an efficient method for substitution control in iridates with the lattice parameter

as a reliable indicator of the property evolution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0315770

Pulsed laser deposition (PLD) is a mainstay for synthesizing com-
plex oxide thin films because it exploits a highly non-equilibrium
growth mode to transfer materials from a solid target to the substrate,
given certain thermodynamic parameters and growth conditions."” It
also has advantages in accommodating elements with high volatility
and high melting point, and enabling rapid exploration of growth win-
dows by adjusting substrate temperature, oxygen partial pressure, laser
fluence, repetition rate, etc.”* When coupled with i situ monitoring,
atomic level control can be achieved to create epitaxial heterostructures
of complex oxides,” providing a platform to study interfacial coupling
and emergent properties.” '~ A practical limitation, however, arises
when tuning the stoichiometry for doping or substitution control. Not
only are different targets needed for different compositions within a
substitution series but also the fabrication or preparation of the targets
must ensure they have the same density, purity, microstructure, etc.
Otherwise, the film’s consistency will be impacted. Although the film
stoichiometry does depend to some extent on the parameters men-
tioned above,"” ” i.e., temperature, pressure, fluence, and so on, their
influence on composition is indirect because they either do not change

the mass ratio of the different plasma species or change it while signifi-
cantly changing the plume dynamics.”'” This is in contrast to molecu-
lar beam epitaxy, which provides truly independent sources of
different elements with real time flux control,'*'* and magnetron sput-
tering, where co-sputtering from multiple targets can effectively tune
the film composition.'*"”

Efforts in addressing the challenge of PLD in composition
exploration and control have focused on combinatorial PLD, which
sequentially ablates different targets to alternatively deposit sub-
monolayers. This can be achieved by sequential pulsing between dif-
ferent targets with programmed pulse ratios.'® Another approach is
to use a motor-driven shadow mask, resulting in a lateral composi-
tion spread upon solid state diffusion of the different target materi-
als.”” ** However, the diffusivity on the substrate surface could be
a limitation.”””’ Macroscopic property measurements and device
fabrication would still require homogeneous samples.”'” An alterna-
tive method is dual-beam PLD, where two targets are ablated simul-
taneously, intermixing the species before their arrival on the
substrate surface as a co-deposition technique.”**” It can produce a
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tunable homogeneous composition with a small beam spot separa-
tion, as well as a composition gradient with a large separation.”*”’
This technique was in fact demonstrated before combinatorial PLD
but has been studied much less despite its versatility and lower cost.
Srlr;,Sn,Os is a representative material”®*’ that could benefit from
dual-beam PLD. Its parent phase, perovskite SrIrOs, is a nonmag-
netic topological semimetal in proximity to an antiferromagnetic
insulating phase due to electron correlation.’’” Interestingly, this
Mott transition can be triggered by isovalent substitution of Ir*"
ions with nonmagnetic Sn*" ions at low concentrations.”>”*
Although the exact mechanism remains unknown, the antiferro-
magnetic ordering temperature Ty increases rapidly with x and
reaches its maximum at x = 0.2.”° Unfortunately, bulk crystals are
limited to polycrystalline samples due to high-pressure synthe-
sis.”>*’ Epitaxial growth by PLD has offered a great solution to
obtain single crystalline samples,”"”” enabling the observation of the
anomalous Hall effect and anomalous Nernst effect within the anti-
ferromagnetic insulating phase.”” However, reported film growth
has been limited to single-beam PLD. Only one study attempted to
synthesize films of different substitution concentrations using sepa-
rate targets.”

In this work, we demonstrated dual-beam PLD growth of epitax-
ial Srlr;_,Sn, O (SIO_Sn) thin films. Our results show that, by con-
trolling the relative laser-beam fluence delivered to the two targets, we
were able to achieve a fine compositional tuning around x = 0.2 and
extend the covered range well beyond that. The substitution control is
evidenced by both magnetization and resistivity measurements, which
display a strong correlation and a systematic evolution as a function of
the out-of-plane lattice parameter ¢. Dual-beam PLD thus provides a
practical and flexible route to study the rich correlation-topology inter-
play in SIO_Sn.

The SIO_Sn films were deposited on (001)-oriented SrTiOs
(STO) substrates by simultaneously ablating SrIrO; (SIO) and SrSnO;
(SSO) ceramic targets with a 248 nm KrF excimer laser at a repetition
of 4Hz. The STO substrates were TiO,-terminated by standard buff-
ered-HF-based treatment, including etching for 60 s followed by air
annealing at 1050 °C for 120 min. The schematic diagram of the dual-
beam PLD setup is shown in Fig. 1. The original beam is split by a
beam splitter into two beams, “beam 0” (B0) and “beam 1” (B1), which
are further focused on the targets separately. The diameter of both
targets is 1in. (25.4 mm). They rotate and wiggle simultaneously at the
same speed using a standard spinning target carousel during the depo-
sition. To maximize plume overlap while still allowing the wiggling
motion, the beam spots on the two targets are separated by 16 mm,
which is small enough for the growth to be considered in the homoge-
neous composition regime.”**” At this geometry, the substrate is posi-
tioned 55 mm from the targets at the plume center of B0. B0 was used
to ablate the SIO target, and its beam spot is aligned to the substrate
since SIO is the parent phase. Meanwhile, BI was used to ablate the
SSO target to introduce substitution. The path of Bl can host a high
optical density attenuator to achieve coarse control (if needed) of the
intensity relative to B0 and 8 ultraviolet (UV)-grade fused silica attenu-
ators to fine-tune the energy ratio of the two beams, with each attenua-
tor decreasing the intensity of Bl by ~10%. To increase Sn
substitution, the growth was carried out by decreasing the number N
of these Bl attenuators, while the laser fluence of B0 for the SIO target
was fixed at 2.4 J/cm?.
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Target

FIG. 1. Schematic of the dual-beam PLD configuration. A beam splitter generates
two UV laser paths that are routed to the deposition chamber via relay optics. Path
0 delivers a fixed pulse energy to the target, whereas path 1 passes through a cali-
brated stack of optical attenuators to adjust its pulse energy and hence the energy
density at the target. N denotes the number of attenuators inserted in path 1 after
the focusing lens. By directing path 0 and path 1 to the SIO and SSO targets,
respectively, the relative ablation fluxes are set in situ, enabling continuous control
of the Sn incorporation x during epitaxial growth of SIO_Sn on a heated substrate.
The colored plume (yellow/blue) illustrates the expanding plasma produced by laser
ablation.

The substrate temperature and oxygen pressure were kept at
700 °C and 0.1 mbar in the chamber, respectively. The same number
of pulses was given for each sample. Structure analysis was performed
using a Panalytical X’Pert MRD diffractometer with an x-ray wave-
length of 1.5406 A using a Cu Ko radiation. Temperature dependent
resistivity of the SIO_Sn films was measured by the four-terminal con-
figuration with an in-line geometry from 5 to 300 K using a physical
property measurement system (PPMS) from Quantum Design.
Magnetization measurements were carried out on the vibrating sample
magnetometer (MPMS3-VSM) from Quantum Design. The cross-
sectional scanning transmission electron microscopy (STEM) with
energy-dispersive x-ray spectroscopy (EDS) was conducted using a
cold field emission probe-aberration-corrected JEOL JEMARM200cF
at 200kV.

For Srlr; ,Sn, O3, the substitution concentration x is known to
closely correlate with the lattice parameter,”**” which in the pseudocu-
bic cell increases by ~0.010 A for every 0.1 of x. The larger x is, the
larger the lattice parameter is, following Vegard’s law. For thin films
grown on STO with a nominal value of x = 0.2, the out-of-plane lat-
tice parameter ¢ has been shown to be around 4.028 A.” To bring the
coarse control to the vicinity of this value, we first performed calibra-
tion growth and found that a 45% coarse attenuation together with
N = 8 resulted in ¢ around 4.014 A, giving rise to an appropriate start-
ing point to systematically increase the lattice parameter by decreasing
N to demonstrate substitution control around x = 0.2. We have
reduced N down to 2. All samples were found to be single-phase by
x-ray diffraction (XRD). Figure 2(a) is a representative § — 260 XRD
scan, which shows the phase purity even at a high substitution level
expected for N = 2. Figure 2(b) shows scans around the STO (002)
peak. A clear epitaxial film peak of the perovskite phase can be seen on
the left, and its position indeed systematically shifts to lower angles
with respect to a reference x = 0 sample when decreasing N, indicative
of an increasing c. At N = 5, ¢ is already above 4.035 A [Fig. 2(c)]. It
shows a relatively larger increase from N = 5 to 4. When N dropped
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FIG. 2. Structural characterization of SIO_Sn thin films grown on the STO(001) substrate deposited at various attenuators under an oxygen partial pressure of 0.1 mbar at
700°C. (a) XRD 0 — 20 scan around the (00/) peak of the SIO_Sn film under N = 2. (b) XRD 0 — 20 scans around the (002) peak of the SIO_Sn films. (c) Summary of the lat-
tice parameter of ¢, which is extracted from figure (b), error bars denote fitting uncertainties. (d) XRR of the SIO_Sn films. XRR was measured in a symmetric 0 — 20 specular
geometry and plotted as a function of the incident angle 0. The red curves are fitting that extracts the thickness. (e) RSM of the N =2, which is around the (204) diffraction
peak of the STO substrate, showing the SIO_Sn (204) diffraction peak in pseudocubic notation, which demonstrates a fully strained state. The upper and lower peaks corre-
spond to the STO and SIO_Sn (204) reflections, respectively. The white dashed line indicates the fully strained condition for the films where they were supposed to be located.

to 2, it increased to ~4.081 A, which is well above the target range and
is indicative of a large x. The presence of Laue oscillations is also con-
sistent with the epitaxial growth.

Figure 2(d) shows the x-ray reflectivity (XRR) from the SIO_Sn
films. The thickness fringes indicate a well-defined SIO_Sn/STO inter-
face and reasonably smooth surface/interfaces. The film thickness was
fitted using a standard reflectivity model, which increases with decreas-
ing N and ranges from ~13 to ~18nm (see supplementary material
Table S1). This is consistent with the fact that the SSO ablation was
more intense with a higher BI intensity. Since the cubic STO substrate
has a lattice parameter a=3.905A, using pseudocubic parameters
apc(SIO) ~ 3.950 A and a,(SSO) ~ 4.036 A,”" the in-plane misfit
to STO(001) is —1.2% and —3.4%, respectively, corroborating the
compressive-strain condition across the series. The SIO_Sn films are
subject to an in-plane compressive strain due to the lattice mismatch
that increases with increasing x. X-ray reciprocal space mapping
(RSM) revealed that the SIO_Sn films are fully strained to the STO
substrates (see supplementary material Fig. S1; for additional 0 — 20
scans, see Fig. S2). A representative mapping around the (204) peak of
the STO substrate in Fig. 2(¢) shows that even the highest-substitution
sample, ie, N =2, is still fully strained. This observation is also

consistent with the fact that ¢ of the SIO_Sn films is larger than the
bulk value. For reference, we also deposited an SSO film on STO which
has a relaxed bulk-like c-axis lattice parameter, consistent with prior
reports that SSO tends to relax on STO due to the large mismatch™® "
(see supplementary material Fig. S3).

The substitution control indicated by the close correlation
between ¢ and N is also well captured by the magnetic and electronic
properties of the films. For comparison, an undoped SIO thin film
grown under identical conditions is included in Figs. 3(a) and 3(b). As
shown in Fig. 3(a), the in-plane remnant magnetization displays a sys-
tematic evolution with N. Specifically, the SIO_Sn film grown with
N =8 shows a weak ferromagnetic transition around 143K,
which signals the transition to the canted G-type antiferromagnetic
order of the Ir J.r=1/2 moments.”*”” The transition temperature
increases up to ~225 K upon decreasing N to 5 and the remnant mag-
netization increases at the same time. This behavior is consistent with
the increase in substitution as reported for the bulk.”*”” A further
reduction of N decreases the transition slightly to 200 K, and the rem-
nant magnetization decreases as well. In contrast, the transition tem-
perature was shown to remain the same in the bulk polycrystalline
samples when x = 0.2 and above.”’ The observed magnetic evolution
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FIG. 3. (a) and (b) are the temperature dependence of remnant moment per unit cell (ReM) within the ab-plane and resistivity (o — T) curves of the SIO_Sn films grown with
different attenuator numbers N in Path 1, respectively. An undoped SIO film (x = 0) grown under identical conditions is included for comparison. (c) Representative determina-
tion of the Néel transition temperature (Ty) for N = 2, the temperature dependence of dinp/d(1/T) (right axis), which coincides with the transition in ReM(T) (left axis). The red
vertical dashed line represents Ty, furnishing a consistent criterion used throughout this work. (d) Summary of key observables vs the out-of-plane lattice parameter c, Ty (left
axis, blue squares), magnetization ReM of 10K (right axis, green circles), and room temperature resistivity p(300 K) (right axis, yellow diamonds). Ty and ReM exhibit a dome-
like evolution with ¢, while p(300 K) increases monotonically. For comparison, the room temperature resistivity of the SIO thin film is represented by an open yellow diamond.

is summarized in Fig. 3(d) as a function of the ¢ parameter. Similar to
previous studies on SIO_Sn films on STO(OOI),3 435 the transition tem-
perature is noticeably lower than the bulk,”® which is likely due to the
compressive-strain effect that increases the bandwidth of the J.g=1/2
electrons and reduces the magnetic instability."'

The corresponding evolution in temperature-dependent resistiv-
ity is shown in Fig. 3(b). All samples show insulating behavior, but to
different extents. Specifically, resistivity increases with decreasing N,
and the sample also becomes more insulating. The N = 8 sample is
only weakly insulating, since the increase in resistivity down to 5K
remains within the same order and the sample remains relatively con-
ductive at base temperature, indicative of a relatively light substitution.
After lowering N down to 2, the resistivity at 300K is two orders
higher, and it rapidly increases upon cooling and exceeds the measure-
ment limit at ~125 K, consistent with a high concentration of Sn sub-
stitution.”>*”** Figure 3(d) summarizes the systematic resistivity
increase as a function of ¢ at 300 K in the logarithmic scale. In addition,
a kink can be observed for each sample around the magnetic transi-
tion, where the increase in resistivity accelerates upon cooling. This
can be better seen by taking the derivative dlnp/d(1/T). Figure 3(c)
shows an example, where a /-like cusp peak of the derivative can be
clearly seen near the onset temperature of the remnant magnetization,
consistent with a strong coupling between electronic properties and
magnetic ordering in SIO_Sn.”***

The systematic evolution of both magnetic and electronic proper-
ties shown in Fig. 3(d) confirms that the lattice parameter serves as a
practical in situ empirical proxy for x under our compressive-strain
conditions for the substitution control by dual-beam deposition.

However, because of the compressive strain, the out-of-plane lattice
parameters cannot be directly compared with the bulk ones. To cali-
brate the substitution concentration of the films, we measured EDS on
a N = 5 sample by cross-sectional TEM. Figure 4(a) shows the cross-
sectional high-angle annular dark-field scanning transmission electron
microscopy (HAADEF-STEM) image viewed along [100] of STO, where
a sharp epitaxial interface can be seen. The cross-sectional STEM-EDS
elemental maps in Figs. 4(c)-4(e) confirm no significant interdiffusion
across the film/substrate interface. The measured Ir:Sn ratio is about
1:0.304(25), corresponding to a substitution concentration
x = 0.233(15). Meanwhile, the ratio between the A- and B-site cations
is close to unity, with Sr/(Ir+Sn)=1.004(2), indicating a near-
stoichiometric composition. By using ¢ at N = 5 for x = 0.233 and ¢
of the reference SIO sample for x = 0, one can infer the substitution
concentration of all samples, which is plotted against ¢ in Fig. 4(b) by
assuming Vegard’s law remains valid. One can see that a wide range of
x was covered by the samples. The N = 8 sample has an x close to
0.15, which is consistent with its lower transition temperature and low
resistivity as well as the expectation from the coarse intensity control
of Bl, which was to set a starting point for x slightly below 0.2.
Meanwhile, the N = 2 sample with ¢ greater than 4.081 A has a large x
around 0.45, consistent with high resistivity and small magnetization.
The substitution concentrations of the samples together with their
magnetic and electronic evolution again demonstrate that ¢ provides a
practical estimation of the property tuning and the underlying change
in x for our SIO_Sn series on STO. We also did another analysis by
including the impact of strain via the Poisson’s ratio. The result shows
that the ¢ — x relation in that case deviates from the linear relation of
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Vegard’s law, but the difference at small x is within the measurement
uncertainties (see supplementary material Fig. S4).

The results clearly show that dual-beam PLD affords an efficient
co-deposition method for substitution tuning in epitaxial SIO_Sn thin
films, since one only needs two targets. In contrast, previous studies by
conventional single-beam PLD relied on multiple composition-specific
targets. Although one no longer has a nominal substitution concentra-
tion in dual-beam PLD, our results indicate that the lattice parameter
of the resulting films is the control parameter for the purpose of tuning
the magnetic and electronic properties. In addition, dual-beam PLD
may easily incorporate many other beam parameters to further control
the substitution, such as beam spot separation, beam focusing, sub-
strate position, etc. Each could engage a different aspect of the dynam-
ics of the two plumes, opening a multi-dimensional phase space of the
composition control.

In summary, we have demonstrated that dual-beam PLD is a
highly effective and efficient method for controlling the substitution
concentration x in epitaxial SIO_Sn thin films. By co-ablating SIO and
SSO targets and adjusting the relative beam intensity, we were able to
bypass the need for multiple, costly composition-specific targets. In the
absence of a nominal composition, the results show a systematic evolu-
tion of the electronic and magnetic properties with a clear correlation
with c. Cross-sectional STEM-EDS analysis confirms negligible inter-
diffusion and near-stoichiometric Sr/(Ir+Sn). It provides a practical
and cost-effective approach for fine and continuous composition tun-
ing in this dual-beam PLD geometry. For future directions, it would be
interesting to tune the intensities of both beams for investigating the
complete fluence dependence as well as systematically compare the
composition control with other PLD techniques.

x=0.233(15) for the N=5 film from EDS
results, which points display darker in the
figure. The solid red line is used to esti-
mate x from ¢ throughout the study, con-
sistent with the monotonic increase in ¢
with Sn incorporation. The top axis labels
the discrete attenuator number N for each
sample. EDS images of the SIO_Sn film
for N=5. (c) Sr EDS map; (d) Ir EDS
map; (e) Sn EDS map. The EDS results
demonstrate that there is no significant
interdiffusion across the interface.

See the supplementary material for a compilation of addi-
tional characterization that supports the main text. (i) Table SI,
the fitting results of SIO_Sn films grown with different attenua-
tors. (ii) Figure S1, RSMs near the STO(204) reflection for SIO_Sn
films deposited on STO(001) under an oxygen partial pressure of
0.1 mbar at 700°C for N = 4-8. (iii) Figure S2, 0 — 20 scans
around the (00l) reflection for SIO_Sn films deposited on
STO(001) under an oxygen partial pressure of 0.1 mbar at 700 °C
for N =4-8. (iv) Figure S3, summary of the structure and
magnetic characterization of SSO thin film grown on STO under
the same conditions. (v) Figure S4, comparison between the
empirical c¢-x calibration and a Poisson-ratio-based elastic
estimate.
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