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Possible high-Tc superconductivity exceeding 100 K in Ir-substituted perovskite-type manganese oxides
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Structural analyses
The reciprocal space mappings presented in Fig. S1 show that increasing the Ir substitution resulted in an expansion of the lattice volume: the compressive epitaxial strain thereby increased, leading to further elongation of the c-axis with a gradual increase of c/a from 1.011 (Sample A) to 1.030 (Sample S), as summarized in Table S1. As has been similarly concluded for Ru-doped LSMO films,S1 the lattice volume expansion by Ir substitution at the B-site in LSMO is reasonable, considering that the 6-coordinated ionic radii of Ir3+ (0.68 Å) and Ir4+ (0.625 Å) are larger than those of Mn3+ (0.645 Å, high spin) and Mn4+ (0.53 Å).S2 Even for the sample with the highest Ir % of 19% (Sample S), the full width at half maximum (FWHM) of the LSMO 002 peak in the rocking curve was at most 0.032 deg. (not shown), indicating that high crystallinity was maintained in all the samples even with Ir substitution.


[image: ]
Fig. S1 | Structural analyses of nonsubstituted and Ir-substituted lanthanum strontium manganite (LSMO) thin films.
Reciprocal space maps of nonsubstituted (Sample A) and Ir-substituted (Samples B - S) LSMO thin films on (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) (001) substrates around the 1 (_)03 LSAT diffraction peak. All the maps indicate that the thin films are fully strained and are in an epitaxial relationship with the LSAT substrate: LSMIO [001] || LSAT [001] and LSMIO [100] || LSAT [100].
Table S1 | The structural and magnetic parameters of nonsubstituted (Sample A) and Ir-substituted (Samples B-S) LSMO thin films.
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a, c: lattice constants; V: unit cell volume; M100K: out-of-plane saturation magnetization per formula unit at 100 K; and t: film thickness


The cross-sectional HAADF-STEM image of an LSMIO thin film (here, Sample H with Ir 7%) (Fig. S2a) exhibits homogeneous contrast at the atomic scale. The distance between the atomic positions in the scanning direction in the HAADF-STEM image is ∼0.39 nm, which is roughly in agreement with that for tetragonal distortion, as inferred from the XRD pattern (Fig. 1a and Table S1). Fig. S2b is a TEM image of the LSMIO film, and the corresponding EDX mappings for the constituent elements are presented in Fig. 2c−g. The contrast in the elemental mapping results was observed in relation to the lattice contrast of all atoms, except oxygen. Mn or Ir atoms were found to occupy the B-site positions, whereas the A-site positions are occupied by La or Sr atoms.


[image: ]
Fig. S2 | Atomic characterization of a typical Ir-substituted LSMO thin film.
a, High-angle annular dark-field (HAADF) STEM image of an LSMIO thin film (Ir 7%, Sample H). b, Cross-sectional TEM image and (c−g) the corresponding EDX mappings for all the elements.



Composition analysis
[bookmark: _Hlk97632987][bookmark: _Hlk98159515]Considering the evaporative nature of IrOx during vacuum deposition, inductively coupled plasma‒mass spectrometry (ICP‒MS) was used to precisely determine the atomic concentration of Ir substituted at the B site of LSMO (Ir %, [Ir]/([Mn]+[Ir])). Table S2 shows the results for the PLD targets (No. 1 – No. 5) and the thin films fabricated from these targets (Samples A, F, J, R, and S). All the Sr concentrations were determined to be almost 30% at the A sites (Sr %, [Sr]/([La]+ [Sr])) in the PLD targets but could not be determined for the thin films due to the inclusion of La and Sr in the LSAT that was used as a substrate. As the relative area intensities of the Sr3d peaks in the XPS spectra are nearly equal for the Ir 0% (nonsubstituted), 4%, and 9% LSMIO samples (Fig. S3b), it is reasonable to assume, henceforth, the same Sr % in all the samples as in the targets. The Ir % of the samples was 1-4% lower than expected from the Ir % of the PLD targets due to the re-evaporation of IrOx during deposition, as mentioned above. As shown in Fig. 1c, the Ir % determined from the ICP‒MS spectra increased linearly with the lattice volume (V [Å3]) calculated from the RSM data: V = 0.0542*(Ir %) +58.53[Å3]. This linear relationship was used as a calibration curve to estimate the Ir % of the other film samples from the corresponding lattice volume, and the results are shown in Table S1. This estimation is reliable because these calculated Ir % values are in good agreement with those calculated from the laser pulse numbers and deposition rates of LSMO and LSMIO targets used in alternating deposition (see the Methods section for more details).

Table S2 | The results of an ICP‒MS analysis of the PLD targets and the corresponding fabricated thin films (Samples A, F, J, R, and S).
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For the XPS measurements, nonsubstituted and Ir-substituted LSMO epitaxial thin films were simultaneously deposited on 0.5 wt% Nb:SrTiO3 (Nb:STO) (001) substrates and LSAT (001) substrates for the Nos. 1-3 PLD targets. Fig. S3a shows the XPS survey scans for the Ir 0%, Ir 4% and Ir 9% samples. No peaks of impurity elements were detectable in the spectra for the films. Except for the Ir peaks, there was no significant difference in the intensity of the peaks for each element among the samples. High-resolution XPS scans of the Ir 4f peaks for the samples are shown in Fig. S3c. The peak area ratio of Ir 4f between the Ir 4% and Ir 9% samples was close to 1:2, indicating that the composition of each PLD target used for deposition was transferred to the films with little re-evaporation during deposition and/or postannealing. Unfortunately, as the XPS spectra were obtained after Ar+ sputtering of the samples under charge neutralization with an electron flood gun, the exact valence state of Ir could not be determined. High-resolution XPS scans of the Mn 2p peaks for all the samples are shown in Fig. S3d. The shoulder structure on the lower-binding-energy side of the Mn 2p3/2 core-level spectra (black arrow), originating from a Mn3+ well-screened final state,S3 monotonically disappeared with increasing Ir %. 
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Fig. S3| Spectroscopic characterization of nonsubstituted and Ir-substituted LSMO thin films.
a, Survey XPS spectra, b, high-resolution Sr 3d XPS spectra, c, high-resolution Ir 4f XPS spectra, d, high-resolution Mn 2p XPS spectra, and e, high-resolution XPS spectra near the Fermi level (EF) for the Ir 0% (black), Ir 4% (purple), and Ir 9% (pink) LSMIO films grown on 0.5 wt% Nb:STO (001) substrates. The black arrow indicates the shoulder structure found on the lower-binding-energy side of the Mn 2p3/2 core-level spectra. The XPS spectra were obtained after performing Ar+ sputtering under charge neutralization with an electron flood gun on samples with different Ir compositions, which were prepared by simultaneous deposition on 0.5 wt% Nb:STO (001) and LSAT (001) substrates.

Electrical transport properties
Fig. S4 shows the ρ-T curves for all the films on LSAT (Samples A-S) listed in Table S1 in logarithmic scale. The colour coding in Fig. 4 is based on the electrical transport properties. The applied magnetic field response for the transitions of Samples C (Ir 2%), H (Ir 7%), M (Ir 11%), and S (Ir 19%) is shown in Fig. S5a-d. The magnetic field strength affects the transition behaviour of the samples with different Ir % quite differently, in addition to the isotropic nature of the lowering of Tcon. For Sample C (Ir 2%), resistive broadening was suppressed around Tcon with increasing applied magnetic field; even after this sample was cooled to 2 K (the lower limit of the PPMS), the superconducting behaviour completely disappeared beyond an applied magnetic field of 5 T. Conversely, for Sample H (Ir 7%), resistive broadening gradually became prominent with increasing applied magnetic field strength. Sample H also exhibited the largest magnetic field response of Tcon among the samples (ΔT ~ 30 K). By contrast, the ρ-T curve for Sample M (Ir 11%) shows that the resistivity was dropped drastically without such prominent broadening, even under an applied magnetic field. The ρ-T curve of Sample S (Ir 19%) exhibited a characteristic hump in the vicinity of Tcon that was gradually suppressed with increasing applied magnetic field strength.
Table S3 shows the estimated superconducting parameters for the superconducting samples. Table S4 is a list of all the superconducting compounds containing La, Sr, Mn, Ir, and/or O known to date, none of which have a Tc as high as the SC transition temperature of LSMIO.
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Fig. S4 | Electrical transport properties of Ir-substituted LSMO thin films.
The ρ-T curves for all the films on LSAT (Samples A-S) listed in Table S1 in logarithmic scale.


[image: ]
Fig. S5 | Magnetic-field response of the superconducting Ir-substituted LSMO thin films.
a-d, Temperature dependence of the normalized resistivity under in-plane (upper panel) and out-of-plane (bottom panel) magnetic fields: a, /15K for Sample C (Ir 2%), b, /90K for Sample H (Ir 7%), c, /124K for Sample M (Ir 11%), and d, /75K for Sample S (Ir 19%).



Table S3 | Structural and superconducting parameters of the superconducting Ir-substituted LSMO thin films.
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c/a: ratio of lattice constants; V: unit cell volume; M100K: out-of-plane saturation magnetization per formula unit at 100 K; Tcon: onset superconducting transition temperature; Tczero: superconducting transition temperature below ρ < 1 μΩ.cm; TMI: metal-insulator transition temperature; Hc2||ab and Hc2||c: in-plane (H || ab) and out-of-plane (H || c) upper critical fields; ξab(0) and ξc(0): in-plane and out-of-plane zero temperature Ginzburg–Landau coherence lengths.



Table S4 | List of superconducting compounds containing elements La, Sr, Mn, Ir or O known to date.
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Magnetic properties of LSMIO thin films
As shown in Table S1 and Fig. 4a, Ir substitution (even Ir 0.5%) significantly reduces the saturation magnetization at 100 K, M100K, to less than one-third that of nonsubstituted LSMO. Similar to Ru-substituted LSMO,S1 perpendicular magnetic anisotropy is observed in all the Ir-substituted samples, whereas LSMO originally exhibits in-plane magnetic anisotropy (Fig. S7a-e). This change in the magnetic anisotropy may be attributed to the restored orbital angular momentum of the heavy element Ir, which occurs cooperatively with the imposition of a compressive biaxial epitaxial strain by the LSAT substrate. The M-T curve measured under a magnetic field applied along the out-of-plane direction showed that all the samples, irrespective of the Ir %, remained ferromagnetic with Curie temperatures of approximately 350 K, which were close to that of nonsubstituted LSMO (Fig. S6f). This ferromagnetism probably originates from the so-called double exchange interaction between the Mn sites along the Mn-O-Mn bond via conduction carriers.S4 However, the curve for M100K versus the Ir % exhibits two local maximal peaks at approximately Ir 9% and 17%, in addition to the peak at Ir 0% that occurs for nonsubstituted LSMO. 


[image: ]
Fig. S6 | Magnetic properties of nonsubstituted and Ir-substituted LSMO thin films on LSAT substrates.
a-d, In-plane and out-of-plane magnetic hysteresis loops measured at 100 K for Samples A (a, Ir 0%), C (b, Ir 2%), J (c, Ir 9%), and R (d, Ir 17%). e, Out-of-plane magnetic hysteresis loops measured at 100 K for samples exhibiting presumed superconductivity, Samples C (green, Ir 2%), H (blue, Ir 7%), and M (red, Ir 11%). f, Temperature dependence of the out-of-plane magnetization under a magnetic field of 0.1 T during the field cooling (FC) process for Samples A (Ir 0%, black), H (Ir 7%, blue), J (Ir 9%, dark blue), M (Ir 11%, red), and R (Ir 17%, brown).
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[%] N [pe/fu] [nm] K] K] K] [7] [7] [A] [A] poHe2'"%(0)

C 1.8 1.013 58.63 042 148 9 - 140 34 35 97 100 0.96

H 7.3 1.018 58.93 0.55 133 83 31 167 26 21 40 32 1.3

K 96 1.020 59.06 0.73 71 123 69 166 269 210 12 94 1.3

L 104 1.021 59.10 0.72 91 125 81 226 420 347 10 8.3 1.2

M 11.0 1.022 59.13 0.60 121 123 86 204 401 348 97 84 1.2

S 19.3 1.030 59.59 0.13 155 67 32 99 426 216 12 6.1 2.0
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Sampe % alAl cA] c/a VIAY UQZ}??JK] t[nm]  PLD target
A of 3.868 3.911 1.011 58.51 3.0 131 No.1
B 05 3.868 3.914 1.012 58.56 1.1 121 No.1 & No.2
C 1.8 3.868 3.919 1.013 58.63 042 148 No.1 & No.2
D 4.9 3.868 3.930 1.016 58.80 0.38 129 No.1 & No.3
E 51 3.868 3.930 1.016 58.81 0.52 129 No.2 & No.3
F 4.5t 3.868 3.933 1.017 58.84 0.16 125 No.2
G 6.6 3.868 3.936 1.017 58.89 0.63 11 No.1 & No.4
H 73 3.868 3.938 1.018 58.93 0.55 133 No.2 & No.4
| 8.8 3.868 3.944 1.020 59.01 0.89 50 No.3
J 8.7t 3.868 3.941 1.019 58.96 1.2 135 No.3
K 96 3.868 3.947 1.020 59.06 0.73 71 No.3
L 104 3.868 3.949 1.021 59.10 0.72 91 No.3
M 11.0 3.868 3.952 1.022 59.13 0.60 121 No.3
N 11.9 3.868 3.955 1.022 59.18 0.25 17 No.3
O 13.6 3.868 3.961 1.024 59.27 0.26 149 No.3 & No.4
P 14.0 3.868 3.963 1.025 59.29 0.23 54 No.3 & No.4
Q 15.6 3.868 3.970 1.026 59.38 0.16 136 No.4
R 17 4% 3.868 3.975 1.028 59.47 0.77 110 No.4
S 19.3f 3.867 3.984 1.030 59.59 0.13 155 No.5

t Determined by ICP-MS measurement




image3.png
1nm tom

" v
*

e
(t

»

' EE R R Y
«

LR
y .

¥

&

%

4
¥
-

HEEE e

)
o W w4
L

"

W

LR LT

SRR

O

o
e
|

MR N B

«

Tom e

.

PE AR R RN

w
L L R W

¥

* ¥
L L

«

£

LR

.
B S RN e

.
kWK
» v
LA RN E R

R
't
®

LSAT(001) -.:“olo rad
LR T
substrate Y





image4.png
PLD target La Sr Mn Sr/(La+Sr) Ir/(Ir+Mn)
[ug/mg] [ug/mg] [ug/mg] [ug/mg] [at%] [at%]
No.1 198.70 49.14 99.20 28.2 0.1
No.2 434.54 110.06 194.32 40.60 28.6 5.6
No.3 417.22 105.55 175.45 74.06 28.6 10.8
No.4 390.29 99.68 150.29 140.00 28.8 21.0
No.5 39.62 10.72 16.28 17.05 30.0 23.0
Sample  PLDtarget [u;/?;g] [ugS/:;g] [ug;lrr;g] [uglling] Sr/([l;;;:]Sr)* Ir/gtt/,t\n/]ln)
A No.1 2179.00 2837.96 62.29 0.03 67.4 0.0
F No.2 2098.82 2571.04 104.81 17.20 66.0 45
J No.3 2394.64 2927.46 100.66 33.42 66.0 8.7
R No.4 1780.78 2251.54 56.59 41.61 66.7 17.4
S No.5 1132.30 1720.87 31.69 26.57 70.7 19.3

*Mainly derived from (LaAlO3)q 3-(SrAly sTag s03)0 7

LSAT substrate




