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1. Magnetization measurements. 

We measured the magnetization of SL-LSAT using a commercial Quantum Design 

vibrating sample magnetometer. Figure S1 shows the temperature dependence of the remnant 

magnetization of SL-LSAT. An in-plane net magnetization is observed when temperature is 

below 75 K. The remnant magnetization (ReM) at 10 K is about 50% of that in SL-STO [1], 

consistent with the estimated AFM order parameter reduction from the magnetic resonant 

scattering experiments in the main text. On the other hand, we were not able to characterize the 

remnant  magnetization of SL-NGO, because of the difficulty in eliminating the paramagnetic 

contribution from the NGO substrate that dominates the total signal in magnetization 

measurements.  

 

FIG. S1. Temperature dependence of the in-plane remnant magnetization of SL-LSAT. The remnant magnetization 

was measured under zero field after cooling down in a 0.5 T in-plane magnetic field. 

 

2. X-ray resonant magnetic scattering measurements. 

Figure S2(a) shows one representative energy profile at the (0.5 0.5 2) magnetic 

reflection of the SL-STO across the Ir L3-edge. A clear resonant effect can be seen at energies 

slightly lower than the Ir L3-edge white line, a common feature in magnetic iridate compounds 



[1-6], demonstrating the dominant role of iridium ions in developing the magnetic long-range 

order. In the subsequent measurements, the x-ray energy was fixed at the value that maximizes 

the resonant effect. Figures S2(b-d) show L-scan around the (0.5 0.5 2) magnetic reflections for 

the SL-STO, SL-LSAT and SL-NGO, respectively.  

                            

FIG. S2. (a) The energy profile at the (0.5 0.5 2) Bragg reflection across the Ir L3-edge for the SL-STO at 7 K. L-

scan (Ir L3-edge) across the (0.5 0.5 2) magnetic reflection of SL-STO (b), SL-LSAT (c), and SL-NGO (d) at 7 K. 

The peak intensities of SL-LSAT and SL-NGO were plotted in the same scale as SL-STO for comparison and scaled 

by two and three times, respectively, for better visibility. The error bar denotes statistical error. The dash line serves 

a guide to the eyes. 

 

3. Characterization of IrO6/TiO6 octahedral tilting and rotation through synchrotron XRD 

measurements.  

The in-plane compressive strain may change IrO6/TiO6 octahedral tilting and rotation. 

Figures S3(a)-(c) show L-scan around the (0.5 1.5 5) Bragg reflection of SL-STO, SL-LSAT and 



SL-NGO, respectively. Figure S3(d) shows L-scan around (0.5 0.5 5) of all the SLs. For SL-STO, 

a peak can be observed at (0.5 0.5 5), indicates a finite octahedra tilting [7]. On the other hand, 

no observable (0.5 0.5 5) peak was found for the SL-LSAT and SL-NGO (the non-zero 

background is the tail of the strong substrate peak), indicates that increasing compressive strain 

suppresses the octahedra tilting which becomes too weak to be seen.  

 

FIG. S3. Room-temperature L-scan across the (0.5 1.5 5) Bragg reflection of SL-STO (a), SL-LSAT (b) and SL-

NGO (c). (d) L-scan across the (0.5 0.5 5) reflection for all the SLs. The Bragg reflection of the SLs were defined 

using the a × a × 2c (a and c are the in-plane and out-of-plane lattice parameters of a pseudo-cubic unit cell, 

respectively) supercell. The error bar denotes statistical error. 

 

4. X-ray absorption spectroscopy measurements across Ir L-edge. 

We measured valence state of Ir through x-ray absorption spectroscopy (XAS) 

experiments at the Ir L-edge. As shown in Fig. S4, the XAS line shapes of SL-STO and SL-NGO 

are similar and there is no observable energy shift between them at the L3-edge. Furthermore, the 

nominal Ir4+ valence state in the SLs can be concluded because of the same XAS line shapes of 



the SLs and IrO2, and an Ir3+ valence state will cause a large energy shift of 2 eV as that 

observed in IrCl3. Due to the strong fluorescence signal from the LSAT substrate around the Ir 

edge, however, we are not able to measure XAS of the SL-LSAT. Nevertheless, given that all the 

SLs were prepared under the same condition and the compressive strain of SL-LSAT is in 

between SL-STO and SL-NGO, we expect the same Ir4+ valence state in the SL-LSAT. In 

addition, we are able to estimate the expectation value for spin-orbit coupling <L·S> based on 

the XAS branching ratio (BR) of the L3-edge and L2-edge [8]. The BR, which is the ratio 

between the integrated while line intensities at the L3-edge and L2-edge, is obtained for both SL-

STO and SL-NGO [8,9]. Then, we can relate the BR to the <L·S> of the holes on Ir 5d orbital 

states : BR = (2 + r)/(1 − r) where r=<L·S> / <nh> [8,10]. Thus, for SL-STO, we obtained 

<L·S>=2.65 ( 2) and <L·S>=2.40 ( 2) for SL-NGO. These values are similar to other iridate 

compounds with an Ir4+ valence state under an octahedral crystal field [4,9,10], confirming the 

picture of a half-filled pseudospin-half state. The difference between the two samples is within 

the error of the analysis. 

 

FIG S4. XAS of SL-NGO (blue), SL-STO (red), IrO2(black) and IrCl3 (pink) at the Ir L3-edge and L2-edge. The 

absorption is shifted vertically for clarity. 

 



5. Details of DFT calculation 

The density functional theory (DFT) calculations are performed using the projector augmented 

wave (PAW) technique as implemented in Vienna ab-initio Simulations Package (VASP) [11]. 

The Perdew-Burke-Ernzerhof (PBE) functional revised for solids (PBEsol) [12] is used. Plane 

wave basis set, which are expanded until the cut-off energy of 600 eV, is used to represent the 

Kohn-Sham wave functions. In the superlattice (SL), since there is a high spin-orbit coupling 

(SOC) element (Ir), we have included SOC in the calculations. The in-plane pseudocubic lattice 

parameters of the three SLs at room temperatures are the same as that of the three substrates 

according to the fully strained state (see the main text). We scale them by a factor of 0.9982 for 

the calculations since the equilibrium lattice parameter of STO obtained by DFT calculation is 

3.898 Å instead of 3.905 Å [13]. The experimental c/a ratios are used for calculations of 

SLs. The pseudocubic c- and a-axis lattice parameters of the SLs represent the Ir-Ti and Ir(Ti)-

Ir(Ti) interatomic distances, respectively. The atomic positions of the SLs are relaxed in the 

calculations to find the lowest-energy state. Additionally, to avoid the complications associated 

with the choice of U [6,14-16], we set U to zero in all the calculations. In the calculated 

structures, the Ir-O-Ti bond angle, which represents the octahedra tilting with respect to the in-

plane pseudocubic axes, is 178.4° for SL-STO, 179.8° for SL-LSAT, and 179.8° for SL-NGO. 

The later two mean the bong angle is effectively 180° within computational error and there is no 

octahedral tilt, which is consistent with the experimental observation. The Ir-O-Ir bond angle, 

which is predominantly caused by octahedral rotation with respect to the c-axis, is 151.6° for SL-

STO, 150.6° for SL-LSAT and 150.1° for SL-NGO. The Ti-O-Ti bond angle is 173.9° for SL-

STO, 171.8° for SL-LSAT and 170.4° for SL-NGO. 
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