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Interface properties of magnetic tunnel junction LSMO/STO superlattices studied 

by standing-wave excited photoemission spectroscopy 

 
 

Superlattice growth  

La0.7Sr0.3MnO3/SrTiO3 superlattices were fabricated by pulsed laser deposition with reflection 

high-energy electron diffraction (RHEED) control of the growth process. Atomically smooth 

TiO2-terminated SrTiO3(100) substrates were prepared by a combined HF-etching/anneal 

treatment
1
. All substrates had vicinal angles of ~0.1

o
. A stoichiometric La0.7Sr0.3MnO3 target as 

well as a single-crystal SrTiO3 target were ablated at a laser fluence of 1.5 J/cm
2
 and a repetition 

rate of 1 Hz. During growth, the substrate was held at 750 
o
C in an oxygen environment at 

2.6x10
−1

 mbar. The growth process was optimized in a previous study to result in an ideal unit-

cell-controlled layer-by-layer growth and bulk-like magnetic/transport properties
2
. 

Fig. S1 shows the RHEED analysis during growth of the La0.7Sr0.3MnO3/SrTiO3 superlattice 

by pulsed laser deposition. The RHEED intensity oscillations during growth of each individual 

layer indicate the control on the unit cell (u.c.) scale due to the layer-by-layer growth mode. 

Results are given for the initial growth of a 4 u.c. La0.7Sr0.3MnO3 layer and a 4 u.c. SrTiO3 layer. 

During subsequent growth of the individual layers in the superlattice structure, the RHEED 

oscillations were used to monitor the precise growth on the unit cell scale. The corresponding 

RHEED patterns showed conservation of surface structure with low surface roughness for the 

complete superlattice. After growth, the heterostructures were slowly cooled to room temperature 

in ~1 bar of oxygen at a rate of 5 
o
C/min. to optimize the oxidation level. 

 

Surface topography 

The low level of surface roughness was confirmed by atomic force microscopy (AFM) 

analysis of the surface of the 48-bilayer thick La0.7Sr0.3MnO3/SrTiO3 superlattice. Fig. S2 shows 

the topography image and the roughness analysis of a smooth superlattice surface with terraces 

separated by clear steps similar to the surface of the initial TiO2-terminated SrTiO3 (100) 

substrate. Detailed analysis of the surface showed a maximum surface roughness of  ~0.4 nm, 

which is only one unit cell in height. 

 



Crystal structure 

The epitaxial relation between the individual La0.7Sr0.3MnO3 and SrTiO3 layers in the 48-

bilayer thick La0.7Sr0.3MnO3/SrTiO3 superlattice were studied by X-ray diffraction on a Bruker 8 

diffractometer. The superlattice was in-plane fully strained to the SrTiO3 (100) substrate, and the 

out-of-plane superlattice periodicity was determined to be 31.13 Å.  Fig. S3a shows the -2 scan 

around the (002) peak of the SrTiO3 substrate displaying the corresponding superlattice peak 

SL(002) and the first higher and lower order superlattice diffraction peaks, SL
+1

 and SL
-1

. 

Detailed analysis showed the presence of clear Kiessig fringes alongside the SL(002) superlattice 

peak, thus indicating a highly ordered crystalline sample with very smooth interfaces and surface, 

see Fig. S3b. 

 

Ferromagnetism 

The magnetic properties of the 48-bilayer thick La0.7Sr0.3MnO3/SrTiO3 superlattice were 

measured in a Quantum Design SQUID Magnetometer (MPMS). Fig. S4 shows a typical 

magnetization curve at 50 K (a) and 300 K (b) along the [100] direction after magnetic field 

cooling at 1 Tesla from 360 K. Clear ferromagnetic behavior can be observed up to room 

temperature in a superlattice consisting of individual La0.7Sr0.3MnO3 layers of only 4 unit cells. 

 

Core-hole multiplet calculations 

The parameters used for the core-hole multiplet calculations
3,4

 for the Mn 3p and Mn 3s 

peaks are presented in Table S1. We used atomic values for the Fdd, Fpd and Gpd Slater parameters 

and the core and valence spin-orbit couping. The ligand field splitting between the t2g and eg 

orbitals is indicated as 10Dq and Ds and Dt are parameters related to tetragonal crystal field 

distortions. Δ is the charge transfer energy, Udd defines the Hubbard U value, Upd is the core hole 

potential, and T corresponds to the hopping integrals. The values of Δ, Udd, and Upd used in our 

calculations differ slightly from those used in a previous study of La1-xSrxMnO3 by Horiba et al.
5
 

These differences have no effect on the relative peak positions which are affected by the 

tetragonal distortion Ds. 
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Figures and Tables 

 

 

 

FIG S1. Thin film growth of La0.7Sr0.3MnO3/SrTiO3 superlattices by pulsed laser deposition. 

RHEED intensity monitoring during growth of a 4 u.c. La0.7Sr0.3MnO3 layer (a) and a 4 u.c. 

SrTiO3 layer (b). Clear intensity oscillations indicate layer-by-layer growth of single unit cells. 

Dashed lines indicate start/stop of laser pulses.  

 

 

 

 
 

FIG S2. (a) Surface topography of a 48-bilayers thick La0.7Sr0.3MnO3/SrTiO3 superlattice by AFM 

of a 5x4 μm
2
 area. Dashed lines are guides to the eye for the step-terrace structure on the surface. 

(b) AFM image and surface roughness analysis of a 2x2 μm
2
 area.  



 

FIG. S3. X-ray diffraction analysis of a 48-bilayer thick La0.7Sr0.3MnO3/SrTiO3 superlattice 

showing superlattice SL peaks (a) and Kiessig fringes alongside the SL(002) superlattice peak 

(b).  The superlattice period derived from this analysis is 31.13 Å. 

 

 

 

 

 
 

FIG. S4. Magnetic hysteresis loops of a 48-bilayer thick La0.7Sr0.3MnO3/SrTiO3 superlattice along 

the [100] direction at 50 K (a) and 300 K (b) after 10 kOe field cooling from 360 K. The 

diamagnetic contribution of the SrTiO3 substrate has been subtracted. 
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FIG. S5. The best fits between the experimental (black) and calculated (red) soft x-ray (833.2 eV) 

rocking curves for La 4d5/2 and Mn 3p core levels, modeled without the interfacial LSMO layer 

(left panels) and with interfacial LSMO layer (right panels). Significant improvement in the fits is 

observed once the interfacial LSMO layer is introduced into the model. 

 

  Bulk LSMO Interface LSMO 

Crystal field parameters (eV)   

Symmetry D4h D4h 

10Dq 1.5 1.5 

Dt 0.0 0.0 

Ds 0.0 0.2 

Charge transfer parameters (eV)  

Δ 3.0 3.0 

Udd 6.0 6.0 

Upd 7.0 7.0 

T (eg) 2.0 2.0 

T (t2g) 1.0 1.0 

Plotting   

Lorentzian broadening (eV) 0.2 0.2 

Temperature (K) 300 300 

Gaussian broadening (eV) 2.0 2.0 

 

 

Table S1. Parameters used for the core-hole multiplet calculations of Mn 3p and Mn 3s peaks. 


