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The transport and magnetic properties of La0.7Sr0.3MnO3 thin-films grown by pulsed laser 

deposition on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 single crystal substrates have been investigated. 

A systematic series with various thicknesses of La0.7Sr0.3MnO3 was used to establish a phase 

diagram which showed a clear difference compared to films grown on SrTiO3 substrates, 

highlighting the importance of film thickness and substrate strain. At 8 unit cells, the 

boundary between the metallic and insulating ground states, a second abrupt metal-insulator 

transition was observed at low temperatures, which could be tuned with by magnetic field, 

and is interpreted as a signature of electronic phase separation. 
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 Doped manganites are widely studied materials in view of future oxide electronics and 

spintronics applications, due to their highly spin-polarized conduction electrons, and colossal 

/ low-field magnetoresistance properties.[1,2] Among the many devices and heterostructures 

that have been realized,[3] La0.7Sr0.3MnO3 (LSMO) has been a focus of intense research 

because of its high Curie temperature (TC) and close lattice match with other perovskite 

compounds.[4] These fascinating electronic properties are consequence of the strong 

coupling between the spin, charge, orbital, and lattice degrees of freedom.[5] Thus the 

electronic and magnetic properties of LSMO thin films are sensitive to lattice strain, 

interfaces, and orbital reconstructions, as clearly demonstrated in ultrathin films, tunnel 

junctions, and heterostructure superlattices.[6-8]  

 

The film strain due to mismatch with the substrate crystal lattice is known to be an 

important control parameter,[9] however the film thickness is also a key factor influencing 

the electronic properties of LSMO. For example, Popov et al. showed theoretically that the 

LSMO spins rotate from in-plane to out-of-plane close a surface.[10,11] Experimentally, 

Izumi et al. found a spin canting state in LSMO/SrTiO3 (STO) superlattices.[7] Also, 

Pallecchi et al. have suggested that electronic phase separation is critical to understand their 

magnetotransport measurements in ultrathin LSMO films,[12] a view which has been 

supported by theoretical considerations.[13] These theoretical and experimental results come 

about as a consequence of subtle changes in the character of the films, including the degree of 

phase separation, and the spin structure.  

 

However the combined effects of the thickness and the substrate induced strain on the 

electronic and magnetic phase diagram are not clear. Such studies are essential to understand 

the complex physical properties of LSMO thin films. Here, we present investigations of the 

thickness dependent phase diagram of LSMO thin films grown on 

(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates, which reveals a second abrupt transition to a 

low-temperature insulating phase for 8 unit cell (u.c.) thick films. This transition, which can 

be tuned with a magnetic field, is indicative of electronic phase separation in the thickness 

dependent phase diagram. 

 

The LSMO thin films were fabricated by pulsed laser deposition using a KrF excimer laser 

with a laser fluence of ~ 0.35 J/cm2 at the target surface (laser spot size ~10 mm2), and 



repetition rate of 4 Hz. The (001) LSAT single-crystal substrates were pre-annealed at 

1000 °C for 60 minutes to reconstruct an atomically flat surface, adapting a method 

previously utilized for (110) STO substrates.[14] The LSMO films were deposited at 850 °C 

with an oxygen partial pressure of 5×10-6 Torr. Using Reflection High-Energy Electron 

Diffraction (RHEED), the thickness of samples was monitored and controlled, and layer-by-

layer growth was confirmed for all samples. The left inset of Fig. 1 shows typical RHEED 

intensity oscillations during the LSMO growth (eight oscillations are shown in this case). 

After deposition, the samples were cooled to room temperature at the deposition pressure.  

 

The surface topography of the films was characterized by atomic force microscopy (AFM). 

A typical AFM image, for an 8 u.c. LSMO film, is shown in the right inset of Fig. 1. A clear 

step-and-terrace surface can be observed, due to the slight miscut angle of the substrate, 

reflecting the layer-by-layer growth mode of LSMO. The height of the steps is ~ 0.4 nm, 

consistent with the height of one LSMO unit cell. Figure 1 shows the x-ray diffraction (XRD) 

θ-2θ pattern around the (002) peak of the LSAT substrate. The LSAT (002) and LSMO (002) 

peaks can be clearly seen around 2θ = 46.92° and 46.56°, corresponding to c-axis lattice 

constants of 0.3869 and 0.3898 nm respectively. The LSMO (002) peak position did not 

change with the LSMO thickness, meaning that all of the films are strained within our 

experimental resolution. This was also checked by independent reciprocal space mapping 

(not shown). XRD was also used to independently measure the thickness, confirming that one 

RHEED oscillation corresponds to the formation of one perovskite u.c. of LSMO. 

 

We first examine the transport properties of the films as a function of the thickness, dLSMO. 

The temperature dependent resistivity ρ(T) was measured in a standard four-probe geometry 

over a temperature range of 4 K ≤ T ≤ 390 K. For the two highest resistance samples, a 

separate electrometer and current source combination was required to accurately measure the 

four point resistance. The ρ(T) data are summarized in Fig. 2. From these data we can group 

the samples into different sets, depending on the form of ρ(T) and dρ(T)/dT. For dLSMO ≥ 12 

u.c., the ρ(T) are close to that of bulk LSMO, showing a paramagnetic metal (PM/M) to 

ferromagnetic metal (FM/M) transition at relatively high temperatures. As the thickness 

decreases, the high temperature PM/M phase changes into a paramagnetic insulator phase, 

(PM/I) but the low temperature FM/M phase remains essentially unchanged. However for 



dLSMO = 8 u.c., a sudden metal-insulator transition at low temperatures was found. Further 

reducing the thickness below 7 u.c., the metallic phase is lost at all temperatures measured.  

 

The temperature dependent magnetization M(T), was also measured using a 

superconducting quantum interference device magnetometer. Figure 2(b) shows the in-plane 

M(T) data for an applied in-plane magnetic field of µ0H = 0.1 T. As dLSMO decreases from 

100 u.c. to 7 u.c., TC decreases continuously. For the dLSMO = 6 u.c. sample, the magnetization 

variation with field, M(H), at T = 10 K shows clear ferromagnetic hysteresis, (inset of Fig. 

2(b)). However for this sample we do not show M(T) since the total magnetization value was 

too small to reliably subtract the contribution of the low temperature Curie tail of the 

paramagnetic impurities in the LSAT. Notably, at low temperatures both the 6 u.c. and the 7 

u.c. samples are magnetic, but simultaneously electrically insulating. 

 

The transport and magnetization data are summarized in Fig. 3. For the electrical 

measurements dLSMO, TC is defined by the peak position in the dρ/dT data, (solid diamonds). 

For the thinner samples, we additionally show estimates of TC from the M(T) data (open 

diamonds). Finally the closed square shows the temperature, T*, at which the abrupt low 

temperature upturn in the resistance is observed for dLSMO = 8 u.c., defined as the local 

maximum of d2ρ(Τ)/dT2. In this way we can mark three phase boundaries, the first between 

dLSMO = 12 u.c. and 15 u.c. where the high temperature PM/M phase changes into a PM/I 

phase, the second below dLSMO = 8 u.c., where the low temperature FM/M phase is replaced 

by the FM/I phase, and finally the transition into the PM/I phase at low temperatures, from 

the FM/I regime. In the final case, the phase boundary extrapolates to T = 0 K at dLSMO = 5 

u.c.. We note that the phase boundaries in the ultrathin limit are inevitably quantized, due to 

the constraint of depositing complete u.c.’s of LSMO. For comparison, the closed black 

circles are taken from previous work utilizing STO substrates, which, except for the substrate 

pre-anneal, were grown in identical conditions.[15, 16] The clear and systematic shift of the 

LSAT data to larger dLSMO compared to the STO highlights the role of the different substrate 

strains: the LSAT (STO) inducing compressive (tensile) strain in the LSMO films. 

 

To study in more detail the 8 u.c. sample, which showed an intriguing high-resistivity state 

at low temperatures, Fig. 4(a) shows ρ(T) data for this sample with various H applied normal 

to the sample plane. When zero field cooled, the sample shows a sudden re-entrant insulating 



tendency below T ~ 15 K, and the resistivity increases rapidly. This low temperature 

insulating tendency could be suppressed by cooling in an applied field. However, even at the 

maximum applied field of 12 T, a metallic ρ(T) was not recovered. The inset of Fig. 4 (a) 

shows the absolute value of the negative magnetoresistance (MR) as a function of the 

temperature for various fields between 0 T and 12 T, defined as | ρ0T(T) – ρ12T(T)| / ρ0T(T). 

The broad peak in MR reaches ~ 76 % and extends over a wide range of temperatures below 

TC. In Fig. 4(b), we summarize the T-H phase diagram for the dLSMO = 8 u.c. sample, showing 

the high temperature TC, and T*, defined as for Fig. 3. The area between these high and low 

temperature insulating phases (the FM/M state) is clearly enlarged as H increases, although 

we stress that the abrupt increase of the resistivity persists even at the maximum applied field.  

 

Careful cooling and warming measurements through T* (ramp rate < 1 K/min) showed no 

hysteresis in the ρ(T) data, as shown by the arrows in Fig. 4. While we cannot fully rule out 

the possibility that the abrupt resistivity up-turn is a first-order transition, the lack of 

hysteresis is strong evidence against this being a charge ordering transition, which 

conventionally shows significant hysteresis.[17, 18] Indeed M does not show a concomitant 

downturn with the resistivity up-turn, again in contrast to characteristics of charge ordering 

associated with antiferromagnetism.[17, 18] These data suggest a significant contribution 

from electronic phase separation in the 8 u.c. sample, [12] which is not found in relatively 

thick films or bulk LSMO.[19, 20] 

 

From the thickness dependent phase diagram we find a systematic shift of the transition 

temperature to lower values for all dLSMO implying that the lattice strain is as important as 

thickness in this ultra thin regime. This can be understood since the LSAT substrates produce 

compressive stress in the plane of the LSMO films, distorting the Mn-O-Mn bonding angle, 

which suppresses ferromagnetic double exchange interaction leading to lower TC, compared 

to samples grown on STO. To verify this relationship quantitatively, further high resolution 

x-ray and/or neutron studies are required to enable a detailed comparison between the 

microscopic strain gradients in the film, and the bulk phase diagram. The broad 

magnetoresistance peak in the 8 u.c. thick sample at low temperatures implies significant 

electronic phase separation below TC. We can understand this as a subtle balance between the 

competing electronic phases, driven either by bandwidth changes of the 3d electrons, 

analogous to the tuning by chemical pressure, externally applied pressure, [21, 22] or finite 



size effects associated with truncation of the surface MnO6 octahedra.[12] We note that 

magnetic localization is another possibility that has been suggested.[23, 24]  

In summary, we have found a reentrant insulating state in LSMO grown on LSAT 

substrates, demonstrating the combined importance of substrate strain and film thickness in 

the ultrathin limit, suggesting significant phase separation for dLSMO = 8 u.c.. These data are 

indispensible to unravel the fundamental limitations of the magnetic and conducting 

properties of ultra thin manganite films for fundamental studies and possible applications.  
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Figure Captions 
 

Figure 1. (Color online) XRD θ-2θ data around the (002) peak of LSMO in pseudo-cubic 

notation, for various film thicknesses. Left inset: RHEED intensity oscillations during the 

growth of 8 u.c. of LSMO on LSAT. Right inset: AFM image of an 8 u.c. LSMO sample, 

showing a clear step-and-terrace surface. 

 

Figure 2. Temperature dependence of (a) the resistivity, and (b) the in-plane magnetization 

of LSMO thin films with various dLSMO. Magnetization was measured field-cooled in an 

external field of µ0H = 0.1 T. Inset: In-plane normalized magnetization as a function of 

applied field for dLSMO = 6 u.c. at T = 10 K.  

 

Figure 3. Thickness-dependent phase diagram of LSMO thin films grown on LSAT (blue 

diamonds and square) and on STO (black circles). LSMO/STO data are taken from Ref. [15]. 

Open and closed diamonds refer to TC defined by magnetization and resistivity data 

respectively, and the solid square shows T* (see main text). The black dashed lines show the 

phase boundaries for the LSMO/LSAT samples. 

 

Figure 4. (a) Resistivity as a function of external magnetic field for dLSMO = 8 u.c.. Inset: 

Magnetoresistance vs. temperature for various fields between 0 T and 12 T. Arrows for the 0 

T data indicate the cooling and warming measurements. No hysteresis is observable. (b) T-H 

phase diagram for the dLSMO = 8 u.c. sample. Diamond and square symbols refer to TC and 

T*, respectively. Lines are a guide to the eye. 

 

 

 

 

 

 

   

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (Color online) Bongju Kim et al. 



 
 

 

 

 

 

 

 

 

 

Fig. 2 Bongju Kim et al. 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (Color online) Bongju Kim et al. 



 
 

 

 

 

 

 

 

 

 

Fig. 4 Bongju Kim et al. 




