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Abstract: We measured the temperature dependence of the saturation magnetization (Ms) of a 

(La1-xPrx)1-yCayMnO3 (x ~ 0.60, y ~ 0.33) film as a function of applied bending stress. Stress 

producing a compressive strain of -0.01% along the magnetic easy axis increased the Curie 

temperature by ~6 K and the metal-insulator-transition by ~4 K. Regardless of whether or not 

stress is applied to the film, magnetic ordering occurs at temperatures significantly higher than 

the metal-insulator-transition temperature. The magnetization of the sample at the temperature of 

the metal-insulator transition is approximately the site percolation threshold for a two-

dimensional spin lattice. 
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Hole doped manganites are strongly correlated oxides that show a large variety of 

magnetic and electronic phases due to competing interactions between the orbital, charge, lattice 

and spin degrees of freedom.1,2,3 The competing interactions lead to complex behavior such as 

colossal magnetoresistance (CMR) often accompanied with metal-to-insulator transitions 

(MIT).4,5,6,7 Competition between the interactions can be influenced by electric fields,8,9 

magnetic field,6 light,10 stress/strain,3,11,12,13,14 disorder.14 Among these parameters, stress/strain is 

ubiquitous in thin films and devices, and can significantly affect the properties of manganite thin 

films.3,11,12,13,15,16,17,18 Recently, we observed a strong influence of applied bending stress on the 

saturation magnetization, Ms, at the MIT, TMI, of a manganite film.19 Namely, compressive stress 

increases Ms and TMI. Curiously, theoretical guidance for a relation between Ms and stress is still 

lacking. On the other hand, Millis et al.,17 proposed an analytical model to describe the effects of 

biaxial strain on the Curie temperature (Tc) of CMR manganites. For example, 1% biaxial strain 

can cause a 10% shift of the Tc. 

Several studies have reported that films exhibit unique electronic and magnetic properties 

that depend upon film thickness12 or choice of growth substrate.13 Often these differences are 

attributed to differences of epitaxial strain, though epitaxial strain and the extent of the strain 

field into the film are two of many structural features affected by film thickness and choice of 

substrate. Some studies have used structural phase transformation20 or the piezoelectric 

property21 of a substrate to apply stress to a film and still yielded contradictory results. 

Piezoelectric studies are further complicated by the competing influences of strain and charge 

accumulation at the film/piezoelectric interface. The techniques also impose specific 

requirements for single crystal films limiting their use to only films that can be epitaxially grown 

on substrates exhibiting piezoelectric response or structural transformations. Thus, the exclusive 
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influence of elastic stress on the Curie temperature of a manganite thin film has not been 

systematically, nor quantitatively studied. Our results qualitatively agree with the prediction of 

Millis et al.17; however the experimental observation and the theoretical prediction are 

quantitatively inconsistent. 

In manganites, mesoscopic phase coexistence associated with first order phase transition is 

believed to be related to the nonstandard percolative nature of the MIT,1,2,3,4,5,6,7 which remains a 

long-standing controversial problem. In fact there is disagreement about the nature of MIT in 

manganites with groups claiming it to be a Mott insulator22 while other groups claiming it not to 

be a pure Mott insulator but rather have major contribution of structural distortion in the form of 

Jahn-Teller distortion, which also favors magnetization in manganites.4,18 The ambiguity reopens 

the fundamental question of what the origin of the MIT and whether magnetic transition leads to 

MIT or vice versa.  

Here, we report the influence of applied elastic bending stress on the magnetic ordering 

temperature of a single crystalline (La1-xPrx)1-yCayMnO3 (x ~ 0.60, y ~ 0.33) (LPCMO) film. 

Simultaneous measurements of polarized neutron reflectivity (PNR) data and resistance data 

from the LPCMO film as a function of temperature demonstrate that magnetic ordering occurs at 

significantly higher temperatures (~ 30 K) than the MIT, well within the insulating phase. A 

significant increase of both the MIT and Tc with small (-0.01%) compressive strain was 

observed, which suggest that changes of elastic strain alone are sufficient to affect the electronic 

properties and magnetic ordering in LPCMO thin films. The magnetization of the sample at the 

temperature of the metal-insulator transition is consistent with the site percolation threshold for a 

two-dimensional system. 
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A 20-nm-thick LPCMO film was epitaxially grown on a 1cm by 1 cm (110) NdGaO3 (NGO) 

substrate in the step-flow-growth-mode using pulsed KrF laser (248 nm) deposition (PLD).23  

During growth, the substrate temperature was 1053 K, O2 partial pressure was 17.33 Pa, laser 

fluence was 0.5 J/cm2, and the repetition rate of the pulsed laser was 5 Hz. The thickness of the 

substrate was 0.25 mm.  

Bending stress was applied parallel to the magnetic easy axis of the sample (parallel to [11ത0] 

NGO)23,24 using a four point mechanical jig, which applied stress uniformly over the lateral 

dimensions of a large sample.19 The lattice mismatch between bulk LPCMO and NGO is about 

0.26% and 0.49% along [001] and [11ത0] NGO, respectively.23 In spite of considerable difference 

in epitaxial strain along two perpendicular in-plane directions we didn’t observe any change in 

MIT along these orthogonal directions. Since we are examining one sample as a function of 

applied bending stress, the so-called epi-strain resulting from lattice mismatch is not affected by 

our experiment. The sample was cooled or warmed in the 6 kOe field (applied along the easy 

axis) at a rate of 0.40±0.05 K/min. The 6 kOe field is an order of magnitude larger than the field 

required saturating the magnetization.24 The bending strain of the film was measured using25,26 

ߝ : ൌ ௧ೞ௥ , where ts and r are the thickness of substrate and the radius of curvature of film, 

respectively. The radius of curvature of the sample was measured with a laser.27 The electrical 

transport (resistance), R(T), measurements for the sample with compressive strain (ε = - 0.01% ) 

and ε = 0% (without applied stress) at a field of 6 kOe are shown in Fig. 1(a). The maximum of 

dR/dT on warming curves yields the metal-insulator transition temperature TMI = 101.4 K 

without applied stress and 105.4 K with applied compressive stress. TMI represents the 

temperature at which percolation of the metallic phase is detected in a film with centimeter 

lateral dimensions. Small compressive bending stress (i.e. ε ~ -0.01%) induces a positive shift of 
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TMI by ~ 4 K (~ 4% increase in TMI) [Fig. 1(a)]. Thus the change in MIT with applied 

compressive stress indicates that compressive strain field affects percolation.   

In order to probe the depth dependent structure and magnetization of the film, we carried out 

specular X-ray reflectivity (XRR) and PNR measurements.19,24,28,29 The specular reflectivity, ℜ, 

of the sample was measured as a function of wave vector transfer, Q = 4π sinθ/λ (where, θ is 

angle of incidence and λ is the x-ray or neutron wavelength). The reflectivity is qualitatively 

related to the Fourier transform of the scattering length density (SLD) depth profile ߩሺݖሻ, 

averaged over the whole sample area. In case of PNR,  ߩሺݖሻ consists of nuclear and magnetic 

SLDs such that ߩേሺݖሻ ൌ ሻݖ௡ሺߩ േ  ሻ, where C = 2.91×10-9 Å-2(kA/m)-1 and Ms(z) is theݖ௦ሺܯܥ

saturation magnetization (in kA/m) depth profile.28 The +(-) sign denotes neutron beam 

polarization along (opposite to) the applied field. ߩ௡ሺݖሻ and Ms(z) can be inferred from ℜ±(Q) 

often with nm+ resolution.  The reflectivity data were normalized to the Fresnel reflectivity28 (ℜF 

= ଵ଺గమொర  ).  

Fig. 1 (b) shows the XRR measurements from the sample. The XRR guides modeling of the 

film’s chemical (or nuclear) structure, e.g., film thickness, roughness, etc. Previously, scanning 

transmission electron energy-loss spectroscopy (EELS) microscopy19,24 found the composition of 

an identically prepared film to be (La1-xPrx)1-yCayMnO3(x ~ 0.55, y ~ 0.23) averaged over the 

entire thickness of the sample. The average composition, however, does not adequately represent 

the significant variation of the chemical depth profile. Using EELS measurements as a guide, the 

XRR was modeled using three chemically distinct regions (surface (I), bulk-film (II) and film-

substrate (III) regions) as shown in Fig. 1(c). 19,24 
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The PNR measurements (Fig. 2) were carried out using the Asterix spectrometer at 

LANSCE.28 The schematic in the inset of Fig. 2 (a) shows the bending of the film is done along 

an axis perpendicular to the neutron (n) beam, so the rocking width of the sample is not affected 

in the plane of specular reflection. Figs. 2(a) and (b) show ℜ±(Q) in the absence of compressive 

strain at 170 K (in the non-magnetic phase) and 20 K, respectively. At 170 K, the reflectivities 

measured with and without applied stress were statistically the same. The inset of Fig. 2(b) 

shows ℜ±(Q) at 20 K for the compressive strain condition (ε ~  -0.01%).  

Reflectivity data were analyzed using the dynamical method of Parratt.19,24,28  The nuclear 

SLD shown as the solid (black) curve in Fig 2(c) is an optimal fit to ℜ±(Q) [solid (black) curves 

in Figs 2(a)] at 170 K. The three regions with different nuclear (chemical) SLD’s are represented 

as I (surface), II (bulk-film) and III (film-substrate interface) in Fig. 2(c). Next, the nuclear SLD 

was fixed and then only the three values of Ms corresponding to Regions I, II and III were 

optimized to the PNR data taken at 20 K. Fig. 1(d) shows Ms(z), as the solid (black, ε = 0) and 

dash (blue, ε = -0.01%) depth profiles yielding the curves in Fig. 2(b). The fits assumed the same 

roughness for the magnetic and nuclear interfaces.  Because the fit was already very satisfactory, 

further adjustable parameters, e.g. different values for magnetic and nuclear roughness, are not 

warranted. Regardless of variation of the chemical composition across the film’s thickness, Ms is 

larger for the strained film compared to the unstrained film. This result is consistent with the 

previous study of an identically prepared sample.19  

We next investigated the temperature dependence of the Ms for conditions without and with 

compressive strain. PNR data were collected for a range of Q extending to 0.032 Å-1 in order to 

maximize the number (thirty-two) of temperature measurements. Fig. 3(a) and (b) show the PNR 

data (symbols) as well as corresponding fit (solid lines) to data for few temperatures above MIT 
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for conditions without and with compressive strain, respectively. Fitting only Ms, we obtained 

the results shown in Fig. 4 for Region II.  The resistance measurements on warming cycle of the 

sample for the two states of strain are superimposed on the Ms(T) results in Fig. 4(a).  Ms(T) near 

the magnetic ordering temperature is shown in Fig. 4(b).  

Because Ms(T) exhibits thermal hysteresis (see Fig. 4 in Ref. 24) consistent with a first order 

transition, a fit of Ms(T) to extract a power law dependence of the order parameter with 

temperature  is not correct. To estimate values of Tc, we fitted Ms to a line in the temperature 

region between 120 K and 130 K. Extrapolating the line to Ms = 0 yields an estimate of Tc. We 

obtained Tc of ~134.1 K and 140.1 K for sample without and with application of bending stress. 

The Tc is ~30 K greater than the MIT. Since the transport measurements were made during the 

neutron experiment, the difference between the TMI and Tc cannot be due to errors in 

thermometry. For the film bulk, the shift of Tc with -0.01% (compressive) strain is ~6 K (~ 4.5% 

increases in Tc). Thus, compressive strain promotes magnetism in LPCMO films to higher 

temperatures compared to the absence of applied stress. Similar (~ 4 %) increases of Tc and the 

MIT with an applied compressive strain of ~ -0.01% is circumstantial evidence for an intimate 

relationship between the magnetic and metallic phases. The observed increase (~ 4 %) in Tc with 

small applied bending compressive stress (~ -0.01%) is extraordinarily higher then theoretically 

predicted value (i.e. 1% strain changes Tc by 10%) for biaxial strain.17  

A second remarkable finding is Tc >> TMI.  At 120 K the sample is insulating and yet retains 

~60% of its 20 K saturation magnetization, i.e., Ms(TMI)/Ms(20 K) ~ 0.6 (Fig. 4(a)). These data 

lead us to confirm that magnetic ordering occurs in the film at temperatures much higher than the 

MIT (for a sample with effectively infinite lateral dimensions) whether or not stress is applied to 

the film.  One can ask whether the value, 0.6, of Ms at TMI relative to Ms at 20 K has significance.  
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A comparison of TEM and Lorentz microscopies6 suggested that in bulk LPCMO the metallic 

and ferromagnetic phases were from the same parts of the sample. If we assume the metallic and 

ferromagnetic phases are from the same parts of our LPCMO film then 60% of our film must be 

metallic at TMI (because 60% of the sample is ferromagnetic at TMI compared to 100% at 20 K).  

The metallic fraction of the sample yielding (electronic) percolation—the percolation 

threshold—is consistent with site percolation thresholds for two-dimensional lattices which range 

from 0.5 (triangular lattice), 30 0.59 (square lattice)31  to 0.7 (honeycomb lattice), 32,33 or bond 

percolation thresholds varying between 0.35 and 0.65.33  Percolation thresholds for three-

dimensional lattices34 which are considerably smaller than thresholds for two-dimensional 

lattices. The assumption that ferromagnetic and metallic phases are co-located in the LPCMO 

film is challenged by the notion that a 20nm thick film is representative of a two-dimensional 

system. 

In summary, we found that bending stress producing 0.01% compressive strain increases the 

Curie temperature of the LPCMO film bulk by ~6 K—considerably larger than suggested by 

Millis et al.17 Compressive strain also increases the metal-insulator-transition temperature by 

nearly the same amount (~4 K) as Tc.  Thus, compressive elastic strain favors the magnetic and 

metallic phases. Most importantly, the film retains significant magnetic order ~30 K above the 

metal-insulator transition. We conclude that magnetic ordering is not caused by the metal-

insulator transition rather magnetic ordering first occurs at higher temperature. When the 

magnetic ordering as measured by the ratio of saturation magnetization normalized to the 20 K 

value, i.e., Ms(T)/Ms(20 K), is less than ~0.6, the film’s resistance measured over macroscopic 

dimensions changes from metallic to insulating. The value of ~0.6 is consistent with the site 

percolation threshold for two-dimensional spin lattices, if the magnetic phase is also metallic (a 
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supposition supported by the similarity of increases of Tc and the MIT with compressive strain). 

Our experimental technique further enables studies of functional materials in which only the 

conjugate field of elastic stress is perturbed.  Results from such studies should be most amenable 

for comparison to theoretical predictions from a variety of interesting systems such as 

multiferroics, piezeomagnets, and ferrotoroids.   
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Fig. 1: (a) Transport measurements of the film at different applied bending stress/strain, 

compressive (●) and no strain (○). (b) X-ray reflectivity (XRR) data normalized to the Fresnel 

reflectivity (symbols) and corresponding fits (solid line) to data. (c) electron scattering length 

density (ESLD) depth profile which yielded best fit to XRR data. 
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Fig. 2: PNR data normalized to the Fresnel reflectivity (symbols) from LPCMO film without 

applied stress at T = 170 K (a) and 20 K (b). Inset of (a) shows the schematic of axis of bending 

of the film and neutron reflectivity measurement. Inset of (b) shows the PNR data from the 

LPCMO film at T = 20 K with applied compressive stress producing ε = -0.01%. (c) Nuclear 

scattering length density depth profile (NSLD) (d) and saturation magnetization depth profiles, 

which yield the solid curves (fit for PNR data, green/black) in (a) and (b).  
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Fig. 3: PNR data normalized to the Fresnel reflectivity (symbols) and corresponding fits (solid 

curves) to data at different temperatures above MIT from sample, without (a) and with (b) 

applied stress. 
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Fig. 4 (a) Ms(T) obtained from the polarized neutron reflectivity of the LPCMO film without(●) 

and with (▲) applied bending stress while warming from low temperature. Superimposed is the 

resistance of the sample measured during the neutron experiment without (red) and with (blue) 

applied bending stress. The dotted lines correspond to the metal-insulator-transitions during 

warming for the two states of stress.  (b) Shows the Ms(T) close to the ordering temperature.  

Extrapolation of linear fits of Ms(T) to Ms = 0 yields estimates for Tc. 
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