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ABSTRACT  

Epitaxial strain alters the physical properties of thin films grown on single crystal 

substrates. Thin film oxides are particularly apt for strain engineering new 

functionalities in ferroic materials. In the case of La2/3Ca1/3MnO3 (LCMO) thin films, 

here we show the first experimental images obtained by electron holography 

demonstrating that epitaxial strain induces the segregation of a flat and uniform 

nonferromagnetic layer with antiferromagnetic (AFM) character at the top surface of a 

ferromagnetic (FM) layer, the whole film being chemical and structurally homogeneous 

at room temperature. For different substrates and growth conditions the tetragonality of 

LCMO at room temperature, defined as τ = |c-a|/a, is the driving force for a phase 

coexistence above an approximate critical value of τC ~ 0.024. Theoretical calculations 

prove that the increased tetragonality changes the energy balance of the FM and AFM 

ground states in strained LCMO, enabling the formation of magnetically 

inhomogeneous states. This work gives the key evidence that opens a new route to 

synthesize strain-induced exchanged-biased FM-AFM bilayers in single thin films, 

which could serve as building blocks of future spintronic devices. 
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MAIN TEXT 

The progress of semiconductor technology in the last decades has been based on 

continuous increasing of areal density of transistors validating the Moore’s law. 

However, scientific community is continuously investigating alternatives to anticipate 

the time when miniaturization of nanoelectronic devices with current technology 

reaches its physical limits. Engineering smart multifunctional materials is one of these 

possible alternatives, and complex oxides are the model materials for this paradigm. 

Subtle changes of the chemical composition, symmetry or electronic structure induce 

multiple functionalities such as multiferroism
1
  or superconductivity

2
.  Manganites are 

one of the archetypes in the field of functional complex oxides, as they combine 

numerous exotic properties interplayed, such as colossal magnetoresistance (CMR) and 

phase coexistence at a metal-insulator transition, half metallicity, orbital and charge 

ordering, etc., which make them appealing candidates for fundamental studies as well as 

for spintronic applications. Furthermore, their perovskite crystal structure allows the 

growth of epitaxial thin films and the fabrication of high quality heterostructured 

devices
3
.  

The implementation of devices often involves the epitaxial growth of thin films of these 

functional oxides. This requires a support (substrate) that imposes certain constraints 

related to the symmetry and the lattice parameter of the material to be grown. However, 

the substrate constraints can be used to induce new properties and the type of substrate 

can be smartly chosen as well as the growth conditions so the substrate-film interactions 

modify or introduce new functionalities into the deposited epitaxial thin films. One 

possibility is the formation of an interface layer with different physical properties from 

the two components
4
, another is the substrate-induced modification of the thin film 

structure by epitaxial strain. Indeed strain engineering has become one of the most 

popular routes to optimize the physical properties of thin films
5-7

.  

One of the parameters governing the physics of manganites is the geometry of the 

MnO6 octahedra in the perovskite structure. The strain-induced elongation, compression 

or rotation of the MnO6 units lead to crystal field splitting of the (x
2
-y

2
/3z

2
-r

2
) levels, 

thus modifying their electron occupancy and leading to complex orbital reconstruction
7-

9
. Thus manganites are good candidates among the complex oxides for the tuning of 

physical properties by controlling the electron occupancy of the Mn 3d orbitals via 

strain. For instance, it has already been extensively reported for LaxSr1-xMnO3 that 



tensile strain favors x
2
-y

2
 occupancy (the A-type antiferromagnetic (AFM) structure) 

and the compressive strain favors 3z
2
-r

2
 occupancy (the C-type AFM structure)

10-13
. As 

a consequence, the interface with the substrate or the surface of a ferromagnetic (FM) 

(conducting) manganite may have a tendency toward AFM (insulator), a phenomenon 

that has motivated an extensive literature.
8, 14-21

 

 

The work presented here is the first direct observation of the strain-induced segregation 

of a nonferromagnetic layer (NFL) of AFM character at the top surface of ferromagnetic 

epitaxial La2/3Ca1/3MnO3 (LCMO) thin films as a function of the growth conditions. 

This is achieved by imaging the magnetization state of the films at nanometer scale 

using electron holography, which is a high-resolution electron interferometric 

technique. This heteromagnetic structure can be in fact exchange coupled, so our 

findings evidence unambiguously the possibility of engineering the formation of an 

exchange biased FM-AFM bilayer in a single homogeneous epitaxial thin film. This 

opens a new route to develop fully integrated multifunctional building blocks for 

spintronic devices such as spin valves or magnetic tunnel junctions. 

X-ray diffraction shown in Figure 1(a) evidences the structural properties of LCMO 

grown by pulsed laser deposition (PLD) for three different substrates: (100)-oriented 

SrTiO3 (STO), (LaAlO3)0.29–(Sr0.5Al0.5TaO3)0.71 (LSAT) and LaAlO3 (LAO). Strained 

LCMO films present an in-plane aLCMO well adapted to that of the substrate producing a 

uniform biaxial strain (see Supporting Information, SI), while different out-of-plane 

parameters (cLCMO) are found as a function of the substrate and the laser ablation 

frequency. The value of cLCMO is determined from the position of the 002 reflection peak 

in the diffraction patterns. The lattice mismatch, defined as fsubs = 100 × (asubs – 

aLCMO)/asubs, is used to define the strength and sign of the epitaxial strain. While LCMO 

grows virtually unstrained on LSAT (fLSAT = +0.05 %), STO introduces a moderate 

tensile stress (fSTO = +0.93 %), with a subsequent reduction of the out-of-plane lattice 

parameter cLCMO following the Poisson’s effect, and LAO induces a strong compressive 

strain (fLAO = −2.01%) and therefore a remarkable increase of cLCMO. Even though aLCMO 

is fixed for each substrate, cLCMO can be slightly modulated by tuning the growth 

conditions. LCMO grown on STO upon different laser frequencies gives rise to slightly 

different cLCMO, higher for a 10 Hz frequency than at 2 Hz. As we will see below, these 

small changes produce important variations in the magnetic properties of the film. 



An interesting correlation between structure and magnetism is found by analyzing the 

magnetization hysteresis loops shown in Figure 1(b). While the relaxed LCMO grown 

on LSAT shows a high magnetization state close to bulk (MS ~ 640 emu/cm
3
), the high 

compressive strain of LAO causes a strongly decreased saturation magnetization (~175 

emu/cm
3
). Contrary to the case of STO, it is noteworthy that LCMO grown on LAO at 

other frequencies (2 Hz, 20 Hz, not shown here) also presents the magnetization 

reduction. Similarly to the evolution of cLCMO, saturation magnetization of LCMO on 

STO depends on the laser frequency, and slow growth (2 Hz) produces optimum MS 

while higher frequency (10 Hz) reduces significantly the magnetization value at 

saturation to ~440 emu/cm
3
. 

 

Figure 1. Macroscopic structural and magnetic characterization of the LCMO films. (a) -

2 x-ray diffraction patterns around the (002) reflection of epitaxial LCMO thin films grown on 

LAO, LSAT, STO substrates, showing the different out-of-plane lattice parameter of the films 

with respect to the substrates used. Note that the sharp peaks represent the substrate and the 

rounded oscillatory reflections are originated by the films. (b) Magnetization hysteresis loops of 

the same LCMO thin films measured at 10 K showing the different values of saturation 

magnetization as a function of the substrate and growth conditions. 

The influence of the crystal deformation on the magnetic properties of the LCMO films 

is more clear if we plot in Figure 2 the main magnetic parameters, saturation 

magnetization (MS) and coercivity (HC), as a function of tetragonality, defined as τ  = |c-

a|/a (Figure 2). The lattice parameter a is always defined by the substrate, and c 

corresponds to the out-of-plane parameter of the LCMO film. The different points 

correspond to samples grown on different batches. The macroscopic magnetic behavior 

of LCMO is governed by the tetragonality of the lattice. Saturation magnetization is 

kept constant (within the experimental error) and close to the bulk value for 



tetragonality values below a certain critical value τC ~ 0.024. Above this value the 

magnetization decreases dramatically, confirming that strain-driven tetragonality is a 

key parameter for the growth of fully magnetized LCMO films. The case of LCMO 

grown on STO is particularly interesting, as it appears to lie near the crossover between 

a fully magnetized and ferromagnetically-depressed manganite. Fine-tuning the growth 

conditions, in this case the laser frequency, triggers the subtle change of tetragonality 

required to produce one state or another. Similar dependencies of the saturation 

magnetization have been observed as a function of the substrate used in half-doped 

LCMO and LSMO
13

. Interestingly, coercivity follows the same evolution, presenting 

very low values (< 150 Oe) for low tetragonality and much higher ones above τC, 

ranging between 400-600 Oe, which is the indication of a radical change in the 

magnetic state of the highly strained thin films, as shown later. 



 

Figure 2. Tetragonality as the control parameter for suppressed ferromagnetism of 

strained LCMO. (a) Sketches of the type of crystal distortions are inserted in the top of the 

figure, where the red arrows represent the induced strain directions. (b) Saturation 

magnetization (MS) and (c) coercive field (HC) for different batches of LCMO films on LSAT 

(red squares), STO (green triangles for high magnetization, black circles for low magnetization) 

and LAO (blue diamonds) substrates as a function of τ = c-a/a, where a and c are the in- and 

out-of-plane lattice parameters of the film, respectively.  



 

Once evidenced the influence of the structural parameters, particularly of tetragonality, 

in depressing the ferromagnetism of LCMO, we have carried out the direct imaging of 

the remanent magnetization inside the LCMO single layers by electron holography (EH) 

at 100 K in three representative LCMO samples (see experimental details in Supporting 

Information). For this purpose, we have analyzed LCMO films grown on LSAT at 10 

Hz (thickness of 43 nm), on STO at 2 Hz (60 nm), and on STO at 10 Hz (60 nm). These 

results are summarized in Figures 3(a-c), respectively, showing the electron wave 

amplitude, the magnetic phase shift, and the magnetic flux extracted from the 

holograms, and line profiles extracted from the magnetic phase shift images in a 

direction perpendicular to the interfaces of the three samples (right columns in Fig. 3). 

For LCMO films with macroscopic magnetization near bulk, grown on LSAT [Fig. 

3(a)] and on STO at 2 Hz [Fig. 3(b)], magnetic flux images show that the films are 

completely magnetized, and the magnetization is aligned parallel to the substrate-film 

interface. However, the LCMO film grown on STO at 10 Hz is only partially 

magnetized, see Fig. 3(c). As we see in the magnetic flux image, only the first 35 nm of 

the film close to substrate/film interface present a clear ferromagnetic behavior with the 

magnetization parallel to the substrate-film interface, with magnetic flux lines parallel to 

the substrate plane. In the line profile we find that while there is a strong linear variation 

of M at the first 35 nm of thickness, a very weak and noisy phase variation is observed 

at the top 24 nm of the layer. This indicates the appearance of a nonferromagnetic layer 

(NFL) at the surface of the LCMO film. The observation of such NFL on the top surface 

of LCMO is consistent with the saturation magnetization reduction observed 

macroscopically, and its correlation with tetragonality, but does not provide a definitive 

answer about the magnetic state of this NFL and the drastic increase of coercivity. 

 

 



 

Figure 3. Imaging the magnetism of strained LCMO films by electron holography 

at 100 K. (a) Amplitude, magnetic phase shift (M), and magnetic flux (B) shown as the 

cosinus of M for the LCMO thin films grown at different substrates (i.e., different 

crystal distortions): (a) LSAT, τ = 0.005; (b) STO (2 Hz), τ = 0.022; and (c) STO (10 

Hz), τ = 0.025. In the right side of (a), (b) and (c), and under (d), profiles of the 

magnetic phase shift images are plotted. 

 

Previous works have demonstrated that the substrate-induced strain effect plays an 

important role in the formation of an NFL, commonly referred in the literature as dead 

layer, either close to the substrate-film interface or the free surface of the film
17,19,22

. 

The loss of ferromagnetism can have different origins, some of them of chemical nature 

such as oxygen vacancies that expand the lattice unit cell volume
23

, Mn valence 

instabilities at the surface of LCMO grown on LAO due to the formation of Mn
2+

 by air 

exposure
24

, cation segregation
25,26

 or interface chemical diffusion
27

. A chemical origin 

for the NFL layer in our samples has been discarded by a careful spectroscopic analysis 
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carried out by STEM-EELS on the LCMO layer grown at 10 Hz on STO. These studies 

(see Supporting Information) have revealed that the chemical composition and the 

nominal oxidation state of the film is homogeneous throughout the whole layer 

thickness at room temperature, the latter remarkably coincident with the nominal Mn 

valence of +3.34(1). Thus, inhomogeneity and lack of stoichiometry (i.e. cation 

segregation or oxygen vacancies) are not the cause of the formation of the observed 

NFL. As explained before, the ferromagnetic ordering could also be suppressed by 

structural modifications related to the film growth modifying the magnetic ordering. 

Tiny perturbations caused by biaxial strain may break the degeneracy of Mn 3d eg and 

t2g orbitals due to the tetragonal distortion
9,28

. This orbital reconstruction causes a 

selective orbital occupancy that suppresses the FM order. Furthermore, symmetry 

breaking at the surface lead to a suppression of double exchange interaction, which 

would favor an AFM ordering at the surface as demonstrated in different theoretical 

works
21, 29

  

Inspired by these predictions, macroscopic magnetic measurements have been carried 

out to detect a possible AFM nature of the NFL. An indirect method to elucidate it is to 

perform hysteresis cycles at low temperature (10 K), after zero field cooling (ZFC) and 

field cooling (FC) processes in order to detect the existence of exchange bias due to an 

exchange coupling effect between the FM and AFM layers
30

.  ZFC and FC hysteresis 

cycles for LCMO films grown on different substrates are represented in Fig. 4. For the 

FC hysteresis loops, the samples were cooled down at 100, 1000 and 1500 Oe, and the 

cycles were performed ranging the magnetic field between +50 to -50 kOe, applying the 

magnetic field direction in the plane of the film. Figure 4(a) and (b) depicts the fully 

magnetized LCMO grown on STO at 2 Hz and on LSAT, both serves as reference 

specimens to detect the appearance of exchange bias. As expected, the ZFC and FC 

hysteresis loops do not show any significant difference. However, Figure 4 (c) and (d) 

shows the same experiments in ferromagnetically depressed LCMO grown on STO at 

10 Hz and on LAO substrates. Here we can see that both FC hysteresis cycles present a 

remarkable shift toward negative fields of the hysteresis loops, HEX, STO = -35 Oe and 

HEX, LAO = -122 Oe. In the case of STO at 10 Hz a broadening is also observed. These 

behaviors correspond to the typical exchange bias effect occurring in hysteresis loops of 

FM-AFM bilayers that are exchange coupled after field cooling below the Néel 

temperature of the AFM layer. For our LCMO films this AFM layer would be the NFL 



detected by EH. Furthermore, the increase of Hc observed agrees with the existence of a 

FM-AFM exchange coupling, see Figure 2(b). 

  

Figure 4. Evidence of the antiferromagnetic character of the top nonferromagnetic 

layer of LCMO. ZFC and FC magnetization hysteresis cycles at 10 K of LCMO grow 

on: (a) STO at 2 Hz, (b) LSAT at 10 Hz, (c) STO at 10 Hz, and (d) LAO at 10 Hz. The 

set of samples at 10 Hz were grown simultaneously. 

 

The strain induced crystal distortion itself can be the physical mechanism that explains 

the segregation of a top AFM layer. This deformation will induce tilts and distortions of 

the MnO6 octahedral, modifying the Mn-O bond distance and the angles of the Mn-O-

Mn bonds
20

. This structural modifications cause radical changes in the magnetic and 

transport properties in manganites. Theoretical and experimental results predict that a 

coupling between the orbital ordering of the eg states and the Jahn-Teller distortions of 

the MnO6 octahedron lead to a magnetic transition from FM state in unstrained films to 

C-type antiferromagnetic state (C-AFM) at large compressive strains or A-type 

antiferromagnetic state (A-AFM) under large tensile strains
9
. Another possible phase is 



orbital glass insulator
7,31

, insomuch as the exchange bias effect indicates a coupling 

between phases with different spin orders and different interactions could be 

considered
32

.  

 

Figure 5. First-principles calculations of the magnetic ordering of strained LCMO. 
(a) Energy variation of the FM and Az-AFM orders in LCMO as a function of the 

tetragonality for an in-plane lattice parameter fixed by the STO substrate (aSTO = 3.9 Å). 

(b) Schematic representation of the different magnetic orderings. 

 

To get a deeper insight on the competition between the FM and AFM orders in strained 

LCMO films, we have performed DFT+U calculations of LCMO structures with an in-

plane lattice parameter determined by STO (a = 3.9 Å) and LAO substrates (a = 3.8 Å, 

see Supporting Information) as a function of the out-of-plane lattice parameter for 4 

magnetic orderings as proposed by Colizzi et al. in LSMO
12

. According to Fig. 5, for τ = 

0 the FM ordering is always the most stable, independently of the in-plane lattice 

parameter. For a = 3.9 Å, the c axis is reduced by the in-plane tensile strain and our 

calculations predict a magnetic transition from a FM to an Az-AFM ordering for τ > 



0.06. Between τ = 0 and τ = 0.025, the energy of both FM and Az-AFM states increases, 

but the energy difference between the two orderings is reduced by approximately 40%. 

For τ = 0.025, this energy difference is then 37.9 meV/f.u, and only 6.3 meV/f.u if τ 

increases up to 0.05. Thus, such small energy difference suggests that a coexistence of 

the two orderings is possible considering the thermal energy and additional local 

perturbations not taken into account in the present calculations. Furthermore, our 

calculations model the LCMO ground state at 0 K and does not contemplate any 

possible temperature dependence of the crystal structure (i.e. the tetragonality). 

However magnetic transitions in manganites are often coupled with strong lattice 

distortions
33,34

. Thus the possibility of a low temperature structurally inhomogeneous 

film, particularly with two regions with remarkably different tetragonality, coupled with 

the magnetic ordering is another ingredient that should be considered. As already 

discussed, these perturbations can result from the presence of a free surface and an 

interface with the substrate, or small deviations from the nominal stoichiometry 

undetected by our experimental techniques. Eventually it becomes clearer for τ ~ 0.06, 

where a crossover takes place after which the AFM ordering is favored energetically.  

Our findings evidence both experimentally and theoretically that the strain engineering 

of a LCMO film structurally and chemically homogeneous at room temperature can 

produce two spatially segregated layers with different magnetic orderings. In addition, 

symmetry breaking contributes to this effect by the relaxation of the long-range 

interactions at the surface. Our approach has the great advantage that the two functional 

phases are inherently coupled through a single flat and smooth interface to provide a 

combined functionality that was absent in the original unstrained material. As we have 

demonstrated, the ferromagnetic layer can be spontaneously pinned by exchange bias 

without the use of a dedicated AFM pinning layer made of another material. This new 

route could be exploited in the field of spintronic devices for the fabrication of more 

simple spin valves or magnetic tunnel junctions with other complex oxide thin films on 

the verge of phase coexistence regimes in which epitaxial strain may be able to stabilize 

a FM-AFM phase segregation. Eventually innumerable applications could be envisaged 

given that following the same strategy different transport (metal, semiconductor, and 

insulator) or ferroic (ferromagnetic, ferroelectric, and ferroelastic) properties can be 

conferred to the phase segregated states. 
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