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Abstract 

Strain control of epitaxial films using piezoelectric substrates has recently gained significant scientific 

interest. Despite its potential as a powerful test bed for strain-related physical phenomena and strain-

driven electronic, magnetic, and optical technologies, detailed studies on the efficiency and uniformity 

of piezoelectric strain transfer are scarce. Here we demonstrate that full and uniform piezoelectric 

strain transfer to epitaxial films is not limited to systems with small lattice mismatch or limited film 

thickness. Detailed transmission electron microscopy (TEM) and x-ray diffraction (XRD) 

measurements of 100 nm thick CoFe2O4 and La2/3Sr1/3MnO3 epitaxial films on piezoelectric 

0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 substrates (+4.3% and 3.8% lattice mismatch) indicate that misfit 

dislocations near the interface do not hamper the transfer of piezoelectric strain. Instead, the epitaxial 

magnetic oxide films and PMN-PT substrates are strained coherently and their lattice parameters 

change linearly as a function of applied electric field when their remnant growth-induced strain state is 

negligible. As a result, ferromagnetic properties such as the coercive field, saturation magnetization, 

and Curie temperature can reversibly be tuned by electrical means. The observation of efficient 

piezoelectric strain transfer in large-mismatch heteroepitaxial structures opens up new routes towards 

the engineering of strain-controlled physical properties in a broad class of hybrid material systems.   
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 Tailoring of material properties by strained epitaxy is intensively used as a tool in fundamental 

studies and practical devices. A multitude of examples exist. For example, in ferroelectric and 

ferromagnetic films, strain states are utilized to control ferroic order parameters, phase transitions, and 

domain configurations [1-5]. Strain manipulation of the carrier mobility in semiconductors has led to 

the application of biaxially strained channels in metal-oxide-semiconductor field-effect transistors 

[6,7]. Moreover, strain-relaxation processes form the basis for the fabrication of various self-organized 

nanostructures [8,9]. Conventionally, strain engineering in epitaxial systems is pursued by appropriate 

selection of film and substrate material. Differences in lattice parameter or crystal symmetry result in 

the accumulation of strain energy during film growth. For large lattice mismatch f = (af – as)/as, where 

af and as are the in-plane lattice parameters of film and substrate, the strain energy builds up rapidly. As 

a result, strain relief via the formation of misfit dislocations and/or a transition to three-dimensional 

island growth occurs, leading to non-uniform strain distributions along the growth direction. According 

to the thermodynamic model by Matthews and Blakeslee [10,11], 100 nm thick epitaxial films can only 

be strained uniformly if f < 0.2%. Besides misfit strain, epitaxial films also acquire thermal strain 

during cool down from elevated deposition temperatures if the thermal expansion coefficients of the 

film and substrate differ. The total thermal strain is limited by strain relaxation mechanisms such as 

dislocation glide or grain boundary diffusion, which are often detrimental to the performance of thin-

film devices that are operated far away from their fabrication temperature. Both lattice misfit strain and 

thermal strain are fixed after film growth and thus cannot be altered during device operation.     

 For studies on the evolution of material properties under reversible strain conditions, thin films 

have been successfully grown onto piezoelectric substrates. The most commonly used piezoelectric 

substrate is (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, which is a well-known relaxor ferroelectric material with 

excellent electromechanical and piezoelectric properties for compositions near the morphotropic phase 
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boundary (0.25  x  0.35) [12]. Piezoelectric strain transfer from PMN-PT substrates has, for example, 

been used to tune the magnetic properties of manganite [13,14], ferrite [15-19], and metallic magnetic 

films [20-23], to alter the electrical resistance of magnetic oxides [13,18,24-26], to demonstrate strain-

controlled light emission from semiconductor heterostructures [27,28], and to tailor the properties of 

graphene [29]. In addition, strain-modulation of magnetic properties on a microscopic scale has 

recently been demonstrated in ferromagnetic-ferroelectric hybrids [30-32], which has opened new ways 

to electric control of ferromagnetic domain formation and magnetic domain wall motion [33,34]. While 

reversible strain actuation by an applied electric field has been used as a powerful tool to actively tailor 

hybrid material systems, possible limitations due to strain relaxation and defect formation during thin 

film growth are still largely unexplored. In this Communication, we use TEM and XRD to analyze the 

correlation between growth-induced strain states and the ability to actively alter material properties 

using piezoelectric strain. We compare two archetypical ferromagnetic oxide film/piezoelectric 

substrate combinations, namely CoFe2O4 (CFO) and La2/3Sr1/3MnO3 (LSMO) on 

0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 (PMN-PT). 

 Insulating CFO is a hard magnetic material with a high degree of magnetic anisotropy and a 

coercive field of several tenths of Tesla. The magnetic properties of CFO can be understood from its 

electronic and structural configuration in which the divalent cobalt cations are located on the octahedral 

sites and the trivalent iron cations are located on the tetrahedral and remaining octahedral sites (inverse 

spinel structure). The unit cell of CFO has a face-centered cubic structure with a lattice parameter of 

aCFO = 8.39 Å. The Curie temperature of CFO is 790 K. The mixed valence manganite LSMO has 

been intensively studied because it exhibits colossal magnetoresistance [35]. The Curie temperature of 

bulk LSMO is 370 K. LSMO possesses a rhombohedral structure at room temperature with a 

corresponding pseudo-cubic lattice parameter of aLSMO = 3.870 Å and an angle between the axes of  = 
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89.74. Finally, PMN-PT crystals with 28% PbTiO3 content are monoclinic after poling with a pseudo-

cubic lattice parameter of aPMN-PT = 4.021 Å and an angle between the [100] and [010] planes of  = 

89.92 [36]. The lattice mismatch between CFO and PMN-PT is f = (0.5aCFO – aPMN-PT)/aPMN-PT = 

+4.3% and that of LSMO and PMN-PT equals 3.8%.  

 The CFO and LSMO films were grown on (001)-oriented 0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 

single crystal substrates using pulsed laser deposition (PLD). The base pressure in the deposition 

chamber was 10
-8

 mbar. The fluence of the 25 ns laser pulses (produced with a 248 nm KrF excimer 

laser from Lambda Physik) was 2.5 J/cm
2
 and the pulse repetition rate was set to 4 Hz. The CFO films 

were deposited at 650C in an oxygen pressure of 0.1 mbar. The LSMO films were grown in an oxygen 

atmosphere of 0.5 mbar at a temperature of 800C. Under these conditions, the deposition rates were 

about 3 nm/min and 7 nm/min for CFO and LSMO, respectively. The LSMO films were post-annealed 

at the deposition temperature for 15 minutes in 0.65 mbar oxygen. The thickness of the films was 100 

nm. Cross-sectional transmission electron microscopy (TEM) specimens were prepared by 

conventional methods, i.e. face-to-face gluing of films, subsequent cutting into thin slices, followed by 

mechanical polishing, dimpling and ion milling. The high-resolution structural observations were 

carried out on a JEOL 2200FS TEM with double Cs correctors. Different specimens were prepared for 

imaging along the [100] and [110] zone axes. A FRWRtools plugin for Gatan Digital Micrograph 

software was used to perform geometric phase analyses (GPA) [37]. The in-plane (xx) and out-of-plane 

(yy) strain maps were calculated from HRTEM images using the undisturbed PMN-PT lattice as 

reference.  The evolution of the in-plane and out-of-plane lattice parameters of the CFO and LSMO 

films as a function of piezoelectric strain was analyzed with a x-ray diffractometer (PANalytical X’Pert 

Pro) using Cu Kα radiation (λ = 1.54056Å). For these experiments, a large 50 nm Au/5 nm Ti top 

electrode was deposited onto the surface of the magnetic oxide films and Ag paste on the backside of 
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the PMN-PT substrates was used as bottom electrode. During the measurements, the out-of-plane 

electrical field across the 0.5 mm thick PMN-PT substrate was slowly ramped up to E = 12 kV/cm. The 

out-of-plane c lattice parameters were determined from θ  2θ scans while the pseudo-cubic a lattice 

parameters were evaluated from reciprocal space maps of the PMN-PT (202), CFO (404), and LSMO 

(202) reflections. The magnetic properties in an applied electric field were characterized using a 

superconducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMS-XL7). 

The external electric field was applied to an especially designed sample holder for the DC transport 

option. The linear diamagnetic PMN-PT and sample holder contributions were subtracted from the 

measurement data.    

 Figure 1 shows cross-sectional scanning TEM (STEM) and high-resolution TEM (HRTEM) 

images of CFO/PMN-PT samples. Electron diffraction patterns from selected interface areas (inset of 

figure 1(e)) contain two sets of reflections, clearly demonstrating epitaxial cube-on-cube film growth 

despite the large lattice mismatch. The epitaxial relationships between film and substrate are CFO 

(001)  PMN-PT (001) and CFO [100]  PMN-PT [100]. The interface structure was analyzed using 

atomic Z-contrast in cross-sectional high-resolution STEM images (figure 1(c)). In the inverse spinel 

CFO structure, the divalent cations (Co
2+

) occupy the octahedral sites, while the trivalent cations (Fe
3+

) 

are equally divided among the tetrahedral sites and the remaining octahedral sites. The projection of 

this atomic structure along the [110] zone axis is schematically illustrated in figure 1(d). A comparison 

of the CFO lattice structure with the atomic column contrast in the STEM image clearly reveals that a 

Co/Fe-O plane contacts the Pb-O terminated substrate. The large lattice mismatch between CFO and 

PMN-PT is relaxed via misfit dislocations at the interface. This is most clearly seen in the Fourier 

filtered image of figure 1(b). The average distance between misfit dislocations is about 4 nm. This 

agrees well with theoretical estimations of the dislocation network period along the [110] direction ( 
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 0.25√ (0.5aCFO)aPMN-PT/(0.5aCFO – aPMN-PT) = 3.4 nm), which clearly indicates that most of the lattice 

strain is accommodated by the formation of a regular dislocation network at the CFO/PMN-PT 

interface. Further details on lattice strain relaxation are provided by geometric phase analysis (GPA) of 

HRTEM images along the [100] direction (figure 1(e) – 1(g)). The in-plane (xx) and out-of-plane (yy) 

strain maps were calculated using the undisturbed PMN-PT lattice as reference. Except for the 

dislocation sites, the in-plane strain map is nearly homogeneous. The in-plane lattice parameter of the 

CFO film relaxes to a value that is about 4% larger than that of the PMN-PT substrate at about 1 – 1.5 

nm from the interface, in agreement with the lattice of CFO bulk crystals. The out-of-plane strain map 

shows more pronounced contrast near the interface. Obviously, yy exhibits larger dilations and some 

contractions around the dislocation cores in the CFO film. This is most clearly illustrated by the line 

profile of the selected area in figure 1(g). At this location, the out-of-plane lattice parameter first 

increases up to about 1.2 nm from the interface, after which it quickly relaxes back to the CFO bulk 

value. After the formation of a regular dislocation network, the strain distribution is uniform along the 

growth direction.  

 The opposite lattice misfit strain between LSMO and PMN-PT is also relaxed via the formation 

of dislocations near the interface (figure 2). In this case, epitaxial cube-on-cube growth is obtained with 

LSMO (001)  PMN-PT (001) and LSMO [100]  PMN-PT [100]. The interface is a bit rougher than 

that of the CFO/PMN-PT samples, with a Mn-O plane directly contacting the Pb-O terminated 

substrate in most areas (figure 2(c) and 2(d)). The average distance between the dislocations is 6 nm, 

which is larger than the theoretically estimated value of   0.25√ aLSMOaPMN-PT/(aPMN-PT – aLSMO) = 

3.6 nm. The lower density of dislocations in the LSMO/PMN-PT samples suggests that some residual 

and non-uniform strain is present in the LSMO films.  
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 The response of CFO and LSMO films to reversible piezoelectric strain actuation from the 

PMN-PT substrate was monitored using x-ray diffraction (XRD) in an applied electric field. Figure 

3(a) summarizes these experiments. At zero applied electric field, the CFO film is fully relaxed as 

illustrated by the position of the CFO (004) reflection at the corresponding 2θ angle of its bulk crystal, 

which agrees with the TEM data. In an out-of-plane electric field, the PMN-PT (002) reflection shifts 

to lower diffraction angles indicating an elongation of the out-of-plane cPMN-PT lattice parameter. The 

maximum piezoelectric strain amounts 0.39% for E = 12 kV/cm. The concurrent biaxial lattice 

compression in the substrate plane as derived from reciprocal space mapping is summarized in table 1. 

Piezoelectric strain transfer from the PMN-PT substrate to the CFO film induces a similar deformation 

of the CFO crystal lattice. The shift of the CFO (004) reflection to lower diffraction angles with 

increasing electric field corresponds to a linear increase of the cCFO lattice parameter, which closely 

resembles the E-field dependence of cPMN-PT (inset of figure 3(a)). The evolution of the in-plane lattice 

parameter of the CFO film and PMN-PT substrate with applied electric field also closely agree 

confirming coherent and full piezoelectric strain transfer despite the presence of a dense dislocation 

network at the CFO/PMN-PT interface. Using the parameters from table 1, the elastic response as 

described by the Poisson number (v = yy/(yy - 2xx)) can be estimated. We find, vPMN-PT = 0.23 and 

vCFO = 0.22.  

A qualitative similar E-field behavior is observed for LSMO films on PMN-PT. In this case, the 

tensile in-plane strain that originates from the 3.8% lattice mismatch between LSMO and PMN-PT is 

not fully relaxed by the misfit dislocation network. The remnant growth-induced strain, as estimated 

from the upward shift of the zero-field LSMO (002) reflection with respect to the LSMO bulk 

diffraction angle, amounts 0.4%. We note that this is an average strain value. Based on strain relaxation 

models it is likely that the LSMO lattice strain is substantially larger just above the dislocation network 
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and that it gradually decreases towards the top of the film. This scenario is also supported by TEM 

measurements indicating an insufficient number of lattice dislocations near the interface to fully relax 

the lattice misfit strain. The growth-induced strain state is altered by the application of an out-of-plane 

electric field across the PMN-PT substrate. Again, concurrent linear evolutions of cPMN-PT and cLSMO are 

measured as a function of E. However, the slope of the out-of-plane piezoelectric strain (yy) versus 

electric field curves (inset of figure 3(b)) is smaller for the LSMO film than the PMN-PT substrate. A 

similar difference in the electric-field dependence of the in-plane aPMN-PT and aLSMO parameters is also 

observed (table 1), indicating that only a part of the piezoelectric strain (about 70%) is transferred to 

the LSMO film. This incoherent strain relation is most likely caused by the presence of a non-uniform 

strain distribution after growth, a finding that might be more general for epitaxial systems with 

substantial strain disorder. Based on the measured lattice parameters listed in table 1, a Poisson number 

of vLSMO = 0.22 is estimated for 100 nm thick LSMO films.      

Piezoelectric strain alters the magnetic properties of the CFO and LSMO films. In the CFO 

films, the compressive in-plane strain that is transferred from the PMN-PT substrate induces a 

magnetoelastic anisotropy energy (Kme) via inverse magnetostriction. In the plane of the CFO film, 

Kme(E) = 3(E)/2, where  is the in-plane stress and  is the magnetostriction coefficient (6.7  10
-

4
 [38]). Since both  and  are negative, the in-plane magnetoelastic anisotropy energy decreases in an 

applied electric field and, consequently, a more in-plane alignment of the CFO film magnetization is 

favored. The experimental data in figure 4 confirm this. The in-plane magnetic hysteresis curves show 

that the remnant magnetization increases by 32% in an electric field of 10 kV/cm. The evolution of the 

remnant magnetization and coercivity with electric field are approximately linear (inset of figure 4), 

which also suggests that both parameters depend linearly on piezoelectric strain (xx). To put the 

electric-field effects in perspective, we estimated the value of Kme from the experimental data. Using  
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= xxY, where Y is Young’s modulus of CFO (1.4  10
11

 J/m
3
 [37]), we find Kme (10 kV/cm) = 7.3  

10
5
 J/m

3
. Although this electric-field induced magnetoelastic anisotropy is significant, it is still small 

compared to the magnetocrystalline anisotropy of CFO (2.6  10
6
 J/m

3
 [39]). Electric-field induced 90 

magnetic switching events, which have been observed in strain-based systems with softer 

ferromagnetic materials [30-33], are therefore not obtained in CFO/PMN-PT.  

The electric-field response of a 100 nm thick LSMO film is summarized in figure 5. The data 

shows that piezoelectric strain from the PMN-PT substrate changes the saturation magnetization, the 

magnetic anisotropy, and the Curie temperature of the mixed-valence manganite. The saturation 

magnetization curves for zero electric field and 8 kV/cm cross each other at a temperature of about 260 

K indicating two opposing effects. The in-plane piezoelectric strain increases the Curie temperature of 

the LSMO film, which results in an electric-field induced enhancement of the saturation magnetization 

for T > 260 K. The increase of the saturation magnetization with applied electric field is approximately 

linear and hysteretic up to a maximum field of 10 kV/cm (upper right inset of figure 5). At low 

temperatures, the saturation magnetization decreases in an applied electric field (2% for E = 8 kV/cm 

at 200C) and a concurrent change in magnetic anisotropy is measured. The latter effect is clearly 

illustrated by the shape of the magnetic hysteresis curves in the lower left inset of figure 5. In zero 

applied electric field, the magnetization curve at 200 K is nearly square, indicating abrupt magnetic 

switching and full remanence, while the reversal process is more gradual when an electric field of 8 

kV/cm is applied across the PMN-PT substrate. The electric field effects in LSMO are partly due to a 

change of the Mn-O-Mn bond angle and bond lengths under piezoelectric strain conditions. Moreover, 

it has been reported that lattice strain strongly impacts electron orbital ordering on Mn
3+

 ions in 

octahedral MnO6 coordination [40,41].    
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In summary, coherent piezoelectric strain transfer and electric-field induced anisotropy changes 

have been achieved in 100 nm thick CFO films on PMN-PT. In this epitaxial system (f = +4.3%), 

maximum piezoelectric strain effects are facilitated by a dense network of misfit dislocations at the 

CFO/PMN-PT interface that effectively reduce the growth-induced strain state to zero. In contrast, 

piezoelectric strain transfer from PMN-PT to epitaxial LSMO films (f = 3.8%) is limited by a non-

uniform strain distribution along the growth direction. As electric-field controlled magnetic phenomena 

based on piezoelectric and ferroelastic strain transfer are currently under intense investigation, it is 

expected that further studies on the relation between growth dynamics and electric-field induced strain 

effects will emerge from this work.    
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  PMN-PT   CFO  

 0 kV/cm 10 kV/cm  [%] 0 kV/cm 10 kV/cm  [%] 

a [Å] 4.013 3.991 -0.55 8.395 8.351 -0.52 

c [Å] 4.024 4.037 0.32 8.386 8.411 0.30 

       

  PMN-PT   LSMO  

 0 kV/cm 10 kV/cm  [%] 0 kV/cm 10 kV/cm  [%] 

a [Å] 4.013 4.003 -0.25 3.896 3.889 -0.18 

c [Å] 4.024 4.030 0.15 3.855 3.859 0.10 

 

 

Table 1. Electric-field dependence of the (pseudo-cubic) lattice parameters for CFO (top) and LSMO 

films (bottom) on PMN-PT. The films are 100 nm thick. 
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Figure 1. (a) Cross-sectional STEM image of a CFO/PMN-PT sample along the [110] zone axis. (b) 

(220) Fourier filtered TEM image corresponding to the STEM image in (a) illustrating the formation of 

dislocations at the interface. (c) STEM image of CFO/PMN-PT and the structural model fit to the 

atomic arrangement in the interface area. (d) HRTEM image of a CFO/PMN-PT sample along the 

[100] zone axis. The inset shows an electron diffraction pattern from a selected area containing both the 

PMN-PT substrate and the CFO film. (e) and (f) In-plane and out-of-plane GPA strain maps. The strain 

maps are based on the HRTEM image in (d). The lower panels in (e) and (f) show line scans from the 

selected areas indicated by white boxes.  
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Figure 2. (a) Cross-sectional STEM image of a LSMO/PMN-PT sample along the [110] zone axis. The 

inset shows an electron diffraction pattern along the [100] zone axis from a selected area containing 

both the PMN-PT substrate and LSMO film. (b) (220) Fourier filtered TEM image corresponding to the 

STEM image in (a) illustrating the formation of dislocations at the interface. (c) STEM image of a 

LSMO/PMN-PT sample and the structural model fit to the atomic arrangements in the interface area. 
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Figure 3. XRD   2 scans for 100 nm thick CFO (a) and LSMO (b) films for different out-of-plane 

electric fields across the 0.5 mm thick PMN-PT substrate. An increase of the electric field from 0 

kV/cm to 12 kV/cm in 1 kV/cm increments shifts the film and substrate reflections to lower diffraction 

angles. The vertical dashed lines indicate the position of the (004) CFO and (002) LSMO diffraction 

peaks for bulk lattice parameters. The electric-field induced relative change of the out-of-plane lattice 

parameters of the PMN-PT substrates (squares) and the CFO and LSMO films (circles) are summarized 

in the insets. 
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Figure 4. Magnetic hysteresis curves of a 100 nm thick CFO film measured at 300 K with an electric 

field of 0 kV/cm and 10 kV/cm across the PMN-PT substrate. The inset summarizes the relative change 

of the coercive field (Hc, squares) and the remnant magnetization (Mr, circles) of the CFO film as a 

function of applied electric field.  
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Figure 5. Saturation magnetization of a 100 nm thick LSMO film measured as a function of 

temperature in a 50 mT magnetic field and an electric field of 0 kV/cm and 8 kV/cm. The lower left 

inset shows magnetic hysteresis curves for E = 0 kV/cm and E = 8 kV/cm at a temperature of 200 K. 

The upper right inset summarizes the dependence of the saturation magnetization on applied electric 

field at 300 K. 

 

 

 

 


