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4.1 Magnetoelectric response in the laser annealed PZT 

films on amorphous Metglas foil (Priya) – Theoretical 

models have predicted superior ME coupling of PZT/Metglas 

bulk composites with 2-2 connectivity .1,2 Yet studies on PZT 

films deposited on Metglas remain elusive because of the 

requirement of high temperature (typically at 600-800°C) 

annealing of PZT that is detrimental to thermally sensitive 

Metglas with a crystallization temperature of 510 °C.3,4,5 We 

provided breakthrough in developing laser annealing of PZT 

films that opens the opportunity to demonstrate 

magntoelectric coupling in thermally-sensitive material based 

layered hetrostructures. Laser irradiation offers a promising 

alternative to conventional furnace annealing of piezoelectric 

films deposited on amorphous Metglas. We found that among 

the large number of processing variables, laser fluence 

(energy per unit area) plays an important role in governing the 

thermal gradient evolution that deeply influences the extent of 

laser-material interaction and thereby the resultant 

microstructure and electromechanical properties. 

  

Fig. 1. Variations in values of 

(a) dielectric constant, (b) 

saturation (Ps) and remnant 

(Pr) polarizations, and (c) αME 

as a function of laser fluence 

for PZT/Metglas. Results 

corresponding to as-deposited 

condition are represented by 

the laser fluence of 0 J/mm2.6 
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A systematic investigation of off-resonance magnetoelectric (ME) 

response of the Pb(Zr,Ti)O3 (PZT)/ Metglas (FeBSi) bilayered 

composite by laser annealing was conducted.6 A continuous-wave 

532 nm Nd:YAG laser with varying fluences (210-390 J/mm2) was 

utilized to anneal the 2 μm-thick PZT film deposited using granule 

spray in vacuum (GSV) technique on magnetostrictive amorphous 

Metglas foil. It was found that the dielectric and ferroelectric 

properties of the PZT film are strongly affected by the exposed laser 

fluence, as shown in Fig. 1.6 The ME voltage coefficient (α) of 

PZT/Metglas increased with the fluence up to 345 J/mm2, reaching 

a high value of 880 mV/cm·Oe.6 The electrical and ME properties 

were correlated with the changes observed in crystallinity and grain 

size of the PZT film as well as with the alterations in microstructure 

and magnetic behavior of Metglas. Our results demonstrated that 

enhanced ME coupling can be realized in PZT/Metglas film 

composites by controlling the laser fluence (Fig. 2). PZT films of 

different thicknesses (2-11 μm) were grown on amorphous Metglas foil (25 μm-thick).7 The 

variation of theoretical magnitude of αME of the PZT/Metglas as a function of volume fraction 

of PZT (fPZT) and the interface coupling factor (k) was calculated using the Equation below:8 
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where the superscripts “p” and “m” represent the piezoelectric and magnetostrictive phases, 

respectively; k is the interface coupling factor; f denotes the volume fraction of the piezoelectric 

phase; ε33 and d31 are dielectric and piezoelectric constants; qij is piezomagnetic coefficient; and 
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ijs are elastic compliances.8 The theoretical results are plotted in 

Fig. 3b.7 According to this analysis, the theoretical ME coefficient of the composite with 6 μm-

 
Fig. 3. (a) Schematic representation of the direct magnetoelectric effect in a 2-2 configuration ferroelectric 

(FE)/ferromagnetic (FM) composite system (the numbers 2-2 refers to the connectivity of the phases in free space). 

Here the applied magnetic field (Hac/Hdc) generates strain (ε) in the magnetic layer via the magnetostriction effect 

and this strain is transferred to the piezoelectric layer resulting in an electric displacement or dielectric polarization 

(P) through the piezoelectric effect. (b) Theoretically predicted ME voltage coefficients (αME) of the PZT/Metglas 

composite as a function of volume fraction of the PZT (fPZT) layer and the interface coupling factor (k) based on the 

theory. 7 

 

 

Fig.2 Adv. Mater. 29 

(10), 1605688 (2017). 

Schematic representation 

of laser annealed RT 

deposited composite 

films on Metglas.   
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thick PZT film and 25 μm m-thick Metglas layer (for fPZT = 0.193 and k = 1) is found to be ~ 

7 V/cm•Oe under off-resonance condition.7 Experimentally we were able to replicate this 

magnitude of ME coefficient in PZT/Metglas bilayer ME composite.   

The improvement in crystallinity of the PZT films by laser annealing is considered to 

be a major factor in achieving enhanced ME and electrical properties.5,6 The domain switching 

increases (quantified by remanant polarization) with the increase in crystallinity of the PZT 

film, resulting in an enhanced dielectric and electromechanical properties.9 As the piezoelectric 

response is directly proportional to the volume of crystalline active phase and reduced 

clamping, the 11 μm-thick PZT film, if fully annealed, is expected to show better electrical 

properties than the other lower thickness samples. However, contrary to such expectation, the 

electrical properties were found to be degraded for thicker (> 6 μm) PZT film. Since all the 

PZT/Metglas samples with different thickness are 

fabricated under the same processing conditions, the 

volume fraction of the annealed PZT phase and its 

degree of crystallinity are likely to contribute to the 

thickness dependence of the properties of the 

PZT/Metglas composites. The sample with 6 μm thick 

PZT film on Metglas exhibited the largest αME (7 

V/cm·Oe) as predicted by the theoretical calculation 

(see Fig. 3b). The thickness dependency of αME was 

attributed to the differences in the degree of crystallinity 

and the extent of annealing of the PZT film. The 

increase in domain switching with increase in 

crystallized volume of a ferroelectric phase gives rise to 

enhanced piezoelectricity and improved ME voltage 

output. A close matching of the measured and 

calculated αME values for the 4 and 6 μm thick PZT 

films on Metglas substrate indicates the optimum 

fraction of crystallized volume of the PZT phase after 

laser annealing resulting in adequate combination of 

mechanical compliance (mechanical impedance 

matching) and electromechanical properties. The ME 

output results also suggested that there exists a strong 

and near-perfect interface bonding (k ≈ 1), facilitating 

efficient strain transfer between PZT and Metglas. As 

expected, the GSV deposited PZT film could withstand 

thermal stresses caused by laser annealing without 

exhibiting any delamination from the substrate. 

Theoretically, the ME voltage coefficient should 

increase continuously with increase in thickness of the 

PZT film (grown on 25 μm thick MS substrate) up to 33 

μm (volume fraction fPZT = 0.56), but the experimental data did not exhibit such trend. This 

phenomenon was considered to be related with the extent of laser interaction in thicker PZT 

films.  

Fig.4. (a) Dielectric properties and (b) 

Polarization hysteresis loops of the as-

deposited and laser annealed PZT 

films on Ni; (c) ME responses of the 
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Enhanced self-biased 

magnetoelectric coupling 

in laser annealed 

Pb(Zr,Ti)O3 thick film 

deposited on Ni foil: We 

further demonstrated  

enhanced and self-biased 

magnetoelectric coupling 

in a laminate 

heterostructure 

comprising of 4 μm-thick 

PZT film deposited on 50 

μm-thick flexible Nickel 

(Ni) foil. In this 

experiment, granule spray 

in vacuum (GSV) 

deposited PZT film was 

annealed using laser 

radiation at room 

temperature without interfacial chemical reactions. Laser induced crystallinity improvement in 

PZT thick film led to enhanced dielectric, ferroelectric and magnetoelectric (>1300% increase) 

properties of the PZT/Ni composite, as shown in Fig. 4. Self-biased ME response on the order 

of 3.15 V/cm·Oe was obtained from the laser annealed PZT film deposited on Ni (Fig. 4(c)). 

This is one of the highest reported value among similar ME composite systems. The tunability 

of self-biased ME coupling in PZT/Ni laminate composite has been found to be related to the 

demagnetization field in Ni, strain mismatch between PZT and Ni, and flexural moment of the 

composite structure. Phase-field model provided quantitative insight into these factors and 

illustrated their contribution towards observed self-biased ME response. 

4.2 Fundamental understanding of magnetodielectric (MD) coupling in PZT/LSMO 

epitaxial films (Priya) 

The lattice misfit strain, along with strong clamping effect from the substrate, degrades 

both piezomagnetic and piezoelectric coefficients leading to reduced ME coupling in the 

hetero-epitaxial ME composites. We studied strain-engineered c-axis oriented epitaxial LSMO 

and PZT thin films, as illustrated in Figure 5. In order to maximize the MD response, we 

modulated the interface charge state through the ferroelectricity of the PZT layer, which 

enhanced the room-temperature magnetic properties of LSMO and resulted in a room-

temperature MD effect. To confirm the residual strain in the PZT and LSMO films, asymmetric 

reciprocal space map (RSM) analysis was performed around the (103) reflection (Figure 5 (b)-

(d)). The LSMO layer was found to be fully tensile-strained with respect to STO, whereas the 

PZT layer was found to be under compressive strain. The reciprocal lattice point (RLP) of the 

PZT layer is shifted towards lower Qz values with increasing LSMO layer thickness, indicating 

an increase in the residual compressive strain in the PZT layer. Because of the significant 

residual strain with respect to the LSMO layer, the PZT layers exhibited partially relaxed RLP 

 

Figure 5. (a) Schematic illustration of the effect of strain engineering 

on the ME composite crystal structure. (b) RSM of PZT/LSMO 100 nm 

(c) RSM of PZT/LSMO 300 nm (d) RSM of PZT/LSMO 500 nm. 
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positions. Role of this intrinsic strain in determining the frequency dependent behavior is of 

significant interest as ME and MD effects are both strain-driven phenomenon. 

To evaluate the magnetic characteristics of the LSMO layers, magnetization 

measurements were performed as a function of temperature and induced DC magnetic field. 

The Curie temperature (TC) was shifted towards lower temperatures in the 100 nm-thick LSMO 

film, which corresponds to the case of the highest tensile strain with respect to the STO 

substrate. Conversely, the 500 nm-thick LSMO film exhibited a higher degree of strain 

relaxation and thus a higher TC. We therefore concluded that tensile strain in epitaxial LSMO 

films acts to shift the observed Tc towards lower temperatures. 10 The 100 nm-thick LSMO film 

had a Tc at RT and small magnetization (~52 emu/cm3). However, the 500 nm-thick LSMO 

film exhibited substantial magnetization (215 emu/cm3), resulting in large magnetostriction. 

However, the magnetic properties of the LSMO films were found to degrade following PZT 

deposition. This degradation can be attributed to interfacial magnetic reconstruction due to 

electrostatic charge accumulation at the PZT/LSMO interface by ferroelectric spontaneous 

polarization.11,12 The interfacial charge accumulation can modulate the valence state of Mn from 

high spin state Mn3+ to the low spin state Mn4+ at the interface and changes the magnetic 

moment of the LSMO interface.12 The MD response of the PZT/LSMO composites was found 

to increase with increasing LSMO layer thickness. Strain engineering via control over the 

LSMO layer thickness leads to an enhanced magnetic moment at RT via the simultaneous 

shifting of Tc and a reduction of the substrate clamping effect, thereby providing a 24% MD 

coefficient at RT.  We further investigated the influence of interface charge modulation, via 

controlling the ferroelectric polarization direction, on the magnetic moment of LSMO in order 

to enhance the MD response of the PZT/LSMO composites. In order to confirm the initial 

polarization state of the PZT film, the ferroelectric domain structure and polarization switching 

behavior of the PZT film were investigated, as shown in Figure 6(a) and (b). The ferroelectric 

domain clearly show 180° domain motion without pinned domain wall, as shown in Figure 6(b). 

The polarization direction was determined by the corresponding poling direction. As a result, 

the initial polarization exhibited the +P state (outer region in Figure 6b), which drove interface 

charge accumulation.12,13 

Investigation of the electronic band structure at the PZT/LSMO hetero-interface was 

performed via X-ray photoelectron spectroscopy (XPS) analysis of the PZT/LSMO epitaxial 

composite. In order to determine the heterointerface valence band offset, ΔEV, the following 

XPS spectra were recorded: (i) the Pb 4f core level (CL) and PZT valence band maximum 

(VBM) from the thick PZT film; (ii) the La 4d CL and LSMO VBM from the LSMO strain-

template; and (iii) the Pb 4f and La 4d CLs from ~2 nm PZT on LSMO, representative of the 

PZT/LSMO interface. Residual surface contaminants were removed in-situ via a 5 s low-energy 

Ar+ ion sputter prior to all XPS measurements. Utilizing the method introduced by Kraut et al., 

ΔEV can be determined as follows:14 
                                          ∆𝐸௏ = ൫𝐸௉௕ ସ௙

௉௓் − 𝐸௏஻ெ
௉௓் ൯ − ൫𝐸௅௔ ସௗ

௅ௌெை − 𝐸௏஻ெ
௅ௌெை൯ − ∆𝐶𝐿(𝑖)   

where 𝐸௉௕ ସ௙
௉௓்  and 𝐸௅௔ ସௗ

௅ௌெை are the CL binding energies from the thick PZT and LSMO films, 

respectively, 𝐸௏஻ெ is the VBM for each material, and ∆𝐶𝐿(𝑖) is the measured binding energy 

separation between the Pb 4f and La 4d CLs recorded at the PZT/LSMO interface, i.e., 

൫𝐸௉௕ ସ௙
௉௓் − 𝐸௅௔ ସௗ

௅ௌெை൯ . 𝐸௏஻ெ  was determined by performing a linear regression fitting of the 
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measured intensity at the onset of photoemission with respect to the background-dependent 

spectral baseline.15 The conduction band offset, ΔEC, can then be calculated using:15 

                                                               ∆𝐸஼ = 𝐸௚
௅ௌெை − 𝐸௚

௉௓் − ∆𝐸௏     

where 𝐸௚
௉௓்  and 𝐸௚

௅ௌெை  are the band-gap energies of PZT and LSMO, respectively. Figure 6c 

shows the measured CL and valence band (VB) spectra taken from the thick PZT, thick LSMO, 

and thin PZT on LSMO films, respectively. The measured BE separations were found to be 136.56 

eV, 100.86 eV, and 36.45 eV for the ൫𝐸௉௕ ସ௙
௉௓் − 𝐸௏஻ெ

௉௓் ൯, ൫𝐸௅௔ ସௗ
௅ௌெை − 𝐸௏஻ெ

௅ௌெை൯, and ൫𝐸௉௕ ସ௙
௉௓் − 𝐸௅௔ ସௗ

௅ௌெை൯ 

separations, respectively. The resulting ΔEV was found to be 0.75 ± 0.05 eV. Similarly, ΔEC was 

calculated to be 1.85 ± 0.1 eV, as determined using the measured ΔEV, band-gap energies of 3.6 

eV and 1.0 eV for PZT and LSMO, respectively. We assume band-gap energies for PZT and LSMO 

of 3.6 eV and 1 eV, respectively, as shown in the band diagrams of the PZT/LSMO hetero-interface 

in the +P polarization state.16 The internal electric field within the interface depletion region may 

produce a potential drop across the depletion region (having thickness d), shifting the relative 

positions of the valence and 

conduction bands of LSMO 

outside of the depletion 

region (Figure 6d). Electron 

and hole accumulation at the 

interface, with respect to the 

polarization direction of the 

PZT layer, results in band 

bending in the LSMO 

electrode layer. Since the 

initial polarization in the 

PZT layer is aligned with the 

+P state, we expect that the 

interface maintains an 

accumulation state, which 

degrades the interface 

magnetic moment of the 

LSMO layer (Figure 6e). 

This may depress the magnetostriction between the PZT/LSMO layer as a result of strain 

propagation across the interface. Therefore, in order to achieve strong ME coupling in PZT/LSMO 

heterostructures, a charge depletion state should be induced at the PZT/LSMO interface. Optimized 

films with strain engineered configuration provided a large magnitude of MD coefficient. 

4.3 BiFeO3 on Piezoelectric PMN-PT (Viehland) 

 Growth and Deposition Studies. 

One of the goals of this program was to induce the cycloidal to antiferromagnetic phase 

transition in BiFeO3 (BFO) by epitaxial strain and external applied electric field (E). High-

Figure 6. (a) Surface AFM image of PL5 with marked polarization 

switching voltage condition. DC biases of 12 V and -12 V were applied 

on a 3 × 3 μm2 area and 1 × 1 μm2 area. (b) Piezoelectric response phase 

image. Arrows indicate polarization direction. (c) XPS spectra of the 

PZT and LSMO layers used in the calculation of the interfacial energy 

band discontinuities (d) Energy band diagram of the PZT/LSMO hetero-

interface in the initial accumulation state. (e) Schematic of charge 

accumulation in the initial PZT/LSMO hetero-epitaxial film. 
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quality epitaxial BFO thin films were successfully deposited on Pb(Mg1/3Nb2/3)O3-

30at%PbTiO3 (PMN-30%PT) substrates by pulsed laser deposition (PLD). The effects of 

film thickness, laser energy density, and PMN-30PT substrate orientation on BFO epitaxial 

thin layers were systematically studied.  

Growth of BiFeO3 on Piezoelectric PMN-PT: To optimize the deposition conditions, 

firstly BFO layers were deposited on SrTiO3 (STO) and LaAlO3 (LAO) substrates. 

Deposition conditions such as target-substrate distance, substrate temperature, oxygen 

partial pressure, pulse rate, annealing time, atmosphere, and etc., were studied by a series 

of experiments. Thin film x-ray diffraction (XRD), atomic force microscopy (AFM), and 

scanning electron microscopy (SEM) were employed to determine the crystal structure, 

surface morphology and film thickness, respectively. A SrRuO3 (SRO) buffer layer was 

deposited between the BFO layer and the substrate, as an electrode by which to apply E 

onto the substrate. Even though SRO is not piezoelectric, this allowed us to optimize its 

deposition conditions. 

Next, efforts were placed upon improving the techniques for obtaining smooth and 

polished PMN-PT substrates. A three-step polishing method was developed by which to 

obtain relatively smoother PMN-PT substrates with surface roughness less than 3nm (see 

Figs. 7a-c). To verify the substrates ferroelectric/piezoelectric transformation (or Curie) 

temperatures, temperature dependent dielectric constant measurements were performed, 

which was done before polishing so that the Au electrodes would be removed. This enabled 

us to know the substrate composition fairly accurately, as PMN-PT is a solid solution.  

 
Figure 7. AFM images of (a)-(c) polished PMN30PT, and (D)-(F) BFO(50nm)/SRO(5nm)/ PMN30PT. The 

orientations of PMN-PT are (a)(d) (100), (B)(E) (110), and (C)(F) (111). The surface roughness is given in 

the inset. 
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After these prerequisite investigations, epitaxial BFO/SRO heterostructure layers were 

deposited on PMN-30PT. In order to tune the epitaxial strain of BFO, the effects of film 

thickness, laser energy density, and PMN-PT orientation were studied. Finally, an E-field 

was applied to the PMN-PT to change its lattice parameters via piezoelectricity, and the 

strain changes transferred to the BFO heterostructural layer were measured by XRD.   

Thickness and Laser Energy Density Effects on BFO:  Figures 8a and 8c show the effect 

of BFO and SRO layer thickness on the epitaxial strain of BFO. Although the laser energy 

densities are different (~3J/cm2 in 2A and ~1J/cm2 in 2C), the thickness effects exhibit the 

same trend. With increase of layer thickness for either the SRO (5nm to 20nm) or BFO 

(50nm to 100nm), the BFO peaks were shifted to lower 2 values, indicating that the in-

plane tensile strain of BFO decreases. The reason is that thicker SRO or BFO layers relax 

the strain of BFO. 

Figure 8b shows the effect of laser energy density. As the energy density was reduced 

from 3J/cm2 to 1.5J/cm2, the strain of the BFO layer was fairly constant. However, on 

decreasing the energy density to below 1.15 J/cm2, the tensile strain of the BFO layer was 

significantly increased to about 0.45%. Slower growth rates may allow for better epitaxy, 

and improve the quality of the BFO layer to some extent. According to Figs. 8a-c, 

BFO(50nm)/SRO(5nm) heterostructure layers deposited using a 1.00J/cm2 laser energy 

density had the largest in-plane tensile strain.  

Figure 8d shows the changes along the out-of-plane direction of the 

BFO(50nm)/SRO(5nm) heterostructure under application of E to (100) PMN-30PT. In 

order to calculate the in-plain strains, Gaussian fits were used to obtain the precise positions 

of the BFO peaks. Upon increasing the field from 0<E<9kV/cm, the in-plane strain of BFO 

changed from 0.45% to 0.37%. Following the previously predicted epitaxial phase diagram 

of the spin states of BFO [1], this is close to the boundary between type-II cycloid and 

homogeneous antiferromagnetic states (≈0.5%), as can be seen in Figure 9.

The E-induced changes to the in-plane strains of other heterostructure layers, such as 

BFO(70nm)/SRO(5nm) (Fig 8e) and BFO(50nm)/ SRO(10nm), were also measured (see 

Fig. 8f). The values of the BFO layer’s in-plane strains were changed with increasing E up 

to 10kV/cm from 0.169% to 0.105%, and from tensile 0.076% to compressive -0.043%, 

respectively. Again, following the predicted epitaxial phase diagram of the spin states of 

BFO, the latter exactly changes across the boundary between type-I and type-II cycloid 

states (0%).  

Accordingly, by tuning the thicknesses of the BFO and SRO layers, the in-plane strain 

of BFO was varied due to stress relaxation. By applying an out-of-plane E field modulation, 

the value of these in-plane strains were tuned across the predicted different magnetic phase 

boundaries. Hopefully, in the near future, we realize the E-induced cycloidal-
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antiferromagnetic phase transition of BFO, releasing the magnetoelectric interactions of 

BFO that are trapped within the spin cycloid. 

 

 

 

 

Figure 8. Thin film XRD 

patterns of BFO/SRO/(100) 

PMN30PT. (a),(c) thickness 

effects. (b) Laser energy 

density changed from 3.02 to 

1.00J/cm2. (d)-(f) BFO samples 

with different thicknesses 

under E=0 and 10kV/cm, 

where the in-plane strains are 

given inside the brackets. 

 

 

Figure 9. Magnetic phase diagram of strained 

BFO films. The stability of the different states are 

shown in colours (blue: homogeneous 

antiferromagnetic; red: type I cycloid; orange: 

type II cycloid). The different substrates used are 

located at the top of the diagram at their 

corresponding strain. [1] D. Sando, et al., Nature 

Materials 12, 641 DOI:10.1038/NMAT3629 

(2013). 

 

 

PMN-PT Orientation Effects on BFO : (110) and (111) PMN-30PT were then chosen 

as substrates upon which to deposit BFO(50nm)/SRO(5nm) heterostructure layers, with 

the goal of determining the orientation effects on BFO’s strain. The layer deposition 

conditions were adjusted in a similar manner as for those grown on (100) PMN-PT, given 

above. The BFO layers on (110) PMN-30PT had similar surface roughness (see Fig. 7e) as 
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that grown on (100) PMN-PT (see Fig. 7d). However, for BFO grown on (111) PMN-

30PT, the surface roughness was notably larger, over 30nm (see Fig. 7f). This resulted in 

the quality of the films to be not as good for (111) BFO, as for the other two orientations, 

at least as characterized by XRD. 

 

 E-field controlled strain transition of BFO in BFO/PMN-PT heterostructures.  

The crystal structure was then determined to be rhombohedral. Electric (E) fields were 

applied along the out-of-plane (OP) and in-plane (IP) directions, as shown in Figs. 10a and 

b. The maximum E applied was ±10kV/cm. The orientation and thickness of the thin films 

determined the IP strain of the BFO layer was modulated by E along both OP and IP 

directions. We found that the lattice parameters of BFO could be tuned by about 0.4% 

under E-field applied on PMN-PT. Butterfly-like strain vs E-field curves were observed in 

the BFO layer, transferred from the substrate, as shown in Figs. 10c and 10d. These results 

suggest the possibility to modulate the strain states of BFO along both OP and IP directions. 

One can thus expect the manipulation of the cycloidal-antiferromagnetic phase transition 

of BFO, as the strain state changes when crossing the magnetic phase boundaries. 

 

 
 

 

Figure 10.  Schematic of BFO/PMN-

30PT heterostructures in (a) OOP 

mode, and (b) IP mode. Butterfly-like 

strain vs E-field curves of BFO/PMN-

30PT heterostructures, (c) (100) 

orientation, and (d) (110) orientation. 

 

 

In addition, reciprocal space mapping (RSM) measurements revealed that applied 

electric fields (E) resulted in a change of the magnetic domain distribution in the BFO 

layer. These results clearly demonstrate important induced structural changes with 

application of E to the substrate. The structure of the PMN-PT substrate was found to be 

monoclinic A, as identified by fingerprint splitting patterns in the (011) mesh scans. Under 

application of 3kV/cm, changes in mesh scans were observed. Along the OP direction, as 

shown in Figs. 11b and 11d, shifts in the peak contours were found for both the substrate 

and BFO layer. Along the IP direction (see Figs. 11a and 11c), much more pronounced 

changes in the peak contours were found, demonstrating a switching of the domain 

structures in both substrate and BFO layer. In addition, in Figs 11e-g, atomic force (AFM), 

piezoelectric force (PFM), and magnetic force (MFM) microscopy images directly 

revealed switch of ferroelectric and magnetic domains in the BFO layer under a tip bias.
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Figure 11. (011) RSM images 
of BFO/ PMNPT hetero-
structures in (a) (c) IP mode, 
and (b) (d) OOP mode. (a) (b) at 
0kV/cm E-field, (c) (d) at 
+3kV/cm E-field. (e) AFM 
height image, (f) PFM phase 
image, and (g) MFM phase 
image. The blue and red boxes 
point out the region poled by 
±7kV/cm tip bias. 

 

 E-controlled antiferromagnetic state changes in BFO/PMN-30PT 
After optimizing the deposition conditions, 200-nm-thick BFO thin films were deposited 

on (001)-oriented PMN-30PT single crystal substrates (dimensions: 10cm×10cm) by pulsed 
laser deposition (PLD). Here, two different heterostructures were deposited and studied, 
labeled as Sample #1 and Sample #2. The film quality was checked by atomic force microscopy 
(AFM), x-ray diffraction (XRD), and P-E measurements. 

An out-of-plane (OP) electric field E was in-situ applied across the PMN-PT substrates 
during XRD measurements. Figures 12a and 12c show 2theta scan patterns, from which the 
lattice parameters and strain were calculated according to Bragg’s Law. As shown in Figure 
12b and 12d, butterfly-like hysteresis loops demonstrate that the in plane (IP) strain of the BFO 
film was as a function of E applied along the OP. The data evidence that E applied on the 
PMN-PT substrate can reversibly tune the strain state of BFO, via elastic coupling at the 
interface. Differences in the data between Figs. 12b and 12d indicate that this tunability is 
notably dependent on the quality of the PMN-PT crystal substrates. The data indicate the 
possibility that the antiferromagnetic state of the BFO can also be modified by the external E.  
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Figure 12. (a) (c) XRD 2theta scans patterns of (a) Sample #1, and (c) Sample #2. The calculated lattice 
parameter of PMN-PT and IP strain of BFO were plotted as a function as E in (b) and (d), respectively.

 

To study the antiferromagnetic (AFM) spin state of BFO and how it was altered by an applied 
E, neutron diffraction tests of Sample #1 were taken on the HB-1A line at Oak Ridge National 
Lab (ORNL) with the help of Dr. Wei Tian. Figure 13 shows mesh scans taken around the (0.5 
0.5 0.5) reflection of BFO. These data indicate changes in the AFM state with increasing E from 
0 kV/cm (Fig. 13a) to +4 kV/cm (Fig. 13b). A single peak representing a homogenious G-type 
AFM state was found for E=0kV/cm, which split into a doubled peak along the [1-10] direction 
under E=4 kV/cm. This splitting indicates an induced spin cycloid propagation along the [1-10]. 

 
Figure 13.  Neutron diffraction mesh scans of the Sample #1 around the (0.5 0.5 0.5) reflection. (a) at 0 kV/cm, 
(b) at +4 kV/cm. Measured by HB1-A at ORNL. 
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Figure 14a shows the mesh scans after E was removed, and then subsequently reapplied and 
increased again to E=9 kV/cm (Fig. 3b). Note that a change in collimation from 20’-20’ to 40’-
40’ resulted in increased intensity in Figure 13 relative to Figure 12. When E was removed, the 
spin state partially reverted back to the G-type antiferromagnetic state, as the split peaks trended 
to merge together. The lack of a full recovery is probably due to the hysteretic nature of the induced 
stain of the piezoelectric PMN-30PT substrate, which did not completely return to its original 
state. Finally, when E>9 kV/cm, the peak split along the [11-2] direction, indicating an induced 
spin cycloid propagation along a different direction. 

 
Figure 14.  Neutron diffraction mesh scans of the Sample #1 around the (0.5 0.5 0.5) reflection. (a) at 0 kV/cm, 
(b) at +9 kV/cm. Measured by HB1-A at ORNL.

To confirm such an E-controlled AFM state change inside of the BFO layer, similar neutron 
diffraction mesh scans of Sample #2 were taken at the National Institute of Standard 
Technology (NIST) using BT-4 with the help of Dr. Alexander Grutter. As shown in Figure 
15, peak splitting was not observed for Sample #2. Instead, the peak gradually shifted with 
increasing E, due to lattice changes of BFO elastically transferred from those induced by E 
applied to the PMN-PT substrate. Considering the butterfly-like curves in Figure 12 are 
different between Sample #1 and Sample #2, the neutron mesh scans indicate that changes in 
the AFM spin state may be notably dependent on the PMN-PT substrates quality. However, 
the possibility cannot be ruled out that the splitting in Sample #2 was too small to be detect by 
BT-4 at NIST. From the comparisons of the line scans in Figure 16 taken under 0kV/cm and 
8kV/cm, one can clearly see that peak broadening occurs with increasing E.  

 
Figure 15.  Neutron diffraction mesh scans of the Sample #2 around the (0.5 0.5 0.5) reflection. (a) at 0 kV/cm, 
(b) at +10 kV/cm. Measured by BT-4 at NIST. 
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Figure 16.  Neutron diffraction line scans of the Sample #2 sample around the (0.5 0.5 0.5) reflection. Black and 
red signs represent the data at 0 kV/cm and +10 kV/cm , respectively. (a) along the (0 0 L) zone, (b) along the (H 
H 0) zone, and (c) along the (H H -2H) zone. Measured by BT-4 at NIST. 

 
4.4 Nanocomposites of tetragonal phase CFO and BFO. (Viehland) 

Tetragonal phase CFO: CFO/BFO integrated nanocomposites were grown on LaAlO3 
substrates. It has previously been reported that the BFO phase in this case has a tetragonal 
structure. We obtained cross-sectional TEM images of our samples. As shown in Figures 17a-
c, a platform-like self-assembled topography was found, which resulted from a discontinuity 
in the CFO phase distribution. We then performed selected area electron diffraction (SAED) 
studies which demonstrated that the structure of CFO was also tetragonal, when deposited on 
the T-phase BFO grown on LaAlO3. To our knowledge, this is the first report of a T-phase 
CFO. This could have important ramifications to reducing the magnetic losses in ferrite thin 
layer magnetoelectrics.  

 
Figure 17.  The cross-sectional TEM images of CFO(7nm)/T-phase BFO nanocomposite under different scales. 
The crystal orientation is shown in (a). (d) SAED patterns of (b). The zone axis is along [010] direction. The 
inset in (d) is the zoom-in image showing a triplet split along (001) orientation. 
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Changes in magnetic anisotropy of CFO/BFO on annealing: the effect of annealing on 
CFO/BFO heterostructure topography, crystal structure, and magnetic properties is 
summarized in Figure 18. The smooth as-grown sample surface (roughness of >1nm) 
developed into a specific self-assembled topography with increasing anneal time. This was 
accompanied by the strain relaxation in the x-ray diffraction patterns. Interestingly, the 
magnetic anisotropy was changed in the opposite way. This can be explained by a combination 
of shape, strain, and exchange coupling effects. Similar analysis was applied to the thickness 
effect in Figure 19. Such thermal tunability of the magnetic anisotropy of CFO/BFO 
heterostructures has previously not been reported, and offers an important way by which to 
control the magnetic and magnetoelectric properties and their dependence on orientation. 

 
Figure 18.  (a)-(f) AFM height images of (a)-(c) CFO(7nm)/BFO(28nm)/(001)LAO, and (d)–(f) 
CFO(7nm)/BFO(28nm)/(001)STO. The surface roughness is listed as insets. (g) (h) XRD patterns of (g) 
CFO(7nm)/BFO(28nm)/(001)LAO, and (h) CFO(7nm)/BFO(28nm)/(001)STO after different anneal processes. 
(i)-(n) Magnetic hysteresis loops of (i)-(k) CFO(7nm)/BFO(28nm)/(001)LAO, and (l)–(n) 
CFO(7nm)/BFO(28nm)/(001)STO. (a) (d) (i) (l) the as-grown samples, (b) (e) (j) (m) 15min annealed samples, 
and (c) (f) (k) (n) 30min annealed samples. 
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Figure 19.  (a)–(d) Magnetic hysteresis loops of (a) (c) CFO/T-phase BFO on (001) LAO substrate, and (b) (d) 
CFO/R-phase BFO on (001) STO substrate. The thickness of CFO was 7nm in (a) (b), and 14nm in (c) (d). (e) 
(f) XRD patterns of (e) CFO/T-phase BFO nanocomposites, and (f) CFO/R-phase BFO nanocomposites. The 
insets in (e) (f) show the strain changes in CFO and BFO caused by a thickness factor. 

 
Next, tetragonal structured BFO (T-phase BFO) and CoFe2O4 (CFO), CFO/T-phase BFO, 

nanocomposites were deposited on top of (001) LaAlO3 (LAO) substrates. For comparisons, a 
control group CFO/R-phase BFO was deposited on (001) SrTiO3 (STO). Although the CFO 
and BFO layers were deposited separately, after annealing at 725oC for 30min, the CFO top 
layer developed a self-assembled platform-like morphology with BFO on LAO (Fig. 20b). This 
phase distribution was different from the nanopillar CFO/R-phase BFO one previously 
reported on STO (Fig.20a). The AFM profile images of the CFO/T-phase showed that the 
platforms consisted of several different stage heights that were quite uniform with a roughness 
of <1nm. This will favor their integration with other functional thin films.  

 

 

 

Figure 20.  AFM height images 
of (a) CFO/R-phase BFO on 
STO, and (b) CFO/T-phase BFO 
on LAO. (c) and (d) are the 
profile images along the red lines 
in (a) and (b), respectively. 
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Magnetic force microscopy (MFM) images revealed that each CFO/T-phase platform 

contained multiple magnetic domains, whose distribution could be adjusted by applying a tip 
bias (see Figs. 21a and 21b). However, studies of the CFO/R-phase control group showed that 
each nanopillar remained as a single domain that barely changed under tip bias.  

 

 
Figure 21.  MFM phase images of CFO/T-phase platform structure. (a) Before and (b) after poled by a tip bias. 
(c) is the profile image along the red lines in (a) and (b). 
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