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Abstract  

The electric-field control of magnetic properties of Pr0.67Sr0.33MnO3 (PSMO) film on 

piezoelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMNT) substrate was investigated. The piezoelectric 

response of the PMNT substrate to the electric field produced strain that was coupled to the 

PSMO film. The in-plane compressive (tensile) strain increased (decreased) the magnetization. 

The change of magnetic moment was associated with the Mn ions. First principle simulations 

showed that the strain-induced electronic redistribution of the two eg orbitals (3dz2 and 3dx2-y2) 

of Mn ions was responsible for the change of magnetic moment. This work demonstrates that 

the magnetoelectric effect in manganite/piezoelectric hetero-structures originates from the 

change in eg orbital occupancy of Mn ions induced by strain rather than the interfacial effect.  
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1. Introduction  

The demand to develop materials with new multifunctional capabilities has stimulated 

significant interests in multiferroics, which is characterized by co-existence of, and coupling 

between magnetic and electric order parameters.[1-2] Due to the weak coupling between 

magnetic and electric ordering in single phase multiferroic materials,[3] investigations on 

ferromagnetic/ferroelectric (or dielectric) heterostructures have attracted much attention. The 

coupling mechanisms in the heterostructure are classified into several categories,[4] i.e. 

charge-based coupling,[5] elastic[6] and magnetic exchange bias.[7] In the charge-based 

coupling, the electron accumulation/depletion at an interface under the electric field caused 

the change of number of electrons in 3d orbitals of magnetic atoms which altered magnetic 

properties such as magnetic anisotropy,[8] Curie temperature and magnetic moment.[9-10] This 

interfacial magnetoelectric effect has been applied to spin torque transfer magnetic random 

memory to reduce the switching current.[11-12] In elastic based coupling, the magnetoelectric 

effect was enhanced in the heterostructure by using magnetic material with a large 

magnetostrictive coefficient and ferroelectric material with a large piezoelectric coefficient. 

Giant electric-field tuning of magnetic properties has been reported in the FeGaB/PZNT 

heterostructure.[13-14]  

Enhanced elastic coupling was also found in another kind of heterostructure Re1-

xAxMnO3/ferroelectric, where Re is a trivalent rare earth element, and A is a divalent metal.  

Electric-field modulation of Curie temperature, magnetization of mixed-valence manganites 

has been reported in La0.8Sr0.2MnO3/PZT,[4, 15] La0.7A0.3MnO3 (A=Sr, Ca)/PMNT,[6, 16-20] 

Pr0.6Ca0.4MnO3/PMNT,[21] and Pr0.5Sr0.5MnO3/PMNT [22]. The magnetoelectric coupling may 

be explained by the following two mechanisms. One is due to the strong  electron-phonon 

coupling.[6] The strain induced by piezoelectric substrate under electric field  changed the Mn-

O-Mn bond length and bond angle due to Jahn-Teller effect and octahedral rotation,[23] which 



  

4 
 

caused the change of magnetic properties dominated by double exchange coupling. The other 

one is due to the interfacial effect,[9] i.e. the accumulation/depletion of free carriers to screen 

the bound charges at the surface of ferroelectric substrates. The accumulation/depletion of 

free carriers caused the change of magnetic phase of mixed-valence manganites, for example, 

changing from ferromagnetic coupling to antiferromagnetic coupling at the interface.[4, 10] The 

interfacial contribution to the effects of electric field on manganite films is less significant in 

thick films, thus allowing the film properties to be probed without complication of anomalous 

interfacial effects.  

The study of the effects of electric field on properties of Pr0.7Sr0.3MnO3 (PSMO, bulk Tc 

~ 300 K) with a smaller band width than La0.7Sr0.3MnO3 and a larger band width than 

La0.7Ca0.3MnO3 is limited. In this paper, we demonstrate the tuning of magnetization of 140 

nm thick PSMO film in PSMO/PMNT heterostructure by electric field at different 

temperatures. The large film thickness was chosen to minimize interfacial effects. The 

electric-field-induced strain was an effective way to control magnetic properties in a wide 

temperature range. The observed magnetization of PSMO film showed a clear dependence on 

applied electric field. X-ray magnetic circular dichroism (XMCD) results showed that the 

change of magnetic moment with electric field was due to the strain-induced electronic 

redistribution in Mn ion rather than the interfacial effects. First principles calculations 

revealed that the lattice strain in PSMO caused electronic redistribution among the two eg sub-

orbitals (3dz
2 and 3dx

2
-y

2). The change in eg orbital occupancy was responsible for the 

observed change in magnetic moment. This work presents an example of correlation of lattice 

strain with orbital occupancy in mixed-valence manganites films under electric-field-induced 

strain in magnetoelectric heterostructures.  

2. Experimental  
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The 140 nm thick Pr0.67Sr0.33MnO3 (PSMO) film was deposited on the (001) 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMNT) single crystal substrate using pulsed laser deposition at 

substrate temperature of 630 °C and oxygen pressure of 100 mTorr. This thickness was 

chosen to study the electron-phonon coupling and minimize interfacial effects. The electron 

microscopy work was performed at the Brookhaven National Laboratory, USA. X-ray 

diffraction (XRD) of the PSMO/PMNT heterostructure was conducted using a Bruker D8 X-

ray diffractometer equipped with Cu Kα1 radiation. For in-situ XRD θ - 2θ scan, the electric 

field was applied on the PMNT substrate with 2θ from 44° to 50° at room temperature. The 

resistance of the PMNT substrate was estimated to be larger than 1×109 Ω at room 

temperature using a Keithley 2410 multimeter source. In order to improve the contact, 5 nm 

Au films were deposited on both sides of sample as electrodes. The magnetic moment was 

measured using superconducting quantum interference device (SQUID) and X-ray magnetic 

circular dichroism (XMCD). The XMCD at the L3,2 edges of Mn and M5,4 edges of Pr were 

measured with an applied in-plane magnetic field of 5 T, which were conducted at beamline 

4-ID-C at the Advanced Photon Source (APS) in Argonne National Laboratory (ANL) using 

reflectivity mode[24] at 80 K.  

3. Results and Discussion  

An illustration of sample configuration with electric field and applied magnetic field is 

shown in Supplemental Material (SM) S1.[25] Figure 1a shows the selected-area electron 

diffraction of PSMO/PMNT system. From the measured d-spacing, the calculated out-of-

plane lattice constant of PSMO film was 3.857 Å and the in-plane lattice constant was 3.868 

Å. Compared to the lattice constant of bulk PSMO (3.860 Å) and PMNT (4.032 Å), the 

PSMO film was partially strained by the underlying PMNT substrate. When the electric field 

(E) was applied along the [001] direction of the PMNT substrate, the out-of-plane lattice 

constant c of PMNT at room temperature was roughly linearly dependent on the E field 
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(Figure 1b). Cycling the E field from positive (pointing to the PSMO film) to negative 

direction (pointing to the PMNT substrate), a butterfly-like hysteresis loop typical for 

converse piezoelectric effect[26] with coercive field ~ 3 kV/cm was observed (Ecn and Ecp in 

Figure 1b), which is consistent with the reported results for a PMNT single crystal.[6] The 

direction of the electric field and induced-strain are shown in the Figure 1b inset (1-4). The 

value of c increased by 0.17% (right axis in Figure 1b) with E = + 10 kV/cm compared to that 

without electric field. This resulted in the decrease of in-plane lattice constant by 0.08% under 

the assumption of volume conservation (S2 in SM).[16, 27] The upper inset of Figure 1b shows 

an example of a θ - 2θ  x-ray diffraction (XRD) scan of the PSMO/PMNT heterostructure 

with and without applied E field. An applied E field of 6.7 kV/cm shifted the PSMO (002) 

peak to a lower angle, increasing the c value of PSMO film from 3.857 Å to 3.861 Å. The 

increase of c in PSMO followed the contraction of in-plane lattice of PSMO (and PMNT 

substrate) under E field because of epitaxial relationship of PSMO/PMNT (S3 in SM).  

The PSMO film was paramagnetic at room temperature, and the paramagnetic-

ferromagnetic phase transition occurred at ~ 220 K (S4 in SM). Figure 2 shows the in-plane 

and out-of-plane M-H loops measured at 100 K using superconducting quantum interference 

device (SQUID). The inset shows the enlarged part of M-H loops clearly indicating that both 

the in-plane and out-of-plane magnetic moments increased with applied + 6.7 kV/cm. It is 

well known that strain can change the magnetization due to the magnetostriction effect. The 

magnetostriction energy [28] is,  

Eλ = -3λσcos2α/2                                                         (1)  

where α is the angle between the stress and the magnetization moment, λ the magnetostriction 

coefficient ~2.5×10–5 [29], and σ the stress. The in-plane lattice constant for bulk PSMO is 

3.860 Å. For the PSMO film deposited on PMNT, the in-plane lattice constant of the PSMO 

film was 3.868 Å (due to the larger in-plane constant of bulk PMNT 4.032 Å). The PSMO 
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film was under tensile strain compared to its bulk counterpart. When an E field was applied, 

the in-plane lattice constants of both PSMO and PMNT decreased. At E = 6.7 kV/cm, the in-

plane lattice constant of PSMO decreased from 3.868 Å to 3.865 Å. Therefore, the in-plane 

tensile strain of PSMO in the PSMO/PMNT heterostructure decreased with applied E field.  

The decrease of in-plane tensile strain tends to rotate the magnetic easy axis of the induced 

magnetostriction anisotropy from the in-plane to the out-of-plane direction.[30-32] As discussed 

in S5 in SM, for E = 6.7 kV/cm the induced magnetic anisotropy was ~ 140 Oe, perpendicular 

to the film plane. Accordingly, if induced magnetostriction was significant, the out-of-plane 

magnetic moment should therefore increase with applied E at a constant magnetic field (as 

indicated by the black dashed line in Figure 2b). On the other hand, the in-plane magnetic 

moment should decrease or at least remain constant (as indicated by the black dashed line in 

Figure 2a). However, the experimentally observed increased moment (red line in Figure 2a) 

with applied E contradicted the expected effect of magnetostriction. This suggests that factors 

other than magnetostriction must be considered.  

To understand the anomalous behavior of in-plane magnetic moment, the effects of 

electric poling (polarization) on magnetization at low temperature were investigated (Figure 

3a). During the measurement, the positive field + 6.7 kV/cm was first applied on the PMNT 

substrate at room temperature, and then the sample was cooled down to 100 K in the absence 

of magnetic field. The magnetization was then measured under different applied E. The 

reversible change of magnetization with respect to the zero electric field reference showed an 

opposite trend for the positive and the negative E field. With E field of + 6.7 kV/cm, the 

magnetization increased by 2.0 emu/cm3 (+ 0.45 %), whereas for E field of - 6.7 kV/cm the 

magnetization decreased by 3.5 emu/cm3 (- 0.77 %). The effect of electric field on 

magnetization could be characterized by the ME coefficient α = dM/dE, which was ~ 0.7×10-

10 s/cm for E = - 6.7 kV/cm at 100 K. This coefficient was larger than the single phase 
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multiferroic materials, and comparable with the previous work on other manganite films on 

piezoelectric substrate.[6] These results show the effective modulation of the magnetization by 

ME coupling between the manganite film and substrate through the electric field. Figure 3b 

summarizes the dependence of the change of magnetization on magnetic field during 

measurement at 100K. With the increase of magnetic field, the change of the in-plane 

magnetization increased and tended to saturate at 5,000 Oe. In order to exclude the possibility 

that the change of in-plane magnetization was caused by other factors such as diamagnetic 

PMNT substrate[33] or leakage current, the same measurements on pure PMNT substrate 

without PSMO film were repeated. No change of magnetization was observed in the PMNT 

reference sample. The effects of different electric biases on magnetization were studied using 

XMCD and will be discussed later.  

The above magnetic measurements were conducted with an electric field of + 6.7 kV/cm 

applied during the cooling process from room temperature to 100 K. The positive E field 

applied during the magnetic measurement caused the increase of magnetization while the 

negative field caused the decrease of magnetization. The measurements were repeated with a 

negative electric field - 6.7 kV/cm applied during the cooling process (S6 in SM). The similar 

phenomena with opposite polarization dependence were observed, i.e. a positive E field 

applied during magnetic measurement decreased the magnetization while a negative field 

increased magnetization. These results demonstrate that the history of polarization in PMNT 

substrate plays an important role in controlling magnetic properties.  

Figures 3c and 3d show an interesting change of magnetization with the E field at 150 K 

and 200 K, respectively. An electric field of + 6.7 kV/cm was applied during the cooling 

process. The negative E field did not cause any change of magnetization  at 150 K.  At 200K, 

the negative E field increased the magnetization in the same manner shown by the positive E 
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field.  Figure 4 summarizes the temperature dependence of the change of magnetization. With 

the positive E field applied during measurement, the magnetization was enhanced and 

independent of temperature. In the case of applied negative E field during measurement, the 

magnetization decreased at low temperature (50 K, 100 K) and then increased at high 

temperature (200 K).  

The electric field causes opposite strain along the out-of-plane and the in-plane directions 

simultaneously in (001) oriented PMNT substrate under the assumption of conservation of 

unit-cell volume.[6, 22]. The strain occurs by small displacement of atoms in the 

piezoelectric.[34] When the temperature is decreased, a higher electric field is required to 

reverse the atomic displacement due to reduced thermal agitation.[37] The coercivity of strain-

electric field hysteresis loop therefore tends to increase with decreasing temperature (S7 in 

SM).[36] Based on the temperature dependence of coercivity in the strain-E field loop, a model 

is proposed to explain the change of magnetization with strained conditions in the PSMO film.  

The upper part of Figure 4 illustrates three temperature regions (I, II and III) with 

corresponding ideal butterfly loops. The positive E (blue dot) and negative E (red dot) are 

shown with respect to the piezoelectric coercivity in each plot. This coercivity is defined by 

the E value at ε = 0 in each butterfly loop. In region I of low temperatures (50 and 100 K), 

both +E  and -E  are assumed to be smaller than the coercivity, and +E  results in the in-plane 

compressive strain whereas –E the in-plane tensile strain. Corresponding change of 

magnetization is seen in the lower part of Figure 4. In region II (150 K), the electric field E is 

assumedly comparable to the piezoelectric coercivity. In such case, the asymmetry in the 

butterfly loop (see Figure 1b of the asymmetrical butterfly loop) from the fatigue effect [37-38] 

affects the induced strain at ± E as shown in region II. The -E field did not cause any net 

strain in the PMNT substrate (red dot), corresponding to no change of magnetization. Due to 
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the asymmetry of the loop, however, the +E field produces an in-plane compressive strain in 

the PMNT substrate (blue dot), corresponding to increased magnetization. At high 

temperature (200K) corresponding to region III, the +E field is assumed to exceed the 

coercivity. Both the ± E fields cause the same in-plane compressive strain in the PMNT 

substrate, thus transferring the same strain to the PSMO film and resulting in the same 

magnetization. This model generally explains that the in-plane compressive (tensile) strain 

increases (decreases) the magnetization. Further work on verification of this model at low 

temperatures would be warranted beyond this current work.  

The SQUID magnetic results included the contribution from both Mn and Pr sites at low 

temperature.[39] In order to differentiate the element-specific magnetic contribution, x-ray 

magnetic circular dichroism (XMCD), relating to the electronic structure, was employed to 

investigate the heterostructures. The XMCD at Mn L3, 2 edge (Figure 5), and Pr M5, 4 (S8 in 

SM) edge were measured at 80 K in reflectivity mode to acquire information from the film. 

The incident angle of X-ray was 5˚ with respect to the film plane, and the penetration length 

of X-ray was about 50 nm[40],  which was smaller than the PSMO film thickness. The large 

film thickness rendered it possible to study the effects of electric field on the PSMO film only, 

and the contribution from the PSMO/PMNT interface was not included in the XMCD signals. 

The electric field affected the PSMO film through the strain-mediation as seen from the XRD 

results. The field of + 6.7 kV/cm was applied during the cooling process from room 

temperature to 80 K. At the Mn L3, 2 edge, +E enhanced the relative peak intensity around 645 

eV of the XMCD signal. The relationship of peak intensity with electric field is shown in 

Figure 5(b), indicating the increase of magnetic moment at the Mn site with the application of 

positive electric field. At the Pr M5, 4 edge, the XMCD signal was very weak showing no 

obvious dependence on the electric field (S8 in SI). The effects of electric field on the trend of 

magnetic moment from the XMCD measurements were consistent with that from the SQUID 
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measurement at 100 K (Figure 3a). The XMCD results indicated that the change of magnetic 

moment in the PSMO film under electric field arose predominantly from the Mn site, which 

also correlated the effects of electric field with the electronic structure of Mn site directly. The 

contribution from the Pr site is therefore ignored hereafter.  

First principle simulation using the VASP package [41] was performed to study the 

dependence of magnetic moment on strain. The configuration used in the simulation is shown 

in Figure 6a. The electronic exchange-correlation and electron-ion interaction were described 

within a spin polarized generalized-gradient approximation (GGA) and the projector 

augmented-wave (PAW) formalism, respectively. The plane wave basis set with a maximum 

kinetic energy of 500 eV and 6×6×1 k-point mesh generated by the Monkhorst-Pack scheme 

were adopted.[42] Although in our experiment, the substrate was PMNT, the substrate 

composition detail was considered to be secondary in the strain effect simulation.[43] The 

strain effect was studied by controlling the in-plane lattice, and structural relaxations were 

performed along the out-of-plane direction until the largest force between the atoms worked 

out to be less than 1 meV/Å.  

Figure 6b shows the dependence of calculated magnetic moment on the in-plane lattice 

constant. The magnetic moment from the Mn site increased with decreasing in-plane lattice 

constant (increasing out-of-plane constant). No change of magnetic moment from the Pr site 

was obtained, consistent with the XMCD experimental results. The simulation results showed 

that the in-plane compressive strain increased the magnetic moment in the range around the 

experimental value of in-plane lattice constant (3.86 Å), corroborating with the experimental 

results. This confirmed the dependence of magnetic moment of the PSMO film on electric-

field induced strain in the heterostructure. Figure 6c shows the calculated density of states 

(DOS) of the 1st Mn site with an in-plane lattice constant 3.85 Å. As demonstrated in Figure 

6d, the spin-up t2g band was well below the Fermi level and the spin-down t2g band was well 
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above the Fermi level. However, the eg band had a considerable DOS around the Fermi level, 

indicating that the change of materials properties should be related to the electronic structure 

of eg band.  

It is well known that each 3d orbital of Mn ions in manganite has a different anisotropy of 

wave function in their coupling to the surrounding oxygen ions, which is very sensitive to 

strain. The spin moments (the difference between the number of electrons in the majority and 

minority band) [44] of the two eg orbitals were calculated. A clear dependence of magnetic 

moment of the two eg orbitals on the in-plane lattice constant is seen in Figure 6e. With 

decreasing in-plane lattice constant, the spin moment contribution from 3dz2 increased 

whereas that from 3dx2-y2 decreased. When the in-plane lattice decreased, the energy of 3dx2-y2 

would become higher than that of 3dz2  according to the crystal field consideration. Hence the 

probability to occupy 3dx2-y2 decreased leading to reduced contribution to the magnetic 

moment. The overall contribution (red square points in Figure 6b) from these two eg orbitals 

was consistent with the observed experimental results. The strain-induced electron 

redistribution among the two eg orbits was therefore responsible to the change of magnetic 

moment in the PSMO film in the PSMO/PMNT heterostructure under the electric field. In 

order to obtain more information of anisotropic occupancy of 3dx
2

-y
2 and 3dz

2 orbitals, further 

study involving X ray magnetic linear dichroism (XMLD) would be warranted. 

4. Summary  

The electric-field control of magnetic properties of Pr0.67Sr0.33MnO3 (PSMO) film on 

piezoelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMNT) substrate was investigated. The magnetic 

moment of the PSMO film depended on both temperature and electric biasing. The applied 

electric bias strained the PMNT substrate. The strain was coupled to the PSMO film in the 

heterostructure. The induced strain in the PSMO film showed biasing polarization dependence 



  

13 
 

and temperature dependence and their corresponding effects on the PSMO magnetization. The 

change of magnetic moment was associated with the Mn ions. First principle simulations 

showed that the strain-induced electronic redistribution of the two eg orbitals was responsible 

for the change of magnetic moment. This work demonstrated that the orbital occupation 

probability is important for understanding the magnetoelectric effects in 

ferromagnetic/piezoelectric heterostructures.  
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Captions  

Figure 1: (a) selected area electron diffraction of PSMO/PMNT heterostructure without 

electric field; (b) dependence of the out-of-plane lattice constant of PMNT substrate on 

electric field; upper inset: the θ - 2θ curves of PSMO/PMNT system with/without electric 

field; the inset (1-4) indicates the direction of electric field, in-plane and out-of-plane strain.  

Figure 2: (a) In-plane and (b) out-of-plane M-H curves of PSMO/PMNT with electric field + 

6.7 kV/cm at 100 K. The insets are the enlarged view of the M-H curves. The black dashed 

line in each figure illustrates the magnetostriction effect with E = 6.7 kV/cm, which induced 

magnetic anisotropy ~ 140 Oe perpendicular to the film plane, and reduced the in-plane 

moment and increased the out-of-plane moment with constant magnetic field.  

Figure 3: Polarization dependence of magnetization on different electric field at (a) 100K, (c) 

150K, and (d) 200 K with magnetic field 5000 Oe; (b) the dependence of the change of 

magnetization (δM) on magnetic field at 100 K; Positive electric field + 6.7 kV/cm was 

applied during the cooling process from room temperature to the targeting temperature.  

Figure 4: The dependence of the change of magnetization (δM) on  temperature at 5000 Oe. 

Positive electric field + 6.7 kV/cm was applied during the cooling process from room 

temperature to the targeting temperature. The upper part illustrates the response of 

piezoelectric PMNT to the electric field at different temperatures (three situations); the blue 

and red dots illustrate the position of positive and negative electric field 6.7 kV/cm, 

respectively.  

Figure 5: (a) Normalized XMCD measured at Mn L3,2 with 5 T magnetic field in the film 

plane at different electric field on PMNT substrate. The inset is the enlarged part around the 

absorption region 645 eV and the arrow indicates the measurement sequence. (b) Change of 

peak intensity around 645 eV with applied electric field, and the line is for viewing guide. The 

signals were collected in the reflectivity mode.  

Figure 6: (a) The simulation configuration used in this work; (b) the calculated dependence 

of magnetic moment at 1st Mn site and Pr site on in-plane lattice constant; the calculated (c) 

3d DOS, and (e) the magnetic spin contribution from two eg sub-orbits, at 1st Mn site; (d) The 

illustration of t2g and eg orbits with respect to the Fermi level Ef.  
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S1. Illustration of sample configuration with electric bias  

 

The configuration used for magnetic measurement with electric field bias is 

illustrated. The electric field was perpendicular to the film plane, either pointing up 

(positive) to the PSMO film or pointing down (negative) to the bottom Au electrode.  The 

magnetic field was applied along the in-plane or out-of-plane directions. The magnetic 

measurement was performed using superconducting quantum interference device 

(SQUID).  

S2. Volume conservation  

The assumption of the volume conservation [1] was used to calculate the change of 

in-plane lattice constant (a, b) based on the measured results of out-of-plane lattice 

constant (c). With strain applied along the c direction, the change of in-plane lattice 

constant was obtained as follow:  

𝑎𝑎𝑖𝑖 ∗ 𝑏𝑏𝑖𝑖 ∗ 𝑐𝑐𝑖𝑖 = 𝑎𝑎𝑓𝑓 ∗ 𝑏𝑏𝑓𝑓 ∗ 𝑐𝑐𝑓𝑓 = 𝑎𝑎𝑖𝑖(1 + 𝜀𝜀𝑥𝑥) ∗ 𝑏𝑏𝑖𝑖(1 + 𝜀𝜀𝑦𝑦) ∗ 𝑐𝑐𝑖𝑖(1 + 𝜀𝜀𝑧𝑧)        (1) 

Where subscript i indicates the initial status, f indicates the final status; 𝜀𝜀𝑥𝑥, 𝜀𝜀𝑦𝑦, 𝜀𝜀𝑧𝑧 are the 

strain along the three directions. For (001) orientated PMNT substrate, a, b are equivalent. 

With 𝜀𝜀𝑧𝑧 =  + 0.17 % along the c direction, the calculated 𝜀𝜀𝑥𝑥 = 𝜀𝜀𝑦𝑦 =  − 0.08% . The 

decrease of in-plane lattice of PMNT substrate would affect the lattice constants of 

PSMO film accordingly due to the epitaxial relationship.  
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The above table shows the calculated values of lattice constants based on TEM 

diffraction and XRD results.  

S3. Rocking curve of PSMO film  

 

A rocking curve was measured to show the (002) texture of PSMO film. The Full 

width at half maximum (FWHM) was 1.4˚. This large FWHM came from the relatively 

large surface roughness of the surface of the PMNT substrate (confirmed by cross-section 

TEM, data not shown). Despite the imperfect epitaxial relationship between PSMO and 

PMNT, the applied electric bias induced-strain in the PMNT was coupled to the PSMO 

film.  

 Bulk (Å) In-Plane lattice (Å) Out-of-Plane lattice (Å) 
0 kV/cm 6.7 kV/cm 0 kV/cm 6.7 kV/cm 

PMNT 4.032 4.032 4.028 4.032 4.039 
PSMO 3.860 3.868 3.865 3.857 3.861 
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S4. Magnetization-temperature curve   

 

The magnetization-temperature curve of PSMO/PMNT, field cooled at 100 Oe. The 

PSMO film was paramagnetic at room temperature, and the paramagnetic-ferromagnetic 

phase transition occurred at ~ 220 K. The magnetic properties were investigated in the 

range of temperature for ferromagnetic phase (T < 220 K).  

S5. Magnetostriction effect   

The (001) PMNT has a large piezoelectric coefficient d31 = d32 ~ -1800 pC/N. An 

applied E field will induce in-plane compressive strain in the substrate. When a thin film 

was deposited on the substrate, the compressive strain in the substrate may be coupled to 

the film. This compressive strain in the magnetic films can induce magnetic anisotropy 

through the magnetostrictive effect [2],  

𝐸𝐸𝜖𝜖 =  −  3
2
𝜆𝜆𝜆𝜆 cos2 𝜃𝜃                                              (2) 

where 𝜃𝜃  is the angle between the stress and the magnetization moment; 𝜆𝜆  the 

magnetostriction coefficient; 𝜆𝜆  the stress. PSMO has a positive magnetostriction 

coefficient [3]. In-plane compressive strain (or decrease of in-plane tensile strain) will 

result in an additional magnetic anisotropy with the easy direction of the magnetic 

anisotropy perpendicular to the film plane. In this experiment, the edges of PMNT 



5 
 

substrate were along the equivalent (100) and (010) directions; only the effective 

magnetic anisotropy perpendicular to the film plane was induced. The induced effective 

magnetic field could be described as [2],  

𝐻𝐻𝑧𝑧 =  −  3𝜆𝜆𝜆𝜆
𝑀𝑀𝑠𝑠(1+𝑣𝑣) (𝑑𝑑31 + 𝑑𝑑31)𝐸𝐸                                    (3)  

𝑀𝑀𝑠𝑠 was the saturated magnetization of the film; 𝑌𝑌 the Young’s modulus, ~ 80 GPa for 

PSMO [4]; 𝑣𝑣 the Poisson’s ratio, ~ 0.36 for PSMO [5]; E is the applied electric field. The 

calculated 𝐻𝐻𝑧𝑧  using equation (2) with E = 6.7 kV/cm was ~ 140 Oe. This induced 

magnetic anisotropy was along the out-of-plane direction, and should decrease the in-

plane magnetic moment at the same magnetic field as compared to that without induced 

magnetic anisotropy.  

S6. Effects of electric field on magnetization with negative bias during cooling  

 

A negative electric bias - 6.7 kV/cm was applied during the cooling process from 

room temperature to 100 K. The subsequent applied field of +6.7 kV/cm during magnetic 

measurement decreased magnetization while applied field of -6.7 kV/cm increased 

magnetization. 
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S7. Temperature dependence of coercivity of PMNT  

 

An ideal coercivity of strain-electric field loop showing changes of coercivity with 

temperature [6]. The in-plane strain-electric field loops of PMNT at different 

temperatures are illustrated, where T1 > T2. At low temperature T2 (black loop), the 

coercivity Ec2 is higher than that (Ec1) at high temperature T2 (dark beige loop).  

S8. Pr M5,4 edge with different electric field  

 

Normalized Pr M5,4 XMCD with 5 T magnetic field in the film plane was measured 

with different electric fields on PMNT substrate. At the Pr M5,4 edge, the XMCD signal 

was very weak with no obvious dependence on electric field,  indicating that the change 

of magnetic moment in the PSMO film under electric field was not from the Pr site. 

Hence the contribution from Pr site was ignored.  
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