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Supplementary Figure 1 STEM investigation of an ETO:MgO VAN film. (a) 

HAADF-STEM image of an ETO:MgO VAN film in plan-view orientation, showing 

MgO nanopillars (dark spots) embedded in an ETO matrix. (b) Size distribution of the 

MgO nanopillars in (a), indicating that the diameter of MgO nanopillars is mostly about 

4 nm. 
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Supplementary Figure 2 Structural analysis by XRD and STEM. (a) XRD θ-2θ 

detail scans around (002) reflection of ETO:MgO VAN films. (b) Phi scans of (101) 

STO, (101) ETO, and (202) MgO. (c) HAADF-STEM image of an ETO:MgO VAN 

film in plan-view orientation, showing MgO nanopillars embedded in an ETO matrix. 

Scale bar: 20 nm. (d-g) EDS elemental maps of an ETO:MgO VAN film, corresponding 

to the yellow rectangle region in (c). Scale bar: 10 nm. 
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Supplementary Table 1 

Lattice constants for ETO in bulk, plain ETO film, and ETO in the VAN film 

 

 

 

  

 IP 

lattice constant (Å) 

OOP 

lattice constant (Å) 

Vertical 

strain 
c/a ratio 

     

ETO bulk 3.905 3.905  1 
     

Plain ETO film 

(300 nm) 
3.905 3.905 0 1 

     

ETO in VAN film 

(70 nm) 
3.90±0.01 4.01±0.01 +2.56% 1.03 

     

ETO in VAN film 

(300 nm) 
3.90±0.01 4.01±0.01 +2.56% 1.03 
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Supplementary Figure 3 STEM investigation of interfacial lattice match. (a) The 

close-up STEM image of a single MgO nanopillar (dark region) in an ETO:MgO VAN 

film along the cross-sectional direction. Inverse fast Fourier transform (IFFT) images 

of (a), showing good lattice match between an ETO:MgO VAN film and a STO 

substrate both along the IP (b) and OOP (c) directions. (d) and (e) Zoom-in STEM 

images of regions 1 and 2 highlighted by white boxes in (a), respectively. The lattice 

matching diagrams for (f) ETO/STO interface, (g) MgO/STO interface, and (h) 

ETO/MgO interface, corresponding to regions 1 and 2 in (d) and region 3 in (e), 

respectively. It is worth noting that, because the MgO nanopillars are very narrow with 

diameters of ca. 4 nm, i.e. smaller than the thickness of the TEM sample (ca. 10 nm), 

signals from both the ETO and MgO regions were collected in STEM images of VANs 

along the cross-section direction. 
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Supplementary Figure 4 Strain analysis by STEM. (a) The close-up STEM image 

of an individual MgO nanopillar (dark region) along the plan-view direction. (b) and 

(c) are strain maps ɛxx and ɛyy. Misfit dislocations are present (pinched regions) which 

form to relax the misfit strain between the ETO and MgO phases. 

 

 

 

 

  



7 
 

 

 

 

 

 

 

Supplementary Figure 5 Strain analysis by reciprocal space maps. Reciprocal space 

maps of (103), (013), (10-3), and (0-13) Bragg reflections of STO and ETO for an 

ETO:MgO VAN film grown on STO substrate. 
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Supplementary Figure 6 STEM investigation of oxygen octahedra. (a) HAADF, (b) 

ABF and (c) composite image of the ETO phase in the VAN film in cross-sectional 

orientation. (d) The measured angle between neighboring oxygen octahedra from the 

STO substrate to the ETO phase. 
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Supplementary Figure 7 STEM investigation of oxygen octahedra. (a) Plan-view 

HAADF image of an ETO:MgO VAN film. (b) HAADF, (c) ABF and (d) composite 

images of the ETO phase highlighted by red box in (a). Eu atoms are red and Ti atoms 

are green. 
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Supplementary Figure 8 Magnetic properties of an ETO:MgO VAN film. (a) 

Magnetic hysteresis loops of a plain ETO film and an ETO:MgO VAN film measured 

at 2 K. (b) Temperature-dependent magnetization of a plain ETO film and an ETO:MgO 

VAN film. (c) Magnetic hysteresis loop of an ETO:MgO VAN film measured by 

applying a magnetic field along the IP and OOP directions. It can be seen that the 

magnetic easy axis is along the IP direction. (d) ’-T curves of an ETO:MgO VAN film 

measured at Hac=5 Oe using the AC frequencies of 10, 100, 1kHz. The arrow indicates 

the ferromagnetic Curie temperature (TC) of ~ 3.4 K. 
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Supplementary Figure 9 Polarization in ETO under negative pressure, from DFT 

calculations. The calculated ferroelectric polarization of ETO in an ETO:MgO VAN 

film with the change of the negative pressure. 
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Supplementary Figure 10 Ferroelectric polarization of an ETO:MgO VAN film. 

Ferroelectric hysteresis loop measured at 1 kHz. 
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Supplementary Figure 11 Dielectric constant of an ETO:MgO VAN film. 

Temperature-dependent dielectric constant of an ETO:MgO VAN film measured at 

different frequencies. The arrow indicates the ferroelectric Curie temperature (TC) of ~ 

255 K. 
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Supplementary Figure 12 Projected density of states in ETO from DFT 

calculations. (a-e) DFT calculated projected density of states (PDOS) of ETO under 

different negative pressures (vertical strain). (f) Schematic diagram of ETO with G-type 

AFM magnetic configuration. 
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Supplementary Figure 13 Magnetodielectric coupling of an ETO:MgO VAN film. 

Temperature dependence of dielectric constant measured at different magnetic fields 

and 100 kHz. 
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Supplementary Figure 14 Magnetodielectric coupling of an ETO:MgO VAN film. 

Magnetic hysteresis loop (a) and magnetic field-dependent dielectric constant (b) of an 

ETO:MgO VAN film measured at 10 K. 
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Supplementary Figure 15 Structural analysis by XRD. Comparison of XRD θ-2θ 

detail scans around (002) reflection of an ETO:MgO VAN film grown on a STO 

substrate and a plain ETO film grown on a LAO substrate. 
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Supplementary Discussion 1 

Inspired by the fact that the external magnetic field may have substantial effect on the 

lattice parameter of the ETO1, which leads to a magnetostriction, we proposed an 

energy term related to the magnetic field induced strain in addition to the biquadratic 

coupling term of the spins and phonon (lattice). For simplicity, we only consider the 

linear coupling between the strain and the magnetic field through the real behavior of 

strain under magnetic field is more complicated, as was reported in literature2. 

The free energy of the ETO can be expressed as: 

2 4 2 4 2 2 2

0 0

1 1 1 1 1 1
( , ) ( )

2 4 2 4 2 2
p CP p M MF M P F A T T P B P A M B M M P HP        

   
(1) 

Here, 0F  is the free energy of the PM-PE state, T  is the temperature, and CPT is the 

FE transition temperature in the absence of the external magnetic field. The polarization 

P  and magnetization M  are the ferroelectric and ferromagnetic order parameters, 

respectively. 0pA , pB , MA  and MB  are the expansion coefficients. It should be noted 

that  is the strength of the biquadratic spin-lattice coupling coefficient and is negative 

for ferromagnetic order3. The term of 
21

2
HP  is introduced to describe the 

influence from the magnetic field induced strain, where H  is the external magnetic 

field,   is the effective strain imposed on the ETO, and  is the corresponding 

coefficient to scale the strength of the tuning effect of the magnetic field on the lattice 

parameters. 

By dealing with the free energy according to the thermodynamic analysis, we can obtain 

the reciprocal of dielectric susceptibility as following: 

1 ' 2

0( ) 3p CP pA T T B P                           (2) 

where 
2

'

0 0

CP CP

p p

M H
T T

A A

 
   . Since the CPT  is much higher than the CMT , both 

the spontaneous polarization sP  and spontaneous magnetization sM are zero in the 

absence of the magnetic field for CPT T
.
And consequently,   , according to Eq. (2), 
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follows the Curie-Weiss Law, i.e. 
CP

C

T T
 


, with the Curie-Weiss constant 

0

1

p

C
A

 . For CM CPT T T  and 0H  , the spontaneous magnetization SM  is zero, 

while the spontaneous polarization SP  is nonzero. The ETO system is in its PM-FE 

state and the dielectric constant, according to Eq. (2), can be expressed as 

( 0)

1

2( )CPT T
  


,  where ( 0)   is the dielectric susceptibility in the ferroelectric 

phase without the coupling between the ferroelectric and magnetic orderings. 

At temperatures lower than CMT , the ETO system is in its FM-FE state, i.e. both SM  

and SP  are nonzero and these two order parameters are coupled to each other. As a 

result, the dielectric susceptibility in the absence of the external magnetic field ( H =0) 

can be written as below, where ( 0)   means the dielectric susceptibility in the 

ferroelectric phase without the coupling between the ferroelectric and magnetic 

orderings. 

( 0) 2

( 0) ( 0)2

( 0)

(1 2 )
1 2

M
M



 




  





 



  


             (3) 

As far as the magnetostriction is concerned, the dielectric susceptibility for the FM-FE 

state in ETO can be obtained as: 

( 0) 2

( 0) ( 0) ( 0)2

( 0) ( 0)

(1 2 2 )
1 2 2

M H
M H



  

 


    

  



  

 

   
 

    (4) 

where   is negative and   is positive. 
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Supplementary Discussion 2 

According to the previous investigation on the spin-phonon coupling of bulk ETO, a 

strong coupling between the Eu spins and dielectric properties was realized through a 

modified T1u phonon mode, confirmed by an abrupt changed dielectric constant under 

different magnetic fields. Meanwhile, the magnitude of the phonon frequency ( 0 ) 

change with an applied magnetic field can be estimated from that of the dielectric-

constant change4. In our results, we presented the dielectric constant under the different 

magnetic fields as shown in Fig. 6(a). The dielectric constant shows a monotonic 

increasing trend and saturate as the magnetic field increases at the lower range. Hence, 

we can assume that the increase of ε by 0.09% under a magnetic field means a decrease 

of 0  by 0.0045%, calculated by the formula as below: 

      
 

*2

1 2 2 2

0

4 e /
i

i

N 
      

  
   

  
                           (5) 

where N is the number of unit cells per volume, *e  is the effective charge of ions,   

is the effective mass of ions, 0  is the phonon frequency, and   is the scattering rate 

of the phonon. 

Focused on the ETO phase, the spin-phonon coupling can be simply described as the 

configuration of Eu spins under lower magnetic field varies the frequency of a phonon 

mode, via the changed hybridization between the Eu 4f, O 2p and Ti 3d orbitals4. For 

the magnetostriction, the previous theory confirmed that a tiny striction stemming from 

the rearrangement of Eu spins under a higher magnetic field also influence the 

frequency of a phonon mode1.  

Based on the relative length change in the ETO phase under various magnetic field5, 

we systematically investigated the competition between the two mechanisms, i.e. spin-

phonon coupling and magnetostriction. Firstly, a typical spin-phonon coupling effect 

dominates at a lower temperature, monotonically increasing dielectric constant. Then, 

considering the magnetostriction effect, a reversed trend in the dielectric constant is 

dependent on the increased length. Meanwhile, with the decreased temperature, the 
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strengthened ability of magnetic induced strain caused to an enhanced magnetostriction 

effect. Lastly, an abnormal magnetostriction of the crossover length leads to the 

decreased in the coefficient α under a higher magnetic field, showing a weakened 

magnetostriction effect. 
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Supplementary Discussion 3 

The magnetic exchange constants were calculated by mapping the total energy 

difference between different magnetic configurations onto the Heisenberg 

Hamiltonian𝐻 = −2∑ 𝐽𝑖𝑗𝑆𝑖𝑆𝑗𝑖𝑗 , where 𝐽𝑖𝑗  is the exchange constant of magnetic 

interactions between the Eu 4f spins at the i and j sites and Si is the spin vector at the i 

site. The total energies for different magnetic configurations can be described with 

Heisenberg Hamiltonians below.  
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