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Abstract: 

In this study, we investigate the properties, with a special focus on the magnetic attributes, 

of NiFe2O4 (NFO)/BaTiO3 (BTO) multiferroic heterostructures, examining individual 

layer thicknesses ranging from 3 to 12 nm. X-ray diffraction reveals that as BTO thickness 



increases, NFO transfers from a non-strained cubic lattice to a compressive strained 

tetragonal lattice. In contrast, thicker NFO layers introduce enhanced tensile stresses on 

the BTO layer, counteracting the compressive strain originating from the SrTiO3 (STO) 

substrate. Piezoresponse force microscopy demonstrates that polarization switching 

voltage escalates with increasing BTO layer thickness. Through X-ray magnetic circular 

dichroism measurements coupled with multiplet theory, we elucidate variations in 

magnetic moments and ionic distributions within the NFO layers. Remarkably, a larger 

BTO thickness is associated with a chemical reduction of Fe ions in NFO layer, indicative 

of increased oxygen vacancies, which is induced by the increasing compressive strain as 

evidenced by first-principles calculations. Thinner NFO layers showed increased 

tetrahedral (Td) site vacancies and oxygen vacancies in concomitant with reduced magnetic 

moments, which can be optimized by either increasing NFO thickness or through air 

annealing at 450 °C. Combining the ionic distribution variation with in-plane lattice 

parameter evolution during growth, we postulated that the reduced magnetic moments 

originate from a 2-3 nm antiferromagnetic rock salt NiO/FeO formed at the beginning of 

NFO growth, while the air annealing restores the magnetism by oxidizing and arranging 

the NiO/FeO into spinel NFO under synergistic effect of oxygen and heat. Air annealing 

at moderate temperature appears as a very efficient method to restore the magnetization of 

ultra-thin layers of NFO, allowing to overcome a major drawback for these compounds 

which hampers its utilization in spintronics applications so far. 

Keywords: NiFe2O4, BaTiO3, Multiferroics, Magnetic dead layer, Epitaxial growth, 

Synchrotron radiation 



 

 

 

1. Introduction 

The escalating demand for energy-efficient computing and storage solutions has 

propelled extensive research into innovative material systems and devices. Among these 

materials, multiferroics, combing multiple ferroic properties (e.g., ferroelectricity, 

ferromagnetism, ferroelasticity and ferrotoroidicity), is a pivotal candidate for next-

generation storage and logic devices. These systems combine the advantages of non-

volatility, thanks to the stability of the magnetization, and energy-efficiency, through the 

electric-field manipulation. They have therefore led to innovative devices such as electric-

field-controlled magnetic random-access memories1 and magnetoelectric spin-orbit logic 

devices2. Given the scarcity of room-temperature, stable, single-phase multiferroic 

materials3,4, artificial multiferroic systems - which combine different ferroic properties 

across multiple phases - emerge as a reliable and effective approach. There are different 

routes of creating artificial multiferroic composites, including particulate composites5, self-

assembled composites6,7, and multilayer heterostructures8,9. Multiferroic heterostructures, 

in particular, provide a platform to investigate the physical attributes of each component 

and their interrelations. This aids in the fundamental research into deciphering the intricate 

interplay of ferroic properties within the system.  



In the present work, we study NiFe2O4 (001) / BaTiO3 (001) multiferroic thin films 

system deposited on Nb doped SrTiO3 (001) substrate, with perovskite BaTiO3 (BTO) 

providing ferroelectricity and spinel NiFe2O4 (NFO) introducing magnetic order. Barium 

titanate is a notable lead-free displacive ferroelectric, recognized for its high permittivity, 

room temperature ferroelectricity, and enhanced ferroelectricity in strained layers10,11. 

Within typical BTO (001) epitaxial layer, the epitaxial in-plane strain from the substrate 

leads to the polarization of BTO aligning along the [001] tetragonal axis. Interface and 

surface effects will greatly influence the stabilization of polarization in thin films12. The 

spinel ferrite NFO is a soft ferrimagnet characterized by its large resistivity, high Curie 

temperature for magnetic long range ordering, low anisotropy and notably high 

permeability, which bolsters magnetoelectric coupling13. The coupling between the 

ferromagnetic and ferroelectric layers hinges predominantly on their interface, where 

strain, spin and charge coincide14. As device miniaturization necessitates using thinner 

layers, understanding this ferromagnetic/ferroelectric interface becomes increasingly 

paramount. To our knowledge, no prior systematic study has been conducted on the 

NFO/BTO interface. Moreover, the mechanism of low magnetization at interface and its 

associated curing method in multiferroic heterostructures remain elusive.  

To address these issues, this study examines the evolution of the ferroic properties in a 

series of samples combining various layer thickness (the BTO thicknesses, θBTO, were 

varied from 3 to 12 nm and those of NFO layers, θNFO, from 4 to 12 nm). Strain and 

ferromagnetic properties in the thin multilayers were probed using synchrotron-based X-

ray diffraction and X-ray absorption spectroscopy, respectively. Ferroelectricity was 

evaluated via microscopic piezoelectric force microscopy. Intriguingly, the increase of 



BTO thickness amplifies the compressive strain imposed on NFO layer, introduces 

chemical reduction in the NFO layer, and slightly improve the magnetization in the NFO 

layer. Conversely, the reduction of NFO layer aids in screening the depolarization field, 

thereby stabilizing the polarization in the BTO layer. However, detrimental very low 

magnetization is observed in thin NFO layer samples showing the presence of a 

magnetically dead (or non-magnetic) layer at the interface in the thin film regime. Detailed 

analyses of valence and site distribution variations within the NFO layer, combined with 

in-plane lattice parameter variations during growth, lead us to conclude that the nature of 

this magnetically dead layer is an intermediate antiferromagnetic rock salt NiO/FeO layer 

formed during NFO deposition. We demonstrate that this magnetically dead layer can be 

cured through the synergistic effects of oxygen and heat, which reoxidize and rearrange 

the layer into ferrimagnetic NFO. 

2. Experimental Details: 

Film Growth: 

The Nb:SrTiO3 (Nb:STO) substrates were first pre-annealed in air at 900°C prior to 

epitaxy for recrystallization to remove polish-induced defects in the surface layer. 

Subsequently, the substrate was positioned into the Molecular Beam Epitaxy (MBE) 

chamber and annealed at 450°C for 1h to facilitate outgassing in vacuum and next exposed 

to a high brilliance oxygen plasma (350 W radiofrequency (RF) power) for 1.5h of surface 

cleaning. The deposition of the oxide layer is fulfilled with the evaporation of each metal 

constituent from respective high purity (99.999%)  source materials (Ba, Ti, Ni and Fe in 

present work), commercially obtained from Goodfellow Cambridge Ltd, in dedicated 

Knudsen cells and the oxidation via the oxygen plasma exposure (350 W). The evaporation 



rate of metal constituents is optimized for each layer to ensure superior crystalline quality 

and a correct stoichiometric ratio. The crystalline quality was monitored in real-time by 

reflection high-energy electron diffraction (RHEED). Auger electron spectroscopy and X-

ray photoemission spectroscopy were employed in situ to crosscheck the stoichiometry 

after sample elaboration. X-ray reflectivity is used to determine the relationship between 

film thickness and deposition time. Further details regarding the epitaxial growth can be 

found in our previous publications 15–17.  

Transmission Electron Microscopy: 

High-resolution transmission electron microscopy (HRTEM) was used to access 

microstructures in real space. Cross-sections of the specimens were prepared using focused 

ion beam (FIB). The HRTEM observations were performed with a Hitachi I2TEM, while 

FIB experiments utilized a Helios NanoLab600i.  

X-ray Diffraction: 

X-ray diffraction (XRD) measurements were realized at the DiffAbs beamline at the 

SOLEIL synchrotron. The X-rays utilized in the XRD experiments were monochromatic 

(bandpass of ΔE/E ∼ 10-4), with an energy of 9.96 keV. Two 50 nm rhodium-coated Si 

single crystal mirrors were employed to effectively reject higher harmonics X-rays by a 

cumulated factor of about 10-6. The beam size of the X-ray was about 200 × 250 μm2 

(FWHM, vertical × horizontal), and the photon flux at the focal spot reached several 1012 

ph/s.  

For capturing the XRD signal, we used a 0D detector (photomultiplier) combined with 

slits that provided an angular opening of approximately 0.03 × 0.3° (Vertical × Horizontal). 

The measurement is achieved through scanning the sample (incident angle) and the 



detector (scattering angle) in symmetric configuration (θ - 2θ) to access momentum transfer 

values along the direction perpendicular to the surface of the sample (i.e. along the 00L 

direction). For XRD measurement concerning mapping in reciprocal space, we employed 

an area detector (hybrid pixels, XPAD model s140) 18–20, consisting of an array of 560 × 

240 pixels (130 μm pitch, and gapless). We mounted the 2D detector on the diffractometer's 

detector circles, allowing it to be positioned around the sample. This setup enabled us to 

capture a significant angular range in a single image/measurement, approximately 11 × 4° 

(2θ × ψ, respectively, representing the Bragg scattering angle and polar elevation).  

X-ray Spectroscopy: 

X-ray absorption spectroscopy (XAS) and X-ray Magnetic Circular Dichroism (XMCD) 

experiments took place at the DEIMOS beamline at SOLEIL synchrotron. The beam size 

was 800 × 800 μm2 with a photon energy resolution of 100 meV. For most sample 

measurements, the magnetic field was produced by a water-cooling electromagnet with a 

maximum 1 T magnetic field. Exception was for two particular samples, one 4 nm NFO/4.5 

nm BTO and one 7 nm NFO/9 nm BTO, in as-deposited and air-annealed conditions, for 

which the magnetic field was produced by a superconducting magnet applying a magnetic 

field up to 5 T along the beam direction. The X-ray beam and magnetic field are both 

perpendicular to the sample surface. The absorption intensity was acquired using total-

electron-yield (TEY) detection mode. XAS spectra are recorded using fully circularly 

polarized X-rays provided by an Apple-II HU52 undulator. Magnetization curves are 

recorded using EMPHU65 helical undulator at 10Hz polarization flipping rate. Isotropic 

XAS spectra is calculated by the average of XAS spectra of opposite circular polarization. 

XMCD spectra is obtained by first calculating the differences of XAS of opposite circular 



polarization and then normalizing the differences by dividing the edge jump of the isotropic 

XAS. 

Scanning Probe Microscopy: 

Atomic force microscopy (AFM) and Piezoresponse force microscopy (PFM) imaging 

were conducted using a Bruker Nanoscope V Dimension ICON microscope. For AFM 

imaging, SCANAYST air tips in the Peak-Force QNM mode detailed the samples’ 

topography. PFM measurements employed SCM-PIT-V2 tips (with Pt-Ir conductive 

coating). Both AFM and PFM measurements utilized a DAFMCH tip holder. 

First-principles Calculations: 

Ab initio calculations based on the density functional theory (DFT) were performed using 

the VASP code21,22 with the projector augmented wave (PAW) method23, and a cut-off 

energy of 600 eV. The exchange–correlation energy was calculated thanks to the functional 

proposed by Perdew, Burke, and Ernzerhof and revised for solids (GGA-PBESol)24 with a 

Hubbard (+U) correction and Ueff = (U − J) parameters of 4.0 eV for Fe and 2.5 eV for Ni 

atoms. To calculate the effects of a neutral oxygen vacancy, we employed the same 

approach as our former publication25, where we used a 1 × 1 × 1 supercell described by a 

conventional cubic cell of 8 formula units (f.u.) of NiFe2O4 (i.e. 56 atoms in total) and the 

most stable Fe/Ni cation distribution corresponding to the perfectly inverse spinel structure 

with the space group 91-P4122.    



3. Results 

Epitaxial NFO over epitaxial BTO thin films with BTO thickness θBTO = 3, 6, 9, 12 nm 

and NFO thickness θNFO = 4, 12 nm were grown on the Nb doped SrTiO3(001) substrate 

by oxygen plasma assisted molecular beam epitaxy (OA-MBE)15,26, with growth 

parameters detailed in experimental section. Well contrasted RHEED streaks observed 

throughout the entire growth process attest to the good crystal quality of each layer, as 

demonstrated in Fig. 1a. The comparison of the RHEED patterns between the film and the 

substrate, combined with the 90° azimuthal periodicity in the RHEED patterns, confirms a 

cube-on-cube epitaxial growth with c-axis out-of-plane orientation for both BTO on the 

Nb:STO(001) substrate and NFO atop BTO layers. The appearance, after 20 min of growth, 

of doubled spaced streaks during the NFO growth implies that NFO is growing in a manner 

such that one NFO cube aligns with four BTO cubes — two along each crystallographic 

direction. This observation corresponds well with the lattice parameter relationship 

between the two layers, the NFO ferrite lattice parameter being slightly larger than the 

double of the BTO one. 

HRTEM images further confirm the good crystallinity of these layers, as showcased in 

Fig. 1b. Using the AFM, we measured the topography for each layer thickness combination 

(Fig. S1). The terrace-like morphology is indicative of a sequential layer-by-layer growth. 

As illustrated by the curve in Fig. 1c, the root mean square roughness values span from 0.4 

nm to 1 nm, underscoring a smooth 2D epitaxial growth. It is worth noting that samples 

with NFO = 12 nm present a higher surface roughness than their 4 nm thick counterparts. 

However, intriguingly, an incremental increase in BTO does not consistently result in 

higher roughness. 



 

 

Figure 1. Structural Characterization of layers. (a) In-situ RHEED images of the 

NFO/BTO/Nb:STO heterostructures observed during epitaxial growth, (b) High-resolution 

TEM images of a 9 nm/17 nm NFO/BTO film on Nb:STO(001) (c) Root mean square 

roughness of sample surfaces measured by AFM as a function of BTO thickness 

Structural properties 

At room temperature, bulk perovskite BTO possesses a tetragonal crystal structure, with 

in and out of plane lattice parameters aBTO = 3.992 Å and cBTO= 4.036 Å respectively27. In 

contrast, STO has a cubic crystal structure with aSTO = 3.905 Å28. Consequently, the lattice 

mismatch between BTO and the substrate, determined via the formula (afilm-asubs)/asubs, is 

+2.2%. This signifies an in-plane compressive stress exerted on the BTO film by the 

substrate. Meanwhile, bulk NFO is characterized by a spinel cubic structure with aNFO = 

8.339 Å29. Since the lattice parameter of NFO is nearly twice as big as that of BTO and 



STO, one NFO cube grows on four BTO/STO cells, and the lattice mismatch between NFO 

and BTO is thus (aNFO/2-aBTO)/aBTO = +4.45%, while that between NFO and STO is 

+6.77%. Hence, theoretically NFO shall exhibit in-plane compressive stress from the 

substrate and the BTO film, and introduce tensile stress on the adjoining BTO layer.  

In our study, and considering the above-mentioned epitaxial relationship, the out-of-

plane lattice constant (denoted as the lattice parameter c) for each layer was determined by 

fitting the peaks corresponding to specific crystal planes of each layer in the measured 

specular θ-2θ curve (see Fig. 2a). We reported the measured cBTO values as a function of 

θBTO in Fig. 2b. For a θBTO = 3 nm, both θNFO = 4 nm and 12 nm stacks exhibit a large cBTO 

(4.192 Å and 4.201 Å, respectively), implying an out-of-plane stretching of the film. From 

an elasticity standpoint, this suggests significant in-plane compression of the BTO lattice. 

As θBTO grows from 3 nm to 12 nm, the strain imposed by the STO substrate decreases, 

causing a reduction in the cBTO — down to 4.12 Å and 4.10 Å for θNFO = 4 nm and 12 nm 

samples, respectively. Increasing θNFO from 4 nm to 12 nm leads to a general decrease in 

the cBTO, aligning with the notion that thicker NFO layers exert greater tensile stress on 

BTO, offsetting the compressive strain from STO. Even at rather high θNFO and θBTO (θNFO 

= 12 nm, θBTO = 9 nm), the compressive strain from substrate still dominates in BTO layer, 

with a mean tetragonality of 1.053, demonstrated by the 113 reciprocal space mapping in 

Fig. S2. 

Conversely, cNFO expands with increasing θBTO (see Fig. 2c), which aligns with the 

expectation that thicker BTO layers exert progressively more compressive stress on NFO. 

Specifically, when θBTO increases, cNFO increases from 8.336 Å to 8.448 Å for samples with 

θNFO = 4 nm, while for samples with θNFO = 12 nm, cNFO rises from 8.329 Å to 8.435 Å. 



Surprisingly, cNFO at minimal θBTO matches the cubic lattice parameter of NFO, suggesting 

that NFO is not under compressive stress from the STO substrate in this case. Further 

exploration revealed the absence of Laue oscillations in the 00L curves for samples with 

θBTO = 3 nm, hinting at non-coherence between deposited ferrite layer and the BTO layer. 

Such non-coherence often results in lattice mismatch being accommodated by dislocation 

formation at the interface layers i.e. plastic deformations, thereby alleviating stress. This 

phenomenon could also explain the slightly counter-intuitive trend observed when θBTO 

increases from 3 to 6 nm in samples with θNFO = 4 nm.  

   

Figure 2. X-ray diffraction investigations of the layers. (a) 00L specular diffraction scans 

of four 4 nm thick NFO samples with 3, 6, 9 and 12 nm BTO respectively. (b) Out-of-plane 

lattice parameter of BTO in relation to BTO thickness for 4 nm and 12 nm thick NFO films. 

The lattice parameters were extracted via fitting of BTO (003) peaks in 00L diffraction 

patterns using Gaussian functions. (c) Out-of-plane lattice parameter of NFO as a function 

of BTO thickness for 4 nm and 12 nm thick NFO films. 

Ferroelectric properties 

The ferroelectric properties of the films were investigated using PFM. On each sample, 

nine square-in-square patterns of size 1 μm × 1 μm were written. The 9 patterns are written 

with static voltages ranging from 2 V to 7 V, as illustrated in Fig. S3. The internal square 



was written with negative static voltage, while the external frame was written with positive 

static voltage. The voltage was applied to the PFM tip (located on the sample surface), 

while the substrate was grounded to the PFM chunk. After writing the pattern, to determine 

the layer’s polarization, a 1 V AC drive voltage was applied to the sample at contact 

resonance frequency causing the films to expand and contract, with the response signal 

amplified using lock-in amplifier. Moreover, an additional DC offset voltage was applied 

and tuned to compensate for static charge effect30. To validate the reproducibility of our 

results, multiple square-in-square patterns were inscribed on various parts of the samples, 

with the results representing the predominant behavior observed across tests. Clear 

ferroelectric domain wall can be seen as the dark line situated between the inner square and 

outer frame in the amplitude images (first row of Fig. 3), and the phase contrast between 

these two parts (second row of Fig. 3). Typical line profiles across the written square-in-

square pattern are shown in Fig. S4, providing quantitative evidence of the near-zero 

amplitude at the ferroelectric domain walls and the 180° phase difference between 

oppositely oriented ferroelectric domains.   

First observation from the PFM read images is that the film’s initial polarization was 

oriented upwards (pointing towards NFO layer), as evidenced by the alignment of 

polarization with the negatively polarized regions. Furthermore, when the PFM writing 

voltage lies above a certain threshold, the PFM-written square-in-square patterns emerge 

in the PFM read images, demonstrating a dual reversed out-of-plane polarization zone. 

Comparative analysis of the PFM read images for varying BTO with NFO = 4 nm unveiled 

that as BTO decreases, lower PFM voltages are required to switch the out-of-plane 

polarization, especially from the initial up state to the down state. This reduction in reversal 



voltage with respect to the downscaling of film thickness is a favorable characteristic for 

enhanced energy efficiency when considering device miniaturization. We will further 

investigate the origin behind this trend in the discussion section. 

 

Figure 3. PFM signal versus BTO for 4 nm NFO film samples. PFM amplitude images 

(top row) and phase images (bottom row) recorded on four 4nm-NFO samples with 3, 6, 9 

and 12 nm thickness of BTO, after writing of 9 square-in-square patterns with PFM tip 

voltages at 2, 3, 4, 4.5, 5, 5.5, 6, 6.5, 7V respectively. The writing voltage increases from 

left to right and from top to bottom. The inner square is written in negative voltages.  

Increasing NFO from 4 nm to 12 nm led to a substantial deterioration of the PFM signal-

to-noise ratio, as illustrated in Fig. 4. To elucidate the underlying cause of this 

phenomenon, it is imperative to establish an electrical circuit model of the deposited oxide 

heterostructures. While an ideal oxide layer is typically treated as a capacitor, an actual 

deposited oxide layer is often considered as a capacitor with a resistor in parallel, which 

accounts for any current leakage through imperfections in the layer31–33. Consequently, the 



total impedance 𝑍total of the NFO and BTO oxide layers deposited on top of a conductive 

Nb:STO substrate, is expressed mathematically in Eq.(1): 

 
𝑍total = 𝑅𝑠 +

1

𝑗ω𝐶BTO +
1

𝑅BTO

+
1

𝑗ω𝐶NFO +
1

𝑅NFO

 (1) 

In this formula, 𝑅𝑠 represents the resistance of the substrate and the test system, 𝐶BTO 

and 𝐶NFO denote the capacitances of the BTO and NFO layers, respectively, while 𝑅BTO 

and 𝑅NFO represent their leakage resistances. 

PFM effectively detects the polarization by measuring the physical deformation of these 

layers in response to an applied AC drive voltage. The effective voltage experienced by the 

BTO layer can be calculated using impedance values, and is shown in Eq. (2): 

𝑉BTO =
𝑉total𝑍BTO

𝑍total
=

𝑉total

1 + (𝑗ω𝐶BTO +
1

𝑅BTO
) 𝑅𝑠 +

𝑗ω𝐶BTO𝑅BTO𝑅NFO + 𝑅NFO

𝑗ω𝐶NFO𝑅BTO𝑅NFO + 𝑅BTO

 
(2) 

Considering that the capacitance of a parallel plate capacitor can be calculated using 𝐶 =

𝜖𝑆/θ , where 𝜖, 𝑆  and θ  are the dielectric constant, surface area, and thickness of the 

dielectric, respectively, it follows that as NFO increases, 𝐶NFO decreases, diverting a more 

significant portion of the 1 V AC drive voltage and reducing the 𝑉BTO. Since PFM already 

defines sub-Å level lattice expansion by amplifying the signal, a reduced effective drive 

voltage on the BTO layer means a weaker response signal, hence a lower signal-to-noise 

ratio. Despite the lower signal-to-noise ratio, the general trend previously shown with NFO 

= 4 nm samples (Fig. 3), which suggested that thinner BTO layers require a lower voltage 

to reverse their electric polarization, appears consistent with NFO = 12 nm samples, when 

comparing the thinnest and thickest BTO layers. 



 

Figure 4. PFM signal versus BTO for 12 nm NFO film samples. PFM amplitude images 

(top row) and phase images (bottom row) recorded on four 12 nm-NFO samples with 3, 6, 

9 and 12 nm thickness of BTO, after writing of 9 square-in-square patterns with PFM tip 

voltages at 2, 3, 4, 4.5, 5, 5.5, 6, 6.5, 7V. The inner square is written in negative voltages. 

Magnetic properties 

After describing the ferroelectric properties in BTO, we will now analyze the variations 

of the NFO magnetic properties in our heterostructure samples with varying thickness. 

The general formula for spinel structure is AB2O4, where A and B are different metal 

cations. In a normal-spinel structure, the A cations occupy the tetrahedral (Td) sites, and 

the B cations occupy the octahedral (Oh) sites. Bulk NFO ideally adopts an inverse spinel 

structure34,35, which means that Ni2+ cations (A cations) reside in Oh sites, while Fe3+ 

cations (B cations) are distributed equally between Oh and Td sites. When NFO is in the 

form of thin films, it may exhibit a mixed spinel structure36, intermediate between normal 

and inverse spinels, as also found in other spinel oxide systems37,38. These intermediate 

cation distributions can be quantified by the inversion parameter y, such as 



[Ni1−𝑦Fe𝑦]
Td

[Ni𝑦Fe2−𝑦]
Oh

O4. In spinel oxides, y can vary from 0 (the completely normal 

spinel structure) to 1 (the completely inverse spinel structure). This parameter essentially 

tells us how the Ni2+ and Fe3+ ions are distributed between the Td and Oh sites. 

Regarding the magnetic ordering, NFO is ferrimagnetic because of the strong 

antiferromagnetic coupling between the magnetic moments of cations in Oh and Td sites, 

every cation in a Oh or Td sublattice being ferromagnetically coupled together. Given the 

spin magnetic moments of isolated Ni2+ (2 μB) and Fe3+ (5 μB) ions, this magnetic ordering 

would lead to a theoretical overall spin magnetic moment of 2 μB per NFO f. u., if the bulk 

NFO oxide adopts a perfectly inverse spinel structure (𝑦 =  1). Specifically, the theoretical 

spin magnetic moment contribution from all constituent Fe3+ ions is 0 μB, while that of Ni2+ 

is 2 μB. If NFO possesses a mixed spinel structure (𝑦 <  1),  the total spin magnetic 

moment is expected to rise with decreasing 𝑦, with the formula (−6𝑦 + 8) μB, ultimately 

reaching a value of 8 μB for 𝑦 =  0, as previously confirmed by DFT calculations25. 

The focus here is on unraveling the magnetic characteristics of NFO layers and exploring 

how these characteristics relate to the broader context of multiferroic systems. This 

involves understanding the interaction between magnetic properties and other ferroic 

phenomena or the chemical environment within these systems. We employed XAS and 

XMCD techniques to delve into the magnetic properties and site distribution of ions within 

the NFO layers. XAS and XMCD are element specific and are fulfilled by tuning the X-

ray energy to specific absorption edges of desired elements. For these samples, we probed 

the spectra at the Fe L3,2 and Ni L3,2 edges, utilizing an 1 T maximum magnetic field – 

determined sufficient by the saturation observed in the magnetic hysteresis loops (Fig. S5).  



The analysis started with examining the spectra at the Fe L3,2 edges. To interpret these 

spectra, we conducted ligand field multiplet calculations using the CTM4XAS39 code, 

where we considered several factors including 3d electron configurations of the cation, 

crystal field, spin-orbit coupling and electron-electron interaction40,41. This analysis helped 

us simulate the XAS and XMCD spectra for Fe ions in different sites: Fe3+ ions in 

octahedral sites (FeOh
3+ ), Fe3+ ions in tetrahedral sites (FeTd

3+ ) and Fe2+ ions in octahedral 

sites (FeOh
2+ ), as illustrated in Fig. 5a and 5b.  All experimental XAS and XMCD spectra 

can be well reproduced by fitting them using linear combination of the calculated spectra, 

as shown in Fig. 5c and 5d. The distribution of Fe ions in each type of site is thus obtained 

from the corresponding proportion of XAS or XMCD spectra.  

 

Figure 5. Calculated and experimental XAS and XMCD spectra at Fe L3,2 edge. Calculated 

XAS (a) and XMCD (b) spectra at the L3,2 edge for FeOh
3+ , FeTd

3+  and FeOh
2+ sites. 



Experimental XAS (c) and XMCD (d) spectra at the Fe L3,2 edge for three 4 nm - NFO 

samples with 3, 6 and 12 nm of BTO fitted by using a linear combination of the calculated 

spectra in (a) and (b). 

An intriguing trend emerged when considering how this distribution changes with BTO, 

as demonstrated in Fig. 6a. Specifically, as BTO increases, the Fe2+ proportion increases, 

and the Fe3+
 proportion decreases. This reduction of Fe ions signifies a growing number of 

oxygen vacancies in the NFO layer with increasing BTO. We will further discuss the 

possible mechanism of this phenomenon later in this paper by combining first-principles 

calculations. The inversion parameter y, (𝑦 = 2 × p𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 FeTd
3+, see point 6 in 

supplementary materials), shows a decreasing trend from 0.81 to 0.65 as BTO increases 

from 4 nm to 12 nm, which is thus expected to lead to an increase of the total spin magnetic 

moment.  

 



Figure 6. Variation of site distribution and magnetic moment for Fe and Ni ions as a 

function of BTO for NFO = 4 nm. (a) BTO thickness dependences of relative distribution 

of FeOh
3+, FeTd

3+ and FeOh
2+ ions, with corresponding inversion parameter y plotted and shown 

on the right axis. (b) Relative evolution of magnetic moments of the Fe ion calculated using 

sum rules as a function of BTO thickness. (c) Normalized experimental XMCD curves near 

Ni L3,2 edge for three 4 nm - NFO samples with 3, 6 and 12 nm of BTO, as well as two 

calculated N𝑖Oh
2+ spectra (Calc1 and Calc2) each with their own sets of charge transfer 

parameters in multiplet model. (d) Relative evolution of magnetic moments of the Ni ion 

calculated using sum rules as a function of BTO thickness. 

To get a better understanding on the evolution of the magnetic properties of the NFO 

layer in the NFO/BTO heterostructure, we applied sum rules42,43 to XAS and XMCD 

spectra of each ion sites. This approach allowed us to extract spin and orbital magnetic 

moments of ions located in different sites within the NFO structure. Spin moment, instead 

of effective spin moment, can be extracted using spin sum rule here based on the two 

verified conditions44: firstly, L2 and L3 edges in the spectra are well separated and secondly 

the spin-quadrupole coupling is nearly zero in our system. The spin (𝑚𝑠 ) and orbital 

magnetic moment (𝑚𝑙) for each Fe ion site are calculated using Eq. (3) and (4)43: 

 𝑚𝑠

𝑛ℎ
= −

3𝑝 − 2𝑞

𝑟
 (3) 

 𝑚𝑙

𝑛ℎ
= −

2𝑞

3𝑟
 (4) 

In these equations, nh denotes the total number of valence holes in the electronic ground 

state, p is the integral of the XMCD signal of the L3 edge region, q is the integral of the 

XMCD spectra of both L3 and L2 edge regions, and r is the integral of the isotropic XAS 



spectrum over L3 and L2 edge region with subtraction of a step background produced by 

transitions to unoccupied continuum states. We use the decomposition of the spectra in 

three components (XAS/XMCD of FeOh
3+, XAS/XMCD of FeTd

3+, XAS/XMCD of FeOh
2+) in 

order to calculate spin and orbital moments for each site. The total spin and orbital moments 

of Fe ions are then calculated by summing over the spin and orbital moments of each 

available Fe sites weighted by the corresponding proportion of sites derived from the 

multiplet fitting. The evolution of total spin and orbital moments of Fe ions with BTO is 

shown on Fig. 6b, where both the spin and orbital magnetic moments per valence hole 

demonstrate a trend of increase with increasing BTO. This observation aligns well with our 

preliminary estimation derived from the relation between isolated spin magnetic moment 

and inversion parameter, that is, a higher inversion parameter induces smaller spin 

magnetic moment of Fe. Interestingly, the detailed analysis of magnetic moments 

associated with different types of Fe ions highlighted that FeOh
2+ uniquely demonstrated a 

significant increase in magnetic moment with increasing BTO, as shown in Fig. S6. This 

observation is consistent with the increasing proportion of FeOh
2+ sites as the BTO layer 

thickens. 

To achieve a comprehensive understanding of the magnetic properties of NFO, we 

extended our investigation to include the site distribution and magnetic moments of nickel 

(Ni) ions within the thin films. Interestingly, the experimental spectra for Ni ions across all 

measured thicknesses of NFO thin films closely matched the calculated spectra for Ni2+ 

ions in Oh sites, as shown in Fig. S7. This match suggests a minimal presence of Ni ions in 

other configurations, such as Ni2+ in Td sites, or Ni ions in higher oxidation states (NiOh
3+, 

NiTd
3+), similar to findings of Yosuke, et al., 45. Despite the resemblance of experimental 



XAS and XMCD spectra only to the calculated spectra of NiOh
2+ site, the spectra undergo 

shape variations as BTO changes. Moreover, the spin and orbital magnetic moment 

calculated via sum rules demonstrate an improved magnetism of Ni, as shown in Fig. 6d.  

To understand the origin of these spectral shape changes and the enhancement in Ni’s 

magnetism, we fine-tuned the parameters of NiOh
2+  site in the charge transfer multiplet 

model. Specifically, we considered 2 types of NiOh
2+  sites with different charge transfer 

energy Δ, and dissimilar difference between the core-hole coulomb energy 𝑈pd and on-site 

Coulomb energy 𝑈dd (i.e. 𝑈pd − 𝑈dd ). For the first type (Calculated 1 in Fig. 6c), 

parameters come from literature45,46, and for  the second type (Calculated 2 in Fig. 6c), an 

alternate set of parameters, which are explained below, are used and correspond to a lower 

value for  Δ and higher value for 𝑈pd − 𝑈dd. The fit within this model is represented in Fig. 

7 for two different films. One observes that as the BTO increases from 4 to 12 nm, the 

percentage of the Calc2 (Calculated 2) increases from 20% to 47%.   



 

Figure 7. Experimental XAS and XMCD spectra at the Ni L3,2 edge and corresponding 

multiplet fitting. Experimental XAS (a) and XMCD (b) spectra at the Ni L3,2 edge for the 

4 nm NFO/3 nm BTO sample, fitted by the linear combination of two calculated NiOh
2+ 

spectra with distinct sets of charge transfer parameters in multiplet model (shown in Fig. 

6c – Calculated 1 and Calculated 2, see text). Similarly, panels (c) and (d) represent 

respectively the experimental XAS and XMCD spectra, with their corresponding multiplet 

fitting for the 4 nm NFO/12 nm BTO sample. 

The charge transfer energy (Δ), in this context refers to the charge transfer energy in the 

initial state (before X-ray photon absorption), written as Δ = Δ𝑖 = 𝐸(𝑑n+1𝐿)  − 𝐸(𝑑n), 

where 𝐿 denotes a hole in the ligand (i.e. O 2p orbitals here), and 𝐸(𝑑n+1𝐿) and 𝐸(𝑑n) 

denote the multiplet averaged energies of the charge transfer and ionic configurations, 

respectively. Conversely, the charge transfer energy in the final state Δf = 𝐸(𝑐𝑑n+1𝐿) −



𝐸(𝑐𝑑n) , where c  denotes the core hole of Ni ion here, is estimated as Δf = Δi −

(𝑈pd − 𝑈dd) = Δ − (𝑈pd − 𝑈dd). 47 Hence, the decreased Δ  and increased 𝑈pd − 𝑈dd  in 

Calc2 of NiOh
2+ spectrum signifies a smaller charge transfer energy in initial state Δ𝑖 and in 

final state Δf in comparison with Calc1. A smaller Δ𝑖 and Δf in Calc2 than in Calc1 means 

an easier transfer of electron between metal orbital and ligand orbital48 in Calc2, implying 

a higher degree of overlapping between Ni d-orbitals and ligand p-orbitals in the sample 

plane, which can be introduced by the increased compressive in-plane strain imposed on 

NFO layer. This corresponds well with the discovery that increased proportion of Calc2 is 

needed to fit the experimental spectrum, with increasing BTO, which has been proved to 

impose higher in-plane compressive strain on NFO layer in the structural properties 

section. Due to the complex interplay of various factors, including exchange interactions 

and lattice symmetry among others, the increased in-plane orbital overlap does not 

straightforwardly explain the observed increase in out-of-plane magnetic moments of Ni. 

This aspect will be further explored in the discussion section. 

Considering the variation of Ni and Fe site distribution together, we observe an 

interesting phenomenon: the decrease in the proportion of FeTd
3+ does not coincide with the 

appearance of NiTd
2+, since the fit of Ni spectra can be done with only NiOh

2+  of Calc1 or 

Calc2 type. That is in discrepancy with the conventional understanding of the transition 

between inverse and direct spinel structure. Here, without Ni2+
 filling the vacated Td sites, 

the leaving Fe3+
 from Td sites leads to the formation of Td vacancies in the NFO thin films. 

We quantified the relationship between the proportion of Td vacancies and  BTO, revealing 

a clear trend presented in Fig. S11(b), with a detailed formula derivation provided in the 



supplementary material (point 7). The implications of Td vacancies will be further 

presented in the discussion section. 

Additionally, considering that the oxidation degree of Ni cations is +2 (𝑛ℎ = 2) and 

using the measured spin magnetic moment per valence holes (𝑚𝑠/𝑛h) shown in Fig. 6d, 

the spin magnetic moments (𝑚𝑠) of Ni in the 4 nm NFO/BTO heterostructures of varying 

thicknesses (4 nm NFO with 3, 6, 9, and 12 nm BTO) range between 0.3-0.5 μB, 

significantly smaller than the nominal value of the spin magnetic moment of isolated Ni2+ 

(2 μB). This kind of reduced magnetism has been identified by many studies in spinel thin 

films45,49–53, where annealing has been proposed as possible remedy by some45,53.  

To understand the origin of the reduced magnetism and find the mechanism behind the 

remedial effect of annealing, we examined the effects of both air annealing and vacuum 

annealing on the NFO/BTO heterostructures. To study the air annealing effect, two 

additional samples, representative of the two observed behaviors, were prepared and 

investigated. More specifically, a 4 nm NFO/4.5 nm BTO sample, fabricated under 

analogous growth conditions, was cut into 2 parts: one portion air annealed at 450 °C for 3 

hours, and the other left intact. Similarly, a 7 nm NFO/9 nm BTO sample was made and 

treated identically. The impact of air annealing is notably different for these two sets of 

samples, with a pronounced improvement in the XMCD intensity for Fe and Ni in the 

thinner NFO/BTO combination, as shown in Fig. S8. Furthermore, the magnetic hysteresis 

loops of these two sets of samples demonstrate the saturation of magnetization during 

absorption measurement, as illustrated in Fig. S9. Qualitatively, this improvement in 

XMCD intensity signifies an enhancement of the Fe and Ni magnetic moments after air 

annealing. Quantitative information about site distribution and magnetic moments are 



deduced from multiplet fitting and sum rules (after decomposition of spectra in three 

components like before) (Fig. S10 and Fig. 8). For the thinner layer combinations, air 

annealing results in an obvious oxidation of the NFO layer (Fig. 8a1), substantial increases 

in the overall magnetic moments for both Fe (Fig. 8a2) and Ni ions (Fig. 8a3), and increases 

in absolute value of spin magnetic moments across all Fe ion sites (Fig. S10a1). 

Contrastingly, the thicker NFO/BTO sample exhibits only marginal changes post-

annealing, including a slight oxidation (Fig. 8b1), a modest improvement of Ni magnetic 

moments (Fig. 8b3), and a small decrease in the Fe magnetic moment (Fig. 8b2). This 

contrast underscores the much more significant effect of air annealing on improving the 

XMCD-deduced magnetic moments in thin NFO films. Given the depth sensitivity of the 

Total Electron Yield (TEY) mode used for X-ray absorption detection, the magnetic 

properties revealed by XMCD predominantly reflect the surface or near-surface regions of 

the samples, approximately 2 - 5 nm deep54. As a result, in the 4 nm NFO/4.5 nm BTO 

sample, the magnetic moments revealed by XMCD provides information on the whole film 

including the NFO/BTO interface. Otherwise, little information about interface in the 7 nm 

NFO/9 nm BTO sample can be extracted from XMCD. These findings suggest that in the 

very thin film, the presence of a substantial magnetically "dead" layer at the NFO/BTO 

interface that can potentially be revitalized through air annealing, the rest of the sample 

being insensitive to air annealing. The XMCD observation is hardly of any help to conclude 

upon the presence or not of this buried “dead” layer within the thick sample. 



 

Figure 8. Air annealing effect on site distribution and magnetic moments of Fe and Ni 

ions. Air annealing influence on relative distribution of FeOh
3+, FeTd

3+ and FeOh
2+ ions, with 

corresponding inversion parameter y for (a1) 4 nm NFO/4.5 nm BTO sample and (b1) 7 nm 

NFO/9 nm BTO sample. Evolution of magnetic moments of the Fe ion calculated using 

sum rules with respect to air annealing for (a2) 4 nm NFO/4.5 nm BTO, and (b2) 7 nm 

NFO/9 nm BTO sample. The evolution of Ni magnetic moments for (a3) 4 nm NFO/4.5 

nm BTO, and (b3) 7 nm NFO/9 nm BTO sample. 

To further understand the mechanisms by which air annealing remedies the reduced 

magnetism, we extended our analysis to include vacuum annealing, conducted at 450 °C 

for 3 hours (the same as air annealing). Fig. 9 presents the results due to vacuum annealing 

of the three 4 nm – NFO samples with 3, 6, 12 nm of BTO studied in the first part of the 

paper. Fig. 9a illustrates that vacuum annealing induces a reduction of Fe3+ toward FeOh
2+ 

for most of the thickness combinations. Interestingly, the spin magnetic moment of Fe ions 

does not manifest noticeable changes, whereas the orbital magnetic moment only 

undergoes a slight increase with vacuum annealing, as depicted in Fig. 9b. Conversely, the 



spin magnetic moment of Ni displays a decrease of around 10%, while its orbital magnetic 

moment doubled, as shown in Fig. 9c. This observation suggests that vacuum annealing 

does not effectively counteract the issues associated with the magnetically dead layer 

within these samples with very low NFO thickness. Indeed, if the vacuum annealing could 

cure the magnetically dead layer as air annealing, one would observe a significant 

improvement of the magnetic moment of Ni and each site of Fe, which is not observed 

(Fig. 9c and Fig. S6). Moreover, considering the samples' limited thickness (4 nm of NFO), 

which implies that XMCD analysis should reveal interface magnetic properties, the 

absence of magnetic moment enhancement further underscores the ineffectiveness of 

vacuum annealing in this context. Therefore, we infer that vacuum annealing does not 

adequately remedy the magnetically dead layer issue and might even exacerbate it, 

stressing that the presence of oxygen during the annealing process is crucial. The 

synergistic effect of heat and oxygen emerges as the key to addressing the magnetically 

dead layer challenge.  

 

Figure 9. Vacuum annealing effects versus BTO for 4 nm NFO samples. (a) Relative 

distribution of FeOh
3+, FeTd

3+ and FeOh
2+ ions, as well as inversion parameter y for as-deposited 



(solid line) and vacuum-annealed (dash line) samples. Magnetic moments of (b) Fe ions 

and of (c) Ni ions, calculated using sum rules for as-deposited (solid line) and vacuum-

annealed (dash line) samples. (d-f) Normalized experimental XMCD spectra for as-

deposited samples (blue line) and vacuum annealed samples (red line) with increasing BTO 

(from left to right). 

First-principles calculations of the strain effect 

We performed ab initio calculations in order to simulate the NFO electronic structure as 

a function of strain. In our investigation, we applied a compressive and biaxial in-plane 

strain to bulk NFO, spanning from 0% to −6%. For each strain state, we optimized the 

equilibrium out-of-plane lattice parameter and the positions of every atom by minimizing 

the forces and the out-of-plane stress. The results are summarized in Table 1. The first 

effect of the compressive strain is to induce a linear decrease of the fundamental band gap, 

which is reduced from 1.34 eV to 0.98 eV, i.e. by 27%, when the strain varies from 0% to 

−6%, while the 𝑐/𝑎 ratio increases linearly from 1.002 to 1.135. With the same variation 

of strain, we calculated that the formation energy of neutral oxygen vacancies decreases by 

0.338 eV. Our calculations thus confirm that the variation of the strain state can contribute 

to facilitating the formation of oxygen vacancies. In addition to the epitaxial strain, other 

structural parameters, such as surface or interface effects (out-of-plane strain, polar 

distortions, or charge discontinuities) could also be responsible of the promotion of oxygen 

vacancies. In a former study55, we for example demonstrated that more oxygen vacancies 

are likely to be present when the inversion degree is decreased, this last one being also 

subjected to be influenced by the strain35. Conversely, the presence of oxygen vacancies 



can increase the cation disorder, increase the cationic mobility56 and potentially promote 

the formation of new oxide phases57. 

In the section detailing structural properties, we discussed how an increase in BTO 

applies greater compressive strain to the NFO layer. Specifically, as BTO increases from 4 

nm to 12 nm, the strain in 4 nm NFO increases from -2% to -3.8%, where minus sign 

denotes compressive strain. This strain leads to a transformation in the NFO layer's lattice 

structure from cubic to tetragonal. Our first-principles calculations reveal that this 

enhanced compressive strain effectively lowers the formation energy of oxygen vacancies 

in the NFO layer. Such a reduction in formation energy of oxygen vacancies facilitates the 

transformation of iron (Fe) ions from the 3+ to the 2+ oxidation state within the NFO layer 

as the BTO thickness increases, consistent with the experimental results of XMCD 

multiplet fitting in the magnetic properties section. This correlation between the BTO-

induced strain and the observed modification in the valence state of Fe ions underscores 

the direct influence of mechanical stress from the BTO layer on the chemical composition 

and electronic structure of the NFO layer, providing a clear mechanistic understanding of 

the strain-induced changes in the NFO layer.  

Strain 
(%) 

𝑐/𝑎 
𝐸g 

(eV) 

𝑚𝑠  (μB) 𝛥𝐸f[VO] 
(meV) FeTd FeOh NiOh O 

0 1.002 1.34 −3.884 4.037 1.553 0.076 0.0 

−2 1.046 1.22 −3.872 4.030 1.545 0.077 −29.7 

−4 1.090 1.14 −3.861 4.021 1.537 0.078 −134.7 

−6 1.135 0.98 −3.851 4.010 1.527 0.081 −338.5 

Table 1. Ratio between the out-of-plane and in-plane lattice parameters 𝑐/𝑎, band gap at 

the Fermi level 𝐸g, averaged spin magnetic moment per atom 𝑚𝑠 , and variation of the 



oxygen-vacancy formation energy 𝛥𝐸f[VO] calculated from first-principles calculations for 

bulk NiFe2O4 in its perfectly inverse structure. 

About strain effect on magnetic properties, the calculated 𝑚𝑠 of Ni in NFO marginally 

decreases by 0.5% as the strain increases from -2% to -4%. However, the experimental 

finding shows 84% increase in 𝑚𝑠 of Ni as the strain increases from -2% to -3.8%. This 

discrepancy suggests that strain is not the only effect that influence the Ni magnetic 

moment in NFO layer as BTO increases. We will explore this discrepancy with possible 

explanation in the discussion section.   



4. Discussion 

For ferroelectric properties in NFO/BTO heterostructures, the observed increase in 

threshold voltage with increasing θBTO can be elucidated by examining the factors 

influencing the stabilization of electric polarization. The stabilization of the electric 

polarization primarily relies on the effective screening of the depolarization field by the 

interface or surface separating the ferroelectric layer from adjacent layers or the ambient 

environment.12,58,59 The efficiency of this screening process can be influenced by various 

parameters, including but not limited to, the conductivity of the screening layer, surface 

adatoms, surface adsorption, and interface defects. In our investigation, increasing BTO 

was found to induce a reduction of the NFO layer by converting Fe3+ ions to Fe2+. This 

process is facilitated by the generation of oxygen vacancies, which is a direct result of the 

increased compressive strain from the BTO layer, as corroborated by X-ray diffraction 

analyses and first-principles calculations. Prior research has established that nickel ferrites 

with higher oxygen vacancies exhibit enhanced conductivity.34,60,61 Better conductivity 

leads to higher screening efficiency of the depolarization field of the BTO layer, making 

its electric polarization more stable, and thus causes an increase in the threshold voltage as 

observed by PFM and shown in Fig. 3.  

Counterintuitively, this behavior is different from the observations reported in our 

previous study on CoFe2O4 (CFO)/BTO systems.62 For CFO/BTO systems, oxidation-

reduction can be achieved between Co and Fe ions without the necessity of creating oxygen 

vacancies. Indeed, the tetragonality induced by thickness variation dominates the stability 

of the electric polarization in CFO/BTO system. The disparity between the CFO/BTO and 

NFO/BTO systems underscores the profound influence that substituting the cation in the 



ferrite spinel has on the polarization characteristics, revealing the complex 

interdependencies between material composition, structural properties, and ferroelectric 

behavior. 

About the magnetic properties, we evidenced a magnetically dead layer at the NFO/BTO 

interface in very thin NFO film samples, which is highly detrimental for the realization of 

spintronics devices requiring very thin layers like spin-filters of tunnel junctions. This 

characteristic poses significant challenges to reducing the thickness of magnetic layers in 

device applications and has been a subject of extensive investigation across various spinel 

systems. Antiphase boundaries63,64 and vacancies at Td sites45 have been proposed as 

potential explanation for the nature of the magnetically dead layer. Specifically, the 

presence of high proportion of Td vacancies is believed to suppress the magnetization in 

NFO through decreasing the superexchange interaction which establish the ferrimagnetic 

ordering45. Although the study herein does not allow for a definitive conclusion on the role 

of antiphase boundaries, our experiments on annealing effects not only identified the 

magnetism restoration techniques, but also shed some light on the nature of magnetically 

dead layer in our system. Specifically, we discovered that air annealing, in contrast to 

vacuum annealing, effectively enhances the magnetic moments of Ni and Fe ions in the 4-

nm-thick NFO sample, suggesting a remediation of the magnetically dead layer which is 

thus not intrinsically linked to the layer thickness. This improvement in magnetic moment 

correlates with a reduction in the Td and oxygen vacancies (Fig. S11a), implicating these 

vacancies in the formation of the magnetically dead layer. However, this observation 

seemingly contradicts our findings related to the effect of BTO thickness on the NFO's 

magnetic properties, where an increase in BTO thickness leads to enhanced magnetic 



moments for Fe and Ni, despite an apparent increase in Td and oxygen vacancies. This 

discrepancy indicates that Td and oxygen vacancies alone cannot fully account for the 

magnetically dead layer phenomenon.  

To unveil the physical and chemical nature of this magnetically dead layer, we examined 

in detail the RHEED patterns during film growth especially for the thickness regime prior 

to the appearance of the spinel extra streaks, which can provide the type of crystal structure 

and the evolution of in-plane lattice parameters. The results revealed an intermediate cubic 

phase in the initial 2-3 nm of thin film growth, identified by the appearance of spinel streaks 

only after about 2.3 nm of growth and the presence of an intermediate plateau of the 

evolution of in-plane lattice parameter, as shown in Fig. 10. Based on the observed lattice 

parameter and cubic structure, we hypothesize the formation of antiferromagnetic rock salt 

phases of NiO and FeO at the onset of deposition. The antiferromagnetic nature of these 

phases are likely to explain the observed decrease in magnetization. Given the similarity 

of lattice parameter of NiO (4.177 Å)65 and FeO (4.33 Å)66 to that of BTO (3.992 Å)27, the 

RHEED patterns of these phases closely resemble those of BTO with only small decreases 

in the spacing of the streaks, which explains why this phase remains elusive during the 

real-time RHEED monitoring of growth. The presence of Ni2+ and Fe2+ in octahedral sites 

within these rock salt structures, with similar symmetry with NiOh
2+ and FeOh

2+ in spinel NFO, 

making it difficult to distinguish using XAS and XMCD spectra. 



 

Figure 10. Crystal structure information obtained from RHEED images during deposition 

of 4 nm NFO on 4.5 nm BTO. (a) Evolution of in-plane lattice parameter during epitaxial 

growth of 4 nm NFO at 689 °C oven temperature (real temperature of sample is slightly 

smaller) calculated from RHEED streak spacing. Note an intermediate plateau during 10-

18 mins of growth, suggesting an intermediate phase. (b) RHEED images taken at various 

deposition moments of the 4 nm NFO growth. Note that starting from 20 min, the number 

of streaks doubles, proving that crystal structure changes into spinel structure, with nearly 

two times the lattice parameter of former structure. It also signifies that the first 2-3 nm 

layer grown between 0-18 min is not of spinel structure. 

If our hypothesis holds, it provides a mechanistic understanding of how oxygen and heat 

synergistically facilitate magnetism restoration through a redox reaction: NiO + FeO + O2

∆
→ NiFe2O4, necessitating heat (∆) for ion mobilization and oxygen for Fe ion oxidation. 

The proposed transformation from rock salt to spinel structure - and their coexistence - 

aligns with findings from prior studies67–69. Since the FeO is bulk metastable, as the layer 

thickness increases above certain threshold, this intermediate NiO/FeO layer may also 



vanish and transform into NFO, analogous to transformation of intermediate γ − Fe2O3 to 

α − Fe2O3 in our previous work70. This self-transformation may explain the absence of 

this intermediate phase in HRTEM image in thicker NFO sample. Moreover, this theory 

also explains the calculated high proportion of Td vacancies. We calculated the Td 

vacancies based on the assumption that all Ni and Fe ions reside in spinel structures, which 

provides both Oh and Td sites. Yet, this assumption is in fact not applicable because the 

first several nanometers of growth form an intermediate NiO/FeO layer with rock salt 

structure, providing only Oh sites. This is why a large proportion of Td vacancies was 

obtained, in short, we consider a number of in fact non-existing Td sites. Furthermore, it is 

intuitive to suppose that the thickness and/or properties of this intermediate NiO/FeO layer 

may vary as the thickness of BTO changes. Without considering this intermediate NiO/FeO 

layer in our first-principles calculations, this may explain the discrepancy between the 

experimentally observed slightly improved magnetic moments with increasing BTO and 

the nearly stable or marginally reduced trend in the first-principles calculations.  

Future research could include comprehensive HRTEM investigations of ultra thin NFO 

film heterostructures to provide more direct and unambiguous evidence of the presence of 

this intermediate NiO/FeO interfacial layer. 

5. Conclusions 

In this investigation, we delved into the properties of a series of NFO/BTO multilayers 

by varying BTO and NFO thicknesses and post-deposition anneal treatment. Through 

comprehensive analysis as well as first-principles calculations, we unveil the strain, 

chemistry, ferroelectric, and magnetic properties as well as their interrelationships at 

NFO/BTO interfaces.  



Our XRD experiments revealed that with an increase in BTO thickness, the BTO layer 

tends to relax from the compressive strain imposed by the substrate. Simultaneously, it 

imparts an augmented compressive force onto the interfacial NFO layer. By fitting XMCD 

spectra lines using multiplet theory, we observed chemical reduction of Fe ions originated 

from a surge in oxygen vacancies within NFO layer. We postulated that this increase in 

oxygen vacancies is predominantly due to the intensified compressive strain within the 

film, proved by the lower formation energy of oxygen vacancies calculated by first-

principles calculations.  

Moreover, PFM detection pinpointed enhanced stability of the electric polarization in 

systems with thicker BTO. This is attributed to oxygen vacancy enhanced conductivity in 

the NFO side of NFO/BTO interface. The bolstered conductivity strengthens the screening 

effect, thereby stabilizing the polarization. 

Most importantly, the magnetic moments deduced from XMCD curves highlighted a 

potential magnetically dead layer suppressing magnetization in very thin NFO film 

heterostructures. Additionally, increasing thickness of BTO layer can slightly improve the 

magnetic moments, while increasing NFO thickness can well restore the magnetic 

moments. Subsequent XMCD tests for pre and post air/vacuum annealing samples, as well 

as detailed RHEED analysis on the crystal structure during growth, lead to a theory that 

the nature of magnetically dead layer in very thin film is around 2 nm of antiferromagnetic 

rock salt structure NiO and FeO formed before the formation of spinel NFO. Air annealing 

was proved to effectively optimize the magnetic moments at the interfaces. It was 

established that air annealing improves the magnetism by transforming the 



antiferromagnetic NiO/FeO intermediate layer into spinel NFO via the redox reaction 

under the synergistic outcome of oxygen and temperature/heat. 

Our results allow proposing a number of improvements enabling optimal multiferroic 

behavior in the NFO/BTO system, with a special focus on magnetic properties at the 

interface. Air annealing at moderate temperature is observed as being highly favorable for 

improving magnetic performance in the thin film regime opening the route for exploiting 

the high resistivity of NFO in very thin film spintronics applications.  
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1. Topography of epitaxial multilayers 

 

Figure S1: Topography of NFO/BTO multilayers with varying thickness combination, 

measured by Peak-Force QNM AFM. 

  



2. Reciprocal space mapping for the 12 nm NFO 9 nm BTO film 

 

Figure S2: Reciprocal space mapping close to the 113STO reflection for the 12 nm NFO/9 

nm BTO sample, with the two coordinates represented in STO reciprocal lattice unit 

(r.l.u.). 

 

3. PFM written patterns and corresponding written voltage on the samples 

 

Figure S3: Illustration of PFM written patterns and corresponding written voltages. 

  



4. PFM amplitude and phase curves 

 

Figure S4. PFM amplitude and phase curves recorded during scanning the lateral position 

of the square-in-square pattern on the sample (red line in the inset).  

 

5. Magnetic hysteresis loop for as-deposited and vacuum-annealed samples 

 

Figure S5. Magnetic hysteresis loop based on normalized XMCD intensity acquired at X-

ray energy of 706.26eV (corresponding to the middle peak of the XMCD curve of Fe L3 

edge) for as-deposited samples (blue line) and vacuum annealed samples (red line) with 

increasing BTO thickness (from left to right). The inset in the first image is an XMCD 

spectrum to illustrate the energy point used to the hysteresis loop, marked by a red star. 

  



6. Calculation of inversion parameter in spinel NiFe2O4  

As formerly specified in the main text, the chemical formula of a mixed spinel structure 

NiFe2O4 is written as  

[Ni1−𝑦Fe𝑦]
Td

[Ni𝑦Fe2−𝑦]
Oh

O4 (S1) 

Here, y is the inversion parameter. Due to the presence of FeOh
3+ , FeOh

2+  and FeTd
3+ in the 

system, we can thus write an equation to obtain inversion parameter y from the proportion 

between iron ions in Oh and Td site: 

2 − 𝑦

𝑦
=

𝑥(FeOh
3+) + 𝑥(FeOh

2+)

𝑥(FeTd
3+)

 (S2) 

2

𝑦
=

𝑥(FeOh
3+) + 𝑥(FeOh

2+)

𝑥(FeTd
3+)

+ 1 (S3) 

𝑦 =
2

𝑥(FeOh
3+) + 𝑥(FeOh

2+)

𝑥(FeTd
3+)

+ 1

= 2 ∗ 𝑥(FeTd
3+) 

(S4) 

Here, 𝑥(FeOh
3+), 𝑥(FeOh

2+), and 𝑥(FeTd
3+) are the percentage of FeOh

3+,  FeOh
2+ and FeTd

3+ in all 

the Fe ions of mixed spinel structure NFO, respectively. 

 

7. Calculation of Td vacancies in spinel structure 

In inverse spinel, one Fe is occupying Oh site and one Fe is occupying Td site per NFO f.u., 

rendering the ratio between Fe ions in Td and Oh sites 1:1. Normally, as the structure 

transfer from inverse to direct, Fe ions in Td site will transfer to Oh site with Ni transferring 

from Oh to Td. Here, however, with Fe3+ leaving the Td sites, Ni stays at Oh sites, making 

no available Oh sites to accommodate the Fe3+ ions leaving from Td. As a result, the amount 

of Fe ions in Oh site remains the same, but the amount of Fe ions in Td sites decreases. By 

calculating the deviation from the 1:1 ratio, we can thus obtain the proportion of Td 

vacancies in Td sites, 𝑥(FeTd
3+ vacancies) as: 

1 − 𝑥(FeTd
3+vacancies)

1
=

𝑥(FeTd
3+)

𝑥(FeOh)
 (S5) 

𝑥(FeTd
3+ vacancies) = 1 −

𝑥(FeTd
3+)

𝑥(FeOh) 
 (S6) 

Here, 𝑥(FeOh) and 𝑥(FeTd
3+) are the percentage FeOh (both FeOh

3+ and FeOh
2+ sites) and FeTd

3+ 

in all the Fe ions of mixed spinel structure NFO, respectively. 

  



8. Evolution of magnetic moments of each type of Fe ions for as-deposited and 

vacuum-annealed samples 

 

Figure S6. Evolution of magnetic moments of each type of Fe ions versus BTO for samples 

in as-deposited and vacuum-annealed states. Panel (a) and (b) represent the evolution of 

spin and orbital magnetic moments, respectively. The solid lines denote that the sample is 

in as-deposited state, while the dashed lines refer to vacuum annealed state. 

9. Comparison between experimental and calculated XMCD spectrum near Ni L3,2 

edge 

 

Figure S7. Experimental and calculated XMCD spectra near Ni L3,2 edge. Solid line 

represents the experimental spectrum of a 4 nm NFO/3 nm BTO sample. Other lines in 

dash or dots represents the calculated XMCD spectra at the L3,2 edge for NiOh
2+ , NiT𝑑

2+, NiOh
3+ 

and NiT𝑑
3+ sites. The experiment spectrum is very similar to calculated NiOh

2+ spectrum and 

does not comprehend other calculated spectra of NiT𝑑
2+, NiOh

3+ and NiT𝑑
3+ sites. 

9. Normalized XMCD spectra for as-deposited and air-annealed samples 



 

Figure S8. Normalized experimental XMCD spectra for as-deposited and air-annealed 

samples. Panels (a) and (b) display the XMCD spectra near the Fe L3,2 and Ni L3,2 edges, 

respectively, for the 4 nm NFO/4.5 nm BTO sample. Panels (c) and (d) similarly present 

the spectra near the Fe L3,2 and Ni L3,2 edges for the 7 nm NFO/9 nm BTO sample. 

10. Magnetic hysteresis loop for as-deposited and air-annealed samples 

 

Figure S9. Magnetic hysteresis loop based on normalized XMCD intensity acquired at X-

ray energy of 706.73 eV (corresponding to the middle peak of the XMCD curve of Fe L3 

edge) for as-deposited samples (blue line) and air annealed samples (red line). Panels (a) 

and (b) represents the hysteresis loop of the 4 nm NFO/4.5 nm BTO sample and 7 nm 

NFO/9 nm BTO sample, respectively.    



11. Evolution of magnetic moments of each type of Fe ions for as-deposited and air-

annealed samples 

 

Figure S10. Evolution of magnetic moments of each type of Fe ions for samples in as-

deposited and air-annealed status. Panels (a1) and (a2) represents the evolution of spin and 

orbital magnetic moments, respectively, for the 4 nm NFO/4.5 nm BTO sample. Panels 

(b1) and (b2) similarly present the evolution of spin and orbital magnetic moments for the 

7 nm NFO/9 nm BTO sample. 

  



12. Percentage of tetrahedral (Td) site vacancies for as-deposited, air-annealed, and 

vacuum-annealed samples 

 

Figure S11. Evolution of tetrahedral (Td) site vacancies for as-deposited, air-annealed, and 

vacuum-annealed samples. (a) Evolution of Td vacancies before and after air annealing for 

4 nm NFO/4.5 nm BTO sample (green line) and 7 nm NFO/9 nm BTO sample (purple 

line). (b) Evolution of Td vacancies versus BTO for as deposited and vacuum annealed state 

of the three 4 nm - NFO samples with 3, 6 and 12 nm of BTO. 


