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NiFe2O4(111) ultrathin films (3–5 nm) have been grown by oxygen-assisted molecular beam

epitaxy and integrated as effective spin-filter barriers. Structural and magnetic characterizations

have been performed in order to investigate the presence of defects that could limit the spin

filtering efficiency. These analyses have revealed the full strain relaxation of the layers with a

cationic order in agreement with the inverse spinel structure but also the presence of antiphase

boundaries. A spin-polarization up to þ25% has been directly measured by the Meservey-Tedrow

technique in Pt(111)/NiFe2O4(111)/c-Al2O3(111)/Al tunnel junctions. The unexpected positive sign

and relatively small value of the spin-polarization are discussed, in comparison with predictions

and previous indirect tunnelling magnetoresistance measurements. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871733]

In spintronics, the capability of generating highly spin-

polarized electron currents is critical for the optimal operation

of spin-based devices. Different approaches are being investi-

gated, with recent focus on the transport mechanism of spin-

polarized electrons through a tunnel barrier. Spin filtering

approach is particularly interesting in order to overcome the

problem of efficient spin injection into semiconductors. Very

high current spin-polarization (SP) can be generated by wave-

function symmetry filtering when using epitaxial tunnel bar-

riers. Tunneling magnetoresistance (TMR) values of several

hundreds of percents have been achieved by this technique in

magnetic tunnel junctions (MTJs) composed of ferromagnetic

electrodes (used as spin-polarized electron sources) and a

MgO tunnel barrier.1,2 Another approach that has been little

explored is the spin filtering through a ferro- or ferrimagnetic

tunnel barrier.3 Here, because the barrier is both insulating and

magnetic, there is an exchange splitting of its conduction band,

allowing creating two distinct tunnel barrier heights for spin-

up and spin-down electrons, leading to the spin-selective trans-

port of electrons. A large SP can thus result from the spin

filtering through the magnetic insulator, using any usual metal-

lic electrodes as non-polarized electron sources. Spin-filters

barriers could then be integrated in future generations of spin-

tronic devices since they may function with 100% efficiency4

and at room temperature5,6 if using ferromagnetic insulating

materials with high Curie temperature (Tc), such as ferrites.7 A

few studies have been performed on these materials (NiFe2O4

(NFO),8,9 CoFe2O4 (CFO),5,6,10,11 and MnFe2O4
12 spin-filters),

but they all reported relatively small SP values (�25%

maximum), often limited to a low temperature range, while

room temperature spin filtering5,6 has only been obtained in

CoFe2O4-based junctions showing a SP value of �8%.6

The spin filtering efficiency is governed by spin-

dependent tunneling transport mechanisms through the mag-

netic insulating ultrathin film, and is thus affected by the band

structure of the material and the presence of defects. Only few

results have been obtained in ferrites spin-filters due to the dif-

ficulty of fabricating these complex oxides in ultrathin films

with high structural and physical properties. Moreover, the

few spin-polarized transport measurements were rarely

directly related to a detailed structural and chemical character-

ization of the ultrathin films.6,10,12 Understanding the observed

limitations of spin filtering efficiency in ferrites barriers

appears thus particularly crucial both from a fundamental and

from a technological standpoint.

In this Letter, we present spin-polarized transport experi-

ments through NFO tunnel barriers, together with a detailed

characterization of the ultrathin films, mainly focused on usual

defects in ferrites thin films (antiphase boundaries (APBs),

cationic disorder, and oxygen vacancies). Among the ferrites,

the benefit of NFO is due to its highest Tc (�850 K), good

insulating behavior (band gap �1 eV), and large exchange

splitting of the conduction band (�1.2 eV). Up to now, CFO

has been more studied as spin-filter barriers5,6,10,11 and the

presence of oxygen vacancies10 or APBs6 have both been

recently shown to decrease the spin filtering efficiency. For

NFO, much less is known. The few results published on NFO

barriers were only obtained by TMR measurements,8,9 using a

ferromagnetic layer as spin analyzer whose SP has to be

known. These studies raised the issue of the sign of SP values9

but they lacked information on the structural and chemical

qualities of the films used for these experiments, which are

really crucial to understand their spin filtering capabilities.
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In this work, we investigate the presence of structural

and chemical defects in NFO tunnel barriers and we measure

directly their spin filtering efficiency by the Meservey-

Tedrow technique. These measurements give complemen-

tary information on the spin-polarized tunneling mechanism

through NFO barriers, thanks to the direct determination of

the spin-polarization of the tunneling current using a super-

conducting aluminum electrode as the spin detector, per-

formed at lower bias than in TMR measurements, so closer

to the direct tunneling mechanism.

NFO(111) layers were grown by oxygen-assisted molec-

ular beam epitaxy (O-MBE) on a-Al2O3(0001) substrates or

Pt(111) underlayers, following a procedure inspired by the

optimized growth of CoFe2O4(111).13 The samples were fab-

ricated using different oxygen partial pressures (PO2), rang-

ing from PO2¼ 0.24 to 0.40 Torr, to investigate the effect of

oxygen vacancies on the spin filtering capability of NFO

ultrathin films. Figure 1(a) shows a high resolution transmis-

sion electron microscopy (HRTEM) micrograph of the

NFO(111) ultrathin film. The epitaxial relationship can be

expressed as NFO(111)[-110]//a-Al2O3(0001)[-1100]. The

geometric phase analysis (GPA) method was used to access

the local deformations and strain fields in the NFO layers.

On a-Al2O3(0001) substrate (in-plane lattice parameter of

0.476 nm), the strong in-plane lattice mismatch between

NFO (cubic lattice parameter of 0.8331 nm) and the substrate

reaches 8% (substrate taken as reference). We measured the

in-plane (exx) and out-of-plane (eyy) deformations of the

NFO layer taking the reference within the substrate far from

the interface. These deformations correspond to the variation

of the interreticular distances (ghkl) with the a-Al2O3 ones. In

Figs 1(b) and 1(c) are reported the strain field analyses in the

NFO layer based on the HRTEM image on top. Fig. 1(b)

presents the in-plane deformation map comparing g-440 for

NFO and g-3300 for a-Al2O3. The experimental value of

exx¼ 8% 6 1% is close to the theoretical deformation (7.2%)

due to the mismatch. In the case of a perfect strained layer,

the measured value should be close to 0%. We applied the

same method in Fig. 1(c) to obtain the out-of-plane

deformation map using g111 for NFO and g0003 for a-Al2O3.

The deformation of eyy¼ 10.5% 6 1% remains close to

the theoretical one (11.08%). Consequently, this analysis

demonstrates the full strain relaxation of the NFO layer

accompanied by misfit dislocations visible on the HRTEM

micrograph. This analysis also reveals the presence of APBs

in the ultrathin films, surrounding structural domains with

lateral sizes around 20–30 nm. This result is consistent with

the recent observation of APBs in 200 nm-thick NFO films.14

APBs are well-known structural defects in ferrite layers

corresponding to a stacking fault of the cationic sublattice,

whereas the oxygen sublattice remains unchanged.

The films’ stoichiometry was analyzed using in situ
X-ray photoemission spectroscopy (XPS) with a Mg Ka

source. The shapes of the Fe 2p and Ni 2p spectra are coher-

ent with the Fe3þ and Ni2þ valence states and the expected

1/2 cationic (Ni/Fe) ratio is obtained by quantification of the

peak intensities (Fig. 1(d)).

X-ray absorption spectroscopy (XAS) and X-ray mag-

netic circular dichroism (XMCD) experiments at the Fe and

Ni L2,3 edges were performed at room temperature under a

magnetic field applied perpendicular to the surface to deter-

mine the occupancy of octahedral sites (labelled B) and tet-

rahedral sites (labelled A) in the spinel structure. The Fe L2,3

edges XMCD spectrum (Fig. 2(a)), has been compared to

calculated spectrum obtained by employing the ligand-field

multiplet (LFM) model as described in Ref. 15 The best fit is

obtained for a weighted sum of [44% Fe3þ(A)þ 52%

Fe3þ(B)þ 4% Fe2þ(B)] proving that layers contain mainly

Fe3þ cations, distributed almost equally between B and A

sites. The Ni L2,3 edges XMCD spectrum (Fig. 2(b)) is also

qualitatively similar to that of Ni2þ(B).16 Therefore, the cati-

onic sites distribution in NFO thin films is consistent with

the inverse structure predicted by theory17 and measured by

polarized Raman spectroscopy experiments.18

The magnetism of NFO(111) thin films has been studied

by vibrating sample magnetometry (VSM). Fig. 3 shows the

in-plane hysteresis loops of an ultrathin film after subtraction

of the diamagnetic contribution from the substrate.19 The

FIG. 1. (a) Cross-sectional HRTEM

image of a a-Al2O3//NiFe2O4(111)

(5 nm) film viewed along the [11-2]

zone axis. The circle corresponds to the

presence of a misfit dislocation. (b)

and (c) Strain maps along the growth

direction calculated from the HRTEM

image using the GPA method for the

(b) in-plane (exx) and (c) out-of-plane

(eyy) deformation. (d) Ni 2p and Fe 2p
XPS spectra.

182404-2 Matzen et al. Appl. Phys. Lett. 104, 182404 (2014)



5 nm-thick film exhibits at T¼ 300 K an open hysteresis

loop with a coercive field around 0.012 T, 18% of remanence

and a net magnetization of 235 kA/m at high field, smaller

than the magnetic moment of 2 lB per formula unit

(i.e., 300 kA/m), calculated in the inverse spinel structure.

At T¼ 10 K, the remanence increases up to 25% with a

net magnetization around 260 kA/m and the coercive field

increases to about 0.0365 T. The reduced values of remanent

and high field magnetizations are consistent with the

presence of APBs in ferrite thin films,15,20–22 causing

anti-ferromagnetic coupling between antiphase domain

regions.

In order to examine the spin filtering efficiency of our

NFO(111) tunnel barriers, Pt(111)/NFO(111)/c-Al2O3(111)/Al

tunnel junctions were constructed for Meservey-Tedrow

experiments.23 We choose to perform measurements on

NFO(111) capped with c-Al2O3(111) in order to reproduce the

composite tunnel barrier used in future MTJs. In addition, the

c-Al2O3 allows preserving Al superconducting behaviour,

while preventing the Al layer from reducing the surface of the

ferrite, and it also serves to protect NFO from exposure to air.

At first, we checked that the deposition of the c-Al2O3(111)

layer did not affect the physical properties of the NFO(111)

tunnel barriers. Then, a 4.2 nm-thick Al layer (showing a

superconducting critical temperature of 2.3 K) was deposited

as cross strips, defining junctions with a lateral size of

500� 200 lm2.

The tunneling dynamic conductance (dI/dV) curve meas-

ured at 0.45 K and zero magnetic field (Fig. 4(a)) for a

PO2¼ 0.24 Torr NFO barrier presents sharp symmetric peaks

with a superconducting energy gap typical of Al. A Zeeman

splitting of the superconductor (SC) quasiparticle density of

states (DOS) with asymmetry is clearly observed when an

in-plane magnetic field is applied proving that tunneling cur-

rent is spin-polarized. By comparing the relative spin-up and

spin-down peak heights, the asymmetry of the conductance

peaks at H¼ 3.2 T corresponds to a spin-filter efficiency (PSF) of

11% 6 1%. From the Maki-Fulde theory,24 a fit of the DOS of

the SC taking into account the Al spin-orbit scattering

(b¼ 0.04), orbital depairing (c¼ 0.1), and Fermi liquid parame-

ter (e0¼ 0.8) has been possible, confirming the value for PSF.

This result signs the first direct evidence of spin filtering in NFO.

The positive sign for PSF is consistent with the positive

TMR observed earlier in NFO(001)-based MTJs,8,9 but in

opposition with the negative PSF expected theoretically for

both the inverse or normal spinel structure.17 The differences

in the sign of PSF between theory, Meservey-Tedrow or TMR

measurements point out that both signs for the spin filtering

are possible depending on additional factors, other than the

DOS in the conduction band, such as the band alignment

between the electrode and the ferrite or the specific

wave-function symmetry inside the tunnel barrier.25 A model

based on the energy dependence of decay rates for spin-up

and spin-down electrons9 was proposed to explain the prefer-

ential tunneling of spin-up electrons and the positive sign for

PSF measured by TMR. In the case of our Meservey-Tedrow

experiments, the band alignment in the epitaxial tunnel
FIG. 3. In-plane magnetic hysteresis loops for an a-Al2O3//Pt/NiFe2O4(111)

(5 nm) thin film at T¼ 300 K and 10 K.

FIG. 2. Fe and Ni L2,3 edges’ XAS

and XMCD spectra obtained for a

a-Al2O3//Pt(111)/NiFe2O4(3 nm) film

grown under PO2¼ 0.3 Torr (T¼ 300 K,

H¼65 T) with the fit of the Fe L2,3

edges’ XMCD spectrum (blue line).

182404-3 Matzen et al. Appl. Phys. Lett. 104, 182404 (2014)



junctions and the wave-function symmetry of the Al

spin-analyzer could result in the preferential detection of the

delocalized sp electrons with the spin-up symmetry, as it was

mentioned in Meservey-Tedrow experiments performed on

CoFe2O4
10 and MnFe2O4

12 spin-filters to explain the positive

sign of the measured PSF. In the low bias voltage regime, the

bands in NFO are hardly deformed and the transport occurs

via a direct tunneling mechanism. According to Mazin,26 the

spin-dependent DOS must be weighted by spin-dependent ma-

trix elements governing the electrons transmission across the

tunnel barrier. This revised definition of the tunneling SP may

also potentially invert the sign of PSF.

The amplitude of the measured SP is lower than the

theory or the value deduced from TMR experiments

(PSF¼ 22% at 4 K),8,9 probably due to the presence of

defects states in NFO inducing parallel spin-independent

conduction channels. In CFO(111) tunnel barriers, we have

evidenced an increase of the spin-filter efficiency by decreas-

ing the amount of oxygen vacancies.10 The exponential

increase of the junction resistance (RJ) with decreasing tem-

perature (inset of Fig. 4(a)) is the mark of a thermally acti-

vated behavior with the presence of defects in our

low-oxidized NFO barrier. The resistance-area product

(RJA) of the junction varied between 3 mX�cm2 at 300 K and

9.7 X�cm2 at 5 K. A significant improvement of the spin fil-

tering efficiency has been achieved in more oxidized NFO

barriers by decreasing the amount of oxygen vacancies,

allowing to reach a RJA of 35 X�cm2 at 5 K and PSF values

up to 25% (for PO2¼ 0.44 Torr, Fig. 4(b)). Nevertheless, the

amplitude of PSF remains lower than what could be expected,

due to other defects affecting the spin-polarized tunneling.

While cationic disorder can be discarded in our NFO bar-

riers, the formation of APBs, evidenced by HRTEM, prob-

ably reduce the spin filtering efficiency by decreasing the

conduction band exchange splitting and acting as preferential

spin-independent conduction channels. The diminution of

APBs21,22 in ferrite ultrathin films appears thus particularly

crucial in order to get higher SP.6

In summary, we have grown NiFe2O4(111) ultrathin

films, showing high quality and full strain relaxation. The

NFO layers present a cationic order in agreement with

theory, with mainly Fe3þ and Ni2þ distributed in an inverse

spinel structure. The magnetic properties are consistent with

the expected behaviour in ferrite ultrathin films with defects

such as APBs. We have demonstrated direct evidence of spin

filtering by the Meservey-Tedrow technique with SP up to

þ25%. The unexpected positive sign for PSF has revealed

that the spin-polarized tunneling cannot just be explained by

the asymmetry of the spin-dependent DOS; a full transport

calculation for the entire device needs to be performed. The

presence of defects in NFO tunnel barriers (in particular oxy-

gen vacancies and APBs) has also been shown to affect the

spin filtering efficiency. A fine tuning of the structure and

chemistry of these oxide ultrathin layers is thus particularly

critical for the generation of highly spin-polarized currents.
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