'A\
Me \Iiﬁﬂ}

www.MaterialsViews.com

www.afm-journal.de

Ultrathin Epitaxial Ferromagnetic y-Fe,O; Layer as High
Efficiency Spin Filtering Materials for Spintronics Device

Based on Semiconductors

Peng Li, Chuan Xia, Zhiyong Zhu, Yan Wen, Qiang Zhang, Husam N. Alshareef,

and Xi-Xiang Zhang*

In spintronics, identifying an effective technique for generating spin-polarized
current has fundamental importance. The spin-filtering effect across a
ferromagnetic insulating layer originates from unequal tunneling barrier
heights for spin-up and spin-down electrons, which has shown great promise
for use in different ferromagnetic materials. However, the low spin-filtering
efficiency in some materials can be ascribed partially to the difficulty in
fabricating high-quality thin film with high Curie temperature and/or partially
to the improper model used to extract the spin-filtering efficiency. In this
work, a new technique is successfully developed to fabricate high quality,
ferrimagnetic insulating y-Fe,O; films as spin filter. To extract the spin-
filtering effect of y-Fe,O; films more accurately, a new model is proposed
based on Fowler—Nordheim tunneling and Zeeman effect to obtain the spin
polarization of the tunneling currents. Spin polarization of the tunneled
current can be as high as —94.3% at 2 K in }-Fe,O; layer with 6.5 nm thick,
and the spin polarization decays monotonically with temperature. Although
the spin-filter effect is not very high at room temperature, this work demon-
strates that spinel ferrites are very promising materials for spin injection into
semiconductors at low temperature, which is important for development of

1. Introduction

Injecting the spin-polarized current into
semiconductors!!l efficiently is at the
crux of improving spintronics devices.
Thus, methods of generating highly spin-
polarized currents are receiving consider-
able attention: two approaches have been
employed to generate the spin-polarized
carries.'”3 The first uses a ferromag-
netic material, such as Fe, Co, Ni, or
their alloys, through which the electronic
charge carriers become intrinsically spin-
polarized. However, even as the source of
the spin polarized current, the spin polari-
zation in these materials is much less than
100%, where spin polarization is defined
as P= M and N; and N, denote the
N, +N,
spin-up and spin-down electron density
of states, respectively, at the Fermi level.

To increase the spin polarization of the
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source materials, half-metallic ferromag-
netic materials with fully polarized charge
carriers (i.e., P = 100% of CrO,, LaSrMnO,
and Fe;0,, for example) have consequently
been studied extensively.! When half-metal is used as electrode
to inject spin into semiconductors, the measured spin polariza-
tion, however, is usually low. For instance, spin polarization of
injected current from Fe;0, into NDb:SrTiO; semiconductor is
about 60% at 120 KB and 18% at 60 K.l The large difference
between theoretical values and experimental ones comes from
the large resistivity mismatch between semiconductors and half
metals.”l The second is that the nonspin polarized current from
a nonmagnetic electrode becomes highly spin-polarized after
tunneling through a ferromagnetic barrier (ferromagnetic insu-
lator or ferromagnetic semiconductor)—the spin-filter effect.’!
Spin filtering has been investigated extensively as the second
approach to generate spin-polarized current,”] mainly due to
the dramatic reduction in the conductivity mismatch between
the tunnel barrier and the semiconductors and an increase in
spin polarization. This technique has been considered the most
promising approach for efficient spin injection.
An increase in spin-polarization through a spin filter takes
place when electrons tunnel through a ferromagnetic insu-
lator from a nonmagnetic metal electrode. In the conduction
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band of a ferromagnetic insulator, spin-up and spin-down
electrons encounter different tunnel barrier heights caused by
the exchange-split energy. Since the tunneling probability of
the electrons depends exponentially on the tunneling barrier
height, the transmission probability of the tunneled spin-up
and spin-down electrons are dramatically different. Therefore,
the tunneled electrons should be nearly 100% spin-polarized
through a ferromagnetic barrier with moderate exchange split-
ting, although the electron currents are zero-spin polarized
before tunneling.

A number of spin filtering materials have been carefully
studied for use as a tunneling barrier. Early studies focused
mainly on magnetic semiconductors, such as EuS, EuSe, and
EuO.51% Recently, a number of ferrites with much higher Curie
temperatures, NiFe,0,,'2 CoFe,0,, " and MnFe,0,,"
have been studied. A spin-filtering efficiency of 23% was detected
in a ferromagnetic insulating NiFe,O,-based magnetic tun-
neling junction (MTJ) device (LaStMnO/STO/NiFe,0,) at 4 K.'7]
Similarly, a low filtering polarization of —25% and a relatively
low tunneling magnetoresistance (TMR) ratio (—18%, at 2 K)
was observed in CoFe,0,-based MT] (CoFe,0,/y-Al,05/Co).l13]
Recently, an unexpectedly small positive spin-filter polarization
of 9% was obtained using epitaxial MnFe,0,, whereas theoreti-
cally a negative spin-filter polarization had been predicated.®!
Potentially, the ternary nature of these compounds makes it
difficult to maintain their stoichiometry. A suitable candidate
may, therefore, be the binary spinel ferrite %-Fe,03, a ferrimag-
netic insulator with a moderate band gap (=2.0 eV),'® a Curie
temperature of 860 K, and a calculated exchange splitting,
A of =0.4 eV,'® which is promising for spin filtering.

Another key issue in spintronics research is how to identify
whether the highly polarized current is generated or injected.
Three techniques have been commonly employed so far to
extract the spin polarization or filter effect. The Meservey—
Tedrow techniquel’ has been used to extract spin-filter effi-
ciency in devices where europium chalcogenides are used
as the tunneling barrier: extracted filtering efficiency of 83%
at 1.1 K for EuS,® 29% at 0.45 K for EuO,' and 100% at
0.45 K for EuSe.”! Alternatively, spin-filtering efficiency could
be obtained using Julliére’s formula with TMR in MT].[11.14.17.20]
Furthermore, spin light emitting diode (spin-LED) method, in
which involves an electroluminescence with a quarter wave-
length plate and a linear polarizer, can be used to determine
the spin polarization from right and left circularly polarized
light component.?!] Note that the simple Julliére model may
not be adequate to derive spin polarization from a TMR value,
because the effect of the decay of the wave functions of the
conduction electrons in the barrier layer to the MR should be
taken into account!??; for example, in the case of a large TMR
ratio observed in Fe/MgO/Fe MTJs.2223] Hence, the observed
noisy field-dependent TMR and the puzzlingly low spin-
filtering polarization in most spinel ferrite- (NiFe,0,'"'7] and
CoFe,0413)) based sandwich heterostructures, calculated based
solely on the Julliére model, may not be accurate. Interestingly,
spin polarization of a ferromagnetic metal may also be obtained
based on magnetic-field-dependent tunneling current through
a Schottky barrier formed by a magnetic metal and a semicon-
ductor, as demonstrated by Ziese et al.’l on a Fe;0,~Nb:SrTiO;
interface. In this case, the Zeeman effect caused by the
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exchange splitting is tuned using a magnetic field. Although
further Zeeman energy under a magnetic field (ugB (at 9 T)
=~0.52 meV) is rather small in comparison with the exchange
splitting (107! eV), this idea appears to be simple and prom-
ising for detecting the efficiency of spin filters.

To address above key issues in the spin-filter devices, in this
study, we show the fabrication of an ultrathin epitaxial y-Fe,0s3,
a binary ferromagnetic insulating film that functions as a mag-
netic tunnel barrier with a spinel structure. Epitaxial y-Fe,03
films were fabricated by an additional oxidation of epitaxial
Fe;0, films on an Nb:SrTiO; substrate. To extract the spin-fil-
tering effect more accurately, we proposed a new model based
on Fowler—Nordheim tunneling and Zeeman effect. We found
the spin polarization of the tunneled current to be >90 % at low
temperatures using our proposed model.

2. Results and Discussion

2.1. Structural, Magnetic Characterizations and TMR

We investigated the direct growth of ¥Fe,O; film on n-type
semiconducting, single-crystal substrate Nb-doped SrTiO;
(NSTO) by inserting a 2 nm MgO buffer layer (see Figure S1,
Supporting Information). However, the insertion of an addi-
tional insulating MgO layer complicates the interface, making
it more difficult to accurately determine tunneling spin-filtering
efficiency. Hence, we propose an alternative approach for fabri-
cating 1-Fe,0; epitaxial films. First, high quality epitaxial Fe;0,
film was grown on NSTO. Then the Fe;0, film was transformed
to %-Fe,0; epitaxial film by annealing at high temperature in air.
The quality of epitaxial Fe;O, thin film was confirmed by high-
resolution transmission electron microscopy (HRTEM) and an
obvious Verwey transition of magnetization and resistivity at
around 115 K (Figure S2, Supporting Information). To obtain
high quality ¥-Fe, O3 films, the quality epitaxial Fe;O, thin films
were annealed at different temperatures and for different times
to find the optimized annealing condition. It was found that
annealing at 300 °C for 15 min in air, Fe;0, films would trans-
form into fully relaxed y-Fe,O; films, which was demonstrated
by the results obtained on a sample with 45 nm y-Fe,05 layer,
as shown in Figure 1a. It is evident that the annealed film has
same crystal structure as bulk Fe;0, with a slightly shrinking
of the lattice, see Figure la. The out-of-plane lattice constant
was determined to be 8.364 A and confirmed by the HRTEM
image of the cross-sectional NSTO/y-Fe,03 in Figure 1b, which
is in good agreement with the lattice constant of bulk y-Fe,04
determined as 8.347 A by synchrotron X-ray powder diffrac-
tion.?*) The diffraction spots from NSTO and y-Fe,O; easily
separate, as shown Dby the selected-area electron diffraction in
the left inset of Figure 1b. The in-plane epitaxial structure was
macroscopically demonstrated by the X-ray diffraction (XRD)
¢ scan of (111) reflection, with four identical peak intervals of
90°. The X-ray reciprocal space maps around }-Fe,O3 (004) and
(206) reflections were collected, as displayed in Figure 1c,d. The
asymmetrical scan (206) confirms that the y-Fe,O; film is in
a fully relaxed state. All of these results verified the epitaxy of
¥-Fe, 05 films on NSTO substrates, a high quality insulating fer-
rimagnetic film as tunneling barrier for spin-filtering.
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Figure 1. The structural characterization of epitaxial ¥-Fe,O; films. a) Comparison of XRD 6-26 scans for bare NSTO substrate, NSTO/Fe;O,, and
NSTO/y-Fe,0s. The lattice shrinks from Fe;O,4 to -Fe,O;. b) Cross-sectional HRTEM image of NSTO/¥-Fe,O;. The left inset gives the selected area
electron diffraction, two sets of diffraction spots are from NSTO and y-Fe,Os. The right inset shows the XRD ¢ scan of (111) reflections. X-ray reciprocal
space maps around c) symmetric (002) and d) asymmetric (206) reflections for NSTO/¥-Fe,O;.

When the samples were annealed at a temperature over
300 °C, the magnetic properties of the resulted films would
be much worse than that of yFe,O; films. For example,
the room temperature magnetic saturation of a 45 nm film
annealed 450 °C is less than 100 emu cm™3, much smaller than
400 emu cm™3 for a sample annealed at 300 °C for 15 min (see
Figure S3a, Supporting Information). Meanwhile, the XRD peak
of the y-Fe,0; phase also weakened with increasing annealing
temperature (Figure S3b, Supporting Information), confirming
the magnetic measurements and ascribing them to the trans-
formation of the ¥Fe,O; structure into o-Fe,O; structure
under higher-temperature annealing. Our experimental results,
including XRD and magnetization data indicate that annealing
at 300 °C in air for 15 min are the optimized annealing condi-
tion to transform Fe;0, films to high quality y-Fe,O; film.

The easy transformation for epitaxial Fe;O, films to epitaxial
¥-Fe, 05 films can be attributed to the fact that these two phases
of Fe oxide share a similar crystalline structure, where the only
difference is that the Fe?* ions in Fe;0, are further oxidized to
Fe’'. In addition, their saturation magnetization is similar if
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not undistinguishable in magnetic measurements. This tech-
nique opens a new way to fabricate high quality, very thin epi-
taxial y-Fe,O; films, which may be applicable for other oxide
films that cannot be easily grown directly.

To examine magnetic properties of the ultrathin -Fe,05 films
in the spin-filter heterostructures, we carefully subtracted the
magnetic contribution of NSTO substrates, as shown in the
inset of Figure 2a. Compared to the bulk saturation magnetiza-
tion (Ms) value of 390 emu cm™ (2.5 pg per fu.),1?] the ultrathin
films alone showed relatively high Mg values of 368, 352, 312,
and 221 emu cm~3, for sample thicknesses of 9.3, 6.5, 4.7, and
3.0 nm, respectively, as shown in Figure 2a. The typical tempera-
ture dependence of Mg and coercive field is shown in Figure 2b.
Interestingly, although the magnetization is nearly independent
of temperature over the entire temperature range, the coercive
field decreased rapidly from 600 Oe at 2 K to nearly 0 Oe at
300 K. The rapid decrease of coercive field may be ascribed to
the domain wall depinning as a result of thermal activation.?°!

In order to check the —100% spin filtering polarization
of yFe,O; predicted by the band structural calculations,
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the field dependent TMR was investi-
gated in a device of Nb:SrTiO3/y-Fe,05(6.5
nm)/Co/Au. Figure 2c gives the TMR
(TMR = (Ryg — Ry)/Ry) measured at 2 K with
different biases. As we expected, the positive
TMR was observed in the magnetic junctions.
Ascribed to the positive spin polarization of Co
(40%) and negative spin filtering efficiency of
¥-Fe,0; (—100%) predicted by density of states
(DOS) calculation, the resistance of magnetic
heterostructure shows a high-resistance-
state for parallel magnetization configura-
tion (under high magnetic fields), whereas a
low-resistance-state for antiparallel configu-
ration (under zero or low magnetic fields).’]
Although the TMR behaves as we expected, its
value is rather low, smaller than 0.1%. Never-
theless, the attenuation of TMR ratio with cur-
rent bias in Figure 2c is exactly consistent with
numerical calculation and Wentzel-Kramers—
Brillouin (WKB) approximation of EuS based
TMR.8] Given to the high resistive Nb:SrTiO;
electrode, the underestimated TMR ratio pre-
cludes the accurate calculation of spin-fil-
tering polarization of y-Fe,O; from Julliére’s
formula. Therefore, we expect to obtain the
spin-filtering polarization into semiconductors
through our proposed model below.

To explore the spin-filtering effect, we first
studied the electrical transport properties of
Nb:SrTiO;/¥-Fe,03/Ti/Au samples over a wide
temperature range (2-300 K) without a mag-
netic field. The schematic configuration of the
measurements is shown in Figure 3a. The high
quality of the heterostructured samples is evident
from the HRTEM images of the cross-sections,
particularly those of the epitaxial yFe,O; film
and the interfaces in the heterostructure. Figure
3b shows the typical nonlinear I-V curves meas-
ured in a wide temperature range on a sample
with a 3.0 nm insulating y-Fe,O; layer. To have
a closer look at the transport properties, we
plotted the dI/dV versus V for the data obtained
at 2 K in the inset of Figure 3b. In addition to
asymmetric behavior, we observed that conduct-
ance (dI/dV) behaves very differently at different
biases. The slightly asymmetric characteristic of
all curves is likely caused by a bending of the

Figure 2. a) Magnetic hysteresis loops of ultrathin
¥-Fe,03 films at room temperature. The left upper
inset provides the raw data without subtracting
substrate contributions. The low field region was
amplified to show the coercive field in detail. b) Tem-
perature dependence of coercive field and saturation
magnetization for 6.5 nm thick -Fe,O; films. The
inset gives all hysteresis loops at various tempera-
tures. c) Typical magnetic field dependent TMR in
Nb:SrTiO;/y-Fe,0;3(6.5 nm)/Co/Au heterostructure
with different bias at 2 K.

Adv. Funct. Mater. 2016, 26, 5679-5689
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Figure 3. a) Typical cross-sectional TEM images of spin filtering heterostructure NSTO/y-Fe,O3(6.5 nm)/Ti/Au. The inset shows the schematic dia-
gram of measurement configuration. b) Typical I-V curves of heterostructures (3.0 nm y-Fe,Os) recorded in a zero field at various temperatures. The
inset shows the dynamic conductance dI/dV at 2 K. The tunneling transport mechanism across ¥-Fe,O; was determined to be c) direct tunneling and
d) Fowler—Nordheim tunneling. The insets in (c) and (d) illustrate the simplified band structure.

conduction band of NSTO. The different behavior of dI/dV curves
in Figure 3b is a clear indication that the tunneling mechanism
changes with increasing electric bias.

By increasing the bias voltage applied across the ferromag-
netic insulating barrier, the direct tunneling (DT) that domi-
nates the properties of transport will transform into Fowler—
Nordheim tunneling (FNT). Based on the WKB approximation,
the current density dominated by DT and FNT can be expressed
by the following equations(?’!

J= \/2m*<l>(£)2 %exp{M} and DT (1)

h

I = 8o P TV 3en

eV’ { d 8mam’”

c1>§}, FNT 2)

where h is the Planck constant, e is the electronic charge, m* is
the effective mass of an electron, @ is the barrier height, V is
the applied bias, and d is the barrier thickness.
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To facilitate the analysis of the behaviors/mechanisms of -V

curves, we can rewrite Equations (1) and (2) as the following

ln%xln%—wand DT 3)
3
B2
InL o B7dV2m &7 (lj ENT (4)
\% 3eh \%

where Equations (3) and (4) represent the DT and FNT mecha-
nisms, respectively.

For easy comparison of the experimental data between models,
we replotted the data obtained at 2 K in the form of In(I/V?)
versus 1/V as shown in Figure 3c,d. Under a low bias (Figure 3c),
tunneling is dominated by the DT model, whereas under a high
bias, tunneling transport is best described by the FNT mecha-
nism (Figure 3d). As the voltage bias increases, the tunneling
transport properties gradually transfer from being dominated
by direct tunneling to being dominated by Fowler—Nordheim
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Figure 4. a) The spin-filtering band structure diagram dominated by Fowler-Nordheim tunneling. The crystal structure on the right shows the ferrimag-
netic insulator %-Fe;O3 (1 X 1 X 3 supercell), in which the eight green balls stand for the ordered cationic vacancies. @ is the average barrier height
for tunneling electrons, and A stands for the exchange splitting at the bottom of conduction band (purple for spin down, and red for spin up). ygB
is the additional splitting caused by the Zeeman effect under magnetic fields. Solid and dashed lines in }-Fe,O5 represent the bottom of the conduc-
tion band before and after additional Zeeman splitting. Therefore, an effective, negative spin-filtering effect can be expected. Total electronic density
of states (DOS) of y-Fe,O3 with DOS contributions from the second-nearest neighboring Oct-Fe, as obtained for the supercell structure b) after and

c) before lattice relaxation.

tunneling at around 0.85 V. The insets of Figure 3c,d show the
band structure diagram in the corresponding applied bias region.

2.2. A Spin-Filtering Model Based on the Zeeman Effect

As shown by Equations (1) and (2), the current density gov-
erned by FNT is considerably more sensitive to barrier height
than is DT. This can likely be explained by the much stronger
power-law dependence of the exponent on the barrier height in
the faster exponential decay of the FNT model. For this reason,
we will focus on spin-filtering efficiency through FN tunneling.

5684  wileyonlinelibrary.com
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Taking into account the two-current model and exchange
splitting (conduction band bottom of y-Fe,O; for spin down
is lower than that for spin up!'®), the tunneling barrier in
Equations (1) and (2) is described as @y, = @, + (=)= + (—)sB,
in which @, is the average barrier height, A repfesents the
exchange splitting of the conduction band bottom and pgB is
the Zeeman energy; we present a schematic diagram of band
structure at high voltage bias in Figure 4a. The crystal struc-
ture on the right shows the ferrimagnetic insulator y-Fe,O;
(1 x 1 x 3 supercell), in which eight green balls stand for the
ordered cationic vacancies. @ is the average barrier height for

Adv. Funct. Mater. 2016, 26, 5679-5689
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tunneling electrons, and A stands for the exchange splitting
at the bottom of conduction band. Based on the diagram, the
ultrathin y-Fe,0; films should lead a high negative spin filtering
effect. Note that energy perturbation by the Zeeman effect (on
the order of 10! meV) was minimal compared to effects by @,

(on the order of 10° eV) and A (on the order of 107! eV).

In the two-current model, the spin-dependent current densi-
ties are given by

1 3
Jiy=57To eXP[ C(I)T(i)z:| )
3y /2 [
here [ =V _ :-im. The tunneling spin
Vet Jo = grdhd? 4T TV e e sp

polarization is given by

1—exp|:a((1 _xp—(1+ xﬁ)]

podi=]i_
Jr+ s 1+exp‘:a((1—x)%—(1+x)%j]
(0)
3 [ 3
where a=c®g=—im¢°gandx=i+@. Using
V. 3eh 20, @,
Taylor Expansion for x <1, we obtain
3 3 X 3% .
1-x)2—(1+x)2=-3x+—+—+0 7
(1=x)z — (14 ) * 8 128 [x] )

If x is small enough to ignore the cubic and high order terms
in Equation (7), the spin polarization could be

pP= Jimh 1 - exp[-3ax] S tanh(iax)
T+ ] 1+exp[-3ax] 2

The total current density is then given by

®)

J=J1+], z]oe”cosh(%ax) )

Since % > upB, the Taylor expansion yields

J=Joe" cosh(3—a A )

2 2D,
3¢ A \3ausB 1(3a uBY (19)
x| 1+ tanh| 22 2O HE | 228 e
220,)2 ®, 2\ 2 @,

Neglecting  the

3a A 3a . .
- =~tanh| —x |=P, the current density ratio measured
2 20, 2

in a zero electric field and a finite magnetic field is obtained as

quadratic  term and  taking

J(B) 3a ;B
](0) 1+P2 o, (11)

According to Equation (11), at a constant applied bias,
I(B)/1(0) should be linearly dependent on the magnetic field B
for a given device. Although the Zeeman energy is relatively
small compared to exchange splitting, surprisingly, the slope of
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I(B)/1(0) to the magnetic field B will give the tunneling spin-
filtering efficiency P across a ferromagnetic insulating barrier
provided that the parameter a (governed by the barrier thick-
ness, barrier height, and applied bias) is known. One may
argue that the precondition to omit the x> and higher terms in
Equation (7), for this new model, is too difficult to be satisfied.
Actually, the precondition is relatively easy to be satisfied in
practice. It is known that x = A/2® <0.5 is valid for most fer-
romagnetic insulators.”) In this case, the cubic term and high
order terms in Equation (7) are at least two orders of magnitude
smaller than the linear term (-3x), and therefore, they can be
neglected safely in our model.

To demonstrate the applicability of our model to y-Fe,0;
based spin filtering device, we calculated band structure of
¥-Fe,03. In Figure 4b, we show the total electronic DOS of the
¥-Fe,03 for the structure after lattice relaxation. Based on our
calculations, exchange splitting was evident in y-Fe,Os, with
energy gaps of 2.21 and 1.89 eV for spin-up and spin-down
channels, respectively, as shown in Figure 4b. We observed a
coexistence of the magnetic and insulating nature, where a net
total magnetization of 80 puB per supercell had energy gaps of
2.21 and 1.89 eV for spin-up and spin-down channels, respec-
tively, which are different from the values for the position of
conduction band. The bottoms of conduction band of y-Fe,03
for spin up and spin down are, respectively, 2.08 and 1.68 eV,
being far away from Fermi level. The difference between the
energy gaps of the two spin channels is mainly due to a local-
ized state located inside the spin-down gap, close to the
conduction states. Further investigation showed that this local-
ized state mainly originated from the Fe atoms sitting on the
second-nearest neighboring octahedral sites with respect to Fe
vacancies, as shown in Figure 4b. Next, by calculating the DOS
for the yFe,0; structure before lattice relaxation, we learned
more about the nature of the magnetic insulating state of the
material (see Figure 4c). Because we observed the insulating
property of magnetic y-Fe,03, we can infer that the presence
of the eight Oct-Fe vacancies is critical to exchange splitting. In
addition, disparity between energy gaps indicates the impor-
tance of lattice distortion around the vacancies, and band struc-
ture calculations demonstrate the potential spin-filtering effect
(-100%) in ferrimagnetic insulating y-Fe, 0.

2.3. Tunneling Spin-Filtering Efficiency in Epitaxial
Nb:SrTiO;/y-Fe,O3/Ti/Au

To determine tunneling spin polarization, the I-V curves were
measured under different magnetic fields. Figure 5a shows the
I-V curves measured at 2 K with applied magnetic fields var-
ying from 0 to 9 T. Note that with increasing magnetic field, I-V
curves shift significantly in a near parallel fashion. This type
of shift can likely be explained as originating from a Zeeman
effect by the magnetic insulating layer because no such shift is
observed for [-V curves in heterostructures without an y-Fe,03
layer (see Figure 5b). A collapse of all I-V curves obtained
under different fields (0 to 9 T), on the system without y-Fe,05
layer, into a single curve at 2 K indicates that the applied mag-
netic field has an unnoticeable effect on the transport proper-
ties of this system. This shift of -V curves under magnetic
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Figure 5. a) The -V curves recorded twice under various magnetic fields to examine for repeatability and linear dependence. b) As a comparison, the
|-V curves were measured in the heterostructures without ferrimagnetic insulating %-Fe,O3 under various magnetic fields; no field-dependent behavior
was observed within the same current range. The inset shows the nearly linear |-V curves measured from 2 to 300 K. c) A plot of /(B)/I(0) as a func-
tion of bias voltage under different magnetic fields. The typical linear slope of I(B)/I(0) against B in the inset gives the tunneling spin polarization P
=-83.4% for a 3.0 nm sample at 2 K. d) The barrier height and bias voltage dependence of calculated spin polarization with a variation less than 5%.
e) The temperature-dependent tunneling spin polarization for devices with different 1-Fe,Oj5 thicknesses. f) The curves of In(//V?) versus 1/V (Fowler—
Nordheim tunneling) for samples of different y-Fe,O; thicknesses. The poorest linearity is shown from the sample with 9.3 nm y-Fe,O;. The inset
shows how the slopes of the curves depend on the thickness of the -Fe,Os layer, and indicates again that the sample with a 9.3 nm ¥-Fe,O5 layer
behaves different from the others.
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fields may also be explained by the Joule heating effect during
measurements. To exclude the Joule heating effect on the shift
of I-V curves, we measured each -V curve twice under dif-
ferent magnetic fields and found that two I-V curves overlap,
as shown in Figure 5a. In this experiment, a maximum current
density of 7.14 x 10 A cm™2 (junction area: 1.0 X 1.4 mm?) was
measured, which is small enough to neglect the Joule heating
effect. Therefore, we can identify the cause of the parallel
shifting of -V curves with increasing magnetic field as a con-
sequence of the Zeeman effect from the applied magnetic field.
As discussed above, governed by the Zeeman effect, I(B)/I(0)
in the FNT regions (high bias) should be proportional to the
magnetic field. Taking 2.0 eV (the band gap of y-Fe,03) as the
average barrier height @, the linear slope of I(B)/I(0) against
B (V=09 V) in the inset of Figure 5c gives the tunneling
spin polarization of —83.4%, as derived based on Equation
(11) (note that a is a negative value), at 2 K due to the filtering
effect of a 3.0 nm thick y-Fe,O; layer. The negative tunneling
spin polarization agrees well with the band structure calcula-
tion.['® To demonstrate the validity and reliability of our model,
the dependences of the tunneling spin polarization on the cal-
culated barrier height and applied bias dependence are shown
in Figure 5d. Interestingly, tunneling spin polarization at 2 K
for a sample with a 3.0 nm ¥Fe,O; layer remains high and
varies by less than 5%, despite fluctuations in @, (1.8-2.2 eV)
values and/or varying bias (0.88-0.93 V) of FNT tunneling.
We also fitted the dependence of normalized conductance on
bias voltage obtained at 2 K on Ti/Fe,0; (3.0 nm)/NSTO to
Brinkman—-Dynes—Rowell model to estimate the barrier height
(Figure S4, Supporting Information) and found that the barrier
height was =1.33 eV in 3.0 nm samples. If the barrier height
of 1.33 eV is taken to calculate the tunneling spin polarization
using Equation (11), we found that the spin polarization will be
as high as —95.1% at 2 K in 3.0 nm thick sample, being much
higher than spin polarization of —83.4% obtained using ideal
barrier height of 2.0 eV. Therefore, the spin polarization of
this device is most likely between —84% and —95%. The value
(-95%) obtained with fitting barrier of =1.33 eV might be too
high to be real, due to other nonideal factors, such as interfa-
cial impurities, defect states, or excitation of magnons,?% that
may deteriorate the efficiency. Finally, we measured the -V
curves using the same technique to explore how tunneling
spin polarization depends on the thickness of the magnetic
insulating layer and on the temperature. Figure 5e shows the
tunneling spin polarization obtained on samples with different
¥-Fe,05 thicknesses at various temperatures. It is evident that
high-spin-filter efficiency can be achieved at low tempera-
tures with an appropriately thick y-Fe,O;3 layer. Samples with
¥-Fe,05 layers with thickness between 3.0 and 4.7 nm have
efficiencies as high as —84% at 2 K or up to —94.3% for sam-
ples with a 6.5 nm y-Fe,0; layer. The enhancement of spin
polarization with increasing thickness of y-Fe,0; layer from
3.0 to 6.5 nm might be ascribed to the increase of magnetization
in thicker films (Figure 2a). However, markedly reduced spin
filter efficiency was observed with 9.3 nm ¥Fe,0O; layers and
with increasing temperature. For example, efficiency dropped
from —94% to less than —40% as temperature increased from
2 t0 200 K for the 6.5 nm sample.

Adv. Funct. Mater. 2016, 26, 5679-5689

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Figure Se clearly illustrates how the spin-filter efficiency is
enhanced with increasing layer thickness up to 6.5 nm because
of the enhanced magnetization in thicker films (Figure 3b).
The decrease in spin polarization at 9.3 nm sample might be
due to the fact that the tunneling barrier becomes too thick.
Consequently, a nonideal FNT mechanism is expected, making
the model inapplicable to samples with too thick tunneling
layer, which is evidenced by the poorer linearity of In(I/V?)
versus 1/V of the 9.3 nm sample than that of other samples in
the high-bias region (Figure 5f). Based on Equation (11), the
correlation between the thickness and barrier can be obtained
from the value of the slope. Thus, we plotted the dependence of
the slope (absolute values) on the thickness of the y-Fe,Oj; layer
in the inset of Figure 5f. A deviation from linear dependence is
evident for the 9.3 nm sample, indicating that the FN tunneling
model may not appropriately describe the behavior of -V in
samples with a thicker barrier layer. For a deeper understanding
of the behavior of the 9.3 nm sample, we analyzed the surface
of ¥Fe,O; films of different thicknesses using atomic force
microscopy. The results indicate that the average roughness of
¥Fe,03 is less than that for Fe;O, layer, except for the 9.7 nm
sample (see Figure S5, Supporting Information). Therefore, sur-
face roughness may also contribute to the low-tunneling spin
polarization and deviations from FN tunneling behavior.

One should also note that when temperatures increased
above 225 K, a rapid decrease in tunneling spin polariza-
tion accompanied by a complete loss of linear dependence of
I(B)/1(0) on magnetic field was observed in the samples with
ultrathin y-Fe,O3 layers. This may be understood as following.
At 250 K, the thermal energy, kzT =20.83 meV, is comparable
to the magnetocrystalline anisotropy energy (=20 meV) for
a single-antiphase domain, if we take 10 nm as the typical
antiphase domain sizel*!! in epitaxial ferrite films with thick-
ness less than 10 nm (K.fV, 10 nm x 10 nm x 6.5 nm, bulk
K22 4.7 x 10* erg cm™3). Apparently, thermal agitation, when
the temperature is above 250 K, is sufficient to cause reversals
of the magnetic moment of the domain in the epitaxial y-Fe,0;
layer. Subsequently, the spin-filtering effect disappeared at high
temperatures in our macroscopic samples (1 mm x 1 mm). In
contrast, owing to the large anisotropy constant of CoFe,0,,*!
K =3.0 x 10° erg cm™3, spin filtering was achieved at room tem-
perature in samples where a CoFe, 0y layer acts as the spin filter
based on Julliere’s formula.'¥ Actually, the decreased conceive
field in NiFe,O, films is also considered being responsible for
the loss of spin filtering effect as the temperature increases.!!]
Nevertheless, the tunneling spin polarization reached —30%
even at temperatures as high as 200 K, making y-Fe,O; a
more effective spin filter than other ferrites (e.g., NiFe,0,,!!
CoFe,0,,'* and MnFe,0,/'%)).

3. Conclusions

In summary, we have developed a new technique to fabricate high
quality -Fe,O3 layer for spin-filtering by transforming the epi-
taxial Fe;0, films. With y-Fe,0; layer as a filter, we have achieved
high spin-filtering efficiency, e.g., >94% in an optimized sample
at 2 K. This work clearly demonstrated that yFe,O; are very
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promising as spin filtering materials for the fundamental research
and possible applications. The growth technique of high quality
¥Fe,0; films may also be extended to other oxide thin films.

We have also proposed a new model to determine tunneling
spin polarization in TMR devices more properly. This model is
different from the existing Meservey—Tedrow’s dynamic con-
ductance model, Julliere’s two-channel conduction model, and
spin-LED method. Based on this model, the tunneling spin
polarization can be obtained reliably in spite of an unknown
exchange splitting A value (normally it is not easy to obtain
detailed information on splitting), by using the thickness of the
tunneling barrier layer, the barrier height, and the electric bias
applied to the FNT region.

4. Experimental Section

Sample Fabrication: The epitaxial Fe;0, on Nb(0.7%):SrTiO; (001)
was fabricated by reactive sputtering from pure Fe targets (99.95%). The
Fe;O, layers with thickness between 3.0 and 9.7 nm were deposited at
700 °C on Nb:SrTiO; with an oxygen partial pressure of 2.5 X 10~ mbar.
Thermal annealing in an ambient atmosphere transformed Fe;O, into
metastable y-Fe,O;. The best annealing temperature was determined
to be 300 °C (see Figure S3, Supporting Information). A layer of SiN,
(300 nm) by plasma-enhanced chemical vapor deposition at 150 °C was
patterned using the lift-off method to provide an electrically isolated
contact window on top of the junctions. The upper electrode Ti (10 nm)/
Au (200 nm) deposition was followed by sputtering and the residual
photoresist AZ5214 was removed by oxygen plasma before deposition.

Characterization of Structure and Physical Properties: The epitaxial
structure of y-Fe,O; was confirmed by high-resolution X-ray diffraction
(Bruker diffractometer D8 Discover) and HRTEM (Titan 80300 kV (ST)
TEM, FEI). The chemical state was confirmed by X-ray photoelectron
spectrum, as shown in Figure S6 (Supporting Information). Thickness
was determined by HRTEM and confirmed by Rutherford backscattering
spectrometry, as shown in Figure S7 (Supporting Information).
The roughness of the ultrathin films was checked by atomic force
microscopy, as shown in Figure S5 (Supporting Information). The
magnetic properties of -Fe,O; with contributions by the substrate
subtracted were obtained using a Quantum Design magnetic property
measurement system (SQUID-VSM). The -V curves by two terminals
(Nb:SrTiO3: negative, Ti/Au: positive) were measured with a physical
property measurement system (PPMS-9, Quantum Design). We
removed the Joule heating effect by limiting the maximum current to
100 pA and the minimum waiting-time interval to 30 s between the two
|-V curves. In our experiments, we measured three different samples for
each kind shaped by standard lithography method.

Calculation Method: To expand our understanding of the spin-split
band gap of %-Fe,O;, we performed full-potential linearized augmented
plane-wave calculations using the WIEN2K package. For a strong
correlation effect, DFT+U method was used with the U parameter for
Fe d electrons (4 eV), as explained in ref. [29]. To simulate y-Fe,O;, a
1 x 1 x 3 supercell based on the cubic spinel structure of Fe;0, was
built, where eight Fe vacancies were created in the lowest energy
configuration, as reported in ref. [23]. This results in a structure with the
space group P4,2,2 and lattice constants a = 8.364 A, b = 8.364 A, and
¢=25.092 A, in which there are 64 Fe atoms and 96 O atoms. We set the
R, of Fe and O to 2.2 a.u. and 1.2 a.u., respectively. Due to the much
smaller radius of O, a smaller RKn. of 4.5 was used. An identical
6 x 6 X 2 k-mesh was used in all calculations. The atoms in the structure
were fully relaxed with a force tolerance of 1.0 mRy per Bohr, and Pulay
corrections were implemented into the force calculations. Generalized
gradient approximations to the exchange-correlation function in the
Perdew Burk Erezerhof form was employed to both optimize the lattice
and structure electronic calculations.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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