
1Scientific RepOrts |  (2018) 8:861  | DOI:10.1038/s41598-017-19129-5

www.nature.com/scientificreports

Anisotropic sensor and memory 
device with a ferromagnetic tunnel 
barrier as the only magnetic 
element
L. Lόpez-Mir1, C. Frontera1, H. Aramberri1, K. Bouzehouane2, J. Cisneros-Fernández1,  
B. Bozzo1, L. Balcells1 & B. Martínez1

Multiple spin functionalities are probed on Pt/La2Co0.8Mn1.2O6/Nb:SrTiO3, a device composed 
by a ferromagnetic insulating barrier sandwiched between non-magnetic electrodes. Uniquely, 
La2Co0.8Mn1.2O6 thin films present strong perpendicular magnetic anisotropy of magnetocrystalline 
origin, property of major interest for spintronics. The junction has an estimated spin-filtering efficiency 
of 99.7% and tunneling anisotropic magnetoresistance (TAMR) values up to 30% at low temperatures. 
This remarkable angular dependence of the magnetoresistance is associated with the magnetic 
anisotropy whose origin lies in the large spin-orbit interaction of Co2+ which is additionally tuned by 
the strain of the crystal lattice. Furthermore, we found that the junction can operate as an electrically 
readable magnetic memory device. The findings of this work demonstrate that a single ferromagnetic 
insulating barrier with strong magnetocrystalline anisotropy is sufficient for realizing sensor and 
memory functionalities in a tunneling device based on TAMR.

The ever-increasing demand for storage and high speed processing of large amounts of data boost the search for 
new materials/paradigms for improving current microelectronics and magnetic storage technologies and put for-
ward spintronics as a promising technology. Thus, spintronics has become one of the most active areas of research 
in condensed mater physics during the last decade because of its attractive prospects of faster and lower energy 
consumption electronic devices. Since spintronics is based on the use of the spin of the electrons as a control 
variable, the generation and control of highly spin-polarized currents is a fundamental issue. The most straight-
forward way to get spin polarized currents is to use ferromagnetic metals. However, the spin polarization degree 
(≈40%) achievable with these materials is simply too low to obtain high-performance competitive devices1. Fully 
spin polarized currents can be obtained using some complex oxides exhibiting half metallic character, i.e. full spin 
polarization, although their relatively low resistances compromise their use as spin injectors2,3. Another versatile 
way is through spin filtering. This effect consists in spin selective tunneling through a barrier sensitive to spin ori-
entation. In contrast to a non-magnetic insulator, a ferromagnetic insulating (FM-I) barrier provides two different 
barrier heights for spin-up and spin-down electrons4. Since the tunneling probability depends exponentially on 
the barrier height, spin selection can be very efficient in FM-I-based junctions. In this context, FM-I materials 
have attracted great interest over the past years as spin sources and spin filters2,5. However, FM-I materials are 
scarce in nature as ferromagnetic interactions are typically of exchange-type mediated by charge carriers. Eu 
chalcogenides were the first materials used as FM-I barriers convincingly demonstrating spin filtering tunneling 
effects in magnetic tunnel junction (MTJ)-like structures, even though they suffer from very low ferromagnetic 
transition temperatures4,6. On the search for magnetic (either ferromagnetic or ferrimagnetic) insulating materi-
als few perovskites (BiMnO3)7 and various spinels (NiFe2O4

8, MnFe2O4
9, NiCo2O4

10, CoFe2O4
11, and CuCr2O4

12) 
have been tested for spin-filtering purposes. In most of these cases, spin polarization is measured through Julière’s 
method by collecting the transmitted current with a ferromagnetic electrode on top of the FM-I barrier. The 
Meservey-Tedrow technique is another way used to measure the spin polarization employing a superconductor 
instead of a ferromagnetic collector11. Some other works exploit the magnetic field dependence of the tunneling 
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current through the barrier formed in ferromagnet/semiconductor-electrode systems, e.g. Fe3O4/Nb:SrTiO3 and 
γ-Fe3O4/Nb:SrTiO3 systems13–15. In these cases the two-current model is used to estimate the spin filtering effi-
ciency. This model assumes two differentiated tunneling channels for the spin-down and spin-up electrons and an 
additional splitting of the bands due to a Zeeman term when an external magnetic field is considered.

In the present work, we build a tunnel junction based on La2Co0.8Mn1.2O6 (LCMO) grown on semiconducting 
electrode Nb:SrTiO3 (Nb:STO). Nb:STO is a widely used conducting substrate which enable good epitaxy with a 
large number of oxides, such as La0.9Ca0.1MnO3+δ/Nb:STO16 or La0.7Sr0.3MnO3/Nb:STO17,18 manganite systems. 
LCMO is a double perovskite exhibiting FM-I behavior and a relatively high Curie temperature (TC) of 230 K. 
Perovskites have a less complex structure than spinels, and seem to be more appropriate for device implementa-
tion. In previous works we have shown that high quality LCMO epitaxial thin films can be prepared by sputtering 
with a TC ≈ 225K and a saturation magnetization (MS) of about 6 μB/f.u., which suggest a high degree of Co/Mn 
cationic ordering19,20. We have also shown that LCMO grown under tensile strain (on STO) exhibits a strong 
perpendicular magnetic anisotropy (PMA), which has a magnetocrystalline origin due to the spin-orbit coupling 
(SOC) in Co2+ ions20,21. This suggests that LCMO is a good candidate to exhibit tunneling anisotropic magnetore-
sistance (TAMR). TAMR measures the dependence of spin-polarized electron transport on the orientation of the 
magnetization with respect to the crystallographic axes22,23 and arises from SOC. In fact, theoretical works have 
predicted that TAMR is a generic effect in ferromagnetic metals with SOC, induced by the dependence of density 
of states of tunneling electrons on the orientation of the applied magnetic field24. TAMR, unlike conventional 
tunneling magnetoresistance, can be found in tunnel structures with only one magnetic electrode (metallic or 
semiconductor). Thus far, it has been proved in (Ga,Mn)As/AlOx/Au25, Fe/GaAs/Au26 and CoPt/AlOx/Pt27 tunnel 
structures. In this work we show that TAMR effects can arise in a device with a FM-I barrier as the only mag-
netic component. Exploiting TAMR in NM/FM-I/OS (NM = non-magnetic metal, OS = oxide semiconductor) 
structures that could operate without magnetic electrodes represents an alternative of much easier technological 
implementation than conventional MTJs, avoiding the need of two magnetically decoupled ferromagnetic elec-
trodes and coherent tunneling.

Results and Discussion
Analysis of the transport through the barrier.  LCMO epitaxial thin films have been prepared by using 
RF magnetron sputtering on top of (001)Nb:STO substrates and capped by Pt. The films exhibit excellent micro-
structural qualities, a sharp interface with the substrate28 and a smooth surface with a terrace-step landscape 
(Fig. 1a). The films show bulk-like magnetic properties with only a small reduction of TC in the thinnest samples 
(see Fig. S1). As reported in our previous work, films grown on SrTiO3 substrates are under tensile strain and 
exhibit strong PMA21. Magnetic properties of the barrier are not clearly determined via SQUID magnetometry 
because magnetic signal of such a thin film is very low. Thus, in our junctions, PMA has been proved by low-tem-
perature (77 K) magnetic force microscopy (MFM) imaging (Fig. 1b). We visualize the zero-magnetization 

Figure 1.  (a) Topography and (b) MFM image of Pt/4nm-LCMO/Nb:STO. MFM is measured at 77 K after 
zero-field cooling. An equal distribution of up (blue) and down (red) domains is observed. (c) I-V characteristic 
of junctions of Pt/LCMO/Nb:STO with a LCMO barrier of 2 nm and 4 nm and without barrier taken at 10 K. 
The schematic of the device and measurement configuration is depicted in the inset.
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ferromagnetic domain configuration in the virgin state, after zero-field cooling. The greater part is composed by 
an almost equal distribution of up (blue color) and down (red color) domains, confirming that the magnetization 
is perpendicular to the surface. The thin white regions (indicating in-plane magnetization) correspond to the 
domain walls.

Transport measurements were performed in pillar structures by using a two-probe configuration setup as that 
sketched in Fig. 1c (inset). I-V curves performed on Pt/LCMO/Nb:STO tunneling junctions and a Pt/Nb:STO 
(without the insulating LCMO barrier) junction are depicted in Fig. 1c. The Pt/Nb:STO junction shows a rectify-
ing behavior characteristic of a metal-semiconductor Schottky junction. As Nb:STO is an n-type semiconductor, 
forward bias corresponds to electrons being injected from the semiconductor to the metal electrode29. The inser-
tion of the LCMO insulating barrier implies an increase of the barrier height, i.e. an enhancement of the break-
down threshold voltage. Increasing the LCMO barrier thickness (t) further increases the barrier width. From the 
shift of the breakdown voltage evidenced in Fig. 1c, we conclude that the limiting factor for conduction in the Pt/
LCMO/Nb:STO system must not be attributed to Nb:STO but to the LCMO barrier itself.

The I-V characteristic curves of the 2 nm-thick junction measured at different temperatures are shown in 
Fig. 2a. The aforementioned rectifying behavior is observed over the whole range of temperatures (10–300 K). 
The behavior of the forward I-V characteristics is more clearly displayed as ln(J) vs. V (inset in Fig. 2a). It is evi-
dent that the curves are linear over several orders of magnitude. The temperature dependence of the slope of the 
ln(J) vs. V curves (with and without applied magnetic field) is then depicted in Fig. 2b. We observe that below 
50 K the slope is almost constant, above this point it increases with temperature until reaching a maximum at 
about 150 K and then progressively decreases. According to the thermionic field emission theory the dominant 
transport mechanisms occurring in metal-insulator-metal junctions are thermionic emission of carriers over the 
potential barrier (by thermal activation at high temperature), and/or carrier tunneling through the barrier (field 
emission, at low temperature)30,31. In both cases, the current density depends exponentially on the barrier height 
and, for thermionic emission, also on the temperature. Then, the constant slope observed at low temperatures 
indicates that the dominant conduction process in this range is field emission, and thus probes tunneling through 
the barrier. In addition, the field emission process depends on the applied voltage. In fact, at high voltages, it is 
well described by Fowler-Nordheim tunneling (FNT). The tunneling current density in the FNT regime is given 
by the following equation32:

Figure 2.  (a) I-V and corresponding ln(J)-V (inset) curves of the 2 nm-thick junction at different temperatures 
at zero magnetic field (temperatures from 10 K to 230 K every 10 K are represented). (b) ln(J)-V slope of the 2 
nm-thick junction I-V curves as a function of temperature at zero field (red) and under 9 T OOP (black). (c) 
ln(J/V2)-V−1 plot from the curve at 10 K (from panel (a)) to determine the tunneling transport mechanism. 
The straight slope in the high voltage region indicates Fowler-Nordheim tunneling. (d) Schematics of the band 
diagram of our experimental configuration with forward applied bias. Φ0 is the tunneling barrier and splits into 
Φ↑ and Φ↓. In the zoom Δ is the exchange splitting and ΦH is the additional splitting under an applied magnetic 
field.
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where Φ0 is the barrier height, h is the Planck constant, e is the electron charge, m* is the effective mass of the 
electrons, V is the applied voltage and d is the thickness of the tunneling barrier. We can rewrite Eq. (1) as:
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The ln(J/V 2)-V−1 plot of the curve at T = 10 K is shown in Fig. 2d. The linear dependence in the high voltage bias 
regime is indicative of FNT and it is evident above 800 mV. The barrier height can be estimated from the slope 
obtaining a value of 1.2 eV.

Finally, in Fig. 2b, we also plot the slope of I-V measured under a magnetic field of 9 T. We observe that two set 
of measurements (without and with applied magnetic field) start to separate below TC (≈190 K), indicating, as a 
first inspection, magnetoresistive effects.

Magnetoresistance and spin-filtering effect.  Now we explore is more detail the effects of the magnetic 
field on the transport properties of the junctions. The magnetic field dependence of the resistance of a 200 μm2 
junction with a 2 nm-thick LCMO barrier at 10 K is shown in Fig. 3a for a field applied both in-plane (IP) and 
out-of-plane (OOP).

As LCMO films exhibit strong PMA, the OOP case corresponds to the easy magnetization direction. With 
the field applied OOP the junction resistance exhibits a large negative magnetoresistance (MR) of about 20% at 
μ0H = 9T. The hysteretic behavior shown in the low field regime mimics the features of the magnetization curve: 
its maxima correspond to the coercive fields (see Fig. S1). In the IP case a much more modest value of the negative 
MR is found (2% for μ0H = 9T).

Finally, we have rule out the possibility that magnetoresistive effects are produced by spin-orbit interaction 
arising from Pt which is known to possess strong SOC. For that we have prepared junctions with Au instead of Pt 
as the top electrode. Au possesses a weaker SOC than Pt33 and it is a noble metal which will not give additional 

Figure 3.  (a) Resistance versus field of a 200 μm2 junction of Pt/2 nm-LCMO/Nb:STO with the field applied 
perpendicular and parallel to the sample at 10 K and V = 850 mV. (b) Fitting of J(H) to the two-current model 
extracted from measurements in (a) OOP field in main panel and IP field in the inset.
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problems of oxidation, still, we have found very similar MR phenomenology (see Fig. S2). For completeness, we 
have also checked Pt/Nb:STO junctions (without LCMO) which do not present any MR effect.

To analyze the dependence of the MR on the applied magnetic field the two-current model was used14,15. 
According to this model spin-down and spin-up conduction bands of the LCMO lie at different energies due to 
the exchange splitting. When a magnetic field is applied those energies change in opposite directions and the 
tunneling barrier must be described as /2 H( ) 0Φ = Φ ± Δ ± Φ↑ ↓ , where Φ0 is the average barrier height, Δ is the 
exchange splitting of the conduction band, and ΦH accounts for the effect of magnetic field on this band.

The band diagram of the system (with forward bias applied) is depicted in Fig. 2d. When a positive bias V is 
applied the Fermi level of the semiconducting electrode increases by eV29, accompanied by the corresponding 
reduction in the bending of the valence and conduction bands. According to two-current model the tunneling 
barrier Φ0 splits into Φ↑ and Φ↓ due to the exchange splitting Δ. At the same time spin-down and spin-up bands 
are modified by ΦH. The splitting of the conducting band position into majority and minority spin bands is con-
firmed by first principles calculations. The obtained spin-resolved density of states (DOS) are depicted in Fig. 4 
and will be discussed in further detail later.

In the framework of the two-current model presented above, Eq. (1) describing the tunneling current density 
in FNT regime can be rewritten as:
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 and J↑(J↓) is the current density of spin up (down) electrons. In a rigid band 

approximation, the overall dependence of the Φ↑ and Φ↓ sub-bands on the applied magnetic field H (ΦH) should 
be described by a Zeeman energy term, namely ΦH ≈ μ0H. This linear dependence and the fact that this term is 
small compared with Φ0 ± Δ/2 lead to a linear dependence of the R(H) curve14. Note in Fig. 3a that the depend-
ence in the OOP case is clearly non-linear. Consequently, in the fitting of Eq. (3) to our experimental data (in 
OOP configuration) higher order terms in the field dependence of the barrier height have been taken into 
consideration.

The best fit results from testing α β γΦ = + +B B BH
2 3, as shown in Fig. 3b, although an acceptable fit is 

obtained for α βΦ = +B BH
2. We also find an estimation of the Schotkky barrier of 1.27 eV for the 2-nm-thick 

barrier. The resulting value of the exchange splitting Δ is 0.2 eV, in good agreement with values reported in the 
literature34 and with our first principles calculations (0.21 eV). The coefficient for the linear term, α is around 

Figure 4.  (a) Spin resolved DOS obtained by DFT calculations (red filled curve corresponds to spin down and 
blue one to spin up). The inset shows a view of a wider region in energy. (b) Total DOS obtained by DFT after 
forcing spins to be oriented in the (001)-direction (OOP, black line) and along (100)-direction (IP, red line). The 
conduction band minimum lies 8 meV lower when the magnetization points OOP, as indicated.
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1 meV/T. In contrast, the in-plane configuration actually exhibits the aforementioned linear dependence due to 
the Zeeman effect (see Fig. 3b (inset)). In this case, the fitted barrier height and exchange splitting are 1.27 eV and 
0.2 eV, respectively, while we obtain α = 0.08 meV/T. The dependence on field of ΦH in IP configuration is similar 
to the expected value for a pure Zeeman term (μB ~ 0.05 meV/T15). For the OOP configuration, it is twenty times 
bigger.

Explaining the strong difference in the field dependence of the junction resistance observed between the IP and 
OOP configurations is challenging. We tentatively attribute these differences to the magnetocrystalline anisotropy. 
Data regarding this remarkably different behavior are very scarce in the literature. Nevertheless, related phenom-
enology can be found in Fe3O4/spinel/La2/3Sr1/3MnO3 magnetic junctions with different compounds: CuCr2O4

12 
and CoCr2O4

35). In these systems the magnetic anisotropy of the ferromagnetic insulating barrier seems to strongly 
affect the MR. CuCr2O4 is magnetically isotropic while CoCr2O4 presents strain-induced magnetocrystalline ani-
sotropy36. In these systems, regions where the magnetization of the electrodes/spinel is constant (i.e. no switching 
of the electrodes/FM-barrier is involved) have very different dependence of the MR on the field. In the case of 
the CoCr2O4 barrier, with the magnetic field applied along the easy [001] direction Hu and Suzuki35 observe a 
non-linear variation of the MR of 10% within 4T. Comparatively, for the CuCr2O4 case with no magnetic anisot-
ropy a variation of only 0.8% is found within 2T with a nearly linear dependence. Comparing with our experiment, 
we extract a variation of MR of 12% (OOP curve within 4T) and 0.5% (IP curve within 2T) from Fig. 2b.

To check the validity of our analysis we have explored the electronic structure of La2CoMnO6 by means of 
density functional theory (DFT) calculations within the local density approximation (LDA). When the SOC 
or the Hubbard terms are not included in the calculation, the system shows a metallic character meaning that 
La2CoMnO6 is a Coulomb-assisted SOC insulator. We have performed the calculations with a predetermined axis 
of magnetization (IP or OOP). The results obtained are depicted in Fig. 4.

The spin-resolved DOS for the magnetization perpendicular to the sample plane, OOP configuration, is 
shown in Fig. 4a. It renders an insulating ground state with a gap of ~0.4 eV. Moreover, the lowest available states 
in the conduction band are 0.21 eV higher for the spin up species than for the spin down species. The origin of the 
discrepancy between the obtained gap and the value estimated for the barrier height (1.27 eV) can be two-fold. 
On one hand, it is well know that DFT calculations within the LDA approximation suffer from a discontinuity in 
the derivative of the exact exchange correlation energy37, that drives to an underestimation of the band gap that 
can be as large as 80%38,39. On the other hand, the value of the electron correlation U (see Experimental Section 
for more details), must affect the gap.

In Fig. 4b we show the total DOS for the system with IP magnetization (red line) and OOP magnetization 
(black line). While the valence band maximum (VBM) is at the same energy in both cases, the conduction band 
minimum (CBM) for the OOP magnetization case lies 8 meV below its in-plane counterpart. The conduction 
band states with lower energy correspond to spin down Co states. Co states are strongly affected by spin-orbit 
interaction that is at the origin of this energy difference. Although, at a first glance this energy difference could 
seem very small, it is practically the same as the change in ΦH between the IP and OOP configurations derived 
from the two-current model (9 meV at 9 T). In conclusion, theoretical calculations confirm that the direction of 
the magnetization must affect the tunnel resistance, thus predicting the existence of TAMR, and reinforcing the 
role of the magnetic anisotropy in this system.

On the other hand, the analysis of the tunneling current density in the FNT regime by using the two-current 
model, as given by Eq. (3), allows to estimate both J↑ and J↓ and to obtain the spin filtering efficiency of the LCMO 
barrier, P, which is given by:

P
J J
J J (4)

=
−

+
↑ ↓

↑ ↓

Fitted parameters render nearly fully spin-polarized current with absolute polarization values above 99.7% for 
the 2 nm-thick sample.

Angular dependence of the TAMR.  The angular dependence of the tunneling junction resistance with 
respect to the direction of the applied magnetic field 2 nm-thick sample is depicted in Fig. 5a. The right axis of the 
plot corresponds to the TAMR ratio, which is defined as TAMR(θ) = [R(θ) − R(90°)]/R(90°), where θ is the posi-
tion of the sample with respect to the field, and reveals a maximum variation of 20% in the tunneling resistance. 
The magnetic field is continuously rotated from OOP to IP. A magnetic field of 9 T, large enough to ensure full sat-
uration of the magnetization in the field direction, has been used. The expected uniaxial anisotropy is found with 
the junction resistance reaching a minimum when the magnetic field is applied along the easy axis (θ = 0,180°).

The significant correlation between resistance and the orientation of the sample with respect to the magnetic 
field, confers the device possibilities to be used as an angular position or rotation sensor. The most commonly 
used material for sensor using anisotropic magnetoresistance effect is permalloy, which typically has anisotropic 
magnetoresistance (also known as magnetoresitive coefficient) of 1.5–3%40. Therefore, in our device, the mag-
netoresistive coefficient reaches 20%. Additionally from Fig. 5a we determine a sensitivity of 3 nA/rad. For mag-
netic field detection, from Fig. 3a, we obtain sensitivity around 3 nA/T when the magnetic field is parallel to the 
easy axis of the sensor, thus perpendicular to it. These sensitivity values could be triggered by changing the lateral 
size of the device.

We have also analyzed the angular dependence of the tunneling junction resistance when the magnetic field 
is rotated within the plane of the film, as depicted in Fig. 5b. In this configuration the tunneling current is per-
pendicular to the magnetic field that is rotated. We obtain a fourfold dependence of the TAMR. The resistance is 
minimum when the magnetic field is applied along the (100) and (010) crystallographic directions of Nb:STO, 
corresponding to the (110) and (1-10) directions of LCMO. This result indicates the existence of two in-plane easy 
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magnetization axes along these directions. Nevertheless the TAMR found in the IP configuration is around 1%, 
much smaller than in the OOP to IP case (20%), confirming the relevance of the system PMA in TAMR.

The temperature dependence of the TAMR (OOP-to-IP case) has further been analyzed. TAMR values have 
been calculated from resistance vs. position curves at different temperatures (see Fig. 5c). The TAMR response 
smoothly decreases with increasing temperature, and vanishes close to Tc, thus demonstrating that it is linked to 
the magnetic state of the FM-I barrier.

We have also investigated the TAMR in the 4 nm-thick barrier heterostructure (see Fig. S3). The very same 
anisotropic behavior is found irrespective of t as shown in Fig. 5c, rendering values of about 20% for t = 2 nm and 
30% for t = 4 nm at T = 10 K. Besides, the difference in resistance between the t = 2 nm and t = 4 nm barriers is of 
one order of magnitude (see Fig. 5d), proving the exponential dependence of the tunneling current on t.

Additionally, we have inspected the TAMR voltage dependence. It shows a maximum response at V of 900 mV 
and then progressively decreases as the applied voltage increases. This reduction of the TAMR as the voltage 
increases is expected for the FNT regime and the double channel expressions. A similar behavior is generally 
found in MTJs and is usually attributed to spin excitations localized at the interfaces between the magnetic elec-
trodes and the tunnel barrier41).

Memory device.  Revisiting Fig. 3a, we observe a clear difference between the zero-field resistance of the IP 
and OOP configurations. We examine the possibility of designing a memory device where two distinct remanent 
states could be obtained by changing the orientation of the applied magnetic field. Hence, we have performed 
successive cycles of applying/releasing field along the IP and OOP directions, followed by a measurement of the 
resistance at zero applied field. The results are depicted in Fig. 6a. Two resistance states are clearly differentiated 
and reproducible over several repetitions. The stability of those states has been tested by measuring the relaxation 
of the resistance for long periods of time, as it is shown in Fig. 6b. We found that the variations in the resistance 
after relaxation times of about 105 s are nearly negligible in both cases, thus demonstrating high retention power. 
Therefore, Pt/LCMO/Nb:STO structures present two well defined stable memory states separated by up to 1–2% 
in resistance. The magnitude of this effect is small but comparable to other bistable resistance memory systems42. 
Nonetheless this system is unique and much simpler, in the sense that it is based on only one magnetic layer and 
TAMR capabilities.

Conclusions
In summary, we report a spintronic device based on a single magnetic insulating layer. The studied heterostruc-
tures consist of a thin LCMO layer grown on top of Nb:STO substrate and capped with a thin layer of metal (Pt or 
Au). LCMO, being a ferromagnetic insulating material, possesses strong PMA. We have found that the tunneling 
resistance of the device strongly depends on the relative orientation between the magnetic field and the easy 
magnetization axis. Our results evidence a strong non-linear dependence of the resistance on the applied field 
when it is applied along the easy axis (OOP). As a result, the tunneling MR is highly anisotropic leading to TAMR 
values as high as 20–30% at low temperature when the magnetization is rotated from OOP to IP. These results are 

Figure 5.  (a) Resistance and TAMR vs. θ (position of the sample) with the field rotating from OOP, θ = 0,180° 
to IP θ = 90,270°. (b) Resistance vs. rotation of the sample with the field applied IP. Both measurements 
were taken at 9 T, 10 K and V of 900 mV. Measurement configurations on the left. (c) TAMR vs. temperature 
(calculated from resistance vs. rotation curves) and (d) resistance vs. temperature of 2 nm and 4 nm-thick 
barrier samples with magnetic field applied OOP (red, blue) and IP (black, green).
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corroborated by DFT-based calculations. We demonstrate that the DOS of its parent compound La2CoMnO6 has 
a fully polarized spin-down character above the Fermi level. On the other hand, we estimate a difference in the 
tunnel barrier height of 8 meV when magnetization changes from OOP to IP, and an exchange splitting of 0.2 eV, 
in good agreement with values fitted experimentally. In addition, exchange splitting and barrier height values 
found by this fitting lead to an estimation of the spin filtering efficiency of almost 100%.

Lastly, we probe the existence of a non-volatile bistable resistive state that can be switched by applying mag-
netic field pulses in perpendicular or parallel directions. Notwithstanding that our device works below room 
temperature and using high magnetic fields, it represents, to the best of our knowledge, the first report of a single 
layer ferromagnetic memory with electrical read-out.

We have presented an attractive approach for a new class of spintronic devices: a magnetic sensor and memory 
based on FM-I with strong perpendicular magnetic anisotropy. These findings open a new platform for exploring 
other highly anisotropic FM-I materials with higher transition temperatures.

Experimental Section and Calculation Details
Sample Fabrication and Characterization.  Pt(Au)/LCMO/Nb(0.7%):STO (001) heterostructures have 
been fabricated by RF magnetron sputtering with different LCMO insulating barrier thickness (2 and 4 nm and 
without barrier). LCMO films have been grown at 900°C with an oxygen partial pressure of 0.4Torr, in situ ther-
mal annealing after deposition in oxygen atmosphere and slow cooling rate of 10°C/min. A layer of 3–4 nm of 
Pt(Au) has been deposited in situ after cooling. Photolithography has been used to pattern 100 to 400 μm2 tunnel 
junctions, ion milling was used to etch the material and penetrate until the substrate to define pillar structures. 
Electrical insulation between different tunnel junctions has been accomplished by depositing a photoresist, con-
ducting paths to the junction were opened with a microwriter and Pt macrocontacts have been deposited with a 
shadow mask.

The smoothness of the surface was checked by atomic force microscopy (AFM), and (MFP-3D AFM, Asylum 
Research). Magnetic properties of LCMO thin films have been analyzed by using SQUID magnetometry (see SI). 
For t = 2 and 4 nm a reduction of TC, down to about 190 K, is detected. To study the magnetic domain distribu-
tion Magnetic Force Microscopy (MFM) image at low temperature (77 K) was performed using an AttoAFM I 
(Attocube Systems) and commercial ASYMFMHC (Oxford Instruments) coated with CoPt/FePt (30 nm).

I-V curves were measured by using a two terminal (Nb:STO negative, Pt (Au): positive) setup in a commercial 
physical property measurement system (PPMS, Quantum Design) in pillar structures. To avoid Joule heating 
effects the measuring currents were limited to 1000 μA. The current was applied perpendicular to the film plane 
while the magnetic field was rotated from out-of-plane, i.e. parallel to the [001] direction in which the current 
flows, to in-plane parallel to [100] direction. In-plane anisotropy was also explored by rotating the magnetic field 
in the sample plane while keeping it perpendicular to the tunneling current.

Theory.  Density functional theory (DFT) calculations have been carried out within the local density 
approximation (LDA) as implemented in the SIESTA-GREEN package43,44, employing norm-conserving 
Troullier-Martins pseudopotentials45. The electron-electron interaction is introduced through the LDA+ U 
approach46,47, which describes electron correlations through a single effective parameter Ueff = U − J. We set Ueff 
to 3.0 eV for Co and Mn d shells, as usually employed in the literature for similar compounds48–50. SOC was 
taken into account in the calculations following the self-consistent fully-relativistic pseudo-potential formalism 
implemented within the SIESTA framework51. Self-consistent DOS calculations were performed in a 12 × 12 × 9 
k-point grid using a fine mesh cutoff of 1000 Ry for three-center integrals. We employed a double-ζ polarized 
basis set with confinement energies of 100 meV, and the electronic temperature in the Fermi-Dirac distribution 
was set to kBT = 10 meV in the calculations.

References
	 1.	 Soulen, R. J. et al. Measuring the Spin Polarization of a Metal with a Superconducting Point Contact. Science 282, 85–88 (1998).
	 2.	 Bibes, M., Villegas, J. E. & Barthélémy, A. Ultrathin oxide films and interfaces for electronics and spintronics. Advances in Physics 60, 

5–84 (2011).
	 3.	 Žutić, I., Fabian, J. & Sarma, S. D. Spintronics: Fundamentals and applications. Reviews of Modern Physics 76, 323–410 (2004).

Figure 6.  (a) Resistance measured during 300 s after applying/releasing a field of 5 T along the OOP direction 
(black) and IP direction (red). Schematic of magnetic field pulses is depicted at the bottom of the figure. (b) 
Long time measurement (105 s) of the two resistance states after a 9 T pulse OOP and IP.



www.nature.com/scientificreports/

9Scientific RepOrts |  (2018) 8:861  | DOI:10.1038/s41598-017-19129-5

	 4.	 Nagahama, T., Santos, T. S. & Moodera, J. S. Enhanced Magnetotransport at High Bias in Quasimagnetic Tunnel Junctions with EuS 
Spin-Filter Barriers. Physical Review Letters 99, 016602 (2007).

	 5.	 Kajiwara, Y. et al. Transmission of electrical signals by spin-wave interconversion in a magnetic insulator. Nature 464, 262–266 
(2010).

	 6.	 Leclair, P. et al. Large magnetoresistance using hybrid spin filter devices. Applied Physics Letters 80, 625–627 (2002).
	 7.	 Gajek, M. et al. Spin filtering through ferromagnetic BiMnO3 tunnel barriers. Physical Review B 72, 020406 (2005).
	 8.	 Lüders, U. et al. NiFe2O4: A Versatile Spinel Material Brings New Opportunities for Spintronics. Advanced Materials 18, 1733–1736 

(2006).
	 9.	 Matzen, S., Moussy, J. B., Miao, G. X. & Moodera, J. S. Direct evidence of spin filtering across MnFe2O4 tunnel barrier by Meservey-

Tedrow experiment. Physical Review B 87, 184422 (2013).
	10.	 Li, P. et al. Spin Filtering in Epitaxial Spinel Films with Nanoscale Phase Separation. ACS Nano 11, 5011–5019 (2017).
	11.	 Ramos, A. V. et al. Influence of oxidation on the spin-filtering properties of CoFe2O4 and the resultant spin polarization. Physical 

Review B 78, 180402 (2008).
	12.	 Iwata-Harms, J. M. et al. Magnetotransport in La0.7Sr0.3MnO3/CuCr2O4/Fe3O4 magnetic junctions. Applied Physics Letters 106, 

012405 (2015).
	13.	 Chen, Y. Z. et al. Rectifying properties of magnetite-based Schottky diode and the effects of magnetic field. Applied Physics Letters 

90, 143508 (2007).
	14.	 Li, P. et al. Ultrathin Epitaxial Ferromagnetic γ -Fe2O3 Layer as High Efficiency Spin Filtering Materials for Spintronics Device Based 

on Semiconductors. Advanced Functional Materials 26, 5679–5689 (2016).
	15.	 Ziese, M., Köhler, U., Bollero, A., Höhne, R. & Esquinazi, P. Schottky barrier and spin polarization at the Fe3O4-Nb:SrTiO3 interface. 

Physical Review B 71, 180406 (2005).
	16.	 Xie, Y. W. et al. Electronic transport of the manganite-based heterojunction with high carrier concentrations. Applied Physics Letters 

90, 192903 (2007).
	17.	 Postma, F. M. et al. Epitaxial Diodes of a Half-Metallic Ferromagnet on an Oxide Semiconductor. Journal of Applied Physics 95, 7324 

(2004).
	18.	 Rana, K. G., Parui, S. & Banerjee, T. Probing Electron Transport across a LSMO/Nb:STO Heterointerface at the Nanoscale. Physical 

Review B 87, 085116 (2013).
	19.	 Galceran, R. et al. Engineering the microstructure and magnetism of La2CoMnO6−δ thin films by tailoring oxygen stoichiometry. 

Applied Physics Letters 105, 242401 (2014).
	20.	 López-Mir, L. et al. Magnetic anisotropy and valence states in La2Co1−xMn1+xO6 (x ≈ 0.23) thin films studied by x-ray absorption 

spectroscopy techniques. Physical Review B 95, 224434 (2017).
	21.	 Galceran, R. et al. Strain-induced perpendicular magnetic anisotropy in La2CoMnO6−ε thin films and its dependence on film 

thickness. Physical Review B 93, 144417 (2016).
	22.	 Brey, L., Tejedor, C. & Fernández-Rossier, J. Tunnel magnetoresistance in GaMnAs: Going beyond Jullière formula. Applied Physics 

Letters 85, 1996–1998 (2004).
	23.	 Tanaka, M. & Higo, Y. Large Tunneling Magnetoresistance in GaMnAs/AlAs/GaMnAs Ferromagnetic Semiconductor Tunnel 

Junctions. Physical Review Letters 87, 026602 (2001).
	24.	 Shick, A. B., Máca, F., Mašek, J. & Jungwirth, T. Prospect for room temperature tunneling anisotropic magnetoresistance effect: 

Density of states anisotropies in CoPt systems. Physical Review B 73, 024418 (2006).
	25.	 Gould, C. et al. Tunneling anisotropic magnetoresistance: A spin-valve-like tunnel magnetoresistance using a single magnetic layer. 

Physical Review Letters 93, 117203 (2004).
	26.	 Moser, J. et al. Tunneling anisotropic magnetoresistance and spin-orbit coupling in Fe/GaAs/Au tunnel junctions. Physical Review 

Letters 99, 056601 (2007).
	27.	 Park, B. G. et al. Tunneling anisotropic magnetoresistance in multilayer-(Co/Pt)/AIOx/Pt structures. Physical Review Letters 100, 

087204 (2008).
	28.	 Galceran, R. et al. Isothermal anisotropic magnetoresistance in antiferromagnetic metallic IrMn. Scientific Reports 6, 35471 (2016).
	29.	 Sze, S. M. & Ng, K. K. Physics of Semiconductor Devices, 3rd edn (Hoboken, 2006).
	30.	 Simmons, J. G. Electric Tunnel Effect between Dissimilar Electrodes Separated by a Thin Insulating Film. Journal of Applied Physics 

34, 2581 (1963).
	31.	 Simmons, J. G. Potential barriers and emission-limited current flow between closely spaced parallel metal electrodes. Journal of 

Applied Physics 35, 2472–2481 (1964).
	32.	 Lenzlinger, M. & Snow, E. H. Fowler-Nordheim Tunneling into Thermally Grown SiO2. Journal of Applied Physics 40, 278–283 

(1969).
	33.	 Tsymbal, E. Y. & Zutic, I. Handbook of Spin Transport and Magnetism (CRC Press Book, 2011).
	34.	 Baidya, S. & Saha-Dasgupta, T. Electronic Structure and Phonons in La2CoMno6: A Ferromagnetic Insulator Driven by Coulomb-

assisted Spin-Orbit Coupling. Physical Review B 84, 035131 (2011).
	35.	 Hu, G. & Suzuki, Y. Negative Spin Polarization of Fe3O4 in Magnetite/Manganite-Based Junctions. Physical Review Letters 89, 276601 

(2002).
	36.	 Heuver, J. A. et al. Strain-induced magnetic anisotropy in epitaxial thin films of the spinel CoCr2O4. Physical Review B 92, 214429 

(2015).
	37.	 Perdew, J. P., Parr, R. G., Levy, M. & Balduz, J. L. Density-functional theory for fractional particle number: Derivative discontinuities 

of the energy. Physical Review Letters 49, 1691–1694 (1982).
	38.	 Perdew., J. P. Density Functional Theory and the Band-Gap Problem. International Journal of Quantum Chemistry 28, 497–523 

(1985).
	39.	 Sawatzky, G. A. & Allen, J. W. Magnitude and origin of the band gap in NiO. Physical Review Letters 53, 2339–2342 (1984).
	40.	 Jogschies, L. et al. Recent Developments of Magnetoresistive Sensors for Industrial Applications. Sensors (Basel) 15, 28665–89 

(2015).
	41.	 Moodera, J. S., Nowak, J. & van de Veerdonk, R. J. M. Interface Magnetism and Spin Wave Scattering in Ferromagnet-Insulator-

Ferromagnet Tunnel Junctions. Physical Review Letters 80, 2941–2944 (1998).
	42.	 Marti, X. et al. Room-temperature antiferromagnetic memory resistor. Nature Materials 13, 367–374 (2014).
	43.	 Cerdá, J., Van Hove, M. A., Sautet, P. & Salmeron, M. Efficient method for the simulation of STM images. I. Generalized Green-

function formalism. Physical Review B 56, 15885–15899 (1997).
	44.	 Soler, J. M. et al. The SIESTA method for ab initio order-N materials simulation. Journal of Physics: Condensed Matter 14, 2745–2779 

(2002).
	45.	 Troullier, N. & Martins, J. L. Efficient pseudopotentials for plane-wave calculations. Physical Review B 43, 1993–2006 (1991).
	46.	 Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P. Electron-energy-loss spectra and the structural 

stability of nickel oxide: An LSDA+ U study. Physical Review B 57, 1505–1509 (1998).
	47.	 Wierzbowska, M., Sánchez-Portal, D. & Sanvito, S. Different origins of the ferromagnetic order in (Ga,Mn)As and (Ga,Mn)N. 

Physical Review B 70, 235209 (2004).
	48.	 Lv, S. et al. Insulator-metal transition driven by pressure and B-site disorder in double perovskite La2CoMnO6. Journal of 

Computational Chemistry 33, 1433–9 (2012).



www.nature.com/scientificreports/

1 0Scientific RepOrts |  (2018) 8:861  | DOI:10.1038/s41598-017-19129-5

	49.	 Lv, S., Wang, Z., Saito, M. & Ikuhara, Y. Atomic and electronic structure of La2CoMnO6 on SrTiO3 and LaAlO3 substrates from first 
principles. Journal of Applied Physics 113 (2013).

	50.	 Zhu, M. et al. Electronic and magnetic properties of La2NiMnO6 and La2CoMnO6 with cationic ordering. Applied Physics Letters 
100, 062406 (2012).

	51.	 Cuadrado, R. & Cerdá, J. I. Fully relativistic pseudopotential formalism under an atomic orbital basis: spin-orbit splittings and 
magnetic anisotropies. Journal of Physics: Condensed Matter 24, 086005 (2012).

Acknowledgements
We acknowledge financial support from the Spanish Ministry of Economy and Competitiveness through the 
“Severo Ochoa” Programme for Centres of Excellence in R&D (SEV-2015-0496), and project MAT2015-71664-R; 
and from EU FEDER program. Fruitful discussions with Dr. C. Ocal are acknowledged.

Author Contributions
L.L.-M., C.F., L.B., B.M. conceived the presented idea, L.L.-M. performed all measurements, J.C.-F. help with 
litography process; B.B. carried out SQUID measurements; K.B. assisted with MFM, H.A. performed the 
theoretical calculations; L.L.-M., C.F. and B.M. co-wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-19129-5.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-017-19129-5
http://creativecommons.org/licenses/by/4.0/

	Anisotropic sensor and memory device with a ferromagnetic tunnel barrier as the only magnetic element

	Results and Discussion

	Analysis of the transport through the barrier. 
	Magnetoresistance and spin-filtering effect. 
	Angular dependence of the TAMR. 
	Memory device. 

	Conclusions

	Experimental Section and Calculation Details

	Sample Fabrication and Characterization. 
	Theory. 

	Acknowledgements

	Figure 1 (a) Topography and (b) MFM image of Pt/4nm-LCMO/Nb:STO.
	﻿Figure 2 (a) I-V and corresponding ln(J)-V (inset) curves of the 2 nm-thick junction at different temperatures at zero magnetic field (temperatures from 10 K to 230 K every 10 K are represented).
	Figure 3 (a) Resistance versus field of a 200 μm2 junction of Pt/2 nm-LCMO/Nb:STO with the field applied perpendicular and parallel to the sample at 10 K and V = 850 mV.
	Figure 4 (a) Spin resolved DOS obtained by DFT calculations (red filled curve corresponds to spin down and blue one to spin up).
	Figure 5 (a) Resistance and TAMR vs.
	Figure 6 (a) Resistance measured during 300 s after applying/releasing a field of 5 T along the OOP direction (black) and IP direction (red).




