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Abstract

We report magnetic and electronic transport measurements across epitaxial bilayers of fer-
romagnetic insulator LaCoOg and half-metallic ferromagnet Lay/3Sr; /3sMnO3 (LCO/LSMO:
3.5 nm / 20 nm) fabricated by a chemical solution method. The I-V curves at room temper-
ature and 4K measured with Conducting Atomic Force Microscopy (CAFM) on well defined
patterned areas exhibit the typical features of a tunneling process. The curves have been
fitted to the Simmons model to determine the height () and width (s) of he insulating LCO
barrier. The results show a ¢=0.40 = 0.05 ¢V (0.50 £ 0.01 e¢V) at room temperature (4K)
and a s= 3 nm, in good agreement with the structural analysis. Our results demonstrate
that this chemical method is able to produce epitaxial heterostructures with the quality

required for this type of fundamental studies and applications.

Introduction

The large Hund exchange energy in Lay/3S11/3MnO3 (LSMO) produces a complete splitting
of the majority and minority spin bands,! therefore making this material a good source of
spin-polarized electrons.? Having a T¢ well above room temperature (=~ 360 K), LSMO is
therefore an ideal candidate to be used as an electrode in heterostructures for spin tunneling
applications.®% On the other hand, the quality of the tunnel barrier in these heterostructures
is the main and most critical step to success in the fabrication of a high quality magnetic
tunnel junction. Spinel ferrites as NiFe;O4 (NFO) and CoFe;O4 (CFO) have been reported

711 acting not only as insulating barrier but selecting the spin

to show spin-filtering effects,
orientation due to their ferrimagnetic nature. However, despite their predicted high spin-
filtering efficiency at room temperature, all the reports indicate a much lower performance
than expected.!?3Unfortunately, there are not many intrinsic ferromagnetic oxides that

are also good insulators, and therefore alternative strategies for materials design must be

developed to advance in this line.



In this regard, bulk magnetic and electric properties of certain perovskite oxides may
be engineered on demand by epitaxial growth on a substrate. In particular, it has been
shown that LaCoOj3 (LCO), which is a diamagnetic insulator in bulk at low temperatures,

14-18
K,

exhibits a ferromagnetic order under epitaxial tensile-strain below T<85 combined

with a high electrical resistivity.?! The origin of the ferromagnetism in strained LCO is still

under debate: 14:22:23

a complex relaxation mechanism of the epitaxial strain involving ordered
stripe patterns of oxygen vacancies was proposed by Biscup et al.'* In addition, it is well
known that the close proximity between the crystal-field splitting of Co3t in a octahedral
oxygen environment and the exchange coupling, produces an activated population of the
higher spin states at the expense of the low spin state (LS) in bulk LaCoQOs3.2426 Therefore,

other authors?223

proposed a novel strain-relaxation mechanism which results in an ordered
pattern of locally tetragonal and monoclinic distortions. These produce the coexistence
of LS-HS Co?*, and introduces the prossibility of a ferromagnetic interaction.'™!® In this
direction, Choi et al.?? reported the existence of a fully strained thin layer of the film of
~2 nm close to the substrate. Therefore, it is not clear whether thin films of LCO of just
a few nanometers compatible with the thicknesses required for the fabrication of tunneling
barriers will retain the FM properties. Moreover, different growth methods could differ in
the way of relaxing the epitaxial strain. In particular, chemical solution deposition methods
imply a growth close to thermodynamic equilibrium, very different from the conditions in
Pulsed Laser Deposition (PLD) or sputtering, and therefore the possibility of studying the
magnetism in very thin films and heterostructures prepared by chemical methods becomes
interesting. Moreover, chemical methods compared to physical methods as PLD or sputtering
are cheaper methods since they do not need vacuum systems.

In this work we report the fabrication of STO:Nb/LCO/LSMO epitaxial heterostructures
by a chemical solution method. Tunneling current between the conducting top electrode

LSMO and the conducting substrate of Nb doped SrTiO3 (STO:Nb), was measured across

an insulating barrier of LCO =~ 3.5 nm by conductig tip AFM. Nanostencil lithography



technique has been used to define Au nanocontacts of different areas on top of the LSMO
surface. The LCO barrier has been structurally characterized showing an epitaxial strained
growth along the whole thickness and a sharp interface with the substrate and the LSMO
top film. Magnetization measurements confirmed the magnetic nature of the thin barrier.
The width (s) and height (¢) of the tunneling barrier between LSMO and LCO have been
determined using the Simmons model and are consistent with reported values for insulating

barriers used in similar heterostructures.

Experimental

For the deposition of the LCO/LSMO bilayers, an epitaxial layer of LCO was first crys-
tallized on top of TiOs-terminated Nb:STO (001).1%72127 For this, individual solutions of
the cations were prepared by dissolving the corresponding nitrates in water with ethylenedi-
aminetetraacetic acid (EDTA, 1:1 molar ratio) and Polyethylenimine (PEI) (1:1 mass ratio
to EDTA). Each individual solution was filtrated using Amicon filtration units (10 kDalton),
and retained portions were analyzed by Inductively Coupled Plasma (ICP). The solutions
were mixed according to the desired final stoichiometry and spin-coated at 3500 rpm (LCO)
and 4000 rpm (LSMO) on the STO:Nb substrates using an acceleration and deceleration
ramp of 250 rpm/s?. The solutions were concentrated to 60 mM and 120 mM for LCO and
LSMO respectively. Viscosity of solutions was measured in a DMA 4100M (Anton Paar) den-
simeter, with a microviscometer module (Lovis 2000 ME) resulting in values of 2.5-4 mPa.s.
Under these conditions a polymeric film typically of 200 nm is obtained. This polymeric
film was annealed in air at 950°C for 2 h. The samples were ramped to the final annealing
temperature and cooled down at 1C/min to avoid cracks. Then, the polymeric precursor of
the second layer is subsequently deposited and annealed under the same conditions. There
is no preheating temperature. Controlling the cationic concentration of the initial solutions

we were able to produce bilayers of LCO (3.5 nm) and LSMO (20 nm). The films cover the



whole surface of the substrates (5x5 mm?), with only small imperfections at the corners.
Scanning Transmission Electron Microscopy (STEM) characterization of the LCO/LSMO
bilayer has been performed in an FEI Titan 60-300 operated at 300 kV and equipped with
a high brightness Schottky field emission gun, a CETCOR probe aberration corrector from
CEOS to provide a spatial resolution better than 1 in STEM mode, and a Gatan Imaging
Filter 866 ERS for spectroscopic analysis. Z contrast imaging has by carried out in High An-
gle Annular Dark Field (HAADF) with a probe convergence angle of 25 mrad and an inner
collection angle of approximately 58 mrad. HAADF imaging was combined with Electron
Energy Loss Spectroscopy (EELS) to analyze chemically the heterostructures by Spectrum
Imaging (SI). In this case, both the inner angle for the HAADF detector and the spectrom-
eter collection angle were 60 mrad. SI has been performed with an energy dispersion of
0.5 eV and the dwell time around 0.04 sec. The specimen analyzed is a lamella extracted
from the sample by Focused Ion Beam milling in an FEI Helios Nanolab 600 using a 5 kV
ion beam for the final thinning to reduce the surface amorphization layer. LCO thin films
have been reported to show pinholes at the surface to release epitaxial strain.?® Therefore,
conventional Van der Pauw geometry is not a valid method to measure the electric response.
To overcome this problem nanostencil lithography has been used to deposit Au nanocontacts
of different diameters using shadow masks patterned by focused ion-beam (FIB) lithography.
CAFM measurements at room teperature were performed using a comercial Veeco-Brucker
MultiMode system whereas an Attocube system was used for low temperature measure-
ments. Both systems can be use in conductive mode and the Attocube AFM can be used at

temperatures down to 1.5K and allows to apply in-plane magnetic fields up to 2T.



Results and discussion

The high-resolution X-ray reciprocal space map of the LCO/LSMO bilayer around the (-103)
is shown in figure 1(a). The peak of the thin LCO layer can be clearly appreciated. There is
a perfect in plane matching of the LCO and LSMO layers to the substrate, confirming the
epitaxial growth of the films. This implies a tensile strain of +2.63% for LCO and +0.62%
for LSMO, while the out of plane lattice parameter reflects a compression of 2.4% for LCO
and 1.4% for LSMO. Moreover, only the (001) peaks are observed between 10° and 120° in
the 20-w scans (Fig.1(b)), indicating the oriented growth and absence of any spurious phase.
Also, the observation of Kiessig fringes in the reflectivity analysis (Fig. 1(c))confirms the low
surface and interface roughness of the layers, and the continuous growth of the films over the
substrate. This smoothness over the whole area is exceptional for layers grown by a chemical
method, and particularly for a case like this in which a second layer of LSMO is deposited on
top of a previously grown film of LCO. The values of the roughness derived from the fitting
of the x-ray reflectivity curves and from topography AFM images are respectively 0.7(1)nm
and 0.5(1.3) for all the interfaces and the top surface of LSMO. These values are perfectly

comparable to typical values obtained by physical deposition techniques.

The HAADF image of a cross sectional specimen of the bilayer shown in Fig. 2(a)
evidences locally the good crystal quality of the bilayer. Both layers grow epitaxial and
coherent onto the STO:Nb substrate. They are fully strained with no presence of structural
defects, such as misfit dislocations, to accommodate the epitaxial strain. The 3.5-nm-thick
LCO film can be clearly identified on top of the STO:Nb by the slightly higher intensity with
respect to the 20-nm-thick LSMO top layer, which is related to the higher average Z number
of the La-richer LCO. Over a series of images we have observed that the thickness of the LCO
layer apparently decreases to 2-3 nm. This suggests that the LCO layer presents significant
steps at the top surface. Geometrical Phase Analysis (GPA) has been carried out to probe

locally the deformation state of the LCO and LSMO layers. The in-plane lattice parameter,
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Figure 1: (a) High-resolution X-ray reciprocal space map of the LCO/LSMO bilayer, around
the (-103) peak. (b) X-ray diffraction pattern of the LCO/LSMO bilayer. The arrows
indicate the position of the (001) peaks of LSMO and LCO. (c¢) X-ray reflectivity curve of
the LCO/LSMO bilayer.



Fig. 2(b), is thoroughly homogeneous as expected from a fully strained film, whereas the
out-of-plane lattice parameter, Fig. 2(c), shows an average out-of-plane lattice parameter for
the LCO layer 3.0(5)% smaller than the substrate, whereas the LSMO is 1.3(3)% reduced
with respect to the STO:Nb. These values are in very good agreement with the values
obtained from X-ray diffraction. It is important to note that these values are consistent with
a fully elastic deformation of LSMO, which conserves the volume of the system. However,
for LCO the volume in the tensile strained film increases ~5% with respect to the bulk.
This change must related to a variation in the stoichiometry of the sample, most probably
by the generation of oxygen vacancies. The oxygen deficiency of the LCO layer is evidenced
in the HAADF image. It presents the typical structure of dark stripes perpendicular to the

substrate plane which are a common feature due to the ordering of oxygen vacancies.?’

Figure 2: HAADF imaging of the LCO/LSMO bilayer grown on Nb:STO. (a) HAADF image.
(b) In-plane and (c) Out-of-plane deformation of the lattice parameter with respect to the
substrate obtained by GPA. The strong compression of the out plane lattice parameter in
LCO is homogeneous through the film.

The chemical composition of the layers and their interfaces has been explored by STEM-
EELS spectrum imaging. The result of a two dimensional chemical map across the two
interfaces is presented in Figure 3. This atomic resolution map shows the atomic structure of
the heterostructure with chemical sensitivity. La in A positions forms a square lattice which
intermixes with the B-type Co (Mn) columns following the typical perovskite structure. It
shows a region where STO:Nb-LCO interface is extremely sharp, with a thickness in the
range of a single lattice cell, and no significant chemical diffusion is observed. Some diffusion
of Co into the first layers of the manganite can be appreciated at the LCO-LSMO interface.

The magnetic properties of the bilayer are summarized in figure 4. The magnetization

of the thin LCO layer is very small, and the diamagnetism of STO dominates the signal at



HAADF Ti

Figure 3: Spectrum imaging of the LCO/LSMO bilayer grown on STO. (a) HAADF reference
image. (b) Integrated intensity maps of the simultaneously acquired HAADF, Ti Ly 3, O K,
Mn Ly 3, Co Ly 3 and La My 5 signals.
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Figure 4: (a) Temperature dependence of the magnetization of a 20 nm thick film of LSMO,
a ~3.5 nm thick layer of LCO, and the LCO/LSMO bilayer, at H = 100 Oe. The FM
contribution of LCO is visible in the bilayer below the T¢ = 85 K. (b) Field dependence of
the magnetization at 10 K for a single layer of LSMO (black circles) and for the LCO/LSMO
bilayer (red open circles).



fields larger than ~100 Oe. For that reason the M(H) loop for the single layer of LCO is
not presented in figure 4(b). In any case, the magnetic transition at Toa85 K is clearly
visible, both in the single layer of LCO and in the bilayer, on top of the magnetization of
LSMO. These results demonstrate that ~3.5 nm thick strained films of LCO deposited by
this chemical method are still ferromagnetic. On the other hand, the increase in the coercive
field of the bilayer with respect to pure LSMO as well as the higher saturation field (Fig.
4(b)), points to an increase in the anisotropy that might be related to an AF coupling of the
LCO and LSMO layers at the interface.

The transport properties at room temperature have been determined by CAFM using a sili-
con tip coated with boron-doped conducting diamond. To obtain well defined contact areas
for CAFM measurements, Au nanocontacts have been defined on the surface of LSMO using
square silicon nitride (Si3N4) membranes (250 pm x 250 pm, 200 nm thick) as shadow masks.
The membranes have been patterned by FIB defining triangles to deposit nanocontacts rang-
ing between 750 nm and 5 pm, as shown in figure 5(a). Figure 5(b) shows a topography
image (left) and the corresponding current map (right) for nanocontacts of different diam-
eters. Well defined sharp Au dots were obtained showing higher conductivity than LSMO
surface, as expected. The procedure to perform CAFM measurements is well established
and is based on the current flow from the AFM ground to the upper layer of the sample and
through the tip effective contact area. This effective AFM tip contact area can be difficult
to determine due to the shape of the tip and given that it depends on the applied force. This
problem is overcomed using the nanostructured contact geometry so that injected current
depends only on the size of the Au dots. Conductive AFM measurements using contact

geometry have been achieved so far in Au/LCMO interfaces fabricated by sputtering.3°-32

AFM topography of the LCO surface prior to the deposition of the LSMO layer showed
a large number of pinholes ~1 pym diameter, with an average distance between them around

5 pm. Thus, the larger contacts can easily cover part of these pinholes and give Ohmic

10
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Figure 5: (a) Silicon nitride membrane to be used as shadow mask patterned using FIB
lithography. Every triangle allows to deposit a group of 10 Au contacts with same diameter,
ranging from 5 pm to 750 nm. (b) Topography image (left) and corresponding current map
(right) of Au nanocontacts of different diameters ( 5 pm, 4 pm, 900 nm, 850 nm and 800
nm) evaporated on the LSMO surface.

curves by direct contact between LSMO and the substrate. On the other hand, contact
diameters below bum give consistent results showing only some small dispersion associated
with experimental fluctuations of the tunnel current through an insulating barrier between
two conducting layers. These fluctuations follow a log-normal distribution®® and therefore
a logarithmic average was performed for every series of I-V experimental curves measured
for every contact size. Figure 6(a) shows [-V averaged curves characteristic of tunnel cur-
rent corresponding to the LSMO/LCO bilayer for different Au contact sizes. The intensity
measured for every voltage value scales with the contact size, as expected.

To prove the quality of the tunneling barrier, the value of resistivity for the volume of
LCO through we have performed the measurements can be calculated from the reported I-V
curves. Taking into account the values of current for a voltage of 0.1V at room temperature
and at 4K, the resistivity obtained at room temperature is 0.45 MQcm and 14.5 MQcm at
4K. This proves the good insulating behavior of the tunneling barrier.

To determine the width and height of the tunnel barrier, the I-V curves have been fitted
to the Simmons model3! in the intermediate voltage range, assumming an isotropic barrier

(equation 1). Furthermore, the robustness of the results was tested by the Brickman model

11
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Figure 6: (a) Scaling of the I-V averaged curves as a function of the Au contact diameter
measured at room temperature by direct contact of the conducting AFM tip on contacts
with diameter ranging from 3 pm to 800 nm. (b) Averaged I-V curve corresponding to a

900 nm Au contact showing the fit to the Simmons model (red line) and to the Brinkman
model (blue line).
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(equation 2) to evaluate the case of an anisotropic barrier.?® A representative example is
shown in figure 6(b). The height and width of the barrier obtained from the fitting are ¢
= 0.46 + 0.01 eV and s = 2.7 £ 0.1 nm, respectively in the case of Simmons model and
Yar = 0.46 £ 0.02 eV and s = 2.7 = 0.2 nm in the case of Brinkman model. The same fits
were repeated for the different contact sizes using Simmons model, resulting in an average
height ¢ = 0.40 4 0.05 eV and width s = 3.2 & 0.4 nm. This value of s is very close to the
thickness of the LCO layer extracted from STEM images (¢t = 3.5 & 0.2 nm). Also, the value
obtained for ¢ in the LCO barrier is comparable to previously reported in a LSMO/STO(3-5
nm)/LSMO heterostructures (¢ ~ 0.5-0.7 V),?0 and LCMO/STO(3 nm) (¢ = 0.6 eV).31:32

; {@;V)exp [~y 2 (265) 7] }

/= )
2 1/2
S B e
2
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J=G0) |V - Vams Y eV? 9 M3 e2y8 @)
3h  16@3/ 128p 3h

Therefore, these results demonstrate that thin layers of LCO fabricated by this chemical
method retain a good insulator character and can be used as tunneling barriers with LSMO
at room temperature.

In order to prove the possibility of the LCO barrier to act as a spin-filter, CAFM measure-
ments were performed below the Curie temperature of LCO under different applied fields.
The results obtained at low temperature are much more reproducible, and the value of the
barrier s and ¢ is practically the same for every contact size. Figure 7(a) shows tunnel
current curves obtained at low temperature under fields ranging from -500 Oe to 500 Oe.
No field dependence was observed, therefore the system does not act as an efficient spin
filter. The values of s and ¢ from the fit to Simmons model show no change in the barrier

width with respect to room temperature, as expected. However, there is an increment of

13
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Figure 7: (a) I-V curves measured on a 4 um contact at 4K applying magnetic field in-plane

ranging between -500 to 500 Oe. (b) Averaged I[-V curve for a 4 ym contact showing the fit
to Simmons model (red line).
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0.1 eV in the barrier height. It is worth to mention that room temperature measurements
were repeated using the second AFM system before cooling the sample to confirm the re-
producibility of the measurement. The same value of ¢ and s were obtained in both AFM
at room temperature.

Given the possibility of Co to diffuse into the LSMO layer, the formation of a Co/Mn
spinel of the type CoMny,O, could be a possibility to explain the increase of ¢. However,
in this case the size of the barrier should be also modified. Alternatively, a favorable redox
reaction between Co™ and Mn™ to produce Co™ and Mn**, will introduce a Co™2-O-Co*?
AF interaction at the interface. Looking at the magnetic data of figure 4, the decrease of the
T of LSMO observed in the bilayer with respect to isolated LSMO films, and the decrease

of its volume magnetization, makes this possibility very probable.

Conclusions

In summary, we have demonstrated that tunnel heterostructures of LCO/LSMO can be
fabricated by a simple chemical method. Our results show that ~3.5 nm thick strained
films of LCO still show ferromagnetic behavior. An increase in the coercive field of the
bilayer with respect to pure LSMO is observed, as well as a higher saturation field, pointing
to an increase in the anisotropy that could be related to an AF coupling of the LCO and
LSMO layers at the interface. The I-V curves measured across the tunneling barrier with a
CAFM scale with the contact size, and were correctly fitted to Simmons model. The room
temperature value of ¢ = 0.40 + 0.05 eV is in good agreement with previous reports for
insulating barriers used in similar heterostructures, while the value estimated for s = 3.2 +
0.4 nm is confirmed by the thickness of the LCO barrier measured by STEM. These results
enhance the possibility of using LCO as a suitable insulating barrier in oxide-based magnetic

tunnel junctions.
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