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Chapter 7

Spin dependent transport across oxide
multilayers

In this chapter we present our initial measurements of tunnel magnetoresistance (TMR)
across Lag 675t0.33MnQOs/SrTiOs/Lag ¢7St0.33MnOgs magnetic tunnel junctions (MT]). Here,
Lag 67570.3sMnO3 (LSMO) is used as the ferromagnetic (FM) electrodes and SrTiO3 (STO)
is used as a tunnel barrier. Co is deposited on top of the LSMO top electrode to enhance its co-
ercivity by direct ferromagnetic coupling. The spin polarization (SP) of LSMO is quantified
using Julliere’s model. First, we present the fabrication steps that are performed to structure
the multilayer stacks into magnetic tunnel junctions and is followed by its characterization,
viz. electrical characterization of the junction, temperature and bias dependence of the TMR.
Quantification of SP using MT] is an important step towards the study of magnetic tunnel
transistors.

7.1 Magnetic tunnel junctions based on manganite

Magnetic tunnel junctions are relevant for the study of spin dependent electron
transport and for their applications in information storage. They are being used
as read heads of hard disk drivers and magnetoresistive random access memories
(MRAM). A magnetic tunnel junction (MT]) consists of two ferromagnetic conduct-
ing electrodes separated by an insulating thin layer. The tunneling probability be-
tween the two ferromagnetic electrodes is influenced by the spin polarization (SP)
of the ferromagnetic layers as well as the tunneling property of the insulator, as il-
lustrated in Fig. 7.1 [1], [2]. The high spin polarization in manganites and their
high Curie temperature (above room temperature) classify them as one of the most
promising candidates for ferromagnetic electrodes in MT]. The use of LSMO as the
ferromagnetic electrodes in MT]J, studied by Bowen et al. [3], showed a tunnel mag-
netoresistance (TMR) of 1800%; which has propelled a lot of research in this field.
Such high values of TMR gave a spin polarization of nearly 95% in LSMO. Large
TMR values have been measured in magnetic tunnel junctions using half-metallic
manganites and various insulating thin barriers [4]-[9]. The interface between the
ferromagnetic manganite and insulator plays an important role and dictates the
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Figure 7.1: (a) Schematic of an electron wavefunction tunneling between two metals (free
electron model). (b) Schematic of a potential barrier separating two metals with a tunnel
barrier. A bias voltage, V, is applied to one of the metals with respect to the other.

value of magnetoresistance, hence interface engineering is one of the most promis-
ing ways of enhancing the TMR ratios in MT] based on half-metallic manganites
[11], [12].

7.1.1 Basic thoery of tunnel junctions
Metal/insulator/metal junction

When an external bias (V) is applied across the normal metal tunnel junction i.e.
metal/insulator/metal (M/1/M), the Fermi levels of the electrodes shift by an amount
of eV with respect to the other, as shown in Fig. 7.1. Taking a few simplified assump-
tions [10], the electron tunneling current I(E) at given energy E from the injecting
electrode to the collecting electrode is:

+00
a0V = [ (Vo B+ VIMPHEL - fE+eV)E @)

where p(E) is the electrode density of states (DOS), {(E) is the Fermi-Dirac dis-
tribution and M(E,V) is the tunneling transfer matrix at energy E and applied bias
V. Since the applied bias may involve new unoccupied states in the collecting elec-
trode, and modify the potential profile of the barrier, this matrix element is energy-
and bias-dependent [13].

The Julliere model

In 1975, Julliere proposed a simple phenomenological model in order to explain
the TMR effect [14]. He proposed that the tunneling current for each spin direc-
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tion is proportional to the product of the density of states at the Fermi level in the
electrodes on both sides of the tunnel barrier. TMR is defined as a change in the
resistance between the parallel and antiparallel states of magnetization of two fer-
romagnetic electrodes [14], i.e.:

TMR = RAntiparallel - RPaTallel (72)
RParallel

where, Rpgrqiiei is the resistance for the parallel alignment of magnetization (spins)
of the electrodes and Raptiparaiier is for the antiparallel condition. According to ini-
tial understanding of TMR (Tedrow and Mersevey [15]) the conduction electrons in
ferromagnetic metals are spin polarized, and the spin is conserved in the tunneling
process. Julliere’s model, for FM/I/FM tunneling, predicts that the tunnel junction
magnetoresistance depends on polarization of FM as:
2P, 1 P 2
TMR = 1 B.P) (7.3)
where P; and P, are defined as the normalized difference between the density
of states at the Fermi level for the majority and minority spin electrons. These po-
larizations are expressed as:
Ni (Er) — Niy(Er)

Pi= N; (EF) + Nit(EF) @.4)

In this model, the spin polarization is an intrinsic property of the ferromagnetic
material. In the case of a non magnetic electrode material, P = 0; and for a fully
polarized condition on Ep, |P| = 1. Julliere’s model takes into account the spin
dependent density of states only, but not the barrier/interface contributions.

In recent years, several modifications to these models have been proposed in
order to include barrier effects and effective mass of the electron which depends on
the actual band structure of the material, much in contrast to the free electron model
assumed in Julliere’s approach. From the Julliere’s model, it immediately apparent
that the materials with only one spin direction at the Fermi level (i.e. total spin
polarization) should produce very high values of TMR. Half metallic manganites
are hence the preferred candidates for oxide based spintronics.

7.2 Growth and fabrication of LSMO/SrTiO3/LSMO mag-
netic tunnel junction

Lag 675r0.33MnO3 (LSMO) grows epitaxially on a SrTiO3 substrate due to their low
lattice mismatch. To ensure the epitaxy of the whole stack, SrTiOj3 is used as a tunnel
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Figure 7.2: RHEED intensity oscillation obtained during top layer ferromagnet (4.8 nm
LSMO) growth using PLD on a (30nm)LSMO/(3nm)SrTiOs stack which is already grown

on SrTiOs substrate.
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Figure 7.3: Device schematics of the magnetic tunnel junction as well as the measurement
scheme. A bottom ferromagnetic electrode and a top ferromagnetic electrode are separated

by a thin SrTiOs tunnel barrier.

barrier. The epitaxial barrier reduces the probability of defects or pinholes which are
responsible for reducing the TMR or SP in MT].
A multilayer stack of LSMO/SrTiO3/LSMO is epitaxially grown in situ using
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PLD. Growth parameters for bottom and top ferromagnetic electrodes (LSMO) are
kept the same as mentioned in chapter 2. For growing epitaxial SrTiO3, we have
used the similar growth parameters i.e. a temperature of 750°C and a deposition
pressure of 0.35 mBar heater to target distance of 53 mm and laser fluence of 2.2
Jem™2. The growth of the multilayer stack is monitored using RHEED as explained
earlier and is shown in Fig. 7.2. The left inset shows the RHEED spots after the
whole multilayer stack is grown and the right inset shows the variation of RHEED
spots during the growth of top layer LSMO electrode. Further, we also grew 10 nm
thick film of Co on top of LSMO for enhancing the coercivity of top LSMO layer
via direct ferromagnetic coupling and in order to protect the oxidation of Co, it is
capped with 15 nm thin film of Au.

After growth of the multilayer, we fabricate magnetic tunnel junction devices us-
ing photo lithography and dry etching. The steps involved are explained in detail in
chapter 2. We define ohmic contacts to the bottom LSMO bar and top ferromagnetic
layer. We fabricate the device structures that allows us to measure four probe direct
current (dc) electrical resistance of the magnetic tunnel junctions.

Figure 7.3 (a) shows a schematic view of the electrodes and the tunnel barrier.
The Lag ¢7Sr0.33MnQO3 bottom electrode has a rectangular shape of 3580x450 ym?
area. The top electrode is elliptical. We use different sizes of the junctions with
dimensions of of 30 by 50 um? to 190 by 390 m?. There are 4 junctions in one LSMO
bar and we have 4 such bars resulting in 16 MT] devices on the single substrate.
Figure 7.4 shows the optical microscope image of real tunnel junction device and
wire bonded contacts for four probe measurements.

7.3 Electrical characterization of magnetic tunnel junc-
tions

The results shown here are obtained from (15nm)Au/(10nm)Co/(4.8nm)LSMO/ (3nm)
SrTiO3/(30nm)LSMO tunnel junction of size 100x200 xm? fabricated on SrTiO5 sub-
strate.

I-V of tunnel barrier

A four-point measurement configuration is used to measure the transport properties
of the MT]J. The resistance of the LSMO bottom electrode is measured to be an order
of magnitude smaller than that of the junction, hence we rule out artificial TMR due
to other causes like inhomogeneous current injection [17]. The temperature depen-
dence of the resistivity of similar thickness LSMO films is presented (section 4.5).
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Figure 7.4: Optical microscopic image of the real device where the wire bonded contacts are
shown. 1 and 3 are used to source current to the junction whereas, 2 and 4 are used to measure
the drop across junction (i.e using four probe geometry).

Figure 7.5 shows two different current-voltage (I-V) characteristics of the MT], mea-
sured using four-probe geometry. A bias voltage of £125 mV is swept across the
junction using contact 1 and 3 and the current is measured across 2 and 4. For the
black curve (Parallel) a field of few 1000 Oe is applied to align the magnetization
of both electrodes in a relatively parallel direction. In the other measurement (red
curve) a field nearly 40 - 60 Oe,aligns the FM layers in antiparallel direction. We ob-
serve a non-linear I-V characteristics, typical of a tunnel barrier. Such characteristics
indicate a tunnel barrier between the two ferromagnetic electrodes.

Magnetic field dependence

In Fig. 7.6, we show the magnetic field dependence of the junction resistance mea-
sured using four probe geometry. These measurements are performed at 68 K. A
bias voltage of 1 mV is applied across the junction using contact 1 and 3 and the
resistance is measured across 2 and 4. A magnetic filed is applied in a direction par-
allel to the bottom electrode LSMO (a rectangular bar). While sweeping the mag-
netic field from -3000 to +3000 Oe, the resistance of the junction rises from 255 k(2
to 345 k{2, and its reversal back to -3000 Oe gives us almost similar change in the
resistance. We use Eqn. 7.2 to calculate TMR and obtain a maximum of 14% TMR.
Using Eqn. 7.3 and assuming P = P; = P, (for symmetric LSMO as ferromagnetic
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Figure 7.5: Electrical characterization of tunnel barrier at 68 K. Four probe I-V characteristics
for MT]J One curve is measured at an applied field of 3000 Oe when the magnetization of the
layers is parallel. The other curve is measured at the high resistant state (antiparallel).

electrodes), leads to a spin polarization of 36%.

Bias dependence of tunnel junction resistance

Figure 7.6 (a) shows the TMR values as a function of applied bias for the same junc-
tion, measured at 68K. A decrease in TMR as a function of applied bias is observed.
Such a reduction in TMR could be caused by reduction in asymmetry of spin major-
ity and minority as we go higher above the Fermi level. Another reason attributed
to this is the interface magnon excitation [18]. The presence of defect states within
the tunnel barrier may allow an increased amount of defect-state-assisted tunnel-
ing [19], and dilute the spin polarization of the tunneling current at elevated bias
voltage [4], [20].

We have also obtained TMR values and its bias dependence from the measured
I-V characteristics (Fig. 7.5 ) for parallel and antiparallel orientations of the ferro-
magnetic electrodes as shown in Fig. 7.7 (b) which result in similar values as those
obtained from magnetoresistance hysteresis measurements.
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Temperature dependence of tunnel junction resistance

The temperature dependence of the TMR as a function of bias voltage is measured.
We observe that the TMR decreases quickly with an increase in temperature and
is measurable upto only 180 K. It indicates that the curie temperature of the film
close to interface of SrTiO3 is close to 180 K. This is a common feature observed in
manganite based junctions [4]-[9]. The two principal mechanisms that could explain
the temperature dependence of the TMR: spin-flip scattering of tunneling electrons
from impurities in the barrier or a reduction of the magnetic moment in the ferro-
magnet due to excitation of magnons. In LSMO, it is known that at the interface the
magnetization is suppressed, which might cause lower T¢.

As compared to LSMO/SrTiO3/LSMO junctions reported in the literature, we
have obtained lower TMR vales. Factors like non-ideal tunnel barriers, lowering of
magnetization at FM/I interface might result in such values. TMR values for our
junctions can be enhanced further by improving the quality of the SrTiO3 barrier,
engineering the interfaces between the FM electrodes and SrTiO3 in order to obtain
high TMR values, hence high spin polarization in these junctions.
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Figure 7.6: Field dependent tunnel magnetoresistance at 68 K as a function of applied external
magnetic field in a direction in plane to the sample. A maximum values of 14% is obtained
using the formula shown in inset.
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Figure 7.7: Bias dependence of tunnel magnetoresistance at 68 K obtained for the parallel (P)
and antiparallel (AP) alignments of electrode magnetizations for the LSMO. (a) Individual
MR hysteresis are measured. (b) I-V shown in Fig. 7.5 is used to obtain bias dependent MR
values.

7.4 Conclusion

In conclusion, we have fabricated a all-oxide magnetic heteroepitaxial tunnel junc-
tions using pulsed laser deposition, where LSMO is used as a ferromagnet and
SrTiO3 as the tunnel barrier. Electrical characterization of the tunnel barrier is pre-
sented. Our initial results of TMR measurements in all oxide magnetic tunnel junc-
tions show a 36% of TMR at 68 K and 1 mV. Usual reduction of TMR with ap-
plied bias as well as increase in temperature is observed. Certainly, higher TMR
values can be obtained by implementing the discussed factors. Further, such suc-
cessful MT] fabrication along with our understanding about hot electron transport
in LSMO, is a step towards studying all oxide based magnetic tunnel transistors.
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