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Large Tunnel Magnetoresistance in Epitaxial Oxide

Spin-Filter Tunnel Junctions

Takayuki Harada, Isao Ohkubo,* Mikk Lippmaa, Yasuaki Sakurai, Yuji Matsumoto,
Shunsuke Muto, Hideomi Koinuma, and Masaharu Oshima

A high-performance spin filter tunnel junction composed of an epitaxial oxide
heterostructure is reported. By independently controlling the magnetic orien-
tations of ferromagnetic tunnel barrier and electrode layers, a tunnel mag-
netoresistance ratio exceeding 120% is obtained purely by the spin filtering
effect. A newly introduced spin filter material, Pr, 3Cag,Mn;_,Co,03, is shown
to be useful for building novel multibarrier spintronic tunnel devices due to

its composition-controlled magnetic hardness.

1. Introduction

Developments in nanotechnology have made it possible to
use quantum tunneling of electrons across a nanometer-thick
insulator for device applications, e.g. magnetic random access
memories, hard disk read-and-write head, magnetic field sen-
sors, etc. In conventional tunnel junctions, a nonmagnetic
insulator (NI) tunnel barrier acts as a passive separator between
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two electrodes. For example, in tunnel
magnetoresistance (TMR) and Josephson
junctions, the device functionalities are
derived from the properties of the ferro-
magnetic or superconducting electrodes.
If a functional material with nonlinear
magnetic, dielectric or multiferroic proper-
tiesl!3 is employed as a tunnel barrier, the
tunneling probability of electrons may be
affected by the characteristics of the tunnel
barrier material itself. A spin filter junc-
tion is a particularly good demonstration,
where a ferromagnetic insulator (FI) tunnel barrier between
non-ferromagnetic electrodes is responsible for producing a
spin-polarized flow of tunneling electrons.['>4 In spintronic
applications, such junctions can be used to inject a spin-polar-
ized current into a semiconductor device.”!®! The operation
of a spin-filter tunnel junction is based on spin-dependent
tunneling through a thin FI layer. Due to an exchange split-
ting (Agx) in the FI layer, the effective barrier height for tun-
neling electrons depends on the spin orientation, as shown in
a simplified band diagram in Figure 1a, right. A spin-polarized
current arises due to preferential tunneling of up-spin electrons
through the junction. The operation of a spin filter can be veri-
fied by observing TMR in a normal metal (NM)/FI/ferromag-
netic metal (FM) structure, i.e., combining a spin-filter tunnel
junction (SFTJ) with a ferromagnetic spin detector in a single
device. In this structure, the junction resistance is dependent
on the parallel (P) or antiparallel (AP) magnetic configurations
of the FI and FM layers. The effectiveness of the spin filter ele-
ment can be determined by looking at the contrast between the
P and AP-state currents, i.e., the TMR ratio, which we define
as TMR = (Rap — Rp)/Rp, where Rp and R,p are the junction
resistances in the parallel and antiparallel states, respectively.
Although SFTJs have been actively studied,>>”% achieving a
large TMR response remains elusive, and spin filtering effects
have been reported only in a limited number of materials, such
as Eu calcogenides!!!l and few oxides.>”1?l The main diffi-
culty in obtaining high spin filtering efficiency appears to be
due to the degradation of ferromagnetism in the FI layer that
is only a few nanometers thick.'3] A major technical problem
in a spin filter-detector junction is the magnetic coupling
between the spin-filter tunnel barrier and a ferromagnetic spin
detector electrode, which prevents independent control of the
magnetic orientations of the two layers, leading to difficulties in
measuring the true spin contrast of the spin-filtered tunneling
electrons.
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Figure 1. Device structure and crystal growth. a) The HR-TEM image of
the LNO/PCMCO (y = 0.2)/STO/LSMO SFTJ and a simplified band dia-
gram. Interfaces are indicated by blue broken lines in the HR-TEM image.
The inset shows an enlarged view of the PCMCO layer together with a
model of the ABOj; perovskite crystal structure (A: green circles, B: blue
circles, O: red dots). The perovskite unit cell is marked by red squares. In
the band diagram, the tunnel barrier heights for the up-spin (down-spin)
electrons are indicated by the red (blue) lines. b) The RHEED oscillation
during the growth of LSMO (left), STO (middle), and PCMCO (right)
layers. Each oscillation corresponds to the growth of a single perovskite
unit cell layer (1 ML).

In this work, a large TMR signal, exceeding 120% in an
epitaxial oxide SFTJ, was achieved by severing the magnetic
coupling between the spin filter layer and the ferromagnetic elec-
trode. The tunnel barrier was made of a perovskite-type oxide,
ProsCag,Mn; ,Co,05 (PCMCO),™ which shows robust ferro-
magnetism for y=0-0.3, even in very thin layers, while retaining
insulating properties. As we have previously reported,'* the
magnetic properties of PCMCO thin films are dependent on
the Co content. The Curie temperature and saturation mag-
netization are enhanced by increasing the Co content up to y =
0.3. The band gap of the base compound, PrygCay,MnO; can
be assumed to be just under 1 eV, considering the typical band
gap of similar perovskite manganites.'™ The order of the resis-
tivity is basically constant independent of the Co content. From
the view point of device construction, the controllable magnetic
hardness of PCMCO is found to be useful for designing multi-
spin-filter tunnel devices that are composed of more than two
consecutive spin filters, e.g., NM/FI/NI/FI/NM or NM/FI/NM/
FI/NM junctions.l®%l The results of this work open the possi-
bility of designing novel spintronic devices, such as spin reso-
nant tunneling diodes!'®!”! or spin hot electron transistors!'®!
using spin filter tunnel barriers as building blocks.
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2. Results and Discussion
2.1. Control of Magnetic Coupling

The structure of the SFTJ developed in this work is shown
in Figure la. In this structure, electrons injected from the
LaNiO; (LNO) (20 ML) normal-metal electrode were filtered
by a PCMCO spin filter tunnel barrier (10-12 ML). The thick-
ness of each layer is noted in terms of the perovskite unit cell
height, for which 1 ML, =0.4 nm. Film thickness was controlled
by counting the oscillations of the reflection high-energy elec-
tron diffraction (RHEED) intensity as shown in Figure 1b. Due
to the exchange splitting in the PCMCO layer, up-spin elec-
trons selectively tunnel through the tunnel barrier (Figure 1a,
right). The resultant spin-polarized current can be detected by
a Lay¢Sry4MnO; (LSMO) (250 ML) ferromagnetic electrode as a
TMR signal. If the ferromagnetic properties of the PCMCO and
LSMO layers are retained near the interface, these two layers
will be magnetically coupled through magnetic interactions,
which will hinder the detection of the spin-polarized current
as a TMR signal. In order to magnetically decouple the thick
LSMO spin detector from the PCMCO spin filter, a nonmag-
netic insulator SrTiO; (STO) (2 ML) was inserted between the
two layers.

The state-of-the-art epitaxial growth technique yielded atomi-
cally abrupt interfaces, as shown in the high-resolution trans-
mission electron microscope (HR-TEM) image of a LNO/
PCMCO (y = 0.2)/STO/LSMO junction in Figure 1a, left. The
dominant conduction mechanism of the SFT] was confirmed
to be tunneling from the current-voltage characteristics shown
in the Supporting Information. Both PCMCO (10 ML) and
LSMO (20 ML) films showed a clear ferromagnetic response, as
seen from the magnetic field dependences of the magnetization
(M-H curves) in Figure 2a,b. When these layers were combined,
a single-step M-H curve was observed, as shown in Figure 2c,
blue dotted line. This means that the magnetizations in the
PCMCO and LSMO layers were reversed simultaneously due to
magnetic coupling between the layers. The existence of the mag-
netic coupling is evidence that the PCMCO tunnel barrier and
the LSMO electrode maintained robust ferromagnetism even at
the PCMCO/LSMO interface. However, the magnetic coupling
also reduces the TMR ratio because it prevents the PCMCO and
LSMO layers from being independently switched to either a
parallel or anti-parallel magnetic configuration. It is thus impor-
tant to cut the magnetic coupling by inserting a nonmagnetic
layer.”l For this purpose, a thin nonmagnetic insulator STO
(2 ML) was inserted at the PCMCO/LSMO interface, resulting
in independent magnetization reversals of the PCMCO and
LSMO layers. The M-H curve of a PCMCO/STO (2 ML)/LSMO
structure (Figure 2c, red line) does indeed show a two-step hys-
teresis curve, corresponding to independent reversals of the
magnetizations in PCMCO (purple arrows) and LSMO (black
arrow).!”) The effect of the magnetic coupling can be seen in
the low-field region of the M-H curves. The magnetic field for
magnetization reversal of LSMO (H;gy0) is larger without the
presence of the STO spacer layer (Figure 2c, blue line) than
with STO (Figure 2c, red line). This indicates that the magnetic
coupling between PCMCO and LSMO is ferromagnetic. In
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(1 — PsgpPsp), where Pgp and Pgp are the effi-
ciency of the spin filtering and spin detec-

»
»

o

tion, respectively. Using this formula, the
spin polarization of the tunneling electrons
from a LNO electrode through a PCMCO
spin filter can be estimated to be Pgp = 42%,

o

assuming the spin polarization of the STO/
LSMO interface to be Pgp = 90%.121

In a spin filter tunnel junction, the width
of the TMR curve (Hg (MR), Figure 4 inset)
should coincide with the saturation magnetic
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field of the PCMCO layer determined from
the M-H curve (Hg (M-H), Figure 4 inset).
In order to confirm this, Hg (MR) is plotted
together with Hg (M-H) for various Co sub-
stitution levels y in the PCMCO layer in

W
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Figure 4. By increasing the Co content in the
PCMCO layer, Hg (M-H) increased from 0.1 T
aty=010 0.9 T at y = 0.3 due to the presence
of the Co ions that increase the magnetic
hardness of PCMCO." The Hg (MR) and Hg
(M-H) curves showed good agreement for all
Co substitution levels up to y = 0.3 (Figure 4).
- This means that the hysteresis observed in
Figure 3b originated from the spin filtering

Magnetization / 104 emu cm

Magnetic field | T
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effect in the PCMCO layer and is not related
to other factors such as domain formation in
LSMO.22

Figure 2. Magnetic properties of the spin filter tunnel junctions. The M-H curves of a) PCMCO
(y=0.2) and b) LSMO single layers. c) Comparison of M-H curves of PCMCO (y=0.2) (10 ML)/

STO(2 ML)/LSMO (20 ML) (red solid line) and PCMCO (y = 0.2)(10 ML)/LSMO(20 ML) (blue

2.3. Multi-Spin-Filter Tunneling Devices

dotted line) heterostructures. H sy and the saturation magnetic field Hg (M-H) are indicated

by black and green arrows, respectively. The step structures corresponding to the magnetiza- T}
tion reversals in PCMCO are marked with purple arrows. d) The STO thickness dependence of
Hysmo in PCMCO (y = 0.2) (10 ML)/STO/LSMO(20 ML) heterostructures. All the M-H curves
are measured at 10 K. The dotted line marks the H sy value for the 250 ML STO layer.

order to determine the minimum thickness of the nonmagnetic
STO layer that is needed to break the ferromagnetic coupling, a
STO thickness dependence of Hjgyo wWas measured, as plotted
in Figure 2d. The plot shows that by inserting 2 MLs of STO,
Higmo dropped almost to the bulk value of 5 mT and remained
constant even if the STO thickness was increased to 250 ML,
suggesting that the 2 MLs of STO is sufficient to decouple the
ferromagnetic interaction between PCMCO and LSMO.

2.2. Observation of Spin Filtering Effect

The operation of a spin filter can be verified by observing the
magnetic field dependence of the junction resistance (TMR
curve), as shown in Figure 3a,b. In a LNO/PCMCO(10 ML)/
LSMO reference structure (Figure 3a), no TMR response was
observed because the ferromagnetic coupling between the
PCMCO and LSMO layers prevented independent magnetiza-
tion reversals in the two layers. Inserting a 2 ML STO spacer
layer, as shown in Figure 3D, led to a large and clear TMR
response that exceeded 120%. According to the extended Jul-
liere model,?” TMR can be expressed as TMR = 2PgyPgp/

Adv. Funct. Mater. 2012, 22, 4471-4475
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controllable magnetic hardness of
PCMCO, demonstrated in Figure 4, offers
an excellent platform for building novel spin-
tronic devices by embedding spin filters into
multibarrier tunnel devices, such as spin
resonant tunneling diodes'®”] or spin hot-electron field-effect
transistors.'®! When using more than two spin filter layers in
one device, it is necessary to switch the magnetic orientation
of each spin filter layer independently. It is thus essential to
use a ferromagnetic insulator with different magnetic hard-
ness for each spin filter layer. However, as the choice of avail-
able ferromagnetic insulator materials is quite limited, it would
be difficult to fabricate multi-spin-filter tunneling devices® by
combining two different spin filter materials. By using PCMCO
spin filter layers, it is possible to design multi-spin-filter tun-
neling devices by systematically varying the Co content of each
spin filter layer.

This approach is demonstrated here by constructing a double-
spin-filter tunnel junction (NM/FI/NI/FI/NM) with a device
structure shown in Figure 5a. In earlier work, two EuS spin
filter layers grown under different conditions have been used
in EuS/Al,03/EuS double-spin-filter tunnel junctions to get a
sufficient coercive field difference.l®l In this work, two PCMCO
spin filter layers with different Co contents (y = 0 and y = 0.2)
are used for two independently-controllable spin filter layers,
separated by a STO spacer layer that magnetically decouples
the two spin filter layers. This device can exhibit a TMR signal
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Figure 3. TMR response of the spin filter tunnel junctions. a) LNO/
PCMCO (y = 0)(10 ML)/LSMO and b) LNO/PCMCO (y = 0)(10 ML)/
STO(2 ML)/LSMO junctions. The TMR curves are measured at 4 K. The
saturation magnetic field Hs (MR) is indicated by green arrows

without any ferromagnetic (FM) spin detector electrodes. The
operating principle is based on the magnetization-dependent
tunnel barrier height in the PCMCO/STO/PCMCO tunnel bar-
rier. As shown in the simplified band diagram in Figure 5a,
when the magnetic orientations of the two
PCMCO layers are parallel (P), the up-spin
electrons can selectively tunnel through
the barrier seeing two lower tunnel barrier
heights in both PCMCO layers (red lines in
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Co content y

Figure 4. Comparison of the saturation magnetic fields determined from
the M-H and TMR curves for various Co substitution levels in the PCMCO
layer.

dependence of the junction resistance clearly showed a TMR
signal that results from the parallel and antiparallel magnetic
configurations of PCMCO (y = 0.2) and PCMCO (y = 0) spin
filter layers as shown in Figure 5b. Successful operation of the
double-barrier device shows that it is possible to construct spin-
tronic junctions that do not rely on ferromagnetic metals. The
resistance of the double-spin-filter tunnel junction is smaller
than that of the single-spin-filter tunnel junction shown in
Figure 3b due to a larger roughness of the LNO bottom elec-
trode, which decreases the effective tunnel barrier thickness
and makes the device performance dependent on the bottom
electrode flatness.

3. Conclusion

In summary, we have demonstrated that SFTJs based on a
PCMCO FI tunnel barrier can function as a highly efficient
source of spin-polarized electrons. By magnetically decoupling
the PCMCO spin filter from a LSMO spin detector with a non-
magnetic STO layer, a clear TMR effect exceeding 120% was
achieved. We also show that the magnetic hardness of PCMCO
can be accurately tuned by suitable Co substitution, making it

—
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the band diagram), while the down-spin elec-
trons see two higher tunnel barrier heights
(blue lines in the band diagram). When the
magnetic orientations of the PCMCO layers
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are antiparallel (AP), the up-spin and down-
spin electrons need to tunnel through one
lower tunnel barrier and one higher tunnel
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barrier in two PCMCO layers. The total tun- Er
neling current can be calculated by sum-
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ming the up-spin and down-spin currents,
which becomes larger in the parallel state
than the antiparallel state. The magnetic field

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. Operation of the double spin filter tunnel junction. a) Device structure and a simpli-
fied band diagram for the parallel state (P) and antiparallel state (AP). b) TMR curve of a LNO/
PCMCO (y = 0.2) (6 ML)/STO (2 ML)/PCMCO (y = 0) (6 ML)/LNO double spin filter tunnel
junction measured at 4 K.
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possible to design multi-spin-filter tunneling devices that do not
require the presence of ferromagnetic metals. This work dem-
onstrates the importance of atomic-layer level control of epi-
taxial oxide thin film growth for constructing high-performance
spintronic devices. Further study for example on PCMCO thick-
ness dependence of the TMR response would be important to
achieve better device performancel®! and to investigate coher-
ence of the tunneling electrons, as reported in single-crystalline
TMR junctions.2¢]

4. Experimental Section

Device Fabrication: Epitaxial NM/FI/NI/FM multilayers composed of
LNO/PCMCO/STO/LSMO, schematically illustrated in Figure Ta, were
fabricated on atomically flat (001)-oriented STO substrates (Shinkosha,
Co., LTD) by pulsed laser deposition. A A = 248 nm KrF excimer laser
(Tui Laser, Thin Film Star) was used for ablation. The LSMO layer was
grown at a substrate temperature of 900 °C under an oxygen pressure of
0.08 Pa.’ The ablation fluence was 0.55 J/cm? at a pulse repetition rate
of 5 Hz. The STO, PCMCO, and LNO layers were grown at a substrate
temperature of 700 °C under an oxygen pressure of 4 Pa in the laser
ablation condition of 0.94-1.14 J/cm?, 1 Hz.['%?Y The PCMCO/STO
tunnel barrier thickness was controlled by monitoring oscillations of the
RHEED specular intensity as shown in Figure 1b. The layered structures
were patterned using conventional photolithography and Ar ion milling.
The junction area was 8 x 32 um?. Poly-Au top electrodes for contact pads
were made by standard vacuum evaporation. After dry etching by Ar ion
milling, the entire devices were annealed at 500 °C in air for 24 h to reduce
the density of oxygen vacancies formed in the dry etching process.

Device Characterization: The magnetic field dependences of the
junction resistance were measured at 4 K by cooling the junctions using
an Oxford Microstat He cryostat. The junction resistance was measured
using a Keithley 6517A electrometer by applying a DC bias voltage of
5 mV with a Keithley 2635 sourcemeter in a magnetic field generated by a
conventional electromagnet. The magnetic properties of the unpatterned
films were characterized using a Quantum Design Magnetic Properties
Measurement System (MPMS).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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