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Probing momentum distributions in magnetic tunnel junctions

via hot-electron decay

R. Jansen,? T. Banerjee, B. G. Park, and J. C. Lodder
MESA™ Institute for Nanotechnology, University of Twente, 7500 AE Enschede, The Netherlands

(Received 3 April 2007; accepted 11 April 2007; published online 8 May 2007)

The tunnel momentum distribution in a (magnetic) tunnel junction is probed by analyzing the decay
of the hot electrons in the Co metal anode after tunneling, using a three-terminal transistor structure
in which the hot-electron attenuation is sensitive to the tunnel momentum distribution. Solid state
amorphous Al,O; barriers and the vacuum barrier of a scanning tunneling microscope are
compared. For the former the attenuation length in nominally the same Co is strikingly larger (factor
of 2), implying a more isotropic tunnel momentum distribution for Al,O; barriers. © 2007
American Institute of Physics. [DOI: 10.1063/1.2737128]

Tunneling is a fundamental quantum mechanical process
that is applied in numerous electronic devices. In the last
decade, the role of electron spin in tunneling has attracted
widespread attention,]_7 not in the least because of the pro-
spective applications in an ever increasing diversity of spin-
tronic structures (magnetic sensors, memory, spin-transfer
torque devices, and spin-injection into semiconductors).
Nevertheless, the understanding of spin-dependent tunneling
is still incomplete despite significant progress. There is so far
no widely applicable approach to reliably predict the sign
and magnitude of the tunneling magnetoresistance (TMR)
from the electronic structure of the materials used to con-
struct a magnetic tunnel junction (MTJ).

One reason is that for the critical interfacial region of a
MT]J, precise enough experimental information about the
structural, chemical, and magnetic properties is often lack-
ing. In addition, theoretical calculations necessarily make as-
sumptions about the atomic arrangement at the ferromagnet-
insulator interface but often neglect disorder, while
amorphous barriers are notoriously difficult to handle. Co-
herent tunneling is often assumed, in which states on either
side of the tunnel barrier couple to evanescent states in the
barrier and allow coherent transfer of electrons without mo-
mentum scattering. In such cases, arguably applicable to
crystalline tunneling junctions using, e.g., MgO or SrTiOj3
barriers, symmetry arguments can be used to determine
which states are likely to contribute to the tunnel current.*
However, in general, solid-state tunnel barriers (such as fre-
quently employed amorphous Al,O5) contain a certain frac-
tion of defects within the barrier, as well as interfacial rough-
ness and disorder. As a result, symmetry arguments are
relaxed and tunneling can be accompanied by momentum
scattering,”’12 thereby connecting states for which coherent
tunneling is not possible. The interest in this has recently
been revived with the advent™ of crystalline MgO based
MTJs, where defects limit the TMR (Ref. 13) and may also
play a role in the spin-transfer torque6 that can be created
using injection of a spin-polarized tunnel current.

Given the ubiquity of magnetic tunnel junctions, it ap-
pears pertinent to determine the extent of momentum scatter-
ing in tunneling. For an understanding of (spin-dependent)
tunneling and a meaningful comparison with model calcula-
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tions, such information is indispensable. However, it cannot
be extracted directly from the TMR.

Here we provide experimental information about the ex-
tent of momentum scattering in a tunnel junction. We extract
this from an analysis of the decay of the hot electrons in the
Co metal anode after tunneling, using a three-terminal tran-
sistor geometry. We compare two different types of barriers,
namely, amorphous Al,O; and vacuum tunnel barriers, as
often used, respectively, in MTJs or scanning tunneling mi-
croscopy (STM) based experiments. The results demonstrate
that the tunneling momentum distribution is much more iso-
tropic for tunneling via amorphous Al,O5. Tunneling across
a vacuum barrier, in which scattering sites are absent, pro-
duces a more forward-focused momentum distribution domi-
nated by electrons with small momentum component parallel
to the surface. Simultaneously, the results show that the de-
cay length of hot electrons in Co is sensitive to the momen-
tum distribution of the injected hot-electron current.

The experiment uses a tunnel junction incorporated into
a three-terminal hot-electron transistor geometry, consisting
of the tunnel emitter, a metallic base, and a semi-
conductor collector. Two implementations will be used: (i) a
solid-state magnetic tunnel transistor (MTT)"*'® with
NigoFe,o/ Al,O3/Co/ Au/Si structure, and (ii) ballistic elec-
tron emission microscopy (BEEM)'"'8 using a structure of
tip/vacuum/Au/Co/Au/Si. In both cases, the Co/Au/Si
base/collector part is used to measure the transmission of the
hot electrons after their injection into the Co base by tunnel-
ing from the emitter. Measuring the transmission as a func-
tion of the Co base thickness yields the hot-electron attenu-
ation length. Although MTT and BEEM are based on
nonequilibrium electrons whose decay channels include in-
elastic scattering, the collection across a Au/Si metal-
semiconductor Schottky barrier imposes restrictions not only
on the ener7gy but also on the momentum of the hot
electrons.'®!'” The latter is often simplified in a free electron
picture in terms of a critical angle of incidence defining a
momentum collection cone.'” More rigorously, the momen-
tum of the hot electrons has to match that of the available
states in the conduction band of the n-type Si collector. Con-
sequently, the hot-electron transmission and attenuation
length of the Co base is sensitive to the momentum distribu-
tion of the hot-electron current as injected by tunneling
across the Al,O3 or vacuum tunnel barrier.

© 2007 American Institute of Physics
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FIG. 1. Hot-electron attenuation in Co measured by BEEM for hot electrons
injected by tunneling across a vacuum barrier at the tunnel bias voltages
indicated. =150 K.

The metal layers for MTT and BEEM studies are fabri-
cated on identical H-terminated n-type Si(100) wafers using
thermal evaporation in the same molecular beam epitaxy sys-
tem at a base pressure of 107! mbar. First, an 8 nm Au layer
was evaporated to form a Au/Si Schottky barrier, onto which
the Co base layers of thickness 7, between 1 and 9 nm are
grown. For the BEEM samples the Co layer was capped with
a 3 nm Au layer to provide a chemically inert surface for ex
situ sample transfer to the ultrahigh vacuum BEEM system.
BEEM data are obtained at 150 K using Ptlr metal tips. De-
tails of the BEEM measurement have been described
elsewhere.'” For the MTT samples, an Al,O; barrier was
created directly on the Co base by deposition of metal Al
(1.8 nm) followed by plasma oxidation. Details as well as
the processing into MTT devices have been described
previously. 15 The MTTs showed hot-electron
magnetocurrent15 of up to 105% at 100 K, while the TMR of
the NigyFe,o/Al,03/Co junctions was 30%—-32% at 100 K,
indicating good MTIs.

Data for the BEEM technique are shown in Fig. 1, where
the hot-electron transmission is given as the ratio of the cur-
rent /- transmitted into the Si collector and the emitter tunnel
current [ injected from the STM tip across the vacuum gap.
We observe an exponential attenuation with a typical attenu-
ation length of 3.3 to 3.5 nm. At small 7, the transmission
deviates from the exponential decay because minority spin
hot electrons still contribute. Owing to their short attenuation
length (<1 nm),'® these no longer contribute beyond #¢, of
about 2 nm, where the attenuation length represents the ma-
jority spin hot electrons in Co.

Results for the Al,O3-based MTT are shown in Fig. 2.
Again we observe an exponential attenuation of the hot-
electron transmission with increasing fc,. However, the at-
tenuation lengths are 6.7—-6.9 nm, which is significantly
larger than observed for tunnel injection across a vacuum
gap in BEEM. The extracted attenuation lengths in Co versus
tunnel bias (or hot-electron energy) are given in Fig. 3 for the
MTT and BEEM structures. The attenuation length obtained
with the MTT is distinctly larger, by about a factor of 2, over
the full energy range. Thus, the hot-electron attenuation
length after tunnel injection into nominally the same Co de-
pends significantly on the type of tunnel barrier.

Since the measurements are performed at slightly differ-
ent temperature (100 K for the MTT versus 150 K for
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FIG. 2. Hot-electron attenuation in Co measured in an MTT for hot elec-
trons injected by tunneling across an amorphous Al,O5 barrier at the tunnel
bias voltages indicated. 7=100 K.

BEEM), we studied how the hot-electron transmission in Co
depends on temperature for the MTT (see Fig. 4). While
some variation of the transmission with temperature is ob-
served, the effect is very limited, and in terms of attenuation
lengths it corresponds to a change of at best a few angstroms
between 100 and 150 K. Thus, the difference in attenuation
lengths between MTT and BEEM is not due to the measure-
ment temperature.

Since the experiments use identical Co base layers, the
difference in attenuation length is due to the different mo-
mentum distribution of the hot-electron current injected by
tunneling across Al,O5 and vacuum barriers. For the latter, if
the tunnel momentum distribution is sharply forward-
focused and dominated by electrons with small wave vector
parallel to the surface, most of the electrons injected into the
Co base satisfy the momentum selection requirements for
subsequent transmission across the Au/Si interface. How-
ever, in this situation the collector current is very sensitive to
elastic scattering during transport through the Co base. The
polycrystalline Co layers contain defects, grain boundaries,
and stacking faults giving rise to momentum scattering. This
broadens the momentum distribution of the hot electrons,
increasing the fraction of hot electrons that do not have the
proper momentum for transmission into the Si. Such a con-
tribution of elastic scattering to the hot-electron attenuation
in the Co base leads to short decay lengths, as observed for
the BEEM samples.
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FIG. 3. Hot-electron attenuation lengths vs energy in the Co anode after
tunnel injection via a vacuum barrier (extracted from BEEM) or an amor-
phous Al,O5 tunnel barrier (extracted from MTT).
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FIG. 4. Temperature variation of hot-electron transmission in Co measured
in a MTT for Co base thickness of 2.5 nm (circles) and 8.0 nm (squares) at
tunnel bias voltages as indicated. Data are normalized to unity at 100 K.

The results with Al,O5 barriers can be explained if tun-
neling across amorphous Al,O5 yields a significantly broader
momentum distribution compared to vacuum tunneling. If
the tunnel barrier itself already provides significant momen-
tum scattering and the hot electrons are injected into the Co
base with an isotropic momentum distribution, then elastic
scattering in the Co base has little further effect and does not
contribute to the attenuation. The resulting attenuation length
becomes larger and is limited by inelastic scattering only.
Therefore, the results imply that tunneling across an amor-
phous Al,O5 barrier yields a significantly broader momen-
tum distribution compared to vacuum tunneling. The differ-
ence cannot be explained by a different energy distribution
for the two tunnel barriers, since the attenuation lengths vary
only weakly with energy (Fig. 3).

Thus, we have shown that a measurement of the hot-
electron decay length in the anode of a MTJ provides infor-
mation about the extent of momentum scattering in a MTJ.
The method can be applied to a variety of materials, includ-
ing crystalline (e.g., MgO) based tunnel junctions that can be
grown on lattice matched III-V semiconductors.”’ Quantifi-
cation of the extent of momentum scattering is possible using
a detailed hot-electron transport model that includes the in-
jected momentum distribution and elastic scattering, as is
already available for the spin-valve transistor.”
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