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Inelastic tunneling spectroscopy of magnetic tunnel junctions based
on CoFeB/MgO/CoFeB with Mg insertion layer
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Magnetic tunnel junctions (MTJs) based on textured MgO barriers have thus far shown the highest
tunneling magnetoresistance (TMR) at room temperature. In contrast to traditional magnetic tunnel
junctions, it appears that the large TMR observed in these systems arises from a type of coherent
tunneling in which the symmetry of the Bloch state wave functions plays a critical role. We have
fabricated MTJs with artificial asymmetric barriers by depositing a thin layer of Mg of varying
thickness (0-10 A) prior to the growth of the MgO barrier into otherwise identical
CoFeB/MgO/CoFeB MTIJs. The inelastic tunnel spectrum shows magnon and phonon excitation
peaks similar to traditional Al,O; barriers, and an additional peak at about 300 meV. The
conventional interpretation that this peak corresponds to density of states of the s electrons in the
ferromagnetic electrodes, however, does not apply in the MgO system. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2162047]

Magnetic tunnel junctions have been widely studied for
a decade, and they have recently been incorporated in mag-
netic random access memory (MRAM) devices and magnetic
sensors. For these applications, large tunneling magnetoresis-
tance (TMR) ratio and resistance area (RA) product in the
range of 1-1000 Q) um? are preferred. There has been a sig-
nificant amount of work devoted to amorphous AlO,-based
MTJs in the last decade and TMR values as high as 70%
were reported.l’2 Much larger TMR in the single-crystal
Fe(001)/MgO(001)/Fe(001) system was predicted by a
group of theorists using a theory of coherent tunneling of
Bloch states with different symmetry.*%’4 Only recently, a gi-
ant leap in MR was reported by various groups in MgO-
based MTJs, reaching values as high as 230% at room tem-
perature and RA as low as 10 ) ,udmz.sf8 The tunneling
mechanism in these single-crystalline or textured MgO bar-
riers is fundamentally different from traditional amorphous
barrier materials such as AlO,. One of the most striking dif-
ferences is that MgO-based MT1Js exhibit very little tempera-
ture or bias dependence in the parallel moment state (Fig. 1),
which is usually a signature of high barrier height. Yet the
junctions also show very low RA compared to Al,Os-based
junctions, appearing to have low barrier heights. We will
explain these discrepancies based on Ref. 3. Subtle reso-
nance peaks can, however, still be observed when we care-
fully examine the inelastic tunneling spectrum for parallel
moments.

The MTJ stack is deposited onto 3 in. thermally oxidized
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Si wafers using a commercial magnetron sputtering system
(ANELVA C7100) with base pressure less than 5
% 10~ Torr.® The details of the layers in the stack are (in A):
100 Ta/150 PtMn/25 CoqgFes(/8.5 Ru/30 CogyFeyBoy/
(0-10 Mg)/18 or 25 MgO/30 CogyFeyByy/ 100 Ta/40 Ru.
A thin layer of Mg of varying thickness is deposited prior to
the growth of the MgO barrier layer. The wafers are annealed
in high vacuum at 360 °© C for 2 h and cooled down in a
magnetic field for setting the PtMn antiferromagnet. We use
optical lithography to pattern the stack and ion milling to
define the bottom electrode and the junction area. A 500 A
gold layer is thermally evaporated to serve as the top contact
electrode. The dynamic tunneling spectrum dI/dV is ob-
tained using a standard lock-in method at 80 Hz (Stanford
SR830 DSP with SR550 preamplifier). A modulation peak to
peak voltage of approximately 1-2 mV is used to ensure that
there is no modulation broadening. The second derivative
d*I/dV? is obtained mathematically from the dI/dV data.
Band structures are calculated with generalized gradient ap-
proximation (GGA), based on an artificial tetragonal Co;Fe
cell.

Since the CoFeB grows amorphous it forms a smooth
layer while also promoting a textured uniform growth of the
MgO on top.8 However, the ferromagnetic electrodes have to
be crystallized at least locally for the coherent tunneling to
occur through the interface.™* It has been shown that the
annealing step is crucial to obtaining high TMR,? likely be-
cause of the formation of crystallized magnetic layers at the
two interfaces. Similar crystallization of CoFeB layers has
also been reported in CoFeB—AlO,-based MTJ s." For these
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FIG. 1. Temperature and bias dependences of the TMR and junction resis-
tance (R=V/I) in the spin parallel and spin antiparallel configurations.

reasons and for simplicity, we will model our band calcula-
tions on bee CosFe in the following discussions (Fig. 2).
The bands of the majority channel may be thought of
loosely as “free-electron” bands. The basic electronic struc-
ture of FeCo alloys consists of a highly dispersive free-
electron band that begins at the I' point approximately 4 eV
below the d bands. Its energy increases rapidly with k until it
encounters the weakly dispersive (localized, low group ve-
locity) d bands at which point it hybridizes and the hybrid
band becomes relatively flat. The free-electron band emerges
again from the top of the d-band complex, approximately 4
eV above where the hybridization began. Because the mag-
netic moments on the Fe and Co atoms in becc FeCo alloys
differ by 1 wp, each atom has the same number of majority
electrons. This implies that there is little difference in the
atomic potentials seen by the majority electrons and that
therefore there is very little scattering of these electrons.
Thus the approximation of the majority channel by a periodic
system is not unrealistic. The Fermi energy for the majority
electrons lies above the d bands, so that the only majority
Bloch state is the free electron or A; symmetry state. The
major differences between the majority and minority chan-
nels are the position of the Fermi energy, which for the mi-
nority channel is within a complex of relatively flat d bands
near the top of the d-band complex, and the stronger scatter-
ing because of the larger difference in the atomic potentials
in the minority channel. The bands near the top of the d-band
complex are antibonding states which tend to be particularly
flat even for d bands. The strong scattering due to substitu-
tional disorder may lead to the generation of A; symmetry.
The most dramatic distinction of the MgO-based MTIJ’s
from all previously reported results is that the spin parallel
resistance of the junctions are nearly independent of either
bias voltage or temperature (Fig. 1). As a result, the observed
bias and temperature dependences of the TMR come almost
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FIG. 2. Band structure of bce CosFe along the (001) direction. Fermi level
is marked with dashed lines.

entirely from the spin antiparallel alignment as predicted by
theory.3’4 We have plotted the TMR result together with the
resistance results to manifest this similarity (Fig. 1). As
explained by Butler et al.,’ the wave-function decay in the
barrier is given by the complex energy bands of the MgO.
For parallel moment alignment, the relevant complex energy
band is the A, band given quite accurately by 1/k’
=[-#%/2m (E-E,)]+[#*/2m (E-E.)], where m,, and m, are
the valence and conduction band masses, respectively, and
E, and E_ represent the top of the valence band and the
bottom of the conduction band. For the case of MgO, the
valence and conduction band masses are nearly equal. Fur-
ther, according to Ref. 3, the Fermi energy lies at midgap
where dk/dE vanishes. In MgO, the gap (E.—E,) is approxi-
mately 8 eV which is large compared to the 0.5 V range, AE
over which the parallel resistance is constant. We estimate
that over this range k varies as k=~ko{1-2[(AE)*/Ec.—E;]}
so that the electron decay rate in the barrier changes by less
than 1% over the energy range shown in Fig. 1, and that the
change in the conductance over this range due to the change
in the decay rate is less than 10% for an 18-A-thick MgO
barrier. In summary, the observed flat temperature and bias
dependences of spin parallel resistance is an indication of
very high tunnel barriers. On the other hand, the experimen-
tally observed low RA value is because the decay rate of
electrons forming Bloch states in MgO (especially A, states)
is much slower compared to that of free electrons in a simple
potential barrier due to the structure of the MgO complex
bands. Applying the WKB approximation to MgO systems
significantly underestimates the barrier heights.7

The dynamic conductance spectrum reveals the detailed
excitation states across the barrier even for the nearly flat
spin parallel alignment. The basic shape of the conductance
G=dI/dV vs V plot (Fig. 3) is a parabola, which we specu-
late arises from the elastic tunneling contributions.'" At very
low bias, a contribution linear in V can be seen in both the
spin parallel and spin antiparallel alignments, and there is
also a tendency for the conductance to drop near 300 meV.
These inelastic contributions to tunneling can be better seen
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FIG. 3. Inelastic eletrcon tunneling spectrum of a junction with a 25 A MgO
barrier (no Mg insertion layer). The arrows indicate the resonant peak posi-
tions and dashed lines indicate the position of E,,=3kT./(S+1).

in the conductance derivative dG/dV vs V plot (Fig. 3).
There are magnon excitation peaks visible at low energy
around 9 meV, and they have a cutoff energy at about E,,
=3kTo/(S+1)=90 meV, where T, is the effective Curie
temperature at the interface for which we used the CoFe bulk
value. At slightly higher energies, a second peak emerges as
the electron energy gets high enough to excite phonons in the
MgO barrier. The peak position matches closely the Mg-O
phonon frequency, which is at 651 cm™' in bulk single crys-
tal MgO17 and corresponds to an energy level of 80.7 meV.
These peaks are universal features for any tunneling junc-
tions and very similar results have been reported in amor-
phous AlO, MTJs.” A third peak, which tends to decrease
conductance at about 300 meV, also has its analogy in the
Al,O3-based MTIJs, and it has been associated with the par-
tial density of states (DOS) of the s electrons in the ferro-
magnetic electrodes.'>! However, such argument will not
hold in the MgO-based tunneling junctions. Instead, this
peak should be a strong indication that some emerging Bloch
bands are participating in tunneling at this energy, most
likely it is the contribution coming from the highly disper-
sive bands in the minority channel (Fig. 2), most of which
have As characteristics.

We fabricated MTJs with a thin layer of Mg insertion, in
the same spirit as proposed by Mathon and Umerski'* and
Belashchenko ef al.'® for Au/ Ag insertion in order to prevent
Fe oxidation and to suppress tunneling through mismatched
interface bands. The TMR slightly increases with the first
few angstrom Mg layer, probably due to the partial conver-
sion of Mg into MgO, then drops significantly with further
increase in the Mg layer because a too thick Mg layer will
tend to break the coherence between the ferromagnetic elec-
trodes and the barrier (Fig. 4). The RA value increase indi-
cates that there is indeed some Mg conversion into MgO, but
only by a small amount because a fully oxidized 10 A Mg
(effectively 12.5 A MgO) will increase RA by more than
three orders of magnitude.7 It is not surprising that the first
two characteristic peaks in the dG/dV spectrum also show
up in these samples even with a 10 A Mg insertion layer,
because the magnon peak is determined by the ferromagnetic
electrodes, and the phonon peak is determined by the Mg—-O
bonding strength.16 However, the third peak, which likely
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FIG. 4. TMR dependence on the Mg insertion layer thickness at room
temperature.

comes from the As states, still survives even 10 A Mg layer.
This indicates that Mg, having low atomic number and being
loosely lattice matched with Fe and MgO, may maintain the
spin symmetry coherence over a much longer distance. The
still significantly high TMR in samples with 10 A Mg pro-
vides further confirmation for this argument, and this makes
it less demanding in the actual junction fabrications.

In summary, we have fabricated MTJs based on
CoFeB/MgO/CoFeB, and studied their dynamic tunneling
spectrum. Nearly flat temperature and bias dependence of the
spin parallel resistance are attributed to high barrier height,
while the low RA value is attributed to the slow decay rate of
Bloch states in MgO barriers. We have also fabricated simi-
lar MTJs with a thin layer of Mg insertion up to 10 A, and it
is interesting that spin coherence can survive even for a 10 A
Mg layer, indicating that the Bloch states have long diffusion
length in Mg.
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