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Giant tunneling magnetoresistance in Co,MnSi/Al-0/Co,MnSi

magnetic tunnel junctions
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Magnetic tunnel junctions (MTJs) with a stacking structure of Co,MnSi/Al-0O/Co,MnSi were
fabricated using magnetron sputtering system. Fabricated MTJ exhibited an extremely large
tunneling magnetoresistance (TMR) ratio of 570% at low temperature, which is the highest TMR
ratio reported to date for an amorphous Al-O tunneling barrier. The observed dependence of
tunneling conductance on bias voltage clearly reveals the half-metallic energy gap of Co,MnSi. The
origins of large temperature dependence of TMR ratio were discussed on the basis of the present
results. © 2006 American Institute of Physics. [DOI: 10.1063/1.2202724]

Tunneling magnetoresistance (TMR) effect in magnetic
tunnel junctions (MTJs) is determined from the spin polar-
ization in the two ferromagnetic layers.1 Half-metallic ferro-
magnets (HMFs) theoretically achieve complete spin polar-
ization of conduction electrons, potentially generating giant
TMR effect and highly efficient spin injection. However, de-
spite extensive experimental studies, half metallicity at room
temperature (RT) has yet to be observed.

Perovskite manganites, La;_(Sr,Ca,etc.),_,MnO3, are
the first examples of HMFs, and a TMR ratio of 1800% at
low temperature (LT) has been reported for a MTJ with
La,/3Sr;3sMnO5 electrodes.” However, such large TMR ratios
and high spin polarization cannot be expected at RT for these
manganites due to the low Curie temperature (7) of these
materials (ca. 300 K). Some groups of full-Heusler alloys,
such as Co,MnSi and Co,MnGe, are also potential HMFs,
and due to their high 7 are at present the most promising
materials for realizing complete spin polarization at RT.>
The full-Heusler alloys represent a class of ternary interme-
tallic compounds with the general formula X,YZ and struc-
tural class L2,. These materials also assume B2 and A2 struc-
tures depending on the site-disordered state, in which (Y,Z2)
and (X,Y,Z) are randomly substituted. The half-metallic
band structure in the full-Heusler alloys is predicted to be
sensitive to the site-disordered state,>® suggesting that a high
degree of site order is necessary to realize HMF behavior in
practice. Among the full-Heusler alloys, Co,MnSi (CMS) is
the most prospective HMF material because it has a high T
(985 K) and forms the L2;-ordered structure more readily
than the other full-Heusler compounds.7 Our group recently
fabricated a MTJ consisting of a highly ordered Co,MnSi
epitaxial bottom electrode, Al-O tunnel barrier, and Co;sFe,s
top electrode, and the device was confirmed to have a TMR
ratio of 70% at RT and 159% at LT.® The estimated spin
polarization of 0.89 at 2 K implies that the Co,MnSi elec-
trode has half-metallic character. However, there have been
no direct observations of the half-metallic energy gap with
respect to an applied bias voltage, and no clear explanation
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has been derived for the large temperature dependence of the
TMR ratio.

In this study, MTJs with Co,MnSi as both the upper and
lower electrodes were constructed and characterized. The
MTJ with a stacking structure of MgO(100) substrate/ epi-
taxial Cr (40)/epitaxial Co,MnSi (30)/Al-O (1.3)/Co,MnSi
(10)/Try,Mnyg (10)/Ta (5) (values in parentheses denote layer
thickness in nanometers) was deposited using inductively
coupled plasma (ICP)-assisted magnetron sputtering. A
composition-adjusted Co-Mn-Si alloy sputtering target (Co,
43.7%; Mn, 27.95%; and Si, 28.35%) was used to produce a
stoichiometric film composition. The (100)-oriented epitaxial
Co,MnSi bottom electrode was grown on a Cr-buffered MgO
(100) substrate at ambient temperature.9 The film was subse-
quently annealed at 450 °C to reduce site disorder. The up-
per Co,MnSi electrode was deposited at ambient temperature
followed by annealing at 400 °C prior to depositing the
Ir,,Mn,g antiferromagnetic pinning layer. This fabrication
process suppresses the diffusion of Mn atoms in Iry),Mnyg
toward the Al-O barrier during annealing, which generally
degrades the interface and reduces the TMR ratio.'’ The
Al-O tunnel barrier was formed by plasma oxidation of a
predeposited 1.3 nm thick Al layer for 50 s. Magnetoresis-
tance (MR) measurements were performed using a standard
dc four-probe method, and the dependence of the tunneling
conductance (dI/dV-V) on bias voltage was measured at
6 K using an ac lock-in amplifier technique.

Cross-sectional high-resolution transmission electron
microscopy (HRTEM) images of the
Co,MnSi/Al-0O/Co,MnSi MTJ are shown in Fig. 1. The
MT]J has an excellent morphology with an smooth and flat
interface as shown in Fig. 1(a). The Cr buffer layer and lower
Co,MnSi electrode display (001)-oriented epitaxial growth,
as reported in previous work.* Both the lower and upper
interfaces between the Al-O amorphous barrier and the
Co,MnSi electrode are very flat and sharp. Interestingly, a
clear lattice image was obtained even in the upper Co,MnSi
layer [Figs. 1(b) and 1(c)], despite the nonepitaxial condition
of growth on the AI-O amorphous barrier. The Fourier trans-
form for images of several local regions of the upper
Co,MnSi layer reveals highly (001)-textured growth with
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Co,MnSi

FIG. 1. (Color online) TEM images of a MTJ with
Co,MnSi/Al-0/Co,MnSi structure. The horizontal and vertical directions
correspond to the bottom Co,MnSi [110] (MgO substrate [100]) axis and
Co,MnSi [001] (MgO substrate [001]) axes, respectively. (a) Low-
magnification image showing smooth structure of the MTJ in the long hori-
zontal region. [(b) and (c)] High-magnification image and lattice image of
upper and lower Co,MnSi layers.

random in-plane orientations. These results suggest that the
upper crystalline Co,MnSi is well formed, attributable to the
flatness of the lower structure and the low surface energy of
the amorphous Al-O layer. Although the degree of site order
could not be estimated for the upper Co,MnSi layer due to
experimental difficulties, the postannealing temperature of
400 °C is considered sufficiently high to obtain a highly or-
dered state.

Figure 2 shows the temperature dependence of the TMR
ratio for the Co,MnSi/Al-0O/Co,MnSi MTJ (MTJ-CMS).
The TMR curves at the corresponding temperature are
also shown (inset), as are previous results for a
Co,MnSi/Al-0O/CoqsFeys MTJ (MTJ-CF) and a conven-
tional Co;sFe,s/Al-0O/Cos5F,5 MTJ. The applied bias volt-
age in all measurements was ca. 1 mV. The TMR ratio of
67% observed at 300 K for the MTJ-CMS is similar to that
for the MTIJ-CF, yet increases dramatically with decreasing
temperature to 570% at 2 K. If the spin polarization of the
lower Co,MnSi electrode is assumed to be 0.89, as suggested
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FIG. 2. (Color online) Temperature dependence of TMR ratio for the

Co,MnSi/Al-0/Co,MnSi MTIJ. Data for the Co,MnSi/Al-0O/Co;sFe,s

and Co;sFe,s/Al-0/Co;sFe,s MTJs are shown for comparison. TMR

curves at the corresponding temperature are shown in the inset. All measure-
ments were conducted under an applied bias voltage of +1 mV.
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FIG. 3. (Color online) Dependence of tunnel conductance (dI/dV-V) on
bias voltage for a MTJ with Co,MnSi/Al-O/Co,MnSi structure. (a)
dI/dV-V curves for parallel (triangle) and antiparallel (circle) configurations
at 6 K. (Inset) Dependence of normalized TMR ratio on bias voltage. (b)
Schematic of electron tunneling process at finite bias voltage in the
Co,MnSi/Al-O/Co,MnSi  system for parallel and antiparallel
configurations.

by previous results,® the spin polarization of the upper
Co,MnSi is estimated by Julliere’s formula to be 0.83. This
TMR ratio at LT is the largest reported for a MTJ with an
Al-O barrier, and is comparable to that of a MTJ with a
MgO barrier.'!

The dependence of tunneling conductance (dI/dV-V) on
the bias voltage is shown in Fig. 3 for both the parallel and
antiparallel configurations. A positive bias is defined here as
the case in which electron tunneling occurs from the lower to
upper Co,MnSi electrode. In the simple MTJ model,' the
tunneling conductance is proportional to D",,D¥, +D" D®
in the parallel configuration and DLMDRm+DLmDRM in the
antiparallel configuration. Here DHR) M(m) TePresents the den-

sity of states (DOS) at the Fermi energy for the majority
(minority) spins of left (right) electrode. Therefore, informa-
tion regarding the DOS around the Fermi energy can be de-
termined directly from the shape of the dI/dV-V curve.'? In
the low-bias region [10 mV <|AV|<150 mV, (iv) in Fig.
3(a)], dI/dV increases sharply with increasing bias for the
antiparallel configuration. This behavior is coincident with
the dramatic decrease in the TMR ratio [Fig. 3(a), inset]. The
voltage corresponding to half the TMR ratio at zero bias
(V) is estimated to be +60 mV, which is approximately
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one-tenth of that for a conventional MTJ with 3d ferromag-
netic metal or alloy electrode."® The slope of the dI/dV-V
curve becomes shallow in the intermediate bias region
(200 mV <|AV|<350 mV), but increases at higher bias
[350 mV <|AV| <450 mV, (ii) and (v) in Fig. 3(a)]. To un-
derstand the relationship between the observed bias voltage
dependence of dI/dV and the half-metallic band structure of
Co,MnSi, schematics of the electron tunneling process at
finite bias voltages are shown in Fig. 3(b) for the parallel and
antiparallel configurations. For simplicity, the ideal half-
metallic DOS is assumed for both Co,MnSi layers in Fig.
3(b). The energy separation between the Fermi level and the
bottom (top) of the conduction (valence) band in the
minority-spin band is represented by Scg (Syg). In the paral-
lel configuration, the tunnel conductance is dominated by the
majority-majority spin channel at AV=0 [see (i) in Figs. 3(a)
and 3(b)]. However, a new conducting channel for minority-
minority spin opens when the applied voltage AV becomes
equal to the half-metallic gap energy E; of Co,MnSi. From
the theoretical E; value of 400—600 meV,> the observed
structure near 400 mV [(ii) in Figs. 3(a) and 3(b)] is consid-
ered to reflect the opening of the minority-minority conduct-
ing channel. In the antiparallel configuration, the tunneling
conductance is very small at AV=0 [(iii) in Figs. 3(a) and
3(b)]. However, the tunnel current starts to flow through the
minority-majority spin channels when an applied bias volt-
age AV exceeds dcg/e and dyp/e. In general, the increase in
dl/dV and the drop of the TMR ratio at low bias can be
explained by the zero-bias conductance anomaly caused by
spin-wave excitations at the ferromagnetic (FM)/barrier
interface.'*'® However, the changing in dI/dV and TMR
ratio observed in the present work is too large to be ex-
plained by spin-wave excitation at the interface alone. The
shape of the dI/dV-V curve is therefore concluded to be
derived from the band structure of Co,MnSi and creation of
minority-majority spin conducting channels in the low- and
high-bias regions [(iv) and (v) in Figs. 3(a) and 3(b)]. These
results suggest that E is located immediately below the bot-
tom edge of the conduction band in the energy gap of
Co,MnSi. The corresponding estimated values of ocg and
Oyp, 10-20 and 350-400 meV, are in good agreement with
the predicted band structure calculated by Ishida et al.® This
therefore appears to be the first direct observation of the
minority energy gap and edges for half-metallic Heusler
alloys.

The strong temperature dependence of the TMR ratio
observed in the MTJ-CMS is an important problem to be
solved to realize RT applications. As Co,MnSi has a high
Curie temperature (985 K), it is unlikely that the temperature
dependence of bulk magnetization in Co,MnSi contributes
significantly to the large decrease in the TMR ratio at RT.
Such strong temperature dependences of the TMR ratio are
generally attributed to spin-flip tunneling caused by magnetic
impurities at the FM/barrier interface or pinholes in the bar-
rier layelr.'7 The creation of magnetic impurities is a critical
problem in MTJs with Co,MnSi electrodes, as Mn and Si
have a greater affinity for oxygen compared to the conven-
tional 3d transition metals. Therefore, it may be possible to
suppress the temperature dependence of the TMR ratio by
improving the quality of the Co,MnSi/Al-O interface,
whether by changing the oxidation process of the Al-O bar-
rier or inserting a thin oxygen-blocking layer at the interface.
It should also be noted that the location of E in the half-
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metallic energy gap is an important factor in the temperature
dependence of the TMR ratio. For the MTJ characterized in
this study, the energy separation between E and the bottom
of the conduction band (Sqg) is small, only 10—-20 meV,
giving rise to a strong dependence of the TMR ratio on the
bias voltage. The large decrease in the TMR ratio with in-
creasing temperature can also be attributed to this small
value of dcg, since the thermal fluctuation energy near RT is
estimated to be 30—40 meV. Therefore, if the position of Ex
can be shifted toward the center of the half-metallic gap
without changing the band structure significantly, both the
temperature dependence and bias voltage dependence of the
TMR ratio may be improved. The realization of a giant TMR
effect at RT through improvement of the temperature depen-
dence of the TMR ratio in Co,MnSi-based MTJs thus re-
mains a challenge with respect to both practical application
and research on the fundamental physics of spintronics.
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