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We investigated the microscopic mechanisms of current-induced magnetization switching (CIMS) in an Fe/MgO(001)/Fe/Ta magnetic tunnel
junction using non-equilibrium first-principles calculations. We found that the change in the magnetization configuration from antiparallel (AP) to
parallel (P) can be realized with a lower electrical power than that from P to AP. From detailed analyses of the density of states subject to a finite
bias voltage, we clarified that the asymmetric behavior originates from the difference in the electron scattering processes between switching

directions. © 2014 The Japan Society of Applied Physics

importance for the development of advanced magneto-

resistive random access memory (MRAM).' An MT]J
consisting of two metal ferromagnets separated by a thin
insulator is the minimum unit that exhibits the tunnel
magnetoresistance (TMR) effect, which is a variation in the
resistance depending on whether the relative directions of the
ferromagnet magnetizations are parallel (P) or antiparallel
(AP). The simplest way to switch a magnetization config-
uration is by using external magnetic fields. However, the
absolute currents required for magnetic field switching do not
scale when the junction size is reduced.® On the other hand,
current-induced magnetization switching (CIMS), which is
due to the spin-transfer torque,” does exhibit scalability, and
for that reason is drawing attention as one of the most
promising candidates for magnetization switching.*%”)

CIMS has been successfully applied to the operation of
MRAM devices with a lower power, and it enables the
development of large-capacity MRAM devices because it
enables further miniaturization. At the same time, the device
properties have been greatly influenced by various micro-
scopic factors, which has been clearly observed as the asym-
metry of the critical current.®” The asymmetric behavior
is considered to be the result of various effects, such as
the difference in the magnetic dipole—dipole interactions®!?)
and interfacial perpendicular magnetic anisotropy due to
the electric field.'!" In addition, it may be caused by the
difference in the densities of states (DOSs) depending on the
polarity of the bias voltage. Although the DOS based on
non-equilibrium electronic states directly affects the elec-
tron scattering processes, it has not yet been studied well.
Accordingly, we investigate CIMS in an MTJ using non-
equilibrium first-principles calculations. Although some
first-principles studies have investigated the spin-transfer
torque,'>!? fully non-equilibrium calculations have not yet
been performed. This is the first report on non-equilibrium
first-principles calculations for CIMS in an MTJ to the best of
our knowledge.

To precisely calculate the current—voltage characteristics
of an MTJ with a magnetization configuration, we employed
the commercially available Atomistix ToolKit,'¥ which
is a simulation package based on the non-equilibrium
Green’s function technique combined with density functional
theory.'” This code adopts pseudo-atomic orbitals (PAOs)

I nvestigating magnetic tunnel junctions (MTJs) is of key
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Fig. 1. Calculation model of an Fe/MgO(001)/Fe MTJ with a
paramagnetic Ta lead. Open boundary conditions are imposed in the direction
normal to the layers to treat electron flow, and periodic boundary conditions
are imposed in the directions parallel to the layers. The magnetization in the
attached iron electrode is fixed at the bulk value, and that in the thin iron
layer is optimized according to the tunneling current through the junction.

as basis functions'® and norm-conserving pseudopotentials
as interaction potentials between electrons and ions.!” We
employed single-zeta polarized orbitals as the PAOs and
the local density approximation as the exchange—correlation
potential.'"® Magnetic dipole—dipole interactions and the
interfacial perpendicular magnetic anisotropy are not explic-
itly included in these calculations owing to the lack of Breit'?
and spin—orbit interactions. Only the contributions derived
from non-equilibrium electronic states are taken into account.

We employed an Fe/MgO(001)/Fe MTJ with a tantalum
electrode, as shown in Fig. 1, as the calculation model.
CoFe layers with a strong interfacial perpendicular magnetic
anisotropy were employed recently to decrease the magnitude
of the critical currents for magnetization switching. However,
the electronic states of the CoFe layers around the Fermi level
are essentially similar to those of Fe layers: conducting s
electrons and itinerant d electrons. Therefore, the study of an
MTJ with Fe layers is sufficient for understanding the nature
of the asymmetric behavior. Moreover, because the TMR
of an Fe/MgO/Fe MTJ has been extensively investigated
theoretically,”* ¥ we can focus solely on clarifying the
asymmetric behavior in CIMS. A semi-infinite iron electrode
with a spin polarization fixed at the optimized value is
attached to the left side of the leftmost iron layers, and
a paramagnetic tantalum electrode is attached to the right
side of the rightmost tantalum layers. Periodic boundary
conditions are imposed in the directions parallel to the layers.
Once the optimal electron density distribution between
the electrodes is obtained, depending on the initial spin
configuration and applied bias voltage, we can determine
the optimal magnetization configuration in the MTJ. The
current—voltage characteristics of the model are shown in

© 2014 The Japan Society of Applied Physics
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Fig. 2. Electric-current densities for (a) positive and (b) negative bias
voltages. Solid and dashed lines denote current densities with P and AP
magnetization configurations, respectively. Insets show schematic diagrams
of magnetization configuration and electron flow.

Fig. 2. The solid and dashed lines denote the electric currents
in the P and AP magnetization configurations, respectively.
It is obvious from Fig. 2 that our Fe/MgO/Fe MTJ exhibits
very high TMR. The value of the TMR ratio around zero
bias is about 626% with an optimistic definition. Such
a high TMR in the Fe/MgO/Fe MTJ is consistent with
previous experimental and theoretical observations.?%-!-242%)
Additionally, the agreement of our results for the order of
the current density with experimental observations is worthy
of attention.’2®)

Here, it must be noted that in the present calculation
method, the electron spins were treated collinearly.?”
Because of this treatment, perfect magnetization switching
cannot be achieved in the present calculations. However, we
can successfully capture the precursors, which allows us to
determine the details of the CIMS process. It is experimen-
tally observed that the AP configuration is switched to the
P configuration at the critical current for negative bias, and
the P configuration is switched to the AP configuration at
the critical current for positive bias. Therefore, we focus
on the AP magnetization configuration for negative bias
[dashed line in Fig. 2(b)] and the P configuration for positive
bias [solid line in Fig. 2(a)]. The former and latter correspond
to the initial configuration when the configuration changes
from AP to P and from P to AP, respectively.

Figure 3 shows the average magnetization over atoms in
the magnetization switching layer as a function of the electric
current density. The solid and dashed lines correspond to the
AP configuration for negative bias and the P configuration
forpositive bias, respectively. There are two major findings
from Fig. 3. One is that in both cases, the magnetization
corresponding to the majority spin in the switching layer
decreases with increasing current density through the junc-
tion, which indicates the onset of magnetization switching.
The other is that the decreasing rate of magnetization in the
AP configuration for negative bias (solid line in Fig. 3) is
much larger than that in the P configuration for positive bias
(dashed line in Fig. 3), which means that the AP-to-P case
can be realized with a lower electrical power than the P-to-
AP case. The qualitative features are in good agreement with
experimental observations.”)
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Fig. 3. Average magnetization over atoms in magnetization switching
layer as a function of electric current density. Solid and dashed lines denote
magnetization with AP configuration for negative bias and P configuration
for positive bias, respectively.

Our two theoretical observations can be rationalized from
detailed analyses using the DOS subject to a finite bias
voltage, which is directly responsible for the scattering
processes of electrons flowing through the MTJ. We begin
with the CIMS from the AP-to-P magnetization configura-
tions and then proceed to that from the P-to-AP config-
urations. The diagram of the DOS in the AP configuration
for negative bias is shown in Fig. 4(a). In the AP-to-P case,
electrons come from deep inside the left iron electrode
toward the right tantalum electrode. The number of spin-up
electrons is originally larger than that of spin-down electrons
because of the spin polarization in the iron electrode. When
the bias voltage is small [the upper panel in Fig. 4(a)], the
number of spin-up (-down) states in the electrode within the
bias window is large (small), whereas the number of spin-up
(-down) states in the unoccupied states in the switching layer
is small (large), leading to suppression of the tunnel currents
in the AP configuration. When the bias voltage becomes
larger [the lower panel in Fig. 4(a)], the unoccupied states
of spin-up electrons in the switching layer enter the bias
window, and many conduction electrons with up spin pass
through the switching layer. As a result, owing to Hund’s
coupling between the conduction electrons with up spin and
the magnetization parallel to down spin in the switching
layer, the magnetization configuration in the MTJ can be
switched from the AP configuration to the P configuration.

Figure 4(b) represents the DOS of the P configuration
for positive bias. The main difference from the AP-to-P
case is that spin-unpolarized electron currents come from
the paramagnetic tantalum electrode toward the ferromag-
netic iron electrode through the magnetization switching
layer, which is thin enough to allow tunneling. When the bias
voltage is small [the upper panel in Fig. 4(b)], many of the
up-spin electrons flow through the MTJ because there are
many states with up spin in both the iron electrode and the
switching layer. On the other hand, many of the down-spin
electrons are reflected at the switching layer, but some
of them tunnel through. Most of the tunneling electrons
with down spin, however, are reflected at the iron electrode
because few unoccupied states with down spin are available
in the electrode. When the reflected electrons return to the
switching layer, most of them are reflected again because
of the small number of down-spin states. Considering the
magnetization behavior shown in Fig. 3, which exhibits a
relative increase in the minority spin in the switching layer,

© 2014 The Japan Society of Applied Physics
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Fig. 4. DOS at iron electrode (left) and magnetization switching layer
(right) subject to a finite bias voltage: (a) AP configuration for negative bias
and (b) P configuration for positive bias. The shape of the DOS is based on
the calculation results but has been simplified for clarity. Upper and lower
panels in (a) and (b) correspond to low bias voltage and higher bias voltage,
respectively. In (a) and (b), the shaded bands denote the bias windows, and
the shaded areas in the DOS represent the occupied states. The large arrows
in the DOS denote the total magnetization at the electrode and the switching
layer, and the arrows within the bias window in the lower panels indicate the
flow of spin-up and spin-down electrons. The width of these arrows indicates
the absolute magnitude of the electron currents. The dashed lines with arrows
at both ends represent Hund’s coupling between conduction electrons and
electrons in occupied states in the switching layer. In (b), the dotted lines
with an arrow at the end denote the reflections of spin-down electrons.

together with the electron flows described above, we can
suggest that multiple reflections occur between the switching
layer and the iron electrode. These multiple reflections in the
steady flow of spin-down electrons stimulate the magnetiza-
tion switching. The reflections are indicated by the dotted line
in the lower panel in Fig. 4(b). At a higher bias [the lower
panel in Fig. 4(b)], the electric current of spin-up electrons is
saturated by the disappearance of the unoccupied states in the
iron electrode, and that of spin-down electrons increases
monotonically because both the unoccupied states in the
electrode and the occupied states in the switching layer enter
the bias window. Because of the multiple reflections and the
increase in conduction electrons with down spin through the
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switching layer, the magnetization of the switching layer can
be switched by Hund’s coupling.

In summary, CIMS in an Fe/MgO(001)/Fe MTJ was
investigated through first-principles calculations. This study
is the first effort to examine CIMS through fully non-
equilibrium calculations. A large TMR ratio was obtained
even for an MTJ model with a tantalum paramagnetic
electrode. The magnitude of the electric current density
required for magnetization switching in the AP-to-P case was
lower than that required for the P-to-AP case. From detailed
analyses of the DOS subject to a finite bias voltage, we
clarified that the origin of the asymmetric magnetization
switching behavior is the difference in the electron scattering
processes between the switching directions.
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