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Combined methods of first-principles calculations and Landau-Lifshitz-Gilbert (LLG) macrospin
simulations are performed to investigate the coherent magnetization switching in the MgO/FePt/
Pt(001)-based magnetic tunnel junctions triggered by short pulses of electric field through the control of
magnetic anisotropy energy (MAE) electrically. First-principles calculations indicate that the MAE of MgO/
FePt/Pt(001) film varies linearly with the change of the electric field, whereas the LLG simulations show that
the change in MAE by electric field pulses could induce the in-plane magnetization reversal of the free layer
by tuning the pulse parameters. We find that there exist a critical pulse width 7,,;,, to switch the in-plane
magnetization, and this 7,,,;, deceases with the increasing pulse amplitude E,. Besides, the magnetization
orientation cannot be switched when the pulse width exceeds a critical value 7,,,,, and 7;,,,x increases
asymptotically with E,. In addition, there exist some irregular switching areas at short pulse width due to the
high precessional frequency under small initial angle. Finally, a successive magnetization switching can be
achieved by a series of electric field pulses.

pintronics has played a significant role in the development of magnetic data storage devices such as the

nonvolatile magnetic random access memories (MRAM)"* Traditional methods to control the magnet-

ization generally require external magnetic field, which is inconvenient when the magnetic cells reach
nanometer size. In the past decades, considerable interest has been stimulated to investigate the spin transfer
torque (STT) effect®*, which utilizes the spin current to switch magnetization in nanopillars with perpendicular
magnetic anisotropy’®. This strategy can overcome the limit of length/width aspect ratio in the magnetic ele-
ments with in-plane magnetization and greatly improve the data storage area density. However, it has brought
some problems in energy consumption. The critical switching current in this kind of magnetic tunnel junction
(MTT) or spin valve has the magnitude of 10" A/cm? or even higher’"". Such high current density even could bring
physical damages to the devices. Therefore, it would be of great importance to find a new stimulus to manipulate
the magnetization orientation.

Magnetization control by means of electric field is such a promising strategy to lower the energy consumption.
In order to achieve this aim, the search for fundamental and practical solution to modulate the surface/interface
magnetism by electric fields is a vital issue. Currently there exist two ways to control magnetization by electric
field. One is to explore the heterostructures with ferroelectric and ferromagnetic constituents>™"*. In these
structures an applied electric field can influence the magnetic properties of ferromagnetic compounds by either
inducing a strain in ferroelectric layers, which can be transferred into ferromagnetic compounds through the
magnetostrictive coupling'®"’, or switching the ferroelectric polarization, which affects the interfacial magnetism
through interfacial magnetoelectric (ME) effect'>'*'". Another approach is accomplishing the direct control of
magnetism in ferromagnetic metal by an electric field**-**, which is triggered by spin-dependent screening®.
Nowadays, with the development of the computer capability and the material epitaxial growth technology, many
reports have demonstrated that the applied electric fields through the above two approaches can effectively
manipulate the magnetic properties of the surface/interface and nanostructure, including the electric control
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of surface/interface magnetization , magnetic order
exchange bias®"**, Rashba spin-orbit effect’*** and magnetic aniso-
tropy energy (MAE)'****>*>* Among these properties, the MAE,
which determines the stable magnetization direction, has attracted
much more attention due to its crucial role in the study of data
storage devices with low power consumption. In experiment, up to
4.5%(1%) coercivity change of FePt(Pd) films was observed with the
applied voltage when immersed in a liquid electrolyte®. Also the
magnetic easy axis was manipulated in the dilute magnetic semi-
conductor (Ga,Mn)As*. Recently, theoretical reports indicate that
the external electric field can induce a linear change in surface MAE
of typical ferromagnetic metals*', such as Fe, Co, and related materi-
als’’, which have been proved experimentally®.

Meanwhile, it is shown that an electric field alone cannot break
time-reversal symmetry, so an assistant small magnetic field is
required when considering the electric field induced magnetization
switching. Both experimental and theoretical works have proved that
the applied electric field can successfully change the magnetization
orientation in MTJs***. It is demonstrated that in CoFeB/MgO/
CoFeB MTJ applied voltage can reduce the coercivity of the free
CoFeB layer obviously, so it only needs a small spin current
(~10* A/cm?) to switch the magnetization*. Also in FeCo/MgO/
Fe MT]J, Y. Shiota et al*' have designed a new method that electric
field pulses can change the magnetic anisotropy of FeCo and induce a
coherent precessional magnetization switching between two stable
states. After that, by inducing a change of the magnetic easy axis of a
very thin CoFeB film under the effect of electric field pulse, S. Kanai
et al.** have observed the switching of perpendicular component of
magnetization in CoFeB/MgO MT]J. Besides, through adding a
charge-trapping layer in the heterostructure, like Ag/Fe/MgO/
ZrQ,, it can provide non-volatility to ME effect and develop some
related memory devices®. Based on these accomplishments, it is
predicted that tuning the magnetic anisotropy by electric fields
would open up a new prospect for the future applications in magnetic
data storage.

To have a deeper understanding on the field control of MAE and
the dynamics of magnetization switching in the magnetic nano-
structures, we adopt a multiscale calculation method** that combines
first-principles total energy calculations and macrospin simulations
in present study. This method consists two major steps: firstly, first-
principles total energy calculations are performed to gain the electric
field dependence of the MAE of the multilayer system; then, the
macrospin model based on the Landau-Lifshitz-Gilbert (LLG) equa-
tion is employed to simulate the coherent magnetization switching
triggered by pulses of electric fields. Finally, by varying the amplitude
and width of the electric field pulse, we could obtain a clear picture to
show how the applied electric field pulses manipulate the magnet-
ization orientation.

Results

The MgO/FePt/Pt(001) film is chosen as a candidate for the first-
principles calculations. The structure is shown in the inset of
Figure 1. Here the L1, ordered FePt layer makes main contribution
in the MAE of the whole system. It has confirmed that the L1,
ordered FePt thin film has a very high perpendicular magnetic aniso-
tropy, about 1.1 meV/f. u.*’, and has been considered as a good
candidate for the ultrahigh density recording media.

We calculate the MAE for first-principles calculation based on
density functional theory (see Methods for details). Figure 1 shows
the dependence of MAE on the external electric field magnitude.
Note that the applied electric field is reduced by a factor when being
across the MgO layer, which equals to the high frequency dielectric
constant &, of MgO*°. Thus it is necessary to convert the electric field
amplitude in vacuum to the actual amplitude across the MgO layer
by dividing the &.. = 3. All the following discussions about the electric
field amplitude also consider the field in MgO. Without the applied

4.85
{5.25
480}
{5.20
475}
. 1515 =
S i i
> 4.70 lsae =
£ CR
w 4651 15.05 &
< 3
= 4.60} 15.00 <
455} {4.95
4.50 - : - 24.90
-0.2 0.1 0.0 0.1 0.2

E (VIA)

Figure 1 | Magnetic anisotropy energy (MAE) and corresponding
magnetic anisotropy density K, of MgO/FePt/Pt(001) film as a function
of applied electric field in the MgO layer. The solid blue line is a linear fit to
the calculated data. The inset shows the structure model of MgO/FePt/
Pt(001) film and the negative direction of electric field is indicated by the
black arrow.

electric field (i.e. E = 0), the calculated MAE of the system is about
4.6 meV. This value agrees well with previous theoretical works®. It
can be seen clearly that within the calculation accuracy the MAE
changes linearly with the electric field from —0.13 to 0.13 V/A.
The MAE coefficient fig is defined as fis = AK,/E, where AK, is
the change of K,, whose value is displayed at the right y-axis of
Figure 1. From the slope rate of the figure, we get s = 111.6 uJ/V
m’. Comparing the result with that for the Fe(001) surface (fs =
9.5 uJ/V m?)*'. the ME coupling in the MgO/FePt/Pt system is very
remarkable, indicating that the MAE can be manipulated in a broad
range by applying electric field. By analyzing the electron band struc-
ture, the present study indicates that the linear ME coupling effect is
mainly caused by the electric field induced modification of the rela-
tive minority electron occupation in Fe 3d orbitals, especially the d.,
and d.(,.), which lead to the change of orbital momentum therefore
the spin-orbit coupling of electrons at the surface of the conducting
magnetic layers®*.

In order to gain insight into how the magnetization dynamically
respond to the stimulus of the electric field in a full MgO-based MT]
structure, simulations based on the LLG equation have been per-
formed. The structure model is shown in Figure 2a, in which the free
layer has the structure of FePt/Pt(001) with the perpendicular easy
axis and the fixed layer is magnetized in the film-plane along y axis
direction. Here we consider the junction pillar to have an ellipse in-
plane dimension. Thus the stable state of the in-plane component of
magnetization vector in free layer is along the y axis direction, i.e., the
long axis of the ellipse, because of the shape anisotropy. All the details
for the simulation can be seen in Methods section.

The mechanism of the electric field pulse induced magnetization
switching is illustrated in Figure 2c. Without the electric field pulse,
summarizing all the other contributions lead to the effective field H,x
in the y-z plane with a tilt angle of 60° with respect to the z axis, so
that the initial equilibrium state of magnetization is along this effec-
tive field H direction (see Figure 2c). When the negative electric
field is applied, the H ywill change its direction since the electric field
contributes an additional surface perpendicular MAE, which drives
the easy axis of the effective field closer to the z direction. Conse-
quently, the magnetization then starts to precess around the new easy
axis with a tendency to align with the new effective field, as illustrated
in Figure 2c. When the electric field pulse is switched off, the restruc-
tured effective field has two possible orientations: either in the left
(brown line) or in the right (blue line) of z axis, which strongly
depends on the pulse width as well as the transient orientation of

| 4:4117 | DOI: 10.1038/srep04117

2



(a) (b)
M 0
% — free layer
5 MgO Pulse width
> .
fixed layer -E,
Time (ns)
(C) Heff
Heff : i HEH Heﬂ
: %,
> r o
PG | v M
6/ M
P
initial pulse on pulse off final

Figure 2| (a) Illustration of the typical structure of magnetic tunnel junctions for the LLG simulation. Here the red arrow in the free and the blue
arrow in fixed layer represent the respective magnetizations. (b) Shape of the applied electric field pulse used in the simulation. Ej; and 7 are the amplitude
and time width of the pulse, respectively. (c) Illustration of magnetization switching induced by the electric filed. Here the green arrow represents the new
effective filed Hgunder the electric field pulse, and the brown and blue arrows are the possible orientation of Hywith the pulse off.

the in-plane anisotropy field. As a result, the damped oscillation
drives the magnetization to its final state in parallel or antiparallel
alignment with respective to the magnetization of the fixed layer.

Two typical switching processes, i.e., parallel (P) and antiparallel
(AP), are respectively shown in Figure 3a and b, which monitor the
evolution of the y-component of the magnetization (m,). The simu-
lations start from an equilibrium state at a tilt angle of 60° with the z
axis. The initial my is parallel to the magnetization direction of the
fixed layer. Then at the time of 3 ns, we apply a single, unipolar,
rectangular-shaped electric field pulse with amplitude Ey = 0.04 V/A
and pulse width 7. As expected, when the electric field induced per-
pendicular anisotropy is switched on (labeled as “Pulse start”), m,,
exhibits a large angle oscillation due to an increase of perpendicular
K,. Here the modification of K, by the external electric field is
obtained from the first-principles calculations. As is clear from
Figure 3, different t corresponds to different final state. To be spe-
cific, when © = 35, 80 and 180 ps, the final magnetization m, is
parallel to the magnetization direction of the fixed layer, whereas
for T = 20, 55, 140, 230 ps, the final my is at antiparallel position,
i.e the in-plane magnetization of the free layer is reversed after the
application of external electric field pulse. As a comparison, the effect
of constant external electric field (infinite ) is shown as black solid
lines in both Figure 3a and 3b. The final in-plane magnetization
under the influence of constant electric field is a small but finite value
determined by the strength of the electric field, as shown in the dash
line in Figure 3a and 3b.

In order to explore the dominating factors to control the final state,
we repeat the simulations with different pulse 7 from 1 to 400 ps with
1 ps step. The results are summarized also in Figure 3. To make the
results more explicit, those T which could result in the magnetization
reversal (AP) are shown as shaded plot. As a consequence, the plot is
divided by blank (P) and shaded (AP) zones alternately. As is clear
from the figure, only electric field pulse with appropriate time width ©
could result in magnetization reversal. This finding brings two
immediate conclusions: first, there exists a minimal time width 7,;,
of the field pulse, only when t > 7., it is possible to reverse the
magnetization; second, there also exists a maximal time width 7., of
the field pulse. If the pulse width is beyond 7,,,y, the electric field
pulse will always drive my back to the P state and cannot trigger the

magnetization reversal to AP state. From the results in Figure 3a and
3b, It is found that the sign of m, at the pulse ending time is not
necessarily the final sign of my due to the large angle oscillation after
the end of the applied pulse. From equation (1) in the Methods
section, the LLG equation shows that the state of m in the next time
is not only decided by its current position but also influenced by its
variation with time t, i.e., the term dm/dt. Thus it is significant to
consider the “velocity” of the magnetization m when studying its
final state.

The existence of 7,,,x can be explained by comparing the simula-
tions under the constant electric field (the black curve in Figure 3a
and 3b) and with those under electric field pulse. It is obvious that the
oscillation amplitude of m, decreases with the time because the new
H, direction tends to be closer to the z axis due to the increased
perpendicular MAE. If the pulse duration time exceeds Tmqy my will
oscillates in a small range near the final average value, see the dash
line in Figure 3a and 3b. This indicates that m, will be trapped in P
state and have no chance to enter AP state when the electric field
vanishes. Thus it is important to tune the pulse width to realize the
magnetization switching to AP state.

We have further studied the influence of amplitude of electric field
pulse on magnetization switching. Figure 3¢ shows the critical min-
imal pulse width 7,,;, to trigger the switching and the maximal pulse
width 7., as a function with the pulse amplitude E,, respectively.
Note that 7,,;, decreases with the enhancement of E, while 7.y
increases. The main reason for behavior of 7,,, is that with the
increase of the pulse amplitude, there is a greater increase in value
of K,, and perpendicular magnetic anisotropy field Hy. According to
equation (1) in Methods section, this enhanced effect directly
improves the rotation speed of magnetization along the z axis and
thus 7,,;, reduces. For 7,,,,, the enhanced E, will increase both the
amplitude and frequency of the my oscillation during the electric
field pulse. This change can induce more switching time zone and
therefore larger 7,,,,. These results imply that we can effectively
accomplish the magnetization switching and cut down the necessary
power consumption by applying the electric field pulse.

Furthermore, in order to obtain a clear picture about the influence
of pulse width and amplitude on switching, we have simulated the
P-to-AP switching under single pulses with different width and
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Figure 3| (a) and (b) Temporal process of magnetization switching
driven by a single electric field pulse with different time widths. The initial
state is in the parallel state (m, > 0), and the electric field pulse begins at
t = 3 ns. The final state switches to AP state for T = 20, 55, 140 and 230 ps
[see the color curves in (b)] and returns to P state for t = 35, 80 and 180 ps
[see the color curves in (a)]. The black curve shows the magnetization
precession under the constant electric field, instead of electric field pulses.
The black dash line indicates the final average value of m, under the
constant electric field. The gray shadow area represents the P-AP switching
time zone when the electric field pulse ends. (c) Dependence of the critical
minimal pulse width 7.,;, and maximal pulse width 7., on the pulse
amplitude E.

amplitude. Figure 4a & 4b summarize the switching probability as
function of pulse width and amplitude, where yellow (blue) area
denotes switching AP state (no switching, P state). From Figure 4a,
for a given E,, it can be seen clearly that AP and P states happen
alternatively with the increasing 7, and also number of switching area
increases under a high E,, which all keep consistent with the results in
Figure 3. More importantly, for a short pulse width, there exist some
irregular switching regions, which indicate that we cannot control
the switching effectively in the short t ranges. One possible reason for
this is that the small initial precessional angle 0 with the z axis would
bring a high perpendicular component of Hy and this behavior
would directly increase the Larmor frequency f = y/2muyH,, where
7> doand H, are the gyromagnetic constant, permeability in vacuum
and the z component of H.g and then drive the magnetization pre-
cesses fast along the z axis during the pulse. In order to clarify the
origin of this irregular behavior, we just consider the enhanced in-
plane shape anisotropy field H;, and increase 0 from 60.5° to 83.7°.

=

(b)

100 200 500

(ps)

Figure 4 | P-to-AP Switching probability as function of the pulse width t
and amplitude E, for differnet initial precessional angle & of
magnetization with the +z direction. (a)0 = 60.5°% (b) 0 = 83.7°. Yellow
and blue region represents the switching (AP state) and no switching (P
state), respectively.

300 400

The results for this simulation are shown in Figure 4b. It is obvious
that the switching regions become regular in the range of short pulse
width, assuming that the large 0 can induce a decrease in the preces-
sion frequency and keep the magnetization switching stable in a short
time range during the pulse. Also it is noticed that the necessary pulse
amplitude to trigger the switching is enhanced for a large 0 because it
needs more increase in K, and perpendicular magnetic anisotropy
field induced by electric field to let the H close to the z axis at the
begin of switching. Therefore, we assume that it is significant to
adjust the appropriate initial angle to control the pulse width and
amplitude for the magnetization switching.

Finally, we have simulated the switching process induced by mul-
tiple pulses. Figure 5a displays the applied electric field pulses in the
time duration of 27 ns. Each pulse has an interval time of 4 ns and
keeps the same amplitude Ey = 0.04 V/A and time width = 50 ps,
shown in the inset zoom-in plot. From Figure 5b, we find that back
and forth magnetization switching can be achieved with the picose-
cond multiple electric field pulses with the same polarity. Note that
there exists a slightly small asymmetry in absolute value of my along
the two different directions. The reason for this is mainly due to the
influence of the applied external magnetic field, which has an ori-
entation at a small tilt angle (~10°) from the z direction and favors
the magnetization along the +y direction. This shows unambigu-
ously that we can repeatedly control the magnetization by appropri-
ate electric field pulses.

Discussion

In summary, we have established a linear relationship between the
MAE and the external electric field and achieved the magnetization
switching induced by electric field pulse in the MgO/FePt/Pt(001)-
based tunnel junctions through a combined strategy of first-princi-
ples and macrospin simulations. It is shown that back and forth
switching can be realized with picosecond electric field pulses of
the same polarity. The final magnetization state depends on pulse
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Figure 5| The in-plane magnetization switching by multiple pulse. (a)
The applied pulses during the switching. The inset zooms into the pulse at
the time of 15 ns with the amplitude E, = 0.04 V/A and width t = 50 ps.
Other pulses keep same in amplitude and width. (b) The magnetization
switching between P and AP states. The beginning state is the P state.

width 7 and there exist two critical pulse width values: the minimal
pulse width 7,,;, to trigger the switching and the maximal pulse width
Tmax- The minimal pulse width 7,,,;, decreases with the increasing
pulse amplitude E, while t,,, displays the opposite behavior.
Meanwhile, by simulating the switching probability as function of
pulse width and amplitude, we find some irregular switching regions
in the situation of short pulse width, which is mainly because the
small initial precessional angle leads to a high Larmor frequency and
makes the magnetization decay to z direction fast during the pulse.
Besides, it is demonstrated that a successive switching between P and
AP states happens under the effect of multiple pulses. We expect
these results to be helpful to develop the related devices in further
experimental works.

Methods

In calculation of MAE we carry out density-functional calculations by using the
projected augmented wave (PAW) method and treating the exchange correlation in
the generalized gradient approximation (GGA), as implemented in Vienna Ab-initio
Simulation Package (VASP)*. We use the energy cut-off of 500 eV for the plane wave
expansion and a 10 X 10 X 1 Monkhorst-Pack grid for k-point mesh in the self-
consistent calculations. The electric field here is introduced by the planar dipole layer
method*, and the negative electric field is defined as pointing from FePt to MgO layer
at the FePt/MgO interface. To achieve the structural optimization, all the atoms are
relaxed until their Hellman-Feynman forces are smaller than 2 meV/A. The MAE is
calculated by considering the difference between the total energies with the mag-
netization along the [100] and [001] orientations®’, in which the spin-orbital coupling
is included. The magnetic anisotropy constant K, is defined to be MAE per volume.

Because MAE has a tiny value compared with other energy of the film system, it is
necessary to keep the high accuracy in the calculation. In our test calculation it is
found that a good convergence of MAE has been accomplished at a 500 eV plane
wave expansion cut-off energy and 40 X 40 X 1 k-point mesh. Test calculation also
shows that numbers of MgO and Pt layer have slight influence on the MAE, so during
this part of work, in order to reduce the computational stress, the calculated model is
set to containing 2 unit cells MgO and 4 layers Pt [see the inset of Figure 1].

In the simulation work, we integrate the LLG equation on a single domain,
macrospin model. The simulation code is developed in-house and has been used in
our previous study®. This code now has been extended to consider the perpendicular
surface MAE effect induced by the electric field pulses. This effect of the electric field
induced magnetization dynamics of the free layer is modeled by including a change of
perpendicular anisotropy into the LLG equation

dm dm
;=7ym><Heff+ocm><ﬁ (1)
where m = M/Ms is the normalized magnetization of the free layer, o is the Gilbert
damping factor, and y is the gyromagnetic ratio. Hyis the effective field containing a
tilted magnetic anisotropy field, demagnetization field H, and the external magnetic
field H,,. The perpendicular and in-plane components of the tilted anisotropy field
are denoted by Hy and H;,,, respectively. The electric field pulse induced surface MAE
effect is introduced as a transient increment into the perpendicular anisotropy Hy. In
this study, the external field H,, = 50 mT is applied at a tilt angle of 10° from the film
normal z direction. The typical parameters of FePt are chosen: yuoM; = 1.43 T (sat-
uration magnetization), K, = 5.08 X 10° J/m’. The magnetization of the reference
layer is fixed along the +y direction. The thermal effect is ignored in this study.
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