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We study the effects of pulse shape on the write-error rate (WER) of perpendicularly magnetized mag-
netic tunnel junctions driven by subnanosecond voltage pulses. The WER almost monotonically increases
as the rise time of the write pulse is increased. On the other hand, a small fall time is found to reduce
the WER. These experimental results are reproduced well by numerical simulations based on macrospin
approximation. The numerical simulations reveal that a proper fall time cancels magnetization drift due to
intrinsic damping and that this contributes to the WER reduction. We demonstrate that the magnetization
dynamics can be precisely manipulated by a controlled voltage-pulse shape and also show the importance
of controlling the pulse shape for achieving a low WER.
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I. INTRODUCTION

Voltage-controlled magnetic anisotropy (VCMA) has
brought great advances in the ultralow-energy manipula-
tion of magnetization in a wide variety of material systems,
including multiferroics [1-4], ferromagnetic ultrathin
films [5-7], and ferromagnetic semiconductors [8]. The
observation of a large VCMA effect in an Fe/MgO struc-
ture [6] is especially important from a practical point
of view because this structure is compatible with con-
ventional magnetic tunnel junctions (MTIJs), which are
the central device of magnetic random-access memories
(MRAMs). The VCMA effect in Fe/MgO and related
structures can mostly be explained as the sum of selec-
tive electron/hole doping in the d-electron orbitals and
the induction of a magnetic dipole moment [9—13]. This
VCMA mechanism makes it possible to manipulate mag-
netization under high frequency in the gigahertz regime as
has been demonstrated in ferromagnetic resonance experi-
ments [14,15].

The applicability of the VCMA effect has further been
broadened by the demonstration of magnetization switch-
ing in MTJs by application of subnanosecond pulsed
voltage [16,17]. The magnetization switching is driven
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by the VCMA-induced effective field change associated
with the charge accumulation; this makes it possible to
switch a magnetic element within subnanoseconds at an
energy cost of less than 10 fJ per bit [18,19]. These
properties of voltage-driven magnetization switching are
highly beneficial for MRAMs, for which there are grow-
ing demands for a high switching speed as well as a
low write energy. To develop an energy-efficient voltage-
driven MRAM, we necessarily face the problem of high
write-error rate (WER). In previous work we achieved a
WER of 4 x 1073 in perpendicularly magnetized MTJs
(PMTIs) consisting of a MgO/FegoB,o/W structure [20].
We then achieved a reduced WER of 2 x 10~ in PMTJs
consisting of a Ta/(CosgFe79)g0B2o/MgO structure [21].
Experimental results obtained in this work show that the
WER can be reduced by increase of the thermal stability
factor A = K,V /kgT (where K,, is the uniaxial magnetic
anisotropy constant, V is the volume of the magnet, kg is
the Boltzmann constant, and 7 is temperature) of the mag-
netic free layer as well as the magnitude of the VCMA
effect.

However, there might be an alternative way of reduc-
ing the WER (e.g., by controlling the write pulse shape).
Since voltage-driven magnetization switching is mediated
by VCMA-induced ultrafast control of the perpendicu-
lar magnetic anisotropy, the WER is sensitive to the
write pulse width and the pulse amplitude [20,21]. Very
recently, it was revealed that the pulse width affects the
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transition probability of magnetization between the pre-
cession orbitals induced by thermal fluctuation [22]. In
the aforementioned studies, the effects of pulse width and
amplitude on the WER were investigated in detail; how-
ever, the relationships between the WER and other princi-
pal pulse parameters such as the rise time (¢ ) and the fall
time (#)) have yet to be addressed. In the current work,
we study the effects of voltage-pulse shape on the WERs
of PMTIJs by systematically varying s and fg; as well
as the duration of the write voltage pulse (fyuse). We find
that the WER monotonically increases as fs increases,
whereas it decreases with a moderate fg,);. We use numeri-
cal simulations to ascertain the effects of pulse shaping on
the WER.

II. EXPERIMENT

We measure the WER using a PMT]J and the microwave
circuit illustrated in Fig. 1(a). The multilayered film of
Ta(5nm)/(Cos;Feg9)g0B2o (1.1 nm)/MgO(1.4 nm)/(Coyg
Fegg)g0B20(1.4 nm) is prepared on a chemical-mechanical-
polished Si substrate with a bottom electrode with use of a
sputtering system (Canon ANELVA EC7800). The magne-
tization direction of the (CojoFego)soBog layer is fixed by a
(Co/Pt)-based perpendicularly magnetized synthetic anti-
ferromagnetic layer. The whole stack is deposited at room
temperature and is ex situ annealed in a vacuum at 250 °C
for 1 h. The film is then microfabricated into circular
PMTJs with a diameter of approximately 80 nm by con-
ventional techniques, including electron-beam lithography,
photolithography, and Ar-ion etching. More details on the
microfabrication process can be found elsewhere [21,22].
The resistance values of the PMTJs are typically
approximately 200 k€2 for the parallel-magnetization con-
figuration and approximately 350 k<2 for the antiparallel-
magnetization configuration. Voltage pulses with various
fpulse> tise> and tgy values are generated by an arbitrary-
waveform generator (AWG) with an analog bandwidth of
25 GHz (Keysight M8195A) and fed into a PMT]J through
the rf port of the bias tee after being amplified by a pream-
plifier. The microwave circuit and the PMT]J are connected
with a microwave probe. Because of the impedance mis-
match, the amplitude of the pulse voltage (Vpuise) almost
doubles at the end of the PMTJ compared with that at the
(impedance-matched) oscilloscope. This is confirmed from
a calculation that takes into account the signal transmis-
sion and reflection at each circuit component (e.g., bias tee,
PMT]J, and rf probe) as reported in Ref. [23]. The PMTJ
is dc-voltage biased and the magnetization configuration
(either parallel or antiparallel magnetization) is monitored
with a real-time oscilloscope. When the dc source is set to
—200 mV, the dc voltage at the end of PMTIJ is estimated
to be approximately —45 mV, which is about 50 times
smaller than the voltage required to induce magnetization
switching. It was confirmed from a separate measurement
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FIG. 1. (a) A PMTJ along with a microwave circuit used

for evaluating the WER. The PMTJ consists of a Ta(5
nm)/(Cos1Fego)goBao(1.1 nm)/MgO(1.4 nm) free layer and a
1.4-nm-thick (CojgFegg)g9B2o reference layer with a (Co/Pt)-
based synthetic antiferromagnetic layer. The static magnetic field
H applied during measurements has a polar angle 6 from the
perpendicular axis (z axis). (b) Voltage-pulse shapes after ampli-
fication. The inset provides definitions of fyuise, frise, frall, and
Vpulse-

that a dc voltage on the order of 10 mV has a negligible
influence on the coercivity of the (Co,Fe)B free layer [22],
and thereby its contribution to the magnetization switch-
ing can be ignored. The oscilloscope and the AWG are
synchronized by an external trigger with a frequency of 1
kHz. As necessary, the output waveform from the AWG is
checked by a digital sampling oscilloscope equipped with
a sampling module with an analog bandwidth of 50 GHz.
The WERs are measured under a tilted magnetic field H
with polar angle 6, where the in-plane component of H
(H,) determines the precessional axis of the magnetization
during #,use, Whereas the perpendicular one (/) cancels
the stray field from the reference layer and balances the
WER of parallel-to-antiparallel and antiparallel-to-parallel
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switching. The WERs are calculated from 2 x 10* to
2 x 107 trials depending on fpulse- All the experimental data
presented here are obtained from a single representative
device, but we obtain similar results from other devices
prepared on different wafers.

ITI. RESULTS AND DISCUSSION

We first check the pulse shape at the end of a rf cable
located just before the microwave probe by using the digi-
tal sampling oscilloscope. Figure 1(b) displays examples
of the measured waveforms. The polarities of the out-
put waves are inverted from those of the input waves
since we use an inverting amplifier. Although the AWG
inherently possesses a rise and fall time of approximately
0.030 ns, the variation widths of #;s. and #g; are almost
the same as designed. Therefore, below we discuss the
experimental results using nominal values of #use, frise,
and #gy for simplicity. The voltage ringing that appears
when ti. and #g; are small has a trivial effect on the
magnetization dynamics. This is because the frequency of
the ringing is about 1 order of magnitude higher (approx-
imately 25 GHz) than the Larmor precession frequency
under the measurement conditions (1-3 GHz [22]) and
thus the response of magnetization to the voltage ringing
is averaged out.

Figures 2(a) and 2(b) display, respectively, the depen-
dence of the WER on f,y1 for various #s. and #gy. Dotted
black lines represent the data obtained by our applying
square pulses (#ise = tran = 0 ns). These measurements are
performed at H = 1030 Oe and 6 = 68°, which yields
H, ~ 970 Oe and H. ~ 350 Oe. Vpys. is set to 1.53 V.
Although the displayed WER is for one of the two polari-
ties (i.e., parallel-to-antiparallel or antiparallel-to parallel-
switching) whichever WER is higher, a similar trend is
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observed for both polarities. Regardless of #s. and #g;, the
WER exhibits a minimum around fpc = 0.2 ns, which
corresponds to half the period of magnetization preces-
sion [16,17]. The local maximum in the WER visible
around fpyie = 0.15 ns is related to the thermally induced
transition of magnetization between precession orbits dur-
ing the relaxation process [22]. Several definite changes
appear in the WER on our increasing #ise and g . First,
the minimum value of the WER gradually increases as
tise Increases. Second, in contrast to the case of #e., the
minimum value of the WER is substantially reduced when
tran ~ 0.15 ns is applied. However, a further increase in zg
gives rise to an increasing minimum value of the WER.

Below we discuss the experimental results by comparing
them with the results of numerical simulations based on the
macrospin model. We solve the Landau-Lifshitz-Gilbert
equation:

dm

= —ym X Hg+ am x

- (1
dt’
where m is the magnetization unit vector, ¢ is the time, « is
the damping constant, and H . is the effective field given

by

1 dE

H. = ,
off My dm

@

where M the saturation magnetization, and £ is the energy
density expressed as

E = K,(1 —m?) — M;H,m,. 3)

During the voltage pulse, K, =0 is assumed; this
allows the magnetization in the ferromagnet to precess
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WER as a function of #,u1sc With various values of #s. (a) and #r; (b). Dotted black lines represent data obtained with square
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around H,. The following values are used as mate-
rial parameters: o = 0.1, K, = 1.1 x 10° erg/cm?, M, =
955 emu/cm?® [21], and H = H, = 970 Oe. The thermal
effects are included by our introducing a thermal agita-
tion field [24]. The ferromagnet is assumed to be 40 nm
in diameter with a thickness of 1.1 nm. The WERs are
calculated from 107 trials.

Figure 3 compares the experimental results
[Figs. 3(a)-3(d)] with the numerical simulation results
[Figs. 3(e)-3(h)]. Although there is a slight offset of #s
and fg,);, which may come from the nonzero rise and fall
times the AWG intrinsically has, a good correspondence
can be seen in the dependence of the WER on #,ye. In
the numerical simulations, the minimum value of the WER
is reduced by our introducing #z; = 0.05 and 0.1 ns and
is increased by our introducing tg; = 0.15 and 0.2 ns.
This is in contrast to the case of #s., Where the mini-
mum value of the WER shows only a monotonic increase
with increased fe. It is of great interest that numeri-
cal simulations based on a simple macrospin model can
reproduce the experimental results. Unlike the cases of
spin-transfer-torque- or magnetic-field-driven magnetiza-
tion switching, where domain-wall nucleation and prop-
agation play an important role, the voltage-torque-driven
magnetization switching is initiated by magnetization rota-
tion whose angular velocity is solely determined by the
external magnetic field [22]; that is, all the spins in the
ferromagnet rotate at the same angular velocity during the
voltage application. This means that if we start from a

uniformly magnetized state, the pulsed-voltage application
gives rise to a uniform magnetization precession without
domain-wall nucleation. Still, domain walls formed in the
initial state (i.e., before voltage-pulse application) and/or
nonuniformity of the perpendicular magnetic anisotropy
as well as the VCMA effect over a junction due to sam-
ple imperfection may result in a nonuniform magnetization
precession. Such a contribution must be treated micromag-
netically and may also become another source of write
errors. However, the good correspondence between the
experimental results and the simulation suggests that the
observed WER change can be qualitatively understood by
the use of the macrospin approximation.

To ascertain the origin of the WER reduction, we inves-
tigate the magnetization trajectory induced by the pulsed-
voltage application. Figure 4 displays the magnetization
trajectories superimposed on the magnetic energy contour
in the absence of voltage. fpuise is chosen such that it gives
a minimum WER at 300 K for each ;. and fg value.
Here ¢ is the azimuth angle from the x direction. The
energy density has one saddle point at m, = 1, one energy
maximum at m, = —1, and two minima at my = (i, 0,
+,/1 —m?) (black dots), where m, = MH,/(2K,). The
magnetization rotates around H, during #,ys. (red lines),
and once the voltage is turned off (orange dots), it starts to
relax to m_ (green lines). These numerical simulations are
performed without our including the thermal effect (i.e.,
at 7= 0 K), and hence these trajectories are perfectly
reproducible for a given initial state and pulse shape. In
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FIG. 3. Effects of #is and t; on WER: (a){(d) experimental results; (e)—(h) numerical simulation results. Blue (red) lines and

symbols represent data with #ise > 0 (zr,y > 0). Dotted black lines represent data obtained with square pulses.
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FIG. 4. Effects of #s. and fpy on magnetization trajectory. Red and green lines represent, respectively, the magnetization trajectory
during and after #,,15c. Orange dots denote the magnetization direction at the end of the voltage pulse. Black dots around m. = +1 and
—1 denote m_ and i _, respectively. ¢ is the azimuth angle from the x direction in which a static magnetic field is applied. The panels
at the bottom illustrate the relationship between the magnetization trajectory and the effective field.

other words, we would certainly obtain a WER of zero for
these three cases regardless of the difference in the mag-
netization direction at the end of the voltage pulse (m').
However, when the temperature is raised, the magnetiza-
tion trajectory deviates from the trajectory at 7 = 0 K and
the magnetization switching becomes probabilistic. The
probability that the switching will fail increases as m’ gets
higher magnetic energy.

An important thing to note is that, as displayed in
Fig. 4(a), m’ never reaches m_ or m, (which correspond
to energy minima) whatever #,ys. is chosen as long as one
uses square pulses. This is because, in the case of square
voltage pulses, the magnetization merely precesses around
H, while undergoing magnetization damping. Therefore,
the magnetization gradually gets closer to m, =1 as it
undergoes precession during #,u1se. The situation is different
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FIG. 5.
(b) numerical simulation results.

if nonzero s, and/or nonzero fgy is introduced. During
tise and fg, the magnetization is subjected not only to
H, but also to the anisotropy field due to uncompensated
perpendicular magnetic anisotropy K/ (¥, t), which is given
by

2K m;

H. ..
ani Ms

“)

H,ni applies an additional torque on the magnetization
that tilts m to H, during t4s, or pulls m away from H,
during tgy, because H,, changes its polarity according
to the polarity of m,. By our introducing #j, = 0.10 ns
[Fig. 4(b)], m' comes closer to the saddle point. On the
other hand, as can be seen in Fig. 4(c), a proper gy
can compensate for the shift of magnetization due to the
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damping and one can deliver m’ to i _. The numerical sim-
ulations also explain the increase of the WER for large
trn as observed in Figs. 3(d), 3(g), and 3(h). Figure 4(d)
displays the magnetization trajectory for #g,; = 0.2 ns and
touise = 0.215 ns. Although the magnetization passes m_
during the pulse, m_ is not an energy minimum at that
moment because of the remaining VCMA effect and m’
ends up getting farther from m _.

The above discussions are validated by the plot of the
minimum value of the WER as a function of #;, and
tran- Figures 5(a) and 5(b) correspond, respectively, to
the results obtained in experiments and numerical sim-
ulations that take the thermal effects (7= 300 K) into
account. For both cases the minimum value of the WER
increases almost monotonically as #s increases. How-
ever, the dependence of the minimum value of the WER
on g 1S nonmonotonic: the minimum value of the WER
decreases when a small #g)) is introduced, and in the exper-
iments the WER is a minimum at #g; = 0.156 ns. The
numerical simulation results are slightly different; in this
case the minimum value of the WER is at tg; = 0.085
ns. These results are in good accordance with the magne-
tization trajectory shown in Fig. 4(c) for which m’ comes
closest to m_, thus further demonstrating the importance of
precisely controlling magnetization to minimize the WER.

Finally, we show in Fig. 6 the influence of varying o on
the WER reduction using pulse shaping. A similar WER
reduction is obtained regardless of the o value by the appli-
cation of a small #;. However, as shown in Fig. 7, tpy
at which the WER is a minimum becomes larger as « is
increased. It is also important to note that the magnitude
of the WER reduction becomes larger for larger «. This

shows that the present pulse-shaping method can effec-
tively mitigate the write-error increase due to intrinsically
nonzero « in ferromagnets.

IV. SUMMARY

To summarize, we investigate the effects of pulse shape
on voltage-driven magnetization switching. We find that
the minimum value of the WER monotonically increases
as tise increases but is reduced when a small #g,; is intro-
duced. The experimental results are reproduced well by
the numerical simulations, and it is found that the depen-
dence of the minimum value of the WER on ;. and
tran can be explained by magnetization-trajectory changes
due to VCMA-induced inclination of the precession axis.
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FIG. 7. Effects of pulse shaping for different o. WERpn,
minimum value of the WER.
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This shows that the trajectory of precessing magnetization
can be precisely manipulated by precisely controlling the
voltage-pulse shape. It is noteworthy that simple numerical
simulations based on the macrospin approximation suc-
cessfully reproduce the experimental results. This indicates
how useful numerical simulations are for understanding
magnetization dynamics driven by pulsed voltage and also
for finding methods of reducing the WER.
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