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On the speed of piezostrain-mediated voltage-driven
perpendicular magnetization reversal: a computational
elastodynamics-micromagnetic phase-field study

Ren-Ci Peng!, Jia-Mian Hu?, Long-Qing Chen!? and Ce-Wen Nan!

By linking the dynamics of local piezostrain to the dynamics of local magnetization, we computationally analyzed the speed of a
recently proposed scheme of piezostrain-mediated perpendicular magnetization reversal driven by a voltage pulse in
magnetoelectric heterostructures. We used a model heterostructure consisting of an elliptical ultrathin amorphous Co,gFeggB2g
on top of a polycrystalline Pb(Zr,Ti)O3 (PZT) thin film. We constructed a diagram showing the speed of perpendicular
magnetization reversal as a function of the amplitude of the applied voltage pulse and the stiffness damping coefficient of PZT
film. In addition, we investigated the influence of thermal fluctuations on the switching speed. The analyses suggest that the
switching time remains well below 10 ns and that the energy dissipation per switching is on the order of femtojoule. The present
computational analyses can be generally used to predict the speed of piezostrain-enabled magnetization switching and magnetic
domain-wall motion, which critically determines the response time of corresponding piezostrain-enabled spintronic and magnonic

devices.
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INTRODUCTION

Magnetoelectric coupling in magnetic/dielectric heterostructures
enables ultralow-power spintronic devices by using a non-power-
dissipating electric field to control the directions and/or the transport
of spins.!> One well-pursued scheme is to use an electric field to
reverse the magnetization, suggesting applications in magnetic
memories? and logic gates.* However, this is challenging because a
time-invariant electric field cannot break the time-reversal symmetry
of magnetization.

Many experimental efforts have been made to achieve voltage-
driven magnetization reversal through electrically controlled exchange
coupling,”” charge/orbital effect'© and/or strain''~!4
interface of magnetic/dielectric heterostructures. For example, He

across the

et al> demonstrated an electrically controlled perpendicular magne-
tization reversal in ultrathin Pd/Co multilayers in the presence of a
static magnetic field by electrically reversing the uncompensated
surface magnetization of an adjacent magnetoelectric antiferromagnet
(0001)-Cr,035 and thereby the polarity of the exchange bias field at the
multilayer/Cr,O5 interface. Heron et al.” directly observed a voltage-
driven in-plane net magnetization reversal in an exchange-coupled
CoqoFey 1/BiFeO; heterostructure, which was attributed to an electric-
field-driven reversal of the canted magnetic moment on the surface

of the BiFeOs film. Shiota et al,® Kanai et al,” and Grezes et al.'”
used voltage pulses to drive magnetization reversal in magnetic tunnel
junctions in the presence of a static magnetic field, based on a
temporal change in the magnetic easy axis (EA; via charge-mediated
voltage control of magnetic anisotropy) in the magnetic-free layer.
Ghidini et al'! exploited a similar scheme to explain their direct
observation of voltage-driven reversal of local magnetization in the Ni
electrode layer of a multilayer ceramic capacitor, considering that the
magnetic EA is temporarily changed by fast strains resulting from fast
ferroelectric domain switching. In spite of these intriguing experi-
ments, voltage-driven reversal of uniform magnetization under zero
external magnetic fields, which is favorable in many magnetoelectric
device prototypes,>!> has not yet been demonstrated experimentally.

Computationally, there are several schemes'®?3 for achieving
voltage-driven in-plane magnetization reversal under zero external
magnetic fields mediated by 16,18,20,22,23
coupling.!”?! By contrast, there is only one approach?*?’ for

strain or exchange
achieving voltage-driven perpendicular magnetization reversal under
zero external magnetic fields, that is, using pulse-voltage-induced
transient strains (through converse piezoelectric effect) to temporarily
switch the perpendicular magnetic EA to the in-plane direction.
Generally, a strain-mediated voltage-driven magnetization switching
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(in-plane or perpendicular, 90° or 180°) involves the following four
coupled dynamic processes as outlined in Hu et al.%: (i) establishment
of the electric field in the piezoelectric, (ii) creation/release of strains,
(iii) transfer of strain across the magnetic/piezoelectric interface, and
(iv) strain-enabled magnetization switching in the magnet. However,
existing computational studies of strain-mediated voltage-driven
magnetization reversal (that is, 180° switching)'®!8-20:22-27 either did
not consider the influence of the dynamics of process (ii) on process
(iv)10:18-20.22-26 1 did not consider the influence of the stiffness
damping coefficient of the piezoelectric when modeling the dynamics
of process (ii).?” Furthermore, most of these studies!®18-2022.24-27 did
not consider the influence of thermal fluctuations on process (iv).
Overall, a computational model that can be used for an accurate
analysis of the speed of strain-mediated voltage-driven magnetization
reversal is still lacking.

Here we perform an accurate analysis of the speed of piezostrain-
mediated voltage-driven perpendicular magnetization reversal by
combining finite-element analyses with micromagnetic phase-field
simulations. This computational framework can be generally used to
analyze the speed of piezostrain-enabled magnetization switching and
magnetic domain-wall motion,?® which critically determines the
response time of the corresponding piezostrain-enabled spintronic
and magnonic devices. Specifically, we computationally modeled the
process (ii) by solving the elastodynamics equation in a three-
dimensional finite-element model with the non-zero stiffness damping
coefficient of the piezoelectric. The obtained temporally changing
piezostrains are then fed into a micromagnetic phase-field model for
simulating process (iv) with and without thermal fluctuations. The
simulation results indicate that both the stiffness damping coefficient
of the piezoelectric and the thermal fluctuations substantially affect the
speed of reversal. Notably, in some cases, a non-zero stiffness damping
of the piezoelectric can lead to a somewhat counterintuitive finding:
a larger driving voltage decreases the speed of reversal.

Our analyses will also show that the time required by processes (i)
and (iii) is negligible in the proposed model magnetic/piezoelectric
heterostructure consisting of a 1.1-nm-thick elliptical amorphous
CoyoFegoByo (CoFeB) nanomagnet fabricated on a 400-nm-thick poly-
crystalline Pb(Zr,Ti)O3 (PZT) thin film (see the schematic in Figure 1a).
Note that experiments have confirmed the presence of perpendicular
magnetic anisotropy in a 1.1-nm-thick amorphous CoFeB film.? This is
consistent with the surface magnetization vector distribution (see the
vector diagram in Figure la) obtained using a micromagnetic phase-
field simulation (see Methods section) using experimentally measured
material parameters (mostly from Yu et al?®) as the input.

The electrode structure shown in Figure 1a permits the generation
of a nanosecond-long pulse of uniaxial in-plane piezostrains within
the central ellipse region (that is, beneath the CoFeB) of the PZT
film surface, as demonstrated by our elastodynamics simulations
(see Methods section). According to a previously proposed
scheme,?* when the magnitude of the piezostrain is sufficiently large
to reorient the perpendicular magnetic EA to the in-plane long axis, a
full reversal of perpendicular magnetization can be achieved by
controlling the pulse duration.

METHODS

Finite-element models

The equilibrium surface distributions of electric fields and piezostrains
(in Figure 1) were obtained by steady-state analysis as implemented in the
commercial COMSOL Multiphysics software package (COMSOL Group,
Stockholm, Sweden). Details regarding obtaining such equilibrium distributions
have been described in our previous work.??
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The generation (release) of the local strain on the PZT film surface
on application (removal) of a driving voltage was simulated using the
time-dependent analysis module in COMSOL. The temporal evolution of
piezostrains under a driving voltage pulse can be modeled by solving the
following coupled equations:

&u o O[cF (e — %))

W_V(GJ@B P ), (1a)
o =ce—elE, (1b)
e= (Vu + (vu)"‘) /2, (1¢)
V-D = V- (eg + koK E) = 0, (1d)

where p is the density of PZT (=7.5x10°kgm™3), u is the mechanical
displacement, o is the stress tensor, the stiffness-damping coefficient in Raleigh
damping = (1/(,Q) (Nader et al.>®) was calculated to be approximately 7 ps
using the mechanical resonance frequency (f;) of 2.2 GHz (obtained from our
own finite-element analyses) and the mechanical quality factor (Qq) of 65
(Ito and Uchino®!) for a PZT film, ¢ is the total strain, c* is the elastic stiffness
constant tensor of the PZT measured under constant electric field and E is the
spatially variant electric field, e' denotes the transpose of the piezoelectric stress
coefficient tensor e, D is the electric displacement, kj is the vacuum permittivity
and k° denotes the relative dielectric permittivity tensor measured under
mechanically clamped boundary conditions.

A cuboid-shaped space domain in COMSOL Multiphysics, with dimensions
of 3000 nm (length)x3000 nm (width) x400 nm (thickness) is used to
describe the PZT thin film. The space domain was discretized using free
tetrahedral meshes with quadratic shape functions. The elastodynamic equation
(see Equation 1a) was solved by combining the Multifrontal Massively Parallel
Sparse direct Solver with the implicit time-dependent backward differentiation
formulas solver,?? under periodic boundary conditions for u imposed on the
lateral surfaces of the space domain. In the model, the voltage applied on the
two top electrodes (Figure 1) increases linearly from 0 V to the maximum value
within 70 ps (which is an experimentally achievable rise time®) at the rate of
5ps per time step. For simplicity, the model assumes that electrostatic
equilibrium (Equation 1d) is achieved at each time step. In practice, the
time required to achieve the electrostatic equilibrium is related to the
resistance—capacitance (RC) delay time (see Discussion section below).

Micromagnetic phase-field model
The influence of piezostrains on magnetization dynamics (shown in Figure 2)
in a patterned nanomagnet was simulated using a previously developed
micromagnetic phase-field model,* which is now upgraded to a fully parallel
micromagnetic simulation package called y-Pro Mag. For model verification,
we used p-Pro Mag to solve all five standard micromagnetic problems outlined
by the micromagnetic modeling activity group (uMag) (http://www.ctcms.nist.
gov/~rdm/mumag.org.html) at the National Institute of Standards and
Technology. The results produced by u-Pro Mag (which can be accessed
through the link in http://www.ems.psu.edu/ ~chen/package/example.html) are
in good agreement with those obtained by existing micromagnetic simulation
packages, including both OOMMF?? and MuMax3.>* The unique feature of our
model (u-Pro Mag) is that it fully couples local magnetization dynamics with
elasticity, as will be discussed below.

In our model, the temporal evolution of the local magnetization vector M is
described by the Landau-Lifshitz—Gilbert equation:

oM

ot

where y; and a denote the gyromagnetic ratio and the Gilbert damping
coefficient, respectively. M, denotes the saturation magnetization of the
1.1-nm-thick amorphous CoFeB. The effective magnetic field is given by
Het = Hiperm — (1/1ty) (0F 0t/OM). Here H;erm (i=x, , 2) is a stochastic
magnetic field that couples magnetization dynamics with random thermal
fluctuations at ambient temperature,* has a zero statistical average and can be

Yo
Mx (Mx Heg), 2
MM (Mx He), ()

(1 + ocz) = —7o(Mx Heg) —
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Figure 1 (a) Schematic of a multiferroic heterostructure consisting of an amorphous elliptical CoFeB nanomagnet deposited on a polycrystalline PZT thin
film. The vector plot shows the distribution of local magnetizations (indicated by arrows) in CoFeB after application of a strong static magnetic field along the
+z direction. Distributions of (b) out-of-plane electric field (E,) and (c) in-plane piezostrain (e, =ex—¢y,) on the surface of PZT, where a static 0.90-V voltage
is applied to the two top electrodes. (d) Landscape of total free energy density of the CoFeB nanomagnet with dimensions of 300x90x 1.1 nm3 without
(top) and with (bottom) the applied static 0.9-V voltage. Corresponding orientations of the magnetic easy axis (EA) are indicated in the insets.

described as’?

20(}(3 T
Hi rm =Y H; rm =i 1Mo AVAE
(Hi sherm (step) ) = 0, H therm (step) = 1;(step) oMy AVAL

where 4 denotes the vacuum permeability, kg is the Boltzmann constant, T is
the Kelvin temperature, AV (=AxXAyxAz) is the real volume of a
discretized grid (in the unit of m?), and At denotes the real time (in the unit
of seconds) for each numerical time step. #; (i=x, y, z) is one of three
components of a random vector 7. The value of ; obeys the standard normal
distribution and changes independently at each time step.

Fiot is the total free energy of the amorphous CoFeB nanodisk, which can be
expressed as

(3)

Fior = /V(fms +fexch +felastic +finterface)dv7 (4)

where fie fexchr felastic aNd finterface are the magnetostatic, exchange, elastic and
magnetic interface energy densities, respectively. The magnetic interface energy
density fi e = Ks(1 —m2)/d corresponds to the perpendicular magnetic
anisotropy experimentally observed in a 1.1-nm-thick CoFeB film,?® where K
is the magnetic interface energy density and d is the thickness of the magnet.
Mathematical expressions and numerical solutions of the f. ., and f;,s can be
found elsewhere.?® The elastic energy density fuasic can be expressed by

— 1. . o0 _ g0
felasﬁc = 2Cijkl (8’J gij) (sk’ 8/(1)’
0_3 2 1) s
&= (o~ )i =)
0 _3 c L
& = Shsmin;, i,

5 = 5 + ephom,

where cjiy denotes the elastic stiffness coefficient of the amorphous CoFeB, sg-

describes the spontaneous deformation of a magnetized body due to
magnetostriction and A denotes the saturation magnetostriction; based on
Khachaturyan’s theory of microelasticity,*® the total strain &;; was written as the
inhom
ij ’
describing the average and local deformation in a sample, respectively.

sum of a homogeneous strain &; and an inhomogeneous strain &

The source of the average strain &; in the CoFeB magnet is the average local
piezostrain on the PZT film surface g, (=2, —%,,), see the elliptical region in
Figure 1c). Once &j is known, &"™ can be obtained by solving the mechanical
equilibrium equation V- [c,-jkw}(‘}h"m — Ciikl (821 — W)] = 0. During evolution of
the magnetization, 521‘-‘}‘0'“ was constantly updated by solving this equation.
Three-dimensional discrete grids of 160Ax x 55Ay x 25Az with real grid sizes
Ax=Ay=2.0nm and Az=0.275nm are used to describe the three-phase
system of the bottom PZT film (=17Az), its overlaying CoFeB nanomagnet
(=4Az=1.1nm) and the gas phase (including the top 4Az layers and
those surrounding the CoFeB in the middle four layers). The real grid sizes
(namely, Ax, Ay and Az) are all smaller than the exchange length®” of
CoFeB (I = (/A/ (O.S,uOMz)=4.4 nm). The shape of the CoFeB ellipse
nanomagnet is described using the shape function (x — 80Ax)*/(75Ax)* +
(y —55Ay/2)* /(75Axx r)* — 1 = 0 with the axial ratio r. The effect of the
axial ratio on magnetization switching is studied by varying the grid size or
grid numbers. The material parameters of CoFeB used for the simulations,
including the saturated magnetization, elastic stiffness coefficients, saturation
magnetostriction, gyromagnetic ratio, Gilbert damping coefficient and
exchange constant of CoFeB nanomagnet, were collected from the literature
and are as follows: M,=1.25x10°Am™" (Yu et al?); ¢;;=218.1 GPa,
€12=93.46 x 101 GPa and ¢y =62.32 GPa (Hindmarch et al3® and Wang
et al®); 2=3.7x10"° (Yu et al?); yo=1.82x10""Hz T~ ! (Yu et al?);
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Figure 2 (a) A square-wave voltage pulse with a duration of 0.97 ns (including a 0.07 ns rise and fall time) and amplitude of 0.9 V (the top panel) generates
dynamically changing strains ¢, in the CoFeB region on the PZT film surface (middle panel shows its average <ep>). Such dynamically changing strains
further enable a complete 180° perpendicular magnetization reversal repeatedly; see the temporal evolution of the average magnetization component <m;>
(i=x, ¥, 2) in the bottom panel. (b—e) Snapshots of the surface magnetization distributions during the perpendicular magnetization reversal at 1, 1.70, 1.90
and 5.36 ns, where <m,> =0.99, 0.02, —0.62 and —0.90, respectively. The color bar indicates the value of local magnetization component m,, while the
arrows denote the orientations of local magnetization vectors. The corresponding three-dimensional trajectories of magnetization reversal at these different

time stages are shown on the right.

a=0.04 (Yu et al?®); and Aix=1.9x10"1"1 Jm~140 The magnetic interface
energy density K, is approximately 1.05mJm~2. The real-time span
(At=0.07 ps) is correlated with the numerical time step (Az =0.02) through

At = At(1 + o?)/(poMs).

Linking the finite-element model to the micromagnetic phase-field
model

As mentioned above, the homogeneous strain &; in the micromagnetic
phase-field model (Equation 5) is equal to the average local piezostrain on
the PZT film surface &,. The temporal evolution of &, can be obtained from the
time-dependent finite-element model (Equations la—d). Notably, &; in the
micromagnetic phase-field model will be updated whenever &, changes. This
feature links the finite-element model to the micromagnetic phase-field model.
Specifically, the data for the temporally changing &, were fed to the z; every 5 ps
(that is, the voltage rise/fall rate) when the voltage is rising to its nominal
maximum value or falling to zero. At the rest of the time stages, &, exhibits a
relatively small variation with time. This allows us to feed the z, data with a
longer interval (every 10 ps herein) to reduce the computational cost.

RESULTS

The elliptical-cylinder-shaped CoFeB has dimensions of 300 nm
(full length of long-axis) X 90 nm (full length of short axis) X 1.1 nm
(thickness). For these dimensions, the energy barrier (=f,Vy,, where
fp represents the potential barrier and V;,, is the volume of the magnet)
between the perpendicular magnetization and an in-plane long-axis
magnetization reaches 40 kgT, which is the minimum required for
ensuring a thermally stable initial perpendicular magnetization.*!
Although a larger energy barrier will lead to a higher thermal stability
of the initially perpendicular magnetization, a larger strain will then be
required to switch the initially perpendicular magnetic EA to the in-
plane long axis (see Supplementary Figure Sla). Variation of the
thickness of the nanomagnet will modulate such an energy barrier
through the modulation of both the magnetic interface energy and the
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magnetic stray field (or demagnetization) energy.>*> On the other
hand, variation of the in-plane dimension of the nanomagnet will
modulate the energy barrier through the modulation of the magnetic
stray field energy only. The effects of the in-plane aspect ratio and
the thickness of the nanomagnet on the thermal stability factor
(=f,Vi/kgT) are shown in Supplementary Figure S1b. It is
shown that thickness (d) must not be larger than a critical value
dey = K /[0.500M3(N33 — N11) + (40kgT/ V)], where N33 and Ny,
are the analytically calculated demagnetization factors of an elliptical
cylinder.** Specifically, we obtain d<d,=1.1nm for in-plane
dimensions of 300 X 90 nm?.

We used the electrode design (see Figure la) proposed by Cui
et al.®® to obtain locally uniaxial in-plane piezostrains on the surface of
a polycrystalline piezoelectric film by applying out-of-plane driving
voltages. Figures 1b and ¢ show the equilibrium surface distributions
of the local out-of-plane electric field (E,) and local piezostrain along
the in-plane long axis (&, = &4~ ;) in response to the driving voltage
of 0.9V, respectively. As shown in Figure 1b, local electric fields
concentrate near the sharp edges of the top electrodes, but even the
largest local E, (21.9 MV m™!) is smaller than the reported dielectric
breakdown field of a 400-nm-thick PZT film (25 MV m~ !, Moazzami
et al.*%). In practice, the concentrated electric fields are expected to be
smaller in magnitude because of the rough edges. Such an inhomo-
geneous electric field induces locally tensile piezostrains within the
region of the CoFeB ellipse of, on average, approximately 1213 p.p.m.
Because of the shear-lag effect,’” these piezostrains cannot be
completely transferred to the CoFeB even when assuming a tightly
bonded interface without slipping (see the simulated nonuniform
piezostrain distribution in Supplementary Information S2). The
simulations indicate that the actual uniaxial piezostrain experienced
by the CoFeB is approximately 1034 p.p.m. (strain transfer efficiency
of ~85%). However, such strain is still sufficient to reorient the
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Figure 3 (a) Diagram showing the perpendicular magnetization switching time as a function of the amplitude of applied voltage pulse (U) and the stiffness-
damping coefficient () of the PZT film. (b, ¢) Temporal evolution of the average strain in the CoFeB region on the PZT film surface <e¢p> and the average
magnetization component <m,> during the magnetization reversal, where f=0.1, 10 and 100 ps, U=0.97 V in (b) while U=0.90, 0.97 and 0.99V and
$=30 ps in (c) The insets show the enlarged profiles of <e,> before and after turning off the voltage in (b, c), respectively. Note that the voltage is turned
off when <m,> reaches its negative minimum in all cases. The arrows mark the time when <m,> reaches —0.90 (indicated by the horizontal dashed

dotted line in the bottom panels of (b, c).

initially perpendicular magnetic EA to the in-plane x axis. The upper
and lower panels of Figure 1d display the phase-field model profiles of
the total magnetic-free energy density of the CoFeB nanomagnet
without and with the applied voltages, respectively. It can be seen that
the application of uniaxial in-plane piezostrains along the x axis
(ep=€xx~€y,) can change the global energy minima and hence the
magnetic EA from the initial out-of-plane z axis (9 =0° and 180°) to
the in-plane x axis (6=90° and ¢ =0°/180°/360°).

Figure 2a shows a dynamic piezostrain-mediated 180° perpendicular
magnetization reversal driven by a square-shaped voltage pulse with a
duration of 0.97 ns, including 70 ps for the voltage rise and fall
between 0 and 0.9 V (see top panel). Dynamic piezostrains in response
to such a voltage pulse obtained from the finite-element simulations
(see Methods section) are shown in the middle panel of Figure 2a.
Turning the voltage on at 1 ns almost instantly switches the initially
perpendicular magnetic EA to the in-plane long axis x owing to the
rapidly rising strain (that is, the strain rises to its maximum
value within 0.14 ns). As a result, the perpendicular magnetization

(see Figure 2b) starts to precess around the x axis and crosses the
horizontal plane at 1.7 ns (see Figure 2c). If the voltage is not turned
off, the magnetization vector will eventually align largely along the
x axis (that is, a 90° switching, see Supplementary Figure S3).
However, turning the voltage off when the z component of the
average magnetization (<m,>) is negative will enable a full magne-
tization reversal. For example, after the voltage is switched off when
<m,> reaches its negative maximum (at 1.90 ns, see also Figure 2d),
the residual strain quickly vanishes with oscillation. Consequently, the
perpendicular magnetic EA re-appears, and <m,> relaxes to the
nearby global energy minima (namely, —z axis) in a deterministic
manner, completing a perpendicular magnetization reversal (see
also Figure 2e). In total, a purely voltage-driven perpendicular
magnetization reversal (<m,> changing to approximately —1)
occurs within 4.36 ns, including the >90° precessional switching
driven by the 0.97-ns voltage pulse and the subsequent 3.39-ns
magnetization relaxation toward the re-appeared perpendicular mag-
netic EA. Such a voltage-driven perpendicular reversal is nonvolatile
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because the perpendicular magnetic anisotropy provides a potential
barrier separating two energetically degenerate states at <m,> =+1
and —1 (0=0° and 180° see the barrier profile in Figure 1d). Such a
reversal is also repeatable: application of another identical voltage
pulse can switch the magnetization back to the +z direction.

We now discuss how the magnitude of the applied voltage pulse (U)
and the stiffness-damping coefficient (f) of PZT thin film influence the
speed of perpendicular magnetization reversal. A diagram showing the
total switching time as a function of U (vertical axis) and /3 is calculated
through the combination of finite-element analyses and phase-field
simulations, as shown in Figure 3a. The switching time was recorded
when the initial upward magnetization rotates to a downward state where
<m,> =-0.90, as indicated by the horizontal short dashed dotted line
in the bottom panels of Figures 3b and c. Diagrams calculated using
criteria of <m,> =-0.92 and <m,> =-0.94 show the same trend as
this diagram and can be found in Supplementary Figure S5. We discuss
this diagram with respect to the following two aspects.

First, under the same U, the switching time first decreases and then
increases with increasing . When £ is small (for example, 0.1 ps), strain
relaxation after the removal of the voltage is slow (see the top panel of
Figure 3b), such that the relaxation of <m,> to the global energy
minima at — z axis is slow as well. Thus the switching time is relatively
long (see the bottom panel of Figure 3b). A moderate § (for example,
10 ps) leads to faster strain relaxation and hence faster magnetization
relaxation. Therefore, the switching time decreases. However, a relatively
large (for example, 100 ps) f would lead to a relatively large initial
residual strain after the removal of the voltage (see the inset in the top
panel of Figure 3b), which would slow down the magnetization
relaxation. Thus the switching time increases to some extent.

Second, we found that the variation trends of switching time under
the same f but with increasing U are complex. When £ is small (for

example, f=0.1ps), the switching time increases with increasing U.
This seems to be counterintuitive: a larger U leads to a larger
piezostrain, which further leads to a faster magnetization precession,
meaning that the <m,> would reach its negative maximum more
rapidly. However, the subsequent magnetization relaxation under zero
voltage becomes slower because of the increasing magnitude of the
residual strains. Thus the overall switching time becomes longer (see
Supplementary Figure S4a). Let us consider the other extreme with
relatively large /3 (for example, #=100 ps). In this case, residual strains
decrease rapidly to zero after the voltage is turned off (Supplementary
Figure S4b), so that the switching time is mainly determined by how
fast the <m,> would reach its first negative maximum rather than
by the subsequent magnetization relaxation. As discussed above, the
former process is faster under a larger U (larger piezostrain), while the
latter process is faster under a smaller U (smaller residual strain).
Therefore, the switching time decreases with increasing U. The
competition between these two processes is more evident under a
moderate f (for example, =30 ps), where the switching time first
decreases and then increases with increasing U. Notably, the shortest
switching time (=2.5 ns) appears under a moderate U (0.97 V) and a
moderate (=30 ps), where the magnitudes of both the piezostrain
(when the voltage is on) and residual strain (when the voltage is off)
are moderate. The corresponding temporal evolutions of <m,> and
the piezostrain are shown in Figure 3c.

DISCUSSION

Switching speed

Using computational modeling of the temporal strain evolution in the
PZT film on application of a 0.97- ns-duration voltage pulse and the
magnetization dynamics under such a dynamically changing strain,
we demonstrated a magnetization reversal time as low as 2.5ns.

a : b
‘| —— With thermal fluctuation

! - - -- Without thermal fluctuation 300 -
. @ f=30ps, U=0.97 V 8
1 e |
! Q

A, : S 200
v o1 ;
' o
: )
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=
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Total switching time (ns)

Figure 4 (a) Piezostrain-mediated voltage-driven perpendicular magnetization reversal (where <m,> changes from about +1 to —0.9, marked by the short
dashed dot line), with and without room temperature (300 K) thermal fluctuations, with =30 ps and U=0.97 V. (b) Corresponding statistic distribution of
the switching time from <m,> ~+1 to <m,> =-0.90 with room temperature (300 K) thermal fluctuation, obtained by repeating the simulations 1100
times under the same conditions. The results can be fitted using a normal distribution (see the solid line), yielding a mean value of 7.61 ns for the
switching time.

Table 1 Comparison of existing and emerging schemes for achieving perpendicular magnetization reversal

Current-induced magnetization reversal Voltage-driven magnetization reversal

STT mediated®35* SOT mediated?5-57 Charge mediated'©-52 Strain mediated (this work)
Switching time (ns) 1-10 0.3-1 0.5-1 2.5
Area energy dissipation per switching (J m=2) 30.2-90.3 6.72-30.1 3.1-14.2 0.05

Abbreviations: SOT, spin-orbit-torque; STT, spin-transfer-torque.
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Furthermore, the times required to establish/release electric fields on
application of the voltage (~3.4 ps) and to transfer the piezostrain
from the PZT surface to the top CoFeB (~0.2 ps) are both negligible in
the present structure. The former time is related to the RC delay (that
is, tfrc= R X C) during the PZT charging/discharging, using a typical R
of about 100 Q* and a capacitance (C=P.S/U=34fF). Here the
remnant ferroelectric polarization of PZT film with 400-nm thickness
P, is 150 fC pm ™2, the area of top electrodes S is about 0.22 pm? and
the amplitude of the voltage pulse U is 0.97 V. The time required for
the piezostrain transfer (t,) was calculated by tp=d/v,41 using the
CoFeB thickness (d) of 1.1 nm and a mechanical wave propagation
velocity in the CoFeB (v) of about 4800 m s~ .22 Taken together, the
factors reduce the overall time required to achieve a piezostrain-mediated
voltage-driven magnetization reversal to 2.5 ns in the present structure.

Now we further discuss the influence of room-temperature (300 K)
thermal fluctuations on the switching speed. As shown in Figure 4a,
the obtained switching time is approximately 7.3 ns with thermal
fluctuations, compared with 2.5 ns without thermal fluctuations. This
is mainly because the thermal fluctuations retard the relaxation of the
magnetization to its new equilibrium (where <m,> =-1). The
relaxation process starts on turning off the voltage at the negative
maximum of <m,> (indicated by the black arrows in Figure 4a).
Furthermore, simulations incorporating thermal fluctuations were
repeated for 1100 times under the same conditions to obtain a
statistical distribution of the switching times. As shown in Figure 4b,
the switching time ranges from 7.3 to 8.3 ns. Notably, the results can
be fitted using a normal distribution with the mean switching time of
7.61 ns (see the solid curve in Figure 4b). Such a statistical distribution
of the switching times is related to the normal distribution of the
random vector # in Equation 3.

Energy consumption and dissipation

For the present PZT film and electrode design, the energy
consumption per switching (~16 fJ per bit) is given by E.,, =0.5P,.SU
(Hu et al*!), with an area energy consumption (= E,,/S) of about
0.07 Jm~2. The energy dissipation of PZT (~10.6]) per switching
is calculated using Eg;s=0.5ntan(5)E.op,*® where the dielectric loss tan
(6) depends on the frequeny of the applied voltage pulse
(f=1/(2.49+16.12 ns) =53.7 MHz) and is approximately 0.42 at this
frequency.”® The corresponding area energy dissipation (= Eg;/S) in
the PZT is calculated as about 0.05J m ~2. Note that the dielectric loss
can be smaller in practice because a unipolar voltage pulse rather
than a bipolar a.c. voltage is employed in the present design, which
could further reduce the energy dissipation. Furthermore, the energy
dissipation from the damped magneitization precession can be
esitmated by Egism = Vm“x* gs‘” (‘111—’t")2d1‘,51 where V,,, is the volume
of the CoFeB nanomagnet. Using a switching time (f,) of 2.5 ns, Egjs,
m is calculated to be 6.6 x 107> f] per switching, which is negligible
compared with Eg;, the energy dissipation in the PZT.

Table 1 compares the speed and the area energy dissipation of
the present piezostrain-mediated voltage-driven perpendicular mag-
netization reversal to those of charge-mediated voltage-driven'®>? and
current-driven®*=7 perpendicular magnetization reversal mediated by
spin-transfer-torque®>>* or spin-orbit-torque.>>>’ As can be seen
from the data presented in Table 1, the switching speed of the present
scheme is comparable to those of the current-driven schemes but is
slower than that of the charge-mediated voltage-driven scheme where
a static magnetic field is typically required. Furthermore, the area
energy dissipation in the present scheme is around two orders of
magnitude smaller than that of the charge-mediated voltage-driven
scheme and is about three orders of magnitude smaller than those of
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the current-driven schemes. Optimization of materials selection can further
enhance the switching speed and reduce the areal energy dissipation.

Summary

To summarize, we used finite-element analyses to calculate the
dynamically changing piezostrain on the surface of a piezoelectric
PZT thin film upon the application of a sub-ns voltage pulse and used
a micromagnetic phase-field model to evaluate the speed of such
dynamic piezostrain-enabled perpendicular magnetization reversal in
the top magnetostrictive CoFeB ultrathin nanomagnet. Compared
with the conventional micromagnetic simulations, the micromagnetic
phase-field model enables the simulation of the coupling between
magnetization dynamics and elasticity, that is, the back-action of the
magnetization dynamics on the local strain state is considered; see the
text below Equation 5. Compared with the previous modeling studies
of piezostrain-mediated voltage-driven perpendicular magnetization
reversal,# 2 this work addresses how the dynamically changing
piezostrain and notably the stiffness damping in the piezoelectric
phase influence the magnetization dynamics and thereby the switching
speed. In particular, our results show that the switching speed is
highest (switching time ~2.5ns) when both the amplitude of the
piezostrain pulse (voltage) and the stiffness-damping coefficient of the
piezoelectric are moderately large (Figure 3a). It was also shown that
room-temperature (300 K) thermal fluctuations can significantly
reduce the switching speed, yet the switching time (~7.6ns) still
remains well below 10 ns. Compared with the perpendicular magne-
tization reversal enabled by other schemes (see Table 1), the present
piezostrain-mediated voltage-driven scheme shows a moderate switch-
ing speed but significantly lower energy dissipation. The same analyses
of the switching speed can be adopted to evaluate the response time of
other piezostrain-enabled spintronic and magnetic devices.
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