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a b s t r a c t

The magnetization switching dynamics in ferromagnetic Cobalt nanocylinders under
mechanical loading is studied by a constraint-free phase field model, which allows the
exactly constant magnetizationmagnitude and the explicit magneto-mechanical coupling.
Results show that the single-domain switchingmode,which is of great interest formemory
technologies, exists only in small nanocylinders, and the critical radius is found to be
around 8 nm. Furthermore, a novel mechanical loading and unloading scheme, which
makes use of the overrun of magnetization during the precessional switching, is proposed
to achieve a deterministic 180° switching. The 180° switching is driven firstly by the
magneto-mechanical coupling and then by the magnetocrystalline anisotropy (Ku). The
threshold strain to induce the deterministic switching increases with Ku. The switching
time firstly decreases with increasing strain rapidly and then saturates. The results shed
light on the design of an optimum mechanically driven nanomagnets-based logic and
memory devices.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Along with the miniaturization of magnetic memory
cells, the nanomagnet-based bit patterned media (BPM)
have been a potential candidate for the next generation of
high density memory technologies [1,2]. In the BPM con-
cept, each nanomagnet saves one single bit of information.
This requires a 180° switching of the magnetization [3–7],
so that the nanomagnet changes its bit state from 0 to 1, or
vice versa.

Presently, the 180° switching of magnetization by a
magnetic field or the spin-polarized current has been the
main-stay. However, the approach by magnetic field has
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the issue of a large power consumption and the magnetic
stray fields that may affect neighboring nanomagnetic
cells [8]. The spin-polarized current induced magnetiza-
tion switching enables much smaller memory cells [9–11].
But the required current density for switching is still large
(1 MA/cm2) and can cause metal migration [6,8,9].

Electric field control of the switching in multiferroic
nanomagnets has recently received significant interests,
due to the low power consumption [12–14]. A typical
model for realizing this control is a nanomagnetic layer
mechanically coupled to an underlying piezo/ferroelectric
layer [5,6,14–22]. Thereby the magnetization in the
nanomagnetic layer is switched by the mechanical loading
transferred from the electroactive piezo/ferroelectric layer.
Unfortunately, in most of the proposed multiferroic
structures, for the steady-state consideration, mechanical
strain can only switch magnetization by 90°. If loading is
removed after the magnetization steadily reaches 90°, the
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Fig. 1. (a) The hcp Cobalt nanocylindrical model, with x3 as the easy axis of magnetization. (b) Coherent switching for r = 8 nm and h = 7.5 nm. (c)
Incoherent switching for r = 9 nm and h = 7.5 nm. The scale bar in (b) and (c) denotes the exchange energy Hexc . (d) Switching mode transition map.
magnetization has equal possibility to revert back to 0°
state and to switch by 180°. This has been demonstrated
both in theory and experiments [3,5–7,17,22].

In this letter, we demonstrate by constraint-free
phase field simulations that a mechanical strain induced
deterministic 180° can be achieved by making use of the
magnetization overrun beyond 90° during the precessional
switching. As a modal example, hexagonal close-packed
(hcp) Cobalt nanocylinders are considered. First of all,
the size limit, within which the single-domain switching
mode (coherent switching) happens, is determined. The
novel mechanical loading mechanism is then explained,
and the induced magnetization switching is simulated.
The dependence of the switching time on the mechanical
strain and the magnetocrystalline anisotropy is further
explored.

2. Model and simulation

For the study, the constraint-free phase field model is
used, which allows explicit magneto-mechanical coupling,
mechanical boundary conditions, and a straightforward re-
alization of the constraint on a constant magnetization
magnitude. It is known that when the temperature is far
below the Curie point, themagnitude of themagnetization
vector M should be constant, i.e. M = Msm with Ms being
the constant saturation magnetization and m the magne-
tization unit vector. In contrast to the conventional micro-
magnetic or phase field models, the constraint-free phase
field model takes the polar and azimuthal angles (ϑ1, ϑ2),
instead of the Cartesian components (m1,m2,m3) of vec-
torm, as the order parameters, as shown in Fig. 1(a). In this
way, the constraint on themagnitude of themagnetization
vector is fulfilled automatically, and thus no additional nu-
merical treatment on the constraint is required [23].

In the model, the total magnetic enthalpy for a hcp
crystal consists of the magnetocrystalline anisotropy
contribution Hani, the exchange contribution Hexc, the
magnetostatic contribution Hmag, the pure mechanical
contributionHmech, and themagneto-elastic coupling con-
tribution Hmag-ela, i.e.

H = Hani
+ Hexc

+ Hmag
+ Hmech

+ Hmag-ela (1)

in which

Hani
= Ku sin2 ϑ1

Hexc
= Ae(ϑ1,jϑ1,j + sin2 ϑ1ϑ2,jϑ2,j)

Hmag
= −

1
2
µ0HjHj − µ0Ms(H1 sinϑ1 cosϑ2

+H2 sinϑ1 sinϑ2 + H3 cosϑ1)

Hmech
=

1
2
C11(ε

2
11 + ε2

22) +
1
2
C33ε

2
33

+ C13(ε11ε33 + ε22ε33) + C12ε11ε22

+ 2C44(ε
2
23 + ε2

31) + (C11 − C12)ε
2
12

Hmag-ela
= B1(sin2 ϑ1 cos2 ϑ2ε11 + 2 sin2 ϑ1

× sin 2ϑ2ε12 + sin2 ϑ1 sin2 ϑ2ε22)

+ B2 sin2 ϑ1ε33 + B3 sin2 ϑ1

× (ε11 + ε22) + B4(sin 2ϑ1 sinϑ2ε23

+ sin 2ϑ1 cosϑ2ε31).

(2)

Here, C11, C12, C33, C13, and C44 are the elastic constants.
εij =

1
2


ui,j + uj,i


are the strain with ui as the mechan-

ical displacement. The Latin indices i and j run over 1–3.
Meanwhile, B1, B2, B3, and B4 are the magneto-elastic cou-
pling coefficients, Ku is the anisotropy constant, Ae is the
exchange stiffness constant, and µ0 is the vacuum perme-
ability. The magnetic field Hj = −φ,j with φ as the mag-
netic scalar potential.

With the above specified magnetic enthalpy, a combi-
nation of the configurational force balance and the second
law of thermodynamics leads to a generalized evolution
equation for the order parameters ϑ1 and ϑ2, which is [23]
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with the mobility matrix L as

Lµγ =


α − sinϑ1

sinϑ1 α sin2 ϑ1


. (4)

In the equation, ζ ex
µ is the external field, α the damping

coefficient, and γ0 = 1.76 × 1011/(T s) the gyromagnetic
ratio. The Greek indices µ and γ run over 1–2. The
comma in the subscribe denotes derivative respect to the
corresponding coordinates, and the repeated indices mean
a Einstein summation convention over the whole range of
the index. It has been examined that the above evolution
equation is equivalent to the Landau–Lifschitz–Gilbert
equation [23].

The mechanical equilibrium equation and the Maxwell
equation which governs the magnetic part are also
incorporated:

∂H

∂εij


,j

= 0 and


−
∂H

∂Hj


,j

= 0. (5)

With the six degrees of freedom [u1, u2, u3, φ, ϑ1, ϑ2]
T,

a 3D nonlinear finite element implementation is per-
formed to solve Eqs. (3) and (5) [23]. The hcp Cobalt
nanocylinder with a height h and a radius of r under me-
chanical strain along the longitude axis is simulated, as
schematized in Fig. 1(a). Thematerial parameters are taken
as [24,25]: C11 = 307 GPa, C12 = 165 GPa, C44 = 75.5 GPa,
C13 = 103 GPa, C33 = 358 GPa, B1 = −8.1 MPa, B2 =

−29 MPa, B3 = 28.2 MPa, B4 = 29.4 MPa, Ku = 6.5 ×

104 J/m3, Ms = 1.424 × 106 A/m, Ae = 3.3 × 10−11 J/m,
α = 0.01. Due to the exchange length


2Ae/(µ0M2

s ) ≈

5.1 nm [26], the finite element mesh size is chosen to be
≤2.5 nm [27].

3. Results and discussion

As a negative magnetostrictive material, hcp Cobalt re-
quires a tensile strain to switch the magnetization initially
along the strain direction. Hence, tensile strain along x3
direction (Fig. 1(a)) is applied here. The mechanically in-
duced switching behavior is dependent on the geometry
of the nanocylinders, as shown in Fig. 1(b) and (c). When
r is small, coherent switching happens where the mag-
netization is homogeneous all the time, as it is shown
in Fig. 1(b) for the case of r = 8 nm. If r increases to
9 nm in Fig. 1(c), themagnetization is inhomogeneous for a
period of time. In other words, incoherent switching hap-
pens. For the storage application, the coherent switch-
ing is of interest. A series of simulations have thus been
performed to determine the size region, within which a
coherent switching happens. As it is shown in Fig. 1(d),
the maximal radius is around 8 nm when the height of
the cylinder is less than 32.5 nm. When the radius is less
than 7 nm, coherent switching always happens. The tran-
sition maps in Fig. 1(d) give detailed information on how
to achieve different switching modes by adjusting the ge-
ometry of the nanomagnets. This is of great importance for
BPM concept, in which coherent switching in nanomag-
nets is highly recommended. By using the transition maps,
a coherent switching for BPM can be designed. For the fol-
lowing study, the cylinder with r = 8 nm, h = 10 nm is
considered.

It is well known that for a steady-state consideration,
a deterministic 90° switching can be achieved by a
mechanical strain. This consensus is also confirmed by our
dynamic simulations. Fig. 2(a) shows the 3D trajectories
of the mechanically induced switching process. After
sufficient long time, one of the four distinct magnetization
states with ϑ1 = 90°, ϑ2 = 45°, 135°, 225°, and 315°
can be reached. Fig. 2(a) also indicates that the final states
of a stable 90° switching are highly dependent on the
value of the applied strain. But this dependence seems
to follow no definite laws (Fig. 2(a)), making these final
stable states not suitable for reliable logic or memory
states. The reason for this irregular dependence from the
viewpoint of numerical simulation requires further study.
But in practice, thermal fluctuation should be a possible
reason. The strain for achieving 90° switching should be
no less than 0.17%, as shown in Fig. 2(b). It can also be
seen in Fig. 2(b) that when the strain is very small (e.g.
ε = 0.17%), the stable angle is larger than 90°. The possible
reason is that the magneto-mechanical coupling induced
magnetoelastic anisotropy in the plane of ϑ1 = 90° is
not enough to eliminate themagnetocrystalline anisotropy
along the ϑ1 = 0° direction. Thus, the overall anisotropy
direction may deviate from ϑ1 = 90°. More importantly,
due to the small damping (α = 0.01), the precessional
switching leads to oscillation, andϑ1 can run over 90°. This
is totally different from the steady-state consideration, in
which only a 90° switching is believed to occur. Due to the
dynamic precessional switching, the maximum switching
(ϑm

1 ) can reach 91°–120°. Moreover,ϑm
1 decreaseswith the

applied strain. The dynamic nature and overrun behavior
open a whole new vista for switching magnetization with
a mechanical strain.

Results show that if the strain is removed once ϑ1
reaches 90° dynamically or steadily, there is equal possi-
bility for the magnetization to revert back to 0° or switch
by 180°. Thus no deterministic 180° switching happens.
On the contrary, if the dynamic nature and overrun be-
havior of the magnetization are utilized, i.e. the strain is
removed when ϑ1 runs beyond 90°, a deterministic 180°
switching can happen. As the optimum case, the strain is
withdrawn when ϑ1 reaches its maximum value ϑm

1 . To
demonstrate the scheme, we assume here the strain is re-
moved instantly. The rate dependence of the loading and
removal of themechanical strainwill be studied in the near
future. As it is seen in Fig. 3(b), after removal of the strain,
ϑ1 is switched further to 180°. For a comparison, the case
when the strain is kept is shown in Fig. 3(a). The switch-
ing mechanism is analyzed in terms of energy evolution in
Fig. 3(c). During the stage with strain, i.e. from 0°–ϑm

1 , only
the magnetic–elastic coupling energy Hmag-ela decreases.
This suggests the magnetic–elastic coupling is the driving
force for this stage. In contrast, during the stress-free stage,
the magnetocrystalline anisotropy energy Hani is the driv-
ing force.

The dependence of the deterministic 180° switching
behavior on the strain magnitude is also investigated. As
shown in Fig. 4(a), all the temporal evolution of ϑ1 under a
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a b

Fig. 2. (a) 3D trajectories of the magnetization vector under different strain level. The inset cylinders with arrows show the initial and final magnetization
states. (b) Temporal evolution of ϑ1 under different strain level.
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Fig. 3. Strain history and temporal evolution of magnetization components under (a) 90° and (b) 180° switching. (c) Temporal evolution of energy during
a 180° switching.
strain of 0.17%–1.5% indicates an apparent 180° switching.
The value ofϑm

1 influences the switching time at the second
stage without strain, i.e. from ϑm

1 to 180°. But the total
switching time from 0° to 180° is determined by the strain
level: the total switching time decreases with increasing
strain.

The effects of strain magnitude and magnetocrystalline
anisotropy on the time for 180° switching are depicted in
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Fig. 4. (a) Temporal evolution of ϑ1 during 180° switching under Ku = 6.5 × 104 J/m3 . (b) The time for 180° switching as a function of strain and
magnetocrystalline anisotropy. The inset dotted arrows indicate the threshold strain beyond which 180° switching happens.
Fig. 4(b). Different values of Ku changing from 1.3 × 104

to 32.5 × 104 J/m3 are considered. For all the cases, the
switching time first decreases remarkably with increasing
strain and then saturates. Thus amoderate strain should be
sufficient. The minimal switching time at saturation stage
decreaseswith increasingKu. However, it seems also to sat-
urate after a certain level of Ku, as Fig. 4(b) shows. Large Ku
favors the stability of 0° and 180°magnetization state, but
increases the threshold strain for such a switching. As it is
demonstrated in Fig. 4(b), the threshold strain for the case
of Ku = 1.3× 104 J/m3 is around 0.04%, whereas 0.83% for
Ku = 32.5 × 104 J/m3. Hence, in order to simultaneously
achieve small switching time, low threshold strain, and rel-
atively high stability of magnetization state, Fig. 4(b) sug-
gests that a moderate Ku between 6.5 and 13 × 104 J/m3

seems a good choice.
It should be remarked additionally that the thermal

noise is ignored in this work. But in the practical case,
the thermal noise induces additional torque [6,28,29],
and makes magnetization vectors fluctuate with small
deviation. However, as a conservative consideration here,
it is assumed that the mechanical loading is removed
when ϑm

1 is reached. If ϑm
1 is large enough, small thermal

fluctuation cannot hamper the 180° switching. The angle
deflection by thermal fluctuation was reported to be
around 1° [28,30]. In the work here, ϑm

1 in all conditions
is large than 91°, as shown in Fig. 2(b). Therefore, ϑm

1 is
possible to overcome the thermal fluctuation. In the near
future work, quantitative study is planned for the effect of
thermal noise.

It should be alsomentioned that the precisewithdrawal
of the strain at ϑm

1 can be a technical challenge, although
it is not the intention of this work. When the mechanical
loading should be removed requires a precise feedback
circuit. A presumable scheme is building a magneto-
tunneling junction with the magnetostrictive layer as
the soft layer and monitoring its resistance. Within this
scheme, the feedback circuit introduces its own errors
and consumes a lot of power. Recently, Biswas et al. [12]
have proposed a scheme of sequential mechanical loading
by a two-phase stress, and realized the 180° switching
with nearly 100% probability with strain/stress alone and
without precise timing of the strain/stress cycle. This
scheme should be also applicable to the study here.

4. Conclusions

In summary, our phase field simulations show that by
making use of the dynamic nature and overrun behavior
of the magnetization during the precessional switching,
the mechanically induced deterministic 180° switching
can be achieved in Cobalt nanocylinders, if mechanical
strain is removed once the magnetization rotates to the
achievable largest angle away from the easy axis. The
switching process is firstly driven by the magneto-elastic
coupling and then by the magnetocrystalline anisotropy.
The threshold strain for switching increases with Ku. The
investigation on switching time suggests that moderate
strain and Ku are sufficient. Moreover, the cylinder size
limit to ensure a coherent switching model is determined.
In future work, the proposed mechanical loading scheme
will be further examined in more complex situations,
for instance, when strain ramp rate and temperature
fluctuation are also taken into account.
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