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We present a study of the electric-field-induced switching of magnetic memory bits exhibiting
interfacial voltage-controlled magnetic anisotropy (VCMA). Switching is analyzed in the
single-domain approximation and in the thermally activated regime. The effects of external
magnetic fields, magnitudes of the perpendicular anisotropy and VCMA effect, and voltage pulse
width on the switching voltage are discussed. Both in-plane and perpendicular magnetic
memory bits are considered. Experimental results are presented and compared to the theoretical
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773342]
model. V

I. INTRODUCTION

Recent experiments have demonstrated the possibility of
switching the free layer in magnetic tunnel junction (MTJ)
memory bits using electric fields.1–4 These demonstrations
have relied on the interfacial voltage-controlled magnetic anisotropy (VCMA) effect5–16 to modify the free layer perpendicular anisotropy as a function of applied voltage, thereby
applying an electric-field-dependent torque to the magnetization. Both precessional2,3 and thermally activated1,4 types of
switching have been demonstrated, and the effects of using
external magnetic fields or finite current flow through the
magnetic bits to assist the switching have also been
explored.4 Such voltage-controlled magnetic tunnel junctions
have thus emerged as possible candidates to succeed or complement existing current-controlled MTJs used in magnetoresistive random access memory (MRAM), where
magnetization is controlled by currents through the spin
transfer torque (STT) effect.17–22
This paper presents a theoretical study of the switching
behavior of such electric-field-controlled memory devices in
the monodomain approximation, and assesses their prospects
for use in magnetic memory arrays. The switching is treated
in the thermally activated regime, and the effect of external
magnetic fields is also considered. Both cases of in-plane
and perpendicular magnetic memory bits are considered, and
expressions are derived for the switching voltage, time, and
thermal stability. The model shows a good agreement with
experimental results.
II. VOLTAGE-CONTROLLED MEMORY DEVICES

Interfaces of ferromagnetic films with nonmagnetic
materials are known to exhibit magnetoelectric effects.5,12 In
particular, it has been demonstrated that the interface of
dielectric oxides such as MgO with metallic ferromagnets
(such as Fe or Fe-rich CoFeB) exhibits a significant perpendicular magnetic anisotropy, which has recently been used in
STT memory and oscillator devices.23–26 This perpendicular
magnetic anisotropy is also sensitive to electric fields at the
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interface (i.e., voltages applied across the dielectric oxide).5,6,12 Since the manipulation of the free layer magnetization in these devices is performed via voltage (rather than
current), the MgO layer thickness can be increased to reduce
current conductance through it, and hence reduce the effect
of STT on magnetization dynamics. Such a device can therefore be referred to as a voltage-controlled magnetic tunnel
junction, or VMTJ, to distinguish it from regular MTJs
which primarily use the STT effect for switching, although
depending on the device resistance often both effects may
contribute to device behavior simultaneously.
The VCMA effect can be utilized to switch magnetic
tunnel junctions. Fig. 1 shows a schematic representation of
VMTJs with out-of-plane (Figs. 1(a) and 1(b)) and in-plane
(Figs. 1(c) and 1(d)) magnetizations in the free and fixed
layers. Switching is accomplished by putting the free layer in
an intermediate state using an applied voltage pulse. This is
realized through the modification of perpendicular anisotropy when the voltage is applied, e.g., turning the free layer
from a stable in-plane state to a perpendicular state for a normally in-plane magnetized bit. When the voltage is removed,
the free layer will relax to one of the stable in-plane states,
which is determined by the overall magnetic field acting on
the free layer (Figs. 1(c) and 1(d)). This field may be a combination of coupling fields provided by the fixed layer (e.g.,
through dipole coupling), as well as any external fields present. The case of a perpendicularly magnetized device follows
similarly.1,4,27 In the following, we will consider the critical
voltage required for switching using this VCMA-based
approach, assuming a single-domain nanomagnet.
A. Perpendicular bits

Consider the case of a VMTJ bit with perpendicular
(out-of-plane) magnetization in both free and fixed layers
(see Figs. 1(a) and 1(b)). The thermal stability factor of such
a memory bit is given by
D ¼ Eb =kB T;

(1)

where kB is the Boltzmann constant and T is temperature.
Similar to the case of other magnetic memories,28–30 D is a
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FIG. 1. Schematic illustration of magnetic tunnel junctions switched by the combination of an applied voltage and external magnetic field, with out-of-plane
((a), (b)) and in-plane ((c), (d)) magnetization in the free and fixed layers. An applied pulse voltage modifies the anisotropy of the free layer, which then relaxes
to a (similar or different) stable state after the removal of the voltage. The final state depends on the direction of the overall magnetic field acting on the free
layer, and can be controlled by applying an external field. The role of the external field can be replaced by current-induced torques by allowing for a small leakage current to pass through the device.1,4

measure of the retention time (hence nonvolatility) of a
VMTJ device. Eb is the energy barrier between the two free
layer states, which is given by
Eb ¼

?
Hk;eff
ðVÞMs At=2;

(2)

where Ms is the free layer saturation magnetization, A is its
area, and t is its thickness. The effective perpendicular anisotropy field is given by
?
ðVÞ ¼ h?
Hk;eff
k;s ðVÞ=t  4pMs ;

(3)

where h?
k;s ðVÞ=t is the thickness-dependent interfacial perpendicular magnetic anisotropy field,23,25 which can be
modulated by the applied voltage V.6,9,15 Note that Eq. (3)
assumes the perpendicular anisotropy to be entirely interfacial in origin, as is the case in many material systems of interest.15,23–25 The energy barrier is a function of voltage, and
the standby thermal stability factor is thus determined by the
?
ð0Þ. Assuming a linear dependence of the pervalue of Hk;eff
pendicular anisotropy field on voltage,11,15 one can write the
?
interfacial anisotropy as h?
k;s ðVÞ ¼ hk;s ð0Þð1  fVÞ. Positive
?
voltages will thus reduce Hk;eff ðVÞ in this convention,
thereby contributing to thermally activated switching by
reducing the thermal stability of the perpendicular bit.31
(Experimentally, this reduction of the perpendicular anisotropy corresponds to electron accumulation near the interface.1–4,6,9,15) The parameter f quantifies the sensitivity of
the interfacial anisotropy to applied voltages, and can be
determined experimentally by voltage-dependent magnetoresistance or ferromagnetic resonance measurements.6,13,15
Note that, a more detailed analysis of the voltage-induced
dynamics should also include the second-order magnetic anisotropy, especially in cases where the first-order perpendicular anisotropy field h?
k;s ð0Þ=t and the demagnetizing field
4pMs are nearly equal in Eq. (3).15 We neglect this point in
the present work, assuming thereby that the standby condi?
ð0Þ is sufficiently far from the
tion characterized by Hk;eff
cancellation point of the first-order anisotropy and the
demagnetizing field.
The voltage-dependent thermal stability factor of the
magnetic bit is thus given by



DðVÞ ¼ Dð0Þ  Ms A fVh?
k;s ð0Þ þ tH =2kB T;

(4)



Dð0Þ ¼ h?
k;s ð0Þ  4pMs t Ms A=2kB T

(5)

where

is the standby thermal stability of the bit, and where we have
accounted for a bias field H applied externally to the bit, as
in the case of Refs. 1 and 4. Note that the direction (i.e.,
sign) of H determines the switching direction, by increasing
or decreasing DðVÞ depending on the initial state of the magnetic bit. The voltage-induced modulation of the perpendicular magnetic anisotropy hence results in a voltage-dependent
dwell time for the magnetic bit, allowing for thermally activated switching on a time scale of


(6)
sðVÞ ¼ s0 exp DðVÞ ;
where s0 is the attempt time. Hence, the thermally activated
switching time reduces as the voltage is increased. Note that
voltages of the opposite polarity will increase DðVÞ, hence
further stabilizing the bit. The critical switching voltage Vc ,
which corresponds to sðVc Þ ¼ s0 , can then be obtained from
the condition DðVc Þ ¼ 0, and is given by


ð0Þ

ð4pM
þ
HÞt
=fh?
(7)
Vc ¼ h?
s
k;s
k;s ð0Þ:
Note that the contribution of external magnetic fields is thus
not only to determine the switching direction (through the sign
of H) but also to affect the critical switching voltage. In the
limit where the VCMA effect is negligible (f  0), Eq. (4)
?
ð0Þ as
thus reduces to a critical switching field of Hc ¼ Hk;eff
expected.
The role of external fields can thus be incorporated into
this model by accounting for the magnetic field H, which
acts to reduce or increase the energy barrier, depending on
its direction with respect to the initial state of the device,
while the voltage-dependent VCMA effect acts to reduce or
increase the barrier depending only on the voltage polarity.
This is illustrated in Fig. 2.
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bit, similar to Eq. (6). The critical switching voltage Vc ,
which corresponds to sðVc Þ ¼ s0 , is thus given by


?
ð0Þ

4pM
t
(13)
Vc ¼ h?
s =fhk;s ð0Þ:
k;s

FIG. 2. Schematic representation of the effect of applied voltages and magnetic fields on the energy diagram of a bi-stable magnetic bit. The external
magnetic field reduces or increases the energy barrier, depending on its
direction with respect to the initial state of the free layer, while the voltagedependent anisotropy reduces or increases it for both switching directions,
depending only on the voltage polarity.

Note that Vc in this case will have the opposite sign compared to Eq. (7), as expected. Note also that while the shape
anisotropy field Hshape and the in-plane easy axis field H do
not directly enter the expression for switching voltage in this
case, through Eq. (10) they indirectly set a lower bound for
the critical switching voltage.

B. In-plane bits

III. DISCUSSION

The case of a voltage-controlled nanomagnet with inplane magnetizations in both free and fixed layers (see Figs.
1(c) and 1(d)) can be treated similarly. In this case, we
assume an elliptical monodomain magnetic bit, where the
energy barrier Eb (and hence the thermal stability factor) is
determined by the shape-induced anisotropy field Hshape and
is given by

Figure 3 shows the critical switching voltage Vc as a
function of the perpendicular interface anisotropy h?
k;s ð0Þ for a
perpendicular magnetic bit, as given by Eq. (7). The results
are based on a device with t ¼ 1 nm, 4pMs ¼ 1 T, the out-ofplane field H ranging from 100 Oe to 500 Oe, and experimentally accessible15 values for f ranging from 0.06 V1 to
0.12 V1. It can be seen that the externally applied magnetic
field H contributes to reducing the switching voltage. Increasing the VCMA effect (i.e., larger f) also reduces the switching
voltage as expected, and furthermore, reduces the sensitivity
of the switching voltage to the applied external field.
An important parameter which determines the scaling
behavior of nonvolatile magnetic memories is the ratio of
switching voltage (or current) over the thermal stability factor, which should ideally be minimized. For perpendicularly
magnetized voltage-controlled memory bits, Eq. (7) can be
re-written as Vc ¼ ðð2kB TDð0Þ=Ms AÞ  tHÞ=fh?
k;s ð0Þ, which,
for H  0 results in

Eb ¼ Hshape Ms At=2;

(8)

Hshape  8pMs tb=w;

(9)

in which

where w is the width of the elliptical bit, and where
b ¼ ðr  1Þ=r is a shape factor determined by the in-plane
aspect ratio r.32
In this case, since the applied voltage still only modifies
the out-of-plane anisotropy of the bit, the thermally activated
switching time is only affected by the applied voltage if the
perpendicular anisotropy is sufficiently increased, so that it
provides a lower energy barrier for switching compared to
that given by Eq. (8), such that
4pMs 

h?
k;s ðVÞ=t

< Hshape þ H:

(10)

Vc
2kB T
¼
:
Dð0Þ fMs h?
k;s ð0ÞA

(14)

As with other magnetic memories, scaling to smaller bit areas
A requires a corresponding increase in the perpendicular

Note that in this case, the magnetic bias field H is oriented
in-plane and along the easy axis of the ellipse, and for typical
experimental conditions H  Hshape . For voltages that satisfy Eq. (10), the thermal stability factor thus will become a
function of the applied voltage, and will be given by


ð0Þð1

fVÞ
Ms A=2kB T;
(11)
DðVÞ ¼ 4pMs t  h?
k;s
where
4pMs  h?
k;s ð0Þ=t > Hshape ;

(12)

in order to ensure standby stability of the bit. The voltage
bringing about switching thus has the opposite polarity compared to that of a perpendicularly magnetized bit (e.g., it is a
negative voltage for a positive f), such as to increase the perpendicular anisotropy and to bring about switching. The
voltage-induced modulation of the thermal stability thus
results in a voltage-dependent dwell time for the magnetic

FIG. 3. The switching voltage Vc (given by Eq. (7)) as a function of the perpendicular interface anisotropy h?
k;s ð0Þ for a perpendicular magnetic bit. Device parameters are t ¼ 1 nm, and 4pMs ¼ 1 T, H ¼ 100 Oe (dotted), 300 Oe
(dashed), and 500 Oe (solid). Two values for f are compared. The case of
f ¼ 0.06 V1 corresponds to a voltage-induced modulation of the anisotropy
energy by  36 fJ/(V m) for a film with t ¼ 1.5 nm, and 4pMs ¼ 1 T, and is
consistent with recent experimental reports.15
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anisotropy h?
k;s ð0Þ to maintain a constant thermal stability
Dð0Þ (hence nonvolatile retention time) of the bits. (It is also
possible to maintain a constant Dð0Þ by using materials with
a larger bulk contribution of perpendicular anisotropy, but
this reduces the VCMA parameter f, thereby increasing Vc
and resulting in a less favorable scaling behavior). Provided
that h?
k;s ð0Þ can be sufficiently increased, it is in principle
possible to maintain an approximately constant value for
Vc =Dð0Þ across technology nodes for VMTJs. It is interesting
to compare this to the corresponding scaling parameter for
perpendicular STT-based memory, which is given by Refs.
20, 23, and 28, Ic =Dð0Þ ¼ 4eakB T=hg, where Ic is the switching current, e is the electron charge, a is the Gilbert damping
constant, g is the spin-transfer efficiency, and h is the
reduced Planck constant. It can be seen that the ratio of
switching current over thermal stability in this case is largely
set by fundamental constants or by parameters with a limited
tuning range. Hence, scaling with a constant-D rule (by
increasing the perpendicular anisotropy) will lead to a constant switching current (rather than constant switching voltage) across technology nodes. This distinction may confer a
potential scalability advantage to voltage-controlled MRAM,
given that a constant-Vc =Dð0Þ scaling scenario allows for
both smaller drive transistors as well as smaller overall
switching energy of the magnetic bits as their dimensions are
reduced.
The critical switching voltage Vc is plotted as a function
of the thermal stability factor Dð0Þ in Fig. 4 for a perpendicular memory bit. Results are shown for a device with t ¼ 1 nm,
4pMs ¼ 1 T, no external field (H ¼ 0), and the VCMA parameter f ranging from 0.06 V1 to 0.24 V1. Increasing f results
in a smaller Vc for a given thermal stability, thus, pushing
the curve further towards the practically relevant area highlighted on the lower right corner of the plot (i.e., Dð0Þ > 40
and Vc < 1 V).
From Eqs. (6), (7), and (11), one can obtain an expression for the switching voltage as a function of the mean
switching time, given by
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FIG. 5. Measured switching voltages for pulse widths down to 10 ns, for a
60 nm  170 nm CoFeB-MgO voltage-controlled magnetic tunnel junction
device. Dashed lines represent the fits to Eq. (15), giving Vc;PAP ¼ 1.18 V
and Vc;APP ¼ 1.53 V.



V ¼ Vc 1  Dð0Þ1 lnðs=s0 Þ :

(15)

We compared this model to experimental switching results
obtained from nanoscale VMTJs. The results are given in
Fig. 5, which shows measured switching results for antiparallel (AP) to parallel (P) and P to AP switching in a
60 nm  170 nm bit with a resistance-area product (RA) of
1300 X lm2, i.e., >100 times larger than in typical STT
devices.29,30,33 Leakage currents in the experiment were limited to <10 lA, minimizing the effect of STT and allowing
for switching dynamics dominated by VCMA.4 Films were
deposited in a Singulus TIMARIS physical vapor deposition
system and subsequently annealed under a magnetic field of
1 T at 300  C for 2 h. The material stack consisted of Ta
(5 nm)/Co20Fe60B20
[free
layer]
(1.15 nm)/MgO/
Co60Fe20B20 [in-plane pinned layer]. Different switching
directions were realized using external fields (H ¼ þ80 Oe
and H ¼ 80 Oe for different switching directions, respectively). Figure 5 shows a good fit to the thermal activation
model of Eq. (15) for both switching directions, with critical
switching voltages of Vc;PAP ¼ 1.18 V and Vc;APP ¼ 1.53 V.
IV. CONCLUSIONS

We presented a study of the basic switching properties
of a monodomain magnetic body subject to a voltagecontrolled perpendicular magnetic anisotropy in the thermally activated switching regime. The switching voltage
depends on both the VCMA magnitude and on externally
applied magnetic fields. Both perpendicular and in-plane
magnetic bits were considered. Preliminary experimental
results were presented and compared to the model for a
nanoscale voltage-controlled magnetic tunnel junction,
exhibiting a thermally activated switching behavior under
the influence of applied voltage pulses.
FIG. 4. The switching voltage Vc as a function of the thermal stability factor
for a perpendicular magnetic bit. Device parameters are t ¼ 1 nm, and
4pMs ¼ 1 T, H ¼ 0. Four values for f are compared, indicating an improving
tradeoff between thermal stability and switching voltage with increasing f.
The highlighted area indicates Dð0Þ > 40 and Vc < 1 V which are typical
device characteristics of experimental interest.
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