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 Design of a Voltage-Controlled Magnetic Random Access 
Memory Based on Anisotropic Magnetoresistance 
in a Single Magnetic Layer  
N

 Magnetoresistive random access memory (MRAM) devices [  1  ]  
have offered promising application potential as next-generation 
non-volatile integrated memories. In MRAM, electric current is 
employed to switch the magnetization in a magnetic-free layer, 
where overheating due to a large electric current required for 
writing is a major barrier limiting their further miniaturiza-
tion. In addition, such a switching process is slow and power 
consuming. A promising solution is to directly use a voltage 
( V ) rather than current to control the magnetization rotation 
utilizing the magnetoelectric (ME) effect. [  2–7  ]  Recently, a sort 
of prototypical  V -controlled MRAM devices, namely, the mag-
netoelectric random access memory (MERAM), have been 
proposed, [  8–15  ]  which normally combine the tri-layered magneto-
resistive (MR) element with a multiferroic (e.g., Cr 2 O 3  [  8  ,  9  ]  or 
BiFeO 3  [  10  ] ) or piezoelectric/ferroelectric (FE) layer [  11–15  ]  based 
on the giant magnetoresistance (GMR) [  16  ]  or tunneling mag-
netoresistance (TMR) [  17  ]  effect. In contrast to such multilayer 
MERAM designs, a much simpler bilayer MERAM, which 
simply consists of a single magnetic thin fi lm grown on a piezo-
electric/FE layer per bit cell, has been conceptually proposed [  18  ]  
based on the anisotropic magnetoresistive (AMR) effect [  19  ]  and 
demonstrated in principle by preliminary experiments. [  20  ,  21  ]  In 
the bilayers, the piezoelectric and/or ferroelastic strain play a 
key role in the  V -controlled magnetic domain switching. Nev-
ertheless, the detailed mechanism involved in such a strain-
mediated ME coupling still remains unclear and thus many 
questions still remain to be solved before the real application of 
such simple bilayer MERAM devices. For example, no existing 
proposals have so far achieved low power consumption, high 
storage density, and room-temperature operation all at the same 
time. An in-depth quantitative understanding of the device per-
formance (e.g., size scaling and  V -controlled domain switching 
dynamics), is still lacking. 
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 Here, we demonstrate a simple MERAM design based on a 
very simple bilayer magnetic/FE nanostructure that can simul-
taneously achieve the low power consumption, high storage 
density, and room-temperature operation. In particular, we 
present in details the  V -induced magnetization and/or magnetic 
domain switching dynamics in the multiferroic bilayer, using 
phase-fi eld simulations, [  22  ,  23  ]  whereby the device working and 
design principles are illustrated. The geometric size-dependent 
single-domain to multidomain transition in nanoscale magnetic 
thin fi lms and its infl uence on the magnetization switching are 
also investigated.   

 Figure 1  a illustrates the elementary 1-T(transistor)/1-AMR 
cell architecture of the present bilayer MERAM device. Ultralow 
power consumption can be achieved considering its full gate-
voltage-controlled write process. In particular, it has a much 
simpler stack structure than normal multilayer MERAMs. [  14  ]  
This simplicity, along with the virtually zero cross-talk among 
neighboring cells, offers a promising potential for achieving 
high storage capacity. At the heart of the present device design 
is the AMR bilayer, where a magnetic thin fi lm is grown onto a 
(011)-oriented perovskite FE (e.g., lead magnesium niobate-lead 
titanate, PMN-PT [  24  ] ) layer (or maybe (001)-oriented rhombohe-
dral FE layer with spontaneous polarization along  < 111 >  direc-
tions), as shown in Figure  1 b. A perpendicular voltage bias is 
applied to the PMN-PT layer to generate bistable in-plane ani-
sotropic piezostrains, [  25  ]  which can be mediated to its adjacent 
magnetic fi lm and further induce a 90 °  in-plane magnetization 
rotation in the latter via the strain-mediated converse ME coup-
ling at room temperature. [  7  ]   

 For illustration, polycrystalline Ni fi lm with robust mag-
netoelastic coupling [  21  ,  25  ]  is chosen as the magnetic layer and 
phase-fi eld method is used to study such  V -induced magnetiza-
tion and/or magnetic domain switching process. [  26  ,  27  ]  The tem-
poral evolution of the local magnetization and thus the domain 
structures are obtained by numerically solving the Landau–
Lifshitz–Gilbert equation (see Experimental Section) using the 
semi-implicit Fourier spectral method. [  28  ]  The magnetic fi lm 
is discretized into a 3D array of cubic grids of 64 Δ  x   ×  64 Δ  y   ×  
5 Δ  z  with fi nite-size boundary condition along the three prin-
ciple cubic axes. By further varying the simulation zone and/
or the grid size, magnetic fi lms of different geometric sizes can 
be investigated. Here we focus on the lateral size (length and 
width) dependence on the device performances, as small lateral 
size is highly desirable for large storage density. The fi lm thick-
ness is assumed to be as small as 5 nm (taking  Δ  z   =  1 nm in the 
real space) to facilitate an in-plane magnetization switching [  14  ]  
while would not bring about signifi cant surface anisotropy 
contribution. [  29  ]  Each simulation starts with an initial [010] 
mbH & Co. KGaA, Weinheim 2869wileyonlinelibrary.com
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     Figure  1 .     a) Architecture of the 1-T(transistor)/1-anisotropic magnetoresistance (AMR) 
memory unit cell, where the writing voltage is applied between bitline (BL)2 and plateline (PL) 
controlled by wordline (WL) connecting to the gate of the transistor. To read, the sensing cur-
rent fl ows across the transistor and the AMR bilayer from BL2 to BL1, to examine the voltage-
induced bistable high and low resistance states. b) Schematic diagram of the basic building 
block, where a polycrystalline Ni fi lm is directly deposited on top of a (011) PMN-PT layer. A 
perpendicular voltage bias controlled by the transistor is employed to actuate a 90 °  in-plane 
magnetization switching in the upper magnetic layer. The arrows denote the magnetization 
orientations.  
magnetization distribution, which can be set by annealing the 
device in a magnetic fi eld, and proceeds for a long enough 
time to ensure a stabilized magnetization distribution, with a 
normalized time step  Δ   τ    =  0.01. The magnetic and elastic para-
meters used for simulation were described previously [  7  ,  30  ]  and 
the piezostrain data has been reported. [  25  ]  

 Shown in  Figure    2  a are the  V -induced magnetization 
switching features in polycrystalline Ni fi lms with the lateral 
sizes (length and width) varying from 32 to 192 nm. As seen, 
bistable magnetization states can be achieved by changing the 
polarity of the applied electric voltages, demonstrating the non-
volatility of the present polycrystalline Ni/(011) PMN-PT bilayer 
870 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We

     Figure  2 .     Electric-voltage induced a) magnetization switching and b) relative resistivity change 
 Δ   ρ   (%) in polycrystalline Ni fi lms with lateral sizes (length and width) of 32 nm (squares), 
64 nm (circles), 96 nm (up triangles), 128 nm (down triangles), and 192 nm (left triangles), 
respectively. The thickness of Ni fi lm is taken as 5 nm. c) (Top view) vector diagrams of the 
high remnant magnetization distributions, i.e.,  m x    =  0.9413 (32 nm), 0.9916 (64 nm), 0.8884 
(96 nm), and 0.8684 (192 nm), in the polycrystalline Ni fi lms. Color bar:  m z   denotes the normal-
ized magnetization in the out-of-plane [001] direction.  
MERAM (also see Supporting Information 
S1). Such bistable magnetization switching is 
determined by the large remnant anisotropic 
in-plane piezostrain states (i.e.,   ε  p   22  –   ε  p   11 , see 
Experimental Section) of about  + 700 ppm and 
–700 ppm, which are obtained by applying 
negative and positive voltage biases to a par-
tially poled (011) PMN-PT layer [25], respec-
tively. Specifi cally, the high and low remnant 
 m x  , i.e., the normalized magnetization in the 
in-plane [100] direction, are 0.9916 and 0 at 
zero voltage, respectively, for the Ni fi lm with 
a lateral size of 64 nm, indicating an in-plane 
magnetization rotation of around 83 ° . This is 
much larger than the electric-fi eld-induced 
30 °  in-plane magnetization rotation experi-
mentally observed in a continuous polycrys-
talline Ni fi lm [  25  ]  grown on (011) PMN-PT 
(see Supporting Information S2). Such in-
plane magnetization switching would further 
lead to the resistively change in the Ni fi lm 
based on AMR effect,
 ρ (mx) = ρ⊥
(
1 + ρAMRm2

x

)
  (1)   

   Here   ρ ⊥      denotes the initial low resistivity state where the 
magnetization  M  is perpendicular to the sensing current  I  sen  
(Figure  1 b), and   ρ   AMR  is the maximum AMR ratio, that is, the 
relative resistivity change between the perpendicular and par-
allel (i.e.,  M || I  sen ) confi gurations. By taking   ρ   AMR  as 3.13% for 
polycrystalline Ni fi lms, [  21  ]  the lateral-size dependent  V -induced 
relative resistivity changes are plotted in Figure  2 b. Among 
them, the Ni fi lm with lateral size of 64 nm exhibits the highest 
resistivity change of about 3.08% at  V   =  0, corresponding to the 
largest in-plane magnetization rotation. In comparison, the Ni 
in
fi lms with both smaller (32 nm) and larger (96, 
128, and 192 nm) lateral sizes show a decrease 
in resistivity. In the 32 nm case, the magnetic 
fi lm is in a single-domain state and in-plane 
magnetization switching could be hampered 
by the enhanced lateral magnetostatic energy 
density (i.e., larger  F  ms  per volume, see Sup-
porting Information S3); while in the latter 
case, the magnetic fi lms are in multidomain 
states and the rotation could be pinned by the 
domain walls, thus both cases show smaller 
resistivity changes (Figure  2 b). This can be evi-
denced by the variation trend of the high rem-
nant  m x   which fi rst increases then decreases 
with the lateral size increasing from 32 to 192 
nm (Figure  2 a), as directly illustrated by their 
corresponding magnetic vector diagrams in 
Figure  2 c. From Figure  2 c, it can be clearly 
seen that a single-domain to multidomain 
transition emerges between 64 and 96 nm 
(also see Supporting Information S4).   

 Figure 3  a further shows the lateral size-
dependent changes in their corresponding 
high and low remnant  m x  , which present 
heim Adv. Mater. 2012, 24, 2869–2873
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     Figure  3 .     a) High and low remnant magnetization  m x   in polycrystalline Ni fi lms with lateral 
sizes (length and width) varying from 32 to 192 nm and thicknesses of 5 m. The shading 
indicates the single-domain to multidomain transition range. Lateral size dependence of 
b) the magnetostatic energy  F  ms  (upper panel) and the exchange energy  F  ex  (lower panel) and 
c) the  F  ms / F  ex  ratio (upper panel) and the domain wall (DW) volume fraction (lower panel). 
d) The thermal stability factor (at  T   =  298 K) and maximum resisitivity change  Δ   ρ   (%) of the 
present bilayer MERAM device as a function of the lateral size of the Ni fi lm. The dashed line 
shows the minimum thermal stability requirements for a reliable non-volatility of the bilayer 
MERAM device.  
remarkable decrease and increase, respectively, during the tran-
sition range between 64 and 96 nm, resulting in a signifi cant 
reduction in the maximum resistivity change (see  Equation (1)  
and Figure  2 b). Then both the high and low  m x   start to decrease 
when the lateral size exceeds 96 nm, whereas the latter is 
more remarkable (see Figure  3 a) and thereby leads to a slight 
increase in the maximum resistivity change from 96 to 192 nm 
(see Figure  2 b). Such changes can be understood as a result 
of competition between the magnetostatic energy  F  ms  and the 
exchange energy  F  ex  (see Figure  3 b). For Ni fi lms with smaller 
lateral sizes (e.g., 32 and 64 nm), the short-range  F  ex  is much 
higher than  F  ms , whereby all the magnetic vectors can be locked 
together to become a single domain. However, the long-range 
 F  ms  would start to take over as lateral sizes increases (i.e., with 
an  F  ms / F  ex  ratio over 0.9% when exceeding 88 nm, see the upper 
panel of Figure  3 c), leading to the presence of non-uniform 
magnetization distributions (i.e., different domains). Note that 
 F  ex  herein, normally termed as the interfacial or gradient energy 
in a phase-fi eld model, [  22  ,  23  ]  should correspond to the domain-
wall energy as the domain-wall structure emerges. Therefore, it 
shows a moderate increase as the lateral size increases from 32 
to 64 nm, and then grows more signifi cantly after 72 nm (see 
the lower panel of Figure  3 b) where the domain-wall structures 
start to emerge. Furthermore, we plot the domain-wall volume 
fraction as a function of lateral size (see the lower panel of 
Figure  3 c), which bears a strong resemblance to the variation 
trend of the low remnant magnetization  m x   (Figure  3 a), dem-
onstrating the dominative role of the domain wall pinning force 
during the  V -induced magnetization switching process.  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 2869–2873
 Accordingly, the lateral size dependence 
of the maximum resistivity change of the 
present bilayer MERAM device is summa-
rized in Figure  3 d, with their thermal stability 
factors shown for comparison. The latter 
is another important attribute for memory 
device, defi ned as  F / k  B  T , where  F   =   f  barrier  V  m  
is the energy barrier that separates the bistable 
magnetization states ( V  m  denotes the volume 
of the magnetic layer,  k  B  the Boltzmann con-
stant, and  T  the temperature taken as 298 K). 
To ensure a reliable non-volatility, the thermal 
stability factor is normally required to be 
higher than 40. [  31  ]  For the present bilayer 
MERAM device, the barrier potential energy 
 f  barrier  can be estimated by calculating the 
free energy difference at  V   =  0, which mostly 
results from the elastic energy in terms of the 
 V -induced bistable piezostrains. [  25  ]  This fea-
ture is quite different from normal MRAMs [  31  ]  
and previous bilayer MERAM designs that 
use epitaxial magnetic thin fi lms, [  18  ]  whereby 
the intrinsic magnetocrystalline anisotropy 
energy serves as the energy barrier. 

 However, these two device attributes (ratio 
of resistivity change and thermal stability 
factor) cannot be simultaneously optimized. 
As illustrated in Figure  3 d, single-domain 
Ni fi lms (i.e., 32  ×  32  ×  5 nm 3  and 64  ×  64  ×  
5 nm 3 ) generally exhibit higher resistivity 
changes but with thermally stability factors lower than 40. To 
compromise, Ni fi lms with a geometric size of 104  ×  104  ×  
5 nm 3  might be suitable for the present bilayer MERAM device, 
exhibiting a thermal stability factor of 41.3 and a resistivity 
change of around 2%. By assuming a typical channel length of 
45 nm for the connecting transistor, the lateral size of 104 nm 
for the upper Ni/PMN-PT bilayer can in principle yield a storage 
density as high as 64 Gb in.  − 2  (see Supporting Information S5), 
which is much higher than that of current MRAM. Higher 
resistivity change and thermal stability could be obtained for 
larger lateral sizes (e.g., from 128 to 192 nm, see Figure  3 d), 
but with the concomitant loss of storage density. 

 Now let us turn to the  V -induced dynamic magnetization 
switching in the present bilayer MERAM, whereby the device 
write-time can be estimated. [  14  ]  Shown in  Figure    4  a is the time-
dependent magnetization switching in single-domain 64  ×  64  ×  
5 nm 3  and multidomain 128  ×  128  ×  5 nm 3  Ni fi lms at  V   =  
–0.28 V. The normalized magnetization  m  x  in 64  ×  64  ×  5 nm 3  
Ni fi lms presents a remarkable fl uctuation during evolution, 
corresponding to a typical processional rotation feature in 
single-domain magnets (see illustrations in Supporting Infor-
mation S6). [  32  ]  While the multidomain 128  ×  128  ×  5 nm 3  Ni 
fi lms exhibit a much fl atter magnetization switching by virtue 
of domain-wall motion, [  33  ]  which is also faster than that by 
coherent rotation (Figure  4 a). The magnetization switching 
in single-domain magnets is thus slower than that in multi-
domain magnets, but the switching times are all below 10 ns 
(see Figure  4 b), allowing high-speed operation. [  14  ]  In the single-
domain cases, the magnetization switching in the 32  ×  32  ×  
2871wileyonlinelibrary.comheim
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     Figure  4 .     a) Time-dependent magnetization switching in single-domain 64  ×  64  ×  5 nm 3  
(squares) and multidomain 128  ×  128  ×  5 nm 3  (circles) Ni fi lms at  V   =  –0.28 V. The arrows 
indicate the time when the magnetization distribution becomes stable. b) The switching time 
of the present bilayer MERAM device as a function of the lateral size of the Ni fi lm. The shading 
indicates the single-domain to multidomain transition range. c) Non-volatile, reversible mag-
netization switching in multidomain 104  ×  104  ×  5 nm 3  Ni fi lms under square wave voltage 
pulse of (from top to bottom) 0.16 GHz, 0.08 GHz, and 0.05 GHz, respectively. d) Typical 
magnetic domain structures of 104  ×  104  ×  5 nm 3  Ni fi lms, corresponding to the bistable high 
and low  m x   in Figure  4 c. The arrows indicate the magnetization directions.  
5 nm 3  is much slower than that in 64  ×  64  ×  5 nm 3 . This can 
be attributed to the enhanced lateral demagnetization energy 
density (see Figure S3 in the Supporting Information) in the 
former, which would hamper the switching process as dis-
cussed above. On the other hand, the switching time decreases 
with increasing lateral sizes in the multidomain cases, corre-
sponding to the decrease of the domain wall volume fraction 
(see the lower panel of Figure  3 c). Somewhat irregular change 
in the switching time within the single-domain to multidomain 
transition range (Figure  4 b) is due to a complex combination 
of the coherent rotation with domain-wall motion. Further, the 
magnetization switching under AC voltages is presented by 
choosing the 104  ×  104  ×  5 nm 3  for illustration. As shown in 
Figure  4 c, the average magnetization can be reversibly switched 
between the in-plane [010] and [100] axes under high-frequency 
voltage pulses as high as 0.16 GHz, which typically allows a 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Table  1.     Comparison of the present bilayer MERAM (b-MERAM) with multilayer MERAM (m-M
voltatile integrated memory technologies. FeRAM and STT-RAM denote the ferroelectric rando
respectively. 

Flash-NAND FeRAM MRAM

Storage density  > 1 Gb  > 10 Mb 16 Mb

Write time 1 ms 10 ns 20 ns

Write energy [pJ per bit]  > 0.01 0.03 70

    a) Data taken from ref. [14].   
fast operation for the bilayer MERAM device. 
Figure  4 d illustrates the bistable magnetic 
domain structures of the 104  ×  104  ×  5 nm 3  
Ni fi lms after removing the voltage supply, 
which shows a benign thermal stability and 
does not evolve signifi cantly with time as 
well.  

 In summary, the importance of the present 
device design lies in its simple bilayer mag-
netic/FE nanostructure. Particularly, it can 
simultaneously achieve ultrahigh storage den-
sity (up to 64 Gb in.  − 2 ), ultralow energy con-
sumption (as low as 0.45 fJ per bit in terms 
of charging the FE capacitor, see Supporting 
Information S5), and high-speed operation 
(GHz) at room temperature by optimal design 
of the lateral sizes of the constituent mag-
netic thin fi lms. These device properties are 
compared with those of multilayer MERAM 
and other existing room-temperature non-
volatile integrated memories, as summarized 
in  Table    1  . Moreover, the magnetic thin fi lms 
present a single-domain to multidomain tran-
sition with increasing lateral sizes, which can 
be attributed to the competition between the 
short-range magnetic exchange energy and 
the long-range magnetostatic energy. We 
believe such simple bilayer MERAM design, 
along with the in-depth quantitative analysis, 
should facilitate future high-performance 
memory implementations and provide 
detailed insights into the magnetization switching via voltage-
induced bistable piezostrains.   

 Experimental Section 
 In the phase-fi eld approach, the magnetic domain structure is 
described by the spatial distribution of the local magnetization vectors 
 M   =   M  s  m   =   M  s ( m x  ,  m y  ,  m z  ), where  M  s  and  m  i ( i  =  x,y,z ) represent 
the saturation magnetization and the direction cosine (i.e., the 
normalized magnetization), respectively. The temporal evolution of the 
magnetization confi guration and thus the domain structure is governed 
by the Landau–Lifshitz–Gilbert equation, i.e.,

 
1 + α2

) ∂M
∂t

= −γ0M × Heff − γ0α
Ms

M × (M × Heff )
  

(2)
   

where   γ   o  and   α   are the gyromagnetic ratio and the damping 
constant, respectively, and  H  eff  is the effective magnetic fi eld, given 
heim Adv. Mater. 2012, 24, 2869–2873

ERAM) design and existing room-temperature non-
m access memory and spin-transfer-torque MRAM, 

STT-RAM m-MERAM a) b-MERAM

1 Gb  >> 1 Gb  >> 1 Gb

3–10 ns  < 10 ns  < 10 ns

0.1 1.6  ×  10  − 4 4.5  ×  10  − 4 
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by  Heff = − (1/μ0 Ms ) (∂ Ftot/∂m)  . Here   μ   o  denotes the vacuum 
permeability, and  F  tot  is the total free energy for polycrystalline magnetic 
thin fi lms,

 Ftot = Fms + Fex + Felas  (3)   

where  F  ms ,  F  ex , and  F  elas  are the magnetostatic anisotropy, magnetic 
exchange, and elastic energy, respectively.  F  elas  is given by 

Felas =
1

2

∫
ci j kl ei j ekl dV =

1

2

∫
ci j kl εi j − ε0

i j εkl − ε0
kl

)
dV

  
(4)

   

where  e ij   is elastic strain,  c ijkl   the elastic stiffness tensor, and   ε  ij   the 
total strain that can be represented as the sum of homogenous and 
heterogeneous strains following Khachaturyan’s mesoscopic elastic 
theory, [  34  ]  i.e.,  εi j = εi j + ηi j .    The heterogeneous strain   η  ij   is defi ned in 
such a way so that  ∫   V   η   ij  d V   =  0, and the homogeneous strain  εi j    describes 
the macroscopic shape change of the magnetic thin fi lm. Specifi cally, 
 ε11    and  ε22   , viz. the homogeneous strains along the two in-plane 
crystal axes, can be expressed as

 

ε11 = ε0 + ε
p
11

ε22 = ε0 + ε
p
22   

(5)
   

  Here   ε  p   11  and   ε  p   22  denote the contribution from the piezoelectric or 
ferroelastic transformation of the bottom PMN-PT layer. It is assumed 
that the PMN-PT layer (taken as 2  μ m) is much thicker than the upper 
magnetic fi lm (taken as 5 nm) to ensure a full strain transfer. [  35  ]    ε   o  is 
the biaxial residual strain resulting from the lattice and/or thermal 
mismatch, [  36  ]  which almost equals zero for a polycrystalline magnetic 
fi lm deposited at room temperature. Details on calculating  F  elas  of 
such fi lm-on-substrate system have been reported elsewhere. [  37  ]  The 
expressions for  F  ms  and  F  ex  are the same as those given in ref. [   27   ]. To 
incorporate the infl uence of the specifi c sample geometric size, a fi nite-
size magnetostatic boundary condition is used for obtaining  F  ms , with 
the demagnetization factors  N  in the magnetostatic energy calculated 
numerically. [  38  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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