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Abstract

Ferroelectric random access memory (FeERAM) is based on the physical movement of atoms in response to
external fields, which has lower power consumption and faster writing performance than conventional flash
memory. However, the wide application of current FeERAM is limited by its low storage density. Here we
demonstrate, using phase field simulations, a new pathway towards high-density multilevel FeERAM that
exhibits significant improvement over the one level FERAM technologies. The proposed multilevel FERAM
devices employ the strain-mediated multiple vortex states of polarization to store more information, which is
based on the novel switching behavior between the single and triple vortex states under a time-dependent
magnetic field. The FERAM can store two bits per cell via four stable vortex states of polarization. As a
consequence, the areal bit densities of the polarization vortex states of the FERAM can be two times higher

than those of the one level FERAM employing single vortex state of polarization.
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Introduction

Ferroelectric random access memory (FeERAM) uses two opposite states of polarization to store information.
An external electric field can switch the polarization between the “up” and “down” states’, representing “0”
and “1”. Because of its low power consumption?, fast write performance®, and a great maximum number of
write-erase cycles®, FERAM becomes a promising candidate as a solid state universal memory’. However, the
ferroelectrics tend to stop being in the ferroelectric or rectilinear state when they are too small®, and it is
difficult to reduce the feature cell size of the ferroelectric memory compared to other universal memory

7-11

candidates” . As a result, despite its great promise, the widely commercial application of FeRAM is limited

by its low storage density>. A breakthrough for addressing this critical issue of low density in FeRAM may be

possible through a multilevel operation”*™® and using a new order parameter to store information*®’.

Due to the depolarization effect, ferroelectrics at the nanometer scale, including ferroelectric nanodisks”’,

18,19 20,21

nanodots ™, and nanotubes™ ", exhibit a novel toroidal order of polarization, in which polarization vectors
form a vortex structure with the head-to-tail polarization arrangement and a zero total net polarization. The
polarization vortex is defined as a new order parameter by the toroidal moment of polarization of
G :VEJ.V rxPdV, where P and r are the polarization and position vectors, respectively'’. The polarization
vortex has two stable states (clockwise and counterclockwise circulations), which can be switched from one
state to the other by a time-dependent magnetic field. The bistable property of the toroidal moment of
polarization can potentially be applied to store information. The advantage of using the toroidal moment of

polarization as a data bit over the rectilinear state of polarization is that the former can be stable in a much

smaller size than the latter, resulting in a higher storage density of the FeRAM"’.
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On the other hand, phase field simulations show that a transformation from the single-vortex state to a
multivortex state in the ferroelectric nanostructures subjected to a mechanical load exists*>. Controllable
transformation between the multi- and single-vortex states can provide reliable multilevel toroidal moments,
offering a unique opportunity for multilevel memory. Unlike a single-level memory cell, which can only store
1 bit per cell and is always in one of two states, programmed (0) or erased (1), a multilevel memory cell has
more than two states, because each bit in the cell is either programmed or erased. The double-level cell, for
example, has four states (00, 01, 10, and 11), which can store 2 bits per cell. The combination of the
multilevel operation and toroidal order of polarization in FERAM holds the promise to double the storage

density of the one level FeRAM that employs the single vortex state of polarization.”’

In this study, we introduce a simple and new approach towards high-density multilevel FeERAM that employs
the multiply stable vortex states of polarization to store information operated by a time-dependent magnetic
field. Due to the presence of the compressive strain, the switching between the single and triple vortex states
takes place under a curled electric field. Switching among the four stable vortex states of polarization
suggests that each cell can store two bits. Therefore, the density of the proposed multilevel FERAM is two

times higher than that of one level FERAM based on the single polarization vortex.

Results and discussion

Fig. 1a shows a three-dimensional schematic diagram of a multilevel memory cell array based on the
polarization vortex. The ferroelectric memory cells are built on a dielectric substrate and separated by

dielectric blocks. A uniaxial compressive strain in the ferroelectric memory cells is generated and maintained
3
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through the lattice mismatch®® between the ferroelectric memory cells and the underlying dielectric
substrate. The permittivity of dielectric substrate is assumed much smaller than that of the ferroelectric
memory cells, and thus the interface between the cells and substrate can be regarded as open-circuited. Due
to the open-circuited boundary condition on the surfaces and interfaces, polarization vectors will form a
vortex structure in the ferroelectric memory cells. In particular, multivortex states could appear when the
memory cells are subjected to a compressive strain. Four stable vortex states, including two single-vortex
states and two multivortex states (see the arc arrows in Fig. 1a) are possible in the ferroelectric memory cells
under the compressive strain. Furthermore, these stable vortex states can be switched from one to the other
by applying an appropriate time-dependent magnetic field, which offers a unique opportunity for developing

multilevel memory.

The switching between different states of a polarization vortex is the basis of the application of a vortex state
in nonvolatile random access memories. Studies based on the atomistic first-principles derived effective

12! show that the switching of the polarization vortex

Hamilton method** and continuum phase field mode
is completely different from the polarization switching under a uniform electric field in traditional
capacitor-type ferroelectrics. The switching process of a polarization vortex can be completed by a curled
electric field™, which is generated by a time-dependent magnetic field through the Maxwell equations, as
shown in Fig. 1b. Compared with the one level FERAM based on single polarization vortex, the present
multilevel FeERAM has four stable polarization vortex states in the absence of external electric field, which can
be used to store two data bits per cell. As a result, the storage density of the proposed multilevel FeRAM is
two times higher than that of one level FERAM based on the single polarization vortex. Furthermore, the
time dependent magnetic field is perpendicular to the surface of the bit cell, which is similar to current

perpendicular magnetic storage technology®. Therefore, the writing and reading system of the FeRAM of

polarization vortex is compatible with current perpendicular magnetic memory, which makes the proposed

4
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FeRAM applicable to practical uses and reduces the design cost.

When a time-dependent magnetic field is applied perpendicularly to the polarization vortex, a curled electric

aB(0)

5.+ Where E°" and B(t) are the curled

field is generated according to the Maxwell equation, V x E ¢%"=—
electric field and time-dependent magnetic field, respectively. The polarization vortex could be switched if
the curled electric field is antiparallel to the polarizations and exceeds a critical value. Correspondingly, the
toroidal moment of polarization, G, is switched by the time-dependent magnetic field. The change rate of
the magnetic field with time is associated with the vorticity of the curled electric field as S=— %, which is a
thermodynamically conjugated field to the toroidal moment of polarization. Analogous to the common P-E
hysteresis loop of ferroelectrics, Fig. 2 shows the response of the toroidal moment G to a cycling vorticity S
in the X; direction at room temperature in the ferroelectric memory cell subjected to different compressive
strains. When the compressive strain is small, the G-S hysteresis loop has a good rectangular shape, as shown
in Fig. 2a for the compressive strain of &;;=-0.005, which is desirable for memory applications. The
polarizations form a single vortex, which is similar to that in nanodots without a mechanical load®, indicating
that the present simulation is reliable. In the absence of a curled electric field, the single vortex can be
clockwise or counterclockwise, which generates a positive or negative toroidal moment at S=0 in the curve of
hysteresis loop, respectively. When the compressive strain increases to -0.01, the critical vorticity that
switches the vortex becomes smaller due to the formation of an intermediate triple-vortex state at point C,
as shown by the curve in Fig. 2b. The appearance of an intermediate triple-vortex state at a smaller vorticity
indicates the influence of elastic energy. When the compressive strain further increases, the single-vortex

state becomes unstable, while the multivortex states are more energetically favorable. Thus, a very small

curled field can induce a transformation from the single-vortex state to the triple-vortex state, as shown by

5
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the sudden drop of toroidal moment in Fig. 2c for the strain of -0.012. The multivortex state often results in a
smaller toroidal moment for a cell with the same size due to the cancelation of toroidal moments between
different vortices. Furthermore, the single vortex does not appear in a wide range of vorticity under a large
strain, which is shown by the small toroidal moment between -0.1 and 0.1 in Fig. 2d for the strain of -0.025.
The strain dependence of the G-S hysteresis loop indicates that a small compressive strain prefers a
single-vortex state, while a large one induces a multivortex state, which is consistent with a previous studyze.
It should be noted that both the single- and triple-vortex states can exist under a moderate strain in the
present study. In addition, the transformation between the single- and triple-vortex states can be induced by
a curled electric field, implying that the multilevel toroidal moments can be controlled by a time-dependent

magnetic field.

To realize the control of multilevel toroidal moments by using a time-dependent magnetic field, the
ferroelectric memory cell with a moderate strain of -0.01 was investigated by applying different vorticities.
When the vorticity is cycled between points E and K, a large hysteresis loop between the toroidal moment G
and vorticity S is obtained, as shown by the curve of B-C-D-E-H-I-J-K in Fig. 3a, which is the enlarged curve of
Fig. 2b. In the hysteresis loop, the single vortex formed at two stable states of points A and G with S=0, which
are shown by Fig. 3b. The counterclockwise single-vortex state at point A can be switched to the clockwise
single-vortex state at point E along the path A-B-C-D-E when the negative vorticity increases. During the
switching process, there are two intermediate triple-vortex states at points C and D. The switching from the
single vortex at point B to the triple vortex at point C is initiated by the disappearance of polarizations at the
mid-sections of the upper and lower surfaces under the external strain, as shown in Fig. 4. Interestingly, the

intermediate triple state at point C in Fig. 3a does not return to the initial single-vortex state when the
6
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negative vorticity decreases from point C to zero. Correspondingly, the toroidal moment does not decrease

along the original path C-B-A, but along a new path C-M as shown in Fig. 3a. When the vorticity decreases to

zero, the toroidal moment becomes 0.2 e/A at point M, which is much smaller than 0.9 e/A at point A. The

smaller toroidal moment is attributed to the fact that the triple-vortex structure is retained along the path

C-M, as shown in Fig. 5. The toroidal moment increases when the vorticity increases from points M to P. The

polarizations still form a triple-vortex structure although the middle vortex is smaller than the other two

vortices. If the vorticity further increases to point L, the triple-vortex state will become a counterclockwise

single-vortex state, which has a similar polarization distribution as point A. However, the triple vortex will

remain and return back to point M when the vorticity decreases from point P to zero. The transition between

different vortex states is highly dependent on the loading path. The triple-vortex state will transfer into a

clockwise single-vortex state at point E when the negative vorticity increases along the path of M-C-D-E.

When the vorticity cycles are between points F and |, the toroidal moment will change along the path of

F-E-G-H-1 and then come back along the path of I-N-O-F. As a result, a small hysteresis loop between the

toroidal moment and vorticity is obtained below the line of G=0. Similarly, a small hysteresis loop exists

between points L and C above the line of G=0. In the small hysteresis loops, two stable triple-vortex states

are obtained separately at points M and N, which are significantly different from the two single-vortex states

at points A and G, as shown in Figs. 3b. Based on the hysteresis loops, four stable vortex states can be

switched from one to the other by changing the vorticity (or the rate of the magnetic field) along different

loading paths, as indicated by the arrows in Fig. 3, and thus the reading and writing of four vortex states of

polarization can be achieved for two data bits in a single memory cell. At a constant vorticity, the writing

speed of the FeERAM is dependent on the relaxation time of ferroelectric polarization. For a larger vorticity,

the relaxation will be faster. Therefore, the higher the rate of magnetic field, the faster the writing speed of

7
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the FeRAM.

For nonvolatile memory applications, the stability of the polarization vortex is important when the external

field is absent. The formation of the vortex states of polarization involves intriguing competition between the

elastic, depolarization, and gradient energies. The vortex state of polarization has low depolarization energy,

but the elastic and gradient energies are high due to the inhomogeneous spontaneous polarization and

lattice distortion. Although the appearance of different vortex states in the cell is dependent on the initial

configuration or loading path, the minimization of total energy of the ferroelectric memory cell determines

the final stable state of the polarization vortex. Fig. 6 provides the total energies of the different vortex states

that can exist in a ferroelectric memory cell with different compressive strains in the absence of vorticity.

Compared to the triple-vortex state, the single-vortex state has a lower energy when the strain is small.

However, the energy of the single vortex increases quickly when the mechanical compressive strain increases.

At the compressive strain of -0.013, it approaches the total energy of triple vortices. Correspondingly, the

single vortex becomes unstable and vanishes when the compressive strain further increases. For the

single-vortex state, 90° domain walls appear in the closure domain structure to reduce the elastic energy and

depolarization energy, as shown in Fig. 3a. Most polarizations are parallel to the direction of the applied

uniaxial strain. When the compressive strain increases, more polarizations become perpendicular to the

direction of the applied uniaxial strain to further release the elastic energy. As a result, a triple-vortex state is

formed under large compressive strains, although the gradient energy simultaneously increases. Despite the

energy of a single vortex being lower than that of triple vortices, Fig. 6 confirms that both the single vortex

and multivortex can exist in the ferroelectric memory cell when the compressive strain is in a range between

0 and -0.013. It is the coexistence of single- and multivortex states in a range of strain that provides the
8
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opportunity for the transformation between the different vortex states under the external field.

Conclusion

We demonstrate here a simple and novel approach to create a nonvolatile high-density multilevel FeRAM
technology that uses the strain-mediated multiple polarization vortices in ferroelectrics. It should be noted that
the results reported here are obtained by using typical PbTiO3 ferroelectric material and a specific cell size as proof
of a practical concept. Further optimization on the applied strain and selection of cell materials could further
reduce the cell size and increases the number of vortex states for a higher storage density. Compared with the one
level FeERAM based on the single polarization vortex, the multilevel polarization vortex FERAM reported here has a
much higher density. Furthermore, it is operated through a time-dependent magnetic field, which is compatible
with the currently used perpendicular magnetic memory, making the FeERAM applicable to practical uses and
reduces the design cost. Therefore, it is expected that our results will stimulate further experimental and

engineering efforts on developing multilevel high-density FERAM devices.

Methods

Phase field method for ferroelectrics. In the phase field model, the electrical enthalpy density is described in
terms of a set of spatially continuous but inhomogeneous polarization P, strain €, polarization gradient
V - P, and electric field E, which can be expressed as

h=f (P) + fEIa (P,E) + fGra(V ' P) + fEIe (E, P) .

Lan

(1)
The first term on the right-hand side of Eq. (1) represents the Landau-Devonshire free-energy density. The
second term is the energy related to strain, including the pure elastic energy density and the coupling energy

density between the strain and polarization. The third term is the gradient energy, which gives the energy
9
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penalty due to the spatially inhomogeneous polarization. The last term is the electric energy density in the
presence of the electric field. The detailed expressions of these energy terms are the same as those given in
Ref. [27]. The temporal evolution of the spatially inhomogeneous polarization is obtained by solving the

time-dependent Ginzburg-Landau TDGL equation®:

(i=1, 2, 3), (2)

where L is the kinetic coefficient and F :J.v Ydv is the total free energy of the simulated system. The
free-energy density ¥ is related to the electrical (Gibbs) enthalpy density h by the Legendre
transformation h=y —D.E, , where D, and E; are the electric displacement and electric field
components, respectively. 0F /OP(r,t) represents the thermodynamic driving force for the spatial and
temporal evolution of the polarizations, r denotes the spatial vector, r:(Xl,Xz,XS), and t is time. In
addition to Eq. (2), the mechanical equilibrium equation O =0 and the Gauss law D;; =0 must be
simultaneously satisfied, since the ferroelectric memory cell is charge-free and body-force-free. The stress

and electric displacement are derived from o =0h/0g; and D; =—0ch/0E;, respectively.

Magnetic field induced polarization switching. In the simulations, all surfaces and interfaces of the
ferroelectric memory cell were assumed to be open-circuited, which is a necessary electrical boundary
condition for the formation of a polarization vortex. The strain is applied by deforming the ferroelectric cell
under an equivalent stress in the X; direction. The time-dependent Ginzburg-Landau TDGL equation,
mechanical equilibrium equation, and Gauss' equation are solved by a nonlinear finite element method®.
We employed 2048 discrete brick elements to model the ferroelectric memory cell with 32, 16, and 4
elements in the X;, X,, and X; directions, respectively. The height of the simulated memory cell is 3 nm

10



Page 11 of 19 RSC Advances

and the in-plane sizes are 26 x 13 nm. All the material constants used in the simulation are the same as those
of Ref. [19]. To avoid the numerical divergence, all the materials parameters are normalized as in Ref. [29]
and the normalized equations are solved in the simulation. The electric field E in Eg. (1) includes a common

depolarization field EY™ (uncurled field) and an applied curled electric field E®'",i.e., E=E"° +E®".

aB(¢)

The curled electric field is applied to the ferroelectric memory cell as V X E ¢%"=— =S, where S is

the vorticity vector. When a time-dependent magnetic field is applied perpendicular to the polarization
vortex, the toroidal moment G changes correspondingly, resulting in a hysteresis loop of G and S in the X;

direction.
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Figure 1 | a Three-dimensional schematic diagram of a multilevel memory cell array based on the
polarization vortex. The ferroelectric PbTiO; memory cells are built on a dielectric substrate and separated by
dielectric blocks. The dielectric blocks provide a uniaxial compressive strain on the ferroelectric memory cells
via the misfit of thermal expansion between the ferroelectric and dielectric materials. b A perpendicular

time-dependent magnetic field generates a curled electric field to switch the polarization vortex.
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Figure 2 | Hysteresis loops between the toroidal moment G and vorticity S in the ferroelectric memory cell
subjected to different compressive strains of g4, a -0.005, b -0.01, ¢ -0.012, and d -0.025. A small
compressive strain prefers a single-vortex state, while a large strain induces a multivortex state. The single
vortex at point A can be switched to a triple-vortex state at point C by a small vorticity in b, indicating that

the multilevel toroidal moments can be controlled by a time-dependent magnetic field.
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Figure 3 | a Three hysteresis loops between the toroidal moment and vorticity in the ferroelectric memory
cell subjected to the compressive strain of £;1=-0.01, which are represented by the paths of B-E-H-K, O-F-H-I,
and C-P-L-B. b Polarization distributions at four stable vortex states at points A, M, N, and G. The four vortex
states can be switched from one to the other by a time-dependent magnetic field along different loading

paths as shown by the arrows.
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Figure 4 | Domain evolution during the switching from the single-vortex state at point B to the triple-vortex
state at point C in Fig. 3a. The switching process is initiated by the disappearance of polarizations at the
mid-sections of the upper and lower surfaces, resulting in two vortices with the same circulation formed at
the state of b. The third vortex was formed following the appearance of opposite polarizations near the
mid-sections of the upper and lower surfaces, as shown in c and d. From e to f, the middle vortex grows and

the switching process is completed.
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Figure 5 | Detailed domain structures in the triple-vortex states under different vorticities. The left and right
panels show the domain evolution along the paths C-M-P and I-N-O in Fig. 3a, respectively. The evolution
processes from up to down in both panels are similar, except for the difference of polarization orientations.
When the vorticity is zero, the triple vortices exhibit the same size, as shown by the domain structures at

points M and N, and can stably exist in the ferroelectric cell.
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Figure 6 | Strain dependence of total energy for different numbers of vortices in the ferroelectric memory
cell. Both the single and triple vortices can exist in the ferroelectric memory cell when the compressive strain
€,41 is in the range from -0.005 to -0.013. The coexistence of single- and triple-vortex states provides the
opportunity to induce the transformation between the different vortex states by the time-dependent

magnetic field.
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