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Abstract Multiferroic nanodots can be harnessed to aid the

development of the next generation of nonvolatile data

storage and multi-functional devices. In this paper, we

review the computational aspects of multiferroic nanodot

materials and designs that hold promise for the future

memory technology. Conception, methodology, and sys-

tematical studies are discussed, followed by some up-to-date

experimental progress towards the ultimate limits. At the end

of this paper, we outline some challenges remaining in

multiferroic research, and how the first principles based

approach can be employed as an important tool providing

critical information to understand the emergent phenomena

in multiferroics.

Keywords Multiferroic � Nanodot � Vortex � Memory

1 Introduction

It tends to become a principle that experiment or theory alone

is insufficient to solve the emerging complex science and

engineering problems in modern days. Whenever possible the

experimental studies should be paired with computational

efforts to create an integrated experimental and theoretical

approach. Material genome concept pursues computational

research broadly aimed at predicting new and improving

existing materials that can accelerate engineering applica-

tions at a fraction of the cost. In other words, we are interested

in developing a biological-like approach to inorganic systems

and constructing inorganic genes which can guide the

development of new materials with targeted properties. This

approach indeed shares some same spirits of the inverse

materials design methodology, which integrates and com-

bines (i) theory, or prediction, (ii) synthesis, or realization,

and (iii) characterization, or validation. The target properties

of interest may generally require desired electrical, magnetic,

and optical nanostructures. The predictions of materials

are examined iteratively by various synthetic approaches

including high-throughput parallel materials science. His-

torically, lots of breakthroughs in physics have contributed to

the development of many scientific disciplines such as biol-

ogy, chemistry, materials science, and computer science. In

this new century, we are witnessing some convergence

toward a remarkable commonality and an increasingly strong

interaction among various branches of science. Computa-

tional science is a very good example, and it is even starting to

define computational scientists out of the traditional theorists

and experimentalists.

In this review, we focus on the computational studies of

one possible ‘‘ultimate memory device’’ made out of mul-

tiferroic BiFeO3 (BFO) nanodot materials. The memory bits

smaller than 10 nm are expected to be able to store data as

high as multi-terabits per inch squared (Tb/in2). This

capacity gives three orders of magnitude improvement over

currently available memory devices. As consequences, the

devices will be smaller; the power consumption is less; and

the speed can be even faster. To achieve this technology

advance from microscale to nanoscale, first of all we need a

deep understanding of the critical material properties. The

atomistic scheme is introduced in this paper to study the

dependences of nanodots made of the lead-free BFO
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multiferroic material on the electrical boundary conditions,

size effect, and external field effects. The ground-state pat-

terns of the electrical dipoles, oxygen octahedral tiltings and

magnetic dipoles are found to be dramatically tuned by those

controlling factors. A novel magnetoelectric (ME) effect

based on the manipulation of ferroelectric vortex is predicted

from the first-principles calculation. Some recent experi-

mental progresses on the manufacturing and characterizing

the relevant nanodots are provided. These remarkable works

are of large fundamental importance, and may open the door

for next-generation devices with unprecedented perfor-

mances. The article is organized as follows: Section 2 pre-

sents an introduction to multiferroics; Section 3 describes

the powerful computational method for predicting properties

of low dimensional BFO systems; Section 4 reports the

results from some systematical studies on BFO nanodots;

Section 5 shows the latest experimental works of manufac-

turing BFO nanodots; and Section 6 concludes the article.

2 Multiferroics

A multiferroic phase combines two or more of the primary

ferroic orderings in one single material, such as the ferro-

electric, ferromagnetic, ferroelastics and ferrotoroidic [1].

A ferroic is a material that adopts a spontaneous, switchable

internal alignment: in ferroelectrics, electric dipole-moment

alignment can be switched by an electric field; in ferro-

magnetics, the alignment of electron spins can be switched

by a magnetic field; in ferroelastics, strain alignment can be

switched by a stress field; and in ferrotoroidics, toroidal

alignment can be switched by a curled field. Individually,

the ferroics are already of great interest both for their basic

physics and for their technological applications. For

instance, electrical polarization in ferroelectrics and mag-

netization in ferromagnets are exploited in data storage,

with opposite orientations of the polarization or magneti-

zation representing bistable ‘‘1’’ and ‘‘0’’ data bits. Com-

bination of two or more primary ferroic orderings in the

same phase is more interesting and versatile. For example,

ferroelectric ferroelastics form the basis of piezoelectric

transducers and ferromagnetic ferroelastics give rise to

magnetostrictive materials, which have been widely applied

in a number of research areas and industries.

Current convention, especially in the fields of electron-

ics and spintronics, applies the term ‘‘multiferroic’’ pri-

marily to materials that combine ferroelectricity with

ferromagnetism or, more loosely, with any kind of mag-

netism. The terminology can also be extended to include

composites, such as heterostructures of ferroelectrics in-

terlayered with magnetic materials. Such multiferroics

form a class of materials that can exhibit ferroelectricity

and (anti-)ferromagnetism simultaneously. As a result, they

are extremely promising for designing devices based on the

control of magnetism by electric fields (or conversely, of

electric properties by magnetic fields). Despite of this

usefulness, multiferroic materials are actually very rare in

nature, and even fewer of them have simultaneous

responses to both applied magnetic and electric fields at

room temperature. Nonetheless, there has been an

increasing interest in the past years in the synthesis of

multiferroic materials because of their scientific impor-

tance and widespread applications in electronics, sensing,

catalysis, and nonlinear optics.

BiFeO3 (see Fig. 1) is the ‘‘holy grail’’ of all multifer-

roics up to now, because this single-phase perovskite oxide

intrinsically shows large ferroelectricity below curie tem-

perature 1,100 K, and anti-ferromagnetism below Neel

temperature 640 K. BFO materials are intensively studied

because they possess both spontaneous polarization and

magnetic orderings that are coupled to each other, at room

temperature [2]. More precisely, because of slightly cant-

ing structure of the noncollinear Fe spins, there exist both a

G-type antiferromagnetic (AFM) vector and a weak mag-

netization. It is accepted that the microscopic origin of such

magnetic ordering arises from a ‘‘mysterious’’ coupling

between magnetic dipoles and the tilting of the oxygen

octahedra [3] (see Fig. 1), instead of a direct coupling

between magnetic dipoles and electric polarization. BFO

has also recently been found to exhibit many exciting

effects such as in magnetic tunnel junctions, exchangement

of bias heterostructure [4], conduction and functionality of

domain walls [5, 6], and high voltage photovoltaic devices

[7]. However, significant developments are still required to

investigate how these magnetoelectric (ME) materials

make a real contribution to potential applications. There-

fore our first principles-based calculations at an atomistic

level are important for the disruptive technology to even-

tually emerge.

Fig. 1 Schematic drawing of the crystal structure of perovskite

BiFeO3 (space group No. 161: R3c). Bi atoms are displaced along

[111] direction, Fe atoms adopt a G-type antiferromagnetic structure,

and O octahedra tilt antiferrodistortively along [111] direction

Nanodots of multiferroic oxide material BiFeO3 from the first principles 167

123



During the last decade, the bulk and thick-film forms of

bismuth ferrite BFO have been extensively investigated

[2, 8–18], while very little is currently understood about the

properties of multiferroic nanodots. It is fundamentally and

technologically important to know how their properties

depend on the inherent characteristics of the nanoscale, for

example, the electrical boundary conditions and dimen-

sionality confinement. This knowledge may lead to novel

phenomena and desired behaviors that are not achievable in

the bulk, with atomic-scale insights into the mechanisms

behind. Reasons for the lack of knowledge about properties

of low-dimensional ferroelectrics are the difficulty in

growing them at the nanoscale and in characterizing their

properties, as well as, the scarcity of computational and

theoretical work devoted to the study of these complex

nanostructures. This latter limiting factor is the formidable

challenge in accurately mimicking such low dimensional

systems, because they not only exhibit electric and mag-

netic degrees-of-freedom, but also possess oxygen octa-

hedral tiltings that are strongly coupled with each other and

that may evolve when changing dimensionality. It is one of

the purposes of this paper to clarify their underlying cou-

pling mechanism and lay a theoretical foundation for

possible applications. In particular, the electrically tunable

properties hold great promise for the new advances in

spintronics research. Controllable experimental synthesis

of novel electric and magnetic nanostructures can be gui-

ded and tailored based on our presented computational

results in the following.

3 Methods

Over the last decade, we have developed and used an

atomistic effective Hamiltonian scheme to mimic proper-

ties of various multiferroic materials including BFO bulk,

films and nanodots. The total internal energy is given as

Eðfuig; fxig; fmig; fgHg; fgIg; bÞ
¼ EFE�AFDðfuig; fxig; fgHg; fgIgÞ
þ EMAG�ANIðfuig; fxig; fmig; fgHg; fgIgÞ
þ 1

2
b
X

i

Z�ui Edep

� �
; ð1Þ

where the local soft-mode ui in each 5-atom unit-cell i

(which is proportional to the local electric dipole centered

on that cell); the strain tensor g ¼ gH þ gI that gathers the

homogeneous gHð Þ and inhomogeneous gIð Þ parts [19]; the

xi vector that characterizes the magnitude and direction of

the tilting of FeO6 octahedra in unit-cell i (such tilting is

also termed antiferrodistortive motions, to be denoted by

AFD in the following); and the magnetic dipole mi on the

Fe-site i and has a fixed magnitude of 4lB.

The analytical expression of EFE-AFD is given in the

previous work [20], except for the dipole–dipole interac-

tions which presently correspond to open circuit (OC)

electric boundary condition and to the zero-dimensional

case [21]. The second energetic term of Eq. (1), EMAG-ANI,

involves the magnetic interactions and their couplings with

electric dipoles, tiltings of oxygen octahedral, and strain.

Its analytical expression is provided in Ref. [8]. The last

energetic term of Eq. (1) represents the depolarizing

energy. It contains the maximum depolarizing field (which

is self-consistently calculated as in Ref. [21]), the Born

effective charge associated with the local soft-mode, Z*,

and a screening parameter b that controls the magnitude of

the residual depolarizing field. More precisely, b = 0

corresponds to ideal OC electrical boundary conditions,

b = 1 corresponds to ideal short-circuit (SC) electrical

boundary conditions (no residual depolarizing field); and a

value of b in-between corresponds to intermediate cases for

which a non-zero and non-maximum residual depolarizing

field exists. All the parameters of Eq. (1) are determined

from first-principle calculations on small cells [19]. The

total energy of Eq. (1) is used in Monte Carlo (MC) sim-

ulations with up to 3,000,000 MC sweeps to get converged

results. Here, we investigate stress-free systems, implying

that the strain-tensor is allowed to fully relax during the

simulations. The studied low-dimensional compounds are

mimicked by l 9 m 9 n supercells (with l, m, and n being

all integers, and whose products by *4 Å provide the

length of the super-cell along the [100], [010] and [001]

directions, respectively).

Our primary approach also involves the application of

density functional theory (DFT) methods to study the

multiferroic material at a quantum mechanical level. Many

atomistic DFT simulation software packages, like VASP,

PWSCF, SIESTA and ABINIT, are able to study the

advanced electronic structure, to compute crystalline or

cluster properties with the goal of understanding basic

mechanisms in materials science. Although DFT is a robust

and accurate technique, it is limited to relatively small

sized systems. Therefore, our effective Hamiltonian mod-

eling methods are more proper to predict the larger-scale

properties of materials from atomic scale results. The

effective Hamiltonian techniques provide an unprece-

dented view on the finite-temperature dynamics of multif-

erroics and to unravel the mechanisms of the ME coupling.

One of the most important aspects of this approach is the

ability to directly compare theory with experimental data

[15, 22, 23]. Molecular dynamics (MD) method can also be

implemented with the same effective Hamiltonian to

extend boundaries of DFT for describing more complex

excitation phenomena in time domain [24]. Another

important approach of computationally investigating

functional materials is the phase field simulation (PFS)
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based on phenomenological theories. With appropriately

defining the order parameters and taking into account

effects of electro-magnetro-mechanic fields, ambient tem-

perature, and surface effects, PFS is also suitable to study

multiferroic materials. Nevertheless, although PFS has

been demonstrated its vitality in lots of ferroelectric

materials [25–29], the development of PFS for multiferroic

materials is still at the very beginning stage. To my best

knowledge, a complete thermodynamic potential which

incorporates both ferromagnetic order and ferroelectric

order has not yet been reported for any single phase mul-

tiferroics. It should be noted that phenomenological theo-

ries that describe well the bulk behavior sometimes fail

when extended to nanoscale systems. The applicability

of continuum theories to systems with physical quantities

varying over interatomic distance needs further justification.

4 Nanodots from first principles

At first, a 16 9 16 9 16 stress-free BFO nanodot is

investigated, whose lateral size is around 6.4 nm. Figure 2

shows the temperature evolution of the electric, AFD and

magnetic order parameters for ideal SC conditions.

Figure 2a shows the Cartesian components of the local

mode which is proportional to the electric polarization.

Figure 2b displays the Cartesian components of the anti-

ferrodistortive vector, xi. Figure 2c, d represent the magni-

tude of the AFM and ferromagnetic vectors, respectively.

The x, y, and z axes are chosen along the pseudo-cubic [100],

[010], and [001] directions, respectively [30]. Moreover,

Fig. 3d–f display schematically the electric, AFD and

magnetic configurations of the resulting ground states at low

temperature. For b = 0 (see Fig. 3a–c) and b = 1 (see

Fig. 3d–f), a BFO nanodot has a lateral size of 2.4 nm. These

degrees-of-freedom are only shown in a given (110) plane for

the sake of clarity [31]. This stress-free BFO dot, when under

ideal SC conditions, exhibits properties that bear resem-

blance with those of the corresponding bulk, in the sense that

(i) there is a critical Curie temperature TC around 1,130 K

[32], below which electric dipoles homogeneously lie along

the [111] pseudo-cubic direction and below which any two

neighboring oxygen octahedra tilt in antiphase about [111];

(ii) the dot also possesses another critical Neel temperature

TN around 685 K, below which the zero-dimensional system

acquires a G-type antiferromagnetism combined with a weak

spin-canting-induced ferromagnetic vector, with the AFM

vector lying near a [111] plane and with the FM vector being

nearly perpendicular to both the AFD and AFM vectors; and

(iii) above TC, the phase is purely antiferrodistortive (as

consistent with the experimental findings of Refs. [33, 34])

until a third critical temperature, TAFD, at which the system

becomes paraelectric cubic. However, some significant

differences also exist between the properties of this dot under

SC conditions and those of the bulk. For instance, the purely

AFD phase existing above TC occurs in a much narrower

temperature range in the dot than in the bulk: the difference

between TAFD and TC is on the order of 200 K in the 6.4 nm

dot versus 350 K in the bulk [33, 34]. In other words, size

effects tend to suppress this high-temperature phase that

solely exhibits tilting of oxygen octahedra. In fact, this

purely AFD phase is numerically found to completely vanish

in n 9 n 9 n nanoparticles with n smaller than ten, leading

to a direct transition from the paraelectric cubic state to the

rhombohedral ground-state phase for dots having a lateral

size smaller than 4 nm.

Then the size dependence of the TC and TN critical

temperatures of the n 9 n 9 n BFO dots for ideal SC

conditions is researched, as well as, for b = 0.98 that

represents a point in the SC-like regime having a non-

vanishing depolarizing field. From Fig. 4, it can be seen

that the filled symbols correspond to ideal SC conditions

Fig. 2 Temperature dependence of the order parameters in a BFO

nanodot of 6.4 nm in lateral size and under ideal short-circuit

electrical boundary conditions
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while the red-filled symbols show data for nanodots with

b = 0.98, and the lines represent fittings by A-B/n scaling

laws. The inset displays the temperature evolution of the

magnitude of the AFM vector when b = 1 for

the 6 9 6 9 6 and 16 9 16 9 16 dots. It shows that the

magnetic transition becomes more diffuse as the size of the

dot decreases, and same conclusion is also found for BFO

dots with b = 0.98. The uncertainty of the predicted crit-

ical temperatures is estimated to be 10 K. For each dot, the

Neel temperature is identified as the inflection point of the

AFM-temperature curve while TC is identified by the jumps

of the local modes as shown in Fig. 2 [30]. Figure 4

indicates that, for n larger than 4, these transition temper-

atures decrease as the dot’s size decreases, which is in

agreement with the corresponding decrease of the Neel

temperature and of the electrical polarization observed in

Ref. [35] for BFO nanoparticles. The inset of Fig. 4 con-

firms another experimental finding of Ref. [35], namely,

that the magnetic transition becomes more diffuse as the

dot shrinks in size. These predictions further demonstrate

the accuracy of our numerical tool. Moreover, Fig. 4

reveals that the predicted critical temperatures follow rather

well an A-B/n

relation, where A and B are both positive constants for a

given transition. Such relation is consistent with experi-

mental and theoretical findings that the Curie temperature

of ferroelectric nanowires obeys a 1/d scaling law, where

d is the wire’s diameter [36]. For the dot under ideal SC

electrical boundary conditions b = 1, TN decreases slightly

with n in agreement with the observations of Ref. [35]

while TC has a more pronounced variation with the dot’s

size (the B parameter of the scaling law of the ferroelectric

transition is around 70 % larger than that of the magnetic

transition). The coupling between magnetism and polari-

zation is thus rather weak in BFO dots under SC conditions

which is similar to the case of the corresponding bulk.

A ME coupling being weak can also be guessed by com-

paring the data for b = 1 and b = 0.98. As a matter of fact,

the Curie temperature is considerably small for b = 0.98

reflecting the fact that the depolarizing field in the SC-like

regime desires to annihilate the polarization while the Neel

temperature is merely unaffected by such change in elec-

trical boundary conditions. Interestingly, the much more

pronounced sensitivity of TC than TN with size and elec-

trical boundary conditions can be used as a route to bring

these two critical temperatures closer to each other. For

instance, for n = 4 and b = 0.98, the difference between

TC and TN is around 320 K, that is around 24 % smaller

than the bulk value of 420 K. Therefore tuning the size and

electrical boundary conditions of the nanodot in the SC-

like regimes can lead to a tailoring of some BFO’s prop-

erties, such as an enhancement of piezoelectric and

dielectric responses, as well as the ME coefficients, just

below the Neel temperature. For instance, the magnitude of

the quadratic ME coefficients [8] is increased by around

30 % (respectively, 20 %) at 500 K (respectively, 300 K)

in the n = 6 dot (when b = 0.98) with respect to the

corresponding values in the bulk.

Figure 3a–c reveal that the properties of the dot under

OC conditions are dramatically different from those of the

dot under ideal SC conditions. For example, its ground-state

structure at low temperature is very special, since it consists

of a vortex formed by electric dipoles rotating in the (110)

plane coexisting with a four-domain state for the AFD

Fig. 3 Snapshots of Monte Carlo simulations, at 20 K, for the local modes a, d, AFD b, e, and magnetic vectors c, f
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motions (with two of these domains having a chirality

similar to that of the electric vortex while the other two

domains have an opposite chirality). The electric dipoles

and AFD xi vectors collectively align along one of these

following four possible directions within this complex

structure: [-11 -1], [-111], [1 -1 -1] and [1 -11]. This

is in great contrast to the dot under ideal SC conditions,

which exhibits properties that simply bear resemblance with

those of the corresponding bulk: below Curie temperature

electric dipoles homogeneously lie along the [111] pseudo-

cubic direction (resulting in a polarization oriented along

[111] and a vanishing electric toroidal moment), and any

two neighboring oxygen octahedra tilt in opposite direction

about [111] (generating a vector lying along [-1 -1 -1]).

The electric vortex originates from the necessity to

eliminate any depolarizing field [37], and leads to the anni-

hilation of the polarization in favor of an electric toroidal

moment that is oriented along [110]. Despite the large sim-

ilarity to the magnetic vortex, there is no out-of-plane

component by short-range exchange interaction favoring

parallel alignment of neighboring magnetic moments at our

nanodot’s center [38]. Correspondingly, we have only two

chirality states in BFO nanodots rather than four states in

magnetic dots due to two additional polarity states super-

imposed. In addition, our ferroelectric vortex has an even

smaller core region (lattice-constant scale versus 4–5 nm for

magnetic vortex). The peculiar AFD pattern described in

Fig. 3b is caused by the local coupling between electric

dipoles and tilting of oxygen octahedra, and generates a

nonvanishing average x ¼ ð�1Þnx ið Þþ ny ið Þþ nz ið Þ
xi (nx; ny;

and nz are integer indices of site i) that is oriented along

[-110] (i.e., perpendicular to the axis about which the

electric vortex rotates). It is interesting that an electric vortex

has been recently observed in a low-dimensional BFO and

other ferroelectric systems [39, 40], while determination of

the chiral AFD configuration [41] depicted in Fig. 2b is yet to

be measured in laboratory. It was also found that the electric

vortex and this exotic AFD pattern form at the same critical

temperature denoted as TV around 725 K in the 4.8 nm dot

under OC conditions. When temperatures are above TV and

up to 1,200 K for this dot, the phase is predicted to be a purely

AFD state that does not possess any chiral organization

(unlike the vortex configuration shown in Fig. 3b). The

magnitude of the oxygen octahedral tilting decreases as the

temperature is further increased, until completely vanishing

at a critical temperature, TAFD, when the system becomes

paraelectric cubic.

The order parameters associated with the complex

structures displayed in Fig. 3 are determined. The quantity

characterizing dipolar vortices is known to be the toroidal

moment [37] with

T ¼ 1

2N

X

i

ri � pi; ð2Þ

where the sum runs over the N five-atom cells of the

nanoparticle, pi the local dipole moment at site i, and ri the

vector locating the site i with respect to the dot’s center.

The polarities of nanodots toroidal moments can function

as nonvolatile memory bits. However to control the

memory operation, we need some conjugate field under

which the toroidal order parameter is susceptible to.

Practically, this field is a curled field given at a position

r by

EðrÞ ¼ 1

2
S� r=jrj; ð3Þ

where the vector S has a dimension of an electric field and

is independent of position. The interaction between this

curled field and the local electric dipoles is then

incorporated by adding

�
X

i

EðriÞ � pið Þ ¼ � 1

2
S �
X

i

ri � pi=jrijð Þ ð4Þ

to the total internal energy of the effective Hamiltonian

approach (where ri locates the center of cell i). This

interaction energy hints towards the fact that the electrical

toroidal moment will align along S for large applied

electric fields which is indeed the case, as discussed below.

Figure 5 shows the corresponding evolution of the pat-

terns for the electric dipoles and AFD motions. Only a

single (110) plane is shown for clarity. Figure 5a, e cor-

respond to zero field, while Fig. 5b, f show the results for

Fig. 4 Size dependence of critical temperatures in n 9 n 9 n BFO

nanodots whose lateral sizes are about 4n in Angstrom
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an S vector of 2 MV/cm magnitude (region I). Figure 5c, g

show the similar results but for a field magnitude of

4 MV�cm-1 (region II). Finally, Fig. 5d, h report the pre-

dictions for a field magnitude of 12 MV/cm (region III).

The electric antivortex is highlighted in Fig. 5c [42]. As the

curled field gradually increasing in region I (see Fig. 6),

small subvortex nucleation occurs at the four corner posi-

tions of the nanodot (see Fig. 5b). These cornered struc-

tures generate opposite toroidal moments compared with

the centered vortex for zero field, thus reducing the total

toroidal moment. In region II, the curled electric field

generates a complex state (see Fig. 5c) that consists of two

adjacent vortices whose chiralities are identical but oppo-

site to the single initial vortex which is consistent with the

180� reversal of the toroidal moment displayed in Fig. 6a.

As shown in Fig. 5c, this pair of vortices is separated by an

antivortex in the dot center. It should be noted that the

vortex-antivortex pair is a fundamental process that is well

documented in nanoscale magnetization dynamics [43–45]

while having just been recently experimentally discovered

in ferroelectrics [39]. Moreover, we can recall that any

vortex is associated with a winding number of ?1, while

the corresponding winding number of an antivortex is -1

[46]. As a result, the total winding number is equal to ?1 in

region II, exactly as for the single vortex state under no

field. Finally, when the field magnitude further increases

(region III), the resulting electric dipolar state is a single

vortex state, as in the ground state but with an opposite

chirality (compare Fig. 5d vs a). Figure 5f, g also reveal

that the unusual electric dipolar patterns of regions I and II

lead to novel and complex AFD organizations, because of

the coupling between electric dipoles and tilts of oxygen

octahedra. This computational work therefore not only

confirms the hypothesis of Ref. [47] that a magnetotoroidic

effect can indeed exist, but it also provides the microscopic

origins of such an unusual effect [42]. Figure 6c, d further

illustrates the different responses of AFM and FM

moments under a curled field. It is discovered that by

varying the direction of such fields can lead to a control of

not only the magnitude but also the direction of the mag-

netization. Such control originates from the field-induced

transformation or switching of electrical vortices and their

couplings with oxygen octahedral tilts and magnetic

dipoles [42].

5 Recent experimental progress

Bismuth ferrite BFO is not a naturally occurring mineral,

and several top-down and bottom-up synthesis routes to

obtain the compound have been developed. Recently, the

dip-pen nanolithography (DPN) based on scanning probe

microscopy has enabled the production and handling of

BFO nanodots at any desired position and size with nano-

meter-scale accuracy [48]. BFO nanodots were also fabri-

cated by the etching process and focused ion-beam milling

of the epitaxial BiFeO3 thin films [49]. The fabrication of

multiferroic BFO nanodot pattern was already realized by

the soft electron beam lithography technique from BFO

liquid-phase precursor on diverse substrates [50]. As

reported recently in Nature Materials [51], synthesized

nanocrystals of GeTe and BaTiO3 with a single ferroelectric

domain have also been made from colloidal methods, thus

eliminating the effects of substrates that can confuse the

already difficult analysis of nanocrystals deposited using

other methods. The fabrication could be followed by high

resolution transmission electron microscope (TEM) analy-

sis to view the atomic displacement of cations and anions. It

was demonstrated by using electron holography and piez-

oresponse force microscopy (PFM) that ferroelectric order

at room temperature enabled stable ferroelectric switching

down to dimensions of approximately 10 nm.

Fig. 5 Snapshots of electric dipolar configurations a–d and

ð�1Þnx ið Þþ ny ið Þþ nz ið Þxi; AFD patterns e–h in a BFO nanodot of 5 nm

lateral size under a curled electric field oriented along [-1 -10]
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Fundamentally it can be further scaled down, thanks to

the rapid development of nanofabrication technology,

which might be incorporated into high-density memory

devices. Moreover, by controlling the shape, sidewall ori-

entation and crystallographic orientation of the nanodots, a

variety of multiferroics can also be applied where the

magnetic and electric orders are coupled in their own

unique ways.

6 Conclusions

In summary, the first-principles-based calculations have

been applied to investigate physical properties of BFO

nanodots. It is found that structural, electric and magnetic

properties generally depend on the electrical boundary

conditions, on the reduced dimensionality of the BFO

nanostructure, as well as on the external field. Such

dependencies can be put in use to design devices with

enhanced performance or original functionality in the areas

of next generation high-density data storage, spintronic

devices, and magnetic sensors. This review summarizes the

critical path to exploit isolated nanodots for practical

applications of BFO materials at the nanoscale.

Tremendous joint efforts in manufacturing and com-

puting multiferroic materials have been demonstrated in

the past decades. However, there are still many cases that

we either have had a computational prediction but not yet

realized experimentally, or we had some experimental data

that are beyond the current computational capability to

explain and understand [52–55]. Working in concert, the

ability to understand nanoscale multiferroics opens

remarkable prospects for intriguing discoveries. It is hoped

that the recent progress on the nanodot materials will

stimulate many research communities to dream up entirely

new device paradigms that exploit the novel and unique

functionalities of multiferroics.
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Fig. 6 Electrical toroidal moment a, AFD-related quantity x b, AFM vector c, and magnetization d as functions of the magnitude of the S vector

applied along the [-1 -10] direction [42]
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