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Abstract Two-phase multiferroic nano-composite thin

films have been a topic of research interests in the last few

years. This is because of their expected magnetoelectric

coupling, as well as potential applications. This review

focuses on recent findings in self-assembled nano-structure

composite thin films, and various efforts to realize and

improve their magnetoelectricity. Topics include: (i) nano-

pillar and maze structures, and their formation mechanisms,

and a nano-belt structure oriented in-plane found by our

research group; (ii) the ferroelectric properties of composite

thin films, and how they can be enhanced by epitaxial

engineering; (iii) a magnetic anisotropy that is induced by

constraint stress, and by the nano-structures of the ferro-

magnetic phase; and (iv) a magnetoelectric coupling that

was first observed via a change in magnetization near the

Curie temperature of the ferroelectric phase, a magnetiza-

tion switching assisted by electric field, and recently direct

measurements using a magnetic cantilever method yielding

values of 18 mV/cm Oe in BiFeO3–CoFe2O4.

Introduction

Multiferroics are materials that have more than one pri-

mary ferroic order parameter. The term multiferroic was

first used by Schmid [1], which initially only referred to

single-phase materials, but was later expanded to include

any material that had two or more types of long-range

spontaneous (magnetic, ferroelectric, and/or ferroelastic)

orderings. An early and important type of multiferroic was

magnetoelectric (ME) materials, which possessed both

ferromagnetic and ferroelectric orderings.

Single-phase ME effects were first reported in Cr2O3 in

1961 [2, 3] which stimulated much research in the 1960s

and 1970s. However, these single-phase multiferroic

materials only had coexisting order parameters at low

temperatures, and in addition their magnetoelectric (ME)

responses were generally very weak. These problems lan-

guished the research field of magnetoelectricity until the

emergence of composites, which yielded giant magneto-

electric coefficients at room temperature via an interaction

of elastic strain between ferroelectric and ferri-/ferromag-

netic phases. Scientific interest in the physical properties of

these composites, in addition to great potential for appli-

cations (as actuators, switches, magnetic field sensors, or

new types of electronic memory devices) has resulted in

magnetoelectric materials receiving significant research

interests during recent years, especially as thin films [4, 5].

Composite thin film multiferroic materials can generally

be divided into three types: (i) a 0-3 structure, which is

generally a magnetoelastic material embedded in a piezo-

electric matrix (i.e., CoFe2O4 or CFO nanoparticles in a

Pb(Zr,Ti)O3 or PZT matrix); (ii) a 2-2 structure, which is

generally multilayer thin films of magnetostrictive and

piezoelectric materials; and (iii) a 1-3 structure, such as

monolayer self-assembled nanostructures (i.e., CFO nano-

pillars in a BiFeO3 or BFO matrix).

Magnetoelectric composites with a 0-3 phase intercon-

nectivity have been fabricated by both sol–gel [6–8] and

pulsed laser deposition (PLD) [9]. Sol–gel is suitable for

thicker film deposition, whereas PLD allows obtainment of

thin films with better quality. CFO or NiFe2O4 (NFO) are

often used as the magnetoelastic phase in ME composites,

and PZT as the piezoelectric one: each chosen for their
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high magnetoelastic and piezoelectric coefficients, respec-

tively. Ren and Wuttig [10] modified this method using

sol–gel to deposit CFO/Fe3O4 nanoparticles on Pb(Mg1/3

Nb2/3)O3–PbTiO3 or PMN-PT single crystal substrates,

which served both as substrate and strain mediator. The

ME coupling coefficient was measured, although it was not

very high compared to bulk co-fired layered composites

due to interaction between the two composite layers and

the substrate (i.e., clamping).

Magnetoelectric composites of a 2-2, or multilayer in-

terconnectivity, of ferroelectric and piezoelectric phases

have been deposited heteroepitaxially as thin-layers on

single crystal substrates by PLD [11–15] and sol–gel [16,

17]. The advantages of this 2-2 connectivity is that it is

easy to manipulate and has great application potential, but

again substrate clamping effects present problems that

must be overcome to achieve enhanced ME coupling

coefficients. Much research has been directed toward the

objectives of a high-resistance piezoelectric layer, and

integration with Si.

Finally, research has focused on multiferroic monolay-

ered self-assembled nanostructures, following the original

report of Zheng et al. [5]. These researchers deposited

differently shaped BiFeO3–CoFe2O4 (BFO–CFO) nano-

structures on variously oriented SrTiO3 (STO) substrates

[18, 19], and successfully realized magnetization switching

under electric field assistance [20, 21]. Levin et al. [22, 23]

have also deposited similar nanostructures, and combined

experimental and theoretical results confirming their

assertion that epitaxial growth of two immiscible phases on

a single crystal substrate can occur due to elastic strain

interaction between the two phases, which determines their

growth dynamics and final morphology.

Monolayer self-assembled structures are believed to have

good interactions between the two constituent phases, thus

enhancing the ME effect. In particular, vertically aligned

structures might overcome substrate clamping effects. In

such nano-composite heteroepitaxial thin films, accurate

property characterization of each single phase is very

important in order to fully characterize and understand the

composite ME effects. In this review, we will focus on two

phase self-assembled nano-composite thin films, including

the nano-structure, ferroelectric, and ferromagnetic prop-

erties of both the piezoelectric and magnetoelastic phases,

and magnetoelectric coupling in composite thin films.

Nano-structures of self-assembled nano-composite thin

films

Nano-structured self-assembled two-phase monolayer

composite thin films are an important class of materials that

can have multiferroic and magnetoelectric properties: in

particular those of magnetostrictive spinel and piezoelec-

tric perovskite. The nano-structures (i.e., distribution, size,

connectivity) of each phase are important factors deter-

mining the coupling strength between the polar and spin

subsystems.

Background: nano-rods and nano-maze

Zheng et al. [5] were the first to report self-assembled fer-

roelectric-ferromagnetic (1-3) nano-composite thin films:

where CFO formed as nano-pillars embedded in a BTO

matrix. After that, to understand the growth mechanism and

improve the multi-ferroelectric properties, numerous

investigations of similar systems were reported: such as

those with different perovskite (BTO, BFO, PbTiO3 (PTO),

and PZT) and spinel (CFO and NFO) phases, different

spinel/perovskite or S/P atomic ratios (1/2, 1/1, and 2/1),

different substrates with different lattice parameters

(LaAlO3: 3.79 Å, SrTiO3: 3.90 Å, MgAl2O4: 8.08 Å, and

MgO: 4.21 Å), different substrate orientations [(001),

(110), and (111)], and different film thicknesses [5, 18–30].

For all material couples, of all S/P ratios and substrates,

it was found that epitaxial films had a (1-3) phase con-

nectivity at the nm-level when deposited on the (001)

orientation: spinel formed nano-pillars that were vertical to

the substrate and that were embedded in a perovskite

matrix; and in a (3-1) connectivity when deposited on the

(111) orientation, where spinel was the matrix phase that

was embedded with perovskite nano-pillars. However, for

the (110) orientation, the nano-structures were more com-

plicated: spinel changed from a nano-pillar to a nano-maze

structure [23]. Zheng et al. [18] found that the reason was

perovskite wets better than spinel on (001) substrates, and

that spinel wets better than perovskite on (111) substrates.

However, wetting could not explain why spinel preferred to

form as nano-pillars on (001) spinel MgAl2O4 substrates,

or on CFO buffer-layers. Also it could not explain the

complicated nano-structure found when deposited on (110)

substrates. Slutsker et al. [22, 23, 31–33] gave an expla-

nation based on elastic interactions: by considering each

phase as an elastic domain that is under a constraint stress

imposed by the substrate. Following this elastic model, not

only could the (1-3) and (3-1) nano-structures on (001) and

(111) substrates be explained, but also more complicated

phase connectivities on (110) substrates could be too.

In the BFO–CFO system, Zheng et al. [19] used Wulff-

net shapes to explain why the CFO phase formed with

pyramidal structures that were embedded in a flat BFO

matrix, both deposited on (001) oriented substrates. Cor-

respondingly, BFO formed as triangular pyramids embed-

ded in a flat CFO matrix on (111) substrates. In this case,

CFO is an octahedron with eight {111} faces, and BFO is a

cube with six {001} ones: this is because the (111) face of
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CFO and (001) face of BFO have the lowest surface

energies.

In addition to phase connectivities and crystal structures,

another important factor may also influence the nano-

structure of the composite thin film: that is CFO tends to

elongate along the [110] direction due to a ledge growth

mechanism [34]. Our research group has found CFO nano-

belts in both the BTO–CFO and BFO–CFO systems

[35, 36].

Nano-belts in BaTiO3–CoFe2O4 and BiFeO3–CoFe2O4

composite thin films

Composite thin films of BTO–CFO were deposited on (001)

STO substrates at 1,070 K [35]. After annealing at 1,270 K,

it was found that CFO crystallized as pyramids with (111)

facets in the out-of-plane direction which were embedded in

a BTO matrix (Fig. 1a), similar to prior reports [5, 24].

However, after the films were annealed above 1,300 K

using a very slow ramp rate (40 K per step and dwell 2 h for

each step), a CFO nano-belt structure (Fig. 1b) was found

that was elongated along the [110] direction. Below

1,210 K, only a small volume fraction of CFO nano-struc-

tures was observed with L & W = 60 nm. When the tem-

perature was increased to 1,250 K, nano-structure growth

became anisotropic along the [110] with L = 300 nm and

W = 100 nm. At 1,290 K, this anisotropic growth resulted

in nano-belt dimensions of L = 700 nm and W = 120 nm.

Annealing was ended at 1,370 K, where the CFO nano-belts

had grown to L = 1,200 nm and W = 150 nm.

Layers of BFO–CFO composite thin films were depos-

ited on (001), (110), and (111) STO substrates [36]. The

nano-structures of these composite thin films are shown in

Fig. 2a–c. Similar to BTO–CFO and other prior reports

[19], CFO grown (001) STO formed as nano-pillars with a

pyramidal morphology that was embedded within a BFO

matrix (see Fig. 2a). Alternatively, when grown on (111)

STO, CFO was the matrix phase with embedded BFO

nano-pillars of triangular morphology (see Fig. 2c).

However, when grown on (110) STO, CFO formed with a

Fig. 1 Nano-structures of

BaTiO3–CoFe2O4 (BTO–CFO)

composite thin films: (a) and (b)

are nano-pillar and nano-belt of

BTO–CFO films, respectively

[35]

Fig. 2 Nano-structures of BiFeO3–CoFe2O4 (BFO–CFO) composite thin films: (a–c) are CFO pyramidal nano-pillar, CFO nano-belt, and BFO

triangle nano-pillar structures of BFO–CFO films, respectively [36]
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nano-belt structure (see Fig. 2b). Again, the nano-belts are

anisotropic and elongated along the [110], with much

narrower widths oriented in the [001] direction. Further-

more, films deposited at 810 K had only a small volume

fraction of CFO nano-dots of size *10 nm. When the

deposition temperature was increased to 930 K, CFO

began growing anisotropically along the [110] with

L = 130 nm and W = 30 nm. With increase of the depo-

sition temperature, this anisotropy increased: at 1,020 K,

L = 500 nm and W = 100 nm, with some nano-belts

reaching more than 2,000 nm in length.

We also deposited films on (100), (130), (120), and

(110) STO substrates: which were 08, 188, 268, and 458
tilted away from the (100) orientation, respectively, as

shown in Fig. 3a–d. In BFO–CFO films grown on a (100)

substrate, CFO formed as nano-rods. In the case of films

grown on substrates that were 08, 188, to 268 titled from the

(100) orientations, [110] spinel ridges tended to form but

were always truncated by translating into perovskite phase

regions. However, for the (110) orientation, the [110] spi-

nel ridges were free to extend indefinitely.

Nano-belts of CFO were found both for BTO–CFO

grown on (001) STO after annealing and for BFO–CFO

grown on (110) STO in the as-deposited condition. The

nano-belts were elongated along the [110] in both cases.

The reason for the elongation of spinel along the [110]

direction is a ledge growth mechanism. Yanina and Carter

[34] reported that spinel single crystals tend to grow along

the [110]. Due to a special distribution of cations in spinel

which occurs along the [110] direction, ledge growth of

spinel tends to occur preferentially along the [110].

Ferroelectric properties of self-assembled

nano-composite thin films

A comparison of the polarization for BFO–CFO [37] and

BTO–CFO [5] nano-composites with that of single phase

BFO [4] and BTO is shown in Fig. 4. It can be seen that the

polarization of the ferroelectric phase is similar to that of

the pure perovskite: the larger the coercive field for

the pure ferroelectric material, the higher it is in the

Fig. 3 AFM results of BFO–

CFO nano-composite thin films

deposited on a (100), b (130),

c (120), and d (110) oriented

STO substrates. The images

illustrate the elongation of h110i
ridges of CFO nano-belts [36]
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nano-composite: also, the higher the saturation polarization

in the pure FE phase, the higher it is in the nano-composite.

From this comparisons, we can see that to improve the

ferroelectric properties of self-assembled nano-composite

thin films, it is necessary to exploit the ferroelectric prop-

erties of single phase ferroelectric materials. The better the

properties of the perovskite phase, the better the properties

of the nano-composite.

Background

Compared with bulk materials, thin films have constraint

stresses imposed from the substrate which may notably

change the structure and properties of the thin films. There

are numerous reasons why a constraint stress can be gen-

erated between thin films and substrates: such as different

thermal expansion coefficients, cooling rates, external

electric fields, stresses induced by the growth process, and

etc. In all of these cases, the stress generated by lattice

mismatch is the most important factor for epitaxial thin

films [38]. Stress can also be applied by an elastic bending

of the substrate, during deposition and annealing [39, 40].

The constraint stress of the thin film may be relaxed by

increasing the thickness of the film. The critical thickness

can be estimated by the Matthew–Blakeslee (or mechanical

equilibrium) model, or by the People–Bean (or energy

equilibrium) model [41–43]. Due to the relaxation of the

compressive stress with increase of the film thickness, the

lattice parameters (c and a) consequently decrease with

increasing thickness. The polarization of tetragonal ferro-

electrics decreases with decreasing film thickness, due to

compressive stresses, as observed for BTO, PTO, and PZT

[44–50].

For these tetragonal ferroelectrics, such as BTO, PTO,

and PZT, the constraint stress is also able to alter their

domain structures. There are three types of ferroelectric

domains for tetragonal films, or combinations thereof: a1,

a2, and c which represent the lattice constant c is oriented

along the x (in-plane), y (in-plane), and z (out-of-plane)

directions, respectively [51]. Generally, when the stress

changes from tensile to compressive, the volume ratio of

the c domains increases [52–54]. Specifically, Alpay and

Roytburd [52] have calculated domain structures for

tetragonal ferroelectrics, and determined how the domain

distribution changes with stress. Experimental findings for

PTO and BTO agreed with their predictions. With increase

of the c domain population, the polarization of the thin

films was increased: this is simply because the polarization

was measured in the out-of-plane direction.

Compressive stresses may also increase the ferroelectric

Curie temperature, and the c/a ratio of tetragonal thin films.

Choi et al. [55] selected DdScO3 and DyScO3 as substrates,

which have lattice mismatches of -1.0 and -1.7% with

BTO thin films, respectively. They found that the Curie

temperature of BTO increased from 130 to 400 �C for the

DdScO3 substrate, and to 540 �C for the DyScO3 one.

Correspondingly, the c/a ratio of BTO increased from

1.011 to 1.026 for the DdScO3 substrate, and 1.039 for

Fig. 4 P–E hysteresis loops of

a BFO–CFO self-assembled

nano-composite thin film [37];

b BFO thin film [4]; c BTO–

CFO self-assembled nano-

composite thin film [5]; and

d BTO thin film
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DyScO3. Furthermore, the polarization of BTO on DyScO3

was 2.7 times higher than that of BTO single crystals.

By changing the orientation of the substrate, the direc-

tion of the constraint stress can be varied. Thus, the crystal

structure of the perovskite phase may be different on var-

iously oriented substrates/buffer-layers, resulting in a

change of ferroelectric properties. Accordingly, the topic

which we will discuss below is the relationship among the

substrate orientations, crystal structures, lattice parameters,

and ferroelectric properties.

Phase engineering of perovskite materials

Enhanced ferroelectric properties of Pb(Zr1-xTix)O3 thin

film in low symmetry phase

Lead zirconium titanate, Pb(Zr1-xTix)O3 or PZT, is a

widely used ferroelectric material. From the phase dia-

gram, it can be observed that a morphotropic phase

boundary (MPB) is located near x = 0.48 at room tem-

perature. For x \ 0.48, the stable phase has a rhombohedral

(R) structure; whereas for x [ 0.48, it is tetragonal (T)

[56]. Furthermore in 1999, a new monoclinic Mc phase was

reported in the MPB region of bulk PZT ceramics by

neutron diffraction [57].

Epitaxial thin films of Pb(Zr0.52Ti0.48)O3 have been

deposited on (001), (110), and (111) SrTiO3 substrates [58].

The composition of PZT was chosen to be right at the MPB.

The PZT thin films were found to have T, Mc, and R struc-

tures when deposited on (001), (110), and (111) oriented

SrTiO3 substrates, respectively. The room temperature lat-

tice constants of (001), (110), and (111) PZT thin films were

(at, ct) = (4.044, 4.132 Å), (am, bm, cm, bm) = (4.059,

4.049, 4.098 Å, 90.44�), and (ar, ar) = (4.017 Å, 89.58�),

respectively.

Figure 5a can be used to explain the different crystal

structures for the variously orientated substrates. The

composition of PZT was at the MPB region, which can be

either T or R. The in-plane compressive constraint stress

between an epitaxial thin film and a (001) substrate is

tensile along [001] and normal to the (001) plane: such a

stress favors films with a stable T structure. Whereas, an in-

plane compressive stress along (111) results in a tensile

stress along [111]: favoring a stable R structure. This

constraint stress can extend phase stability regions past the

conventional MPB. In fact, prior investigations have

reported that a T phase can be stable until x = 0.4 on (001)

STO, whereas the R phase can be stable until x = 0.6 on

(111) STO [59]. On (110) STO, although the stress is along

[110], there is no stable O phase in PZT: combination of a

stable T phase with stress along [110] results in a mono-

clinic Mc structure for PZT grown on (110) STO.

The polarizations of PZT thin films grown on different

orientations of STO are shown in Fig. 5b. It can be seen

that the saturation polarization of (001), (111), and (110)

PZT are 0.9, 1.1, and 1.3 C/m2, respectively. The satura-

tion polarization of the films followed the general trend of

Mc [ R [ T. The polarization of the Mc phase was higher

than that of the R or T ones. By changing the crystal

structure of PZT via substrate orientation, the ferroelectric

properties can be enhanced: with the highest values

occurring in the Mc structure.

Stress-enhanced multiferroic properties

of Pb(Fe1/2Nb1/2)O3 thin films

Lead iron niobate, Pb(Fe1/2Nb1/2)O3 or PFN, is a relaxor

ferroelectric below its Curie temperature of TC & 393 K

[60–62]. On cooling, PFN undergoes a transformation

sequence of C ? T ? R. The T phase only exists over a

narrow temperature range of 40 K below TC. At room

temperature, PFN has a stable R phase with lattice con-

stants of ar = 4.012 Å and ar = 89.89�, which are nearly

pseudo-cubic [63–66].

Fig. 5 Structure and

ferroelectric properties of

Pb(Zr0.52Ti0.48)O3 (PZT) thin

films deposited on (001), (110),

and (111) SrTiO3 (STO)

substrates. a Illustration of

where polarization direction lies

for the T, Mc, and R phases of

PZT deposited on (001), (110),

and (111) STO; and b P–E

hysteresis loops of Mc, R, and T

PZT films [58]
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Thin films of PFN deposited on (001), (110), and (111)

STO substrates have stable T, O, and R phases with lattice

constants of (at, ct) = (4.010, 4.068 Å), ðao=
ffiffiffi

2
p

; bo=
ffiffiffi

2
p

;

coÞ ¼ ð4:032; 4:026; 4:017 ÅÞ; and (ar, ar) = (4.027 Å,

89.96�), respectively [67, 68]. Figure 6a is used to explain

why PFN has different stable phases on differently oriented

substrates. On (111) STO, PFN has a stable R phase because

of an equivalent tensile stress along the [111] direction

imposed by the substrate. On (001) STO, the stable phase is

T due to an equivalent tensile stress along [001]. In PFN

crystals, the T phase is stable only over the temperature

range of 353–393 K: the constraint stress increases this

temperature stability range of the T phase notably, such that

it is stable at room temperature. On (110) STO the stable

phase is O. This is because PFN crystals at room tempera-

ture are nearly pseudo-cubic, without notable distortions:

thus, the constraint stress from the (110) substrate com-

presses it to orthorhombic (O).

The piezo-responses of the variously oriented PFN thin

films are shown in Fig. 6b [69]. It can be observed that the

T phase has a higher d33 value (40 pm/V), than either the R

or O phases (26 pm/V). The higher piezo-response of the T

phase may be induced by the stronger constraint stress

from the substrate. From calculations, we found that the

constraint stress from the (001) STO substrate was more

than 109 larger than that of (110) or (111) STO. The

higher constraint stress from the (001) substrate results in

the T phase of PFN being more strongly distorted from the

pseudo-cubic, than films grown on (111) or (110).

Triclinic phase in BiFeO3 thin films

Bismuth ferrite, BiFeO3 or BFO, is also ferroelectric below

a TC = 1,103 K [70–74]. On cooling, BFO crystals

undergo a transformation sequence of C ? R. At room

temperature, BFO crystals and ceramics have a stable R

phase with lattice constants of ar = 4.012 Å and

ar = 89.89�, which again is nearly pseudo-cubic [70, 71,

75–79]. Thin films of BFO deposited on (001), (110), and

(111) STO substrates have stable monoclinic Ma, mono-

clinic Mb, and R phases, respectively [80–82].

Films of BFO deposited on (100), (130), (120), and

(110) STO substrates have been investigated by XRD:

resulting in stable Ma, triclinic, triclinic, and Mb phases

with lattice constants of ðaM=
ffiffiffi

2
p

; bM=
ffiffiffi

2
p

; cM; bÞ ¼
ð3:919; 3:887; 4:075 Å; 89:34�Þ; (atr, btr, ctr; atr, btr,

ctr) = (3.926, 4.041, 3.909 Å, 89.52�, 89.51�, 89.30�),

(atr, btr, ctr; atr, btr, ctr) = (3.955, 4.011, 3.912 Å, 89.52�,

89.51�, 89.34�) and ðaM=
ffiffiffi

2
p

; bM=
ffiffiffi

2
p

; cM; bÞ ¼ ð3:996;

3:952; 3:925 Å; 89:24�Þ, respectively [80]. Figure 7a illus-

trates why these different phases are stable when deposited

on the variously oriented STO substrates. The stable phase

of bulk BFO is R. The combination of this R phase with

an equivalent stress along [100], [130], [120], and [110]

distorts the stable phase to being Ma, tr, tr, and Mb,

respectively.

In Fig. 7b, we show the relationship between the lattice

constants of (100), (130), (120), and (110) for BFO as a

function of the tilt angle between the substrate’s surface

and the (100). In this figure, it can be seen that the lattice

parameters are near linearly dependent on the tilt angle.

The in-plane lattice constants range in values from 3.90 to

3.92 Å, with little difference induced by the asymmetry of

in-plane stresses on tilted (100) substrates. With the

increase of the tilt angle, the range of lattice constants

increased from between 3.90 and 4.08 Å. This data shows

by selecting properly oriented substrates that it is possible

to engineer lattice constants of low symmetry phases to

particular desired values.

Summary

By selecting the orientation of substrates, it is possible to

change the crystal structures and lattice constants of fer-

roelectric thin films of PZT, PFN, and BFO. This is due to

strong in-plane compressive constraint stresses between the

epitaxial thin film and the single crystal substrate. The

constraint stress can (i) alter the phase stability even when

Fig. 6 Structure and

ferroelectric properties of

Pb(Fe0.5Nb0.5)O3 (PFN) thin

films deposited on (001), (110),

and (111) SrTiO3 (STO)

substrates. a Illustration of

where polarization direction lies

for the T, O, and R phases of

PFN deposited on (001), (110),

and (111) STO; and b P–E

hysteresis loops of T, R, and O

phases of PFN layers [69]
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the composition is crossed over the original MPB of bulk

PZT; (ii) enhance the phase stability to temperatures

notably lower than the corresponding bulk PFN; and (iii)

stabilize low symmetry monoclinic and triclinic structures

which are non-existent in bulk BFO. Our findings show

that off-axis substrates can be used to engineer bridging

phases of the lowest possible symmetry. Such low sym-

metry phases may be important to enhance piezoelectric

properties. In particular, for magnetoelectric composites,

the ability to tune the symmetry of the matrix of the pie-

zoelectric coefficients offers an important approach to

controlling product tensor properties.

Ferromagnetic properties of self-assembled

nano-composite thin films

Another important property of self-assembled nano-com-

posite thin films is ferromagnetism. Detailed investigations

of the effect of said nano-structures, or other factors, on the

ferromagnetic properties are quite interesting and will be

discussed below.

Background

It was reported that CFO nano-pillars embedded in a BTO

matrix have strongly anisotropic magnetic properties [5].

The M–H curve measured in the out-of-plane direction is

square with relatively large coercive fields (5 kOe) that

saturate quickly on further increase of H (10 kOe). How-

ever, the magnetization along the in-plane direction is slim

loop, with a small coercive field (1 kOe) that saturates

much more slowly with increasing H (50 kOe). After

comparing the magnetic anisotropy of CFO nano-pillar

structures prepared at different deposition temperatures,

Zheng et al. [5, 83] found that this anisotropy was induced

by the constraint stress of the heterostructure. With

increase of deposition temperature, this magnetic anisot-

ropy was found to decrease [83].

Recent investigations have revealed a relationship

between the magnetic anisotropy and the height/diameter

ratio of NFO nano-pillars [84]. It was found with increas-

ing film thickness that the height of the NFO nano-pillars

increased: as a result, the aspect ratio obviously also

increased. The magnetic anisotropy is strongly related to

the aspect ratio of the spinel phase. For thinner films (1:2

aspect ratio for NFO), the M–H curves in the in-plane and

out-of-plane directions were almost the same; but for

thicker films (10:1 aspect ratio for CFO), the M–H curve

for in-plane was much slimmer and harder to saturate,

relative to out-of-plane.

Not only can nano-pillars with out-of-plane orientations

be deposited, but our research group has found that nano-

belts elongated along in-plane directions can also be

deposited. This makes it possible to study the relationship

between various nano-structures and magnetic behaviors.

Ferromagnetic properties of CoFe2O4 nano-pillars,

nano-belts, and matrix

The magnetization hysteresis loops for a CFO single layer,

a nano-pillar one oriented in the out-of-plane direction, and

a nano-belt one oriented along the [110] are shown in

Fig. 8a [35]. The M–H curve for the CFO single layer was

a standard hysteresis loop, where it was easy to rotate the

spin and achieve a relatively high remnant magnetization.

For CFO nano-pillar structures, it was harder to saturate the

magnetization along the in-plane direction than it was for a

single layer. This was because the nano-pillars are oriented

out-of-plane, and thus it is difficult to rotate their spin

toward the in-plane direction. Furthermore, on removal of

the magnetic field, the remnant magnetization was notably

lower than that for a CFO single layer: this is because it is

difficult to maintain the magnetization to lie out-of-plane.

In the case of CFO nano-belt structures, the belt was

elongated along the [110] with its width normal to that

direction. The geometrical shape factor L/W was *10,

which was much larger than the height/width ratio of the

Fig. 7 Structure and lattice

parameters of BiFeO3 (BFO)

thin films deposited on (100),

(130), (120), (110), and (111)

SrTiO3 (STO) substrates.

a Illustration of where the

polarization direction has forth

MA, Tr, Tr, MB, and R phases of

BFO deposited on (100), (130),

(120), (110), and (111) STO;

and b lattice parameters of BFO

films on (100), (130), (120), and

(110) STO [80]
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nano-pillar structure. Accordingly, its magnetization was

the hardest to saturate under external magnetic field, and it

has the lowest remnant magnetization.

The in-plane ferromagnetic hysteresis loops for (001),

(110), and (111) oriented layers are shown in Fig. 8b [36].

The wetting of CFO on STO follows the general trend of

(111) [ (110) [ (001). Thus, CFO changed from being the

matrix to being nano-belts, to being nano-pillars on (111),

(110), and (001) STO, respectively. Higher wetting angles

mean that the CFO spreads more readily on STO sub-

strates. This results in reduced shape anisotropy for the

CFO phase where it is easier to saturate the spins in-plane,

resulting in a lower coercive field and a higher remnant

magnetization. On the contrary, lower wetting of CFO on

STO means that the CFO is more isolated on the substrates.

This makes it more difficult to saturate the magnetization

in-plane, resulting in higher coercive fields and lower

remnant magnetizations. From Fig. 8d, we can clearly see

that the field needed to reach saturation follows the general

trend of (001) [ (110) [ (111); whereas that for the rem-

nant magnetization is (111) [ (110) [ (001).

Clearly, the ferromagnetic properties of CFO nano-

structures are strongly related to the shape of the nano-

structures. This is because spin alignment and rotation are

quite different for these nano-scale structures, compared to

corresponding CFO thin layers.

Magnetoelectric properties of self-assembled

nano-composite thin films

The magnetoelectric properties of self-assembled nano-

composite thin films are the result of a coupling between the

polarization of the ferroelectric phase and the magnetization

of the ferromagnetic one. Thin ME films should exhibit a

change of polarization with application of external mag-

netic field, or a change of magnetization with electric field.

However, due to the finite size of the nano-composites, the

ME signal of thin film is quite small and difficult to measure

[85]. Accordingly, research of ME coupling in self-assem-

bled nano-composite has been quite limited.

Background

The first indication of ME coupling in self-assembled

nano-composite thin films was reported for the BTO–CFO

system in 2004 [5]. A kink was observed in the magneti-

zation at the ferroelectric Cure temperature of the BTO

phase. At this temperature, the BTO matrix underwent a

phase transformation from cubic to tetragonal. The change

in the perovskite crystal structure of the BTO matrix then

resulted in a distortion of the CFO crystal structure. As a

consequence, the magnetization of CFO was reduced at this

temperature, via magnetostriction.

Other evidence of ME coupling has been provided by

studies of electric field assisted magnetization switching

using a MFM method [21]. On applying a voltage of

-16 V to the film and no magnetic field applied, approx-

imately 50% of the magnetization of the CFO nano-pillars

was rotated due to a ME coupling between BFO and CFO.

If the film was then exposed to a magnetic field while under

this voltage of -16 V, the percentage of spin rotation

increased with increasing DC magnetic field: up to 90%

could rotated under H = 800 Oe.

There have also been several reports of ME coupling in

(0-3) and (2-2) type composite thin films by other mea-

surement methods. These include: (i) the saturation polar-

ization being decreased from 80 to 25 lC/cm2 when a DC

magnetic field of 10 kOe was applied to (0-3) CFO–PZT

thin films [86]; (ii) the ferroelectric coercive field increased

from 4.8 to 6.6 MV/m under application of DC magnetic

field of 5 kOe for (2-2) PZT/CFO thin films [87]; (iii) the

ferromagnetic resonance frequency of yittrium iron garnet

or YIG layers being increased by 5 Oe when a voltage of

Fig. 8 a M–H loops of CFO single layer, CFO nano-pillar, and CFO

nano-belt, demonstrating the relationship between nano-structures

and magnetic properties of BTO–CFO films [35]; and b M–H loops of

(001), (110), and (111) oriented BFO–CFO composite films, demon-

strating the relationship between nano-structures and magnetic

properties of BFO–CFO films [36]
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25 V was applied to (Ba,Sr)TiO3 or BSTO layers which

were deposited on the top of the YIG one [88]; and (iv) a

ME voltage output of 5 lV that was observed when a

square wave AC magnetic field of 6 Oe was applied to a

(2-2) NFO/BTO composite thin film [13].

Direct measurement of the magnetoelectric coefficient

in CoFe2O4–BiFeO3 nano-composite thin films

A magnet cantilever method has been used to measure the

ME voltage output in (1-3) CFO–BFO self-assembled

composite thin films [37]. Because the tiny ME voltage

output in composite thin films may be buried in the noise

induced from cables and environment, it was necessary to

use a higher AC magnetic field to generate a higher ME

voltage to make direct ME measurements possible. The

measurement method is shown in Fig. 9a. The magnetic

cantilever was excited by a shaker. By changing the input

voltage of the shaker, the vibration amplitude of the

magnet cantilever was controlled. The relationship between

vibration amplitude and AC magnetic field was calibrated

by using a Gaussmeter. This magnetic cantilever can

generate an AC magnetic field up to 1 kOe. Using this

method, the ME voltage output of self-assembled CFO–

BFO can be higher than 1 mV.

The relationship between ME coefficient and AC mag-

netic field is shown in Fig. 9b. With increase of the AC

magnetic field, the ME voltage coefficient increased

quickly and reached 18 mV/cm Oe near 100 Oe. With

further increase of the AC magnetic field, the ME coeffi-

cient dropped gradually to 6 mV/cm Oe at magnetic fields

of above 1 kOe.

Engineering of self-assembled two phase single grains,

and complex composite geometries

Perovskite–spinel self-assembled epitaxial thin films have

been deposited onto various substrates to improve their

piezoelectric properties [89, 90]. But one disadvantage of

thin films is that the substrate limits the distortion [5]. If

one could transfer 2D BTO thin film structures onto other

nanostructure without substrates, such as a self-assembly

synthesis method to form two phase single grain particles,

then novel performance might be enabled [91, 92].

Geometries of nano-composites controlled via

compositional variations

To fabricate nano-composite grains, barium acetate, TiO2,

MnO, ZnO, Fe2O3, NaCl, and NP-30 (nonylphenyl ether)

were mixed with different molar ratios [93]. After mixing

uniformly, they were annealed at 850 �C for 5 h. Here, we

choose two representative final compositions for the two

phase materials which correspond to: (i) (BaTiO3)2–

Mn0.5Zn0.5Fe2O4, designated here as B2M1; and (ii) Ba-

TiO3–(Mn0.5Zn0.5Fe2O4)2, designated here as B1M2.

Evidence of a change in the shape of particles for these

different compounds was obtained by microscopy. In

Fig. 10, we show grain morphologies for (a, b) pure MZF;

(c, d) B1M2; (e, f) B2M1; and (g, h) pure BTO. The grains of

BTO-rich samples had a rod-like morphology with a high

aspect ratio and were approximately 200 nm in diameter,

whereas the grains of the MZF-rich samples were octahe-

dral-like and also approximately 200 nm in size. Both of

them are similar to pure BTO and pure MZF, respectively.

Here, the images in the left column of Fig. 10 were taken at

low magnification and illustrate the ability to make such

nanoparticles in larger quantities by solid state reaction,

which is an advantage if compared with PLD. The images in

the right column were obtained under much higher magni-

fication and better illustrate how the grain geometries varied

Fig. 9 a Photo of our magnetic cantilever ME measurement method,

where the inset is a schematic structure of the magnetic cantilever;

and b the ME coefficient for a self-assembled BFO–CFO single-

layered nano-composite thin film as a function of AC magnetic field

amplitude [37]
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with change in composition. Clearly, introduction of MZF

into BTO changes the cross-sectional geometry, and alters

the nanoparticles and nanorods’ facets.

From high-resolution TEM images of the nanorods, as

shown in Fig. 11a, we obtained a power spectrum from the

Fourier transform of the area boxed-off in this lattice

image, as shown in Fig. 11b. The power spectrum clearly

reveals the presence of two sets of reflections. A HRTEM

image was then taken at a higher magnification, as shown

in Fig. 11c. At this higher magnification, we can see two

regions, separated by a buffer zone approximately 1 nm in

thickness, as marked in the figure. A BTO phase region is

identified whose inter-planar spacing was smaller than that

of a MZF one. The lattice planes of the two phases were

coherent, but yet in part elastically relaxed by the buffer

zone. We obtained power spectrums from both the BTO

and MZF phase regions of the lattice image, as shown in

the inserts of Fig. 11c. Unlike that in Fig. 11b, these

spectra each contained a single set of reflections, demon-

strating that they were single phase BTO and MZF regions.

Geometries of nano-composites controlled via different

oriented substrates

In addition to controlling the particle geometries by

changing the compositional prescription, we also were able

to control it via differently oriented substrates. In this case,

we chose the BTO-rich prescription as a starting material

and STO single crystals of different orientations as sub-

strates. The control mechanism is expected to occur by

heteroepitaxy and develop into facets through atomic

rearrangements on a single crystal substrate with different

orientations [94]. It is expected that the surface energy will

change with orientation of the substrates due to variations

in atomic arrangements. The facets and the final shape of

nano-composites can then be defined by the anisotropy of

the surface-energy, and be predicted by Wulff construction

[95].

Different geometries of nanoparticles were observed on

differently oriented substrates, as shown in Fig. 12 [96].

Compared with pure BTO or MZF, extra facets appeared

for the B2M1 composite. On (111) substrates, the particle

morphology was triangular, similar to BTO perovskite

when viewed along [111] (Fig. 12a) with (100), (001), and

(010) facets. However, in our B2M1 sample, three extra

facets appeared on the particles that were not present for

BTO grains. These are (101), (110), and (011) (Fig. 12b).

In the larger B2M1 particles, a seventh facet was also found

along (111) as shown in Fig. 12c. A similar situation was

found for (011) substrates, as shown Fig. 12f–h. On (001)

substrates, B2M1 particles were again found to have three

additional facets: these are (�112), (112), and (001) as

shown in Fig. 12j–l. Note that these additional facets are

similar to those of MZF grains which have a pyramidal

morphology as can be seen in Fig. 12i.

Next, we performed HRTEM investigations to better

understand why these extra facets formed. Before doing so,

we tilted our sample by 45�, so that we could observe the

(0�11) zone clearly below the (001) plane. Figure 13b

shows a HRTEM image of the lift-out region where the

dotted lines in part (a) schematically illustrate the lifted-out

area. Part (c) is a SAED pattern, taken from the area of

Fig. 13b. Note that we can observe a twofold splitting of

the weaker spots near the STO ones, corresponding to an

intimate two phase mixture in our B2M1 layer, i.e., BTO

Fig. 10 Scanning electron microscopy (SEM) images of a, b pure

MZF nanoparticles; c, d BTO1–MZF2 nanoparticles; e, f BTO2–MZF1

nanorods; and g, h pure BTO nanorods, (i) XRD pattern measured

from a sample shown in (c). The inserts show schematics of the

particle structures (b & d) and the cross-sectional geometries of the

rods in images (f & h) [93]
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and MZF. These findings indicate that the two phases of the

nano-composite grow epitaxially on each other. Parts (d)

and (e) are two lattice images, where we zoom in from the

light squares of the preceding images. We can see that the

parallel streaks in (d) are actually transition layers. Our

SAED pattern (Fig. 13c) revealed that BTO and MZF

phases coexist in this area. Here, two power spectra of

these two lattices area provided additional evidence of

phase coexistence and epitaxial growth, via a phase border

(please see the inserts given in Fig. 13e). Clearly, two

phases self-assembly occurred forming these nano-com-

posites that grew into single grain particles.

Fig. 11 a High-resolution TEM

image of our BTO2–MZF1

nanorod; b power spectrum

taken from a selected area of

lattice image given in (a); and c
lattice image of higher

resolution, demonstrating a

buffer zone between phases,

where the insets show power

spectrums taken from the BTO

and MZF areas, respectively

[93]

Fig. 12 SEM images of B2M1

nanoparticle and single phase

samples. Same row is on same

oriented STO substrates and

same column is in same reaction

condition. Following is the

detailed information of each

image: (a, e) are pure BTO

nanostructures on (111) and

(011) substrates; (i) is pure MZF

on (001) substrate; (b, f, and j)
are B2M1 samples on (111),

(011), and (001) substrates with

short reaction time (2 h),

respectively; (c, g, and k) are

these B2M1 samples made by

increasing reaction time (5 h)

on different substrates. All the

scales are 200 nm, (d, h, and l)
are schematics of marked facets

of corresponding orientations in

each row [96]
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Summary

We have reviewed various important recent developments

in the field of multiferroic two-phase nano-composite thin

films: with emphasis on our efforts to explore their new

nano-structures, to understand their ferroelectric and fer-

romagnetic behaviors, and to improve their ME voltage

output signals. Our review included the important findings,

as follows: (i) nano-pillar, nano-maze, and nano-belt

structures in perovskite–spinel systems that can be

explained by a wetting model, an elastic model, and an

anisotropic ledge growth mechanism for the CFO phase;

(ii) the ferroelectric properties of composite thin films,

which could be enhanced by epitaxial engineering using

different oriented substrates; (iii) a strong magnetic

anisotropy for nano-structure thin films, which is related to

the constraint stress and aspect ratio of the ferrite phase of

the nano-structure; (iv) the ME coupling between the pie-

zoelectric and magnetostrictive phases as observed by

several ways, such as a change in ferrite magnetization

induced at the ferroelectric Curie temperature, a rotation of

spin under weak magnetic fields that is assisted by electric

fields, and the direct measurement of the ME voltage

output generated by AC magnetic fields; and (v) the nano-

structures of two-phase nano-composite single grain par-

ticles with and without single crystal substrates.
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