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Abstract. The existing approaches to the chemical design of
multiferroic materials are described in detail. The structural
and functional features of the known homogeneous multi-
ferroics and the latest advances in the field of multiferroics
are considered. The features of synthesis of composite
magnetoelectrics with specified properties are considered
separately. The special emphasis is made on epitaxial
stabilization as a key method for the production of new
magnetoelectric materials and controlled change of their
physical properties. The bibliography includes 218 referen-
ces.

I. Introduction

During the past 10 years multiferroics have become a
popular object of the investigation in chemistry and solid-
state physics. According to the definition given by Schmid,'
multiferroics are compounds comprising at least two of the
three types of ferro-ordering: electrical, magnetic and
mechanical.t Strictly speaking, some other classes of com-
pounds (for example piezoelectrics and piezomagnetics) also
fall under this definition, so the trend has appeared to use
the term multiferroics for the compounds with both ferro-
electric and (anti)ferromagnetic type of ordering. In the
present review, we shall interchange the terms ‘multifer-
roics’ and ‘magnetoelectrics’ but we also want to underline
that strictly speaking, this is not correct, as crystals are
considered as magnetoelectric when they exhibit magneto-
electric effect, and this is not necessarily connected with the
presence of, for example, electric polarization, which should
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be present in multiferroics by definition.? Earlier it was
considered that there are practically no compounds with
simultaneous ferroelectric and magnetic types of ordering.
This was due both to the lack of physical and structural
investigations of the new materials and to the absence of
some modern methods of their synthesis. The today interest
in the multiferroics emerged after the appearance of the
other, new and related areas in physics and solid state
chemistry connected with the high-temperature supercon-
ductivity, strong electron correlations, charge and spin
frustrations in crystals.

The interplay of the ferroelectric and magnetic subsys-
tems is characterized by the magnetoelectric effect, which
was originally found in the magnetoelectric Cr>O3;3 how-
ever, until recently magnetoelectrics have not been actually
investigated as potential materials for technological appli-
cations due to low of magnetoelectric response. The modern
electronics, which broadly applies the nanotechnological
approaches and solutions, shows its main interest in nano-
materials and thin films with the magnetoelectric properties.
On the other hand, it should be noted that significant
success in the preparation of the new and promising multi-
ferroics is mainly connected with the appearance and wide
popularity of different methods for the preparation of thin
epitaxial films. New crystal structures have been stabilized
and original composite materials with the magnetoelectric
properties have been obtained with the use of the epitaxy,
while ferroelectricity has been induced by crystal lattice
strains in known magnetic compounds.

I1. General information on the multiferroics

An early work dedicated to the multiferroics was carried out
by Astrov,? who proved experimentally the presence of the
magnetoelectric effect in the chromium(I1T) oxide and inves-
tigated this effect. Since that, a big number of single-phase
multiferroics have been discovered, including BiFeOs,

T The ferrotoroid ordering is not considered in this review.
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HOMHO3, Tangos, DyMnO3, LuFezO4~ Ni3V208,
MnWOy, etc. (see Appendix). In the majority of cases,
these compounds are oxides but halogen-containing com-
pounds, phosphates and chalcogenides are also known. At
present, the search for the new multiferroics is being carried
out not only among inorganic but also among organic* and
organometallic>® compounds. The development of the
theory of the magnetoelectricity allowed understanding
and in many cases successful prediction of the magnetic
and ferroelectric properties of single-phase multiferroics,
which significantly facilitates the search for the new mag-
neto-electrical materials.

A peculiarity of the multiferroics is the possibility of the
co-existence of two types of ferro-ordering (magnetic and
electric), which has been considered earlier only hypotheti-
cally. The main reason for this was the common opinion
about the covalent character of the origin of ferroelectricity,
perovskite (BaTiO3) being usually provided as an example.
The polarization in BaTiO3; appears due to the absence of
electrons in the outer d-shell of the Ti** ions and the
subsequent hybridization with the outer p-shells of the
oxygen atoms. However, unpaired electrons in the d-shells
are required for the appearance of the exchange interaction
and subsequent magnetic ordering in the transition metal
compounds, which in turn significantly suppresses the
tendency for the appearance of the dipole moment upon
the hybridization. Other mechanisms of the polarization
appearance in crystals have become known owing to the
results of the intensive investigations and are often used as a
basis for the classification of the multiferroics. The ferro-
electrics are classified into proper and improper ones
depending on the difficulty of the distortion of the initially
symmetrical crystal structure.” In the former case, a conven-
tional phase transition into the polar state of the crystal
occurs either due to a small displacement of the ions with
the formation of partially covalent bonds (exemplified by
BaTiO3) 3 or upon the loss of centrosymmetric position of
the 6s? electron pair (exemplified by BiFeO3).° In the case of
improper ferroelectricity, the phase transition is a result of
some more complicated lattice distortions and the sponta-
neous polarization is exhibited as a secondary effect. Usu-
ally, the improper ferroelectricity is caused by the specific
magnetic ordering (magnetic ferroelectricity, as in TbMnOs,
DyMnO3),1%- 11 spontaneous lattice distortion (geometrical
ferroelectricity, as in HoMnO3) 2 or electron correlations
[electronic ferroelectricity, as in Fe304,'> LuFe,O4
(Ref. 14)].

Thus, the magnetically dependent and magnetically
independent types of electric ordering are distinguished in
multiferroics. In the first case, the polarization directly
results from the presence of a certain spin structure, while
in the second case, the magnetic sublattice exists independ-
ently of the ferroelectric ordering.

In the present review, we consider mainly the single-
phase (or homogeneous) multiferroics, the peculiarities of
their crystal chemistry and synthesis. The consideration is
based on the classification in terms of the composition and
crystal structure type of the compounds and the arising
ferroelectric ordering and its connection to the magnetic
subsystem. Among the chemical approaches used to alter
the functional properties of the multiferroics, special atten-
tion is paid to the chemical doping and preparation of thin
epitaxial films. In the last part of the review, the chemical
principles of the preparation of the composite magneto-

electric materials as thin films and in the bulk state are
briefly surveyed.

I11. Homogeneous multiferroics

1. Bismuth ferrite

Perovskite and perovskite-like structures have become the
basis for the creation of numerous functional materials due
to the simplicity of their crystal structure and a large variety
of compositions. Bismuth ferrite (BiFeO3) was one of the
first investigated multiferroics with the perovskite structure.
It was also found that it possesses record-breaking ferro-
electric (T¢ = 1103 K) and antiferromagnetic (7N = 643 K)
ordering temperatures (7¢ is the Curie temperature, 7N is
the Neéel temperature), but the maximum value of the
polarization (P) in the single-crystal BiFeO3 turned out to
be very small (3—6 pC cm~—2).15 In contrast to the single
crystals, the measurements of the pyroelectric current in the
thin epitaxial films of bismuth ferrite* have shown high
polarizability, which reached values of 60—100 pC cm—?2
(Ref. 16). It is considered that the main reason for such
small polarization in the previously investigated bulk crys-
tals is the leakage current caused by nonstoichiometry and
defects, which was eliminated only in the thin film state and
later in the high-quality single- and polycrystals.!”~1° The
synthesis of the BiFeO3 phase is complicated, on one hand,
by high probability of the formation of impurity phases
such as sillenite BiasFe,Oz0+s (isostructural to the meta-
stable y-Bi»O3) and Bi;FesOy at the grain boundaries of
polycrystalline ceramics and, on the other hand, by the
strong dependence of the physical properties on the oxygen
stoichiometry and crystal perfection. Both low leakage
currents and the presence of magnetic moment in the crystal
are required for the practical application of bismuth ferrite;
hence, special attention has been paid to the improvement
of the ferroelectric characteristics and the destruction of the
cycloidal antiferromagnetic order in BiFeOs. The local spin
structure in bismuth ferrite is of the G type (every Fe** ion
is surrounded by six Fe?** ions with the opposite spins), but
the Dzyaloshinskii—Moriya interaction disrupts the anti-
parallel orientation of the spins (‘skews’ the antiparallel
spins), which form the incommensurate spin cycloid. Differ-
ent ways of the cycloid degradation are considered below.

a. Dependence of the properties of BiFeO3 thin films on their
structure and strained state

Thin films of BiFeOs of different symmetry can be obtained
using the epitaxy effect and single-crystalline substrates
with different surface orientation. So, the monoclinic
phase is crystallized on the (001) and (101)SrTiOs sub-
strates, while the rhombohedral phase is preserved on
(111)SrTi05.2%-21 One of the most significant results
obtained by the authors of this review is the discovery of
noticeable sensitivity of the paraelectric —ferroelectric tran-
sition temperature to the epitaxial strain in the films. The
Curie temperature is 650 °C in the case of films that
experience strong epitaxial strain, which is almost 100
degrees lower that the analogous value for the weakly
strained films (7¢ ~ 750 °C). The bulk bismuth ferrite has
Tc = 830 °C. The magnetic measurements of the strained

i The measurement of the pyroelectric current is a standard method to
obtain the values of the polarization change (AP) in ferroelectrics.
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films obtained by metal-organic chemical vapour deposition
(MOCVD) have shown the saturation magnetization value
(Ps) to be close to that for films prepared by pulse laser
deposition (PLD).22-24 Apparently, the destruction of the
spin cycloid occurs with the formation of the homogenous
antiferromagnetic order, the skewed spins in which give rise
to a weak magnetic moment of thin film specimens.

The magnetic structure of BiFeOs represents a spin
cycloid with the modulation of 62 nm. The nanodomain
nature of films possessing the so-called variant structure 23
can induce partial destruction of such magnetic structure
when the sizes of the epitaxial domains are smaller than or
incommensurate with the modulation length. Indeed, the
formation of the variant structures has been observed
during the preparation of the BiFeOj3 films by MOCVD 25
on cubic (001)ZrO,(Y»03).2¢ The typical size of the variant
domains was about 20 —-40 nm; however it reached 200 nm
in some cases (apparently due to the high lateral diffusion of
the film components). The saturation magnetization of the
films with the variant structure (at 5 K) was fourfold higher
than the magnetic moment of the strained BiFeOj3 films, and
as compared with relaxed films the magnetization has
increased 20-fold. This points to the high efficiency of the
used method for the preparation of the variant structure of
films upon the change of the magnetic properties of the
spin-modulated magnets.

b. Influence of the cation doping on the BiFeOj3 properties
The bismuth ion in BiFeO3; has been mainly replaced by
alkaline earth metal ions, lanthanides, Pb, and K, while iron
was replaced by Co, Mn, Mo, Nb, Ni, Sc, Ti, V and Zr. In
particular, for the solid solutions (Bi,R)FeOs (R = Dy, Tb,
Eu, Gd), invariability or decrease in the leakage current was
observed in the majority of the investigations along with the
significant increase in the magnetic moment (usually due to
the crystal structure distortion) both for the epitaxial and
polycrystalline films.27—30

The investigations have shown?3! that the introduction
of foreign oxides into the Bi»O3;—Fe>O3 system favours
separation of the BiFeO3 phase into phases with the sillenite
structure with a high Bi*" content and Bi-deficient phases
based on BixFe4O9. Moreover, a big number of the individ-
ual Bi;2sM,O20.s5 phases that crystallize in the sillenite
structural type are known,3? as well as innumerable number
of solid solutions based on them, which significantly com-
plicates the preparation of the BiFeO3; homogeneous phase.

2. Solid solutions with the perovskite structure

The first attempts to synthesize a single-phase multiferroic
were performed by the group of Smolenskiy 3334 in 1961.
The main idea was doping of the octahedral positions in
ferroelectrics with the perovskite structure [for example
Pb(Zr,Ti)Os] by magnetic ions (for example Fe3*, Mn3 ™,
Co?*). Thus, the compound Pb(Fe,3W;3)O3, which is a
ferroelectric (7¢c =180 K) and an antiferromagnet
(T~ = 370 K), has been synthesized.?? Later, a big variety
of solid solutions that combine ferroelectrically active and
magnetic ions have been prepared.?® Currently this issue
receives particular attention due to the unique properties of
such single-phase materials.?® Besides the relatively high
temperatures of the ferroelectric and magnetic orderings,
mixed multiferroics often show electronic phase separation
into magnetic and ferroelectric nanoregions due to the
problem mentioned above (see Section II) concerning the

requirement of simultancous presence and absence of elec-
trons in the d-level of the transition metals for the two types
of ordering.37-4! The mesoscopic model describing the
behaviour of such multiferroic relaxors was reported.*!

3. Boracites

The boracites M3B;03X (M = Mn, Fe, Co, Ni; X = F, Cl,
Br, I) are also among the first discovered magnetoelectrics.
The paraclectric phase of the boracite has a cubic structure
(space group F43c¢) in which M and X atoms form chains
along crystallographic axes that intersect in the halogen
atom positions and are located in the framework of BOy4
tetrahedra and OBO3; pyramids (in the OBO3 pyramids one
of the B—O bonds is ~0.2 A longer than the other)
(Fig. 1).#? The boracite Niz;B;03l is a piezoelectric — anti-
ferromagnet below 120 K, while below 64 K it is a ferro-
electric — ferromagnet with polarization direction being
dependent on the magnetization vector.*3 Boracites are
prepared most often by the chemical vapour transport
method.** In this process, the crystals grow from the heated
vapour phase that contains the halide MX, and B>Os.
Later, a simpler approach to the synthesis has been sug-
gested,*® which consists of autoclaving of a mixture of
MX,-nH>O with H3BO3 at 240—-270 °C with subsequent
washing out of the remaining boric acid with water.

4. Orthophosphates

The orthophosphates LiMPO4 (M = Fe, Co, Ni, Mn) have
the olivine structure built of MOg¢ octahedra which are
linked into layers and share oxygen atoms with the POy
tetrahedra, which also form layers (see Fig. 1). The lithium
ions are located in between the layers, which provides high
diffusion mobility. The mixed valence of the transition
metals in these compounds determines the mechanism of
charge compensation upon the variation of the lithium
contents. Due to these peculiarities, the LiMPO4 ortho-
phosphates, especially LiFePOy started to be used in the last
years as effective cathode materials for lithium batteries, a
substantial body of literature has evolved on this topic.*¢~48
In the context of the present review, it is important that
orthophosphates are also antiferromagnets with the Néel
temperature of 20—40 K. Despite the strong superexchange
interaction in the layers of the condensed MOg octahedra,
weak exchange along the M—O—P—0O—M bonds is also
realized between them, which makes significant contribu-
tion to the formation of the three-dimensional antiferro-
magnetic ordering.*® This is most pronounced for LiNiPOy,
while for LiIMnPOy, for example, the exchange between the
MnO layers is too weak for the formation of the incom-
mensurate spin system.>® However, in LiNiPOy the applica-
tion of a B < 12 T magnetic field induces the ferroelectric
ordering where the commensurate spin structure does not
turn into the incommensurate one, and in the B> 12T
field, the spin structure in the orthophosphate LiNiPOy4
becomes incommensurate and the polarization vanishes.>!

5. Multiferroics on the basis of the strained epitaxial cubic
structures

The search for the ferroelectric properties in insulators by
distorting or mechanically stressing their crystal structures
has become very popular recently. Such stresses appear
naturally in the heteroepitaxial thin films due to the differ-
ence between the unit cell parameters and the thermal
expansion coefficients of the film material and the single-
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MnWO,4

TbMnO3;

Figure 1. Crystal structures of the inorganic multiferroics. For some compounds, the directions of spins are shown with red arrows, the

dipole moments are indicated by black arrows.

crystalline substrate material. One of the most well-known
examples is strontium titanate (SrTiOs), which exhibits
paraelectric properties in the bulk state all the way down
to 0 K (the so-called quantum paraelectricity, which mani-
fests itself in the absence of the ferroelectric order due to the
quantum fluctuations, i.e., zero-point vibrations of atoms),

but which can easily be transformed into the ferroelectric
state upon weak external impact on the crystal lattice
(mechanical strain, chemical doping). The appearance of
the polarization upon application of the mechanical strain
or doping is quite possible in the quantum paraelectrics,
which is connected with the high instability of the quantum
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paraelectric state and the ease of its destruction. Thus, T¢
for the ferroelectric—paraelectric transition in the strained
epitaxial SrTiO; films may reach room temperatures.>?
Similar effect in KTaOs films leads to an even more stable
ferroelectric state with 7¢c ~ 700 K.53

Another example is the perovskite EuTiOs, which is a
quantum paraelectric in the bulk state (similar to SrTiO3)
and an antiferromagnet (AFM/PE). The biaxial strain
emerge in the thin films of EuTiO; obtained using molec-
ular-beam epitaxy on the (001)DyScOs; substrate;>* when
the strain exceeds (¢) ~ 1%, the transition to the ferro-
electric ferromagnetic phase (FE/FM) occurs.y Near the
transition point (¢ &~ 1%), strong binding of the IR-active
phonon with the magnetic and elastic subsystems leads to
an easy reversible AFM/PE — FE/FM transition induced
by application of the external magnetic/electric field.>* 3>
The magnetoelectric effect connected with such phase con-
trol (magnetic and electric) possesses certain specific fea-
tures. In particular, using the external field, one can switch
on the magnetization or polarization, while the control of
the ordering vector or switching between the opposite
directions of the polarization/magnetization is actually
impossible.>>

The antiferromagnetic paraelectric StMnO3 with strong
spin—phonon interactions is another compound for which
the multiferroic properties in thin films are only predicted
theoretically.’® The transition into the ferroelectric —ferro-
magnetic state with high ordering temperatures is expected
for thin films of this compound even at the strain of
le] > 3% —4%, while for the boundary strain values, strong
magnetolectric effect is likely to arise between the initial
antiferromagnetic and mechanically induced ferromagnetic
phases, similar to that confirmed for EuTiOs.

Calculations show 37 that biaxial strains should lead to
the polarization of the thin films even for such oxides as
BaO, SrO and CaO, which crystallize in the NaCl structural
type. This unexpected effect is caused, apparently, by the
hybridization of the metal d-orbitals and oxygen 2p-orbitals
in the alkaline earth metal oxides,”® which are highly
sensitive to the variation of the interatomic distances. The
authors have proven that upon the achievement of the
critical biaxial strain the alkaline earth metal oxides pass
into the ferroelectric state; however, the paraelectric state
with a strong dependence of the lateral optical phonon
frequency and the dielectric constant on the strain should
be observed at the strain values lower than the critical ones.

The semiconductor EuO possessing a similar cubic
structure (NaCl type) is interesting from the point of view
of potential magnetoelectric properties. Under the biaxial
strains of > 4% (both shrinking and stretching ones), the
appearance of polarization®’ and increase in T¢ of the
ferromagnetic ordering have been predicted for it.>®> How-
ever, despite the fact that the strained thin films of EuO
have been prepared,®® the investigation of their magnetic
and ferroelectric properties has not been carried out to a full
extent, since the work with EuO is hampered by the fact that
this phase is stable only at an extremely low partial oxygen
pressure.

§ ¢ is the parameter that characterizes the difference between the unit cell
parameters of the film and the substrate material.

6. Hexagonal and perovskite manganites of lanthanides

The lanthanide manganites RMnOs typically having
orthogonally distorted perovskite structures or hexagonal
structures (crystallization of RMnOs in either of them is
determined by the ion radius of the trivalent lanthanide)
stand out from the widely investigated multiferroics. The
RMnOs3 perovskite structure remains stable under normal
conditions in the range of the ionic radii rpy < rr < rpa,°!
but under high pressure the perovskite phase can be
stabilized also for the other members of the series. The
hexagonal structure of the LuMnOs; type (space group
P63c¢m) becomes stable with the decrease in the ionic radius
R>" in the series Y, Ho, Er, Tm, Yb, Lu; this structure can
be described as the close sphere packing of the oxygen ions
(ABCACB) in which the Mn?" ions have the coordination
number (CN) of 5 (trigonal bipyramid), while R*" ions are
located in  single-capped  seven-vertex  octahedra
(CN = 7).61.62 The hexagonal manganites RMnQj; are geo-
metrical ferroelectrics, i.e., the ferroelectric ordering in
them (7T¢ ~ 900 K) is due only to the structural distortions:
the cooperative distortion of the bipyramids below the
Curie temperature shifts R*" ions along the ¢ axis, giving
rise to ferroelectricity.®® The inclination angle of the MnOs
polyhedra increases with the decrease in the ionic radius
R*" in such a way that the ferroelectric polarization attains
its maximum for Sc3* (Ref. 64). The two-dimensional
antiferromagnetic ordering of the Mn3" ions in the ab
plane with 7Tn =~ 100 K is observed for the hexagonal
manganites. It was established ®5 that the heteroepitaxy on
appropriate substrates allows for a significant widening of
the limits of the geometrical tolerance for the RMnOs;
structure and for obtaining the hexagonal modification of
RMnOs also for ions larger than Ho (namely, Dy, Gd, Eu).
According to the theoretical model of the epitaxial stabili-
zation, the critical thickness of the stabilized hexagonal
layer decreases along with the increase in the instability of
the hexagonal phases in the bulk state, i.e., with the increase
in the lanthanide ionic radius.°® The stabilization of the
hexagonal lanthanide manganites is possible on the cubic
substrate structures with the (111) cut plane, for example
(111)Zr0Ox(Y203) % or (111)MgO (Fig. 2 a),%>-¢7 and also
on hexagonal substrates in the (0001) orientation, such as
Zn0O, GaN and hexagonal YMnO3.%%~ 79 For the epitaxially-
stabilized manganites RMnO3; (R = Eu—Dy), the magnetic
and ferroelectric properties are poorly studied, but the
available data point to the presence of magnetoelectric
properties. Thus, for RMnO3 (R = Dy, Tb, Gd) the mag-
netic ordering is observed below 60—70 K7!'~74 along with
the electrical polarization. An outstanding result is the
discovery of the possibility for the control of the magnetic
phase by the applied electric field in HoMnQOj3.7> The AFM-
sublattice of the Ho®** ions in the electric field becomes
ferromagnetic bellow the Néel temperature of the Mn3*
ions ordering (75 K). This is due to the strong magneto-
electric effect caused by the influence of the ferroelectric
ordering on the interactions between the magnetic Ho3 ™"
and Mn3" ions.

Among RMnO3; manganites with the perovskite struc-
ture, TbMnOs3, DyMnOs3, (Eu,Y)MnO3;, YMnOs, HoMnO3
and TmMnO; are multiferroics.”® The distortions of the
perovskite cubic structures dependent on the effective size
of cations in the R-sub-lattice are typical of all lanthanide
manganites. These distortions, which can be described as a
result of the correlated rotation of the MnOg octahedra,’®
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Figure 2. Epitaxial stabilization of the hexagonal RMnOj; and
RFeOs (R is lanthanide) on the (111)ZrOx(Y203) substrate (a)
and the relative positions of the FeOs trigonal bipyramid and Lu(1)
(b) [the arrows denote the directions of the atom displacements due
to the hybridization of the atomic orbitals of Lu(1) and O(3)].%°

are directly linked with the magnetic structure of the
manganites in the ground state: for the least distorted
structures (R = La— Eu), the antiferromagnetic ordering of
the A-type is observed, which is replaced by the E-type
ordering for the compounds with the most distorted per-
ovskite structure (R = Ho—Lu). The distortion of the
perovskite lattice in the manganites formed by the inter-
mediate lanthanides (R = Gd, Tb, Dy, Eu;_.Y,) leads to
the intermediate magnetic ordering characterized by the
strong spin frustrations. Thus, TbMnO3 at T < 41 K pos-
sesses an incommensurate sinusoidal spin structure, its
symmetry does not allow the polarization to appear; how-
ever, bellow 28 K it turns into the cycloid spin function with
the concomitant emergence of the polarization.””-7% In the
case of GdMnOs, the polarization emerges only in the
applied magnetic field, which is apparently due to the
transformation of the spin structure from the canted anti-
ferromagnetic to the cycloid one.”® Due to the discovery of
the strong magnetoelectric effect in RMnOs (R = Tb, Dy),
the metastable manganites with the perovskite structure
RMnOs; (R =Ho-Lu, Y) have been investigated both
theoretically and experimentally.’”-7® Similarly to the hex-
agonal RMnOs, the perovskite modification can be epitax-
ially stabilized on appropriate substrates such as LaAlOs3
and SrTi03.7° As for the stabilized perovskites, the electric
polarization has been discovered in the antiferromagnets
YMnOs3,89 HoMnO3,8° TmMnOs5.8!

It is known that the orthoferrites RFeOs formed by all
lanthanides (R = La—Lu) have perovskite structure, under
normal conditions, in which the Fe3" ions are in the
octahedral environment. However, there are very scarce
data in the literature on hexagonal lanthanide ferrites,

direct structural analogues of the hexagonal manganites
discussed above. The hexagonal modifications of RFeOs3
(R =Y, Eu, Yb) were prepared for the first time as nano-
particles, which were stabilized, apparently, due to the
significant input of the surface free energy.8? It turned out
that the crystal structures of the nanoparticles of the
hexagonal EuFeO; and YbFeOs significantly differ from
the structure of the hexagonal orthoaluminate YAIOs,
characterized by the centrosymmetrical space group
P63/mmc, and are identical to the structure of the hexagonal
LuMnO;. For the first time,®3 the hexagonal RFeO;
(R = Eu-Lu) phases were successfully stabilized as thin
film and it was shown that the trends of their epitaxial
growth coincide with those for the hexagonal manganites
RMnOs (see Fig. 2a). At present, there is no data on the
physical properties of such hexagonal ferrites but there are
grounds to expect them to exhibit multiferroic properties.
The authors of this review have shown the presence of a
weak ferromagnetic ordering in thin films of the
hexagonal RFeOs; (R = Lu, Er, Ho, Dy, Tb) below
T~ = 120-140 K.8* The hexagonal phase of LuFeOj; is
fully isostructural to the ferroelectric phase of LuMnOs
(space group P63cm),®> while a significant difference in the
lengths of two adjacent bonds Lu(l)—O(3) and
Lu(2)—0(4) (0.18 A) along the crystallographic [001] direc-
tion of the LuFeOs3 orthoferrite observed also in LuMnOs3
suggests the presence of ferroelectricity in the hexagonal
lanthanide ferrites (see Fig. 25). Presumably, the high
contribution of hybridization of the atomic orbitals between
Lu and O atoms leads to a shorter distance between them
and lowers their symmetry P63/mmc — P63cm. Similar pic-
ture of lowering of symmetry is known, for example, for the
hexagonal YMnO3,3¢ for which the distortion and rotation
of the MnOs bipyramids accompanied by the hybridization
of the Y and O orbitals also induce ferroelectricity.8”

7. Multiferroics with charge ordering

Typical representatives of the multiferroics in which polar-
ization is of electronic origin and is connected with the
strong correlation effects are ferrites of trivalent metals
(lanthanides and indium) described as RFe,O4 (R = Lu,
Yb, Tm, Y, Er, Ho, In) and corresponding to the inter-
growth phases of the (RMOs3),(MO),, type. Among the
investigations of RFe>O4, noteworthy are the studies of
Ikeda and co-workers!488 in which the polarization in
LuFe,04 was found and its electronic nature was estab-
lished. The ferrite RFe>O4 has a rhombohedral structure
(space group R3m) and consists of Fe,O, and LuO; layers
alternating along the ¢ axis with the disposition of atoms in
the vertices of the triangles (see Fig. 1). The Fe?>™ and Fe3 "
ions in Fe,Os occupy positions in the trigonal planar
structure with equal probabilities; this leads to charge
frustrations.®® The charge ordering appears in the layers
below 500 K, while below 330 K it becomes three-dimen-
sional and induces polarization. The magnetic ordering
appears below 240 K, and the polarization value increases
by ~30%;!* however, there is no established opinion on the
type of the magnetic ordering. In particular, the single-
crystal neutron diffraction data for LuFe,O4 have shown
the presence of the three-dimensional ferromagnetic struc-
ture,”? but later several transitions to different states of the
spin glasses were found (at 225, 170 and 55 K).°! These
differences can be connected either wither with the poorly
investigated magnetoelectric interaction in RFe>Oy4, or,
what is more probable, with the differences in the oxygen



Structural and chemical aspects of the design of multiferroic materials

1165

stoichiometry of the samples, which has a strong influence
on the physical properties of RFe,O4. It is known, for
example, that for YFe2O4_s at 6 > 0 the three-dimensional
magnetic ordering is observed, while it becomes two-dimen-
sional in the stoichiometric samples.?> The zone melting
method in the atmosphere with controllable partial oxygen
pressure [p(O»)], for example, in the CO — CO, mixtures,”? is
being used for the preparation of the RFe,O4 single crystals
with the required oxygen stoichiometry, and note that the
growth of crystals doped by a divalent metal (for example,
Mg or Co) is easier and is carried out in air. The presence of
the temperature gradient in the zone melting furnace can be
the reason for the deviation of the crystals from the required
composition and oxygen stoichiometry.®* Some decrease in
Tc (from 256 to 242 K) was observed in the series
YbFe>O4— LuFe,O4—InFe>O4; however, with the replace-
ment of a half of Fe2>™ ions by Cu?™, the Curie temperature
has conversely increased from 45 K for YbFeCuO4 up to
70 K for InFeCuO4.”> Tt is interesting that in the systems
In,O3—M>03—M’O, the compounds InGaCoOy, InFeCuOy4
and InGaMnOQOy4 are isostructural to YbFe,O4; however,
InFeCoOy4, InGaFeOy4, InGaNiO4 and InFeMgO4 possess
the spinel structure, while the solubility of InGaCoOy,
which is also isostructural to YbFe>O4, in the Ga,CoOy4
spinel reaches 40%.°¢ This points to a relatively small
difference between the Gibbs energies for the formation of
the phases of YbFe>O4 type and spinel for some compounds
in the considered systems. The small energy difference
between two polymorphs of identical compositions provides
the possibility for the epitaxial stabilization of the phases
that have the spinel structure under normal conditions in
the YbFe,Oy4 type through the variation of the structure and
substrate parameters. At present, thin epitaxial films
RFe,04 are prepared by direct PLD.?7-°% Such films can
be prepared also by chemical precipitation method if the
condition of the low partial oxygen pressure is met during
the precipitation process or the subsequent calcination.
Thus, the authors of the review have tested a two-stage
MOCVD synthesis of LuFe>O4 phase on the cubic
Z1r0O3(Y203) substrate comprising deposition of the hetero-
geneous LuFeOs+ Fe,Os film from vapours of dipyvaloyl-
methanates of the corresponding metals and the subsequent
annealing with a getter (gas absorber), which sets the
desired p(Oy) value for the reduction of Fe3* to Fe?™. The
obtained samples really contained the epitaxial phase of
LuFe,04 together with complete elimination of the LuFeOs3
phase.

Another multiferroic with the polarization caused by
charge ordering is the ferrimagnetic magnetite FesO4, which
has an inverse spinel structure. The polarization emerges
below the Verwey point (120 K), and there is still no
unambiguous opinion about its origin. The most probable
one is that it is connected with the bond length variation
along with the changing of the valence state of the iron ions
in the crystal lattice.®®

Upon doping of lanthanide manganites by divalent
metal ions (Ca?™, Sr2*, Ba?*), Mn*" ions appear in the
crystal structure of the perovskite apart from the Mn3™
ions, which leads to the possibility of emergence of different
types of ordering and spin interactions among which the
charge ordering plays the main role. Above the charge
ordering temperature (7o), the Mn3* and Mn** ions are
chaotically distributed over the entire crystal and below this
temperature they occupy strictly defined positions in the
crystal structure. Usually two types of the charge ordering

are distinguished: the ordering of the Ziner polarons '°° and
the ordering of ion charges. From the chemical point of
view, the former case represents the periodical alternation
of non-equivalent chemical bonds, while the latter case is
the ion charge variation. The spatial inversion breaks and
polarization appears when both types of charge orderings
exist in the crystal.'! The appearance of polarization
predicted in numerous theoretical papers (see for example
Ref. 101) for Ln; - M.MnO3 (Ln = La, Pr; M = Ca, Sr)
can hardly be verified experimentally, as direct polarization
measurement is complicated by the low electric resistance of
the obtained samples. The authors who draw conclusions
about transition to the ferroelectric phase use indirect
reasons,'02:103 and additional investigations are required
for the reliable confirmation of the existence of the ferro-
electric ordering.

8. Multiferroics with the collinear spin ordering

It turned out that manganites with the general formula
RMn,0Os have complicated magnetic ordering and ferro-
electric properties, which depend on the temperature and
the applied magnetic field. These compounds formed by all
lanthanides have orthorhombic crystal structure (space
group Pbam, Z = 4).194.105 Manganese ions occupy two
types of crystallographic positions, distorted octahedron
Mn**O¢ (CN = 6) and slightly distorted square pyramid
Mn3*"0Os (CN = 5), in equal quantities. The octahedra form
infinite chains along the ¢ axis, which are linked by the
MnOs pyramids and two-cap ROg antiprisms (see Fig. 1).
The structural peculiarities of the RMn>Os manganites are
such that Mn?* pyramids are located around Mn** ions
encapsulated into oxygen octahedra. Due to the strong
magnetic frustrations, this leads to the antiparallel ordering
of the spins of Mn*™" ions with one type of Mn3* ions and
canted parallel ordering with the other type. Due to the
periodical variation of the exchange interaction, the
Mn3 " —02~ —Mn*" bond lengths with the canted parallel
spins are elongated, while those with the antiparallel spin
ordering are shortened. Thus, the lattice relaxation in the
magnetically ordered state leads '°° to dimerizaion of the
Mn** —Mn3* —Mn3* fragments and the appearance of
polarization.f

Traditional preparative methods of the solid state chem-
istry are used for the synthesis of the RMn,Os compounds.
Thus, these compounds and also RCrMnOs and RFeMnOs
isostructural to them were prepared '°7-1%% in the polycrys-
talline state by the citrate synthesis, while in another
study,''? polycrystalline samples of RMn»Os (R = La, Pr,
Nd, Tb, Bi) were prepared using the hydrothermal treat-
ment of R>O3; oxide and KMnOy4 mixtures in a strongly
basic medium (KOH) at 240 °C during 3 days. The RMn»Os
single crystals are usually prepared by growth from a
solution in the PbO —PbF,—B,0; melt !!'! or by spontane-
ous crystallization.!1?

Lanthanide nickelates tend to exhibit charge dispropor-
tionation of Ni3* to Ni® =+ and NiG*+®* and ordering of
these charge states below the metal—insulator transition
temperature.!!? The appearance of polarization by a mech-
anism similar to that considered above for RMn,Os is
expected !'* for the RNiO3 nickelate with collinear spin
ordering according to the type 11/].!'"> However the mag-
netoelectric properties of RNiO3; have not still been con-

4 The ordering of the magnetic moments on the lanthanide ions is not
considered in this case.
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firmed. The high sensitivity of the physical properties,
including the metal —insulator transition in the lanthanide
nickelates to the external pressure may be crucial for the
search for polarization in these compounds. The two-
dimensional epitaxial compression and tensile stresses in
RNiOs3 thin films!!'® and substitution of other lanthanide
ions for some R*' jons with the possibility of controlled
distortion of the perovskite structure open up additional
ways for the strong influence on the electric properties of
nickelates.!!7-118 Hence, more detailed investigation of thin
epitaxial films of RNiOj3 nickelates and (R ,R’)NiOj3 solid
solutions for the appearance of polarization may be a
possible way of the search for multiferroics.

Thus, one mechanism of origination of the ferroelectric-
ity in a magnetically ordered crystals requires simultane-
ously:

— periodic charge variation in some chain of lattice ions
Mn+ _027 _M(n+ 1)+;

— existence of a collinear system of spins with compet-
ing ferro- and antiferromagnetic exchange between ions in
the same chain (giving rise to spin ordering, e.g., T1]/).

These conditions are met for CazCo0,0¢, which is iso-
structural to K4CdCls. The crystal structure of CazCo,0g is
composed of CoOg trigonal prisms and CoQOg octahedra
connected along the ¢ axis, these one-dimensional magnetic
chains are separated by Ca?* ions. As some cobalt ions in
this structure are replaced by Mn*" ions, the latter occupy
only octahedral sites, thus forming chains of alternating
Mn*" and Co?" ions in 1:1 ratio. The solid solution
CazCos_Mn,Og with x = 0.96 actually passes to the ferro-
electric phase below ~ 17 K.''° This example confirms the
possibility to predict the appearance of polarization in
magnetically ordered ionic crystals when their crystal struc-
ture is known. According to a method for the preparation of
single crystals of Ca3C0,04,'2° a 1:7 (by mass) mixture of
Ca3C0409 and K,CO3 was heated to 880 °C and kept for
48 h in air and then cooled at a rate of 100 K h—!; this gave
rise to needle-like crystals several millimetres long. The
solid solutions Ca3;Co,_Mn,O¢ were synthesized in a
similar way.!'!?

9. Copper-containing multiferroics

Among multiferroics, there is a series of copper-based
compounds with a frustrated spin structure, which is indi-
rectly responsible for the ferroelectric properties. One of the
best studied is the lithium compound LiCu,O> having an
orthorhombic structure in which linear double Cu?* 0O,
chains separated by Li* and Cu™* ions can be distinguished
(see Fig. 1).!2! This compound is a typical representative of
so-called quasi-one-dimensional S = 1/2 systems; this
makes the discovery of polarization (7T¢ ~ 23 K) accompa-
nied by magnetic ordering as a spiral spin structure in this
compound even more surprising.!?? Yet another compound
is LiCuVOy, which crystallizes in a distorted inverted spinel
structure (space group Imma). As in LiCu,O,, the Cu?*
ions form CuO; chains parallel to the crystallographic ¢ axis
having a complex magnetic structure.!??> Nevertheless,
together with the antiferromagnetic structure, polarization
along the «a axis appears in LiCuVOg4 at much lower temper-
atures (Tc < 3 K) than in LiCu05.124125 Moreover, cop-
per(Il) oxide was also found to be a multiferroic with
Tc = 230 K, the ferroelectricity being observed in it at
temperature not lower than 215 K.!2¢ This is related to the
destruction of the spiral spin structure and transition to the
collinear antiferromagnetic phase. A distinctive feature of

CuO is the Cu—O—Cu bond angle (¢ = 146°), which
markedly exceeds the corresponding angle in LiCu,O;
(¢ = 93°) and corresponds to the value at which the
ferromagnetic interaction is presumably replaced by the
antiferromagnetic one.!?® This brings about the spin frus-
tration effect and probably establishes the spiral magnetic
structure, which allows polarization to arise (see Fig. 1).
For LiCus03, the Cu— O — Cu bond angle does not provide
the required frustration, which is responsible for the tran-
sition to the ferroelectric phase occurring only at very low
temperature. Note that the monoclinic structure is stable for
CuO, whereas other MO oxides (M = Mn, Fe, Co, Ni)
crystallize in the NaCl structure. Studies of the growth of
copper oxide thin films showed the possibility of epitaxial
stabilization of CuO in the tetragonally distorted NaCl
structure.'?’” This is indicative of a small Gibbs energy
(AG) of the polymorphic transition of CuO from the
monoclinic to tetragonal phase. Note that the polymorphic
transitions in the opposite direction (from the NaCl struc-
ture to the monoclinic CuO structure) for other transition
metal oxides MO should also be characterized by small
positive AG values, and these monoclinic phases can in
principle be stabilized using the epitaxial growth of thin and
ultrathin films of MO on appropriate substrates. In the case
where the AG value for the transition exceeds the Gibbs
energy gain caused by the epitaxy at the film/substrate
interface and the unstable polymorph cannot be synthe-
sized, then epitaxial stabilization can be successfully used to
extend considerably the homogeneity region of the solid
solutions based on the phase in question and doping
components.?’

Apart from copper(Il) oxide, copper(Il) chloride is also a
multiferroic. This compound crystallizes in a Cdl, type
structure, which can be represented as planar chains com-
posed of the CuCly squares lying in the bc¢ plane. The
mechanism of appearance of the polarization and T¢ of
the transition to the ferroelectric phase were found to be
similar to those of LiCu,0,.!128

10. Magnetoelectric hexaferrites

Alkaline earth metal hexaferrites of Y-, M- and Z-types
behave as multiferroics. In the hexaferrite Bag sSri sZns.
.Fe12022 (Y type, space group R3m, Z = 3) the single
crystals of which were prepared from a Na,O-Fe,Os3
melt,'?® polarization arises in an external magnetic field
(~1 T) directed along the ¢ axis; any type of polarization is
possible depending on the magnetic field vector.!3? The
compound Ba,Mg>Fe;20,, (Y-type, space group R3m)
tends to show ferrimagnetic ordering below 553 K, while
below 195 K, a helical spin spiral, which forbids polar-
ization, appears (see Fig. 1). The application of a magnetic
field of only 10—2 T cants the conical spins structure having
no inversion centre, and polarization appears.'3!-132 This
large difference between the magnetic field strengths that
induce the transition to the ferroelectric phase in these two
hexaferrites is likely to be due to the weak anisotropy of the
spin structure of the latter compound (BaxMg,Fe2032). In
the structure of Bag sSr; sZn>Fe 2055, a substantial weak-
ening of the magnetic anisotropy was also observed upon
partial replacement of iron(I1) by aluminium ions (up to
8 at.%).!33 The polarization was then induced in ~10=3 T
magnetic fields, which is an order of magnitude lower than
in BayMgyFe|205,. Presumably, the AI’" ions, which
occupy octahedral sites together with the Fe**' ions,
decrease the deformation of the oxygen octahedra caused
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by the displacement of Fe3™ from the centrosymmetric
position and thus decrease the energy of magnetic aniso-
tropy.'33 As a consequence, magnetic moment can be easily
diverted from plane ab by the magnetic field applied.
Meanwhile, the introduction of zinc to Ba,Mg,Fe 202> to
replace magnesium has destabilized the spin structure
required for ferroelectricity to be manifested and, hence,
has decreased the electric polarization in the crystals of
Bax(Mg; _Zn,)>Fe202 to zero at x = 0.4.'3* Among
Z-type hexaferrites, only BaxMgs>Fe;202> has a planar
ferrimagnetic structure at room temperature.!3> When
strontium is substituted for barium, the Fe—O —Fe bond
angle changes, this induces magnetic frustrations and,
presumably, stabilizes the spiral spin ordering.'3% 137 With
the assumption of strong spin frustrations, Ishiwata et al.!3!
studied in detail the magnetoelectric properties of
Sr3CosFe2404;. It was shown that oxygen-stoichiometric
specimens need to be prepared: the leakage currents in the
polycrystalline specimens obtained by the solid-phase syn-
thesis in air were three orders of magnitude higher that
those synthesized in oxygen. This is due to the appearance
of Fe2* ions in the partially reduced hexaferrite and the
subsequent appearance of the electronic conductivity along
the Fe2*™ — 02~ —Fe?** bonds. The study of Sr3Co>Fe2404;
showed the presence of polarization at room temperature
induced by the applied magnetic field, the polarization
value passing through a maximum at B~ 0.25 T.!3! Fur-
ther increase in the magnetic field resulted in the transition
to the ferrimagnetic state with destruction of the ferro-
electric ordering. This attests to a relatively low energy
barrier; when it is overcome, the magnetic structure of
Sr3CosFe2404; becomes similar to the ferrimagnetic struc-
ture of BazCosFe24O4;. Attention is attracted by the sim-
ilarity of the magnetization curves and the magnetoelectric
effects of Sr3CosFe24041 and BaxMgsFe 2022, which was
attributed to the presence of identical crystal structure
regions, presumably responsible for polarization, in Z- and
Y-type hexaferrites.

Yet another example of material where spin frustrations
are caused by chemical doping is BaFe; > Sc,Oj9 having an
M-type structure. It is known 38 139 that scandium doping
of BaFe ;209 results in the transition from ferrimagnetic
structure to a longitudinal conical spin structure. For
investigation of the magnetoelectric behaviour of hexafer-
rite, BaFej;>__sScxMgsO19 single crystals (6 = 0.05), to
which magnesium was added to prevent the formation of
Fe2™ and thus to decrease the electrical conductivity, was
prepared by zone melting in oxygen at 10 atm.'*® The
hexaferrite BaFej>__sScxMgsOj9 has a ferrimagnetic
ordering up to temperature markedly above the room
temperature; however, below some temperature, the ferri-
magnetic spin structure starts to be transformed into the
conical structure. The temperature of this transition
depends on the degree of scandium substitution for iron to
reach a maximum (370 K) at x = 1.75. As in the other
considered hexaferrites, polarization of BaFe>_,_sSc,.
.MgsOi9 measured at low temperature appears in an
applied magnetic field as a result of transformation of
the spin structure from the longitudinal conical to the
inclined conical structure. Despite the actions taken to
decrease the electronic conductivity, Tokunaga er al.'*°
failed to measure directly the polarization and the magneto-
electric effect at room temperature due to high leakage
currents.

11. Other spin-frustrated multiferroics
The mineral hubnerite (MnWOy4) has a monoclinic crystal
structure (space group P2/c) composed of the Mn?* Qg and
WOg¢ octahedra, which share oxygen atoms and form
zigzag-like chains along the crystallographic axis c¢ (see
Fig. 1).!*!' According to neutron X-ray diffraction stud-
ies,'*? in the temperature range of 8-12.3 K, elliptical
spiral spin ordering is present in MnWOQy, while below 8§ K
and in the 12.3—14 K range, collinear antiferromagnetism
is found. Pyroelectric current measurements in MnWO4
single crystals showed spontaneous polarization along the
crystallographic axis b in the temperature range of
7.6—12.7 K and a zero external magnetic field, the value
of this polarization being almost an order of magnitude
higher than that observed for the RMnOs; perovskites
(R = Tb, Dy).!*3 On application of the magnetic field, the
polarization along the b axis decreased to zero and that
along the a axis sharply increased at B > 10 T. Thus,
MnWO, became the first multiferroic devoid of 4f elements
where polarization is a consequence of the presence of a
certain magnetic order.!#3 144 In the isostructural CoWOy,
the Co?™" ions have an orbital moment and a noticeable
magnetic anisotropy, which is a reason for establishing of
the collinear antiferromagnetic order. Conversely, in
MnWOy,, the magnetic anisotropy energy of Mn?™" ions is
comparable with the Dzyaloshinskii—Moriya interaction
energy, which causes strong frustrations of the magnetic
system and promotes the formation of a spiral spin order.'45
The partial replacement of manganese by cobalt in the
MnWO, structure resulted in a considerable decrease in
the polarization.'*® In iron-doped Mn;_,Fe,WOQ,, the
ferroelectric phase was already completely destroyed at
x = 0.1.'%7 The iron(Il) ions stabilize the collinear antifer-
romagnetic ordering; however, in an applied magnetic field,
the collinearity of the spin structure was destroyed, and the
compound Mng 96Feo.04WO4 had a high polarization, which
was not inferior to the polarization of MnWQ4.'48 When
considering the synthesis of the MnWO, phase, two most
frequently used methods can be distinguished: growth of
MnWOy, single crystals from solution in a Na;WO4 melt
containing MnCO3z and WOs; at 1250 °C ''1-144 and zone
melting of the specimens pressed from a mixture of MnCOj3
and WO;3; powders annealed at 1050 °C (for 60 h under
nitrogen).!44

The orthorhombic crystal structure of the vanadates
M3V,05 (M = Ni, Co, Mn, Zn, Cu) (space group Cmca)
consists of layers of M?" Qg octahedra perpendicular to the
b axis and separated by non-magnetic V> Q4 tetrahedra. In
the MOg layers, M?" ions are arranged according to the
Kagome lattice pattern with the difference that the layers
themselves are not planar but corrugated (Kagome stair-
case) (see Fig. 1). The magnetic ions in this structure can be
arranged in two crystallographically non-equivalent posi-
tions, either at the common vertices that connect the
triangles occurring in one plane (M1) or at the bases of the
triangles that lie in different planes (M2).!4° The pro-
nounced spin frustrations in Ni3V,Og give rise to high-
and low-temperature incommensurate magnetic structures,
which exist below 9.1 and 6.3 K, respectively; below 3.9 K,
Ni3V,0Og passes to the spin-inclined antiferromagnetic
state.!>® The electric polarization was found below ~6 K
and in the absence of a magnetic field, it persisted down to
~4 K. In a magnetic field (B = 1.5-2 T) applied along the
b axis, the NizV,0Og single crystals underwent transition
from the incommensurate spin structure to the spin-inclined
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state, which destroyed the ferroelectric phase; however,
upon application of the field parallel to the a axis, polar-
ization increased and the temperature range of its existence
was extended.!>! The isovalent replacement of some Ni2*
ions by zinc ions (<0.1 at.%) strongly suppressed the
magnetic ordering.'3> The application of a hydrostatic
pressure (~1.6 GPa) completely removed polarization in
Ni3V,04.153 To our knowledge, in the case of isostructural
compounds M3V,0g (M = Mn, Ni, Co), the magnetic
ordering does not disrupt the spatial inversion and, hence,
cannot serve as the source of polarization. The single
crystals of NizV,0g were synthesized from a solution in a
BaO—-V>0s5 or KVO3 melt;!54 155 for Mn3V,0g, a MoOs—
V,05—MnO melt was used (1200 °C).!35 The single crystals
of Ni3V,0s, which incongruently melted at 1210 °C, were
prepared '°¢ by growth from a solution in a V,0s and
SrCOs mixture melt (molar ratio 2:3) combined with zone
melting.

Delafossites are compounds with the general formula
ATB370;, (A = Ag, Cu, Pd, Pt; B = Al, Cr, Fe, Co, Ni, Ga,
Rh, In) crystallizing in the rhombohedral (R3m) or hexa-
gonal (P6/mmc) polytypes, which differ by the sequence of
layers: AaBbCcAa... and AaBbAa... (A, B, C are the layers
of cations A; a, b, ¢ are layers of distorted BOg octahedra)
(see Fig. 1).157-158 The two-dimensional lattice with a trian-
gular arrangement of B3+ magnetic ions in the ab plane is a
source of strong spin frustrations; in this respect, delafos-
sites are similar to hexagonal lanthanide manganites. In the
parent delafossite, CuFeO» (space group R3m), a collinear
spin ordering according to the 71} | pattern along the [110]
direction is established below ~11 K and is transformed to
a spiral spin structure in a 7—13 T magnetic field applied
along the ¢ axis. This brings about the polarization
Py ~200—-400 pC m—2 the vector of which lies in the ab
plane.!>®

Minor doping with aluminium (about 2 at.% Al in the
Fe sublattice) changes appreciably the magnetic structure of
CuFeO;: the spin spiral and electric polarization appear
even in the absence of a magnetic field.'%- 1! Doping of
CuFeO; with gallium (3.7 at.%) produced a similar result:
polarization (~250 pC cm—2) was observed below
7.5 K.1%2 In the series of CuFe;_,Rh,O: solid solutions
(0.02 < x < 0.15), the ferroelectric phase was stable at
T <8 K for x=0.08.13 A study of the magnetoelectric
properties of the delafossites ACrO, (A = Cu, Ag) showed
that the electric polarization appears in these compounds
below ~25 K together with establishing of the spiral spin
ordering, which implies a strong relationship between the
electric and magnetic subsystems.'®* Conversely, transition
of LiCrO; and NaCrO; (distorted NaCl structure) to the
spin-spiral state is not accompanied by the appearance of
polarization; however, as the Néel temperature has been
passed, the dielectric constant changes jumpwise, which
may be related to transition to the antiferroelectric
phase.!%> Tt is of interest that ferroelectric ordering occurs
also for the layered chalcogenide AgCrS, (space group
R3m) below ~43 K. Note that despite the similar layered
crystal structures of AgCrS, and delafossite AgCrO», the
coordination environments of the silver atoms in these
compounds are different, so are the types of chromium
polyhedra: CrS¢ is an asymmetric trigonal prism and
CrOg is an octahedron.'®® The CuCrO; single crystals are
grown from a solution in a BiO3 melt.'%* The single crystals
of CuFeO, and the solid solutions based thereon are
usually obtained by zone melting from Cu,O + Fe,O3 or

2 CuO + Fe>O3 mixtures.'®”7 The polycrystalline specimens
of some Ag- and Cu-containing delafossites that are
unstable at high temperature can be prepared from more
stable Na- and K-containing compounds A+ B3O, by ion
exchange with silver and copper salt melts.'%8-170 A tech-
nological challenge is the preparation of delafossites as
epitaxial thin films.'3® The epitaxial growth of delafossites
is usually performed with single crystalline substrates such
as sapphire (c- and R-cuts), cubic (111)ZrOx(Y203), and
(111)MgAl1,04.158. 171,172 Additional preparative possibility
of potential increase in the number of the synthesized
delafossites is opened by the epitaxial stabilization, an
example being provided by thin films of the CulnO; phase,
which is metastable in the bulk state.!’”? The biaxially
strained thin films of multiferroic delafossites can differ
from the single crystals by physical properties. Detailed
investigation of the magnetoelectric interactions in them
could clarify the origin of magnetically induced polarization
in delafossites.

Some compounds with the spinel structure also proved
to be multiferroic. For example, the transition of CoCr>Oy4
from the ferrimagnetic to conical spin structure at ~25 K is
accompanied by the appearance of spontaneous polariza-
tion.!” The low polarization values (~2 pC m~—2) are
attributable to the weak spin—orbit coupling typical of
Cr3* unlike Mn?* ions, which undergo strong spin—orbit
coupling in the perovskites RMnOs. Direct relationship
between the polarization and the magnetic subsystem in
CoCr;04 was confirmed by measuring the hysteresis P(H )
(H is the magnetic field strength) and time-synchronized
reversal of polarization in phase opposition with the varying
magnetic field.!”> Rather recently, a new multiferroic with
the spinel structure, CdV,04 was reported.!’”® The key
distinction of CdV,04 from CoCr,O4 is the magnetic
structure with spin ordering according to the 11]| pattern
along the [101] and [011] directions similar to the ordering
in the perovskite lanthanide nickelates. In CdV,04 speci-
mens obtained by solid-state synthesis, the expected tran-
sition from the cubic to tetragonal phase occurs at 95 K and
transition to the magnetically ordered state occurs at 33 K.
The formation of the collinear antiferromagnetic order was
accompanied by the simultaneous transition to the ferro-
electric phase the polarization of which reached 5 pC m—2,
which is higher than the spontaneous polarization observed
in CoCr;O4. Note that for the isostructural compounds
MV,04 (M =Zn, Mg), no ferroelectric ordering was
detected.!’® In terms of the nature of the arising ferroelec-
tricity, CdV,04 is identical to the above-considered
Ca3zCos_Mn,O¢ and LnMn,Os (Ln = Dy, Tb): an elec-
tronic instability connected directly to the 11]] type spin
ordering appears in the structure, resulting in V—V bond
dimerization with simultaneous elongation and shortening
of the V—O bonds, which in turn brings about the elec-
tronic polarization.!7®

The structural abundance of the existing multiferroics is
supplemented by silicate-based pyroxenes, which are min-
erals described as AMSi»,0Og, where A is a mono- or divalent
metal and M is a di- or trivalent metal. Pyroxenes crystallize
in orthorhombic or monoclinic system and are composed of
layers of SiOg4 tetrahedra and MOg octahedra, which alter-
nate in such a way that the zigzag-like chains of MOs
octahedra run along the ¢ axis and are connected in the
(110) and (110) planes by chains of the SiO4 tetrahedra (see
Fig. 1).!'77 If the cations M have unpaired spins, then a
magnetic structure with a triangular arrangement of the
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magnetic moments in the (110) planes arises in the quasi-
one-dimensional chains of MOg octahedra; this serves as the
source of geometric spin frustrations in pyroxenes.!’® The
ferroelectric ordering was found in LiFeSi»Og, LiCrSi>Og
and NaFeSi>O¢ below 18, 11 and 6 K, respectively; it was
shown that polarization depends strongly on the magnitude
and direction of the applied magnetic field.!”® These results
were confirmed subsequently by other researchers.!”® There
is still no unambiguous answer to the question of how
polarization arises in the magnetically ordered pyroxene
phase.

Apart from the above-described multiferroics found
among complex oxides, other, less popular single-phase
compounds with potential magnetoelectric behaviour also
exist. For example, multiferroic properties were detected in
BaLnFeNbsO;s (Ln = Nd, Sm, Eu) with the tetragonal
tungsten bronze structure '3 and in RbFe(Mo0Oy),,!8!
FeTe205Br,182 F€20B03,183 Ba2C0Ge207,184
GazfoeXO3,185 FGVO4,186 CI‘2B€O4,187 RCI‘O3 (R = Lu,
Yb, Er, Ho, Y)!'8® and in the lanthanide ferroborates
RFe3(BOs3)4.'%° Due to the limited space, we do not consider
the characteristic features of these compounds but would
like to emphasize that for most of them the presence of
magnetoelectric properties has to be confirmed.

12. Multiferroics based on fluorides
The magnetic ferroelectrics based on fluorides have been
considered in detail in a review !°° devoted to various non-
oxide multiferroics. We shall restrict our consideration to
brief information on the existing fluorine-containing mag-
netoelectrics. The first group includes compounds with the
general formula BaMF4 (M = Mn, Ni, Fe, Co), which
crystallize in the orthorhombic system with space group
A21am.1°! The two-dimensional ferroelectric ordering was
identified '°> in BaNiF4 and BaCoF4 with Curie temper-
atures above the melting points of the compounds (about
1100—1300 K), whereas the other compounds, BaFeF4 and
BaMnF,4, are pyroelectrics. The crystal structure of the
BaMF, family contains layers of edge-sharing MFg octahe-
dra separated by layers of Ba?" cations. Polarization is
established along the @ axis being a consequence of displace-
ment of the Ba®>™" cations along the ¢ axis with simultaneous
rotation of the MF¢ octahedra in the ab plane.'® The
antiferromagnetism in BaMF, is established at the Néel
temperature ranging from ~30 to 80 K in the series
M = Mn, Fe, Co, Ni.194.195

A number of publications are devoted to the study of
KsFesFs (space group Pbha2) in which the iron ions in
different oxidation states are present (+2 and +3). This
compound is magnetoelectric with ferroelectric and mag-
netic transition temperatures of 490 and 125 K, respec-
tively.196-197 Presumably, the polarization in K3FesF;s is
related to the displacement of Fe?™ and Fe3™ cations
arranged in an ordered fashion in octahedral positions,
whereas above the Curie temperature, the different-valence
iron ions are disordered in the crystal structure and are
located at the centres of the octahedra.!°® The polycrystal-
line fluorides are synthesized from a stoichiometric mixture
of KF, FeF, and FeF3 in sealed golden tubes at ~750 °C
for 15 h. The small single crystals of K3;FesFs are formed
upon long-term (about 15 days) recrystallization of poly-
crystalline specimens in the same tube at ~750 °C. The
single crystals of the BaMF,4 phase are obtained from a
BaF; and MF, melt in an HF atmosphere at ~800 °C.19> A
low-temperature hydrothermal synthesis of special-purity

polycrystalline BaMF4 (M = Mg, Mn, Co, Ni, Zn) from
BaF,, MF,, CF;CO;H and H,O was also proposed; the
synthesis is carried out at 230 °C for 24 h.19?

13. Multiferroics based on organic compounds

In recent years, new multiferroics have been discovered
among the transition metal complexes with organic ligands
and other compounds containing organic moieties where
polarization is induced by proton transfer. Thus in the
perovskite-like structure of the formate complexes
(Me;NH2)M(HCOz)3 (M = Mn, Co, Ni), the MOg blocks
appear in the perovskite B-sites and the dimethylammonium
cations occupy the A-sites (Fig. 3 a). At temperatures below
160180 K, the proton transfer between the HCOO~ and
NH, groups gives rise to antiferroelectricity, while below
~35 K (for M = Ni), the non-centrosymmetric bridging

b

BA (acceptor)

¢
TTF (donor) a b;

Figure 3. Multiferroic (MeaNH2)Mn(HCO»)3 with the perovskite
topology (@) and crystal structure of tetrathiafulvalene — p-bromanil

(b).*
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pu-HCO;5 groups that link the metal ions skew the Ni spins,
and the compound acquires weak ferromagnetism.> In
another compound with the perovskite topology, (EtNH3)».
CuCly, polarization was found below ~270 K
(Ps ~ 18 pC cm—2), which arises due to weak hydrogen
bonding between the EtNHjJ cations and chloride anions
and the presumed reorientation of the ethylammonium
groups on cooling.?%% The spins in the CuCly planes have a
ferromagnetic order below 10 K. It is noteworthy that the
magnetically induced polarization was also detected in
metal compounds with organic ligands, for example, in
CuCl; 2 Me,SO (below 1 K in 0.3-3.8 T fields).®

Among organic compounds, the tetrathiafulvalene—
p-bromanil (TTF—-BA, Fig. 35) donor — acceptor complex
is distinguished by the Peierls lattice instability along the
highly ionized one-dimensional TTF™ —BA~- —TTF* —
BA~ —... chain with the spin s = 1/2. Dimerization of the
donors and acceptors results in the formation of a spin-
singlet state of the TTF* —BA~ pairs with a weak anti-
ferromagnetic interaction between these pairs below
~50 K. The pattern of appearance of the polarization
upon this spin-Peierls transition was described in a
review 20! dealing with organic ferroelectrics. Indeed, it
was shown experimentally that apart from dimerization,
polarization (up to 0.15 pC cm~—?2) appears in TTF-BA;*
this value is two orders of magnitude higher than polar-
ization in the magnetically induced multiferroics such as
TanO3.

IV. Composite multiferroics

Apart from the homogeneous multiferroics, considerable
attention is also devoted to artificial (composite) multi-
ferroics composed, most often, of two separate phases,
ferromagnetic and ferroelectric ones. In this approach, the
magnetic and ferroelectric ordering temperatures and other
magnetic and ferroelectric characteristics are determined by
the choice of the phases that form the composite. The
magnetoelectric composites were considered in detail in
recent reviews;292-205 therefore, we shall restrict ourselves
only to the description of existing material science
approaches to the design of these materials and shall also
touch upon some related problems. Composite multiferroics
are usually classified into bulk and thin-film ones and in
terms of the type of internal geometry of component
arrangement: alternating layers of the components
(type 1), columnar structures in a matrix (type 2) and
granular inclusions of one component in the matrix of the
other component (type 3).293

1. Bulk magnetoelectric composites

Bulk composites usually include ceramic-, alloy- and/or
polymer-based components. For materials containing
ceramic components [e.g., piezoelectric Pb(Zr,Ti)Os (PZT)
and ferrimagnetic NiFe>Oy4] in a mixed form (type 3), the
key unsolved problem is minimization of the chemical
interaction and uncontrolled mutual doping of the phases
that form the composite during its high-temperature sinter-
ing. High leakage currents caused by the electrical conduc-
tivity at grain boundaries and often the metallic properties
of the magnetic phase together with the insufficient quality
of the mixed powders result in the measurable magneto-
electric effect values being lowered by a factor of tens as
compared with the theoretically predicted value. Note also
that for high magnetoelectric effect to be achieved, a

composite with clear-cut interfaces and the maximum con-
tact surface area of the two phases needs to be obtained.
Furthermore, there is the problem of disorientation of the
crystallites of the magnetic phase in the ferroelectric matrix,
which often reduces the magnetoelectric effect. An interest-
ing way of increasing the surface area between the phases is
the preparation of core-—shell particles?0%-20¢ with subse-
quent sintering of the particles (only shells rather than cores
are sintered together). When producing layered composites
(type 3), magnetic ceramic phases are often replaced by
magnetic alloys such as Tb;_Dy.Fe, (Terfenol-D); poly-
mers are used, most often, as binders.202-204

2. Thin-film composites

Composites with a particular orientation of the crystallites
in the ferroelectric matrix can be easily manufactured by the
epitaxial on-substrate growth of the matrix. In thin films,
the composite multiferroics can have any of the three key
types of internal geometry. The first type, i.e., the laminate
structure, is created by successive growth of the ferroelectric
and/or magnetic phase from either gas phase or solution 27
on single-crystalline substrates, which can also act as one of
the composite components. Note, however, that the magne-
toelectric interface bonding decreased in this case due to the
too strong epitaxial intergrowth of the ferroelectric phase
with the substrate.?08

Rather recently, the possibility of creating thin-film
magnetoelectric materials based on nanopillars was demon-
strated.??® By choosing the components that spontaneously
crystallized in two separate immiscible phases (e.g., perov-
skite and spinel phases?'0), it is possible to obtain nano-
pillars of one phase embedded in the matrix of the other
phase. This geometry and the typical pillar diameter (tens of
nanometres) ensure the high interfacial area-to-phase vol-
ume ratio, which is an important parameter needed to be
taken into account for coupling of two materials via
mechanical stress. Moreover, in this type of nanocompo-
sites, the operating magnetoelectric interface is perpendicu-
lar to the substrate, which considerably reduces clamping
of the ferroelectric layer by the substrate and thus increases
the efficiency of mechanical coupling of the magnetic and
ferroelectric phases.

The third type of internal geometry of the thin film
composites can be implemented in the case where the unit
cell parameters in the section plane of the single crystalline
substrate would be perfectly suitable for the coherent
growth of only one phase and have a strong parameter
mismatch with the other phase. The thin-film nanocompo-
sites of this type were first obtained in our study.?!! The
composite components were ferromagnetic perovskite
Pro.7Sro.3sMnO3 and ferroelectric LuMnO3 with hexagonal
structure. In the Prg 7Sro3sMnO3z—LuMnOj; films grown on
the (111)ZrO2(Y203) and (111)MgO substrates, phase sep-
aration occurred: the expected epitaxial growth of the
hexagonal LuMnO3; matrix took place, while the perovskite
Pro 7Sro3sMnO3; phase was present in the composite as
~20 nm granular inclusions (Fig. 4).2!! Note also the
strong coupling of the ferromagnetic and ferroelectric
components through the mechanical subsystem that we
found in this composite. Note that the magnetoelectric
effect in these composites should be maximum when the
percolation threshold of the nanoinclusions in the epitaxial
matrix has been reached (Fig. 5). However, the successful
development of this type of composite multiferroics is still
held up by the mutual doping of the matrix and the
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LuMnO3

Pri_.Sr.MnO3

(111)ZrOx(Y203)

Figure 4. Scheme of formation of the magnetoelectric nanocompo-
site Pro.7Sro.3MnO3—LuMnO;.2!!

Ferromagnetic
b nanoinclusions
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Figure 5. Scheme of operation of the magnetoelectric composite
material.

inclusions, and only rarely, their interaction is low enough
to have no pronounced effect on the properties of both
phases.

V. Conclusion

This review is an attempt to cover as fully as possible the
existing variety of multiferroics and briefly describe those
that are of most interest as regards the mechanism of
origination of the coupling between the electric and mag-
netic types of ordering. The crystal chemical features of
these materials and the methods for their synthesis are
considered. The multiferroic subject is tightly connected
with complex, often poorly studied, physical processes in
crystals; therefore, it was necessary to consider the charac-
teristic physical properties of these compounds.

In the case of single-phase multiferroics with separately
existing magnetic and ferroelectric ordering, the magneto-
electric effect is most often much inferior to this effect in
magnetically induced ferroelectrics and composite magneto-
electrics. For multiferroics where polarization is expected as
a consequence of the magnetic order, the crystal structure
should ensure either strong spin frustrations for establishing
of a certain spin order disrupting the spatial inversion of the
crystal or charge ordering with simultaneous definite anti-
ferromagnetic order, which is often achieved by chemical
doping (for example, Caz;Cos_ xMn,Og).

A promising way of the synthesis of new multiferroics is
epitaxial stabilization of phases not existing in the bulk, for
example, hexagonal DyMnOs, hexagonal lanthanide ferrites
and so on. The review demonstrates also another approach:
development of mechanical stresses in the quantum para-
electric crystals. Every now and then publications appear
that are devoted to the prediction of polarization along with
the existing magnetic order in these crystals (e.g., EuO,
SrMnOs). We would like to draw attention of experimen-
talists to this approach as one of the most promising one for
the development of new multiferroics.

It is reasonable to expect that new multiferroics and new
physical mechanisms of interaction of magnetic and ferro-
electric orderings will be discovered in the future. Due to the
lack of publications, we did not touch upon the hypothetical
approaches to the design of magnetoelectrics such as molec-
ular beam epitaxial deposition of magnetoelectric interfaces
and magnetoelectric superstructures. However, it is obvious
that these approaches could considerably extend the list of
known multiferroics and open up new mechanisms of
coupling of ferro-orderings that have not yet been exper-
imentally discovered.

Despite lots of new ideas and achievements that
appeared in recent years in the field of design of composite
multiferroics, many challenges are still waiting to be solved,
in particular some fundamental problems. The charge and
spin effects at the interfaces between components, which
substantially affect the magnetoelectric properties, have not
been adequately studied as yet. The development of new
high-tech solutions in such fields as nanoelectronics requires
the design of nanocomposites with the sizes of crystallites of
different phases are about 10 nm. Thus, there is high
demand of new approaches to the controlled synthesis of
bulk magnetoelectrics with high crystal quality of the
neighbouring phases and interfaces and to the development
of new and optimization of existing methods for the
preparation of thin-film composites as most demanded in
the modern electronics and spintronics.

This review was prepared with the financial support
from the Russian Foundation for Basic Research (Project
No. 10-03-00964).



VI. Appendix

Table. Structural features and properties of some multiferroics.

Compound Structure Magnetic ordering Ferroelectric ordering Comments Ref.

BiFeO; perovskite cycloidal AFM with 2 = 62 nm FE, Tc = 1103K polarization appears due to ordering of the 6s? electron pairs 212,213
(locally G-type), Tn = 643K on Bi3* ions

Niz;B-70;3l boracite 120-64 K: AFM, 12064 K: piezoelectric, — 43
below 64 K; weak FM below 64 K: FE

LiNiPOy4 olivine AFM, Tn~20K FE, Tc 20K the FE phase appears in B < 12 T fields in the presence of the 51

commensurate AFM structure
EuTiO3 perovskite FM, Tc =4.2K FE, Tc = 250K biaxial strains in the epitaxial films caused the AFM/PE to FE/FM 54
phase transition

TbMnO; " 41-28 K: sinusoidal AFM, FE, Tc = 28K polarization appears simultaneously with the spin structure 11
below 28 K: cycloidal AFM rearrangement from sinusoidal to cycloidal

HoMnO3 hexagonal triangular planar AFM, Tn * 70K FE, Tc 900 K improper FE ordering not related to the magnetic order 214

LuFe;04 rhombohedral, presumably FM, T¢ = 240K FE, Tc = 330K FE is due to the charge frustrations on a triangular lattice 14,90

specific case of
(RMO3)n(MO)m

Fe;04 inverted spinel FM, Tc ~ 860 K FE, Tc = 120K FE appears below the Verwey point 99

YMn,Os orthorhombic 45-40K: incommensurate AFM, FEat 19-39K commensurate collinear AFM ordering is responsible for the 215,216
39—-19K: commensurate AFM, appearance of polarization
below 19 K: incommensurate AFM

Ca3Cor_xMn,Os  K4CdClg type AFM, Tn~15K FE below ~ 15K FE is caused by collinear AFM order 119, 217

(x =0.96)

LiCuy0, orthorhombic spiral AFM, Tn = 23K FE, Tc = 23K polarization is caused by the spiral spin structure 122,218

LiCuVOy4 inverted spinel spiral AFM, Tn =2.5K FE below ~2.5K the same 124

CuO monoclinic 213-250K: spiral AFM 213-250 K: FE " 126
below 213 K: collinear AFM

CuCl, monoclinic (CdI, type) cycloidal AFM, Ty = 24K FE, Tc = 24K " 128

BarMgoFe 202

Y-type hexaferrite

553-195K: FM,
195-50 K: helical spin spiral,
below 50 K: longitudinal conical

FE in an external magne-
tic field > ~1 mT,
Tc=195K

polarization is caused by the presence of canted conical spin
structure that appeared due to magnetic field-induced transformation
of the initially helical spiral

131



Table (continued).

Compound Structure Magnetic ordering Ferroelectric ordering Comments Ref.
MnWO4 monoclinic 12—8 K: elliptical AFM, 12-8K: FE polarization is caused by the elliptical spin structure 143
14-12 K and below 8 K:
collinear AFM
NizV,0g orthorhombic 9 -4 K: incommensurate AFM, 6-4K: FE polarization is a consequence of the presence of low-temperature 151
below 4 K: spin-inclined AFM below 4 4: FE in an applied incommensurate spin structure below 6 K
magnetic field along a axis
(B>3T)
CuFeO, delafossite collinear AFM, Ty = 11K FE,Tc = 11K polarization is induced by transformation of the collinear AFM 159
in a 7—12 T magnetic field ordering to spiral ordering in B > 7 T fields
CoCr04 spinel 93-25K: FM, FE, Tc = 25K polarization is caused by the presence of lateral conical spin structure 175
beliw 25 K: conical AFM
CdV,04 " conical AFM, Ty = 33K FE, Tc = 25K collinear AFM ordering induces polarization 176
NaFeSi>Og¢ pyroxene AFM, Ty = 8K FE, Tc = 6K 178
KsFesFs monoclinic weak FM, T¢c = 122K FE, Tc = 490K 196, 197
(MexNH,»). perovskite-like FM, Tc = 35K AFE below ~160 K FE behaviour is due to proton transfer 5
Ni(HCO»)3
TTF-BA triclinic weak FM below 53 K FE below 53 K polarization appears due to the spin-Peierls instability 4

Notes. AFM is antiferromagnetic, FE is ferroelectric, AFE is antiferroelectric, FM is ferromagnetic, PE is paraelectric.
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