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Room-temperature multiferroic magnetoelectrics

James F Scott

A short review is given of the recent work on single-phase crystals that are ferroelectric and ferromagnetic at or near room
temperature. BiFeO3 is mentioned only briefly, because it has been reviewed in detail elsewhere very recently; emphasis instead
is on copper oxide, perovskite oxides with mixed B-site occupancy (such as Pb(Fey/»Tay0)x(ZryTiy _y)1 O3 and related Nb and
W compounds), Fe-, Co-, and Mn-based Aurivilius-phase oxides and hexaferrites.
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INTRODUCTION

Multiferroics are usually defined as single-phase crystals exhibiting at
the same temperature and pressure both ferromagnetism (or anti-
ferromagnetism) and ferroelectricity (or antiferroelectricity). As most
ferroelectrics are also ferroelastic! (hysteretic stress—strain relation-
ships), the ‘multi-ferro’ label often includes three coupled order
parameters. (As a peripheral comment, we note that it is necessary
and sufficient? for a ferroelectric to be ferroelastic if its phase
transition changes the crystal class—for example, from orthorhombic
to tetragonal—treating hexagonal and trigonal as a single super-class.
Examples of nonferroelastic ferroelectrics include KTiOPO, and
LiNbO3, whose ferroelectric transitions are, respectively, orhorhom-
bic-orthorhombic and trigonal-trigonal.)

The interest in multiferroics at present is growing rapidly, and the
interest is twofold: from a fundamental point of view the coupling
between spins and lattices in crystals—between magnetism and
ferroelectricity and/or structural phase transitions—has been recog-
nized as complex and fascinating for several decades, generally
requiring low-symmetry materials that were carefully avoided in
earlier days of solid state theory. A good reason why it is presented in
the elegant work by Schmid and Trooster’ on the boracites: These
materials (for example, nickel-iodine boracite) are multiferroic only
at cryogenic temperatures and grow in needle-like structures, making
them impractical for commercial device applications; and theoreti-
cally they exhibit low symmetry (monoclinic or triclinic) and have as
many as 96 atoms per unit cell, making them theoretically formidable.
Despite these drawbacks, multiferroics present a possible avenue for
the next generation of computer digital memories, combining at least
in principle, the high-speed and low-power consumption®> of a
ferroelectric random access memory (FRAM) with the non-
destructive READ operation of a magnetic RAM. We discuss below
why these goals will not be easy to achieve in commercial products:
The most serious problems are operational temperature (most
multiferroics operate well below ambient) and magnitudes of

magnetization (all multiferroics with reasonably high operating
temperatures are weak ferromagnets—canted antiferromagnets—
whereas a strong ferromagnet is desired), and the switched polariza-
tion is also extremely weak. The polarization in most multiferroics is
so weak that authors measure it in nCm 2 rather than the older
customary puCcm 2. Keep in mind that equally good SI units would
be Chectare ™! for these multiferroics, a value far lower than the
roughly 1uCcm ~2 required by a computer memory sense amplifier
to discriminate between + P (a ‘1’) and —P (a zero). We should also
keep in mind that the so-called ‘low’ magnetic fields requisite to
switch polarization P in a multiferroic are ca. 0.3T, orders of
magnitude larger than the tiny mT values required in an magnetic
RAM (MRAM); the latter can be provided by submicron-size coils or
wires passing under each bit; however, that geometry is implausible
for 0.1-1.0T fields. In the final analysis, multiferroic RAMs will
have to achieve breakthroughs in small size, weight and power to
produce RAMs.

However, even if researchers fail to make commercial prototype
RAMs in the near future, there might be other equally important
memory applications for multiferroics, such as voltage-driven mag-
netic tunnel junctions,® which require much less charge transport to
function. In addition, the other competitors for the next generation of
computer memories all have their own problems: ferroelectric
nanotubes’ !¢ are mechanically not very robust nor easy to
manufacture with high yields; phase-change memories!” have a
small operating temperature range unsuited for either military or
automotive specifications and too large a thermal budget; however,
Samsung has had a 512-Mb phase-change random access memory
(PRAM) in production since 2006. MRAMs!® have problems with
cross-talk if not isolated bit-by-bit with space-demanding pass-gate
transistors, which are undesirable with respect to cost and ‘footprint’
size on the chips; however, MRAMs are also good commercial
memories with Everspin producing a 4-Mb part. Nonvolatile
MRAMs have been on the market since 2005. Slower than SRAM
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(static  RAM), MRAMs are orders of magnitude faster than
EEPROMs. So although we can blithely suggest that multiferroics
may be ‘a future generation of RAMs,) it may not be the ‘next
generation,” and flash EEPROMs, SRAMs and DRAMs are safe for
now, with PRAMs, MRAMs and ferroelectric FRAMs all in
commercial production, albeit for limited niche markets.

It is not necessary for multiferroic materials to be magnetoelectric.
For example, BaMnF, and BaNiF, appear to be ferromagnetic and
ferroelectric at low temperatures and have a linear magnetoelectric
coupling between polarization P and magnetization M that is off-
diagonal, giving a free-energy term

G(M, P, T) = ayP;My, (1)

where j is not equal to k.

In fact, P and M are nearly 90 degrees apart (about 81 degrees of
arc in BaMnF,), maximizing the P x M Dzyaloshinskii-Moriya
coupling. However, in BaCoF,, the spins flop to be parallel to B,
and hence the linear magnetoelectric term in Equation 1 above
vanishes (that is, BaCoF, and BaMnF, have different magnetic space
groups, 2 and 2'). Similarly, not all magnetoelectric materials are
ferromagnetic or ferroelectric (for example, Cr,O3). Most authors use
‘magnetoelectric’ to define a material in which Equation 1 is nonzero
and ‘multiferroic’ to imply simultaneous ferromagnetism and ferroe-
lectricity; however, many writers will ignore the requirement that
ferroelectrics can be switched and thereby include pyroelectrics. This
is a matter of convenience, as semiconducting ferroelectrics can be
difficult to switch and are often well-known materials long before
switching was demonstrated (for example, GeTe, SnTe, PbTe).

One might ask how large the magnetoelectric effect can be; that is,
how big is o in Equation 1? In this respect Brown et al.’ showed
that under most conditions o is limited by the square root of the
product of the magnetic and electric susceptibilities:

o] (2)

But more recently Dzyaloshinskii?’ has shown that this limit can be
violated in systems with more than one magnetic phase; a counter
example might be if Cr,O3 became ferromagnetic and/or ferroelectric
at lower temperatures. In real situations, o is much less than the
upper limit in Equation 2 anyway; this is not the problem—the
problem is that M is much too small in Equation 1 for good devices,
not that o is too small, (typical values of o in SI units are ca. 10 -
10~ "Msm~!), and this arises because almost all muiltiferroics are
weak canted ferromagnets (with exceptions like EuTiO; functioning
only at cryogenic temperatures). Thus the present aim is to discover
strong ferromagnets that are ferroelectric at room temperature, not
larger magnetoelectric coupling constants.

Do o

MATERIALS AND METHODS

For the reasons described above, we want to have large switched polarizations
and/or magnetizations, operating temperatures at or near ambient, low
coercive voltages or magnetic fields, and of course other simpler criteria—
robust, cheap chemicals, non-toxic (both worker-safety and environmental
waste disposal concerns), and compatible with typical Si processing in a
fabrication line (‘Fab’). Below we consider the present state of play with four
possible contenders: (a) CuO, (b) perovskite Fe-containing oxides, (c)
Aurivilius layer-structure oxides, and (d) manganese hexaferrites. These four
families have research that is led at present, respectively, in Oxford, in a Puerto
Rico—Cambridge—Belfast collaboration now, including Delhi; in Cork, Ireland
and in Japan.

Much more work has been carried out on BiFeOj3 since the seminal work
from Ramesh’s group,?! but this material has been reviewed extensively
elsewhere?” and will be mentioned only in passing.

BiFeOs, especially in thin-film form, is a good ferroelectric and a weak
ferromagnet up to several hundred degrees above room temperature.
Discovered by Smolenskii and Yudin?® in Leningrad in the 1960s, it lay
rather dormant for 45 years until it was shown to have improved properties in
thin-film form. It has had about 10000 publications devoted to it in the past
decade and remains the leading candidate for room-temperature multiferroic
single-phase devices. However, it is far from perfect: its magnetization is too
small for many applications, and its dielectric loss and leakage current too
large, despite efforts to dope it with various elements.?*~2® Its limitations in
fact provide much of the motivation for the present review.

Copper oxide

Background. Copper oxide was first proposed as a multiferroic magneto-
electric device by Kimura et al.?” in 2008. More recently, extensive studies have
been reported by the Oxford group.?$-30

Structure and properties:. The lattice structure of CuO is illustrated in
Figure 1 and its magnetic cycloidic spin arrangement in Figure 2. CuO is an
extremely interesting multiferroic because of its structural simplicity with only
two formula groups per primitive cell and its transition temperatures;
operating up to 230K is very unusual for a multiferroic whose polarization
P is driven by a spin cycloid. Although 230K is a relatively high temperature
for a multiferroic, CuO has two important drawbacks that disqualify it from
most device embodiments: (1) it operates over a narrow temperature range
from 213 to 230XK; this is at best inconvenient, and 230K is less than room
temperature, except in places like Yakutsk or Antarctica (however, operations
in a space satellite might be possible; and 230K is certainly above liquid
nitrogen temperature); and (2) the polarization induced by a magnetic field, as
in other cycloidic magnets, is much too small for RAMs or most device
application.

The main interest at present in CuO is the evidence that it may exhibit
toroidal moments and that these arise from orbital (not spin) currents, as
diagrammed in Figure 3 below. However, even this is very controversial, with
Joly et al.®! reinterpreting the Oxford data in simpler terms of birefringence. In
addition to the pure physics interest in such phenomena, CuO has two other
very attractive properties: its diatomic lattice is more amenable to theoretical
modeling than are the complex structures of hexaferrites or Aurivilius layer

f‘J'

Figure 1 (a, b) Crystallographic structure of Cu0.28 (c) Magnetic structure of Cu0.28
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Figure 2 Magnetic M(H) hysteresis in CuO.

Figure 3 CuO diagram showing orbital loops.2% (A) real-space diagram,
showing orbital current loop for toroidal ordering; (B) atomic-scale local
magnetization directions.

structures discussed below; and from a device standpoint, its multiferroic
properties can be extended from 230K to above room temperature via
application of hydrostatic pressure (A. Boothroyd, private communication).

It is also important to note that multiferroic switching in CuO is not
symmetric in E and H: That is, one cannot switch electric polarization and
domains with applied magnetic field, whereas it is relatively easy to do the
converse and switch magnetic domains with electric fields. This was
emphasized by Babkevich et al?® and arises because the magnetism that
couples to E is cycloidic and not homogeneous; hence applying a
homogeneous field H is not the same as applying a field E. Fortunately, this
is exactly the situation desired for a nondestructive-readout multiferroic
FRAM; in that case, one wishes to perform WRITE, ERASE/REWRITE
operations on the memory state +M or —M with a short voltage pulse,
and READ operations by monitoring the magnetization state without
switching. I emphasize this because the lead—iron—tungstate family discussed
in a section below exhibit the converse—switching of P with applied magnetic
field H, and this is less optimum for memory device embodiments.

Lead-iron perovskites: PbFe;,Ta;/,03/PbZr,Ti;_,O3, PbFe,,,
Nb1/203/PbZ1‘xTi1 ,x03, and PbFez/3W1/303/PberTi1 7XO3
Background. Mixed perovskites of PbFe;,Ta; ;03 (‘PFT’), PbFe;;;Nb;,;,05
(‘PFN’) and PbFe,;3W ;305 (‘PFW’) with PbZr; Ti,O3 (‘PZT’) have been
under study for several years in a San Juan-Cambridge—Belfast collaboration
that now includes Delhi.?>*" The reason is shown in the Venn diagram in
Figure 4. Each of the Fe-compounds is ferromagnetic at modest temperatures

Room-temperature multiferroic magnetoelectrics
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Figure 4 Venn diagram showing overlap of perovskite structures obtainable
as single-phase multiferroics from PZT and PbyFeXOg (X =Ta, Nb. W).52

and ferroelectric at low temperatures. Each is structurally similar to (lattice
constants) PZT and chemically compatible with PZT; that is, it is easy to form
single-phase compounds with these four materials, which have ferroelectric
Curie temperatures above ambient and have some residual ferromagnetism.

The long-range magnetism is that of canted (weak) ferromagnetic character,
and it persists until ca. 400 K because of spin clustering.*'~#* This has been well
studied in pure PFN via magnetic resonance. Such cluster systems are not
readily amenable via conventional density functional technique theory but
might be suited to the type of calculation published by Bersuker and
colleagues.45 From an experimental point of view, these are very attractive,
as they are simple perovskite oxides and can be processed by all known bulk
and film methods: ball-milling, sputtering, sol-gel spin-on, pulsed laser
deposition, molecular beam epitaxy, and so on.

PFW. The PFW/PZT system was studied in some detail both theoretically and
experimentally’’=33 and exhibits a polarization P(H) that is strongly dependent
upon magnetic field (H), collapsing abruptly for H near 1.0T (Figure 5).
However, the data on dielectric loss ¢'(H) (Figure 6) show that this is because
H changes the response time of the system, and hence this is a purely
relaxational dynamic effect. Model calculations® suggest that there is no
bilinear o3P;M; magnetoelectric coupling, but that all interaction between P
and H is via magnetostriction bM?S? plus electrostriction dP?S? and
piezoelectricity dijP;Sj. This can produce a useful room-temperature device
in which + P switches to zero (not to —P), but it is not strictly a multiferroic
magnetoelectric. Concommitant with the change in P(H) is a very large change
in the frequency- and temperature-dependent dielectric loss &' ( T,H,f).

The key equation from the striction theory of Pir¢ et al®* is that the
imaginary part of the dielectric constant ¢’(T,H) peaks at a frequency f; that
decreases by approximately five orders of magnitude with increasing H, from
ca. MHz at H=0 to a few Hz (and finally zero) at H.=ca. 1T.

f=foexpl(—Ea)/uy (HZ — H)] ®3)

This is a Vogel-Fulcher Equation for a glassy relaxor in which the usual
Vogel-Fulcher freezing temperature Ty (and freezing energy krTy) are replaced
by the square of a critical field H?, which is proportional to energy. H,
depends upon temperature, but for PFW single-phase compounds with PZT,
at 293K, H.=0.92T. The data in Figure 7 are in remarkable agreement with
the unusual Equation 3 and therefore lend strong support to the model. The
model assumes values for magnetostrictive tensor components that are yet
unmeasured, but these are of plausible magnitude in comparison with related
materials.*® The theory estimates a numerical value of H, that is within a factor
of two of that observed.

Another complication, however, is that the ¢ (H) data are difficult to
reproduce and depend strongly upon electroding, substrates, wire-bonding or
painted contacts and anneal.”>*% (Zubko, P. personal communication) This is
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Figure 5 Electric polarization loops P(f,H) in PFW/PZT at T=293K as a
function of applied magnetic field H, showing abrupt disappearance near
H=1.0T.
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Figure 6 Dielectric loss in PFW/PZT versus frequency at different values of
applied field H, showing collapse in response frequency (divergence in
relaxation time t).52

not surprising for a device, which works entirely on strain coupling. In
addition, there are probably induction effects to consider: The striction model
of Pir¢ et al. is for a perfect insulator and a perfect capacitor; but in the
presence of charge injection, ferroelectrics acquire an inductance (Zubko, P..
personal communication). Thus, depending upon sample processing and
especially upon electroding, the data in Figure6 may require an equivalent LCR
circuit and not just an RC time constant for complete analysis. Supporting the
LCR model is the fact that the capacitance can become very small (near zero)
as H and T change. What the studies on PFT/PZT do reveal is that some form
of strong coupling can occur between polarization P and magnetic field H at
temperatures well above the long-range ordering Neel temperature and that
these couplings may be manifest most strongly in relaxation times—in the
imaginary part of the dielectric response, not in the real part. In other work by
the Ljubljana group, the magnetoelectric coupling constants were estimated for
both PFN and its mixtures with Pb(Mg,W)O5 (Zubko, P.. personal commu-
nication). Levstik et al*® have also shown that the conductivity in these PFW/
PZT compounds is dominated by polaron hopping, which adds some insight
into the magnetoelectric coupling.

The fact that PFT/PZT is a glassy relaxor is of special theoretical interest:
Fischer and Herz®® show that spin glasses in acentric systems such as
ferroelectrics cannot be Ising-like. Hence, these multiferroics must have
more complicated domains.

PFT. PbFe;Ta; )05 was studied by itself and in artificial superlattice
layer structures.’’™> Like PFN, it has weak ferromagnetism that is partly
due to ferromagnetic spin clustering and partly due to Dzyaloshinskii-Moriya
anisotropic-exchange canting. In combination with PZT,; its properties are not
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Figure 7 Theoretical polarization relaxation time z(H) in the striction model
of Pir¢ et al.3*

significantly dependent upon the Zr/Ti ratio; and in fact, pure PbTiO; works
as well as PZT for most of these systems, as initially demonstrated with PFW.>3

Switching in PFT/PZT single-phase nano-crystals was reported by Evans
et al,>* as shown in Figure 8, using a submicron-diameter sample cut via
focused-ion beam from a one-micron diameter grain in a bulk ball-milled
ceramic. All tests show these samples to be single-phase, although under high-
resolution transmission electron microscopy some dark nano-spots were
observed decorating the grain boundary. These are now known to be slightly
Fe-rich nano-regions but not of a different phase.

The switching of electric polarization P with applied E in these specimens is
routine and without much fatigue. More interesting is that the polarization can
be switched at room temperature with a small magnetic field (experiments
were done at H=0.3T and 1.8 7).

However, the switching with H manifests extremely rapid fatigue; the first
switching of polarization P with applied H is fairly complete (70-80% at
1.8 T), but the second switch is only ca. 25% P, and subsequent field reversals
switch negligible amounts of polarization.>* This implies either that the
magnetically switched electric domains are somehow more easily pinned or
that another mechanism is involved, possibly involving the nested ferroelastic
twins and magnetostriction. One can switch from + P to —P (a large value of
ca. 60 puC cm —2). This is 1000 x greater than in CuO, and well above the
requisite value for RAM sense amplifiers and discriminators. But in order to
switch back from —P to +P with applied H, one must ‘scramble’ the
ferroelastic nano-domains nested within each submicron ferroelectric domain
(shown as the feathery structures in the TEM Figure 9). The model proposed>”
is as follows:

Application of an external electric field E poles the ferroelectric polarization
P but scrambles the underlying ferroelastic strain S. This is because perovskite
oxides have not just ds; piezoelectric constants (which would pole the strain
along the z axis normal to the electrodes) but large d5; also, which cause the
strain to tilt away from z toward x (or y). Application of magnetic fields
+H>0.2T pole the ferroelastic strain via magnetostriction to lie along z and
produce switching of -+ P. But a subsequent application of —H does not
switch the polarization back to —P, because the interaction is biquadratic
M?8% it is necessary to have an intervening E field to re-scramble the
ferroelastic strain alignment. Thus at present we tentatively conclude that
magnetoelectric switching in PFT/PZT single-phase multiferroics is not due to
bilinear magnetoelectric interaction of form P x M and that E fields and H
fields are not at all equivalent switching fields. Instead, switching is quadratic in
M (similar to CuO), and operates via magnetostriction (similar to PFW/PZT).

If this is correct, it will limit device applications severely: Strain interactions
are subsonic, and hence the device may be too slow for a computer memory.
And the quadratic dependence upon H will necessitate a complex pulse
sequence for rewrite operations.

The arguments about magnetostriction creating strain (and hence polariza-
tion) are subtle. At ambient temperature and pressure, Pb(Fe;,Ta;))y
(Zr,Ti; _y); _ O3 crystallizes in an orthorhombic structure of symmetry
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Figure 8 Real-space force microscopic images of electric polarization switching at T=295K with applied magnetic field H=1.8T in PFT/PZT single-phase

crystals.>3
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Figure 9 HRTEM image of feathery ferroelastic nanodomains nested inside a single micron-size ferroelectric domain in PFT/PZT single-phase crystal.>3
(a) Real-space HRTEM image; (b) reciprocal-space Bragg scattering from each of three regions circled.

mm2 (two mirror planes and a twofold axis). Toledano and Toledano®
consider such a case of an antiferromagnetic material (with specific space
group Pca2,1’). There are four irreducible corepresentations I'j, which
transform like the magnetism components Ls,, M,, Ly, and L,, where L is
sublattice antiferromagnetic magnetization and M is weak ferro-magnetization.
At the Neel temperature, antiferromagnetism produces spontaneous strain of
both

ey, = const. L%Z/CB and ey, = const. ng/Clz (4)

where Cj; are the elastic constants. This magnetoelastically induced shear strain
lowers the crystallographic symmetry from orthorhombic to monoclinic at
T(Neel), from Pca2; to Pb(x). When this monoclinic strain is coupled to
polarization P via piezoelectric coupling, it can produce the kind of
magnetoelastically induced polarization switching inferred for Pb(Fe;/;Tay/;)x
(ZryTi; )1 xOs. That is, the strain produced magnetically can create or
facilitate ferroelectricity via piezoelectricity. However, a spontaneous strain
component produced by magnetostriction does not always break the structural

symmetry. If the magnetostriction in a Pca2;1" structure crystal is
Cox = — aL%Z/CHoreyy = - bLgZ/szorezz = - chz/C33 (5)

(induced by an irreducible representation that transforms like the identity
representation I'}), then there is no symmetry breaking; the structure remains
orthorhombic, and one can discuss only a bulk volume-magnetostriction that
shrinks the lattice constants, a so-called isosymmetric transition.

Whether the monoclinic distortion occurs or not depends upon the stability
of terms in the magnetic-free energy:

F(mag) = a;(T)L? + c(T)M? +b;(T)L} +dM* + g,(T)L2 + ... (6)

where sums over repeated subscripts are implied.

If ¢(T) vanishes first near T(N), for example, as (IT-T(N)), the transition is
driven by exchange, and Pca2; lowers to P2; (both mirror planes are lost). If
ay(T) vanishes first, Pca2; lowers to Pb, losing a mirror plane and the twofold
axis due to relativistic spin-orbit terms. If a3(T) vanishes first, there is no
symmetry change.

(6]
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Thus, in Pb(Fey/;Tay)x(ZryTij —y); —xO3, which exhibits short-range mag-
netic order up to about 400K, the long-range order sets in at T(N) around
30-50K, depending upon Fe concentration, and dielectric anomalies occur at
T(N). These are probably due to spontaneous magnetostriction, and an
orthorhombic-monoclinic distortion is expected in zero field. Consequently, it
is reasonable to invoke magnetostriction in its switching dynamics at higher
temperatures in an applied field H.

PFN. Magnetic and electrical studies of PFN and of PFN mixed with
PbMg, ;W ,0;5 by Peng et al.®%4? revealed several important things: PFN
can be prepared in a single phase, without any pyrochlore or other minor
phases; it exhibits relaxor behavior characterized by antiferromagnetic clusters
and by two equations—a standard Vogel-Fulcher Equation describing a
characteristic relaxation frequency

f=foexp{(—Ea)/[ks(Tm — Tr)]} 7)

where Ty, is the temperature of the maximum dielectric constant and freezing
temperature Ty=270K; and a semi-empirical expression for maximum
dielectric constant

[e(max) /&(baseline)] — 1 = (T — T)"/(2A)? (8)

where y =1.9 (such relaxor exponents are generally =2.0).
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Figure 10 Aurivilius structure for n=5 perovskite blocks between each pair
of Bio0, planes.®”
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Rather surprisingly, recent Russian work by Raevski et al.*> on PEN shows
that its relaxor properties are extrinsic. This disagrees strongly with the model
of Peng et al.

Aurivilus-phase ferrites, cobaltates, and manganites

Ferroelectricity. The Aurivilius-phase ferroelectrics typified by Sr,BiTayOy
were first discovered by Smolenskii’s group in Leningrad in the late 1950s,
who studied a large number of the family members, replacing Sr with Pb or Ba
and Ta with Nb or Ti. The structure (Figures 10 and 11) consists of ABO;
perovskite blocks with n =2, 3, 4, 5 or more sharing faces, separated by Bi,O,
planes. Sr,BiTa,Oy is an example with n=2; Bi,Ti;O;, has n=3.7
SrBiyTi4Oy5 has n=4.8%1 Ba,Bi TisO13 has n=5 (Figurel0). The latter
materials brought early attention because of their very fast ns switching
speeds.®? Stable compounds with up to O, (nine blocks per layer) are known.
For odd-n, the structures are ferroelectric, whereas for n even, they are mostly
antiferroelectric as emphasized by Tachiki et al®® and by Reaney and
Domjanovic® and shown in the superlattice reflections of the e-beam
scattering of Scott and Ross.®> Bi,O, planes have a key role in device
performance as ferroelectric memories: Fatigue (decrease in switched charge
with repetitive polarization reversals) arises largely from oxygen vacancies in
ABOj perovskite ferroelectrics such as BaTiO3 or PbTiOs, but in the Aurivilius
phase materials the oxygen vacancies occur primarily in the Bi,O, planes,
where they have negligible effect on the polarization of Ti-O or Nb-O or Ta-O
covalent bonds.®>¢

Magnetoelectric Aurivilius phases. The realization that magnetic ions could be
substituted into Aurivilius-phase ferroelectrics came independently from
several sources, but it was ambiguous in these studies whether the magnetism
M arose from small minor phases; even a tiny percentage by weight could
produce the measured values of M. Keeney et al.®® have carried out careful
measurements on an n=>5 Aurivilius structure in which the B-site in each
perovskite block is 70% filled with Fe and 30% with Co: they find that
BisTizFe( ;Co( 305 films and BisTizFey;Mn 30,5 are complicated because of
the presence of Fe- and/or Co-rich secondary spinel-phases. Even in tiny

® Bi
e O
Ti/Fe/Mn

v

m=6
Bi;TizFe30,,

Figure 11 Aurivilius structure for n=6 perovskite blocks between each pair
of Biy0, planes.®8
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Figure 12 Polarization switching in BagTio gFe; 50Mng.s015.28 Panels (a) and
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percentages (< <1%) these magnetic spinels contribute most or all of the
room temperature magnetic response, whereas pure BisTizFe;7Co(30;5 is not
ferromagnetic. However, in subsequent work this year (2013), they report
extensive studies® on a room-temperature ferroelectric-ferromagnet of this
family with n=6: BagTi, gFe; 5,Mn 43013 (Figure 11). In addition, the n=5
Aurivilius structure (Figure 10) Bigq 4Nd,g5Ti3Fep5C005015 was characterized
carefully and so were the related family members BigT1; gFe; 77Mng 43015 (the
1.77 Fe-fraction occurs when all Mn ions are converted to Mn7T*) and
Bi;Ti3Fe;0,,. Figure 12 reproduces their polarization switching in a magnetic
field of H=0.25T at room temperature. Values of M as large as 6 emu cc !
were measured in zero field. However, as the electrical measurements were via
AFM/PEM, no numerical values were obtained for polarization P or dielectric
constant €. As a result, it is premature to comment on the kinds of devices that
might be possible; however, as most ferroelectric Aurivilius-phase oxides
exhibit remnant polarizations P> >1uCcm 2, it is reasonable to conclude
that these new materials might make RAM elements.

Hexaferrites

Background. The discovery of a low-field room-temperature multiferroic
z-type hexaferrite was made in 2010 by Kimura’s group in Osaka.”%”! They
found the highest performance in Sr;Co,F,404;, whose structure is shown
below (Figure 13). Hexaferrites occur in three complicated families, so-called
x-type, y-type and z-type. The y-type is represented by BayMg,Fe;,0,), but
generally these have lower transition temperatures’>’> and cannot be room-
temperature devices. These and other related materials exhibit room
temperature magnetic control of electric polarization direction but not all
are magnetoelectric switches. They exhibit good device numbers
(P=25uCcm~2 and coercive field E=20kVcm™1), but not all produce
switching of P with applied H or switching of M with applied E in zero field H.

Comparisons for device purposes. Hexaferrites offer great advantages in the
size of switched polarization in comparison with cycloidic spin structures. In
general, multiferroic materials based upon cycloidic spin arrangements
produce very weak polarizations (typically nC m ~>—or Coulombs hectare ~'1),
whereas about 1uCcm 2 (a thousand times more) is required for the sense
amplifiers in a conventional RAM to discriminate between a 1 and a 0 in the
Boolean algebra of modern computers. In addition, most multiferroics to date
function at only cryogenic temperatures (for example, 28 K for TbMnO3).
Even CuO works only below 230K (not at room temperature) and has
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(c) are topographic images; (b) and (d), polarization images; (a) and (b) have

negligibly small polarization P for use as a RAM. In comparison, Sr3Co,F;,04;
exhibits plausible device parameters for temperatures up to 500K, as shown in
Figure 14, which nicely incorporates both military-use specifications (‘mil
specs’) and also automotive industry specifications. Unfortunately, the samples
initially reported’? were relatively fine-grained ceramics, so that detailed
measurements of anisotropy and tensor parameters were not possible;
however, more recently good single-crystal work was reported by Chun
et al”! In the PbTaj,Fe ;03 family discussed elsewhere in this review, this
was also the case, but individual single crystals were cut via focused-ion beam
from 1.0-micron diameter single grains to permit studies of individual nano-
crystals. However, it must be emphasized that Sr3Co,F,404; is not a (linear)
magnetoelectric; although it demonstrates low-field magnetoelectric effects at
room temperature, it shows no polarization at zero magnetic field and
therefore is not a bilinear magnetoelectric.

Chromia Cr,0;3

It would be remiss not to mention Cr,03. Although it is neither ferroelectric
nor ferromagnetic, its antiferroelectric properties do indeed permit a linear
magnetoelectric effect and switching through Equation (9):

G(T,P,L) = ojxP;Lx 9)
where L is the subattice magnetic magnetism (spin canting is not required),
and P is the sublattice antiferroelectric polarization. Note that P and L do not
have to arise from the same ion. (Parenthetically, we note that this is important
in the general case of multiferroics: The argument of Hill (Spaldin) about
ferromagnetism and ferroelectricity being mutually disadvantageous assumes
that they arise from the same bonds—such as covalent Ti-O bonds®*—whereas
in general the ferroic phenomena can arise from different ions or bonds, such
as the ferroelectric Bi ions and magnetic Fe ions in BiFeO;. Ironically, systems
such as PbFe;);Ta;;,O; that have both ferroelectricity and ferromagnetism
arising from the B-site Fe-ions are simple oxide perovskites that one might
expect to satisfy Hill's mutual exclusion rule.)

Chromia was historically important from the prediction of Dzyaloshinskii’*
and the verification by Astrov,”> and the fact that Folen et al’® found the
converse effect and that it functions up to 260 K. More recent work by
Kleemann’s group claims it provides functional magnetoelectric memory
devices well above room temperature.”” However, chromia generates much
less interest than other multiferroics, because it is more complicated to
address (READ/WRITE) antiferroelectrics and antiferromagnets than with

o)
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Figure 13 Structure of ztype hexaferrite Sr3CopFp4041.%9

ferroelectric/ferromagnets. Some recent commercial interest has been reported
(Phillips), but no prototype devices are shown.

SUMMARY AND PERSPECTIVE

Multiferroic single-phase magnetoelectrics have been extraordinarily
interesting from the point of view of basic science: They combine
nicely two heretofore separate topics of magnetism and ferroelectri-
city. This is quite timely because only a generation ago ferroelectricity
was often regarded as semi-classical physics with balls and sticks,
whereas magnetism was acknowledged to be fully quantum mechan-
ical. Recent work with Berry-phase descriptions of ferroelectrics and
density functional techniques have put the two topics together in a
way that permits a single kind of calculation to address both
phenomena in a coherent description.”®’® The topic is also
appealing, because it is limited to exactly those very low-symmetry
crystals that avoided attention by serious physicists in earlier years
(with a few notable exceptions such as Hans Schmid® in Geneva and
Smolenskii in Leningrad).

Some scientists believe that a single-phase room-temperature
multiferroic magnetoelectric will combine the best aspects of MRAMs
and FRAMs: voltage-driven (as opposed to current-driven), low-
power, ultra-fast (sub-ns READ/WRITE operations), and so on. To
me, this is still quite remote. In most cases, the speeds are too slow,
the switched charge is too small and the temperature range
impractical. Moreover, although the switching magnetic fields
involved of 0.25-0.30T may seem modest, they are orders of
magnitude larger than the mT MRAM devices; MRAMs can function
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with the very small fields generated by current pulses passing under
each bit on the chip, but it will be impractical to generate fields of
order 1T that way. Larger switched polarizations are also problema-
tical; they may involve a trade-off to strain-moderated slow switching,
and in my opinion the Aurivilius-phase material from Cork is the
leading new challenger to BiFeO;. But by comparison, multi-layer
magnetoelectric devices already work well commercially.8! So where is
the breakthrough for single-phase multiferroics?

To end on a more optimistic note: not all multiferroic magneto-
electric device applications are for RAMs. Great progress has been
made with electrically switched magnetic tunnel junctions®? and with
voltage-driven Mott transitions.?> So it would be an unnecessarily
pessimistic mistake to conclude that the future is limited in this way.
Probably the future is quite promising, in fact; and we should not
limit our thinking to the 1985-era matrix architecture of switched-
capacitor MRAMs and FRAMs. For example, both Pyatakov et al.8*
and Prosandeev and Bellaiche® have published methods of addressing
magnetic vortex domains or ferroelectric vortex domains via electric
fields for memory applications. Such vortex domains have advantages for
memory storage because of their very small size, and these new papers
help solve the subtle question of how to address such vortex domains.

Another possible avenue for better room-temperature multiferroics
is better processing. It is well known from the early work of Setter and
Cross® that the structure of ferroelectric PbSc;/,Ta;,03 (‘PST’) can
have anything from perfectly ordered Sc and Ta ions to perfectly
random B-site occupancy, dependent solely upon the annealing
procedure. This produces different structure and properties and
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Figure 14 Magnetic switching of electrical polarization P(H) in the ztype
hexaferrite Sr3CosF24041.%2

even a different number of phases.8” PbFe;;Ta,,03 is very similar to
PbScy,Ta;,03, but we know almost nothing about how to control its
B-site occupancy; this may be a route to enhanced magnetoelectric
performance. It seems likely that either making the Fe/Ta ions fully
ordered at the B-site or making them completely random will
enhance magnetoelectric properties (and operating temperatures?).
At present, the B-site ions are clustered and neither random nor
fully ordered. For further detailed analyses of multiferroic
magnetoelectrics, readers are referred to a longer review by the
present author.%®
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