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Abstract

Multiferroic hexagonal rare-earth ferrites (h-RFeOs3, R = Sc, Y, and rare earth), in which the
improper ferroelectricity and canted antiferromagnetism coexist, have been advocated as
promising candidates to pursue the room-temperature multiferroics, because of strong spin-spin
interaction. The strong interactions between the ferroic orders and the structural distortions are
appealing for high-density, energy-efficient electronic devices. Over the past decade,
remarkable advances in atomic-scale synthesis, characterization, and material modeling enable
the significant progresses in the understanding and manipulation of ferroic orders and their
couplings in h-RFeOs thin films. These results reveal a physical picture of rich ferroelectric and
magnetic phenomena interconnected by a set of structural distortions and spin-lattice couplings,
which provides guidance for the control of ferroic orders down to the nano scale and the
discovery of novel physical phenomena. This review focus on state-of-the-art studies in
complex phenomena related to the ferroelectricity and magnetism as well as the magnetoelectric
couplings in multiferroic h-RFeO3, based on mostly the recent experimental efforts, aiming to
stimulate fresh ideas in this field.

Keywords: multiferroic, hexagonal, ferrites, thin film, magnetoelectric, complex oxide,
ferroelectric
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1. Introduction and basics

With the developments of Big Data and Internet of Things,
there has been a widespread and growing demand for a device
paradigm shift toward high-integration, energy-efficient, and
multifunctional devices. Among the pepped up advanced
materials, multiferroic materials, based on spins, electric
dipoles, and elastic distortions, have attracted tremendous
attention due to their exotic physical properties and novel func-
tionalities on the macroscopic and microscopic level, hold-
ing great promise for future low-power electronic products
[1-5]. The coexistence of magnetism and ferroelectricity in
a single-phase material, however, is rare in nature, especially
above room temperature [6—10]. Over the past decades, sig-
nificant efforts have been devoted on multiferroic complex
oxides to understand the origin of the ferroic orders and
their couplings toward realizing strong magnetoelectric coup-
lings at high temperatures [11-13]. A plethora of phenom-
ena have been discovered on different levels, such as polar
vortex [14-16], domain-wall conductivity [17-20], magneto-
electric coupling [21], which have expanded the conventional
understanding of ferroic orders and driven the exploration
of novel physical phenomena and functionalities which may
be harnessed for practical multifunctional device applications
[22-24].

Generally, single-phase multiferroic compounds can be
classified as two types, type-I and type-II multiferroics,
depending on whether the ferroelectric and magnetic states
appear independently [25]. In particular, type-II multiferroics
refer in particular to magnetism-driven multiferroics, wherein
the magnetic order leads to an inversion symmetry break-
ing and thus generates the ferroelectricity. All other multi-
ferroics can be categorized as type-I multiferroics, in which
the ferroelectricity usually is stabilized at higher temperat-
ure, while the appearance of magnetic order is observed at
lower temperature. Hexagonal rare-earth ferrites (h-RFeOs,
R = Sc, Y, and rare earth), which are categorized as type-I
multiferroics, have the isomorphic crystal structure with that
of h-RMnOj3 [26-28]. In comparison with their manganites
counterparts, h-RFeO3 have stronger magnetic order due to the
enhanced exchange interaction between Fe sites and exhibit
finite spontaneous magnetizations [29-31]. Among the most
intriguing is that both spontaneous polarization and magnet-
ization originate from the same non-polar structural distor-
tion. Consequently, the structural distortion has been explored
as a medium to couple magnetism and ferroelectricity [32],
promising a highly designable and tunable multiferroicity. For
instance, multiple means have been used to tune the structural
distortion in epitaxial thin films, such as interface, strain, and
doping [33-38].

The hexagonal rare-earth ferrites exhibit distinct crystal
structure and symmetry from their perovskite counterparts.
The hexagonal crystal structure (space group P63cm) serves
as the foundation for the polar and spin orders in multiferroic
h-RFeQj3. The unit cell of h-RFeOj3 is composed of the triangu-
lar lattice of FeOs bipyramids, which is sandwiched by the rare
earth layers, as shown in figure 1(a). For two consecutive FeOs

layers, the two triangle lattices rotate 60° with respect to each
other. The lattice distortion relative to the high-temperature
paraelectric phase structure (space group P63/mmc) can be
decomposed into three modes [39, 40]. The K3 mode corres-
ponds to rotation of FeOs bipyramids, which can be quantified
by the magnitude (Q) and rotation angle (¢ o) of apical oxygen
(see figure 1(a)), associated with the corrugation of rare earth
layer (see figure 1(b)); I';” mode corresponds to the displace-
ment of atoms along the ¢ axis that generates a dipole moment;
K mode corresponds to the in-plane displacement of Fe in the
FeOs bipyramids, reducing their point-group symmetry from
D3y, to Cg [29-31].

The non-polar K3 mode induces the polar I';” mode which
leads to a buckling of oxygen polyhedral (FeOs bipyramid)
and trimerization of apical oxygen anions, consequently giv-
ing rise to an offset of rare-earth cations and resulting spontan-
eous polarization. Thus, the spontaneous polarization is pro-
portional to the magnitude of the I';” mode below Curie tem-
perature (7,) of ~1000 K [39, 41]. So, the ferroelectricity
of h-RFeOj; is called ‘improper’ or geometric ferroelectricity
[42]. On the other hand, for magnetism, the K3 mode breaks
the three-fold rotational symmetry of the interlayer exchange
interaction and determines the three-dimensional magnetic
ordering temperature [29-31]. The in-plane spins along the
(100) direction is energetically more favorable than the out-
of-plane spins owing to their interlayer exchange interaction
and K distortion [43]. Rotation of the FeOs bipyramids leads
to the canting of the Fe spins toward the out-of-plane direc-
tion due to the spin-orbit coupling and Dzyaloshinskii—-Moriya
(DM) interactions [32], corresponding to a weak ferromagnet-
ism or canted antiferromagnetism. Therefore, the K3 distor-
tion, as a lattice degree of freedom, bridges the ferroelectricity
and magnetism in h-RFeOs.

Despite great promises and fascinating features, unlike
their manganites cousins, the ground state of RFeQOj; ferrites in
bulk are commonly orthorhombic phase rather than hexagonal
phase, which is metastable state [44]. This hinders the under-
standing of physical mechanism and the discovery and con-
trol of new functionalities in h-RFeOs3. Strain engineering or
mechanical boundary conditions, which is imposed by the
semi-infinite substrate, such as YSZ (111) and Al,O3 (0001)
substrates [29, 45], is leveraged to stabilize the metastable
hexagonal phase of RFeOs, providing a pathway to study
the fundamental physics mainly about magnetism and crys-
tal structure. More recently, advances in atomic-scale thin
film growth, structural design, and characterization technique
enable a electrical measurements with an oxide bottom elec-
trode and facilitate a large degree of control over ferroelectric
function, offering new opportunities to further understanding
and engineering their ferroelectric, magnetic, and multiferroic
properties in concert with multiscale modeling. Although sig-
nificant efforts are being devoted, a comprehensive overview
is still missing on recent developments and breakthroughs in
hexagonal rare-earth ferrites.

In this review, we focus on the advancement of understand-
ing on the physical mechanisms of multiferroicity from the
viewpoint of experimentalist, in contrast to previous reviews
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Figure 1. (a) Schematic of atomic structure of h-RFeOs. (b) The structure distortions for K3, I';” and K; mode, respectively.

which focus more on stabilization of the hexagonal struc-
ture of RFeO3 and characterization of basic ferroic properties
[44, 46, 47]. More explicitly, we will discuss experimental
advances that lead to more insights on the underpinning mech-
anisms of improper ferroelectricity in ultrathin films, ferro-
electric switching dynamics, as well as on the importance
of spin-lattice coupling for almost all aspects of magnetism,
including magnetic ordering temperature, single-ion magnetic
anisotropy, and weak-ferromagnetism.

2. Improper ferroelectricity

The improper ferroelectricity of h-RFeOs; is expected to be
similar to that in h-RMnQOj3, which has been established dec-
ades ago [28, 48]. The implication of improper ferroelectri-
city, including its effect on depolarization field and the con-
sequential absence of critical thickness, as well as its beha-
vior under strain and at interfaces, are intriguing. The recent
advances in atomic-scale modulation of h-RFeO; in epitaxial
thin films, as well as the combination of phenomenological
models and experiments, push forward the understanding on
these implications, highlighting the application potentials of
h-RFeQO3 as improper ferroelectrics toward device miniaturiz-
ation and high energy efficiency.

2.1 Landau theory for improper ferroelectricity in h-RFeQOg3

The order parameter of the improper ferroelectricity of h-
RFeO; is the nonpolar K3 distortion, in which the collective
rotation of the FeOs bipyramids contributes to the geometric
field to the nearby rare earth layer [48], leading to the spontan-
eous polarization (polar I'; mode). Figure 2(a) shows the part
of K3 distortion in terms of the displacement of apical oxy-
gen in FeOs; the direction of the displacement is defined by
the angle ¢ . The free energy from Landau theory has been
constructed as [50]:

alp2,

EP
2

ey

b !/
G =30 +70"—30'Pcos (3pg) + S0P +

where Q is magnitude of the Kj distortion, P is the polar-
ization, a, b, g, g, a, are coefficients. The first and second
terms correspond to K3 mode only, the third and fourth terms
describe the coupling between the K3 and the I';” mode, the
fifth term is for the I'; mode, and the last term corresponds
to electrostatic energy. Without electric field, the energy land-
scape has six-fold symmetry with energy minimum at ¢ =
n% (n is integer), as shown in figure 2(b). The polarization
can be found as:

3

p— ngCOS (3¢Q). )
g'0*+ap

With electric field, the symmetry of the energy landscape
reduces to a three-fold rotational symmetry (see figure 2(c))
[51]. Moreover, compared to the polarization-dependent
double-well free energy landscape in proper ferroelectrics,
the free energy of h-RFeO; depends on polarization, Q, and
¢ (see figure 2(d)), since the primary order parameter is
the structural distortion rather than electrical polarization.
Nevertheless, the transition from the ferroelectric phase to
the paraelectric phase still corresponds to the vanishing order
parameter [39]. In other words, the Landau coefficient in first
term can be approximately written as a (7. — T). Above T, the
energy minimum is at Q = 0, corresponding to the paraelec-
tric phase with space group P6s/mmc. Figure 2(f) shows the
temperature-dependent Q and P from the Landau theory [49].

2.2. Impacts of depolarization field on improper
ferroelectricity in h-RFeQj3 fims

The improper ferroelectricity in h-RFeO3 implies the insens-
itivity of order parameter (K; distortion) to the depolariza-
tion field and the potential absence of critical thickness [53,
54], since its primary order parameter is structural distortion,
in contrast to proper ferroelectrics [55-57]. Experimentally,
the depolarization field can be manipulated by insert-
ing the dielectric (DE) layer between bottom electrode
and ferroelectric (FE) layer. As shown in figure 3(a),
the epitaxial film of h-YbFeOs; was grown on CoFe,Oy4
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Figure 2. (a) The definition of order parameters of K3 distortion. (b) The energy landscape of 4#-RFeO3; without and (c) with electric field.
(d) Schematic polarization-dependent free energy with constant phase angle. (e) The temperature-dependent paraelectric-ferroelectric phase
transition for h-ScFeQs. (f) Reprinted from [49], with the permission of AIP Publishing.

(111)/ Lag/3Sr;3MnO3(LSMO)/SrTiO3(STO)(111), in which
the CoFe,0, layer serves as both the dielectric layer to tune
depolarization field and the buffer layer to mitigate the lattice
mismatch with LSMO [57]. Figure 2(b) shows the schematic
of the potential distribution in a FE/DE bilayer system under
the short-circuit condition. The ferroelectric hysteresis at cryo-
genic temperature (20 K), as shown in figure 3(c), indicates
that the lower FE/DE thickness ratio (tr/tp) would suppress
the remnant polarization (P;) and enhance the coercive field,
which is qualitatively similar to the trend in proper ferroelec-
trics. Moreover, the suppression of P, with decreasing #/1p
does not follows the model for single-domain case directly,
and the deviation of experimental results from theoretical fits
suggests that the h-YbFeOs; films enter the multidomain states
when 5 /1p is between 1 and 5 (see figure 3(d)). This manifests
that domain structures of improper ferroelectrics are also influ-
enced by electrical boundary conditions. In addition, when the
CoFe,0y is fixed at ~10 nm, the polarization for the thinnest
h-YbFeOj3 (=3 u.c.) films in figure 3(d) is still finite, suggest-
ing absence of critical thickness.

2.3. Interfacial clamping in ultrathin h-RFeQg3 fims

Although h-RFeO; is believed to have no critical thickness
[53], the interfacial clamping effect causes a ‘practical’ crit-
ical thickness below which the order parameter Q of the K3
distortion vanishes [52, 54]. Figure 4(a) shows the schem-
atic phase diagram for the phase transition with temperature
and thickness as two independent variables. Figures 4(b) and
(c) demonstrate the cross-section HADDF-STEM images for

h-LuFeO3/YSZ [58] and h-YbFeO3/CFO interfaces [52], in
which the corrugation of initial rare earth layer is greatly sup-
pressed; the thickness dependent Q’ (the displacement of the R
atoms which is proportional to Q) calculated from the image of
figure 4(c) is presented in figure 4(d). Thus, beyond electrical
boundary condition, mechanical boundary condition also has
aremarkable impact on the structure and electrical property of
improper ferroelectrics. The suppression of Q’ near the inter-
face by interfacial clamping could induce additional elastic
energy, which can be expressed as [49]:

_ (72
felastlc =k <8Z>

3
in which k is the stiffness coefficient, z is along c-axis of
h-RFeO;. Combining with free energy in equation (1), the
thickness-dependent Q follows the equation:

1 —exp z
¢(1)
Q(z,T) = 0 (T) ( ) ,
1+ exp (—%T))
o= i f-afi-F
with p - : - :
¢ (T) =\ Ta T:ir =Co TSiT

“

in which z is the film thickness, 7T is the temperature. ag < 0
and b > 0 are coefficients of Landau theory, k is the stiffness
coefficient at the interface, T is the Curie temperature of bulk
state, and () is the characteristic length of interfacial clamping
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thickness-dependent coercive field. (a)—(d) Reprinted figure with permission from [52], Copyright 2022 by the American Physical Society.
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at T = 0 K. The thickness and temperature-dependent phase
transition can be further described as:

altp,T) :T—TS[ —2¢2 g?g ﬂ =0 (5)
with
U exp —) 2
1, T of <1+ exp <2>)> dz
:lF (2= ( n))’ d (©)
C (tFa ‘({ 1+ exp( ))4 Z

Therefore, the boundary of phase transition, as shown in
figure 4(e), is determined by T and (p simultaneously. The
phase transition based on in-situ reflection high-energy elec-
tron diffraction (RHEED) was observed in h-ScFeO; films on
both STO (111) and Al,O5 (001) substrates, which can be fit-
ted using the above phenomenological model (see figure 5(f)).
Moreover, this model also indicates that the ‘practical’ crit-
ical thickness of h-RFeQj3 is proportional to the characteristic
thickness of interfacial clamping (see figure 5(g)). Therefore,
to remove the interfacial clamping-induced critical thickness
in ultrathin limit of h-RFeOs films, it is required for lattice-
matched substrates or freestanding membranes released from
substrates.

2.4. Strain effects on improper ferroelectricity

Strain engineering, as a powerful strategy, could be utilized to
stabilize the crystal structure that is unstable in bulk and tune
the ordering temperatures and electronic states [61]. Owing
to the nature of improper ferroelectrics linked with the Kj
distortion, strain engineering serves as a more effective way
to modulate improper ferroelectricity in h-RFeOs, compared
to proper ferroelectrics. Experimentally, the control of strain
(gradients) can be realized by varying misfit strain imposed
by various substrates [29], chemical doping [30, 62], inserting
buffer layer [52], changing thicknesses [63], and hydrostatic
pressure [60, 64].

The misfit strain originates from the lattice mismatch at the
interface, which is also susceptible to the temperature due to
thermal expansion [59]. For isobaric thermal expansion, both
a and c of h-RFeOj increase with temperature. On the other
hand, if only the film is heated (substrate remains the same
temperature), the in-plan lattice constant (a) is locked by the
substrate while the out-of-plane lattice constant (c) is free to
changes, corresponding to restrained thermal expansion. By
comparing the isobaric thermal expansion and the restrained
thermal expansion, the effect of isothermal strain can be detec-
ted, as illustrated in figure 5(a). As shown in figure 5(b), with
the increase of temperature, both the isobaric and restrained
thermal expansion could lead to the decrease of Q for Kj
distortion, but the change of Q is larger for isobaric thermal
expansion. Combining the two types of thermal expansions,
we extract the isothermal strain 1Aa/al and its effect on Q,
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Reprinted figure with permission from [52], Copyright 2022 by the American Physical Society.

as shown in figure 5(c). These results imply that the in-
plane compressive strain enhances the Kj distortion. The
first-principles calculations corroborate the effect of epitaxial
strain, as shown in figure 5(d). As illustrated in the inset of
figure 5(d), under the in-plane compressive strain, the oxy-
gen atom at the center of the trimer, which is shared by three
bipyramids, moves up, while the other oxygen atoms in the
bases of the three bipyramids all move down, corresponding
to enhancement of the K3 distortion. Since the polarization is
proportional to Q? (see equation (2)), the in-plane compressive
strain is expected to enhance the ferroelectricity polarization.

In addition, the isovalent chemical substitution (replacing
cations with the different ionic radius but the same valence)
can tune the lattice constant, corresponding to the chemical
strain [30, 62]. Furthermore, the hydrostatic pressure can mod-
ulate strain by reducing both lattice constants a and ¢ and mod-
ulate the c/a ratio. Since Fe 3d—O 2p hybridization prefers to
be along the c axis, the out-of-plane lattice constant is more
stable against pressure. As shown in figures 5(e) and (f), based
on density function theory (DFT) calculation, as the pressure
increases from 0 to 35 Ga, both the displacement in rare earth
layer and the tilt angle of FeOs bipyramids increase, which is
verified by the experimental results qualitatively (see insets of
figures 5(e) and(f)) [60].

2.5. Ferroelectric switching dynamics in h-RFeOj fims

The ferroelectric switching mechanism in the single crystal
of bulk hexagonal manganites is usually described by the

Kolmogorov-Avrami-Ishibashi (KAI) model [65], which is
strongly correlated with the domain wall motion, wherein the
six-fold ferroelectric vortex is pinned at the defect site [66—
68]. By contrast, the small grains (~10 nm) and the exist-
ence of interface in thin-film h-RFeO; favors the switching
modes described by the nucleation limited switching (NLS)
model [69]. The NSL model treats the polarization switching
as inhomogeneous nucleation, as illustrated in figure 6(a), with
a distribution of nucleation time. The frequency dependent-
coercive field can be fitted by both the Ishibashi-Orihara model
(Ec <%, with 5 =0.28) and the Du-Chen model (Infy+
a/Eé) [70, 71], which are based on the KAI and the NLS
models respectively. Moreover, the time-dependent change
of polarization can be well fitted by the NLS model (see
figures 6(c) and (d)), indicating that the nucleation process
may dominate over the domain wall motion in h-RFeO3 films,
although the domain wall motion and homogeneous switching
cannot be fully excluded [72].

2.6. Quantification of K3 distortion from STEM image

Since the K3 distortion plays a key role in determining the
improper ferroelectricity of h-RFeQs, the direct mapping of
order parameters (Q, ¢ ) is essential to reveal the behavior
of ferroelectric domains or vortex and examine the proposed
model from the Landau theory [49-51]. For h-RFeOs, the dis-
placement of rare earth (u) can be connected to the K3 distor-
tion as [73, 74]:



J. Phys. D: Appl. Phys. 58 (2025) 073003

Topical Review

(a) (c)

Ui
® l
L
[ ]
‘a
£ 2n
e 9 uichns(tp—g*xi)
7 . v
. . (d)

Q sin @ (pm)

04
o
4
0 -40 40 -40 40
m=7 40 m=9 102
gu F
. B )
-40 40 -40
Q cos @ (pm)

Figure 7. (a) Schematics for the quantification of (Q’, ¢ ), based on the positions of rare earth. (b) Patterns of rare earth with different ¢.
(c) Ferroelectric domain distribution and the overlap of ¢ ¢ in (h-LuFeOs)m/LuFe; Oy superlattice. (d) (Q', ¢ o) distributions in
(h-LuFeO3)m/LuFe; 04 superlattice with different m. (b)—(d) Reprinted figure with permission from [74], Copyright 2022 by the American

Physical Society.

u=uy+Q'cos(po—q-7) (7)

where the amplitude of rare-earth corrugation (Q") is propor-
tional to Q. As shown in figure 7(a), viewed along the <100>
direction, the atomic position of rare earth (x;, y;) can be quan-
tified from two-dimensional gaussian fitting of STEM image.
Since displacement pattern of rare earth repeats every three
atoms for the single domain states, the above equation can be
further modified as:

2T X
U = 0'cos <¢Q§ ;) (8)

in which ap is the in-plane distance between two neighboring
R, u; is the relative displacement of the R atom, with respect to
average y; of three R atoms in the unit cell. Based on the least-
square fit of the R position using above equation, the order
parameter (Q’, ¢¢) can be extracted. Figure 7(b) shows the
schematic patterns of three neighboring R atoms for different
ferroelectric domains.

Moreover, this method can be applied to visualize fer-
roelectric domain distributions in real space. As shown in
figure 7(c), the half-vortex is pinned at the interface in (h-
LuFeO3),,/(LuFe,04) superlattices [74-76]. By varying m, the
confinement of electrostatic boundary condition on the topo-
logical defects can be quantified from the distribution of the
order parameters (see figure 7(d)). As the thickness of h-
LuFeOj3 layer increases, ¢ for the majority of domains is

nx* % with integer n, which is consistent with the energy land-
scape from the Landau theory. When m decreases, an emer-
gent P3c1 symmetry is observed for m = 2 before h-LuFeOs3
becomes paraelectric phase with m = 1 [74, 77]. Similar meth-
ods have also been applied to track the improper ferroelectri-
city near phase transition, interface, and defects [78]. These
results provide an unprecedented degree of control over ferro-
electric domains in hexagonal rare-earth ferrites, pushing the
boundary of the fundamental understanding of improper fer-
roelectrics and the exploration of novel functionalities.

3. Magnetism

Beyond the improper ferroelectricity, the structural distor-
tions also play the key role in the spin-lattice coupling by the
modulating magnetic free energy [79-81], which provides the
microscopic picture to understand the spin orders in h-RFeOs,
such as Neel temperature (7'N), net magnetization of canted
antiferromagnetism, and the single-ion magnetic anisotropy.

3.1. Spin-lattice coupling in h-RFeO3

The Fe spins associated with magnetic order of h-RFeO; are
displayed in figure 8(a), which are mostly in-plane with a small
canting toward the c axis, corresponding to weak ferromagnet-
ism or canted-antiferromagnetism [29-31, 82, 83]. Within the
triangular lattice of FeOs, the in-plane angle between neigh-
boring Fe spins is 120°, corresponding to an antiferromagnetic



J. Phys. D: Appl. Phys. 58 (2025) 073003

Topical Review

(a) ‘ BEE o

O Fe

- ®

Fe(z=c/2)

Fe (z=0)

Figure 8. (a) Schematic for the canted-antiferromagnetism under the K3 distortion in h-RFeQs3. (b) The top view for the alignment of Fe
spins with A, magnetic structure and related interlayer exchange interaction. (a) and (b) Reprinted figure with permission from [30],

Copyright 2018 by the American Physical Society.

order, due to a strong exchange interaction within the FeO
layer.

The general expression for the effective spin Hamiltonian
of a lattice is [32]:

H:Z]UEi'S}+Zﬁij'<§iXs§}) +3 575 )
i i i

in which Jj; is exchange interaction, BU is the DM vector, 7, is
for single-ion anisotropy (SIA) tensor. Therefore, the key for
understand spin-lattice coupling is to reveal how the structural
distortions influence J;;, 5ij, and 7; in h-RFeOs.

The effective inter-layer exchange interaction relies on the
K3 lattice distortion. For the inter-layer exchange interaction
of a given Fe, there are three nearest Fe spins, as shown in
figure 8(b). The K3 distortion breaks the three-fold rotational
symmetry and makes Jo3 unequal to Jo, and Jy, resulting in a
non-zero effective interlayer exchange energy [30]:

Einter X (J()] *J()3)S(S+ 1) (10)
which is expected to determine the three-dimensional order-
ing and the Neel temperature. Moreover, for FeOs bipyramids,
the electronic structure of Fe is influenced by crystal field of

nearby oxygen [84], which is the origin of single-ion aniso-
tropy (SIA).

3.2. Kj3 distortion and Neel temperature (Ty) in h-RFeO3

Due to the large difference between the magnetic order-
ing temperature (Ty = 100-200 K) and the ferroelectric
Curie temperature (7c 1000 K), Ty is the bottleneck to
achieve room-temperature multiferroicity in single-phase h-
RFeOs;. Since strain can modify lattice constant and resultant
Fe site positions, the correlation between K3 distortion and
TN through the strain effect has been carefully investigated
[29, 30]. The Kj distortion reduces the local symmetry of
FeOs from Cs, to Cg, which leads to the interlayer exchange

~
~

interaction Ejy, in equation (10). Ty is expected to be approx-
imately proportional to Ejyer.
Moreover, the relationship between Jy; — Jo3 and K3 distor-
tion is proposed as [30, 32]:
Jor — Jo3 o @203 + asQx (1D
where a, and a4 are coefficients. As shown in figure 9(a), the
power law relationship can be identified as:

I~

S(S+1) (12)

o O3

with n 2.74+0.05, which is consistent with the
equation (11). The smaller rare earth atom is expected to
reduce the in-plane lattice constant. The tolerance factor
t=(rr+r0)/ [(rTM +70) \/5} can also be used to gauge the
Kj structure distortion in h-RFeO3. As shown in figure 9(b), by
varying the rare earth atom from Er to Sc, the smaller tolerance
factor corresponds to stronger K3 distortion Correspondingly,
Ty increases from 125 K for h-ErFeO; to 185 K for h-ScFeOs.
A similar trend of Ty also exists in h-RMnQOs [85, 86]. On the
other hand, the hydrostatic pressure could also modulate c/a
ratio and the K3 distortion, the relationship between the c/a
ratio and the tilt angle of FeOs bipyramids is given in the
inset of figure 9(c). With the increase of hydrostatic pressure,
the enhanced Kj; distortion leads to the increase of T for
LugsScysFeOs [60]. Moreover, the electron doping for R site
or ion doping in Fe site may also modify the magnetization
[87, 88].

3.3. Kj distortion and weak ferromagnetism in h-RFeO3

The net magnetization along the ¢ axis is proportional to the
canted angle of Fe spins, which originates from the competi-
tion between the intralayer exchange interaction and the DM
interaction [§9-91]. As shown in figure 10(a), the K3 structural
distortion causes a displacement of oxygen atom at center (&)
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along the c axis. The vector coefficient of DM interaction (5 12)
for neighboring Fe; and Fe; is perpendicular to the Fe;-Oc-Fe,
plane, corresponding to a direction along

(50)

18
where a is the in-plane lattice constant. This direction can be
represented by a small tilt angle ¢ pyv away from the ¢ axis with
tan (¢pm) = 60—‘5. The magnitude of the DM interaction follows
D o a* approximately because § < a. By minimizing the total
energy of exchange interaction and DM interaction, the cant-
ing angle of Fe spin follows:

as

707
V3

13)

flzéb DM

7 (14)

D
Ocant = ﬁ,ﬁbDM X

The above model indicates that the in-plane compressive
strain cannot decide the net magnetic moment directly. The
smaller in-plane lattice constant (a) is expected to reduce the
DM interaction (because D o a?) and enhance the exchange
interaction J, which decreases 6.,,.. On the other hand, smaller

a can enhance the K3 distortion and the tilt angle ¢ py, which
increases 0., Experimentally, by selecting the rare earth with
different atomic radius, it is shown that a reduced a actually
leads to a smaller net magnetic moment [30], suggesting that
the strain effect on the DM and exchange interactions domin-
ates. Figure 10(b) demonstrates the relationship between the
spin canting and the in-plane epitaxial strain calculated by
DFT [59], which is consistent with the experiments qualit-
atively. Therefore, the unexpected reduction of net magnetic
moment under compressive strain in h-RFeO3 can be under-
stood based on spin-lattice coupling that has a strong effect on
the DM interaction.

3.4. Effect of structure distortion of FeOs on single-ion
anisotropy

In h-RFeOs;, the reversal of weak ferromagnetic moments
along the ¢ axis is equivalent to the rotation of the spins
by 180° within the basal plane, according to the single-
ion magnetic anisotropy. When Fe is displaced with respect
to O in FeOs bipyramids (see figure 11(a)), the symmetry
of FeOs bipyramids reduces from D3, to Cs, leading to a
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single-ion magnetic anisotropy via spin-lattice coupling. The
one-electron Hamiltonian to describe the single-ion magnetic
anisotropy can be written as [43]:

—

Hy=Ver(d)+EL-S—JS- @ (15)

where the first term is the energy of Fe electrons in the crys-
tal field, which depends on the perturbation parameter d that
is proportional to structural distortion of FeOs bipyramids (d
 -0.). The second term is the spin-orbital coupling term and
the third term represents molecular field on the Fe spin. The
single-ion anisotropy energy can be found from the depend-
ence of total energy on direction &, with & = x,y,z, and the
anisotropy energy is lower in the x direction (Ex—E, < Ey,—E,)
for &g > 0 [43].

For h-RFeQ3, one electron picture has been used to interpret
the x-ray absorption spectroscopy (XAS) of oxygen-K edge
[92, 93], since the energy of unoccupied oxygen p states is
determined by their hybridization with the Fe 3d states (see
figure 11(c)). By analyzing the XAS spectra for both Fe Lj
and O K edge, the hybridization between Fe 3d and O 2p can
be verified. (see figure 11(c)). The experimental evidence of
hybridization and crystal-field splitting provides critical para-
meters in equation (15) to decide the single-ion anisotropy due
to the K; distortion.

3.5. The ferrimagnetic order in h-YbFeOj3

When R sites are occupied by magnetic ions, such as Yb**,
the interplay between the R sublattice and Fe sublattice leads
to ferrimagnetic order due to the difference in magnitude of
the R and Fe spins [94-96]. A schematic of spin arrangement
for Yb and Fe sites are depicted in figure 12(a), where the net
magnetic moment of the Yb layer is antiparallel with the net
magnetic moments of the Fe layer. According to the mean-field
theory [97-99], the magnetization of Yb can be approximated
as:

o U'vore Mpe + poH

My = =34, T

(16)

where fuyp is the magnetic moment of Yb, I'ypr. is the molecu-
lar field parameters for Yb-Fe interaction, H is the mag-
netic field, Mg, is the magnetization of the Fe sublattice,
T is temperature, o and kg are vacuum permeability and
Boltzmann constants, respectively. As shown in figure 12(b),
the x-ray magnetic circular dichroism (XMCD) contrast of Yb
M; edge shows a linear dependence at high field. According
to equation (16), the slope for the field dependence is x yp, =

“gi:;H from which one can calculate py, =1.6+0.1 pg,

which is significantly reduced with respect to the magnetic
moment of free Yb (4.5 pg). The reduced value of py, can
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Figure 12. (a) Schematics for the spin configuration in h-YbFeOs. (b) The magnetic field-dependent XMCD contrast for Yb Ms edge and
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XMCD contrast for Yb Ms edge. (a)—(d) Reprinted figure with permission from [94], Copyright 2017 by the American Physical Society.

be attributed to the excitation of the 4f electrons in Yb to low-
lying crystal-field states. The hysteresis of Fe magnetization
shows a reversed field-dependence (see figure 12(c)), indic-
ating that Mg, and My, have different sign in the zero field,
corresponding to the ferrimagnetic orders and I'y,p, < 0. The
similar magnetic coercive fields for Fe and Yb also indicate
that the exchange field on Yb is generated by the Fe sites.

When temperature is much lower than the magnetic order-
ing temperature (/=120 K for h-YbFeO3), M. can be treated
as constant of the saturation value. Combining the measured
My, in fixed magnetic field (~19 kOe) at different temperat-
ure, the exchange field on Yb (Hyp) can be calculated using
equation (17). The result is Hyy = 17 kOe at low temperature
(see inset of figure 12(d)). Hyp, changes sign at about 80 K,
indicating a possible realignment between the magnetization
Mk and the external field.

3.6. Magnetic domains in h-RFeOg3

Magnetic anisotropy in h-RFeOs3 is uniaxial because the net
magnetic moment comes from the canted antiferromagnetism
along the c axis. The small net magnetization results in small
magnetostatic energy and large magnetic domains. However,
when the R sites are magnetic, like in h-YbFeOs, the lar-
ger magnetization and larger magnetostatic energy reduce the
domain size. Magnetic domains in h-RFeOs; films with and

without ferrimagnetic order have been investigated using mag-
netic force microscopy (MFM) at cryogenic temperature [58,
100].

Figures 13(a)—(1) show the MFM images at 6 K after zero
field cooling (ZFC) for a 200 nm-thick h-LuFeO3/YSZ (111)
film [58], in which the magnetization only comes from the Fe
spins. The labyrinth-like virgin domain state, with the domain
size of ~1.8 um, is identified at zero field (figure 13(a)). The
domain wall starts moving when the magnetic field reaches
about 3.5 T. With increasing the magnetic field, the magnetiz-
ation saturates at 5 T. The magnitude of magnetization remains
constant when the field is decreased from 5 T to O T, indicating
a perpendicular magnetic anisotropy. As the magnetic field is
changed from —3 T to —3.2 T, the up domain is reversed via
domain nucleation and domain wall propagation. Figure 13(m)
shows the M-H curve deduced from the MFM images, indic-
ating that the h-LuFeOs is a hard ferromagnet. Moreover, the
temperature-dependent MFM images exhibit that the domain
contrast becomes weaker with increasing temperature, fol-
lowing a mean-field-like behavior with T, ~ 148 K. For h-
YbFeO3, a much smaller magnetic domain size on the order
of several hundred nanometers was observed [100], due to
the stronger magnetostatic contribution from Yb, as shown
in figure 13(n). The enhanced domain contrast can be attrib-
uted to nucleation of magnetic domains when the magnetic
field is close to the magnetic coercive filed (approximately
+4000 Oe).
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Figure 13. (a)-(1) MFM images of 200 nm-thick h-LuFeO3/YSZ (111) film measured under different magnetic field after ZFC. (m) The
M-H curve extracted from the MFM images from (a) to (1). (n) MFM images of h-YbFeO3/YSZ (111) film under different magnetic field,
the scan size is 3*3 um. (a)—(m) Reprinted figure with permission from [58], Copyright 2017 by the American Physical Society. (n)

Reproduced from [100]. CC BY 4.0.

4. Magnetoelectric couplings

In single-phase multiferroic h-RFeO;_ the improper nature of
ferroelectricity as well as the spin-lattice coupling imply that
the structural distortions may serve as the bridge for the inter-
play between spin order and electrical polar order, leading to a
magnetoelectric (ME) coupling [29-32, 101-103]. Due to the
existence of domains as well as domain walls for both ferro-
electricity and magnetism, the ME coupling in h-RFeO3 can
be divided into the bulk-state ME coupling as well as domain-
wall ME coupling.

4.1. Magnetoelectric coupling in bulk-state

For bulk or single domain state h-RFeO3, we describe the spin
direction of Fe and the apical displacement of FeOs (from the
K3 distortion) using ¢, and ¢ o respectively. The net magnet-
ization (M) can be described as [50]:

M= —Mscos (pg— dL). a7

Figure 14(a) gives the correlation of polarization (P) and M
in triangle-bipyramids of h-RFeO3. As shown in figure 14(b),
under the external electric field, the switching of polarization

direction is accompanied by a rotation of ¢ by 60°. If ¢,
does not follow the change of ¢ ¢, the magnetization direction
would reverse, corresponding to the ME coupling for the bulk-
state. Otherwise, if ¢, follows ¢, the direction of magnetiza-
tion will not change, corresponding to the ME decoupling. The
energy landscape in (¢, 1) space is given in figure 14(c),
where the energy barrier is higher on the path of the ME coup-
ling. Therefore, when the polarization is switched by the elec-
tric field, the net magnetization is expected to be decoupled
from it.

Experimentally, for h-Lug 5S¢ 5cFeO3 single crystals [104],
the size of the magnetic domains is on the order of 100 pm,
while the size of the ferroelectric domain is on the order of
1 pm. No identifiable correlations between the magnetic and
ferroelectric domains can be observed experimentally. The
large domain-size mismatch also suggests the ME decoup-
ling, as shown in figure 14(d). Therefore, the bulk-state ME
coupling previously predicted [32], in which the magnetiza-
tion switching follows with the polarization switching at the
ferroelectric vortex under external electric filed, as illustrated
in figure 14(e), may not be the most possible scenario in h-
RFCO3.

Here, we briefly comparing h-RFeO3 with the other widely
studied multiferroics, BiFeO3 The bulk-state magnetoelectric
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coupling in single-phase BiFeOs hinges on the rotation of
magnetic easy plane associating with the 71° or 109° rotation
of polarization, which along the <111> direction in pseudo-
cubic structure [11, 105]. Due to the polarization of h-RFeO3
can only be switched along c-axis, as well as the high-energy
barrier on switching path ME coupling, the forbidden electric
field-driven magnetization switching in h-RFeO; resembles
the similar forbidden behavior in BiFeOs during 180° polar-
ization switching.

On the other hand, the heterostructures of ferromagnet
on BiFeO; indicate the change of antiferromagnetic easy
plane during polarization switching can also couple with
neighboring ferromagnetic layers, achieving the strong ME
coupling in composite form [106, 107]. For h-RFeOs, the
known explored magnetic layer is LuFe, O, and inverse-spinel
CoFe,04. The magnetic Curie temperature is enhanced for
the former [75]. The magnetic properties CoFe,O4 layer is
still less explored, the potential electric-field driven change
of exchange bias may rely on the interfacial monolayer
reconstruction [108].

4.2. Magnetoelectric coupling in clamped antiferromagnetic
domain wall

Despite the bulk-state ME decoupling, the ferroelectric
domain walls of h-RFeOs; could support the ME coupling
[109, 110]. As shown in figure 15(a), the FE domain wall
of h-RFeOj3 is defined by a sharp change of ¢¢ [26, 110],

which induces the change of ¢, due to the single-ion mag-
netic anisotropy, corresponding to the so-called clamped anti-
ferromagnetic (AFM) domain wall [48]. The magnitude of
the magnetization decreases within the clamped AFM domain
wall. Moreover, the relatively smaller domain-wall energy in
h-RFeO; suggests the possibility of large population of ferro-
electric domain walls. By changing electrostatic conditions or
grain size in h-RFeOj thin films, the population of FE domain
walls can be tuned [111, 112] and then influences the distri-
bution of clamped AFM walls (see figures 15(b) and (c)). Due
to the appearance of FE domain walls, ¢; cannot follow the
change of ¢, and thus the net magnetization will be sup-
pressed as the FE domain-wall density increases, as shown
in figure 15(c). In other words, by controlling the density of
FE walls during the ferroelectric switching, the magnitude of
the magnetization can be changed, which provides a new ME
coupling mechanism linked with ferroelectric and magnetic
domain walls.

Experimentally, the polarization switching has been
achieved in h-YbFeQ3/CFO/LSMO thin films [52], as shown
in figure 15(d). Blocks 1 and 3 correspond to up and down
polarization, while blocks 2 and 4 correspond to zero polar-
ization when the density of FE domain walls is expected to
be maximum. Based on the in-situ measurement of XMCD
contrast of Yb M5 edge during ferroelectric switching (see
figure 15(e)), the lower XMCD contrasts in blocks 2 and 4,
compared with that of the blocks 1 and 3, substantiate the
domain-wall ME coupling discussed above. The critical con-
dition for achieving the domain-wall ME coupling is that the
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Figure 15. (a) Schematic for the single clamped antiferromagnetic (AFM) domain wall in h-YbFeOs. Clamped AFM wall for

12 nm-diameter grains with (b) two and (c) three uniformly distributed ferroelectric domain walls. (d) The voltage-dependent switching
current for h-YbFeOs thin films at 30 K. (e) The XMCD contrast of Yb M5 edge for different blocks. (f) Phase diagram of average
magnetization reduction due to domain-wall ME coupling, with respect to wrg and dre/wapm. (a)—(f) Reproduced from [100]. CC BY 4.0.

FE domain size (dpg) is smaller than the width of the AFM 3. Although the bulk-state ME coupling is not favored, the

domain wall (Wagm), as shown in figure 15(f).

5. Outlook and summary

During the past decades, substantial progresses have been
made on atomic-scale synthesis control, high-precision char-
acterization, and multiscale material modeling on hexagonal
rare-earth ferrites. This boosts the physic understanding of
their fundamental multiferroic properties, particularly the role
of non-polar structure distortion on ferroelectricity, magnet-
ism, and ME couplings. The improper ferroelectricity and
spin-lattice coupling have been revealed as the origin of the
abundant multiferroic properties in h-RFeOs3, as shown in
figure 16, which is expected to stimulate the fresh ideas for
the non-perovskite-structure multiferroics, including but not
limiting to:

1. The improper ferroelectric h-RFeO3, compared with their
proper perovskite counterparts [113, 114], exhibits exotic
functionalities, including the dominating role of non-polar
structural K3 distortion on ferroic orders, smaller domain
wall energy, and the absence of critical thickness. The
removal of interfacial clamping (see section 2.3) would
make h-RFeO; ferroelectric with 1 nanometer thickness,
comparable to two-dimensional ferroelectrics.

. For magnetism, 7'y and weak ferromagnetism are determ-
ined by the K3 distortion, while the single-ion anisotropy
hinges on the K, distortion. So, methods that can modulate
atomic-scale structural distortion, such as chemical doping
and hydrostatic pressure, can be effective in further tuning
the magnetic properties.

reduced symmetry at the ferroelectric domain walls enables
the macroscopic identification for domain-wall ME coup-
ling at nanoscale, which was observed during ferroelectric
switching. Hence, ME coupling could be explored in local,
low symmetry configurations.

. Hexagonal rare-earth ferrites h-RFeOs; can serve as
robust ultrathin ferroelectric template to induce poten-
tial proximity-like effect in neighboring materials, such as
enhancement of 7. in LuFe,O4 [75] and enhancement of
spin-Hall angle in heavy metal by the Rashba-Edelstein
effect (REE) [115], or control of magnetic skyrmions [87].

Some challenges about multiferroic h-RFeO3, however,
remain to be addressed in the future, calling for concerted
efforts and advanced capabilities in thin-film synthesis, char-
acterization, and modeling. We summarize several challenges
and perspectives as follows:

From the perspective of improper ferroelectricity, the
demonstration of absence of critical thickness in h-RFeOj3
has been hindered by the ‘practical’ critical thickness, i.e. the
suppression of the Ks distortion at the film/substrate inter-
face due to the structural clamping effect. Other factors, such
as oxygen-off stoichiometry [116], interfacial reconstruction
[117], should be further clarified, in order to make h-RFeO;
scale-free ferroelectric materials experimentally. Moreover,
novel electric properties of h-RFeO; are much less explored.
For example, the multi-parameter energy diagram and the
resulting complex polarization switching path of h-RFeOs;
may lead to non-traditional polarization-voltage relation under
different restrictions [72]. In particular, due to the nature
of improper ferroelectricity, the charged domain walls are
prevalent [74, 110], which may exhibit distinguished electrical
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performance, in concert with hexagonal structure. The unique
response of K3 structural distortion to strain may offer novel
mechanism of coupling strain gradient and polarization, i.e.
flexoelectricity [118-120]. To address these issues, the syn-
thesis of high-quality hexagonal rare-earth ferrites films is
of particular importance. Nevertheless, this is still restricted
by the availability of substrates and appropriate electrodes.
Expanding the range of available conducting substrates with
matching structures is a key step. In turn, for magnetism, ques-
tions remain on how to increase Ty of single-phase h-RFeO3
film above room temperature, by e.g. chemical doping, epi-
taxial strain.

Besides the ‘bulk’ state properties, local topological phe-
nomena in h-RFeQOj3 are also important in future research dir-
ections. A good example is the famous six-fold ferroelectric
vortex which has been demonstrated in single crystal samples
as a topological defect with a micrometer scale, accompan-
ied by collective scaling behavior [121-125]. On a smal-
ler scale, screw dislocations, which are often observed in
hexagonal materials [126—128], can introduce stronger modu-
lation to the multiferroic properties, and generate topological
phenomenon like polar and magnetic skyrmions in h-RFeO3
films [129-131].

Regarding substrate clamping effects and limited flex-
ibility, a promising mean to expand strain control is to
release freestanding membranes from the substrates and trans-
fer them to various substrates. For example, the compat-
ibility of h-RFeO; on classic perovskite-structure bottom
electrode layer, such as h-ScFeO; on Lage¢7Sr933 MnOs3
(LSMO) /SrTiO3(111), as well as atomic-scale synthesis con-
trol through in-situ monitoring of RHEED, provide an oppor-
tunity to achieve freestanding h-RFeO3 by dissolving LSMO
layer or inserting solvable buffer layer [132, 133]. This holds
great promise for a larger degree of control over ferroic orders
and thus realizing profuse novel phenomena. In addition, the
removal of interfacial clamping in h-RFeO3; may enhance the

polarization state with the thickness as low as monolayer [134—
136], due to the improper nature of ferroelectricity.

On application level, the improper ferroelectricity of h-
RFeO; shows the great advantages in non-volatile ferroelec-
tric memory devices, such as ferroelectric capacitor, FeRAM,
FeFET, which all hinges on the maintenance of remnant polar-
ization after removing electric field [137-139]. Moreover,
the thickness-dependent coercivity basically follows the JKD-
scaling with Ec ~ t=23 down to ~ 5 nm or even thinner
[52], indicating the continuous decrease of coercive volage
with shrinking the thickness, which is beneficial for the
energy efficiency. Meanwhile, the polarization could main-
tain above 2 uC cm~2 in ultrathin film. On the other hand,
the improper nature of h-RFeO; could also help verify the
generality of proposed mechanism and application, based on
polarization switching in proper ferroelectrics, such as neg-
ative capacitance [72]. However, for the real application of
h-RFeOj3 as ferroelectrics, it still needs to overcome compat-
ibility problem with known semiconductor materials, such as
Si, which is less explored to our best knowledge. The domain
wall of h-RFeO; is similar to the isomorphic h-RMnOs3,
related anisotropic conductance makes domain walls themself
as the electronic components [140]. Recently, the enhanced
photovoltaic efficiency in h-RFeOj films via strain engineer-
ing also indicates the application potential for photovoltaics
devices [141].

Overall, the abundance of emerging phenomena in h-
RFeO3; have been connected via the complex crystal struc-
ture and the spin-lattice coupling one after another. At this
point, hexagonal rare-earth ferrites are poised to be exploited
for applications in terms of their advantageous electric proper-
ties associated with the improper ferroelectricity, particularly
in the ultrathin films. In addition, exploring their local topolo-
gical polar and magnetic properties will be intriguing to under-
stand quantum phenomena in complex materials. We hope that
this progress review article may inspire further investigations
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into hexagonal rare-earth ferrites and their potential applica-
tions in future electronics.
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