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ABSTRACT OF THE DISSERTATION

Hybrid improper ferroelectricity and magnetoelectric effects

in complex oxides

by Yazhong Wang

Dissertation Director: Sang-Wook Cheong

This thesis contains several investigations of ferroelectricity and magnetoelectric effects in

complex oxides. We start by reviewing the history and mechanisms of ferroelectricity and

multiferroics, then give a brief introduction to proper ferroelectricity, improper ferroelectric-

ity, hybrid improper ferroelectricity and polar magnets. In the hybrid improper ferroelec-

tricity section, several major systems are explained in detail including (AA′)B2O6 double

perovskites, (ABO3)2/AO Ruddlesden-Popper (RP) phase and A′(AB2O7) Dion-Jacobson

(DJ) phase. Next, our investigations are divided into two parts. The first half focuses on

the study of ferroelectricity and domain wall ( ferroelectric vs. ferroelastic, charged vs. non-

charged) motion in Sr3Sn2O7 system (n=2, RP phase). We discover that layered Sr3Sn2O7

exhibits switchable polarization at room temperature, demonstrating that Sr3Sn2O7 is the

first room-temperature insulating ferroelectric containing Sn4+. The in situ poling results

on Sr3Sn2O7 using focused electron beams in transmission electron microscopy unveil the

intriguing ferroelectric domain switching kinetics: ferroelectric noncharged domain walls

move fast while ferroelectric charged domain walls do not move, probably due to octahedral

rotation switching is easier along the c − axis. Furthermore, due to small coercivity, we

could erase (shrink) and re-generate (expand) orthorhombic twin domains using different

direction strains. The corresponding ferroelectric-ferroelastic domain patterns are observed
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under transmission polarized optical microscope (TPOM) and in-plane piezo-response force

microscope (IP-PFM). These discoveries reveal the rich scientific nature of the Sn-containing

ferroelectric and provide potential application opportunities of it. In the second half of the

thesis, we focus on the study of M2Mo3O8 (M=Fe, Mn, Zn, Ni, Co) polar magnets. In polar

magnets, the absence of poling requirements due to the polar nature makes possible utiliza-

tion of giant ME coefficients as necessary for applications. Our works unveil the magnetic

properties and the ME coupling inside this system, especially the largest ME coefficient

in Fe2Mo3O8 among all discovered polar magnets and the in-plane magnetic ordering in

Ni2Mo3O8 for the first time. In Fe2Mo3O8, hidden ferrimagnetism of the Fe-O layers

strongly enhances the magnetic response in the transition field, providing an explanation

for the observed giant differential ME coefficients. Our results demonstrate the promise of

polar magnets as ME system and indicate that their functional properties could be further

enhanced by presence of a local (”hidden”) magnetic moment that can be easily converted

to macroscopic magnetization by an applied field.
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Chapter 1

Prologue

1.1 Ferroelectricity and multiferroicity

Ferroelectricity is a characteristic of certain materials that have a spontaneous electric

polarization, which can be reversed by the application of an external electric field [12]. This

reversibility of polarization makes ferroelectrics being a subgroup of the pyroelectrics. Out

of a total of 32 crystal point groups, 21 are non-centrosymmetric i.e. crystals not having

a center of symmetry. Out of these 21, 10 belong to polar i.e. crystals which possess a

unique polar axis showing different properties at the two ends as shown in Figure 1.1. Polar

crystals are also called pyroelectrics since they will act as an electric dipole during heating

or cooling, in which the external or internal conduction often cannot yield enough current

to compensate for the change of the dipole moment. The reversibility of polarization in

ferroelectrics is a consequence of the fact that the polar structure of a ferroelectric is a

slightly distorted non-polar structure.

Ferroelectricity, involving as it does the complex interplay of dielectric and elastic behav-

ior in highly nonlinear, anisotropic, polarizable crystals, is perhaps even now almost as much

an art as a science [13–16]. The first discovery of these unusual properties was reported

in Rochelle salt by Pockels in Gottingen as early as 1894 [17]. After 1930 the interest in

Rochelle Salt revived simulating research by a number of scientists in Russia, Switzerland,

Great Britain, United States and Japan. From 1940 to 1950, the major experimental fea-

tures of barium titanate were first studied and the capacitor and transducer applications for

ceramic BaTiO3 were firmly established [18]. In 1960, Cochran [19] and Anderson simulta-

neously and independently discovered the formulation of the elegant soft-mode description

of the ferroelectric transition, which perhaps be the most significant theoretical development
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Figure 1.1: Classification of 32 crystal point groups.

in ferroelectricity. Following the wide success of the simple BaTiO3-based ceramic trans-

ducer, it was rather natural that people started to examine other ferroelectric perovskite

compounds for potential applicability in the early 1950s. The very early discoveries of the

ferroelectricity in pure PbT iO3 and PbT iO3 : PbZrO3 (PZT) were carried out in Japan

by Shirance and Takeda [20], Shirane et al. [21], and Sawaguchi [22] in the 1950s. Later

on, Jaffe and coworkers’ studies [23] established the PZT system as exceptionally suitable

for the formulation of piezoelectrics in this composition system. Until today, ferroelectric

materials keep offering a wide range of useful properties, including ferroelectric hysteresis

(used in nonvolatile memories), high permittivity (used in capacitors), high piezoelectric

effects (used in sensors, actuators and resonant wave devices such as radio-frequency fil-

ters), high pyroelectric coefficient (used in infra-red detectors), strong electro-optic effects

(used in optical switches) and anomalous temperature coefficients of resistivity (used in

electric-motor overload protections circuits).

Multiferroics are defined as materials that exhibit more than one of the primary fer-

roic properties, ferromagnetism (a magnetization that is switchable by an applied magnetic

field) , ferroelectricity (an electric polarization that is switchable by an applied electric
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Figure 1.2: History of multiferroics and magnetoelectric effect. Number of papers
per year on magnetoelectric effect and multiferroics.

field) and ferroelasticity (a deformation that is switchable by an applied stress) in the same

phase [24–27]. The earliest result of a search of ’multiferroic’ on Web of Science yields the

paper ”Why are there so few magnetic ferroelectrics?” from Nicola A. Hill published on

2000 [28]. However, the interplay between electricity and magnetism was first observed by

Hans Christian Oersted noticed in 1820, that a magnetic compass needle deflected when

he switched the current in a nearby battery on or off. In the 1860s, a systematic mathe-

matical expression of electromagnetism was built by James Clerk Maxwell. Although this

interaction is well studied for centuries, finding real materials consisting the magnetoelec-

tric coupling is not easy due to the contradiction between the origin of the magnetism and

ferroelectricity [28]. Nevertheless, multiferroics have attracted lots of attentions not only

due to the scientific interest in their physical properties, also the potential capabilities for

applications as actuators, switches, magnetic field sensor or new types of electronic memory

devices [29–33]. Intense activities were stimulated from the discovery of the availability to

creating multiferroic materials using practical methods from 2000 [28]. Figure 1.2 shows

the number of papers per year on multiferroic and magnetoelectric from a Web of Science

search until 2017.
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1.2 Proper and improper ferroelectricity

Proper ferroelectrics refer to systems, in which the structural instability toward the polar

lattice distortion is the main driving force of the ferroelectric transition [1, 34]. In other

words, the polar lattice distortion is the primary order parameter. Based on the Landau

theory, we can write down the free energy of a proper ferroelectric system as:

f(T ) = f0(T ) + α(T − Tc)P2 +
1

2
βP4 +

1

3
γP6 +O(P8) (1.1)

where P, the polar lattice distortion, is the primary order parameter. In proper ferro-

electrics, the polarization is proportional to the amplitude of the polar lattice distortion

(P ≈ P) . Only even order terms of P appear in the free energy because f(T) should be

conserved under the spatial inversion symmetry operation. The system undergoes a first

order phase transition if α > 0, β < 0 and γ > 0, i.e. the first derivative of the free energy

with respect to the primary order parameter at Tc is not continuous. When β > 0, the P6

and higher order terms can be neglected resulting in a second-order phase transition. The

free energy as a function of the order parameter P is shown in Figure 1.3(c). When the tem-

perature is above the ferroelectric Curie temperature (Tc), the zero polarization minimizes

the energy, corresponding to a paraelectric state. The Landau free energy has a double-well

shape when the temperature is below Tc, which allows finite non-zero polarization in the

ground state.

PbT iO3 [35–39] and BaTiO3 [40, 41] are the archetypal ferroelectric perovskites and

the ground state (lowest energy) structure is shown in Figure 1.3(a) [4]. The origin of

ferroelectricity in PbT iO3 and BaTiO3 is hybridization between the formally empty Ti 3d

states and filled O 2p states [38]. In a complementary picture, ferroelectricity in PbT iO3

arises from the condensation of the polar lattice distortion, the displacement of the Ti

and Pb cations against the oxygen anions as shown in Figure 1.3(b), which breaks all

symmetries (including inversion symmetry) that would otherwise forbid the appearance of

ferroelectricity [4].

Unlike the proper ferroelectrics, in which the polar lattice distortion is the main driv-

ing force of the transition, the polarization, in improper ferroelectrics, is only part of a

more complex lattice distortion or it appears as an accidental by-product of some other
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Figure 1.3: Crystal structure and behavior of energy of PbT iO3, a archetypal
proper ferroelectric perovskite. This figure is from reference [4] (a) Paraelectric
Pm3̄m structure of PbT iO3. (b) Ground state ferroelectric P4mm structure of PbT iO3. A
displacement of the Ti and Pb cations against the oxygen anions gives rise to a spontaneous
polarization and relates the ground state to the nonpolar Pm3̄m structure that PbT iO3 is
found in above ∼ 760 K. The cell also undergoes a spontaneous strain from cubic to tetrago-
nal. (c) The behavior of the energy as a function of the polarization when the temperature,
T, is above and below the Curie temperature (Tc) of the primary order parameter for a
proper ferroelectric transition.

ordering [1, 42]. The Landau free energy has an extra term in addition to Equation 1.1 [42]:

f(T ) = f0(T ) + αP2 + βP4 + f(Q2,Q4) + δQnP +O(P6) α > 0, β > 0 (1.2)

where P indicates the polar lattice distortion and Q is the primary distortion (i.e., the

primary order parameter). To minimize the free energy, the polarization appears below Tc

only when Q is nonzero as shown in Figure 1.4(c). This implies the polar lattice distortion

P is a by-product of the primary lattice distortion Q.

Hexagonal manganites (REMnO3) belong to improper ferroelectrics with structure tran-

sitions resulting from the size mismatch between RE (rare earth element) and Mn atoms [43].

In YMnO3 [44, 45], the primary distortion is a single unstable mode with q = (13 ,
1
3 , 0) (the

K mode) consisting of a rotation of the MnO5 trigonal-bipyramids and a buckling of the yt-

trium planes, which results in a tripling of the unit cell volume, as shown in Figure 1.4(a,b).

Due to the symmetry-allowed coupling between P and Q, the primary order distortion must

be switched to flip the polarization in improper ferroelectrics. In this case, n=3 in the Lan-

dau free energy expressed by equation 1.2. In YMnO3, Q implies the MnO5 polyhedron

buckling, therefore the buckling orientation must change when the polarization is reversed

by an external electric field. More difference between proper and improper ferroelectrics

can be seen in Table 1.1.
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Figure 1.4: Crystal structure and behavior of energy of YMnO3, an improper
ferroelectrics. This figure is from reference [4] (a) Structure of the paraelectric phase
of the improper ferroelectric YMnO3. (b) Structure of the ferroelectric phase and direction
of the polarization, P . (c) The behavior of the energy as a function of the polarization
when the temperature, T , is above and below the Curie temperature (Tc) of the primary
order parameter for an improper ferroelectric transition.

Mechanism of inversion symmetry breaking Materials

Proper
Covalent bonding between 3d0 transition metal (Ti)
and oxygen

BaTiO3

Polarization of 6s2 lone pair of Bi or Pb

BiMnO3,
BiFeO3,
Pb(Fe 2

3
W 1

3
)O3

Improper Structural transition ”Geometric ferroelectrics”

K2SeO4,
Cs2CdI4,
hexagonal
REMnO3

Charge Ordering ”Electron ferroelectrics” LuFe2O4

Magnetic ordering ”Magnetic ferroelectrics”

Orthorhombic
REMnO3,
REMn2O5,
CoCr2O4

Table 1.1: Classification of ferroelectrics, which is from reference [1].

On the other hand, YMnO3 is not multiferroic material, even though an electric field

would switch the MnO5 polyhedron buckling direction, this distortion does not affect the

magnetic properties in any meaningful way [4]. An interesting question is whether or not
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we can design a kind of improper ferroelectrics, in which the polarization and magnetiza-

tion both result from the same lattice distortion. In this case, the cross-coupling must be

impressive.

1.3 Hybrid improper ferroelectricity

1.3.1 Introduction

Hybrid improper ferroelectrics (HIF) are the improper ferroelectrics with a peculiar tri-

linear lattice coupling or higher term in the free energy [46]. For example, the presence

of the term γQR+
4
QM+

3
P, suggests that P is the by-product of two symmetry inequivalent

lattice distortions, QR+
4

and QM+
3

. In such a case, the polarization can be reversed by

switching either R+
4 or M+

3 distortion and will keep the same if both of them are switched [6].

Consequently, the magnetic property linked to one or the two distortions can be controlled

by an external electric field, which makes HIF being promising candidates for multiferroics.

The most studied hybrid improper ferroelectrics are the A-site ordered double per-

ovskites and Ruddlesden-Popper (RP) phase system, in which both the ferroelectricity and

ferromagnetism are induced by the same octahedral rotations [7]. In the hybrid improper

ferroelectric system discussed by N.A. Benedek and C.J. Fennie [46], the electric polar-

ization is induced by the inversion symmetry breaking through a−a−c+ (Glazer Notation)

octahedral rotation. In the Glazer Notation system, three components with superscripts

imply rotations along three different Cartesian directions. The lower case letters represent

the rotation amplitude, ”+” (”-”) implies in-phase (out-of-phase) rotation along a specific

axis.

1.3.2 Antiferroelectric ABO3 perovskite with octahedral rotations

The ideal cubic unit cell, which belong to Pm3̄m space group, in the simplest ABO3

perovskite is shown in Figure 1.5(a,b). In real materials, there always exists some lattice

distortions to minimize the system’s free energy. Theoretical calculations on SrZrO3 is

shown in Figure 1.6. The ground state is orthorhombic Pnma instead of the ideal cubic

Pm3̄m by going through a−b+a− octahedral rotation. The symmetry of the Pnma phase
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Figure 1.5: The crystal structure and octahedral distortion in ABO3 perovskite
oxides, which is from reference [5] (a) The crystal structure of ABO3 perovskite oxide
in Pm3̄m (cubic) phase. (b) The same structure as in (a) but showing the BO6 octahedral
network. (c) Schematic illustration of the a0b+b+ structure, indicating the adjacent octa-
hedrons in the same plane rotate in opposite sense to maintain corner connectivity. (d, e)
Schematic illustration of the a0a0c+ and a0a0c− rotation patterns. The in-phase rotations
and out-of-phase rotations of the octahedron about the z-axis are discernible in (d) and (e),
respectively. (Note that for clarity the A-site cations and the oxygen atoms are omitted
from panels (c-e)).

is caused by two octahedral rotations, R+
4 and M+

3 , as well as two kinds of A-site cation

displacements. In fact, the antipolar A-site cation displacement shown in Figure 1.7(c) is the

key to the interior layered polarization, which is allowed by the symmetry lowering due to the

oxygen rotations. For instance, the Cmcm and Pnma phases arise from the condensation of

M+
3 and R+

4 rotational modes which transform like X+
5 . It means X+

5 antipolar distortions

will appear when there are two types of rotations condensed simultaneously. This originates

from the trilinear coupling term γQR+
4
QM+

3
P in the free energy expansion [47]. A similar

coupling tern can be used to explain the A-site cation displacement in the Imma structure

shown in Figure 1.7(b).

Figure 1.8 shows how the simultaneous condensation of R+
4 and M+

3 distortions creates
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Figure 1.6: Energies (in meV/f.u.) of different phases of SrZrO3 after full struc-
tural relaxations in comparison to that of the cubic phase taken as reference,
which is from reference [6]. One formula unit (f.u.) consists in a five-atom ABO3 unit.
Arrows indicate the type of additional title component (R−5 or M+

3 ) appearing from one
structure to another. Glazer’s notations clarity along which direction this tilt component
appears.

Figure 1.7: Three different normal modes in Pnma structure. This figure is from
Reference [7]. (a) Octahedral rotation about [001]. (b) Rotation about [110] with A-site
displacement (c) Antipolar A-site displacement without rotation
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Figure 1.8: Octahedral rotations induced atom movements in the AO layer. The
red dots indicate the A-site cation, while other color dots refer to the position of oxygen
atoms, which lay on the same layer with A-cite cation, after different lattice distortions. (a)
Black dots represent the position of oxygen when there is no tilting. They move to the pink
position when each BO6 octahedron rotates under a−a0a0 mode. They continue moving to
blue positions when each B6 octahedron rotates in a−a−a0 mode. (b) Red arrows indicate
the moving direction of A-site cation resulting from the symmetry breaking. (c) Gray dots
denote the final position of oxygen after all a−a−c+ rotation. (d) Black arrows indicate
another moving of the A-site cation after the BO6 octahedron’s rotation along the [001]
direction.
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Figure 1.9: The intralayer polarization of (a) LaGaO3 and (b) Y GaO3 in the Pnma
ground state. The right of each figure represents the amplitude of the layer-resolved
polarization from first-principles calculations. These figures are taken from reference [7]

the X+
5 antipolar A-site atoms’ displacement. The A-site cations’ displacement resulting

from the breaking of neighboring oxygen atoms’ symmetry in Figure 1.8(B) corresponds

to that in Figure 1.7(b), while the displacements in Figure 1.8(d) corresponds to that in

Figure 1.7(c). Apparently, the induced polarization along the [11̄0] shown in Figure 1.8(b)

is canceled out. As a result, the layered net polarization is attributed to the A-site cations’

displacement along the [110] direction, as shown in Figure 1.8(d).

Unfortunately, such well-polarized AO layers cannot generate non-zero net polarization

since octahedral rotations can never by themselves remove the inversion center at the B-

site atoms. Note that such opposite polarization structure is not antiferroelectric because

the opposite polarizations are determined by the octahedral structure, which cannot be

switched by external electric field without changing the lattice structure.

Figure 1.9 shows the first-principles calculated intralayer polarization in LaGaO3 and

Y GaO3 [7]. Although octahedral rotations and cations’ displacements in ABO3 perovskites

can induce intralayer polarization, the net polarization is zero since B-site cation is sitting

on the inversion center.

1.3.3 Ferroelectric (AA′)B2O6 double perovskites

As we discussed before, in bulk ABO3 perovskites inversion centers are found on both A-

and B-sites, which prevents the generation of net polarization. If one can find a way to

break the inversion symmetry, we might have ferroelectric phase. From symmetry analysis,
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Figure 1.10: Net electric polarization in (A/A′)B2O6 double perovskites (a) In
(A/A′)B2O6, cation ordering lifts the inversion centers on the B-site, which supports the
form of hybrid improper ferroelectricity. (b) In A2(B/B

′)2O6, net polarization is still zero
due to the same amplitude and opposite direction intralayer polarization in the nearby AO
layers. (c) Intralayer polarization in LaY Ga2O6 from first principles calculation. Figures
are taken from reference [7].

only A/A′ layered double perovskites which lifts the inversion center on the B-site can

produce net polarization, as shown in Figure 1.10(a). On the contrary, figure 1.10(b) shows

the B/B′ layered double perovskites will remain 4/m symmetry on the B-site. In this

case, the intralayer polarization in nearby AO layers will keep being the same amplitude

and opposite direction resulting zero net polarization in bulk. Figure 1.10(c) shows the

calculated intralayer polarization in LaY Ga2O6, a kind of A site ordered double perovskites.

Furthermore, Andrew T. Mulder [47] performed the calculation of polarization as a

function of the tolerance factor:

P ∝ ∆τf(1− τavg) ≈ ∆τ(1− τavg) ∝ (rA − rA′)[c− (rA + rA′)] (1.3)

Here τ ≡ rA+rO√
2(rB+rO)

is the tolerance factor of ABO3 perovskite, which correlates to the

stability toward orctahedral rotations. rA, rB, rO imply the radii of A-site cation, B-site

cation and oxygen, respectively. τavg =
τABO3

+τA′BO3
2 and ∆τ =

τABO3
−τA′BO3
2 .

Besides these theoretical calculation, there are some experimental realizations on this

idea. In 2007, M. Dawberetal [8] prepared PbT iO3/SrT iO3 superlattice on 0.5% Nb doped

STO (001) substrates using off-axis radio-frequency magnetron sputtering to fulfill the dou-

ble perovskites property at the interface. Figure 1.11(a) shows the 3/3 PTO/STO super-

lattice structure. The polarization vs. electric field hysteresis loop measured using PUND
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Figure 1.11: Polarization hysteresis loop of 3/3 PTO/STO superlattice (a)
Schematic of the 3/3 PTO/STO superlattice structure. (b) Polarization vs. electric field
hysteresis loop. (c) Current as a function of time for different sequences in the PUND
measurements. Figures are taken from reference [8].

(positive up and negative down) method [48] is a good indication of the ferroelectric prop-

erty as shown in Figure 1.11(b). The detailed current curves as a function of time for

different sequences during the PUND measurements, shown in Figure 1.11(c) demonstrate

the reliability of the remanent polarization’s amplitude.

1.3.4 Ferroelectric (ABO3)2/AO Ruddlesden-Popper phase

In this section, we talk about another strategy to generate electric polarization based on the

ABO3 building block. In this method, we utilize the Ruddlesden-Popper (RP) phase [49],

a homologous series of structures with formula An+1BnO3n+1. It can also be expressed as

(ABO3)n/AO, which suggests the perovskite blocks are stacked along the [001] direction
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Figure 1.12: Schematic structure of (ABO3)nAO RP phase and calculated po-
larization in (CaMnO3)2CaO. (a) Crystal Structure of (ABO3)nAO, n=1, 2, 3. (b)
Intralayer polarization in (CaMnO3)2CaO from first principles calculation. Figures are
from reference [7] and [9].

with an extra AO sheet inserted every n perovskite layers as shown in Figure 1.12(a).

In the n=2 case, within the perovskite block, there are three AO layers. So the layered

polarization induced by antipolar AO motion will not cancel out with each other, resulting

in a net polarization in the bulk system. Using first principles calculation, N.A. Benedek

studied the lattice dynamical properties of Ca3Ti2O7 and Ca3Mn2O7 [7]. Figure 1.12(b)

clearly shows how layered CaMnO3 creates a net polarization in Ca3Mn2O7 system. The

bulk polarization is parallel with the [110] direction in the high-symmetry cubic coordinates,

which is along the [001] direction in the low symmetry orthorhombic unit cell.

1.3.5 Ferroelectric A′(AB2O7) Dion-Jacobson phase

The Dion-Jacobson (DJ) compounds (general formula A′[An−1BnO3n+1]) [50, 51] have re-

cently attracted lots of attention as hybrid improper ferroelectrics with much larger electric

polarizations. It has [An−1BnO3n+1] blocks of ’perovskite’ structure, n octahedral thick,

stacking along the c axis. These ’perovskite’ blocks are separated by layers containing

cations A′ only. As the same as in the RP compounds, the polarization is also driven

by in-phase rotation of adjacent octahedrons around the c − axis and out-of-phase rota-

tion around the a/b − axis (a−a−c+ in Glazer notation). Nevertheless, the A-site atomic
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Figure 1.13: Crystallographic structure and intralayer polarization of RbBiNb2O7.
Top view (a) and side view (b) of the polar displacement from each cation shown by arrows.
(c) Estimated intralayer polarization from first principles calculations. Figures are from
reference [10].

displacements comprising the polar mode are ferro- in DJ compounds rather than anti-

distortive, resulting in much larger electric polarization [52], as shown in Figure 1.13. For

instance, CsBiNb2O7 [52], RbBiNb2O7 [53] and RbNdNb2O7 [54] (n=2 DJ compounds)

have been predicted to have spontaneous polarization of 40, 36 and 24 µC/cm2 from first

principles calculation, respectively.

1.4 Polar magnets

As we discussed in section 1, out of a total of 32 crystal point groups, 10 are polar i.e.

crystals which possess a unique polar axis showing different properties at the two ends as

shown in Figure 1.1. Although multiferroics have attracted lots of attention, finding real

materials consisting the ferroelectricity, magnetism and magnetoelectric coupling is not easy

due to the contradiction between the origin of the magnetism and ferroelectricity. Due to

the intrinsic property of polar materials, if we could dope magnetic ions inside we will get

the coexistence of ferroelectricity and magnetism, which offers a great opportunity for the

existence of magnetoelectric coupling. Here, in chapter 4, we will discuss the M2Mo3O8
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(M=Fe, Mn, Ni, Co, Zn) system, which has the largest ME coefficient in all discovered polar

magnets.
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Chapter 2

First room temperature ferroelectric Sn insulator (Sr3Sn2O7;

n=2 RP phase) and its polarization switching kinetics

2.1 Introduction: importance of finding ferroelectric Sn materials

Ferroelectric materials offer a wide range of useful properties. These include ferroelectric

hysteresis (used in nonvolatile memories), high permittivity (used in capacitors), high piezo-

electric effects (used in sensors, actuators and resonant wave devices such as radio-frequency

filters), high pyroelectric coefficient (used in infra-red detectors), strong electro-optic effects

(used in optical switches) and anomalous temperature coefficients of resistivity (used in

electric-motor overload protections circuits). Among ferroelectric materials, ABO3 per-

ovskites have been the choice of materials for both fundamental interest and technological

importance due to the large magnitude of polarization and strong response of their polar-

ization to electric or stress fields [27, 28, 37, 55, 56]. Up to today, the most widely used

ferroelectric ceramics are those based on the PbT iO3−PbZrO3 solid solutions, generically

called PZT. The PZT is composed of about 60 wt.% of lead, which rises ecological concerns:

thus, some countries have legislated to replace these materials by lead-free ceramics since

lead is a toxic element that affects the human health and the environment [57–59].

There has been some success in find new Pb-free ferroelectrics, such as BiFeO3 [27],

(K0.5Na0.5)NbO3 [60], Bi2.5Na3.5Nb5O18 [61], etc. However, few reports on the success of

compounds containing Hf4+, Zr4+, Ge4+ or Sn4+, which belong to the same group with

Pb in the periodic table. Being tetravalent ions, they can form in perovskite structure,

but these perovskites are not ferroelectric, presumably due to broad bandwidth or poor

hybridization with anions, which are related to their inappropriate ionic size. For example,

Pb(Ge, Sn)O3 and (Ba, Sr)(Zr,Hf,Ge, Sn)O3 are all centrosymmetric [62–65]. PbHfO3

and PbZrO3 are both antiferroelectric at room temperature [66, 67]. Thus, finding new
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Figure 2.1: The proposed ferroelectric a−a−c+ distortions and intralayer polar-
ization in Sr3Sn2O7. (a) The c-direction view. (b) The b-direction view. The blue and
green arrows indicate the Sr displacements along the a-direction.

ferroelectric compounds with Sn, which belongs to the same group with Pb in the periodic

table, can be ground-breaking in ferroelectric research.

2.2 Debate on the ground state of Sr3Sn2O7

Finding ferroelectric materials containing Sn is crucially important. However, the synthesis

of materials containing Sn is always challenging, primarily due to the poor chemical reac-

tivity of, e.g., SnO2. To overcome the refractory nature of SnO2, very high-temperature

treatments are required, while raw materials tend to evaporate at these temperatures. In

fact, only limited Sn ferroelectrics have been experimentally discovered. Theoretically,

SnTiO3 with Sn2+ was predicted to be ferroelectric [68], but no experimental confirmation

has been reported. Sn2P2(S1−xSex)6 with formal valence of 2+ for Sn has the highest

Curie temperature 337 K when x=0 [69, 70]. However, Sn2P2(S1−xSex)6 compounds are

ferroelectric semiconductors or photoconductors and their Curie temperature is too close to

room temperature, limiting their usage[71]. To the best of our knowledge, there isn’t any

room temperature ferroelectric Sn insulator before our study on Sr3Sn2O7.
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Figure 2.2: X-ray powder diffraction pattern of Sr3Sn2O7 at 285 K. Crosses represent
experimental data points. The calculated (A21am) and difference intensities are shown as
red, and green (A21am)/ blue (Amam) curves, respectively. The two sets of vertical bars
indicate the Bragg conditions for A21am (green) and Amam (blue) space groups.

Sr3Sn2O7 with Sn4+, consisting of stacked perovskite double layers, belongs to RP

phase ((ABO3)nAO, n=2; lattice parameter a = 5.710, b = 5.736, c = 20.688 Å). Sm3+

doped Sr3Sn2O7 has attracted a significant attention as a promising candidate for stress

sensors showing impressive mechanoluminescence [2, 72]. An early result of powder neu-

tron diffraction experiments indicated that Sr3Sn2O7 adopts a C-centered orthorhombic

structure (space group Cmcm) [73]. However, recent theoretical results have proposed

a noncentrosymmetric structure (A21am) originating from hybrid improper ferroelectric-

ity, which results from the condensation of complex lattice distortions [46, 47] as shown

in Figure 2.1. Furthermore, there are few studies on this material due to the difficulty

in synthesizing high-quality samples coming from the poor chemical reaction. Therefore,

preparing high-quality Sr3Sn2O7 materials and studying the property using more robust

techniques become crucially important.
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2.3 Sample Growth and XRD results

Polycrystalline Sr3Sn2O7 was synthesized using a conventional solid-state reaction method.

The stoichiometric mixture of SrSnO3 (99.995%) and SnO2 (99.95%) powders was pel-

letized, and sintered at 1300, 1400, and 1500 ◦C in air with intermediate grinding. In

order to suppress evaporation of raw materials during the solid-sate reaction at high tem-

peratures, we embed a polycrystalline pellet with its own powders, which was sintered in

an alumina crucible sealed with high-temperature cement. Using this method, we synthe-

size successfully a polycrystalline single-phase pellet of orthorhombic Sr3Sn2O7 with large

grains (20-100 µm in size).

Figure 2.2 represents the XRD results of Sr3Sn2O7 poly sample at 285 K. The splitting

of a number of reflections indicates a reduced orthorhombic symmetry from paraelectric

tetragonal phase (I4/mmm, # 139). However, the same extinction rules in both polar

A21am and nonpolar Amam provide difficulties to distinguish them from X-ray structural

refinements. Indeed, our structural refinements of the XRD data, as shown in Figure 2.2,

give similar adequate fits for both structural models. The refined atomic coordinates are

shown in Table 2.1 for A21am and Table 2.2 for Amam. A similar dilemma has been

reported in hexagonal manganite [74]. Therefore, it is imperative to use more robust tech-

niques to explore the correct crystallographic structure.

A21am (# 36) a=5.7333(1)Å, b=5.7057(1)Å, c=20.6637(1)Å

Atom Wyckoff position x y z Uiso (102× Å2)

Sr1 4a 0.0004(12) 0.2512(14) 0 1.6

Sr2 8b 0.4819(20) 0.7457(7) 0.18769(4) 1.5

Sn 8b 0.4943(18) 0.2492(9) 0.09839(4) 1.5

O1 4a 0.0058(36) 0.7835(32) 0 2.1

O2 8b 0.0054(21) 0.6924(20) 0.1980(3) 2.1

O3 8b 0.2856(31) 0.5371(34) 0.0886(4) 1.9

O4 8b 0.2292(36) 0.0240(34) 0.1066(4) 1.9

Table 2.1: The refinement result of Sr3Sn2O7 using the structural model of A21am (# 36),
obtained using powder XRD. Amam structural adopts from reference [2].
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Amam (# 63) a=5.7059(1)Å, b=5.7335(1)Å, c=20.6643(1)Å

Atom Wyckoff position x y z Uiso (102× Å2)

Sr1 4c 0.75 0.259 0.5 2

Sr2 8g 0.75 0.261 0.6879 1.3

Sn 8g 0.75 0.749 0.5973 1.3

O1 4c 0.75 0.805 0.5 3.2

O2 8g 0.75 0.712 0.6967 3.2

O3 8e 0 0 0.3939 2.1

O4 8e 0.5 0.5 0.5873 2.1

Table 2.2: The refinement result of Sr3Sn2O7 using the structural model of Amam (# 63),
obtained using powder XRD. Amam structural adopts from reference [2].

2.4 Ferroelastic twin structure

In the study of hybrid improper ferroelectricity, the existence of orthorhombic twin struc-

ture in the optical image is a robust evidence of orthorhombic structure. Here, we do well

poling on Sr3Sn2O7 poly sample and could get a thin transparent piece, which is consis-

tent with the reported large magnitude (4.13 eV) of optical gap [2]. Figure 2.3 represents

the transmission polarized optical microscope (POM) images of a polished polycrystalline

Sr3Sn2O7 specimen. The dark-bright contrast is due to orthorhombic twin domains. These

contrasts reverse when the analyzer change between ψ = 90◦ + θ and ψ = 90◦ + θ (here, ψ

is the angle between the polarizer and analyzer and θ ≈ 5◦ is a small rotation angle). The

width of each twin domain is around 5µm. Although the polished surface of each domain

is random in general, the almost 90◦ angle between two straight domain sets in the largest

grain in Figure 2.3 indicates the polished surface of the largest grain is close to the a − b

plane. Note that the two highly possible structural candidates of polar (A21am, # 36)

and nonpolar (Amam, #63) space groups can both give orthorhombic twins as discussed

above. And the nonpolar Amam structure results from octahedral tilting (a−a−c0 or the

X−3 mode) without octahedral rotation (a0a0c+ or the X+
2 mode) [47].
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Figure 2.3: Orthorhombic twin domains in Sr3Sn2O7. (a) and (b) are both POM
images of the polished surface of a polycrystalline of Sr3Sn2O7 specimen in a transmission
mode. The white bar with P (A) represents the direction of the polarizer (analyzer).

2.5 Unveiling ferroelectricity from P (E) loop and TEM images

As we discussed before, utilizing X-Ray and optical observation could not help us demon-

strate the existence of ferroelectricity. We need more robust techniques, like polariza-

tion switching (P (E)) measurements and dark-field transmission electron microscopy (DF-

TEM). DF-TEM is an ideal and well-known technique to distinguish polar versus nonpolar

phase because of its high spatial resolution and ability to light up specific types of do-

mains using a selected Bragg spot. P (E) hysteresis loop is the most straightforward way to

demonstrate the existing of ferroelectricity in a system. We can clearly find the amplitude

of remanent polarization and coercive field from the P (E) loop.

Here, Figure 2.4 (a, b) shows typical DF-TEM images on an a−b plane Sr3Sn2O7 single

grain using the superlattice spots g+ = (120) and g− = (1̄2̄0) for imaging. In Figure 2.4

(a, b), there is a straight boundary between twin A and twin B and a curved wall inside

twin B. The electron diffraction patterns, insert of Figure 2.4 (a, b), can demonstrate the

90◦ orientational relation of orthorhombic twins. The reversed dark-bright domain contrast

between Figure 2.4 (a) and (b) indicates unambiguously Friedel’s pair breaking owing to

a noncentrosymmetric nature of Sr3Sn2O7. Electric polarization, shown by red arrows,

are along the a − axis based on the polar A21am space group. These DF-TEM images
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Figure 2.4: Ferroelectric domains and domain wall motion with focused electron
beam-induced poling in Sr3Sn2O7. (a) An a − b plane DF-TEM image taken using
the superlattice g+ = (120) spot. (b) A DF-TEM image taken using the superlattice
g− = (1̄2̄0) spot. The reversed contrast in (a,b), especially near the yellow square dotted
line demonstrates the presence of ferroelectric 180◦ domains, consistent with the A21am
space group. The electron diffraction patterns in twin A and twin B are shown by the
inserts of (a) and (b), respectively. (c, d) The evolution of these ferroelectric domains
under focused electron beam-induced poling. The black arrows in (c, d) depict the poling
electric field induced by the focused electron beam. The yellow square dotted lines in (a)-(d)
indicate the original position of FE 180◦ DW. A new dark circular spot around the yellow
square dotted line is due to the surface damage by the focused electron beam.
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Figure 2.5: Polarization hysteresis loop of Sr3Sn2O7 at 285 K. Electric polarization
(P ) and compensated current (I) versus electric field (E) hysteresis loop of a polycrystalline
Sr3Sn2O7 specimen, measured with a PUND method in oil at frequency f = 270.27HZ.

demonstrate the existence of straight ferroelectric 90◦ domain wall (FE 90◦ DW) and the

tail-to-tail FE 180◦ DW in a curved feature, as shown by the yellow square dotted line in

Figure 2.4.

Moreover, the presence of sub-micrometer size ferroelectric domains is further supported

by macroscopic poling experiments. Figure 2.5 shows the electric polarization (P ) and com-

pensated current (I) versus electric field (E) hysteresis loop measured at room temperature

and frequency f = 270.27HZ using the positive-up-negative-down (PUND) method to get

rid of the leakage and capacitance contribution [48]. The existence of clear P (E) hystere-

sis loops in different electric fields and at different frequencies, as shown in Figure 2.6,

unambiguously confirm again the ferroelectric nature of Sr3Sn2O7.

Figure 2.5 also presents the compensated current density versus electric field, I(E),

curve. The electric fields corresponding to the current peak, ±190KV/cm, demonstrate

the coercive field of polarization flipping. The net remanent electric polarization (Pn =

2Pr,exp, where Pr,exp is the experimentally measured value in a polycrystalline specimen)

is ≈ 0.24µC/cm2. This is small comparing to the theoretically calculated value [47] since

there are lots grain boundaries in the poly ceramics. There is no indication of a phase

transition from our high-temperature resistivity (ρ(T )) measurements up to 1035 K.
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Figure 2.6: Polarization hysteresis loops of polycrystalline Sr3Sn2O7 measured at
room temperature. (a) In different electric fields. (b) At different frequencies.

2.6 Direct observation of domain wall movement in electric field

During the TEM measurement, we can observe the movement of the FE 180◦ DWs by apply-

ing an in-plane poling electric field using a focused electron beam, as shown in Figure 2.4 (c,

d). In general, the domain with polarization parallel (antiparallel) with the applied electric

field expands (shrinks). In order to obtain a deeper understanding and systematic study of

the ferroelectric domain switching kinetics, we perform a DF-TEM experiment along the

b−axis as shown in Figure 2.7 (a). Along the c−axis, there are different regions with 180◦

polarization indicated by red arrows. By illuminating a focused electron beam (≈ 300nm

in diameter) on a specimen edge, we induce an in-plane electric field indicated by the black

arrow with white edge shown in Figure 2.7 (a). Some new domains with polarization par-

allel with the induced electric field appear immediately, as shown in Figure 2.7 (b). At the

same time, two kinds of FE 180◦ DWs appear: one is a FE charged DW (FE CDW) as the

wall between adjacent FE domains having head-to-head electric polarization, as indicated

by purple dotted lines in Figure 2.7 (b), and the other is a FE noncharged DW (FE NDW)

as the wall parallel to the polarization of adjacent FE domains, as indicated by blue dotted

lines in Figure 2.7 (b). Due to charge dissipation after removing the focused electron beam,

we observe the evolution of FE DWs in sequential DF-TEM images taken continuously,

some of them are shown in Figure 2.7 (c-f). FE NDWs in Figure 2.7 (b-f) move in such a
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Figure 2.7: Direct observation of domain wall movement in Sr3Sn2O7. (a) DF-TEM
image taken in the a − c plane of Sr3Sn2O7. With a focused electron beam, an in-plane
electric field is induced as shown by the black arrow with a white edge. (b-e) DF-TEM
images taken 0, 5.4, 10.8 and 16.2 s after removing the focused electron beam, respectively.
(f) Final state after all the induced charges dissipate away. Purple (blue) dotted line depicts
a FE charged DW (FE noncharged DW). Green solid line indicates a disordered region.
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way to decrease the newly created domain region, FE NDW 1 and 2 disappear fast with the

speed of ≈ 24.6and15.0nm/s, as shown in Figure 2.8 (b). FE NDWs stop at a disordered

region (a kind of stacking fault), shown with a green solid line in Figure 2.7 (b-e). During

this process, the FE CDW does not move. Figure 2.7 (f) presents the final image when the

nearly created domains disappear completely, which is basically identical with the initial

image.

2.7 The polarization switching kinetics and 3D FE domain configuration

The FE NDWs are straight along the a − b plane and perpendicular to the c − axis while

the FE CDW is highly curved as shown in Figure 2.7. The local octahedral distortions near

a FE CDW and a FE NDW were shown in Figure 2.8 (a). The octahedral tilting (a−a−c0)

remains intact, while the rotation (a0a0c+) directions are opposite across a FE CDW and

a FE NDW. Naturally, it is energetically favored to change the rotation direction along the

c− axis, compared with that along other directions in the a− b plane.

2.8 Summary and outlook

In summary, we discover that layered Sr3Sn2O7 with large a optical gap (4.13 eV) ex-

hibits switchable polarization at room temperature, demonstrating that Sr3Sn2O7 is the

first room-temperature insulating ferroelectric containing Sn4+. From comprehensive char-

acterizations of well-controlled Sr3Sn2O7 specimens, we identify that the ground state

of Sr3Sn2O7 is A21am, different from a previous experimental report. The net remanent

electric polarization is ≈ 0.24µC/cm−2 at room temperature and originates from hybrid im-

proper ferroelectricity. DF-TEM images, combined with POM images and electron diffrac-

tion patterns, indicate the presence of 90◦ and 180◦ FE DWs, some of which are charged.

Furthermore, the in situ poling results on Sr3Sn2O7 using focused electron beams in trans-

mission electron microscopy unveil the intriguing ferroelectric domain switching kinetics:

FE non-charged DWs move fast while FE charged DWs do not move, probably due to the

octahedral rotation is easier along the c − axis. Our discoveries reveal the rich scientific

nature of the Sn-containing ferroelectric and provide potential application opportunities of
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Figure 2.8: Octahedral tilting distortions across different FE walls and the speed
of FE wall moving. (a) Octahedral tilting across the FE CDW(purple dotted line) and
the FE NCW (blue dotted line). The red arrows indicate the bulk polarization in each
domain. (b) Displacements of a FE CDW and 2 FE NDWs in Figure 2.7 (b-f) as a function
of time after the focused beam was removed.

Figure 2.9: A schematic diagram of the 3D FE domain configuration.
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Chapter 3

Tunable ferroelastic domain walls in Sr3Sn2O7 single crystals

with low coercivity

3.1 Introduction

Recently, domain walls (DWs) in ferroic oxides possessing exceptional and distinct proper-

ties against the domain bulks, such as unusual electronic conductance [75–78], inseparably

entangled spin and charge degrees of freedom [79–82], have attracted lots of attention. Due

to these functional properties, such walls can serve as truly multifunctional quasi-2D objects,

offering unprecedented degrees of freedom for the design of next-generation nanotechnol-

ogy [83–87]. Comparing to the artificial interface (such as LaAlO3/SrT iO3) [88–90], which

is difficult or even impossible to manipulate or alter once implemented into a material, DW

in ferroic oxides is a nature type of homo-interface separating uniformly ordered crystal

regions to reduce the average polarization and minimize the related depolarization field.

These DWs can be modulated by external stimuli making them crucial importance for the

polarization switching dynamics and the fatigue of ferroelectric devices [78, 91, 92]. Among

them, charged DWs representing with emergent high conductivity has moved into focus

and offers particular excitement, as new forms of devices can immediately be envisioned,

in which function is entirely related to the presence or absence of conducting wall chan-

nels. Local diverging electrostatic potentials were created on the walls due to the existing

of uncompensated positive or negative bound charges coming from electric polarization in

different domains crossing the wall. These potentials require charge compensation that can

e.g. be achieved by the redistribution of free carriers. In 1973, Vul and co-workers already

discussed that a carrier density of up to 1014cm−2 may emerge at head-to-head and tail-

to-tail DWs in conventional ferroelectrics and enhance the conductivity [93]. The earliest

experimental discoveries of charged DWs were reported in TGS (triglycine sulfate), PbT iO3,
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BaTiO3 and LiNbO3 in the 1960s and 1970s [94, 94–96], but the conductivity measure-

ments did not provide the resolution to probe individual walls. Nowadays, the conductivity

of each domain wall in these materials has been characterized using conductive atomic force

microscopy (cAFM), scanning electron microscopy (SEM) and Cherenkov second harmonic

generation (SHG) [43, 97–100]. Furthermore, people could successfully generate CDWs

through external stimuli in BaTiO3, LiNbO3 and KTiOPO4(KTP ), bringing us another

step closer to the long-term goal of DWs based devices [101, 102]. However, all these

processes include frustrated poling such as heating and applying large (long-time) voltage,

which is not applicable to the real application. Moreover, the presence of CDWs is disfa-

vored in the proper ferroelectric systems, which are driven towards a state with minimal

strain mismatch between its ferroelectric/ferroelastic domains. As a result, CDWs in hybrid

improper ferroelectrics, in which less rigid boundary conditions apply regarding the elastic

and mechanical compatibility of DWs, has shed a light on the way. Experimental success in

discovering CDWs in hybrid improper ferroelectric was achieved in (Ca, Sr)3Ti2O7 [76],

but there is no report on the modulation of these CDWs. Although the polarization

switching coercive field, an important evaluation of the tunability, is 120-180 kV/cm in

Ca3−xSrxTi2O7(x = 0, 0.54, 0.85) [76], 150 kV/cm in Sr3Sn2O7 poly sample [103] and

75-160 kV/cm in Ca3(Ti1−xMnx)2O7(x = 0, 0.05, 0.1, 0.15) [104], which is comparable to

that of other proper ferroelectrics (200 kV/cm for BaTiO3 films [105] and 140 kV/cm for

BiFeO3 films [27]), it’s still difficult to be realized in applications. Therefore, finding a

hybrid improper ferroelectric material with CDWs, which could be easily erased and re-

generated with small coercivity, becomes of crucial importance not only for fundamental

research but also for making tunable memristive devices of potential in applications.

3.2 Crystal growth

As we discussed in chapter 2, the difficulty of preparing Sr3Sn2O7 is the evaporation of

raw materials during the solid-sate reaction at very high temperatures. The embedding and

sealing method was used to overcome this problem to make polycrystalline Sr3Sn2O7 [103].

However, the growth of Sr3Sn2O7 remains challenging and never be done before. Here,

we report the first successful growth of Sr3Sn2O7 single crystal using a laser floating zone
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Figure 3.1: A photograph of the as-grown Sr3Sn2O7 single crystal boule.

furnace, which has a well-focused laser beam on the melting zone and a steep temperature

gradient at the interface between the liquid and solid. All these advantages comparing to

optical floating zone furnace help to overcome the conflict between high melting temperature

(over 2000◦C) and the serious evaporation of Sn. First, high-quality single phase Sr3Sn2O7

poly samples are prepared using the method discussed in Chapter 2. For the feed rod,

ground poly powders were pelletized into a uniform rod shape under 8000 PSI hydro-static

pressure and sintered at 1400◦C for 10 hours. The crystal was grown at the speed of 30

mm/hour in a 0.9 Mpa O2 atmosphere. The as-grown single crystal boule, as shown in

Figure 3.1, was annealed at 1400◦C for 20 hours, followed by a 50◦C/hour cooling in O2

flow.
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3.3 Polarization hysteresis loop with small coercive field

In Sr3Sn2O7, the net bulk polarization is along the a− axis which is from the Sr displace-

ments induced by the combination of SnO6 octahedra in-phase rotation around the c−axis

(a0a0c+) and out-of-phase tilting around the orthorhombic b− axis (a−a−c0), as shown in

Figure 3.2 (a) and (b). The orthorhombic structural distortions in Sr3Sn2O7 result in or-

thorhombic twins. Same with previous reports on the polycrystalline Sr3Sn2O7 specimen,

these twin domains can be observed in TPOM images on a cleaved surface perpendicular to

the crystallographic c− axis, as shown by the dark-bright contrast in Figure 3.4 (b). This

cleaved thin piece is transparent, consistent with the reported large magnitude (4.13 eV) of

the optical gap [2]. Two samples were prepared for the polarization (P ) versus electric field

(E) hysteresis loop measurements: one was polished along the twin boundaries so that the

electric fields can be applied along the [110] direction; the other one was polished 45◦ with

the twin boundaries so that the electric fields can be applied along the [100] ([010] in nearby

twin domains) direction. Figure 3.2 (c) shows the room-temperature P (E) loops measured

in oil at frequency f = 270HZ using the positive-up-negative-down (PUND) method to

get rid of leakage and capacitance contribution. The net remanent electric polarization

along the [100] direction is 1.53µC/cm2, which is about
√

2 times of that along the [110]

direction (1.15µC/cm2). This measured remanent polarization is smaller than the theoret-

ically calculated value [47], indicating smaller Sr displacement in the real material. This

is an evidence of that both 90◦ and 180◦ polarization flipping happens when the external

electric field is applied along the [100] direction, which is an indication of the erase of FA

DWs. The compensated current density versus electric field, J(E), curves are shown in

Figure 3.3. The polarization switching coercive field corresponding to the peak position of

the J(E) curve at room temperature is 39kV/cm along the [100] direction and 47 kV/cm

along the [110] direction, which is the smallest among all experimental discovered bulk hy-

brid improper ferroelectrics to our knowledge. Figure 3.2 (f) shows the normalized P (E)

loops of Sr3Sn2O7 single crystal (blue along [110] and red along [100]), Ca3Ti2O7 single

crystal (yellow, along [110]) and Sr3Sn2O7 poly sample (black). We can clearly see how

small the coercive field in Sr3Sn2O7 single crystal comparing to other most-studied bulk
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HIFs. Moreover, a weak anomaly is observed in the resistivity (ρ) vs. temperature (T )

measurements shown in Figure 3.2 (e), which corresponds to a structural transition from

low temperature A21am to high temperature I4/mmm. The transition temperature can

be identified from the peak position in the d(log(ρ(T ))/dT curves, shown in Figure 3.3.

3.4 Tunable ferroelastic domain walls under stress

Since the polarization switching coercive field is small in Sr3Sn2O7 single crystal, it would

be quite interesting to study the stress effect. The schematic geometry of our experiment

is shown in Figure 3.4 (a). A thin a − b plane cleaved piece is polished to a square shape

with boundaries along the crystallographic [100] and [010] directions. Then it is annealed

at 1450◦C followed by 100◦ C/hour cooling to remove any induced strain during polishing.

Four glass bars shown by grey cuboid in Figure 3.4 (a) are used to apply uniform stress

along the [100] and [010] directions, respectively. The bright-dark contrasts in Figure 3.4

(b) represent the distribution of ferroelastic (FA) domains in the initial state. Figure 3.4 (c)

shows the TPOM image recorded after the application of uniaxial stress along the direction

45C with the FA DWs, which is indicated by the blue arrows. During the process, the

FA domains with polarization parallel to the strain, which will be proved combining with

PFM images later, is shrunken and erased to get a single FA domain state. Then a 90◦

rotated stress is applied, as shown by the blue arrows in Figure 3.4 (d, e), the FA domains

with polarization perpendicular to it can be re-generated and expanded. Figure 3.4 (f)

shows crystallographic cartons of the a − b plane Sr3Sn2O7, blue (green) arrows indicate

the Sr atoms’ displacements along the orthorhombic [100] direction and black dotted lines

represent the FA domain walls. The dark (light) yellow dotted line indicates the longer

a− axis (shorter b− axis). The FA domains with polarization perpendicular to the stress

will be expanded since the shorter orthorhombic b − axis is preferred along the stress

direction and the electric polarization is along the longer orthorhombic a − axis. In a

conclusion, stress can erase (shrink) FA domains with electric polarization parallel to it and

re-generate (expand) FA domains with electric polarization perpendicular to it.
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Figure 3.2: Switchable electric polarization at room temperature with smallest
coercive field among all HIF bulk materials. (a,b) The c−direction and b−direction
views of the ferroelectric a−a−c+ distortions in Sr3Sn2O7. The green and blue arrows rep-
resent Sr antipolar displacements along the a − axis in the perovskite block and rocksalt
block, respectively. The red (grey) dots depict oxygen (Sn) atoms. (c, d) Electric polar-
ization (P ) and compensated current density (J) versus electric field (E) hysteresis loop
of a Sr3Sn2O7 single crystal, measured along two different crystallographic directions with
a PUND method in oil at frequency f = 270HZ. The electric field was applied parallel
(45◦) with the twin boundaries for the measurement represented by the blue (red) curve. (e)
High-temperature resistivity (ρ) as a function of temperature (T ) measured using four-probe
methods. The current was applied in the a− b plane along the structural twin boundaries.
The red (black) curve represents the data taken during the heating (cooling) process with
a sweeping rate of 5◦C/minute. (f) The normalized P (E) loops of Sr3Sn2O7 single crystal
(blue along [110] and red along [100]), Ca3Ti2O7 single crystal (yellow, along [110]) and
Sr3Sn2O7 poly sample (black).
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Figure 3.3: The derivative of log(ρ(T )) to T. The ρ(T ) was shown in Figure 3.2 (e). The
red (black) curve records the data during warming (cooling). The temperature sweeping
rate is 5◦/minute.

3.5 Ferroelectric domain patterns and charged domain walls

The intriguing polarization direction in each FA domain is defined by in-plane piezo-response

force microscope (IP-PFM) images. Figure 3.5 (a) and (b) present the IP-PFM images with

cantilever 90◦ to each other of the region bounded by red rectangular in Figure 3.4 (e). The

straight boundaries are FA DWs, which are identified as orthorhombic twin boundaries in

the TPOM images shown in Figure 3.6 (c). The direction of planar polarization can be

determined and presented by the while (black) arrows since only polarization perpendicular

to the scanning cantilever can be detected. Figure 3.5 (c) shows the schematic of polarization

domains obtained from both horizontal and vertical IP-PFM images.

Moreover, we want to study the effect of uniaxial stress on the ferroelectric-ferroelastic

domains. Figure 3.6 (a-c) show the TPOM images taken from the squared region in Fig-

ure 3.4 (c-e). Under the stress indicated by the blue arrows, one FE domain is generated and

expanded. If we apply larger stress along the same direction, this new generated FE domain

will finally expand to the whole region and erase the previous dominated FE domain. Fig-

ure 3.6 (e-g) shows the IP-PFM images on the same region at different states corresponding
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Figure 3.4: Erase and re-generate orthorhombic twins in Sr3Sn2O7 single crystal.
(a) A schematic geometry of the experiment. One a− b plane cleaved thin piece is polished
into a square shape with boundaries along the crystal [100] ([010]) directions. (b-e) Trans-
mission polarized optical microscope (TPOM) images of it. The dark-bright contrast in (b,
d, e) indicates the orthorhombic twin domains. (b) is the initial state and (c-d) present
the evolution of twin domains under two different direction uniaxial stress, as shown by the
blue arrows in each figure. The colorful squares in (c-e) indicate the corresponding scanned
regions, whose PFM images will be shown in Figure 3.5. In (b-e), the white bar with P (A)
presents the direction of the polarizer (analyzer). (f) a − b plane crystallographic cartons,
the black dotted lines indicate the ferroelastic domain walls. The blue (green) arrows in-
dicate the atom displacement in different domains. The dark yellow (light yellow) dotted
lines indicate the longer (shorter) orthorhombic a− axis (b− axis).
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Figure 3.5: Observation of ferroelectric-ferroelastic domains. (a-b) In-plane piezo-
response force microscope (IP-PFM) images of the cleaved (001) surface of Sr3Sn2O7 crystal
at room temperature. Orthorhombic twin boundaries are oriented along the diagonal di-
rection of the xy scanning axes. In (a) and (b), the long axis of the AFM cantilever is
oriented along the horizontal and vertical direction respectively, as shown by the carton on
the left bottom corner. (c) Illustration of polar domains in 80µm × 80µm area, obtained
from (a) and (b). The black and white arrows in (a-b) indicate the direction of the electric
polarization inside each domain.

to the TPOM images in (a-c). The white and black arrows present the polarization direc-

tion in each domain. Figure 3.6 (f-g) are from the combination of two IP-PFM images,

as explained in the caption of Figure 3.5. From the evolution of ferroelectric-ferroelastic

domains, we can find the major effect of the stress is to induce 90◦ polarization switching

instead of 180◦ switching. This is different to that in the electric field poling process: only

domains with polarization along the field direction is preferred. Furthermore, from the sym-

metry analysis, there is no energy difference between +90◦ and −90◦ polarization switching,

which can be proved by the random distribution of FE domains in the new generated FA

regions, see Figure 3.6 (e-g).

The density of bounded charges on each FE and FA DW is associated with the angle be-

tween polarization in the adjacent domains and also the normalized vector of the wall. There

are four kinds of charge FA DWs, head-to-head, tail-to-tail, head-to-tail with anticlockwise

rotation and head-to-tail with the clockwise rotation as shown by the carton on the top of

Figure 3.6 (d). The corresponding charge densities are
√

2P ,−
√

2P , 0 and 0, respectively.

Since there are two island FE domains with smoothly curved boundaries in Figure 3.6 (g),

the charge density on FE DWs will vary continuously from 2P (in red) to −2P (in green)

as shown in the schematic picture on the bottom of Figure 3.6 (d). The charge density of



39

ing

Figure 3.6: Effect of stress on ferroelectric-ferroelastic domains and charged do-
main walls. (a-c) TPOM images of the squared regions in Figure 3.5 (c-e). (e-g) The
corresponding IP-PFM images with white and black arrows indicate the polarization direc-
tion in each domain. (h) A schematic picture depicts the density of bound charges of all
the FA DWs and FE DWs in (g). For the FA DWs, there are found different DWs with
three different charge density (0, ±

√
2P ) as shown by the top figure in (d). For FE DWs

around the two island FE domains in (g), the charge density change continuously from 2P
to −2P . The bottom picture in (d) depicts possible charge density of FE DWs with respect
to the polarization direction (black arrows). The boundary color in (d) is consistent with
the color bar in (h), representing the charge density from 2P to −2P .
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each FA and FE DWs extracted from Figure 3.6(g) is shown in Figure 3.6(h). These various

charge densities of FE DWs offer a great opportunity for application as electronic devices.

3.6 Summary and outlook

In summary, we report the first successful growth of Sr3Sn2O7 single crystal using laser

floating zone furnace representing the smallest polarization switching coercive field (39kV/cm

along [100] and 47kV/cm along [110]) at room temperature among all discovered bulk hybrid

improper ferroelectrics. Due to the small switching barrier, we could observe the erasing

and re-generation of ferroelastic domains. The stress can erase (shrink) FA domains with

polarization parallel to it and re-generate (expand) FA domains with polarization perpen-

dicular to it since the shorter orthorhombic b − axis is preferred to be aligned along the

stress while the polarization is along the longer a − axis. Moreover, the ferroelectric po-

larization direction in each FA and FE domain is determined from in-plane piezo-response

microscope images. We also present the density map of bounded charge for four types of FA

DWs and continuous changed FE DWs. The charge density varies from 2P to −2P . Our

discoveries reveal the smallest coercive field among all bulk HIFs and reproducible erase

(re-generate) of FE domains and charged FA (FE) DWs, which provides new insights and

application opportunities of HIFs in functional electronic devices.
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Chapter 4

Polar magnets: M2Mo3O8 (M=Fe, Mn, Ni, Co, Zn)

4.1 Introduction

Materials belonging to the polar crystallographic symmetry groups lack the inversion sym-

metry at all temperatures. Many of these materials contain magnetic ions, and they often

exhibit long-range magnetic order, which are called ”polar magnets” [106]. The prerequisite

for non-trivial magnetoelectricity is the simultaneous breaking of time reversal symmetry

and space inversion symmetry. Thus, all polar magnets should exhibit non-trivial ME ef-

fects below magnetic ordering temperatures. Importantly, no poling procedures are needed

to reveal the ME response on monodomain single crystals of polar magnets. While the po-

lar magnets are numerous, the investigation of their magnetoelectricity has been extremely

limited. The few examples of polar magnets whose magnetoelectricity has been studied

include GaFeO3 [107] and Ni3TeO6 [108]. In Ni3TeO6, people found a change of electric

polarization at the onset of the AFM ordering (TN=52 K), which was explained by the

magnetic exchange striction. Moreover, they found that in the external magnetic fields

along the c axis, the spin-flop is initiated at a second-order phase transition and proceeds

through a narrow intermediate state, giving rise to colossal responses in ferroelectrics. This

intermediate spin state in Ni3TeO6 results in a non-hysteresis ME effect. Furthermore, the

magnetization is linearly controlled by an electric field without hysteresis in the intermedi-

ate state of a spin-flop transition. All these findings on polar magnets may open a new path

to the realization of practical ME devices with high tunability and good retention. How-

ever, the strongest mutual control of magnetization and electric polarization can only be

revealed after ME poling. Finding new polar magnets with colossal ME coefficients lacking

this drawback is of primary importance for prospective applications.
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The mixed oxides M2Mo3O8, where M is a magnetic transition metal, were first syn-

thesized by McCarroll et al. in 1957 [109]. They primarily studied the crystal structures.

In 1972, the magnetism was introduced by Varret et al. [110] in powder samples using

the Mossbauer effect. Later on, Bertrand and Kerner-Czeskleba [111] briefly showed some

magnetic data and proposed the possible magnetic structures for the materials based on

powder neutron diffraction data. In 1983, S.P. McAlister and P. Strobel [11] show a system-

atic study of the magnetic structure of this system. They pointed out the ground state of

Fe2Mo3O8 and Co2Mo3O8 are antiferromagnetic, Mn2Mo3O8 is ferrimagnetic, Zn2Mo3O8

is diamagnetic and Ni2Mo3O8 is paramagnetic.

4.2 Crystal structure and sample growth

M2Mo3O8 (M=Fe, Mn, Ni, Co, Zn) single crystals were grown using a chemical vapor trans-

port (CVT) method at 1000◦C for 10 days, followed by furnace cooling. The single crystals

are black hexagonal plates with typical size ∼1×1×0.5mm3, as shown in Figure 4.1(d). The

flat hexagonal top surface is (001). Powder X-ray diffraction measurement was performed

on crushed powders of them. Refinements show that the room-temperature space groups

are all P63mc. a- and c- lattice constants are shown in Table 4.1, which is similar to the

published data. [11]

M a c

Mn 5.794 (2) 10.256 (4)

Fe 5.773(3) 10.054(3)

Ni 5.757(2) 9.858(3)

Co 5.767(1) 9.914(3)

Table 4.1: a- and c- lattice constants in M2Mo3O8. All distances in Å.

M2Mo3O8, known as the mineral kamiokite, consists of honeycomb-like M-O layers sepa-

rated by sheets of M4+, see Figure 4.1(a). The layers are stacked along the c axis. The M-O

layer is formed in the ab plane by corner-sharing MO4 tetrahedron and MO6 octahedron,

as shown in Figure 4.1(c). In this layer, the tetrahedral(Mt) and octahedral(Mo) triangu-

lar sublattices are shifted along the c − axis ( 0.614 Å in Fe2Mo3O8 [112]) with respect

to each other, leading to short and long interlayer M-M distances, see Figure 4.1(a). The
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Figure 4.1: Crystal structure and optical images of M2Mo3O8 (a) Crystal structure
of M2Mo3O8. Vertical lines connect the nearest M ions along the c axis (blue lines are
longer than the red ones). (b) The Mo-O layer in the ab crystallographic plan. This Mo
kagome-like layer is trimerized. The Mo trimers are in the singlet state. (c) The M-O layer
in the ab crystallographic plane. Thick line depicts the largest M-M magnetic coupling J.
(d) Optical image of a piece of Fe2Mo3O8. The distance between the two lines on the ruler
is 1mm.
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vertices of the MO4 tetrahedra point along the positive c axis, reflecting the polar structure

of M2Mo3O8. [11, 112] The Mo kagome-like layer is trimerized, as shown in Figure 4.1(b).

The Mo trimers are in the singlet state and do not contribute to magnetism. [11, 111, 113].

The magnetic ground state of M2Mo3O8 are different depending on the M. S.P. McAlister

and P. Strobel [11] pointed out the ground state of Fe2Mo3O8 and Co2Mo3O8 are anti-

ferromagnetic, Mn2Mo3O8 is ferrimagnetic, Zn2Mo3O8 is diamagnetic and Ni2Mo3O8 is

paramagnetic.

4.3 Hidden ferrimagnetism and giant magnetoelectricity in Fe2Mo3O8

For the ME device applications, ferro- or ferrimagnetic polar magnets are some of the best

candidates, as the macroscopic magnetic moment is needed for their functionality. Such

compounds are rare. However, in some cases macroscopic magnetic moment is ”hidden”

within a nominally antiferromagnetic state, and can be easily revealed in a modest applied

magnetic field, thereby leading to a potentially large ME response. A well-known exam-

ple of such a hidden moment is realized in Lu2CuO4, the parent compound of high-Tc

cuprate superconductors. [114] Each Cu-O plane exhibits a weak ferromagnetic moment

due to canting of the spins of the otherwise regular Neel order. The canting results from

Dzyaloshinsky-Moria interaction. Weak ferromagnetism is masked in zero magnetic field

because of the antiferromagnetic interplane coupling. However, spin canting is responsible

for the many distinct magnetic properties of this compound, including the unusual shape

of the magnetic susceptibility in the vicinity of TN and in an applied field, and the atomic-

scale giant magnetoresistance in the field-induced weakly ferromagnetic phase. Another

layered magnet in which a small ferrimagnetic moment of each layer is hidden in zero field

is multiferroic (but nonpolar at high T) LuFe2O4 [115]. The giant magnetic coercivity and

the unusual ME relaxation properties of LuFe2O4 are related to the ferrimagnetism in its

Fe-O layers. Similar to these compounds, a hidden magnetic moment in a polar magnet

could result in a strongly enhanced magnetic response, which should lead to large ME effects

when the magnetic moment and crystal structure are coupled.
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Figure 4.2: Magnetic susceptibility, heat capacitance and spin configuration of
Fe2Mo3O8, which is from rearrangement of figures in reference [3] (a) Temperature
dependence of DC magnetic susceptibility χDC in zero field-cooled (ZFC) and field-cooled
(FC) processes along two crystallographic directions, parallel and perpendicular to the c
axis, in µ0H=0.2T. (b) Specific heat anomaly at the Neel temperature. Red line represents
the double Debye model fit discussed in the text. Insert: the image of as-grown Fe2Mo3O8
single crystal. (c) The AFM order, together with the calculated largest ionic shifts associ-
ated with the paramagnetic to AFM transition. The direction of the magnetically-induced
∆P is shown with a thick arrow. (d) Schematic view of the AFM and FRM orders. Pink
arrows represent the ferrimagnetic moments of the individual Fe-O layers.
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Figure 4.3: Dielectric ε(T ) and magnetic χDC(T ) susceptibilities in the vicinity of
TN , which is from reference [3]. The magnetic susceptibility was measured on cooling
in applied magnetic field H=0.2 T( blue line), and on subsequent warming in the same field
(red line).

4.3.1 Antiferromagnetic ground state

Herein, in Fe2Mo3O8 the Fe2+ moments exhibit the antiferromagnetic(AFM) order in the

honeycomb layers below TN ≈60K. As discussed below, FeO has larger spin than Fet, and

therefore each of the Fe-O layers is ferrimagnetic.[110]. Along the c axis, the nearest Fe

spins are aligned in the same direction, implying ferromagnetic interlayer coupling. The

resulting stacking of ferrimagnetic Fe-O layers along the c axis leads to vanishing macro-

scopic magnetic moment, and we call this state AFM. The temperature variation of DC

magnetic susceptibility χ in zero field-cooled (ZFC) and field-cooled (FC) processes is shown

in Figure 4.2(a) for the magnetic field both parallel and normal to the c axis. The shapes

of the curves are consistent with the transition to the AFM order shown in Figure 4.2(d) at

TN=61K, with Fe2+ spins pointing along the c axis. The large difference between the c-axis

and in-plane susceptibilities in the paramagnetic state demonstrates appreciable anisotropy

of the Fe2+ spins. No thermal hysteresis is observed, see Figure 4.3.

4.3.2 Structural transition associated with the magnetic order

A large specific heat (Cp) anomaly is present at the magnetic transition, see Figure 4.2(d).

To account for the phonon part, the specific heat was fit to a double Debye model for
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Figure 4.4: Magnetically-induced electric polarization, and the metamagnetic
transition, which is from reference [11]. (a) Temperature dependence of the c-axis
dielectric constant ε(T ), f=44 kHZ. (b) Variation of the c-axis electric polarization ∆P with
temperature. (c,d) Magnetic field dependence of magnetization M(H) and polarization
∆P (H) at various temperatures. In (d), solid (open) circles depict the data obtained upon
sweeping the magnetic field up (down).

T > TN (90 to 200 K). The best fit, shown in Figure 4.2(b), was obtained for the Debye

temperatures θD1 = 174 K and θD2 = 834 K. It fails for T < TN as it implies a negative

magnetic contribution for T < 50 K. This indicates an additional lattice contribution for

these temperatures, suggesting a structural transition associated with the magnetic order.

This suggestion is corroborated by the temperature dependence of the dielectric constant

ε(T ) and the variation of electric polarization ∆P (T ) = P (T )− P (T = 120K), both along

the c axis, shown in Figure 4.4 (a,b).

In particular, the jump of ∆P at TN clearly indicates simultaneous magnetic and struc-

tural transitions. The magnitude of this jump, ∼0.3 µC/cm2, is larger than the values
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Figure 4.5: Pyroelectric current density, magneto-current, and the differential
ME coefficient dP/dH at different temperatures, which are from the supple-
mentary information of reference [3] (a) Loss tangent as a function of temperature.
(b) Pyroelectric current density as a function of temperature, measured upon warming. (c)
Isothermal magnetocurrent as a function of magnetic field. (d) Differential magnetoelectric
coefficient dP/dH calculated using the data shown in panel (c). Arrows indicate the field
sweeping direction. All the measurements are along the crystallographic c axis.

typically observed in multiferroics and is the largest measured value in polar magnets, to

our knowledge. Importantly, no poling is needed in an already polar material to observe

the change shown in Figure 4.4 (a,b). In particular, ∆P was measured by integrating the

pyroelectric current on warming after cooling down to T=5 K in zero electric field. The py-

roelectric current density as a function of sweeping temperature was shown in Figure 4.5(b).

In our measurements, the direction of the ∆P vector (along or opposite to the positive di-

rection of the c axis defined above) is undetermined. First-principles calculations described

below indicate that ∆P points in the positive c direction, hence we adopt this convention

here.
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4.3.3 Magnetically-induced electric polarization and metamagnetic tran-

sition

Knowing the co-existence of magnetic ordering and structural transition at the same tem-

perature T = TN , studying the possible coupling between them becomes crucial interest-

ing.Performing magnetoelectric measurements, it was found that magnetic field (H) induces

a metamagnetic transition signaled by sharp magnetization (M) jump, see Figure 4.4(c).

It is accompanied by a structural transition indicated by the corresponding jumps in the

electric polarization, as shown in Figure 4.4(d). A small hysteresis is observed in the latter

transition. The ∆P = P (H)−P (H = 0T ) vector is in the negative c axis direction, and its

value at T=50 K is roughly twice as small as the ∆P induced at TN for H=0 T. No poling

of any kind is needed. In the FRM state, the ferrimagnetic moments of the Fe-O layers are

co-aligned, giving rise to a macroscopic magnetization. The extrapolation of the high-field

M(H) data of Figure 4.4(c) to zero field gives a positive intercept of ≈ 0.5µB/f.u. at T=50

K, indicating the ferrimagnetic character of the high-field state, which we assume to have

the same FRM structure as shown in Figure 4.2(d). This assumption is corroborated by the

Fe-O net ferrimagnetic moment of 0.6µB/f.u. for a single layer, expected from the Moess-

bauer measurements of the FeO and Fet moments[110] (4.83 µB and 4.21 µB, respectively),

as well as by the results of the first principles calculations described below.

4.3.4 Magnetoelectric effect and the associated ionic shifts

To understand the microscopic origin of the observed ME effects, we have carried out ab-

initio calculations in the framework of density functional theory adding an on-site Coulomb

self-interacting potential U (DFT+U). For the DFT part, the generalized gradient approx-

imation Perdew-Burke-Ernzerhof (GGA-PBE) functional was used. For U=0, the ground

state is metallic with the FRM structure, but moderate correlation strength (U=4 eV) leads

to an AFM insulating ground state. While U of the order of 4 eV is required to obtain

the correct ground state, its exact value was found to be unimportant for the magnetic

exchange energies relevant to this work. The details of the DFT calculations can be found

in Appendix B. The ionic positions were optimized for two imposed magnetic structures,
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Figure 4.6: Magnetoelectric effect, and the associated ionic shifts, which is from
reference [3]. (a,b) Magnetic field dependence of magnetization M(H) and polarization
∆P (H) at T = 55K. Numbers and arrows indicate the measurement sequence. The insert
in (b) shows the magnetic orders and the ferrimagnetic moments of the Fe-O layers for the
phases involved. (c) The calculated ionic shifts for the paramagnetic to AFM transition.
The thick arrow represents the corresponding change of the electric polarization, ∆P . (d)
the same as (c), but for the AFM to FRM transition.
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Figure 4.7: Ionic Labels, which is from reference [3]. These labels are used in Table 4.2

the AFM and FRM. The FRM structure was found marginally higher in total energy (less

than 10 meV/f.u.), indicating that this phase is expected to be induced in modest magnetic

fields, consistent with our experimental data.

The calculated ionic shifts for the transition from the paramagnetic (PARA) to the AFM

state, and from AFM to FRM, are shown in Figures 4.1(d) and 4.6(c,d). The ionic shifts for

every ion in the unit cell are given in Table 4.2. The experimental paramagnetic structure,

and calculated AFM and FRM structures were used.

The ionic shifts can be utilized for an estimate of the magnetically-induced electric polar-

ization change ∆P . While the total polarization is a multivalued quantity, the difference ∆P

between two structures is a well-defined quantity [116]. For a qualitative comparison with

experiment, it is sufficient to use the ionic-like formula for ∆P given by 1
V

∑
j(z

f
j − zij)Qj ,

where zij and zfj are the c-axis ionic coordinates for the initial and the final structures,

respectively, Qj are the formal ionic charges, V is the unit cell volume, and the sum is taken

over the unit cell. For the PARA to AFM, and AFM to FRM transitions, we obtain ∆P

values of 0.60(11) µC/cm2 and -0.55(11) µC/cm2, respectively. The calculated magnitudes

and the relative signs of ∆P are in good qualitative agreement with our experiments. The

positive sign of ∆P for the PARA to AFM transition indicates that the ∆P vector points

along the positive c axis, justifying the convention used in our work.
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Ion 103 × (zAFMj − zPARAj )× c 103 × (zFRMj − zAFMj )× c
Mo1 2(2) 0(3)

Mo2 8(2) -7(1)

Mo3 8(2) -4(2)

Mo4 2(2) 0(3)

Mo5 8(2) -7(1)

Mo6 8(2) -4(2)

Fe7 10(2) -5(2)

Fe8 10(2) -5(3)

Fe9 5(2) 2(2)

Fe10 5(2) 2(2)

O11 10(2) -3(2)

O12 10(2) -3(2)

O13 11(2) -3.5(1.0)

O14 11(2) -3.5(1.0)

O15 47(10) -30(12)

O16 -14(2) 30(4)

O17 -14(2) 17(3)

O18 47(10) -30(12)

O19 -14(2) 30(4)

O20 -14(2) 17(3)

O21 -30(3) 15(10)

O22 6(2) -9(2)

O23 6(2) -15(8)

O24 -30(3) 15(10)

O25 6(2) -9(2)

O26 6(2) -15(8)

Table 4.2: Calculated ionic shifts (in Å) for the paramagnetic to AFM transition (2nd

column), and for the AFM to FRM transition (3rd column). See Figure 4.7 for atomic
labeling. Error bars reflect the impact of the multiple low-energy solutions characteristic
to the GGA-PBE+U method. This table is from reference [3]

.

The calculated ionic shifts also allow to get an insight into the mechanism of the ME

effect. The atoms shift to maximize the magnetic energy gains in the AFM and FRM

states. Oxygen ions exhibit the largest shifts, and therefore the ME energy gains should

be associated with the modifications of the superexchange paths between the interacting

Fe2+ spins. Lattice structure, as well as the preservation of the in-plane magnetic order in

applied magnetic field, imply that the largest magnetic coupling (J) is between the nearest

Fe2+ ions, see Figure 4.1(c). The calculations show that upon the transition from the

paramagnetic to the AFM state, the Fe-O-Fe angle (θ) between the nearest Fe2+ increases
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from 109◦ to ∼111◦, mostly due to the oxygen shifts, see Figure 4.1(c). The in-plane

antiferromagnetic J increases with increasing θ due to the more favorable Fe-O-Fe orbital

overlap, resulting in the magnetic energy gain. Thus, we ascribe the ionic shifts, as well as

the accompanying ∆P , to the exchange restriction in the AFM state.

The FRM state can be induced both by a positive and a negative magnetic field along

the c axis. The two states differ only by 180◦ rotation of every spin in the system. While

the field-induced magnetizations should be opposite for the opposite fields, ∆P induced by

exchange striction should be identical. This prediction is clearly confirmed by the data of

Figure 4.6(a,b). The calculated ionic shifts for the AFM to the FRM transitions, shown

in Figure 4.6(d), are opposite (but smaller) to those occurring at the PARA to the AFM

transition, see Figure 4.6(c). In other words, the lattice partially relaxes towards the para-

magnetic structure in the FRM state. This is consistent with the magnetic energy loss

due to the interlayer interactions in the FRM phase, and a corresponding relaxation of the

lattice distortion realized in the AFM state. As a result, ∆P is negative in the AFM to

FRM transition. Thus the data of Figure 4.6(b), in combination with our first-principles

calculations, show that exchange striction underlies the ME effect in the transition to the

FRM state, as in the AFM transition discussed above.

4.3.5 Reproducible magnetoelectric control of the electric polarization

and magnetization

The sharpness of the field-induced transitions shown in Figure 4.4(d) and 4.6(a,b) gives rise

to giant values of the differential ME coefficient dP/dH in the vicinity of the transition field,

reaching almost ∼ 104 ps/m for T=55 K. (Consult Figure 4.5(d) for the field-dependent

dP/dH at different temperatures). Combined with the absence of poling requirements and

small hysteresis (0.02 T at 55 K, 0.007 T at 58 K), it leads to giant, reproducible, and

almost linear variation of P with H, as shown in Figure 4.8(a) for T=55 K. In the range

shown, ∆P oscillates, varying by 0.08 µC/cm2 as H goes from 3.25 to 3.5 T and back.

The inverse effect, in which an applied electric field (E) changes the magnetization is also

giant, reproducible, and linear, as shown in Figure 4.8(b). At T=55 K and µ0H=3.345 T,

the magnetization varies by 0.35 µB/f.u. in the field oscillating between ± 16.6 KV/cm,
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Figure 4.8: Reproducible magnetoelectric control of the electric polarization and
magnetization with giant ME coefficients, which is from reference [3]. (a) Periodic
modulation of electric polarization (blue) induced by a magnetic field linearly varying be-
tween 3.25 T and 3.5 T (black) at 55 K. (b) Periodic modulation of magnetization (green)
induced by an electric field (red) linearly varying between ±16.6 KV/cm, for T=55 K
and µ0H=3.345 T. (c) Phase diagram of Fe2Mo3O8. Black dots determined from M(H),
and red diamonds - from χ(T ) curves. (d) Electric field dependence of magnetization for
Fe2Mo3O8 (from panel (b), averaged), and for Ni3TeO6 (×10). The insert illustrates the
experimental setup, with directions of the applied fields shown. In all figures, the magneti-
zation, polarization, and the applied fields are along the c axis.

resulting in the dM/dE of -5700 ps/m. Similarly, large differential ME coefficients dP/dH

and dM/dE are observed at other points on the AFM-FRM transition boundary shown in

Figure 4.8(c). These coefficients are more than an order of magnitude larger than those

reported for the polar magnet Ni3TeO6 (ref. [117]), see Figure 4.8(d).

When both external fields H and E are collinear and their direction coincides with the

positive c axis of the crystal, both ∆P and ∆M are negative in applied positive H and E,

respectively. Thus, both dP/dH and dM/dE are negative. The data of Figure 4.6(a,b) show

that, consistent with exchange striction mechanism, ∆M changes sign in negative H, while

∆P does not. As a result, both dP/dH and dM/dE change their sign and become positive
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Figure 4.9: Reversal of the differential magnetoelectric coefficient in Fe2Mo3O8

by changing the direction of the bias magnetic field, which is from the supple-
mentary of reference [3]. (a) Periodic modulation of magnetization (green) induced by
an electric field (red) linearly varying between ±16.6 KV/cm, for T= 55K and µ0H=-3.345
T. These data differ from those shown in Figure 4.8(b) only by the direction of the ap-
plied magnetic field. Note the change of the sign of dM/dE. (b) Electric field dependence
of magnetization for two opposite bias magnetic fields, +3.345 T, and -3.345 T. All the
measurements are along the c axis.

in negative H and E, while retaining the same magnitudes. This sign reversal is illustrated

in Figure 4.9.

4.4 Ferromagnetism in (Fe, Zn)2Mo3O8

Ferrimagnetism ground state is found to be stabilized in (Fe, Zn)2Mo3O8 samples with Zn

substituting more than 15% of Fe. The doped Zn atoms prefer to occupy the tetrahedrally

coordinated sites in Fe2Mo3O8, since the excess octahedral stabilization energy of Fe2+

and Zn2+ is 17 KJ/mol and 0 KJ/mol, respectively [110]. Figure 4.10 (a) shows the

temperature dependence of magnetization for (Fe1−xZnx)2Mo3O8 (x=0.125, 0.25, 0.5),

which show clear ferromagnetic behaviors. The magnetic ordering temperature decreases

while more Zn substitution. The magnetic coercive field of FeZnMo3O8 at 2K is 0.8 T as

shown in Figure 4.10 (b). The almost linear behavior of x=0.125 suggests the transition field

is higher than 7 T (the maximum field of our MPMS), which was confirmed by published

data in reference [118].

T. Kurumaji reports that only AFM ordering exists in (Fe1−xZnx)2Mo3O8 when x ≤

0.1 and the magnetization peak upon the AFM transition becomes sharper by increasing
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Figure 4.10: Magnetic properties of (Fe1−xZnx)2Mo3O8 (x=0.125, 0.25, 0.5) poly
samples. (a) Temperature dependence of DC magnetic susceptibility in zero field cooled
process. (b) Magnetic field dependence of magnetization at 2K.

x suggesting incipient ferrimagnetism [118]. Here, in our single crystals, we found the co-

existence of the 54 K antiferromagnetic ordering and the 42 K ferromagnetic ordering in

x=0.07 and 0.09 single crystals, as shown in Figure 4.11. For example, in Figure 4.11 (c)

the peaks at 54 K after the ZFC and FC processes overlap with each other indicating an

antiferromagnetic transition and the peaks at 42 K after the ZFC and FC processes split

indicating a ferromagnetic transition. This sample offers an impressive research opportunity

to study the evolution of magnetic domains at these transitions.

For x=0.1, the M(H) curves measured in field parallel and perpendicular to the c−axis,

shown in Figure 4.12 (b) confirm the ferromagnetic behavior. This is different with the

published data, which shows only the antiferromagnetic ordering in x=0.1 sample [118].

This difference can be induced by the mismatch between the real Zn concentration and the

nominal one. From the saturated moment along c− axis (1.65µB/f.u.) extracted from the

M(H) curve, we can estimate the real Fe concentration, assuming the moment for Fe in the

octahedral and tetrahedral site is 4µB and 3.8µB, respectively. This calculation gives x=0.19

instead of x=0.1. A more accurate result from Energy-dispersive X-ray spectroscopy (EDX)

is x=0.1895, which is consistent with our calculation from saturated moment but different

from nominal x=0.1. Then all these behaviors could be explained since only ferromagnetic
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Figure 4.11: Temperature dependence of DC magnetic susceptibility of
(Fe1−xZnx)2Mo3O8 (x=0.07, 0.08, 0.09, 0.1) single crystals. χDC(T ) in zero
field-cooled (ZFC) and field-cooled (FC) processes along the crystallographic c-axis of
(Fe1−xZnx)2Mo3O8 (x=0.07 in (a), 0.08 in (b), 0.09 in (c), 0.1 in (d)) single crystals.
All these measurements are done on hexagonal shape single crystals, similar to the one
shown in Figure 4.2 (b).
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Figure 4.12: Magnetic field (H) dependence of magnetization (M) for
(Fe1−xZnx)2MO3O8 (x=0.09 and 0.1) single crystals. (a) M(H) curves measured
at 15 K and 51 K in a field along the c − axis for x=0.09 single crystal. (b) Anisotropic
M(H) curves measured at 10 K and 20 K for x=0.1 single crystal.

ordering exists in x ≤ 0.125 samples [118, 119].

4.5 Ferrimagnetism in Mn2Mo3O8

Same with Fe2Mo3O8, the structure of Mn2Mo3O8 is composed of the alternating stacking

of the Mn−O layer and the nonmagnetic Mo−O layer, belonging to the polar space group

P63mc as shown in Figure 4.1. Figure 4.13 (a) shows the anisotropic variation of mag-

netization with temperature in a single crystal Mn2Mo3O8. The larger amplitude along

the c axis suggests the moments must be preferentially oriented along the c-axis, which is

consistent with the previous reports [11]. Below Tc = 42K, the configuration of the mag-

netic moment of Mn2+ is the same as the high field FRM sate in Fe2Mo3O8 [120], as

shown in Figure 4.2(d). Below the Tc, there is an increment of the electric polarization as

shown in Figure 4.13 (c,d). As we discussed in Fe2Mo3O8, electric polarization increases

0.34 µC/cm2 from the high temperature PARA state to the low temperature AFM sate

and decreases 0-0.15 µC/cm2 at temperatures lower than TN from the AFM to the high

field ferrimagnetic (FRM) state, which are all correlated to the ionic shifts. From here, we

can infer that in Mn2Mo3O3, whose ground state is FRM below Tc = 42K, the electric

polarization will increase when the spins start to become ordered. In Mn2Mo3O8, the
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Figure 4.13: Magnetic and electric property of Mn2Mo3O8 single crystal (a) Tem-
perature dependence of magnetization for Mn2Mo3O8 in field H parallel and perpendicular
to the c axis, respectively. (b) Magnetic field dependence of magnetization at 28 K in field
parallel and perpendicular to the c axis, respectively. The insert of (b) is the zoom in view
of the red curve. (c)The pyroelectric current density (J) and the integrated electric po-
larization (∆P ) as a function of temperature. The current was measured during warming
along the c− axis at a sweeping rate of 5K/min.

ME effect is studied and governed by a nonrelativistic exchange striction mechanism [120].

Molecular field theory is used to explain the observed effect, especially for a critical diver-

gence around the transition temperature [120]. T. Kurumaji also observed the enhancement

of the ME coefficient’s divergence behavior in MnFe2Mo3O8, which possibly due to the

steeper divergence of sublattice magnetic susceptibility of the doped Fe ion with strong

anisotropy [120].

4.6 Antiferromagnetism in Co2Mo3O8

For Co2Mo3O8, there is a debate on the magnetic ground state: Bertrand and Kerner-

Czeskleba conclude from powder neutron data that the magnetic structure is the same as

Fe2Mo3O8 [111], while S.P. Mcalister and P. Strobel do not see the type of antiferromagnetic
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Figure 4.14: Magnetic properties and the change of electric polarization of
Co2Mo3O8 single crystal. (a) Temperature dependence of magnetization in field par-
allel and perpendicular to the c − axis after zero field cooling process. (b) Magnetic field
dependence of magnetization in field parallel to the c− axis at 25 K, 36 K, 38 K and field
perpendicular to the c− axis at 36 K.



61

Figure 4.15: The variance of DC magnetization as a function of temperature of
CoZnMo3O8 single crystal in fields along two different directions, parallel and
perpendicular to the c− axis.

arrangement from magnetic measurements [11]. Here, we grow Co2Mo3O8 single crystals

using a chemical vapor transport method. The as-grown single crystals are black hexagonal

plates with typical size ∼ 1 × 1 × 1 × 0.5mm3. Figure 4.14 (a) shows the χDC(T ) curves

along two crystallographic directions, parallel and perpendicular to the c− axis, which are

similar to S.P. Mcalister and P. Strobel’s results [11]. The magnetization for H//C does not

show the enhancement around TN as it does in Fe2Mo3O8. Furthermore, the M(H) curves

in Figure 4.14 (b) measured at temperatures below the transition (39 K) does not show

the sharp metamagnetic transition as it does in Fe2Mo3O8. Pyroelectric current along the

crystal c−axis is measured during warming after zero-field cooling down to 2 K. There is a

sharp peak at the magnetic ordering temperature (39 K), as shown in Figure 4.14 (c). The

integrated change of polarization is 0.04 µC/cm2 shown in Figure 4.14 (d). No change of

electric polarization is observed in magnetic fields at various temperatures below 39 K up

to 9T, which is consistent with the featureless behavior of the M(H) curves.

In order to have a deeper understanding of the magnetic ground state, we grow and

measure the χDC(T ) of CoZnMo3O8 single crystal (Figure 4.15) since all the tetrahedral

sites will be occupied by non-magnetic Zn. Larger magnetic moment along the c − axis

comparing to that perpendicular to the c − axis suggests the spins are aligned along the

c − axis. Our EDX results also confirm the real ratio between Co and Zn is 1:1 in our

hexagonal shape single crystal. From the intersection between the T and the extension
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of 1
χDC

, we can infer that the antiferromagnetic coupling between two nearest Coo (Co in

octahedral sites) in nearby a− b layers is strong in CoZnMo3O8.

4.7 Antiferromagnetism in Ni2Mo3O8

Ni2Mo3O8 single crystals were successfully synthesized and studied by S.P. Mcalister in

1983 [11]. No magnetic ordering was found from χDC(T ) data down to 2K [11]. Nevertheless

the sample did show anisotropy in the temperature dependence of M for an applied field

of 10 KOe. Here, we report the growth of high-quality hexagonal shape (Ni, Zn)2Mo3O8

single crystals and the existence of a magnetic ordering at 5.75 K and 3.8 K for Ni2Mo3O8

and NiZnMo3O8, respectively. As shown in Figure 4.16 (a), the magnetic susceptibility is

larger along the direction perpendicular to the c−axis comparing to that along the c−axis in

both Ni2Mo3O8 and NiZnMo3O8, which suggests an in-plane spin configuration different

with other M2Mo3O8 (M=Fe, Co, Mn) system. An obvious specific heat (Cp) anomaly is

present at the magnetic transition, see Figure 4.16 (b). No thermal hysteresis is observed in

this specific heat measurement, see the insert of Figure 4.16 (b). To account for the phonon

part, the specific heat was fit to a double Debye model as shown by the red line in Figure 4.16

(b). The mismatch at low temperature indicates an additional lattice contribution for these

temperatures, suggesting a structural transition associated with the magnetic order. This

suggestion is corroborated by the temperature dependence of the dielectric constant ε(T )

and the variation of the electric polarization shown in Figure 4.17. Especially, the sharp

peak of the pyroelectric current density at the magnetic ordering temperature indicates

simultaneous magnetic and structural transitions. Similar to that in Fe2Mo3O8 system, no

polling is needed in the already polar Ni2Mo3O8 to observe the ∆P (300µC/m2).

Figure 4.18 (c) shows the M(H) of Ni2Mo3O8 single crystal along two different direc-

tions at 2K. From the derivative shown in Figure 4.18 (d), we can see there is a transition

at 3.8 T in field along the c − axis and a transition at 1.8 T in field perpendicular to the

c− axis. There might be another phase transition just above 7 T ( over the field capability

of our MPMS) in field perpendicular to the c− axis, which is suggested by the peak in the

pyroelectric current density measurement shown in Figure 4.18 (a). In order to find the

real correlation, we increase the temperature to 4.5 K, which will decrease the magnetic
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Figure 4.16: Magnetic transitions in (Ni, Zn)2Mo3O8 single crystals. (a) Tempera-
ture dependence of DC magnetic susceptibility χDC in zero field-cooled (ZFC) process along
two crystallographic directions, parallel and perpendicular to the c−axis. The insert is the
zoom-in of the low temperature part. (b) Specific heat anomaly at the Neel temperature of
Ni2Mo3O8 single crystal. Red line represents the double Debye model fit. Insert: the data
during warming and cooling around the transition.

Figure 4.17: Temperature-induced electric polarization in Ni2Mo3O8 single crys-
tal. (a, b) The measured pyroelectric current density and integrated change of polarization
during warming after zero field cooling along two different directions, parallel and perpen-
dicular to the c− axis. (c, d) Temperature dependence of the c− axis dielectric constant
ε(T ) and loss tangent, f = 44kHZ.
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Figure 4.18: Metamagnetic transition and magnetically-induced electric polariza-
tion in Ni2Mo3O8 at 2K.Magnetic field dependence of magnetization ,M(H) in (c) and
dM/dH(H) in (d), and electric polarization, ∆P (H) in (b) and J(H) in (a).

transition field. Magnetic field induces a metamagnetic transition signaled by a sharp peak

in the derivative of M(H//C) and M(H⊥c) shown in Figure 4.19 (c). It’s accompanied by

a structural transition indicated by the corresponding anomaly in the pyroelectric current

density, as shown in Figure 4.19 (a).

4.8 Summary and outlook

In conclusion, polar magnets clearly possess a great potential as ME materials. The ab-

sence of poling requirements makes possible utilization of giant ME coefficients associated

with sharp metamagnetic transition practical, because reproducible, hysteresis-free linear
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Figure 4.19: Metemagnetic transition and magnetically-induced electric polariza-
tion in Ni2Mo3O8 at 4.5K. Magnetic field dependence of pyroelectric current density in
(a) and derivative of magnetization in (b).
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responses can be achieved, as necessary for applications. In Fe2Mo3O8, hidden ferrimag-

netic of the Fe-O layers strongly enhances the magnetic response at the transition field,

providing an explanation for the observed giant differential ME coefficient. Exchange stric-

tion mechanism of the ME effect in Fe2Mo3O8 provides an additional functional capability

of controlling the sign of these coefficients by the direction of the applied ”bias” magnetic

field. In (Fe, Zn)2Mo3O8 system, two different phases, antiferromagnetic and ferrimagnetic

phases, are competing with each other and the balance between them is controlled by both

the magnetic field and Zn doping. Increasing the doped amount of Zn, which will occupy

the tetrahedral site, stabilizes the ferrimagnetic order. In Mn2Mo3O8, ferrimagnetism is

found to be the magnetic ground state below 42K. A structural transition corresponding

to a change of electric polarization is observed at the magnetic ordering temperature. In

Co2Mo3O8, antiferromagnetic ordering occurs at 39 K, accompanied by a structural transi-

tion indicated by a corresponding jump in the electric polarization. From the magnetic data

of CoZnMo3O8, we can infer the antiferromagnetic coupling between two nearest Coo (Co

in octahedral sites) in two nearby a− b layers is strong comparing to that in FeZnMo3O8.

In Ni2Mo3O8, no magnetic ordering is found from χDC(T ) data down to 2K in S.P. Mcal-

ister’s paper published in 1983 [11]. No other report on this material is published after

then. Here, we successfully grow (Ni, Zn)2Mo3O8 single crystals and discover the anti-

ferromagnetic ordering at 5.75K and 3.8K for Ni2Mo3O8 and NiZnMo3O8, respectively.

The anomaly at the magnetic ordering temperature in the heat capacitance and dielectric

constant measurements indicates a corresponding structural transition. The ME effect is

observed through P (H) and M(H) curves below TN . All these discoveries shed a light on

the way to study polar magnets, especially with exchange striction ME mechanism and

local ferrimagnetism.



67

Chapter 5

Epilogue

This thesis presents a systematic study of the hybrid improper ferroelectricity in Sr3Sn2O7,

the first room-temperature ferroelectric Sn insulator, as well as the giant ME coefficient in

M2Mo3O8 (M=Fe, Mn, Ni, Zn, Co) polar magnets. In this chapter, I will summarize the

results of all discussed projects and give a future research direction.

5.1 Review of results

Chapter 1 focuses on the historical review of ferroelectricity and multiferroicity, which has

attracted and keep attracting attention not only due to the research interest also the po-

tential for application in new-generation electronic devices. Comparing with proper and

improper ferroelectricity, hybrid improper ferroelectricity is introduced in detail. The ori-

gin of electric polarization is explained in several most-attractive hybrid improper ferro-

electrics including (AA′)B2O6 double perovskites, (ABO3)2/AO Ruddlesden-Popper phase

and A′(AB2O7) Dion-Jacobson Phase. In the end, a review of polar magnets is done to

unveil the great potential for large ME coefficient.

Our works of (Ca, Sr)3Ti2O7 (n=2 RP phase) and Ca3(Ti,Mn)2O7 (n=2 RP phase) are

published [76, 121, 121]: Yoon Seok Oh, Xuan Luo, Fei-Ting Huang, Yazhong Wang and

Sang-Wook Cheong, Experimental demonstration of hybrid improper ferroelec-

tricity and the presence of abundant charged walls in (Ca, Sr)3Ti2O7 crystals,

Nature Materials, 14, 407-413, 2015; Fei-Ting Huang, Bin Gao, Jae-Wook Kim, Xuan

Luo, Yazhong Wang, Ming-Wen Chu, Chung-Kai Chang, Hwo-Shuenn Sheu and Sang-

Wook Cheong, Topological defects at octahedral tilting plethora in bi-layered

perovskites, npj Quantum Materials, 1, 16017, 2016 and Bin Gao, Fei-Ting Huang,

Yazhong Wang, Jae-Wook Kim, Lihai Wang, Seong-Joon Lim and Sang-Wook Cheong,
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Interrelation between domain structures and polarization switching in hybrid

improper ferroelectric Ca3(Mn,T i)2O7, Applied Physics Letter, 110, 22, 2017.

Chapter 2 focuses on the discovery of hybrid improper ferroelectricity in Sr3Sn2O7

(n=2 RP phase). Pb(ZrxTi1−x)O3 (PZT) has been the most successful commercialized fer-

roelectric material for decades, but the presence of Pb in PZT has been a key issue for the

stringent global environmental requirements. Ferroelectrics containing Sn, which belongs to

the same group with Pb in the periodic table, could be good candidates. However, there is

no room-temperature Sn insulator before our study presumably due to broad bandwidth or

poor hybridization with anions, which are related to the inappropriate ionic size. Moreover,

there was a debate on the ground state before our work: a result of powder neutron diffrac-

tion experiments indicated Sr3Sn2O7 adopts a C-centered orthorhombic structure (space

group Cmcm) [73], while recent theoretical results have proposed a non-centrosymmetric

structure originating from hybrid improper ferroelectricity [46]. Our results including P (E)

loops and in situ poling experiments using a dark-field transmission electron microscopy

not only demonstrate Sr3Sn2O7 being the first room-temperature insulating ferroelectric

containing Sn4+ also unveil the intriguing polarization switching kinetics.

The relative work in Chapter 2 is published [103]: Yazhong Wang, Fei-Ting Huang,

Xuan Luo, Bin Gao and Sang-Wook Cheong, The First Room-Temperature Ferro-

electric Sn Insulator and Its Polarization Switching Kinetics, Advanced Materials,

29, 2, 2017.

Following the discoveries of ferroelectricity in Sr3Sn2O7, in chapter 4, we focus on the

smallest electric coercive field of Sr3Sn2O7 single crystal among all discovered bulk hybrid

improper ferroelectrics. The orthorhombic twin domains can be erased and re-generated

using small strains, which offers a great opportunity to control functional ferroelastic and

ferroelectric domains walls.

In chapter 4, we introduce our systematic study of polar magnets M2Mo3O8 (M=Fe,

Mn, Zn, Ni, Co). The largest ME coefficient among all discovered polar magnets is found

in Fe2Mo3O8 single crystal. The absence of poling requirements due to the polar nature

makes possible utilization of this giant ME coefficient as necessary for applications. Ex-

change striction mechanism of the ME effect in Fe2Mo3O8 provides an additional functional
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capability of controlling the sign of these coefficients by the direction of applied ”bias” mag-

netic field. Other impressive results come from Ni2Mo3O8, in which no magnetic ordering

was observed in previous studies. Here, our magnetic and dielectric data demonstrate an in-

plane magnetic ordering associated with a structural transition occurred at 5.75 K offering

more interesting features to this M2Mo3O8 system.

The Fe2Mo3O8 relative part in Chapter 4 is published [3]: Yazhong Wang, Gheorghe

L Pascut, Bin Gao, Trevor A Tyson, Kristjan Haule, Valery Kiryukhin and Sang-Wook

Cheong, Unveiling hidden ferrimagnetism and giant magnetoelectricity in polar

magnet Fe2Mo3O8, Scientific Reports, 5, 12268, 2015.

5.2 Future research

Starting from the scope of this work, there still exists problems requiring more research as

discussed below:

(1)In Sr3Sn2O7 system, although we define the charged ferroelastic (ferroelectric) walls

based on the polarization directions in two domains crossing the walls, we do not have

direct experimental data demonstrating the conduction improvement. cAFM does not show

anything since the sample is too insulating. More works, such as gas annealing or p (n)

type doping, should be done to improve the conductivity of the bulk sample in order to get

meaningful cAFM images. On the other hand, more works should be done to study the

tunability of the electric coercive field as a function of different atom doping.

(2)InNi2Mo3O8, we discover the in-plane magnetic ordering associated with a structural

transition at 5.75 K. However, there is no direct evidence of the spin configuration at low

temperature or the high field state after the metamagnetic transition. More works, like

neutron diffraction, should be done to demonstrate the alignment of spins. In Co2Mo3O8,

magnetic susceptibility suggests an antiferromagnetic ordering, which looks quite different

with that in Fe2Mo3O8. This probably means the interaction path among magnetic ions is

quite different in these two systems, which needs more studies from both experiments and

theoretical calculations.
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Appendix A

Measurement Method

A.1 Dielectric properties

Dielectric properties are very important in the study of polar magnet and/or multifer-

roics. In this thesis, the mentioned dielectric measurements including: Dielectric Constant

vs. Temperature (ε(T )), Dielectric Constant vs. Magnetic field (ε(H)), Pyroelectric Cur-

rent Density vs. Temperature (J(T )), Pyroelectric Current Density vs. Magnetic Field

(J(H)), Electric Polarization vs. Temperature (P (T ) and ∆P (T )), Electric Polarization

vs. Magnetic field (P (H) and ∆P (H)) were performed using similar preparation process,

as discussed below.

For all these measurements, we first polish our sample down to 50 µm using the M-

PREP 5TM polishing machine from Allied High Tech Products. Inc. Depending on the

sample properties, such as oxidation and survivability, we do appropriate high-temperature

annealing in different gas flow to release the strain generated during the polishing process.

Then, we use either gold paste or silver epoxy to make electrical contacts with gold wire. The

control of temperature above room temperature was done inside a high-temperature tube

furnace with our homemade measurement probes. And the control of temperature below

room temperature was done inside Physical Property Measurement System (PPMS R©)

from Quantum Design.

A.2 Polarization hysteresis loop

Polarization (P ) vs. Electric field (E) loop is an important characteristic of the ferroelec-

tricity of a material. The loop shows the nonlinear polarization response of the ferroelectric

memory sample to a bipolar triangular voltage stimulus waveform, where polarization is the
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nonvolatile memory property of a ferroelectric sample. The hysteresis measurement nor-

mally captures the superpositive response of all of the linear and non-linear components,

which can be represented by: Hysteresis Response= Resistance + Linear Capacitance +

Diode Effects + Remanent Polarization + Non-Remanent Polarization ≈ Remanent Polar-

ization + Non-Remanent Polarization. The remanent-only polarization hysteresis loop is

derived by the combination of two hysteresis loops know as Logic 1 and Logic 0, as shown

in Figure A.1 and Figure A.2. The Logic 1 loop represents a Hysteresis measurement in

which both legs are switching the sample. For each leg, it contains both remanent and non-

remanent component. On the contrary, Logic 0 loop represents a Hysteresis measurement

in which neither leg switches polarization. It contains only non-remanent polarization. The

remanent-only loop is achieved by subtracting Logic 0 from Logic 1. This method, known

as positive-up-negative-down (PUND) method, is firstly discussed by Scott, JF in 1988 [48].

All these P (E) measurements are done using the ”Piezoelectric Tester” from Radiant

Technologies. Inc. All samples are polished down to 20 − 30µm using the M-PREP 5TM

polishing machine from Allied High Tech Products. Inc in order to apply large enough

electric field. On the other hand, thinner samples have less change including defects be-

tween two electrodes, which may reduce the possibility to break down sample during the

measurement.

A.3 Magnetic properties

All measurements of magnetic properties M(H), χDC(T ) and M(E) are performed in a

Quantum Design MPMS-XL7. The electric polarization P (T ) and P (H) are performed

using Quantum Design PPMS-9.
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Figure A.1: Logic 1 Loop Construction Logic 1 Hysteresis Loop Construction: Response
Contains Remanent + Non-Remanent Polarization Components
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Figure A.2: Logic 0 Loop Construction Logic 0 Hysteresis Loop Construction: Response
Contains Only Non-Remanent Polarization Components
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Appendix B

First principles calculation

In section 2.3, we implemented first principles calculation to study the microscopic prop-

erties associated with the structural and magnetic transitions. Ab-initio calculations were

performed using the full-potential linearized augmented plan wave (FP-LAPW) method as

implemented in the WIEN2K code [122] within the framework of density functional the-

ory [123, 124]. The electronic, magnetic and structural properties of Fe2Mo3O8 were cal-

culated using the generalized gradient approximation (GGA) for the exchange-correlation

potential, in the form of Perdew, Burke and Ernzerhof [125, 126] (PBE) plus an on-site

Coulomb self-interaction correction potential (U) treated by DFT+U, and the double-

counting in the fully localized limit [127]. Since the symmetry of low temperature crystal

structure is not known, the point group symmetry of the hexagonal paramagnetic space

group P63mc (reference [112]) was artificially reduced for the purpose of optimizations of

internal parameters (OIP). All the calculations were done in the triclinic space group P1,

with the lattice parameters kept fixed to a=b=5.773 Å, c=10.054 Å, α = 90◦, β = 90◦,

γ = 120◦. OIP were performed with imposed AFM and FRM magnetic configurations, using

as the initial guess the experimentally determined internal parameters of the paramagnetic

phase [112]. The search for equilibrium ionic positions was carried out by means of the

PORT method with a force tolerance ≤ 0.5 mRy/Bohr. The calculations were performed

with more than 200 K-points in the irreducible edge of the Brillouin zone (10×10×4 mesh).

The total energy, charge and force convergence criteria were ∼ 10−4 Ry, ∼ 10−4 electrons

and 0.25 mRy/Bohr, respectively. The muffin-tin radii RMT were chosen as 1.90, 1.93 and

1.66 Bohr for Mo, Fe and O, respectively. To ensure that no charge leaks outside the core

and the valence states to be -10 Ry, thus treating the Mo(4s, 4p, 4d, 5s), Fe(3s, sp, 3d, 4s)

and O(2s, 2p) electrons as valence states. All other input parameters were used with their
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default values.
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