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ABSTRACT OF THE DISSERTATION

Visualizing cross-coupled orders in multiferroic hexagonal

manganites with scanning force microscopies

By YANAN GENG

Dissertation Director:

Weida Wu

This thesis covers the study of multiferroics and magnetoelectrics by utilizing a collection
of scanning force microscopy to investigate the cross-coupled phenomena. We mainly focus
on the multiferroic hexagonal REMnO3 (RE = rare earth), an improper ferroelectrics with
the coexistence of ferroelectricity (Tc = 1200 - 1500 K) and antiferromagnetism (Tx = 70
- 120 K), and explore in depth the magnetoelectric effect of this system microscopically.
Using cryogenic magnetic force microscope (MFM), we observed uncompensated magnetic
moment along antiferromagnetic domain walls, which coincides with the ferroelectric domain
boundaries. This magnetism presents an alternating feature around the multiferroic vortex,
and correlates with each other through the vortex network. The study of the magnetic
field dependence of domain wall magnetism also provides a way to probe the intrinsic bulk
domain state.

To directly image the magnetoelectric domains, we developed a novel mesoscopic tech-
nique, namely, magnetoelectric force microscopy (MeFM), to probe the local electric field-

induced magnetization based on MFM. The detail of the novel technique will be presented

ii



in Chapter 2. With the application of MeFM in hexagonal manganities, we observed that
the magnetoelectric response changes sign at each structural domain wall, which provides
compelling evidence for a lattice-mediated magnetoelectric coupling. More interestingly,
the magnetoelectric effect diverges when approaching the tri-critical point in 7' — H phase
diagram, where critical fluctuation plays a crucial role. Our study suggests the phase
competition as a possibility to enhance magnetoelectric coupling. The systematic study of
hexagonal manganites, including ErMnO3 and YbMnO3, disentangles the contribution from
Mn and rare earth sublattices, suggesting that the 3d —4f coupling and the Ising anisotropy
of rare earth spins are the key ingredients to understand the re-entrant spin-reorientation

phase boundary and the emergence of a tri-critical point.
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Chapter 1

Introduction

1.1 Multiferroics

The coupling between magnetic and electric phenomena, microscopically, has a long-lasting
history. As described by the Maxwell’s equations, the changing electric field generates
magnetic field, and vice versa [1]. Macroscopically, the presence of multiple ferroic orders in
a single-phase material is called multiferroics. For instance, the most common multiferroics
possess magnetism and ferroelectricity simultaneously. The coexistence of multi-ferroic
orders may result in strong cross coupling, as described in Fig. 1.1, which can be harnessed in
various modern technologies [2, 3, 4, 5, 6]. The potential of manipulating magnetization with
electric field, or controlling electric polarization with magnetic field, is promising for high
sensitivity AC magnetic sensors, and electrically tunable microwave devices, like filters and
oscillators. This mutual control between magnetic and electric orders results in emergent
degree of freedom that is useful for material design and spintronics industry.

The search for multiferroics can be traced back to the pioneering studies in 1950s, though
there was less success in terms of coexistence of ferromagnetism and ferroelectricity, as these
two order parameters turned out to be mutually exclusively [7, 8]. One way to understand
the exclusivity is that most ferroelectricity prefers empty d-orbital, while ferromagnetism
requires it partially-filled (otherwise spins add to zero). In the compound BiFeQOg, the only
known existing system with antiferromagnetism and ferroelectricity at room temperature,
it is the Bi ion with lone pair (6s-orbital) that leads to spontaneous electric polarization,

while the magnetism originates from the Fe site [9]. However, the magnetoelectric coupling
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Figure 1.1: The electric polarization P, magnetization M, and strain € are controlled by
their conjugate fields electric field E, magnetic field H, and stress o, respectively. In
multiferroics, cross-coupling may be present, e.g., P (M) can be controlled by H (E). [5]
is relatively weak [9, 2]. Therefore, the concept of multiferroics has later been generalized to
any magnetic and electric orders, and attention has been diverted to mechanism of strong
coupling rather than the presence of the two ferroic orders. For the last twenty years,
there has been a resurgence of interest in this field, which is driven by the development of
advanced theoretical and experimental techniques [10, 11, 12, 7].

Depending on the mechanism of inversion symmetry breaking, there are proper and im-
proper ferroelectrics. In proper ferroelectrics, like BaTiO3, BiFeOg, and Pb(Fe2/3W1/3)O3,
the polar instability is the main driving force of the transition [2]. On the contrary, the polar-
ization is only the by-product of some other ordering (i.e., magnetic transition) in improper
ones. For instance, in the orthorhombic rare-earth manganites TbMnO3 and TbMn,Os, the
onset of ferroelectricity clearly correlates with the appearance of spiral magnetic ordering
[13, 14, 15]. Generally, improper ferroelectrics show complex magnetic structures and phase

diagrams.



1.2 Linear Magnetoelectric Effect

The linear magnetoelectric (ME) effect, initially discussed by Landau and Lifshits [16], is
characterized as the induction of a magnetization by electric field, or that of an electric
polarization by magnetic field [17]. The coupling coefficient is often described as a second
rank tensor «. For instance, o, denotes the z-direction response by applying the stimulus
along the same orientation. The linear ME effect has potentially technological impacts on
memory devices, high sensitivity sensors, and spin valve effects [2, 6, 4]. The measurement
of the components of « tensor is also crucial for fundamental science, e.g., for determining

the magnetic point groups.

1.2.1 Magnetic Symmetries

a Ferromagnets b Ferroelectrics c Multiferroics
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O : 3
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p invariant p switched

Figure 1.2: The responses under time reversal and spatial inversion operations for ferro-
magnet (a), ferroelectrics (b), and multiferroics (c). [3]

Intensive studies have been focused on the linear ME effect ever since the seminal work
on Cry03 done by Dzyaloshinskii and Astrov [18, 19, 20]. Phenomenologically, the linear ME

response originates from the lowest order bilinear term in the Landau free energy expansion:

1 1
F = FO — §€ijEiEj — §X1]H1HJ — Oél'jEiHj (11)

Taking the partial derivative of free energy F’ with respect to F;, and keeping only the cross



Tensor Forms of the Linear Magnetoelectric Effect (L1).
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Figure 1.3: Table of 18 possible tensor forms of the linear ME effect. [17]

term, we obtained:

F’i = 0 = O[Z‘jHj (1.2)

From the point view of symmetry consideration, magnetic spins reverse sign under time
reversal operation and remain invariant under spatial inversion symmetry. On the contrary,
electric polarizations need the broken spatial inversion symmetry while the time symmetry
can be invariant. Therefore, the linear ME tensor ayg has to break time reversal and
spatial inversion symmetries simultaneously [3], as shown in Fig. 1.2. Moreover, magnetic
point groups admit the physical properties of the system, suggesting the crystal to possess
certain magnetic point groups with broken time and space symmetries to have non-zero
«. This leaves us only 58 magnetic point groups allowing the linear ME «, summarized
in Fig. 1.3 [21, 22, 23]. Although this table doesn’t provide information in terms of the
ME amplitude, symmetry analysis is a powerful tool to place constrains on linear ME effect

based on its magnetic structures. For example, CroOs, the prototype linear ME material,



belong to the magnetic point group 3’m’, which falls into the category #14 in Fig. 1.3.
Astrov measured the linear ME effect in CroO3, and found that oy, = ayy # .., which

agrees with the symmetry consideration [19].

1.2.2 Measurements of linear ME effect

Linear ME response is a secondary effect compared with magnetic and electric susceptibil-
ities, and occurs mostly at low temperatures. The elements of the tensor « in single-phase

crystals are thermodynamically limited by

aij < Am\/&iiXjj (1.3)

though it is far from reaching this limit in most of the situations [24, 25]. For instance, the
maximum linear ME response in CryO3 is only &~ 4 ps/m at 263 K [23], corresponding to 0.4
Oe magnetic field induced by applying 100 kV/cm electric field. Therefore, it’s a technical
challenge to directly measure the linear ME effect, either magnetization induced by electric
field, MEg, or electric polarization induced by magnetic field, MEg. In fact, MEp method
is better than MEg one, for the reasons that a high energy density can be generated with a
magnetic field, and that MEr measurement always has the risk of electrical breakdown due
to the crystal defects. In any case, the so-called ME annealing, a process of applying both
electric and magnetic fields when cooling the sample, is mandatory for obtaining the single
ME domain state. Otherwise, the ayg from different ME domains, usually has opposite
sign, would cancel out and render the result to be less than the intrinsic value [17, 23, 22].

The pioneering measurement of ME effect was done by Astrov [19]. In his apparatus, a
high AC electric field was applied to the sample, which is sandwiched by the two parallel
capacitor plates, then the magnetic AC response was measured from the induced voltage
amplitude in surrounding pickup coil. As the development of superconducting quantum
interference device (SQUID) magnetometer, the Astrov’s approach was improved by taking
advantage of SQUID’s high sensitivity [26]. Both DC and AC measurements of the ME effect

were investigated by using the modified SQUID setup, as illustrated in Fig. 1.4, in which the



Vottage [—°
cmplrﬂer_'}
R
- |
) [ I N R |
Power | I
ac coll
| I
| l
| Joccol( [N Sample||
| l
| I
| I
ol s SQUID |
L ___ssw_ ___

Figure 1.4: The schematic plan of a modified commercial SQUID magnetometer for ME
susceptibility measurement. [26]

minimal ME susceptibility of 0.01 ps/m was achieved. However, the drawback for the bulk
measurement is the requirement of ME annealing, which is difficult for systems with strong
pinning effect. For example, in hexagonal manganites, where the defects are protected by
the topological vortices, it’s nearly impossible to fully polarize the crystal in ME annealing,
as the electrical breakdown may occur under large electric field [27]. On the contrary, some
local probe state-of-the-arts can map out the physical properties microscopically, which
requires no ME annealing. For instance, magnetic second harmonic generation (SHG) is a
powerful complementary method for imaging domains based on symmetry consideration [28,
29]. It may also be implemented for visualizing ME domains under certain circumstances.
However, SHG is an indirect measurement with poor spatial resolution. Therefore, the
mesoscopic technique with nanometer resolution and direct measure for the ME domain
structure is urgently needed. We have successfully developed a novel technique, called
magnetoelectric force microscopy (MeFM), to directly image ME domain pattern, which

will be elaborated in Chapter 2.



1.3 Hexagonal REMnOj;

Figure 1.5: Schematic structure of hexagonal REMnOQOg, the yellow, brown, and blue spheres
denote the RE, Mn, and oxygen atoms, respectively.

Hexagonal manganites REMnOgs (RE = Sc, Y, Ho, ... Lu) are multiferroics with coex-
istence of ferroelectricity (Tc ~ 1200 - 1500 K) and antiferromagnetism (T ~ 70 - 120 K)
[30, 31, 32, 33]. Five oxygen atoms form a trigonal bipyramid cage, which contains the Mn
ion at the center. The layer of MnOs; polyhedra, forming close-packed planes, is separated
by the layer of RE ions. Schematic structure is shown in Fig. 1.5. Tremendous studies have
been focused on this topic due to its profound and complex magnetic interactions, including
inter and intra Mn sublattice interaction, RE-RE interaction, and the interplay between Mn
(3d) and RE (4f) sublattices [34, 28, 35]. The magnetic ordering of Mn spins, below Ty, is
dominated by antiferromagnetic in-plane Mn-O-Mn superexchange, and supplemented by
a 2 orders of magnitude weaker interplane Mn-O-O-Mn exchange interaction. Mn spins
are confined in the basal plane due to the geometrical anisotropy, which overwhelms the
magnetic frustration, resulting in the 120° arrangement [35]. The Ising-like rare earth spins,
if any, are polarized by the Mn sublattice through 3d — 4f non-collinear interaction, while
the RE-RE dipolar one may be responsible for the additional rare earth ordering below 5 K

[36, 37, 38]. As for the ferroelectricity, it couples intimately to the lattice vibration mode,



for which the coupling mechanism was under debate for decades. In short, hexagonal man-

ganites provide a fruitful playground for the interplays among lattice, charges, and spins,

which are discussed in detail in the following subsections.

1.3.1 Origin of the ferroelectric transition
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Figure 1.6: The energy as a function of QF; polar mode (top) and Q, trimerization mode
(bottom). [32]

Hexagonal REMnOj3 has large electric polarization below T¢, e.g., the polarization in
YMnOs3 is 6 4C/cm? [39]. The ferroelectricity is characterized by the buckling of the MnOj
polyhedra, and the displacements of the RE ions. Unlike perovskite oxides, e.g., BaTiOs,
where the Born effective charge induces the polarization [40, 41], a structural instability,
known as trimerization mode, induces the ferroelectricity in hexagonal manganites. The
sequence of the transition from high-temperature paraelectric phase (P63\mmc) to low-
temperature ferroelectric phase (P63cm) has been the subject of debate [42, 43, 44, 30],
and it is suggested, by using group-theoretical analysis and first-principles calculations, the

polarization is strongly coupled to a single instability at the zone boundary [32].
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Figure 1.7: The energy landscape against the QF; mode as increasing the strength of Qx,
mode. [32]

In the paraelectric P63\mmc phase, all the ions are confined in the same ab plane,
whereas this mirror plane symmetry is broken in ferroelectric P63cm phase. First-principles
density-functional calculations found that the K3, zone-boundary mode at ¢ = (1/3, 1/3,
0), has the largest amplitude. This mode is also called trimerization, i.e., the unit cell triples
and forms a v/3 x v/3 superstructure. The zone-center polar mode (I} ), which is responsible
for the ferroelecticity, is a by-product of the primary trimerization mode, stemming from
the cross-coupling term between Qx, and QF; [32]. By expanding the free energy to the

fourth order in Qx, and QF27 including all symmetry-allowed terms, it is:
F(Qrs,Qr; ) = a20Q%, + aonl%Q— + B10Q%, + 504@152— + 531@?(3ng + B2Q%, 12~2— (1.4)

As shown in Fig. 1.6, the polar mode is stable due to the positive age coefficient,
showing a single well potential. On the contrary, the negative agg coefficient results in
the double-well shape energy in expansion of Qg,. Therefore, the primary ordering is the

lattice tripling, i.e., the buckling of the MnOj5 polyhedra, and the polarization cannot emerge
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Figure 1.8: The emergence of the electric polarization as the primary order parameter Qr,
grows. [32]

spontaneously with the QF; mode only. In the presence of the cross coupling terms, the
equilibrium position of QF; starts to shift to a positive value with nonzero @), resulting
in a polarization, and it grows with increasing (), as shown in Fig. 1.7. The polarization
is characterized as downward distortion of two thirds of RE ions and upward distortion of
the rest RE ions, as illustrated in Fig. 1.5.

Since the polarization is linearly proportional to the amplitude of QF;’ a relation be-
tween polarization and (Qk, can be obtained by minimizing free energy with respect to QFZ_,
and the dependence is plotted in Fig. 1.8. The polarization firstly increases slowly, then
turns into a linear increase with Q)x,. The K3 mode plays a role of kicking the polariza-
tion to nonzero equilibrium position, which is analogous to a crystal field. This coupling

mechanism suggests that hexagonal manganites are improper ferroelectrics.
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Figure 1.9: Triangular antiferromagnetic Mn?* spins have A-type ferromagnetic and B-type
antiferromagnetic coupling between adjacent planes along z. Different magnetic symmetries
transform to each other via in-phase and out-of-phase spin rotations. [45]

1.3.2 Magnetic symmetries and the phase diagram

The determination of the magnetic symmetry is a key to evaluate the physical properties
of matter, because symmetry can place constrains on the fundamental selection rules and
conservation laws. Considering the complex magnetic structure in hexagonal manganites,
various experimental techniques, including X-ray diffraction, neutron scattering, Faraday
rotation, and second harmonic generation (SHG), provide complementary measurements
for pinning down the magnetic symmetry. In particular, Fiebig has done some pioneering
work, by using SHG, in determining the magnetic phases in hexagonal REMnQOg3. This
nonlinear optical method, based on the relation between induced polarization P;(2w) and

applied electric field components Ej(w) and Ej(w) in Eq. 1.5, is able to distinguish the
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possible Mn3* spin structures [28, 46], like B; and By symmetry in Fig. 1.9.
P(2w) = &oxijp Ej(w) Ex(w), (1.5)

By applying the electric field along different orientations, the induced polarization emerges
only when X;?Zg is nonzero. The set of nonzero X?]}Zg tensor components correspond to cer-
tain magnetic structure. All the possible magnetic phases in hexagonal manganites are list
in Fig. 1.9, in which spin rotation angle ¢gpin = 0° or 90° is the ground state. For instance,
hexagonal ErMnQOj3 possesses the By symmetry at zero magnetic field below Ty, applying
high field induces an antiphase spin reorientation to A, phase through the intermediate one
[28, 47]. The symbols refer to one-dimensional representations of the crystallographic point
group [48]. The difference between A- and B-type structure lies in the nearest-neighbor spin
ordering, whether it’s antiferromagnetic or ferromagnetic coupling. Generally, Ay phase is
preferred at high magnetic field, for the reason that weak ferromagnetism is allowed when

the MnOj; polyhedra buckles.
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Figure 1.10: Magnetic phase diagram for TmMnQOgs. The phase boundary is derived from
anomalies of dielectric constant measurements. [49]
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The magnetic phase diagrams of hexagonal manganites can be inferred from the mea-
surements of magnetic, dielectric, optical and other physical properties [50, 51, 52]. Along
the temperature axis, it goes through a second-order phase transition from paramagnetic
to antiferromagnetic phase [35]. The shape of the Tx phase boundary shows a reentrant
behavior, the representative phase diagram is plotted in Fig. 1.10, where the boundary is
derived from the anomalies of €(T") and ¢(H) in TmMnOg3 [49]. This reentrant shape is
also seen in other hexagonal manganites as well, like ErMnOg and YbMnQO3. Hexagonal
HoMnOs is a special case with much more complex phase diagram, which is not discussed
within the scope of this thesis. Due to the anisotropic exchange interaction between Mn?*
and RE spins, they conform the same magnetic symmetry. The Zeeman energy gain, at the
Ising-like RE site under applied magnetic field, competes with thermal fluctuation, resulting
in the bending over of the phase diagram. The Mn3T spin reorientation transition has a
two-step feature at low temperature (< 10 K): at first, the spin rotates into an intermediate
region, characterized as a crossover transition; then it goes into the high magnetic phase
through a second-order transition. The two phase boundaries merge at a critical point,
below which is the first-order transition line. The subtle feature of the phase diagram will

be discussed in Chapter 4.

1.3.3 Interlocked domain walls and multiferroic vortex

Intensive studies focused on hexagonal manganites are primarily due to the potential ap-
plication for multi-functional memory devices. Because the formation of domains is the
hallmark of any ferroic order, it is of both fundamental and technological interest to micro-
scopically visualize cross-coupled domains and domain walls in multiferroics [54]. There are
a large body of evidences showing the interplay among microscopic spin, charge, and lattice
degrees of freedom in hexagonal manganites. The pioneering work, done by Fiebig, in imag-
ing the crossed coupling domain walls was achieved by using the nonlinear SHG technique

[53]. Because the 180° electric and magnetic domains break the spatial inversion and time
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Figure 1.11: Coexistence of magnetic and electric domains in YMnOs3 imaged with SHG.
Exposed second harmonic light from x(P) (a), x(PI) (b), and x(I) (c). The dark and bright
color corresponds to opposite ferroelectric (a), magnetoelectric (b), and antiferromagnetic
domains (c¢). The schematic of the cross-coupled domain walls are illustrated in d. [53]
reversal symmetry, respectively, SHG is able to distinguish the domains in a single setup. By
monitoring the SHG intensity at different temperature ranges: Tc > 1T > Ty, and I > T,
the electric polarization domain (Fig. 1.11a) and the ferroelectric antiferromagnetic domain
(Fig. 1.11b) can be visualized. Surprisingly, the ferroelectric domains are always coupled
with the magnetic ones, as shown in Fig. 1.11d, suggesting the intrinsic magnetoelectric
coupling. Furthermore, free magnetic domain walls, not associated with the polarization
reversals, are present as well. The clamping mechanism was attributed to strain mediation
and reconstruction of spin interactions at the polarization boundaries. However, the spatial
resolution in SHG (& 10 pm) is not high enough to clarify the microscopic mechanism.
Recent advanced microscopic observations have shed light on the clamping mechanism in
bulk hexagonal manganites. T. Choi et al. performed the transmission electron microscopy
(TEM) measurements on a thin YMnOs single crystal, and observed the emergence of six
domains from the central point, resembling a cloverleaf pattern [27]. The high-resolution
(=~ 10 nm) TEM observation has identified the presence of structural antiphase domain

boundaries (APBs), as shown in Fig. 1.12a. This cloverleaf pattern is assigned with a
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Figure 1.12: a, TEM dark-field image shows the antiphase domains emerging from the
central point. b, the schematic describes that the antiphase structural domain boundary
interlocks with the ferroelectric one. Topography (c) and CAFM (d) images are taken at
the same location, demonstrating the smooth surface with nanometer roughness and the
striking cloverleaf domains with conductive contrast. [27].

periodic configuration of three types of antiphase domain, « — 8 —v—«a— [ —-. Those three
types of antiphases stem from the three possible trimerization distortion, as described in Fig.
1.13. One intriguing feature in the dark-field TEM image, Fig. 1.12a, is that bright and dark
contrasts alternate around the center, corresponding to the upward and downward electric
polarization domains. Therefore, it is emphasized that the APBs intimately interlocked
with the ferroelectric domain boundaries, forming a cyclic configuration [a+, 8—, v+, a—,
B+, y—], shown both in Fig. 1.12b and Fig. 1.13 [27, 56]. Other microscopic complementary
measurements, like conducting atomic-force microscopy (CAFM) (Fig. 1.12d) and piezo-
response force microscopy (PFM) [57, 58], all suggest six alternating ferroelectric domains
emerge from the vortex point, which is thus noted as multiferroic vortex. The presence

and robustness of the vortices are topologically protected by the structural defects. More

elaborate Landau theory, with parameters determined from first-principles calculations,
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Figure 1.13: On the left, six structural antiphase domains with the arrows denoting the
direction of the apical oxygen distortion. The Mexican hat shape of the free energy land-
scape (right panel) in hexagonal manganites, Q and ® denote the amplitude and phase of
the trimerization state. [33, 55]

outlines the free energy landscape in terms of the trimerization amplitude ) and phase
® [33]. The contour plot shows a Mexican hat shape, suggesting [a+, 8—, v+, a—, [+,
~v—] are indeed the six ground states. Moreover, it reveals that the lowest energy domain
wall configuration is the shortest path (white dotted line in Fig. 1.13) connecting two
neighbouring states whose phase differs by +7/3. Therefore, the only possible configurations
are [a+, f—, v+, a—, B+, v—] (vortex) and [a+, v—, S+, a—, 7+, B—] (anti-vortex), which
agrees with a graph theory study of vortex network [59]. In addition, vortex-like charged
ferroelectric domain walls in the ab plane are also observed by PFM, CAFM and Kelvin-
probe force microscopy [60, 61]. The multiferroic vortex, so far, has included the degree of
freedoms of charge and lattice. A major part of my thesis work is to demonstrate that it
is also magnetic spin and magnetoelectric vortex, which is discussed in Chapter 3 and 4,

respectively.
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Chapter 2

Development of magnetoelectric force microscopy

In 1981, the scanning tunneling microscopy (STM) was invented by Binnig et al. for imaging
the individual atoms [62]. Later on, huge success was achieved by utilizing STM in exploring
the sub-nanometer world, and Binnig and Rohrer won with the physics Nobel Prize in
1986. Due to the mechanism of tunneling, STM is limited to conductive materials such
as metals and semiconductors. To extend the applications to insulating materials, Binnig
et al. developed the atomic force microscopy (AFM) shortly after the invention of STM
[63]. The operation of AFM is much more robust in various environments than STM, which
needs ultra-high vacuum to prevent surface contamination. AFM can be implemented under
ambient condition, and can be used for measurements of any materials in solid and even in
liquid. The basic principle is to detect the atomic force, which is composed of long-range
attractive van der Waals force and short-range repulsive Coulomb one, as shown in Fig.
2.1. It has various variants depending on the measured forces and the operation modes.
For example, the general AFM can map out the topographic features of the surface with ~
10 nm lateral resolution and < 1 nm resolution in height. If the electrostatic or magnetic
interaction exists between the tip and the sample, an electric potential or magnetic stray field
map can be obtained, i.e., electric force microscopy (EFM) or magnetic force microscopy
(MFM). This is possible for the reason that electric/magnetic force dominates at long-range,
while atomic force is effective at short-range.

In scanning force microscopy, a sharp tip, located at the end of a cantilever, is attached
to a x — y — z piezo-scanner, which can precisely control the movements of the cantilever

along three orientations. There are several operation modes, including contact, non-contact,
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Figure 2.1: The force response curve (red) is a sum of long distance attractive van der
Waals force (green) and short range repulsive force (blue).

tapping, constant height modes etc., for different measurement purposes. In contact mode,
the tip is pressed against the sample surface, and the cantilever deflection is used as the
feedback signal. By coating the tip with conductive material, it can be used for local current
(CAFM) or piezo-response (PFM) measurements. In non-contact mode, the tip is hovering
5 - 15 nm above sample surface, in which the attractive van der Waals force gradient is used
as the feedback signal. For the tapping mode operation, the tip gently taps the surface,
and the cantilever vibration amplitude is maintained constant through the feedback loop. It
allows high resolution topographic imaging with minimal damage to the surface, and reliable
EFM/MFM measurements by alternatively putting the tip in tapping and lift mode. All
the modes above are controlled via a feedback loop on the piezo-scanner, while in constant
height mode the tip scans over a pre-determined plane with feedback turned off, which
allows “quiet” measurements without noise generated by feedback loop. The specific force
microscopy techniques, like MFM, PFM, and the novel magnetoelectric force microscopy

(MeFM) invented by our lab, will be discussed in detail in subsequent sections.



19

2.1 Cryogenic magnetic force microscope

Amplitude feedback off

e o N ch|p
7 \ 2% b g | |

""" i O v, - L ]

MFM scan Piezo-plate
~50 nm
Amplitude feedback on
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Figure 2.2: In MFM, the topography and magnetic line profile are measured successively.
The interleave mode can minimize the topography-related feature.

Magnetic force microscopy (MFM) is a powerful tool to detect local magnetic dipoles
with high spatial resolution (20 - 50 nm) and high magnetic sensitivity, it is widely applied
in industry and fundamental research for imaging magnetic domains and domain walls [65].

The basic principle of MFM is to sense the magnetic interaction of tip/sample system:

U= —/Mtip(r) - B(r)dr (2.1)

where My, is the tip magnetization, B(r) is the magnetic stray field from the sample [66, 67].
Approximately, the tip magnetization can be considered as a constant dipole magnetization

M, and the interaction, to the first order of estimation, is
U=-m-B (2.2)
Then the measured magnetic force is
13 . 9, .
F=-vwU-= Z &(mme +myBy +m.B.)i = ngBzz (2.3)

where the last equality holds up by assuming the tip is only sensible to out-of-plane stray

field.
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Scanning head

Figure 2.3: The picture of our home-built cryogenic MFM (left) and the scanning head
(right).

First of all, considering the cantilever as a mechanic spring with force constant kg, then
effectively

k=ko—F, (2.4)

the “spring” is softened or stiffened by the force gradient. Thereafter, the resonant frequency

of the cantilever changes accordingly

1 [k 1 [k—F, Fy1/ 1
— 4~ = 2Tz 1-=2 ~ fg— fo—F 2.
/ 2rVm 27 m fo ko) fo=Jo 2ky (2:5)

So the frequency shift of the cantilever resonant frequency is

Af F m. 9°B,

fo - _Qko - _Qko 8z2

(2.6)

which relates MFM signal (A f) to the magnetic force gradient. The MFM signal is demod-
ulated via the frequency modulation (FM) technique, which keeps tracking the cantilever’s
resonant frequency through a phase locked loop [68]. Under certain circumstances, the
second derivative of the stray field is equivalent to the magnetization distribution, i.e., the

measured “frequency shift” image approximately represents the magnetic domain patterns.



21

To Bridge bias To bias
Differential
Amplifier 3 Cantilever
Wide-rangel 5 peformation
Amplifier Signal
Cantilever
Reference

Figure 2.4: Schematic of the self-sensing piezo-resistive cantilever circuit. The cantilever
deflection is monitored by the change of the resistance, which is precisely measured by the
Wheatstone bridge. [64]

As shown in Fig. 2.2, MFM is taken with the interleave mode: it firstly scans the topog-
raphy with tapping mode, then the tip is lift to maintain constant height from surface. In
the lift mode, the amplitude feedback is turned off, and only the long-range magnetic force
is sensed. The constant lift height guarantees that the topography effect is minimized in
MFM image.

The instrument I mainly worked on is our home-built cryogenic magnetic force micro-
scope, shown in Fig. 2.3, which is capable of magnetic imaging in a wide temperature range
(2.5 - 300 K) with in — situ high magnetic field (8.0 T) and high voltage (1.0 kV). The
scanning probe has a compact design, a circular cylinder with a 8-inch height and a 1-inch
base radius, and it is suitable for liquid helium experiments. The apparatus is interfaced
with a Nanoscope IIla (Bruker) controller and a Nanois Phase Locked Loop (SPECS). The
cantilever displacement is sensed by the piezo-resistive method, i.e., the stress-induced re-
sistivity change of piezo-resistive material integrated on the cantilever, as illustrated in Fig.
2.4 [64, 69]. The cantilever resistance is precisely balanced by a Wheatstone bridge. The
difference between the cantilever and reference is amplified 2000 times via a differential am-

plifier, it is then feeded to the controller as the cantilever deflection signal. The MFM tips
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are fabricated by coating the bare tips with nominally 60 nm Co film using electron-beam
evaporation, which is capped with 2 nm Cr layer to prevent oxidation [70]. The direction
of the tip moment is determined by external magnetic field.

We have invented a cutting-edge mesoscopic technique, called magnetoelectric force
microscopy (MeFM), to directly image and measure the local magnetoelectric (ME) domains
[71]. Although sensitive techniques have been developed for macroscopic measurements of
ME effects, little has been done on mesoscopic detection within a single domain or at domain
walls. The ME effect is usually measured through macroscopic methods, like the Astrov
apparatus mentioned in Section 1.2.2. Hence, it is necessary to perform the ME annealing,
i.e., applying magnetic and electric fields simultaneously through the magnetic transition
temperature, to obtain a single ME domain for reliable measurements. The ME annealing,
on one hand, can be difficult for systems with strong pinning effects. On the other hand,
the mesoscopic detection of the bulk ME effect of domains or domain walls has never been
realized [72]. The direct observation of ME effects in the domains (and/or at domain walls)
is crucial to reveal the underlying mechanisms of ME coupling. Our cryogenic MFM system
can apply high electric field, without interference with the magnetic detection. The lock-in

technique is applied to enhance the signal to noise ratio to detect weak local ME effect.

2.2 MeFM design principle

The basic principle of the MeFM setup is shown in Fig. 2.5. The sample is sandwiched by
two electrodes, forming a parallel plate capacitor-like structure. A thin gold film (~50 nm)
is deposited on the surface as the top electrode, which is electrically grounded to eliminate
the electrostatic interactions between MFM tip and sample. A high AC voltage V(w)
(w/2m = 10-300 Hz) is applied to the bottom electrode, generating an alternating electric
field F(w) throughout the sample. In a magnetoelectric material, the magnetic stray field
B(w), from the induced magnetization Mg(w) = amg - F(w), would be modulated at the

same frequency as that of the applied voltage.
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Figure 2.5: The voltage-induced magnetic signal is demodulated by a phase locked loop
and a lock-in amplifier, successively. The output of the lock-in amplifier is recorded as the
MeFM image. An example of ME domain is shown with a perspective view. [71]

The magnetic stray field is detected by a magnetic tip lifted from surface, resulting in
a modulated MFM signal §f,(t), which is extracted by a phase locked loop (PLL). The
modulated MFM signal is further fed to a lock-in amplifier to demodulate the My signal.
The output of the lock-in amplifier is recorded as the MeFM image while the MFM tip
scans over the sample surface. Consequently, the ME signal is linearly proportional to the
applied electric field, as described by Eq. 2.7. The ME domains can be directly visualized
by MeFM due to different ME coefficients ayg, showing different color contrasts in MeFM,

the perspective image in Fig. 2.5.

d frserm(w) ox 0;B(w) ox Mg(w) = amg - E(w) (2.7)

The design of the MeFM is realized in our home-built cryogenic MFM. The sample is
glued on a piece of sapphire plate with silver epoxy, which also serves as the back electrode.
The sapphire plate is used for excellent electrical isolation and thermal conduction. An
alternating voltage is generated from a standard lock-in amplifier (SR830) and is amplified

by a Nanonis high voltage amplifier. To avoid the electrical interference, the modulated
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high voltage is transmitted through a coaxial cable. The modulation frequency (10-300 Hz)
is far separated from the resonant frequency of the cantilever (x~ 40 kHz).

To reliably measure the E-induced magnetic signal, the tip is maintained at a constant
height (20-200 nm) from sample surface. One way is to use the frequency shift as topography
feedback, i.e., non-contact mode, in which the force curve is calibrated to fall into the van der
Waals range, where the frequency shift versus distance has a slope with fixed sign. The tip
is able to approach closely to the surface (<10 nm). The tuning parameters for z feedback is
carefully adjusted so that it is fast enough to follow the slope of the sample surface plane, but
slow enough not to respond to the modulated magnetic signal. For example, if the electric
field modulates at 50 Hz, the time constant of the z feedback should be larger than 20 ms to
be insensitive to modulated stray field. On the other hand, if the feedback parameters are
too slow, the z-piezo may not response timely to the large topography variation, resulting
in the tip crash. However, the constant height approximation fails in the presence of strong
static magnetic signal, which mixes with the van der Waals force, causing the tip to follow
the magnetic pattern rather than the intrinsic topography. Alternatively, the topography
feedback is disabled, and the MFM tip scans over a predetermined plane with a constant
height from sample surface by intentionally outputting voltages to control the scanner. This
is achieved by breaking in the communication between the scanner and the controller: at
first, the surface plane is measured by locating four corners with topographic scan, and
the flying plane is calculated with constant height offset from the surface via a LABVIEW
program; then, z-piezo voltage is carefully controlled based on the measured zy voltage
during scanning. Note this mode requires a strict thermal stability of the MFM system
over a long period to avoid the tip crash due to thermal drift. In either case, the feedback
of the PLL has to be fast enough to capture the modulated magnetic signal Mg. The
demodulated MFM signal is fed to the input of the lock-in amplifier and the in-phase signal

(i.e., z-channel) is recorded as the MeFM image.
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2.3 Results and cross-checks

Figure 2.6: The topography, PFM, and MeFM images on the (001) surface of hexagonal
ErMnOj3 (red boxed) and YbMnOg (blue boxed). [71]

To demonstrate the feasibility of the MeFM, the local ME responses of hexagonal man-
ganites, ErMnOs and YbMnOgs, were studied. By performing measurements under various
temperatures and magnetic fields, we achieved, for the first time, the unprecedented direct
visualization of magnetoelectric domains, which coincide with the ferroelectric domains, as
shown in Fig. 2.6. Comprehensive MeFM studies suggest that the magnetoelectric coupling
in hexagonal manganites is mediated through a lattice instability, which is corroborated by
symmetry analysis as well as a phenomenological modeling. More details will be discussed
in Chapter 4.

To ensure the observed MeFM signal is from intrinsic ME effects, we have performed
several cross-checks and control experiments. Since long-range forces, including magnetic
and electrostatic interaction, would contribute to the MFM signal, numerous efforts were
taken to eliminate the extrinsic electrostatic interaction. For instance, the sample is coated
with an adequately thick gold film (50 nm) which is grounded to screen all the electric
fields. Thin (<200 pum) plate-like crystals are chosen to minimize the stray electric field

coming from the edges of electrodes. A control MeFM measurement was performed on a
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Figure 2.7: The combination of the annealing E' and B fields determines the sign of the ME
coupling coefficient, and its amplitude scales with the antiferromagnetic order parameter
below Tgy. The T-dependence of the linear ME effects in DyFeO3 were measured with
MeFM after different annealing conditions (E = +/-10 kV/cm, B = 1.0 T). [71]

piece of glass coated with gold film, and no MeFM signal was detected with the application
of F and B fields, excluding the possibility of contamination from electrostatic interaction.
Furthermore, another linear ME system, the orthoferrite DyFeQOgs, was investigated as well.
It has giant ME response below the Dy3* ordering temperature (Tl\]:l) Y &~ 3.5 K), and the
sign of ayip depends on the orientations of annealing E' and B fields [73]. The temperature-
dependent MeFM studies were performed on the (001) surface of DyFeOg after preparing
bulk single domain states with different ME annealing. The measured MeFM signal is in
agreement with a previous study, i.e., the temperature dependence of B-induced electric
polarization in DyFeOs, as shown in Fig. 2.7.

The influence of F—induced surface deformation to MeFM signal is negligible because
of the weakness of piezo-response coefficient dsz (<1 pm/V) of hexagonal manganites, and
the cancellation of ds3 due to the random stacking of ferroelectric domains along the c-axis.
The MeFM contrast is linearly proportional to the amplitude of applied E field, as shown
in Fig. 2.8, indicating that it is a linear response. In addition, both the magnitude and

the phase of MeFM signal are independent on the modulation frequency, confirming the
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Figure 2.8: FE-field dependence of the MeFM contrast at various representative magnetic
field and temperature points in hexagonal ErMnOs. [74]

magnetization induced by electric field as the origin.

2.4 Performance optimization
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Figure 2.9: a, the power spectral density of the MFM signal with the modulation voltage
(Vims = 200 V, w/27w = 50 Hz) applied to the back electrode. The inset shows the MeFM
signal under various modulation frequencies. b — e, MeFM images are taken at the same
location with 30 Hz, 50 Hz, 70 Hz, 291 Hz modulation voltage applied. The color scale in

e is one tenth of that in rest images. [71]

Due to the weakness of ME effect, a lot of efforts are focused on tuning experimental

parameters to optimize the signal to noise ratio (S/N). The power spectral density (PSD) of
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Fourier transform of MeFM signal is a powerful tool to analyze the modulated magnitude
of signal and noise. Figure 2.9a shows a representative PSD of the MFM signal, in which
a 50 Hz alternating voltage (200 V) is applied. The peak at 50 Hz corresponds to the
modulated ME signal. The “hump” around 150 Hz is caused by the effective bandpass
filter of frequency feedback in PLL. It results in the attenuation of demodulated signal at
high frequency [75]. The modulation frequency dependence of the MeFM contrast is plotted
in the inset of Fig. 2.9a. Apparently, it remains constant at low frequency (<80 Hz), and
gradually increases when approaching the bump. Note that the PSD baseline represents
the convolution of frequency noise and the transfer function (an effective damped harmonic
oscillator) of PLL. Therefore, the rise of the frequency signal at higher frequencies (>80 Hz)
is probably caused by the resonant enhancement of the background noise. Figure 2.9 show
the MeFM images with E field modulated at different frequencies. They have similar image
contrast at low modulation frequencies, while the one with high modulation frequency has
much smaller contrast, in which the color scale is only one tenth of that in the rest images.
In addition, lower modulation frequency produces lower noise level, resulting in better S/N,
which is consistent with the trend of PSD baseline. However, lower modulation frequency
requires longer averaging time to obtain the intrinsic ME response. For example, 30 Hz
modulation needs 0.1 s for each data point, then capturing a (256x128) MeFM image takes
approximately 1 hour. Therefore, as a trade-off between data quality and efficiency, the

nominal modulation frequency is chosen to be 50 Hz for MeFM measurements.

2.5 Signal estimation

Based on Equation 2.7, the measured signal 0 fypepnm 1S proportional to the product of ME
coefficient and applied electric field. To get a reasonable estimation of apg, we need to
consider various factors, e.g., the tip strength, lift height, and the electric field. The E-field
induced magnetization (Mg) is estimated by comparing the MeFM signal with the MFM

signal measured on a known ferromagnet. Because the MFM signal originates from the
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dipolar interaction between the MFM tip and the local magnetic domain, d fyrpn is approx-
imately proportional to the product of the MFM tip moment my;, and the magnetization

of the local domain (Mgomain), that is

5fMFM X Mip - Mdomain (28)

The same formula is applied to the MeFM signal, i.e.,

0 frerm o< Mmuip - Mp (2.9)

By comparing the image contrast of the MeFM images with that of the MFM images of a

known ferromagnet, the My signal can be estimated as following;:

O fMeFM MUip(MFM)

Mg =
O fMFM Mip(MeFM)

Mdomain(MFM) (210)

Here we use the ferromagnatic Fe;/,TaSy (Tc ~ 160 K) as the calibration sample, which
has strong uniaxial anisotropy with out-of-plane easy axis [76]. The ferromagnetic domain
patterns are observed on single crystals of Fe;/,TaSy after zero field cooling using our
cryogenic MEM [77]. A representative MFM image measured at 60 K is shown in Fig. 2.10.
The ratio of the MFM tips’ moments was estimated from MFM measurements on the same
reference sample (a commercial magnetic tape) at room temperature. From Eq. 2.8, we
obtain the ratio between different tips:

tape
5ftipIEMeFM)

ftape
tip(MFM)

Mtip(MFM)

= (2.11)
Miip(MeFM) )

Using the saturated magnetization of Fe;/,TaSy (1 up/fu.) for Myomain, and the MFM
image contrast of Fig. 2.10 (§fyrm ~ 16.5 Hz), the induced magnetization Mg can be
obtained based on Eq. 2.10. For example, the MeFM study on ErMnOg; has a strength of
3.83 mHz (8 fusernm ), the induced magnetization My is estimated to be 6.8 x 107> (ug/f.u.).
Therefore, the linear magnetoelectric coupling coefficient can be estimated using the def-
inition & = Mg/E ~ 13 ps/m (E = 10% V/m), which agrees with the first-principles
calculations. Similar results are obtained using the same calibration procedure on different

Fe;,TaSs single crystals and other ferromagnetic samples.
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Figure 2.10: a, the out-of-plane magnetic domain patterns on the (001) surface of a
Fe;/4TaSy single crystal were observed in MFM at 60 K after zero field cooling. b, a
representative line cut of the blue line in a shows the profile of the ferromagnetic domains.

[74]

The reminders of this thesis are organized as follows: in Chapter 3, the cross-coupled
domain walls in hexagonal ErMnOQOs3 are investigated via the combination of PFM and low
temperature MFM, suggesting a strong ME coupling at the boundaries [78]; a milestone

work in understanding the bulk ME coupling in hexagonal manganites will be presented in

Chapter 4 [74].
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Chapter 3

Collective magnetism at multiferroic vortex domain walls

In Section 1.3.3, we have discussed the multiferroic vortex in hexagonal manganites, com-
posed of cyclic interlocked structural antiphase and ferroelectricity domain states, forming a
topology-protected defect. Topological defects physics, which have been fruitful playgrounds
for emergent phenomena, are pervasive in complex matter such as superfluids, liquid crys-
tals, the Earth’s atmosphere, and the early universe [79]. Recently, vortex-like topological
defects, called magnetic skyrmions, were observed in helical magnets with broken inversion
symmetry [80]. The interplay between the topological spin texture of skyrmions and the
spins of conduction electrons may lead to novel spintronic applications. Hexagonal mangan-
ites, which possess the cross-coupled lattice charge freedoms and complex magnetic phases,
attract great interest in achieving the magnetoelectric coupling. Despite of much exciting
progress on the macroscopic magnetoelectric coupling and the 6-state vortex physics, the
magnetic nature of the vortices were still unknown. At the antiphase domain boundary,
the structural phase shifts atomically sharp [27, 81]. Because the Mn atom carries spin-
s, presumably, the antiferromagnetic Mn®* spins must response to the structural domain
boundary, making the multiferroic vortex a coupled charge, lattice, and spin topological
defect.

Previous second harmonic generation (SHG) studies suggested that ferroelectric domain
walls (DWs) in YMnOj3 always pin 180° antiferromagnetic DWs in millimeter size crystals
[53]. However, SHG is unable to resolve vortex domain structure due to its spatial reso-

lution limitations (~10 pm) [53]. Several novel techniques, such as X-ray magnetic linear
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dichroism (XMLD) [82], scanning micro-diffraction [83], and spin polarized-scanning tun-
neling microscopy (SP-STM) [84], are able to visualize antiferromagnetic domains or walls
in very limited cases. None of these state-of-the-art are applicable in hexagonal REMnOs,
because it is an insulating antiferromagnet with non-collinear commensurate spin structure.
XMLD is powerful in detecting orientation domains of collinear antiferromagnets, scanning
micro-diffraction can only distinguish domains with different structural modulation wave-
vectors, and SP-STM is only applicable for conductive samples. Magnetic force microscopy
(MFM) has been widely applied in the data storage industry for its high magnetic sensitiv-
ity and nanometer spatial resolution in detect stray field gradient [85]. Advanced MFM has
successfully visualized uncompensated moments at the interface of exchange bias systems
[86]. As far as we are aware, this is the first report of direct visualization of uncompensated

moments in antiferromagnetic domain walls.

3.1 Sample preparations

To correlate the antiferromagnetic domains with the ferroelectric one, cryogenic MFM and
PFM measurements need to be performed at exactly the same location. Since the two
kinds of images are measured in different microscopes, it is a technical challenge to locate
the same spot within nanometer error. Because electric charges accumulate on the bare
surface of hexagonal manganites, the resulting electrostatic interaction strongly interferes
the magnetic signal detection in MFM. The sample surface is usually coated by a thin
gold film (=~ 50 nm), deposited with magnetron sputtering, to screen off the electric field,
and the deposition may change the morphology. Fortunately, magnetron sputtering barely
introduces extra topographic features. There are several steps to align ambient PFM and
cryogenic MFM images: at first, a location (500 ym x 500 pm) with significant features is
chosen, which is visible under optical microscope; then, it is mapped out by approximately
30 PFM images (100 pm x 100 pm), patched together to form a large topographic and

PFM map; third, the surface is coated with thin gold film, and a second topographic map is
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Cryogenic
MFM image
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Figure 3.1: Schematic of aligning PFM and MFM images. a, optical image of a plate-like
ErMnOg single crystal, the red circle denotes the area of interest with significant feature
visible under optical microscope. Several PFM images are patched to cover the area, and
the PFM and the same location topo map are shown in b and c. After depositing gold
film, the topographic map is measured again and aligned with previous one (d). At last,
the topography of cryogenic MFM image (black box) is aligned to the topo map (d), and
eventually correlates with the same location PFM image.

acquired roughly around the same location, topographic landmarks are used to align the two
topographic maps. Finally, the sample is transferred to the cryogenic MFM, and the tip is
landed within the 500 um x 500 pum zone under optical microscope. After that, a 40 pm X
40 pm region (maximum scan area) in cryogenic MFM is compared with the aforementioned

large topographic map by aligning the subtle topographic features, and the MFM and PFM

measurements at the same location are achieved. The procedure is illustrated in Fig. 3.1.
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Figure 3.2: a, ambient PFM image on the (001) surface of a single crystal hexagonal
ErMnOs. The red and blue colors in PFM correspond to up and down polarization domains.
b (c), MFM image measured at 5.5 K in a 0.2 T out-of-plane magnetic field after -0.2 T
(40.2 T) field cooling from 100 K to 5.5 K. The MFM images are taken at the same location
as the PFM image. d, a cartoon sketch shows the setup of the MFM experiment. e, the line
profile of the MFM signal along the blue line in b, vertical green lines denote the position of
the DWs as indicated by the green arrows in b. f, a perspective view of PFM (a) and MFM
(c) images with brown arrows representing the orientation of the uncompensated magnetic
moments at structural antiphase ferroelectric DWs. [78§]

3.2 Interlocked ferroelectric and antiferromagnetic domain walls

Room temperature PFM images are taken on the (001) surface of a single crystal hexagonal
ErMnOs, shown in Fig. 3.2a, where six alternating up (red) and down (blue) ferroelectric
domains merge at a vortex core. The MFM images (Fig. 3.2b, c¢) are measured at 5.5 K
in a 0.2 T out-of-plane magnetic field after field cooling from 100 K (> Tn =~ 80K), taken
at the same location with the PFM image. Clearly there are line features with alternating
bright and dark colors in the MFM images, correlating with the antiphase ferroelectric
DWs around the vortex core in the PFM image. Note that the contrast inversion between
Fig. 3.2b and 3.2c is due to the reversal of local net moments because the orientation of
the MFM tip moment is determined by the external magnetic field (0.2 T > puoH. ~ 0.02

T). The line profile of MFM signal is plotted in Fig. 3.2e, and more line profiles are
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Figure 3.3: a and ¢, MFM image of vortices measured at 5.5 K in 0.2 T magnetic field from
different samples of the same batch. b (d), the line profile of MFM signal along the blue
line (box) in a (c). e, cartoons of magnetic stray fields and the corresponding MFM line
profiles from in-plane and out-of-plane magnetic moments. [78]

shown in Fig. 3.3. Assuming dipole interaction between MFM tip and local net moment,
the out-of-plane net moment produces a single peak line profile, while the in-plane one
generates an antisymmetric up down line feature, as shown in Fig. 3.3e. Therefore, the
MFM signal at DWs originates from local net moments along the c-axis. Since no net
moment is expected inside antiferromagnetic domains, the net moments at the DWs must
come from the uncompensated moments at the antiferromagnetic DWs which are coupled
to the antiphase ferroelectric DWs. The fact that orientation of cooling magnetic field
determines the magnetic state of alternating vortex DWs (comparison between Fig. 3.2b
and 3.2c) suggests that the DW magnetism is likely a correlated phenomenon, tied to
the antiferromagnetic order of the Mn3T spins. Therefore, this results provide compelling
evidence that the 6-state vortices in ErMnQOg are truly multiferroic. The perspective PFM
and MFM images in Fig. 3.2 reveal that the uncompensated magnetic moments at DWs
around a vortex core are parallel to the c-axis with alternating orientation, similar to the

alternating ferroelectric polarization of domains around a vortex core.
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Figure 3.4: a, topography, b, room-temperature PFM image, and ¢, MFM image taken at
the same location on the (001) surface of a ErMnOs single crystal. d, a cartoon sketch of
the DW net magnetic moments over the entire field of view based on MFM data of one
vortex and the connectivity of vortices in b. Black (white) lines represent up (down) net
moments. [78]

To determine whether the alternating pattern of DW net magnetic moments is a local
property or a global one of the vortex network, the MFM image with maximum scan size
(16 x 16 pm) at 5.5 K is obtained. The alignment between PFM (Fig. 3.4b) and MFM
(Fig. 3.4c) images is realized by using topographic features. An illustration of the pattern
of DW net moments is showed in the cartoon (Fig. 3.4d), which is based on the vortex
connectivity in the PFM and the magnetic pattern of one vortex. Clearly, the DW signals
in the MFM image are in excellent agreement with that in the illustration, suggesting that
the alternating DW net moments correlate over the entire field of view, possibly over the
whole sample, and thus representing a collective phenomenon. The collective magnetism is
confirmed at multiple locations on different crystals from the same batch (Fig. 3.5). The
finding suggests the existence of two types of magnetic DWs, noted as DWt and DWry;.

The origin of the net moments at the DWs seems puzzling. Previous micromagnetic anal-
ysis of 180° antiferromagnetic DWs in hexagonal YMnOgs suggested that oscillatory uncom-
pensated Mn>t spins rotate across the DW in the ab-plane due to in-plane anisotropy, which
doesn’t account for the observed out-of-plane magnetization. Furthermore, the uncompen-
sated moment from the pure antiferromagnetic Mn3* DWs is too weak to be comparable

with the detected signal. Therefore, the observed out-of-plane uncompensated moments

likely come from Er®* spins, which generally have out-of-plane anisotropy. To understand
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Figure 3.5: The correlation of alternating domain wall net moments over multiple vortex
netwroks. [78]
the origin of the DW moments, we studied the temperature dependence of the DW magnetic
signal, as shown in Fig. 3.6. The DW contrast, defined as the difference between bright and
dark DWs, decreases sharply at low temperature (<10 K), then the trend becomes slowly
at higher temperatures, which resembles the Curie-Weiss behavior. Note that the behav-
ior is inconsistent with temperature dependence of the Mn3* order parameter (the green
dashed line in Fig. 3.6g) [87]. Assuming that the MFM signal is proportional to the DW
net moments, a good fit (red solid line) of temperature dependent DW contrast is obtained
by using 0 K phenomenological doublet model. In this model, the effective doublet ground
state of Er3T ions is split by the exchange fields from neighboring Mn3* spins [36]. Indeed,
the DW contrast disappears above 80 K, in excellent agreement with Ty, inferred from the
bulk susceptibility data.

The doublet model has been successful in explaining the bulk, i.e., inside domains, partial

RE3* ordering in other hexagonal REMnO3, which are examined with X-ray magnetic
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Figure 3.6: a, PFM image at the same location as the MFM images, DWy (DWryj) are
labeled by “I” (“I”). b-f, selected MFM images at various temperatures. The color scales
are noted at the left bottom of each image. g, temperature dependence of the DW contrast
(A fi1 — Af1) of two DWs noted by green arrows in a. The red curve is a fitting curve based
on a phenomenological doublet model. The inset shows the derivative of the DC suscep-
tibility with respect to temperature dxpc/dT. The green dashed line is the temperature
dependence of the Mn3*t order parameter moment according to neutron scattering. [78]

resonant scattering, neutron diffraction, and Mossbauer spectroscopy [37, 36, 38]. The
characteristic temperature dependence of the RE3* moment in hexagonal REMnO3 is an

S-shaped curve described by:

A(T)
2kpT

mRE(T) = mRE(O) - tanh (31)

where A(T) = Ag-mnm (T)/mam(0) is the splitting of the effective doublet due to exchange
interactions from the Mn3* 120° antiferromagnetic order moment myp,(T) [37, 36, 38].
It acts like the effective field to polarize the Ising-like RE?* spins. The Mn3T ordering
data is from neutron scattering mam (T') = mam(0) - [1 — (T/Tn)%)® with fixed parameters:
d ~ 2.36, e = 0.31 [87]. By fitting the temperature dependent DWs contrast, it is obtained
that Ag = 8.7+ 1.5K, and Ty = 80 &= 1K. The value of A is consistent with the values
obtained in HoMnO3 (11 K), YbMnO3 (16 K) and TmMnO3 (20 K) from XMRS, neutron
scattering and Mossbauer spectroscopy measurements [37, 36, 38]. The good agreement

between doublet model and our MFM data suggests the doublet model is applicable for the
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DW magnetism as well. Therefore, we propose that the DW net magnetic moments come
from uncompensated Er®* spins polarized by the exchange fields from neighboring Mn?*

spins.

3.3 Dazyaloshinskii-Moriya interaction

b P6ecm(B,) Mn e

P6,cm (B,) Er3'

Er3* distortion ® ®

Figure 3.7: a, 3D cartoon of hexagonal ErMnQOg structure, where yellow, brown, light blue
spheres represent Er3t, Mn3*, O?~ ions, respectively. The red lines show the exchange
paths at 2a and 4b sites. Path I (II) is defined as interacting through the planar (apical)
oxygen, and is noted by a dotted (solid) red arrow. b, Mn3* spin configuration of By
phase. Solid (dotted) green triangles represent Mn3* trimers at z = ¢/2 (2 = 0) layer that
is above (below) Er3* layer. c(d), DM vectors and inducted Er3*t moments at 2a (4b)
site with ferroelectric polarization pointing into paper. The blue and purple dotted arrows
represent DM vectors of the exchange path I for site 4b(1) and 4b(2). e, the induced Er3*
antiferromagnetic order respects Bs symmetry as well. [78]

It is believed that the effective exchange fields originate from anisotropic exchange in-
teractions, and the antisymmetric components are the well-known Dzyaloshinskii-Moriya

(DM) interactions [88, 89]. The presence of DM interactions are the key ingredient for
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spiral spin orders, which induce ferroelectricity by breaking inversion symmetry and be-
come multiferroic [2, 4]. In hexagonal REMnO3, the partial RE3 antiferromagnetic order
is likely attributed to the DM interactions between RE3* and Mn3*t spins, because the
dipolar interactions between RE3T and Mn?* are of order of 1 K and thus are too weak to
account for the observed coupling strength (~10 K) [36]. In low magnetic field (<1 T), the
magnetic space group of Mn3*t ordering belongs to P6;cm magnetic symmetry, i.e., By in
the one-dimensional irreducible representation. The exchange interactions are through the
exchange path defined by the red lines, shown in Fig. 3.7a [49, 90]. The exchange interac-

—

tions are formulated as: Hpy = Y, D; - (0 X 5’;) =—),0" (D; X 5_’;) = —& - Heog, where

—

D;, &, 5’; are the DM vectors, the Er3* spin, and Mn3* spins, respectively. The second
equality uses the permutation rule. Therefore, ﬁeff =>, DZ X S_'; is the effective exchange
field that polarizes the Er®t. The direction of a DM vector is defined as the rotation axis

of the distortion of Mn-O bond from high symmetry position by using the right hand rule.
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Figure 3.8: Mn3* trimers are denoted by the green triangles at z = ¢/2 (solid) and z = 0
(dotted) in a. a and a, the local distortion and spin configuration of Er3* spins in type I and
type IT DWs, respectively. Yellow (white) circles correspond to ion distorting out of (into)
paper. “+” (“”) denotes the induced Er®* moment is out of (into) paper. a, illustration
of spin configuration near DWs, the arrows inside the red boxes represent uncompensated
moments of the DWs. [78]

To provide a simple physical insight of the DW net moments, we propose a simple DW

model by making a few very simple assumptions. It has been suggested that there are
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two types of interlocked structural antiphase ferroelectric DWs alternating around vortex
cores, which may be the structural origin of the two types of magnetic DWs. Assuming
atomically sharp Mn?* spin variation at DWs, a single Mn3T spin configuration in domains
across DWs, and abrupt structural distortion variation across the two types of DWs, we find
opposite uncompensated Er>* moments polarized by DM exchange fields at the two types
of DWs. The results of this simple model agree with the observation very well. As shown
in the schematic in Fig. 3.8, the uncompensated net moments have opposite orientation
across the two different DWs, which quantitatively explains the collective magnetism in the

vortex network.

3.4 Landau theory of topological defects in hexagonal manganites

Figure 3.9: a-c, displacements of apical oxygen ions on the ab plane in different structural
antiphases, denoted by ®. Shown are the a+ with & = 0 (a), y— with ® = 7/3 (b), and
B+ with ® = 27/3 (c). d-g, four magnetic states with the spin directions indicated by red
arrows and the corresponding values of the angles (x1, x2). h, the rotations of spins in
DWs are described by v and 1. [33]

The doublet model fits the Curie-Weiss-like temperature-dependent DW contrast very
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well, suggesting that DW moment likely originates from the out-of-plane RE moment, which
is polarized by Mn3* ordering through DM interaction. However, the model cannot explain
how the uncompensated moment is produced at the structural boundary, nor explain the
alternating magnetism around the vortex core. The above DW scenario can qualitatively
explain the collective magnetism by make a few very simple assumptions: two types of al-
ternating structural antiphase domain boundaries and atomically sharp spin variation [78].
A realistic model requires proper consideration of the exchange and anisotropy energies and
the symmetries of the order parameters, and the spin rotation near the DWs is more exten-
sible. Later on, a landau theory study of the topological defects in hexagonal manganites,
with parameters determined from first-principles calculations, shows that the ferroelectric
DWs indeed carry a magnetic moment [33]. The notations of structural antiphase (apical
oxygen displacement) @, spin rotation angle in DWs v, and spin angle relative to local axis
anisotropy x of corresponding magnetic states are described in Fig. 3.9. Because of the
strong in-plane Mn-Mn exchange interaction, the neighboring spins remain close to 120°
throughout a magnetic domain wall. Moreover, the spins need to be matched with the
local in-plane anisotropy axes, they must rotate in the ab plane. The out-of-plane canting
Mn3* moment is proportional to the spin rotation angle relative to local anisotropy axes,
therefore, x12 = 912 — ® is defined, and the weak ferromagnetism o< sin x1 + sin x2. For
example, (x1,x2) = (0,0) corresponds to By state with zero canting moment, while Ao
phase ((x1,x2) = (7/2,7/2)) allows weak ferromagnetism [33].

The crystalline symmetry determines the form of the magnetic free-energy density:

F(Wr, 4o, H) = S[(091)? + (942)%] + Alsin’x1 + sin®xa] -
1 . .
Cycos(x1 + x2) — Cacos(x1 — x2) — §MH(smx1 +siny2) (3.2)
The last term describes the weak ferromagnetic moment along the ¢ axis in the As phase. For

the neighbouring antiphase domains, the magnetic structure must respond to the presence of

a structural domain wall. At a structural domain wall with A® = 7/3, spin rotates either by
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Figure 3.10: a, b, the variation of the spin rotation angles v 2 (solid red), magnetization
M (solid green), and the trimerization phase ® (dashed blue) across the domain wall. [33]
w/3 or —2m/3, i.e., Ax = 0 or Ax = —m. The ground energy states are: Ay = Ay = 7/3
and Ay; = Ay = —27/3. The domain wall configuration in Fig. 3.10b, clamped to
the structural boundary, carries a non-zero moment along c-axis, which agrees with our
observations. Note that the width of the magnetic DWs (I ~ 5—10 nm) greatly exceeds that
of the atomically sharp structural DWs. The results imply that the winding of structural
phase around the vortex core of the structural domains causes a total spin rotation angle
along a loop encircling the vortex is 27 or 4w. Therefore, the structural vortices are also

magnetic vortices, i.e., multiferroic vortex.

3.5 Magnetic field dependence of the collective magnetism

Our MFM measurement suggests a non-zero magnetization at the DWs, which favors the
scenario shown in Fig. 3.10b, i.e., the Mn3T spin rotates by -120° (At = —27/3) at the
60° structural boundary (A® = 7/3). When crossing two adjacent DWs, e.g., a+ — 5—,
B— — v+, shown in Fig. 3.11, ® =0 —» —n/3 — —27/3 (black), » = 0 — 27/3 — 47/3
(red), x =9 —® =0 — m — 27. As a result, the net moment M = sin(x) (blue) shows
opposite sign at neighbouring DWSs, which is in excellent agreement with the observed
alternating uncompensated moments. The magnetic DWs over the entire sample correlate

with each other through the self-organized structural vortex network, eventually form a
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Figure 3.11: The DW moments are simulated for adjacent domains with the Landau theory.
On the top, the ambient PFM and 5.0 K MFM images, taken on the same location, show
the ferroelectric and magnetic vortex, where the structural antiphases are assigned. The
bottom curves illustrate the variations of the structural phase ® (black), spin rotation angles
¥ (red), and the magnetization M (blue) across the two DWs. The right circles denote the
spin rotation angles around the vortex core in By and A phase, and the red arrows represent
the proceeding orientation of the structural phases.

collective magnetism in the hexagonal manganites, as shown in Fig. 3.4 and 3.5.

Previous studies suggest a Bo magnetic symmetry at low magnetic field in ErMnQOs, and
applied high field drives it into As phase through a spin reorientation transition. Given a
fixed structural vortex, like (a+, S—, v+, a—, B+, y—) shown in Fig. 3.11, the increment
of the structural phase in the cyclic states is —m/3 [33]. Defining the anti-clockwise rotation
on the phase circle to be positive, the structural phases proceed clockwise (red arrows in
Fig. 3.11). In By phase, the spin rotates in opposite way with the local anisotropy axis
does, and the angle change by 27 /3 across each boundary. Therefore, the domain spin state
has a Z3 symmetry, that is, it is solely determined by the lattice structural phase, and is

irrelevant to the buckling orientation (electric polarization). Considering the upward and

downward polar distortions are equivalent at zero magnetic field (Bz), it is expected that
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+ polarization states are degenerate. On the contrary, the spin angles follow the structural
phase closely in Ay symmetry (Ay) = A®), i.e., decrease by /3 in proceeding the structural
phases, as shown in the bottom circle in Fig. 3.11. Because the external magnetic field lifts
the degeneration of Mn®* spin ordering for + polarization domains, the spin state has a Zg

symmetry in Ay phase.

Figure 3.12: a, the magnetic field dependent MFM images, taken at 5.0 K, in which the
line features correspond to antiferromagnetic DWs. b (c), the evolution of the spin rotation
state in the [a+, -] ([8—, v+]) DW during the spin reorientation transition. The solid
(dotted) arrows denote the spin state of By (Ag) phase, and the red lines illustrate the DW
moments. d, the simulation of the DW magnetisms at the adjacent structural DWs under
various spin rotation angles: 0, 7/6 — 9, 7/6 + 6, /3, 7/2.

In the spin reorientation transition from By to A, phase, the symmetry of Mn3T spins
has to change from Zs to Zg. The spin rotations at the DWs, determined by the spin
state, produce corresponding DW magnetism, which evolves with the applied magnetic field.
Figure 3.12a shows the magnetic field dependent MFM images taken at low temperature
(5.0 K). Clearly, it has alternating up and down DW moments at 0.1 T, forming a magnetic
vortex network. The strength of the DW magnetism changes with applied magnetic field,
and dramatically around transition field point (1.5 T). Qualitative analysis suggests the

bright and dark DWs, at 0.1 T, behavior differently: bright DWs firstly dim the contrast,

and disappear at 1.0 T, then gradually become bright again at high field; on the contrary,
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the dark ones become darker at first, then suddenly turn to bright at 1.5 T. The distinct
characters are quantitatively simulated in Fig. 3.12d, where the magnetic DW profiles are
plotted under certain spin state. Note that the spins in different domains are assumed to be
rotated simultaneously by applied magnetic field. Across the DWs, the rotation of the spins
takes the shortest path to connect the spin states in neighbouring domains. For example,
for the [a+, B—] DW, as shown in Fig. 3.12b, the a+ domain (light blue) and S— one
(pink) rotate towards each other when increasing magnetic field, causing the DW moment
to decrease firstly, disappear (rotate by 7/3), then gradually come back at high magnetic
field. In contrast, in the [5—, v+] DW, Fig. 3.12d, the f— (pink) and v+ (olive) domain
rotate oppositely, and become exactly anti phase at 7/6. Therefore, the DW moment has a
sharp contrast flip at this point, as shown in the right DW in Fig. 3.12d. The simulations
are in good agreement with the MFM observations. The evolutions of the bulk domain spin
state, from three-fold states in Bs phase to six-fold states in Ay phase, cause the change
of DWs magnetism, the degeneration of the two types of DWs is lifted to accommodate
the symmetry change of bulk domain states. The study of DWs magnetism provides an
indirect way to probe the domain spin state based on the magnetic field dependence of DW

moments.
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Chapter 4

Bulk linear ME effect in hexagonal manganites

The coupling between the magnetic and electric dipoles in multiferroic and magnetoelectric
materials holds promise for conceptually novel electronic devices. The revival of magneto-
electricity in the past decade has been fuelled by the discoveries of new multiferroic materials
exhibiting giant magnetoelectric effects due to the cross-coupling between coexisting ferro-
electric and magnetic orders. Recently, the quantized magnetoelectric polarizability has
been proposed to classify three-dimensional topological insulators in the presence of strong
correlations [91, 92]. Therefore, the ME effect has a profound and broad impact on di-
verse areas of materials science. As introduced in Section 1.3, the REMnO3 compounds are
improper ferroelectrics in which the polarization P is induced by a structural instability
called the trimerization mode @k, that condenses at T ~ 1300 — 1500 K [30, 31, 32, 33].
The Mn3* spins form a 120° non-collinear antiferromagnetic order L in the crystallographic
xy-plane below the Neel temperature (T ~ 70 ~ 90 K). The nonlinear coupling between
P and @)k, modes results in six-state topological vortices with interlocked ferroelectric and
structural antiphase domain walls, where a net magnetization was discovered at the domain
walls of ErMnOg [78]. Its appearance is a direct manifestation of a strong and non-trivial
bulk coupling of L, P, and (g, within each domain, forming a collective magnetism in
the entire network, as discussed in Chapter 3. The same coupling can give rise to a bulk
linear ME effect if the magnetic structure of the domain wall could be realized throughout
the domains. This is possible to do by applying a strong magnetic field H, inducing a spin
reorientation transition from the Bs to the Ay phase. Our MeFM technique allows, for the

first time, a direct visualization of the resulting ME domains, which will be discussed in the
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subsequent sections.

4.1 Direct visualization of magnetoelectric domains in ErMnQOg

a E Lattice
charge Qe spin
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Figure 4.1: Room temperature PFM image (a), and 4.0 K MeFM images at zero magnetic
field (b) and 8.0 T (d), are taken at the same location on the (001) surface of a ErMnO3
single crystal. The white (dark) color in a represents an up (down) ferroelectric domain. c, a
cartoon of the ME coefficient a,, of As phase in different ferroelectric domains in hexagonal
ErMnOg3. e, a cartoon illustration of the effective ME coupling through structural instability
trimerization. f, cartoon illustrations of the changes of the buckling of MnOgs polyhedra
(trimer mode Qg,) induced by E-fields through P resulting in the changes of the canting
moment M of Mn3* spins. [74]

To investigate the ME response for different ferroelectric domains, the PFM and MeFM
images are taken at the same location. Following the same procedure with that of aligning
PFM and MFM images, shown in Fig. 3.1, we firstly performed the PFM measurement
on the bare surface of a hexagonal ErMnQg single crystal and capture the topography and
PFM maps, then the sample surface is coated with thin gold film to eliminate electrostatic
interaction in MFM and MeFM measurements, in the end, MFM and MeFM images are
aligned to PFM one through topographic landmarks. The ferroelectric domain pattern is

shown in Fig. 4.1a, where the network of six-fold vortex structure is present. Note that

the bright (dark) color corresponds to up (down) polarization domains. In zero magnetic
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field, the Mn3* spins order in a 120° pattern with magnetic symmetry P6;cm (Bs), which
falls into the magnetic point group 6mm. Based on the ME tensor table in Fig. 1.3, no
linear ME effect is allowed in this group. Consistently, no MeFM contrast is observed in
zero magnetic field at 4.0 K (Fig. 4.1) with E = 10 kV/cm. The spin configuration of the
hexagonal manganites can be controlled with the application of a magnetic field along the z
axis. In a large magnetic field, hexagonal ErMnOs is in the P6scm phase (A2) [49], where
the notations of spin configuration are described in Fig. 3.9. A symmetry belongs to the
point group 6mm, category #14 in Fig. 1.3, which allows non-zero diagonal components,
and oy, = oy # a.. In the Ay phase, the in-plane Mn3* spins rotate through 90° from
that of the Ba phase, resulting in a net magnetic moment (M/,) along the z axis due to
the canting of the Mn3* spins. We, indeed, observe a sharp MeFM contrast (Fig. 4.1d) in
8.0 T at 4.0 K with F = 10 kV/cm. The sign of the MeFM signal changes at ferroelectric
domain walls, that is, the ME domain pattern is identical to the ferroelectric one. The
relations among «, P, and canted moment M, are summarized in Fig. 4.1c. The canting
moments point to the same orientation due to the applied strong magnetic field, while the
polarizations alternate around the center, suggesting «a,, o M, P,.

Several control experiments are performed in hexagonal ErMnQOg to confirm the relation
Qy, X M, P,. Similar MeFM results on ErMnQOg single crystals with stripe domain pattern
are shown in Fig. 4.2a-d. This demonstrates that the ME effect and the clamping of
ferroelectric, structural antiphase and antiferromagnetic orders in ErMnQOg are independent
of domain structures. Furthermore, in the presence of opposite magnetic field, the canted
moment M, is reversed, resulting in opposite «,, in Fig. 4.2e and Fig. 4.2f. At the same
time, the direction of the MFM tip moment My, follows that of applied magnetic field, and
the image contrast is proportional to the product of My, and local magnetization AM.
Hence, the image contrast are identical for opposite magnetic fields, as shown in the +4 T
and -4 T MeFM images. Note that, in the cartoon Fig. 4.2e and f, M, originates from the

static canted magnetization, while MeFM signal only contains the induced magnetization
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Figure 4.2: a-d, room temperature PFM image of the (001) surface of a ErMnOs single
crystal with stripe domain pattern. b-d, low temperature MeFM images, same location
with a, are taken at 0.1, 4.0 and 6.0 T. e-f, cartoons show the MeFM images in opposite
magnetic fields. [74]

AM.

In the A, phase, the canting moment originates from anisotropic exchange interac-
tions between neighbouring Mn®* spins [55], the same interaction also accounts for the
uncompensated DW moment as discussed in Chapter 3. A symmetry analysis, based on
the phenomenological Landau free energy expansion, shows that M, oc La, - Qk,, where
L4, is the magnetic order parameter describing the symmetry of the Ao phase [33]. Fig-
ure 4.3 shows the symmetry transformations of the allowed linear magnetoelectric term
fmE o cos(3®)L 4, H.E, in the Landau free energy expansion under the generators of
the P63/mmcl’ space group of hexagonal manganites. Here, S, denotes translation, 3. is
three-fold rotation, 2. is two-fold screw rotation, Mg 1S mirror plane (—y, x, z), I is spatial
inversion, T is time reversal. Note that y = 1) — ® denotes the Mn3* spin rotation angle
relative to the local anisotropy coordinates, while sin(x1) + sin(x2) represents L4, order
parameters and the canting moment. L4, is the magnetic order parameter describing the
symmetry of the A phase, formally defined as Lj, = % >;Si - ni, where n; is the unit

vector in the spin direction on the it Mn site, S; is the average spin on the site i and N is
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Figure 4.3: The notations are consistent with Fig. 3.9. In particular, ®q2, 112 denotes
the rotation of the MnOjs polyhedral, i.e., structural trimerization phase, and the spin
rotations angles, respectively. The first row in the table corresponds to the generators
of the P63/mmcl’ space group of hexagonal manganites. + (-) represents that certain
property is (not) conserved under the symmetry operation. [74]

the total number of Mn sites. For T' <« Ty, the Ay magnetic ordering parameter is reduced
to La, = %L(sin X1 + sin x2), where L is the magnitude of the 120° spin ordering in the
Mn layers, and the order parameter of By phase is Lp, = %L(cos X1 + cos x2). As shown
in Fig. 4.3, the term cos(3®)L 4, H,E, in free energy expansion is invariant under all the

generators of the P63/mmcl’ space group. Therefore, the allowed linear ME coupling in

As phase is:
& fue

“PE.OH. x cos(3P) L4, x P, M, (4.1)

Qyy =

that is, linear ME coefficient of the Ay phase is proportional to the product of the canting

moment and the polarization, which is consistent with our MeFM observations.

4.2 Lattice-mediated ME coupling mechanism

More elaborate theory, combing first-principles calculations, group theory, and microscopic
spin models, shows that the trimerization mode Qk,, acting as the mediator, induces the
bulk linear ME effect in hexagonal manganites [74, 55]. Simply speaking, the trimer distor-

tion not only induces a polarization, but also induce a weak ferromagnetism. On one hand,
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Figure 4.4: a, the energy (per unit cell), b, electric polarization P, and c, the canting
moment per formula unit, are calculated with first-principles as a function of the amplitude
of trimer distortion Qr,. [74, 55]

the buckling of the MnOs5 trimer determines the electric polarization linearly. The ferro-
electricity flips sign when the trimer distorts oppositely. On the other hand, a out-of-plane
weak ferromagnetism, arising from the canting Mn®* spins, couples to the Q g, mode due to
DM interaction [89, 18]. Therefore, applied external electric field changes the polarization,
causing the change of the MnOs; buckling, which finally changes the out-of-plane canting
moment [74, 55]. To clarify the origin of the diagonal linear ME susceptibility «.., the
phenomenological Landau free energy is expanded with respect to P, Qk,, and ®, and the

invariant linear ME term fy = —cL4,QK,H, last row in Fig. 4.3, and the interaction with
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the applied electric field fg = — P, E, are included:

1 1 1 1
f=fotfutfe= §aQQ%<3 + ibQQ%(:,, + §apP3 + di3P.Q, cos 3 + §d22P3Q%(3

—¢L,Qu,H, — P,E, (4.2)

The equilibrium magnetization is then given by

of

M, = —
i OH,

=cLa,QK, (4.3)

In the Ao phase the in-plane components of spins are rigid (x1 = x2 = §), so that L4, = L
and M, = cLQ g, for weak electric field. The linear ME susceptibility is then,

M\ o Qs
8EZ E.=0 Ao OEZ E.=0

Qyy =

(4.4)

We note that the electric field dependence of magnetic ordering (0L/JF.) cannot be ne-
glected in the spin reorientation region, where it results in large anomalous magnetoelectric
response. However, the anomalous contribution vanishes in the Ay phase.

To find out the electric field dependence of (k,, we minimize free energy with respect
to Qk, and P, and differentiate the coupled equations for these two order parameters with

respect to E, at E, = 0, which gives

0Qk,
oF,

_ dyzcos3® 1

= — 4.5
o= S (45)

2

where a = ag — Qdd1§’ ap ~ ag. In this derivation we implement the approximation dggQ%Q <
22

ap. Therefore,
dizcos3d 1
d22 QCLQ

(4.6)

oy, =clL -

Here cos3® determines the sign of «,, in structural antiphase domains. Since P, =

—%QKB, cos 3@, the sign of «, follows that of P, [32]. This result can also be derived

2

by integrating out Qg, and P, to obtain an explicit expression of free energy f(E,, H,),
which would naturally contain the corresponding free energy term —a,. F.H,.
To quantitatively estimate the magnitude of o, in hexagonal ErMnQOs, the parameters

in Eq. 4.6 need to be estimated from first-principles calculations. Note that cL = aaé\ff
3
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dis _ 0P, _ |1 . om . oP
and D = 9Qn; lead to |as.| = Sag  0Qk,;  9Qn, || The parameter ag and the slopes

OM,/0Q K, and OP,/0Q i, are extracted from first-principles calculations. Here we consid-
er the high temperature P63/mmec structure with the Ay magnetic ordering and freezing-in
the zone boundary K3 mode. The total energy per unit cell, polarization, and canting mag-
netization are computed as a function of the amplitude of the K3 mode, as shown in Fig. 4.4.
The energy landscape is well fitted with the phenomenological Landau free energy expansion
fo= %aQQ%(3+%bQQ‘}<3, in which ag = —3.5¢V/A2%/(u.c.) and bg = 5.78¢V/A*/(u.c.), with
energy minimum at Q%ign ~ 0.778A. Therefore, we obtained values of the slopes, at the ener-
gy minimum position, 0P, /0Qk, ~ —18.3uC/cm?/A and OM,/0Q, ~ —0.062up/f.u./A
from the linear part of the P,(Qgk,) and M.(Qx,) curves, respectively. In the end, we
obtain the theoretical estimation of the a,, = 0.7ps/m. The trimer mode @, mediates an
effective cross-coupling between P, and M, (Lg,), that is, the linear magentoelectric effec-
t. Qualitatively, the electric field induces changes of trimerization mode, through electric
polarization, leading to changes of canting moment M,. The excellent agreement between
the experimental observations and the microscopic model provides compelling evidence for
the fundamental mechanism of lattice-mediated magnetoelectric couplings, which may be

generalized to other materials.

4.3 Critical fluctuation induced divergent ME susceptibility in ErMnQOg

More interestingly, our systematic MeFM studies at various temperatures (2.8-10 K) and
magnetic fields (0-8 T) reveal a giant enhancement of the magnetoelectric effect. Figure 4.5
shows the complete data set of MeFM measurements at 2.8 K in various magnetic fields.
Overall, the MeFM contrast increases with increasing magnetic field. Surprisingly, the
contrast is strongest at ~ 1.4 T (Fig. 4.51), indicating a non-monotonic field dependence
of the linear ME effect. More quantitative information can be obtained by plotting the
MeFM contrast, defined as the difference between neighbouring domain, as a function of

o H measured at various temperatures (2.8, 4.0, 5.2, and 10 K), as shown in Fig. 4.6. The
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Figure 4.5: a, topography of the scanned area, b, PFM image, and c-r, MeFM images of
the same location in various magnetic fields (0.3-4.0 T). The color scale is 10 nm (38 mHz)
for topography (MeFM) images. [74]

H-dependence of MeFM data can be approximately divided into three different intervals:

high field Ay region, low field (0 < poH < 1 T) By region and the intermediate field A,

region, which will be discussed separately.

4.3.1 Nonlinear ME response in As phase

In the A, phase, the MeFM signal is approximately T-independent below 10 K. Note that
the A, phase threshold field point varies for different temperatures, for instance, Ay phase
emerges since 2.0 T at 4.0 K, while at 10 K, it starts from ~ 4 T. It turns out that all
the high-field data points in As region collapse to a single curve described by MeFM(H) =
a+c- (uoH)? (solid line in Fig. 4.6). This is consistent with the Ay magnetic symmetry
and the saturation of both Mn®* and Er?* ordered moments at 7' < Ty (~ 80K). Here
the intercept (a) is proportional to ., originating from the L, FE,H, term in the free

energy expansion, which is discussed in previous section. The second part is the nonlinear



o6

a ‘m_m—28K| i I
24 - —e—40K b 24
O 5
"l |—v—10.

:IE: 16 | _’ —— Fitting 7 :IE: 16}

- = m 28K
o 1 %4 -
= .

g > L3

0 1 N n I 1 0 N N N N M N
0 2 4 6 8 0 10 20 30 40 50 60
2 2
uH (T) (1, H) (T7)

Figure 4.6: a, H-dependence of the MeFM signal at 2.8, 4.0, 5.2, and 10 K. The solid curve
(magenta) is the polynomial fitting MeFM(H) = a + ¢ - (uoH)? of the high-field Ay phase
with extrapolation to zero field. The intercept a of the fitting curve corresponds to the
linear ME effect in the Ay phase. b, MeFM contrast versus H? of the MeFM(H) data in
the high field Ay phase to demonstrate the H? dependence is independent of temperature
below 10 K. [74]

ME effect due to the L4, FE,H? term in free energy. This behavior is more apparent when
plotting the MeFM signal versus H?, shown in Fig. 4.6b, suggesting that the linear ME
effect dominates at low fields, whereas the nonlinear one prevails at high magnetic fields.
Based on the MeFM signal estimation in Chapter 2, the measured linear ME effect ~13
ps/m, which is in reasonable agreement with that estimated from first-principles calibrations
(~0.7 ps/m), refer to Section 4.2 for details, where only the contribution of Mn?* spins is
taken into account [55]. This indicates that the strong spin-orbital coupling from rare-
earth elements may enhance a,, in the Ao phase. Our results are also consistent with the

previous macroscopic ME measurements (a,, ~ 3ps/m) on the partially poled ErMnOj3

single crystals [93].

4.3.2 Paramagnetic-like ME effect in By phase

In the Bg region, in particular at low field, the MeFM data collapses to a single curve with
the H/T scaling, MeFM(H) = b-(ugH), corresponding to the E, H? term in the free energy.
As discussed in Chapter 3, the Dzyaloshinskii-Moriya (DM) interactions between the Mn3*

and Er3* spins provide an effective exchange field to polarize the rare earth spins. For By
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Figure 4.7: a, a 3D cartoon of the ErMnQOj3 crystal structure, where yellow, brown, light
blue spheres represent Er, Mn, O atoms, respectively. The black arrows at the 4b sites
denote the Er3T moments polarized by Mn3* through DM interactions. The red hollow
arrow at 2a site describes the paramagnetic spins induced by applied magnetic field. b, the
MeFM signal is plotted against H/T" at various T and H. [74]

phase, Er3t at 4b sites are polarized antiferromagnetically, while the spin at 2a sites remain
disordered due to the zero net DM exchange field (see Fig. 4.7) [78]. The rare earth moment
induced by Mn3* spins through DM interaction in By phase is also discussed in Fig. 3.7.
Therefore, the Er®t spins at 2a sites are expected to show paramagnetic behavior, i.e., the
H/T scaling at low field or high temperature region (uoH/T < 0.2). The non-linear ME
effect (E,H?) at low field likely comes from the H-induced Er3* moments at the 2a site.

This behavior is consistent with the By magnetic symmetry, which forbids any linear ME

effect, but does allow nonlinear ones.

4.3.3 Divergent ME susceptibility in the intermediate A/, region

The most prominent feature in Fig. 4.6a is the pronounced divergence of the MeFM signal
observed as the temperature is lowered in the intermediate-field A}, (P3c) phase confined
between two ME susceptibility anomalies: a kink and an asymmetric peak. There two

anomalies are consistent with two-steps in magnetization measurements, shown in Fig. 4.8,
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Figure 4.8: a, M(H) data measured on a hexagonal ErMnQOj3 single crystal at various
temperatures. b, the derivative dM /dH of the M (H) in a. A two-peak feature is observed
in the dM /dH at low temperatures. As T decreases, the two peaks get closer and tend to
merge to a single peak, i.e., a critical endpoint below 2 K. [74]

indicating a continuous spin reorientation transition in the A/ region. The magnetic suscep-
tibility shows a two-peak feature, and the two peaks get closer, become more pronounced,
and eventually merge to a single one around 2 K. Similarly, the MeFM anomalies, Fig.
4.6a, emerge only below ~ 6 K and converging to each other quickly as the temperature is
lowered. The peak value at 2.8 K is 7-8 times larger than that of the linear magnetoelectric
effect in the high-field As phase. It is expected that the ME susceptibility a will diverge
as the temperature is further lowered, similar to the magnetic susceptibility dM /dH. As
mentioned in the Section 4.3.1, anomalous ME response could be present in the intermedi-
ate Al region, where the spin ordering L is soft and dL/OFE term could be dominated at
low temperatures.

To characterize the anomalous ME response, we consider the expansion of free energy
in powers of L4, = Lsiny, which is compatible with P63cm symmetry of the paramagnetic
ferroelectric state. During the spin reorientation transition from Bo to Ao, 9 varies between

0 and 7/2. The formulas for the free energy expansion is

f= CQ()LZQ +CnLa,H, + COQH? + C40Lj142 + C31L§)’42HZ + CQQL1242HZZ + C’13LA2H§’+

CoaH?} + E.(DyL?%, + D11La,H, + DooHZ + Di3La,H2) (4.7)
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where the terms proportional to Csg and Cyy describe the 2nd and 4™ order magnetic
anisotropies, the C1; term describes the weak ferromagnetism in the As phase, D1 is the
linear ME coupling. The P,-dependence is not explicitly shown, because P, is invariant

under symmetry transformations of the ferroelectric phase.
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Figure 4.9: a, H-dependence of the MeFM signal at various temperatures and fitting curve.
b, the simulated magnetic field (h) dependence of magnetoelectric responses at various
effective temperatures (t) using a phenomenological Landau theory of the reorientation
transition. Here ¢, is the critical temperature at which the order of the spin reorientation
transition changes from second to first. ¢, a cartoon shows the evolution of the energy
minimum versus applied magnetic field above and below the critical temperature. [74]

Due to the weak ferromagnetism of the As phase, the spin rotation angle ¥ becomes
nonzero as soon as H, # 0. However, the re-orientation largely occurs near Cag+CaoH?Z = 0

4*h order anisotropy

and the character of the spin rotation depends on the sign of the
Cyy. For Cy9 > 0, the spin reorientation goes continuously in an extended interval of

H,, while for Cyy < 0, the angle 1 abruptly jumps from a small value to a large value,

signaled a first-order transition. The evolution of the energy minimum with magnetic field
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is characterized as the 2" order and 1% transition for T > T and T' < T, respectively,
shown in Fig. 4.9c. Assuming that Cyy changes sign at ~ 2 K, we can qualitatively
reproduce the experimentally observed phase diagram using the Landau expansion Eq. 4.7.
The comparison between MeFM data and the simulation is shown in Fig. 4.9. In the
vicinity of the critical temperature 2 K, the simulated ME susceptibility shoots up, agrees
well with the observation.

In the continuous reorientation region, the rotation angle 1 is very sensitive to applied

magnetic and electric fields, which give rise to the anomaly in the magnetoelectric coefficient,

2 f & f

OM, 0% f OLa,0H. OLA,0F;
o= 4.8
(38, )=~ = ~am.om, 0 f (4.8)
a7,

Here, the first term is proportional to the linear ME coupling D11 in Eq. 4.7, while the sec-
ond term describes the anomalous response, which is large only in the reorientation region.
As the interval shrinks to a point, the stiffness 92 f / 3L§12 becomes small, resulting in a sharp
peak in the ME susceptibility. The calculated H, dependence of (0M,/0F.)g.—o, Fig. 4.9b,
reproduces well the observed field and temperature dependence of the ME response.

The T'— H phase diagram constructed from the MeFM peaks (red spheres) and the mag-
netization steps (blue triangles) is shown in Fig. 4.10a. The intermediate region becomes
narrower at lower temperatures and merge into a tri-critical point (black star), at which
the order of the reorientation transition changes from second to first (the red dashed line
indicates the first-order Bo — Ay transition line). The simulated phase diagrams, based on
the Landau theory, of the ME response and the order parameter 1 are plotted in Fig. 4.10b
and c. The anomalous response is large in the continuous reorientation region, in which
the magnetic state is extremely sensitive to external perturbations. It blows up near the
tri-critical point where the system loses stiffness, 82 f /0 L> ,» With respect to spin rotations,
the bright spot in Fig. 4.10b. In other words, the diminishing energy barrier between Bs
and A, phases allows small perturbations such as H or E fields to swing the Mn?* spins

towards the Ay phase by gaining either the Zeeman or the ME free energy (Fig. 4.10d),
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Figure 4.10: a, the T'— H phase diagram of ErMnQOj; constructed from the anomalies in
MeFM (red spheres) and in dM /dH data (blue triangles) at various temperatures. The
two crossovers converge into a possibly critical point (black star) of a first-order transition
of By — Ay (red dashed line). b-c, the simulated T'— H phase diagram of the ME response
(OM./OFE,)E. 0, and the order parameter 1. d, a cartoon illustration of giant responses
due to critical fluctuations of Mn3" spins in the intermediate A} phase near the critical
point. The canting angle of Mn3* spins is exaggerated for illustration. [74]

resulting in an additional increase of the canting moment M,. This scenario is corroborated
by the fact that in the vicinity of the critical point not only the magnetoelectric, but also

the magnetic susceptibility tends to diverge (Fig. 4.8). The peak in the ME response is

remarkably well reproduced within our phenomenological theory Fig. 4.9b and Fig. 4.10b.
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Figure 4.11: The phase boundary is derived from DC magnetization, dielectric constant,
and AC magnetic susceptibility measurements. The inset in the YbMnOgs phase diagram
shows the Yb3T moment order. [49)

4.4 MeFM study in hexagonal YbMnOj;

Hexagonal YbMnQOs3 is in the same family with ErMnOgs, they share the similar reentran-
t T'— H phase diagram. Figure 4.11 shows the magnetic phase diagram of ErMnO3 and
YbMnOj3 based on the bulk DC magnetization, dielectric constant, and AC magnetic suscep-
tibility measurements [49, 36]. This bending over behavior of the phase boundary originates
from the exchange interaction between the Ising-like rare earth and Mn3* spins. With the
application of magnetic field, the Zeeman energy gain at the rare earth sites act back on
the Mn?*+ ordering through the DM interaction, causing Mn®* spins to rotate from low
field By to high field Ao phase. The rare earth spins are more rigid at lower temperature,
resulting in the reentrant shape of the phase boundary. In addition, the phase boundary
of YbMnOj3 requires higher magnetic field compared with ErMnOgs at fixed temperature,
and the turning over field for YbMnOj3 even extends beyond the measurement limit (>14
T) [49].

The M (H) measurements for YbMnO3 and ErMnOj3 provide more insights to the com-
parison, as shown in Fig. 4.12. The evolution of magnetization in YbMnOgs shows a

step-like behavior, while in ErMnQOs it increases smoothly with tiny anomalies. As we will
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Figure 4.12: M (H) measurements for YbMnOg (left panel) and ErMnOs (right panel) are
taken under different temperatures.

see later, the spin reorientation transition in YbMnOgs occurs in a narrow field range rather
than a cross-over spin rotation in ErMnQs, this is probably due to the strong out-of-plane
anisotropy of Yb ion. From the M (H) curve, the size of the rare earth spin can be inferred
by extrapolating the high field magnetization back to zero field. The Yb3* spin carries
~ 1.7ug/f.u., and Er3* moment is only ~ 0.75up/f.u.. Larger rare earth spins result in
stronger DM interaction with Mn3t spins. Meanwhile, Yb3t spins are more rigid, and
a higher magnetic field is required to align up all the spins, which may account for the
discrepancy for the overall phase diagrams of YbMnO3 and ErMnOs3.

Section 4.3 shows the ME susceptibility in ErMnOs3 tends to diverge near the critical
temperature (2 K). Our MeFM measurements capture the divergence of anomalous ME
response at low temperatures, for example, at 2.8 K, lowest stable temperature in MeFM
measurements, the peak contrast of ME signal in ErMnOj is already one order of magnitude
stronger than the linear ME effect. It would be of great interest to investigate the ME
response at and below the critical point. Hexagonal YbMnOj3 has higher critical point
(~3.5 K), evidenced by the step-like magnetization jump below 4.0 K (Fig. 4.12), which is
within the base temperature limit of our MeFM. In addition, YbMnOg has similar magnetic

phase diagram (Mn3") with ErMnO3, but qualitatively different M (H) behavior, i.e., the
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characters of the rare earth site differ a lot. The systematic study of YbMnOs3 is important
to understand the underlying ME mechanism in hexagonal manganites, and to disentangle

the contribution from the Mn?t and rare earth sublattices.

Figure 4.13: a, a large PFM image taken on the (001) as-grown surface of unpolished
YbMnOj3 crystal. b, a cartoon scenario to explain the three-color contrast in a. Note
that solid and dotted horizontal lines denote the surface position and the PFM penetrating
depth, respectively. Red curved lines represent the ferroelectric domain boundary, and
green arrows represent the polarization orientation. ¢, a typical MFM image (5.0 K, 2.5 T)
taken on the unpolished surface. After polishing off 50 pm layer, d, the PFM image shows
an evenly distributed up and down domains, and e, typical MFM image (5.0 K, 3.0 T) is
filled with polishing lines.

The plate-like YbMnOg single crystals (thickness ~ 200um) are synthesized by a conven-
tional flux method. Several crystals from the same batch, with both as-grown and polished
surface, are studied. Generally, as-grown surfaces are preferred because polishing procedure

damages the magnetic structure of surface layer (4.13e), for instance, as-grown surfaces of
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ErMnO3 samples were used in MFM and MeFM measurements described in previous text.
However, the YbMnO3 (001) surface has the extra narrow meandering lines everywhere in
the PFM (Fig. 4.13a) and MFM images (Fig. 4.13c). Because the PFM technique probes
only finite depth near surface (~ tip radius 200 nm) [94], the narrow bright lines are likely
due to a self-poling effect, that is, oxygen off-stoichiometry close to surface prefers down-
wards polarization [59], as shown in the cartoon in Fig. 4.13b. In region 1 (3), only up
(down) polarization domain is present, causing strong bright (dark) contrast. While in the
intermediate region 2, the stacking of opposite polarizations cancels out and results in a
grey color contrast in PFM image. Because MeFM measurement is sensitive to surface layer
as well, the measured ME contrast is attenuated by the stacking of opposite polarization
domains along z axis in this as-grown surface. To resolve the issue, post-synthesis sample
preparations, including polishing off surface layer and re-annealing (to relax the mechanical
strain effect), were performed. Figure 4.13d shows a representative PFM image on the pol-
ished surface of YbMnOj3, where up and down polarization domains are evenly distributed
with much stronger contrast. A serious issue of polished surface is that the mechanical
polishing damages the local magnetic structure, resulting in extra line features in MFM,
Fig. 4.13e. Therefore, certain area with less polishing lines is chosen. Besides, the line
features are barely visible in MeFM measurement, though they overwhelm other features
in static MFM images.

Figure 4.14 shows the same location MeFM images at different magnetic fields, which are
aligned to PFM image by correlating the topographic landmarks. Clearly, the ME domain
flips sign across the boundary of polarization domain, which is consistent with ErMnOs.
Despite of the similarity, the overall sign of « is inverted at 4.2 T, Fig. 4.14f, in striking
contrast with that of ErMnQOgs. Furthermore, the ME contrast at high field is negligible,
suggesting an almost zero nonlinear ME effect. Note that 4.2 T is also the phase boundary
between By and A, phase, the interplay between Mn®t and Yb3*t spins accounts for the

unprecedented behavior.
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Figure 4.14: a, ambient PFM image, and b-j, 5.0 K MeFM images under various magnetic
field (up to 8.0 T), taken at the same location of (001) surface of a hexagonal YbMnOs3
single crystal.
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Figure 4.15: a(b), plots of H-dependent MeFM signals at various temperatures (up to 10
K) for hexagonal YbMnOs3 (ErMnO3).

To get a comprehensive picture of ME coupling mechanism, systematic studies at vari-
ous temperatures (3.0-10 K) and magnetic fields (0-8.0 T) in YbMnOj3 are performed and
compared with those of ErMnQOg, as shown in Fig. 4.15. The overall signal in YbMnOsg is
much weaker except the intermediate region. In both By and As region, the ME contrast is
slightly above zero, while approaching the transition, the strength increases with magnetic
field then sharply drops down to deep negative value at the transition point. Above the
transition, the ME contrast plumbs down to a small positive value, which is likely due to

the saturation of the Yb moment in A, phase. Getting closer to the critical point from high
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temperature (> 4 K), the peak becomes stronger and tends to diverge at lower tempera-
ture, which is quite similar to the intermediate Af region in ErMnOs. The most significant
distinction is the sign of the divergence at the phase boundary, that is, the second peak in
YbMnOj3 has opposite sign with rest regime. Naturally, it is expected that arg has the
same sign with apr, in ErMnQOg, while they are opposite in YbMnOgs. At even lower tem-
perature (< 4 K), the strength of the second peak reduces, and the separation of two peaks
becomes negligible. At the lowest temperature (3 K), the negative peak disappears, leaving
only a single asymmetric positive peak. This behavior can be explained by the two 2d
order transition lines merging into one 15* order one. Below the critical temperature, the

transition from Bs to As is infinitely sharp, therefore, the divergence cannot be captured

by the measurements.
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Figure 4.16: a(b), the T'— H phase diagram of hexagonal YbMnOs3 (ErMnQO3) is constructed
from the anomalies in MeFM curves (red spheres) and dM /dH (blue triangles). The red
dash lines denote the 15 order phase transition of By — Ay below the critical points.

The magnetic T'— H phase diagram in Fig. 4.16 are constructed from the anomalies
in dM /dH (blue triangles) and peaks in MeFM curve (red spheres), both of which are
performed on the same crystal batch. Note that the transition points deferred from MeFM
(Fig. 4.16a) are approximated from the positive/negative peak positions. The results from
the macroscopic and mesoscopic measurements agree well with each other. The discrepan-

cies for the phase boundary deferred from MeFM and the M (H) curve are likely due to the
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variation of sample crystals and the selection criteria for the phase boundary points. Two
peaks in MeFM correspond to the two-step magnetization in M (H). The first boundary is
cross-over transition, which is noted as blue dotted line in Fig. 4.16. Both of the phase dia-
grams show the tri-critical points, with two 2"¢ order phase boundaries (blue lines) merging

into a single 15° order phase transition line (red dotted line).
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Figure 4.17: a-j, the same location MFM images of YbMnOj3 are taken at various temper-
atures and magnetic fields. Note that the color scale for the green boxed (a-g) and red
boxed (h-j) images are 1.53 Hz and 15.3 Hz, respectively.

The T — H phase diagram of YbMnOQOj is consistent with MFM measurements as well.
Due to the character of antiferromagnetic domains, the MFM image contrast is weak for
most of the regions in the phase diagram. If the transition line below the critical point is
indeed 1% order, a phase coexistence may be observed at the phase boundary. The MFM
measurements on hexagonal YbMnOj are sampled all over the phase space (2.75-5 K, 0-8
T), as shown in Fig. 4.17. Above the critical point, the domains and DWs contrast is weak
for the whole magnetic field range (Fig. 4.17a-d). At lower temperature where 15 order
transition occurs, the contrast is still weak within the pure By (Fig. 4.17e,f) and As phase
(Fig. 4.17g). However, the contrast is significantly enhanced along the 15 order phase
boundary (Fig. 4.17h-j). The bubble-like domain has 20 times stronger contrast than other
phase space points (Fig. 4.17a-g). Note that the color scale for Fig. 4.17a-g is 15.6 Hz, and

1.56 Hz for the rest images. Because the pronounced domain pattern appears around 3.5
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T, which is sufficient to align most moments of ferromagnetic domains, the only reasonable
explanation is the coexistence of low-moment Bs and high-moment A, phase. The phase
coexistence at the phase boundary agree with the step-like jump M (H) (Fig. 4.12) at low
temperatures (< 4.0 K), suggesting the 15* order transition. The appearance of the domains
evolves even after the subsequent scans under exactly same conditions (Fig. 4.17i and j),

confirming the slow dynamic process during the transitions.

4.5 Revisit of Landau theory

In previous Section 4.3, the Landau theory, in the expansion of spin ordering L 4,, is imple-
mented to explain the anomalous ME response in the intermediate region Af in ErMnOs.
In that phenomenological model, the sign of the 4" order anisotropy Cyo = C(T — T¢) is
assumed to be opposite for above and below the critical temperature without justification.
The MeFM studies in YbMnOj3 have provided more evidences for the critical fluctuation en-
hanced ME susceptibility in hexagonal manganites, though there are discrepancies in terms
of the sign of the divergent ME effect and the Ay phase behavior. To unify the two cases,
M. Mostovoy proposed to take into account of the rare earth free energy, derived from a
microscopic spin model of exchange coupling between Mn and Yb spins, in the complete

free energy expansion.

4.5.1 Include RE free energy
The Landau free energy of Mn and RE spins is :

f= g e (4.9)
Considering the Mn ordering in P6scm (polar) structure, the free energy is

an = (CH +D11E)LH—|—(020+D20E)L2+(COQ+D02E>H2+(CQQ—|—D22E)L2H2—|-C40L4+...

(4.10)
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which is the full Landau free energy considered in Eq. 4.7 in Section 4.3.3. Here L = Ly, =
siny (Lp, = cost) is the Mn spin orientation order parameter in Ag ( By) phase. For
RE magnetism, we only consider the 4b sites. The RE spins are Ising-like (anisotropy),
with the moment uRF = gJup, where g = ¢ + ¢g'E. is the g—factor of RE spins, and
g' describes the linear electric field dependence of the g—factor at the 4b sites of P63cm

structure. Therefore the Zeeman energy of RE moment is
= REH — (" +¢'E.)JugH, = —(u+ aE.)H, (4.11)

where = ¢°Jup is the RE moment and o = g'.Jup is the electric field dependence of RE
moments due to E, dependent g—factor, which leads to macroscopic magnetoelectric effect
alE,

The Hamiltonian of RE spins at 4b sites (o1, 09,03,04) in the exchange field of Mn3*

order is:

HRE = —g; cos (o1 — o9+ 03— 04) — gosin(o1 + 02 + 03 + 04)—

(,u + OéEz)HZ(O'l + 09+ 03+ 0'4) (4.12)

Here o; is Ising spins with values +1. The g; (g2) term describes the RE-Mn coupling in
By (Ag) phase. The last term is the Zeeman coupling with magnetic moment dependent on
E,.

Based on the microscopic spin model, we get the rare earth free energy by solving he

partition function,

ZRE:_E 4In2

fRE [In cosh(Bhy) + In cosh(Bhy)] — 3

(4.13)

=——1In

B B

see Appendix A for the detail.

4.5.2 Mn

zz

The magnetoelectric effect in hexagonal manganites has two contributions: RE and Mn:

oM.
Qyy = 8EZ = al;/in + OZZRZE (414)
z
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In fact, the expression in Eq. 4.8 is merely the contribution from Mn3* spins. The magne-

toelectric effect of Mn3t order is:

Mo _ 8M;\/In B 82an a2an dw

Y T ToH, T T OE.0H. OFE,00 dH.

(4.15)

in which, the second term considers nonrigid Mn®* spin, i.e., it can be rotated by applied
electric or magnetic fields. The derivation of each items in Eq. 4.15 is list in Appendix
A. The second term in Eq. 4.15 is responsible for the anomalous ME responsible, which
is discussed in Sec. 4.3.3 as well. Apparently, the anomalous term diverges as the spin

rotation angle 1 — 90°, causing the divergence of a ",

4.5.3 oRF

RE

To evaluate ag;”,

the RE magnetic moment and polarization are calculated based on the

RE free energy Eq. 4.13:

o RE Ez
MRE — _ 81;1 — 2(u + ) [tanh(Bhy ) + tanh(Bhe)] = MZTQPBE (4.16)
prE O anh(Bhy) + tanh(Bhs) — — O MREE 417
N = 20 ftanh(8h) + tanh(5h)) = o MIPH, (417)

Note that this value has to be divided by 4 to get the proper magnetization (in the unit of

up/fu.). Therefore, the magnetoelectric effects due to RE moments:

dPRE « dMRE
RE z RE z
“: T UH., ~ ptak; < = T Tam, > (4.18)
The susceptibility of RE moments is:
dMRE MRE MRE d
= 9 + 0 i (4.19)
dH, 0H, oy  dH,
OMIE 2 2 2
SH. 2(p + aF)*Blsech”(Bhi1) + sech®(Bha)] (4.20)

Clearly, the rare earth contribution to the ME effect aRF contains the term proportional
to the magnetic susceptibility dM®F /dH,. This is consistent with the MeFM observations

that ErMnO3s has strong nonlinear ME response in As phase while it’s close to zero in
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YbMnOs, as shown in Fig. 4.15. This discrepancy is due to the large magnetic susceptibility
in ErMnOg at high field, and flat M(H) in YbMnOs after the magnetization jump, Fig.
4.12. Note that the Mn3T canting moment (tilt angle < 1°) contributes little to the overall
magnetization, the out-of-plane M (H) curve mainly characterizes the RE3* behavior.

In the Landau theory in Section 4.3.3, where rare earth free energy is not considered,
the change from two 2" order tramsitions (above critical temperature) to one 1% order
line (below critical temperature) is simulated by explicitly flipping the sign of Cyg, the 4!
order anisotropy (Fig. 4.9). By including the Ising-like rare earth contribution, the critical
phenomena naturally emerges, in particular, the H-dependent ME susceptibility at various
temperatures can be reproduced with fixed tuning parameters. It turns out that the sign of
RE-Mn coupling term g2 in Eq. 4.12 determines the divergence behaviors of YbMnO3 and
ErMnOj3;. When g5 is set to be positive, the divergence peak get enhanced in approaching
the critical temperature, and it evolves into a step-like function below critical point, which
is in excellent agreement with the ErMnQOgs behavior, as illustrated in Fig. 4.9b and Fig.
4.18a. For negative g, the divergence shows a negative peak, which grows as getting close
to critical point. Below the critical temperature, the negative divergence disappears, and
only a positive broad peak presents, as shown in Fig. 4.18b, which matches the MeFM
observation in YbMnQOg very well.

In the simulation, the nonzero parameters of Eq. 4.10 and 4.13 include: the Zeeman
energy term C11LH, field-induced spin reorientation (Cag + CaoH?)L?, the trilinear ME
term D11 ELH, and the rare earth free energy. The order parameter L is calculated by
minimizing the total free energy under certain (7', H) condition. By simply changing the
sign of g2, the ME susceptibility behavior for ErMnO3 and YbMnOgs can be reproduced.
Note that go term corresponds to the interplay between RE3* and Mn?* sublattices. The
simulation disentangles the ME components of the Mn and RE sublattices, which contribute

M

the same direction in ErMnQOgs while oppositely in YbMnOgs. Since ™" is responsible for

the anomalous divergence in the intermediate A/, phase, the 3d — 4 f interplay accounts for
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g2=2.0

H (T) H (T)

Figure 4.18: The simulation of a,, under various temperature and magnetic fields for
ErMnO3 (a) and YbMnOs3 (b) based on the Landau free energy Eq. 4.10 and 4.13, with
nonzero parameters C1; = -0.02, Cyg = 0.1, Coy = -0.02, D17 = 0.008, g1 = 6, o = 0.002,
and g2 = -2.0 for ErMnO3 (a), g2 = 2.0 for YbMnOs3 (b).

the negative divergence in YbMnOs.

In this Landau theory study, Mn3* and RE*T sublattice contributes differently at d-
ifferent phase regions. The anomalous ME response, in the intermediate region, is due
to the non-rigidity of the Mn3* spins during spin reorientation. It tends to diverge when
approaching the critical point. In the high field As phase, the rare earth contribution dom-

inates because o™®

is small. A microscopic exchange model is proposed by assuming a
E-dependent g factor at the RE site, and the rare earth ME susceptibility is found to be
proportional to the magnetic susceptibility (Eq. 4.18). The different divergence signs for
the two hexagonal manganites are attributed to the relative sign of o at Mn3* and RE3*
sites, which can be reproduced by changing the sign of RE-Mn coupling coefficient, implying
a strong 3d —4f interplay in this system [95]. However, current theory cannot reproduce the
quadratic H dependence in the Ao phase in ErMnQOs. In addition, first-principles studies

are necessary to explain the microscopic mechanism for the different 3d — 4 f coupling in

ErMnOj3 and YbMnOs.
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Chapter 5

Conclusions and discussions

This thesis work presents a systematic study of the multiferroic hexagonal manganites by
utilizing a collection of cutting-edge microscopic techniques. To find out the underlying
mechanism of the ME coupling, the domain and domain wall structure are investigated to
reveal the intrinsic bulk property. The novel MeFM technique, by combining our unique
cryogenic MFM and lock-in technique, is developed to visualize the ME domain structure
directly. MeFM measurements are performed in different hexagonal manganites systems,
including ErMnO3 and YbMnOgs, and unprecedented ME susceptibility properties are re-
vealed. The main findings in terms of the ME mechanism in hexagonal manganites are
summarized in the following.

For the first time, the uncompensated moments along an antiferromagnetic domain walls
were observed in hexagonal ErMnQOgs. By correlating the ambient PFM and MFM images at
the same location, magnetic DWs are found to strongly interlock with ferroelectric one, with
alternating up and down net magnetization around the vortex core [78]. The uncompensated
magnetization originates from the Ising-like rare earth spins polarized by Mn3T moment
through the DM interaction, which is evidenced by the Curie-Weiss like DW behavior at
different temperatures. More interestingly, the alternating magnetic pattern is universal and
interconnects through the self-organized ferroelectric vortex network, implying a strong non-
trivial bulk coupling of lattice, charge, and spin. A more elaborate Landau theory explains
the multiferroic character of the topological defects in hexagonal manganites. The rotation
of Mn3* spins across the DWs, manifested as uncompensated moment, is correlated with

the spin states of neighbouring domains. The Mn3T spins increase by 47 around the vortex
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Figure 5.1: The red-blue image represents the electric polarization domain in the (001)
surface of hexagonal ErMnOQs, the yellowish one shows the magnetic properties. The per-
spective images characterize the interlocked magnetic and ferroelectric antiphase structural
domain boundaries. A large area of vortex network is displayed with top half PFM image
and lower half MFM one. [78]

core, suggesting the structural and ferroelectric vortices are also magnetic ones, which is
summarized by Fig. 5.1.

The MFM study of DWs at different magnetic fields reveals the evolution of bulk spin
state. The By — A, transition is accompanied by a pronounced H-dependent DW moments,
specifically, the moment of type I DW gradually changes through the transition, while type
II DW shows a sudden moment reversal at certain rotation angle. The DWs magnetism
is simulated by assuming the Mn?3* spins rotate coherently under external magnetic field,
and the results match well with the observation. The magnetic field dependence of DW
magnetization demonstrates the feasibility of probing the bulk domain state from the DW
magnetism.

The ultimate goal of studying multiferroics is the realization of direct cross coupling
between magnetic and electric orders. The lack of direct imaging of ME domain pattern

motivates the development of MeFM, which is a local detection of E-induced magnetiza-

tion [71, 74]. The MeFM technique and the measurement on hexagonal manganites are
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Figure 5.2: The figure summarizes the principle of MeFM technique and how it measures the
ME domain in hexagonal manganites. The sample is sandwiched by two parallel electrodes
to apply high electric field E. The tip is coated with magnetic materials, forming a tiny
magnetic dipole. Background PFM image shows the typical ferroelectric domain pattern
on (001) surface of hexagonal manganites. When the tip scans over the surface with high
E-field applied, the vortex-like ME domain patterns (perspective yellowish image) emerge,
which resemble the ferroelectric one.

summarized in Fig. 5.2. The images with blue-white (yellow-red) color correspond to PFM
(MeFM) one. Only magnetic signal is detected due to the coated electrodes, and the electric
field is confined within the sample. The applied FE-field induces the local magnetization,
which is sensed by the magnetic tip. The ME domain pattern resembles ferroelectric one

because of the lattice-mediated coupling mechanism.
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Figure 5.3: a, T'— H phase diagram of ErMnQOj3, where the two crossovers converge into a
critical point (black star) of a 15 order phase transition below 2 K. b, a simulated T' — H
phase diagram using a Landau theory. c, a cartoon illustration of giant response due to
critical fluctuations of Mn3* spins in A} phase. [74]

Great success has been achieved in the MeFM study of hexagonal manganites [74], in-
cluding ErMnO3 and YbMnOgs. The direct visualization of ME domain pattern in nanome-
ter scale was captured in ErMnOs3 for the first time. The ME response changes sign at each
structural domain wall, a result that is corroborated by symmetry analysis, phenomeno-
logical modelling and first-principles calculations, and provides compelling evidence for a
lattice-mediated ME coupling. In other words, the buckling of MnOs; polyhedral changes,
as the applied F field changing the polarization, and results in the changes of the cant-
ing moment of Mn®* spins. Moreover, the systematic MeFM studies in the T — H phase
space reveal a giant enhancement of the ME effect due to the critical fluctuation. In the
intermediate A} phase, also known as continuous spin reorientation region, the magnetic
state is extremely sensitive to external perturbations, contributing to the anomalous ME
response. The Mn>* spin is swung with a large amplitude in approaching the critical point,
as shown in Fig. 5.3, where the energy barrier between By and A, is diminishing. This
results in a divergence of the ME and magnetic susceptibility. Furthermore, similar studies
on YbMnOs3 provide more insights into the ME coupling mechanism in hexagonal mangan-
ites. The critical fluctuation enhanced ME response is confirmed in both systems, and the
T — H diagram with two 2" order spin reorientation merging into one single 15 order line

is further supported by the MFM measurements. The discrepancy lies in the sign flip of
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the divergence direction in YbMnQOj3. The full free energy is considered based on Landau
theory, by incorporating the rare earth part from a microscopic spin model. Both the ME
phase diagrams of ErMnO3z and YbMnOg3 can be reproduced with the same theory, but
opposite RE-Mn coupling term. This study suggests that the 3d — 4f coupling and the
Ising anisotropy RE spins are the key to understand the critical fluctuation phenomena and
the re-entrant spin reorientation phase boundary.

The MeFM technique provides a route for exploring emergent phenomena at the meso-
scopic scale such as magnetoelectric coupling in multiferroic domains and domain walls.
More exciting studies can be performed in other correlated systems, including the ME cou-
pling in mutiferroic skyrmions [96] and magnetic topological insulators [91, 92, 97]. The
MeFM results in hexagonal manganites reveal a divergent ME susceptibility near the tri-
critical point, suggesting a possibility to enhance ME effects by harnessing critical fluctua-
tions and phase competition [98, 74, 55, 99, 100, 101], which may lead to the discovery of

large ME effects at room temperature.
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Appendix A

Technique details of Landau theory

At low temperature limit, i.e., T < Ty. Use rigid spin approximation, i.e., ignore amplitude

fluctuation. The Landau free energy of Mn and RE spins is :
f= gy R (A1)
Considering the Mn ordering in P63c¢m (polar) structure,

M = (C11+ D11 E)LH+(Co+ D2 E) L*+(Coa+ Do E) H? +(Cos+ Doy E) L*H?* + Cyg L* +..

(A.2)
Here L = La, = sint (Lp, = cost) is the Mn spin orientation order parameter in Ag (
Bsy) phase. For RE magnetism, we only consider the 4b sites. The RE spins are Ising-like
(anisotropy), with the moment uR* = gJug, where g = ¢° + g'E, is the g—factor of RE
spins, and ¢! describes the linear electric field dependence of the g—factor at the 4b sites

of P6scm structure. Therefore the Zeeman energy of RE moment is
e = — " H, = —(¢" + ¢'E.) JupH. = —(u + aE.) H. (A.3)

where 1 = ¢°Jup is the RE moment and o = g'Jpup is the electric field dependence of
RE moments due to F, dependence g—factor, which leads to macroscopic magnetoelectric
effect aRF.

The Hamiltonian of RE spins at 4b sites (o1, 09,03,04) in the exchange field of Mn3*

order is:

HRE = —grcos(o] — o9+ 03 —04) — gasiny(oy + 03 + 03 + 04)—

(u+aE,)H, (01 + 09+ 03+ 04) (AA4)
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Here o; is Ising spins with values £1. The g1 (g2) term describes the RE-Mn coupling in By

(A2) phase. The last term is the Zeeman coupling with magnetic moment dependent on E,.

Here the Hamiltonian can be expressed as a sum of those of individual spins HRE = > ’HzRE.
The partition function of RE moments (at 4b sites) is:

ZRE  _  —BfRE _ Z o—BHRE _ HZB—M?E = HCOSh(ﬁhi)
1 O 7

{oi}

Note that spin 1 and 3 (2 and 4) are identical, so their partition functions is identical.
Therefore,
ZRE — 16[cosh?(Bhy) - cosh?(Bhs)] (A.5)
Here
By = gicost+ gasing + (i + o) H. = gsin(y +8) + (u + oL H.
hy = —gicost+ gosiny + (u+ aE,)H, = gsin(p — §) + (u + «E.)H,
with g = \/m and tand = ¢1/g2 to simplify the notation. g1 = gsind, g = gcosd.

Therefore, the free energy of RE moments is

fRE = —; In ZRE — —;[ln cosh(Bhy) + Incosh(Shs)| — 4122 (A.6)

Combining Eq. A.2 and A.6, the full Landau free energy expansion can be obtained.

The total magnetoelectric effect:

aMZ M RE
pu— pu— n A.
Qzz 8EZ Qyz + Az ( 7)
Mn 2 £Mn 2 £Mn
OH, 0E,0H, O0E,0y dH,

in which, the second term considers nonrigid Mn37 spin rotations, and from Eq. A.2

anMn
B Dy L+ 2DyH + 2Dy EL*H
82an 82 an dL 9
DE.00 = _8E28L . @ = (DHH + 2Dy LH )COS?/J
use the chain rule to evaluate dy/dH.,
82f 82<fRE + an)

dip _78¢8HZ _ OYOoH, (A.9)
dHZ - 32f - 02(fRE _|_an) :

o2 2
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explicitly,

82an B _82an . % B
OH,Ov  OH,OL dip

[CH + D11 E + 4(022 + DQQE)LH] COS'[ﬂ (Al())

ankhl a2me
o2 oL
= [2(020 + DgoE) + 2(022 + D22E)H2 =+ 12040L2](1 — Lz)

~[(C11 + D11 E) 4 2(Cag + DagE)L + 2(Coz + Do E)LH? 4 4C49L?] cos ¢

and,
8fRE
o0 = —2g[tanh(Bh1) cos(1) + &) + tanh(Bha) cos(yp — )] (A.11)
52 fRE
907 2g{[tanh(Bh1) sin(y) + ) + tanh(Bhs) sin(yp — 0)]—

By[sech?(Bhy) cos? (¢ + &) 4 sech?(Bhy) cos® (v — §)]}  (A.12)

anRE 8A4RE

OH.00 0 = —2(u+aF)?Bglsech?(Bhy) cos(1)+6) +sech?(Bha) cos(v—6)] (A.13)

The second term in Eq. A.8 is responsible for the anomalous ME responsible, which is
discussed in Sec. 4.3.3 as well. Apparently, the denominator of Eq. A.9 approaches to zero

as the spin rotation angle ¢ — 90°, causing the divergence of oM™,

RE

.. , the RE magnetic moment and polarization are calculated based on

To evaluate «

the RE free energy Eq. A.6:

o RE Ez

MRE — _ aJ;I = 2(ju + aB,)[tanh(Bhy) + tanh(Bhs)] = “ZTO‘PZRE (A.14)
RE afRE o RE

PIE = — =~ = 2all.[tanh(Bhi) + tanh(Bhs)] = mMZ H. (A.15)

Note that this value has to be divided by 4 to get the proper magnetization (in the unit of

up/fu.). Therefore, the magnetoelectric effects due to RE moments:

dMRE
= = . MRE L H z
Q. dHZ L + OZEZ + )

1 i (A.16)



The susceptibility of RE moments is:

dMRE  9MRE N OMRE  qy
dH,  0OH, oy dH,

o MRE

o = 2(p + aF)?B[sech?(Bhy) + sech?(Bhy)]

95

(A.17)

(A.18)



