Magnetocapacitance Effect And Magnetoelectric Coupling In

Type—II Multiferroics RFeWOg (R = Ho, Dy, and Th)

by
Moein Adnani

A dissertation submitted to the Department of Physics,
College of Natural Sciences and Mathematics

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in Physics

Chair of Committee: Ching-Wu Chu
Committee Member: Zhifeng Ren
Committee Member: Allan Jacobson
Committee Member: Pavan Hosur

Committee Member: Wei-Kan Chu

University of Houston
May 2021



Copyright 2021, Moein Adnani



DEDICATION/EPIGRAPH

Dedicated to my parents and my wife.

Moein Adnani

May 12, 2021

iii



ACKNOWLEDGMENTS

I take this opportunity to express my gratitude and appreciation to the people that without their
help and guidance I would not be able to finish this work.

First, I would like to thank my supervisor professor Paul C. W. Chu for providing me with the
opportunity to work in his lab and take advantage of the excellent resources it offered. I am grateful
for his support, criticisms, and guidance throughout my study and for the financial support that
allowed me to attend a couple of conferences to meet and become familiar with research conducted
by world-class scientists.

I would like to thank all of my committee members, Prof. Zhifeng Ren, Prof. Allan Jacobson,
Dr. Pavan Hosur, and Prof. Wei-Kan Chu for the support and for attending and raising insightful
questions during my annual progress reports, which allowed me to look at the challenges and
problems from a different perspective. In particular, Prof. Jacobson for his help in getting me
started with the Rietveld refinement analysis.

In addition, I would like to thank all of my friends, colleagues, and group members (current and
alumni) at Prof. Chu’s lab for their help, support, and companionship. My thanks and apprecia-
tions go to Dr. Liangzi Deng for his help and teaching me how to work with various instruments,
especially MPMS3, and making efficient measurements; Dr. Zheng Wu for his assistance with
various technical lab issues, especially during sample preparation and working with furnaces; Dr.
Narayan Poudel, Dr. Melissa Gooch, and Dr. Hung-Cheng Wu for teaching me on making dielec-
tric, polarization, and heat capacity measurements; Dr. Hanming Yuan, Dr. Rabin Dahal, and Dr.
Shuyuan Huyuan for their help and discussions; and Troy Christensen for his assistance and help
with the administrative affairs and reading and reviewing my manuscript and greatly improving its
language.

I am grateful to my friends and colleagues Dr. Sayed Ali Akbar Ghorashi, Dr. Samira Danesh-
mandi, Dr. Taha Salavati-fard, and Dr. Hasan Salehi Najafabadi for all their help, support,
encouragement, valuable discussions, and numerous coffee and lunchtimes together. It certainly
helped me to endure and overcome the difficulties and obstacles on my way. Taha also collaborated
on my research and patiently spent the time and effort to make the DFT calculations needed for
my work and helped with writing the manuscript.

In addition, I would also like to thank my collaborators Dr. Stefano Agrestini, Dr. Eric Pellegrin,
and Dr. Javier Herrero-Martin for their valuable efforts in making the XAS/XMCD measurements
and analysis for the project, and Dr. Lars Grabow for his contribution to DFT calculation analysis
and carefully reading the manuscript. I am especially thankful to Stefano for his effort and help in
preparing the manuscript and responding to the questions by the referees.

Finally, I would like to thank my family; my parents, my sister, my father and mother in
laws, and my wife. I will not be able to reach here and achieve what I have in life without the
unconditional love, support, and sacrifice of my family. My parents selflessly put my education
and success ahead of their comfort in life and I will be indebted to them for always. Nothing
can replace sisterly love and I am thankful to have such a wonderful sister and for being near our
parents while I am away. I am thankful for having a wonderful mother- and father-in-law and for
all their help and support during these years. And my dear wife, I am always grateful for all her
sacrifice, endurance, encouragement, and love for the past few years. Her presence and emotional
support certainly gave me the strength to overcome the hardships through this journey.

v



ABSTRACT

In this work, we have studied the multiferroic behavior and magnetoelectric (ME) coupling in
a group of oxides, RFeWOg (R = Ho, Dy, and Tb). These compounds have a non-centrosymmetric
polar structure (space group Pna2;) at room temperature and exhibit an onset of an improper
ferroelectric transition with an antiferromagnetic ordering at the Néel temperature (Ty). The
magnetic properties of the polycrystalline samples were studied by DC and AC magnetization
and heat capacity measurements. The metamagnetic behavior at low temperatures was found to
be directly related to the dielectric properties and polarization of the compounds. We observed
that the field-dependent measurements of capacitance show a magnetocapacitance (MC) effect
with double-hysteresis loop behavior, which is in direct correspondence with the magnetization.
Our X-ray diffraction results on HoFeWOQOg show the Pna2; structure down to 8 K and suggest
the absence of a structural phase transition across Ty. The structural relaxation calculation of
HoFeWOg also shows that the Pna2; is the stable structure. The total density of states of this
compound also demonstrates an insulating state with a wide band gap of ~3.7 eV. Soft X-ray
absorption spectroscopy and soft X-ray magnetic circular dichroism (XMCD) measurements at the
Fe Ly 3 and R (= Ho, Dy, and Tb) M4 5 edges revealed the oxidation state of Fe and R (= Ho, Dy,
and Tb) cations to be 3+. Fe Ly 3 XMCD further shows that Fe3* cations are antiferromagnetically
ordered in a non-collinear fashion with spins arranged 90 degrees with respect to each other. Our
findings show that HoFeWOg, in addition to DyFeWOQOg and ThFeWOg, is also a type-II multiferroic
and they all exhibit an MC effect. The observed MC effect and the change in polarization by the
magnetic field, in addition to their direct correspondence with magnetization, further support the

strong ME coupling in this compound.
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1 Introduction

Materials containing two or more ferroic orders have been the center of attention in the scientific
community since they have great potential for devices with multiple controlling parameters as well
as exhibiting novel physical phenomena and properties. This class of materials, formerly known as
ferroelectromagnets and now as multiferroics, have long been known and extensively studied [1].
Interest in multiferroics was renewed in particular following the experimental observation of spin-
induced polarization in rare-earth manganites and the theoretical explanation of its origin [2-9].

An interesting physical property exhibited by these compounds is magnetoelectric (ME) cou-
pling or the mutual coupling between magnetic ordering and polarization [10,11]. One way to
indirectly investigate such coupling between spin and charge degree of freedom is through the
magnetocapacitance (MC) effect.

Because of the common origin of ferroelectric polarization and magnetic ordering in type-II mul-
tiferroics, it is expected that the coupling between magnetic and ferroelectric ordering is relatively
strong. Among the type-II multiferroics, orthorhombic rare-earth manganites, which have a non-
polar crystal structure in the paramagnetic region, have been investigated intensively [7-9,12,13]
and in fact, most known type-II multiferroics are centrosymmetric in the paramagnetic region.

Among materials having non-centrosymmetric crystal structure and exhibiting multiferroicity,
well-known examples are BiFeOs and hexagonal YMnQOs3. They are categorized, however, as type-1
multiferroics since their ferroelectricity and magnetic ordering have separate origins. While Fe3*t
and Mn>* are responsible for the magnetic state in the respective compounds, the ferroelectricity
in BiFeOj is caused by the lone pair electrons of the Bi*T ions and that in YMnOjs is of improper
geometric nature, in which topology determines its unconventional polarization domain properties.

[14-18].



Several compounds with a non-centrosymmetric polar structure have also been reported to be
magnetoelectric multiferroics, e.g. MaMogOg (M=Fe, Mn) [19-21], CaBaCo40O7 [22-24], Ni3TeOg
[25-27], and recently RFeWOg (R=Dy, Eu, Th, and Y) [28]. All of these compounds have a broken
inversion symmetry in their paramagnetic region driven by the chemical ordering of their cations,
and they show a change in polarization at the magnetic ordering temperature without any sign of
structural phase transition, in which the polarization is coupled to the magnetic field.

It was proposed that these compounds should be classified as type-III, a new class of multifer-
roics, in order to distinguish them from type-II, in which the paramagnetic region is centrosymmet-
ric and the magnetic ordering breaks the inversion symmetry, inducing a spontaneous polarization
that is coupled to the magnetic field [29].

In aeschynite-type materials with the general formula of RMM’Og (R=rare-earth; M, M’'=transition
metals), due to symmetry constraints, the crystal structure will adopt a polar space group, Pna2;
(no. 33), if M and M’ are ordered [30]. It was previously reported that the oxides of RMWOg
(R=rare-earth element and M=V, Cr, and Fe) have an ordered arrangement of M3+ and W%
and that they show an antiferromagnetic (AFM) ordering at low temperature [31]. In addition, it
was recently shown by Ghara et al. [28] that the compounds of RFeWOg (R=Dy, Eu, Tb, and Y)
exhibit magnetoelectric multiferroicity. Their neutron diffraction study on DyFeWOg revealed a
commensurate non-collinear arrangement of Fe3™ and Dy3* spins with the magnetic space group
C,c.

Here we studied the multiferroic behavior of polycrystalline samples of RFeWOg (R = Ho, Dy,
and Tb). The quality and crystal structure of the samples were confirmed using synchrotron X-
ray diffraction (XRD). The X-ray absorption spectroscopy (XAS) measurements confirmed the 3+

valence state of the Fe and R cations. The X-ray magnetic circular dichroism (XMCD) spectrum



on the Fe Lo 3 edge showed that the Fe3t spins are arranged non-collinearly at angles of 90 degrees
with respect to each other. Magnetic, dielectric, polarization, and heat capacity measurements
showed that these compounds undergo an AFM ordering at the Néel temperature (Tx) of 17.8,
18, and 15 K for R = Ho, Dy, and Th, respectively, which is accompanied by the onset of a
ferroelectric transition at the same temperature. The magnetoelectric coupling was indirectly
investigated further by measuring the capacitance as a function of the magnetic field. The direct
correspondence of its capacitance and magnetization as functions of the magnetic field and the
response of its polarization to the magnetic field indicates the presence of strong ME coupling in

these compounds.



2 Background

In this chapter the key concepts and important phenomena pertaining to this research will be
presented. This chapter starts by a review of magnetism in solids and different magnetic orderings.
Then the basics of dielectric materials and ferroelectricity is discussed. At the end, the concept
of multiferroicity, magnetoelectric coupling and different mechanisms of inducing polarization in

multiferroics are explained.

2.1 Paramagnetism: Curie’s law

Electrons have a characteristic angular momentum (hs) which is associated with its spin degree of

freedom. The spin magnetic moment is proportional to s and is described as [32]:

s = —giBS (1)

where up is called the Bohr magneton which has a magnitude of:

h
jp = 2%6 =0.927 x 1072 erg/G 2)

=0.579 x 1078 eV/G,

where e is the magnitude of charge of electron, m its mass, ¢ the velocity of light, and % the Planck
constant divided by 27. The g-value or the Lande g-factor is 2.

Electrons have an orbital magnetic moment, associated with their orbital motion, which can be



expressed as:

&
= = —unl
Mo 2mc(r X p) KB (3)

where 7 is the position vector of the electron, p is its momentum, and [ is the angular momentum

divided by h. When a magnetic field H is applied we can write

mv=p+ %A(T) (4)
2

2mc?

= 1o(H) = —ppl — ——(r x A),

where A is the vector potential due to the external magnetic field, which is invariant under trans-
formation to the vector potential A’ (A’ = A + V).
Similar to electrons, the atomic nuclei also have magnetic moment associated with the nuclear

spin I, which can be expressed as:

p=gnunI (5)

un is called Nuclear Magneton and can be found using the Eq. 3 where the mass of electron m
is replaced by the mass of proton M. uy is corresponding to the g-value is of order of unity. In
most cases the magnetic moments of atomic nuclei can be ignored in comparison with the magnetic
moments of electrons as uy = (1/1836)up.

For a quantum mechanical system at 7' = 0 and with volume V inside a uniform magnetic field



H, the magnetization density is defined as [33]:

1 0Ey(H)

M(H):_VOT (6)

where Ey(H) is the ground-state energy of the system inside field H. When the system is in thermal

equilibrium at temperature T, the magnetization density has the form:

1 oF
= von @

where F' is the magnetic Helmholtz free energy and is defined as:

o—F/ksT _ Z o~ En(H)/kpT (8)

n

and the susceptibility is defined as

X:(?iH 9)

The Hamiltonian of the system in the presence of magnetic field is modified and by treating
the change in the energy levels induced by the field as perturbation, the second-order perturbation
theory gives:

< n|AH|n > |?
E,—E,

En = En+AE,; AE, =<n|AHn >+ > |
n'#n

(10)



and therefore we find:

H- (L+QQS)|n > |2
E,—E,

<n
AE, = upH - < n|L + goS|n > + Z | s
n'#n
2

+ 8mc?

H? < n| Z(:c? +y2)|n >

(2

The equation above can be used to determine the magnetic susceptibility of individual atoms,
ions or molecules. It can also be used to determine the susceptibilities of solids that can be
considered as a collection of slightly deformed individual ions [33].

(i) In case of a solid composed of ions with all electronic shells filled, the spin and orbital
angular momentum in the ground state is zero; J|0 >= L|0 >= S|0 >= 0. In this case only the
third term in the Eq. 12 will contribute to the field-induced shift in the ground-state energy. As a
results, the susceptibility of a solid composed of N ions in their ground state in thermal equilibrium

is given by

N 9?AE, e2 N 5
X vV 0H? 6me2 V < ‘ZZ:TZ‘ - (12)

This term is known as the Larmor diamagnetic susceptibility. Diamagnetism means negative sus-
ceptibility and occurs in solid noble gases and alkali halides, in which the induced moment is
opposite of the applied field. The molar susceptibility (x™°%") can be found by multiplying the x

by the volume of a mole, N4/[N/V], where N4 is the Avogadro number.

2

2\ 2 3
N
<ﬂ>—z<e> 2%

Xmolar — _ZiNA
he

s < (r/ag)* > (13)

1
2. _ 2
<r >—Zig < 0|r7|0 >



where < 72 > is the mean square ionic radius, Z; is the total number of electrons in the ion. By

taking into account the values ag = 0.529 A, e%/hc = 1/137, we will have

™ = —0.792; x 1078 < (r/ag)? > cm?®/mole (14)

(iil) When the solid contains ions with partially filled electronic shells, there are two cases that
needs to be considered.

1. If the shell has J = 0, which is the case for shells with one electron short of being half
filled, then the first term in Eq. 12 would be zero. Therefore, the susceptibility for a solid contains

of N/V ions per volume is

N 92AE,

X= 7V oI (15)
N | e 9 o 9 | < O|L, + goSz)|n > |?
=——|——<0 E . 20 > —2 E
V | Zme < i(x“’yl)' = B - E, — Eg

The first term, as we saw before, is the Larmor diamagnetic susceptibility. The second term
favors the alignment of the moment parallel to the field, which is called paramagnetic behavior.
This paramagnetic correction to the Larmor diamagnetic susceptibility is known as Van Vieck
paramagnetism.

2. If the shell does not have J = 0, then the first term in Eq. 12 does not vanish and its
magnitude is so much larger than the other term that they can be ignored. In this situation the
ground state is (2J + 1)—fold degenerate and if the splitting between the zero-field atomic ground-
state is large compared with kg7, then only the (2J + 1) states in the ground-state multiplet will
contribute to the free energy.

If only the lowest (2J+1) states are thermally excited, the magnetization for N ions in a volume
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Figure 1: Plot of the Brillouin function Bj(z) for various values of the J.
Vis
NOF N
vag = v /BBy H) (16)
where
2J+1 2J+1 1 1
Bj(x) = 57 coth 57 % ﬁcothﬁx
v =g(JLS)us

Bj(z) in the equation above is the Brillouin function, and the g(JLS) is the Landé g-factor.

o(ILs) =3 4 L[SE+) ~ LT+

1
22 J(J+1)

(17)

Figure 1 shows a plot of Brillouin function for different values of J. Under condition yH < kT,



we can use the small-z expansion, which results in

11 ; I+ ;
cothxrvx—i—sx—l—O(a: ), By(x)= 37 z+ 0(z?) (18)

_ N(gpp)? J(J+1)
XTIV S kT

molar (gMB)2 J(J + 1)
=N
X AT kT

(kBT > gupH)

The relationship above, which shows the change of susceptibility with respect to inverse of temper-
ature is known as Curie’s law.

It is worth pointing out that the paramagnetic susceptibility at room-temperature is larger than
the temperature-independent diamagnetic susceptibility by a factor of order 500, therefore, when
an ion with partially filled shell with J # 0 is present in a solid, the contribution of this shell to the
total magnetic susceptibility of the material is much larger than the diamagnetic contribution from
the other filled shells. Insulating crystals with rare-earth ions are one of the commons materials to

obey the Curie’s law. The Curie’s law is frequently written in the following form:

LN ppp?
=-— 19
XT3V kT (19)
where p is the effective Bohr magneton number.
p=g(JLS)J(J + 1)]"/? (20)

Table 1 compares the value of the p for the rare-earth elements used in this study (Ho, Dy, and
Tb) obtained from the coefficient of 1/T in the measured susceptibility and the values determined

from the Eq. 17 and 20 [33].
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Table 1: Calculated and measured effective Bohr magneton for Th3t, Dy3*, and Ho3t. The data
are adopted from the reference [33].

Basic Electron Ground-state

Element Calculation Measurement
Configuration Term
Tb 418 Fs 9.72 9.5
Dy 49 SHis/o 10.63 10.6
Ho 410 °1g 10.60 10.4

The magnetism of rare-earth ions in an insulating solid can be well described by considering
them as isolated ions. In case of transition metal ions the Curie’s law is satisfied, however, the
orbital angular momentum is quenched due to crystal field splitting. This means that the value of
effective Bohr magneton p is determined by considering the L as zero and hence J is equal to S.

Table 2 shows the calculated and measured values of p for the Fe3* and Fe** [33].

Table 2: Calculated and measured effective Bohr magneton for Fe?t and Fe?t. The data are
adopted from the reference [33].

Basic Electron Ground-state Calculation
Element ] Measurement
Configuration Term (J=S8) (J=|L+S5))
Fe?t 3dP 655/2 5.92 5.92 5.9
Fe?* 3d° ’Dy 4.90 6.70 5.4

In majority of magnetic ionic crystals or rare-earth metals, the electrons in the partially filled
shells are in a localized state but are influenced by the surrounding ions, known as crystal-field
effect. This effect in the 3d partially filled transition metals is much larger than in the 4 f shell of
rare-earth metals as the 3d electrons are located in the outermost shell of the ion and it directly
interacts with the electrons in the surrounding ions while the 4f shells of rare-earth ions lies deep

inside the ion beneath filled 5s and 5p shells [32].

11



Unlike the electrons in the partially filled ionic shells, the conduction electrons of a metals are
not spatially localized and the Curie’s law does not apply to them. The magnetic susceptibility of

conduction electrons can be found from the following relationship

X = 1% 9(Er) (21)

where g(Ep) is the density of levels at Fermi energy. This is known as the Pauli paramagnetic
susceptibility. The Pauli susceptibility, in contrast to Curie’s law, is independent of temperature.

In the case of free electron case, the Pauli susceptibility takes the following form

a

XPauli = (%)2 (aokr) (22)

o =e*/he=1/137
( 2.59 )6
XPauli =
rs/agp

2.2 Magnetic Ordering in Solids: Ferromagnetism and Antiferromagnetism

In the absence of magnetic interactions, individual magnetic moments would be thermally disor-
dered and the vector moments would average to zero. In certain solids, individual magnetic ions
show a non-vanishing average vector moment below a critical temperature 7., which are called
magnetically ordered.

The localized moments of ions in a magnetically ordered solid may or may not show a net
magnetization density. If there exist a macroscopic bulk magnetization in the absence of external
magnetic field (known as spontaneous magnetization), then the this ordered state is called ferro-

magnetic. If the individual local moments sum to zero without spontaneous magnetization, this

12
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Figure 2: A schematic of different types of magnetic ordering and possible arrangement of spins in
a (a) ferromagnetic, (b) antiferromagnetic, and (c) ferrimagnetic state.

ordered state is known as antiferromagnetic. When there are more than one magnetic ion in the
solid and not all the local moments have a positive component along the direction of the spon-
taneous magnetization, this ordered state is called ferrimagnetic. Figure 2 shows a schematic of
examples of different types of magnetic ordering.

The earliest attempt at quantitatively explain the ferromagnetic transition was through the
mean (or molecular) field theory by P. Weiss, in which it assumes that the effect of interaction
between the spins is to replace the field each spin feels by an effective field. Using this approximation

the magnetization density can be written as
H
M = M, <ff> (23)
T
where H.yp = H + AM is the effective field and My is the magnetization density in the field H and
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temperature 7" in the absence of magnetic interaction, which would be the same as in Eq. 16. When
there is a spontaneous magnetization M (7T) at temperature 7' (below the critical temperature T¢,

known as Curie temperature) then at H = 0 the Eq. above should give a nonzero answer

M(T) = M <)‘£4> (24)

The susceptibility in the mean field approximation is given by

OM  OMy OH.gy
~ OH 0OH.y OH

X = Xo(L + Ax) (25)

X0

== ——
YT w0

where xq is evaluated in the field H.r;. Above the critical temperature T; and in the limit of zero
applied field, xo takes the form of Curie’s law (o< 1/T") and the zero-field susceptibility becomes

X0

S 26)

X

This equation is similar to the Curie’s law for an ideal paramagnet, except that T is replaced by
T — T,. This modification is known as Curie- Weiss law.

In antiferromagnets, the spins will order in an antiparallel fashion below the critical temperature
Tn called Néel temperature. The susceptibility in an antiferromagnet has the form of the Curie’s
law except that the temperature T is replaced by T + 6cw . This is similar to the case of the
ferromagnetic ordering, however, the sign of the critical temperature is opposite.

The Curie-Weiss law, in spite of its inadequacy, offers a simple way to sort out the possible types

of magnetic structure that may arise below the critical temperature. Figure 3 shows an illustration
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Figure 3: A schematic of temperature dependent susceptibility in a (a) paramagnet, (b) ferro-

magnet, and (c) antiferromagnet. (d) The inverse of susceptibility in different forms of magnetic
ordering [34].

of the magnetic susceptibility in different types of ordering and its inverse with different signs of

T. or Oy in the Curie-Weiss law.

2.3 Dielectric Materials and Polarization

A dielectric is an electrically insulating material, which can be polarized in the presence of an
external electric field. The band gap in dielectrics is of order ~ 3 eV or more, which prevents
the electrons from thermal excitation from valence band to the conduction band. The formation
of electric dipole moments and their orientation with the electric field determines the electric

polarization of the dielectric. There are different factors that contributes to the polarization, which
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are as follow [35]:

FElectronic polarization (P.). When a neutral atom is placed inside an electric field, it shifts
the electric charge of an atomic shell and the nucleus apart from each other, causing the center
of charges to displace from the center of atom. This procedure induces a dipole moment. The
electronic polarization is independent of temperature and directly proportional to the strength of
the field.

Ionic polarization (P;). When ions of opposite charges are placed in an electric field, the
positive ions move in the direction of the field and the negative ions move in opposite direction.
This creates dipole moments and polarization which is also independent of temperature but depends
on the binding energy of the ions in the lattice.

Orientational polarization P,. The permanent dipole moments in a dielectric, created by asym-
metric distribution of charges between different atoms, will reorient themselves when placed in
an electric field. This will contribute to the overall polarization. The orientational polarization
depends on temperature and as temperature is increased the thermal energy tends to randomize
the orientation of the dipole moments.

Space (surface) charge polarization P;. In dielectrics there exist free charges that can move
inside when the dielectric is placed in an electric field. These free charges can be trapped by the
defects inside the dielectric and create a space charge. These space charges form a dipole moments,
which contribute to the overall polarization. This polarization is also temperature dependent.

Figure 4 shows a drawing of summary of different process that contributes to the polarization
of a dielectric.

When polarization within the material is uniform then the macroscopic field inside the body
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Figure 4: A schematic of different processes that contribute to the polarization of a dielectric: (a)

electronic polarization, (b) ionic polarization, (c) orientational polarization, and (d) space charge
polarization.
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can be written as:

E=Ey+E; (27)
4
- EO - ?P

where Eq is the applied field and the E; is the field caused by the uniform polarization in the
material. Ej is called the depolarization field and it opposes the applied field Eg. The E; has
a form E; = —NP where N is called the depolarization factor and depends on the shape of the
object. For the case of a sphere N = 47/3.

The dielectric susceptibility (x) can be defined as

P =yE (28)

so it would connect the macroscopic field inside the body to the polarization. The dielectric constant

(e) can also be defined as

E +4nP

@)
I

=1+4my (29)

It is also worth mentioning that the results above are derived in CGS unit and in order to obtain the
same results in the SI unit, we can use the conversion xs; = 4mxcgs and by definition eg; = ecas.

Another quantity that is usually used in the literature and textbooks is the permittivity or
absolute permittivity of the medium, which is denoted also by (€) and can be mistaken with the
dielectric constant. The dielectric constant defined previously is sometimes denoted by (x) and

also sometimes is called relative permittivity, which is related to the permittivity of the medium by
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dividing it by the permittivity of the free space.

where ¢ is the permittivity of the space.

While it is more convenient to work with macroscopic field, it is also important to deal with
the microscopic field acting on individual ions. Local microscopic field at the position of each ions
determines the force acting on each individual ion and the resultant displacement and distortion
of ions. This so called local field is significantly different from the macroscopic field at the same
location. In order to evaluate the local field at r (denoted by a prime sign: E'(r)), we consider
a cubic arrangement of ions in a crystal of spherical shape. Then, E'(r) is consist of contribution
from sources of field from points near or far region from r. The near or far region is defined as
a sphere of radius r’ about r, where the radius is small on the macroscopic scale, but it is large
compared with the characteristic atomic dimensions a. In this case the local electric field can be

written as:

E/(I‘> = E;ear(r) + E/far(r) = E;ear(r) + Efar(r) (31)

where the local field of far region (Ef (r)) is replaced by the macroscopic field of the far region
(Efar(r)) as the contribution from the local field of far region has a negligible variation over a small
distance (of order a) and therefore we use an averaged value of macroscopic field from far region.

The full macroscopic field at r can be divided into contribution from near and far region:

E(r) = Encar(r) + Efar (r) (32)
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therefore, the local field can be written as

E'(r) = E(r) + Eyeu (r) — Epear (1) (33)

the Epear(r) which, in essence, is the macroscopic field from a uniformly polarized region of spherical
shape is just E = —47P/3. In the case when the near region is a specimen of spherical shape and
a cubic environment for each point, the local field from this region will vanish and as a result the

local field at point r will become:

EM:E®+%TM (34)

this result is also known as Lorentz relation. The Lorentz relation can be written in terms of

dielectric constant (€) as well:

D(r) = ¢E(r)
where
D(r) = E(r) + 47P(r)
therefore
P(r) = _"B() (35)
= E(r) = T B() (36)

This result can also be described in terms a quantity called polarizability («) of a medium, in which

polarizability of an ions at position d is defined as the ration of induced dipole moment to the field
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acting on it and the total polarizability is the sum of polarizabilities of all ions in the primitive cell.

P(r) = %E’(r)

6—1747'('&
e+2  3v

(37)

The Eq. 37 is known as Clausius-Mossotti relation and links the macroscopic and microscopic

theories.

2.4 Crystallographic Point Groups

A crystallographic point group is defined as a group of symmetry operations, which all of them
map a lattice point onto itself [36]. There are 32 point groups in total. A single rotation and
rotary-inversion (1, 2, 3, 4, and 6; 1, 2 = m, 3, 4, 6) can produce 10 point groups and the remaining
22 result from the combination of these 10 points groups [for example a two-fold axis perpendicular
to another axis (e.g. 422), or mirror plane perpendicular to another axis (e.g. 2/m) or parallel to
another axis (e.g. mm2)|. If crystal has a point of inversion then it is called centrosymmetric and
if it lacks a point of inversion (a broken inversion symmetry) then it is called non-centrosymmetric.

Figure 5 shows a sketch of a centrosymmetric and a non-centrosymmetric structure. There are 11

centrosymmetric and 21 non-centrosymmetric point groups.

2.5 Piezoelectricity, Pyroelectricity, and Ferroelectricity

Piezoelectric effect is the emergence of polarization in the material when it is subject to a mechanical
stress and, conversely, the change of their shape and size when they are placed in electric field. This
property is closely related to the symmetry of the crystal structure. Piezoelectric materials have a

non-centrosymmetric crystal structure and from the 21 non-centrosymmetric point groups, 20 are
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(a) (b)

Figure 5: A sketch of (a) a cubic and centrosymmetric and (b) a hexagonal non-centrosymmetric
structure. The small circle at the center of cubic structure is the center of inversion.

piezoelectric.

There are 10 point groups among piezoelectrics that have a polar crystal structure. A polar
point group is one, for which, every symmetry operation leaves more than one common point
unmoved [37]. In polar crystals the center of positive and negative charges do not coincide and
as a result they exhibit a temperature-dependent spontaneous polarization. The polarization in
these materials is usually masked by twinning or the surface bound charges. In this case, the
polarization is revealed when the temperature in the whole material is changed uniformly, and a
current will release from the material that can flow in an external circuit [38-40]. This effect is
called pyroelectricity and materials exhibiting this effect are called pyroelectrics.

There is a special case of pyroelectric materials called ferroelectrics, in which, the direction of the
polarization can be switch by application of a field of certain strength and in an oscillating electric
field they will show a hysteresis. Ferroelectric materials have a certain transition temperature,
called curie temperature T, below which the polarization appears. During the transition the crystal
structure changes from a high symmetry state called paraelectric to the lower symmetry state of

ferroelectric.
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Figure 6: Venn diagram of different types of dielectric materials and the respective number of

crystal classes.

Figure 6 shows a schematic Venn diagram depicting that ferroelectric materials are special
subset of non-centrosymmetric materials. Table 3 shows the list of all the non-centrosymmetric

crystal classes and the occurrence of piezoelectricity and pyroelectricity [37].

2.6 Landau Theory of Phase Transition; Proper and Improper Ferroelectrics

Landau theory of phase transition is a phenomenological theory to describe the behavior of a system
during a phase transition. In this theory, the energetics of the system near the phase transition
is described by the Landau free energy F, which can be considered as an approximation to the
Helmholtz or Gibbs free energy per unit volume. This Landau free energy can depend on external
parameters like temperature, pressure, field, etc.

According to this theory, as the system is cooled from a disordered or higher symmetry state
at high-temperature to an ordered state with reduced symmetry below the phase transition tem-

perature T, a phenomenological order parameter 1)(T") takes a non-zero value below T.. The main
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Table 3: List of all the non-centrosymmetric crystal classes. The symbol (+) denotes the occurrence
of that property and (—) shows the absence of the property. The symbol [u0w]| refers to the set of
directions obtained for all possible values of u and w, in this case to all directions normal to the b
axis, i.e. parallel to the plane (010). Data adopted from reference [37].

Crystal System Non-centrosymmefric Pyroelectricity | Piezoelectricity
Crystal Classes
Triclinic +[uvw] +
2 010
Monoclinic |- - - - - - - - - - - - - - |- - - :I_L - J 77777777 T ]
m +[uOw] +
Orthorhombic | - - - - - - 2272 777777777777 I to ]
mm?2 +[001] +
4 +[001] +
4 - +
Tetragonal 499 — +
7777777 Amm | 4o |+
42m - +
3 +[001] +
Trigonal 32 — +
3m +[001] +
6 +[001] +
6 - +
Hexagonal 622 — +
7777777 6mm | 4o | 4
62m - +
23 - +
Cubic 432 - -
43m — +
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concept in the Landau theory is that for a spatially uniform system the free energy is analytic in

term is ¢ and T and the free energy can be expanded in series of powers of the order parameter.

b
F:F0+%P2+ZP4+--~—EP (38)

where Ej is the energy of the system above T, F is the external bias electric field and the coefficients
a,b,... are in general temperature dependent. The first coefficient a is considered to be linear
function of temperature in the form ao(7T —Tp) where Tj is the Landau parameter temperature and
may be equal or lower than the transition temperature. In order to find the value of P in thermal
equilibrium, we need to minimize F' as a function of P.

OF ,

If b > 0 then a second-order phase transition takes place. Therefore polarization for zero applied

field from Eq. 40 is found
ao(T — Ty)P + bP? =0 (40)

so either P = 0 or |P| = (ag/b)"/?(Ty — T)Y/?. The temperature Tj in the second-order transition
represent the Curie temperature. This transition is called second-order in a sense that the second
derivative of the free energy (specific heat) is discontinuous and shows a divergence, while the first
derivative is continuous at the critical point.

If b < 0, we will have a firs — order phase transition. In this case a term of order six is needed

in the Eq. 40 to keep the free energy positive. Therefore, in the absence of external field F, the
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equilibrium condition can be written as

ao(T — Tp) P — |b|P? + c¢P° =0 (41)

so either P =0 or

ao(T — Ty) — |b|P? + ¢P* =0 (42)

This transition is called first-order in a sense that the first derivative of the free energy is discontin-
uous. Figure 7 shows the behavior of the free energy and polarization for the first- and second-order
phase transition.

Ferroelectric materials for which the polarization is the primary order parameter is called proper
ferroelectric and if the polarization is not the primary order parameter it is called improper ferro-
electric.

One example of proper ferroelectricity is the barium titanate (BaTiOs) where the transition
from the cubic to tetragonal phase is accompanied by a spontaneous deformation of the crystal. In
this case the polarization is the order parameter as it accounts for the reduction in the symmetry,
while the appearance of the spontaneous strain is a second-order effect and is a consequence of the
polarization. If we polarize the cubic phase along a cubic edge, we obtain the tetragonal phase,
even if the crystal is clamped. However, if the cubic phase is deformed, a tetragonal phase of higher
symmetry will be achieved and the center of inversion is preserved [41].

In improper ferroelectrics, the polarization arises as a result of other changes in the crystal (or
magnetic) structure of the material. Majority of magnetic ferroelectrics, in which the magnetic

ordering breaks the inversion symmetry and induces a polarization are improper ferroelectrics.
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(a)

(b)

Figure 7: Second-order phase transition: (a) free energy as a function of order parameter P above
and below the critical temperature and (b) order parameter P as a function of temperature. First-
order phase transition: (c) free energy as a function of P for T < T., T = T,, and T > T, and (d)
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2.7 Multiferroics

The combination of electricity and magnetism has been formulated in 19th century in the form
of Maxwell equations. However, the electrically and magnetically ordered materials have been
considered to be separate. In 1959, Landau and Lifshitz made a short remark in a volume of their
Course of Theoretical Physics [42] regarding the possibility of linear coupling between magnetic
and electric fields in a media, which would cause a magnetization proportional to an electric field.
In 1959 Dzyaloshinskii [43] predicted the magnetoelectric coupling in antiferromagnet CroOs and
Astrov [44] experimentally observed this effect.

Magnetoelectric (ME) coupling is the cross-coupling between the magnetic and electric response
of the material where a magnetization M can appear in the presence of an electric field E, or the
opposite effect, a polarization P can appear in the presence of magnetic field H [10,11,45,46]. The
ME coupling does not necessary requires the material to be ordered.

Extensive efforts were undertaken by Smolenskii and colleagues [1], to combine the magnetic
and ferroelectric ordering in a single compound (formerly called ferroelectromagnets).

The term multiferroic was later coined by H. Schmid [47] for a material with two or more
coexisting primary ferroic orders in a single phase of matter. The definitions has been broadened
now to include coexistence of ferroelectricity with ferro-, ferri, and antiferromagnetic order in a
single or multiphase of the compound. In general, multiferroic materials are categorized in two
types: type I and type II.

When the origin of ferroelectricity and magnetic ordering are separate from each other the ma-
terial is called type I multiferroic. In this class of multiferroics, the ferroelectricity usually emerges
at high temperatures with a relatively large polarization (of order 10 — 100 x#C/cm?) and the mag-

netic ordering occurs at temperatures below room temperature. Due to separate origin of magnetic
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ordering and ferroelectricity in type I multiferroics, the ME coupling is usually rather weak. Some of
the well-known examples of type I multiferroics are the hexagonal rare-earth manganites h—RMnOsg
(R=rare—earth) [8,9,14,18] and BiFeO3 [48].

Unlike type I multiferroics, in type II the ferroelectricity and magnetic ordering have a unique
origin. In this class of multiferroics, material develops a special form of magnetic ordering which
breaks the inversion symmetry and as a results induces a ferroelectric polarization. The magnetic
ordering in type II multiferroics usually occurs at temperatures far below room-temperature. Some
of the well-known examples of multiferroics of spin origins are the TbhMnOgs with orthorhombic
structure and TbMnyOs. Due to the identical origin of ferroelectricity and magnetic ordering in

type II multiferroics, the ME coupling is usually stronger in this class of materials.

2.8 Magnetoelectric Coupling and Mechanisms for Induced Polarization

The magnetoelectric coupling in a single phase material can be described by using the Landau
theory of phase transition. By considering a medium which is both electrically and magnetically
ordered (there is spontaneous polarization and magnetization), the free energy density can be

written in the following form [11,49-52]:

o o 1 T o
—(I)(E,H, T) = —®y+ EzPSZ(T) + HZMSZ(T) + 56061']‘ (T)EZEJ + §MOMij (T)HzH]

1 R | o 1 o
+5 00 (T)E'HY + 5@-jkEULIJH’c + §fy¢ij’E]Ek +... (43)
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The ith component of total polarization P’ and total magnetization M? can be found by taking

derivative of the free energy with respect to electric field E¢ and the magnetic field H?, respectively:

. 0P . . . 1 .
Pl= = = Po+ coeij(T) B + i (T) HY + §Biij3Hk +...,
i o9 i J i1 i gk
M = — oo = Mg+ popss(T)H? + aji(T)H? + Sije B2 E” + .. (44)

The first and second terms in Eq. 43 represent the contribution from the i¢th component of the
spontaneous polarization and magnetization, respectively, where E? denotes the ith component
of applied electric field E and H® is the ith component of applied magnetic field H. The third
and fourth terms are the contribution from the electric and magnetic field, respectively, where
€0 is the permittivity of free space, €;;; is a second-rank tensor relative permittivity, po is the
permeability of free space, and f;;(7T") is the relative permeability. The fifth term describes the
magnetoelectric coupling via «;j,. The B;;; and ~;j; are the third-rank tensor representing the
second-order (quadratic) ME coupling. The indices follow the Einstein summation convention so
they run from 1 to 3.

It is worth mentioning that the free energy can also be written in the form of Landau free energy

in the following form [1,41,53]

B

/
d = Oy + aP? + 5P4 —~ PE+d'M? + 5M4 — MH +~P*M? (45)

where M and P are the magnetization and polarization, respectively, and ®, «, 8,a/, 8’ and v are
all temperature-dependent. The term yP2M? signifies the coupling between the polarization and
magnetization.

The spin-driven polarization in type II multiferroics can emerge through different mechanisms.
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There are essentially three mechanisms, which can break the inversion symmetry in a material and
induce a polarization [45,46, 54, 55]: (i) anti-symmetric spin exchange interaction, (ii) symmetric
spin exchange interaction, and (iii) spin-ligand interaction (or spin-dependent p-d hybridization).

The anti-symmetric spin exchange interaction can explain the induced polarization between
adjacent canted spins, as depicted in Fig. 8 and it is proportional to the cross product of spins in

the following form:

Pij X €;; X (SZ X Sj), (46)

where S; and S; are the neighboring canted spins, e;; is the unit vector connecting the two spins,
and P;; is the local polarization between the ith and jth sites.

In special magnetic structures like cycloidal or transverse conical the local polarization can rise
to a macroscopic polarization.

A microscopic theory by (Katsura—Nagaosa—Balatsky) [3] explain the origin of this polarization
by considering a spontaneous flow of spin-current between canted spins, which generates a polariza-
tion under the influence of spin-orbit interaction. This mechanism is also called inverse Dzyaloshin-
skii-Moriya (DM) model [56] since in the conventional DM interaction a non-centrosymmetric
crystallographic environment promotes an antisymmetric magnetic interaction (canting of spins)
and, conversely, in the inverse DM interaction a canted spin structure drives a non-centrosymmetric
displacement of charges. Spin-orbit coupling is crucial for both the DM and inverse DM interaction.

The symmetric spin exchange model is based on the fact that two different types of bonds results
in changes in the bond lengths and angles due to ezchange striction (i.e., difference in interatomic

forces), which may induce a polar striction along bond length (Fig. 9). This model essentially
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Figure 8: Local polarization P;; generated between canted adjacent spins S; and S;. The anti-
symmetric exchange interaction causes the displacement of ligand cation (green circle) with respect
to magnetic ions (orange circles), which induces a polarization in vertical direction (blue arrow).

convey the spin-lattice coupling in the system. The polarization induced according to this model

has the following form:

P;; oc II;(S; - S;), (47)

where S; and S; are the neighboring canted spins, and II;; is the specific crystallographic direction
along which the striction occurs, and Pj;; is the local polarization between the ith and jth sites.
The polarization induced by this model can, in principle, be larger than those generated by the
anti-symmetric exchange model. This is because the polarization generated by this mechanism
depends on the exchange striction, which can be stronger than the weak spin-orbit coupling, which
is required by the anti-symmetric exchange mechanism.

In the spin-ligand interaction mechanism the locally polar bond between a magnetic d orbital

and a ligand p orbital can be modulated by a spin-dependent hybridization due to relativistic
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Figure 9: Polarization P generated by exchange interaction between two magnetic ions M4 and
Mp.

spin-orbit coupling, which results in a local polarization of the following form:
Py o (Si-eq)’e, (48)

Under certain crystallographic lattice (e.g., M X4 tetrahedra with M being magnetic ion and X
the ligand) the sum over the crystal structure does not cancel and a macroscopic polarization P
will arise

The ME coupling in type II multiferroics can mediate through different mechanisms, which in
essence, is in direct relation with the origin of polarization. Some of these mechanisms as mentioned

are: spin-orbit coupling, spin-lattice coupling, and spin-charge coupling.
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3 Methods and Experiments

In this chapter the experimental techniques and instruments that were used in this study is ex-
plained. We begin by explaining the process for synthesizing the samples and the sample charac-
terization by X-ray diffraction and X-ray absorption spectroscopy. We will give special attention to
dielectric, pyrocurrent, and polarization measurement. At the end the method used in measuring

the heat capacity is explained.

3.1 Sample Preparation

Polycrystalline samples of RFeWOg (R=Ho, Dy, and Tb) were prepared using a conventional solid-
state reaction method. In this synthesis route a mixture of fine powders of precursors are heated at
a relatively high temperature. This allows the chemical reaction between reactants by solid-state
diffusion of the ions, which is characterized by a slow kinetic rate. For the reaction to occur in
a reasonable time, the Tamman’s rule can be followed, which suggests a synthesis temperature of
about two-thirds of the lowest melting point of the reactants.

The synthesis of these compounds was done in two steps. To avoid the formation of FesO,4 at
high temperature, rare-earth orthoferrites were synthesized first and then they were mixed with
Tungstate [31].

To synthesize RFeO3 (R=Ho, Dy, and Tb), stoichiometric amounts of precursors R2O3 (R=Ho
and Dy) and Th,O7 were mixed, separately, with FeoO3 and ground thoroughly and pressed into
pellets. Before mixing the precursors the rare-earth oxides were preheated at 900 °C inside a tube
furnace overnight. The crucible containing the rare-earth oxide was then removed from the furnace,
while still hot, and was placed in a desiccator and vacuumed to cool down. The pellets were then

treated at the final temperature of 1350 °C overnight with several intermittent grindings. The
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sintering temperature for each session of grinding/pelletization/sintering was increased gradually
to reach the final temperature. The quality of rare-earth orthoferrites was checked with XRD and
after confirming the phase purity, in the second step, it was then mixed with WOg in stoichiometric
ratio. The mixture was pelletized and treated at the final temperature of 1050 °C for the case of
Ho, 1020 °C for Dy, and 1060 °C for the case of Tb overnight in Argon flow with intermittent
grindings. Synthesis in air was tried for the second step but we could not get the desired phase.
All the synthesis process described were performed at Texas Center for Superconductivity (Tc-
SUH). The final products were ground for synchrotron XRD measurements. Part of the powder
was pressed into pellets of appropriate size and shape and then sintered in furnace for dielectric,

polarization, magnetic and heat capacity measurements.

3.2 X-ray Diffraction and Rietveld Refinement

To ensure the quality of the samples studied in this thesis and characterize the crystal structure,
powder X-ray diffraction (XRD) was collected from samples. During the synthesis, to check the
quality of precursors and the progress of synthesis, laboratory XRD patterns were collected at the
Material Characterization Facility at TcSUH, using a RIGAKU SmartLab machine. The XRD
patterns were indexed using the qualitative analysis, the so-called search/match method, in which
the measured pattern is compared with a database to find out the phases of the sample. After
ensuring the phase purity of the final product at TcSUH, synchrotron XRD patterns at low- and
room-temeprature were collected at National Synchrotron Radiation Research Center at Taiwan by
our collaborator Chung-Kai Chang and Yen-Chung Lai, for quantitative analysis. The quantitative

analysis and Rietveld Refinement were performed at TcSUH using the software GSAS-II [57].
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3.3 X-ray Absorption Spectroscopy and X-ray Magnetic Circular Dichroism

Spectroscopy

The synchrotron soft X-ray absorption spectroscopy (XAS) and soft X-ray magnetic circular dichro-
ism (XMCD) were performed at the BOREAS beamline of the ALBA Synchrotron Light Facility [58]
with the collaboration of ALBA staff. Since these compounds are strong insulators, powder sam-
ples of RFeWOg¢ (R=Ho, Dy, and Tb) were mixed thoroughly with pure gold powder (with a ratio
of ~ 4 :1) and pressed into pellets and sintered at ~ 900 °C. The samples were prepared in Tc-
SUH and the data acquisition and analysis were performed by Dr. Stefano Agrestini, Dr. Javier

Herrero-Martin, Dr. José Luis Garcia-Mufioz, and Dr. Eric Pellegrin.

3.4 Density Functional Theory (DFT) Calculations

The unit cell provided by XRD measurement at 300 K was used for the density functional theory
(DFT) calculations. The stoichiometric unit cell contains 36 atoms: 4 Ho, 4 W, 4 Fe, and 24 O
atoms. All periodic, spin-polarized DFT calculations were carried out using the Vienna ab initio
simulation package (VASP) [59-61] version 5.4.1 and the atomic simulation environment (ASE)
[62]. Exchange and correlation effects were taken into account using the PBE density functional
introduced by Perdew, Burke, and Ernzerhof [63]. The wave function of the valance electrons was
expanded into a plane wave basis set with an energy cutoff of 400 eV, while the core electrons
were represented using the projector augmented wave function (PAW) method [64,65]. Given
the size of the simulation box, a I'-centered (2,4, 3) k-point grid was considered for sampling the
reciprocal space. A Gaussian-smearing scheme with kT = 0.2 eV was used to treat discontinuities
at the Fermi level, and the total energy was extrapolated to kpT = 0.0 eV. Self-consistent field

calculations were performed until a determination of energy accuracy to 1075 eV was achieved.
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Geometry optimizations were performed with the conjugate-gradient algorithm until the maximum
force acting on atoms was less than 0.02 eV/ A. To include exact exchange effects, which are known
to be able to widen the bandgap and provide a better density of states and band structure, the
HSEO06 hybrid density functional [66] was employed for single-point wave function calculations. The
electronic properties of the system were obtained from the HSE06 wave function.

The DFT calculations and the analysis were performed by Dr. Taha Salavati-fard and Dr.
Lars C. Grabow at TcSUH and William A. Brookshire Department of Chemical and Biomolecular

Engineering, University of Houston.

3.5 Magnetic Property

The magnetic properties of the compounds were studied at TcSUH by measuring the DC and AC
magnetization over a range of temperature 2 K—300 K and magnetic field up to 7 T. For this
purpose a SQUID magnetometer, Magnetic Property Measurement System (MPMS3) by Quantum
Design was used. MPMS3 is equipped with a superconducting magnet, which can generate a static
or an oscillating magnetic field and a superconducting pickup coil and the SQUID amplifier, which

is capable of detecting extremely small magnetic signal.

3.6 Physical Property Measurement System

Physical Property Measurement System (PPMS) by Quantum Design was used for dielectric con-
stant, pyrocurrent, and heat capacity measurements. The PPMS allows one to control the temper-
ature in a range of 1.9 K—400 K and under an applied magnetic field up to 7 T that is produced

by a superconducting magnet.
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3.7 Dielectric Constant

Since the PPMS is not equipped with internal shielded wires, which is essential for high-precision
dielectric measurements, we used a home built, top-loaded, low temperature capacitance probe for
dielectric and pyrocurrent measurements. The wires used inside the probe are shielded coaxial
wires suitable for low-temperature measurements. The dielectric constant of the sample is found
by measuring the capacitance of the sample that is made into a parallel-plate capacitor. For this
purpose both faces of a thin, disk-shape piece of sample is covered by silver paint to serve as
electrodes. Thin Pt wires are then attached to each face. The sample is mounted on the probe
by placing it on a thin piece of G—10 (an epoxy composite) and with the help of GE-varnish (an
insulating adhesive). The Pt wires are then soldered to the capacitance probe. To measure the
capacitance the Andeen-Hagerling (AH2500a) ultra-precision capacitance bridge, which operates
with an excitation of up to 15 V rms at a fixed frequency of 1 kHz was used. The capacitance
bridges reports the capacitance and the imaginary part of the dielectric constant (Tand or loss
tangent), which represents the energy loss. By assuming that the sample is an ideal parallel-plate
capacitor, the dielectric constant is given by

_cd

= oA (49)

€r

where C is the capacitance of the sample, d is the sample thickness, and A is the surface area of
the sample. The temperature control and the external magnetic field was provided by the PPMS.
To measure the temperature-dependent capacitance under different magnetic field, capacitance was
measured during both cooling and warming at the rate 1—2 K/min to ensure that sample is always

at thermal equilibrium.
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3.8 Pyroelectric Current and Polarization Measurement

To measure the electric polarization as a function of temperature, AP(T), temperature-dependent
pyroelectric current or pyrocurrent, I,(T), was measured by using a Keithley electrometer (K6517A).
To measure I,(T) we used the same experimental setup and sample preparation procedures that
was used for capacitance measurement, as described in section 3.7. A poling electric field, Epqie,
was applied to the sample at a temperature (a few Kelvin) above the transition temperature and
then sample was cooled to the lowest temperature of 2 K. Eyqe was then removed at the 2 K,
the desired magnetic field was applied, and I,(T) was recorded when the sample was warming up
with a rate 2 — 3 K/min. The Epqe makes the electric dipoles that are formed in the ferroelectric
phase to line up with field and allows it be measured as I, when the sample is warmed up. The
poling voltage we used is typically 80 V—140 V corresponding to an electric field of 100 kV/m—270
kV/m inside the sample. Measurements were performed with reverse bias field to ensure that the
observed polarization can be switched by field. Polarization is found by integrating the I, in time

as shown below:

_Q
P = " (50)
therefore
dP_1dQ _ 1 dt dQ
dl  AdT  AdT dt
1 dt
=10t (51)
and as a results
1 t'=t
P(t) = — / L,(t") dt’ (52)
A t/IO



During the data acquisition pyrocurrent, temperature, and time are recorded and since the tem-
perature is changed with a constant rate, the integration in time can be converted to temperature

(t = t(T) — P(T)).

3.9 Specific Heat

To characterize the thermodynamic properties and the phase transition of the samples of our study,
the heat capacity at constant pressure and as a function of temperature, C,(T), under different
magnetic field was measured. The C,(T) was measured by the relaxation technique using the
Quantum Design Heat Capacity option in PPMS and the standard heat capacity puck (Fig. 10)
by Quantum Design.

The measurement was performed in the temperature range 1.9 K—300 K and an applied field
of up to 7 T. The samples used for the measurements had a flat surface and a mass of ~3 mg.
The sample is mounted on the sample platform using Apiezon N grease. Small wires connect the
sample platform to the puck, which provides electrical connection to the heater and thermometer
at the bottom side of the platform. These wires also serve as structural support for the platform.
The wires that connect the sample platform to the puck frame create a well-controlled connection
with the thermal bath. The pressure inside the probe is kept less than approximately 1 mTorr,
using the high-vacuum system, to eliminate alternate thermal links through residual gas.

Before the specific heat of the sample is measured, the heat capacity contribution by the N
grease used for sample contact (called addenda) should be measured first. During the heat capacity
measurement a known amount of heat is applied to the sample at constant power for a fixed amount

of time, which is followed by a cooling period of the same duration. The entire temperature response
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of the sample platform is then fit with a simple model using the following equation:

dT
Ctotal E = —Kw (T - Tb) + P(t)v (53)

where Cliyq 18 the total heat capacity of the sample and sample platform, K, is the thermal
conductance of the supporting wires, Tj is the temperature of the thermal bath (puck frame), and
P(t) is the power applied by the heater. The heater power P(t) is equal to Py during the heating
portion of the measurement and equal to zero during the cooling portion. The solution of Eq. 53

is an exponential function with a characteristic time constant 7 equal to Cyprar/ K.

Connection Apiezon
Wires Grease
\ Sample /

Puck Frame Puck Frame
(Thermal Bath) (Thermal Bath)
| platform |
L] L]

Thermometer Heater

Figure 10: Thermal connection between sample and sample platform in the PPMS Heat Capacity
Option [67].
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4 Results and Discussion

This chapter is dedicated to discuss the experimental and computational results on multiferroic
properties of RFeWOg (R = Ho, Dy, and Tb) and in particular, the magnetocapacitance and
magnetoelectric coupling in these compounds.

The content of this chapter is mainly adopted from the following published paper:
M. Adnani, M. Gooch, L. Deng, S. Agrestini, J. Herrero-Martin, H.-C. Wu, C.-K. Chang, T.
Salavati-fard, N. Poudel, J. L. Garcia-Mufnioz, S. Daneshmandi, Z. Wu, L. C. Grabow, Y.-C. Lai,
H.-D. Yang, E. Pellegrin, and C.-W. Chu, Magnetocapacitance effect and magnetoelectric coupling

in type-II multiferroic HoFeWQg, Phys. Rev. B 103, 094110 (2021).

4.1 Crystal Structure of RFeWO; (R = Ho, Dy, and Tb)

The quality of precursors and final products were checked by laboratory XRD during the synthesis.
The XRD pattern for HoFeWQOg was measured at synchrotron facility at National Synchrotron
Radiation Research Center at Taiwan. Rietveld refinement was performed on synchrotron XRD
pattern of HoFeWOg collected at room-temperature at TcSUH to obtain the crystal structure
parameters and atomic positions. By using the standard orthorhombic space group Pna2; (no. 33)
we were able to index and fit all the peaks. A few tiny extra peaks were also observed but we could
not index or identify them. These peaks are likely due to small amount of impurity phase. Figure
11 shows the measured XRD pattern and the calculated profile for HoFeWQg. The measured XRD
pattern and the calculated profile is also plotted in the logarithmic scale in Fig. 12. The results of
the refinement including lattice parameters and the atomic positions are summarized in Table 4.
Room-temperature XRD patterns of DyFeWOg and TbFeWOQOg were also collected at TcSUH

and all the peaks were indexed by using the space group Pna2i, however, Rietveld refinement was
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Figure 11: Rietveld refinement of the room-temperature synchrotron XRD data for HoFeWOsg.
Crosses: measurement data; red solid line: calculated profile; green solid line: the difference between
the observation and the calculated profile; and vertical bars: positions of Bragg peaks. Inset:
magnified view of the main peaks.

not performed on these patterns. Small number of tiny peaks were visible in the patterns which
could not be indexed or identified. Figure 13 shows the lab XRD pattern for HoFeWOg, DyFeWOg,
TbFeWOg, and the Bragg reflection peaks for space group Pna2;.

These compounds with an aeschynite-type crystal structure and a general formula of RMM’Og
(R=rare-earth; M, M’=transition metals) will adopt a polar structure, due to symmetry constraints,
if M and M’ have an ordered arrangements [30]. Salmon et.al [31] reported that RMWOg (R=rare-
earth; M=Fe, Cr, and V) have an ordered arrangement of M*3 and W*6 and that they show an
AFM ordering at low temperature. Figure 14 shows a view of crystal structure of HoFeWOQg, as
an example, in different orientations. The crystal structure of these compounds is consists of edge-
sharing octahedra of FeOg and WOg, forming a dimer. The dimers are connected corner-sharing
to create a three-dimensional structure with R3* ions located in the channels in between the Fe®3

and W16 octahedra. This can be seen in Fig. 15.
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the difference between the observation and the calculated profile; and vertical bars: positions of

Bragg peaks.

6
—— Obs. pattern
i Bragg reflection |
N
=4 | L HoFeWOy
= - NI w | w
S Y U ah o U A J«hv"unv__/'p\,k,JVM,‘AL«-“L'kd“v_,\,;u\,,ﬂ_/"L e )"7"‘L_,‘Jh/\ﬁvuJ‘“‘vy\;\,/.ﬂm,g‘""JL,»/L,/‘»”"”M\‘)‘EL,W
g Lol T O T T O A VO N AT T O O AT i
L |l
P | | N ‘ ‘ DyFeWOy,
‘D e Na Nn U ‘Aw“‘ N NN \W N S S W ‘_w‘.‘"”'»«mrwrwf“wuk‘,mﬁ/‘ e S
$ 2 Lo Il R N N N T T AR T T AN
£
| ThFeWO,
0+ RN \ T T T T O Y N T T T A I T
' I ' I ' I

40 50 60
20 (degree)

Figure 13: Room-temperature laboratory XRD pattern for HoFeWOQOg, DyFeWOQOg, and ThFeWOg.
Solid line: measured profile; and vertical bars: Bragg peaks.
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Figure 14: (a)-(c) Views of the crystal structure of HoFeWOg in different orientations.

148.03°

Figure 15: Ho?t ions occupy the channels in between the octahedra, forming a quasi-one-
dimensional chain along the ¢ direction. The figure shows a schematics of Ho3t ions with ap-

propriate dimensions.
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Table 4: Structural and lattice parameters of HoFeWOQOg obtained from the Rietveld refinement of
XRD data at T = 300 K.

Atom X y z Occupancy  Ujso(A2?) site
Ho  0.0430(1)  0.4564(3)  0.2476(5) 1 0.0179(3) 4a
Fe 0.1393(5)  0.9633(9)  0.9907(14) 1 0.015(1) 4a
W 0.3544(2)  0.4517(3)  0.00350(15) 1 0.0181(3) da
01 0.966(2) 0.780(4) 0.047(4) 1 0.018(2) da
02 0.521(2) 0.250(4) 0.966(4) 1 0.018(2) da
03 0.217(2) 0.611(4) 0.061(3) 1 0.018(2) 4a
04 0.297(2) 0.135(5) 0.933(3) 1 0.018(2) da
05 0.145(2) 0.060(4) 0.263(3) 1 0.018(2) 4a
06 0.118(2) 0.836(4) 0.742(5) 1 0.018(2) da
Space group=Pna2;; Lattice parameters: a = 10.973(1)A, b = 5.1696(5)A, ¢ = 7.3342(6)A;

a=f=v=090° Volume = 416.046(5)A3;
Rr = 3.24%, R% = 4.64, wR = 8.61%, R = 6.35%, \* = 2.12

We performed low-temperature XRD on powder sample of HoFeWOQOg from 30—8 K and se-
quential Rietveld refinement was performed on the patterns. The quality and resolution of low-
temperature XRD patterns were not adequate and therefore the Rietveld refinement did not give
a good fit. Figure 16 shows the XRD pattern at 30 and 8 K and and the Bragg reflections corre-
sponding to space group Pna2;. All the peaks can be matched with the Bragg reflections of Pna2;
and therefore we can conclude the absence of structural phase transition for this temperature range.
Neutron diffraction measurement on DyFeWOQOg at 3.5 K also showed no sign of structural phase
transition [28]. Our structural relaxation calculation by the PBE density functional on HoFeWOg
also revealed no structural transition for this compound, therefore the space group Pna2; is the
stable structure for this compounds. Table 5 compares the lattice parameters from XRD at T=300

K and 8 K and from density functional theory (DFT) calculations with each other.
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Figure 16: Low temperature XRD pattern of HoFeWQg from 30—8 K and the Bragg reflections
corresponding to the space group Pna2.

Table 5: Lattice parameters obtained from XRD at T =300 K and T =8 K and from DFT
calculations.

a (A) b (A) c (A) Vol. (A3)
XRD (300 K) 10.973(1) 5.1696(5) 7.3342(6)  416.05(5)
XRD (8K)  10.9537(4) 5.1574(2) 7.31892(23) 413.463(2)
DFT 10.99 5.15 7.31 413.88

4.2 X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichro-

ism (XMCD) Results on RFeWOQO; (R = Ho, Dy, and Tb)

In order to investigate the oxidation state of Fe and rare-earth cations in RFeWOg (R=Ho, Dy, and
Tb) samples we made use of X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD). As mentioned in Ch. 3.3 the samples used for XAS and XMCD measurements
were prepared at TcSUH and the data acquisition and analysis were performed at ALBA. The
X-ray absorption spectra are collected by using a circularly polarized light with the photon spin
aligned parallel (¢7) and antiparallel (¢ ) to the magnetic field. In this case the difference spectrum
(07 —o7) is called XMCD and the sum spectrum (¢ + o7) is called XAS. The energy position

of XAS white lines increases systematically with the valence state of the ion [68-71], which makes
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this method suitable to probe the valence state of compounds.

Figure 17 shows the Fe Ly 3 XAS and XMCD for RFeWOg (R=Ho, Dy, and Tb) samples,
collected under at 2 K and under magnetic field of 6 T. In figure 17(a) XAS spectrum of o — FeaO3
as a Fe? high spin S = 5/2 is presented as a reference sample. The energy position of XAS white
lines of our samples is similar to that of & — FesO3, which demonstrates that the valence state of
Fe is 3+ in RFeWOg (R=Ho, Dy, and Tb).

Both the XAS and XMCD spectra exhibit a complex lineshape called multiplet structure, which
depends on the multiplet interaction, the crystal field and the hybridization, and as such is very
sensitive to the symmetry of the electronic and magnetic ground states. The fact that the lineshape
of the XAS and XMCD spectra is practically identical for all three samples suggests a common
ground state. The multiplet features of XAS are very similar to those of a — FesO3 demonstrates
that the Fe3T ions in RFeWOg (R=Ho, Dy, and Tb) have a high spin S = 5/2 state. In spite of the
large spin moment, the measured Fe Ly 3 XMCD signal is only 2.5 — 5% of the intensity of XAS.
In Fig. 17(b-d) a scale factor of 10 was applied for a better view of the spectra. The spin and
orbital moments were obtained from the XMCD data by using the sum rules for XMCD developed
by Thole etal. [72] and Carra etal. [73]. The details of the calculations are mentioned in [74]. The
results of the application of the sum rules are presented in Table 6. The net magnetic moment
of the Fe3* ion (mg + my) at the temperature of 2 K and under an applied field of 6 T is about
0.27, 0.48, and 0.52 pup/ion for the R = Ho, Dy and Tb samples, respectively. This value is much
smaller than the saturated moment of 5 pp, as well as the paramagnetic moment of 4.4 up in Fe3*
estimated for T =2 K and B = 6 T considering a Boltzmann population of the many-body energy
levels. Such a small moment rules out either a ferromagnetic or a paramagnetic ground states and

suggests an AFM ordering of the Fe?* moments.
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Table 6: Spin (ms) and orbital (m;) moments measured by XMCD.

Sample Ion  mg(up/ion) my(up/ion) myue(ps/ion) T(K) B(T)
HoFeWOg Fe3+ 0.25 0.01 0.27 2 6
Fe3+ 0.24 0.03 0.27 12 6
Fe3+ 0.24 0.02 0.27 25 6
Ho3+ 1.56 2.54 4.1 2 6
Ho3+ 1.39 2.53 3.92 12 6
Ho3+ 1.43 2.53 3.97 25 6
DyFeWOg Fe3+ 0.49 0.03 0.52 2 6
Fe3+ 0.46 0.04 0.49 30 6
Dy3+ 1.82 1.95 3.77 2 6
Dy3+ 1.22 1.33 2.56 30 6
TbFeWOg Fed3+ 0.45 0.03 0.48 2 6
Fe3+ 0.42 0.02 0.45 30 6
Th3+ 2.63 1.45 4.1 2 6
Th3+ 1.84 1.1 2.93 30 6

In order to extract more detailed information about the ground state, the well-established
configuration-interaction cluster calculations using the XTLS code [75] was performed to extract
more detailed information about the ground state and the details are explained in [74]. The
calculated XAS, as presented in Fig. 17(e) (green solid curve), is in good agreement with the
experimental XAS.

On the other hand, the calculated XMCD for a collinear antiferromagnetic order, as presented
in Fig. 17(f) (magenta solid curve), does not reproduce the experimental XMCD at the Lo edge.
In order to improve the simulation of the XMCD a non-collinear AFM model with spins arranged
90 degrees with respect to each other, as proposed by Ghara et al. [28] using neutron diffraction,
was considered. As presented in Fig. 17(e) (red solid curve), the non-collinear configuration of Fe
spins reproduces the experimental data. The calculations show that the Fe3* ions are in a high
spin S = 5/2 state and the magnetic moment of the single Fe3" ion is 4.6 ug. The calculations

also estimate a net moment of about 0.26 pp for the Fe? ions arranged in the non-collinear AFM
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order in presence of an applied field of 6 T, which is in very good agreement with the results of the

sum rules.

Figures 18(a-c) show the R My5 XAS and XMCD measurements for R = Ho, Dy, and Tb
samples, respectively, under a magnetic field of 6 T and at temperature 2 K. The moments obtained
by the application of the sum rules are shown in Table 6. The simulations are consistent and have
a good agreement with the experimental spectra, which demonstrates that the valence state of the

R ions in RFeWOg (R = Ho, Dy, and Tb) is 34+. Contrary to the Fe Ly 3 XMCD, the Ho My 5
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XMCD cannot distinguish between the collinear and non-collinear AFM order.
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4.3 Density Functional Theory (DFT) Calculations on HoFeWOQjq

The orthorhombic bulk unit cell for Density Functional Theory (DFT) calculations was provided
using Rietveld model on XRD measurements at 300 K. All periodic, spin-polarized DFT calculations
were carried out using the Vienna ab initio simulation package (VASP) [59-61] version 5.4.1 and
the atomic simulation environment (ASE) [62]. The details of the calculations are presented in [74].
As previously mentioned in section 4.1, the structural relaxation calculation revealed no structural
transition, indicating the stability of Pna2; structure. The lattice parameters from the structural
relaxation calculation was compared with the measurements in Table 5.

The density of states calculations also confirm that orthorhombic HoFeWOQg is an insulator with
a wide bandgap of 3.7 eV. Figure 19 shows the results of total density of states calculations.

The spin-polarized DFT calculations were used to estimate the oxidation states by approximat-
ing the magnetic moment of each atom without including the effects of spin-orbit coupling, and the
results are presented in Table 7. By comparing this results with the electronic configuration of ele-
mental Ho, Fe, and W, respectively as Ho: [Xe]4f1! 652, Fe: [Ar] 3d° 452, and W: [Xe] 4f45d* 652,
and using Hund’s law we can estimate the oxidation states as 34, 34, and 6+, respectively. This
is quite consistent with our XAS and XMCD results and also in good agreement with previous

reports [28,30]. Figure 20 shows a schematics of elemental and ionic Ho, Fe, and W atoms.

4.4 Magnetic Properties of HoFeWOQOg

Figure 21 shows the temperature-dependent DC (molar) magnetic susceptibility (x(T) = M/H) and
the inverse susceptibility (x(T)™!). Figure 22(a) presents a magnified view of x(T) and Fig. 22(b)
shows the heat capacity (C,(T)) data at low temperature below 25 K. The kink in x(T) and the

lambda-shaped peak in the C,(T) at Tn(T) = 17.8 K both indicate a second-order phase transition.
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Table 7: Spin magnetic moments on the atoms in units of electron spin obtained by DFT calcula-
tions.

Ton S D d f Total
Hol 0.001 -0.008 0.015 3.95 3.958
Ho2 0.002 0.012 -0.003 -3.94 -3.929
Ho3 0.002 0.012 -0.003 -3.94 -3.929
Ho4 0.001 -0.008 0.015 3.95 3.958
Fel 0.011 0.024 4.172 0 4.206

Fe2 0.01 0.024 4.169 0 4.203
Fe3 0.01 0.024 4.169 0 4.203
Fe4 0.011 0.024 4.172 0 4.206
W1 0.007 0.012 0.049 0 0.067
W2 0.007 0.012 0.048 0 0.067
W3  0.007 0.012 0.048 0 0.067
W4 0.007 0.012 0.049 0 0.067
01 0.005 0.071 0 0 0.075
02 0.006 0.07 0 0 0.075
03 0.005 0.07 0 0 0.075
04 0.005 0.07 0 0 0.075
05  0.009 0.141 0 0 0.15
06 0.008 0.14 0 0 0.148
O7 0.008 0.14 0 0 0.148
08 0.009 0.141 0 0 0.15
09 0.006 0.053 0 0 0.059
010 0.006 0.055 0 0 0.061
O11 0.006 0.055 0 0 0.061
012 0.006 0.053 0 0 0.059
013 0.009 0.105 0 0 0.114
014 0.009 0.103 0 0 0.112
015 0.009 0.103 0 0 0.112
016 0.009 0.105 0 0 0.114
017 0.008 0.084 0 0 0.092
018 0.008 0.082 0 0 0.09
019 0.008 0.082 0 0 0.09
020 0.008 0.084 0 0 0.092
021 0.008 0.089 0 0 0.097
022 0.008 0.09 0 0 0.099
023 0.008 0.09 0 0 0.099
024 0.008 0.089 0 0 0.097
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Figure 19: Total density of states for HoFeWQOg. Dashed line: Fermi energy. Highlighted region:
insulating gap of ~3.7 eV.

According to our XMCD results and also the neutron diffraction data on DyFeWOg reported in [28],
this phase transition can be interpreted as the onset of the long-range antiferromagnetic (AFM)
ordering of S = 5/2 Fe3*t cations with a half-filled d shell. By lowering the temperature, as can
be seen in Fig. 22(b), susceptibility shows a broad maximum at Tpax = 10.8 K and below this
temperature it continues to decrease. This broad maximum is reminiscent of a low-dimensional
magnetic system [76]. This behavior could be related to the way the Ho?* ions are arranged inside
the crystal structure. As shown previously in Fig. 15, the Ho?>* ions are occupying channels in
between the FeOg and WQOg octahedra, creating a quasi-one dimensional chain along the ¢ direction.

The inverse magnetic susceptibility x~1(T), as shown in Fig. 21, follows the Curie-Weiss (CW)

law (Eq. 54)

(54)

in the paramagnetic region. Based on the CW fit, the effective total magnetic moment was estimated
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Figure 21: Temperature-dependent magnetic susceptibility, x(T), of HoFeWOg under the field-
cooled condition with H=1 T, its inverse, x~!(T), and the fit to the inverse. x~1(T) follows the

Curie-Weiss law in the paramagnetic region above Ty = 17.8 K. From the fit, we find the Curie-
Weiss temperature of Ocw = —18.88 K and the effective magnetic moment of peg = 12.58 pup/f.u.

as feff = 12.58 pp/f.u. which is in good agreement with the theoretical value of i, = 12.14 up/f.u.
for the Fe3* and Ho?* moments and the CW temperature of fcw = —18.88 K is relatively close
to Ty = 17.8 K. The negative sign also indicates that the dominant interaction below Ty is
antiferromagnetic.

Figure 23 shows the effect of external magnetic field on x(T) at low temperatures. By increasing
the field, the kink at 17.8 K and the broad maximum at 10.8 K slightly moves toward lower
temperatures. At 100 Oe and below ~4 K an anomaly appears which could be related to ordering
of Ho?* spins. This anomaly disappears as the field is increased. Increasing the field to ~2.1 kOe
also causes an uptick in the x(T) below Tx. At 27 kOe a small broad anomaly appears at low
temperature. This could indicate a possible change in the magnetic structure of the compound
under magnetic field.

We measured the AC susceptibility (xac(T)) of HoFeWOg under different external magnetic

field and the results are summarized in Fig. 24. In this measurement the real part of xac(T) is
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Figure 22: (a) Heat capacity and (b) magnified view of (molar) magnetic susceptibility of HoFeWOQg.
Heat capacity was measured during warming without the presence of a magnetic field and magnetic
susceptibility was measured under the field-cooled condition and in the presence of H =1 T.
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Figure 23: DC magnetic susceptibility, x(T), of HoFeWOg measured under different external mag-
netic fields and zero-field cooled condition.
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Figure 24: Real part of AC magnetic susceptibility, xac(T), of HoFeWOg measured under the
frequency of f = 1 kHz and a time-varying magnetic field of Hyc = 2 Oe and under different
external magnetic fields.

measured as a response of the sample to a small time-varying magnetic field of Hac = 2 Oe with
the frequency f = 1. The curve at 0 Oe is, in essence, similar to DC susceptibility. The broad
peak at Thax = 10.8 K, as mentioned before, is characteristic of low-dimensional magnets and is
likely due to formation of a regime of short-range correlation between Ho3* [76]. A small peak
appears at ~3.5 K, which indicates the ordering of Ho?T spins. It was shown for DyFeWOg by
neutron diffraction measurements that the ordering of Fe?* spins induces the ordering of Dy3*
through a cooperative process at Tyx. The peak at 3.5 K can be suppressed with a magnetic field
of 1 kOe. The AC susceptibility adopts the uptick behavior below Ty at a relatively lower field
of ~10 kOe comparing to 27 kOe in case of DC susceptibility. xac(T) was also measured at two
other frequencies (f = 10 Hz and 100 Hz) without external magnetic field. The results are shown
in Fig. 25 and show a largely overlapping data within the resolution of our measurement, which
indicates a lack of glassy behavior.

Figure 26(a) and (b) shows the field-dependent DC magnetization (M(H)) and its derivative
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Figure 25: Real part of AC magnetic susceptibility of HoFeWOQOg as function of temperature,
xac(T), measured under different frequencies of f = 10, 100, and 1000 Hz. The time-varying
magnetic field is Hyc = 2 Oe and the external magnetic field is zero.

(dM/dH) at various temperatures, respectively. The data below Ty is consistent with the AFM
nature of the sample. The maximum moment that the sample gains at the lowest temperature (2
K) and the highest measured field (50 kOe) is ~4.9 peg/f.u., which is lower than the theoretical
value of 12.4 peq/f.u., indicating that the magnetic moments are not saturated. Graphs below 5 K
show a metamagnetic behavior which indicates a competing interaction between the two sublattices
(Fe3* and HoT) in the compound. This is more evident from dM/dH, where the two peak at 2
K could be due to a spin-flop transition and seem to weaken and merge as the temperature is
increased.

In figure 27 isothermal AC magnetization is presented. Since yac is the response of the sample
to a small time-varying magnetic field, the yac(H) is reminiscent of dM/dH. This figure show
that the two peak at 2 K continuously weakens and diminishes. The emergence of this spin-flop
transition coincides with the ordering temperature of Ho?* spins, which suggests that Ho?>* 4 f spins
and their interaction with the Fe3* 3d spins plays an important role in the observed metamagnetic

behavior.
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Figure 26: (a) Field-dependent DC magnetization, M(H), at different temperatures and (b) its
derivative. For clarity, the derivatives are shifted in the vertical direction.
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Figure 27: Real part of AC magnetic susceptibility as a function of magnetic field, x,.(H ), measured
at different temperatures.
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4.5 Magnetic Properties of DyFeWQO; and TbFeWOQOg

Figures 28 and 29 show x(T) for DyFeWOg and ThFeWOg, respectively. The kink at T = 18 K in
Fig. 28, represents the AFM ordering of Fe3* and the step at ~4.5 K indicates the ordering of Dy>*
in DyFeWOQOg sample. The magnetic response of DyFeWOQOg below Ty shows a broad maximum,
similar to HoFeWOg, at Tiax = 12.5. The x(T) of ThFeWOg, however, shows only a peak at T =
2.4 K without an anomaly around ordering of Fe3™. The heat capacity data by Ghara et. al [28]
suggests the long-range ordering of Fe3* and Th3*t to occur in this sample at 15 K and 2.4 K,
respectively.

Figure 30(a) shows the isothermal magnetization curves (M(H)) for Dy sample and Fig. 30(b)
shows its derivative, dM /dH. The curves below the Ty = 18 K are consistent with the AFM nature
of the compound. At low temperature, similar to Ho sample, we observe a metamagnetic behav-
ior, indicating the possible formation of correlation between Dy3t and Fe3* spins. Figure 31(a)
and (b) also show the M(H) and dM/dH curves, respectively, for Tb sample. The data shows a

metamagnetic behavior of Th3T at low temperature as well.

4.6 Ferroelectricity, Magnetocapacitance Effect and Magnetoelectric Coupling

in HoFeWOQOq

Figure 32 shows the real part of dielectric constant (€) and the imaginary part (loss tangent Tan(d))
in the inset, measured at the frequency f = 1 kHz and different magnetic field. The data shows
a peak at 17.8 K and 0 Oe, which signals a ferroelectric (FE) transition. Similar anomaly was
observed for DyFeWOg, for which the onset temperature does not change at different frequencies
[28]. This indicates that the dielectric anomaly in this series is not caused by relaxation phenomena.

The FE transition is further confirmed by observation of a switchable polarization, as will be
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Figure 28: DC magnetic susceptibility, x(T), of DyFeWOg measured under external magnetic field
of 100 Oe and zero-field cooled condition.
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Figure 29: DC magnetic susceptibility, x(T), of ThFeWOg measured under external magnetic field
of 100 Oe and zero-field cooled condition.
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Figure 30: (a) Field-dependent DC magnetization, M(H), of DyFeWOg at different temperatures
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Figure 31: (a) Field-dependent DC magnetization, M(H), of ThFeWOg at different temperatures
and (b) its derivative. For clarity, the derivatives are shifted in the vertical direction.
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shown later in Fig. 34, and the peak in Tan(d), as shown in the inset to Fig. 32. The fact
that the FE transition temperature coincides with the Ty favors the proposition that the observed
ferroelectricity originates from the spin ordering. It is also visible that the magnetic field suppresses
the FE peak at 17.8 K.

The fact that similar FE transition is also observed in YFeWOQg, with non-magnetic rare-earth
ion indicates that the ferroelectric transition in this series of compounds is caused by ordering of
Fe3* spins [28]. This also means that if dielectric anomaly in DyFeWOg is independent of frequency
and the ferroelectric transition does not have an origin in relaxation phenomena, then it should
should hold true for other compounds of this family with different rare-earth. Furthermore, one
of the features that distinguishes relaxor behavior from true ferroelectric behavior is the specific
temperature dependence of the static susceptibility with a maximum. In particular, the maximum
(or peak) in the static dielectric susceptibility can be well characterized by a relationship that is
essentially a Lorentz form function. The dynamic behavior of the relaxors merely qualifies the
materials as different types of relaxors [77]. The dielectric peak in Fig. 32 resembles a lambda-
shaped peak and not a Lorentz form.

A typical pyrocurrent (Inyo(T)) measurement at two different warming rate is shown in Fig.
33. As we can see, the peak in I,uo(T) does not move by increasing the warming rate. This
observation shows that the pyrocurrent is caused by depolarization of ferroelectric dipoles. The
temperature-dependent electric polarization (AP(T)) is obtained by integrating the Ipyo(T) and
Fig. 34 summarizes our results and the effect of external magnetic field on AP(T).

As mentioned, the polarization in these compounds is caused by the ordering of the Fe3*
spins [28] and the fact that the Fe3* spins are arranged in a non-collinear fashion indicates that

the inverse Dzyaloshinskii-Moriya (DM) interaction is likely the underlying mechanism in breaking
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Figure 32: Temperature-dependent dielectric constant of HoFeWOg under different magnetic fields
measured under the field-cooled condition, with the loss tangent, Tan(d), in the inset. The data
were collected at the frequency of f = 1 kHz.

the inversion symmetry by magnetic ordering [6,45].

The effect of magnetic field on the dielectric constant and its strong influence on AP(T), in-
dicates the presence of strong magnetoelectric (ME) coupling in this system. The polarization
at H=0 Oe reaches a maximum at ~8.5 K below which it slightly decreases. This behavior is
in contrast to the polarization observed for YFeWOQOg with a non-magnetic rare-earth cations, in
which polarization saturates below Ty. The fact that the decrease in AP(T) occurs below Tpax,
the temperature region in which short-range correlations between Ho®* is formed, implies that the
development of the Ho?t magnetic sublattice and its interaction with Fe3T is likely the cause for
the decrease in the polarization.

We used field-dependent capacitance (e(H)) to further study the ME coupling in this system.

Magneto-capacitance (MC) effect can be used as an indirect way to measure ME coupling [11].

65



T T T T T T T T T T T T T T T

6| E = 266.7 kV/m -

[ Meas. During Warming 1

4 N 2K/min|-E ]

L — 2K/min|+E ]

i 5K/min|-E ]

o L 5K/min | +E N

2 | :

R e —

—a [ .
oL i
4l i
oL i

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
2 4 6 8 10 12 14 16 18 20

Temperature (K)

Figure 33: Examples of pyrocurrent as a function of temperature, Iy (T), measured for HoFeWOg
under zero magnetic field. To measure Iy (T), the sample was cooled down from 20 K to the base
temperature of 2 K in the presence of the poling field E. The magnitude of E is the same but poling
fields of opposite signs both were used. The released pyrocurrent was measured under different
warming rates after the poling field was turned off. The fact that the peaks in Iyo(T) under
different warming rate occur in the same temperature indicates that the released pyrocurrent is
due to ferroelectric polarization.
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Figure 34: Electric polarization as a function of temperature, AP(T), for HoFeWOg under different
magnetic fields. AP(T) is obtained by integrating the I,yo(T) as a function of time. The Iy (T)
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the rate of 2 K/min and under different magnetic fields.
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Figure 35: (a) Field-dependent dielectric constant, e(H), of HoFeWOg at different temperatures,
normalized by the expression [e(H)/e(0) — 1] x 100, (b) Derivative of e(H) at different temperatures
with respect to the field. The curves are shifted vertically by distances equal to their temperature
differences for clarity. The arrow shows the linear shift in the hysteresis toward higher fields as the
temperature is increased.

Figure 35(a) shows the isothermal dielectric constant, which shows an MC effect with a double-
hysteresis behavior. The data has been normalized with the formula [e(H)/e(0) — 1] x 100. The
results show a direct correspondence with the magnetization data in Fig. 26. The derivative of
MC with respect to the magnetic field is shown in Fig. 35(b) and it shows a clear hysteretic region
below 6 K, which seems to persist to higher temperature. Graphs in Fig. 35(b) are shifted in
y direction, for clarity, by distances equal to their temperature differences. It is clear from this
figure that the hysteretic region moves toward higher fields in a linear fashion as the temperature
is increased.

We used the temperature-dependent AP(T) at different fields to construct a AP(H) graph and
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Figure 36: Electric polarization as a function of field, AP(H), at different temperatures.

the result is shown in Fig. 36. This result, interestingly enough, shows a direct correspondence with
the magnetization data in Fig. 26. As we can see the data below ~6 K is echoed by the the MC
and magnetization results. This observation indicates that the mutual interplay between Ho3* 4 f
and Fe?* 3d spins is likely plays an important role in the change in the polarization under magnetic
field below ~6 K. The MC effect can be caused by different factors, however, the observation of
the change in polarization by magnetic field and the AP(H) curves supports the proposition that

the MC effect in this compound is due to ME coupling.

4.7 Magnetocapacitance Effect and Magnetoelectric Coupling in DyFeWOQO4 and

TbFeWOq

In addition to HoFeWOQg, we have indirectly studied the ME coupling by measuring the MC effect
in DyFeWOQOg and TbFeWOQOg. Figures 37 and 38 show the dielectric constant of Dy and Tb samples,
respectively. The inset to each graph is the Tan(d). Our results are consistent with the ferroelectric

transition at the magnetic ordering temperature of Fe3* in these compounds, as indicated in earlier
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Figure 37: Capacitance of DyFeWOQg as a function of temperature measured under the field-cooled

condition, with the loss tangent, Tan(d), in the inset. The data were collected at the frequency of
f =1 kHz.

report [28].

The field-dependent dielectric constant (¢(H)) measurements of DyFeWOg and ThFeWOQgq are
presented in Fig. 39 and 40, respectively. The results, similar to HoFeWOQOg, shows an MC effect.
We have not measured AP(T) for DyFeWOg and ThFeWOg, however, according to the results of

HoFeWOg, the observed MC effect is likely due to ME coupling.
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Figure 38: Capacitance of ThFeWOQg as a function of temperature measured at different magnetic
fields and under the field-cooled condition, with the loss tangent, Tan(d), in the inset. The data

were collected at the frequency of f = 1 kHz.
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Figure 40: (a) Field-dependent dielectric constant, e(H), of TbFeWOg at different temperatures,
normalized by the expression [e(H)/e(0) — 1] x 100, (b) Derivative of e(H) at different temperatures
with respect to the field. The curves are shifted vertically by distances equal to their temperature
differences for clarity. The arrow shows the linear shift in the hysteresis toward higher fields as the
temperature is increased.
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5 Summary and Conclusion

We have studied the multiferroic properties of, and magnetoelectric coupling in, the type-II multi-
ferroics RFeWOg (R = Ho, Dy, and Tb).

Through XRD measurements, we found the crystal structure to belong to the polar space
group Pna2; and no structural phase transition was observed down to 8 K for HoFeWQg. DFT
calculations for HoFeWOQOg also confirmed that this compound is stable in the Pna2; structure.
XAS and XMCD measurements on R = Ho, Dy, and Tb samples show an oxidation state of 3+
for the Fe and R cations. Simulation of XMCD data suggests that the Fe3t spins are arranged in
a non-collinear fashion at angles of 90 degrees with respect to each other.

The AFM and ferroelectric ordering at Ty = 17.8,18 and 15 K confirm the multiferroic nature
of these compounds. All of these observations favor the AFM ordering of Fe3t as the origin of
the ferroelectric transition, with inverse DM interaction playing an important role in breaking the
inversion symmetry.

Magnetic susceptibility of HoFeWQOg below Tx shows a broad maximum at Tpax ~10.8 K, which
usually relates to a magnetic system with reduced dimensionality, and the ordering of Ho?T spins
at ~3.5 K. The decrease in polarization below T\, also seems to be related to the low-dimensional
nature of the Ho?t spins and the development in their magnetic sublattice.

The responses of both the dielectric constant and the polarization to the magnetic field reveal
the presence of ME coupling in all compounds. We used the MC effect to indirectly investigate the
ME coupling and found that the field-dependent dielectric constant shows a direct correspondence
with magnetization data. The polarization response of HoFeWOQOg to the magnetic field, especially
AP(H) and its correspondence with the M(H) curves, further supports the presence of ME coupling

in this compound. The magnetization and MC data of HoFeWOQOg below ~6 K, in particular, are
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qualitatively echoed by AP(H), which implies the effect of mutual interaction between Ho3T 4f
and Fe?* 3d spins on the ME coupling.

Considering the non-collinear arrangement of spins in these compounds, spin-orbit coupling
likely plays a crucial role in the observed ME coupling, although contributions from other possible
factors, e.g. magnetostriction, cannot be ignored. A substantiated and definite description of the

mechanism for ME coupling requires further detailed single-crystal study.
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