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Abstract

This works will explore how magnetic field, chemical doping, and hydrostatic
pressure affect type-II multiferroic materials. Above a critical field, a ferroelectric
polarization is induced by an externally applied magnetic field and its reversal is
observed in coexisting multiferroic phases of Mn;_,Co,WO,. The sign reversal of
the polarization is explained on the basis of strong inter-domain coupling between the
two coexisting multiferroic phases and the preserved chirality of the spin helix across
their domain boundary. Also observed at low cobalt doping, was the continuous
rotation of the polarization in the magnetic field, thereby charging the ferroelectric
domain walls.

Next, the evolution of different magnetic and multiferroic phases was explored
up to 30% nickel doping in MnWQO, via magnetic, ferroelectric, heat capacity and
neutron diffraction measurements. Nickel doping quickly suppressed the paraelectric
phase observed at lower nickel dopings and suppressed the multiferroicity at higher
doping in MnWO,. The anisotropy and anti-correlation effect between Mn and Ni
spins forced the suppression of polarization which was observed for higher nickel
concentration.

Lastly the effect of pressure up to 18 kbars was explored for GdMn,0O5 and RCrOg3
(R = Ho, Dy, Gd). A new ferroelectric phase was induced above a critical pressure
and also at a higher temperature, than the already reported multiferroic phase for
GdMn;0Oj5. The new ferroelectric phase is explained on the basis of pressure induced
decoupling of Gd-moments and Mn-spins in the commensurate phase. The decoupled
Mn spins order at higher temperature which gives rise to the new ferroelectric phase.

On the other hand, the pressure effect on Néel temperature of the multiferroic RCrO3
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(R = Ho, Dy, Gd) shows that Néel temperature of RCrOjz increases with pressure.
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Chapter 1

Introduction

In recent years, technological advancements in electronic devices and communi-
cations have greatly benefited society and this results from devices becoming con-
tinually smaller and smaller and their operating speeds becoming faster and faster
everyday. Artificial intelligence and machine-learning are also hot fields currently,
where developments are directly correlated to the advancements in material research
and the utilization of specific material properties to design new materials. One
specific interesting class of materials are functional materials, named such for their
properties or functions that are inherent to the material. Discovery of new functional
materials for technological applications requires a deep understanding of the funda-
mental properties at stationary states as well as their dynamics under perturbations
and extreme conditions. Ferroic materials are one of many classes of functional ma-
terials which are extensively used in applications and are most commonly known

as ferromagnets, ferroelectrics etc. As ferroic materials have a memory, this makes



them an ideal match to be utilized in industry and research as memory, data storage
devices as well as sensors; just to name a few applications.

If two or more primary ferroic orders coexist in the same material, it is defined as
a multiferroic material. The associated ferroic property can be ferromagnetic (FM),
ferroelectric (FE), ferroelastic or ferrotoroidic, as well as antiferromagnetic (AFM)
order are also included in the multiferroic class of materials. Here we consider those
multiferroics that have any type of magnetic order which shows ferroelectric polar-
ization. If cross coupling between these ferroic orders exists, then the material is
magnetoelectric (ME). In such materials, magnetization (polarization) can be con-
trolled by an electric field (magnetic field). The upper bound of linear ME coupling
in ME medium is limited by ozfj < X§iXjj» where a;; is the ME susceptibility and
X5 Xj; are the ferroelectric and magnetic susceptibilities [20]. The multiferroic ma-
terials exhibit both magnetic and electric susceptibilities that have large values in

the vicinity of phase transition and could display large ME susceptibility.

The first experimental evidence of the ME effect was reported in CryO3 in 1960
21, 22] after the theoretical prediction by Dzyaloshinskii in 1959 [23]. A sizable
coupling between the magnetic and the ferroelectric order was observed in hexagonal
YMnO; in 1997 [24]. After the discovery of magnetoelectric effect in multiferroic
TbMnO3 [25, 26] in 2003, a resurgence was seen in the research of multiferroics.
The continuous growth of interest in this research field is demonstrated in Fig.4.2,
which gives a visualization of the number of publications per year with topic multi-
ferroic/magnetoelectric retrieved from the Web of Science and shows a rapid increase

of publications over recent years.
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Our goal is to understand the fundamental physics associated with different
classes of multiferroics under perturbation. In particular, we studied the effect of
the magnetic field, pressure and chemical doping in type II multiferroics. For better
device performance, a robust ME effect is necessary. In many multiferroic systems,
the ME effect is enhanced by external perturbations [25, 27] and in some cases shows
interesting and exotic phenomena. Although intensive research in multiferroics has
occurred over the past 15 years, many questions are still left unanswered which will
allow multiferroic materials to better utilized in device applications and possibly lead

to new devices.

In this work, we investigated the effect of magnetic field in the phase diagram
of Mn;_,Co, WO, (x = 0.05, 0.135, 0.15, 0.17), where it is discovered that the
strong coupling of different coexisting magnetic domains reverses the polarization
in Mng g5Cog.15 WO,4. The anisotropy effect of the magnetic ions suppresses the po-
larization in Mn;_,Ni,WO, above x = 0.10. It is also interesting to note that pressure
induced a new ferroelectric phase at a higher temperature in GdMn,O5 by decou-
pling of the Gd moments and the Mn spins above a critical pressure. These results
give insight into how a small perturbation affect frustrated multiferroics, as they are

highly sensitive to external perturbations.

The proceeding chapter, Chapter 2, will provide a broad overview of the basic
phenomena critical to this work: magnetic order, multiferroics and pressure effects.
Chapter 3 will cover all methods pertinent to sample preparation as well as measure-
ment techniques, with Chapter 4 covering results and a discussion. Finally, Chapter

5 will summarize and provide future perspective and opportunities.



Chapter 2

Background

In this chapter, I will provide a short introduction to the fundamental properties
and terminologies used in solid state physics to facilitate a discussion in following

chapters for all experimental results to be presented in this work.

2.1 Dielectric constant

In electrostatics, the polarization of the medium by an electric field is expressed

as

P =e¢,x.E (2.1)

provided that the field is not too strong. The proportionality constant x. is the
electric susceptibility of the medium and ¢, is introduced to make y. dimensionless.

Materials which follow Eq. 2.1 are called linear dielectrics. The electric field E

5



in Eq. 2.1 is the total field due to the free charges and an induced polarization.
In such a case, if a dielectric is placed in an external field E,, then we can not
compute P directly from Eq. 2.1. The external field will polarize the material and
the polarization will produce its own field, which then contributes to the total field,
and in turn, modifies the polarization. The simplest approach is, to begin with the
displacement D, which can be deduced directly from the free charge distribution. In

a linear media, we can write

D=¢E+P=cE+ex.E=¢(l+x.)E = €cE (2.2)

So D is also proportional to E. In Eq. 2.1, €, is permittivity of free space and the new
constant € = €,(1 + x.) is the permittivity of material. The dimensionless quantity
€

€ = 1+ xe = = is called the relative permittivity or the dielectric constant of the

material.

2.2 Ferroic order

If a material has any long-range ordered microscopic property which gives rise
to a measurable macroscopic property that can be aligned and switched by external
fields, then these materials are defined as ferroic materials. The macroscopic physical
quantity that arises in the ferroic state as a result of a spontaneous phase transition
and characterizes the reduced symmetry state of the material is called order param-
eter. In the ferroic state, there are at least two degenerate states which only differ

in their orientations of the corresponding order parameters. These degenerate states

6



are separated by domain walls. If the orientational switching of an order parameter
requires only one kind of external field like an electric field or a magnetic field or even
a stress field, then these ferroics are called primary ferroic materials. If the combi-
nation of two kinds of fields mentioned above is required for switching, then these
are known as secondary ferroic materials. The ferroic state is the reduced symmetry
state which has a lower symmetry than the prototype phase. All ferroic materials

show characteristic hysteric behavior in the ordered state if a field is applied.

2.3 Ferroelectricity

The materials which show a spontaneous polarization and can be switched by ex-
ternal electric field are ferroelectric materials. Ferroelectrics are non-centrosymmetric,
where the center of positive charges does not coincide with the center of the negative
charges. The plot of the polarization versus the electric field exhibits a hysteresis,
which is a typical feature of ferroic materials. The polarization appears due to the
symmetry breaking phase transition below the certain transition temperature (T.).
Above T, the polarization vanishes and the material is called a paraelectric; which
is similar to the paramagnetic state in magnetism. In some non-centrosymmetric
materials, the spontaneous polarization can not be switched by reversing the electric
field although the spontaneous polarization is observed by changing temperature are

called pyroelectric materials.
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Figure 2.1: A typical P - E hysteresis loop in ferroelectric materials.



2.4 Proper and improper ferroelectrics

The ferroelectric state of the material below (T¢) is characterized by an order
parameter known as polarization (P). If the polarization is primary order parameter
in the ferroelectric crystal, then it is proper ferroelectric, e.g., BaTiO3. In some ma-
terials, the polarization arises in the crystal as a secondary effect by the consequence
of other order parameters; called improper ferroelectrics. Most of the magnetic fer-
roelectrics are improper ferroelectrics, where magnetization (ordered spin arrange-
ment) becomes the primary order parameter and polarization becomes secondary
order parameter, for instance, MnWOQ,. In those cases, the spin order breaks the
inversion symmetry, which may transfer to the lattice site and thereby induces the

polarization.

2.5 Polarization and surface charge density

The potential due to an electric dipole of dipole moment p at a distance r with

the unit vector r in CGS units is
. 1
P(r) = —S = P V(;) (2.3)
if there are n dipoles per unit volume, then the potential due to unit volume is

8(r) = ~P V() (2.4



where P = np is the dipole moment per unit volume defined as the polarization.

The potential now can be written as

o(r) :—iv.P+v-(E). (2.5)

The total potential due to the volume distribution of electric dipoles can be found

by integrating the Eq. 2.5 over the entire volume

o) = [ P+ (Epay (2.6)

r

applying Gauss’s divergence theorem we get,
1 1
é(r) = /<—;v : P)dv+7((;)P .da (2.7)

The first term in Eq. 2.7 corresponds to the potential due to a volume charge
density where p, = —V - P and the second term corresponds to the potential due to
a surface charge density where o, = P - n. In the case of an insulator, V-P = 0
and the polarization is equivalent to the surface charge density, QQ/A, where A is
the surface area of the material. If the insulating surface is provided with some
conducting medium and electrodes, then it is possible to measure the pyroelectric

current.

2.6 Landau theory of ferroelectric phase transi-
tion

In 1946, V. L. Ginzburg explained the phase transition in ferroelectrics using

Landau’s theory of phase transition where the free energy F', in the vicinity of phase
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transition can be written in power series utilizing the order parameter P, as in [28].

1 1 1
F(P,T,E) = —EP + g, + 592P2 - 194P4 - égaP6 o (2.8)

where E is the electric field and the coefficients g,, is temperature dependent. The
free energy only contains even power in P with respect to the inversion symmetry
above the phase transition. At equilibrium, the polarization in an applied electric
field E is given by the minimum of F)

oF
67P:—E+92P+94P3+96P5+"':0' (2.9)

In order to set the ferroelectricity in material, g, has to be of the form g, =
~v(T — T,) where ~ is positive constant. The second-order phase transition happens

if g4 > 0 and gg is neglected. So the Eq. 2.9 becomes

YT —T,)Ps+ gsP> = 0. (2.10)

The solutions of Eq. 2.10 are Py = 0 and P2 = (2 )(T,—T). For T > T,, P, = 0,

a
94
as v and g4 are both positive which defines Curie temperature as T,. For T" < T,

with no applied electric field

VI

P, = <;4>%<To ~T)3, (2.11)

by plotting Eq. 2.11, it is observed that P, goes to zero continuously at the transition

temperature, which implies a second-order phase transition.

First-order phase transitions can also be explained from Eq. 2.8 if g4 is negative

and gg is positive. At equilibrium condition for E = 0

YT — T,)P;s — |ga|P? + g6P2 = 0, (2.12)
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Figure 2.2: Landau free energy as a function of P? in the first-order phase transition.

where the solutions are either P, = 0 or Py is given by
WT —T,) — |9aP3 + gsP; = 0. (2.13)

Fig. 2.2 shows that at T = T, the free energy becomes equal in disordered (para-
electric) and ordered (ferroelectric) phases and the order parameter jumps from 0 to
P,. For T' > T, the disordered phase is stable whereas the ordered phase is stable

for Tc > T.



2.7 Magnetic properties of solids

Magnetism in solids arises from the angular momentum (spin and orbital) of
electrons of the atoms. At high temperatures, the spins have random orientations in
a paramagnetic order due to relatively large thermal energy xgT compared to that
of the magnetic energy. At low temperature, these spins correlate and then order
in a certain type of long-range order below some critical temperature (T¢), where
the spins may arrange in parallel (ferromagnetic), antiparallel (antiferromagnetic)
or some other orientation. Below T, a macroscopic physical quantity defines the
magnetically ordered system known as magnetization (M). According to Curie law,

the paramagnetic susceptibility for noninteracting spins is defined as

X== (2.14)

where C is the Curie constant.

When the spins are aligned in a ferromagnetic order, the exchange field Bg is

proportional to the magnetization M, i.e.,
Bg = \M, (2.15)

where A is a constant independent of temperature. If B, is the applied magnetic
field for the paramagnetic phase and B is the exchange field, then the paramagnetic

susceptibility can be written as

B — 2.16
Bz + B, ( )
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Using Eq. 2.14 and Eq. 2.21 in Eq. 2.22,

=M _ , (2.17)

Eq. 2.14 is the Curie-Weiss law in magnetism where T, = C\ is the characteristic
Curie temperature. The y blows up at 7' = T, and spontaneous magnetization exists

below T,.

In antiferromagnetic materials, the characteristic temperature is the Néel tem-
perature T below which antiferromagnetic domains are formed. If two antiferro-
magnetic sublattices A and B have equal magnetization, then C'y = Cg = C and the

Néel temperature in the mean field approximation is given by

Ty = uC, (2.18)

where p is a constant independent of temperature. The susceptibility in paramag-

netic region can be written as

2C
= 2.19
T T Ty (2.19)
whereas the experimental results above Ty follows
2C
= 2.20
YT T (2.20)

and is independent of field orientation above Ty. 6 is the Curie-Weiss temperature.

0

7 is different than unity. So the
N

In many antiferromagnetic materials, the ratio

higher-order interaction and lattice geometry of sublattices should be considered to

14
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Figure 2.3: Temperature dependence of the magnetic susceptibility and its inverse

in paramagnetic, ferromagnetic and antiferromagnetic materials.

get the observed value of %. Below Ty, the susceptibility depends on the orientation

of the magnetic field. If the applied field B, is perpendicular to the spin orientation,
then the susceptibility remains nearly constant (x; = 1/u). In contrast, if the field
is parallel to the spin orientation, then the susceptibility decreases with tempera-

ture and becomes zero at 7' = 0 K, i.e., x(0) = 0. The temperature dependent

susceptibilities of different magnetic orders are shown in Fig. 2.3 (a), (b) and (c).
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2.8 Magnetic frustration

Magnetic frustration in solids can arise either from geometric constraint or from
competing magnetic exchange interactions. Geometric frustration can lead to some
type metastable spin order which gives rise to frustration. On the other hand, if the
next nearest neighbor interaction is significant compared to nearest neighbor inter-
action, then all the interacting pairs can not minimize their energy at the same time.
In this case, the magnetic system prefers a new ground state in which any small per-
turbation can switch the system into different ground states. Therefore, frustration
can possibly induce a large number of complex magnetic phases. In some cases, frus-
tration leads to a lattice distortion via a magnetoelastic coupling, which breaks the
inversion symmetry and induces ferroelectricity. The best magnetic phase which can
produce a large ferroelectric polarization than the existing known frustrated phases
may have been still elusive. As a result of magnetic frustration, in most of the cases,
the magnetic unit cell becomes the supercell of the crystallographic unit cell. If the
periodicity of the supercell is some integral multiple of the conventional unit cell,
then the magnetic order is commensurate with lattice periodicity. In many cases, for
instance, the spiral magnetic order, the periodicity of the magnetic unit cell does not
follow the integral multiplicity of the conventional unit cell and the magnetic order
becomes incommensurate with lattice periodicity. In strongly frustrated systems, the

magnetic order switches between commensurate-incommensurate order below T .
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2.9 Multiferroics

If a material has two or more coexisting ferroic orders in a single phase, it is called
multiferroic material. The ferroic orders can be ferromagnetic/antiferromagnetic, fer-
roelectric, ferroelastic and ferrotoroidic. In this report, the term multiferroic means
the coexistence of any type of magnetic and ferroelectric order in the same phase of
the material. Both time reversal and space inversion symmetries are broken in the
multiferroic phases of these materials as the magnetic order breaks the time reversal

symmetry and polarization requires the breaking of space inversion symmetry.

Multiferroics are classified into two classes: type I and type II. When the two
order parameters arise from different origins, then the material is classified as type
I multiferroic. In these materials, ferroelectricity generally appears well above the
room temperature due to a structural transition and the magnetic order arises be-
low room temperature. The magnetoelectric effect is weak as the coupling between
the order parameters is weak; however, some anomalies in the polarization can be
observed at the magnetic transitions. Hexagonal RMnOj3 (R = rare earth) are some

examples of type I multiferroics.

In contrast to type I multiferroics, a strong magnetoelectric effect is found in type
IT multiferroics and is a result of the strong coupling between the spin and charge
degrees of freedom. Certain types of magnetic order, such as a spiral magnetic or-
der, can break the inversion symmetry as shown in Fig. 2.4(b) via an antisymmetric
Dzyaloshinski-Moriya (DM) exchange interaction [29] and thereby induces a polar-

ization; so called magnetic ferroelectrics. The induced polarization is small in these
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Figure 2.4: (a) Multiferroics combining the ferroelectric and ferromagnetic order in
the same phase. (b) Inversion symmetry breaking by a spiral magnetic order under
space inversion. The image (a) is taken from ref. [1]
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multiferroics as DM interaction requires spin-orbit coupling that is mediated by a
relativistic effect. Some examples of spiral magnetic ferroelectrics are ThMnO3 [25],
MnWOy, [30], CoCrp04 [31], LiCuy04 [32], NigV,0g [33], CuO [34]. In addition to the
spiral order, a collinear magnetic order with different charges on the magnetic ion can
also induce polarization via exchange striction mechanism in different multiferroics
including RMnyOs5 [35, 36, 37]. Since the ferroelectric order depends on magnetic or-
der, the critical temperature of ferroelectric ordering in type II multiferroics is equal

or lower than the Néel temperature.

2.10 Ferroelectricity in spiral magnets

The frustrated magnetic system may stabilize a spiral magnetic order as shown
in Fig. 2.5(b) if |J7/| > 1, where J and J' represent the nearest and the next nearest

neighbor interactions.

The phenomenological theory of spiral magnets which gives ferroelectric polar-
ization is explained by Mostovoy [38]. Under space inversion x — —x, P — —P and

M — M. Under time reversal t - —t, P - P and M — —M.

The free energy in terms of the order parameter P and M can be expressed as

P2
F =
2Xe

— AP [M(V-M) — (V- M)M] +........ (2.21)

Eq. 2.21 is invariant under space inversion and time reversal symmetry as free
energy should be invariant under all variations of the symmetry operations above

the phase transition. When minimizing with respect to the order parameter P and
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Figure 2.5: (a) Collinear E-type (11)J) spin structure. The collinear spin structure
is formed if J'/J> 1/2. The + and - sign means the neighboring ions have different
valence states (different charges) and induce ferroelectricity. (b) Spiral spin structure.
The spiral spin structure is formed if J'/J> 1/4. (c) Polarization induced by two
non-collinear spins.
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neglecting higher-order terms, Eq. 2.21 can be rewritten as
P — 1 [M(V - M) - (V- M)M], (2.22)
for spiral magnet describing the helical order, M can be expressed as
M = MieqcosQ - x + MseasinQ - x + Mses, (2.23)
when substituting in Eq.2.22,

P = ’)/XeMlMg[eg X Q] (224)

The induced polarization is perpendicular to both ez and Q. If either M; or
M, = 0, equation 2.23 represents collinear sinusoidal wave and from equation 2.24,
P =0. If My, M, # 0, then it represents the elliptical helix with axis eg. If M3 # 0, it
represents the conical helix. The different types of spiral magnetic orders are shown

in Fig. 2.6.

The phenomenological theory of ferroelectricity in spiral magnets is supported
by the microscopic model of the spin current theory [39]. The microscopic model of
the spin current is based on perturbation theory where the non-collinearity between
the spins arises due to competing exchange interactions. The polarization due to the

non-collinear spins S; and S; as shown in Fig. 2.5 is given by
P x €;; X (Sz X Sj), (225)

which gives the same polarization as given by Eq. 2.24. From Eq. 2.25, it is clear
that not all the spiral magnetic order gives rise to ferroelectricity. The polarization

vanishes if (S; x S;)||e;; or Qlle;;.

21



Sinusoidal Screw Cycloidal Conical (I) Conical (1)

oil (Sx8)=0 ol Hsixs) ol | ®SixS)
P

3 /
B \
Y e S

S5E6L58 86

=2

Figure 2.6: Various types of spin orders in frustrated multiferroics. The figure is
referenced from [2| with permission.
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2.11 Ferroelectricity in collinear magnets

In frustrated magnetic systems, ferroelectricity is also observed in the collinear
magnetic structure which is mediated by symmetric exchange interaction. If |J7/| > 1,
the ground state of the magnetic system would be E-type AFM 11/] as shown in
Fig. 2.5(a). In this type of spin structure, the inversion symmetry is broken if the
charges in two lattice sites are different and ferroelectricity is induced due to lattice
distortion [29]. A large polarization compared to the polarization induced by non-
collinear spin structure is expected and indeed observed in RMn,Oj [16, 40]. The
exchange interaction in collinear magnets is the Heisenberg type symmetric exchange

interaction, which does not involve spin-orbit coupling.

2.12 Pressure effect in multiferroics

Pressure can also be used as a tuning parameter for multiferroic properties. Gener-
ally speaking, pressure alters the bond distance and bond angles between magnetic
cations and ligand ions. In a frustrated magnetic system, this small perturbation
may lead to unexpected results in magnetic interactions thus by uncovering a new
magnetic ground state. Since the ferroelectric properties are dependent on the mag-
netic order in type II multiferroics, it is not surprising that these properties also
can be altered. Experimental evidence shows that pressure can change multiferroic

properties of different materials in many ways [41, 12, 42, 43, 44, 45, 46, 47].
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Chapter 3

Methods

3.1 Sample growth

3.1.1 Single crystal growth of Mn; ,Co,WQO, and

Mn;_,.Ni,WO,

Single crystals of Mn;_,Co, WO, and Mn; _,Ni, WO, (0 < x < 0.3) were grown
using an optical floating zone furnace with the help of Y. Q. Wang and Dr. B. Lv at
TcSUH. The polycrystalline material was synthesized from stoichiometric precursor
materials of MnyO3, WO3, and Co (or Ni for Mn; _,Ni, WO,) powders via typical solid
state reaction. The mixed powder was reacted at 970 °C for 10 hours, reground and
then annealed again at the same conditions. The powder X-ray pattern could be well
indexed to the monoclinic space group P2/c and showed no signs of impurity phases.

The feed rod was prepared by first applying hydrostatic pressure and then sintered
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for 10 hours at 1000 °C in a two-step process: first in a horizontal and then vertical
furnace. This feed rod was then used in the optical floating zone furnace to grow
single crystals, where the Co and Ni content were verified by wavelength-dispersive
X-ray spectroscopy (WDS) and was found to be close to the nominal composition.
The as-grown crystals cleaved easily and exposed a shiny surface, which is the a — ¢

plane.

3.1.2 Single crystal growth of RMn,0; (R = Gd, Tm)

Orthorhombic single crystals of GdAMnyO5 and TmMn,O5 were grown using flux
of PbO/PbF;,/B50;3 in platinum crucible similar to other RMnyO5. The mixture
was heated at 1280°C for 15 hrs and slowly cooled to 950°C at the rate of 1°C/min.
The crystals were grown in Dr. S. W. Cheong’s Lab. at Rutgers University. Single

crystals of 2 - 4 mm size were used for the measurement.

3.1.3 Polycrystal growth of RCrO3; (R = Ho, Dy, Gd)

Polycrystalline samples of RCrO3 (R = Ho, Dy, Gd) were grown in Dr. Menka
Jain’s Lab at the University of Connecticut. The precursor materials Dy(NOj3)s,
Ho(NO3)3, Gd(NO3); and Cr(NOj3); were separately dissolved in water and then
mixed together, where citric acid was then added to the mixture as mentioned in ref.
[48]. The mixture was dried at 100°C to get a dry powder, which was then annealed
at 900°C in oxygen for two hours. The powder was compressed into a pellet shape

for dielectric, ferroelectric and magnetic measurements.
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3.2 Determination of single crystal orientation

The crystallographic orientations of single crystals were determined by X-ray
diffraction using GADDS X-ray diffractometer with the help of Y. Y. Sun and Dr.

Z. Wu at HPLT Lab. The crystallographic orientation was determined within £ 3°.

3.3 Physical property measurement system

Physical property measurement system (PPMS) from Quantum Design was used
for temperature control from room temperature down to 2 K and magnetic fields
up to 7 T. A home-made dielectric probe was used for dielectric and pyroelectric
measurements which could be inserted into the PPMS from the top. Specific heat
measurements were also done using the PPMS which covers the temperature range

1.8 - 400 K.

3.4 Magnetic property measurement system

Magnetic measurements were done using Magnetic Property Measurement Sys-
tem (MPMS) from Quantum Design. MPMS measures the small magnetic signal
using the principle of SQUID. The sample in the magnetometer is moved through
a detection coil (Fig. 3.1) which picks up the signal and then inductively couples
to the SQUID amplifier through a superconducting wire and the signal is converted

into a voltage. The MPMS is equipped with a superconducting magnet with a range
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Figure 3.1: Second-order gradiometer superconducting detection coil in MPMS. The
figure is taken from ref. [3], fundamentals of magnetism and magnetic measurement
system from Quantum Design.

0 - 5T and a temperature range of 1.8 to 400 K. The SQUID is placed below the

magnet inside the superconducting shield.

3.5 Dielectric constant measurement

For dielectric measurements, the two surfaces of the sample were made parallel

either by cleaving or polishing with sand paper. Electrical contacts were made with
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a thin layer of silver paint that was applied on both surfaces and platinum wires
were attached with silver paint. Once the sample was mounted on the home-made
dielectric probe with the help of GE-varnish, the ends of the platinum wires were
soldered to the coaxial cable wired to the probe. Temperature control was provided
by the PPMS at the rate of 1 - 2 K/min and the capacitance was measured by An-
deen Hagerling (AH 2500A) device at 1 kHz frequency in both cooling and heating
cycle. The dielectric constant €, was calculated using Eq.3.1 assuming the sample as
parallel plate capacitor, where both the real and the imaginary part of capacitance
was measured in each measurement; however, only real part is included in this dis-
sertation. The real part represents the energy stored and imaginary part represents
energy loss. The loss factor (tand) was used in data analysis and interpretation.
The loss factor also shows anomalies at the ferroelectric transitions. The dielectric

constant is given by
Cd
€A’

€ =

(3.1)

where d = sample thickness, C' = capacitance of the sample, A = Area of the sample.

3.6 Pyroelectric current and polarization measure-

ment

The pyroelectric current was measured using a Keithley K6517A electrometer
which is capable of measuring current up to 0.1 pA current with great accuracy. The

same protocol was used for the sample preparation and mounting on the dielectric
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probe as mentioned above in section 3.5. An electric field of 150 kV/m - 300 kV/m
was applied using a Keithley K6517A and the pyroelectric current was measured
for both forward and reverse biased cases. The temperature of the sample was
controlled by PPMS at the average rate of 1 - 2 K/min, where this speed was varied
depending on the strength of noise current. The baseline which should be subtracted
as background current was determined from the data collected above T as there
is no pyroelectric current in the paraelectric region. In some cases, the baseline
subtraction becomes tricky if the pyroelectric current is small compared to the noise
current or the sample is not perfectly insulating. The observed pyroelectric current
was integrated with time, considering no existence of polarization in the paraelectric
region, to calculate the polarization using Eq. 3.2, where A is the contact area of
the sample. Fig. 3.2 shows the pyroelectric current of GdMn,O5 during cooling as a

function of temperature.
P =
()=%= [ 1 (3.2

3.7 High-pressure measurements of dielectric and

pyroelectric current

For high-pressure measurements of the dielectric and pyroelectric properties, a
beryllium-copper (Be-Cu) clamp cell was used. While the cell is primarily made

from Be-Cu, a cylindrical Teflon sample holder was prepared to fit inside the Be-Cu
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Figure 3.2: Pyroelectric current observed in GdMn,O5 during cooling cycle. The
reference line drawn is used to subtract the background current.
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cylinder. The sample (prepared for the measurement in the same way mentioned
in section 3.5) goes inside the Teflon sample holder filled with a liquid pressure
medium, Fluorinert FC-77. The contact wires are taken out from the small hole on
the Be-Cu cap, where the twisted wire pairs are secured with stycast. The Teflon
sample holder, along with Be-Cu cap is inserted into the Be-Cu cylinder supplied
with two pistons from top and bottom as shown in Fig. 3.3. The cylinder was
inserted into the pressure cell and pressure was applied with a hydraulic press. The
pressure cell was attached to the probe and inserted into double jacket glass dewar
filled with liquid nitrogen (LN2) in the outer space and liquid He? in the inner space.
The temperature was controlled by moving the pressure cell up-down with respect
to the cryostat and temperature was measured by germanium resistor temperature
sensor which is mounted in Be-Cu cell body. The in situ pressure was measured
with a lead manometer, which has a very sharp transition (~ 0.02 K/min) and a
well-studied pressure dependence of the T. The manometer was constructed from
a small piece of high purity lead (Pb 99.999%), which was winded with 2 - 4 layers
of secondary (inner) coils using 46 gauge copper wire. The manometer was then
completed by winding the two layers of primary (outer) coils using 44 gauge copper
wire. During the measurement, it was mounted near the sample inside the Teflon
sample holder. The primary coil was driven (applied a small current) and the mutual
inductance of the secondary coil was measured using 19 Hz LR700. When the lead
enters into the superconducting state, a sharp drop in inductance was observed due
to the diamagnetic property of superconductor. The mid-point of the sharp drop

defines the T of the lead. For reference T, the measurement was also done at
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Figure 3.3: The schematic diagram of the pressure cell with sample and lead manome-
ter inside the Teflon sample holder. The Teflon sample holder is filled with the
pressure medium FC-77.

ambient pressure. The T¢ of the lead was found to be decreasing with pressure. By
knowing the change in T, we can find the actual pressure of the sample environment

from the table based on Eq. 3.3 [49],

AT, = —3.6892107?P + 1.026210* P2, (3.3)
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3.8 Mutual induction measurement under high-

pressure

For mutual inductance measurements, a small piece of sample cut from the pellet
was prepared by winding with copper wire as explained in the previous section. At
first, two layers of 46-gauge copper wire (secondary coil) were winded on the sample
and then followed by two additional layers of 44-gauge copper wire (primary coil).
Both the sample and the thermocouple go inside the Teflon sample holder where the
contact wires were taken out from the Be-Cu cap. The excitation current drives the
primary coil and produces the mutual inductance signal in the secondary coil which
was measured by 19 Hz LR 700. Ambient pressure measurements were done for all
samples before applying pressure. The pressure was applied in the similar way as
discussed in section 3.7. As the measurement was performed above LN2 temperature,
there is no need of He* cryostat. So the pressure cell was attached to the probe and
inserted into wide mouth dewar which was filled with LN2. The temperature control
was done manually by lowering down and moving up the probe at the rate of 1-3
K/min. Chromel-Alumel thermocouple was used for the temperature measurement.
The pressure of the sample was estimated from the calibration curve of the pressure
cell. When the magnetic property of the sample changes, the change in mutual

inductance of the coil was also observed.
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3.9 Specific heat measurement

The heat capacity per unit mass of the material at constant pressure is defined

as specific heat at constant pressure (Cp).

dQ

Op:(dT

)p (3.4)

All the heat capacity measurements were performed in PPMS using heat capacity
option and standard heat capacity puck (Fig. 3.4) from Quantum Design [4]. The
puck has its own calibration data. The platform of the puck is connected to thermal
bath by four pairs of wires. A heater and a temperature sensor are attached at the
bottom of the platform. A thin layer of Apiezon N grease was used to provide ther-
mal contact between the sample and the platform. It should be noted that Apiezon
H grease should be used instead of N grease for measurements above the room tem-
perature. Before measuring the heat capacity, one must measure the addenda of
grease plus sample platform in the desired temperature range. After completing
the addenda measurement, a small sample of mass < 5 mg was prepared for the
measurement and was placed in the previously affixed N grease making certain that
the sample is in good thermal contact with the grease. Depending on the thermal
contact of the sample with the platform, the system will use one of two models to fit
the data. To provide the best conditions possible, a sample with a flat surface was
preferred to guarantee the best possible thermal contact. For a majority of our mea-
surements, the thermal contact was pretty good and simple model (one tau model)

was used to fit the data, where the temperature T of the platform obeys the Eq. 3.5
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Figure 3.4: Expanded view of Quantum Design heat capacity puck [4]. The diameter

of the puck is 20 mm and the height is 15 mm.
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as function of time

dT
Ctotal% - _Kw(T - Tb) + P(t) (35)

Once the measurement is done, the system automatically subtracts the addenda
and gives specific heat of the sample in the desired unit. In Eq. 3.5, Cyq is the total
heat capacity of the sample and sample platform, K,, is the thermal conductance of
the supporting wires, T} is the temperature of the thermal bath, and P(t) is the
heater power. The heater power P(t) is equal to P, during the heating portion of
the measurement and equal to zero during the cooling portion. The solution of Eq.

3.5 is given by exponential functions with a characteristic time constant 7 equal to

Ctotal /K

3.10 Dilatometer and thermal expansion measure-

ment

High-precision capacitance dilatometer built from oxygen-free copper was used
for thermal expansion measurements which is shown in Fig. 3.5. Any length change
experienced by the sample will displace the upper plate of the dilatometer which is
secured by two beryllium-copper springs to the lower plate. The upper plate can
move farther and closer from the lower plate changing the separation between two
capacitor plates. So any change in sample size changes the separation of two plates
and thereby changing capacitance. These capacitor plates are polished by 20 nm size

diamond grease which increases the sensitivity of capacitance. The capacitor plates
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are kept insulating from upper and lower plates by 75 um thin Kapton films. The
diameter of the lower plate is larger than that of upper plate which ensures that the
active area of capacitor plates is kept constant (A = 78.54 mm?) throughout the

motion of upper plate.

The sample whose length change is to be measured was placed in sample stage and
secured with the help of adjustable screws. The two sides of sample perpendicular
to the direction of measurement was polished and made flat. Prestressing to the
sample was applied to make desired fixed separation between two capacitor plates.
The room temperature capacitance reading was maintained 15 pF - 20 pF which
corresponds to plate separation of 70 pym - 46 um. While prestressing, one should be
careful that the system should be able to accommodate when the sample expands or

contracts during temperature change.

The entire arrangement of dilatometer head shown in Fig. 3.5 was connected
to the probe which can be inserted in Janis cryostat having the double reservoir,
the outer for LN2 and inner for liquid He*. The temperature was controlled by
evaporation of He gas and measured by a cernox temperature sensor attached to
the copper body of probe head near to the sample. The change in capacitance
as a function of temperature was measured by high precision capacitance bridge

AH2500A.

The change in length of the sample was calculated from the change in capaci-
tance. However, the calculation is not straightforward. In addition to the sample’s
length change, the dilatometer also changing its length with temperature variation.

In order to correct this, an additional measurement was also done for a reference
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material (99.999% pure Cu) in the same temperature range used for the sample.
The reference material prepared was of the same thickness of the sample and the
pre-stressing parameter used for the previous measurement were also for the sample.
The capacitance change as a function of temperature was also measured for this ref-

erence material. The change in sample length (A Lggmpie (7)) is then calculated using

Eq. 3.6

ALsample<77) = ALegvpt(jj) - ALdilat(j“’)

A Lgampie(T) = A Leypy(T) — ALEP(T) + ALendard () (3.6)

where A Legy (T) is the total change in length and A L (T) = ALGP(T)— A Lgkendard(T))

is the dilatometer response.

As the plates are 45° counterclockwise from the measurement axis, the relation
among the plate separation d(T), the length at temperature T, L(T) and the capac-
itance C(T) is given by:

AL(T) = L(T) — L(T,) = V3(d(T) — d(T,)) = v3eA( C(lT) _ C(lTO)> (3.7)

where € is the permittivity of air and A is the area of top plate. The changes are
measured with reference to temperature T, which can be any arbitrary temperature.
The reference temperature in this work was taken 60 K. The thermal expansion along

different axes thereby the volume change was measured in cooling and heating cycle.
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3.11 Neutron diffraction

Neutron diffraction experiments were done at Oak Ridge National Laboratory
(ORNL) in collaboration with Dr. Feng Ye. The crystal structures of Ni-doped
MnWO, single crystals were examined in detail using a Rigaku X-ray diffractome-
ter equipped with PILATUS 200K hybrid pixel array detector at ORNL. Magnetic
neutron diffraction experiments were carried out at the High Flux Isotope Reactor
(HFIR) also located at Oak Ridge. Triple axis spectrometer HB-1A was used to study
the doping and temperature evolution of the magnetic orders. A neutron beam with
a wavelength of 2.366 A was used and pyrolytic graphite (PG) crystals were used as
monochromator and analyzer. The crystals were aligned in several scattering planes
to probe the different magnetic reflections. The spin structures were determined
using the HB-3A four-circle diffractometer with neutrons of wavelength 1.536 A at
selected temperatures. The structural refinement was performed using the FullProf
suite. Magnetic representation analysis was performed to choose appropriate basis
vectors to describe the various spin structures. The sample temperature was regu-

lated using a closed cycle refrigerator.
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Chapter 4

Results

4.1 Magnetic field effect in Mn; ,Co,WO,; (x =

0.135, 0.15, 0.17)

To explore the magnetic field effect successfully in this compound, it is very
important to understand the multiferroic phase diagram of its parent compound
MnWO, as well as Mn;_,Co, WO, without magnetic field. So before talking about
the magnetic field effect in Mn;_,Co, WO, (x = 13.5, 15, 17), I will discuss some of
the multiferroic properties of its parent compound MnWOQO4 and Co doped MnWOy.
MnWOy, is a naturally occurring mineral known also as Hiibnerite and is one of the
most studied type II multiferroic over the recent years. It crystallizes in monoclinic
structure belonging to space group P2/c and lattice parameters: a = v = 90° and

B = 91°. Several groups began studying the multiferroicity of MnWOQO, in 2006,
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Figure 4.1: Crystal structure of monoclinic MnWQ,. The zigzag chains of the Mn
ions are surrounded by an oxygen octahedra along the c—axis and the Mn spins are
frustrated along the a— and c—directions.
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which put this material at the center of interest [30, 50, 51, 52, 53]. However,
neutron diffraction studies had already been reported in 1993 by Lautenschlager
et al. [18] where they studied the various magnetic orders. The Mn** ions (spin
5/2) are surrounded by spin-lattice octahedra, which form zigzag chains along the
c—axis as shown in Fig. 4.1. Above the Néel temperature (Ty = 13.6 K), MnWO,
is paramagnetic and paraelectric; however, due to the highly frustrated nature of the
Mn spins along the a— and c¢— directions it shows many exotic antiferromagnetic
orders below Tpx. The spin frustration in this material arises due to the significant
number of long-range competing exchange interactions that were studied in inelastic
neutron scattering experiments by F. Ye et.al. [6, 7]. Below Ty the Mn spins order
into an incommensurate sinusoidal magnetic order with a modulation vector Q3 =
(-0.214, 0.5, 0.457). In this sinusoidal AF3 phase, the spins are in collinear order
which has no ferroelectric polarization. At a slightly lower temperature, 12.6 K,
another magnetic phase transition occurs and gives rise to a helical magnetic order
of incommensurate AF2 phase with Qs = (-0.214, 0.5, 0.457) which is same as the
Q3. The AF2 phase breaks the inversion symmetry and gives rise to a ferroelectric
polarization along the b—axis (P,) which is consistent with Eq. 2.24. The AF2
phase has both magnetic and ferroelectric order parameters, so it is a multiferroic
phase. The multiferroic AF2 phase can not extend up to low temperature as another
collinear commensurate AF1 phase Q; = (0.25, 0.5, 0.5) competes for the ground
state below 7.5 K as a result of the magnetic frustration. The AF1 (11JJ) phase is
also paraelectric due to its collinear spin structures. So three frustrated magnetic

phases are prevalent in MnWO, at different temperatures below T y.
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Any small perturbation in this material such as chemical doping, magnetic field,
or pressure can drastically change the multiferroic properties due to change in ex-
change interactions and magnetic anisotropy. For example, the substitution of non-
magnetic ions such as Zn or Mg suppresses the AF1 phase and stabilize AF2 phase
[54, 55] whereas the substitution of the magnetic ions Fe up to 5% quickly sup-
presses the multiferroic AF2 phase and stabilizes the paraelectric AF3 and AF1
phases [56, 57, 58]. External magnetic fields cause a flop of the polarization to-
wards the a—axis whereas pressure suppresses the AF2 phase and stabilizes the

low-temperature paraelectric AF1 phase [30, 52].

A rich phase diagram of multiferroic and magnetic phases is obtained from Co
doping on Mn sites in MnWO, which is shown in Fig. 4.2(a) [5, 6]. The spin-
easy-axis of Co in CoWOQy is -46° with a—axis in @ — ¢ plane [59]. In this way,
the spin-easy-axis of Co spins is almost perpendicular to the easy-axis of Mn spins
in a — ¢ plane. The strong anisotropy of Co spins rotates the helical plane of Mn
spins in MnWO, towards its hard-axis as shown in Fig. 4.3, affecting the gain
in energy in multiferroic phase. The change in polarization is not unusual if the
orientation of helical plane changes. Co doping of as low as 2% suppresses the
collinear AF1 phase (11)J) and stabilize helical AF2 phase Q, = (Q,,0.5,Q,) up
to 7.5% Co doping as a ground state multiferroic phase. This AF2 phase is the
incommensurate helical structure where the plane of the spin helix makes an angle
of 36° with a—axis at x = 0. The AF2 phase gives b—axis polarization and can be
explained by the spin current model as P o< €3 % (S; x S;). Above 7.5%, the spin

helix rotates and confines in the a — ¢ plane generating incommensurate AF5 phase
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Figure 4.2: (a) Phase diagram of Co doped MnWO, without magnetic field [5]. (b),
(c) and (d) show the spin helix in different multiferroic phases of Mn;_,Co, WO,. The
large arrows indicate the direction of polarization in respective multiferroic phases.
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Figure 4.3: The dependence of angle © with Co and Zn concentration in
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flips into @ — ¢ plane (not shown in the figure). The image is taken from [6] with
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Q; = (Q4,0.5,Q.,) which gives the polarization along the a— and ¢— direction. The
rotation of the spin helix can be explained by the change in the spin helix angle with
a—axis. The AF5 phase survives up to 15% Co doping. A new conical phase arises
above 15% and extends up to 30% Co doping. This conical phase can be explained
from two modulation vectors of incommensurate AF2 phase Q, = (@, 0.5,Q,) and
commensurate AF4 phase Q, = (0.5,0,0), so called AF2/4 phase. The AF2/4 phase
is a multiferroic phase and allows b—axis polarization. However, at high temperature
collinear paraelectric AF4 phase evolves. Above 30% Co doping, the conical phase is
completely disappeared and high-temperature collinear AF4 phase becomes ground
state magnetic phase in Mn;_,Co,WQO,. Spin orientations of different ground state
multiferroic phases are shown in Fig. 4.2 (b), (c) and (d). The collinear AF3 phase

is existing in the same temperature range as in MnWO, up to 12% Co doping.

Mng g5Co0g.15 WOy is right at the boundary of two complex ground-state multifer-
roic phases, AF5 phase and AF2/4 phase. It contains five magnetic phases in the
different temperature range where two low-temperature multiferroic phases (AF5 and
AF2/4) are coexisting. Both phases are verified from neutron diffraction. So we fo-
cused on this complex multiferroic material and applied the magnetic field along c¢—
and a—axis and found an unusual result. To explain the unusual result, we did the
magnetic field study of both magnetic phases AF5 and AF2/4 separately in 13.5%
and 17% Co doped MnWOy. In the following sections, first I will discuss the effect
of magnetic field separately in multiferroic AF5 and AF2/4 phases and discuss the

case of these two coexisting multiferroic phases.
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4.1.1 Magnetic field induced spin-flop transition in

Mny 365 C0¢.135 WO,

A frustrated antiferromagnetic system can be easily distracted by an external
magnetic field in different ways. The effects of the magnetic field depend on the
strength and direction of the field, anisotropy of magnetic ions and nature of frustra-
tion. In a frustrated antiferromagnetic system, the magnetization suddenly changes
at T due to magnetic domain formation. A sharp drop in magnetization is observed
below Ty due to the decrease in longitudinal component of the magnetic moment
if the field is parallel to spins whereas it remains almost unchanged with tempera-
ture if the field is perpendicular to the spin orientations. Mn;_,Co, WOy is a highly
frustrated system which goes through many magnetic phase changes below Ty and
forms helical structure at low temperature. When the external magnetic field is par-
allel with the helical plane, the conical spin structure is formed with a change in
M(T) below T. The longitudinal components of the spins tend to flop and becomes
almost perpendicular to the field if the applied field is above the critical field. The
similar behavior is observed in Mng gg5C0g.135 WO, and Mng g5sCog 15 WO, when the

magnetic field is applied along the c—axis.

The magnetic measurements M(T) for x = 0.135 along all three crystallographic
axes are shown in Fig. 4.4. At zero field, the magnetic system passes through three
magnetic transitions below Ty [6]. A commensurate order of collinear AF4 phase
sets below Ty = 15.5 K, which is indicated by the slope change in M(T). At slightly

lower temperature (11.7 K), another slope change indicates the origin of collinear
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above 25 kOe indicates the spin-flop transition in AF5 helical phase.
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AF1 phase which exists down to 7 K and is consistent with the phase diagram shown
in Fig. 4.2. Below 7 K, the incommensurate AF5 phase becomes the ground state
with the helical plane in the a — ¢ plane. In this in-plane helical structure, the
spin-flop transition is expected above the critical field where c—axis field gives a — b
spiral and a—axis field gives b — ¢ spiral. The a—axis magnetic field up to 50 kOe
doesn’t show any spin-flop in the AF5 phase, which is consistent with the previous
report that shows the magnetic field of more than 6 T is required for spin-flop in
Mng 9Cog1 WO, [60]. However, a sharp jump in M(T) is observed below 7 K in the
c—axis magnetic field above 23 kOe and remains constant at the lower temperature
(Fig. 4.5). This type of phase transition is related to spin-flop transition where the
a — ¢ spiral in the AF5 phase now flips into a — b spiral in the conical form similar

to the sketch shown in Fig. 4.11(b).

The effect of spin-flop transition is clearly reflected in the ferroelectric polarization
shown in Fig. 4.5(a). The helical AF5 phase has no P, in zero magnetic field,
however, it allows polarization along a— and ¢— direction [5]. The c—axis magnetic
field above 20 kOe induced Pj in AF5 phase at T = 8 K which remains constant at
low temperature. The P, increases with increased magnetic field and the T moved
to 9 K at the magnetic field of 70 kOe. The increase of Ty with the field is in
agreement with M(T) data shown in Fig. 4.4. The stabilization of the P}, in c—axis
field and its saturation at low temperature can be considered as the consequence of
the spin-flop transition in the magnetic field. The a — b spiral (spin helix) formed
after the spin-flop transition is a conical structure with its axis along the c—axis. It

is called high field AF5 phase and allows the P,. Similar type of spin-flop transition
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Figure 4.5: Magnetic field dependence of P, in Mn;_,Co,WO,. (a) For x = 0.135,
P, appears suddenly above 20 kOe in the AF5 phase and remains constant at low
temperature. The T¢ increases with the magnetic field and reaches to 9 K at 70
kOe. (b) For x = 0.17, P, is unaffected by the c—axis magnetic field up to 50 kOe.
A small drop in P, is observed at low temperature above 50 kQOe.
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into AF2/4 phase is also observed for x = 0.135 under hydrostatic pressure above 15
kbars from neutron diffraction and polarization measurements [61, 62]. The different

contributions which give rise to Py in high field AF5 phase will be discussed later.

4.1.2 Magnetic field effect in Mng3Co0y17WO,

The magnetic field effect for x = 0.17 shown is completely different than the
magnetic field effect for x = 0.13. For x = 0.17, the magnetic ground state is the
conical AF2/4 phase and the high-temperature phase is the collinear AF4 phase.
The AF2/4 phase is ferroelectric whereas AF4 phase is paraelectric. The change in
Ty of AF4 phase and T¢ of AF2/4 phase with Co concentration is shown in Fig.
4.2. The onset temperature of AF2/4 phase decreases with increasing Co concen-
tration above x = 0.15. The AF2/4 phase has conical spin structure (Fig. 4.11(d))
consisting of two modulation vectors Qy = (0.5, 0, 0) and Q4 = (0.22, 0.5, -0.44)
[6]. In our magnetic measurement, a sharp drop in M(T) is observed at T = 18
K with field along a— and c¢— direction which is shown in Fig.4.6. This is due to
the reduction of longitudinal component of spins in the AF4 phase. The slope of
M(T) changes at T¢ = 10.2 K as the AF2/4 phase evolves but still decreases with
temperature. The b—axis response to M(T) is different than a—and c— axis mea-
surements. Below T, M(T) still increases as the field is perpendicular to a — ¢ plane
where the spins are in a — ¢ plane. Below T, the M(T) decreases since the AF2/4
phase has longitudinal components along all three axes. So the M(T) decreases with
temperature in AF2/4 phase in all directions. The AF2/4 phase which exists be-

tween x = 0.15 to x = 0.3 is the most stable phase in the magnetic field up to 50 kOe.
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The FE polarization in the AF2/4 phase is almost unaffected by the c—axis mag-
netic field up to 70 kOe. The zero field P, starts ~ 10 K and increases continuously
at low temperature. At 5 K, it reaches the maximum value of 32 uC'/m?. The mag-
nitude of polarization and T¢ remains unchanged up to the magnetic field of 50 kOe.
A small decrease of P, to 25 uC'/m? and the ferroelectric T¢ by 0.1 K is observed at
70 kOe. No ferroelectric polarization was observed in other directions up to field of
70 kOe. This also signifies that AF2/4 phase is the most stable ferroelectric phase

of Mn;_,Co, WO, in the magnetic field up to 70 kOe.

4.1.3 Polarization reversal by magnetic field in

Mny 85C00.15 WO,

Mng g5Co00.15 WO, lies right at the boundary of two ground state multiferroic
phases, AF5 phase and AF2/4 phase, which is shown in phase diagram shown in
Fig. 4.2. The study of multiferroic properties of this material without magnetic field
was previously reported [63, 6]. During cooling, it enters into collinear AF4 phase
at Ty = 17 K. Below 10.2 K, multiferroic AF2/4 phase arises and coexists with
collinear AF1 phase in narrow temperature region between 6.5 K and 10.2 K. The
P, appears at T¢y = 10.2 K as peak due to AF2/4 phase and continues to grow
towards low temperature which is shown in Fig. 4.7. The small magnitude of P,
reflects the small volume fraction of AF2/4 phase coexisting with the collinear AF1

phase at high temperature and with the helical AF5 phase at low temperature. This
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high-temperature AF1 phase is existing in the of region 0.12 < x <0.15 which is
paraelectric phase [6]. Below 6.5 K, AF5 phase coexists with AF2/4 phase and the
system becomes more complex as both are multiferroic phases with different multi-
ferroic properties. Neutron diffraction study of this material shows the coexistence

of AF2/4 phase with AF1 and AF5 phases in different temperature range [6].

The c—axis magnetic field in this material has unusual effect in P,. At low
magnetic field (< 20 kOe), no significant effect in P, arises. However, above 20 kOe,
P, makes a sharp step-like transition at T¢o = 7 K which is shown in Fig. 4.7. This
temperature exactly corresponds to the onset of AF5 phase in the phase diagram.
With increased magnetic field, the step becomes more prominent and the polarization
changes sign above 25 kOe although the applied poling voltage is positive. This effect
is very unusual in multiferroic materials. The T increases with the magnetic field
while Ty slightly decreases. Thus, we observed magnetic field induced polarization
reversal in Mng g5Cog.15 WOy in positive poling voltage. The M(T) data for x = 0.15
in the magnetic field up to 50 kOe is shown in Fig. 4.8. The magnetization decreases
below Ty and passes through different magnetic phase transitions. These data are
similar to the spin-flop transition seen in Mng gg5Cog.135 WOy4. At this point, it can be
suggested that the AF5 phase is also contributing to P, due to spin-flop transition in
the AF5 helical phase similar to Mng gg5Co0g.135 WOy4. The critical magnetic field and
the nature of transition at Ty are also consistent with the spin-flop transition in
Mng g5Co0p.15 WOy4. So the polarization is possibly arising from the spin-flop transition
in AF5 phase in addition to coexisting AF2/4 phase but it is still unknown why the

polarization is negative in positive poling field. In order to unveil this unusual effect,
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different contributions to Py in high field AF5 and AF2/4 phases needs to be discussed

in more detail.

The reason of polarization reversal could be related to the coexistence of magnetic
phases and magnetic field effect on these phases which triggered us for more detailed
investigation of the origin of polarization in this material. However, exploring micro-
scopic origin of all magnetic phases and their contribution to macroscopic polariza-
tion is not a trivial task in the frustrated system. The AF5 phase in Mn;_,Co, WO,
has polarization in a — ¢ plane and is maximum between x = 0.075 and 0.10, which
decreases quickly above x > 0.1, whereas the conical AF2/4 phase which exists above
x = 0.15 allows only P, [5]. The magnetic field effect in multiferroicity of these two
separate phases is totally different as discussed previously for x = 0.135 (pure AF5

phase) and for x = 0.17 (pure AF2/4 phase).

The magnetic frustration in Mn;_,Co, WOy is similar to the frustration in MnWOQO,.
In both cases frustration arises from competing exchange interactions of Mn spins
along a— and c¢— axis. The magnetic phases in MnWO, are stabilized by many
long-range competing exchange interactions. This can be evidenced from the spin
wave excitations in MnWQO, obtained from inelastic neutron scattering. The spin
wave excitation shows best fitting to Heisenberg model with single ion anisotropy
when 11 pairs of exchange interactions from J1 to J11 are considered [7]. The ex-
change energy values J's vary from 0.02 eV to 0.43 eV in magnitude. The strength
of polarization arising from those spin interactions depends on how strongly the spin
pairs are interacting with each other. In order to make the complex problem simple

from those 11 pairs, we consider only those pairs which have exchange energy up
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to 50% of the maximum. With this limitation, the relevant exchange pathways of

interactions (J1, J3, J4, J6, J9) are shown in Fig. 4.9.

In Mn;_,Co, WOy, only the spiral and conical phases contribute to ferroelectric
polarization. So it is necessary to evaluate which spin pairs contribute significantly
to polarization in these phases according to spin current model. In the spin current
model, the polarization is proportional to the vector product of two spins (S; x S;)
which consists the angle between two spin directions. As the incommensurate mod-
ulation (Q,, Q) is known for different phases, the angle between spin pairs can be
estimated easily. Only two spin pairs interacting through J1 and J3 exchange path-
ways shown in Fig. 4.9 contribute significantly in this model. The angle between
spin pairs of these pathways is nearly perpendicular which makes the cross product
maximum. For other pairs J4, J6 and J9, the spins are almost parallel or antipar-
allel vanishing the cross product. The J1 pathways correspond to the intrachain
exchange interaction along the c—axis whereas J3 corresponds to the interchain ex-
change interaction along a-axis and both interactions contribute to total ferroelectric

polarization separately.

The contribution to FE polarization by different exchange pairs can be calculated
mathematically using the spin current model where P o< e;; x (S; x S;). If P/ and
P73 are the polarizations due to J1 and J3 exchange pathways and my, my are the
long and short axes of the spin helix, then using the geometry shown in Fig. 4.10,

we derived the expression for polarization as

PYY = ¢UYimym  sin(rQ,)[—sinOsinpe, + sinOcospe,] (4.1)
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and

P/3) — CYmym  sin(2rQ,)[—cosOe, + sinOsingpe,] (4.2)

The equations we derived are dependent in unit normal vector n = sin©cospe, +
sinOsinpe, + costle, of the helical plane where © is the angle between normal n and
z-axis, @ is the angle made by the projection of n in the x-y plane with the x-axis.
The a, b and ¢ axes correspond to x, v and z-axes respectively. C/Y and C3) are
constants whose values depend on various factors, for example, interactions along
J1 and J3 exchange pathways. © and ¢ vary for different magnetic phases. For
AF5 phase in Fig. 4.2(c), © = 90°, ¢ = 90° and both exchange pathways J1 and
J3 contribute to the polarization. J1 and J3 contributions give rise to P, and P,
respectively. However, in high field AF5 phase, ® = 0° and only gives P, via J3
exchange pathways. For AF2/4 phase, ¢ = 0° gives only P, from both exchange

pathways J1 and J3.

The total b—axis polarization P, can be extracted from Eq. 4.1 and Eq. 4.2.
With Eq. 4.3 we can explain the polarization reversal in Mng g5Cog 15 WO, above the

critical magnetic field.

Py = mym[CYYsin(rQ,)sinOcosp — C¥sin(21Q,)cosO] (4.3)

4.1.4 Origin of polarization reversal in Mng;Co( 15 WOy,

The total contribution to P, in Eq. 4.3 is derived from the spin current model.

In Mngg5Co0.15 WOy, two magnetic phases are coexisting and become multiferroic
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Figure 4.9: Relevant exchange interaction pathways in MnWQO, based on exchange
energy (J). The exchange energies of the spin pairs wwere obtained by fitting spin
wave excitation of MnWO, with the Heisenberg model [7]. The strength of interac-
tion between spin pairs is proportional to the polarization if allowed by symmetry.
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Figure 4.10: The schematic diagram of normal vector n to the helical plane, angle
O between the normal n and the z-axis, angle ¢ made by projection of n in the x-y
plane with the x-axi. The x, y and z-axes correspond to the a, b and c-axes of the
crystal geometry.
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at different temperature with polarization in different directions. The direction of
polarization is determined by the chirality of spin helix in the corresponding phase.
While cooling the sample in the magnetic field, the electric field determines the
chirality of spin helix at ferroelectric transition in such a way that total polarization
is positive in the positive electric field. In Mngg5Cog.15WOy, the P, at Ty = 10.2
K in c—axis magnetic field is positive as expected. However, P, suddenly changes
its sign at Tgo above the critical field, increasing the magnitude of P, with the
magnetic field. At low temperature and above the critical field, when the spin-flop
happens in AF5 phase, the chirality of high field AF5 phase should be same as the
chirality of AF2/4 phase to minimize the domain wall energy of two different phases.
The chirality of the spin helix is preserved across the domain wall due to strong
coupling between the two magnetic domains of different phases. Preserved chirality
is favorable in the spiral magnetic system to minimize the domain wall energy. The
sketch of smooth transition across the domain wall between two phases is shown in
Fig. 4.11. Although the spin-flop transition occurs in AF5 phase above 20 kOe, the

AF4/4 phase is stable in the magnetic field up to 70 kOe.

When the sample is cooled below critical magnetic field, only AF2/4 phase con-
tributes to P, below T¢; . As discussed in the previous section, both J1 and J3
exchange pathways in Fig. 4.9 contribute to Py, but Py! is greater than Py which
gives total P, as a positive value. Above the critical field and below T¢o, the helical
plane of AF5 phase flops in a — b plane preserving the chirality of the spin helix as
shown in Fig. 4.11(b). The spin helix in @ — b plane now allows P, via J3 exchange

pathways whereas the contribution to P, due to J1 exchange pathways vanishes
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Figure 4.11: The smooth transition across the domain wall of two multiferroic phases
[8]. (a) Sketch of total contribution to P, by J1 and J3 exchange pathways in the
two domains. (b) Domain structure of the AF5 phase after spin-flop transition.
(¢) Domain wall transition between the AF2/4 phase and AF5 phase in the c—axis
magnetic field. (d) Domain structure of the AF2/4 phase.
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(© = 0°). Only the second term in Eq. 4.3 contributes to P, which is negative
although the poling electric field is positive. Thus the total P, become negative in
high field AF5 phase. A schematic sketch of how P, becomes negative is shown in

Fig. 4.11(a).

The spin-flop transition in Mng g5Cog.15 WO, that happens in AF5 phase coexist-
ing with AF2/4 phase similar to spin-flop transition in Mng gg5C0g 135 WOy4. Although
the AF5 phase doesn’t allow Py, the high field AF5 phase gives rise to P,. The chi-
rality of the spin helix in high field AF5 phase is preserved during spin-flop transition
due to strong coupling of two coexisting magnetic phases. The preserved chirality
forces the P, to be negative as multiple exchange pathways contribute to polariza-
tion differently. If the coupling is not strong enough, the high field AF5 phase can
independently determine its chirality at T¢o and the total P, would be positive at

low temperature.

Our explanation of polarization reversal in Mngg5Cog15 WO, is supported by
Py measurement of Mngg5Cog.15WO, in a—axis magnetic field shown in Fig. 4.12
[64] . In a—axis field, the spin helix in a — ¢ plane flops to b — ¢ plane due to
spin-flop transition, making spins orientation transverse to the field. In this spin
configuration, the spin current vector is parallel to a—axis and only the J1 exchange
pathways contribute to P, (© = 90°). So only the first term in Eq. 4.3 exists and
we expect the total positive polarization if the chirality of the AF2/4 phase and
b — ¢ spiral is preserved. The P, measurement in Mngg5Cog.15 WO, shown in Fig.
4.12 is in agreement with our expectation. The P, increases with a—axis magnetic

field up to 55 kOe with the sharp transition in AF5 phase at T¢o. Above 55 kOe,
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Figure 4.12: Ferroelectric polarization (Py) of MnggsCog 15 WO, in the a—axis mag-
netic field. Unlike in the c—axis magnetic field, the total P, is positive in the a—axis
magnetic field.
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P, suddenly increases at T¢o due to spin-flop transition with total P, positive in
agreement with Eq. 4.3. The a—axis critical magnetic field for spin-flop transition is
different than c—axis critical field mentioned previously, however it is in agreement
with the a—axis critical field of spin-flop transition in Mngy ¢Coq1 WO, reported from
neutron scattering [60]. Thus the spin-flop transition and preserved chirality of

magnetic domains successfully explain the magnetic field effect in Mng g5Cog g5 WO4.

4.1.5 Magnetic field induced polarization rotation in

Mny 95C00.0s WO,

An interesting magnetic field effect is also observed at lower Co doping. The
ground state of Mng g5C0g.05 WOy is the AF2 phase which by its symmetry gives the
b—axis polarization. The magnetic field applied along b—axis continuously rotates the
b—axis polarization towards the a—axis due to the rotation of the AF2 helical plane
by 90° [65]. In order to reveal the microscopic mechanism of polarization rotation,
the domain wall study in this type II multiferroic material using the Second Harmonic
Generation (SHG) imaging and atomistic Landau-Lifshitz-Gilbert (LLG) simulations
were performed [9]. The SHG images clearly show the configuration domain wall
states changes from side-by-side (1)) configuration to head-to-head (—+—) or tail-
to-tail («——) configuration without changing the position of the domain wall under

the magnetic field.

Fig. 4.13(a) shows the bulk measurement of polarization in Mng g5Cog.05 WO,

along the a—and b—axes in the b—axis magnetic field at 5 K. Only P, was observed
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(a)

P (uC/m?)

Figure 4.13: (a) Continuous rotation of the polarization direction in Mng g5Cog .05 WO4
from the b—axis to a—axis in the b—axis magnetic field at 5 K. (b) The SGH image

of side-by-side domain wall at 0 T (P|| b) converting to head-to-head domain wall
at 6 T (P||la) at 5 K. The SHG images are taken from ref.[9].
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in zero magnetic field. When the magnetic field is applied along the b—axis, the P,
decreases and at the same time the a—axis polarization (P,) appears and continues
to grow with increased magnetic field. At 70 kOe, the maximum value of P, reaches
to 72 uC/m? whereas P, continuously decreases towards zero. This confirms the con-
tinuous rotation of polarization in the b—axis magnetic field. The origin of this type
of polarization rotation is indeed different than the spin-flop induced polarization in
Mnyg g65Co0.135 WO, discussed in the previous section and the sudden switching of the
polarization from the b—axis to the a—axis above 10 T in MnWO, [30]. The effect of
Co spin anisotropy is the key parameter for the continuous rotation of polarization
in the AF2 phase above 30 kOe, as this type of effect was not observed in the AF2

phase of other multiferroics, for example, MnWOQj,.

The SHG susceptibility and images [9] confirms that the polarization can be con-
trolled at the ferroelectric domain wall by external magnetic field. The presence of
Néel component and non-zero polarization at the center of domain wall observed
in LLG simulations indicates that charged domain walls are arising from the fluc-
tuation of local distribution of carriers. As shown in the Fig. 4.13(b), the domain
wall remains fixed although the polarization is continuously rotating in the magnetic
field. This can transform the side-by-side 1| domain wall states to head-to-head
—<¢— or tail-to-tail <—— states which make the domain walls charged. So it is wor-
thy to look for if the domain wall conductivity is measurable in Mng gg5Co0g.135 WO4
with our available techniques. For this, a thin sample of thickness 0.4 mm and area
34.6 mm? was prepared to measure the domain wall conductivity. The sample was

prepared in the same way to measure the pyroelectric current and cooled to 6 K
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without poling field to create domain walls and then applied the magnetic field of 7
T along the b—axis. The 180° head-to-head domain wall (1) created during cooling
is now expected to rotate and orient in the head-to-head (—+<—) or tail-to-tail (+——)
configuration with the magnetic field. We tried to measure the current by sweeping
the voltage from 0 - 100 V and 100 - 0 V with steps of 10 V increment/decrement.
From this technique, we couldn’t see any domain wall current, which is not unusual
as the polarization is too small in this material and the expected current is ~ O(fA)
while the resolution of our ammeter is 0.1 pA. The other possible reason might be
the domain wall is not penetrating completely along the thickness of the sample so
that the conduction is blocked. More sophisticated measurements using conductive
atomic force microscope (AFM) and piezo-response force microscope are required to
detect the domain wall current in Mng gg5Cog.135 WO,4. The anisotropic domain wall
conductance was indeed observed by Meier et al in improper ferroelectric ErMnOj3
[66] using the atomic force microscope and piezo-response force microscope. Al-
though the detectable transport measurement is not successful, a new way of tuning
of the ferroelectric polarization by the magnetic field in complex multiferroic domain

wall is found.

4.2 Effects of Ni doping on the multiferroic prop-

erties of MnWOQO,

As discussed in the earlier section, the substitution of magnetic and non-magnetic

transition metals in the Mn site tunes the multiferroic properties of MnWQO,. Doping
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compound | MnWO, | CuWO, | FeWO, | CoWO, | NiWO,
0, 35° 40° 27.5° -46.3° 57.6°

Table 4.1: Magnetocrystalline anisotropy of the transition metal ions in TWO, (T
= Mn, Cu, Fe, Co, Ni) in a — ¢ plane. 0, is the anisotropy angle with respect to the
a—axis in the a — ¢ plane. These values are referenced from [18, 19].

of transition metal Zn, up to 50% and Mg up to 30% retains the multiferroicity even
though it is nonmagnetic [54, 55|, while Fe doping of as low as 5% suppresses the
polarization quickly [57, 56, 67]. Similarly, Cu doping up to 10% was also studied
by Liang et al. which shows the mixture of collinear AF1 and helical AF2 phases at

low temperature [68].

The most complex phase diagram is found in Co doping with the multitude
of complex multiferroic and magnetic phases [6, 5]. In MnWOQy, the helical plane
includes the easy-axis of Mn spins. When it is doped with Co, the strong anisotropy of
Co spins is able to rotate the helical plane of MnWO, towards its direction (Fig. 4.3)
generating multiple ground state multiferroic phases as a function of Co concentration
which is shown in Fig. 4.2 in section 4.1. Table 4.1 shows the direction of easy-axis
of magnetization 6, for various TWO, (T = Mn, Cu, Fe, Co, Ni) in the a — ¢ plane
in collinear phase. The easy-axis of Mn and Co spins are almost perpendicular to
each other in a — ¢ plane, which means the easy-axis of magnetization for Mn ions
becomes the hard-axis of magnetization for Co ions. So the helical plane prefers the
direction of the spin-easy-axis of magnetic ions if the magnetic anisotropy is strong

enough.

In case of Ni, the easy-axis of Ni spins in NiWO, make an angle 6, = 57.6° with
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the a—axis in the a — ¢ plane which is higher than anisotropy of Mn spins (35°) in
MnWO, [59, 19, 18]. If Ni doping acts in the similar way as in Co doping, then
it could pull the helical plane towards its easy-axis. It is expected that the angle
© made by the helical plane with a—axis increases and thus enhances the P, in Ni
doped MnWOQy, as the polarization is proportional to ©. However, our results showed
that Ni doping as low as 5% reduces the polarization and completely suppresses the
multiferroicity in Mn;_,Co, WO, above 20% Ni doping. Magnetic and heat capacity
measurements also show the suppression of multiferroic AF2 phase with increased Ni
concentration. The reduction of the polarization is explained by the anti-correlation
effect of Mn and Ni spins, where Ni spin pushes the helical plane further away from

the helical plane of MnWOQO, towards the a — b plane.

4.2.1 Magnetic properties of Mn;_,Ni,WQOy,

The magnetization measured along the monoclinic b—axis is shown in Fig. 4.14
for Ni concentrations up to x = 0.3. The three transitions observed in the undoped
MnWOy, are reflected in clear anomalies of b—axis magnetization M(T). A change
of slope at a maximum of M(T) indicates the onset of sinusoidal magnetic order
at Ty. At slightly lower temperature, T, another slope change is followed by
a distinct decrease of M(T). At lock-in transition Ty, a sharp increase of M(T)
indicates the onset of commensurate AF1 phase. The decrease of M(T) below Ty
is due to decrease in longitudinal component of helical AF2 phase along the field
direction. The magnetization is nearly constant with temperature in the sinusoidal

AF3 phase and 1)) AF1 phase below T as the magnetic field is transverse with
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the magnetic moment.

Upon Ni substitution of 5%, the low-temperature AF1 phase is completely sup-
pressed and the multiferroic AF2 phase is stabilized at low temperature. The similar
effect was also observed in MnWQO, with doping of transition metals Co and Zn
[55, 69, 5]. The Ty and T¢ are not clearly marked from the magnetic susceptibility
in 5% Ni doping shown in Fig. 4.14, although they are distinct in heat capacity

measurement shown in Fig. 4.15.

Above x = 0.1, a collinear AF4 phase arises at high temperature which was first
seen in heat capacity data for x = 0.1 as a shoulder (Fig. 4.15) and in neutron
diffraction data for x=0.15 shown in Fig. 4.17(b). So the critical Ni content to the
onset of AF4 magnetic phase is x. = 0.1. Below x., both incommensurate phases, the
sinusoidal AF3 and the cycloidal AF2, are present and well distinguished through
sharp peaks of Cp(T). Above x,, the incommensurate AF2 phase becomes unstable
and moves towards lower temperature. The T decreases with increased Ni content
and reaches 5 K for x = 0.3. On the other hand, the critical temperature of onset
of collinear AF4 phase increases with Ni content and reaches to 32 K for x = 0.3.
Above x., the decrease of magnetization below T¢ is less dramatic with increased Ni
concentration and shows almost no decrease for x = 0.3. This behavior indicates the
decrease in longitudinal component of the magnetic moment along the field direction.
The rotation of the spin helix towards a — b plane reduces the b—axis component of

the magnetization.
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Figure 4.14: DC susceptibility (M/H) of Mn;_,Ni, WO, along the b—axis. The
shifting of peaks towards low temperature indicates that the onset temperature of
the AF2 phase moves to the lower value with increased Ni concentration. The vertical
arrows indicate the onset of AF4 phases for different Ni concentration. The M/H
data are vertically offset for better visualization.
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4.2.2 Heat-capacity measurement of Mn; ,Ni, WOy,

The heat-capacity Cp(T) measurements of Mn;_,Ni,WO, shown in Fig. 4.15
clearly reflects the two sharp peaks at the transitions into the sinusoidal AF3 and
helical AF2 phases for x = 0.05 similar as in MnWOy, (shown in the inset of Fig. 4.15).
The two peaks are separated by 1 K where both the T and Ty are increased by 0.5 K
than in MnWOQO,. The low-temperature peak seen at 7.6 K in MnWOQO, is completely
removed which indicates the suppression of collinear AF1 phase by Ni doping as
low as 5%. For 10% Ni doping, the peaks of the AF3 and AF2 phases merged and
become one slightly broadened peak. A small shoulder-like anomaly appeared on the
higher-temperature side which could be the signal for developing AF4 phase. With
increased Ni content, the T of AF2 phase moves to lower temperature whereas the
anomaly of AF4 phase becomes pronounced and moves to the higher temperature
and this is consistent with the subtle anomaly seen in the magnetic susceptibility.
The origin and development of the AF4 phase are indeed observed in our neutron
diffraction data above 15% Ni content. Above 30% Ni, only the AF4 survives and
multiferroicity is lifted in this material. The collinear AF4 phase is also the ground
state and only the magnetic phase of NIWO, below Ty = 67 K [19]. The phase

diagram in Fig.4.19 is derived from both magnetic and heat capacity data.

4.2.3 Neutron diffraction study of Mn;_,Ni, WO,

The neutron diffraction of Mn;_,Ni, WO, was done to explore the magnetic struc-

ture and explain the multiferroic properties combining with the magnetization or
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Figure 4.15: Heat capacity Cp(T) of Mn;_,Ni,WO,. All the magnetic phase tran-
sitions are clearly reflected in the heat capacity data. The vertical arrows indicate
the onset of AF4 phases for different Ni concentration. The inset shows the heat
capacity of pure MnWQO, which shows additional phase transition into AF1 phase at
7.6 K.
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heat capacity data. The details of the magnetic orders in different phases have to be
determined by microscopic probes such as neutron scattering to explain the origin
of ferroelectricity. Fig. 4.16 shows the results of a systematic study of the magnetic
reflections for x = 0.05, 0.1 and 0.2 [10]. For low Ni doping, x = 0.05, the magnetic
modulation of the AF2 phase is Q2 = (0.23, 0.5, 0.46) and for x = 0.1, Q2 = (0.235,
0.5, 0.47) [10]. At higher Ni doping, x = 0.2, a new commensurate magnetic phase
AF4 with Q4 = (0.5, 0, 0) appears at 28 K, coexisting with the incommensurate AF2

phase below 9 K.

Fig. 4.17 shows the temperature dependence of the magnetic reflections of
Mn;_,Ni, WO, corresponding to the incommensurate AF2 phase and the collinear
AF4 phases for various Ni concentrations. At x = 0.05, the collinear AF3 phase sets
in below 14 K, followed by the non-collinear AF2 phase at 13 K which persists at
the lowest temperature. It is difficult to separate AF3 phase from AF2 phase in the
image as the AF3 phase exist in narrow temperature range ~ 1 K and the modu-
lation vector of AF3 and AF2 phase are identical. With increased Ni doping, the
transition temperature to the AF2 phase gradually decreases, at the same time the
integrated intensities of the associated reflections decrease, indicating the suppres-
sion of this non-collinear phase for x > 0.05. For x = 0.15, the commensurate AF4
phase with Q4 = (0.5, 0, 0) appears around 20 K, while the integrated intensities
of this phase shownon-collinear a drop at lower temperature ~10 K. At the same
temperature, the intensity of AF2 phase rises and extends to low temperature. This
shows the coexistence of both AF2 and AF4 phases below 9 K. Similar phenomenon

is observed for x = 0.2 with slightly different onset temperature. At x = 0.3, only the
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Figure 4.16: Temperature dependence of the wave vector scan of AF2 and AF4
phases for Mn;_,Ni,WO,. The AF4 and AF2 phases are coexisting for x = 0.2
below 9 K. The colors of the images represent the intensities of magnetic reflections
in corresponding phases.

collinear AF4 phase is observed which develops at 35 K and survives to the lowest

temperature which is in agreement with magnetic and heat capacity measurement.

The low-temperature (T = 5 K, 10 K) refined parameters of AF2 and AF4 phases
at different doping levels are summarized in Table 4.2. The AF2 phase for x = 0.05
and 0.10 is characterized by an elliptical helical phase with ellipse principle axes
lying along the crystallographic b—axis and in the a — ¢ plane. The tilt angle ©
of the magnetic component m,, that lies in the a — ¢ plane makes 28.1° to the
crystallographic a—axis. This is less by 7° than in pure MnWOQO,. With increased Ni
doping at x = 0.15, m_, rotates quickly towards the a—axis. The refinement of the
commensurate AF4 phase for x = 0.15 shows that the collinear spin configuration
has a moment similar to the pure NiIWO4, which is ~ 58° from the a—axis [19].
This direction of the moment is different from that of Co-doped MnWQy, in the AF4

phase, which is about -53° from the a—axis [5]. For x = 0.15, the principal axis of
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Figure 4.17: (a) Integrated intensities of magnetic reflections of AF2 phase [10]. (b)
Integrated intensities of the magnetic reflections of AF4 phase. The intensity and
Te of the AF2 phase decrease with increased Ni content while the intensity and Ty
of the AF4 phase increase with increased Ni content. For x = 0.15 and 0.2, the two
phases are coexisting at low temperature.
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x | Magnetic phase | ©° | Magnetic moment (/)
0.05| AF2 (5K) | 281 my =337 |my, = 4.10
AF2 (10 K) 274 | mp = 3.35 | my, = 3.22
0.10| AF2 (5K) |322] my =332 |m., = 3.70
AF2 (10K) | 32.6 | my =231 |m,, = 2.86
0.15| AF2 (5K) |10.0| my =322 |m,, = 2.08
AF4 (5K) | 67.7| m, =075 | m, = 1.83
AF4 (10K) | 71.9 | m, = 01.25 | m, = 2.39
030 | AF4 (5K) |675| m, =335 | m. = 3.01

Table 4.2: Refined magnetic structure parameters of Mn;_,Ni,WO, for x = 0.05,
0.10, 0.15, 0.30 at 5 K and 10 K. O is the angle made by m,;, with a—axis.

helical plane that lies in the a — ¢ plane, m,y, initially makes negative angle (-3°)
with the a—axis at 10 K, but changes to a positive angle (10°) at 5 K. This change
of the orientation of the spin helix causes the observed polarization to be maximum

and slightly negative at the lowest temperature.

4.2.4 Ferroelectric properties of Mn;_,Ni,WQO,

As shown in Fig. 4.18, the maximum P for x = 0.05 is 40 uC/m? at 5 K which
is already smaller than the extrapolated value of P, in pure MnWO, (60 uC'/m?).
However, the T¢ is increased by 0.5 K and Pj, extends to the lowest temperature. A
similar increase in T¢ was also observed in Mn;_,Cu, WO, up to x= 0.1 [68]. So Ni
doping as low as x = 0.05 completely suppresses the AF1 phase and stabilize spiral
AF2 phase below 13 K. A complete suppression of collinear AF1 phase was also

reported in Zn doping of as low as 5% [55], however, a mixture of collinear AF1 and
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spiral AF2 phase was observed in Mn;_,Cu, WO, up to x = 0.1 [68]. The collinear
AF3 phase is also existing in Mngg5Nigs WOy, which is reflected by a sharp peak
in heat-capacity measurement shown in Fig. 4.15. For x = 0.1, the P, and T¢ are
almost same as in 5% Ni doping, however, the different nature of slope change at
the onset of polarization could be related to the development of AF4 phase. For x
> 0.1, the polarization quickly drops and completely vanishes above x = 0.2. This
is due to sudden flop of the spin helical plane close to the a — b plane as confirmed
by neutron diffraction. After flipping the helical plane close to a — b plane, it rotates
with temperature so that the polarization passes through the maximum and becomes

negative at low temperature.

It is observed that the angle © decreases with increased Ni content in Mn;_,Ni, WO,
although the in-plane anisotropy of Ni (55°) in NiWO, is higher than anisotropy of
Mn (36°) in MnWO, [59]. © decreases quickly from 32.2° to 10° at 5 K as we go
from x = 0.10 to x = 0.15. Since the polarization is proportional to ©, the sudden
decrease of © with increasing Ni content forces the polarization to reduce quickly.
This suggests that the effect of Ni doping is opposite with the effect of Co doping.
If the effects were similar, the angle of the helix with a—axis would increase which
ultimately enhances the P,. The Ni doping actually pushes the spin helix away from
the helical plane of MnWOQy, towards the a — b plane. On the contrary, the Co spins
pull the helical plane towards its easy-axis [6]. For Ni content above x = 0.1, the
Py is quickly dropped and passes through a maximum near 9 K that turns negative
at low temperature. The sign change of P, at low temperature can be explained

from the rotation of spin helix with temperature. As shown in Table 4.2, © is -3° at

81



40 Ni%
=N ()%
—J=5%
7= 10%
11%
30 - —p—12.5%
== 15%
== 20%
< 20
£
O
=
o 10 |
0 /
-10 | | | | | |
4 6 8 10 12 14 16

T (K)

Figure 4.18: Ferroelectric polarization in Mn;_,Ni, WO, for different x values along
the b—axis. The Pj of Mn;_,Ni, WOy, is smaller than the extrapolated P, of MnWO,.
Above 10% Ni doping, the P, quickly drops and reverses sign at low temperature
and completely vanishes above 20% Ni doping.
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Figure 4.19: Evolution of the magnetic and multiferroic phases with Ni concentration.
The phase diagram is derived from magnetic and heat capacity data which is in
agreement with neutron diffraction and polarization measurement. The T decreases
and Ty increases above 10% Ni doping. The AF2 and AF4 phases coexist between
15% to 30% Ni doping. The dotted line shows the extrapolation to low temperature.

10 K and becomes 10° at 5 K for x = 0.15. This change in orientation of the spin

helix makes the polarization negative at low temperature. For 20% Ni doping, the

polarization is rarely detected and T goes below 10 K, consistent with the phase

diagram (Fig. 4.19) derived from magnetic and heat capacity measurement [10]. The

rotation of the helical plane will, therefore, change the net value of P,. The other

possible reasons of decrease in polarization and its sign change are mentioned below.

The contribution to the polarization in MnWO, arises from of different exchange
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pathways. The different coupling parameters of long-range exchange pathways are
calculated from the spin-wave model that best fits the spin wave spectrum of MnWO,
[7]. Depending on those parameters, we derived two major magnetic exchange path-
ways contributing to the ferroelectric polarization in Mng g5Cog.15 WOy, the intrachain
neighboring exchange interactions between spins along the c—axis and the interchain
exchange interactions between spins aligned along the a—axis [8]. The two competi-
tive contributions to P, with opposite signs are explained in Eq. 4.3. If the positive
term is dominant at higher temperature and the negative term is dominant at lower
temperature in Eq. 4.3, then it may lead to polarization reversal upon the decreasing

temperature.

The other possible reason for reduction of polarization upon doping lies on the
coexistence if two magnetic phases. The neutron diffraction of Mn;_,Ni,WQO, in
Fig. 4.17 shows the coexistence of two magnetic phases AF2 and AF4 above 15% Ni
content. The coexistence of collinear AF4 phase and its growth towards low tempera-
ture multiferroic AF2 phase results in the suppression of the ferroelectric polarization
since only the fraction of the AF2 phase will contribute to the polarization. The small
angle the of the spin helix -3° at 10 K with the a—axis above 10% Ni doping suggests
the anti-correlation effect of the easy spin axes of Ni and Mn, mediated through the
exchange interactions between Ni and Mn moments. The microscopic study of these
interactions has not been done yet. The spatial coexistence of the AF4 and AF2
phases requires the formation of domains of both phases separated by their respec-
tive domain walls. A strong correlation between different magnetic domains and its

effect on the polarization of Mngg5Cog15 WOy, is already discussed in the previous
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chapter. The formation of the AF4 phase at higher temperature and its coexistence
with the AF2 phase at the lower temperature could affect the orientation of the spin
helix in the ferroelectric AF2 phase through a similar coupling of the magnetic orders
across the domain boundaries. This effect can further be explored by the study of

magnetic domains and their coupling across the domain walls.

4.3 Pressure effect on the ferroelectric properties

of GdMn>0O; and TmMn,Os

Orthorhombic RMnyO5 (R =Y, rare earth) are type II multiferroics which show
multiple magnetic and ferroelectric phase transitions below Ty due to their frustrated
nature of spins. In these family of compounds, an incommensurate magnetic order of
Mn spins Qron = (Qu, 0, Q) sets in at Ty ~ 40 K which is paraelectric phase. This
phase is followed by a commensurate order of Mn spins at slightly lower temperature
where Qe = (0.5, 0, 0.5) for R = Bi and Q¢ = (0.5, 0, 0.25) for R =Y, Ho and
Tb [70, 71, 72]. This commensurate magnetic phase is ferroelectric phase. At low
temperature, the spin modulation unlocks and again an incommensurate phase arises
with a sharp change in polarization. The low-temperature incommensurate phase
has different modulation than the high-temperature incommensurate phase. Thermal
expansion measurements of these materials show strong spin-lattice coupling which
gives rise to the ferroelectricity via exchange striction mechanism [13]. The Mn-
ions in these materials have two valence states Mn3* and Mn**. The Mn*" ions

are surrounded by edge-sharing oxygen octahedra running along the c—axis and the
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Mn?* ions are surrounded by oxygen pyramid, the two pyramids sharing one edge of
the base plane. The rare-earth ions are in between octahedral chains and bipyramidal
layers. In the commensurate phase, five Mn spins of nearest neighbor Mn3*-Mn3*-
Mn*T-Mn3*-Mn** repeating units in @ — b plane propagate along the a—axis [36, 37].
The Mn®** and Mn** spins pair (enclosed by the dotted ellipse) in Fig. 4.20(a) are
frustrated (almost parallel spins). These unstable pairs minimize their Heisenberg
exchange interactions producing lattice distortion in Mn3* site, which breaks the
inversion symmetry and gives rise to the b—axis polarization. The magnetic unit cell
(which consists two crystallographic unit cell) with Mn**Og octahedra and Mn®*TOg
bipyramids of GdMn,Oj; along with moment direction (arrows) of Gd and Mn spins

in the commensurate phase are shown in Fig. 4.20(a).

GdMn,O5 has some different characteristics than other RMnyO5 multiferroics.
The incommensurate phase of modulation Q;cp = (0.49, 0, 0.18) sets in at T y= 40
K where it locks to commensurate phase of modulation Qcy= (0.5, 0, 0) at 33 K
[16, 73]. This commensurate phase has the simplest form with no spin modulation
along the c—axis as seen in other RMnyOs. Furthermore, the commensurate phase
extends to low temperature and no additional incommensurate phase is reported
down to 2 K. With Q. = 0, the closest pair of Mn** and Gd ions (d = 3.303 A)
form the antiferromagnetic zigzag chain along the c—axis as shown in Fig. 4.26.
So the main exchange interactions that couple both magnetic sub-systems in the
commensurate phase are the Gd- Mn?" interactions along the c—axis where the
moments are aligned approximately along the a—axis. The more exciting property

of GdMn, O3 is the giant b—axis polarization P, ~ 3000 uC/m? and its tunability in
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Figure 4.20: (a) Magnetic unit cell (supercell) of GdMnyOj in the commensurate
phase. The arrows show the direction of magnetic moment of respective ions. The
Gd?* ions are surrounded by Mn3+-Mn3*+-Mn*+-Mn3+-Mn** repeating units in the
a —b plane. The labelled pair of Mn3*- Mn** ions are frustrated and produce lattice
distortion to minimize frustration. (b) Ferroelectric T of RMnyO5 vs ionic radii of
rare-earth ions. The T¢’s are extracted from [11, 12, 13, 14, 15, 16].
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external magnetic field [16]. The giant FE polarization in the commensurate phase is
due to the additional FE lattice distortion in GdMn,Oj5 provided by the symmetric
exchange striction of Gd-Mn?®* pair in the same direction produced by Mn3*-Mn**
exchange striction. Fig. 4.20(b) shows the onset of ferroelectricity (T = 30 K) is
the lowest compared with the T of other RMnyO5 family members. The lowest
ferroelectric T in GAMnyO5 could be related to the ordering of Gd-moments at
the relatively high temperature as the system needs more magnetic energy to order
the rare earth moments at this temperature. The unique feature of Gd3* is that all
f-electrons are in the high-spin state making magnetic moment isotropic which can

easily be aligned with nearest neighbor Mn®** (m = 4 up) spin.

The pressure effect in type II multiferroics has been studied by different groups.
Pressure acts as a perturbation in the frustrated magnetic system and in many
cases leads to unexpected results. Application of pressure in RMnyO5, (R = Ho,
Tb, Y, Dy) enhances the polarization in low-temperature incommensurate phase by
changing the incommensurate phase into commensurate phase [41, 12, 42, 43, 44, 45].
A giant increase in polarization is also reported in RMnOj3 by Aoyama et al. [46, 47].

So in the following sections, I will discuss the pressure effect in GdMn,O5 up to 18

kbars.

4.3.1 Pressure effect on dielectric constant of GAMn,O5

The measurement of real and imaginary part of dielectric constant e becomes

important in ferroelectric materials. The ¢, at ambient pressure and under different
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Figure 4.21: Temperature dependence of the dielectric constant of GdMn,O5 at
different pressure values. The new dielectric peak observed above P moves to higher
temperature with pressure. The inset shows the dielectric constant and dielectric loss
tan(d) at ambient pressure.
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pressure values is shown in Fig. 4.21. At T = 40 K, where the Mn spins order into
incommensurate phase Qcp = (0.49, 0 0.18), the dielectric constant changes the
slope and increases as shoulder towards lower temperature. The shoulder gradually
increases and appears as a sharp peak at T¢; = 30 K where the incommensurate
phase locks into commensurate phase Qg = (0.5,0.0). This dielectric peak actually
appears at the onset of first ferroelectric transition at T¢y. The inset of Fig. 4.21
shows that the loss factor (tand) has sharp peak only at Ty and no anomaly appears
in tand at T. This confirms that the transition at Ty is only magnetic and transition
at T is ferroelectric. An additional small anomaly is seen in dielectric constant
and loss factor at 12 K (not shown in the figure), which also reflected in magnetic

measurement and indicated by slope change in polarization.

However, the dielectric constant under pressure has different behavior. The shoul-
der of dielectric constant just below Ty increases with pressure and a new peak
(second dielectric peak) appears between Ty and T above the critical pressure
Pc = 11 kbars. Upon increasing the pressure above Pg, the second dielectric peak
is enhanced and moved to the higher temperature where as the ambient pressure
dielectric peak moved slightly to the lower temperature. At the highest pressure of
18.16 kbars, the upper dielectric peak moved to Tegy = 35 K and the Ty is also
increased from 40 K to 42.5 K. So, a new anomaly in dielectric constant and also in

loss factor (not shown in the figure) is observed under pressure.
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4.3.2 Pressure effect on ferroelectric polarization of GdAMn,Os

The ferroelectric polarization at ambient pressure shows the large value of P,
(~ 3000 uC/m?) which is shown in Fig. 4.22(a). The ambient pressure polarization
measurement is in agreement with the previously reported value [16]. The onset
of ferroelectricity appears at Ty reflecting the sharp transition in first ferroelectric
(FE1) phase. No significant pressure effect in Py, is observed up to 8.5 kbars. At 11.6
kbars, a small P, (~70 xC/m?) in second ferroelectric (FE2) phase appears at 33 K
followed by large P, in the FE1 phase at 30 K. The onset of FE2 phase coincides
with the first observed dielectric peak at this pressure. With further increase in
pressure, the polarization in the FE2 phase increases to (~ 600 uC/m?) and Teo
reaches to 35 K at highest pressure of 18.16 kbars which is more clear in expanded
view of the FE2 phase in Fig. 4.22(b). The magnitude of the P, in the FE1 phase is
almost unaffected by the pressure. Thus we observed two-step transition in P, under

pressure.

The FE2 phase is the unique ferroelectric phase in GdMnyO5 as this type of
separate pressure induced phase at the higher temperature has not been observed
previously in other RMnyO5 family members. However, It is reported that pres-
sure transforms the low-temperature incommensurate phase into high-temperature
commensurate phase and enhances the polarization [43, 44]. The sharp transition
from the FE2 phase to the FE1 phase is qualitatively different than incommensurate-
commensurate phase transition, which suggests that the two phases have the different

origin of ferroelectricity. The FE1 phase can not be considered as the continuation
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Figure 4.22: Pressure effect on FE polarization of GAMn,Os. (a) A new FE phase is
observed above P¢ in the incommensurate paraelectric region. (b) Large scale view
of the new FE phase at higher temperature. The P, and Ty both increase with
pressure.
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of the FE2 phase which means the magnetic order in these two phases must be dif-
ferent. Moreover, the magnitude of polarization in the FE2 phase is comparable to
other RMn;O5 where only the Mn spins contribute to the ferroelectric polarization

[43, 44, 74].

The P-T phase diagram shown in Fig. 4.23 [17] is derived from the dielectric and
ferroelectric properties. It clearly shows that the stability range of incommensurate
phase increases under pressure. The Ty slightly increases whereas T slightly de-
creases with pressure. The FE2 phase appears above 30 K and 11 kbars in the region
of incommensurate phase. The T¢9 increases with pressure and tends to saturate at

the highest pressure.

4.3.3 Thermal expansion and heat capacity measurement of

GdMIl205.

The lattice anomalies at the magnetic transitions show the evidence for exchange
striction mechanism in these type II multiferroics. Different exchange interactions, as
well as superexchange interactions contribute to the lattice distortion in frustrated
multiferroics. The lattice distortion gains the required magnetic energy by mini-
mizing those spin frustration. The macroscopic thermal expansion measurement of
GdMn,0O5 along all three crystallographic axes provides a qualitative approach of
which magnetic interactions are affected at the ferroelectric transition. The lattice
anomalies measured using high precision capacitance dilatometer along three crys-

tallographic axes are shown in Fig. 4.24(a). These anomalies are more enhanced
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at ferroelectric transitions than in magnetic transitions. Similar anomalies are also

observed in other members of RMn,Oj at ferroelectric and magnetic transitions [13].

The thermal expansion in GdAMn,Os5 is highly anisotropic. Large expansion ob-
served along the c—axis at T whereas small compression observed along the a—
and b— axis. Small anomalies are also detected at other magnetic transitions. The
expansion of c—axis becomes crucial to understand the most relevant exchange inter-
actions of Gd-moments and Mn spins in GdAMn,O5. The relative volume change near
the phase transitions is shown in Fig. 4.24(b). The volume of the high-temperature
incommensurate phase is smaller than the volume of the low-temperature commen-
surate phase and the high-temperature paraelectric phase which is seen from extrap-
olation to lower and higher temperature. This explains the increased stability range
of the incommensurate phase and slight increase in Ty of GAMn,O5 under pressure.
This volume increase in the commensurate phase qualitatively describes the slight
decrease of Ty with pressure (Fig. 4.23). The volume of sample tends to decrease
when pressure is increased, which favors the non-ferroelectric phase with the smaller

volume by decreasing the T and increasing the Ty .

The heat-capacity measurement of GdMn,O5 at ambient pressure is shown in Fig.
4.23. The magnetic and ferroelectric transitions are clearly marked by two peaks at
Ty = 40 K and Ty = 30 K which are consistent with dielectric and ferroelectric

measurements.

The ferroelectric phase transition appears as first-order structural phase transi-

. . . . . dP __ AS .
tion which can be verified from Clausius-Clapeyron equation 9= = <. The ratio of

the change in entropy AS to the change in volume AV i.e. % = -776.57 J/cm®K
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Figure 4.24: Thermal expansion measurement of GdMny;O5 using high precision
capacitance dilatometer. (a) The relative length change along the three crystal-
lographic axes. Lattice anomalies are observed at the ferroelectric and magnetic
transitions. (b) The relative volume change is calculated from the change in length
of the sample. The volume of incommensurate phase is smaller than the volume of
the high-temperature paramagnetic phase and the low-temperature commensurate
phase. The volume increases at the FE transition in the commensurate phase.
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across the ferroelectric phase transition is close to the slope % =-981 J/cm?®K. The
AS was calculated from area under the peak of C,/T data shown in the inset of Fig.

4.27 and the slope % was calculated from Fig. 4.23.

4.3.4 Origin of pressure-induced ferroelectric phase in

GdMn205

The simplest commensurate phase Qcys = (0.5, 0, 0) and the lowest ferroelectric
transition temperature T = 30 K draws the attention that whether this could be
related to the large polarization in GdAMn,O5. Q. = 0 in the commensurate phase
produces the AFM order between the closest pair of Gd-Mn3* along the c—axis
which is the main exchange interaction that couples with the rare earth. These Gd
and Mn®* ions form zigzag chains along the c—axis as shown in Fig. 4.26 with Gd-
Mn3*-Gd angle, § = 118.6°. More magnetic energy is required to maintain the AFM
order of the Gd-Mn3" correlated system, which explains the lower ferroelectric T
in GdMny0O5. The polar distortion produced by the Gd-Mn?* spin ordering is in
the same phase of the polar distortion of Mn3*-Mn** spin ordering [73] and gives
rise to large ferroelectric polarization. Our thermal expansion measurement gives
a good insight of the spin-lattice coupling at the ferroelectric transition. The large
expansion of the c—axis at Ty qualitatively explains that the major coupling of
Gd-moments and Mn spins happen along the c—axis via Gd-Mn3* AFM exchange

interaction. This Gd-Mn exchange interaction is the key parameter for the large P,

in GdMH2 05 .

98



3+

Figure 4.26: The Gd-Mn3* antiferromagnetic zigzag chains along the c—axis. Only
Mn?* ions are labelled in the image and the smallest spheres indicate oxygen ions.
The arrows show the direction of spins in the commensurate phase.
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The application of pressure compresses the lattice and the significant effect of
compression would be along the c—axis as indicated by Fig. 4.24(a). The compres-
sion decreases the Gd-Mn®*"-Gd angle along the c—axis. As a result, the Gd-Mn
interaction decreases. Above Po, Mn-spins decouple from Gd-moments and be-
come free from rare earth moments so that they can order antiferromagnetically in
a commensurate phase possibly with Q¢ = (0.5, 0, 0) at higher onset temperature
(T¢2). The proposed magnetic order needs to be confirmed from other microscopic
measurements, for example, neutron diffraction. The ordering of only Mn-spins at
the higher temperature gives the new ferroelectric phase in GdMnyOs5. It should be
noted that the Mn-spins order at the higher temperature and FE polarization arises
only from Mn-spins ordering in other RMny,O5 without rare earth participation in
polar distortion. At lower temperature (below T¢y), the Gd-Mn3* spin ordering
still exists, enhances the lattice distortion in the same phase and gives the large P,
~ 3000 uC/m? The thermal expansion measurement at ambient pressure helps to
understand the decoupling of Mn-spins from Gd-moments under pressure. The large
expansion of the c—axis compared to a— and b— axis indicated that the main ex-
change couplings between Mn and Gd ions are along the c—axis zigzag chain shown
in Fig. 4.26. The stretching of the zigzag chain at T results in the gain in magnetic
energy in the commensurate phase which leads to the polar distortion. Application
of pressure compresses the zigzag chains, reduces the magnetic interaction and de-
couples the Gd and Mn3* spin ordering above P¢. So there must be a new magnetic
order of decoupled Mn-spins in the FE2 phase between (30 - 35) K which allows

P,. Future work should be focused on the more sophisticated experiments such as
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neutron diffraction (ongoing study) or X-ray magnetic scattering in synchrotron fa-
cilities under high-pressure to explore the new magnetic order in the pressure induced

ferroelectric phase.

4.3.5 Pressure effect on ferroelectricity of TmMn,0O5

TmMn;O5 is one of the iso-structural members of the RMnyO5 family which
shows three ferroelectric phase transitions at ambient pressure. The first transition
occurs at ~35 K into commensurate magnetic phase and gives rise to the b—axis
polarization (Pj), the second transition at ~26 K into incommensurate magnetic
phase and also gives rise to the P, with sharp drop in magnitude, and the third
transition at ~5 K gives rise to the a—axis polarization [74, 75]. We measured the
P, under different pressure values and the results are shown in Fig. 4.27 [76]. The
polarization first appears at 35 K which corresponds to the commensurate phase. As
system enters into incommensurate phase at 26 K, the polarization suddenly drops to
lower value and slightly increases in further cooling. At ~5 K, the b—axis polarization
suddenly vanishes as it rotates towards the a—axis [75]. The a—axis polarization was
not measured in this work. The P, measurement up to 16.6 kbars shows no significant
pressure effect in TmMnyO5 which is shown in Fig. 4.27 [76]. However, we noticed
a systematic decrease in onset temperature of the incommensurate phase and small
increase in onset of the commensurate phase with increased pressure. This behavior
indicates that pressure would favor the commensurate phase in TmMn,O5. The low-
temperature incommensurate phase was completely removed and transformed into

the commensurate phase with maximum polarization for R = Y, Ho, Dy and Tbh up
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Figure 4.27: Pressure effect on the ferroelectric properties of TmMn,O5 up to 16.6
kbars. The Py, drops to lower value in the incommensurate phase. The commensurate
region slightly increases under pressure.

to this pressure limit [44, 12]. This effect is not observed in TmMnyOj5 in the same
pressure range. TmMny0Os5 is found to the most-stable member of RMn,O5 family
in the pressure range mentioned above. So, further study with higher pressures is
suggested to confirm whether the pressure could convert the incommensurate phase

to commensurate phase and thereby affect the polarization as well.
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4.4 Pressure effect on Néel temperature of RCrQO;

(R = Ho, Dy, Gd)

Recently, RCrO3 have been reported as magnetic ferroelectrics by different groups.
The interest in these class of materials arises from the relatively high Ty in these ma-
terials. The Ty in GACrO3 was reported as high as 169 K due to the ordering of Cr
spins with the additional spin ordering of rare earth at very low temperature (< 4 K)
(77, 78]. The ferroelectric properties of the single crystalline RCrO3 have not been re-
ported yet. However, polarization in the polycrystalline material of different RCrOs
(R = Ho, Sm, Gd, Er ) has been reported claiming these materials as multiferroics
below Ty [79, 80, 81]. Theoretical calculation shows that pressure can increase the
Ty above room temperature in multiferroic CuO and increases the polarization [27].
So we were interested if we could see the pressure effect on multiferroic properties of

those polycrystalline materials.

The pyroelectric current of the polycrystalline samples HoCrOz, GACrOgz, DyCrOg,
and Hog 7Dy 3CrO3 were measured using the same method mentioned in section 3 at
ambient pressure. The pyroelectric current was measured with poling voltage turned
off at low temperature. We end up with large leakage current in those pellet samples
during both cooling and warming cycle. The background current was significant even
at constant temperature (5 K). The peak in the pyroelectric current was observed
in HoCrO3, DyCrOs3, Hog 7Dy 3CrO3 below Ty, although the temperature was not
consistent with the magnetic transition and no pyroelectric current was observed in

GdCrOj except background current. So it is difficult to decide whether the observed
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current is ferroelectric current or it is coming from some trapped charges during
cooling. It is also difficult to decide the base line for the integration of pyroelectric

current to get the polarization.

Although the pyroelectric current and polarization are not clearly defined in these
materials, it’s always worth to see how the pressure affects the magnetic transition
if it can be detected. So, we measured the mutual induction of the coils with the
sample at ambient pressure and under pressure as mentioned in section 3 to see the
magnetic transitions. In the following, I will address the pressure effect on magnetic

transitions of RCrOs.

No magnetic transition was observed in GAdCrO3 from our mutual induction mea-
surement method both at ambient pressure and under pressure but we were able to
see magnetic anomalies at Ty in DyCrOs, Hog 7Dy 3CrO3 and HoCrOsz. The Ty
values in our measurement at ambient pressure are in agreement with previously
reported values somewhere in [77, 78]. Fig. 4.28 shows the effect of pressure on
magnetic transition of DyCrOgs. Pressure increases the Ty from 145.7 K to 150 K
up to pressure of 14 kbar. The increase of Ty with pressure is almost linear. The
Ty of HoCrOj is found to be 139.2 K as shown in Fig. 4.29 [82], which is lower by
6.5 K than the Ty of DyCrOs. The Ty of HoCrOj3 also increases the with pressure
and reaches to 148.2 K at pressure of 16.5 kbar. The increase in T of HoCrO3 with
pressure is greater than the increase of Ty in DyCrOj3 and also at faster rate up to

16.5 kbar.

Fig. 4.30 shows the effect of pressure on magnetic transition of Dy substituted

HoCrOjz. Substitution of 30% Dy in Ho site of HoCrOj increases the Ty by 3 K.
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Figure 4.29: Pressure effect on the magnetic transition of HoCrOjs (unpublished).
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This is expected, as the DyCrOg3 has higher Ty than HoCrOgs. Pressure increases the
Néel transition temperature of Hog 7Dy 3CrO3 from 142 K to 147.5 K. This increase
of Tn with pressure is almost linear as in DyCrOs. The variation of T of these
rare-earth ortho-chromates with pressure is summarized in Fig. 4.31. The micro-
scopic mechanism of how those exchange interactions are affected by the pressure is
not known yet. Our results of the increase in T are in agreement with the predic-
tions of first-principles calculations [83], where the hydrostatic pressure squeezes the
sample and decreases the Cr-O bond lengths linearly, favoring the antiferromagnetic

transition and ultimately increasing the T'y.
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Figure 4.31: Pressure dependence of the Néel temperature of RCrOs (unpublished).
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image of one of the sample used for mutual induction measurement winded with two
Cu coils.
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Chapter 5

Summary

We investigated the effect of external perturbations in different types of multifer-
roic materials by magnetic, dielectric, thermodynamic, and neutron diffraction exper-
iments. The magnetic field effect on the various magnetic and multiferroic phases of
Mn;_,Co, WOy is explored from the magnetic and ferroelectric measurements. The
magnetic field along the plane of the spin helix in AF5 phase induces the spin-flop
transition in this material. The spin-flop transition produces P, although it is not
allowed in its ground state. The polarization reversal is observed in Mng g5Cog.15 WOy4
in a positive poling field above the critical magnetic field of 25 kOe. The reversal of
the Py in the high field AF5 phase is explained by the preserved chirality between the
domains of coexisting magnetic phases during field induced phase transition. The
strong coupling between the two coexisting multiferroic phases causes the P, to be
negative above a critical field. The details of the microscopic nature of spin-flop

transition in this material could be studied by neutron diffraction in the magnetic
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field. Moreover, the continuous rotation of polarization in Mng ¢5Co0g 05 WO, in the
b-axis magnetic field was also investigated. It is found that magnetic field can tune
and control the ferroelectric properties in bulk multiferroics as well as multiferroic

domain walls.

The multiferroic properties of Mn;_,Ni, WO, (0 < x < 0.3) were studied by means
of magnetic, ferroelectric, heat capacity and neutron diffraction measurements and
the phase diagram of different magnetic and multiferroic phases was derived. The
ferroelectricity in Mn;_,Ni,WOQy, is first stabilized for small Ni content with T¢ in-
creasing by 0.5 K. The low temperature collinear AF1 phase is completely suppressed
for a doping level as low as 5%. The helical AF2 phase, which is ferroelectric phase,
is stabilized at low temperature through Ni doping where it develops as the mag-
netic ground state. Above 10% Ni content, the P is quickly reduced and a new
high-temperature collinear AF4 phase develops. The details of different magnetic
structures have been investigated by neutron-diffraction experiments. Above 20%
Ni substitution, only the AF4 phase survives and becomes the ground state of the
system. The sudden drop of P, above 10% Ni doping is explained from the anti-
correlation effect of Ni and Mn spins which causes the flop of the spin spiral plane
close to the crystalline a — ¢ plane. The possible mechanisms for the reorientation of

the spin spiral plane and the decrease in polarization were discussed.

Pressure is one of the tuning parameters of magnetic and ferroelectric properties
of materials. Pressure can change the magnetic properties of materials without po-
larizing the electron’s spin. We studied the pressure effect in dielectric and ferroelec-

tric properties of multiferroic GdMn,O5; and TmMnyO5. The pressure-temperature
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phase diagram for GdAMn,O5 was derived from dielectric and ferroelectric properties.
The thermal expansion measurement at ambient pressure was also carried out to
explain the giant polarization of GdMnyO5 and pressure effect on ferroelectricity of
GdMn;0O5. The FE phase in GdMn,O5 is split into two above Po and the new FE
phase is observed at the higher temperature. The new FE phase is explained by
considering the decoupling of the Gd moments and the Mn spins of the zigzag chains
along the c—axis under pressure. On the other hand, the pressure effect in TmMnyO5
is rather different. Little observable changes were seen for pressures up to 18 kbars on
the ferroelectric properties of TmMn,Os5; however, pressure does increase the range
of commensurate ferroelectric phase by a small amount. Unlike other RMn;Os, the
low-temperature incommensurate phase of TmMn;Oj is found to be the most stable

up to pressure limit of 18 kbars.

The last systems under pressure to be studied were the RCrO3 systems. Our
work found that with increasing pressure changes the Ty of the RCrO3; materials
increased. The magnetic ordering in these materials at relatively high temperature
is related to ordering of the Cr-spins. The change in lattice parameters and the
Cr-O bond distances by the pressure limit applied in our experiments may not be
sufficient to enhance the Ty by a significant amount. Application of higher pressures
may further increase the Ty to higher temperatures. Therefore future work should
focus on the pressure effect on the ferroelectric (if exists) as well as the magnetic

properties of these rare-earth ortho-chromates.

Although the effect of perturbation is not unusual in frustrated multiferroic mate-

rials, our results give insight and lay a possible path for more detailed investigations
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of multiferroic materials under the pressure and magnetic field to explore exotic and

unprecedented effects.
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1. Pressure effects on magnetic ground states in cobalt-doped multiferroic
Mn;_,Co,WO,. Jinchen Wang, Feng Ye, Songxue Chi, Jaime A. Fernandez-
Baca, Huibo Cao, Wei Tian, M. Gooch, N. Poudel, Yaqi Wang, Bernd Lorenz,

and C. W. Chu. Phys. Rev. B 93, 155164 (2016).

2. Pressure effect on ferroelectric properties of GAMn,O5 and TmMn,O5. Narayan
Poudel, Melissa Gooch, Bernd Lorenz, Ching-Wu Chu, Jaewook Kim, and

Sang-Wook Cheong. IEEE Transactions on Magnetics 52, 2501204 (2016).
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3. Pressure-induced decoupling of rare-earth moments and Mn spins in multifer-
roic GdAMn;Os5. N. Poudel, M. Gooch, B. Lorenz, C. W. Chu, J. W. Kim, and

S. W. Cheong. Phys. Rev. B 92, 144430 (2015).

4. Effects of Nickel Doping on the Multiferroic and Magnetic Phases of MnWOQO,.
N. Poudel, B. Lorenz, B. Lv, Y. Q. Wang, F. Ye, Jinchen Wang, J. A. Fernandez-

Baca, and C. W. Chu. Integrated Ferroelectrics 166:1,17-29, (2015).

5. Polarization control at spin-driven ferroelectric domain walls. Naemi Leo, An-
ders Bergman, Andres Cano, Narayan Poudel, Bernd Lorenz, Manfred Fiebig,

and Dennis Meier. Nature Communications 6, 6661 (2015).

6. Spontaneous polarization reversal in multiferroic Mng g5Co.15 WO, induced by
an external magnetic field. Narayan Poudel, Bernd Lorenz, Kao-Chen Liang,
Ya-Qi Wang, Yan Yi Sun, Feng Ye, Jaime A. Fernandez-Baca, and Ching-Wu

Chu. IEEE Transactions on Magnetics 50, 2503904 (2014).

7. Magnetic field-induced spontaneous polarization reversal in multiferroic
Mng g5Cog.15 WOy4. N. Poudel, K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz,

F. Ye, J. A. Fernandez-Baca, and C. W. Chu. Phys. Rev. B 89, 054414 (2014).

A.2 Conference and symposium presentations

1. N. Poudel, K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A.
Fernandez-Baca, and C. W. Chu, ”Magnetic field-induced spontaneous polar-

ization reversal in multiferroic Mng g5Cog 15 WO,4”, APS March meeting 2014,
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. N. Poudel, K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A.
Fernandez-Baca, and C. W. Chu, ”"Magnetic field-induced spontaneous polar-
ization reversal in multiferroic Mng g5Cog.15WO,4”, TcSUH Student Symposium

2014, University of Houston (oral presentation).

. N. Poudel, K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A.
Fernandez-Baca, and C. W. Chu, Magnetic field-induced spontaneous polar-
ization reversal in multiferroic Mngg;Cog.15 WOy, International Symposium on
Emerging Multifunctional and Bio-Directed Materials 2014, San Antonio, TX
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. N. Poudel, B. Lorenz, B. Lv, Y. Q. Wang, F. Ye, Jinchen Wang, J. A.
Fernandez-Baca and C. W. Chu, ”Multiferroicity in Ni doped MnWQO,”, APS

March meeting 2015, San Antonio, TX (oral presentation).

. Narayan Poudel, Melissa Gooch, Bernd Lorenz, Ching-Wu Chu, Jaewook
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