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ABSTRACT

We studied the interaction of the magnetic order or magnetic field with polariza-
tion or dielectric properties of solids, the so-called magnetoelectric (ME) effect. In
this work, we particularly consider three different classes of compounds.

The first class of compound is multiferroic Mn;_,Co,WO,. The frustrated spin
helix in the multiferroic phase breaks spatial inversion symmetry and induces ferro-
electric polarization. Combining neutron scattering results, we found that the strong
Co anisotropy affects the orientation and shape of the spin helix, resulting in two
flops of ferroelectric polarization at z.; = 0.075 and x. = 0.15. At z, = 0.075, ?
rotates from the b-axis into the a — c-plane and, at z. = 0.15, it flips back to the
b-axis. The applied external fields force the normal vector k of spin helix rotating to
be parallel to the direction of the magnetic fields. This reorientation of the spin helix
causes additional field-induced polarization flops.

The second class of materials is ME borates. RAl3(BOj3), (R = rare earth) crys-
tallizes in a noncentrosymmetric but also nonpolar lattice structure, not allowing for
polarization. Magnetic data show weak coupling of the f-moments in the compounds.
However, RAl3(BO3), shows a large ME effect and HoAl3(BOj3)4 sets the record for
the highest ME effect in high fields when it was first measured. Upon strong coupling
of f-moments to the lattice, the field-induced ionic displacements in a unit cell re-
sulting in a polar distortion and a change in symmetry on the microscopic scale could
be the origin of the ME effect.

The third class of compound is polar LiFeP,O;. Macroscopic electric polarization
originates from its polar structure. Interestingly, it also has magnetic Fe-moments to
form a canted antiferromagnetic ordering at Ty ~ 27 K with a weak ferromagnetic
component along the b-axis. The strong internal ME effect is proved by a sharp peak
of pyroelectric current at Ty, resulting in a sizable polarization decrease at the onset

of the antiferromagnetic phase transition. The ME effect in external fields shows a
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superposition of a linear and quadratic ME effect below Ty. Importantly, it proves the
existence of strong coupling between magnetic order and lattice polarization, which

is well-described by mean field theory.
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Chapter 1

Purpose and Motivation

The first known magnet in human history is lodestone, naturally magnetized iron
ore. From the Greek and Chinese antiquities, the ancient people use lodestone to
attract iron and determine direction as compasses. On the other hand, the ancient
Greeks found that amber attracts small objects after rubbed with fur. Combining
with lightning, these are earliest human experience with electricity. In fact, both mag-
netic and electric phenomena are known for a long time and used in wide application.
In recent years, people found the cross-coupling between magnetic and electric phe-
nomena. The coexistence of spontaneous ordering of magnetic moments (magnetism)
and electric dipoles (ferroelectricity) and their mutual interaction in solids are of sig-
nificant both scientific and industrial interest. For physicists, it would be interesting
to find new physics and materials with multiple interactions between different kinds
of orders. By fine-tuning the multiple interactions, it might also be possible to find a
link between ferroelectricity and superconductivity, and higher T, could be achieved
[5]. The recording and sensor industry are also looking into the multiple interac-
tion types of material to explore possible new breakthrough. Therefore, we want to

study of the interaction of the magnetic order or magnetic field with polarization or



dielectric properties of solids, the so called magnetoelectric (ME) effect.

The ME interaction can be found in different material systems distinguished by
the crystal symmetry. For the first case, it is possible for a central symmetric material,
no polarization allowed, becoming noncentrosymmetric and polar structure due to a
special magnetic order breaking the inversion symmetry. The second consideration
is the noncentrosymmetric but also nonpolar structure and the magnetic interactions
transform the nonpolar structure into a polar structure. Last but not least, there
are many polar crystals that also show magnetic order. In this type of material, the
interaction between magnetic order and lattice polarization is of interest. Then, we

consider three characteristic classes of samples for each case of material.

The first class of compound is multiferroics, where the magnetic frustrated system
breaks spatial inversion symmetry in a centrosymmetric crystal through spin lattice
coupling, allowing for electric polarization. One of ideal multiferroic compounds to
study the effects is MnWOy since only Mn ion is magnetic. Co replacement for Mn in
MnWOy controls the multiferroic properties through different spin values, tuning of
exchange interactions and strong magnetic anisotropy, resulting in multiple reorienta-
tion of the spin spiral, multiple characteristics of magnetic orders and multiple flops
of ferroelectric polarization. The applications of magnetic fields allow us to further

manipulate the orientation of the spin spiral and electric polarization vector.

The second class of materials is the ME borates. RAl3(BO3)s (R = rare earth)
compounds crystallize in a noncentrosymmetric but also nonpolar lattice structure,
not allowing for polarization. Magnetic field or sometimes magnetic order could break
the nonpolar structure through spin lattice coupling, giving rise to polar structure,
which is called magnetoelectric (ME) effect. The RAl3(BO3)4 system shows a para-
magnetic feature without magnetic order at low temperature because of the weak

coupling between the rare earth moments. However, the single rare earth moment



shows a strong magnetic anisotropy and strong coupling to the lattice, resulting in
ME effect. Furthermore, HoAl3(BOs3), exhibits a very large ME effect, which is the
record of highest ME effect compound in high fields before CaBaCo,4O7; was recently

reported [6].

The third class of compound is the polar LiFeP,O7;. It contains macroscopic
electric polarization due to its polar structure, but it also has magnetic Fe-moments
to form magnetic order at low temperature. This particular magnetic order is canted
antiferromagnetic (AFM). Therefore, we are interested in how the canted AFM order
affects the lattice polarization. Importantly, it verifies the existence of strong coupling
between magnetic order and lattice polarization, which can be described well by the

mean field theory.

The following chapter, Chapter 2, will give a broad but concise review of the
fundamental physical phenomena that is important in this work: magnetic order,
ferroelectricity, magnetoelectric effect, and multiferroics. In addition, the notations
that are frequently used through most of Chapter 4 are also established in Chapter
2. Chapter 3 will cover experimental methods utilized for all measurements, while
Chapter 4 will cover the pertinent results from the measurements followed with dis-
cussion. Finally, Chapter 5 will summarize the results with highlights on some of the

unanswered questions and conclude with ongoing work.



Chapter 2

Background

This chapter will provide a short review of the key concepts that will be used in
the latter discussion. The basic definition of magnetoelectric effect is the interaction
of the electric (magnetic) orders by magnetic (electric) field due to the coupling of
the magnetic and electric subsystems in matter [7]. The discussion will focus on
the magnetic order and ferroelectricity in materials. It will then be followed by the

magnetoelectric effect and more strict definition of the multiferroic compounds [7, 8].

2.1 Magnetic orders in matter

2.1.1 The Curie-Weiss Law

Since the Curie — Weiss Law will be intensively used in Chapter 4, it will be
shortly discussed here and explained how it will be used. Assume magnetic moments
p of the ions in materials (from unfilled shell of d— or f—electrons in the ions) have
the energy —p- H in the magnetic field H. FEach atom is independent from the others

and satisfies Boltzmann statistics because of the localization of the magnetic moment.



In other words, the important condition for the Weiss formula is to assume that there

is no interaction between spins. The average moment [9] is

< i >—/ueﬁd9//e%d9 (2.1)

where d2 is the element of the solid angle for the rotation of p. Then, the Weiss

paramagnetic susceptibility can be derived as [9],

d<p> N<p*>

X=N—"Fm— =77

(2.2)

where N refers to the number of atoms per unit volume. The Eq. 2.2 is valid
for independent and non-interacting spins, which sometimes is realized if the spins
are spatially far-separated to each other, corresponding to the assumption of the

independence.

However, most spin systems do interact in a certain way that is difficult to resolve
rigorously. Therefore, it is approximately to consider one single spin in a effective
field from the surrounding spins. Then, the effective Weiss field can be written
as Hy = ANy < pu >, where A is the strength of the interaction. The total field is

H, = H+ Hy, and the magnetic moments become

N < pu? >

N >=
s H kT

which gives

2
o N<pw> (2.4)

=N< —
X=N <90 7T kT -0)
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where © = ’\NI%

This is the Curie — Weiss Law, where the positive © means that the magnetic
interaction helps to align the adjacent moments in the same direction, corresponding
to the ferromagnetic (FM) response, whereas negative © refers to antiferromagnetic
(AFM) coupling. At this point, we only consider the single moment p; however,
for magnetic ions, the total magnetic moment is a superposition of spin and orbital
moments. Therefore, it is necessary to consider the total electronic spin and orbital
angular momenta, S and L, as well as the total electronic angular momentum J =

L+S.

For ideal paramagnetic materials, the magnetization of N magnetic ions in a vol-

ume V gives [10]

J, L, S)MBJH>
KT

= ]‘Zg(J, L, 8)upJ By (2 ( (2.5)

where g and pp are Landé g factor and Bohr magneton, respectively, and the Brillouin

function B (z) is defined by

Bj(x) = coth x — — coth —=x (2.6)

For the low temperature (7" — 0) and high field limit, M — (N/V)g(J, L, S)upJ;
i.e., all magnetic ions are aligned in the field direction, which is the saturation moment
J. For transition metal ions in an insulating solid, due to the quenching of the orbital
momentum by the crystal field splitting, the saturation moment J is equal to the spin
moment S so that this value can be directly compared to the spin component in a

particular direction from the neutron scattering refinement results.



For the high temperature limit (small z), cothz ~ % + %:E, and therefore, B;(x) ~

Ztly. Tt will give rise to

. N (gps)* J(J +1) 27)

Vo 3 kT

The inverse relationship of magnetic susceptibility and temperature from Curie —
Weiss Law could be used to fit the experimental magnetic susceptibility data and to
calculate the effective moment fpi.rp = g(J, L, S) \/m . It should be noted that
the effective moment is the total spin moment for transition metal ions in insulators,
and therefore, one should consider all the spin components in different directions

while comparing to the neutron scattering refinements.

The Curie — Weiss Law provides a fundamental explanation on the FM as well
as AFM order and a chance for the bulk measurements to compare with microscopic
measurements such as neutron scattering. Besides the FM and AFM orders, there
are still other interesting and exotic magnetic orders, which will be discussed in the

next subsection.

2.1.2 Noncollinear magnetic orders

The strong competition of different magnetic exchange interactions (FM or AFM)
is usually the reason why a magnetic system is highly frustrated and the noncollinear
spin spiral is formed. For example, one of the previous work from our group [1]
qualitatively describes the conditions for the ground state spin spiral or up-up-down-
down E-type magnetic order based on a mean-field model with competing interactions.

It considers a simple Heisenberg model as [1],



Hy =[S0 - Sui + J'S5 - St — K(52)?) (2.8)

n

where competing nearest neighbor interaction (.J), next-nearest-neighbor interaction
(J') and spin anisotropy (K) are considered. A ground state phase diagram in mean-
field approximation is therefore obtained [1]. At K = 0, the ground state is FM for
J'J|J| < 1/4, and the ground state becomes noncollinear spin spiral structure if .J' is

large enough. The spin spiral can be described as

S_Y:l = S[ef cos 617 + 3 sin a:v_n)] (2.9)

et and @3 are two orthogonal unit vectors and the wavevector a is determined

where
by cos(a /2)z; = —J'/(4J). The non-collinear spiral magnetic structure sponta-
neously breaks spatial inversion symmetry, which sometimes allows for the presence
of ferroelectric polarization, as shown in Fig. 2.1(d). In contrast, a sinusoidal struc-
ture as Fig. 2.1(b), S_Z = S cos aﬁn, preserves the spatial inversion symmetry. Fur-
thermore, with large enough K value, the ground state becomes collinear again and

stabilizes up-up-down-down E-type magnetic order (Fig. 2.1(a)) when J'/|J| > 1/2

condition is fulfilled.

There are actually other types of exotic magnetic ordering possibly due to mag-
netic frustration and anisotropy. Fig. 2.1(c) shows the a screw spiral structure, whose
spin rotation axis is parallel to the propagation 6 vector. A cycloidal spiral structure
is realized if the spin rotation axis is perpendicular to the a vector (Fig. 2.1(d)).
The most complex cases are conical structures, where a ferromagnetic component
coexists with the screw (Fig. 2.1(e)) or cycloidal (Fig. 2.1(f)) component. These

conical structures are generally obtained by applying an additional magnetic field to
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Figure 2.1: Schematic illustration of types of magnetic structure with a long wave
length. (a)Collinear up-up-down-down, (b) sinusoidal, (c¢) screw (d) cycloidal (e,
f) conical structures. Geometric configurations of the unit vector connecting the
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neighbor magnetic moments at 7 and j sites € and the vector chirality (Si x SJ’)
are also shown for respective structures. For (a) and (d), frustrated spin chains with
nearest-neighbor FM and next nearest-neighbor AFM interactions J and J’ for a
Heisenberg model as Eq. 2.8 [1, 2, 3].



the existing screw or cycloidal spiral structure.

2.1.3 Magnetic anisotropy

The magnetic anisotropy generally exists in materials, which might also give rise
to noncollinear magnetic ordering due to a preferred orientation of the magnetic

moments. There are several kinds of anisotropy as,

e Magnetocrystalline anisotropy is from the interactions of the magnetic moments
with the crystal lattice. It mostly arises from spin-orbit coupling and is also strongly
dependent on the crystal symmetry .

e Shape anisotropy is due to the unequal demagnetization depending on the shape
of the sample.

e Magnetoelastic anisotropy comes from crystal structure change due to stress in
the presence of magnetic field.

e Exchange anisotropy occurs when the magnetic exchange interactions are dif-

ferent along different orientations in the structure.

It is the magnetic anisotropy in combination with the conservation of inversion
symmetry that the sinusoidal ordering usually appears at higher temperature than
the spiral structure, which explains that the temperature of ferroelectric in frustrated
magnets is typically lower than the temperature of the first magnetic transition [11,

12, 13].
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2.2 Ferroelectricity

2.2.1 Polarization

The polarization P is defined as the dipole moment per unit volume, averaged
over the volume of unit cell. The electrostatic potential in CGS units of a dipole 7

is ®(r) = P’ - (V1). Then, it can be expressed in terms of PdV =T as [14]

B(r) = /dV(? vy (2.10)

r

Integrating by parts, it becomes

o(r) = /dV(—iV Fiv.(Dy (2.11)

r

Using the divergence theorem,

B(r) = Si?-dﬁ—/dvi(v-?‘) (2.12)

The first term in Eq. 2.12 refers to the surface bound charge o, = 7. 7, where
7 is the normal vector to the surface. The second term is related to volume charge
o =—-V- ?, and however, all ours samples for pyroelectric current measurement
are insulators so that this term is zero. Therefore, polarization is equivalent to the
surface charge density (|P| = Q/A = 0,). The change of ?, therefore, results in

the change of ;. If there are metallic contacts on the sample, it causes measurable

pyroelectric current due to the change of the 7.

11



2.2.2 General properties of ferroelectric materials

Ferroelectricity is a property of certain materials which have spontaneous electric
polarizations that can be reversed by the application of external electric field. The
polarization is dependent not only on the current electric field but its history, yielding
a hysteresis loop. Therefore, there are some features of ferroelectricity that we can

use to identify ferroelectricity during the experiments:

e At the ferroelectric (FE) transition temperature T, a FE crystal transforms to
a phase of higher symmetry, and the higher temperature phase is paraelectric.

e The hysteresis loop with respect to external electric fields disappears above the
Curie temperature T¢.

e Ferroelectricity generally gives rise to a large dielectric constant ¢ right at the
transition temperature, indicating that charges are extremely susceptible to external
electric field when the transition just happens. After the transition is finished, the
polarization tends to be saturated so that the ¢ decreases, resulting in a rise of a peak
of e at T

e Above T, the dielectric constant usually obeys the Curie — Weiss Law.

2.3 Landau theory of phase transition

In the previous sections, it was discussed about the orders of magnetic moments
and electric polarization. All these orders have experienced a phase transition at a
critical temperature. If the first derivative of the free energy with respect to tempera-
ture (entropy) is non-analytical at the transition temperature, it is a first-order phase
transition. Furthermore, if the first derivative is analytical but the second derivative

term (specific heat) is not, it is a second-order phase transition. The Landau theory

12



of phase transition is established in the attempt to investigate the question about
second-order phase transition from the general thermodynamic point of view by L.

Landau [15].

At the temperature close to the transition temperature, a phenomenological ex-
pression for the Landau free energy F' can be written down as a series expansion of
the order parameter, and here, polarization P is used [16]. All the involved terms
should be invariant to all the necessary symmetry operations at the high temperature
phase. For example, the odd powers of P are not invariant with respect to spatial
inversion symmetry, and are not allowed. In the mean-field consideration without

any spatial fluctuation of the order parameter P, the free energy has the form of

1 1 1
F(P,T,t)=—EP + §(LP2 + 1bP4 - chG +... (2.13)

where a,b and c¢ are in general temperature dependent coefficients. In thermal equi-

librium, P is determined from the minimum of the free energy F' as

OF

5p = —E+aP +bP?+cP° + ... (2.14)

To approach the ferroelectric state, the aP? term in Eq. 2.13 is assumed to pass

through zero at a temperature Tj,

a = CL(](T—T()) (215)

where aq is a positive constant and 7 < transition temperature.

For the modeling of a second-order transition, b is assumed to be positive and

13



¢ can be neglected, and therefore, the polarization for zero external electric field is

obtained from Eq. 2.14 as,

0 =ao(T — Ty) P + bP? =(ao(T — Ty) + bP?)P (2.16)

Except for the P = 0 solution, the P # 0 for T' < T} is the second solution for
Eq. 2.16, and therefore, Ty is referred to Curie temperature T so the spontaneous

polarization Pg has the following expression,

Qo
Po= [ (T =Ty (2.17)
Ps is therefore continuously increasing with decreasing temperature below T¢,
which corresponds to the nature of the second-order phase transition.

To extend the Landau theory to the description of the first-order phase transition,
the coefficient b is assumed to be negative and ¢ to be positive in Eq. 2.13. It is
important to take ¢ a positive value to reach a converging finite value of P. From Eq.

2.14, the equilibrium condition for £ = 0 is,

ao(T — T())P - ’b‘Pg + CP5 =0 (218)

So the solution is either P, = 0 or

ao(T —Ty) — [b|P* +cP* =0 (2.19)

For the first-order phase transition, the Ty is less than Tz because there are unpo-

larized phases exist as a local minimum of the free energy. At the same time, a more
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Figure 2.2: First-order phase transition: Schematic representation of the temperature
profile of (a)polarization. (b) The free energy as a function of polarization.
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important feature for the first-order phase transition is that the P shows a sudden
drop and decreases discontinuously to zero at T as shown in Fig. 2.2(a). For the free
energy density, following the conditions for the first-order transition in Eq. 2.19, the
resulting free energy as a function of polarization P in different temperature range is
shown in Fig. 2.2(b). At T' = T}, the only minimum of the free energy refers to the
high value of the P at the temperature range below T" = Tj. As shown in Fig. 2.2(b)
with Ty < T < T} condition, there are three solutions shown by the extremum of the
free energy, and the corresponding maximum value is an unstable stable. Thermal
equilibrium state is at 7, with two minima referring to P = 0 and the maximum
polarization at F' = 0. For T" = T}, it is the highest temperature for a metastable

ferroelectirce state.

Therefore, the identification of the first-order phase transition in temperature-
dependent experiment is guided by the above discussion. The characteristic is the
sudden jump of the polarization value P (Fig. 2.2(a)) at T. with a possible temper-

ature hysteresis of AT =T; — Tg.

2.4 Magnetoelectric effect

The coexistence of magnetic and polarization orders in a material allows for the
cross-control of these two order parameters by electric (magnetic) field to be realized,
so called magnetoelectric (ME) effect [7]. Curie [17] first conjectured the existence of
materials that can be electrically polarized by an external magnetic field. Debye [18]
coined the term ”magnetoelectric”. After few decades, Dzyaloshinskii [19] showed the
possibility of the linear ME effect in the antiferromagnetic CryOz, which was soon

experimentally confirmed by Astrov [20].

The ME effect can also be described by Landau free energy expansion in terms of
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electric field E; and magnetic field H; as,

1 1
F(E,H)=F,— P°E; — MSH, — se0u BBy — Spop HiH,

@jk (2.20)

’Yz]k

- Oél'jEiHZ' EH Hk — HE Ek —

where P® and M? are the spontaneous polarization and magnetization, respectively.
Permittivity (permeability) in free space is €y (i), and the relative permittivity
(permeability) tensor is €;;(T") (1;;(T")). Then, the field dependent polarization and

magnetization can be derived as,

Polarization

P(E,H) =

aE ; (2.21)
LkHij 4 Yijk

:Pz + EoéijEj + Olini + 9 9

H,Ey + ..

and Magnetization

My(E,H) =

8H
ﬁmk (2.22)

:Mz +,u0,uinj+oeijEi+ EH]C+/Y”]€E Ek+

The linear magnetoelectric effect (finite value in « tensor) refers to induction of
electric polarization (magnetization) by a magnetic (electric) field in a linear relation-

ship. In some materials, higher order terms become more significant.

2.5 Multiferroics

In 1994, Schmid [8] started the use of the term ”"multiferroics”, defined as that two
or more of the ferroic properties (ferromagnetic, ferroelectric, ferroelastic, or ferro-

toroidic) coexist in the same phase. Why is the multiferroics so interesting to people?
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That is because the linear ME effect has been shown to be limited by the relation

2
ij

ag; < XX 21, 22, 23], where y;; refer to electric (e) and magnetic (m) suscep-
tibility. With the coexistence of ferroelectric and ferromagnetic orders in a phase,
multiferroics has the potential to maximize both electric and magnetic susceptibility
to enlarge the ME effect, particularly near phase transitions. Some typical examples
of multiferroic compounds are ThMnOj3 [24], NizV,0g [11] and MnWO, [25, 26]. Peo-
ple found antiferromagnetic (AFM) multiferroic compounds so that the definition of
ferroic was extended to include the AFM order. MnWOQ, is known to exhibit ferro-

electricity induced by helical magnetic order, where helical order breaks the inversion

symmetry to allow the polarization, which will be discussed in the next subsection.

2.5.1 Ferroelectricity induced by spiral magnets

The free energy expansion that couples the electric polarization 7 and magneti-
zation M can be derived by Ginzburg-Landau type of the continuum field based on
the general symmetry arguments [13]. Time reversal operation, ¢ — —t, transforms
? — ? and J\_f — —]\_f so that ]\_/[> is limited to be quadratic. Upon the spatial
inversion, @ — — 7, the P -—Pand M — Mis excepted. Therefore, the lowest
order coupling of uniform polarization to an inhomogeneous magnetization is linear
in P and contains a gradient of ﬁ, where the gradient of an order parameter is the
Lifshitz invariant (LI). The LI is allowed by symmetry when the specific magnetic

structure breaks the inversion symmetry.

With consideration of simple cubic symmetry, the coupling is

On(P, M) =~P - [M(V- M)~ (M-V)M +...] (2.23)
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where &, is the ME energy.

Assuming that in the absence of magnetism the system is paraelectric. We only

keep the quadratic term in the electric part of the thermodynamic potential, ®.(P) =

PZ

o where . is the dielectric susceptibility. Minimizing ®.,, + . with respect to P,

we get

P =y |M(V-M) - (3M - V)] (2.24)

Consider a spin spiral with propagation vector 67

]\_szle_fcosa-?—%Mze_g)sina-?—kMg,e_g (2.25)

where the €7, i = 1, 2, 3, are unit vectors forming a orthogonal coordinate. If either
M, or My is zero (and Ms = 0), Eq. 2.25 becomes a sinusoidal wave [Fig. 2.3(a)].
While both M; and M, have finite value, it represents an elliptical helix [Fig. 2.3(b)]
with spin rotation axis along ef (if M3 # 0, it is a conical structure). By Eq. 2.24 and
2.25, the direction of polarization is transverse to both e§ and a and independent

of Mg,

P = YxeMiMy[Es x 6] (2.26)

No polarization can be induced by a sinusoidal phase because either zero M; or

M, gives rise to zero value in Eq. 2.26.

The result is consistent with the spin-current model in microscopic picture for the

local polarization as [27]
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Figure 2.3: Schematic illustration of (a) sinusoidal (no polarization) and (b) helical

(ﬁ is perpendicular to both e} and wave vector ) magnetic structure.
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P ~ e x [S x 5] (2.27)

where S7 and S5 are noncollinear spins. The €75 connects these two spins (Fig. 2.4).

From the Eq. 2.26 and 2.27, as long as the vector product of normal vector of
the spin helix and its propagation vector is not zero, the spin helix gives rise to
finite polarization along the direction perpendicular to both vectors. Therefore, the
notations for the above-mentioned two vectors from Eq. 2.26, 2.27 and chapter 4 are
summarized in table 2.1. In the Co or Cu doped MnWO, system (chapter 4), the
direction of spin helix and polarization becomes very complex when the temperature
or applied field is changed so that the bottom line is to first find % and @ vectors and
calculate the vector product to evaluate the direction of the polarization, as shown

in Fig. 2.4.

Table 2.1: Notations for the normal vector and propagation vector of the helical

structure.

Eq. 2.26 Eq. 2.27 Chapter 4

Normal vector of helical plane e S_>1 X 5_'5 ?
N

Propagation vector direction 6 e
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Figure 2.4: Schematic illustration of normal vector ( £ oc S1 x S2) and propagation
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Chapter 3

Methodology

3.1 Sample preparation

3.1.1 Monoclinic Mn;_,Co, WO, and Mn;_,Cu, WOy, : Float-

ing zone technique

Polycrystalline Mn;_,Co, WO, (x = 0, 0.02, 0.035, 0.042, 0.05, 0.075, 0.1, 0.12,
0.135, 0.15, 0.17, 0.2, 0.25, and 0.3) was synthesized by solid state reaction of proper
stoichiometric amounts of MnOy (99.9%), WO5 (99.9%), and Co304(99.9%), and
further annealed at 850°C for 24 hours. X-ray diffraction study was then done to
check the formation of single phase. The compressed polycrystalline feed rod was
annealed at 1010°C for 24 hours to prepare the single crystal in an optical floating
zone halogen furnace. The vertical movement speed of the feed rod is usually 0.8 —

1.5 mm/hour.

The precursor of Mn;_,Cu ,WO, (x = 0.05, 0.1, 0.2, and 0.3)was made also by

a solid state reaction of appropriate mixture of MnOsy (99.9%), WO3 (99.9%), and
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Cu0(99.9%) at 850°C for 24 hours. The single crystals are also grown in an optical
floating zone furnace. The single crystals of Mn;_,Co, WO, and Mn;_,Cu, WO, were
made by Y. Q. Wang in HPLT laboratory, TcSUH.

3.1.2 Trigonal RAI5(BO;), : Flux method

RAl3(BO3)4 (R =Tm, TmggYbg1, and Yb) were made by fluxes based on bismuth
trimolybdate BisMo3015 and lithium molybdate LiMoQO,. The flux was prepared
by alloying proper stoichiometric amounts of (BiyO3 + MoOs3), BsOs, (TmeO3 +
Y03 + Al2Os), and (L,CO3 + MoOj3) oxides at T = 1050—1100°C. Once the flux
is well-prepared, it was placed in a crystallization furnace with a vertical tempera-
ture gradient of 1—2°C from highest temperature of 1000°C (details in Ref. [28]).
RAl3(BO3)4 (R = Tb, Er, Tm, Tmg9Ybg1, Yb, Hops5Tmg 5, Ho, and Hop5Y¢5) sam-
ples are provided by L. N. Bezmaternykh et al. from Institute of Physics, Siberian

Division, Russian Academy of Sciences, Russia.

3.1.3 Monoclinic LiFeP,0O7 : Flux method

Polycrystalline LiFeP,O7; was synthesized by solid state reaction of proper stoi-
chiometric amounts of LiHy PO, (97%), FesOs (certified) and N HyHyPO4(98.0%),
and further annealed in three different process (details in Ref. [29]). Powder XRD
measurements were done to confirm the purity of the polycrystalline samples. Single-
crystalline LiFeP,O; was made by top seeded growth method (details in Ref. [29]).
Single crystals were provided by W. Zhang et al. from Department of Chemistry,

University of Houston.
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3.2 Sample characterization

3.2.1 Crystal orientation

The analysis of the structural quality of the crystals was done using a GADDS
X-ray diffractometer (Bruker) by Y. Y. Sun in the HPLT Laboratory, TcSUH, and
the crystals were aligned along the principal crystallographic directions by the same

method.

3.2.2 Magnetic measurements

Magnetic properties of the samples were characterized with SQUID magnetometer
in commercial Magnetic Property Measurement System (MPMS, Quantum Design).
Either DC or AC magnetization measurements can be done in the temperature range
from 2 K to 400 K and the maximum magnetic field can be applied along different
crystallographic orientations up to 5 Tesla. In this work, DC M(T) was measured
mostly at magnetic field of ~100 to 1000 Oe due to small signal of antiferromagnetic
or paramagnetic orders to identify magnetic phases (Sec. 4.1.2.2). To determine the
Weiss temperature and effective moment (Sec. 4.2.1 and 4.3.1), we measure M(T)
of samples up to 300 K, and fit the inverse susceptibility from the M(T) data to the
Curie — Weiss formula (Eq. 2.7), as mentioned in Sec. 2.1.1. Because of the interest
in the magnetoelectric effect, it is particularly important to measure M(T) in different
magnitude and orientations of magnetic fields to investigate the magnetic responses.
In Sec. 4.3.1, the AC susceptibility was measured in frequency 117 HZ with field
amplitude of 1 Oe to identify the second-order phase transition and the transition

temperature.
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Figure 3.1: Schematic illustration of the sample platform in PPMS heat capacity
option.

3.2.3 Heat capacity measurements

Specific heat measurements were done with heat capacity option of the Physical
Property Measurement System (PPMS, Quantum Design) [30]. It measures the heat

capacity at a constant pressure as

dQ

L% (3.1)

Op:(

where @ is heat in energy units (Joules). The specific heat is defined as heat ca-
pacity per amount of material. The Quantum Design heat capacity option utilizes a
relaxation technique. Each measurement cycle contains a heating period followed by
a cooling period, and fits the entire temperature response of the sample platform to

a thermal relaxation model.

The sample is mounted on a sample platform, and a thin layer of grease is put in
between sample and platform to ensure a good thermal contact, as shown in Fig. 3.1.
Both platform heater and platform thermometer are attached to the bottom side of
the sample platform. Eight small wires are used for the electrical connections to the
heater and thermometer, and provide structural support for the sample platform. At

the desired temperature, the system waits until thermal equilibrium of the sample
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Figure 3.2: (a) Heater power and (b) the responding temperature with time of the
heat capacity measurement.

platform and thermal bath (puck) is established. The sample platform is also in
high vacuum so that the heat link between sample platform and the heat bath is
established by pure thermal conductance through the wires. Once it is in thermal
equilibrium, a known amount of heat is first applied to the sample at a fixed period
of time with a constant power [from Time = 0 to to in Fig. 3.1(a)], and then, the

sample is cooled down in the same duration of time.

Fig. 3.2(b) shows the temperature response during the measurement. Then, if
the sample and sample platform are in good thermal contact, the software of the heat
capacity option will try to fit the temperature response with a thermal relaxation
model. The software always first uses two-7 model to fit the temperature response.
The two-7 model simulates the effect of heat flowing between the sample and platform,
and the heat flow between the platform and thermal bath [30] because the temperature

difference due to poor thermal contact is produced between sample and platform.
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Figure 3.3: Example of distorted temperature response near a first-order transition.

When the analysis of the sample heat capacity measurement fails to find a fit to
a two-7 solution, the simple fit of one-7 model is used. In the simple model, the

temperature T of the platform as a function of time ¢ obeys the equation,

aTr
Ctotal% = _K(T - Tb) + P(t) (32)

where Cyuq is the total heat capacity of the sample and the sample platform; K
is the thermal conductance of the supporting wires. T, is the temperature of the
thermal bath (puck), and P(¢) is the heat power from the heater, which is a constant
during the heating period as shown in Fig. 3.2(a). The solution of this equation is

an exponential function with a time constant 7 = Cypa/ K.

However, if the sample experiences a first-order phase transition, the latent heat
causes a distorted temperature response during the relaxation measurement as shown
Fig. 3.3. The first-order transition associated with the latent heat appears as a very

sharp and narrow peak in the heat capacity. If the width of this peak is smaller than
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the temperature rise in the heating period, there is a certain level of missing entropy
change depending on the overlap of the peak width and temperature rise. Therefore, a
special procedure regarding performing slope analysis with modified simple relaxation

model is necessary to reveal the best of the measurement [30].

3.2.4 Polarization measurements

The polarization generates a surface charge density as g, = 7. 7, from Eq.
2.12. Fig. 3.4(a) shows a polar crystal with intrinsic dipole moments, and sponta-
neous polarization ]7)5 corresponds to the surface charge density. In order to measure
the change of spontaneous polarization ]7; with temperature, the sample was polished
to around 1mm thick followed with the preparation of two electrodes (silver paste) on
the top/bottom of the sample and the electronic connection to the ammeter (Keithley
electrometer K6517A), as shown in Fig. 3.4(b). The coax cables (99% shielded) were
used for the electronic connection to reduce the noise current form the order of 103
pA for standard cable down to 0.1 pA [31]; the use of coax cables significantly in-
creases the resolution of our pyroelectric current measurements. Then, the increase of
temperature may decrease the spontaneous polarization 17)5, for example through the
rotation of the dipole moments or the decrease of the magnitude of dipole moments,
resulting in the decrease of bound surface charges. Because the surface charges bind
with free charges in the metal electrodes, the free charges produce a current flow from
the ammeter to compensate the change of the surface charge density, which is the

same to the polarization ]?5 as shown in in Fig. 3.4(c).

Our setup is sensitive enough to measure current of the order of 0.1 pA, and it
allows us to measure small polarization changes of ~1 uC'/m? by integration of the

pyroelectric current. However, special precautions are necessary to ensure that the
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measured current reflects the pure polarization change and is free from artifacts such
as charge transport or capacitive effects from the dielectric properties of the sample

[32]. The measured current has the following general expression

V4V dC ap
VAV dC ap 33
I=RtC TV A (8:3)

where V, R and C' are applied bias voltage, resistance and capacitance of the sample,
respectively. P and A are electric polarization and sample contact area, respectively.
The % term is the resistive current that is avoidable if the sample is well-insulating.
Furthermore, in insulators, the current due to the release of possibly trapped charges
is insignificant. The second C ‘fi—‘t/ term is the charging current of the capacitor, which is
zero while the applied voltage is a constant. The %V term may cause a current if the
capacitance of the sample changes significantly with temperature when a bias voltage
is applied. It is avoidable by applying no voltage bias. This A% term corresponds
to the electric polarization. All the samples in this work are good insulators. The
multiferroic Co or Cu doped MnWOQO, compounds were cooled with applied poling
voltage to align the ferroelectric domains, and measured in heating without voltage
applied. The rare earth aluminum borates and lithium iron diphosphate are measured
without any bias voltage. To measure magnetoelectric polarization, we use a similar
way to measure magnetoelectric currents with sweeping the magnetic fields up to 7

Tesla at a constant temperature.
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Chapter 4

Results and Discussion

This chapter will present our results in the field of magnetoelectric research. Ex-
perimental results will be followed by qualitative/quantitative explanation, discussion
and future research possibility. In the search of new magnetoelectric material, there
are three possible methods: (1) In multiferroic materials, the magnetic structure
might be affected by application of magnetic field, and therefore, modify the po-
larization. (2) Magnetic fields transform the noncentrosymmetric nonpolar crystal
structure into a polar structure so the magnetoelectric polarization increases with
applied magnetic fields. (3) When magnetic moments ordered in a polar crystal, the
magnetic order is possible to couple with the lattice and cause polarization change,
which might be affected by external magnetic field. Therefore, our results will be
discussed in three main sections: (1) effects of ionic substitution and magnetic field
on multiferroic compounds, (2) magnetoelectric effect in rare-earth borate systems,

(3) magnetoelectric effects in the lithium iron diphosphate.
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Figure 4.1: Crystal structure of the Mn;_,Co,WOQO,. Nearest neighbor (.J;) and next
nearest neighbor (J;) exchange interactions.

4.1 Effects of ion substitutions and magnetic field

on the multiferroic properties of MnWOQO,

4.1.1 Multiferroic properties of MnWQ,

The mineral Hiibnerit MnWO, crystallizes in a monoclinic b-axis unique struc-
ture (space group P2/c). From previous reports [25, 26], there are several interesting
magnetic phase transitions and multiferroic properties to get peoples’ attention. The
magnetic ions [Mn**, (S=5/2)] form a zigzag chain along the c-axis (Fig. 4.1) and
strong magnetic interactions, resulting in competition between neighbor spin and
next nearest neighbor spin. This causes different frustrated magnetic orders upon
decreasing temperature. Below the Ty, a sinusoidal magnetic order with an incom-
mensurate modulation is realized with the vector & = (0.214, 0.5, -0.457) at Ty =

13.5K (as shown in Fig. 4.2(c)). The collinear Mn-spins of AF3 phase are confined to

33



the a — c-plane at an angle of 34° with the a-axis, where the magnetic easy axis is also
defined. At the multiferroic phase below Ty = 12.6 K, the spins form a noncollinear
order by tilting partially out of the a — ¢-plane toward the b-axis (Fig. 4.2(b)). The
magnetic order in this AF2 phase is described by a spin helix with the same propa-
gation vector, @ = . Because the spin helical order breaks the spatial inversion
symmetry and allows the ferroelectric polarization order parameter, the AF2 phase
is therefore ferroelectric (FE) with a polarization vector pointing along the b-axis,
which can be explained by the spin-current model [27] and the Ginzburg-Landau the-
ory [13]. At even lower temperature, at 7, = 7.5 K, the magnetic order locks into
a commensurate structure (Fig. 4.2(a)) with the modulation vector of g7 = (0.25,
0.5, -0.5). The magnetic order of the AF1 phase shows the highly frustrated 1]
spin sequence, which obeys the spatial inversion symmetry so that the AF1 phase is

paraelectric.

The high degree of magnetic frustration causes the complex phase sequence (AF3
— AF2 — AF1). The frustration comes from competition of magnetic exchange in-
teractions (J; and Jy in Fig. 4.1 as example), and results in several magnetic states
with almost the same energy to compete with the AF1 phase for the ground state [33].
The inelastic neutron-scattering experiments have revealed the long-range character
of the magnetic interactions involving with up to 11 different exchange coupling con-
stants and magnetic anisotropy to explain the low-energy magnetic excitations [34],
for example, J; < 0 and J, > 0. The replacement of the magnetic Mn ion by other
transition metal ions with different spin, exchange coupling and magnetic anisotropy
can be used to tune those parameters including the magnetocrystalline anisotropy.
MnWOy, is therefore a good candidate since it forms stable compounds when Mn is

completely replaced by Fe [35], Co, Ni, Cu [36], or Zn [37]. A uniform solid solution
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(a) AF1, q=(0.25, 0.5, -0.50) (b) AF2, q=(qz, 0.5, q.)

i

) AF3, q=(qz, 0.5, q2) (d) AF5, q=(qs, 0.5, q.)

Figure 4.2: Magnetic structures of (a) collinear, commensurate (CM) AF1 phase, (b)
noncollinear, incommensurate (ICM) AF2 multiferroic phase, (c) the collinear, ICM
AF3 sinusoidal phase, (d) noncollinear ICM AF5 phase, ac helix from the neutron
scattering refinements.
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of MuWO, with (Fe,Co,Ni,Zn)WOy, is expected to form over the whole concentra-
tion range to two extreme ends because all ternary compounds are isostructural with

relatively small variations of the lattice constants except the CuWOy.

The replacement of Mn?* (spin = 5/2) with Fe?" (spin = 2) has shown an in-
teresting magnetic phase diagram [38] with coexisting phases at some critical Fe
concentrations [39]. The multiferroic properties of Mn;_,Fe, WO, have been inves-
tigated earlier [1] and it shows that the substitution of more than 4% Fe suppresses
the multiferroic AF2 phase. The doping of Fe-moments increases the average mag-
netic anisotropy in the system so that the AF2 helical phase is suppressed and the
AF1 phase is stabilized. On the contrary, the substitution of nonmagnetic Zn?* in
Mn;_,7Zn, WO, did stabilize the AF2 phase to become the ground state, and there-
fore, the commensurate (11]J) AF1 phase was completely suppressed [40, 41]. A
similar effect was also observed in the Co-substituted compound, Mn;_,Co, WOy,
based on the magnetic and neutron scattering experiments of polycrystalline samples
[42]. The neutron scattering data further suggested the rotation of the spiral plane
to the a — c-plane plane, and therefore, the cross product of the normal vector ?
to the a — ¢ spiral plane and the propagation vector ¢ gives rise to a-axis polariza-
tion, as shown in Fig. 4.2(d). A sizable a-axis component of the polarization was
indeed recently observed in the single-crystalline Mng 9Cop1 WO, [43, 44]. At slightly
higher doping (15% Co), however, the only component of the FE polarization was
found aligned with the b-axis [45]. These conflicting results indicate an extreme com-
plex multiferroic phase diagram of Mn;_,Co, WO, and warrant further exploration

of single crystals of various Co concentrations.

In this section, the multiferroic and magnetic states and the polarization rotations
between b- and a-axes of Mn;_,Co, WO, will be discussed in more detail, where x = 0,

0.02, 0.035, 0.042, 0.05, 0.075, 0.1, 0.12, 0.135, 0.15, 0.17, 0.2, 0.25, and 0.3 through
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magnetic, pyroelectric current (polarization), specific heat and neutron scattering
(through collaboration) measurements. We also studied the Mn; _, Cu, WO, (x=0.05,
0.1, 0.2, and 0.3) through magnetic, pyroelectric current (polarization), and specific

heat measurements.

4.1.2 Multiferroic properties of Mn; ,Co,WQO, in the ab-

sence of magnetic field

The phase diagram of Mn;_,Co, WOy, is more complex than Mn;_,Fe, WO, and
Mn;_,7Zn, WO, ones. Ferroelectric phases of Mn;_,Co,WQ, systems are studied
through pyroelectric measurements (Sec. 4.1.2.1), and then, expanded to the whole
phase diagram through magnetic (Sec. 4.1.2.2) and specific heat (Sec. 4.1.2.3) mea-
surements for those paraelectric phases so that the phase diagram (Sec. 4.1.2.4)
can be constructed. Furthermore, for better understanding of the details of magnetic
order, single-crystalline neutron scattering measurements were done through a collab-
oration with Ye et al. from Oak Ridge National Lab, and therefore, some important
results will also be shown in section 4.1.2.4. The possible origin the the complex

phase diagram is discussed in the section 4.1.2.5.

4.1.2.1 Ferroelectricity of Mn;_,Co, WO,

The FE polarization ?(T) in the AF2 phase of MnWOQy is directed along the
monoclinic b-axis [25]. This is consistent with the symmetry consideration and pre-
diction of the spin current model, with the following assumptions: (1) normal vector
of spin helix in the a — ¢-plane (2) the possibility of J along the a-axis (3) no sizable .J
along the b-axis. At x = 0.1, the corresponding magnetic structure was changed, and

the polarization was found rotated by 90° into the a — c-plane [43]. At the same time,

37



a smaller c-axis component found in the Mng¢Cog; WO, was due to the magnetic
interaction along the a-axis between different chains of spins [43, 44]. In order to
account for all possible orientations of ?(T) for 0 < 2 < 0.3, we have measured for

each composition the polarization components along a, b and c.

In FE phase I (0.02 < 2 < 0.05), with Co doping levels up to 0.05, ?(T) was found
to be aligned with the b-axis in Fig. 4.3(a). The undoped MnWO, shows the sharp
drop of ?(T) to zero at 17, into the AF1 phase, in agreement with earlier reports
[25, 26]. At x = 0.02, however, the paraelectric AF1 phase is completely quenched,
and therefore, the FE AF2 phase becomes the ground state. The low-temperature
polarization at 5 K decreases with 2 and drops below 50% of the value of MnWO,
(P, =~ 60 uC/m?) at & = 0.05. Because the ground sate of AF1 phase is paraelectric,
the reference value for MnWO, at 5 K (~ 60 uC/m?) was determined from data
measured at a magnetic field of 3 T which suppresses the paramagnetic AF1 phase
[25]. The FE transition temperature T decreased slightly from 12.8 K (z = 0) to
12.3 K (z = 0.05). At the upper limit of the FE phase I, for = 0.042 and 0.05, a
small a-axis component of the polarization was observed. The magnitude of P, was
more than one order of magnitude smaller than P,. This small P, could be due to
a minute misalignment of the crystal or the onset of the polarization flop from b- to

the a-axis.

At slightly higher Co concentration interval in FE phase II (from x = 0.075 to
x = 0.135), the FE polarization does not show any significant b-axis component
within the resolution of the measurement. Although small values of P, are observed
in some measurements, this could be due to a minute misalignment (typically less
than 3°) from the crystallographic axis. However, a large polarization was found
aligned along the a-axis followed with a smaller component along ¢, as shown in

Fig. 4.3(b) and 4.3(c), respectively. The magnitude of P, is too large to be explained
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by a misalignment of the crystal, and it has to be considered as an intrinsic effect.
Since the nearest neighbor intrachain magnetic couplings are oriented along the zigzag
chain c-axis, they cannot cause c-axis polarization, and therefore, it is necessary to
consider the interchain magnetic interactions along a-axis. This will be discussed in

more detail in Sec. 4.1.2.5.

In FE phase II, the magnitudes of P, and P, at 5K decrease quickly with higher
x and almost drop to zero at x = 0.135. At x = 0.075, both P, and P, pass through
a maximum at 9K and decrease at low temperature. The underlying physics can
be understood by the neutron scattering measurements. The measurements on the
wavevector scans of magnetic orders show a peak center shifts upon cooling from
Ta ~ (0.234, 0.5, -0.668) [sinusoidal AF3 phase] to intermediate @ =~ (0.232, 0.5,
-0.664) [AF5 phase] in temperature range of 7 K < T' < 10 K and further down to g
~ (0.229, 0.5, -0.458) at low temperature (in Fig. 4.4(a) and Fig. 4.4(b)). From the
scattering refinements, the magnetic structure of x = 0.075 compound experiences a
reorientation of the helical plane from the optimal position in the a — c-plane at 9 K
(Fig. 4.4(c)) to a spin ellipse with one axis along b-axis and the other axis aligned
in the a — ¢ plane (Fig. 4.4(d)). From our polarization data (Fig. 4.3(b)), the finite
value of the P, at low temperature suggests that the rotation of the spiral plane at
low temperature is incomplete. It is the reorientation of ac helical plane that causes
the reduction of P, and P, at low temperature. Furthermore, the canted angle « (in
Fig. 4.4(d)) between spiral normal vector and c-axis is small (~ 5°) so that there
is no P, measured within the experiment resolution. Another reorientation of ac
helical plane is observed in the presence of magnetic fields (discussed more in Sec.
4.1.3.2). The P, of x = 0.075 sample in a field H;, = 5 Tesla rises continuously through
low temperature and reaches the maximum value of more than 120 uC'/m? at 5 K,

labeled as dashed line in Fig. 4.3(b). This value is the highest observed in any doped
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or undoped MnWOQOy system. Therefore, z = 0.075 is the critical Co concentration
where the rotation of the polarization from the b-axis into the a — c-plane happens

and the FE polarization is maximized.

The data for x = 0.1 are consistent with previous reports [43, 44]. With further
increasing , ?(T) decreases quickly within a short range of Co concentration, and
the critical temperature T of the FE phase shows a sharp decrease from 11.3K (z =
0.1) to 7.6K (2 = 0.135). A significant thermal hysteresis with more than 1K develops
above = 0.1, as the warming and cooling data of z = 0.12. Fig. 4.3(b) shows the
values of T of the FE phase match perfectly with the temperatures of the small peak
of the specific heat data (Fig. 4.7(b)). At the upper limit of FE phase IT (x = 0.135),
the a-axis polarization at 5K dropped already to below 2 uC/m?. The fast decrease
of P with increasing x and the fact that no sizable component of P was observed

along b indicate a major change of the spin helix in a narrow doping range.

In FE phase III (z > 0.175), the further increase of the Co doping level x above
0.135 results in another flop of the FE polarization from the a-axis back to the b-axis
with a sudden increase of its magnitude. Data for x > 0.15 are shown in Fig. 4.3(d).
The b-axis polarization of x = 0.15 is shown as the dashed line. The recovery of the
b-axis polarization up to 30 uC/m? at 5K suggests another sudden rotation of the
spin helix in Mn;_,Co, WOy at a critical doping of z = 0.15. No sizable a- or c-axis

components of P could be detected in FE phase III.

The magnitude of FE polarization at 5 K as a function of Co concentration x
is summarized in Fig. 4.5. The critical concentrations that separate FE phase I, 11
and III near x.,; = 0.075 and x., = 0.135 are clearly shown, and it is obvious that
the rotation of P happens when its magnitude drops below a critical value. Above

x = 0.3, P decreases quickly to zero, and the helical magnetic phase is suppressed
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completely. The collinear AF4 phase (Fig. 4.9(e)) with the characteristic spin modu-
lation defined by 74 = (0.5, 0, 0) becomes the ground state. This is consistent with
the AF4 magnetic structure that is realized for CoWOy [46]. In order to investigate
all other magnetic phases and to resolve the whole phase diagram, the magnetization
and specific measurements are done and discussed in more detail in the following two

sections.

4.1.2.2 Magnetic susceptibility of Mn;_,Co, WO,

As mentioned in the polarization data, the small amount of Co doping of 0.02
suppresses the low-temperature paraelectric AF1 phase. This is exactly what the
magnetization data show in Fig. 4.6(a). The transitions into the sinusoidal (7)
and the helical magnetic phase (7¢) are observed as the changes of slop in the b-axis
magnetic susceptibility (Fig. 4.6(a)). The phase transition from the helical AF2 to
the commensurate AF1 phase (T7) is only detected in MnWOy, as a sharp step-like
increase of x,(7") at Ty, but, in Mng 9gCog 92 WOy, this transition is, however, missing.
The suppression of the collinear AF1 phase extends the FE AF2 phase to the lowest
temperature. This result is in agreement with results from the study of polycrystalline
Mn;_,Co, WOy [42]. A similar doping effect on the stability of the AF2 helical phase
was observed recently in single-crystalline Mn;_,7Zn, WO, [31]. With the further Co
doping levels 0.02 < x < 0.05, x,(7") changes very little (different curves in Fig. 4.6(a)

are offset vertically for clarity) but Ty and T show a slight decrease.

By increasing = between 0.075 and 0.15, x,(7") is changed significantly below T¢.
The b-axis magnetic susceptibility data in this range of Co substitutions is shown in
Fig. 4.6(b). The relatively sharp decrease of x;, below T observed in Fig. 4.6(a)
also appears in x = 0.075, and it corresponds to the rotation of the ac helix at low

temperature, resulting in the reduction of the P, below 8 K (Fig. 4.3(b)). At z =
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Figure 4.6: b-axis magnetic susceptibility of Mn; ,Co,WQOy. Different curves are
vertically offset for clarity. Inset of Fig. (b) shows the enlarge scale of x = 0.135

data.
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0.1, the low-temperature magnetic susceptibility becomes a plateau-like feature. The
plateau exhibits additional anomalies in the form of small step-like changes of x,(T)
for > 0.12 (inset of Fig. 4.6(b)), indicating changes of the magnetic orders and a

more complex magnetic phase in the upper limit interval of FE phase II.

With further increasing z > 0.17, the T-dependent y; changes its features again
shown in Fig. 4.6(c). While the Neél temperature is determined by the first sharp
slope change of x,(7"), the magnetic susceptibility keeps increasing to lower temper-
ature until it decreases sharply below the second transition temperature, Tx. The
T-dependent y;, below T¢ is similar to the y, data in Fig. 4.6(a) in the low-doping
range. Combining the observed b-axis polarization in Fig. 4.3(d), these results sug-
gest that the helical structure in the FE phase III is similar to the low-doping AF2

helix. These two anomalies of Ty and T separate two main magnetic phases.

4.1.2.3 Specific Heat of Mn;_,Co, WO,

Different kinds of phase transitions between magnetic phases could be better re-
solved by distinct peaks or anomalies in the specific heat measurements, C,(T"). For
example, the specific heat of the undoped MnWOQ, exhibits pronounced peaks at all
three magnetic transitions from the paramagnetic phase to AF3, from AF3 to AF2,
and from AF2 to AF1 [25]. For 0.02 < = < 0.1, the specific heat data (shown in
Fig. 4.7(a)) display mainly two peaks between 11 and 14 K, representing the phase
transitions from the paramagnetic to the sinusoidal AF3 and subsequently to the AF2

helical phases, respectively.

Upon increasing x above 0.12, the onset of magnetic order at Ty becomes a step-
like increase feature of C), instead of a peak and a large peak of C), with a shoulder

develops near 11K together with a small third peak at lower temperature between x
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= 0.12 and 2 = 0.15 (Fig. 4.7(b)). For > 0.17, the low-temperature small peak of
C,(T') seen in the FE phase II disappears and only two anomalies remain, indicating
that two magnetic phases dominate this part of phase diagram (Fig. 4.7(c)). The
two transition temperatures change significantly with Co concentration x. The first
transition temperature (T ) quickly increases, and the second transition temperature

(T¢) shifts in a opposite way to lower temperatures.

The three doping ranges (denoted as FE I, II and III) defined by the orienta-
tion of P in the phase diagram of Co-doped MnWO, system between x = 0 and
x = 0.3 are also distinguished by their magnetic and thermodynamic properties. In
the ranges of FE phase T (0.02 < z < 0.05) and FE phase IIT (0.17 < z < 0.3)
only two transitions are observed, separating two different magnetic phases. In range
I1, the phase sequence upon decreasing temperature is way more complex involving
more than two magnetic orders. Since we already know all involved magnetic phases
including those FE (or multiferroic) phases, the phase diagram of the transition tem-
perature as a function of Co content x can therefore be constructed. Furthermore, for
better understanding of the microscopic pictures, single-crystalline neutron scattering
measurements were performed through a collaboration with Ye et al. from Oak Ridge

National Lab, and therefore, will be discussed in the next section.

4.1.2.4 Magnetic and multiferroic phase diagram of Mn;_,Co, WO,

The above-mentioned polarization measurements (Sec. 4.1.2.1) define the FE (or
multiferroic) AF2 (Fig. 4.9(b)) and AF5 (Fig. 4.9(d)) phases of Mn;_,Co, WOj,.
Furthermore, other magnetic phases, e.g., the paraelectric AF1 (Fig. 4.9(a)), AF3
(Fig. 4.9(c)), or AF4 (Fig. 4.9(e)) phases, are also defined through the magnetic
and thermodynamic anomalies at the phase boundaries (Sec. 4.1.2.2 and 4.1.2.3).

Combining all these experimental data, we can completely resolve the magnetic and
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Figure 4.8: Magnetic and multiferroic phase diagram of the Mn;_,Co,WO,. Phase
boundaries are determined from magnetic, specific and polarization measurements.
The shaded area indicates the intermediate AF1 phase.

multiferroic phase diagram as shown in Fig. 4.8. The phase assignment of different
magnetic structures used in Fig. 4.8 is based on previous powder [42] and most recent

single-crystalline [47] neutron scattering results.

Most features of the phase diagram, such as the quick suppression of the AF1
phase and the overall onset of magnetic order at Ty, are consistent with the powder
neutron scattering results [42]. The sinusoidal AF3, the first magnetic structure in
the FE phase I region, phase transition temperature T decreases slightly with x for
x < 0.1. In contrast, Ty increases significantly above z > 0.1 of Co doping levels,
and this is when the commensurate collinear AF4 phase replaces the incommensurate
collinear AF3 phase. The transition from the sinusoidal AF3 phase to the helical
AF2 phase with the P, polarization extends to z ~ 0.075, which is also shown in Fig.
4.5 and 4.8. In order to understand the microscopic details of the different magnetic

orders, we have initiated single-crystalline neutron scattering experiments through a
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) AF1, q=(0.25, 0.5, -0.50) (b) AF2, q=(qa, 0.5, qz)
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(e) AF4, q=(0.5, 0, 0) (f) AF2/4, q1=(qs, 0.5, qz) +
q2=(0.5, 0, 0)

Figure 4.9: Magnetic structures of (a) collinear, commensurate (CM) AF1 phase, (b)
noncollinear, incommensurate (ICM) AF2 multiferroic phase, (c) the collinear, ICM
AF3 sinusoidal phase, (d) noncollinear ICM AF5 phase, ac helix, (e) the collinear, CM
AF4 phase and (f) the conical AF2/4 phase from the neutron scattering refinements.
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collaboration with Ye et al. The results show a continuous rotation of the AF2 spin
spiral plane in the Co doping range 0 < x < 0.075 in Fig. 4.10. Because the P,
polarization is proportional to sina (as Eq. 4.4 in the next section), the decrease of
the o angle with increasing Co concentration x causes the reduction of P,. Especially,
the sina angle in x = 0.075 is so small that P, polarization is barely detectable, and
therefore, the P, polarization extends only to x ~ 0.075. The decrease of the P,
polarization causes an instability due to the decrease of the magnetoelectric energy
so the system flops the spiral plane to the a — ¢ plane to regain the free energy to
stabilize the multiferroic state (more details will be discussed in the next section). At
higher Co doping levels, between z.; = 0.075 and z. = 0.135, the spin spiral of FE

polarization is then constrained to the a — ¢ plane in the AF5 phase.

For 0.12 < z < 0.15, it should also be noted that more than two magnetic transi-
tions are observed in magnetic (Fig. 4.6) and specific heat (Fig. 4.7) data. The second
phase (shaded area in Fig. 4.8) is sandwiched between the AF4 and AF5 phases. This
phase is a paraelectric phase known from the polarization measurements. In specific
heat measurements, it shows as a large peak at the temperature of transition into this
paraelectric phase (Fig. 4.7(b)). From the detailed neutron scattering experiments
(Fig. 4.11 and 4.12), magnetic structure of this phase is a commensurate collinear
magnetic structure with the wavevector of g7 = (0.25, 0.5, -0.5), the same as the low
temperature AF1 phase (Fig. 4.9(a)) of MnWO,. The presence of this sandwiched

phase explains the sudden decrease of the FE transition temperature in this range.

With further increasing x(>0.15), there are only two phase transitions observed.
A commensurate magnetic order (AF4 phase) first develops at Ty, as reflected in
the kink of y;, (Fig. 4.6(c)) and the high-temperature peak of C, (Fig. 4.7(c)). The
second phase transition at T recovers the b-axis polarization, indicating that the

specific magnetic structure is noncollinear to allow for P, polarization. Both the
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magnitude of P, and critical temperature T decrease quickly with x to Py(2K) =
0.6 uC/m? and Tg = 3.6 K, respectively, at x = 0.3. The presence of the AF2
spiral phase at high Co doping range (also called AF2/4 phase) is confirmed by the
neutron scattering measurements, shown in Fig. 4.13 and 4.14. The wavevector scans
experiments along (H, 0,—H) identify the incommensurate /7 = (0.225, 0.5, -0.45)
phase. The scattering intensity of the incommensurate AF2 phase as a function of
temperature also shows the decrease of critical temperatures T with higher x. At the
same time, the significant decrease of intensity with increasing x corresponds to the
decrease of the polarization magnitude with z. The weakening intensity of AF2 phase
with z in Fig. 4.14(a) explains that the reduction of P, is due to the decrease of the
magnetic moments contributing to the spin helix and increasing influence of the AF4
magnetic structure (as seen in the AF4 intensity data). The coexistence of the AF4
modulation with the AF2 modulation makes this AF2/4 phase in the 2(>0.15) region

different from the x < 0.05 one. The AF4 scattering intensity reveals the onset of
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and CM AF4 phases in z = 0.17, 0.2, 0.25, and 0.3 of the FE phase III region. (Note:
arrows label the transition temperatures where the low-temperature conical AF2/4

phase sets in. (b) The spin configuration of the ICM AF2, CM AF4 and how they
add up to form conical AF2/4 phase.
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AF2/4 modulation as a kink at T¢, labeled as arrows in Fig. 4.14(a). The increasing
influence of the AF4 phase is also observed as an increase of the AF4 phase neutron
scattering intensity. It is because of the interplay between AF2 and AF4 modulation
that the magnetic structure in the FE phase III develops a two-k structure from a
single phase and forms a conical spin configuration, so called AF2/4 conical phase,

as shown in Fig. 4.14(b).

4.1.2.5 Discussion and possible origin of the multiple polarization flops

in Mn;_,Co, WO,

The spin helical orders of the multiferroic state in MnWOQO, is a classical example
of a polar structure allowed by breaking inversion symmetry [25, 13, 48]. The strong
coupling between the lattice and the spin helix (as investigated, e.g., through signifi-
cant anomalies of the thermal expansion [49]) causes the polar distortion of the lattice
and the FE state. Both the microscopic theory and symmetry arguments relate the
magnitude and the direction of the electrical polarization to the vector cross product
of the term (717; x ;) with the position vector ﬁij (connecting both magnetic mo-
ments at sites ¢ and j along the propagation direction of the spin helix). Considering
the specific structure of MnWQO, with two spins per unit cell, the magnetic moment

in the helical state can be expressed as [33],

W(ﬁlﬂ = WHCOS(?ﬁi—F(Dl) + WLSm(?ﬁi+®l), (41)

where ﬁil is the position vector to the Mn site [ (= 1, 2) in the unit cell i , 7; is
the propagation vector of the spin helix defined as ¢; = 27/)\; () is the wavelength
of the spin modulation along the ith direction), and ®3 = ®; + ¢.¢/2 + 7. The

two perpendicular vectors W” and 77 define the helical plane with W” and 71 |,
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Figure 4.15: (a) Schematic diagram of normal vector T of the helical plane, the angle
a between k and c-axis, and ¢ is the angle between the projection of k£ onto the
a — b plane with the a-axis. (b) Magnetic easy axis of MuWO, and CoWOQy, and the
curve arrow indicates the rotation of the magnetic easy axis upon Co doping.

equivalent to the long and short half axis of the magnetic ellipse, respectively.

In order to derive a general expression for the FE polarization, we need to calculate
the vector product of the two magnetization vectors at the pair of atomic sites coupled
by the magnetic exchange interaction. The result for nearest neighbor spins within a

chain along the c-axis is

(R ) x m(Ra) = 7 Lsin(g.c/2) K, (4.2)
where & is the normal vector of the helical plane (length 1), as depicted in Fig. 4.15(a).
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As mentioned above, the coupling between spins exclusively within the chains (c-
axis) cannot explain the observed P, polarization in the FE phase II region. Magnetic
exchange interactions between different chains contributes to the P, polarization. The
exchange coupling constants of MnWQ, are experimentally investigated by inelastic
neutron scattering work [34], which leads to an estimate of the Heisenberg exchange
constants for different pairs of spins along and between the chains. The magnetic ex-
change between spins along b-direction was generally very weak, and however, sizable
exchange constants had been determined for neighboring spins along the ¢- as well as
a-axes. Therefore, it appears conceivable to include contributions to the polarization

due to the spin-spin interactions along the a-axis:

(R i) x 7 (Rq) = w7 Lsin(ga) & (4.3)

where ﬁHU and ﬁil refer to two magnetic ions in neighboring chains displaced along

the a-axis.

The electrical polarization can now be expressed as the vector product of the
Eqn. 4.2 and 4.3 with the corresponding average position vectors connecting the
spins in each case. Using spherical coordinates, we express the normal vector ? =
sin(a)cos(p) €, + sin(a)sin(p) €, + cos(a) €, where « is the angle of ¥ with the
z-axis and ¢ denotes the angle of the x — y-plane projection of ? with the z-axis
(Fig. 4.15(a)). €, are the unit vectors along the ith cartesian coordinate (i = ,y, 2).
For simplicity, we will consider ¢, parallel to @ and €, parallel to @ (the angle
between @ and @ is nearly 90°), with ?y parallel to . The polarization in terms

of o and ¢ due to the intrachain exchange is
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m = CYT T | sin(g.c/2)[—sinasing @ , + cosp @], (4.4)

A similar expression is obtained for the interchain exchange along the a-axis:

P—(23 = CO7 7 | sin(g.a)[—cosa @, + sinasing e ], (4.5)

C™ and O are constants that are independent of o or . Supposedly, |C?)| < |CD)|
is because of the larger distance between the chains along the a-axis and the weaker
magnetic exchange. The signs of ¢, and ¢, determine the helicity of the spiral spin

modulation.

In MnWO,, the helical plane is perpendicular to the a — c-plane forming an angle
of about 34° with the a-axis, corresponding to the spin easy axis in the collinear AF1
and AF3 phases [33]. Accordingly, the orientation of the helix is defined by a = 34°
and ¢ = 180° (Fig. 4.15(b)). This results in a b-axis polarization from both Eq. 4.4
and Eq. 4.5. Whether the two contributions to P, are additive or subtractive depends
on the helicities of the spin spiral and the signs of the pre-factors in Eq. 4.4 and

Eq. 4.5, i.e. the microscopic details of the magnetic interactions.

We consider a general spin helix as a function of («, ¢), which is in arbitrary di-
rection as shown in Fig. 4.15(a), and also the magnetic exchange interaction along
the a-axis. On the other hand, the magnitude of the FE polarization, P,, depends
on the angle o discussed by Sagayama et al. [48], considering only the contribution
due to nearest neighbors along the c-axis, i.e. Eq.4.4. However, due to the sec-
ond contribution from Eq. 4.5, the angular dependent behavior of Py(«,¢) is more

complex.
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For the next, we would like to qualitatively discuss how the complex x-dependent
FE polarization is related to the possible changes of the spin helix induced by Co
substitution. By Eq. 4.4 and Eq. 4.5, we will focus on angular dependence, the
expressions in the square brackets, although the possible changes of the pre-factors
with x may cause additional changes of the magnitude of P. The reorientation of
the helical plane was recently observed for Co concentrations between 0.05 and 0.1

(Fig. 4.10 and [42]). The driving mechanism behind will be discussed.

It seems conceivable that the change of the average magnetic anisotropy upon
Co doping plays a major role. The magnetic easy axis of the transition metal (T)
spin in TWOy strongly depends on the T-ion [50]. For CoWOQy, it was observed that
the angle of the easy axis with the a-axis is @ = —46° [46] in the a — ¢ plane, a
difference of 80° with respect to MnWOy, as shown in Fig. 4.15(b). Therefore, one
could expect that the Co substitution tends to rotate the easy axis and the helical
plane in the multiferroic phase of Mn; ,Co,WQy, into the direction of the spin easy
axis of CoWQy, as schematically indicated by the curved arrow in Fig. 4.15(b). This
rotation was indeed observed in neutron scattering experiments for small x < 0.05
[42, 43, 47]. The decrease of o from 34° (x = 0) to 5° (x = 0.075) results in a reduction

of the FE polarization without changing its orientation, as shown in Fig. 4.10.

However, the decrease of P, is energetically unfavorable because the multiferroic
state gains energy from the coupling of the polarization to the magnetic order pa-
rameter. The free energy expansion that couples the electric polarization P and mag-
netization M is derived based on a continuum field theory of the Ginzburg-Landau
type by Mostovoy et al. [13]. It is invariant upon the time reversal and spatial in-
version symmetry operations and has the mathematical form of a Lifshitz invariant:
O (P, M) ~ 7? . [ﬁ(v . ]Tf) - (ﬁ . V)ﬁ] Because the free energy is proportional

to the polarization, the gain of free energy in the multiferroic state scales accordingly

61



with the magnitude of the polarization. If the spin helix rotates closer to the a-axis
(the decrease of o angle in Fig. 4.15(a)), the polarization and energy gain of the
multiferroic state will further decrease as long as ¢ is unchanged. From the energy
point of view, we can, therefore, expect an instability at a concentration z.; when
a decreases below a critical value (a, ~ 5° from x = 0.075 data in Fig. 4.10) and
the multiferroic AF2 state cannot gain enough energy to be stable compared to other

competing states.

The multiferroic state has to find another way out to gain more energy, which is a
flop of the helical plane allowing for larger values of the FE polarization. Therefore,
the system rotates the helical plane toward the a — c-plane (for ¢ = 90° and o = 90°).
Based on Eq. 4.4 and 4.5, this causes rotation of P into the a — c-plane, where the
two components P, and P, arise from Eq. 4.4 and 4.5, respectively. It is interesting
to note that how the P, and P. components depend on the («, ¢) angles is exactly
the same, implying a similar temperature or magnetic field dependent behavior with
scaled magnitudes of the polarization values (depending on the different pre-factors

in Eq. 4.4 and 4.5).

The P, induced from ac helix state is realized in the AF5 phase between z. =
0.075 and z.o = 0.135 (Fig. 4.3(b) and 4.3(c)). The first sign of the polarization flop
from our experimental data of Mn;_,Co, WOy is observed at x = 0.075 (Fig. 4.3(b)).
P, reaches the largest values around 9 K, even higher than the values for x = 0.1
(Fig. 4.3(b) and previous reports [43, 44]). With further cooling, however, P, passes
through a maximum and decreases again. This unusual behavior may indicate a
temperature-dependent tilt of the ac helical plane below 8 K away from the optimal
orientation, supported by magnetization data. The c-axis component exactly mimics
the temperature-dependent behavior of P, at a smaller scale, expected from Eq. 4.4

and 4.5. Due to this low-temperature tilt, maximum polarization cannot be obtained
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for = 0.075 in zero magnetic field. A magnetic field applied along the b-axis inhibits
the rotation at low temperature and reveals the maximum value of P, > 120 uC'/m?
at 4.5 K, which appears to be the upper limit for the MnWOQO, system. The high-
field data are included in Fig. 4.3(b) (dashed line) and will be discussed more in Fig.

4.21(a).

P, and P, then decrease quickly between z. and x. without any sizable b-axis
polarization observed. In this doping range, the P, of x = 0.1 is consistent with pre-
vious reports [43, 44]. Therefore, the observed decrease of the polarization indicates
the possibility of another rotation of the spin helix so that o < 90° and/or ¢ < 90°
and sinasing < 1, as sketched Fig.4.15(a), or the deformation of the spin helix. Then,
it would be interesting to discuss how the helical plane is rotated so that no sizable
b-axis polarization is observed. If «, ¢ systematically decrease with x, both Eq. 4.4
and 4.5 are expected to also give rise to a significant component P,, which was not
experimentally observed. However, the neutrons scattering results shows no trace of
AF2 phase in # = 0.12 (Fig. 4.11(a) and (b)) and very weak scattering at z = 0.135
(Fig. 4.11(c) and (d))near the wavevector gz/4 = (0.225, 0.5, -0.45) that is identified
to be the AF2/4 in the # > 0.15 doping range (as in Fig. 4.13). In other words,
the a angle is too small for the system to give rise to P, polarization, similar to low
temperature x = 0.075 case, and small value of (mym ) of the spin helix reduces the
pre-factor in Eq. 4.4 and 4.5. This only explains how the AF5 ac helix rotates without
inducing P, in the FE phase II, but the nature of why this AF5 ac helix rotates so fast
and finishes the rotation in such a narrow doping range is still a open question. This
fast decrease of polarization could be due to increase of the helicity, which makes the

product of mym  smaller for the same amount of total spin moments.

However, the quick decrease of P, and P, also diminishes the stabilizing energy of

the multiferroic ac helical state from the magnetoelectric coupling term in free energy
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expansion. Therefore, another instability causes the polarization to flop back toward
the b-axis (for # > 0.15). However, because of the strong anisotropy induced by Co,
the planar helix cannot be formed so the low temperature phase forms a conical spin
structure, which corresponds to the AF2/4 conical phase. The onset of the AF2/4
phase with x is actually x = 0.135 (in Fig. 4.11(c)), and yet, both the AF2/4 and AF5
phase in z = 0.135 are premature to regain the energy to stabilize either multiferroic
state. With further increasing = up to 0.30, the AF2/4 conical phase is realized so
that the multiferroic state is stabilized to induce P, polarization. The further decrease
of P, at higher x is driven by the stabilization of the commensurate paraelectric AF4
phase that extends to lower temperatures and coexists with the helical phase below
Tc. The phase boundary is right at © = 0.15, as shown in Fig. 4.12, and it reveals the
coexistence of a sizable amount of AF5 phase with the arising AF2/4 phase (with b-
axis polarization). The AF5 phase at x = 0.15 (the major phase at low temperatures)
competes with the newly formed AF2/4 phase and the existing high temperature AF1
to cause another anomaly in the P, data (in Fig. 4.3(d)). It is therefore interesting
to observed how competition between AF5 and AF2/4 phase in x = 0.15 is changed

in the magnetic fields.

4.1.3 Magnetic field effects on the Mn;_,Co, WO, compounds

The Mn;_,Co, WOy system shows a complex phase diagram in the previous sec-
tions. The Co?* ion substitution in the MnWQ, causes continuous rotation of the
magnetic easy axis due to nearly 80° difference of magnetic anisotropy. This makes
the frustrated Mn; ,Co, WO, a complex magnetic system. It would be interesting
to see how the external field would affect these magnetic phases. In the following
subsections, it is divided into four parts corresponding to three FE phases [I (Sec.

4.1.3.1), II (Sec. 4.1.3.2), and ITI(Sec. 4.1.3.3)], and the special case [x = 0.15 (Sec.
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Figure 4.16: Ferroelectric polarization of (a) MnggsCopoe WO, and (b)
Mnyg.965C00.035 WOy in external magnetic fields oriented along the b-axis

4.1.3.4)].

4.1.3.1 Magnetic field effects on phase diagram of Mn; ,Co, WO, (x <

0.05)

For the Co doping level less than 0.05, the ?(T) of the FE phase I [AF2 (spiral)
phase] was found along b-axis. Mn;_,Co, WO, (0.02 < x < 0.05) at zero field show
two phase transitions into AF3 and AF2 phases because the commensurate T1/] AF1
phase, ground state of the parent compound MnWOy, is suppressed by at least 2%

of Co substitution.

Fig. 4.16(a) show the b-axis polarization (P,) of Mng ¢sCog 02 WO, with application
of magnetic field along b-axis. At H, = 2 T, P, starts to show a small polarization
drop below 6K. The P, drop increases with higher H,, and P, reaches to zero at
lock-in transition Ty, around 6K in 3.7 T, indicating that a field-induced 1) AF1

phase is formed as seen in the parent compound MnWOQO,. The sharp decrease of P,
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Figure 4.17: (a) Magnetic susceptibility and (b) specific heat of Mng ¢sC0g g2 WOy in
external magnetic field oriented along the b-axis.

(signature of AF1 phase transition) exhibits strong thermal hysteresis, characteristic
of a first-order phase transition. The width of the hysteresis decreases with increasing
Hy, from 1.8 K (2 T) to 0.25 K (7 T). When the Co content increases to x = 0.035,
the critical Hy to form the field-induced AF1 phase shifts higher to 5 T, as shown in
Fig. 4.16(b). P, shows no change up to H, = 5 T and decreases continuously above
H, =55T. At H, = 7 T data, the P, exhibits a finite value at lowest temperature
instead of zero, indicating that the AF1 phase is not fully restored. Although the H,
would induce AF1 phase in this Co concentration interval, the compound with higher
Co doping requires higher H, to fully stabilize the induced AF1 phase. The mixed

AF1/AF2 phase is similar to (2%) Zn doped MnWO, compound [41].

Fig. 4.17(a) and 4.17(b) show the magnetic susceptibility and specific heat data
of Mng g5Cog05 WO, with the application of magnetic field H,. At 2.2 T, the low
temperature magnetic susceptibility around 5 K starts to develop a small thermal
hysteresis loop. With increasing Hj, the susceptibility data forms a step-like fast

increase, and the lock-in transition shifts to higher temperature. The response of both
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magnetic susceptibility and polarization (Fig. 4.16(a)) indicate that the increase of
magnetic field stabilizes the 11J] AF1 phase by increasing the ratio of AF1:AF2 in
the low-temperature phase separation state. This is further supported by the specific
heat measurements. The peak at 17, is not detectable at zero magnetic field, but it
increases continuously with higher H, along with an upward shift of 77. Since only
the AF1 phase out of the mixed AF1/AF2 phases shows a peak in the presence of
H,, fields, this allows us to correlate the field-induced entropy change from AF1 phase
transition peak area with the change of the AF1 phase fraction in the AF1:AF2 ratio.
The calculated entropy difference due to the AF1 phase transition peak increases
from AS = 0 J/mole/K at H, = 0 Tesla to AS = 0.259 J/mole/K at H, = 7 Tesla,

indicating the volume increase of AF1 state at higher magnetic field.

At the upper limit of the FE phase I (z = 0.042 and 0.05), the b-axis magnetic
fields (Hp) up to 7 Tesla are no longer able to induce AF1 phase. At zero magnetic
field, the major component of polarization is along the b-axis (in Fig. 4.18(b)) with
a small amount of a-axis component (Fig. 4.18(a)). With increasing H,, P, decrease
continuously but P, increase quickly. Furthermore, P, in the H, fields shows an inter-
esting temperature dependence. At H, field of 3 Telsa, the P, polarization increases
sharply around T, passes through a maximum, and then, decreases to a much lower
value at low temperature. Above 5 T, P, increases gradually and reaches its maxi-
mum = 90 uC'/m? at 4.2 K in 7T. This value is nearly identical to the zero-field P, of
higher doping sample at = = 0.1 (Fig.4.3(b)). Therefore, H, rotates the macroscopic
FE polarization of Mngg5Cog.05 WO, continuously from b-axis toward to a-axis with

an associated increase of the polarization magnitude from 30 uC'/m? to 90 uC/m?.

Fig. 4.19(a) shows the magnetic susceptibility with the application of magnetic
field Hy,. The low field susceptibility (y;) remains almost unchanged up to 2 Telsa.

At larger fields, x,(7") is significantly enhanced below the FE transition 7o = 12.2 K,
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Figure 4.18: Ferroelectric polarization of Mng g5Cog 05 WO, in external magnetic fields
oriented along the b-axis. (a) a-axis component and (b) b-axis component.
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Figure 4.19: (a) Magnetic susceptibility and (b) specific heat of Mng g5Co0g 05 WO, in
external magnetic fields oriented along the b-axis.
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indicating that the external H, has an effect onto the magnetic spiral structure. No
change of x,(T') is found in the sinusoidal AF3 phase between T and Ty, indicat-
ing that the field-induced enhancement of the susceptibility is related to the above
observed polarization anomalies (P, increase and P, decrease with H, fields). The
magnetic field-dependent specific heat data (Fig. 4.19(b)) show no additional anomaly
below the FE transition Ty and the AF3 transition. In the temperature range where
the anomalies happen, only the magnetic response shows an enhancement without

any phase transition peak in the specific heat data.

To see more insight of the field-dependent polarization anomalies, the origin of the
continuous change of FE polarization between a- and b-axes in magnetic fields requires
a more detailed discussion. The immediately raised question is whether P, and P, are
two components of the same polarization vector of a single magnetic phase or they
originate from a phase separation into two helical phases with different orientations
of the helical plane. Preliminary neutron data for Mng g5Cog 05 WO, in high magnetic
fields have not shown evidence for a phase separation into two magnetic structures
[51]. It is therefore justified to attribute the two components P, (Fig. 4.18(a)) and
P, (Fig. 4.18(b)) to the a- and b- components of one vector P. This could be
concluded that the b-axis magnetic field rotates the spin helical plane by 90° closer
to the a — ¢ plane at the maximum field of 7 Tesla in the whole temperature range of
the ferroelectric phase. From the single-crystalline neutron scattering measurements,
L. Urcelay-Olabarria et al. [44] claimed that the applied external magnetic field tends
to flip the spin spiral plane into the direction where is perpendicular to the external
field. A similar spiral plane rotation due to magnetic field effect can be concluded
from our P,(H,) and B,(H,) data. As shown in Fig. 4.20(a), the H, field rotates the
spiral plane of AF2 phase toward the a — ¢ plane about the magnetic easy axis to

be perpendicular to the b-axis. So far, we can only qualitatively explain the P,(H,)
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increase and P,(H,) decrease as a consequence of the rotation of the spin helical
plane, but in order to resolve why the 3 Telsa P, data show a maximum around 11
K and decreases at low temperature we need to further analyze our polarization data

to study the temperature-dependent rotation of the spin spiral plane.

The magnitude of this vector (|P| = /P2 + P?) and its angle with the b-axis (6)
can be calculated as a function of temperature and magnetic field by the experimental
data for P, and P,. The results of | P| and ©, measured at a constant field of 3 Tesla
as a function of temperature are shown in Fig. 4.20(b). The magnitude of the
polarization rises quickly below T and shows a pronounced maximum at about 11
K. At lower temperature, |P| tends to saturate at a value of 23 uC'/m? after passing
through a shallow minimum. At the same time, the ©,(7") smoothly decreases from
90° at T to about 15° at 4 K. The ferroelectric polarization is first aligned with the

a-axis at T but it rotates back to the b-axis with decreasing temperature.

The complex temperature-dependent |P(7)| and ©,(7) data (as shown in Fig.
4.20(b)) could be explained by the rotation of the helical plane related to the magnetic
order of the Mn spins. The rotation of the spin helix about the magnetic easy axis is
quantitatively described by the angle 5 of the helical plane with the b-axis as shown
in Fig. 4.20(a). At the field of 3 Tesla, the spin helix at T apparently lies in the a — ¢
plane (3(T¢) = 90°) and the polarization is along the a-axis. At lower temperature,
[ decreases and the helical plane tilts away from the a — ¢ plane. At the same time,
the magnitude of the polarization (|P(T)|) increases as expected when temperature
is further decreased below 7. The unusual temperature dependence of |P(T")| at 3
Tesla (Fig. 4.20(b)) with a maximum at 11 K must be a combined effect of both the
increase of |P(T")| with decreasing T" and the rotation of the polarization vector from

the a-axis to the b-axis.

In order to derive an empirical equation to describe the field-dependent rotation
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Figure 4.20: (a)Schematic diagram of the field dependent rotation of the spin spiral
plane (red helical plane) about magnetic easy axis at 3 T and (b)magnitude and
orientation of the polarization vector of Mngg5C000s WO, at 3 T. O, is the angle of
the polarization vector with the b-axis. The inset shows the polarization magnitude
calculated from Eq. 4.9.
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of polarization and unusual temperature-dependent phenomenon in the 3 T data, we
have to add the polarization change due to the rotation of the spin helical plane about
the magnetic easy axis by [ angle to the above-mentioned Eq. 4.4. Because here we
want to connect the rotation of P between b- and a-axis with the rotation of the
spiral plane about the magnetic easy by [ angle. For simplicity, we only consider
the main exchange interaction along the c-axis, and choose to start from the pure
b-axis polarization in the Cartesian coordinate system so that the ¢ = 0 because P
is aligned with the b-axis at zero field. Therefore, from Eq. 4.4, the expression can

be written as

P = C'(l)sin(qcc/2)ﬁ‘|Wrsinoz?> (4.6)

where @, 7, and @ are the unit vectors along the a-, b-, and c-axis, respectively.
WH and 77, are the two orthogonal components of the magnetic moment vector along
the b-axis and the easy axis, respectively, defining the ellipticity of the helical spin
order and ¢, is the c-axis component of the magnetic modulation vector. CV is a

constant related to the structural details.

The calculation is done as follows: First transform the Cartesian coordinate into
(m , ?, ?) coordinate system, where the main axes are magnetic easy axis, b-axis
and normal vector of the spiral plane in the AF2 phase. Then, we rotate the whole
spiral plane about the esty by B angle toward the a — ¢ plane. The last step is to

transform the current coordinate back to Cartesian coordinate as

P = CWsin(gec/2) T 1 (sin(B) @ + cos(ﬁ)sin(a)?) (4.7)

— : :
where @ and b are the unit vectors along the a- and b-axis. Now, we can use Eq.
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4.7 to describe the rotation between P, and P, in term of § angle. Note that for a
comparison some simplifying assumptions have to be made. The angle « is chosen as
16° (consistent with neutron scattering results [43, 34]), and no change of this angle
with magnetic field is considered. Furthermore, we assume that the product WHW 1
does not change in external magnetic fields. Up to this point, Eq. 4.7 describes
the H, field-induced rotation of the polarization from the b-axis (5=0) to the a-axis
(8=90°). In the following, we want to add the temperature-dependent factors in the
Eq. 4.7 to discuss the unusual temperature-dependent phenomenon of |P| in the 3 T

data. First, focusing on the angular dependence (5,«), Eq. 4.7 can be written as

P = Ry(T)(sin(B) @ + cos(B)sin(a) 7)) (48)

where for the temperature-dependent order parameter Py(T'), we assume the mean
field function Py(T) = Py(0)\/1 — T/T¢, with Py(0) = 90uC'/m?.

The rotation angle of the helical plane [ is related to the measured polarization
angle O through tan(f) = tan(0,)sin(«). Eq. (4.8) should qualitatively describe the
data shown in Fig. 4.20(b). The magnitude of the polarization vector can now be

expressed as

|P(T)| = Py(T)+/(sin2(B) + cos?(B)sin2(a)) (4.9)

We use the temperature-dependent ©, (Fig. 4.20(b)) from our experiments as
input to equation (4.9) so the magnitude of the polarization could be calculated and
shown in the inset of Fig. 4.20(b) (labeled ”Simulation”). The characteristic features
of |P(T)|, including the maximum of |P(7T)| below T, are in fact very well repro-

duced. A more quantitative evaluation does require additional input from high-field
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neutron scattering experiments such as the possible field and temperature depen-
dence of the parameters defining the helical spin structure (o, my,m,, etc.) and
a low-temperature correction to the mean field formula for Py(7"). However, the
good agreement of the experimental data with the simple formula for the polariza-
tion (equation 4.9) prove that the orientation of the spin helical plane is the major

parameter determining the magnitude and orientation of ﬁ(T ).

4.1.3.2 Magnetic field effects on phase diagram of Mn; ,Co, WO, (x <

0.075 < 0.135)

For the Co doping level between x = 0.075 and 0.135, the ?(T) of the FE phase
IT [AF5 (spiral) phase] was found in the a —c-plane because the Mn spins form an a—c
helical plane. In the FE phase I1, there are two Co concentration interval z < 0.1 and
x > 0.1 due to the formation of high temperature AF1 phase. When z < 0.1, magnetic
spins form sinusoidal AF3 order at the T, and it is then transformed into AF5 phase
below T¢. The high temperature AF1 phase was first found significant in the z =
0.12 compound along with the development of AF4 phase at higher temperature, and

therefore, the phase sequence with decreasing temperature for x = 0.12 is AF4, AF3,

AF1, and AF5.

Fig. 4.21(a) and 4.21(b) show the b-axis (H,) and c-axis (H.) magnetic field-
dependent a-axis polarization of Mng go5C0g.075s WOy4. At zero field, P, sharply in-
creases to a maximum around 9 K, and drops at lower temperature, indicating that
the a — ¢ spin spiral structure was first formed at 7> and rotates away from the a — ¢
plane about the a-axis (or an axis at a small angle with the a-axis) toward the a — b
plane at low temperature, as shown as "Low-T & H.” in Fig. 4.21(d). The applica-
tion of H, and H. fields shows opposite results. With increase of H,, the P,(T) at

low temperature shows a significant enhancement, which means that the H, stabilizes
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Figure 4.21: Ferroelectric polarization of Mng go5C0g075s WO, in external magnetic
fields. (a) a-axis component in b-axis magnetic fields P,(H,), (b) a-axis component in
c-axis magnetic fields P,(H,), (¢) c-axis component in b-axis magnetic fields P.(H,)
(d)schematic diagram of the temperature-dependent (Low-T') and field-dependent (H,
or H.) rotation of the helical plane.
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the a — ¢ helical structure. The enhancement effect of the P, reaches to maximum
at H, = 5 T, where the a-axis polarization at lowest temperature increases from 60
puC'/m? at 0 Tesla to 120 uC/m? at 5 Tesla. It should be noted that this value is
the highest measured in any doped or undoped MnWOQO, compound, and it exceeds
the maximum b-axis polarization of MnWO, by a factor of two. On the contrary,
1 Tesla of c-axis magnetic field is already high enough to reduce P,, meaning that
the magnetic structure tilts away from an optimal a — ¢ helical plane. The further
increase of H,. continuously decreases a-axis polarization, and the P, drops to zero
above H. =5 T. As mentioned above [44], the applied external magnetic field tends to
flip the spin spiral plane into the direction where it is perpendicular to the external
field. The rotation of the spiral plane due to the application of external magnetic
fields allows us to explain what happen to our P,(H,) and P,(H.) data. When the
external magnetic field is along the b-axis, the a — ¢ spiral plane of the AF5 phase
is forced to be perpendicular to b-axis, as shown in Fig. 4.21(d). With the help
of Hy, the Mng.go5C00.075 WO, compound could better stabilize the a — ¢ spin spiral
structure at low temperature so P, does decrease. On the contrary, the H, fields force
the a — ¢ spin spiral structure to rotate into a — b plane, which is detrimental to the
P,. The increase of P, by H, and decrease of P, by H. behavior is not limited to
the Mng g25Cog.975 WO, sample but to all the FE II phases (x = 0.075, 0.1, 0.12 and

0.135) and the = 0.15.

The c-axis polarization P. due to the interchain magnetic interactions along a-
axis in the b-axis magnetic field (Fig. 4.21(c)) increases with increasing Hy,, which is
similarly to the P,(H,) data. Since the P,(H,) and P.(H,) scale well with each other,
this provides an additional prove for the Eq. 4.3. Fig. 4.22(a) and 4.22(b) shows the b-
axis () and c-axis (x.) components of magnetic susceptibility of Mng ga5C0g 075 WO,4.

The presence of b-axis or c-axis magnetic field shows no notable anomaly at sinusoidal
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Figure 4.22: Magnetic susceptibility of Mng go5Cog.075 WO, in external magnetic fields
oriented along the (a) b-axis and (b) c-axis.

AF3 phase transition. Below the T, both y, and y. show an increase of magnetic
susceptibility with the application of magnetic fields, which could be related to the

spin flops to be perpendicular to the external field.

With increasing x up to 0.1, the P, in b-axis magnetic field (Fig. 4.23(a)) behaves
slightly different from the x = 0.075 case. The a-axis polarization of Mng9Cog1 WO,
shows no change even if the magnetic field H, increase up to 7 Tesla, indicating that
the spin spiral structure of z = 0.01 compound forms a perfect a — ¢ spin spiral.
Fig. 4.23(b) shows the a-axis polarization in the presence of c-axis magnetic field.
However, it takes as high as magnetic field H. = 2 T to observe the decrease of P,.
Increasing the H,. further decreases P, and almost completely eliminates the P, in the
4T of H.. The H, field flips the a — ¢ spin helical plane into a — b plane so that the P,
decreases, as shown in Fig. 4.23(d). The P,(H,) and P,(H.) two data is qualitatively
consistent with the previous reports [43, 44]. The interchain magnetic interactions
along a-axis also results in the c-axis polarization of Mng¢Cog1WOy,. Furthermore,
the application of c-axis magnetic field also decreases the c-axis polarization as shown

in Fig. 4.23(c).

7



100 100 Mn, ,Co, WO, —=—H =0T
S ——1T
80 80 '
= 60 “c 60
g 3
= 40 ~ 40
o’ o’
20 20k
0 0
6 8 10 12 14
T (K)
(b)
C
A
30
— 20
g Hc
(@]
=
a° 10 » b
0
a

(d)

Figure 4.23: Ferroelectric polarization of MngygCog1 WO, in external magnetic fields.
(a) a-axis component in b-axis magnetic fields P,(H,), (b) a-axis component in c-axis
magnetic fields P,(H.), (c¢) c-axis component in c-axis magnetic fields P.(H.) (Note:
The P.(H,.) in the field of H, > 4 Tesla are very small) and (d) schematic diagram of
the field-dependent rotation of the spin helical plane.
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At this point, the claim that the applied external magnetic field tends to flip the
spin spiral plane into the direction where it is perpendicular to the external field from
I. Urcelay-Olabarria et al. [44] is well-supported by our experiment data from x =
0.05 up to 0.1. However, the physical picture of the rotation forced by the external
magnetic field is not discussed yet. The easiest way to argue this magnetic field effect
is to consider two antiparallel spins with application of magnetic field in the direction
of one of the spin. Although the spin parallel to the external magnetic field is able
to gain energy to be stable, the other spin, however, is suffered in the presence of the
magnetic field due to no energy gain. The way to stabilize both antiparallel spins is
for them to align perpendicular to the external magnetic field so that both spins still

keep antiferromagnetic exchange energy and are stable under magnetic field.

However, the magnetic structure of the multiferroic phase (AF2 or AF5) of our
system is not a simple case with a upward spin and a downward spin. The deriva-
tion by using Ginzburg-Landau theory on how the spins helix structure react to the
external magnetic field is performed in the Ref. [13]. As shown in the Fig. 4.24,
the application of external magnetic field first enhances those spins parallel to the
field and reduces those antiparallel spins so that the whole spin helical structure is
distorted and causes the decrease of the ferroelectric polarization. Whenever the ex-
ternal magnetic field is big enough, those spins antiparallel to the external field flip
toward the direction of the field and form a wide spin conical structure with small
amount of magnetic moment component in the direction the magnetic field (the third
picture of each row in Fig. 4.24). With further increase of magnetic field, the angle of
the cone decreases, and eventually, the conical structure will be collapsed so that all
spins are aligned to the direction of the external field. For the induced polarization
from the spin helix, the polarization is proportional to the cross product of c-axis

unit vector and £ vector (cross product of two neighbor spins). Therefore, when a
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conical structure is formed due to the magnetic field effect, it would be important
to find out the angle between c-axis unit vector and ? vector (spiral plane normal
vector) to understand how the polarization is changed accordingly. The T vector
of the ac helix generated by the conical structure in the first row of the Fig. 4.24 is
perpendicular to the c-axis so that large amount of P, is induced, and this is why P,
of x = 0.05 and 0.75 compounds is around 100 uC/m? at 7 Tesla. On the contrary,
with application of c-axis magnetic field on the ac helix, the ab helix generated from
the conical structure is parallel to the ab plane, and the & vector is parallel to the
c-axis so that there is no P, induced. In summary, the external magnetic field forces
the spin helix to form a conical structure so that the spins are surrounding the exter-
nal field. The rotation of the polarization due to the magnetic fields is the result of
the change of magnetic structure from the ac helix (blue area in Fig. 4.24) to conical
structure with the spiral plane on the top flat plane (red area in Fig. 4.24) of the

spin conical structure.

When z > 0.12 as shown in phase diagram Fig. 4.8, the presence of high temper-
ature AF1 phase reduces critical temperature of Ty, and the transition is strong first
order phase transition with thermal hysteresis about 1K at the zero field Fig. 4.25(a)
and 4.25(b) display the a-axis polarization of MngggCog1oWO, in the magnetic field
of H, and H., respectively. As typical AF5 helical phase under Hy, and H., the P,(H,)
increase with higher H, fields, whereas the P,(H,) decreases with increasing H.. fields.
The ac helix in = 0.12 compound is not optimal, similar to low temperature part
of = 0.075 as shown Fig. 4.21(d), and the field H, makes the spin helix favor the
a — ¢ plane; therefore, the P,(H,) is increased. On the other hand, the H. field tilts
the spin helix away from the a — ¢ plane so that the P,(H,.) decrease with H. field.

This is well-understood from the above discussion.

However, the b-axis polarization with application of c-axis magnetic field shows

80



H // b- axis

Pbxckx?¢ P»b Pa Pa
k~S1x82
C ab helix ab helix ac helix ac helix
b H // c- axis
a
Pa Pa P=o0 P=o0
ac helix ac helix ab plane ab plane

Figure 4.24: Schematic diagram of the field-dependent (H, or H.) rotation of the ab
and ac spin helix.

81



wo,

0.12
——T7T
——5T
——3T
—o—1T

——H, =0T

P (uC/m?)

6 8 10 12
T (K)

(a)

Figure 4.25: Ferroelectric polarization of Mng gsCog.12 WOy, in external magnetic fields.
(a) a-axis component in b-axis magnetic fields P,(H,) and (b) a-axis component in
c-axis magnetic fields P,(H.) (Note: The P,(H.) in the field of H, > 3 Tesla are very

small).

a new type of field-dependent behavior in the Co doped MnWO, system, as shown
in Fig. 4.26(a). At zero field, b-axis polarization is barely observable within the
resolution of the pyro-electric measurements. The presence of c-axis magnetic fields
stabilizes the b-axis polarization of MnggsCog 1o WO,. At the field of H, = 3 T, the b-
axis polarization shows a sharp increase at around T = 9 K, reaches to its maximum
~ 3 uC/m? and then decreases at lower temperature. Increasing c-axis magnetic
field further increases b-axis polarization. At the same time, the T of P,(H.) shift
toward higher temperature, indicating that the stability in the temperature range of
the ferroelectric phase increases on the expense of the AF1 phase, where the AF1

phase is discussed in Fig. 4.8 and 4.11.

To further investigate the effects of c-axis magnetic fields to the x = 0.12 com-
pound, H. dependence of magnetic susceptibility and specific heat data is shown in
Fig. 4.27(a) and 4.27(b). At zero field, the four phase transitions of = 0.12 with

the order of decreasing temperature are AF4, AF3, AF1, and AF5. The increase of
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of the field-dependent (H.) rotation of the spin helical plane
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H. first causes the enhancement of the low temperature magnetic susceptibility, and
the low temperature y. develops a step-like of sharp increase above H, = 3 Tesla.
Although this step-like sharp increase is similar to that of the ground state of the pure
MnWOy, the sharp increase seen here could be related to the induced P,(H.) at the
low temperature or the decrease of P,(H.). Furthermore, the thermal hysteresis of
the AF5 phase transition at T shifts to higher temperature, indicating the shrinkage
of AF1 phase. The temperature shifting anomaly is confirmed by the specific heat
measurements. The small peak due to the first-order phase transition at T shifts to
higher temperature, and it corresponds to the development of the step-like magnetic
susceptibility (y.) and upward shift to higher temperature of the T of the P,. Com-
bining the Py(H,.), x., and c-axis magnetic field specific heat data, it is confirmed

that H. induces the AF2 phase on the expense of the high temperature AF1 phase.

It is worth to note that the induced P,(H,) is not observed in z = 0.075 and
0.1 compounds. While the H, is forcing the a — ¢ spin helical plane to rotate into
a — b plane, it may be due to the strong magnetic anisotropy of the specific magnetic
system in the x = 0.12 compound that causes the center of the spin conical structure
away from the c-axis, and therefore, the normal vector ? of the spiral plane has a
finite angle o with the c-axis to induce P, polarization, as shown in Fig. 4.26(b). On
the other hand, the other possibility is that the spin helical plane is in the a — b plane
(v angle in Fig. 4.26(b) is zero with T = ) after the field-induced rotation, and
the main spin-spin interaction is now along the a-axis so the propagation vector is
oriented with a-axis because the magnetic exchange interaction along ¢ gives to no
polarization in this configuration. Since the direction of polarization is determined
by the vector product of the normal vector ?(: ) and propagation vector (@) of

the spiral plane, the polarization in the presence of H. is, therefore, along the b-axis.

This part requires further magnetic field dependent neutron scattering measurements
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external magnetic fields oriented along the c-axis.
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to get a better microscopic understanding.

4.1.3.3 Magnetic field effects on phase diagram of Mn;_,Co, WO, (0.17

< x <0.3)

For the Co doping level > 0.15 as shown in Fig. 4.8, the ?(T) of the FE
phase III was aligned along the b-axis due to the recovery of the AF2 spiral phase
(so called AF2/4 conical phase) from a two 7 modulation vector of the spin conical
structure [47]. At zero magnetic field, the simple modulation AF4 type of magnetic
structure forms at the T temperature and followed by the AF2/4 conical phase
at lower temperature. The recovered b-axis polarization decreases with higher Co

replacement and drops to zero when the x is greater than 0.3.

The b-axis polarization of the FE phase III (0.17 < x < 0.3) with the application
of b-axis magnetic field is shown in Fig. 4.28. When the Co concentration =z =
0.17, the value of P, at zero field is ~ 28 puC'/m? at 5 K and drops to 21 uC/m?
in 7 Tesla with the T shifting to lower temperature. The effect of H, for x = 0.2
becomes more significant, and the P, decreases by half in the presence of 7 Tesla. By
further increasing = to 0.25, the b-axis magnetic field of 7 Tesla is able to completely
suppress the P,. From these polarization data, we can conclude that the Hj fields
simply destroy the magnetic conical structure by first decreasing the angle of the
conical structure so that the spin cone becomes narrower. Then, the H, fields further
rotate spin toward the magnetic easy axis as shown in Fig. 4.28(d). At the same time,
because the spins of the AF4 phase are also in the a — ¢ plane, the AF2/4 conical
structure in the Hj fields is likely transformed into the AF4 phase by collapsing cone

to a line oriented along the spin easy axis, as shown in Fig. 4.28(d).

Fig. 4.29(a) shows the magnetic susceptibility in the b-axis magnetic field. At zero
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field, the Ty near 20 K shows the AF4 phase transition, and, at low temperature, the
drop of magnetic susceptibility is the AF2/4 phase transition. The presence of high
magnetic field H, = 5 T causes a slight increase of the magnetic susceptibility in the
AF2/4 phase. The magnetic field effect on the phase boundary is more pronounced in
the specific heat data as shown in Fig. 4.29(b). With increasing b-axis magnetic field,
the AF4 phase transition peak shifts to lower temperature and the peak of AF2 phase
transition separates into two peaks, but it is not clear on why the low temperature

peak splits into two peaks in high magnetic field.

4.1.3.4 Field-induced spontaneous polarization reversal of Mng s;C0g 15 WO,

At the Co doping = = 0.15, this is right at the phase boundary of FE phase II
and III as shown in Fig. 4.8. The FE polarization was found aligned with the b-axis,
and no pyro-electric current along a-axis could be found within the experimental
resolution. The single-crystalline neutron scattering measurements [45] show that
four phases (AF4, AF2, AF1, and AF5) coexist at low temperature. The complex
phase coexistence could be thought in an easier way as the phase separation into the
FE phase II (AF5 ac helical phase) and III (AF2/4 conical phase). In the following,
we want to discuss some interesting field-dependent behavior of this complex phase

coexistence.

Fig. 4.30(a) shows the a-axis polarization of z = 0.15 sample with magnetic field
applied in the b-axis. At zero field, the pyro-electric current could be barely detected,
and however, the P, could be induced at magnetic field of H, = 3 T. With increasing
H, field, the P, continuously increases to ~ 11 uC/m? at 5 K at H, = 4 Tesla, and
then, the P, drops to 4.6 uC/m? in 7 Tesla. The induced P, behavior is similar to
what we saw in the FE IT (AF5) phase, where the H, field could stabilize the a — ¢

plane helical phase. The higher magnetic field H, > 4 Tesla is high enough to collapse
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Figure 4.30: Ferroelectric polarization of Mng g5Cog.15 WO, in external magnetic fields
oriented along the b-axis. (a) a-axis component and (b) b-axis component.

the a — ¢ plane helical structure and causes the decease of the P,. On the other hand,
Fig. 4.30(b) shows the b-axis polarization P, in the presence of b-axis magnetic field.
With the 3 Telsa Hy, applied, the P, drops to less than 2 uC'/m? at 5 K from 5 puC'/m?
at zero field, and the P, is completely destroyed at the field H, = 7 T. The decrease
of Py(Hy) corresponds to the case in the FE III AF2/4 conical phase, where the H,
collapses the spin cone to a line oriented along the spin easy axis and causes the drop
of the P,. It is then confirmed that there is coexistence of the AF5 ac helical phase
and AF2/4 conical phase. With application of H, fields, these two coexisting phases

react to the H, fields accordingly.

What we have learned from the x = 0.12 (Fig. 4.26(a)) is that the c-axis magnetic
field induces the b-axis polarization P,. It is because the AF5 ac helix is rotated by the
Hy, field and adding the strong magnetic anisotropy causes the induced P, polarization.
In the x = 0.15 case, it is more complex because it coexists with the AF2/4 conical
phase that responds to the H, fields significantly as seen in the z = 0.20 compound

(Fig. 4.28). Since we saw both P,(H,) from AF5 phase and P,(H,) from AF2/4
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Figure 4.31: Ferroelectric polarization along the b-axis of Mng g5Cog 15 WO, in external
magnetic fields oriented along the c-axis Py(H.).

conical phase behavior in the sole x = 0.15 compound, the c-axis field effect has to be
considered for the two coexisting phases, the high temperature AF2/4 conical phase

and low temperature AF5 phase, separately.

Fig. 4.31 displays c-axis magnetic field dependence of the b-axis polarization P,.
The zero field P, data first shows a sharp increase at Tz due to the AF2/4 conical
phase and increases again at the AF5 phase transition. In the c-axis magnetic field
H. of 2 Tesla, the P, of the AF2/4 phase does not change yet; however, at low
temperature, the P, from the AF5 phase starts to decrease instead of increase of P,
as seen in the zero field data. With increasing H, fields, the high temperature P,
of the AF2/4 slightly decreases, whereas the low temperature P, from AF5 phase
decreases relatively significantly and develops negative polarization. The drop of P,
that causes negative P, polarization at low temperature appears at ~ 6.5 K at H. =
2 Tesla and continuously shifts to 7.5 K in 7 Tesla. In order to test if the negative

polarization is intrinsic, the 5 Tesla data collected during the cooling are poled by a
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positive electric field. The interaction that causes the negative P, at low temperature
is strong enough to overcome the positive electric field so that the cooling 5 T data
still show negative polarization value at low temperature. The phase transition into
the negative polarization is a strong first-order transition and shows a around 2 K
wide thermal hysteresis at 5 T. The negative P, effect reaches its maximum at 5 Tesla

with P, around -8 uC'/m?, and then, the P, drops to -6 uC/m? at 7 Tesla.

The main question is why the P, polarization changes its sign. Once the positive P,
polarization from the AF2/4 conical phase is established, P, is forced to be negative in
the low temperature AF5 phase range on the expense of AF1 phase. Similar to the z
= 0.12 case, the ac helix of the AF5 phase in H fields is rotated toward the a—b plane
to generate P, polarization. However, the generated P, from the AF5 phase interacts
with the existing b-axis polarization domains from the AF2/4 conical phase in a way
that the AF5 phase gives rise to negative P,. There is a strong magnetoelectric
coupling in between the domain boundaries of the AF2/4 phase domains and AF5
phase domains. The strong competition between AF2/4 phase and AF5 phase in the
domain walls results in negative P, in the temperature range where the AF5 phase
dominates. Future work on the domain wall investigation of this x compound is
necessary to get more insight of the nature of the intrinsic negative magnetoelectric

effect.

Fig. 4.32(a) represents the c-axis magnetic susceptibility of Mngg5Cog 15 WOy.
The magnetic response of of Mngg5Cog.15 WO, develops a step-like sharp increase of
magnetic susceptibility in the presence of c-axis magnetic field. At the field of 2.5
Telsa, the x. first shows the sharp increase with decreasing temperature, and then,
keeps flat to form like a plateau at low temperature. The 5 Tesla data further show
a significant enhancement of the magnetic susceptibility below the T, similar to the

x = 0.2 data in Fig. 4.29(a). At the same time, similar to = 0.12 compound, the
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Figure 4.32: (a) Magnetic susceptibility and (b) specific heat of Mng g5Cog .15 WOy in
external magnetic fields oriented along the c-axis.

thermal hysteresis of the T5 shifts to ~ 7 K at the field of 5 Telsa, which corresponds
to the transition temperature shift of the negative P,. The magnetic susceptibility
shows a related magnetic field effect on reaction of both AF5 phase and AF2/4 conical

phase. The specific heat data (Fig. 4.32(a)) confirm the temperature shift of 75 to ~

7.5 K at 7 Tesla.
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4.1.4 Multiferroic properties of Mn; ,Cu,WQO,

The triclinic (space group P1) crystal structure of CuWOQy is different from the
monoclinic b-axis structure of MnWQO,. Furthermore, the spin value S=1/2 of Cu?*"
in CuWOy, is smallest among all the 3d transition metals. The low spin makes the
quantum fluctuations more important at low temperature, and therefore, causes the
lowest Ty of CuWO, among all the TWO, (T = Fe, Co, Ni, and Cu) with ground
state of AF4 phase, as shown in Fig. 4.9(e). The replacement of Mn by Cu ions will
affect the original magnetic exchange coupling and anisotropy resulting in change of
magnetic and ferroelectric properties. The chemical doping effects of Cu ions and

magnetic field effects of the system will be discussed in the subsections.

4.1.4.1 Zero magnetic field multiferroic properties of Mn;_,Cu,WQO,

The polarization along the b-axis for the Mn;_,Cu, WO, (z =0, 0.05, 0.1, 0.2 and
0.3) by the pyro-electric current measurements is shown in Fig. 4.33(a). The data
gives us information about ferroelectric AF2 phase and the transition from AF2 to
paraelectric AF1 phase. 5% of Cu replacement causes slightly higher T, smaller
maximum value of the P, and non-zero polarization value at low temperature. The
drop of P, in the z = 0.05 at about 7 K extends over a wider temperature interval
compared to the almost vertical drop of MnWO,. At x = 0.1, maximum value of P,
shows further decrease, and the polarization drop due to AF1 transition has a broader
transition but the low temperature of P, increases. The finite value of P, at low
temperature of x = 0.05 and 0.1 indicates the mixture of AF1 and AF2 phase, where
the increase of the lowest temperature polarization value with increasing Cu content
means the increase fraction of ferroelectric AF2 phase. With further increasing Cu

content to x = 0.2, the AF2 phase becomes the ground state, and the polarization
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Figure 4.33: (a) Ferroelectric polarization and (b)specific heat of Mn; _,Cu, WO, (z
=0, 0.05, 0.1, 0.2 and 0.3). Specific heat data are vertically offset for better clarity.

value keeps increasing to the lowest temperature. The maximum value of the P,

increases compared to the x = 0.1 data, but the maximum value of P, decreases

again at x = 0.3.

The information of the phase boundary could be checked more carefully by the
specific heat measurements as shown in Fig. 4.33(b). The Ty (~ 14 K) and T¢ (~
12.5 K) shift to higher temperature with increasing Cu content, whereas the first-
order AF1 phase transition peak moves toward low temperature, which is consistent
with the polarization data. From x = 0.05 to z = 0.1, the AF1 phase transition
peak becomes broader and its magnitude decrease significantly to barely observable,

whereas the polarization data show a more clearly broad transition near 6.5 K.

The polarization data in Fig. 4.33 define the FE phases of the Mn;_,Cu, WO,
and the AF1 phase transition into the paraelectric states. The specific heat data
could help defining the paraelectric AF3 phase, and therefore, the phase diagram of
Mn;_,Cu, WOy from x = 0 up to 0.3 could be construct in Fig. 4.34. The main FE

phases are the AF2 phases, and no rotation of polarization could be found. The Cu
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Figure 4.34: Phase diagram of Mn;_,Cu, WO, derived from polarization and specific
heat data.

replacement simply suppresses the 1)) AF1 phase and slightly increases the T of
the AF2 phase and the Ty of the sinusoidal AF3 phase, where the increase of Ty and

Ty makes the Cu doping effect different from Zn doping effect [41].

4.1.4.2 Field-dependent multiferroic properties of Mn; ,Cu, WO,

In the previous section, it was shown that the magnetic and multiferroic properties
of Mn;_,Co, WO, system could be controlled by external magnetic fields. For the
Mn;_,Cu, WOy system, it is interesting to see how the AF2 phase and the mixture

of AF1 + AF2 phase are affected by magnetic fields.

The b-axis magnetic field dependence of polarization and specific heat data of
Mng 95Cug.0s WOy are shown in Fig. 4.35. The finite polarization value at low tem-

perature below 77, is first found diminished in the presence of H, (Fig. 4.35(a)).
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Figure 4.35: (a) Ferroelectric polarization and (b)specific heat of Mngg5Cug,o5 WO,
in external fields oriented along the b-axis.

With increasing H,, both the low temperature part of polarization and the maximum
polarization value keep decreasing. At the same time, the lock-in transition temper-
ature 77, shifts to high temperature, whereas the T moves toward low temperature.
These indicate the stabilization of AF1 phase by increasing the portion of AF1 phase
compared to the AF2 phase. At the H, as high as 7 Tesla, the AF1 state is not
completely restored because the polarization value at low temperature remains non-
zero. The AF1 phase stabilized by H, is further supported by the specific heat data
in Fig. 4.35(b). The AF1 phase transition peak shifts to higher temperature with
increasing of Hy,, and the corresponding peak area increases at the same time. Since
only the AF1 phase out of the mixture AF1 and AF2 phases shows a peak with the
application of H, fields, this allows us to correlate the field-induced entropy change
from AF1 phase transition peak area with the change of the AF1 phase fraction in
the AF1:AF2 ratio. Fig. 4.36 shows the field-dependent b-axis polarization at 5 K
(Fig. 4.35(a)) as a function of entropy difference calculated from specific data (Fig.

4.35(b)). The entropy difference due to the AF1 phase transition peak increases from
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Figure 4.36: Ferroelectric polarization measured along b-axis as a function of function
of calculated entropy difference from specific heat data.

AS = 0.101 J/mole/K at H, = 0 Tesla to AS = 0.269 J/mole/K at H, = 7 Tesla.
It indicates the volume of AF1 state increases at higher magnetic field, and it causes
the decrease of b-axis polarization. It is also interesting to note that the b-axis the

polarization almost linearly decreases with the entropy difference due to the presence

of the AF1 phase.

A similar trend of how AF1 dominates in AF1/AF2 mixture phases by application
of Hy is observed in MngoCup1 WO, (Fig. 4.37). At zero field, the content of AF1
phase is minor compared to the AF2 phase as mentioned above, and it is shown more
clearly in the polarization data (Fig. 4.37(a)) as a small drop of polarization at low
temperature. With the increase of Hy, the low temperature part of P, decreases faster
and the transition becomes sharper. For the specific heat data (Fig. 4.39), the zero
field data barely show the first-order transition peak of the AF1 phase; however, at
H, = 3 Tesla, they show a small and very broad peak. With increasing Hy, this peak

shifts to higher temperature and increases its peak area along with slight decrease of
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Figure 4.37: (a) Ferroelectric polarization and (b)specific heat of Mng9Cug WOy, in
external fields oriented along the b-axis.

temperature of the AF2 and AF3 phase transitions.

The b-axis magnetic field is perpendicular to the spin easy axis in the a — b spiral
plane with an « angle of 34° with respect to the a-axis. Fig. 4.38 show the b-axis

polarization data of Mngg5Cug s WO, and MngoCug1 WO, with the magnetic field

applied along the magnetic easy axis. When the magnetic field is aligned in the
direction of easy axis, the effect to the mixture of AF1:AF2 is completely opposite to
the effect of H,. The FE polarization data of both doping samples at low temperature
increase smoothly with magnetic field. Above a critical field, the low temperature

polarization shows no 77, transition. Therefore, the magnetic easy-axis fields stabilize

the AF2 phase to become the ground state by eliminating the AF1 state.

When the copper content increase to x = 0.2, at zero field, even the P, data

(Fig. 4.39(a)) shows no signature of the AF1 phase, indicating that the AF1 phase
is completely suppressed by the 20 percent of Cu doping. At the H, of 5.5 Tesla,
both the P, and T decrease, but the ground state is still the AF2 phase. However,

with application of H, = 6 Tesla, a field-induced AF1 phase is observed around 9
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Figure 4.39: (a) Ferroelectric polarization and (b)specific heat of MnggCugos WOy, in
external fields oriented along the b-axis.
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Figure 4.40: (a) Ferroelectric polarization and (b)specific heat of Mng ;Cug3 WOy, in
external fields oriented along the b-axis.

K. With further increasing H,, the AF1 phase is clearly stabilized so that the ratio
AF1:AF2 continuously increases quickly. The magnetic field dependent specific heat

data further confirm the decrease of Ty and T. The peak of AF1 phase transition

shows up at the Hp of 7 Tesla.

At the copper content of x = 0.3, the b-axis polarization shows no 7T}, transition
at the Hy, up to 5 Tesla as shown in Fig. 4.40(a). Even so, at H, = 7 Tesla, the B,
data show a very tiny polarization drop around 9.5 K. Similar to z < 0.3, the T
shifts toward lower temperature with increase of Hy. The shifting of T¢ is confirmed
by the specific data along with the slight down shift of Ty. However, no indication

of AF1 phase transition could be observed in Fig. 4.40(b).

In summary, with small amount Cu ions replacement, the ground state (AF1
phases) of the parent compound MnWOy is suppressed slowly, and therefore, for
those x < 0.2 compounds, the ground state is a mixture of AF1 and AF2 with certain

ratio. The ratio of AF1:AF2 decreases with higher Cu content and becomes zero at
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x = 0.2. The b-axis magnetic field tends to stabilize the AF1 phase, whereas the

easy-axis fields suppress the AF1 phase.
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4.2 Magnetoelectricity in the system RAl5(BO3),
(R = Tb, Er, Tm, Tmy9Ybg1, Yb, Hoy5Tmys,

HO, and H00'5Y0.5)

The RFe3(BOs3)s compounds crystallize in the trigonal huntite structure (Fig.
4.41), space group R32 (No. 155) [52]. There is a known structural transition R32
— P3,21 (No. 152) at Ts with sizable anomalies in dielectric constant [53] and
specific heat [54]. The structural transition temperatures of RFe3(BO3), compounds
correlates with ionic radius of the rare earth R elements, with Tg decreasing from 430

K (R = Ho, Y) to 90 K of the larger ionic radius R = Eu.

The FeOg octahedra form edge-sharing helical chains along c-axis so that the
magnetic exchange interactions between Fe moments are established through super-
exchange interactions along the c-axis chain. Between different chains, it is possible for
Fe moments in different chains to form super-super exchange interactions through BO3
units (Fig. 4.41). With further decreasing temperature below Ts, the Fe moments
form antiferromagnetic order at Ty < 40 K. However, the magnetic R ions are embed-
ded between the FeOg octahedra, and therefore, the f-moments couple strongly with
the d-moments. The strong magnetic anisotropy of the R-moments causes spin rota-
tion transitions of Fe-moments, resulting in complex phase diagram of the RAl3(BO3)4
compounds [53, 32]. The magnetoelectric (ME) effects of RFe3(BO3), compounds are
well-investigated [55]. For example, the largest ME effect in the RFe3(BO3), reported
was NdFe3(BO3),, showing strong ME effect up to 20 Tesla. Another example in the
HoFe3(BO3)4 and the mixed Ho;_,Nd,Fe3(BOj3), system, the wealth of magnetic in-
teractions between R-moments and Fe-moments coupling to the lattice really causes

very complex ME effect [32, 56]. Therefore, it is difficult to clarify the physical picture
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Figure 4.41: Crystal structure of RFe3(BOj),.

of the relationship between the ME effect, the magnetic properties of the system and

the role of Fe spins and R moments.

To simplify the problem, the single-crystalline RAl3(BO3)4 compounds, iso-structural
with RFe3(BO3), systems, were synthesized through a collaboration with Bezmater-
nykh et al. from Russian Academy of Sciences. The replacement of Fe ions by Al ions
make the rare earth R ions the only magnetic ions in the system. In the following,
we want to see how the magnetic properties of the RAl3(BOj3)4 system change and

how the ME effects are affected by removal of the d-electron spins.

4.2.1 Magnetic susceptibility of RAl3(BO;),

Since the rare earth ion is the only magnetic contribution, the magnetic anisotropy
of the RAl3(BO3), compound is determined by the properties of the rare earth ele-
ment. Here, we choose the Cartesian coordinate (x, y, z), where the z- and z- axis
are corresponding to a- and c-axis of the crystallographic axis, respectively, and the

y-axis is just perpendicular to both other axis.
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TbA13 (B03)4 and EI‘Alg(B03)4

Fig. 4.42 shows the magnetic susceptibility for the ThAl3(BO3), and ErAl;(BO3)4
along x and z directions. The x, data of TbAl3(BO3), displays a paramagnetic type of
temperature dependence without any magnetic phase transition, indicating no mag-
netic order. It also reveals the strongest uniaxial anisotropy among all RAl3;(BO3),
samples, and the x. exceeds the in-plane x, by more than a factor of 132 at low
temperature (Fig. 4.42(a)). In contrast, ErAl3(BOj3), shows the largest easy plane
anisotropy, followed by TmAl;(BO3)4. For quantitative comparison, table 4.1 shows
measured magnetic anisotropy at 5 K [10], the effective magnetic moments from a
Weiss fit of the high-temperature inverse susceptibility data and calculated effective
magnetic moments in the unit of pp. Since the magnetic data show paramagnetic
temperature dependence, and the effective moments from Weiss fit and calculated
are close, it means that the Al ion replacement did simplify the magnetic correlations
of the system and the rare ions are relatively independent due to 6 A distance between

two R ions.

Table 4.1: Magnetic anisotropy and effective magnetic moment of RAl3(BO3), at 5

K, where R = Th and Er.

Rare earth ion Tb Er

Y=/ Xa 132 0.041

prefs (1B) 9.30  9.55

Calculation (ug) 9.72  9.59

TmAlg(B03)4, YbAlg(B03)4, and TIl’lQ,ngo‘]Alg(B03)4
Fig. 4.43 shows the magnetic susceptibility for the TmAl3(BO3), and YbAIl3(BO3)4
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Figure 4.42: In-plane (y,) and c-axis (x.) magnetic susceptibilities of RAl3(BO3)s4,
where R = (a) Tb and (b) Er.

with the mixed compound of these two as R = TmggYbg; along x and z directions.
These three magnetic susceptibility data all show paramagnetic type of temperature-
dependent behavior and easy plane anisotropy. However, the Yb compound shows
an intersection of the y, and Y., indicating that there is a change of magnetic
anisotropy of the sample from uniaxial anisotropy at high temperature and to easy
plane anisotropy at low temperature, as shown in the inset of Fig. 4.43(c). The
magnetic anisotropy of YbAl3(BOj), is closer to isotropic than magnetic anisotropy
of R = Tm sample, which can be compared quantitatively in table 4.2. It should be
also noted that the Yb moment has the smallest value ~ 5 up, almost half of other
measured compounds. Since there is only 10% of Yb doped in the R = TmggYbg
compound, the magnetic anisotropy of the mixture compound is relatively close the
Tm case, and the effective moment is in between the values of Tm and Yb moments

as expected.
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Figure 4.43: In-plane (x,) and c-axis (x.) magnetic susceptibilities of RAl3(BO3)y,

where R = (a) Tm, (b) Tmg5Ybos, and (c) Yb. Inset of (¢) shows the intersection
of x, and ..
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Table 4.2: Magnetic anisotropy and effective magnetic moment of RAl3(BOj3), at 5

K, where R = Tm, TmggoYbg 1, and Yb.

Rare earth ion Tm TmgoYbo1 YD

Xz/Xa 0.092 0.086 0.292
tess (1B) 8.23 7.74 5.23
Calculation (up)  7.57 7.21 4.54

HOAlg(B03)4, H00‘5Tm0‘5A13(B03)4, and H00.5Y0.5A13(B03)4

HoAl3(BOj3), is nearly magnetic isotropic with a minute preference of the z-axis (or
c-axis) (Fig. 4.44(b)). The anisotropy ratio of x./x, is 1.2 over a large temperature
range and increases slightly to about 3 at the lowest temperature. With 50 % re-
placement of Tm ions on Ho sites, there is an intersection of the x, and y, observed
at around 10 K, which is an exchange of magnetic anisotropy of the sample from
uniaxial anisotropy and to easy plane anisotropy at low temperature, and the mag-
netic anisotropy reversal also causes the magnetic anisotropy of Hog 5 Tmg 5Al;(BO3)4
slightly less than 1 as shown in the inset of Fig. 4.44(a) due to the smaller v, /x.
ratio of Tm ions. In the R = Hog5Yo5 (Fig. 4.44(c)) case, the nonmagnetic Y ions
dilute the Ho ions in the compound so, compared to R = Ho compound, it shows
similar magnetic anisotropy (x./x. = 1.9) with smaller amount of effective moments
(7.14 pp) per formula unit, as shown in table 4.3. The HoAl3(BO3)4 result (> 14.5
K) is consistent with an earlier report [57], and both experimental data do not show

a reversal of x./x, above 2 K in contrast to the theoretical prediction [57].
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Figure 4.44: In-plane (x,) and c-axis (x.) magnetic susceptibilities of RAl3(BO3)y,
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Table 4.3: Magnetic anisotropy and effective magnetic moment of RAl3(BO3), at 5

K, where R = Ho, Hop5Tmg 5, and Hogs5Y 5.

Rare earth ion HopsTmgs Ho HogsYos
Y=/ Xa 1.452 1.9  1.904
pefs (10B) 9.16 10.6 7.14
Calculation (up) 9.21 10.6 7.49

4.2.2 Magnetoelectric (ME) properties of RAl;(BO;3),

The magnetoelectric (ME) properties of the system RAl3(BOs3)4 is related to the
coupling between the magnetic properties (due to the crystal field splitting of the f-
orbital moments and the occupation of spin moments in the f-levels) and the lattice.
Because the noncentrosymmetric space group R32 is a non-polar structure, any ME
effect is due to a field-induced polar distortion to give rise to a macroscopic electrical
polarization. In the following, we want to see whether or not the ME effect is possible
at all with weak coupling of f-moments in the RAl3(BO3)4 system. If it shows some
ME effect, then, we want to check if the ME polarization can correlate with magnetic

data.

TbAl;(BO;),

Magnetoelectric current measurements with either longitudinal or transverse mag-
netic fields swept up to 70 kOe of ThAl3(BO3), along the in-plane z- and out-of-plane
z-directions do not show any magnetoelectric signal within the experimental resolu-
tion. This indicates that the compound with the largest uniaxial anisotropy, R =

Th, is either not magnetoelectric or the ME effect is very small. In the isostructural
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RFe3(BOs3)4 system, no ME effect was observed for the strong uniaxial anisotropy of
the rare earth moment compound, and it was attributed to the small in-plane com-
ponents of the f-moments for R=Pr, Tb, Dy [55]. Although the RFe3(BOs3)4 system
is more complex due to complex coupling interactions between Fe ions, rare earth
elements and the lattice, it appears conceivable that the phenomenological model
derived from the rare earth iron borates could also qualitatively explain the missing

ME effect in ThAl3(BO3)s4.

In contrast, the nearly isotropic magnets (R = Ho) and those easy-plane magnets
(R = Er, Tm and Yb) have been sizable magnetoelectric polarization. Interestingly,
among all the RAl3(BO3), that we have measured, the largest ME effect is in the
transverse field orientations with the electric polarization P,(H,) measured along x-
axis and the applied magnetic field oriented y-axis. At the same time, the sign of
P,(H,) is always opposite to P,(H,), where the longitudinal polarization P,(H,) is

chosen to be positive as reference.

EI‘A13(BO3)4

In the search for a correlation between magnetic anisotropy and ME effects, we
started from the ME current measurements of ErAl;(BOs)4 in the longitudinal H,
and transverse field H, up to 70 kOe so that the polarization change in the fields can
be determined by integrating the ME current, as shown in Fig. 4.45. Both P,(H,)
and P,(H,) ME polarization still show sizeable value at the temperature as high as
100 K and smoothly increase with temperature, which distinguishes this system from
the RFe3(BOj3)y system (ME effect appears only below Ty < 40 K). Furthermore,
P.(H,) shows slightly higher ME polarization value of ~—150 uC'/m? compared to
the P,(H,).
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Figure 4.45: (a) Longitudinal and (b) transverse magnetoelectric polarizations P, (H,)
and P,(H,) of ErAl;(BOj),.

TmAlg(B03)4, YbAlg(B03)4, and TmongbO‘lAlg(BOQ,)z;

As shown in the tables 4.1 and 4.2, the magnetic anisotropy of TmAl5(BOs), is
2.2 times larger the R = Er case, and it shows even larger ME polarization change
P,(H,) and P,(H,), as shown in Fig. 4.46(a) and 4.46(b), respectively. The value
of P,(H,) in R = Tm compound is ~—750 pC/m? in the transverse field of 70 kOe.
At this point, it appears that the decrease of easy plane anisotropy toward magnetic
isotropy might cause higher ME effect. However, when the R is replaced by Yb ions,
is exhibits a much smaller ME polarization in Fig. 4.46(d) although the x,/x. of the
R = Yb compound is indeed closer to one than R = Er and Tm cases. In fact, the
ME effect of YbAI3(BOj3),4 is the smallest among all the samples that we investigated,

and the polarization magnitude of is ~—46 uC/m?

at the lowest temperature of 3
K and at a field H, of 70 kOe. Even so, the ME polarization values of RAl;(BOj3),
exceed the ME polarization obtained at the same magnetic fields from the RFe3(BOs3)4
system significantly. Fig. 4.46(c) shows the ME polarization data of R = Tmg¢Ybg1

sample. The maximum value is ~—490 uC'/m? at temperature of 5 K and at a field
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H, of 70 kOe, which does not scale with the doping ratio between with R = Tm
and Yb compounds. This excludes the phase separation of R = Tm and Yb phases,
confirming the assumption that Yb ions are randomly distributed in the Tm sites.

This results in a more complex magnetic response and ME polarization.

HOAlg(B03)4, HOQ_5T1’IIQ_5A13(BO3)4, and H00_5Y0_5A13(B03)4

In the nearly isotropic magnet HoAl3(BOg),, it displays an extremely large ME
effect. The longitudinal polarization P,(H,), in Fig. 4.47(a), rises to 1900 pC'/m?
at 3 K and 70 kOe field. The transverse ME polarization turns to be even larger in
magnitude as —3600 uC'/m? in Fig. 4.47(b). At low magnetic fields, in the inset of
Fig. 4.47(b), the ME polarization of HoAl3(BO3), is proportional to H?, indicating
that the ME effect is bilinear up to 10 kOe. The polarization then continuously
increases in higher order with high magnetic fields. The maximum of 3600 uC'/m?
in magnitude of HoAl3(BOj3), appears to top the reported field-induced polarizations
in the known magnetoelectric compounds and multiferroics, e.g. DyMnOg3 (Pu. =
2500 uC'/m?) [58], before the single-crystalline CaBaCo4O7 compound (A Pssx = 9000

puC'/m? at 70 kOe) was reported [6].

Fig. 4.47(c) and 4.47(d) show the transverse polarization measurements of R
= HopsTmg; and Hop ;Y5 samples, respectively. The HogsTmg;Al3(BO3), shows
significantly smaller ME polarization value (145 uC'/m? at 5K and 70 kOe). However,
this can be explained by the inversion twinning effect for this particular sample, where
two third of the volume faces on direction and the other one third faces in an opposite
direction, found by our collaborator [59]. Even we multiply this value by a factor of 3,
it is still too small to scale with R = Tm and Ho compounds. The half of nonmagnetic

Y ions replacement of Ho ions does decrease the ME polarization (2000 uC'/m? at 3K
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Figure 4.46: (a) Longitudinal magnetoelectric polarization P,(H,) of TmAl;(BO3),.
Transverse magnetoelectric polarization P,(H,) of RAl3(BOj),, where R = (b) Tm,
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Figure 4.47: (a) Longitudinal magnetoelectric polarization P,(H,) of HoAl3(BO3),.
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and 70kOe), similar to the conclusion from the magnetic data shown in Fig. 4.44(c).

The fact that the ME polarization decreases smoothly with temperature in all of
the ME RAIl3(BOj3)4 compounds really distinguish the RAl3(BOj3)4 system from the
RFe3(BO3)4 where a sizable ME effect was only detected below the Neél temperature
(~40 K) of the Fe spins [55]. This result leads us to conclude that the d-electron spin of
the Fe ion in RFe3(BO3), and the antiferromagnetic order does not facilitate the ME
effect. It rather seems to be detrimental, preventing large field-induced polarization

values.

If the Yb compound is excluded, there seems to be a relationship between magnetic
anisotropy of the rare earth ion and the ME polarization. The magnetic anisotropy
(xz/X- ratio) decreases in a sequence of Er, Tm, and Ho, and, at the same time, the
transverse polarization P,(H,) increases in the same sequence. At this moment, it
is difficult to clarify whether Yb simply does not fit this tendency possibly because
the f-moments is too small compared to others or the relationship of the magnetic
anisotropy and ME effect is more complex. The ME effect is associated with a field-
induced structural distortion to a polar structure since the zero-field space group R32
is non-polar. This macroscopic distortion was detected in the RAl3(BO3), system
through magnetostriction measurements and was found significant [60, 61]. Unfor-
tunately, macroscopic magnetostriction data cannot explain the nature of the ME
polarization, which requires microscopic investigation. The magnetic field effects
on the microscopic structure and the nature of the distortions should be studied
through scattering (X-ray, neutron) methods in magnetic fields. Those experiments
will eventually lead to a more comprehensive understanding of the ME effects in the

RAIl3(BO3), class of materials.
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Figure 4.48: The crystal structure of the LiFeP;07.

4.3 Internal and external magnetoelectricity in

LiFePgO7

The LiFeP,07 crystallizes in a polar structure with monoclinic b-axis unique space
group P2; as shown in Fig. 4.48 [62, 63]. The magnetic Fe*' ions form the super-super
exchange interaction between two neighboring Fe3" ions via two oxygen ions involving
the stretched PO, tetrahedron [64, 4]. At low temperature, the super-super exchange
interactions become significant to cause the antiferromagnetic (AFM) order of the Fe-
moments at about 22 (£5) K shown in earlier polycrystalline sample studies [62, 63].
The coexistence of the magnetic order and electrical polarization below the magnetic
ordering temperature makes LiFeP5O7 an interesting compound to study the possible
magnetoelectric coupling in the polar materials. In this section, the discussion will be
focused on the possible interaction between magnetic order and electrical polarization

in the LiFeP;07 and how this interaction is affected by external magnetic field.
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4.3.1 Magnetic susceptibility of LiFeP,0;

The single-crystalline LiFeP,O; were synthesized through a collaboration with
Zhang et al. [29] from the Department of Chemistry, University of Houston. The
single crystals were in very good quality so that we can determine the orientations
even from the crystal surface, and this permits us a more detailed investigation of
the magnetic properties in different directions of the crystal. Fig. 4.49 displays the
magnetic susceptibility at the field of 1000 Oe along the a,b and ¢ crystallographic
axes. The x, data decrease sharply at T ~26.86 K, confirming the antiferromag-
netic (AFM) response of Fe moments as previous reports [62, 63]. However, y;, shows
the ferromagnetic response, and y. exhibits only a very minute anomaly at Ty and
remains nearly constant in lower temperature region. The ferromagnetic response
of x, data is in agreement with the previous report on the polycrystalline samples
[65], and however, our single crystals allow us to distinguish a ferromagnetic response
along b-axis and antiferromagnetic response along a-axis. The Curie — Weiss extrap-
olation of the inverse susceptibility reveals a negative Weiss temperature © ~ —50 K
with an effective magnetic moment of p.rr ~ 5.89 pp, close to the expected value for
spin 5/2 (ftefr =~ 5.92 pup). The negative Weiss temperature implies that the antifer-
romagnetic interaction is dominating in the system, and the FM moment along the
b-axis originates from the canted AFM order. A similar FM component due to canted

antiferromagnetism is observed in a slightly different structure NaFeP,O7 system [66].

The FM moments shown in Y, is further investigated in low fields (10 Oe) along the
b-axis. Fig. 4.50(a) shows a sharp increase of the magnetic susceptibility at Ty = 27
K, contributed by the FM moments. The data collected during warming after cooling
in zero magnetic field (ZFC) and cooling in a 10 Oe field (FC) are identical. Since the

difference between ZFC and FC in ferromagnetic data comes from the formation of
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Figure 4.49: Susceptibility of LiFeP,O; measured at 1000 Oe along a,b and c-axis.

ferromagnetic domains with opposite orientation of the magnetization, the identical
ZFC and FC data suggest a single domain feature of the FM component in the b-axis.
The inset of Fig. 4.50(a) shows the AC susceptibility y, (measured at 117 Hz with
a field amplitude of 1 Oe) in the temperature range of 26.7 K and 27.1 K, near Ty
~26.86 K. The sharp peak at the second-order phase transition in y; shows a width
of only 0.01 K, consistent with the critical temperature Ty = 26.86 K. Furthermore,
the single domain state is further supported by M — H hysteresis loop measurements
in different temperatures (Fig. 4.50(b)). The FM hysteresis loops are indeed very
sharp, even at 25 K, just below Ty. The reversal of the FM moment happens so
instantaneous that no data point can be taken between the spin up and spin down
state within experiment resolution. The field scale between two data points is as low
as 10 Oe, and yet, no intermediate magnetization values could be detected near the
coercive field, indicating the spontaneous FM moment flips at once from positive to
negative values and vice versa, as the vertical dashed lines in Fig. 4.50(b). As long
as the direction of the FM moments is determined, the b—axis susceptibility further

increases linearly with the fields up to the maximum field of 50 kOe and shows the
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Figure 4.50: Temperature-depedent (a) b-axis susceptibility (y,) at 100e and (b)
M, of the LiFeP,0O;. Note that the perfect overlap of zero-field-cooled (ZFC) and
field-colled (FC) data in (a) indicates the single domain property of the magnetic
moments. The inset in (a) shows the AC susceptibility near the phase transition.

spontaneous FM moment as small as 0.024 pp/Fe. The ferromagnetic hysteresis loops
show a small asymmetry, whose origin is not yet clear. It could be due to the complex
interactions of the FM order parameter M with the AFM order parameters L, L?,

and the polarization PY | as discussed in section 4.3.4 below.

The FM component due to the canted AFM order is allowed by symmetry. Ac-
cording to the powder neutron scattering data of LiFeP,O7, the wavevector of the
magnetic order is ¢ = (0,0,0), and therefore, the magnetic representation of the little
group of ¢ can be decomposed into two irreducible representations, I' = 3(I'; + I'y)
[63]. Three basis vectors in the I'; representation include two AFM components
(L* = S — S and L? = SZ — SZ), both observed in neutron scattering data,
and one FM component (MY = SY + SY), where S; and S, refer to the spins of
two Fe ions in the unit cell. It is the MY order parameter that allows for the ferro-
magnetic moment along the b axis, as observed in the magnetic measurements. In

fact, both FM (M,) and AFM L, anomaly occur at exactly the same temperature
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Figure 4.51: The magnetic structure of the LiFeP,O7 (a) in the a-c-plane and (b) in
the a-b-plane. To better see how the spins are tilted, MY is shown 50 times larger in

(c).

T, indicating that both are components of one single magnetic phase. Since the
spontaneous FM moment measured at 5 K is as small as 0.024 pup/Fe, it is difficult
for powder neutron scattering measurements to detect this size of magnetic moments.
This is why people always compare both bulk and microscopic measurements side by
side. Combining both data from our bulk measurement (b-axis component) and the
refinement of powder neutron scattering data (a and c-axis components) [63], we can
derive the microscopic picture of the magnetic order. The result is shown in Fig. 4.51
as the canted AFM magnetic structure. As shown in Fig. 4.51(b), the b-axis FM
components are so small that it needs to be enlarge by a factor of 50 to see how the

spins are canted to give rise to b-axis FM components in Fig. 4.51(c).

The smooth increase of the FM order parameter and single domain feature below
Ty suggest that this is a second-order magnetic phase transition. This can be further
supported by specific heat (C,) measurements in Fig. 4.52. C,(T) exhibits a very
sharp peak at Ty and a A-shaped-like anomaly that is frequently observed near second-

order phase transitions if critical fluctuations of the order parameter are significant.
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Figure 4.52: Heat capacity of LiFeP,O7 near magnetic transition temperature.

Since the magnetic phase transition is continuous, the expansion of the free energy
with respect to the order parameters will provide a mean-field description of the

magnetic phase transition, as discussed in Sec. 4.3.4.

4.3.2 Magnetoelectric effect of LiFeP,0;

A macroscopic electrical polarization exists at all temperatures below ambient due
to the polar structure of LiFeP,O;. However, it is not clear whether or not there is any
structural and ferroelectric transition at certain critical temperature. No hysteresis
in the P(E) data is observed in the polarization measurements at the condition of
ambient temperature in electric fields up to 24 kV/em [29]. No high-temperature
dielectric data for LiFeP,O7 is published possibly due to the finite conductivity of
the LiFeP,07 in high-temperature range. Magnetic data collected up to 700 K shows
nothing to attribute to any additional anomaly that could be originated from a high-
temperature phase transition [62]. Although high-temperature measurements of the

ionic conductivity of LiFeP,0O7 have shown a crossover near 700 K, differential thermal
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Figure 4.53: Pyroelectric current and polarization change (inset) as a function of
temperature of LiFeP,O7.

analysis data have not shown any notable anomaly that might suggest a structural

or ferroelectric transition [67].

The single-crystalline samples for measurements have been found good insulators
at and below ambient temperatures. Therefore, the pyroelectric current method can
be applied to measure the change of electric polarization. Fig. 4.53 shows the pyro-
electric current data as a function of temperature. The measured pyroelectric current
is significant, and it reveals the strong increase of the polarization towards lower tem-
peratures. The polarization change between ambient and low temperatures, ABP,(T),
is obtained by integrating the pyroelectric current and dividing by the contact area,

as shown in the inset of Fig. 4.53.

The most unusual feature in the pyroelectric current 1,(7") is the sharp A-shaped
peak at Ty = 27 K, where the magnetic moments are transformed into canted AFM
order, resulting in the drop of the polarization below T. This pronounced peak indi-

cates a very strong coupling between the magnetic order parameters and the b—axis
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Figure 4.54: (a) Magnetoelectric polarization change (AP, (H)) and (b) magnetoelec-
tric current, I,,. at 5K, 15K and 35K. The bold circles in (a) show the polarization
change in a negative magnetic field. The dash lines in (b) are a linear fit of the
magnetoelectric current data.

polarization, i.e., a large internal magnetoelectric effect. To inspect the pyroelectric
data closer, it also shows that AP,(7") reaches its maximum (f, = 0) at much higher
temperatures of about 27}, which corresponds to the onset of sizable magnetic fluc-
tuations (note: Weiss temperature © ~ —50 K) and their effect on the lattice. This is
also in agreement with the heat capacity data that shows a significant enhancement

of C), on the top of the lattice contribution, starting at about 50 K (Fig. 4.52).

The external magnetoelectric effects (the change of P, due to applied external
magnetic fields) were studied at different temperatures, as shown in Fig. 4.54. The
b—axis polarization change increases in longitudinal fields H, at the temperatures both
below and above the magnetic transition temperature [35 K data in Fig. 4.54(a)].
However, the magnitude of AP,(H) is relatively small at low magnetic fields, but
it increases nonlinearly at higher fields. For temperatures below Ty, the AP, (H)
data appears to be linear at low field range. This is shown more clearly in the

magnetoelectric current I,,. (Fig. 4.54(b)). I, increases linearly with H, at all
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temperatures; however, only the data collected below T shows finite intercept with
the vertical axis. The dashed line in Fig. 4.54(b) is a linear fit of the data, and it
clearly shows the finite intercept only for the 5 K and 15 K data, but not in the 35
K data. Below T, I,,. suddenly jumps to a finite value when the field just starts
to increase. This is a clear indication of a linear magnetoelectric effect (intercept in
current data) which is superimposed on the quadratic magnetoelectric coupling (7,

linear increase with H, fields).

The superposition of linear and quadratic magnetoelectric effects below Ty is a
result of the spontanecous magnetic moment that couples linearly to the field and to
the polarization, which will be discussed in more detail in Sec. 4.3.4 below. It is also
noted that the polarization change is symmetric with respect to the field orientations;
the AP,(H) data measured at 5 K in negative magnetic fields are shown as stars in
Fig. 4.54(a). Similar measurements in a transverse magnetic field have not displayed
any significant change of the b-axis polarization. The corresponding magnetoelectric
current was an order of magnitude smaller and close to the resolution limit of the

measurement.

4.3.3 Lattice anomalies at the magnetic transition

The observation on the internal magnetoelectric effect in Fig. 4.53 is a result of
ionic displacements at the temperature range of magnetic ordering so that the elec-
tric polarization shows a corresponding change. The trigger is the strong spin-lattice
coupling between magnetic order and the lattice polarization. The macroscopic dis-
tortion of the lattice below Ty is revealed through thermal expansion measurements.
The relative length changes AL(T') /Ly of three orthogonal directions, b and ¢ axes of

the crystal and the orientation perpendicular to both axes, are shown in Fig. 4.55(a)
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Figure 4.55: (a) Relative length change of b, ¢, and perpendicular (L) to b and ¢
with reference to 6 K. The inset in (a) shows the c-axis thermal expansivity a(7")
(b) schematic plot of the most revelent super-super exchange interactions, J3 and Jy,
between different iron moments (only FeOg octahedra are shown) Ref. [4].

at low temperatures. It is remarkable that the crystal dimensions along b-axis, where
the polarization shows anomaly, change very little when passing through the mag-
netic phase transition, and so does L (b, ¢) direction. However, the crystal exhibits a
significant contraction along the ¢ axis at Ty, as the pronounced abnormal drop of the
c-axis data in Fig. 4.55(a). The thermal expansivity of the ¢ axis, a = 9(Ac/cy) /0T,
increases sharply near Ty and displays a A-shaped-like peak, similar to the pyro-
electric current and the specific data. This demonstrates the strong coupling of the

magnetic orders and the polar lattice.

It is not clear at this point why the lattice response to the magnetic order is nearly
uniaxial along the ¢ direction only (Fig. 4.55(a)). From the structure of LiFeP,O7,
the diphosphate group is partially oriented along the direction of contraction. It
seems conceivable to assume that the magnetic order mainly distorts the diphosphate
group to maximize the energy gain of the magnetic system. A decrease of the angle

P — O — P within the diphosphate group from 129° will also result in a contraction of
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the c-axis. The distortion of the PO, tetrahedra further causes a change of the shape
of the tunnels along the a-axis. As a result, Li ions would displace accordingly in the

tunnels and give rise to the observed decrease of the polarization below Ty .

The distortion of the PO, units below the magnetic phase transition will also
affect the super-super exchange interactions, which depend strongly on the O — O
distance in the exchange path of Fe — O — O — Fe [64, 4]. The super-super exchange
interactions gain more magnetic exchange energy through the elastic energy of the
polar crystal, resulting in the contraction of the c-axis in the order phase. Theoretical
estimates of the exchange coupling parameters [4] could give us a hint on how the
super-super exchange interactions compete with elasticity of polar structure. The
strongest coupling (J3) is found between the two Fe spins §1> and ?5 in the unit cell,
and another sizable coupling (.J,) exists between §1> and §2> of two neighboring unit
cells stacked along the a axis (here we use the same labels for the J; as in the calcu-
lation of Ref. [4]). The corresponding exchange parameters are schematically shown
in Fig. 4.55(b). The contraction along the c-axis will reduce the O — O distance of
these two (J3 and Jy) super-super exchange pathways, increase the magnetic exchange
constants, and maximize the energy gain in the magnetoelectric ordered state. This
explains the magnetoelastic effect along the c-axis. While this discussion based on
the macroscopic expansion anomalies can only be qualitative, high-resolution x-ray
or neutron scattering experiments could resolve the microscopic details of the lattice

distortion and lead to a more fundamental understanding of the observed effects.

4.3.4 Landau free energy expansion

The second-order characters of the magnetic phase transition are well-established

through the magnetic (Fig. 4.50(a)) and thermodynamic (Fig. 4.52) measurements.
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Within a mean-field description, the Landau free energy expansion can, therefore,
be constructed in terms of magnetic order parameter and polarization. All possible
couplings between different components of the magnetic order parameter and the
lattice polarization will be included. Every term in the free energy expansion has
to be invariant with respect to all symmetry operations of the crystal above T and
the time reversal operation. The crystal space group P2; has only two symmetry
elements, the identity and the screw-type operation (180° rotation about the b axis
and a translation by v /2). Based on previous and current data, the magnetic order
parameters in the little group of ¢ = (0,0,0) in the I'; irreducible representation are
(LY, LZ, MY). The free energy expansion in terms of the magnetic order parameters

and the electrical polarization is given by

F(Z,M,P)
b d
—Fy + gLQ + L'+ §M2 + M

+O,1LXLZ+O,2LXMY+O_3LZMY_aPY+g(PY)Q (410)
FMLYLZ 4 ML MY + X\sLZ MY 4 My (LX)?

+)\5<LZ)2—|—)\6(MY)2]PY+"'

Eq. (4.10) includes the second and fourth orders of the magnetic order parame-
ters T ,]\—j , and all other terms up to third order that are invariant under crystal
and time reversal symmetry operations. The first two lines are related to different
components of the magnetic order parameters in I'; representation, and the energy
of the polarized state. It is noted that the linear term in PY is symmetry allowed
in the P2, polar structure. The o1, 09, and o3 terms couple different components of
the magnetic order parameter, and they are commonly of relativistic origin. Neutron

scattering experiments [63] and our magnetization data (Fig. 4.49 and 4.50) show
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that the major magnetization component in the ordered state is L whereas L? and
MY are comparatively small. It then can be concluded that the primary order pa-
rameter is L, and the other two components are coupled to LX through the bilinear
terms oq and o9, causing the increase of all three components of the magnetic order
parameter at the same critical temperature, Ty. This conclusion is supported by the
magnetization data of Fig. 4.49. The a-axis magnetization shows a clear antiferro-
magnetic response below Ty, with a strong decrease at lower temperatures. However,
the c—axis response is far more subtle and no significant decrease below Ty is found,
indicating that the L? component of the order parameter is most probably induced
by the weak coupling through the oy LX LZ term in Eq. (4.10). The third and fourth
lines in Eq. (4.10) show the symmetry-allowed third-order terms which couple the

magnetic order and the polarization.

By minimizing the free energy Eq. (4.10) with respect to LX, L, MY | and PY,
the thermodynamically stable state and magnetic/dielectric orders can be defined
as a function of temperature. However, because of the large number of unknown
parameters such as a, b, ..., 0;, and \; ;,we will not attempt to fit a magnetic solution

to the experimental data. The electrical polarization can be derived as

1
PY = Z[a— MLYXLZ — N L MY — XsLZ MY

A (4.11)
(LX) = Mg (L7)% = Ng(MY)?].

Eq. (4.11) describes the b-axis polarization as a function of the magnetic order
parameters. The first term, /3, represents the temperature-dependent polarization
in the paramagnetic state, as obtained by integrating the pyroelectric current above
Ty (inset of Fig. 4.53). The remaining terms in Eq. (4.11) describe the coupling

between electrical polarization and the magnetic order parameter, resulting in the
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peak anomaly in the pyroelectric current and the decrease of the polarization P,
below T . Note that the significant change of the c-axis length below Ty, as shown

in Fig. 4.55(a), is not considered in Eq. (4.10) and (4.11).

To include the symmetry-allowed terms that couple the magnetic order parameter
to the lattice strain tensor €;;, we need to establish invariants of the lowest order in
terms of LX, LZ, MY | and €i;. Since the lowest order terms have to be bilinear in the
components of the magnetic order parameter to preserve the time reversal symmetry,
they include all combinations of L*, LZ, and MY shown in the square brackets of Eq.
(4.10). All those terms are also invariant with respect to the two symmetry elements
of the space group, the identity and the screw operation. Therefore, only space-group-
invariant components ¢;; of the strain tensor are allowed to couple in first order to the
bilinear products of the magnetic order parameter components. Those elements are
€z, Eyy » €22, a0d €,,. The thermal expansion data shown in Fig. 4.55(a) indicate that
the major lattice distortion is a compressive strain along the c-axis, ruling out any
significant contributions from e, (shear strain) and ¢,, (compression of the b-axis).
The important terms are ., and ¢,, that account for the observed c-axis compression

below T'y.

The external magnetoelectric effects shown in Fig. 4.54 deserve a more detailed
discussion. The coupling between the magnetic order parameters, the magnetic field,
and the polarization is of interest. Any product combination of LX,L?, and MY
with the external field HY is invariant under the space group and the time reversal
symmetry operations. The polarization PY is also an invariant. Therefore, the lowest
order magnetoelectric effect is described by trilinear terms in the free energy expan-
sion, for example E,,, oc MY HY PY. In the high-temperature phase (T" > Ty), MY
= xYHY (¥ =dMY /dHY is the magnetic susceptibility), and the magnetoelectric

response is quadratic in the external field,
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Figure 4.56: Scaling plot of the magnetization of LiFeP,O;. The critical exponent J
is determined by the slope (red dash line).

Epe < ¥ (HY)?PY (4.12)

This is indeed observed above Ty; see for example the 35 K data in Fig. 4.54. Be-

low Ty, however, the existence of a spontaneous magnetization M* adds an additional

term to Eq. (4.12). With MY = MS + Y HY

Ere 0 MSHY PY 4+ XY (HY)*PY (4.13)

The existence of a spontancous magnetization below Ty gives rise to a linear
magnetoelectric response in addition to the quadratic effect, in perfect agreement

with the experimental results shown in Fig. 4.54.

4.3.5 Critical scaling of magnetization

The mean-field theory cannot explain the A-type anomaly of the heat capacity

since the critical exponent of ), in the Landau mean-field theory is zero. Spatial
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fluctuations of the order parameter become essential when the system temperature
approaches close to critical temperature Ty. Evidence for critical behavior is derived
qualitatively from the A-shaped anomaly of the specific heat and more quantitatively
from the temperature-dependent magnetization [Fig. 4.50(a)]. M(T) is expected
to follow the relation M(T) = My(1 — T/Ty)” near the critical temperature.
= 1/2 is the critical exponent for the order parameter magnetization in a mean-
field description; however, a more realistic model description that takes the spatial
fluctuations of the order parameter into consideration leads to different values of 3
depending on the model, the spatial dimension, and the specific order parameter [68].
The double logarithmic plot in Fig. 4.56 shows a significant range where the scaling
formula for M(T) is fulfilled, as indicated by the dashed line. The estimated critical
temperature Ty = 26.86 K in Fig. 4.56 agrees well with the T determined from the
sharp ac susceptibility peak. The critical exponent § = 0.355 is clearly smaller than
the mean-field value, but it is consistent with values obtained for typical spin models
(Ising or Heisenberg) when critical fluctuations are allowed [68]. This shows the limits
of the mean-field theory in describing the second-order magnetic phase transition. A
more advanced description has to take into account the spatial fluctuations of the
order parameter and the critical behavior as well as the details of the magnetic order

(LY, L%, MY) and the microscopic interactions.
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Chapter 5

Summary

In the study of multi-interactions in solids, the main focus of this work is on the
multiferroic and magnetoelectric materials. We have investigated the multiferroic
properties of Co doped as well as Cu doped MnWO,, where the frustrated magnetic
structures break the spatial inversion symmetry and induce ferroelectric polariza-
tion. Furthermore, the magnetoelectric (ME) properties of the RAl3(BOj3), system
was studied, and, in the noncentrosymmetric but non-polar structure, magnetic fields
induce polar distortion and give rise to ME polarization. Last but not least, we inves-
tigated single-crystalline LiFeP,O7, a polar crystal with magnetic order of Fe spins at

low temperature, and the magnetic ordering interacts with the lattice polarization.

The coexistence and mutual interaction of magnetic and ferroelectric states, as
observed in the multiferroic MnWOQy, originate from frustrated magnetic orders and
strong spin-lattice coupling. Upon decreasing temperature, MnWQ, exhibits three
magnetic transitions, the collinear spin sinusoidal state (AF3), the non-collinear spi-
ral spin state (AF2), and the frustrated collinear up-up-down-down spin structure

(AF1). Among these three magnetic phases, the spiral Mn spin structure of the
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AF2 phase allows for the ferroelectric (FE) polarization because of the loss of inver-
sion symmetry. Due to competing exchange interactions, the spin system is highly
frustrated and susceptible to small perturbations. It is therefore of interest to find
a way, by chemical doping or others, to modify the spiral Mn spin structure, that
could help us to control the ferroelectric polarization, and this would lead us to the
deeper understanding of the multiferroic system. The doping effects of Co*T (5=3/2)
replacing Mn?" (S=5/2) on the multiferroic and magnetic phases of Mn;_,Co, WO,
are therefore investigated by magnetic, polarization, heat capacity and neutron scat-

tering (through collaboration) measurements.

We are the first to completely resolve the complex multiferroic and magnetic phase
diagram Mn;_,Co, WO, in the doping range 0 < x < 0.3. The FE polarization was
found reorienting two times with increasing Co concentration, resulting in FE phase
I, IT and III. The ferroelectric (FE) polarization P first flips from b-axis (FE phase I)
to a-axis (FE phase II) at the critical Co concentration of z.; = 0.075. With further
increasing x, the 7 flips a second time from a-axis (FE phase II) back to b-axis (FE
phase III) at 2., = 0.15. In the FE phase III, the b-axis polarization originates from
an incommensurate (ICM) conical structure (AF2/4 phase). The conical structure
is weakening with further increasing Co doping level due to stabilization of the com-
mensurate and collinear AF4 phase with simple modulation vector, which is also the
ground state in CoWQy. The physics of the multiple FE polarization flops is driven
by the rotation of the spin helix due to different spin values, tuning of exchange inter-
actions and the change of the average magnetic anisotropy of magnetic moments upon
Co doping. It is well known that the polarization is proportional to vector product of
normal vector ? and the propagation vector @ of the spin spiral structure. With the
rotation of the spin helix structure driven by the Co spin anisotropy, the system looses

ME energy, and therefore, it changes the orientation of the spin helix to regain the

134



ME energy. This is associated with a rotation of the FE polarization. Two empirical
equations relating magnitude and direction of the FE polarization to the orientation

of the spin helix are derived for a qualitative description of the multiferroic states.

The magnetic field-induced reorientations of the spin spiral become more complex,
but fortunately we can still separate the field effects in three ranges of Co doping as
FE phase I, IT and III. In the lower limit of the FE phase I (0.02 < z < 0.035), the
H, fields induce the collinear up-up-down-down spin structure (AF1). For the upper
limit of the FE phase I (0.042 < z < 0.05), instead of inducing a new phase, H, fields
rotate the spiral plane to the a — ¢ plane, resulting in a-axis polarization. The origin
of the reorientation of the spin helical structure is that magnetic fields first force the
spin spiral to become a conical structure with all the spins surrounding the external
field direction, and therefore, causes the spiral plane to rotate to be perpendicular to
the direction of the applied fields. Whether or not the new spiral component of the
conical structure gives rise to FE polarization depends on vector product of normal
vector % and the propagation vector @ of the spin spiral structure. This rule can
be used to explain our data from the upper limit of the FE phase I up to FE phase
III. In the lower limit of FE phase IT (0.075 < x < 0.1), the P, increases with H, field
and decrease with H. because the H,, fields rotate the spiral plane to the a — ¢ plane
whereas H, fields rotate in the opposite way. Two particular interesting doping levels
arex = 0.12 and 0.15. The x = 0.12 sample shows a flop of the polarization from a-axis
to b-axis with increasing H.. At x = 0.15, we have observed a spontaneous reversal
(sign change) of the b-axis polarization in an external field of H. upon decreasing
temperature. The reason is still a open question, but it would be interesting to
investigate the domain properties once the collaboration with the Switzerland group
is well-established. In the FE phase III, the magnetic fields transform the conical

structure (AF2/4 phase) into a simple antiferromagnetic ordering (AF4 phase) by
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collapsing the cone to a line orientated the spin easy axis.

The Cu doped MnWOQO, behaves similar to the lower limit of the FE phase I in
the Mn;_,Co, WO, phase diagram. At low Cu doping range, it shows AF1 and AF2
phase coexistence at low temperature. The AF1 phase is suppressed upon 20% of
Cu doping so that the AF2 phase is extended to the lowest temperature, similar to
low Co doping MnWO, compound. At the same time, the T¢ of the AF2 phase and
T of the sinusoidal AF3 phase shift toward higher temperature, distinguishing the
Cu doping effect from the Co doping and Zn doping cases [41]. Since the CuWOy,
crystallizes in triclinic structure, it would be interesting to see if there is a structural
transition from monoclinic to triclinic structure in higher Cu doping range, but it
requires the Cu doping concentration higher than 30%. Furthermore, the application
of b-axis magnetic field induces the AF1 phase and increases the AF1:AF2 ratio as
derived from the polarization and specific heat measurements. At Cu doping z =
0.05, the H, field is able to suppress the AF2 phase and stabilizes the pure AF1
phase; however, at higher doping x = 0.3, the H, field effect is barely observable.
The magnetic fields along the magnetic easy axis stabilize the AF2 phase as observed

in the parent compound MnWOQy.

For the rare earth borates, the ME effect is associated with a field-induced polar
structure distortion from a non-polar structure (space group R32). The magnetic
measurements of RAl3(BOj3), show paramagnetic features with weak coupling of the
R moments at low temperature, relatively simple compared to RFe3(BOgs)s. The
magnetic anisotropy of different RAl3(BOj3), crystal mainly depends on the splitting
of the f-orbital moments in the crystal field and the occupation of the f-levels.
Despite of the weak coupling of the f moments, the easy plane magnets (R = Er, Tm
and Yb) and nearly isotropic magnet (R = Ho) exhibit large ME effects, exceeding

values reported from the RFe;(BO3)s compound system in the same field conditions.
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HoAl3(BOs3)4 sets the record of highest ME effect in high fields before the single-
crystalline CaBaCo4O7 compound was reported [6]. It is therefore concluded that the
d-moments in RFe3(BO3), are detrimental to the ME effect. The magnetic anisotropy
(xz/X. ratio) decreases in a sequence of Er, Tm and Ho, and, at the same time, the
ME effect increases in the same sequence, except the smallest magnetic moment of
the Yb sample. It could mean that the R = Yb compound solely does not fit this
trend or imply that the relationship between magnetic anisotropy and ME effect is
actually more complex. The magnetic data of solid solution Ry_, R/, Al3(BO3)s (R, R’
are different rare earth elements) compounds show that the magnetic anisotropy can
be modified as expected based on the choice of the R and R’ element. However, the
corresponding ME polarization does not scale with the ratio of two different elements.
The microscopic polar distortion of the crystal is yet to be resolved so future work on
X-ray or neutron scattering would lead to a more comprehensive understanding for

the ME effects in this compound.

The LiFeP,07 crystallizes in a polar structure, and the Fe-moments experience a
canted antiferromagnetic (AFM) ordering through super-super exchange integrations
in low temperature. The canted AFM is allowed by crystal symmetry and causes a
ferromagnetic component along the crystallographic b-axis. Because of its polar struc-
ture, the b-axis polarization continuously increases from room temperature down to
Tn. At Ty, a significant internal ME effect is found in form of a sharp A-shape-
like peak anomaly in the pyroelectric current measurement. The associated AFM
phase transition is further confirmed as a second-order phase transition by specific
heat measurement. The c-axis length also shows a contraction anomaly with the on-
set of the magnetic order. All the results imply that the polar LiFeP;O7; exhibits a
strong interaction between magnetic order parameter and electric polarization (inter-

nal ME effect). The external ME measurements below Ty display a superposition of
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quadratic ME effect and a linear ME effect due to the existence of the spontaneous
magnetization, whereas it shows only quadratic ME effect above the magnetic order-
ing temperature. The coupling of the polarization to the magnetic order parameter
and to external magnetic fields is described by a Landau theory based on symmetry

considerations.
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Appendix A

Publications and Conference

Participation

A.1 Publications

e "Magnetic order and spin-flop transitions in the cobalt-doped multiferroic Mn; ,Co,WQO,,”
Feng Ye, Songxue Chi, Jaime A. Fernandez-Baca, Huibo Cao, K.-C. Liang, Yaqi

Wang, Bernd Lorenz, and C. W. Chu, Phys. Rev. B, 86, 094429 (2012)

e 7 Weak ferromagnetism and internal magnetoelectric effect in LiFeP,0O7,” K.-C.
Liang, W. Zhang, B. Lorenz, Y. Y. Sun, P. S. Halasyamani, and C. W. Chu, Phys.

Rev. B, 86, 094414 (2012)

e 7 Control of improper ferroelectricity by chemical substitution and magnetic fields
in multiferroic Mn; _,Cu,WO,,” K.-C. Liang, B. Lorenz, Y. Q. Wang, Y. Y. Sun, and

C. W. Chu, (2012) (Submitted)
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e 7 Magnetoelectricity in the system RAl3(BO3)s (R = Tb, ho, Er, Tm),” K.-C.
Liang, R. P. Chaudhury, B. Lorenz, Y. Y. Sun, L. N. Bezmaternykh, V. L. Temerov,

and C. W. Chu, Journal of Physics: Conference Series 400, 032046, (2012)

e "The complex multiferroic phase diagram of Mn; ,Co,WOQO,,” K.-C. Liang, Y.-
Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A. Fernandez-Baca, H. A. Mook, and C.

W. Chu, New J. Phys. 14 073028, (2012)

e " Field-induced continuous rotation of the polarization in multiferroic Mng g5 Cog g5 WOy4,”
K.-C. Liang, R. P. Chaudhury, Y. Q. Wang, Y. Y. Sun, B. Lorenz, and C. W. Chu,
J. Appl. Phys. 111, 07D903, (2012)

e ’ Giant magnetoelectric effect in HoAl3(BOs3)4,” K.-C. Liang, R. P. Chaudhury,
B. Lorenz, Y. Y. Sun, L. N. Bezmaternykh, V. L. Temerov, and C. W. Chu, Phys.

Rev. B, 83, 1804179(R), (2011)

e 7 Multiferroic Phase Control in MnWO4 Dopd with Fe, Co, and Zn: A Com-

parative Study,” K.-C. Liang, R. P. Chaudhury, B. Lorenz, Y. Q. Wang, Y. Y. Sun,

and C. W. Chu, Integrated Ferroelectrics, 131:47-55, (2011)

140



A.2 Conference and Workshop Participation

A.2.1 Presentations

e K.-C. Liang, W. Zhang, B. Lorenz, Y. Y. Sun, P. S. Halasyamani, and C. W. Chu,
APS March Meeting (Baltimore, MD), March 2013, ” The internal and external mag-

netoelectric effect in LiFeP,O7”

e K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A. Fernandez-Baca, H. A.
Mook, and C. W. Chu, 12th MMM-INTERMAG conference (Chicago, IL), January

2013, ” The complex multiferroic phase diagram of single-crystalline Mn;_,Co, WO,”

e K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A. Fernandez-Baca,
H. A. Mook, and C. W. Chu, TcSUH 43th Semiannual Student Symposium, May

2012, "The complex phase diagram of spiral magnet Mn;_,Co, WO,”

e K.-C. Liang, R. P. Chaudhury, B. Lorenz, Y. Y. Sun, .. N. Bezmaternykh, V.
L. Temerov, and C. W. Chu, APS March Meeting (Boston, MA), March 2012, " The

magnetoelectire effect in the RAI3(BO3)4 (R=Tb, Ho, Er, and Tm)”

e K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A. Fernandez-Baca,
H. A. Mook, and C. W. Chu, 56th MMM conference (Scottsdale, AZ), November
2011, ”Chemical doping and magnetic fields effects on the multiferroic phases of

single-crystalline Mn; _,Co,WO,”

e K.-C. Liang, R. P. Chaudhury, B. Lorenz, Y. Y. Sun, L. N. Bezmaternykh, V.

L. Temerov, and C. W. Chu, TcSUH 41st Semiannual Student Symposium, May
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2011, ”Giant magnetoelectirc effect in the HoAl3(BO3),”
e K.-C. Liang, Y.-Q. Wang, Y. Y. Sun, B. Lorenz, F. Ye, J. A. Fernandez-Baca,
H. A. Mook, and C. W. Chu, APS March Meeting (Dallas, TX), March 2011, ”"Mag-

netic and multiferroic phases of single-crystalline Mn;_,Co,WO,”

e Kao-Chen Liang, Completion of Magnetic Structure Determination from Neutron

Diffraction Data Workshop, (Oak Ridge, TN), September 2012
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