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M otivation
The aims of my project were:

1)
2)

3)

4)

To grow asingle crystal of Y ,Cu,Os and powdered forms R,Cu,Os (R=Yb & Er).
To prove the existence of magnetoelectricity and of ferrodectricity in these
compounds, by pyroel ectric measurement and the assessment of hysteresis|oop.

To investigate the existence of magnetodielectric or magnetoel ectric coupling in the
above materials, by using the magnetocapacitance effect, dielectric and
magnetoel ectricity measurements.

To study their magnetic properties and combine this outcome with the results of
point 3) to construct the magnetic phase diagram of Y ;Cu,0s.

Thisaims are based on the following backgrounds:

1.

The rare-earth cuprates R,Cu,Os (where R=Y, Er, and Yb) are isomorphous with
Ho,Cu,Os-type!l. These materials belong to the space group Pna2;. Based on the
symmetry, they posses a polar structure.

In Y ,Cu,Os, ferromagnetic interactions arise from Cu-dimers that originate from Cu
spins  (S=1/2) oriented aong the b-axis. These Cu-layers interact
antiferromagnetically with the next neighbour layers®*4.

Together with a polar structure, a combination with antiferromagnetic behavior, the
structure offers new possible candidates for magnetodiel ectric materials.

Based on the magnetic symmetry of Y ,Cu,Os, the possible magnetic point group is
m m2 which alows a linear magnetoelectric effect for certain crystallographic
directions. Therefore, we can conduct the magnetoelectric measurements that by
measuring induced polarization under applied magnetic fields.

Metamagnetic transition was reported for the group of R,Cu,Os (R=Tb-Lu, Sc,
In).”? Two anomalies are also observed in the isothermal dc magnetization of
Y 2Cu,0s single crystal at 2K. [

The situation is far more complex in the other member of the groups, where the
magnetic ions of Yb or Er also contribute to the complex magnetic structure. This
may lead to a strong competition and frustrated interaction between copper and
rare-earth sublattices. 1°

Single crystals of these compounds are rare and small. Two different techniques
have been used, which are flux growth and Travelling Solvent Floating Zone
(TSFZ). Thus, wetried to implement both techniques.






Abstract

In this research, R,Cu,Os compounds (R=Y, Yb, and Er) were investigated. Based on
the symmetry approach, these materials belong to the same space group Pna2; and
predicted to have polar structure. Moreover, antiferromagnetic ordering was also found
at low temperature. The magnetocapacitance effect ( C/C=p) complementary with the
dielectric anomaly at Néel temperature (Ty) are powerful tools to display the existence
of magnetodielectric coupling.

Travelling Solvent Floating Zone has been successfully used to grow a dark green
Y,Cu,0s single crystal. The indication of magnetodielectric coupling is recognized
from a jump in (  C/C=g), Where the largest value is 0.27% measured at 2K. The
anomaly emphasizes a crossover or phase boundary between two different magnetic
phases. Interestingly, thisanomaly is followed by sudden drop of capacitance value this
indicates the magnetic system changes into another phase. In addition, a dielectric
anomaly associated with the magnetic ordering is observed. It turns out that the Ty is
suppressed by magnetic fields. We found two critical fields at 2.85T and 4.85T that are
associated with the metamagnetic transition at 4.5K. The first field-induce transition
indicated by an abrupt change of magnetization corresponds to the flipped state of
single Cu spin. While the second one is suggested due to the spin flop transition.
Hence, we present four different magnetic phases that constructs the magnetic phase
diagram of Y ,Cu,Os.

Similar experimental routes are carried out for Yhb,Cu,Os and Er,Cu,Os polycrystal.
The obtained ( C/Cn=q) values for these polycrystals are 0.087% and 0.047%,
respectively. Strong dielectric anomaly is recognized at 27K for Er,Cu,Os whereas a
small anomaly occurs in Yb,Cu,Os at 14.9K. In magnetization studies, ErCu,Os curve
exhibits one metamagnetic transition together with the hysteresis effect for short ranges
temperature 2K to 5K. Yb,CuOs curve display insignificant anomay in the
magnetization measurement. These results show the influence of competing
interactions between magnetic ions to the magnetodielectric coupling that acts
differently in both compounds.
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Chapter |. Introduction

As early as 1894, the unusual coupling between electric and magnetic properties was
introduced. Pierre Curie mentioned that these properties belong to the intrinsic behavior
of (non-moving) crystals on the basis of symmetries. Back to earlier time, William
R ntgen'™ found out that a moving dielectric can be magnetized in an electric field. 17
years later, another experiment was carried out to examine the reverse effects, where
polarization in a dielectric material can be induced by means of magnetic fields. These
two important brought us to the important concept of Magneto-Electric effects (in short
ME effects). Therefore, ME effects correspond to the induction of magnetization by
means of electric field or the induced polarization under magnetic fields. ME effect will
also arise when the violation of time and space symmetric occurs within such materials
8 such violation can be developed through the application of an external magnetic
field. For instance, Dzyaloshinskii [ described theoretically in the antiferromagnetic
Chromium oxide. Cr,0;3 is a Heisenberg (low anisotropy) antiferromagnet with a Néel
temperature of Ty = 308 K % It is followed by the experimental work of Astrov
et.al.™ They showed the induced magnetization of this oxide by means of electric
fields. From the microscopic point of view, one can clearly observe the origin of
polarization of Cr,Os. A displacement of Cr** ions at the trigonal planes (oxygen-
chromium-oxygen bonds) under electric field will eventually produce a finite
magnetization by violating the symmetry of ferromagnetic Cr** sublattices.

Hy(T)
Fig 1.1. Microscopic sources of ME Fig. 1.2. The électric polarization along z-axis
behaviour. [Ref:12, 13]. in Cr,03 versus the applied magnetic field

parale to the z-direction.[Ref:10]

Figure 1.2 shows the direct relationship between electric polarization (P) and magnetic
fields (H) of Cr,O3 compound at c-axis orientation. We note that the linear behavior of
ME effect was observed at the antiferromagnetic phase up to the certain critical field
value (Hc). Thisis in accordance with the formulation of corresponding symmetry that
governed for this particular material. To describe the magnetoelectric materials, we
introduce the ME tensor that is associated to the coupling between two parameters:
polarization and magnetic field or magnetization with respect to electric field. The
tensor can be described as 3x3 matrices that consist of components which depend on
the symmetry of material. Similar name was given to this tensor which is



magnetoelectric susceptibility defines the coupling between the two parameters. In
Cr,03, there are two non-zero independent components of the ME tensor: .=y that
responsible for the induced polarization of Cr,Os. When small magnetic fields were
applied paralel to c-axis, there is a lowering symmetry within the structure and
produces the change of polarization without affecting the form of ME tensor.

Unfortunately, further development in understanding the magnetoelectric coupling
behavior is hampered by the fact that most of these materias exhibited low
magnetoelectric  susceptibility. The product between electric and magnetic
susceptibilities limits it. Since these two values are quite small that eventually prevent
the magnetoelectric coupling exceeding the value of 10 ps cm™. ¥ This may lead to
the lack of finding materials which display large ME responses.

The state of the art of magnetoelectric coupling may also give rise to the combination at
least two ferroic properties simultaneously. It could be realized when ferroelectricity
and ferro (or -anti) magnetism coexist within one phase. The material that display these
fascinating properties have been recognized as multiferroics. In 1960s, the attempt to
investigate the existence such compounds have been started from two predominantly
groups in the Soviet Union: the group of Smolenskii in St. Petersburg (then Leningrad),
and by Venevtsev in Moscow ™. From the physical point of view, multiferroics offer
interesting studies to learn their properties that coexist with their exotic magnetoelectric
couplings. Since they give a possibility to add another degree of freedom of controlling
charges by applied magnetic fields and spins by applied voltages, they facilitate new
forms of multifunctional devices. ™ For example, we introduced a classical example of
magnetoel ectric switching material, nickel iodine boracite NisB-;Oq3l. This material first
demonstrated the weak magnetic and electrical order set in simultaneously below 60 K,
and a magnetic-field-induced reversal of the magnetization was found to flip the
polarization (0.076 mC/ cm?) €],

Unfortunately, the effort to bring more materials with this intriguing properties are
complicated the reality since these two orders parameter are amost mutually exclusive.
Furthermore, it was found that the simultaneous presence of electric dipole and
magnetic ordering does not guarantee strong coupling between the two, as microscopic
mechanisms of ferroelectricity and magnetism are quite different and do not strongly
interfere with each other.”*® Since most of the ferroelectrics like BaTiO; or lead
zirconate titanate (PZT) contain transition metal cations, which have an empty d-shell
as the driving force producing a collective shift of charges and consequently creating an
electrical polarization. On the contrary, magnetic materials need to have unpaired of
electrons in d-shell of transition metal cations. Therefore, ferroelectricity and
magnetism seem incompatible.

Despite the above facts, there is renewed interest and intensive experimental research
due to interesting properties of new multiferroics. They offer a new mechanism for the
magnetoelectric coupling which gives rise to the alternative route to design novel
materials. Examples to new multiferroics are the orthorhombic perovskites RMnQOs,
RMn,Os (R=Tb, Dy, Ho-Lu, Y ) and CuFeO,. The class of orthorhombic manganites
has been classified to be antiferromagnetic materials which display improper (weak)
ferroelectricity. The latter term has been categorized separately from the conventional
(proper) ferroelectrics. Since, this particular group did not consider ferroelectricity that
mainly driven by polarization. Instead, it largely arises from more complex lattice



distortion or caused by other type of ordering (such as structural or magnetic ordering).
For example, the electrica ?olarization in ToMnO; that appears below the Néel
temperature at about 28 K!* arises because of the spiral magnetic ordering of Mn
spins. This event leads to the inversion symmetry breaking. Under the influence of a
magnetic field, this compound also show a spin flop transition at which the polarization
vector rotates its direction by 90°. As the ferroelectricity is induced by magnetic
ordering, large coupling is expected between the polarization and magnetic field. This
isrealized in DyMnO; where dielectric constant  increases by ~500% in a narrow field
range. ™ Another example of this strong coupling is concentrated with the polarization
of 0.04 nC/ cm? in TbMn,Os ™ that has been switched by magnetic field. Another
interesting type of field-induced transition was found in the delafossite CuFeO, where
the magnetic Fe** construct triangular layers and the exchange interactions between the
spins are strongly frustrated. The feature of magnetic structure of this material can be
described from their magnetic anisotropy. It liesin the easy ¢ axis (perpendicular to the
layers). Whereas in the ground state they create a collinear state commensurate with the
crystal latice. If we apply a magnetic field (about 6 T) along c direction™,
consequently, thiswill lead to a spin flop transition that makes the spinsto form a spiral
state and induces electric polarization in the ab plane.

From the above, we can emphasize that the role of frustrated magnets can enhance the
magnetoelectric coupling much stronger than the older multiferroics. This mechanism
introduces an alternative route to induce the ferroelectricity such as spiral spins in

TbMnOs or other exotic spin arrangementssuch as - - in TbMn,Os, In spite the fact
that the electrical polarization being smaller in magnitude than normal ferroelectrics, it
is worthwhile to explore the origin of magnetoelectric coupling in the other materials.

To pursue new candidates of magnetoelectric materials, the rare-earth cuprates of
Y 2Cu,0s, Yb,Cu,0s, and Er,Cu,Os are introduced. In particular, the single crystal of
Y 2Cu,Os has been characterized to have an orthorhombic crystal structure with space
group Pna2;'". The other two materials also share the same space group. Moreover,
these compounds have no inversion center within its structure and thereby we can
predict that it has a polar state. Consequently, there is a tendency to have an atomic
displacement on its crystal structure. These materials exhibit antiferromagnetism with a
Néel temperature Ty =13K!. In addition, this small group has been recognized with
their metamagnetism'?. They possess anomalies in the magnetization profile under
applied magnetic field. For the single crystal of Y,Cu,Os there are two field-induced
magnetic phase transitions. Cheong et.al found a sharp increase in the magnetic
moment by  0.3ng per Cu atom that appears at 3T. It is followed by an incomplete
transition near 5 T. These anomalies can be observed from the magnetic field
dependence of magnetization measurement at 2K. As the temperature increases, these
anomalies are not so pronounced anymore and vanish completely above the Née
temperature.

It is worthwhile to look back how these rare-earth cuprate oxides were being found.
The discovery of superconductivity in La-Ba-Cu-O systems by Bednorz and Mduller
initiated the discovery of Y,Cu,Os. They have given alot of excitement in the late 1986
by introducing these fascinating compounds. These oxides are known as
“superconducting cuprates’. The composition of Badlas,CusOss.y) has been
successfully synthesized in polycrystalline form and it was observed to be
superconducting with T¢ in range of 30 K!?9, Interestingly, the second phase crystal of



Y,Cu,0s was found together with the formation of YBaCus0,/¥ which is widely

[kzn]own as YBCO. The latter compound displays a superconducting transition at 93K
1

Therefore, our aim in this project is to investigate and to understand the existence of
magnetodielectric coupling in rare-earth cuprates oxides (Y2Cu,Os, Yb,Cu,0Os, and
Er,Cu,0Os). Besides that, our intention is to find the magnitude of magnetoelectric
coupling in such system. Moreover, we can learn the origin of the coupling between
magnetic and electric order parameter based on the symmetry approach combined with
the phenomenological Landau theory.

Several experimental procedures are conducted to obtain the polycrystalline and single
crystal of the rare-earth cuprates. These steps were started with solid state reaction from
their precursors, followed by the phase analysis for all samples using the powder
diffractometer BrukerD8. Afterwards, we use two different methods to grow a single
crystal. It comprised the Flux Growth Method and the Traveling Solvent Floating Zone
(TSFZ) Technique. Furthermore, the orientation of a single crystal is necessary.
Therefore, a CAD4 single crystal diffractometer was utilized. After the proper
orientation, this single crystal is ready for the magnetic properties measurement, by
utilizing the Magnetic Properties Measurement System (MPMS). The Superconducting
Quantum Interference Device (SQUID magnetometer) was involved to obtain magnetic
character of the single crystal either field or temperature dependence. Another physical
tool that can be used to analyze the electrical properties is known as the Physical
Properties Measurement Systems (PPMS). This integrated instrument enables us to
measure several of the electrical parameters such as the capacitance at |ow temperatures
by the utilization of capacitance bridges, electrometer and the pyroelectric current. The
latter type of experiment was meant to detect the existence of magnetoelectric
properties. Another technique was employed to measure the ferroelectrics materia
using Radiant Ferroelectric tester. Furthermore, thermal analysis of simultaneously
DSC-TGA instruments had been used to check for possible existence of ferroelectric
phase transition.

In the end, the magnetic phase diagram will be presented to illustrate different magnetic
ordering in our system. We will concentrate to grow and study Y >Cu,Os only, because
the time of research islimited. We aim at this compound because it has the same crystal
structure as other members of the family, but is simple in magnetic structure. Non-
magnetic ions of Yttrium are expected to give a clear idea about the metamagnetic
phenomena that occur in this rare-earth cuprate oxide.
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Chapter |1. Theory

2.1. The Structural studies of The Cupr ates.

The rare-earth cuprates R,Cu,0Os (where R= Y, Er, and Yb) are isostructural with
Ho,Cu,0s-type'™). They possess an orthorhombic crystal structure with space group
Pna2,?®. To visualize this structure, we will describe shortly the structure of Y 2Cu,Os.
The lattice parameter of R,Cu,0s (R=Y) area=10.789 A, b=3.495 A, and ¢ = 12.455
Al The other members of groups, the lattice parameters are tabulated in the following
table (including the magnetic characteristics for each heavy rare-earth-containing 2:2:5
oxides).

. L attice parameters [A] Unit Cell Spin Ton
Oxide =5 b c volume[AY | corfig. | [K] | P
Er 10.790 | 12.449 | 3.471 466.2 AF 20/28 -4
Yb 10.720 | 12.347 | 3.434 454.5 AF 7.5/15 -71.5

Table 2.1.Structural parameters and magnetic properties of Er,Cu,Os and Y b,Cu,Os [12,14]

Like other rare-earth cuprates, ytrrium cuprates consist of two major constructions:
Yttrium polyhedra and Cu planes. The trivalent rare-earth ions are surrounded by
oxygen in octahedral coordination. Each of them are linked together by the common O-
O edges aong the b-axis. The copper oxide forms a distorted tetrahedron. It consists of
CuOy units which combine to another by producing a dimer. These pairs are connected
by edge-shared CuO, units, where each Cu ion is bound together by oxygen situated
between these copper ions. Furthermore, it formed into a long chain of zigzag pairs of
dimer along the a-axis. The length of four Cu-O bonds in the plane are quite small (in
range of 1.9-2.1 A) compared to the distance of the fifth Cu ion which is significantly
larger (2.7-29 A)!. The stack of Cu-O layers are aligned parallel to ab plane and
separated by the layers of rare earth atoms. In order to understand about the
arrangement of the atomic site of ions, figure 2.1 and 2.2 illustrate the structure.

Fig 2.1. The crystd dtructure of Y,Cu,Os inthe Fig 2.2. Cu-O dimers connected by
ac plane. Yttrium has six oxygen ions surrounded  oxygen3. The length of Cu,-Cu, is 2.861 A.
its ions. Whereas Copper ions are dimerized and The green arrow indicate the spin forming a
construct a Cu,QOg units. ferromagnetic arrangement aong the chain
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From the previous orientation, if we project al ions into the bc plane we can see that
the distance between neighboring Cu chains ( 6.5 A) is somewhat large than Cu-Cu in
chains ( 2.8 A in the Cu;Og dimer and 3.2 A between dimers)!?. The ytrrium-oxygen
bond Iength was determined by Adam. et.al'®. They found that Y -O bond length range
from 2.21(2) A t0 2.39(2) A. These values are similar to the Y-O contacts found in the
crystal of Y03 Y-O =2.28 A ® |t means that they maintain the octahedral
coordination where the yttrium ions were surrounded by six oxygens. Whereas on the
Cu ions, they exhibit a distorted tetrahedral (which is uncommon if we compare with
the other CuOy units).

2.2. TheMinimization of Thermodynamical Free energy.

Symmetry approach is very useful to predict the magnetoelectricity of a material. This
prediction has been applied to several compounds and proven the existence of their
fascinating properties. Nevertheless, let us first introduce the following derivation as
our starting point. One can extract the ME effects from the expansion of the free energy
of amaterid:

1 1

F(E,H)=F,- P°E - M°H, - 606 EE, - EngnpleiHj - a;EH; - (2]
Where P° and M® denote the component of the spontaneous polarization and
magnetization, while the variables j; and ; are the electric and magnetic
susceptibilities, respectively. We also define , and , as the electric and magnetic
susceptibilities in vacuum. The tensor ; corresponds to the induction of polarization by
magnetic fields or of magnetization by electric fields and it is designated as the linear
ME effect [*!. This tensor is classified as second rank tensor that is governed by the
following formula:

2
) F P M,
i = = , LI =XVY,Z 2.2
! E,H, H J y (22)

E.
The ME response is limited by the following relation:

a
i i

2 2 e .m
ag <em;ora; < cicj (2.3)

Each derivation was calculated based on the work of O'Dell @ and Brown 7,
respectively. According to the equations (2) and (3), the ME signals is predicted to be
large in ferroelectric and/or ferromagnetic materials. However, it is difficult to obtain
this circumstances where both properties exist within one compound. Therefore, the
investigation route is changed for aiming toward to a material exhibit the ferroelectric
and antiferromagnetic properties at the same time.

Along with the linear terms, the thermodynamic potential may also develop the
invariants of higher order in E or H. Non linearity terms such as H* or E were implied
on the egn. 1 to describe this intention as noted below:

1
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In the following expression, one can deduct either electric polarization P or
Magnetization M; by calculating the first partial derivative with respect to electric fields
or magnetic fields, respectively. The following equation shows us these formulations
(keep in mind that we only consider here the second higher order terms):

1
P =a,H, +Ebiijij +g:H, E
1
M; :akiEk+bjikEij+§gijkEj E, (25

From the equation 5, we can shows explicitly that the polarization can be driven by the
magnetic field. Or vice versa situation may arise in magnetization as well. In addition,
we can describe that the dependence of the dielectric susceptibilities ( =Pi/Ex) are
controlled by an external magnetic fields (H;). The same situation is also applied for the
magnetic susceptibility as well, where we can tune the magnetization under electric
fields. The tensor which relates them ( i and i) is symmetrically equivalent %7,

In order to give the idea of the ME materials, the we show in table 2.2 some example of
magnetoelectric materials. This information includes the ordering temperatures,
magnetic point group and the observed magnetoel ectric susceptibility ( ons) aswell.

Compound Tnor Te Magnetic Maximum ( ops)

(K) point group [Dimensionless|
Fe,TeOsg 219 4mmm 3x10°
DyAIO; 35 mm m 2x10°
GdAIO; 4.0 mm m 1x 10°
NbMnsOg 110 30m 2x10°
TaoMnyOg 104 30m 1x10°
LiMnPO, 35 mmm 2x 107
GdV O, 2.4 4 mmm 3x10*
MnzB;O43l 26 m m2' 2x10°
Co3B;043l 38 m m2' 1x10°
FeGaOs; 305 m m2' 4x 10™
TbOOH 10 2/ m 4x 10™
MnNb,Og 4.4 mmm' 3x10°
CrTiNdOs 15 mmm 1x 107

Table 2.2. Examples of magnetoel ectric materials.[29]

2.3. The Symmetrical Point of View of The Cuprates Oxides.

Aschert® has determined successfully al the magnetic point groups that permit the
terms EHH and HEE in the expansion of thermodynamic potential ( ). These groups
are taken from an adaptation table which is constructed by Schmid. B It classifies the
122 magnetic point groups based on the types of magnetoelectric effects (EH, EHH,
HEE).

13



I nversion

Type g? O‘[Ss thermcl)::je;rrg:rgsgsgtensi al M agnetic point group

1 1© EHH 1, 21", ml', mm21', 41', 31', 61,
6mml’,

2 EHH | HEE | 6', 6'mm’

3 EH | EHH | HEE | mm2, 4mm, 4', 4'mm', 3m, 6mm

4 H EH |EHH |HEE | 1,2 m 2, m, mm2, m m2 4,4
mm,3,3m,66mm

5 H |EH |EHH | HEE| 222 422, 4, 4m, 32,622

6 H EHH |HEE | 6,6 m?2

7 1 H HEE| 1, 2/m, 22 m, m mm, 4/m,
4/mm m, 3, 3m, 6/m, 6/m m
i

8 EH |EHH | HEE | 222, 4¢4' 22", 4@2m, 462'm,
32, 6¢ 622, 60M2, 6(m2, 23,
43 m

9 EHH | HEE | 6m2, 6'22'

10 EH 432

11 1¢ EH 1¢, 2/m', 2’ m, mmm, m' m' n,
A m,4m, 4dmmm, 4 m
mm, 4 m mm, 3¢, 3¢m, 3¢m,
6/ m, 6/ mm m, 6/ Mmm, m 3¢,
m' 3¢m'

12 EHH 43m

13 1 EHH 2221', 41, 4221, 42ml, 321,
61, 6221 6m21' , 231,
43ml'

14 HEE | 432

15 1 HEE | mmm, 4/m, 4/mmm, 4'/mmnt,
3m, 6/m, 6/mmm, 6/mmm,
m3, m3m

16 1¢ 6'/m, 6'/mmm’, m' 3¢m

17 1 4321

18 1 m3m

19 1,1, 1¢ 11, 2/m1, mmml, 41,

4/mmm1, 31, 3ml, 6/ml;
6/mmm21', m31', m3ml’

Table 2.3.The classification of 122 magnetic point groups according to the magnetoel ectric

type.

In addition, the table 2.3 also includes the existence of symmetry such as inversion
centre or time inversion as well. Each magnetoelectric type was classified under the

various permitted thermodynamical potentials.

E and H represent the variable of

electric and magnetic fields, respectively. The terms EH? or HE? belong to the terms of
non-linear magnetoelectric materials, whereas, the linear magnetoelectric effect
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contribution is given under the coupling between E and H as one term. We can also
keep in mind that not all the possible magnetic point groups are classified as
magnetoelectric materials. For instance, type 16-19 of magnetic point groups has been
prohibited from any kind of magnetoelectric effects. As indicated in the last colum of
thermodynamic potential no terms were allowed on that particular 16 magnetic point
groups.

Based on their crystallographic symmetries, R,Cu,Os belong to the space group Pna2;.
This class is non-centrosymmetric and consequently it would possess a polar state
along certain direction.

In addition, the existence of polarization along ¢ direction can be predicted from the
corresponding point group tables of Cyy (this belongs to the same symmetry class of
cuprates which is mm2). This space groups contains four symmetry elements: my, my,
2, and 1. Lacorre and collaborators described how to investigate which terms that
alows ME effect based on the symmetry perspective. For that, we need to know the
transformation properties of polarization components in the magnetic vectors. From
their studies, it is sufficient to analyze the effect of generators of the space groups to the
polarization vectors. For this purpose, we define both terms as follow:

p=lp, P, P]

100 1 00 ‘1 0 0 100
m=0 10,m=0-10,2,=0 -10,1=0 1 0
0 01 0 0 1 0 0 1 001

Further, if we apply mathematical operation between polarization and magnetic vector
which is shown in the following results.

100 P -P 100 P P
m.P=010 B =P m.P=0-10 P =-P,
001 P P 001 P P
1 0 0 P -P, 100 P P
2,,P= 0 -1 0 P, =-P, 1LP=0 10 P =P
O 01 P P 001 P P

The following table summarizes the previous calculation based on the signature of each
polarization component after transformed for each magnetic vector, respectively.

my | my | 2,
P | -1]1]-1
P | 1 |-1]-1
P, |1 | 1|11
Table 2.4.The signature of matrix operation on polarization components.

YIRS
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The previous result emphasized that the polarization component along z remains the
same in the four operations above. As a conclusion we can mention that the polarization
is oriented along z-axis. From the character table (see below), we can clearly read that
one of the irreducible representations own the unchanged value of characters for each
symmetry elements. From the prediction of symmetries, there isin agreement to which
we have calculated before.

Co(mm2) | # 1| 2, |my my|Functions
A, 1] 1 |11 | zx3yA7
Az 3111 |-1)-1 Xy,J;
Bi1 211 -1 |1 -1 xxzJ,
B> 4|1 -1 -1 1 yyzk

Table 2.5. The Character Table of C,, (mm?2). The bold
values areindicate the polarization isalong c. { Ref:31]

It is seems quite straightforward to predict the spontaneous polarization along z-axes.
This method can be presented as preliminary step to investigate the existence of
ferroelectricity in this material. To bring the evidence, we might think of some
ferroelectric studies by implementing the experiment to prove the existence of these
particular electrical properties. Further symmetry analysis on the magnetic structure of
rare-earth cupper oxides will be described briefly on the discussion part including the
experimental evidence on some neutron diffraction studies at low temperature.

2. 4. Magnetic Structures and Symmetry Analysis of R,Cu;Os.

Magnetic structure of rare-earth cuprate oxides (R,Cu;Os) can be performed under
symmetry analysis. Considering their structure crystallizes in the space group Pna2;.
From this space group, we can obtain only one Cu®* per asymmetric unit cell occupying
the Wyckoff position of 4a. Consequently, there are two Cu?* atoms within a unit cell.
In general, four equivalent sublattice of a site has been identified in this particular space
group. The rare-earth atoms or cupper atoms can be placed either at 1.(x,y,2), 2. (-X, -,
z+1/2)", 3. (-x+1/2, y+1/2, z+1/2)", and 4. (x+1/2, y+1/2, Z)". The notation of x, y and z
are correspond to the crystallographic coordinates of the references atoms in the
asymmetric units:®>%¥ Cu(1), Cu(2), R(1) or R(2). The asterisk defined that (if
necessary) a lattice tranglation is operated to maintain the atoms inside the original unit
cell. In order to describe further the magnetic structure, we introduce the linear
combination of magnetic moment in so called magnetic modes (described as follows).

Each of these components is carrying single spin S moments correspond to different

magnetic moment. Where the numbering of 1, 2, 3 and 4 below refers to the four
equivalent sublattices, respectively.

F=mi+me+mz+my C=mi+me-mz-my
G=mi—mp+Mmz-mMy A= Mp-Me-M3+My

Munoz and Carvgja®? shows different magnetic structure of R,Cu,Os from their
neutron diffraction studies which is conducted at 1.5 K. The following table reflects
various magnetic mode for the rare-earth or copper sublattices for each respective rare-
earth cuprate oxides.
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Magnetic Modes of R(1) and R(2) Magnetic Modes of Cu(1)
K sublattices and Cu(2) sublattices
R-my Cu-my
R—(m(, m),, mz) (mfreeion) Cu-(m(, my, mz) (mfreeion)
Y| o0 | . | . {0,AW+A¥W 0} | 1.1(2)
[0,1.1(1), O]
Yb|(0,% %) | {AD-AY GY+GP 0} | 1.4(1) [{0,AP+AY 0} | 1.1(1)
[0.6(1), 1.2(1),0] [0,1.1(1), O]
Er | (0,00 |{G"+GY AW +A¥Y 6.2(1) | {0,AY+AY 0} | 1.2(2)
cW.c? [0,1.2(1), O]
[0.6(1), 1.2(1),0]

Table 2.6. Magnetic structure data for R,Cu,Os compounds at 1.5 K. Magnetic moments are
given in ms. Superscript (1) and (2) refer to the two different sitesfor Cu and R. The three
components of the magnetic moments (m,, m,, m,) correspond to the reference atom as
explained in the text.[ Ref:34]

If we only concentrate on the case of Y,Cu,Os, we may describe that the only
contribution on magnetic structure would depend on Copper ions interaction. Based on
the above table, we can specifically write the magnetic modes of this compound in the
form of {0, A + A® 0}. According to the sublattice numbering previously shown, we
can express the sequence of these m components of copper atoms in the chemical unit
only in y-axis (since no magnetic modes are observed in other two directions). This
could be written in the similar term (+ - - +) + (+ - - ¥)@. The signature only reflect
that the spin pointed at up-direction for + and down-direction for -. The same context to
expand the magnetic mode of other member of the groups can be applied with the same
way. One needs to consider during the development of magnetic mode of relevant
compounds. The contribution of magnetic rare-earth (for Ytterbium and Erbium) may
give rise to the far more complex magnetic structure. For these two compounds we
must be aware the importance of propagation wave vector (k) to the evolution of
magnetic mode. Especially for the Y tterbium which exists with the non-zero value of k,
precaution must be handed carefully during the transformation process of its symmetry
elements.

Let start to extend our symmetry anaysis on Y,CuOs by using microscopic
mechanism that proposed by Bertaut. First, we denote that this particular compound the
wave vector value is equal to zero. This means that the magnetic and chemical unit cell
identical to each other. Therefore, Yttrium copper oxide has the full point group
symmetry Go (which means it contains all the rotational or dyadic part of G without the
trand ational components[35]). For the space group of Pna2; we may describe that the
relevant point group is mm2. it consist of four symmetry elements: 1, 2,, my and my,
and (as previously shown in the beginning of this section). We also can denote these
symmetry elements as a;, &, ag and a4, respectively. These symmetry elements can be
written in the matrix forms:
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1000 -1 0 0 O -1 00 12 1 0 0 12

0100 0 -10 0 0 1012 0 -10 12
a!l.: 1a2= ’ a3= ! 4_

0010 0 0 112 0 0112 0010

0001 0O 0 0 1 0 00 1 0 00 1

As noted from ref[2,3], the magnetic ordering appearing under Ty = 13 K is described

byk = 0. As consequence, the irreducible representations associated with this wave
vector can be summarized in the following table. In addition, we also include the effect
of R for the time reversal operator as well.

a|Ay| &8 | & |Ray |Rp | Ras | Ry
1 |1] 1 1,1 -1)-1|-1]|-1
2 (1] 1) -1|-1|-1]-1 1 1
3 [1]-1) 1 |-1|-1 1] -1 1
4 | 1|-1]-1] 1) -1 1 1| -1
Table 2.7. Irreducible Representation (IR) for the space group Pna2; associated with k = 0.

To find out which components of the different magnetic vectors belong to which IR, we
have to consider the effect of the symmetry elements on the position of the atoms. For
example, the transformations properties of the Cu atoms which lies at the point (-x, -y,
z+1/2) being applied to the first symmetry element would given result:

1 000 - X - X
a_OlOO, -y -y
0010 z+l2 z+12

0001 1 1

The complete calculation of entire transformation properties is summarized in the
following table

& & & %
(x,Y,2) x,¥,2) (-x, -y, z+1/2) (-x+1/2, y+1/2, (x+1/2, -y+1/2, 2)
z+1/2)
(-x, -y, z+1/2) (-x, -y, z+1/2) (x,y, z+1/2) (x+1/2, y+1/2, (-x+1/2,
z+3/2) y+1/2,7+1/2)

(-x+1/2, y+1/2, (-x+1/2, y+1/2, (x-1/2, -y-1/2, (x, y+1, z+1) (-x+1, -y, z+1/2)

z+1/2) z+1/2) z+1/2)

(x+1/2,-y+1/2,2) | (x+1/2,-y+1/2,2) | (-x-1/2,y-1/2,2) | (-X,-y+1, z+1/2) | (x+1,Y, 2)

Table 2.8 . Transformation properties of symmetry elements on the Wyckoff position 4a sitein
the space group Pna2;.

We can construct the basis vector for the IR of Pna2; k = 0 by combining the result
from table 2.7 and 2.8. The first step that needs to be done is by associating the
transformation properties of four equivalent sublattice above with the corresponding
character value on the table 2.5. By multiplying those values, we would be able to
define which basis vector that corresponds to a magnetic vector of the relevant IR. We
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need to define the axial representation to produce the thermodynamical free-energy
equation on this material. Therefore, we can use the matrix representation of the
different symmetry elements, by introducing the determinant of the matrix
representation of the relevant symmetry elements. As presented above, Y ,Cu,Os
compound has four symmetry elements, which is pronounced as aj;, &, & and a;. The
value of each determinantsis 1 for a; and a, whereas -1 for a; and a,. For achieving the
magnetic vector, we can use the formulation of axial representation as follows:

V(a)=Det(a)" &

Where Det (a) is determinant value of each symmetry elements and g is each the
respective symmetry elements. To see the influence of axial representation on spin
vector, therefore we use the information in table in order to generate the spin
arrangement within each crystallographic axis. The following table shows these
operations on different symmetry elements. Consequently, we are able to show
explicitly the magnetic vectors which correspond to different irreducible
representations.

ay 2 a ay
V@) | ®y.2 | (xv.2) | &Xy,-2 | (XV,-2)
V() | (*¥.2| xVy.2 | (%¥,-2 | (XY -2)
V@) | (xy. 2| Xy.2 | Xy.2 | (xYy,-2)
V(a,) | ®¥:2 | (Xy,2) | xy,-2) | (%V,2)

Table 2.9. Determinant value of each symmetry elements.

From the above derivation, we can classify each of these transformation properties
under the same axis and qualitatively describe the primary goa of determination
magnetic vectors for Y ,Cu,Os compound. Each components are taken and distributed
in the similar x,y, or z axis respectively. We able to extract possible magnetic point
group with the assistance of Gwilherm N who helped associating the above determinant
values to the its vector components.

Modes | Vector components | Magnetic point groups
1 P21 I—3x1 I—1y1 L22 mm?2
2 MZ, L]_x, L3y M'm’'2
3 P« My, Loy, Lk m'm2’
4 Py, My, L1y, Lzy mm’2’

Table 3.10. Irreducible representation for the space group of Pna2; associated to k=0
This table will be very useful to extract possible magnetic point group that largely

contribute in these groups. More importantly, it can be used to predict which
magnetoel ectric tensors are responsible to generate the magnetoelectric effect.
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Chapter |11. Experiments

In general, the experimental route of rare-earth cuprates was pursued under the

following steps:

1. The solid state reaction in R;CuyOs.

2. Phase analysis of the samples.

3. Flux growth method.

4. Traveling Solvent Floating Zone technique.

5. Magnetization and Capacitance Measurements, Pyroelectric Current measurement
for Magnetoel ectricity.

6. Ferroelectricity measurement of rare-earth cuprates.

7. Thermal analysis by the DSC-TGA measurements.

3.1. The Solid state reaction in R,Cu,Os.

Solid state reaction was carried out to synthesize three powdered cuprates, Y ,Cu,0Os,
Er,Cu,0Os and Yb,Cu,Os. For the starting material, R,Oz (where R=Y, Yb or Er) with
high purity 99.9999% and CuO 99.999% were used. For instance, a mixture of Yb,0s
and CuO (molar ratio 1:2) were weighed. The precursors were dried in a furnace at
different temperatures. Copper oxide was dried at 400° and Yb,Os at 900°C for 15
hours. After drying, the mixture was mixed together and ground for 20 minutes and
placed into an alumina crucible. The Nabertherm furnace was used with the following
parameters for synthesis of Y b,Cu,Os:

- The ramping temperature started from 25°C for 4 hours until it reached 950°C.
- The dwelling time for 20 hours where the sample was maintained at 950°C.
- The cooling timeis 4 hours until it reached room temperature.

In order to produce single phase powdered of Y b,Cu,Os, we repeat the step of dwelling
time in average about three times. Before each heating process, the samples were
reground and again pressed into pellets. This regrinding, pelletizing and sintering was
necessary to reduce the content of impurities Y b,O3 and CuO. In addition, we treat the
same for the other members of group with their respective sintering temperature and
time. The complete heating program of the rare-earth oxides was summarized in the
table below.

Ramping Dwelling Cooling
R2>CuxOs | Time | Temperature | Time | Temperature | Time | Temperature
(h) (Celsius) (h) (Celsius) (h) (Celsius)

4 4

Y 2,Cu,05 1000 12 1000 25
Yb,Cu,O5 | 4 950 20 950 4 25
Er,Cu,Os 4 950 12 950 4 25

Table 3.1. Solid State profile temperature of R,Cu,Os powdered forms.

3.2. Phase analysis of the samples.

The characterization of phase analysis has been attained using X-Ray Diffractometer
(XRD) BrukerD8. The interaction of X-ray light with matter was commonly used to
determine the presence of peaks on the diffraction spectra. The generation of x-raysis
produced from the anode material that is being hit by a fast electrons which originate
from the cathode component. When this electron interacts with the nucleus of atom,
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further, the gected electron would likely slow down and changed its direction. As
consequence, the X-ray light was produced. An illustration was given below to show a
typical emission which occurs during the generation of the radiation.

£~ Photoelectron Emission

&\/ Ka-Quant Tube

Lo-Quant focusing-
circle

Electron

measurement circ

Kp-Quant

Fig 3.1. The principle of generation the Fig 3.2. The Bragg-Brentano Geometry!*

characteristic radiation of X-ray.

Several emissions may appear when X-ray light interacts with matters as depicted on
the schematic picture on the simple atomic orbital drawn above. They differ one to
another from the transition that occurs at different configuration electron. There are
three types of emission K , L and K which are distinguished by the electron transition.
As the incident electron from the cathode removes one electron from the K-Shell, the
electron from a higher energy level will fill the empty space by moving its part to the
K-Shell. Consequently, this process will emit different energy and they behave
intrinsically. Since we only want to produce highly monochromated light, therefore, a
filter of K was incorporated into X-ray tube to give only two closely emission of K
and L radiation. The characteristic generating of X-rays tube of BrukerD8 is using
40KV to irradiate the anodic part. Typical wavelength, of Cu plate are K ; = 1.5405 A
and K ; = 1.54434 A. In addition, the Ni-Filter K is0.015 mm.>

The application of X-ray light can be very useful to study the interaction with an atom
and to try resolving the crystal structure based on their diffraction pattern. W.H Bragg
and W.L Bragg (father and son) have introduced the relation between the scattering
angle () and the distance among the lattice plan (d) of a crystal. The powerful equation
that iswidely known:

d=-"_ @
2" sing

Where nisaconstant number n=1,2,3,... istheincident X-ray wavelength (normally
in nm) and is the angle between the incident light and the lattice plane of a crystal.
We can extract d values for various reflections on the crystal plane by using the above
formula. Since we know at which wavelength that the incident X-ray light were
performed and also the theta ( ) value is correspond to the half value of peak position
Furthermore, we are able to extract the lattice parameter based on the appearance of
peak position on the diffraction pattern. This can be calculated with the help of existing
Miller indexes for certain material.
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The Bragg-Brentano geometry currently applied in the instrument of BrukerD8, which
is used for the phase analysis in this research. It is worthwhile to know the idea of this
geometry and understand the difference between the other geometry (parallel beam). At
the Bragg-Brentano construction, we only consider the impact of two single X-rays at
the point of the sample instead of series incident light (as depicted on the figure 3.2).
The intention is to reduce the line broadening of peaks that tends to reduce the
resolution of the diffraction pattern. These two points were constructed with the control
of divergence dlit, by adjusting the dlits we may tune at which length the incident light
to interact with the sample. Thisis shown schematically in the below.

- H:H‘\E ‘:\\ . \
// \‘s Mono.
Anfiscatter-  Shromator .
AN

slit

i :\
Detector-
slit

\ /
b rd
AY
", /
0 >
. e

Fig 3.3. Cross section of schematic BrukerD8 diffractometer.[ Ref:36]

In our case, R,Cu,Os compounds have been studied extensively for three compounds:
Y 2Cuz0s, Yb,Cu,Os and Er,Cu,Os. In general, they have shown to have major peaks
between the ranges of 10°-70°. The BrukerD8 diffractometer allowed us to scanning
the x-ray reflection peaks under Brag -Brentano geometry as described above.
Therefore, we applied the following set up parameters:

- Scanning Angle from 10°%-70°.
- 2minutes per steps and 10 seconds steps for each step.
- The sample rotated with 60 rpm.

In order to refine the diffraction pattern that obtained from the experiment, we use the
Genera Structure Analysis System (GSAS). This software constitutes a set of programs
for the processing and analysis of both single crysta and powder diffraction data
obtained by X-ray diffraction. It is capable of handling all of these types of data for a
given structural problem.

The outcome from GSAS program analysis on the X-ray data patterns will produce two
important refinement parameters: ¢® and Ruwp. Weight-profile parameter (Rup) was
introduced to numerically describe the fitting of calculated pattern to observed data
This variable defined as follows’®":
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1/2

R = W[y (obs)- y,(cad)[P/ wi[y(obs)] (3.2)
! !

Where w; the weight, yi(obs) is the observed intensity at step i, yi(calc) the calculated
intensity, and w; the weight. The expression in the denominator is the value that is
minimized during a Rietveld refinement. The value of Ry will give different value for
various types of experiments. For instance Ryp for neutron diffraction data are often
quite small (only few %), whereas the value of Ry, are larger (e.g. ~10%). This can
occur primarily dueto level of background for those data

The expected Rexp, and * should approach the statistically™":

1/2
Ro= (N-P)/ wly(bg? (33 ; ?=1" (34

REXP

Where N isthe number of observations and P the number of parameters, and the quality
of the data reflected from the ratio between two R-values (goodness-of-fit). For a good
refinement the value of 2 should approach 1. If both Ry, and Re, share the same
value, this means that the fitting procedure is ideally working together in good
performance. However, if the data had been over-collected, thus errors are no longer
dominated by counting statistics (consequently, the value of Rgy, will be very small
compared to Rwp). As result, %is larger than 1. On the contrary, if we have the
situation of “under-collected” the data. The ?value would be less than 1. R-values can
be very useful to indicate the evaluation of refinement. However, we must not accept
directly all the information which obtained from the Rietveld analysis. Further check is
by investigating the important quality factor below:

1. Thefit between the calcul ated patterns to the observed data.
2. The chemical sense of the structural model.

To pursue the above objectives, the first point that can be evaluated is in the basis of
final profile plot (using the complete range of data collected). Meanwhile, the second
case can handle carefully under examination of the final atomic parameters. By
comparing with the reference value of each a,b,and c |attice parameters, our expectation
would be at which scale that our calculation meets in agreement with references values.

3.3 Flux Growth M ethod.

In order to grow a single crystal, two synthetic route were applied, the flux growth
method and Travelling Solvent Floating Zone technique (TSFZ). The first method can
be pursued by applying the slow cooling step in order to achieve the target phase. Flux
melt growth is widely known as one of the conventional method to produce a single
crystal. This low temperature solution technique offers growth parameters under almost
isothermal conditions that can be slow enough to give crystals that are structurally
highly perfect’®. The existence of similar aspects is found between flux melt growth
procedures and those for growth from aqueous solutions under hydrothermal or normal
pressure conditions. The crystallization of material can occur by spontaneous
nucleation or by controlled nucleation on seed crystals. There are three techniques that
can be employed in the flux growth: (¥
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Slow Cooling.
Evaporation.

Nucleation control.
Temperature circulation.

PpODNDPE

The method of growth of R,Cu,Os is controlled by the slow cooling technique in this
research. This method carried out by filling the crucible with a powder mixture of target
precursor. Further reaction aimed for producing the unsaturated solution when the
maximum temperature reached. After we maintained the solution at certain period time,
the solution should be saturated and crystallization process may become real when we
decrease the temperature at fixed cooling rate. The slow-cooling is maintained until the
solidification of the residual melt is imminent!®. At this stage, it is preferable to
separate the residual solution from the crucible leaving the crystal attached to the base
or walls of the crucible. If the solvent is relatively insoluble in agueous media, then to
obtain the single crystalsis quite difficult.

Based on the previous passage, two different types of flux was used, Cu,O and KF. The
first trial has been done forY ,Cu,Os. The synthetic route was taken from a literature of
Imanaka, et,al.*. Y ,Cu,0s and Cu,0 with the molar ratio 4.6:95.4 were mixed and put
into platinum alloyed with Rhodium crucible. Further, we set up the following heating
and cooling routes:

Temperature Time
program(Celsius) | (Hours) Remarks
25-1200 5 To Achieve 1200°C
1200-1200 5 Dwelling process
1200-1050 75 Slow Cooling
1050-25 5 Back to Room Temperature

Meanwhile, Y b,Cu,Os experiment was carried out using KF flux with the following
compositions: Y b,Cu,0sis 4.0577 g and KF is 8.18886 g. In the third attempt, we also
use Cu,0 flux to this compound as well. Moreover, the temperature program was Set
differently compared to the previous attempt as depicted on the below table.

Temperature Time Remarks
program(Celsius) | (Hours)

25-1200 5 To Achieve 1200°C
1200-1200 10 Dwelling process
1200-1000 100 Slow Cooling

1050-25 5 Back to Room Temperature

3.4 Traveling Solvent Floating Zone.

Travelling Solvent Floating Zone (TSFZ) is used for the second attempt of the crystal
growth. It uses zone melting principle which employs the same idea as in the case of
conventional Bridgman and Czochralski methods. Here the molten zone is formed and
held between two solid rods by its own surface tension (see in figure.3.4). As power
generation to melt the components, image furnaces are applied, which enable focusing
of the radiation into a narrow band around the rod and moreover it can be used also for
insulating materials. Once a small section of the rod melted, the molten (floating) zone
is trandated along the sample length by moving the material with respect to the
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radiation focus. The crystal material is grown on the solidifying end of the floating
zone. Large crystals of many materials can be developed by this technique including
transition metal oxides, superconductors, colossal magnetoresistance materials and
frustrated 1D-magnets.’

By adding an excess amount of solvent, the expectation is simply lowering the phase
line boundary that separate D+L component with the liquid zones. Our aim is to reach
the solid line of D component. This can be achieved when we create new alternative
route of phase line on the phase diagram. Lowering melting temperature of the system
would likely to give a chance for slow cooling step and enhance the nucleation of the
single crystal. At the inset part of figure 3.5, it is drawn the direction of zone traveling
related with the set up of three component in this technique. The DX notation means
the composition of single crystal that started to increase as we move the zone traveling
up to vertical direction. Since we move the focused light, the compensation result is a
slight change of the composition for both component A and B.
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Fig 3.4. Instrumentation of Travelling Solvent Fig 3.5. The schematic pseudobinary
Floating Zone equilibrium phase diagram for the
incongruent melting oxide{ Ref:40]

In the Solid State Chemistry group, the third generation of Optical Floating Zone
Furnace used to grow single crystal. The image furnaces contains four mirrors system
(FZ-T-10000-H-1V-VPS) and it is manufactured by Crystal Systems Inc. (CSl). The
common unit of this system illustrated in the figure 3.6. It has several advantages above
the older version of this machine (consist of two mirrors system).As aresult of the four
mirror geometry, the heat is introduced into the sample in a more uniform way and the
spatial definition of the hot zone is improved. This machine has a sample chamber that
can pump out down to 10°mbar using a turbo pump, and then flushed with an inert gas.
As a result, materials that are oxygen sensitive can be prepared in this system. The
growth chamber can also be over pressured to 9 atm above ambient pressure. This
means that we can attempt to prepare materials with higher vapour pressures. Two
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counter rotating shafts are used to support the polycrystalline feed rod (upper shaft) and
the single crystal/seed rod (lower shaft). The rotation of the shafts helps to stabilize and
trap the melt. Homogenization of samples is also supported by this rotation and
together they will produce a uniform heating of the molten material.

[

Fig 3.6. The appearance of optical floating Fig 3.7. Four elipsoidal mirrors (partia part)
zone furnace. contain feed and seed rods inside the

transparent hollow tube.

This technique is able to synthesize a single crystal by approaching the liquid zone of
the target material and slowly cooling it by an elevated gradient temperature inside of
the chamber.

The polycrystalline feed was prepared as a dark green rod. First, we have to mixing and
calcining the sintered material, followed by an isostatic pressing and sintering the rods.
At the initial part, we use the same procedure as described to produce powdered form.
Further, the powder is molded in atube. Then the rod is ready for the next steps. There
are two rod needed in this technique that are seed and feed rod. Each rods has its own
purposes, the feed rods contains a pure powdered target material. Whereas the solution
rod contains of target compound and an excess of solvent agents. In our experiment, the
composition for seed and feed rod is determined at Y:Cu molar ratio = 50:50, whereas
for the solution rods we use Y :Cu molar ratio = 4.6:95.4. The next step isto cut the feed
rod into two pieces and mount at the inside furnace. In addition, a small cut piece of the
solution rod placed on top of the seed rod. A molten zone is formed and held between
two solid rods by its own surface tension. The heating of the seed rod is achieved by
using the infrared heat application. Thisincident light produced by the 1000W halogen
lamps. In order to increase the focus of the light, four ellipsoidal mirrors placed at the
centre of target material for the focusing tools as shown in figure 3.7. By means of
several reflections inside these mirrors, the strong and intense infrared light will impact
the centre of both rods. As consequences, the liquid zone will arise in the vicinity both
topmost surfaces of the rods as we move laterally the mirror furnace upwards.
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3.5. Magnetic Properties M easurement System MPMS.

The instrument that is used to characterize the magnetization of our samples is known
as Magnetic Properties Measurement System (MPMYS). In this system, a small magnetic
flux on a Josephson junction is employed to measure magnetic fields or magnetization.
This unit contains a superconducting Quantum Interference Device (SQUID
magnetometer). It consists of a ring of superconducting metal containing two weak
links. The detection limit of SQUID is extremely sensitive. As a comparison, the flux
densities can be achieved until 10™T or electrical current reach 10™ Al*Y. The basic
principle of this instrument is to use the quantum interference phenomena of wave
function that explicitly conform the state of the superconducting charge carriers, caled
as Cooper pairs. The quantum mechanical differences were measured among the
Cooper pairs wave function. This can be achieved over aweak link under penetration of
the interferometer loop by a magnetic flux. There are two different modes that can be
done with this instrument: Field and temperature dependence profile. Sweeping field
dependences under certain range of magnetic field up to 7 Teslais still possible. On the
other mode, we can also scan the magnetic profile of material under various conditions
starting at 5K until room temperature. Both experiments can be very useful to extract
any information regarding the anomalies that correspond to the magnetic transition,
such asin our case metamagnetism.

3.6. Capacitance (Dielectric Constant) M easur ement

The second instrumentation is the Physical Property Measurement System (PPMS). It is
used to perform a variety of automated measurements in temperature and magnetic
field controlled environment with temperature range of 2K-350K and the fields up to 9
Teda. The name of instrument that conducted this type of measurement is Quantum
Design model 6000. The major components contains a cryostat liquid He-based,
integrated controller machine and AH 2500A capacitance bridge as shown in figure 3.8

The versatility of PPMS is based on the design of the probe itself. The probe
incorporates the magnet, the temperature control and the puck sample connector
together. The configuration of PPMS is managed to measure some analysis especially
for the heat capacity, magnetometry, and electro-transport applications. We can
measure the sequence experiments with this system by means of one program Labview.
This software can be designed for a series of scanning or a short sweeping on a certain
sample.

Normally the sample has been prepared by mounting it into a sample holder with the
help of GE varnish glue. A small island of silver epoxy resin A and B (ratio 1:1) were
employed on top of the sample to form an electrical contacts. Afterwards, in order to
make a capacitance measurement, platinum wire is mounted at two different silver
surfaces. The schematic two-point contacts can be visualized in figure 3.9(a). The
sample holder was placed on the bottom part of the long probe stick as presented in
figure 3.9(b).
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(b)

Fig 3.8. PPM S feature instruments. Fig 3.9(a). Y,Cu,Os single crysta was
placed on top of sample holder. (b). the long

probe sample.

Basically, a capacitor consists of two conducting electrodes which are insulated from
each other. The charge on the electrodes is +Q and —Q. Moreover, there is potential
difference between the electrodes. The Sl unit of capacitance is in the Farad ,where 1
Farad is equal to 1 Couloumb per Volt. In the capacitance measurement, the amount of
electric charge (Q) that separated to each other for a given electric potential (V) can be
quantified as described in the equation 3.5 bel ow:*?

. A
C =§ (3.5); C=e g (3.6); e= g, e

r

(3.7)

Where the capacitance of a parallel plate capacitor can be constructed by two parallel
plane of electrodes, with the area A (measured in m?) separated by a distance d
(measured in m) is approximately equal to the equation 3.6. | is the relative
permittivity of the insulator that is being used during the measurement. The relative
dielectric constant measures the extent to which it concentrates an electrostatic lines of
flux.l*?. Dielectric constant is the ratio of the amount of stored electrical energy when a
potential is being applied relative to the permittivity of a vacuum. This is expressed in
the equation 3.7.

, @
e = e ie® (38); =S 9 39 tmg=—1 =5 (319
A" g, wWwCR e

Dielectric constant *¥ comprises two components, the real part ~ and imaginary part

. Both are related in simple expression as shown in equation 3.8. The energy that
stored in a material due to implementation of electric fields can be define the real part
of dielectric constant. From the equation 3.6, we can obtain this quantity by
manipulated their relationship and resulted the equation 3.9. Imaginary part of dielectric
constant () determines to how dissipative the material is. Normally the value is larger
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than zero and. The loss factor (tan ) commonly used to express this loss feature and
formulated by the equation 3.10. Where is the frequency of the applied electric field
and R is the resistance of the sample. C is the capacitance value that measured in the
experiment.

3.7. Pyroelectric current measur ement.

The ability of certain materials to generate an electrical current when they are heated or
cooled is caled pyroelectric effect. Since the gradient of temperature enhance the
movement of positive and negative charges to the opposite ends through migration (for
instance when material becomes polarized). Therefore, the pyroelectric effect manifests
as a change in spontaneous polarization P of the sample caused by a change in the
sample temperature P= T. Where isthe pyroelectric coefficient [“. Theophrastus
is the first person who described this physical properties*. He noted that tourmaline
becomes charged when heated. This effect can appear if a material possessed polar
structure. From the symmetry of crystal structure, ten of non-centrosymmetric point
group are classified to exhibit pyroelectricity. This class consists of: 1, 2, m, mm2, 3,
3m, 4, 4mm, 6, 6mm.

Spontaneous polarization is temperature dependent, so a good perturbation probe is a
change in temperature that induces a flow of charge to and from the surfaces. In terms
of vector, one can define the rate of change pyroel ectric coefficient with temperature:

DP, = pDT (3.11) ip=ApdT/dt (3.12)

Let assume if we have thin sample of pyroelectric material and a conducting electrode
connects it electrically. In addition, if we have component p of p perpendicular to the
electrode surface (denoted as A). The change in the sample polarization results in the
appearance of charges on the sample surfaces and the creation of an electric field. This
slowly varying electrical field produces an electrical current in an external circuit and is
measured in the experiment. An implication of external electric field will try to change
the polar axes of the pyroelectric material in such way that they possess a component
parallel to it, consequently they will produce a net polarization. Further these charges
can be identified as a current (ip). We can define the formulation of a current move in
an external circuit as written in the equation 3.12 From both equations, we can extract
the polarization by integrating the changes of the current flowing to the sample as
function of temperature.

A finite polarization of magnetoelectric material can be generated by magnetic and
electric field under pyroelectric measurement. For this experiment, we uses the
electrometer Keithley 237 with Vs =1100V as source of electric field and the
Keithley 617 programmable electrometer to measure the pyroelectric current. The
experiment was carried out in the same chamber of PPMS. We only replaces the
capacitance bridge with the electrometer as voltage input device. First we increase the
temperature of sample above its Ty to “de-pole” the sample. Then we applied an
electric and magnetic field as we cooled down the temperature until 5K in order to
“pole” the sample. These step is known as magnetoel ectric annealing. By implementing
this event, we expected to have an induces magnetoelectric remanent state within the
sample. At this low temperature, we removed the electric field and maintained the
magnetic field. Afterwards, we measured the current as we increases the temperature.
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3.8 Ferroelectricity Measurements.

The investigation of ferroelectricity was done using Radiant Ferroelectric Tester. This
machine is able to measure the polarization vs electric field curves. Vision software is
integrated with the instrument to measure automatically at certain range of applied
voltage. The fingerprint of ferroelectricity is the hysteresis loop. The shape of
hysteresis loop reflects some of the existing electrica properties such as normal
ferroelectrics or relaxor ferroelectrics. Some examples given below are to illustrate
typical type of hysteresisloop for various ferroel ectrics.
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Fig. 3.10. Typica hysteresisloops from various ferrod ectric

ceramics. (A) BaTiOs capacitor, (B) soft (easily switchable) PZT,

(C) PLZT 8.6/65/35 relaxor, and (D) PSZT antiferrod ectric

material .[46]
In figure above, typica capacitor showing a linear relationship between polarization
and electric fields, this material do not possess any hysteresis loop. Whereas in a highly
nonlinear loop is observed in the rhombohedral region of the PZT. It has been
recognized to have low-coercive-field (soft) memory ferroelectrics. Other type is
concerning a slim-loop ferroelectric (SFE) quadratic relaxor that is located in the FE—
PE boundary region of the PLZT system. The last example materia is taken from
nonmemory antiferroelectric material in the PSZT system. This material has a double
loop that typically found in antiferroelectrics. However it could not exhibit any memory
effect since they do not have any coercive fields that can be switched from one state to
another.

3.9.Thermal studies under Simultaneously DSC-TGA instruments.

Therma anaysis was conducted under application of Differential Scanning
Calorymetric (DSC) which is combined with Thermal Gravimetry Analysis (TGA).
TGA (Thermo Gravimetric Analysis) measures weight changes in a material as a
function of temperature (or time) under a controlled atmosphere. Its principal uses
include measurement of a material® thermal stability and composition. TGA
instruments are routinely used in all phases of research, quality control and production
operations. It is useful for characterizing polymers, organic or inorganic chemicals,
metals or other common classes of materials. Meanwhile, Differential Scanning
Calorimeter (DSC) measures heat flow to or from a sample as a function of temperature
and time. The heat flow and temperature of the sample are monitored in comparison to
the reference material. The amount of energy absorbed (endotherm) or evolved
(exotherm) as the sample undergoes physical or chemical changes (eg melting,
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crystallization, curing) is measured as a function of the temperature change. Any
material reactions involving changes in heat capacity (e.g. glass transition) are also
detected. DSC can be performed from ambient until 1500 °C.

SDT 2960 is analytical instrument capable of performing both DSC and TGA. In
addition, another type of thermal studies that is Differential Thermal Analysis (DTA)
can also be accomplished by SDT 2960 TA instrument. DTA is measures the
temperatures and temperature differences (between sample and reference) associated
with transitions in materials as a function of time and temperature in a controlled
atmosphere. This technique can help to determine phase transformations- temperatures
at high temperatures, melting points, glass transition temperatures, cristalinity, thermal
stability and transformation temperatures.*”! As an illustration, the schematic figure
shows the appearance of SDT 2960 TA instrument. Three main parts of TA instrument
consists of the furnace, cabinet and the balance assemblies. First component controls
the sample atmosphere and temperature. The cabinet is the place where the system
electronics and mechanics housed. The appearance SDT2960 TA instrument is shown
infigure3.11.
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Fig.3.11. SDT 2960 TA instrument Fig 3.12. Typical DSC phase transition curve.

Some physical transformation can be detected by the DSC studies. Various type of
phase transition was indicated by different curvatures. In figure 16, various transitions
may occur within materials. In the case of glass transition, plateau-like curvature
indicated this amorphous transition. Another case, such as endothermic reaction can be
realized from the formation of sharp peak downwards. We have decomposition of a
material takes into account under DSC measurement. As shown in the curvature 3.12, it
occurs if there is a small step with the constant value of heat flow that followed by the
increase of heat flow shape. We used DSC-TGA mode as scanning the thermal profile
and weighted the samples at various compositions (in range of 5-15 mg). The genera
ramping profile employed with the temperature in range of 950°C or 1100°C.
Afterwards, the sample cooled down to the room temperature. Both are using the same
rate for this experiments 30°/minute.
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Chapter V. Result and discussion

4.1.Powder X-ray diffraction and Refinements.

Polycrystalline of Y,Cu,Os, Er,Cu,Os and Yb,Cu,Os have been synthesized
successfully by solid state reaction as explained in the previous section. These
compounds were prepared from their precursors. CuO + R;O3; To achieve
approximately three grams of rare-earth copper oxide, we weighted on the basis of
stoichiometric ratio R,Os: CuO (1:2) that reacted under the following simple reaction.

R:03¢ + 2CuOi —» RoCu0s (s
It is followed by sintering the mixture of precursors to obtain a powdered form of

R>Cu,Os compound. After several heating sequences, we obtain the cuprate with color
of light green. For example, we display the precursors and Y b,Cu,Os pellets bel ow.

Fig 4.1. Precursor materids Fig4.2. Yb,Cu,Os pelletized
for solid state reaction. form

The phase analysis of R,Cu,Os was carried out by X-ray diffraction on the powdered
samples of Yb,Cu,0s,Y,Cu,0Os and Er,Cu,Os by using the Bruker D8 Advances
diffractometer with Cu K radiation ( = 1.54184 A). Each diffractogram was measured
with 0.02° steps and 10 seconds per step. These diffraction patterns are presented in this
section. For instance, Yb,Cu,0s is shown in figure 4.3. An impurity peak was detected
at 2theta 29.64° with the approximate amount of 0.1% as a result of incomplete reaction
of the precursors materias. It is identified to be Yb,O3 by comparing the diffractogram
to the references. This impurity can be treated by making a pellet form of cuprates in
order to complete the solid state reaction. Therefore, the powdered samples were
ground until it changes into a smooth powdered, followed by putting it into a press
form and pressing under four Torr for 10 seconds approximately. After making the
pellets, they were placed into the furnace and sintered again at the temperature of
950°C. After heating, the pellet were crushed and ground back to the powdered form.
Another measurement in XRD Bruker D8 is carried out. A good improvement was
appeared on the diffraction pattern when we repeat these steps at least three times. The
impurity content of Y b,O3 can be reduced until there is no indication of Yb,O5 peaksin
the diffraction pattern (figure 4.4).
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Fig 4.3. The Powder Diffraction pattern of Yb,Cu,Os
polycrystal. Impurity peak was indicated from the blue arrow.
Inset: at the particular range of 2theta region impurities was
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Fig 4.4. Clean Powder Diffraction pattern of Y b,Cu,Os

After the polycrystal Yb,Cu,Os was synthesized successfully, we need to refine the
diffraction pattern. The Rietveld method is widely known technique to extract a precise
and accurate fitting profile of the structure information. It allows us to make a
comparison of the measured diffraction spectra to a reference pattern. Thereby it gives
an accurate determination of the structure of a material. Refinement quality was
checked by two parameters: Ry, and c? that can be extracted from the application of
GSAS program. The weight-profile parameter (Rwp) was introduced to numerically
describe the fitting of calculated pattern to observed data. As mentioned in chapter 111,
the reasonable value of Ry, should be about 10% obtained from the X-ray laboratory
diffractometer. ") Second parameter corresponds to the goodness-of-fit (c?). For afully
refined structural data, this value should approach to 1. We obtain these values of Rwp
and c® as 7.81% and 3.832, respectively. The latter value correspond to the ”over-
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collected” data that occurs during the refinement procedure. This means that the error
fitting is no longer dominated by the counting statistic. Nevertheless, these values are
still acceptable based on the above requirements.

In addition, the figure below illustrates the difference between experimental result and
the calculated spectra. Based on these results, we can conclude that the refinements of
this compound working properly.

calculated
observed
—— difference

K10E 4

1.0

Counts

10.0 200 30.0 40.0 50.0 60.0 70.0
2theta (degrees)

Fig 4.5. The Refinement plot of Y b,Cu,Os polycrystal.

The GSAS procedure was repeated for the Y,Cu,Os polycrystal and the refinement
parameters of Ryp and c? are obtained as 8.18% and 5.513, respectively. The following
diffraction datain figure 4.6 explicitly shows the main intensity peaks of Y ,Cu,Os.

T T T T
+ S m
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L
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— difference
Wil 1 |
=
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Fig 4.6. Refinement plot of Y ,Cu,Os polycrystal.

The refinement parameters obtained for Er,Cu,Os are Ry, and c? 7.86% & 8.36%,
respectively. In figure 4.7 the diffraction pattern of Er,Cu,Os compound is presented.
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Fig 4.7. Refinement plot of Er,Cu,Os polycrystalline.

The refinement parameters are acceptable for the three compounds from the structural
studies above. This dictated from the value of 2 and Ry, which are in the acceptable
range. The following table summarizes the refinement results together with the
reference.

. From the
Compounds p Lattice Experiment Frc_)m Ref % Difference
ar ameter lin A] [in A
a 10.7905 10.7290 4.57x10™
Y 2Cu20s b 3.4930 3.4355 8.73x10™
c 12.4477 12.3531 6.80x10°
a 10.7755 10.7839 0.07
Er,Cu,0Os b 3.47141 3.4745 0.08
c 12.4397 12.4434 0.03
a 10.7289 10.7960 0.058
Y b,Cu,05 b 3.4355 3.4940 1.6
c 12.3539 12.4946 1.12

Table4.1. A summary of lattice parameters from refinements compared to the reference] 3]

The lattice parameters (a,b and c) increase linearly as a function of lanthanide ionic
radius (ro). Thisis in agreement with the assumption of ionic model that holds for the
above compounds, which is also true for the other members of R,Cu,Os; Either for
larger rare-earth ions radius R = Th and Dy or for smaller ionic radius R= Lu, In, Sc!*.
The following figure illustrates the linear evolution of volume vs r,° in rare-earth
cuprates.
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earth [ref:34]
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For the purpose of phase analysis, we can conclude that the powdered form of the
above compounds have reached the single phase. They are ready for single crystal
growth.

4.2. An Attempt for Single Crystal: Flux Growth

We preferably need single crystals as the physical properties of materials are
anisotropic. In the literature, single crystal of R,Cu,Os have been grown mostly by the
flux growth.>*?. However, the dimensions of the crystals grown by flux method is
small"*!, Travelling Solvent Floating Zone (TSFZ) was also used more recently!™!. The
latter method produced larger crystals, however the growth rate is very low. First, we
focused to grow a single crystal Y,Cu,Os and Yb,Cu,Os by Cu,O and KF fluxes,
respectively. In addition, we also use the KF as the solvent for second attempt to grow
Yb,Cu,Os. The temperature route for respective experiments were described in the
chapter I11.

Unfortunately, these three flux-growth experiments were not successful to get single
crystals. First experiment of Y,Cu,Os only gave a by-product of light green granular
form that was found together with the remaining Cu,O flux. This might be due to the
incomplete sealing of top part of the crucible. It was mentioned that we have to close
tightly the platinum crucible to prevent the flux agent evaporate easily.®® The
Y b,Cu,0s pellet remained unreacted in the second experiment that uses KF as its flux
agent. The residual flux remains in the inside part of the platinum crucible, and some of
them were attached at the wall. Similar event also occurred in the third experiment, we
substituted the flux by KF to grow single crystal of Yb,Cu,Os. It turns out that some of
the unreacted powdered are also found either in the inside part or transferred to outside
of the crucible (as shown in figure 4.0). This might be happened because we could not
reach steeping liquid zone of Y b,Cu,Os that needs solidified to become a single crystal.
It is very difficult to reach the phase coexistence within these material since the liquid
phase lies in a narrow temperature range ***. If we focused only on the case of
Y b,Cu,0s, this compound originates from the peritectic reaction between the liquids
phase (L) and Yb,Os. It is shown on the below phase diagram (figure 4.10) that the
peritectic temperature is 1103 +10 °C. In addition, CuO also reacts eutectically with
Y b,Cu,Os at about 1090 + 10 °C to give an approximate eutectic composition of 31-32
mol % Y b,04t*.
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Fig 4.9. The Platinum Crucible Fig 4.10. Pseudobinary phase diagram of Y b,O5-
containing Y b,Cu,Os Pell et. CuO: circles, experimenta results, horizontal broken

line, decomposition of CuO at 1025 °C.[49]
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4.3. Second Attempt for Single Crystal: Travelling Solvent Floating Zone

The flux growth method was not successful to produce a single crystal. Therefore, we
applied the TSFZ technique based on the Nishimura, et al recipe. The single crystal of
Y 2Cu,0Os has been successfully synthesized by the Travelling Solvent Floating Zone
(TSFZ) technique. As the conventional slow-cooling method in previous attempt could
not produce the target single crystal, we applied an excess ingredient of copper oxide in
order to lower the melting point of the mixture. Thereby it may reach the liquids zone
of the Y,Cu,0s. Since Y,Cu,Os has an incongruent melting zone above 1130°C,
therefore we must take into account that it decomposes into Y03 solid phase and liquid
phase®. For this reason, we included the copper oxide as our “flux agent” together
with the other precursors materials. This is advantageous compared to the previous
method, since it offersimpurity free from the container.

In principle, there are two rods that needs to be prepared: Feed rod and solution rod
(figure 4.11). First rod contain molar ratio Ytrrium:Copper (50:50), whereas the ratio
for the solution rod YO 5. CuO is4.6:95.4. In the latter part, adding an excess amount
of copper oxide for the preparation of solution rods is necessary because we need to
achieve a good condition for the molten zone, at which the feed rod was melted
partialy. Given such circumstances, we can aso introduce the nucleation of crystal by
introduce the copper oxide on top of the solution rod at the focus position of molten
zone. Moreover, preparing a steep temperature gradient state is also an essential part
during the growing a single crystal. To achieve that, we decide to use very slow growth
rate, which is 0.1 mm/h on the floating zone furnace. The growth time was about three
weeks. Finally, we can grow dark green of Y ,Cu,Os single crystal asit shown in figure
4.12 and 4.13. The dimension of the crystal is approximately 15 mm in length and for
the diameter is6 mm.

Fig 4.11. Feed and Fig 4.12. The appearance of Fig 4.13. Fractional part of
Solution rod. Y ,Cu,Ossingle crystal. Y ,Cu,Ossingle crystal.

In addition, we checked the purity of the single crystal by making powder diffraction of
the crushed single crystal. The obtained lattice parameter from the refinement is quite
comparable both to the previous powdered form and to the reference (ab, and c is
10.8117, 3.4999 and 12.4756 in A). The fitting parameters of Rietveld refinements
were obtained with reasonable agreement to the previous result in pellet. The value Ruyp
and c*for thissingle crystal are 4.75% and 3.173, respectively. The diffraction pattern

gives an indication that nearly pure phase single crystal successfully synthesized by
TSFZ method (figure 4.14). We also observed an additional low intensity peak that is
associated with CuO (where the value 2 = 35.6%). CuO solvent might diffused into the
matrix during the formation of the crystal. Unfortunately, we could not perform the
Laue diffraction to investigate further the crystallinity of the single crystal. From this
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typical measurement, we expect to have better evidence about the quality of the single
crystal.
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Fig 4.14. Refinement plot of Y,Cu,Os single crystal.

4.4. dc M agnetization measur ements of R,Cu,0s.

As already mentioned before in chapter I, the group of insulating!®* *¥ R,Cu,Os (where
R= Tb-Lu, Y, Sc, In) crystalize in the orthorhombic Ho,Cu,Os-type structure (1,
Antiferromagnetic transition has been reported from the magnetic susceptibility for
most of the compounds at temperature range starting from 11K (Dy) to 30K (In).[ The
exceptional case of antiferromagnetism can be found in Th,Cu,Os and Tm,Cu,Os, they
do not present any evidence of antiferromagnetic ordering. To simplify the study of
magnetic behavior within this group, it is wise to treat individually the material based
on the number of the magnetic ions in this family. There are two distinguished class:
The oxides with one and two magnetic ions. The latter one is realized when the oxides
contain the magnetic Cu?* ion and R* ion. Further, the first subgroup of rare earth
oxides consist of: Sc, In, Lu and Y, whereas the second group: Tb, Dy, Ho, Er, Tm and
Yb. In the following tables was summarize magnetic parameter for one and two
magnetic ion material, respectively.

Oxide | Spin Config | Tn[K] | gew[K] | my[ne/Cu atom]
Sc AF 16 31 1.85
In AF 30 42 1.97
Lu AF 21 43 1.91
Y AF 13 38.5 1.98

Table4.2. Magnetic characteristic for the Sc-, In-, Y- and Lu containing 2:2:5 oxides™
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Oxide | Spin Config | Tn[K] | gew[K] | mudmi/f.u]
Th pP? -10 13.53
Dy AF 11 -18 15.90
Ho AF 13 -11 15.70
Er AF 20/28 -4 13.67
Tm CAFR? 17 -21 11.08
Yb AF 7.5/15 -7.5 6.04

Table 4.3. Magnetic characteristic for the two magnetic ions 2:2:5 oxides!

The most interesting effect found in the family of R,Cu,Os is their metamagnetism.
Under applied magnetic fields, these compounds exhibit anomalies in the
magnetization. It is recognized as metamagnetic transition.? the number of
metamagnetic transition vary in R,Cu,Os : one for In, Lu, Er, Ho and Dy, two for Y and
Sc, and four for Yb. Magnetic field and temperature dependence of magnetization of
three compounds will be discussed:Y ;Cu,Os, Er,Cu,Os, and Yb,Cu,Os. In the next
section, we will describe in detail about the first compound in polycrystal and single
crystal forms. Then it will be followed by the other two members of the group.

4.4.1. Y,Cu,Og Polycrystal .

We present in figure below temperature dependence of magnetic susceptibility
Y2Cu,Os polycrystal up to room temperature. Paramagnetic susceptibility is in
accordance with the Curie-Weiss law at higher temperature.

N
C (4.1); C= A”i(f
a1 Gow B

(4.2)

Where M is the magnetization, B, is applied magnetic field, C is Curie constant, and
Ocw Curie paramagnetic temperature. The susceptibility has singularity at T=gcw.
The value of effective magnetic moment (my) can also be obtained from the Curie
constant as it shown in equation 4.2 N, is the number of moles, kg is Boltzmann
constant. We observe a cusp in temperature dependence of magnetization at 12K. This
anomaly is associated to the antiferromagnetic state that reflects the Néel Temperature
(Tn) 12 K as it is shown in figure 4.15. We obtained the value of Curie Weiss
temperature and Curie constant from the Curie-Weissfit to the inverse susceptibility .

This gives the result for cw 43.67K and mys 2.531 ng per Cu atom (in figure 4.16)
compared to the value that has been reported 38.5K and 1.98 . The latter theoretical
value is derived for the effective spin S = 1/2 with g = 2.28, as quoted in ref. [2]. We
can state that the presence of ferromagnetic interaction is indicated by the positive
value of Curie-Weiss temperature above.
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Fig 4.15. The Susceptibility versus temperature Fig 4.16. The inverse susceptibility
of Y,Cu,Os pellets. The magnitude of externa vs temperature.
magnetic field is0.5 Teda.

We have measured field dependence of the magnetization of this pellet as well. In
figure 4.17, two slope changes in the magnetization are observed at critical magnetic
fields 1.53 T and 3.80 T at 5K. In lower temperature, there are three critical magnetic
fields (denotes with subscripts 1,2, and 3) that suggested as the boundary lines that
associated with different magnetic phases. These anomalies are in agreement with to
the result of Kazei,et.al. They stated that the anomalies in the magnetization curve
(M(H)) isrelated to the two metamagnetic transitions at 4.2K.
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Fig 4.17. Magnetic field dependence of magnetization of Y,Cu,Os pellets at
different temperatures. The above figure is adjusted by an offset for the sake of
clarity.
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4.4.2. Y ,Cu,0s Single Crystal.

In figure 4.18, we compare magnetic susceptibility measurement along three directions.
From this figure, all three measurements demonstrates antiferromagnetic ordering at
13K. It is indicated from the sudden decrease the magnetic susceptibility at this
temperature.
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Fig 4.18. Temperature dependence of dc susceptibility for three
axes measured at 0.5T.

In figure 4.19, it is shown that the antiferromagnetic behavior was suppressed by the
magnetic field near the Néel temperature. The magnetic ordering temperature (Ty)
decreases when we increase the external magnetic field. Moreover, the shape of each
curvature gives an idea that this is related to the magnetic phase transition for different
applied magnetic field that will be discussed later. As conclusion, these suppressions of
Tn might be useful to determine the boundary line in the phase diagram of this
compound.
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Fig 4.19. The dc magnetic susceptibility Fig 4.20. Inverse susceptibility vs
of Y,Cu,Os single crystal. temperature of Y,Cu,Os single crystal

measured along c-axis.

The value of Curie-Weiss temperature can be extracted from the inverse susceptibility
as depicted in figure 4.20. The value of 29.40K is similar to the reference value (as
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shown in table 2). This makes the value of my; is in agreement with the literature ¥ and
comparable to the value in the polycrystalline form.

It is worthwhile to describe first the origin of metamagnetism in this material, before
we analyze more intensively these interesting anomalies in the magnetic field
dependence Y,Cu,Os. In 1956, Bizette, et.al is the first person who observed the
metamagnetic transition in FeCl, . This transition has been observed when the
antiferromagnetic material displays sudden change of magnetization caused by an
applied field parallel to the easy axis. Typicaly, the compounds that possessed Fe?',
Co?*, and Ni?" spins are known to have this distinguished magnetic transition. This is
due to the fact that the anisotropy energies are stronger than the exchange energies
because of the spin-orbit interaction.’®

The anisotropy of Y,Cu,Os is more prominent when we measure the magnetization of
single crystal at three different crystallographic axes. From the result of dc
magnetization shown below, the two metamagnetic transitions in the b direction are
observed. The value of critical fieldsis2.85 T and 4.85 T at 4.5 Kelvin (as shown in
figure 4.21). These values are quite comparable to the value that was observed by
Lebech et.al. They observed two critical fieldsat 2.8 T and 4.7 7. If we increase the
external magnetic fields much higher above 7T, we will reach the saturation regime of
the magnetization at the critical of 7.3T. ® Unfortunately, we could not perform this
measurement due to limited range of MPMS. Therefore, we presented the datal®” in
figure 4.22 as a reference. Implication of anisotropy can be observed from the
measurements when the magnetic field is parallel to a and ¢ axis, respectively. They are
producing a linear curvature in figure 4.22, which means that no metamagnetic
transition occurs in these two orientations. It is in accordance with the previous reports

thatS[ 2rr;e@}ntioned that the easy axis of magnetization would be preferentialy along b-
axis= ™,
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Fig 4.21. Magnetic Fiedd dependence of Fig 4.22. Magnetization data at 4.2K
magnetization Y,Cu,Os single crystal in three [takenfrom ref:57 ]
different directions.

Garcia-Munoz measured with neutron diffraction Y ,Cu,Os in the absence of magnetic
field. From this experiment, the initial magnetic structure was proposed as
schematically drawn in the inset figure 4.21. The dimers are coupled to have a spin
ordered ferromagnetically along b-axis in one layer. These CuO, layers are separated
with alayer of rare earths and stacked antiferromagnetically to each other along c-axis.
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The first metamagnetic transition was indicated with the tripling of this magnetic unit
cell, where one spin is rotated 180° and remark as F in the above figure.

Based on the above magnetization measurement, we observe four different phases:

Antiferromagnetic ordering (H<Hc1).
Partially spin flip (Hci<H<Hcy).
Spin flop-like (H>Hcy).

Fully ferromagnetic (H Hs).

Hci, Hez, and Hs correspond to the critical fields at which the jump of the
magnetization is observed (in our case the magnetic field at 2.85 T and 4.85 T) and the
Hs is the magnetic field when the magnetic system situated in fully polarized regime
(@l spins are oriented at one direction). These two field induced transitions are
recognized as first order transitions, due to their discontinuous behavior in the magnetic
field dependent of magnetization. To explain the magnetic structure, we describe a
model of magnetic structure along projection along [001] direction which is described
in the figure 4.23. The explanation of partialy spin flip can be visualized in figure 4.24.
From these sequences, we can assume that we have six sublattices constructing the
magnetic unit cell of Y,Cu,0s. This approximation can take place since each dimersis
considered together and produce only single representation of spin.

Chain 2

L.. M MS Mﬁ M4

(a) Anfiferro

AR

() Spin flop

M My
(b) Partially spin flip

(d) Ferro

Fig 4.23. Projection along [100] direction. The
number 1,2,3 and 4 refers to the pairs of Cul and
Cu2 atom sites. [Ref: 57]

Fig 4.24. Proposed magnetic structure
when the magnetic field is applied dong
b-axis. J; and J, are interdimer interaction,

whereas M; corresponds to the locd
magnetic moments for each dimer

As we approach the first critical field (Hcy), the system tries to accommodate the
external magnetic field applied along the b-axis. Therefore, one spin (noted as M5 in
the above figure) changes its direction by rotating its orientation 180°. This could be
associated with the jump of 0.3 my/ Cu ion in the magnetization curve. The second
transition suggested a spin flop state. This can deducted from the ratio between two
interdimer exchange interactions (J, vs Jy). If this value less than 0.5, then it can be in
the spin flop state. From the experimental work of SKimura et.al, the ratio between b
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and J, has been calculated to be 0.35 ®¥. Therefore, we can indicate that spin flop
mechanism arises after we cross the spin-flip regime. |f we increase the magnetic field
further, then the spins will become fully ferromagnetic as indicated in the saturated
regime of magnetization after 7.3 T.

The influence of thermal effect on the critical field was observed on the magnetic field
dependence measurement. The following figure on the left shows that both critical
fields are gradually shifted to lower values as we increase the temperature. The second
field induced transition is smeared out at 7K. Therefore, we conclude that the
temperature suppresses metamagnetic transition.
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Fig 4.25. Field dependence of Y,Cu,Os parallel dlong Fig.4.26.Representation of mag-
b-axis at three different temperature. Thin blue arows netic interaction ic Cu-dimersin
shows that the two critical fields decreases as the gp pseudoplane. [Ref:59]
temperature increases.

To understand the important role of copper ionsin Y >Cu,Os, we describe three kind of
exchange interaction that occurs in this compound. This information would be useful to
give a better idea of metamagnetic transitions. Terms of superexchange interaction can
be realized between Cu?" ions within the same layer or between neighboring layers.
Since the shortest Cu-Cu bond length is approximately 2.85 A, only indirect
superexchange interaction can take place via oxygen atoms. Two of them are related to
the interactions in the same Cu®" chain along a axis. We denote the exchange integral
by Ji and J. The third interaction is between neighboring chains that are located in the
same plane (010) which is parallel to the b axis. These coupling are realized when the
angle value of Cu-O-Cu is between 90° and 120°. The magnetic coupling J; is realized
between the two bridged copper ions Cu(l) and Cu(2) via O(2) and O(4) ions.
Meanwhile J, is the interaction between Cu(2) and Cu(l)' through the oxygen atom
O(3)". Anillustration can be found in figure 4.26. Moreover, the magnetic exchange
interactions between two nearest layers leading to the antiferromagnetic ordering are
presented by the long pathways:*®

... Cu(2) —0O(1) — O(2) —Cu(2) -O(1) -O(2)... and

... Cu(1) — O(4) — O(5) —Cu(1) —-O(4) —O(5)...



4.4.3. Yb,Cu,0s Polycrystal.

We also measured the temperature dependence of magnetization of Yb,Cu,Os. From
figure 4.27, the Néel temperature can be obtained from the maximum of susceptibility
value. This maximum at 15K corresponds to antiferromagnetic ordering of Cu
sublattices. This temperature is comparable with the one that is reported by Kazei ,et.al.
In addition, we observe that there is an extra anomaly at 8K. Thisisin accordance with
the neutron diffraction data by Munoz,et.al. which reports that Yb sublattices becomes
ordered at this temperature. Alternatively, this anomaly was related to the spin
reorientation of Cu spins that occurs due to the effect of a temperature change in the
electronic structure of the rare-earth ions.'?

The inverse of susceptibility also follows the Curie-Weiss law behavior at high
temperature. Conseguently, we obtained qcw is equal to -43.47K. These results indicate
that the values are large deviate compare to the value -7.5K in table 4.3. Thisis due to
the additional anomaly that occur about 100K, which makes the high temperature
extrapolation is largely deviates compared to the reference value. In order to extract
better experiment, we need to implement higher temperature measurement. Moreover,
the effective magnetic moment my; can be calculated as 6.516 g, which is comparable
to the theoretical calculation 6.95 . The experimentally observed value can be
checked by using theoretical approach where the average value of Cu** and Yb*" are
1.98 my and 4.50 g, respectively. The theoretical of effective magnetic moment is
described as follows: nfei(R.Cu20s) =2(nf(Cu®") + nf(R*")). This comparison reflects
that we can approach the system by free ion term value, where Cu* ions act as if there
is no perturbation from the rare-earth components.
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Fig 4.27. Magnetic Susceptibility versus Fig 4.28. The inverse susceptibility vs
temperature of Yb,Cu,Os pellets. The temperature of Y b,Cu,Os pellets.
magnitude of externa field is 0.5 Teda
Inset shows two anomalies at 8 K and 15
K.

From the magnetic field dependence, we can demonstrate the existence of two
anomalies at 2K and 5K. These anomalies are at critical field 3.68 T and 2.22 T,
respectively. Whereas at the other temperature, no clear anomalies are observed. The
following figure shows these anomalies which are related to the metamagnetic
transition that occurs in this compound. From the literature, no noticeable tendency to
the saturation of magnetization even at high magnetic fields (M  6mg/f.u at H equal to
25 T)[Z]_ In the Y b,Cu,Os, there are four metamagnetic transitions reported based on the
ac susceptibility measurement under pulsed magnetic field (shown in figure 4.30).
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the sake of clarity.

To describe more about the magnetic structure, we employ schematically the projection
of the magnetic structure Y b,Cu,Os in two different projections (shown in figure 4.31).
These projections were realized by means of the neutron diffraction study carried out at
1.5K 4. The compound possess nonzero propagation wavevector (where k = 0,
0.5,0.5). This vector describes the relationship between the magnetic unit cell and the
crystallographic unit cell. If we have nonzero value in this vector, the magnetic unit cell
no longer coincides with the crystallographic unit cell. It turns out from neutron
diffraction that the doubling of magnetic unit cell along b and c directions occurs.
Consequently, the structure of magnetic unit cell inverts from cell to cell according to
the k-value®™ The existence of four metamagnetic transitions can be associated with
the high degree of Y b*"/Cu®* and/or Yb*- Yb*" interactions.
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Fig 4.31. Projection of the magnetic structure onto ac and bc
planes. + and — sign denotes the orientation of magnetic
moment along b-axis before metamagnetic transition

[Ref:34]
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4.4.3. Er,Cu,0s Polycrystal

We obtained two anomalies from the susceptibility measurement (shown in figure
4.32). Thefirst anomaly correspondsto Néel temperature at 26K and the second oneis
related with the spin reorientation at 16K. As previously mentioned'?, this anomaly at
low temperature may arise due to the changes of magnetic structure of rare-earth ion.

Fig 4.32. The magnetic susceptibility versus Fig 4.33. The Inverse susceptibility vs
temperature for Er,Cu,Os pellets. The temperature.

magnitude of external magnetic field is 0.5

Teda. Inset shows the anomalies at 16K and

26K.

The observed data is summarized in the following table that contains several values that
are obtained from the experiment, such as Ty, qcw, and my;. These valuesin general are
in agreement with the literature. Negative sign of Curie-Weiss temperature of Er,Cu,Os
indicates the presence of antiferromagnetic exchange interaction. Moreover, the value
of effective magnetic moment is higher than the previous compounds. This is due to
from the large effective magnetic moment of Er spins.

Tn Jcw ng
Present work | 26.47 -3.89 13.33
Ref[4] 28 -4 13.8

Tabel 4.5. Comparison of severa parameters to the reference

In contrast to the previous experiment, the spin flip transition occurs in Er,Cu,Os with
the hysteresis effect at the lowest temperature (shown in figure 4.34).

Fig 4.34. The magnetic field
dependence of Er,Cu,Os
pellets under various
temperature. Each curve has
been lifted from its original
value of magnetization for the
sake of clarity.
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Munoz, et.al reported the magnetic structure of this compound at 1.5K as shown in
figure 4.35.

Fig 4.35. Sublattice numbering and projection Fig 4.36. Magneti zation curves and proposed

of the magnetic structure of Er,Cu,Os inac and magnetic structure after the first field

bc plane. [Ref:34] induced transition.”(F)” marks the flipped
m[60]

The field-induced transition that takes place in Er,Cu,Os is observed at low
temperature. The similar tripling of magnetic unit cell as demonstrated in Y ,CuyOs is
also adapted for Erbium compound. The first metamagnetic transition is associated to
the flipping of my, component of Er atoms (indicated by (F) marks) in figure 4.36.
Indeed, it was in agreement with the value that obtained from the magnetization
measurement at 2 K, where the difference magnitude of magnetization that occurs can
be calculated to be 11.48 ng per unit cell (we multiply by two because there are two Er
atoms within unit cell). This result gives a quite comparable value of 14.4 g per unit
cell. It is reasonable result since we only consider the trend of curve is not in the
saturated regime yet. The second metamagnetic transition occurs due to the allignment
of th[e60 ]mx component along b axis of the same Er atoms that occurs approximately at
14T.

4.5. Capacitance M easur ements.

We performed two complementary measurements to investigate the existence of
magnetodielectric coupling in R,Cu,Os. An accepted way of demonstrating
magnetodielectric coupling is calculating the change of capacitance (C) in field, by
subtracting the value at zero field from the capacitance measured in field and
normalizing it by capacitance at zero field. Thisis useful to observe any anomaly either
from the capacitance or dielectric constant based on the equation:

C(H)- C(0

(H)- () )
C(0)

The above formula is widely known with the name of magnetocapacitance. The field

induces a change in the capacitance value and this is associated with the existence of
magnetoel ectric coupling.

DC(H)/C(0) =

In the second method, we measured the temperature dependence of capacitance under
fixed magnetic field. From this attempt, we can observe the anomaly of dielectric
constant that associated to the magnetic ordering such as antiferromagnetic behavior
(Tn). This can or should realize from an abrupt changes in the slope of capacitance of a
material. The above anomaly that can be observed in polar antiferomagnet material can
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be interpret with the coupling terms between the order parameters of electrical
polarization (P) and antiferromagnetic (L), accompanied by the coupling of P and
magnetic field (H).

Apart from the magnetocapacitance effect, we can also measured the temperature
dependence in the absence of magnetic field. The outcome might have the same shape
of behavior as the second method. However, the coupling terms of H is neglected.
Consequently, the magnetodielectric coupling is largely dominated from the order
parameter of P that couplesto L.

There are other techniques to measure the magnetoelectric coupling of a material. For
instance, one of them is measuring directly the behavior of P as a response to the H.
The famous multiferroic TbMn,Os shows magnetically induced spontaneous
polarization. Since the polarization is induced by magnetic ordering, it is very sensitive
to applied magnetic fields. This is shown in figure 4.37, where the polarization can be
reversed 180° by means of magnetic field. We can observe the influence of H on P
directly by measuring the temperature dependence of pyroelectric current at different
magnetic field along certain crystallographic axis. For example, in TbMn,Os the
magnetic field is only applied along a-axis.!®"

Fig 4.37. The highly
reversible180° flip-
ping of édectric
polarization aong
the b axis.This event
can be activated by
applying magnetic
fields aong the a
axig61]

In the following section, we will divide our discussion into two parts. First, we will
show the temperature dependent of capacitance measurements, and then we will
continue with the magnetocapacitance results. To emphasize the importance of
transition anomalies that are obtained from these measurements, we provide the
magnetic phase diagram which clarifies the existence of several magnetic phases in
YzCUzO5.

4.5.1. Temper atur e Dependence of Dielectric Constant of Y,Cu,Os single crystal.

We have measured the temperature dependence of Y,Cu,Os single crystal in the
absence of magnetic field up to 40K, where an applied electric field is oriented along a
and b axis, respectively. The c-axis measurement can not be performed due to poor
quality of single crystal pieces at this particular orientation. Before measuring, we need
to orient the crystal along their respective three crystallographic axis. This step is
facilitated by means of a CAD4 single crystal diffractometer. To our knowledge, we are
able to extract the value of dielectric constant for the first time, which is about 30
around Ty.

Figure 4.38 and 4.39 demonstrates the anomalies in the dielectric constant at the
magnetic ordering temperatures along a and b-axis. These temperature dependence is
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very much alike with the other member of the group, where the anomaly of dielectric
constant coincides with the magnetic ordering Ty.

Fig 4.38. Temperature dependence of the Fig 4.39. Temperature dependence of the
capacitance of single crystal Y,Cu,Os. The capacitance of single crystal Y,Cu,Os. The
electric field was subjected along a axis. electric field was oriented along b axis.

The sudden drop of capacitance value at the corresponding Néel temperature can be
associated to the existence of magnetoelectric coupling in this material. To extract more
detail about the feature of antiferromagnetic ordering, we imply subsequent steps to
analyze the above curve more detail. First part is by extrapolating linearly the
paramagnetic contribution from high temperature to far below Ty. Essentialy to obtain
pure antiferromagnetic, we need to subtract these extended value of capacitance from
exactly near Ty down to below temperature until 5K. Further, we plot the difference
value of capacitance vs temperature to see the feature that the capacitance value
suddenly drop becomes zero at Ty. Figures below demonstrates these steps for each
orientation, respectively.

Fig 4.40. Plot Capacitance vstemperature Fig4.41. Plot capacitance vstemperature
along a-axis. Dash-dot line represent the along b-axis. Dash-dot line represent the
basdline basdline

[62]

Landau theory has been applied to a polar antiferromagnet Y MnOz ™ It consist of the

following term
F=F+F, - EP+gP?L*+g?H"
Where (s, ar are the free energy expression for polar and antiferromagnetic

subsystems, whereas g and  are magnetoelectric coupling strength for each coupling
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terms, respectively. One can show from the above equation that the decreases in the
dielectric constant upon magnetic ordering is proportional to the square of
antiferromagnetic order parameter (L), Which is implementing the following formula

DC » Dea L?, where Cis proportional to the subtraction of actual capacitance from

the extrapolated high temperature capacitance. We know that close to the magnetic
transition L shows critical behavior with a critical exponent of

L(T)=L,(- T/T,)”, where Lo is spontaneous antiferromagnetic order parameter

and iscritical exponent. The following figure shows two different extrapolations that
comprises the above relationship.

Fig 4.42. Log-log plot Capacitance vs Fig 4.43. Log-log plot Capacitance vs (T/Ty -
(T/Ty -1) of Y,Cu,Os single crystal. Where 1) of Y,Cu,Os single crystal. Where an applied
an applied magnetic field aong a-axis. magnetic field along b-axis.

From figure 4.42 and 4.43, we can emphasize that the critical exponents can be
obtained with the value 0.40 and 0.29 respectively. These two values are quite far one
to another. If we compare with the reference (The value is 0.36 based on ref:[63] ),
the result on a-axis is more comparable to the three dimensional Heisenberg model than
b-axis. The following table®® shows a comparison dimensionality of other exchange
interaction that can be occurred in a magnetic system.

Name Univer sality Class
2D Ising 0.125
3D Ising 0.33
3D Heisenberg 0.36

Table 4.6. Some models and their critical exponents

This means that we can categorize our compound to have 3D long range magnetic
ordering. We can assume that the strongly antiferromagnetic interaction between the
interchain layers of dimers gives large effect on the magnetoelectric coupling below
magnetic ordering transition.

4.5.2. M agnetocapacitance measur ements.

We have measured the magnetocapacitance for Y,Cu,Os single crystal. In the samples
that are placed into the sample holder. They measured under two different orientation
of external magnetic and electric fields. First the sample was measured with magnetic
(H) and electric (E) fields parallel its b-axis. The second sample is positioned in such
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way that the electric field is parallel to the a-axis, and magnetic field remaining along b.
Unfortunately, poor results were obtained when we put the sample with the electric
field along c-axis. Therefore, we only describe in details for the sample with the
orientation of electric field along aand b-axis.

We demonstrate the magnetocapacitance of single crystal that oriented with E parallel
along a and H aong b in figure 4.44. The existence of broad peak was observed for
10K and 11.5K measurements. At lower temperatures, there is no observable change in
the capacitance under field within the resolution at the measurement. Then the
magnetocapacitance monotonically decreases after we reach Tyn. Moreover, the
negative magnetocapacitance value 0.1% is observed at Ty (when external magnetic
field reached 8T). This value is decreasing as we approach to the low temperature.
Interestingly, the capacitance changes its value in two manners at 10 and 11.5K. The
positive magnetocapacitance is recorded below 6T, and suddenly it changes its
signature become negative magnetocapacitance above this magnitude. Finally the
signature is changes become positive when we measured at 10K.

Fig 4.44. Magnetocapacitance of Y,Cu,Os single crystal with the
electric field oriented along a and magnetic field oriented along b. This
measurement were conducted under various Temperature.

Interesting result is obtained when we measured the magnetocapacitance measurement
aong b axis. From figure 4.46, spin flip transitions were clearly identified from the
jump of the magnetocapacitance value in low magnetic field (less than 3T). We can
observe this sharp peak as the first order phase transition. The first magnetic field
induced transition marks the existence of magnetodielectric coupling between the
capacitance (directly related with the dielectric constants) and magnetic field. This
jump can be associated to the system where it is exactly crossing the phase boundary
between two different magnetic phases. For instance, the relative change of capacitance
at 2K is suddenly increase at critical field H¢= 2.64 T and maintains its value until it
reach the second transition. It implies that the latter one is associated to a movement
into new magnetic phase. The trend of this spin flip is decreasing as we approach the
Néel Temperature. After it reached 13K, thus the curve only shows quadratic behavior
with respect to the magnetic field. From these results, we can conclude that the
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magnitude of reversal spin direction is huge when we decrease the system to the low
temperature regime. Interestingly, the corresponding critical magnetic field slightly
decreases. Another point is the sharpness of the first magnetic transition becomes more
relaxed as we increase the temperature up to near Ty and loose completely at Ty. This
make sense since we are simply in the paramagnetic regime at this temperature,
therefore no magnetic ordering can generate the spin to flip. However, we aso notice
that magnetocapacitance value quite comparable at high field. We suggest this due to
the magnetodielectric coupling still occurs that largely originates from the H? term
instead of antiferromagnetic order parameter L.

The second transition is quite complex since it influenced by two different magnetic
phases. First is belongs to disordered magnetic state that comes from high temperature
and magnetically ordered state. This is indicated from the shape at the edge of “nearly
flat lines’ that likely dependent on temperature. As we increase the temperature from
2K to near Ty, the stability of line is dramatically changes from one temperature to
another. The second anomaly is affected strongly by the temperature. It is indicated
explicitly in the figure 4.45 where the second transition becomes diminished as we
increase the temperature. Even it starts to present a superposition feature between two
different features in the phase diagram. This leaves only a single anomaly detected at
the range of 8-10.5K. We will describe further details about the feature of magnetic
phase diagram that related with these anomalies shortly.

Fig4.45.Magnetocapacitance of Y ,Cu,Os single crystal with the electric
fild & magnetic field oriented along b.These measurements were
conducted under various temperatures

As we have noted earlier, Landau theory has been used to explain the dielectric
anomaly at Ty as well as the behavior of magnetocapacitance. For an antiferromagnet
polar, YMnOs. Some analysis applies to our system since Y,Cu,Os below Hc; is adso
observed the same behavior. Thus, once can show that the magnetocapacitance is
proportional to H? from below equation.

C/C(H:O) =a+ sz
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For this analysis, the above equation may hold especialy for the magnetocapacitance
that measured at the lower magnetic field than 2T. This relationship might correspond
to coupling between magnetic field to the polarization. For this attempt, we divide into
two parts of the magnetocapacitance curve for particular range 2-10.5K measurements.
From this analysis, we obtain that the quadratic behavior is observed. We illustrate one
of the examples at 7K that represents the relation between magnetocapacitance and H in
figure 4.46. We can emphasize that there is quadratic relation between
magnetocapacitance and magnetic field up to the critical field (which is 2.51T). It is
noticeable that the value of by quite small in order of 10, From here, we can assume
that the magnetoel ectric coupling is rather weak at low magnetic field.

Fig 4.46. Magnetocapacitance vs magnetic field for 7K.

We can compare the magnitude of magnetocapacitance of this single crystal with other
existing magnetodielectric materials. Several relevant parameters are compared, such as
magnetodiel ectric coupling constant (br) and Néel temperature.

Compound / (H=5T) br<Tn Tn(K)
EuTiOs [Ref:64] 6% 2.74x10° 5.5
-Fe,03[Ref:65] 0.26% 5.2x10° 110
Y MnO3[Ref:62] 0.005% 2x10™ 77

Y ,Cu,0s 0.25% 1.97x10° 13

Table 4.6. Comparison of several magnetodiel ectric materias with Y ,Cu,Os.

From this comparison, we can understand that magnitude of magnetodielectric coupling
in Y,Cu,Os is comparable to the other class of magnetodielectrics. The value of 0.25%
(taken from 2K) is quite large compared to the hexagonal Y MnOs. Thereis asimilarity
between -Fe,04® and Y ,Cu,Os They share the same space group Pna2; which belong
to the pyroelectric point group. Nevertheless, the values are still small compared to
EuTiOgs, or even smaller than in TbMn,Os that show giant magnetocapacitance effects.
However, Y,Cu,Os offers interesting magnetodielectric behavior, reflecting the
complex magnetic transitions.

4.5.3. Temper atur e Dependence of dielectric constant of Y,Cu,Os single crystal
under magnetic field.

Another approach is carried out to observe the influence of magnetic fields in
temperature dependence. Therefore, we conducted a sequence of experiments were
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applied in various magnetic fields. Several experiments starting from the lowest value
at 0.5T until 8T was conducted with small range 0.25 Kelvin per step. The following
figures exhibit an interesting magnetic transition that occurs from low temperature to
13K.

Fig 4.47. Temperature dependence of Y,Cu,Os Fig 4.48. Relative temperature dependence
single crystal with orientation H& E parald tob- of Y,Cu,Os single crystal with orientation
axis. Range of OT H 4T. Two blue arrows H &E pardlel to b-axis. Range of 0T H
indicates different coupling terms that involved 6T.

for respective dielectric anomalies

Figure 4.47, it displays a comparable anomaly of temperature dependence as shown in
section 4.5.1. These anomalies are associated with the coupling mechanism between
polarization and antiferromagnetic order parameter. However, the additional features
are observed soon as we increase the magnetic fields. Especially when we applied
magnetic fields above 2.5T, then the negative antiferromagnetic contribution to the
dielectric constant in the curvature is partially suppressed. For instance, temperature
dependence at 3T (indicates by the yellow curve) represent two parts. First, the
dielectric constants value suddenly drop at Ty. Second, partially saturated regime is
observed at low temperature in the range of 2K until 8K. Another interesting
observation is to consider that the large dielectric constant value at this regime can be
connected to the coupling term of L,M and P. These terms are realized in the linear
magnetoelectric effect at this particular regime. They are derived from the magnetic
symmetry analysis as previously described in chapter Il. The contribution of
ferromagnetic order parameter (M) largely influences the coupling mechanism and
consequently produces the large dielectric constant value.

More importantly, the suppresson of magnetic ordering is observed when we
increasing the magnetic fields. For example, we exhibit the Néel temperature is moving
progressively in figure 4.48. The magnitude of magnetic field tremendously shifted
Néel temperature to the lower temperature. For example, we can see that the Ty is
change drastically when we employed magnetic field from the range of 2T until 6T.
Whereas at 4T, we could not distinguished anymore which one is Néel or anomaly
temperature. As conclusion, we obtain that the Néel temperature practically coincides
with another anomaly of transition temperature.

In figure 4.49, the situation at the higher fields gives rise to the additional information
regarding the magnetic transition. We still observe the similar type of curve at 4.5T and
5T compared to previous result at the regimes of 3T-4T. Therefore, we can define that
at the range of 3-5T can be classified to be an intermediate phase. At higher fields, the
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intermediate phase suddenly vanishes and the dielectric constant only presents the
anomaly due to the antiferromagnetic ordering as observed in 5.5T-6.5T measurements.
For larger fields, linear behavior is observed and no magnetic transition can extracted.

Fig 4.49. Temperature dependence of Y ,Cu,Os single crystal with H& E
paralel to b-axis. Rangeof 45T H 8T.

4. 5.4. Magnetic Phase Diagram of Y ,Cu,Os Single Crystal.

Magnetic phase diagram of Y,Cu,Os single crystal has been reported by Cheong, et.al
from magnetization measurements previously. The field induced transitions become
broad as the temperature increases, which makes the determination of critical magnetic
fields difficult. In dielectric measurements, we observe clear anomalies corresponding
to the field induced transitions even at high temperatures. That makes determination of
critical magnetic fields easier, which is very useful to construct magnetic phase diagram
with well defined phase boundaries.

From complementary magnetization and magnetocapacitance measurements, we can
obtain the critical magnetic fields for field induced transitions, and the evolution of Ty
under magnetic field. We summarize these in the following table that is needed to
construct the magnetic phase diagram.

1. Magnetization data 2. Maximum value of magnetic
(Magnetic field dependence ) Susceptibility
Critical | Critical Temperature | Critical
Temperature | Fieldl | Field2 (Kelvin) Field
(Kelvin) (Tesla) | (Tesla) (Tedla)
2 2.76 4.92 6.97 5
4.5 2.85 4.85 10.98 3
7 3.31 4.11 13 0.5
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3. Magnetic field dependence of dielectric constant

Temperature | Critical | Critical
(Kelvin) Field Field
1(Teda) | 2(Tesla)
2 2.64 5.14
35 2.56 4,94
5 241 4.66
7 251 4.04
8 3.51
9 3.19

4. Temperature dependence of dielectric constant under different magnetic fields

Temperature | Critical Temperature Critical Temperature | Critical
(Kelvin) Field (Kelvin) Field (Kelvin) Field
(Tedla) (Tedla) (Tesla)
3 55 4 7 10.75 2.5
5.75 5 5 6.5 11.25 2
7.09 4.5 5.5 6 11.75 1.5
7.85 4 6.25 55 12 1
8.25 35 6.75 5 12.25 0
7.75 3 9.25 3.5 12.25 0.5
9.75 3

We present the magnetic phase diagram in figure 4.50. Four magnetic phases are
observed. The first magnetic system corresponds to the antiferromagnetic regime where
all the spins are ordered in the alternating ferromagnetic dimers and resulting zero net
magnetization. As shown in section 4.5.3.1, several attempts have been successfully
used to extract another anomalies when we measure under magnetic fields. These
anomalies are presented by blue vertical triangle points. They separate two regimes; the
magnetically ordered of antiferromagnetic state and random distribution of spins at
paramagnetic state.

Fig 4.50. Phase diagram of

Y ,Cu,Os single crystal. M(H) is
the critical field obtained from
magnetic field dependence.

(T) the temperature
dependence of magnetic
susceptibility. (T) and (H)
arerelated to the critical
magnetic field for temperature
and magnetic field dependence,
respectively.

Phase A covers the “spin flip zone” which determine the region where the first spin of
Cu?* rotated 180°C from its original position. This phase is associated with the first
field induced transition (Hc;) of isothermal magnetization data at 2K, 4.5K and 7K (see

57



in section 4.4.4). They display the increment of effective magnetic moment about 0.3
e/ per Cu that is associated with the flipping of single spin. Phase B can be associated
with the spin flop state.

In order to visualize the phase diagram better, we plot a surface contour that constructs
from three relevant parameters. H, T and . This can be accomplished by making use of
the temperature dependence that was measured under various magnetic fields. Asit is
shown from figure 4.51 and 4.52 that correspond to each other (only different point of
view).

Fig. 451. 3D plot of temperature and magnetic field dependence of
dielectric constant.

Fig. 4.52. Phase diagram of Y ,Cu,Os obtained by rotating 3D plot to
shows more clearly the different magnetic phases.
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The above figure shows clearly that the phase A, paramagnetic regime and
antiferomagnetic phase meet at one single point. This is represented by xy coordination
in yellow region in range about 8K and 3.5T. By generating 3D plot of temperature
dependence, we can more give definitive signature how smooth the boundaries that
separate paramagnetic phase compare to the others.

From these studies, we can conclude that the magnetocapacitance is more sensitive
tool s than magnetization to probe the magnetic transitions.

4.5.5. Temperature and Field Dependence of R,Cu,0Os Polycrystals

4.5.5.1. Temperatur e Dependence.

Three rare-earth cuprates below exhibit dielectric anomalies at their respective
magnetic ordering temperatures. It indicated by the change of the slope when the
capacitance value is reduced at magnetic ordering temperature. In YbyCu,Os
compound, this anomaly is not so pronounced, nevertheless there is still considerable
change in the slope of capacitance associated with magnetic ordering at 14.9K (figure
4.53).

Fig 4.53. Temperature dependence of the capacitance Y b,Cu,Os pellet.

Figure 4.54 demonstrates the sharp change of slope of Er,Cu,Os compound at 27 K.
This change can be attributed to the magnetic ordering. We can also calculate the value
of dielectric constant based on the egn 3.6 and 3.7. We obtained the value ; = 13.
Knebel G et.al also measured dielectric constant that determined from high frequency
measurement, they have found that  is 9 ®® Disagreement between the values might
be related to the uncertainities in determining the geometrical factors to calculate the
dielectric constant from capacitance.

Y 2Cu,Os aso exhibit similar behavior as shown in figure 4.55. Unfortunately, the latter
data is not so clean and smooth as previous compounds. This is due to poor signal to
noise ratio. Nevertheless, we still can observe that there is small change in the
capacitance value at Ty.
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Fig 4.54. Temperature dependence of Fig 4.55. Temperature dependence of Y ,Cu,Os
Er,Cu,Os pellet. pellet.

4.5.5.2.M agnetocapacitance M easur ement of Polycrystals.

From the magnetocapacitance behavior of Y b,Cu,Os pellet, we observe that there are
several dope changes at temperatures below Ty (13K). If we separate them and
concentrate only at three temperatures as shown in the figure 5.56, there are more than
two anomalies observed at various critical fields for each temperature. We suggest that
these anomalies related to the metamagnetic transitions.

Fig 4.56. Magnetocapacitance of Y b,Cu,Os Fig 4.57. Magnetocapacitance of Er,Cu,Os
pellet a 3 K, 75 K, and 15 K. Each pellet at different temperature. The left part
temperature profile are given critica field was generated from the vaue of
values. magnetocapacitance in positive fields.

Similar behavior obtained from the magnetocapacitance measurement of Er,Cu,Os
pellet (as shown in figure 4.57). The broad peak that is observed below Néel
temperature is associated with the spin flip of the two Erbium ions from different
interchain layers. As indicated in figure 4.36, two (F) marks correspond to the two Er
spins flipped from their origin state. We can associate the occurrence of broad peak in
magnetocapacitance measurement with the existence of this flip transition. If we take a
close look at the data at low temperatures, the occurrence of spin flip become more
obvious Since this peak is arises dominantly below Ty, we suggest that the coupling
are strongly feasible when it reach close to 27K. Quadratic relationship of magnetic
field is also observed for al samples near Ty (in this case at 27K). It maybe due to the
same factor as in Y,Cu,Os single crystal. Unfortunately, we could not perform the
magnetic field dependence of Y ,Cu,Os pellet, because the data was poorly resolved.
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4.6. Pyroelectric Current Measurement

We also attempted to measure the pyroelectric current of R,Cu,Os, in particular for
Y 2Cu,Os single crystal. As described in chapter 111, we try to investigate the existence
of magnetoelectricity by means of pyroelectric current measurement. Shtrikman and
Treves introduced this technique in Cr,Os, by cooling the material through the Néel
temperature while applying the electric and magnetic field at the same time. The two
applied fields are parallel and subjected to the preferential crystallographic axis of the
sample, in order to achieve one single antiferromagnetic domain. This process is
known to be magneto-electric annealing. Basically, this measurement relies on how to

generate the magnetoel ectric susceptibility tensor ( ¢2”) that is presented bel ow.[®7]
P? = c?E, +c¥B, (4.9)

Where P isthe polarization, .and . are the electric and magnetic susceptibility, E and
B are the electric and magnetic fields. As it is shown in the expression obtaining large
polarization largely depends on the direction of the magnetoelectric tensor. We need to
apply both fields in the preferential orientation, in order to have spontaneous
polarization. The nonzero component of magnetoelectric tensor will contribute. If we
do not measure in the proper position, then the polarization will not be observed.

Magnetoelectric tensor that is associated with Y,Cu,Os is obtained from the
representation analysis we made based on its respective symmetry element and
magnetic component. We obtained the following table describing the possible magnetic
space groups.

Modes | Vector components | Magnetic point groups
1 P21 I—3x; I-1y; I—Zz mm?2
2 MZ, L]_x, L3y mm'2
3 Py, My, Loy, Lax m'm2’
4 Py, My, Lix, |_2y mm’'2’

Table 4.7. Irreducible representation for the space group of Pna2; associated to k=0

From the neutron diffraction studies that is carried out by Munoz et.a® we can have
the magnetic modes where four Cu spins is arranged with (+ - - +) along the b-axis.
From this magnetic mode, we can suggest the best model would be correspond to the
irreducible representation . We conclude that the magnetic point group of Y ,CuOs is
mm2. The following representation matrix correspond to this particular magnetic
class.

a, O 0
0 a, O
0 0 ag

Where is magnetoelectric tensor that exists at particular orientation. For instance, 11
means that we can apply both magnetic and electric field at b axis. From this matrix, we
should be able to demonstrate magnetoel ectricity when both electric and magnetic field
are applied parallel to each other.
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We display in the following figure, the current density vs magnetic field and
temperature. Both measurements are done using the same sample for magnetic and
electric field are parallel to b-axis. In order to measure an induced pyroelectric current
we applied magnetoelectric annealing by poling the sample from 35K to 5K with an
applied electric field 7.27kV/cm and magnetic field of 2T. At 5K, the poling electric
field is removed, while we measured the pyroelectric current under 2T. We observe no
induced polarization below Ty. Therefore, we assume that it could be due to the low
magnitude of coupling or the lack sufficient poling. We applied 2T because according
the magnetic symmetry analysis, we are expecting to have magnetoelectricity only in
the antiferromagnetic phase. We also measured the pyroelectric current under 4T to
check the existence of magnetoelectricity in the spin flip magnetic phase. We could not
observe any induced polarization as well.

Fig 4.58. Magnetic field dependence of Fig 4.59. Temperature dependence
pyroelectric current density of of pyroelectric current density of
Y 2,Cu0s single crystal at 5K Y 2Cu0s single crystal at 2T.

In addition, we tried to measure the pyroelectric current under magnetic field to
observe magnetoelectricity in polycrystalline Y b,Cu,Os and Er,Cu,Os. Similar feature
was again observed that indicates no polarization can be obtained from this
polycrystals.

4.7. Ferroelectricity measurement.

As the space group of the cuprates that we study is polar, we tried to check the
existence of ferroelectricity. After severa attempts by using the Radiant Ferroelectric
tester, we conclude that there is no indication of ferroelectricity in the group of
R>Cu,0s compounds (where R=Y, Yb, and Er). We observed a linear polarization vs
electric field behavior when the sample is placed along the polar c-axis. We conducted
this experiment based on the prediction of spontaneous polarization is aong this
particular orientation. Theoretical calculation of T¢ is highly recommended to predict at
which temperature that we should consider carefully in the future. From our
experiment, we can conclude that Y,Cu,Os belongs to the pyroelectric material that do
not show any ferroelectricity. Other materials have been reported to show such
behavior. For instance, BaMnF, is a pyroelectric material that allowed by symmetry to
have a polar state (which can be used as indication of ferroelectricity). Nevertheless, no
evi dzrgg]e of ferroelectric transition for this material that was obtained before the crystal
melts™.
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4.8 Thermal Studies of R,Cu,0scompounds.

SDT 2960 TA instrument commonly used to investigate the existence of any
ferroelectricity transition on the materia of interest. Therefore, we tried to measure the
physical transition up to the temperature of 1000°C. From the experiment under air
atmosphere, we could not obtain clear indication of phase transition before the sample
melts or decomposes into its precursor. For instance, we illustrate one result from the
Y 2Cu,0Os single crystal asfollows.

Fig 4.60. DSC-TGA curve of Y,Cu,Os single crystal.
Blue line corresponds to the change of weight during
heating and cooling process. Black line is associate to the
heat flow. The black arrows represent the warming and
cooling of heat flow. The blue arrows correspond to the
direction of heat flow.

Single crystal of Y,Cu,Os was measured with the heating rate 30°C per minute
followed by the cooling profile as well. There is small change of heat flow curve at
853°C as indicated with the black arrow. However, this change could not be related to
the physical transformation because the broaden peak is recorded instead of the sharp
peak feature. It is accompanied with the profile of weight difference that keeps
decreasing at the corresponding anomalies temperature. Whereas it is supposed to no
indication of loss weight of sample occurs during the ferroelectrics transition. Because
thisistransition that associated to the first order phase transition. It only occurs without
loosing its component of material. If we increase again the temperature of heating, we
observed interesting anomalies that may be related to the ferroelectricity. Below figure
shows another DSC-TGA curve of the same sample that we heated up to 1200°C.
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Fig 4.61. (d). Weight changes versus temperature of Y,Cu,Os Single Crysta. (b)
Heat flow versus temperature that reflect two distinguished anomalies transitions
by numbers in bracket, respectively. Upper red line is heating profile of the
sample, whereas below red line is cooling profile. Black solid lines represent the
basdline. Meanwhile the green dot lines indicates the temperature at which of
Y ,Cu,0s melts for both heating and cooling process.

We suggest that the first anomaly (marks with the number 1 in figure above) can be
realized to be the ferroelectric transition (Tc) at 1079°C. It is indicate from the small
peaks that observed, when the sample heated up and cooling down as well. Even
though the latter peak did not coincide perfectly with the first peak, we may argue that
this is due to the absence of the thermal stabilization after the temperature reach
1200°C. Because we directly proceed to the cooling process after we reach the final
temperature of heating time. It may leads to the thermal fluctuation that shifts transition
to the lower value. In addition, the percentage of weight change did not show any
significant decreasing value, therefore we can consider that the structural transition may
occurs at T¢ above. Unfortunately, no experimental value or theoretical prediction
mentioned the value of Curie temperature. Thus it becomes difficult task to compare if
the existence of ferroelectricity can be extracted directly from the thermal analysis only.
Physical evidence is needed to investigate further the ferroelectric transition in
YzCU205.

Further, a strong peak was indicated with marker number 2 at 1149°C. This is
corresponds to the melting point of Y,Cu,Os. Since this compound melts peritectically
to a mixture of liquid and a mixture of liquid and Y,O5 at 1220°C.*® There is gap
between these value that can be explained due to use of air atmosphere asinlet gas. The
oxygen components might influence the melting process because its molecule can
immerse into the crystal structure. Thus, it enhances the conversion process of Y ,Cu,0s
at lower temperature. After the system cooled down, then the liquid phase solidifies
into Y ,Cu,Os again.

In addition, there is a small peak observed in between two marked peaks above. It can
be associated to the pre-melting process that may occur when the material is
approaching the melting zone. The weight changes value above also gives an
implication that the curve seems to follow the next event. Thus, the height of the curve
can increase for the melting process. Therefore, we suggest that no physical transition
can be obtained from this particular peak.
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The influence of inlet gas to produce a good measurement on this thermal investigation
is quite important issue. We must take precaution with the materials that are reluctant to
oxygen contribution from the ar atmosphere. It is clearly observed under N
atmosphere. For instance, the following figure shows explicitly the decomposition
reaction of the Y b,Cu,Os polycrystalline. It is indicates with the sharp peak in the heat
flow and the weight changes abruptly at 1031°C.

Fig. 4.62. DSC-TGA curve of Y,Cu,Os single crystal under N,
amosphere. Blue lines is correspond to the change of weight during
heating and cooling process.

To make a strong argument to the existence of decomposition reaction, we measured
the powder diffraction of the sample after thermal analysis process. From figure below,
we can clearly seen that Yb,Cu,O:s is converted become its precursor Y b,O3 and CuO.
Additionally, Cu,O peaks were observed as well. These compositions roughly
estimated from the powder cell program and they give us the indication that that most
of the Y b,Cu,Os becomes Y b,0s.

Fig 4.63. Powder diffraction pattern of sample that taken from DSC-TGA
In the end, no solid conclusion regarding the existence of ferroelectricity can be

extracted from the above results. Since no significant signature of anomaly beside the
decomposition process could be obtained.
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Chapter V. Conclusion

We have studied intensively magnetic and dielectric properties that realized in the “blue
phase” R,Cu,Os (where R:Y, Yb, and Er). The outcome from experimental result gives
interesting phenomena, such as metamagnetism, magnetocapacitance effects, and
dielectric anomalies at low temperature. It turns out that magnetoel ectric coupling can
be detected using two complementary approaches: magnetocapacitance ( C/C=g)) and
temperature dependence. The necessity of single crystal demanded to explore the
anisotropy of physical properties of material. Therefore, we attempted to grow the
single crystal above. Two methods were tried: flux growth and Traveling Solvent
Floating Zone. The latter successfully grew a dark green of Y ,Cu,Os single crystal. The
other powdered forms are also pursued to investigate their physical properties.

The presence of ajump inthe C/C=) of Y,Cu,Os single crystal is very important to
indicate the magnetodielectric coupling. The change of capacitance value under
magnetic field can be justified as an anomaly that defines the coupling. This jump
observed up to 7K before it partially disappeared and coincided to the other anomaly at
the second transition. The first transition can be associated to the crossover of phase
boundary between two different magnetic phases. Whereas, the second transition
largely arises through competing magnetically ordered-disordered phases. This second
transition is dominantly behaving temperature dependent. The competition becomes
more prominent when Y ,Cu,Os is located at the end of intermediate region where three
magnetic phases coincide. It is demonstrated by the occurrence of single broad peak
from the measurement at 8K, and nicely supported from 3D plot of temperature
dependence under various magnetic fields. The largest value of ( C/Cin=q)) is 0.25%
measured in 2K. In temperature dependence approach, we emphasize that the dielectric
anomalies is associated to the magnetic ordering. Moreover, the suppression of Ty
arises by applying an external field. Unfortunately, we could not prove the existence of
magnetoelectricity nor ferroelectricity for this crystal. In magnetization, two
metamagnetic transition of Y ,Cu,Os observed 2.8 T and 4.7 T when measured at 4.5K.
The first field induce transition is realized to be the flipping of Cu spin, as indicated
from the jump of 0.3 my/ Cu ion in the dc magnetization. Another transition is arises
due to spin flop-like that subsequently enter the fully polarized regime at 7.3T.

Behavior in Yb,Cu,Os and ErCu,Os are also explored. From their magnetocapacitance
results, we obtained ( C/Cn=q) values are 0.087% and 0.047%, respectively. This
means Y b posses much larger magnetodiel ectric coupling than Er. In addition, a strong
dielectric anomaly is observed in Er,Cu,Os that associated to Néel temperature at 27K.
While, small change of dope at 14.9K occurs for Yb,Cu,Os. The metamagnetic
transition that occurs in both compounds shows different features. ErCu,Os curve
exhibit one metamagnetic transition together with the hysteresis effect for short ranges
temperature 2K to 5K. Whereas, Yb,Cu,Os curve only shows insignificant slope
change in the magnetization measurement. The future research should aim to have a
clear picture of these anomalies in the single crystal. It is attractive to study extensively
since both of them offers a highly competing interaction between two magnetic ions in
their magnetic structure. Hence, Yb,Cu,Os and Er,Cu,Os might become a new
magnetoel ectric or multiferroic material.
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Chapter VI. Recommendation

In the following chapter, | would like to give some suggestions for the future research
on R,Cu,Os ( R=Y, Yb, and Er).

A. YZCUZOS.

High quality single crystal is necessary to unravel clear picture either magnetic or
dielectric properties of this materia. During the research, we experienced that
compounds are difficult to grow by conventional flux growth method. It could be due to
the incomplete sealing of Pt crucible which results in early evaporation of the solvent
and the pellets did not meet the sufficient melting zone. Therefore, the suggestion is
making use of atightly closed Pt. In other technique, the growth parameters are crucial
to obtain a good single crystal. Y ,Cu,Os needs a along growth time at least three weeks
by Travelling Solvent Floating Zone (TSFZ) furnace. From our experience, maintaining
the growth rate at 0.1mm/h is important. In addition, Laue diffraction is also crucial to
extract the crystallinity of single crystal. It isimportant to conduct Laue experiment, in
order to check the crystallinity of the single crystal.

Furthermore, the incomplete result of the dielectric properties in c-direction remains as
an open challenge. We are unable to obtain a reliable data at this particular orientation.
Therefore, more single crystals are strongly needed.

The presence of magnetoel ectricity and ferroelectricity remains unanswered. Therefore,
further experimental effort is necessary to prove the existence of magnetoelectricity by
pyroelectric measurement. Other techniques such as resistivity test under high
temperature can be very promising to explore. This attempt might give clear evidence
of ferroelectricity.

B. szCUzO5 and ErZCUZO5.

An interesting point should be stressed for Yb and Er which is to grow a single crystal.
In the same spirit as previous compound, anisotropy properties are much interesting to
study based on the pure single crystal. Preliminary task would be consider how to
produce much faster and effective the single crystal. Most of the literature relies on the
slow and time consuming of growth process. Thus, new alternative route is highly
needed.

For these materials, further physical tools characterization can be useful such as

structural investigation at low temperature. The structural distortions are expected to
provide additional information about the origin of the dielectric anomaly at Ty.
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