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Abstract

Ludwigites are a class of oxyborates with the chemical formula M, (II)M’(II1)O,BO3
where M and M’ are metal ions. These materials have been widely studied because of its
three leg ladder structure and spin and charge ordering along these triads. Due to their in-
teresting properties like charge ordering and weak ferromagnetism, they are also potential
candidates for multiferroicity. This project aims to investigate the structural, magnetic,
dielectric and specific heat properties of some newly synthesized ludwigite systems. Dur-

ing this project two of the rarely studied ludwigites Nis AlO;BO3 and Cos Al10O;BO3 were
synthesized using flux growth, with borax as the flux. Both of these compounds have or-
thorhombic crystal structure, with space group symmetry Pbam. Magnetic measurements
showed antiferromagnetic ordering at 38K and 36K for Ni;AlO;BO3 and Cos AlO,BO3
respectively. There also appears to be a first order transition in Co,AlO3;BO3 at 50K.
Magnetization and specific heat vs. Field measurements at different temperatures showed
metamagnetic transitions for both of these samples. The possibility of magnetodielec-
tric effect has been observed in dielectric measurements done for NipAlO,BO3 which is
indicated by a sharp jump in the dielectric constant at the magnetic transition temper-
ature. Specific heat measurements showed large magnetocaloric effect (MCE) in both
NisAl0oBO3 and CoyAl0,BO3 with MCE in Cos AlOsBO3 being two times higher than
that in N12A102B03
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Chapter 1

Introduction

1.1 Ludwigites

During the past few decades, compounds with ludwigite crystal structures have been
widely studied for its interesting magnetic and structural properties. Some of the main
reasons for these properties are, its disorder in site occupancy, valence fluctuations of
metal ions and more importantly a three leg ladder structure exhibited by transition
metal ions in these compounds. This project aims to explore some of the properties of
alumino-ludwigites. Ludwigites belong to a general class of boron containing compounds
called oxyborates. Anhydrous borates, with boron ions present in trigonal coordination
in orthoborate group (BO3)3~, with at least one oxygen ion not directly bonded to the
orthoborate group are called oxyborates [1]. There are different classes of oxyborates
depending upon the structural features of the material. Some of the common examples
are warwickites and ludwigites. Each class of oxyborate posses one special structural
feature which distinguishes it from one another.

Ludwigites are named after the Austrian scientist Ernst Ludwig (1842-1915) who
first described a mineral Mg,FeO;BO;3 in 1874. Ludwigites in general have a chemical
formula (M(I[)M'(II1)O,)**(BO3)*~ where M and M’ are metal ions. These systems
have orthorhombic crystal structure with metal ions in the center of a distorted oxygen
octahedra and are mostly found in Pbam space group with some rare exceptions !.

Depending upon the type of metal ions present, these class of materials can be
divided into two groups : the homometallic ludwigites and the hetrometallic ludwigites.
As the name suggests, in homometallic ludwigites there is only one type of metal ion, so
the same metal ion species takes two different oxidation states +3 and +2. In most of
the metals, one of the oxidation state is favored more than the others, thus reducing the
homometallic ludwigites to only two : Fey(I1I)Fe(I1I11)O,BO3 and Coy(1I)Co(I11)O,BO3. In
hetrometallic ludwigites M and M’ are not the same ions, thus giving rise to a wide range
of compounds. Some of the hetrometallic ludwigites are CusFeO,BO3, NisFeO,BOs3,
CuyAlO5BO3, CosFeO,BO3, Mg,FeO;BO3 and so on.

IThe exception is for CusFeO3BO3 due to Jahn Teller distortion, symmetry of is reduced giving a
monoclinic structure with space group P2;/c [2].



1.1.1 Structural Properties of Ludwigites

As mentioned above, every oxyborate has some special structural feature which makes
it unique from others. In the case of ludwigites, there is zig-zag wall which propagates
along the crystallographic ¢ direction. Figure 1.1 shows a general structure of ludwigite
projected to (001) crystallographic plane, where we can see zig-zag walls. These zig-zag
walls are made of edge sharing oxygen octahedra, and is unique to the structure of lud-
wigites.

Figure 1.1: Crystal structure of ludwigite projected along (001) direction showing zig-zag
walls formed by edge sharing oxygen octahedra. Red, green and purple atoms are oxygen,
boron and metal ions respectively. Black line shows the boundary of a single unit cell

Figure 1.2: Crystal structure of Fe3O,BO3 projected along crystallographic a direction
showing different crystallographic metal ion sites. Red, brown and green atoms are
oxygen, metal ion and boron respectively. Metal ion planes are visible and are separated
by 1.5A in the ¢ direction.

Since metal ions are inside distorted oxygen octahedra, structure of ludwigites
dictates that there should be four non equivalent crystallographic metal ion positions as
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shown in figure 1.2. Metal ions at sites 3 and 4 are twice the number of metal ion positions
1 and 2. Each of these metal ions from a plane with respect to the ¢ direction. Metal
ions 1 and 3 from a plane which is parallel to the plane formed by metal ions 2 and 4.
These planes are apart by a distance of one half the lattice parameter in crystallographic
¢ direction, which is approximately 1.5A. The BOj3 group lies in the plane of metal ions
2 and 4. Figure 1.2 shows the metal ion planes in Fe3O,BO3 when projected along the
crystallographic a direction. It can be seen from the figure that metal ion planes are
apart by half the value of lattice parameter c.

There are three characteristic bond distances present, with the shortest being the
one between B and O, which is ionic in nature and thus the strongest. The second is
metal ion distance which is of the order of 3A. The third is metal ion and oxygen bond
length, which is of the order of 2A. The different bonds in ludwigites are shown in figure
1.3. It has been observed that the metal ion oxygen bonds are similar for all the four
crystallographic positions [3].

Figure 1.3: Bond distances present in Ludwigites projected in (001) direction (a) Grey
bonds are metal ion distances ~ 34 (b) Grey red bonds are metal ion bond with oxygen
atoms ~ 2A4 and red green bonds are bonds with oxygen and boron atoms ~ 1.3A[3].

Each ludwigite system shows interesting structural and magnetic properties and
there are a number of ludwigites known to us. Since it is not in the scope of this thesis
to give an introduction to all of the ludwigites, we will concentrate on two ludwigite
compounds : the homometallic Fe30,BO3 and the hetrometallic Cos 4GaggO2BO3. The
hetrometallic ludwigite Cos4GaggO2BO3 closely resembles in chemical composition of
Co9A10,BO3 which is one of the compounds studied in detail in this project.

1.1.2 A Homometallic ludwigite: Fe3O,BO;

Homometallic ludwigites have been extensively studied during the past decade. Es-
pecially Fe3O,BO3, which shows a structural transition around 283 K followed by two

3



magnetic transitions at lower temperatures [4]. Fe3O;BO3 shows an antiferromagnetic
transition at 112 K followed by a ferromagnetic transition at 70 K and below 40 K shows
weak ferromagnetism [5]. This Ludwigite is mainly known for its three leg ladders (triads)
Fe4-Fe2-Fe4 where strong exchange interactions are present along the rungs of ladder and
along the ladder. Symmetric high charge state resides along the central rung of the ladder.

Fe 4 Fe2 Fe 4 Feda _Fe2 Fe 4b
P P ¢ ? P P
1 1 I i 1 '
. - . ! : !
| 1 | ] 1 1
I | I " ; ]
1 1 1 I'e 4b Fe 2 Fe da
| 1 | T $—¢—$
! Fed 'Fe 2 | Fe 4 l ' I
A ’ 1 1 1
¥ P ¢ '. : |
| I 1 1 i ]
1 1 1 1 ' .
| | | C' ¢Fc 4a ¢Fe 2 ¢I‘e 4b
C | 1 1 1 1 ]
| 1 1 1 (] ]
! ' ! ! '. !
| | | 1 1 1
L& b & : : :
“Fed e 2 Fe 4 1 aFedb g Fe2 sFeda
(a) (b)

Figure 1.4: Three leg ladders (triads) in Fe30,BOg3, (a) Triads above structural transition
temperature (283K) at 294 K (b) below structural transition temperature at 144 K where
we see doubling of lattice parameter ¢ [4].

With evidence from neutron scattering, it has been shown by Mir et.al [4] that
there is a structural transition at 283K. This structural transition is due to displacement
of the metal ion in the central rung which leads doubling of the lattice parameter c, as
indicated in figure 1.4. As we can see that the central 3+ ion shifts to one of the either
side of the rung. Displacement of central metal ions leads to a charge ordering in the
rung of three leg ladder [5] which was experimentally observed in Larra et.al [6] using
Mossbauer spectroscopy.

Below 112 K, Fe?** ions along the rung of ladder orders antiferromagnetically and
below 40 K rest of the ions order ferromagnetically leading to a weak ferromagnetism in
Fe30,B0O3. The magnetic structure at 82 K and 10 K are shown in the figure 1.5. This
ordering of magnetic moments in ladder at 112K proves that the interaction in triads is
much larger than that of other magnetic ions. In each rung, the coupling is ferromagnetic
but along the ¢ direction coupling is antiferromagnetic in nature as shown in figure 1.5a.
Below 70 K rest of the magnetic ions starts to order ferromagnetically. The magnetic
structure below 40K is still debatable. Some observe weak ferromagnetic behavior while
there are some reports, where ferromagnetism disappears [5].



Figure 1.5: Magnetic structure of Fe30,BO;3 (a) At 82 K: Fel & Fe3: white (no magnetic
ordering); Fe2: gray, Feda, Fedb: black (Antiferromagnetic), (b) At 10 K: Fel & Fe3:
light gray (Ferromagnetic); Fe2: dark gray, Feda, Fedb: black (Antiferromagnetic) [5]

1.1.3 A Hetrometallic ludwigite: Cos4Ga;s02:BO;3

Co9.4Gags0,BO5 has Co®t ions as well as Co?* ions present with Ga®* ions, and the
structure is given in figure 1.6. There are four cobalt atoms present for every gallium ion
in this ludwigite.

Figure 1.6: Crystal structure of Cos4Gags0O2BO3 projected along the ¢ direction with
different metal ion positions numbered. The shaded triangles are orthoborate group BO3
3]



Calculating the electric feild gradient experienced by metal ion positions using
equation 1.1 given in [3].

22 00825—1 (L1)

Where V., is the electric field along the principal axis of oxygen octahedra. [ is
the angle between principal axis and direction toward neighboring oxygen ion and 7 is
the distance with metal ion and oxygen. As reported in [3] metal ion site 4 has the lowest
electric field gradient, thus it is preferable for a symmetric metal ion. Also site 4 is in
the middle of a zig-zag wall (see figure 1.6) and has the smallest isotropic displacement
parameter. Thus a symmetric 3+ ion prefers the metal ion position 4 in ludwigites. These
ions are less occupied in metal ion site 2 and rarely occupy site 3 and 1 [3].

70
i =T
40 L2 a3t 60
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S Bl
P 5
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\ » I I
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Figure 1.7: (a) ZFC and FC magnetic measurement of Coy 4Gag02BO3 shows transition
around 37 K (Inset: x~' shows linear behavior above transition temperature), (b) Mag-
netization(M) versus Field(H) measurements of Cos 4GagsO2BO3 along a & b axis which
shows metamagnetic transition around 2T at 4 K and shows paramagnetic behavior at

70 K [3].

Bulk magnetic measurements of Coy4Gags02BO3 shows a magnetic transition at
37 K [3]. Figure 1.7a shows the zero feild cooled (ZFC) and field cooled (FC) measure-
ments along the crystallographic a direction at a field of 250 Oe. For FC measurement
the sample was cooled at 5T. The inset in figure 1.7a shows susceptibility inverse versus
temperature. Magnetization versus Field plot of Cos 4GaggO2BO3 along crystallographic
a and b direction is reported, which shows a metamagnetic transition as shown in figure
1.7b. At 4.2K we can see a metamagnetic transition along both a and b directions around
2T. At 70K the material is purely paramagnetic in nature.



The above comparison of the magnetic properties of two different ludwigites shows
that the magnetic properties of a ludwigite is highly dependent on the type of metal ions
present and the crystallographic position where these metal ions resides. An extensive
list of magnetic transition temperature of ludwigites are given in table A.1, appendix A.

1.1.4 Why Ludwigites are interesting?

The origin of multiferroicity in some materials have been traced back to its charge
ordering [7], weak ferromagnetic behavior [8] [9] [10] or structural transitions [11]. As
mentioned above that some of the homometallic ludwigites show charge ordering along
with a structural transition. Similarly most of the ludwigites, both homometallic and
hetrometallic show weak ferromagnetism at low temperature. Thus pointing towards the
fact that these class of materials might be multiferroic or magnetoelectric in nature. Since
most of the ludwigites have been widely studied because of its three leg ladder (triads)
and weak ferromagnetism, we aimed to study the properties of less explored ludwigites.

Multiferroic materials have a characteristic ferroelectric transition, which is typi-
cally observed in dielectric constant measurements. Other than the ferrelectric transition,
dielectric constant measurements also show magnetodielectric effect. When dielectric con-
stant of a material is coupled to magnetization we can see magnetodielectric effect. This
can be seen as a change in dielectric constant under the application of magnetic field
[12] [13]. Since we are not studying the properties of homometallic ludwigites it is highly
probable that the transitions observed in dielectric measurements are not ferroelectric
but rather magnetodielectric.

1.2 Magnetodielectric effect

Magnetodielectric effect is seen when dielectric constant is coupled to the magnetic
properties of the material. SeCuO3, TeCuOs, and Ni3V,0g are some of the well known
materials which show magnetodielectric effect [13]. Due to symmetry restrictions only
very few magnetic point groups allows the coexistence of magnetization, polarization and
magnetodielectric effect [14].

1.2.1 Basic theory of Magnetodielectric effect

Consider a simple expansion of Landau free energy in terms of electric polarization
(P), magnetization (M) [13].

1
2¢,

In the equation 1.2, «, S and v are coupling constants between electric polariza-
tion and magnetization and E is electric field. Because of symmetry reasons, in most

F =

P?—P-E—aPM+ BPM?+yP*M? + - - (1.2)
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materials, the third term is forbidden [13]. Dielectric constant of a material is related to
second derivative of the free energy expansion with respect to polarization. So the first
term that contributes to the correction of dielectric constant in a material is vP*M?.
Hence dielectric constant is €, with an added correction proportional to yM? in magne-
todielectric ferromagnets.

In case of antiferromagnets the above explanation will not work because there is no
bulk magnetization in the system. The change in dielectric constant is thus dependent on
the correlation between magnetization at different locations [15]. For a given wave vector
q let M, be the magnetization. Then for antiferromagnets, the corrected free energy will
be given by equation 1.3 [15].

1
_260

F P*—P-E+P*Y g(q) < MM_;> (T)+--- (1.3)

q

In the equation ¢(q) is a function of wave vector q. < M M_, > (T) is the g
dependent correlation between magnetization at M, and M_, at a given temperature T
The actual value of polarization is thus given as [13]

E
P = =eb (1.4)
= +2>,9(q) < MM, > (T)

Where € is defined as

€o

1+ 2, >, 9(@) < MyM_, > (T)

Equation 1.5 gives the dielectric constant for a given magnetodielectric material.
Where ¢, is the bare dielectric constant and the rest is shift in dielectric constant due to
magnetodielectric effect.

(1.5)

€

The equations 1.4 and 1.5 only gives a set of formal understanding of magnetodi-
electric effect, based on spin-phonon interaction in a material. In normal materials the
small displacement of atoms is very weakly coupled (~ not coupled) to magnetic order.
Thus magnetic ordering is insensitive to slight atomic displacements by thermal noise.
But in materials with strong spin-lattice coupling, ordering of spins leads to change in di-
electric constant because of the change in optical phonon frequencies [13]. So the function
g(q) physically represents the coupling of phonons and magnetic order. It is proposed by
Lawanti et.al [15] that the functional form of g(q) can be obtained from the expansion
of magnetic exchange integral with respect to atomic displacements.

g(q) = v(1 — cos(qR)) (1.6)

Thus the approximate from of g(q) is given in equation 1.6 which is only valid for
long wavelength q modes. Where R is the displacements between nearest neighbors. -y is



the coupling constant which is dependent on the second derivative of exchange integral,
square of mean lattice position and correlation of spins at wave vector q and -q [15]. The
value of g is maximum when the wave vector is close to the Brillouin zone boundary.

From equation 1.5, the paramagnetic region, there is a fixed correlation between
spins which will be showed as a slight shift in dielectric constant. In the ferromagnetic
phase, this correlation goes to zero thus implying that there would be a small jump in
e around T,.. The case of antiferromagnetic materials exhibiting magnetodielectric effect
is best explained by the figure 1.8 which shows g(q) has its maximum value towards the
zone boundary. So if g(q) and < M,M_, > coincide, which is the case in antiferromag-
netic systems, large magnetodielectric effect is observed, while if they do not coincide the
magnetodielectric effect goes to zero.
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Figure 1.8: Solid line represents g(q) and the dotted lines shows the correlation of spins
(< M,M_, >) in ferromagnetic and antiferromagnetic order [13].

1.2.2 Examples of Magnetodielectric effect

SeCuO3 and TeCuOj3 are ferromagnetic and antiferromagnetic materials and magne-
todielectric effect in these materials can be explained using the above physical picture.
The temperature dependence of dielectric constant at different magnetic fields are shown
in the figure 1.9

It has been shown in [15] that the dielectric constant of SeCuOj is proportional
to M? thus giving support to equation 1.2. In antiferromagnetic TeCuQOs, application of
very high magnetic fields leads to suppression of antiferromagnetic correlations and thus
reduces the dielectric constant. Both of these effects can be seen in figure 1.9.

In case of NizV,0g there is ferroelectric transition around 6.3K. Below 3.2K
Ni3V50g shows a canted antiferromagnetic phase with small ferromagnetic moment in
(001) direction [13]. The temperature dependence of dielectric constant is given in the
figure 1.10a which shows ferroelectric transition and change in dielectric constant dur-
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Figure 1.9: Temperature variation of dielectric constant of TeCuO3 and SeCuOg at dif-
ferent magnetic fields. In both ferromagnetic SeCuO3 and antiferromagnetic TeCuOj3 the
dielectric constant reduces as feild increases [13].

ing the transition to canted antiferromagnetic order. Figure 1.10b shows the shift in
transition temperature as a magnetic field is applied along (001) direction of the canted
antiferromagetic low temperature phase of NizV,Og.
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Figure 1.10: Temperature dependence of dielectric constant in NizV,Og, (a) At zero
magnetic field. (b) At different magnetic field applied along the (001) axis, Transition
temperature shifts with increasing magnetic field [13].

1.3 Magnetocaloric Effect (MCE)

Magnetocaloric effect (MCE) essentially means the heating or cooling of a magnetic
material by varying the applied magnetic field [16]. Phase transitions are related the to a
change in entropy of the system. Thus, under isothermal conditions there will be a change
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in entropy across the transition temperature. In Ludwigite systems there is probability
of a structural transition combined with a magnetic transition. In such cases, the MCE
(entropy change) will be huge which will be detectable in specific heat measurements at
different magnetic fields. So it is important to discuss the basics of MCE and how it is
being calculated.

This phenomena can be explained very easily if we use magnetic field and magne-
tization as classical thermodynamic variables. Consider the case of a ferromagnet, where
the entropy of the system can be divided into three major components, first being from
lattice contribution, second is electronic and third is dependent on the magnetic field
experienced by the material [16].

S<T7 H) = Slattice(T> + Selectrom'c<T) + SM<T7 H) (17)
H=0 H=0
- TH ‘
‘ T=const. ‘ ‘
‘ " AS 0 ‘
=" (00
S5 ‘ S,
disorder order

Isothermal process = AS#0(S,>S;)

H=0 H=0
H 4
. S=const. =
‘ AT 4=0 *‘ '
_—
-
) - o
T; ‘ ‘ . W
order disorder

Adiabatic process = AT 4#=0(T;>T,)

Figure 1.11: Diagram showing MCE in Isothermal (Change in entropy) and Adiabatic
conditions (Change in temperature) [12].

The figure 1.11 shows a schematic representation of how application of magnetic
field reduces the entropy (or temperature) in an isothermal (or adiabatic process). Both
of the above processes are reversible in nature. Let ASj; be the entropy change in
an isothermal process where Sy, and Sp represents the total entropy at magnetic field
(H #0) and (H = 0). Considering Maxwell’s equation in thermodynamics.

-, e

11



Integrating the above equation 1.8 considering a constant temperature and volume
process we get

ASy (T, AH) = /H Izo (%)HdH (1.9)

It is important to note that,

1. Temperature Increases = Magnetization decreases =—- <8M$’H)> <0
H

So entropy change is negative provided AH > 0.

2. ‘(%) is maximum at transition temperature = |ASy (7, AH)| is maxi-
H

mum at the same temperature.

1.3.1 Measurement of MCE

In an adiabatic cycle, let T}, and T be the initial and final temperature of sample after

a change of magnetic feild AH. This temperature change gives a direct way of measuring
MCE.

AT,g(T,, AH) = T; — T, (1.10)

There are indirect ways of measuring MCE. Measuring heat capacity at different
magnetic fields gives change in entropy of a system.

T
Cc(T
S(M)uzo = S(T)r=o +/ %dT (1.11)
0
Measuring heat capacity and integrating —C(TT)P L with respect to temperature gives

entropy change in a given solid. It is worth noting that the error in ASy (T, AH) is
strongly dependent on the accuracy of measurement of heat capacity C(T") p g and method
used for integration.

The above figure 1.12 shows the calculated change in entropy for Gd from specific
heat measurement at 0T to 5T. As mentioned earlier the entropy change is negative for
a given positive magnetic field. Maximum entropy change is observed in the vicinity of
the transition temperature.

12
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Figure 1.12: MCE in Gd for a magnetic field of 5T (open circles), Relative error (solid
line), Range of absolute error (dotted lines)[12]

1.4 Paramagnetism and Crystal field splitting

It is important to understand the basics of quantum theory of paramagnetism to
analyze the magnetic measurements of ludwigites at high temperatures. All the metal
ions in ludwigites are present in oxygen octahedra, thus the outer d orbitals of metal
ions will experience an inhomogeneous external electric field (crystal field). This leads to
crystal feild splitting in the d orbitals. This effect also has to be taken into account while
analyzing paramagnetism in ludwigites.

1.4.1 Paramagnetism

The magnetic moment g of an atom or ion is given by total angular momentum J as
given by equation 1.12 where g is Landae g factor given by equation 1.13. J, L and S are
quantum numbers of angular momentum, orbital angular momentum and spin angular
momentum respectively.

= —gpupJ (1.12)

J(J+1)+S(S+1)—-L(L+1)
2J(J +1)

g=1+ (1.13)

Using quantum statistical mechanics, considering an applied magnetic field of H,

total magnetization of a collection of N atoms or ions is given by equation 1.14 [17] where
By is Brillouin function which is given by Bj(z)

13



M = NgJugB,(z) (1.14)

_gJupHY  2J+1 (2J+ Dz 1 x
By (x— T )— 57 coth 57 coth( ) (1.15)

kg and T are Boltzmann constant and temperature. In paramagnetic region where
factor x < 1, the above magnetization can be reduced to the form given by 1.16 and ji.s¢
known as effective Bohr magneton is given by 1.17. C is curie constant.

=M N (pppiess)?
H

C
= T3k T (1.16)

tesr = 9/ T+ 1) (1.17)

Effective magnetic moment of a spin only system can be calculated from formula
1.18. The same equation is used for calculation of effective magnetic moment of transition
metal ions in table 1.1.

Heff = 2\/ S(S + 1) (118)

1.4.2 Crystal Field Splitting

When a transition metal ion is placed in a highly inhomogeneous electric feild, the
outer orbitals split into different energy levels depending on the symmetry of the electric
feild which is known an crystal feild splitting [17]. This usually happens in metal oxides
where d orbitals of the transition metal are covalently bonded with oxygen p orbitals.
When the ion is placed in an octahedrally symmetric environment, the outermost d or-
bitals are split into two energy levels (t2, and e,). The ones in axial direction are of higher
energy while the d orbitals in off axis are of lower energy. The exact opposite happens
when there is a tetrahedral coordination with oxygen and metal ion. When the pairing
energy is higher than the energy difference between the t5, and e, levels, we observe a
high spin state. If the splitting energy is much higher than the pairing energy we observe
low spin state. Representation of high spin state partially filled d orbitals are shown
below.

Tetrahedral symmetry Octahedral symmetry

t2y 2
‘ tay

When a inhomogeneous electric field is applied, orbital angular momentum is no
longer constant and will give net average of zero. Thus, the contribution from orbital
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angular momentum to the magnetism of ion or atom will average out to zero. This is
called quenching of orbital angular momentum. In most cases, spin part only contributes
to the magnetism of transition metal ions/atoms in a crystal field.

The calculated magnetic moments of transition metal ions in octahedral symmet-
ric environment which are being used in this project is shown below.

Table 1.1: Magnetic moment of Co?", Co®* and Ni** in high and low spin configurations.

Ion General Low spin state | Magnetic | High spin state | Magnetic
Electronic Electronic Moment Electronic Moment
configuration | configuration low spin configuration High spin
state up state up
Co?t | [Ar] 3d" ] e 1.7321 e 3.8730
e L
Co** | [Ar] 3d L] e 0 e 4.8990
P[]t R
NiZ+ [Ar] 3d8 e, 2.8284 e, 2.8284
T 2 Y

1.5 Plan of the Project

The starting aim of this project was to identify if there are any multiferroicity in
Ludwigites. We decided to synthesize alumino-ludwigites which are very less studied.
This new ludwigites we synthesized using flux growth. We used Rietveld refinement to
confirm the crystal structure from X-ray diffraction data obtained at room temperature.
After successful sample synthesis, bulk magnetic and dielectric measurements were done
which could give clues to the possible magnetodielectric and magnetocaloric behavior of
ludwigites. According to the results observed, further physical investigations are cur-
rently being carried out on these alumino-ludwigite samples.
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Chapter 2

Experimental Techniques

2.1 Sample synthesis

Borates are usually grown by flux growth. Flux growth is basically growth of crystals
in a solvent (flux). The stoichiometric amount of reactants are mixed with a flux or a
mixture of fluxes and the reaction is carried out at a much higher temperature than the
melting point of the flux. Then reaction mixture is slowly cooled till the melting point of
the flux. After the reaction flux is either removed physically or by some solvents which
will dissolve the flux keeping the sample intact. The most common type of flux used is
nonreactive flux, which only aids the reaction and in formation of crystals. While reactive
flux not only aids the formation of crystals but also takes part in reaction as a reactant.

Flux used in the synthesis of ludwigites is either borax (NayB4O7 - 10H;0) or
boric acid (H3BOj3) or a mixture of both. Also both fluxes are reactive fluxes and highly
reactive towards alumina at high temperatures. So the only possible ludwigites that can
be synthesized using alumina crucibles are alumino-ludwigites.

2.1.1 Synthesis of N12A102B03 and COQA.].OQBOB

Both of these ludwigites have been synthesized in the past and its structure has been
reported in Hriljac et.al [18] and K. Bluhm et.al [19]. The first one uses only borax as
a flux, with no aluminum oxide added and the reaction was carried out at 1000°C in
alumina crucible. In the latter, a mixture of borax and BsOj3 is used as flux and the
reaction was carried out at 1300°C. Trying synthesis in both routes did not yield a single
phase of the compounds expected. We created a new method in which pure state of both
the samples can be obtained using flux growth.

Stoichiometric amount of the metal oxides (including AlyO3) were taken and then
mixed with excess borax (NayB4O7 - 10H20) (5 times the amount of transition metal
oxide), ground well using ball mill at 120 rpm for 12 hours to make a fine homogeneous
mixture. This reaction mixture was then transfered to a big alumina crucible and was
fired at 1000°C. For NisAlO,BOs3, reaction was carried out for 12 hours at 1000°C and
then cooled till 740°C at the rate of 5°C per hour. At 740°C the furnace was turned off
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for fast cooling, since borax solidifies at 750°C. Co,AlO,BO3 was synthesized in the same
reaction procedure as mentioned above, but the reaction time at 1000°C was increased
to 90 hours. The reaction conditions are summarized below.

Table 2.1: Summarizing reaction conditions of NigAlOoBO3 and Cos A10sBO3

Sample to Reactants required Reaction time Cooling rate till
be prepared at 1000°C 740°C
NiyAlO3,BO4 NiO, Al,O3 and 12 hours 5 °C/hour

excess Borax
COQAIOQBOg 00304, A1203 and 90 hours 5 OC/hOUI'
excess Borax

After the reaction, crucible was broken and sample was extracted out from it. In
the case of NipAlOyBOj3 there was a patch of green NiO present in the middle of the
crucible which was physically separated from the sample. The figure 2.1 shows pictures
of both samples after the reaction. To remove excess flux after the reaction, the samples
were washed with warm dilute hydrochloric acid for four days with changing the solution
once in two days. This was then washed again with distilled water to make sure that there
were no traces of any borates. Unfortunately powder X-ray diffraction (XRD) showed
a slight impurity of NiO in NigAlO3BO3. The above reaction technique gives a yield of
approximately 40% for both the ludwigites.

Figure 2.1: Photos of sample after reaction (a) CosAlO,BOj3 after reaction (blue color
sample stick to the walls are cobalt oxides which was washed out by HCI) (b) NipAlO,BO3
after reaction (green patch in center is nickel oxide)

We have tried synthesizing other compounds like NisFeO,BO3 and Fes0,BO3 us-
ing alumina and platinum crucibles but our trials did not yield a single phase. A summary
of these reactions can be seen in appendix B.
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2.2 X-ray Diffraction (XRD)

X-ray diffraction of the powder samples were done using powder X-ray diffraction
facility of Bruker D8 Advance Powder X-ray Diffractometer at IISER Pune. This facility
uses Cu K, radiation with A = 0.15406 nm. XRD of powder samples were done at room
temperature where X-ray source and detector which are rotated by 26 and the sample
orientation is fixed. The well ground sample is mounted on a glass slide, with the as-
sumption that all crystallographic planes are exposed to X-ray beam. The intensity of
Bragg scattered X-rays were recorded electronically, and the output was given as 26 ver-
sus intensity (arbitrary units). Peaks in the output graph corresponds to crystallographic
planes given by (hkl) values. For preliminary conformation of the phase, International
Centre for Diffraction Data (ICSD) database was used to compare the XRD pattern with
previously reported diffraction patterns.

2.3 Structural analysis

The most well accepted method for analysis of powder XRD is by Rietveld refinement.
This technique was first proposed and developed by Hugo M. Rietveld in 1969 [20] which
uses least square refinement.

2.3.1 Mathematical Model of Rietveld refinement

Rietveld refinement is strongly dependent on the quantity which is being minimized
in each iteration of the program which is given by equation 2.1 [21].

Sy = sz<yz — Yui)” (2.1)

where sum is over all i*" step and the parameters are

Sy = Residual quantity which is refined,

y; = Intensity observed in i*! step,
Yo = Intensity calculated in i*" step,
wi = 1/y;

Intensity calculated I for a Bragg peak K given by Miller indices (hkl) is depen-
dent on the square of the absolute value of structure factor F. The structure factor is
defined by the equation 2.2 [21].

Fg = Z N; fj exp[2mi(ha; + ky; + 1z;)] exp[—8m?u?, sin® 6 /] (2.2)
J
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where u;, is defined as root mean square thermal displacement of j™ atom in di-
rection s parallel to the diffraction vector[21]

h,k,l = Miller indices,

i, y;, 2; = Position of j™ atom in a unit cell,
N; = Occupancy multiplier of j* atom,
fi = Atomic form factor of j** atom

For a given powder diffraction pattern of a crystalline material, Bragg intensity at
a specific step 7 will be dependent on all the intensity contributions from a specified angle
in addition to the background intensity. y.; is calculated based on [21].

Vi =5 Y Lic|Fi*6(20; — 205) P A+ i (2.3)
K

Parameters in the above equation are defined as

s = Scale factor,

K = Miller indices (hkl) for given a Bragg peak,

Lx = Lorentz polarization and multiplicity factors,

¢ = Bragg reflection profile function (details are given in [21], chapter 1, table 1.2),
Py = Preferred orientation function,

A = Absorption factor,

Fx = Structure factor,

Y = Background intensity at i*" step.

Bragg reflection profile function ¢ gives each peak a shape which is calculated
including instrumental corrections, asymmetry, sample displacement, transparency and
size shape and strain effects. The full width half maximum (FWHM) (H) of a Bragg
peak function is defined in equation 2.4 where U, V and W are parameters refined in the
program.

H=+\/Utan?6 + Vtanf + W (2.4)

2.3.2 Criteria for fit

The criteria to fit a given pattern depends upon the R values that are being used
in Rietveld refinement. R values helps to determine that if the fit has reached a global
minimum and also it gives goodness of the fit. The complete set of R values can be seen
in [21] Chapter 1 table 1.3. The most important of the R value is R-weighted pattern
(Ryp) given in equation 2.5 [21].

_ > w;(yi(obs) — Z/i(Cal))Q 3
o = > w;(yi(obs))? (2.5)
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To define the goodness of a fit we need to define the next important R value which
is R-expected (R.) given by equation 2.6 where N represents number of observations
made and P represents number of parameters refined in a given cycle. Goodness of a
given peak is the ratio of R-weighted pattern to R-expected equation 2.7 [21].

N-P ]°
Re= [z wi(yz-(obS))z} (2:6)
pr
5= (2.7)

For a given fitting to be called good, the goodness of fit must be close to 1. It is
adequate to have a fit with goodness 1.3 [21]. If a fit gives goodness much greater or less
than 1 then the fit is probably wrong. Rietveld refinement provides a way to extract a
large amount of information from a single X-ray diffraction pattern and thus is the most
important tool to analyze an XRD pattern. This refinement method can also be used to
solve magnetic structures of a given material using neutron diffraction data.

Some of the common softwares that uses Rietveld refinement method are FullProf
Suite and GSAS. We have used FullProf Suite [22] software to fit our powder XRD pat-
terns.

2.4 SQUID Magnetometer

Bulk magnetic measurements were done on samples using a SQUID (Superconducting
Quantum Interference Device) designed by Quantum Design (MPMS/XL). The SQUID
magnetometer [23] works on the principle that when a magnetic material is passed through
a Josephson junction [24] superconducting ring, a voltage imbalance is created. Current
induced in the superconducting ring exceeds the critical current of a Josephson junction
thus producing a voltage which is detectable and gives a direct method to measure mag-
netization of a sample [25]. SQUID is the most sensitive device to measure the bulk
magnetization of a given system.

Figure 2.2 shows basic setup of detection coils in a SQUID magnetometer. There
are four detection coils in which top and bottom ones are wound anticlockwise and two
detection coils in the center are wound clockwise. This setup ensures that the noise in
the measurement is less by producing opposite direction currents for local variation of
the magnetic field. These local changes are expected when the magnetization induced by
the sample is non uniform across the four detection coils [26].

The main two techniques used for magnetic measurement is SQUID are D.C. tech-

nique and Reciprocating sample option (RSO) technique [26]. In DC technique sample is
moved through the detection coils in one point at a time and magnetization is recorded
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Figure 2.2: SQUID detection coils [26]

as at each position. In RSO technique, the sample is oscillated along the central coils
and magnetization is measured a function of sample position [26]. RSO technique is more
sensitive but it has a cut-off at 5 e.m.u. in Quantum Design MPMS/XL. Thus for most
of the magnetization measurements of our samples the DC transport option was used.

Figure 2.3: Sample holder with plastic straw and capsule filled with powdered sample

For magnetization measurements, well ground sample was first placed in a gelatin
capsule and sealed with kapton tape. This capsule is then inserted to a plastic straw and
the bottom of the straw was sealed with kapton tape. This was then attached to sample
holder and then inserted into magnetometer. The figure 2.3 shows sample prepared to be
attached to sample holder. At first, the sample is centered at room temperature. For Zero
field cooled (ZFC) measurement, sample is first cooled in zero field and magnetization is
measured in a positive magnetic field of 100 Oe within specific intervals of temperature
while system is being heated up. For Field cooled (FC) measurements the same proce-
dure of measurement is done except the sample is cooled in a nonzero magnetic field.
Magnetization versus field measurement was done in an applied fields from -7 T to +7 T.
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2.5 Dielectric Measurement

The dielectric constant of a material can be calculated the from capacitance of a
parallel plate geometry, with the dielectric material in between the plates. For dielec-
tric measurements of my sample, first pellets of powder sample was made using a KBr
pelletizer with diameter approximately 13mm and thickness slightly above 1.2mm. A
dense pellet is required for the dielectric measurement of a polycrystalline sample, thus
reducing the error in dielectric constant due to air captured inside the vacant spaces in
the sample. To make a dense pellet, during the process of pellet making a binder PVA
(Polyvinyl alcohol) solution was mixed with the sample. This acts as a glue, and holds
the micron sized particles together, increasing density of the sample. The pellets were sin-
tered at 850°C for the binder to evaporate, thus giving a strong, dense pellet. Silver paste
is applied on both faces of the pellet to ensure good electrical contact. This pellet was
then inserted between two parallel plate electrodes, and the impedance was measured at
different frequencies and temperatures, using a four probe measurement technique. This
impedance was then deconvoluted into real and imaginary parts of the complex dielectric
constant.

6 = € (w) + i€ (w) = || exp™ (2.8)

where

¢, = Complex dielectric constant

e/ = Real part of dielectric constant,

¢/ = Imaginary part of dielectric constant,
0 = Loss angle (ratio of € to €.)

In equation 2.8 the real part represents the energy stored in medium while the
imaginary part gives energy loss in a given medium.

For temperature variation, a closed cycle refrigerator (CCR) designed by Cryo
industries, was used with a Lakeshore temperature controller (model 335), and temper-
ature was varied from 15 K to 300 K. The measurement was usually done when the
system is being warmed. The frequency analyzer used for the measurements was Novo-
control Alpha-A High Performance Modular Measurement System, which has operating
frequency range of 30uHz to 4x107 Hz and impedance range from -0.001 to 10'° Q. Our
dielectric measurements were carried out in the range of 100Hz to 30MHz.

2.6 Heat capacity measurement

The heat capacity measurement was done using Physical property measurement system
(PPMS) Quantum Design (Evercool-II). Some magnetic field dependent measurements
were also done at TIFR using a liquid helium PPMS. For heat capacity measurement a
small piece of pelletized sample was used. First a thin layer of Apiezon N grease is used
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to give good thermal contact of sample to the platform where heater and thermometer is
attached [27].

The heat capacity of the Apiezon N grease was measured first and then total heat
capacity of Apiezon N grease and sample is measured. The heat capacity of sample is
thus the difference in heat capacity of first two measurements. The sample size used was
around 3-4mm X 3-4mm with a average mass of 10 mg. To prevent heat loss due to con-
vection high vacuum is a prerequisite. Heat capacity of Co,AlO,BO3 and NiyAlOoBO;
was measured at different magnetic fields around their transition temperatures.
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Chapter 3

Results and Discussion

In this chapter, the data which we have obtained on NipsAl0,BO3 and Co;AlO,BO3
are reported and analyzed.

3.1 NiyAlO,BOg;

3.1.1 Structural analysis of Ni;AlO,BO3

The structure of NipAlOsBO3 was analyzed using Rietveld refinement of powder XRD
pattern of the sample. During the Rietveld refinement of NiAlO;BO3, it was found out
that there was a small impurity peak which belonged to the (200) peak of NiO. Thus,
to compensate for the impurity, an extra phase of NiO was added to our model. Figure
3.1a shows the Rietveld fit without adding the NiO phase and figure 3.1b shows the fit
with extra phase. The region around the NiO (200) peak is expanded for sake of clarity.
The figure 3.2 shows Rietveld refinement fit of the powder XRD pattern of NipAlOBOs3.
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30000

30000

20000 20000
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Figure 3.1: Rietveld refinement fit (black line) of powder XRD pattern (red circles) of
Nis AlIO,BOj3, Blue stripes indicate the peak positions of NigAlOsBO3 Blue line is the
difference in powder XRD and fitting (a) Impurity peak in XRD pattern (green arrow)
(b) Impurity peak fitted with NiO, red strips are (200) peak of NiO
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Figure 3.2: Rietveld refinement fit (black line) of powder XRD pattern (red circles) of
Niy Al0,BOs3, Blue and red stripes indicate the peak positions of NigAlO;BO3 and NiO
Blue line is the difference in data and our fit

Table 3.1: XRD data of NigAlO,BO3

Chemical formula Niy AlBOs
Molecular weight, g/mol 235.17[6]
Temperature, K 296
Crystal Structure Orthorhombic
Symmetry space group Pbam
Unit cell parameters :
a, A 12.0137
b, A 9.1059
c, A 2.9419
a, 3,7, deg 90
V, A3 321.844
Diffraction angle 6, deg 5 -39.9978
step size 20, deg 0.010380
R values:
Ry 6.45
R, 3.81
Chi2 2.87
Goodness 1.69
Fraction of NisAlO,BOs, % 97.92
Fraction of NiO, % 2.08
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Rietveld refinement fit of Ni,AlO,BO3 is shown in figure 3.2 with an extra phase
of NiO to compensate for (200) impurity peak of NiO. The table 3.1 shows the parame-
ters obtained from the diffraction data using Rietveld refinement fit of Ni;AlO5,BO3, also
gives R values and percentage fraction of each phase. With addition of extra phase of
NiO to incorporate for the impurity peak, it was calculated from the fit that 2.08% of
sample is NiO. The fitting has a goodness of 1.69 which is in the acceptable range. The
crystal structure is orthorhombic with Pbam crystal symmetry. To plot crystal structure
Visualization for Electronic and STructural Analysis (VESTA) software was used [28].
The crystallographic structure projected along ¢ direction is shown in figure 3.3 which
matches with the general ludwigite structure shown in figure 1.1. Micron size crystals
can be seen from the SEM images of NiyAlO,BO3 samples. The octahedral symmetry of
the crystal structure can be seen in some of the crystals in figure 3.4.

Figure 3.3: Crystal structure of NigAlO;BOj3 Violet/White atoms are metal ion positions
with Ni (violet) and Al (white), projected along the crystallographic ¢ direction, green
atoms are boron ions and red are oxygen atoms

EHT =2000kv  Signal A = SE2 Date 13 Aug 2014 @
F—  wo-68mm Mag= 171X Time :13:09:21 nSERPUNE

Figure 3.4: SEM image of Ni;AlO,BO3
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Table 3.2: Atomic positions and fractional occupancy in NisAlO;BO3

Atom x/a y/b z/c Fractional
occupancy
Nil 0.28128 0.99699 0.5 0.80964
All 0.28128 0.99699 0.5 0.19036
Ni2 0 0 0.5 0.78504
Al2 0 0 0.5 0.21496
Ni3 0 0.5 0 0.56672
Al3 0 0.5 0 0.43328
Ni4 0.11401 0.2375 0 0.29634
Al4 0.11401 0.2375 0 0.70366
Bl 0.35773 0.27409 0 1
01 0.46308 0.34979 0 1
02 0.14442 0.11376 0.5 1
03 0.36098 0.11921 0 1
04 0.07701 0.37747 0.5 1
05 0.2577 0.34134 0 1

The atomic positions and fractional occupancy of atoms are given in table 3.2.
The last digit in atomic positions and the last two digits in the fractional occupancy are
uncertain. As mentioned in section 1.1.1 we have four different crystallographic metal
ion positions with +3 and +2 ions occupied in all the four positions. The fractional
occupancy of Al ions vary at different metal ion sites. AI** ions are occupied mostly at
crystallographic site 4 and the least is at site 1. This pattern varies from the predicted
pattern in [3] where the 34+ symmetric metal ion occupancy is maximum at site 4 and
then 2 and the least occupied at sites 3 and 1. But from the table 3.2 we can see that

the site 2 and 1 are least occupied and site 4 and 3 are more preferred by Al ions.

3.1.2 Magnetic properties of Ni;AlO,BO;

Magnetic measurements of this sample was done using SQUID magnetometer. Zero
field cooled (ZFC) and field cooled (FC) measurements were done at 100 Oe on NigAlO2BO3
which shows a sharp transition at 38K which can be seen in figure 3.5. There is a splitting
in the ZFC-FC curves of the sample near the magnetic transition. The correlations below
transition temperature is antiferromagnetic in nature which is indicated by a drop in ZFC
magnetization curve. At very low temperatures around 5K there is a small anomaly in

ZFC and FC curves.
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Figure 3.5: ZFC and FC measurement of NipAlO;BOj3 done at 100 Oe (Inset shows the
enlarged view around transition temperature)

Figure 3.6 shows a plot of the inverse susceptibility versus temperature, and we can
see that in the high temperature regime, the material behave as paramagnetic in nature.
The linearity of the L is not preserved till the transition temperature. The plot seems to
deviate from the actual linear behavior below 180K which is around 5 times above the
actual transition temperature of 38K. This behavior is quite often seen in compounds
where there are short range correlations above the transition temperature. Some of the
common examples are La;_,Ca,MnOs [29], Th;SixGe,y [30] etc.
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Figure 3.6: (a) 1/x versus temperature plot of ZFC and FC measurement of NipAlO,BO;
(b) 1/x plot for ZFC measurement of NisAlO,BO3 with linear fitting (red line) from 180K
to 300K (fitting parameters shown in table) and interpolated (green line).
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The paramagnetic regime of NigAlO3BOj is fitted with Curie Weiss law and the
fitting is shown in figure 3.6b. The linear fitting is done from 180K to 300K. The fitting
parameters are shown in table 3.3.

Table 3.3: Linear fitting parameters in the paramagnetic region of NiyAlO,BOj3 from
180K to 300K

Intercept Slope Statistics
Value Error Value Error Adj. R-Square
2.36x103 46.51 57.09 0.19 0.99

The Curie constant and ©. can be calculated from the fitting parameters

1 g
C = =17.51 x 107° 3.1
slope % em3 K (3.1)
it t
o, = LT _ 11K (3.2)

slope

Lhe 3kC M’
ff;f =/ 1 (3.3)

M’ = Molecular weight of NipAlO,BO3 = 235.1763 g/mol,
k = Boltzmann Constant 1.3806 x 107! erg/K,

C = Curie Constant 17.51x107% g/(cm?. K) and

A = Avogadro Number 6.0221 x 10?* mol~*

where:

Calculating effective magnetic moment per formula unit from equation 3.3

Heff
L =5.74 3.4
Fu UB (3.4)
Heff
— T 2‘ .
Ni2tion 871p (8:5)

The above calculated value of the magnetic moment of Ni?T ion matches with
theoretically calculated value which is 2.8284 pp in table 1.1. Thus both the Ni?* ions
contributes to the magnetic moment in the system. NiO orders antiferromagnetically at
520K, hence the contribution of the NiO impurity in the magnetization of NipAlOsBO3
is negligible. The O, calculated from the fitting is -41.12K which refers to the fact that
the predominant correlations are antiferromagnetic in nature.
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Magnetization versus field measurements were done at 5K from -7T to 4+7T. This
measurement shows hysteresis behavior with a very small loop opening and a metamag-
netic transition around 2T. This type of hysteresis behavior is common to weak ferro-
magnets. Figure 3.7b shows x versus field plot of the virgin curve of hysteresis loop in
Nis AlIO3BOj3 at 5K which shows a gradual change in susceptibility around 2T. The change
in susceptibility is a clear signature of metamagnetic transition in NipAlO,BO3. Metam-
agnetism is a first order magnetic phase transition where under the application of mag-
netic field, antiferromagnets show a change in magnetic moment [31]. These kind of tran-
sitions are not very uncommon for ludwigites systems. For example MnioNi; 3O BO3
[32] and C'oy 4GagsO2BO3 [3] shows field driven transitions which can be seen as a clear
jump in susceptibility. One such example is given in introduction section 1.1.3 figure 1.7b
for Co94GaggO2B03. Our measurements reconfirm that the metamgnetic transition ap-
pear to be a feature of most hetrometallic ludwigites.
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Figure 3.7: (a) Magnetization versus Field at 5K for NipAlO,BOj3 (b) x versus field plot
of virgin magnetization isotherm of Nis AlO,BO3 which shows a metamagnetic transition
around 2T.

3.1.3 Specific heat measurements of Ni;AlO,BOg3

Heat capacity measurements were done for NisAlO;BO3 which showed a clear tran-
sition at 38K. Specific heat measurements were also done at 3T and 5T magnetic field
across the transition temperature. The figure 3.8 shows the specific heat variation with
respect to temperature and the inset shows the change in specific heat across the transi-
tion temperature at different magnetic fields. By increasing the magnetic field, we observe
a suppression of the specific heat around the transition temperature. This large change
in specific heat across transition temperature is an indication of a structural transition in
the material at 38K. This structural transition is accompanied with a magnetic transition
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Figure 3.8: Specific heat variation with temperature in NigAlOoBO3 at different applied
magnetic fields (0, 3 & 5T) (Inset shows the transition temperature range)

from paramagnetic to antiferromagnetic phase. This phenomenon of temperature depen-
dent magneto-structural transition are of great interest, and some of the recent materials
which show such transitions are Gds(Sig1Gegg)s [33], CaggsSmg 15 MnO;3 [34] etc. When
magnetic field is applied the peak in specific heat shifts to a lower temperature seen in
inset of figure 3.8.

Form basic solid state physics we know that the major contributors to the specific
heat are from electrons and phonons. The phonon contribution to the specific heat at low
temperature varies as cube of the temperature while the electronic contribution is linear
in nature [17]. This is depicted in equation 3.6, where oT" is the specific heat contribution
due to free electrons in the material and ST is from phonons. Thus if a plot of specific
heat scaled with temperature (%) is plotted against the square of temperature, we expect
a linear behavior at very low temperatures, with « as the y intercept and S as the slope

of the curve.
C =aT + BT (3.6)

% versus T2 plot for NipAlO,BO3 at low temperature zero magnetic field data

does not follow the above described linear relationship. The inset of figure 3.9 shows
this anomaly at the low temperature regime. This anomaly could be due to a magnetic
transition at lower temperature which was also observed in the ZFC-FC measurements
of NisAlO;BO3. To analyze the contribution of magnetic part to the specific heat at low
temperature, first the phononic contribution has to be subtracted. Since the compound
is assumed to be insulator, the electronic contribution can be neglected. To do a more
rigorous analysis of this low temperature magnetic transition we have to find the phonon
contribution from other nonmagnetic ludwigites with similar structural properties.
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Figure 3.9: C/T versus T? plot of NiyAlO,BOj3 at 0, 3 and 5T magnetic fields (Inset
shows the low temperature data at 0T, which does not follow linear behavior at low
temperature)

The suppression of specific heat with magnetic fields clearly indicate that there would
be an entropy change in the material in the vicinity of the above transition.

To calculate this, first heat capacity was measured and then converted to specific

CDrsr yag integrated with respect

heat and divided by the respective temperature. This ¢ =
to temperature using the Origin software. To find the entropy change, we used entropy
at zero magnetic field as a reference data, which was subtracted from all the other mea-

surements at nonzero magnetic fields 3.7.

Tc(r (T pu—
AS(T)ap = / %ﬂ— / %cﬁ (3.7)
0 0

The entropy change in NisAlO;BO3 was calculated using the equation 3.7. As
mentioned in section 1.3 we can see from figure 3.10 a maximum entropy change at the
transition temperature. Also entropy change is negative for a given positive magnetic
field. Aside from the general features, the maximum of entropy change shows a slight
shift towards higher temperature when the magnetic field is increased. The entropy is
increased while applying higher magnetic fields which is also observed as an increase is
entropy change for higher magnetic fields. This large change in entropy gives further
evidence that the transition observed at 38K is a first order transition with a coincident
magnetic and a probable structural transition.
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3.1.5 Dielectric spectroscopy measurements of Ni,Al1O>,BO;3

32

—m—1002.9 Hz
—8—2005.9 Hz
—A—4012 .0 Hz
30 {—v—8023.9 Hz
—<4—32095.9Hz
— —64191.9Hz
—— 128384 Hz
28 | —*— 256768 Hz

Nt

——

26

24

22 4

20 .

|-=—1002.9

—e—2005.9
~ A 4012.0
1-v—8023.9
61 & 16047.
1-<—32095.
> 64191,

9
9
9

{—®—128384.0 Hz

Hz

4 {—*—256768.0 Hz

T T T T T
100 150

Temperature (K)

(a)

T T
200

T T
250

T
300 0

T T T T T T T T T
100 150 200 250 300

Temperature (K)

(b)

Figure 3.11: (a) Real part (¢') (inset shows the jump in € around transition temperature
for selected frequencies) (b) Imaginary part (€”) of dielectric constant of NigAlOBO;

shows a transition at 38K.

Temperature versus real and imaginary parts of dielectric constant were measured
for different frequencies. Dielectric constant of NiAlO,BO3 shows a sudden jump at
38K where there is a magnetic transition figure 3.11. This sudden jump in dielectric

constant is an indication of a structural transition in the material.

Since there is a

magnetic transition along with a sudden change in dielectric constant, this transition
could be magnetodielectric in nature. One of such example was NigV,0g discussed in
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introduction section 1.2.2 where there is a sudden jump in dielectric constant across a
magnetic transition temperature [13]. This sudden change can be seen both in the real
and imaginary parts of the dielectric constant.

3.2 C02A102B03

3.2.1 Structural analysis of Co,A10,BO;

Rietveld refinement of CosAlO;BO3 was performed, and the given phase was pure
within the detection limits of XRD. The crystal structure and the symmetry space group
matches with the general ludwigite structure. The figure 3.12 shows Rietveld refinement
fit of the powder XRD pattern of Co,AlO5BOs3.
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Figure 3.12: Rietveld refinement fit (black line) of powder XRD pattern (red circles) of

Co2Al05BO3, green stripes indicate the peak positions of CosAlO3BO3, Blue line is the
difference in data and our fit.

The table 3.4 shows the diffraction data obtained from Rietveld refinement fit of
Co2Al05BO3, and also gives R values. The goodness of fit is 1.25 which is in the ac-
ceptable range. The sample shows orthorhombic crystal structure with Pbam symmetry
space group. The crystal structure projected on 001 crystallographic direction is shown
in figure 3.13. This structure is similar to what has been observed in Ni;AlO,BO3 and
in other ludwigites. Atomic positions and fractional occupancy of atomic sites are given
in table 3.5. The last two digits in the fractional occupancy are uncertain. There are
four different crystallographic metal ion positions with occupancy of both +2 and +3
ions in each site. Site 2 has the least occupancy of Al ions while site 4 has the maximum
occupancy.
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Table 3.4: XRD data of CoyAlOsBO;

Chemical formula Co, AlBOs
Molecular weight, g/mol 235.65[6]
Temperature, K 296
Crystal Structure Orthorhombic
Symmetry space group Pbam
Unit cell parameters :
a, A 12.0349
b, A 9.2009
c, A 2.9978
a, 3,7, deg 90
V, A3 331.946
Diffraction angle 6, deg 8.5034 - 39.9978
step size 20, deg 0.010380
R values:
Ry 15.0
R, 12.0
Chi2 1.56
Goodness 1.25

Table 3.5: Atomic positions and fractional occupancy in Co,AlO5BO3

Atom x/a y/b z/c Fractional
occupancy
Col 0.2752(2) 0.9985(7) 0.5 0.69166
All 0.2752(2) 0.9985(7) 0.5 0.30834
Co2 0 0 0.5 0.86516
Al2 0 0 0.5 0.13484
Co3 0 0.5 0 0.54968
Al3 0 0.5 0 0.45032
Cod 0.1144(5) 0.2357(5) 0 0.4578
Al4 0.1144(5) 0.2357(5) 0 0.5422
Bl 0.373(4) 0.256(3) 0 1
01 0.4596(10) 0.3610(12) 0 1
02 0.1354(14) 0.1204(10) 0.5 1
03 0.3572(14) 0.1284(10) 0 1
04 0.0735(11) 0.3972(9) 0.5 1
05 0.2576(11) 0.3328(13) 0 1
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Figure 3.13: Crystal structure of CopyAl0;BO3 Gray /black atoms are metal ion positions
with Co (gray) and Al (black) projected along crystallographic ¢ direction, green atoms
are boron ions and red are oxygen atoms

Table 3.6: Percentage occupancy of metal ion sites in CopAlO3BO3 & Nis AlO,BO3

Co,Al10,BO; Ni; Al10,BO;3
Metal ion Percentage Metal ion Percentage
site occupancy % site occupancy %
Col 69.166 Nil 80.964
All 30.834 All 19.036
Co2 86.516 Ni2 78.504
Al2 13.484 Al2 21.496
Co3 54.968 Ni3 56.672
Al3 45.032 Al3 43.328
Co4 45.78 Ni4 29.634
Al4 54.22 Al4 70.366

Table 3.6 shows the percentage occupancy in different metal ion sites in Co, A1O5,BO3
and NisAlO,BO3;. Aluminum ions clearly prefer metal ion site 4 in both Niy AIO,BO3
and CopAlO3BO;3. Site 3 has approximately the same preference for 3+ ions in both
the compounds. In NiyAlO;BOj, aluminum ions are least occupied at site 1 while in
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Co,Al05BOg it is site 2. Thus the occupancy pattern of 3+ ions differs slightly from
what has been reported for CogGags02BO;3 [3] which claims that site site 4 has the
highest occupancy of 3+ ion while site 1 and 3 has the least. But in our case site 1 and
2 are the least occupant sites of 3+ ions while site 4 remains with the highest occupant
site of 3+ ions.

3.2.2 Magnetic properties of Co,A10,BO;

Zero field cooled (ZFC) and field cooled (FC) measurements were done on powdered
Co9Al05,BO3 sample at 100 Oe. The ZFC measurement indicates that the sample has
an antiferromagnetic transition, but it is not as sharp as what is being observed in
NisAl09BO3. The maximum of the ZFC curve is at 27K. There is a clear splitting of the
ZFC and FC from 36K onwards which can be seen in the inset of figure 3.14 indicated
by orange arrow. Since the transition is smeared no clear transition temperature can be
defined using magnetic measurements alone.
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Figure 3.14: ZFC and FC curves of Cos Al03BO3 done at 100 Oe inset shows the transition
temperature range, maxima of ZFC curve (Blue arrow at 27K) and splitting of ZFC-FC
curve (orange arrow at 36K)

The inverse susceptibility of ZFC and FC curves completely overlaps in the param-
agnetic region. But the linearity of inverse susceptibility is not preserved till the splitting
of the ZFC and FC curves. Thus as mentioned in the earlier case of Ni;AlO;BO3 there
could be short range correlations above the transition temperature till 130K which is 3.5
times above the magnetic transition temperature. The linear region of the inverse sus-
ceptibility curve of the ZFC curve was fitted with Curie-Weiss law. Fitting parameters
are shown in table 3.7.
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Figure 3.15: (a) 1/x versus temperature plot of ZFC and FC measurement of
Co2A10,BO;3 (b) 1/x plot for ZFC measurement of CopAl03BO3 with linear fitting (red
line) from 130K to 300K (fitting parameters shown in table) and interpolated (green line)

Table 3.7: Linear fitting parameters in the paramagnetic region of CoyAlO,BO;3 from
130K to 300K

Intercept Slope Statistics
Value Error Value Error Adj. R-Square
2.57 x10? 10.19 38.95 0.05 0.99

The Curie constant and ©. can be calculated from the fitting parameters

3 9
C= = 25.66 x 107* 3.8
slope 8 cm3. K (38)
y intercept
Q.= —*———— =—-659K (3.9)

slope

Lbe 3kCM'
f_’;f — 1/ 1 (3.10)

where:

M’ = Molecular weight of CoyAl0;BO3 = 235.6559 g/mol,
k= Boltzmann Constant 1.3806 x 107'¢ erg/K,

C = Curie Constant 25.66x107% g/(cm®. K) and

A = Avogadro Number 6.0221 x 10?3 mol~*
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Calculating effective magnetic moment per formula unit from equation 3.10

Hef f
— =6.96 3.11
Fu HB ( )
Hef f
——— = 3.48 3.12
Co*tion He (3.12)

The above calculated value of the magnetic moment of C'o** ion approximately
matches with the theoretically calculated value which is 3.8730 pp from table 1.1. Thus
both of the Co*" ion contributes to the magnetic properties in the system. This also
proves that the cobalt is in high spin state in CoyAl0sBO3. Otherwise the effective mag-
netic moment of per cobalt ion would have been 1.7321 pp. The ©, calculated from the
fitting is -6.5896K which refers to the fact that there is antiferromagnetic correlations
below transition temperature. Thus we observe in both alumino-ludwigites, an antifer-
romagnetic transition with transition temperatures 38K for NisAlOsBO3 and 36K for
Co2Al05B0O3. The present ludwigite shows antiferromagnetic behavior at low temper-
ature matches with Cog¢Gag402BO3 [3] where there is an antiferromagnetic transition
temperature at 37K.

3.2.3 Specific heat measurements of Co,AlO,BO;
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Figure 3.16: (a) Specific heat versus temperature plot of CopAlO;BO3 with 0T and 8T
magnetic fields (b) C/T vs. T? of CoyAlO,BO3 at 0T and 8T (Inset shows the low
temperature data at 0T fitted with linear curve (red))

Heat capacity measurements were done for CoyAlO,BO3 at 0T and 8T magnetic
field. The figure 3.16a shows specific heat versus temperature plot and inset shows the
transition temperature region. The inset of figure 3.16a shows a change in specific heat
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around 50K in CoyAl0,B0O3. There is an observable difference in specific heat across the
magnetic transition temperature (36K) between 0T and 8T. The change in specific heat
around 50K could mean that there is a transition which is not magnetic in nature. The
C/T versus T? shows approximate linear behavior at very low temperature range (2K -
8.5K) which is expected from basic understanding of specific heat. The equation which is
followed by specific heat at low temperature is given by equation 3.6 which was discussed
in earlier. The linear fit at low temperature region is shown in the inset of figure 3.16b
with the fitting parameters in table. From the table 3.8 above fitting o = 0.10J K ~2kg~*
and 8 = 6.95 x 1073JK ~*kg~!. The behavior is not observed in NiyAlO;BO3 because of

a low temperature magnetic anomaly.

Table 3.8: Linear fitting parameters in low temperature region of C/T vs. T? in
C02A102B03

Intercept Slope Statistics
Value Error Value Error Adj. R-Square
0.10 3.08 x10™3 | 6.95x1072 | 8.48x107° 0.99

Isothermal heat capacity versus field was done at 2K and 8K for the Co, Al105;BOg3
sample. The figure 3.17 shows magnetic field dependence of specific heat. When magnetic
field increases, there is a decrease in the specific heat which is due to the magnetocaloric
effect. When the material undergoes a metamgnetic transition, there will be a change in
the specific heat of the material which would be an observable anomaly in the isothermal
specific heat versus magnetic field measurement.
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Figure 3.17: Isothermal specific heat measurements of CoyAlOyBO;3 at (a) 2K, meta-
magnetic transition at 0.5T (blue arrow) and 1T(green arrow) (b) 8K, metamagnetic
transition at 0.5T (blue arrow) and 1.2T (green arrow). x-axis is in logjo scale
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Isothermal specific heat measured at 2K shows two transitions one at 0.5T and
another at 1T which is indicated by blue arrow and green arrows in figure 3.17a. At
8K isothermal specific heat shows metamagnetic transition at 0.5T and 1.2T figure 3.17b
which is indicating that the second meatmagnetic transition is highly temperature de-
pendent. The x axis of both the graphs are plotted in log;y scale to see the transition
more clearly. This transitions can be more clearly seen in magnetization versus field
measurements of the sample where there will be a sharp jump in susceptibility across
metamagnetic transition. This has been observed in NisAlOsBO3 as we saw in earlier,
but also in other hetrometallic ludwigites like cobalt gallium ludwigites [3] , manganese
nickel ludwigites [32] etc.

3.2.4 MCE in COQA]OQBOg
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Figure 3.18: Entropy change (MCE) in CoyAl0;BO3 with anomaly at 36K (orange arrow)

Entropy change was calculated for specific heat measured at field of 8T by equation
3.7. As mentioned earlier we can see a maximum change in entropy around the transition
temperature 50K. Also entropy change is negative for a given positive magnetic field. But
there is a change in the slope of specific heat curve at the magnetic transition temper-
ature which is at 36K indicated by an orange arrow in figure 3.18. Careful observation
of entropy change at lower temperature we can see an anomaly around 8K. Which is not
reflected in any other measurements. Thus it is clear from the entropy change in the sys-
tem that there is a first order phase transition at 50K which is only being reflected in the
specific heat measurement. It is worth nothing that the change in entropy in two times
higher than that of what has been observed in NisAlO;BOj3. Dielectric measurements of
the sample does not show any anomaly at either of the transition temperatures.
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3.3 Conclusions

Co2Al05,BO3 and Nis AlO5BO3 have orthorhombic crystal structure with Pbam space
group. There are 4 different crystallographic metal ion positions with varying occupan-
cies of transition metal ion and aluminum ions. Site 4 has the maximum occupancy
of +3 metal ion which is aluminum in our case, which matches with previous reports
[3]. NigAlO5BOj3 shows an antiferromagnetic transition at 38K. This transition is clearly
combined with a structural transition which is indicted in dielectric and specific heat mea-
surements. Since there is a sudden jump in dielectric constant at the magnetic transition
temperature. There is a possibility of magnetodielectric effect in NipAlO,BO3 which has
to be further investigated. Metamagnetic transition has been observed in M vs. H hys-
teresis measurement of NisAlO,BO3 at 2T. MCE has also been observed in Niy AlIO;BO5
across the transition temperature indicating a first order transition.

Co2A10,BO3 has an antiferromagnetic transition at 36K. The specific heat mea-
surements of CoyAlO2BO3 shows a possible first order transition at 50K which was not
observed in magnetic or dielectric measurements. MCE in Co,AlO5BO3 has a maximum
at 50K (3.5 J/K kg) and an anomaly at 36K. MCE in CoyA10,BOj is twice of what has
been observed in NipAlOoBOs. Indication of two metamagnetic transitions are there in
isothermal specific heat measurements of Co,AlO,BO3 at 8K and 2K.

3.4 Future Plans

e Magnetization versus field masurements are still to be done for CoaAl10;BO3. Mul-
tiple metamagnetic transitions are possible in this material which is indicated by
isothermal specific heat measurements.

e There is a clear indication of a structural transition in NisAlO,BO3 from specific
heat and dielectric measurements. Thus a low temperature XRD measurement is
essential to confirm this structural transition.

e Further investigation is required for the low temperature anomaly of specific heat
in NisAlO;BO3. For subtracting the phonon contribution, a similar nonmagnetic
ludwigite’s specific heat data at low temperature is required. Synthesis of such a
nonmagnetic ludwigite (Mg,AlO,BO3) is under process. Calculation of magnetic
contribution could be possible if the synthesis is successful.

e More measurements are required to characterize the first order transition at 50K
in CosAlO3sBO3. Low temperature XRD would be required to identify if there are
any structural transitions.

e The magnetic transition in NipAlO3BOj is coupled with a jump in dielectric con-
stant thus indicating the possibility of magnetodielectric effect. For the confirma-
tion of magnetodielectric effect, dielectric measurement should be carried out in
presence of varying magnetic field across this transition temperature.
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Appendix A

Ludwigites till now

The table A.1 shows ludwigites that are being synthesized or found in nature and
transition temperatures reported for these materials.

Table A.1: Table shows the chemical formula of ludwigites and transition temperatures
T antiferromagnetic, T ferromagnetic/weak ferromagnetic, 7, spin glass

Chemical formula Transition temperatures
Fe30,B0; 283K (Structural) [4], 112K (Ty), 70K
(Te), 40K (7) 5]
C030,B0; 43K (Teq), 15K (Teo) [35]
NiyFeOyBOs 15K (Ty) [36]
Coy.86F€0.140:B05 83K (T¢1), 74K (Teo) [35]
C09.95Fe0.1502B0; 115K (Tx), 70K (Tc)[37]
Mny2Niy s0sBO; 92K (Ty) [32]
CoyFeOyBO; 110K (Ty) [38]
C09.4Gag 02803 37K (T¢) [3]
Cua FeOy BO; 32K (Tyn) [39]
CusGaO2BO; 3.4K (Tn) [39]
CuCoAlO;BO; 28K (Ty) [40]
C05.95b0.48(02BO3)4 42K (Ty)[41]
CoM gGaO2B0O; 25K (1) [42]
CosTi(02B03)s 19K (7,) [43]
FeMgy0,B0; SK (T,) [44]
Cog.1Aly90O2BO3 [18] unreported
Cug AlyO2BO3 (18] unreported
Mny 5M; 505BO3 M = Cu, Ni [45] unreported
M g1.93Mny 370, BO3 [46] unreported
NigMOyBO3 M = Cr, V [47] unreported
NigMOy;BO3, M = Ga, Fe, Al, Cr [19] unreported
NiyAlO2BO; 38K (Ty) (present work)
CoyAlO2BO3 36K (Tx) (present work)
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Appendix B

Trials for synthesis of other
Ludwigites

During my project I have tried synthesizing other ludwigites especially NisFeO,BO3
and FeyFeOyBOs.

B.1 Trials for synthesis of NisFeO,BO;

There were in total eight trials done for synthesizing pure phase of NisF'eO; BO3. The
first three trials were done using alumina crucibles,fourth and fifth trials using Nickel cru-
cibles and last three were using platinum crucible.

e Trial 1 & 2 Alumina crucible was used with NiO and Fe;O3 were taken in stoi-
chiometric ratio with borax as flux fired at 1050°C in reference to J. C. Fernandes
et.al [48]. The reactions did not yield any trace of NiyFeO;BOj3.

e Third trial instead of Borax, boric acid was used as flux in reference to Freitas et.al

[49].

e Nickel crucibles were used in fourth and fifth trials and the reaction temperature
was kept at 1000°C and 1300°C respectively. Both of them had NiO phase because
of the oxidation of Nickel crucible.

e In the last three trials platinum crucible was used for the reaction which was carried
out at 1300°C with varying amount of flux (Borax). Interestingly there was a phase
of NisFeO,BO3 but with an additional major phase of NiO. NiO phase did not
seem to reduce in any of the last three trials.
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B.2 Trials for synthesis of FesO,BO;

The reaction was done according to Guimaraes, R. B. et.al [50] in which “Fe sample
was prepared by heating at 1120°C a stoichiometric mixture of F'eO, Fe;O3, and ByO3 in
borax under an argon atmosphere” [50]. The first reaction was done without FeO due to
its unavailability. While the second reaction was done excatly as mentioned Guimaraes,
R. B. et.al [50] in an alumina crucible. However in both the reactions, the crucible was
reacting to the sample giving rise to other borate phases.
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