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Abstract

This dissertation presents the study of five oxyborates single crystals, being four with
ludwigite structure: C0302B03, CosSn(02B03)2, Co476Al124(02B03)2, and NisSn(02B03)2,
and one with hulsite structure: Nisi4Snogs(02B03)2. Those compounds have been
synthesized and characterized by different techniques including x-ray diffraction, ac
susceptibility, magnetization, Mdssbauer spectroscopy, specific heat and neutron

diffraction. The main results are:

1. Neutron diffraction studies in Co302B03 show a charge stability of Co3+
with low spin state (S=0) that confers to this compound a two-dimensional magnetic

character.

2. Nonmagnetic dilution of Co30:B0O3 with Sn and Al has shown an
unexpected increase of the magnetic ordering temperature. This increase can be
explained by the absence of double exchange interactions and by the presence of high
spin Co2* connecting magnetic layers. These compounds have shown unusual

properties for oxyborates as magnetocaloric effect and metamagnetic transitions.

3. The ludwigite NisSn(02B03)2 was synthesized for the first time. A partial
ordering of the Ni2*+ (S=1) take place at ~80 K, and at ~6 K a second magnetic order
appear. These properties are completely different of that shown by their counterpart
CosSn(02B03)2 (where the Co2* are in the HS state with S=3/2) which shows only one
transition of the whole system at 82 K. These results indicate that the spin size of the
involved ions playsan essential rolein determining the magnetic properties of

ludwigites.



4. We synthesized a novel hulsite Nis14Snogs(02B03)2 compound, and the
results point to a complex magnetic behavior consistent with two magnetic subsystems.
The subsystem formed by Ni ions located in a plane with a quadrangular arrangement
(2-3 layer) order magnetically at 180 K (one of the highest magnetic transitions among
the oxyborates). On the other hand, the other subsystem formed by Ni atoms located in
a two-dimensional triangular lattice (1-4 layer) does not order at temperatures as low
as 3 K indicating magnetic frustration. The experimental results suggest a spin liquid

behavior for this subsystem. The two magnetic subsystems coexist at low temperatures.



Resumo

Nessa dissertacao é apresentado o estudo de 5 oxiboratos, sendo 4 ludwigitas:
Co302B03, CosSn(0:B03)2, Co4.76Al1.24(02B03)2, e NisSn(02B03);, e uma hulsita:
Nis.14Snogs (02B03)2. Esses compostos foram sintetizados e caracterizados com
diferentes técnicas, incluindo a difracao de raios X, susceptibilidade ac, magnetizagao,
calor especifico, espectroscopia Modssbauer e difracdo de néutrons. Os principais

resultados sao:

1. Os estudos de difracdo de néutrons em Co302B03 sugerem uma estado de
baixo spin (S=0) para os ifons de Co3* conferindo um comportamento magnético

bidimensional para este composto.

2. A dilui¢ao ndo magnética da ludwigita Co302BO3 com Sn e Al mostraram
um aumento inesperado da temperatura de ordenamento magnético. Isto pode ser
explicado pela auséncia de interagdes de dupla troca e pela presenca de ions de Co2* em
estado de alto spin ligando camadas magnéticas e fortalecendo o magnetismo. Estes
compostos mostraram também propriedades nao usuais em oxiboratos como efeito

magnetocaldrico e transicdes metamagneticas.

3. A ludwigita NisSn(02B03)2 foi sintetizado pela primeira vez. Um
ordenamento magnético parcial dos fons de Ni?t (§ = 1) acontece a 80 K e em
aproximadamente 6 K uma segunda ordem magnética parece acontecer. Estas
propriedades sao completamente diferentes daquelas mostradas pelo seu homélogo
CosSn(02B03)2 (onde os ions de Co2* estdo no estado HS com S = 3/2) onde apenas

uma transicdo magnética de todo o sistema acontece a 82 K. Estes resultados mostram



que o tamanho dos spins envolvidos desempenha um papel essencial nas propriedades

magnéticas das ludwigitas.

4, A hulsita Nis.14Sn086(02B03)2 também foi sintetizada pela primeira vez e
os resultados apontam para um comportamento magnético complexo consistente com
dois subsistemas magnéticos. O subsistema formado por fons de Ni numa rede
quadrangular bidimensional (camada 2-3) se ordena magneticamente a 180 K (uma
das maiores temperaturas de transicdo magnética encontrada nos oxiboratos). Por
outro lado, o outro subsistema é formado por ions de Ni localizados em uma rede
triangular bidimensional (camada 1-4), ndo apresenta ordem magnética até
temperaturas tao baixas quanto 3 K indicando uma possivel frustracio magnética. Os
resultados experimentais sugerem também um comportamento tipo liquido quantico de

spin para este subsistema. Os dois subsistemas coexistem a baixas temperaturas.
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Chapter 1. General introduction

Borates are commonly minerals with complex chemistry and structure mainly due to
the fact that boron is a small ion of trivalent nature, see Figure 1-1, which allows the
formation of isolated chains, layers or multiple groups structures. Mineralogists have

identified many minerals with boron, but most are rarely found in nature.

Figure 1-1: Scheme of the coordination of boron with three oxygens. This
figure was generated by Vesta 3.1.1 software[1]

Anhydrous borates, where boron forms an orthoborate (BO3)-3 anionic groups, are
called oxyborates. The oxyborates are characterized by their high structural anisotropy
which is revealed by the morphology of the crystals that grow as needles or platelets.
The name oxyborate is because they have one or two oxygen ions per chemical formula,

which are not bounded to boron.

In recent years very interesting physical properties have been observed in the
oxyborates with warwickite, ludwigite and hulsite structures. The chemical formulas
associated with these structures are generally: M2+*M'3+0BO3 for warwickites and M2+
M"3+02B03 for the ludwigites and Me2+tM's5+(02B03)2 for hulsites, where M and M’
represent metal ions, if M = M' the oxyborate is called homometallic, but if M# M' the
oxyborate is called heterometallic. In those species the metal ions M and M 'are located
at the center of the oxygen octahedron, as shown in Figure 1-2. These metallic ions are
generally transition metals 3d which gives to them interesting physical properties such
as: charge density and spin wave, disordered magnetic chains, coexistence of
paramagnetism and magnetic order, charge ordering, unconventional magnetism,

among others.
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Figure 1-2: Schematic representation of the metal ion, blue sphere, in the
center of the octahedron. Oxygen ions are represented by the red spheres.
This figure was generated by Vesta 3.1.1 software[1].

In this way, oxyborates are known by their complex magnetic behavior related to low
dimensional magnetic order, structural instabilities, and to the competition between
three types of magnetic interactions: direct exchange, superexchange, and double
exchange. In an effort to simplify the magnetic interactions and better understand the
complex magnetic behavior in oxyborates type ludwigite and hulsite, we doped them
with a nonmagnetic ion (Sn and Al). In this thesis we preferentially used the
nonmagnetic Sn atom as a dopant because it is a Méssbauer probe and relevant local
information on the magnetic state of the compound can be obtained. This study has
shown that substitution of the 3d transition metal by nonmagnetic ions reduce the
number of competing exchange interactions, giving place to unusual physical

phenomena observed for the first time in these oxyborates.

In the next chapters are presented a study of each compound separately. This study was
performed using experimental techniques such as x-ray diffraction, ac susceptibility,
magnetization, specific heat, neutron diffraction and M6ssbauer spectroscopy. The last
two techniques gave relevant information about the local magnetic structure of these

compounds.

In chapter 2 is studied the magnetic structure of the homometallic ludwigite Co302BOs.
The objective was to get information about the spin state and arrangement of the Co
ions in Co302B03 through neutron powder diffraction (NPD) experiments and compare
with that of the only other known homometallic ludwigite Fe302B03 so as to allow a
better understanding of the origin of their different physical properties. The results
show a charge stability of Co3*+ with low spin state (S=0) that confers to Co302B03 a
two-dimensional magnetic arrangement. These results are in contrast to the charge

instability and one-dimensional magnetic order in Fez02BO0:s.
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In chapter 3 we studied the effect of the Sn doping in the magnetic properties of
C0302B03. The objective was to reduce the magnetic frustration in C03z02B03 by
eliminating the double exchange interaction that competes with super exchange and
direct exchange. This can be done through doping the Co302B03 with nonmagnetic Sn*+
which leads to the disappearance of the Co3* ions. We verified the enhancement of the
magnetism through Sn doping, rising the magnetic transition temperature from 42 K in

Co0302B03 to 82 K in CosSn(02B03)2.

In chapter 4 we studied the effect of the nonmagnetic Al doping in the magnetic
properties of Co0302B03. In addition to the increase of the magnetic ordering
temperature from 42 K in C0302B03 to 57 K in Cos76Al1.24(02B03)2, the compound

shows unusual features for oxyborates as magnetocaloric and metamagnetic properties.

In chapter 5 we studied the structural and magnetic properties of the ludwigite
NisSn(02B03)2. The aim is to compare their magnetic properties with that of the
previously studied CosSn(02B03);. Due that both compounds have the same crystalline
structure similar magnetic behaviors are expected. However, preliminary results shown
a more complex magnetic behavior for NisSn(02B03)2, with partial magnetic ordering at

80K and a second magnetic order at ~6 K..

In chapter 6 was studied the structural and magnetic properties of the hulsite
Nis.14Sn0.86(02B03)2. This is the first time that a Mdssbauer local probe was used to
study this compound. The structure of the hulsite is formed by two planar
substructures, one with a quadrangular arrangement of the Ni and the other with a
triangular arrangement. From a geometrical point of view, if antiferromagnetic
interactions are considered, a magnetic order is expected for the quadrangular
arrangement while a magnetic frustration is expected for the triangular arrangement of
the Ni atoms. We verified, combining macroscopic and local experimental techniques,
the coexistence of two magnetic subsystems. The results show that one subsystem
order magnetically at 180 K while the other subsystem do not order magnetically down

to 3K, suggesting a quantum spin liquid (QSL) behavior.

In chapter 7 are presented the general and specific conclusions. Two short appendix

topics are shown at the end of the thesis.
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Chapter 2. Neutron powder diffraction study of
Ludwigite Co302:BO03

This chapter presents results of neutron powder diffraction (NPD) studies that follow

references [2] and [3]. A new perspective of the magnetic structure is presented.

2.1 Introduction

The ludwigites have a crystal structure with a space group Pham (N°55), where a~ 9 A,
b~12 A c~3 A e a= = y= 90° The structure presents four nonequivalent
crystallographic sites corresponding to the metallic ions located in the center of the
oxygen octahedron. The metal ions are arranged to form zigzag walls that extend along
the c axis, the walls are joined by boron ions in trigonal coordination with oxygen, so

that each boron links 2 adjacent walls, see Figure 2-1.

A short distance between the metallic ions at sites 2 and 4 (approximately 2.8 A) is
characteristic of this structure (Figure 2-1). All other intermetallic distances are greater
than 3 A. The main physical properties observed in these materials are attributed to this
short distance between sites 2 and 4, so the ludwigites are also represented by two
substructures formed by triads of octahedra at the sites 4-2-4 and 3-1-3, respectively.
The triads extend along the ¢ axis and are called three-legged ladders (3LLs). This

representation is shown in Figure 2-2.

There are only two known homometallic ludwigites in the literature, Fe30:B0s and
Co302B0s. Both are represented by the same space group Pbam at room temperature
with rather similar lattice parameters and contain one trivalent and two divalent ions
per formula unit (f.u.). Moreover, the transition metals Co and Fe are neighbors in the
periodic table, with comparable magnetic moments. However, in spite of all the
similarities, the structural and magnetic properties of Fe30:BOs and Co30:B0s are
different. Their properties will be presented to emphasize the differences between

them.
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Figure 2-1: The schematic structure of the ludwigites projected along the c
axis. The oxygen octahedra centered on the metal ions are shown. The
numbers indicate nonequivalent crystallographic metallic sites and the
vectors indicate the a and b axes of the unit cell. The subunits formed by the
octahedra at sites 4-2-4 and 3-1-3 are emphasized by different colors. The
boron ions (gray spheres) have trigonal coordination. This figure was
generated by Vesta 3.1.1 software[1].
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Figure 2-2: The schematic structure of the 3 leg ladders (3LLs) extended
along the ¢ axis. The 3LL formed by metallic sites 1 and 3 in green (top) and
sites 2 and 4 in yellow (bottom). Intermetallic coordination (right) and inside
oxygen octahedra (left).

The homometallic ludwigite Fes02BOs presents unconventional one dimensional (1D)
structural and magnetic properties. For this reason, the three-dimensional (3D)
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crystalline structure of the ludwigites is usually described by two one-dimensional (1D)

substructures, see Figure 2-1 and Figure 2-2.

The Fes0:BO0s presents a 1D structural property related to 4 — 2 — 4 ladder, which is
responsible for charge density wave (CDW) observed below 283 K [4]. Figure 2-3 shows
the schematic representations of the 4 — 2 — 4 ladder above and below the CDW. The
CDW produces a structural transition that double the ¢ parameter of the unit cell. The
new structure is represented by the space group Pbnm. In the CDW the distance
between sites 2 and 4 become shorter or longer following a charge sharing process. For
the shorter distance (2.62 A) between site 2 and 4a, the charge sharing confers to them
a 2.5 oxidation number. For the longer distance (2.94 A) between site 2 and site 4b, the
Fe ions on site 4b have the oxidation number 3. The position of shorter and longer

distance is alternate along the ladder, giving rise to the duplication of the cparameter.

Fed Fe2 Fed Fe2
&—F—@ $ & ®Feda
e——9 $Fedb
CI
@

d

Figure 2-3: Schematic structure of the 4-2-4 ladder above and below 283 K
[5]-

T=300K T=110K

The 1D magnetic properties of the ladders rely on the differentiated intralattice
interactions and magnetic order temperature (Figure 2-4). Figure 2-4 left shows the
magnetic structure at 82 K, where ladder 4-2-4 order in the b axis direction while
ladder 3-1-3 remains paramagnetic. Figure 2-4 right shows the magnetic structure at 10
K, where ladder 3-1-3 gets order along the a axis direction and the whole structure
order magnetically. The authors in reference [6] suggest that the 1D magnetic
properties of this compound are evidence of weak magnetic interactions between the

ladders with the prevalence of intraladder interactions. On the other hand,
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magnetization measurements on oriented crystals determine that a axis is the easy axis

of magnetization of this compound [6].

Figure 2-4: Fe;0,B03; magnetic structure at 82 K (left) and 10 K (right) [5].
Only the Fe atoms are shown. At 82 K: Fel and Fe3: white (no moment); Fe2:
gray, Feda, Fe4b: black. At 10 K: Fel and Fe3: light gray; Fe2: dark gray, Fe4a,
Fe4b: black [5].

On the other hand the homometallic ludwigite Co302B0Os seemed to be a conventional
compound, without signs of structural transitions or charge ordering. The calculus of
the oxidation number in reference [7] indicates that site 4 is occupied by Co3+ and the
other sites by Co2*+ without charge sharing (at least down to 110 K) as in Fe302B0s3. The
whole system get order at 42 K. Figure 2-5 (left) shows the low temperature
magnetization of the Co302B03. The magnetization at 5 T is ~45 emu/g for Co302BO3
[7], a large value when compared with the value of ~4emu/g for Fe302BO3 [6, 8]
(Figure 2-5, right) indicating that ferromagnetic interactions are more important in
Co302B0s3 system [7]. Magnetization measurements on oriented crystals determine that

b axis is the easy axis in Co302B0s [6, 9].
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Figure 2-5: Low temperature hysteresis cycles for powder samples of
Co030,B0; (left) [7] and Fe30,B0s (right) [8].

The unexpected different properties observed in Co302B03 and Fe302B03 homometallic
ludwigites has motivated different studies on this two systems [5, 6]. We have
summarized the main properties of C0302BO3 and Fe30:BO3 in Table 2-1. It also
motivated studies of ludwigites of C0302B03 doped with Fe ions, in an effort to identify
why the bulk properties of these two homomentallic ludwigites are different [6, 9, 10,
11]. As an example we could mention a partial magnetic order on ludwigite Co2Fe02BOs3,
the magnetic order of this compound is 117 K, close to the magnetic order temperature
of the Fe302B0s3 than to the Co302B0s3, despite the fact that there are less Fe than Co
atoms per formula unit. These results increase the interest to study these systems. Since
the magnetic structure of Co030:BO3 remained unknown, neutron diffraction
experiments were projected to better understand the magnetic properties of this

compound and, in general, of the ludwigites.

Table 2-1: Summarized structural and magnetic properties of homometallic

ludwigites.
Propriedade Fe302B03" Co302B03™
Ordenamento de carga 300K ?
Transi¢do estrutural 283K Nao
110 K, parcial
Ordenamento magnético (Tn) 74K, total 42 K
Eixo de facil magnetizacgado a b
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2.2 NPD studies in Co302B03

2.2.1 Synthesis and previous characterizations

The syntheses of 3g of black-needle crystals of Co302B0O3 were performed at the
Instituto de Fisica da Universidade Federal Fluminense (IF-UFF), following the recipe
of reference [7]. X-ray powder diffraction and magnetic measurements confirmed the
purity of the samples. Figure 2-6 shows the x-ray powder diffraction measurements
performed at the Laboratério de Difragdo de Raios X (LDRX) at IF-UFF. Figure 2-7
shows the magnetic measurements, in units of pgz/Co atom, the magnetic values are in
agreement with previous measurements [6, 7]. The characterized samples were ground

and sent to NPD experiments.

25000 |- ]
. . Y obs
i —Y cal i
20000 |- ——Yobs - Ycal -
2}
=
= 15000
o)
[
K
2 10000
D
[ )
Q@
[ )
— 5000
O i | i | i | i | i | i | i
10 20 30 40 50 60 70 80

20 (degrees)

Figure 2-6: Rietveld fit with the Pbam space group to the room temperature
x-ray diffraction data of Co302BO:s.
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Figure 2-7: Magnetization versus temperature for powder sample of
Co0302B03 under an applied magnetic field of 1000 Oe. Co30,B03 sample has a
magnetic order at 42 K as in reference [7]. Inset: Hysteresis loop at 5K.

2.2.2 NPD experiments
NPD measurements were performed at the D1B instrument at Institut Laue-Langevin
(ILL) in Grenoble by ]. A. Rodriguez-Velamazan. The data were refined and analyzed by

Daniele Freitas. Measurements and refinement details are in reference [2].

The magnetic transition at 42 K was confirmed and no structural transitions were
observed. Table 2-2 shows the results of the magnetic refinements at 2K. The magnetic
structure has the periodicity of one unit cell. Figure 2-8 shows the magnetic structure of

C0302B03 represented with the two 3LL.

Table 2-2: Co30,B03 magnetic moments at 2 K in yg units. M represents the
modulus of the magnetic moment vector [2].

Atom (Wyckoff M x My Mz M
positions)

Co4 (4h) -0.5(1) -0.1(1) 0 0.5
Co3 (49) 1.7(1) 3.38(8) 0 3.8
Co2 (2d) 0.4(2) 3.06(9) 0 3.1
Col (2a) 1.2(1) -3.4(1) 0 3.6
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The magnetic moments of the majority of the Co ions are in agreement with high spin
(HS) Co2* (Table 2-2), however the moment of the Co3*+ atom at site 4 is rather small
suggesting a low spin (LS) state (S = 0) for the Co at this site. Figure 2-8 shows the
magnetic structure of a unit cell according to Table 2-2. The moments on Co sites 1, 2
and 3 are nearly parallel to the 4 axis, with a ferromagnetic coupling along the ¢ axis.
The coupling of site 1 with sites 2 and 3 is antiferromagnetic, and between sites 2 and 3
is ferromagnetic. Then, there is a predominance of ferromagnetic couplings in this
compound. This result is consistent with previous magnetic measurements as shown in
Figure 2-7 and references [6, 7], in which a predominance of ferromagnetic couplings is

observed.

Figure 2-8: Magnetic structure proposed for Co30,B0O3 by NPD. The two
subunits in the form of 3LL are shown. The numbers indicate the
crystallographic sites. Magnetic moments are ferromagnetically aligned along
the caxis [2].

2.3 Discussion

The spin state of Co3+*ions in an octahedral environment is determined by a competition
between intra-atomic exchange energy (Hund'’s rule) and crystal field energy [12, 13,
14]. The exchange energy favors the high spin (HS) state (tg‘geg, S = 2) while the crystal
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field favors the low spin state (LS) (tzﬁgeg, S = 0). For Co3* and Fe2* very often these
states are close in energy and include also the possibility of an intermediate spin state
(IS) with the configuration (tggeg}, S = 1). Among the Co oxides, LaCoOs and GdCoOs
exhibit a thermal transition from low spin to high spin, probably with an intervening IS
[12, 13, 15]. The Co203 exhibits a low spin to high spin transition with decreasing

pressure [16].

The electron count in a rung of the 4-2-4 ladder corresponds to a background of three
Co3* ions with an extra itinerant electron per rung [4, 17]. The magnetic configuration
obtained by neutrons implies a localization, or charge ordering, of this extra electron on
site 2 of the rung, leaving two low spin Co3+ions in the two outer sites 4 of the rung and
a Co2* on the center. Since site 2 is a symmetric site, this charge ordering is not
necessarily accompanied by a structural transition as in the case of the Fe homometallic

ludwigite.

We now compare the properties and magnetic structures of the two homometallic
ludwigites after the neutron scattering experiments. First, the magnetic ordering in the
Co302BO3 is a single step phenomenon in  which the magnetic
moments in the two different ladders order simultaneously. This is in contrast to
Fes02B0s where 4-2-4 ladders order at 110 K and the 3-1-3 ladders order at lower
temperature (70 K). Concerning the magnetic structures, the moments in the ladders
are coupled in different ways in the two compounds. In the Fe30:BOs system the
magnetic moments in a rung of the 4-2-4 ladders couple ferromagnetically, pointing
along the b axis [5]. The coupling between the magnetic moments in consecutive rungs
of these ladders along the ¢ axis is antiferromagnetic. Notice that due to the staggered
CDW ordering at ~ 283 K one should distinguish between sites 4a and 4b in the 4-2-4
ladders of Fes02B0s. However, the moments in these sites were found to be nearly the
same [5]. C0302B0s has a ferromagnetic spin configuration in the rungs of the 4-2-4, but
along the c axis the moments are ferromagnetically aligned. In Fes02B0s, the magnetic
moments in the 3-1-3 ladders have a ferrimagnetic coupling along a rung with the
moments pointing into the a direction (see Figure 2-8). These in turn are
ferromagnetically coupled along the ¢ axis [5]. The Co0302B0s has a ferrimagnetic

configuration and the moments are all pointing almost into the b direction.
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In both homometallic ludwigites, ferromagnetic ordering between the moments in a
rung of the 4-2-4 ladders favors delocalization of this extra electron that gains kinetic
energy. Since there is no structural transition in Co302B0s, this delocalized electron
could partially Kondo screen the moments in the rung of this ladder. This mechanism,
however, is not sufficient to explain the small value of the magnetic moments found in
the neutron experiments and especially why this occurs for the moments on sites 4 and
not for that on site 2. Also in the oxyborates there are many competing magnetic
interactions. The moments at site 4 are connected through different superexchange
paths to several other magnetic ions in the structure. This results in conflicting
information with a cost in energy for the system. A nonmagnetic, LS Co3+ occupying this

site avoids the system to have to account for this energy cost.

In an effort to clarify the mechanism responsible for the coexistence of high and low
spin states in the Co ludwigite, we calculated the Vzz component of the electric field
gradient (EFG) on the different Co sites surrounded by oxygen octahedra. This
parameter is a measure of the deviation of the environment from symmetric octahedra.
Following Ivanova et al. [9] and taking the z axis along the main axis of the oxygen

octahedra, we calculated Vzz for all the Co sites using the equation:

2e(3cos%6 — 1)
Vaz = Z r3

where e is the electron charge, 6 is the angle between the main axis of the oxygen
octahedron and the direction to the neighboring oxygen ion and r the distance to the
oxygen atom. Table 2-3 shows the Vzz values for each Co site.

Table 2-3: Main component of the EFG for Co sites at different temperatures
in units of e/A.

Site 1 Site 2 Site 3 Site 4
2K 0.384 0.166 0.138 0.014
30K 0.375 0.170 0.149 0.015
50K 0.267 0.151 0.230 0.031

300K 0.288 0.159 0.202 0.032
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We find that site 4 has the smallest Vzz, showing that this is the most symmetric site in
the compound. For lower temperatures the Vzz parameter for site 4 decreases, going
from 0.0322 e/A3 at room temperature to 0.0145 e/A3 at 2 K, indicating that the oxygen
octahedra surrounding site 4 become even more symmetric at low temperatures. It
should be noted that in LaCoO3, an archetypical compound with Co3* ions in the LS state
at low temperatures, Vzz = 0.00244 e/A3 at 5 K [15, 18]. In a more recent study of
trivalent Co ions in sites with octahedral symmetry (Vzz = 0.0117 e/A?), Chen et al. [19]
have shown a close relation between the spin states and the Co-O distances in the

octahedra (see Figure 2-9).
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Figure 2-9: Energy level of a Co3* in oxygen octahedra as a function of Co-0
distance [19].

The intermediate spin (IS) states are always higher in energy, but the HS and LS states
exchange stability at a distance of ~1.932 A, the latter becoming more stable at shorter
distances. As we can see in Figure 2-10, Co-O distances below this limit are observed
only for site 4, yielding in this case a favorable condition for a low spin state. Notice that

site 4 is the one with shorter weighted average distances.
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Figure 2-10: Co-O distances of the octahedra in site 4 of Co30,B03 obtained
by NPD measurements. The dashed line shows the threshold distance
obtained for a CoOs cluster by Chen at al. [19], where HS and LS exchange
instability.

To better understand the magnetic properties shown it is appropriate to view this
compound as consisting of magnetic planes separated by nonmagnetic ions. The
magnetic plane is parallel to b—cplane and formed by rectangular coordination between
sites 1 and 3 (d;_3 = 3.33A) and triangular coordination between sites 2 and 3
(d,_3 = 3.03 A) (see Figure 2-12 and Figure 2-13). These layers are separated by the

(nonmagnetic) LS Co3* at sites 4.

Figure 2-11: Schematic structure of Co30;B03 showing the magnetic sites
obtained by NPD in green and the nonmagnetic site in yellow. The gray
circles represent the boron atoms.
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Figure 2-12: Schematic structure of the plane formed by magnetic sites 1, 2
and 3 parallel to b and ¢ axis. Numbers indicate the metallic sites of Co ions.
Black lines enclose the unitary cell. Blue lines show the intermetallic
coordinations. Sites 2 and 3 have triangular coordinations and sites 1 and 3
rectangular coordination. The arrows show intermetallic distances.

In this way we can see that the magnetic structure in the b—c plane is formed by
ferromagnetic regions (Co moments at sites 2 and 3) separated by Co moments at sites
1 coupled antiferromagnetically (see Figure 2-13). Then, the singularly small magnetic
moment of the Co3* at site 4, confers to Co302B03 a 2D magnetic character rather than a

1D as displayed by Fe302BOs.
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Figure 2-13: Magnetic structure of Co30,B03, oxygen octahedra of sites 1, 2
and 3 in green, site 4 in yellow. Boron represented by little green circles. A
black line enclose a unit cell. Top, layer formed by sites 1, 2 and 3, in which
each site form a line along the caxis. Bottom, projection on the ab plane.

Two dimensional (2D) antiferromagnetic structures usually show a T? dependence on
the low-temperature specific heat related to two-dimensional magnons, as seen in the
hulsite CosSb(02B03)2, an oxyborate with a 2D structure. Revisiting the low-
temperature specific heat of Co302B0s3, a fit including a T? dependence could be done on

data of reference [7]. It shows a predominance of the T? dependence (see Figure 2-14).
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This result should be analyzed together with the results shown by the other ludwigites

studied until now.
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Figure 2-14: Fitting of the low-temperature specific heat of Co30;B03 with the
equation C=yT + aT? + FT7. The TZterm is dominant.

Another thing that called our attention is the fact that sites 2 and 3 are forming a two
dimensional triangular network (Figure 2-12) that could give place to geometric
frustration if antiferromagnetic interactions are considered. As we will see in chapter 4,
geometric frustration seems to play an important role in the magnetic properties shown

by C05A1(02B03)2.
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Chapter 3. Structural and magnetic properties

of ludwigite CosSn(02B03)2

The content of this chapter is largely the same in reference [20].

3.1 Introduction

Nonmagnetic doping of Co ludwigite has been done with the purpose of get more
information about the mechanisms involved in the magnetic properties shown by the
ludwigites. The first Co ludwigite diluted with a nonmagnetic ion was the CosTi(02B03)2
[21]. Magnetic and thermodynamic properties were studied in this compound. The
CosTi(0:2B03)2 do not show long-range magnetic order at low temperatures, instead a
spin-glass state is established at 19 K. The Curie-Weiss temperature of the ludwigite
CosTi(02B03)2 is Ocw = -1.4 K. The real part of the ac susceptibility show a wide peak
that moves to higher temperatures as the frequency of the applied magnetic field
increases (see Figure 3-1 - a). In the specific heat measurements no peaks were
observed at this temperature, indicating the absence of phase magnetic transitions (see

Figure 3-1 - ¢).
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Figure 3-1: Magnetic and specific heat measurements of ludwigite
CosTi(02B03)2. (a) real part of the ac susceptibility, (b) imaginary part of the
susceptibility, (c) specific heat measurements of different ludwigites, (d) M
(H) measurements [21].
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The next nonmagnetic diluted Co ludwigite studied was the CoMgGa02B03 [22]. In this
case the purpose was to introduce nonmagnetic ions into each crystallographic site. The
authors proposed that all Co3+ ions were replaced by Ga3+* ions and part of the Co2+ ions
replaced by Mg?* ions leaving the remaining Co with a configuration d’ and spin S =
3/2. On the other hand, the results of the X-ray measurements and the metal
occupancies in each crystallographic site were not shown. The authors proposed a spin-
glass ground state for this ludwigite. The peak of the ac susceptibility varies with

frequency, characteristic of a spin-glass state.
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Figure 3-2: Magnetization as a function of temperature for powder sample of
CoMgGa02BO0s. Inset: Real part of the ac susceptibility [22].

The last Co ludwigite doped with nonmagnetic ions studied was the C024Gaos02B03
[23]. In this case, Ga ions enter in sites 4 and 2 occupying 54% and 15.5% of each site
respectively. The introduction of Ga in the structure weakens the magnetic interactions,

reducing the magnetic transition temperature to 37 K.

The study of CosTi(02B03)2 [21], CoMgGa02B03 [22] and Co2.4Gaos02B03 [23] showed
that the nonmagnetic ions substitutes Co atoms in two or more crystallographic sites
weakens the magnetic interactions and decrease the magnetic ordering temperature. In
this context, we synthesized CosSn(02B03)2, and to our surprise the results have shown
that the nonmagnetic Sn ion occupy only one site (4) and that the magnetic ordering
temperature raised drastically reaching 82 K, the highest 7y observed among the Co

ludwigites.
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In this chapter we will show the results of x-ray diffraction, ac susceptibility,
magnetization, 119Sn Mdssbauer spectroscopy, specific heat and NPD experiments

performed in CosSn(02B03)3.

3.2 Experimental

3.2.1 Synthesis

The syntheses were performed at the laboratories of the IF-UFF. Black needle crystals of
CosSn(02B03)2 were obtained from a mixture of CoO : SnOz : H3BO3 : NazB407 in
5:1:2:10 molar proportions respectively. The mixture was heated for 24 hours at 1100
°C and cooled down to 600 °C for 48 hours. Then the oven was turned off. The result
was dissolved in hot water and the crystals cleaned in an ultrasonic bath at 50 °C. The

presence of tin in the crystals was confirmed by 119Sn Méssbauer Spectroscopy.

3.2.2 Structural Characterization

Powder x-ray diffraction (XRD) measurements were performed at LDRX - UFF
laboratory. The initial XRD pattern consist of two phases, CosSn(02B03)2 and less than
10 % of SnO2. SnO2 is a nonmagnetic oxide with a rhombohedral morphology. Needle

crystals of CosSn(02B03)2 were separated with tweezers and ground.

Single crystal x-ray diffraction measurements and initial structure refinement were
conducted at LabCri-UFMG laboratory by Carlos Pinheiro. Final refinements and tables
were made by Daniele Freitas. Table 3-1 summarizes the crystal data for the

measurement performed at 110 K.

Table 3-1: Crystal data of CosSn(02B03),.

Empirical Formula C05.07510.93B2010
Formula weight 591.08 g/mol

Wave length 0.717073 A

Crystal Size 0.4567 x 0.1511 x 0.0550 mm3
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Temperature 110K

Crystal system Orthorhombic
Space group Pbam
Unit cell dimension a= 9.4216(3) A
b= 12.3281(2) A
= 3.10109(1) A
Volume 360.194(2) A3
Z 2

The structure was solved in analogous experimental conditions at 293 K and 110 K in
order to observe any eventual conformational change with temperature. No evidence
for any phase transition was found above 110 K. Figure 3-3 shows a schematic structure
of the ludwigites projected along the c axis together with the polyhedra centered at
metal ions. The green sites 1, 2, and 3 are exclusively occupied by Co atoms. The yellow
site 4 is occupied randomly by Sn and Co ions in a proportion of 0.46:0.54. The purity of
the samples after selection was confirmed by powder x-ray diffraction and the presence
of the Sn in the compound by energy-dispersive x-ray spectroscopy (EDS) (not shown).
Despite having almost the same proportion we did not see additional peaks indicating
some kind of long-range order from the Sn and Co ions in this site. Contrary to the other
nonmagnetic ions in the cobalt heterometallic structures, the Sn occupies only one site
of the lattice. So the chemical composition of our sample, obtained from x-ray analysis,
is C0s5.07Sn0.93(02B03)2. Table 3-2 shows the fractional coordinates, the site occupancy

factor (SOF) and the normalized occupancy (Occ.).
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Figure 3-3: Schematic structure of CosSn(02B03)2 showing the metallic sites
in octahedral coordination. The green sites 1, 2, and 3 are exclusively
occupied by Co atoms. The yellow site 4 is occupied randomly by Sn and Co
ions in a proportion of 0.46:0.54.The gray circles represent the boron atoms.
This figure was generated by Vesta 3.1.1 software [1].

As described in chapter 2, we calculate the V;, values for the four Co sites, the results

are presented in Table 3-3. It shows that site 4 is the most symmetric site, this is a

common characteristic of ludwigite compounds and seems to be related to the

preferential occupation of this site. Table 3-3 also shows the oxidation numbers Z; for

Co ion on site j, these oxidation numbers were calculated applying the formula given by

Wood and Palenik [24],

Zj = %i(Ro —1j)/b,

with 7;; being the distance to the nearest-neighbour oxygen ions. Ry and b are

parameters given in reference [24] for inorganic cobalt compounds. The oxidation

numbers Z;show that we can nominally ascribe oxidation number 2+ for all the Co ions.

Table 3-2: Fractional coordinates, site occupation factor (SOF), the
normalized occupancy (Occ.) per site and the equivalent isotropic
displacement parameters (A2 x 103) for CosSn(0;B03)2. U(eq) is defined as
one-third of the trace of the orthogonalized Uij tensor. The Occ. is the
occupancy of atoms per site, normalized by the SOF. The SOF values must be
multiplied by the factor 8 to obtain the number of atoms in the unit cell [25].

site x/a y/b z/c SOF Occ.

U(eq)
Co(1) 0 0 0.5 0.25 1 6(1)
Co(2) 0 0.5 0 0.25 1 9(1)
Co(3) 0.0015(1) 0.2810(1) 0.5 0.5 1 6(1)
Co(4) 0.2397(1) 0.1151(1) O 0.267 0.46 4(1)
Sn(4) 0.2405(1) 0.1161(1) O 0.233 0.54 4(1)
0(1) 0.1520(1) - 0 0.5 7(1)

0.0420(1)

0(2) 0.1045(2) 0.1429(1) 0.5 0.5 7(1)
0(3) 0.1258(2) 0.3599(1) O 0.5 7(1)
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0(4) - 0.4210(1) 0.5 0.5 9(1)

0.1143(2)

0(5) - 0.2356(2) 0 0.5 7(1)
0.1528(1)

B 0.2723(2) 0.3618(2) 0 0.5 7(1)

Table 3-3: Oxidation numbers Z; for Co ions on site j and the and the Vz
component of the EFG, see text for details.

Vzz
Site Zj .

(e/A)
Col 1.806 0.220
Co2 1.806 0.059
Co3 1.818 0.269
Co4 1.956 0.015

3.2.3 Magnetic measurements

The magnetic measurements of powdered samples of CosSn(02B0s3)2 were performed in
the Laboratério de Baixas Temperatures of the IF-UFR], by Gabriel Eslava and Luis
Ghivelder using a commercial PPMS platform from Quantum Design. Magnetic
measurements on oriented single crystals were performed at CBPF using a commercial
Versalab platform from Quantum Design. The results of the magnetic

measurements are shown from Figure 3-4 to Figure 3-7.

Figure 3-4 shows the magnetization versus temperature curves for field-cooled (FC)
and zero-field-cooled (ZFC) measurements with applied fields of 0.1 and 1T from
powder samples. Below 82 K the curves show an abrupt change of derivative and then
the ZFC and FC curves separate. From the linear fit of the inverse dc susceptibility (FC-
1T) above 120 K, we obtained the Curie-Weiss temperature 6., = —32.5 K and the
Curie constant, C = 26.06 X 1073 emu.K/g.0Oe. The negative value of 8y, indicates the
predominance of antiferromagnetic interactions in this systems. From the Curie

constant we determine the effective moment per formula unit (fu.) p.rr = 11.09 pp.
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The spin only moment per fu. of CosSn(0:B03)2 gives p =/5%x3/2x (3/2+1) =
8.6 up. In most of the 3d transition metals, the magnetism is due mainly to the spin
magnetic moment, with a little or null orbital contribution. An exception seems to be
Co?%*, as pointed out by ].M.D. Coey in reference [26]. The value of the effective moment
per fu., 11.09 ug, is considerably higher than an expected spin only moment, 8.6 up,
showing that the orbital contribution is not quenched. This is consistent with

experimental observations for Co?* ions [26].

Figure 3-5 shows the real part of the ac-susceptibility measurements for different
frequencies as a function of temperature from powder samples. The sharp peak at the
temperature T, = 82 K sets the order temperature of this material. The variation of T,
with frequency for two decades is smaller than 0.2 K, consistent with a long range
magnetic transition as confirmed by specific-heat results to be shown later. We remark
that this temperature is almost two times higher than that obtained for Co302B03 [7], 42
K.

The magnetization curves from powder samples as functions of applied fields for
different temperatures are shown in Figure 3-6. At 100 K the magnetization exhibits a
paramagnetic behavior. Below T, the magnetization versus field curves present
hysteresis cycles down to the lowest reached temperatures. Below 10 K these curves
present small jumps at low fields and, near 2 K, a sharp one at 3.8 T. This behavior was
also found in CosTi(02B03)2 [21] and in this case is related to a spin-glass phase [27].
However, contrary to the CosTi(02B03)2 system, for which the specific heat as a function
of temperature does not present any feature, here it has a narrow peak characteristic of
a well-defined thermodynamic transition. This excludes a spin-glass transition in the
present system, differently from what was found in the former. Figure 3-7 shows
magnetization measurements in oriented single crystals with the applied magnetic field
along (ll ¢) and perpendicular (L c¢) to the ¢ axis. The results are compatible with a

highly anisotropic compound with the easy magnetization direction on the ab plane.
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Figure 3-4: Magnetization versus temperature for powder sample of
CosSn(02B03); under an applied fields of 0.1 and 1 T in both regimes: field
cooled (FC) and zero field cooled (ZFC).
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Figure 3-5: Real (x") part of CosSn(0:B03), ac magnetic susceptibility on
powder sample as functions of temperature for 0.1 kHz, 1 kHz, and 10 kHz.
The amplitude of the oscillating magnetic field is 1 Oe.
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Figure 3-6: CosSn(02B03); magnetization versus applied magnetic field loops
at 2,10, 50, and 100 K on powder sample.

Figure 3-7: Hysteresis loops for oriented crystals parallel () and
perpendicular (1) to the caxis at 50 K.
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3.2.4 Specific heat measurements

Specific-heat measurements of CosSn(02B03)z were performed in the Laboratério de
Baixas Temperatures of the IF-UFR], by Gabriel Eslava and Prof. Luis Ghivelder using a
commercial PPMS platform from Quantum Design. The measurements were performed
employing 11.3 mg of randomly oriented needle crystals. Results are shown in Figure

3-8 and Figure 3-9.

Figure 3-8 shows the specific-heat curves plotted as C/T versus T for different
ludwigites with equivalent formula units: Co25Sn05(02B03)2, Co25Tio5(02B03)2 [21],
Co30:B0s3 [7], and Fes30:B03 [28]. The two homometallic ludwigites C030:B0s and
Fe30:B0s present sharp peaks at 42 K and 70 K, respectively, showing the magnetic
order of the whole system. Fes02B0s has still another small peak at 110 K due to a
partial magnetic order of the ladder 4-2-4 [28]. Co ludwigites doped by nonmagnetic

ions have the magnetic order diminished or suppressed as in CosTi(02B0s)z.
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Figure 3-8: Specific heat of ludwigites, plotted a C/T vs T, compared with
equivalent formula units: Co255n05(02B03)2, Co25Tios(02B03)2 [21],
CO30zBO3 [7], and Fe302803 [28].

48



The CosSn(0:2B0s3)2 system has a sharp peak at 81.5 K similar to that observed in the
homometallic ludwigites. This peak together with the results of the magnetic
measurements suggests that this compound has a ferrimagnetic transition near 82 K.
Contrary to other Co ludwigites doped with nonmagnetic ions, Sn doping enhances the
magnetic order, reaching a magnetic order in CosSn(02B03)2 at a temperature even
higher than that of the homometallic compound. Figure 3-9 shows the specific-heat
curves of CosSn(02B0s)2, plotted as C/T versus T, with applied magnetic fields of 0, 1
and 9 T. We notice that the peak at 82 K smooths down but does not shift with the
applied magnetic fields. Similar behavior with applied magnetic fields is observed in the
Co302B03 [7] and indicates a type of magnetic order more complex than that of a
conventional antiferromagnet. It is possible that the field polarizes the spins on both
sides of the transition reducing the variation of entropy. This also reinforces the
ferrimagnetic nature of the sample. The inset of Figure 3-9 shows the fitting of the low-
temperature specific heat with a C/T =y + B T2. This yields the parameters shown in
Table 3-4.

The T3 term in solids is generally due to lattice excitations and we can extract the Debye
temperature b using the formula 85 = 234 R/f, where R is the universal gas constant
[29]. The 6b of CosSn(02B03): is of the same order of magnitude as that obtained for
Co302B0s, while the y parameter is much smaller than in the other ludwigites. This
linear term is wusually attributed to charge -carriers, as free electrons in a
Fermi liquid. The oxyborates are generally semiconductors at low temperatures but, in
principle, this term could arise from itinerant electrons in the three-leg ladders in the
mixed-valent ludwigites [5]. A linear temperature dependent specific heat is also
observed in spin glasses [27], which have magnetic frustration, such as CosTi(02B0s3)2.
In this case, values of y can also be high and present strong magnetic field dependence.
For the present CosSn(02B0s)2 system, the linear contribution to the specific heat turns
out to be very small as can be seen in Table 3-4. According to our x-ray and Méssbauer
data (see below) the CosSn(02B03)2 only has Co2* ions. Then, since this system has no
mixed-valency, we can expect the electronic contribution to the linear specific heat to be
negligible. On the other hand the experimental finding of negligible y shows that the

present material has fewer competing interactions and consequently a smaller degree
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of frustration when compared to the other ludwigites. This is consistent with the
existence of long-range magnetic order (as opposed to spin-glass ordering) and the

observed enhancement of the ordering temperature of this system.
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Figure 3-9: CosSn(02B03); specific heat as C/T vs T for applied fields of 0, 1
and 9 T. The inset shows the low temperature of C/T versus T2 curve for
applied fields of 0 and 9 T, with a linear fitting by the equation C/T=y +3T2.

Table 3-4: Fitting coefficients of the low-temperature specific heat (see text).

H Y B Op  ref.
(M (mj/mol  (mJ/mol (K
K?) K%)

CosTi(02B03)2 0 15.03 3.94 79 [21]
CosTi(02B03)2 3 6.88 2.78 89 [21]
CosTi(02B03)2 9 3.61 2.76 89 [21]
CosSn(02B03)2 0 0.54 0.650 144 [20]
CosSn(02B03)2 9 0.00 0.656 143 [20]

3.2.5 Mossbauer spectroscopy

The Mdssbauer spectroscopy of 119Sn was performed at CBPF. The measurements were
made between 4.2 K and 300 K in transmission geometry. The spectra were taken with
the 119mSn : CaSnO3 source. The spectra were least-squares fitted using the NORMOS

program and the isomer shift values are in relation to BaSnO3. The Méssbauer spectra of
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119Sn of CosSn(02B03)2 and the hyperfine parameters for different temperatures are

shown in Figure 3-10 and Table 3-5.

For the fit of the paramagnetic spectra (300 K and 84 K) only one doublet was used. The
value of 0.64 mm/s (Ref. [30]), indicating that Sn ions occupy only one type of site, in
agreement with the x-ray data presented above. The isomer shift value 6 = 0.2 mm/s is
consistent with an oxidation state of 4+ for Sn [30]. As is evident from the 119Sn
Mossbauer spectra shown in Figure 3-10, below 82 K the spectra begin to broaden
magnetically indicating the onset of the magnetic transition according to the transition

temperature obtained by the magnetic and transport measurements.

Below 82 K the spectra were fitted with two magnetic components. The quadrupole
splitting Ej, isomer shift J, sign of Vzz (main component of the electrical field gradient
tensor), hyperfine magnetic field Byf, and angle 6 between the directions of B,y and Vzz
were the free fitting parameters. Between 82 > T > 80the main component
corresponds to the ions in a static magnetic state (blue line) and the minor one to the
ions in a magnetic relaxation state, due to a short-range interaction near the transition

temperature, or to a state with a not well defined direction (cyan line).

Below 80 K only the static magnetic components survive. Since Sn is not a transition
element, it does not have a magnetic hyperfine field in the nucleus created by the
unfilled 3d orbitals in its own electronic layer. So the magnetic hyperfine field on the Sn
nucleus is a transferred magnetic field due to the magnetic moments of the neighbor Co

ions. At 60 K the By almost reach the saturation value (see Table 3-5) and below this

temperature the spectra were fitted with two magnetic subspectra.

Table 3-5: Mossbauer hyperfine parameter of CosSn(0;B03), for
temperatures between 300 and 4.2 K. The parameters are the temperature T,
isomer shift §, quadrupole splitting A £, linewidth I', hyperfine magnetic field
Bis angle 6 between the Bprand the principal axis of the electrical gradient
field V., and the absorption area A.

TR0 §(mm/s) ABg (mm/s) 0 By (T) 0() A(%)
300 0.21 0.97 0.85 - - 100
87 0.20 1.01 1.00 - - 100
84 0.21 1.02 1.18 - - 100
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82 0.18 0.97 1.30 5.15 16.2 67.4

0.22 -1.01 2.20 1.01 55.0 32.6
80 0.20 -1.06 1.18 6.44 11.2 795
0.22 -0.94 1.30 388 271 20.5
60 0.17 -0.97 1.20 8.72 10.0 924
0.17 -0.91 1.30 9.94 0 7.6
40 0.20 -0.94 1.28 9.00 0 92.4
0.18 -0.92 1.30 11.00 0 7.6
20 0.18 -0.94 1.24 9.05 0 92.4
0.20 -0.94 1.30 11.07 0 7.6
4.2 0.20 -0.91 1.20 9.08 0 92.4
0.20 -0.90 1.20 10.83 0 7.6

The sextet with an absorption area of 92.6% is attributed to the Sn in the site 4. The
other subspectra, corresponding to a 7.6% of the total area, can be due to the Sn at the
site 4 in a special configuration, like clusters, or due to a small percentage of Sn at site 2.
This small fraction of Sn is not observed in the paramagnetic spectra (where only
electric interactions take place) probably due the crystallographic similarity of sites 2

and 4 which can generate almost the same quadrupole splitting.

The presence of practically a single magnetic component (93%) indicates a relatively
simple magnetic structure. Due to the transferred character of the By at the 1195n
nuclei, the direction of the By follows the effective direction of the magnetic moments
around. Then, from the fitting at low temperatures, we can infer the direction of the
magnetic moments of the Co ions. The metal ions occupy the center of oxygen octahedra
and through symmetry arguments is inferred that the direction of the V;; (main
component of the electric field gradient tensor (EFG) is along the main axis of the
octahedra. The direction of the main axis of the octahedra for each site is indicated with
red lines in Figure 3-11 and can be seen that this direction is almost along the b axis.

The fitting at low temperatures show that the angle between the V;; and the By is
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6 = 0° (see Figure 3-11). This indicates that the magnetic moment of the Co ions
around Sn at site 4 are parallel to the main axis of the octahedra, or nearly along the b
axis (see Figure 3-11). This conclusion is compatible with the direction of the Co spins
in the Co homometallic ludwigite (see Figure 2-13) and with the magnetic asymmetry

observed in magnetic measurements of oriented crystals (Figure 3-7).

With the aim of obtaining information about magnetic arrangement of the spins and
taking into account that Byf is proportional to the magnetization, we have plotted the
normalized By vs T /T together with a normalized Brillouin function corresponding to
a ferromagnetic order [29] (Figure 3-12) with J=1/2 and J=2. However, the Brillouin
functions do not fit the experimental data, indicating that the magnetic order in
CosSn(02B03)2 do not correspond to a classical ferromagnet. There are also
antiferromagnetic interactions involved as indicated by the negative Curie Weis
temperature. In Figure 3-12 we also compared the normalized hyperfine magnetic field
in CosSn(02B03); with that corresponding to the 3-1-3 ladder of the homometallic
Fe302B03 ludwigite, where the spins have an antiferromagnetic coupling along the b
axis (considering the orientation in Figure 3-11) and a ferromagnetic coupling along
the c axis (see Figure 2-4). The magnetization curves of these two systems almost
overlap (see Figure 3-12) and the little difference could be related to the spin of the
involved magnetic ions, S=2 in the 3-1-3 ladder of Fe30;BO3 and S=3/2 in
CosSn(02B03)2. This results indicate that ferromagnetic and antiferromagnetic

couplings could take place in CosSn(02B03)..
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Figure 3-11: Schematic structure of the CosSn(02B0z),. Metallic sites 1, 2, and
3 in green are exclusively occupied by Co ions; site 4 is randomly occupied by
46% of Co and 54% of Sn ions. The red lines indicate the direction of the
main axis of the octahedra.
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Figure 3-12: Normalized hyperfine magnetic field (Bxr (7 )/ Bwr (4K)) as a
function of reduce temperature. Close square corresponds to CosSn(02B03),
open square Fe302BO0s. Solid lines correspond to Brillouin fitting, the dashed
line is a guide to the eye. Top and right axis correspond only to
CosSn(02B03), data.
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3.2.6 NPD experiments

Three grams of black-needle crystals of CosSn(02B03)2 were necessary to perform NPD
experiments The sample was synthesized at the laboratories of the IF-UFF following the
method used in reference [20]. X-ray powder diffraction experiments showed the
presence of a small amount of SnO; impurity phase (~10%). Due to the large amount of
sample it was difficult to separate 3 grams of needles with tweezers and we believe that
a small amount of the impurity SnO2 phase was present in the sample when NPD
experiments were performed. The sample was characterized magnetically and the

results corresponded to the magnetic properties of the CosSn(02B03)x.

NPD experiments were performed by ]. A. Rodriguez-Velamazan in the D1B instrument
at Institut Laue-Langevin (ILL) in Grenoble. A wavelength of 1.28 A from Ge (311)

monochromator reflection was used to reduce boron absorption.

The sample was cooled down to 2 K and diffraction patterns covering the angular range
0.8 - 128.8 deg. were collected for 3 h at temperatures of 2, 60, 100, and 300 K. Figure
3-13 shows the small angle part of the NPD pattern of CosSn(02B03):. It is observed that
the diffractograms below 82 K, i. e. for 60 and 2 K, present a reduced background and
new peaks indicating ferrimagnetic transitions. However, the difractogram pattern at
100 K, for medium angles (Figure 3-14) shows peaks that are not observed at 300 K.
Those peaks were not expected since the magnetic transition is below 82 K and x-ray
diffraction at 110 K do not show structural transitions. Rietveld refinement shows 2%
of SnO2, but to the best of our knowledge, there are neither structural transitions below
300 K nor magnetic order in SnO2 that could justify those peaks. The analysis of the NPD

data is in progress.
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3.3 Discussion

In this chapter, we presented the synthesis and an extensive characterization of the
system CosSn(02B0s3)2 using x-ray diffraction, Mossbauer spectroscopy, magnetization,
specific-heat and NPD measurements. The Sn ions replace the Co ions only in the site 4
of the ludwigite structure (Figure 3-11) in almost equal proportion, as indicated by the
x-ray diffraction and Mdéssbauer spectroscopy. By using the x-ray data we calculated the
valence 2+ for all the Co ions using the bond valence sum method, and this was
confirmed by charge balance. The Mdssbauer spectroscopy of 119Sn confirms the
oxidation state 4+ obtained for Sn. On average, it keeps the site 4 with valence 3+; this
seems to be a characteristic of all the ludwigites. We did not find any evidence for a
structural transition to temperatures as low as 110 K. The presence of nonmagnetic ions
in other cobalt ludwigites diminishes the magnetic interactions as evidenced by the
smaller transition temperatures, as in Co3xGax02B0s [23] (To = 37 K), or destroys

completely the order in favor of a spin-glass state like in CosTi(0zB0s)2 [21] (T, = 19
K) and CoMgGa02B03[22] (T4 = 25 K).

The CosSn(02B03)2 system has long-range magnetic order below Ty = 82 K as shown
by narrow peaks in the specific-heat and susceptibility measurements (see Figure 3-5
and Figure 3-8). Surprisingly the magnetic interactions are strengthened by the
introduction of nonmagnetic ions and the transition temperature of the whole system is
the highest found among the ludwigites. On the other hand, the strength of the magnetic
anisotropy can be gauged by the low-temperature coercive field, H.percive =4 T,
obtained by magnetization measurements shown in Figure 3-6. The coercive field found
in Co302B0s is near 2 T [7], almost half the value of the present system, as is also the
case for the transition temperature, 42 K. In the ludwigites there is a competition
between three types of magnetic interactions: direct exchange, superexchange, and
double exchange. In CosSn(0:2B0s): the latter should not be present since the magnetic
ions do not have mixed valence in this material. Direct exchange is usually possible in
the 4-2-4 ladders which have the smallest intermetallic distances. For CosSn(02B0s):
this distance is 2.8338(1) A that is higher compared to the homometallic compounds,
2.7510(4) A for C030:B0s [7] and 2.786(1) A for Fes02BOs [4] at room temperature.
Thus the magnetism of this system shall be governed essentially by superexchange

interactions. This seems to reduce competition and reinforce long-range magnetic
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order. The small y parameter which vanishes in an applied magnetic field (see Table
3-4) corroborates the absence of frustration and a feeble competition between the
magnetic interactions. Although the compound has 6.y, negative, which indicates the
predominance of antiferromagnetic interactions, the ground state is not a conventional
antiferromagnet. This is shown by the effect of the external magnetic field in the peak of
the specific heat that is not shifted to low temperatures as would be expected. There are
ferromagnetic interactions, as we can see by the magnetization curves in Figure 3-4 and
also by the hysteresis below T in Figure 3-6. These figures are very similar to those of
Co030:B0s, with the exception of the discontinuities found in the magnetization versus
field curves of CosSn(02B03)2 below 10 K. It reveals the ferrimagnetic nature of both

compounds.

The 119Sn Mossbauer spectroscopy and magnetization measurements in oriented
crystals show high magnetic anisotropy for CosSn(02B03); with the spins oriented
almost along the b axis. In addition, the saturation of the magnetic moment at 9 T,
Mg = gS =~ 33 ug/f.u. give S = 3/2 that correspond to the moment of one Co2* spin
per formula wunit. These experimental results are in agreement with an
antiferromagnetic coupling of the Co atoms in the ab plane and a ferromagnetic
coupling along the caxis. In this way, the coupling of the 5 Co atoms in a unit formula is
such that it results in a unique spin pointing in the b direction (1/1/1). A confirmation

of these magnetic couplings is expected after the analysis of the NPD data.

59



Chapter 4. Structural and magnetic studies of

ludwigite Co4.76Al1.24(02B03)>

The content of this chapter is closely the same in reference [3].

4.1 Introduction

Motivated by the unexpected differences between Co and Fe homometallic ludwigites
described in chapter 2, many other heterometallic ludwigites were synthesized [6, 9, 10,
31]. The study of these latter compounds show that the magnetic interactions between
different types of magnetic ions are more complex and lead to a spin-glass freezing or to
a reduction of the effective magnetic moments [21, 22, 23]. With the aim of simplifying
the magnetic complexity, Co302B0s3 was diluted diamagnetically by substituting Co with
Ti [21], Mg-Ga [22], Ga [23], and Sn (chapter 3) ions. As shown in these works,
nonmagnetic Ti, Mg, and Ga ions can reduce or even destroy long-range magnetic order.

On the other hand, Sn drastically raised the magnetic ordering (chapter 3).

Aiming to simplify the magnetic interactions and better understand the complex
magnetic behavior in ludwigites, in this chapter we study the Co04.76Al1.24(02B03)2 and
their results are compared with that of the Co030:BO3 and CosSn(02B03)2. This
compound showed interesting magnetic properties never seen before in other
ludwigite: Metamagnetic transitions with moderate applied magnetic fields of first and
second order, the magnetocaloric effect, and the T? dependence of the specific heat at
low temperatures attributed to magnon and phonon planar excitations. In addition, an
increase of the magnetic order temperature is observed as in CosSn(02B03)2. These
results open the question about the role of the spin state of metallic site 4 in this kind of

compounds.

4.2 Experimental

4.2.1 Synthesis

The syntheses were performed at the laboratories of the IF-UFF. The crystals were

synthesized from a 5: 1: 2 molar mixture of Co3z04: Al203: H3BO3 with an excess of borax.
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The mixture was heated at 1160 °C for 24 hours and cooled down to 600 °C for 48
hours. Then the oven was turned off. The bath was dissolved in hot water and the
crystals washed in diluted hydrochloric acid. Needle-shape black crystals up to 5 mm
length were obtained. The purity of the sample was confirmed by x-ray powder

diffraction.

4.2.2 Structural Characterization
Single crystal X-ray diffraction measurements were conducted at LDRX - UFF
laboratory by Jackson Resende and Daniele Freitas. Due to the unconventional

reflections presented by Co4.76Al124(02B03)2, the sample was also measured by Carlos

Pinheiro (LabCri-UFMG).

The structure was solved in analogous experimental conditions at 270 K and 120 K in
order to observe any eventual change with temperature, and no evidence for any phase
transition was found in this temperature range. Crystal data for the measurement

performed at 120 K are summarized in Table 4-1.

Table 4-1: Crystal data of CoexAlx(02B03)2.

Empirical formula Co4.76 Al1.24 B2 010
Formula weight 495.42 g/mol
Temperature 120(2) K
Wavelength 0.71073 A
Crystal size 0.145 x 0.075 x 0.05 mm?3
Crystal system Orthorhombic
Space group Pbam

Unit cell dimensions a = 9.1959(4) A
b= 12.0434(5) A
c= 3.00010(10) A
Volume 332.26(2) A3

Z 2

To compare the measurements at different temperatures, Table 4-2 shows selected

bond length at 270 and 120 K and the difference. They do not have significant
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differences. For the analysis of the magnetic part, the structural parameters at 120 K

will be used.

Table 4-2: Selected bond lengths in A for Cos7sAli24(02B03), at two
temperatures and the difference.

Bonds 120 K 270K A(dist) (A)
01-B 1.372(3) 1.374(3) 0.002
01-Al1 2.1015(12) 2.1074(12) 0.006
01-Col 2.1015(12) 2.1074(12) 0.006
02-Al4 1.926(11)  1.932(10)  0.006
02-Co4 1.941(4) 1.941(3) 0.000
03-Co3 2.1376(12) 2.1344(12) -0.003
04-Al2 2.0384(12) 2.0432(12) 0.005
04-Co2 2.0384(12) 2.0432(12) 0.005
04-Co4 2.072(4) 2.069(3) -0.003
04-Al4 2.097(12)  2.088(10)  -0.009
05-B 1.384(3) 1.387(3) 0.003
05-Al4 1.933(14)  1.919(11)  -0.014
05-Co4 2.032(5) 2.036(3) 0.004
05-Co3 2.1329(13) 2.1324(12)  0.000

Table 4-3 shows the fractional coordinates, site occupancy factor (SOF), normalized site
occupancy (Occ.), and equivalent isotropic displacement parameters (Ueq.). Co atoms
exclusively occupy the site 3. The sites 1, 2 and 4 are occupied randomly by Al and Co
ions. The oxygen atoms on sites 04 and 02, which are not bonded to boron, showed
unusual large atomic displacement parameters (Ueq.), see Table 4-3. This particular
feature could suggest a modulated structure as a function of the Co/Al substitution ratio

whose occurrence is being investigated and will be published in the future.

Table 4-3: Fractional coordinates, SOF, occupation, and equivalent isotropic
displacement parameters Ueq. (A2 x 103) for Co476Al124(02B03)2. The Occ. is
the occupancy of atoms per site, normalized by the SOF. U(eq) is defined as
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one-third of the trace of the orthogonalized Uj tensor. The SOF values must
be multiplied by the factor 8 to obtain the number of atoms in the unit cell

[25].

Site X/a y/b z/c SOF Occ. U(eq)
Col O 0 0 0.221 0.882 4(1)
All 0 0 0 0.029 0.118 4(1)
Co2 O 0.5 -0.5 0.168 0.672 5(1)
Al2 0 0.5 -0.5 0.082 0.328 5(1)
Co3  -0.0020(1) 0.2787(1) O 0.5 1 4(1)

Co4  0.2378(4) 0.1116(2) -0.5 0301 0.601 4(1)
Al4  0.2398(16) 0.1218(9) -0.5  0.199 0.399 4(1)

B 0.2703(3) 03620(2) -05 05 1 5(1)

01  01516(2) 05 05 1 8(1)
0.0409(1)

02  0.1101(2) 0.1419(1) 0 05 1 10(1)

03 0.1204(2) 03631(1) -05 05 1 7(1)

04  -0.1155(2) 0.4262(1) 0 05 1 18(1)

05  -0.1584(2) 0.2393(1) -0.5 05 1 7(1)

Table 4-4 shows the oxidation numbers and the Vzzcomponent of the EFG of the four Co
sites, those values were calculated as described in Chapter 3. The oxidation numbers Z;
for Co ion on site j in Table 4-4 show that we can nominally ascribe valence 2+ for the
Co ions in sites 1 and 3 and a valence number between 2+ and 3+ for Co ions on sites 2
and 4. Table 4-4 also shows that site 4 has the lowest V,, values, similar behavior was
observed in several other doped Co ludwigite (Sn (section 3.2.2), Fe[9, 11], Ga[23],
Mn[31], and Cu[32]), in which site 4 has a preferential occupation. However, that do not
apply for the present sample, as shown in Table 4-3, site 2 as well as site 4 have

comparable amounts of Al, the doped ion.
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Table 4-4: Oxidation numbers Z, for Co ions on site j and the and the Vz
component of the EFG, see text for details.

Site Z; Vyz(e/R)
Col 2.088 0.209
Co2 2.320 0.095
Co3 1.980 0.227
Co4 2.535 0.019

4.2.3 Magnetic Measurements
The DC magnetization measurements of Co4.76Al124(02B03)2 were performed on both

powder and oriented single crystals using a commercial Quantum Design PPMS at CBPF.

Figure 4-1, shows the temperature dependence of the DC magnetization for field cooled
(FC) and zero field cooled (ZFC) procedures, for an applied field of 100 Oe. Cooling
down, the magnetization values increases until a maximum value of 0.08 emu/g at 57 K
and decreases for lower temperatures. The magnetization values of this compound are
lower than those corresponding to Co302B203 with 2 emu/g at 7v= 42 K [7], which are
two orders of magnitude larger. The inset shows the inverse of the magnetizationat 1 T
as a function of temperature. The paramagnetic region, above 180 K follows the Curie-
Weiss law, with € =31.37 x 1073 emu K g! Oel and Curie-Weiss temperature
Ocw = —4.81 K, which indicates antiferromagnetic interactions. However, the small
Ocw /T ratio shows competing FM and AFM interactions at high temperatures. From the
Curie constant, the effective moment per Co atom is p,rs = 5.2ug, which yields ] = 2.16
considering g = 2. In Co4.76Al1.24(02B03)2, charge balance leaves 4 atoms of Co?* and
0.76 atoms of Co3*. The spin only moment per Co atom could be calculated following

reference [31] as:

\/nC02+ X SC02+ X (SC02+ + 1)) + nC03+ X SCO3+ X (SC03+ + 1)
pP=4g n
Where n is the total number of magnetic ions per f.u. If all the Co ions are in high spin

state (HS), then S.,2+ = 3/2 and S.,3+ = 2, which leaves p = 4.05uz. A configuration

with Co?* in HS and Co3* in LS, it is S 3+ = 0, gives p = 3.55up. Then, in any case, there
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is a reasonable orbital contribution to the total magnetic moment, characteristic of Co2*

magnetic ions as observed previously in C0302B03 [7] and CosSn(02B03)2 (section 3.2.3).

Edson Pasamani of the PPGFis UFES made the ac magnetic measurements with a
Quantum Design PPMS. Figure 4-2 shows the measurements for different frequencies as
a function of temperature. A peak is observed at 57 K in y/. whose position does not
change for three decades of frequency variation; this is typical of a long-range magnetic
ordering. It is a well-defined thermodynamic transition, as established by specific heat

results also, as will be shown below.

Figure 4-3 shows the magnetization curves as a function of applied magnetic fields for
different temperatures. At 100 K the magnetization exhibits a linear behavior,
characteristic of the paramagnetic state. For fixed temperatures below the zero
magnetic field T, temperature, the magnetization presents an inflection point at a
critical field H.. This is better seen in the inset of Figure 4-3 where it appears as a
maximum in the derivative dM /JdH. This field and the temperature at which it occurs
define a metamagnetic transition at (T¢, H;) in the compound. As the temperature is
further reduced, the M (H) curves become hysteretic down to the lowest temperatures

as can be seen in Figure 4-3.
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Figure 4-1: Magnetization versus temperature for powder sample of
C04.76Al1.24(02B03)2 under an applied field of 100 Oe in both regimes: field
cooled (FC closed symbol) and zero field cooled(ZFC open symbol). The inset
shows the inverse of the FC magnetization curve for an applied magnetic field
of 1 T and the linear fit of the paramagnetic region.
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Figure 4-2: ac nmagnetic susceptibility for powder sample

Co4.76Al1.24(02B03); as functions of temperature for 100 Hz,1 kHz and 10 kHz.
Top: Real part, the inset shows a zoom of the region close to the peak.

Bottom: Imaginary part.

66



Figure 4-4 shows magnetic measurements in oriented single crystals with the applied
magnetic field along and perpendicular to c-axis. The magnetic measurements are
compatible with a highly anisotropic compound, with the easy magnetization direction
in the ab plane. The small remnant magnetization (~0.07 ugz/Co) observed in the
hysteresis curves taken with an applied field perpendicular to c-axis could be related
with a non-compensated AFM structure resulting in a very small FM component. Then,
the magnetic configuration that better describe the low-temperature, low-field
magnetic structure is a ferrimagnetic order (FIM), in agreement with the specific heat

results presented below.

-0.42

-0.84

-1.26

H (T)

Figure 4-3: Magnetization as a function of applied magnetic fields for powder
sample of Co476Al124(02B03); at 4.5, 10, 25 and 100 K. The inset shows the
derivative of the curves.
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Figure 4-4: Co4.76Al124(02B03)2 magnetization versus temperature under an
applied field of 1000 Oe in both regimes: field cooled (FC, closed symbol) and
zero field cooled (ZFC, open symbol) for oriented crystals. The inset shows
the hysteresis loops for oriented crystals at 4.5 K.

4.2.4 Specific Heat Measurements
Specific heat measurements as a function of temperature and magnetic field were

performed in 3 mg of randomly oriented needles crystals using a commercial Quantum

Design PPMS at CBPF. Figure 4-5 and Figure 4-6 show the results.

Figure 4-5 shows the specific heat curves plotted as /7 versus 7, with applied magnetic
fields of 9, 5, 3 and 0 T. The specific heat at 0 T has a peak at T, = 57 K that shifts to
lower temperatures with increasing applied magnetic fields and eventually disappears.
This behavior is observed for the first time in Co ludwigites and is characteristic of
systems with FIM coupling. For sufficiently high magnetic fields there is no sign of FIM
transitions. The specific heat is substantially reduced in the large field, which points out

to a contribution from magnetic excitations that are quenched by the 9 T magnetic field.

The inset of Figure 4-5 shows the low-temperature specific heat for 0 and 9 T applied
magnetic fields. A T? power law can fit the data in both cases. This contribution can
arise due to gapless excitations with a linear dispersion relation, hw = vk in two-

dimensional (2D) systems. A calculation presented in Appendix A in this case yields,
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C = 144R(T/T*)* = aT*? 1

where R is the universal gas constant and the characteristic temperature T " is related
to a cut-off wave-vector k. by kzT* = vk,. It seems that in an applied magnetic field of 9
T, for the low temperatures, the magnetic excitations are quenched due to the Zeeman
gap. In this case, we attribute the specific heat entirely to the excitation of 2D acoustic
phonons with linear dispersion. Using the fitting coefficient « (9T) = 0.00194 J/mol
K3 obtained from the inset of Figure 4-5 and replacing it in eq. (1) one gets the
characteristic elastic temperature, Tz* = 252 K. This is of the order of magnitude of the
Debye temperature obtained for other ludwigites [10, 7, 20, 21]. In zero applied
magnetic fields it is natural to assume that the T? term arises due to the contribution of

both, 2D phonons and 2D FIM magnons with linear dispersion, given by the relation

1 1
Tg™ T
Since the experiments yield a (0 T) = 0.00295 J/mol-K3, using Tz" = 252 K in eq. (2)
we obtain T)," = 344 K. This is to be compared with the Curie-Weiss temperature or the
magnetic ordering temperature. Then, our assumption that the low-temperature
specific heat of Co476Al1.24(02B03)2 ludwigite is due to linear dispersing elastic and
magnetic excitations in planes gives a consistent description of the thermodynamic

properties of this system at low temperatures.

Figure 4-6 shows the entropy as a function of temperature obtained from the specific
heat curves of Co4.76Al1.24(02B03)2 at applied fields of 0, 3, 5 and 9 T. Notice that the
curve for the 3 T magnetic field presents the inverse magnetocaloric effect since the
entropy at this field is larger than that in zero field for a given range of temperature
(23 < T < 54 K). Similar behaviors have been observed in other ferromagnetic systems
at low temperatures and applied magnetic fields [33, 34]. The sensitivity of the variation
in magnetic entropy as a function of temperature for different magnetic fields
(—AS = 7.5] kg'1 K1 at 80 K for AH = 9) makes this compound likely for application in

magnetic refrigeration.
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Figure 4-5: Co4.76Al1.24(02B03)2 specific heat as C/T vs. T for applied magnetic
fields of 0 to 9 T. Inset: Low-temperature specific heat versus temperature
square for 0 and 9 T. The lines are fittings to a power law, C = aT? (see text).
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Figure 4-6: Isothermal magnetic entropy change (—AS = S(H =0) — S(H #
0)) of Co476Al124(02B03), as a function of temperature for magnetic field
changes up to 9 T. Inset: Entropy as a function of temperature obtained from
the specific heat curves for the Cos76Al124(02B03)> at applied fields of 0, 3, 5
and 9 T.

70



4.3 Discussion

In this chapter, we reported the synthesis and an extensive characterization by x-ray
diffraction, magnetization, and specific-heat experiments of the new ludwigite

Co4.76Al1.24(02B03)2.

In Co302B0sions with charge 3+ occupy sites 4 leaving sites 1, 2, and 3 to be occupied by
ions with charge 2+ [7]. Single-crystal x-ray experiments in Co476Al1.24(02B03)>
have shown that AI3*+ enters mainly in site 4 and in a minor proportion in sites 2 and 1
(see Table 4-3). Here it is important to point out that the presence of Al3+ at different
sites in Cos.76Al1.24(02B03)2 forces a fraction of Co ions at site 4 (at least ~20%) to adopt

the valence 2+, in order to preserve charge balance.

Site 4 is the metallic site with the most symmetric oxygen environment, as shows the
lowest Vzz value (see Table 4-4). Similar characteristic is found in other ludwigites [9,
23, 11, 31, 32]. It was speculated, in reference [32], that it could be the reason for the
preferential occupation of site 4 regardless the type of metal ion as observed in several
doped Co ludwigites [9, 23, 11, 31, 32]. However, different from the other Co ludwigites,

in Co4.76Al1.24(02B03)2 sites 4 and 2 have a comparable amount of Al, see Table 4-3.

The structural characteristics of Co4.76Al1.24(02B03)2 could be related to the proximity of
the effective ionic radii of Al (0.535 A) to that of LS Co3+ (0.545 &), that could be present
in this compound as it is in Co302B03 (see Chapter 2). Just for comparison, the effective

ionic radii of the HS Co3+ (0.61 A) is larger and could be absent.

The dc-magnetization results show the presence of a long-range magnetic ordering
below T, = 57 K in Co04.76Al124(02B03)2. This is confirmed by ac-susceptibility and
specific heat measurements. The Curie Weiss temperature is small compared to T,
indicating competition between interactions with different signs and that frustration is

important in this system.

The hysteresis loops in Figure 4-3 with sigmoidal shapes below the magnetic transition
is unusual for ludwigites. The appearance of hysteresis for T < T, , H > H; sets the
existence of a tricritical point at (T;, H¢) in the To(H;) phase diagram, such that, for

T < T;and H > H; the FIM to PM transition becomes first order. The two maxima in
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the dM /0H curves point the limits of stability of these different phases coexisting at the

first order line.

The phase diagram obtained from the x'(T), C(T)and M(H) measurements is
presented in Figure 4-7. This metamagnetic transition is related to magnetic ions in a
frustrated state, which are flipped at moderate critical fields increasing the
magnetization abruptly. Geometrical frustration is found in the 1 - 2- 3 magnetic layers
(b — ¢ plane), in which site 2 is in a triangular coordination (see Figure 2-12). Hence,
the HS Co?* ions in site 2 are potential candidates to be in an unstable spin state due to
geometrical frustration with an antiferromagnetic coupling. On the other hand, at the
highest field measured on powder sample, Figure 4-3, the magnetic moment
isMg =~ 1.2 ug/Co = 5.8 ug/f.u. The high value of magnetic moment at 9 T could be
explained considering 4 magnetic ions (in sites 1, 2 and 3) per formula unit in a (non-
compensated) AFM structure with soft magnetically frustrated ions, probably located in
site 2. In zero applied magnetic fields the moments are almost compensated with two
spin up and two spin down (1/1]) giving a small magnetization signal as observed in
Figure 4-3. As the applied magnetic field increases, the metamagnetic transition take
place and the frustrated spins establish a structure with three spin up and one down
(111!) whose value for the magnetic moment is expected tobe M = gS = 6 ug/f.u. ifa
spin only (S = 3/2) system is considered. These results are consistent with the presence
of frustrated magnetic spins. A confirmation of these magnetic couplings is expected

with other experimental technique such NPD.

Specific heat results indicate ferrimagnetic ordering too, as the peak is suppressed and
shifted to lower temperatures with increasing applied magnetic fields. This behavior is
unusual in Co ludwigites. Applied magnetic fields on specific heat measurements usually
smooth down the peak without shifting in temperature as seen in Co0;B03 [7] and
CosSn(02B03)2 [20]. For sufficiently strong magnetic fields there is no sign of FIM
transitions in agreement with the magnetic phase diagram shown in Figure 4-7. The fit
at low temperatures shows a dominant T2 contribution either in zero applied magnetic
fields or under a 9 Tesla field. This suggests the presence of magnetic excitations and
elastic excitations with a linear dispersion and essentially two-dimensional character.
This contribution was also observed in two-dimensional compounds, as in the hulsite

CosSb(02B03)2 formed by two families of parallel sheets [35]. It is interesting that from
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the point of view of the elastic properties the present system also presents two-
dimensional character. A possible scenario for the magnetic structure of
Co4.76Al1.24(02B03)2 consist of magnetic planes composed by Co?* in sites 1, 2, and 3 (1-
2-3 planes), those separated by nonmagnetic ions (Al3+ and LS Co3+). A similar scenario
that Co302B203 (section 2.4) presents, where LS Co3* occupies site 4 (see Figure 2-12).
This scenario is also compatible with frustration of the magnetic ions at sites 2 due to a
planar triangular coordination and that is increased by the presence of nonmagnetic Al
ions in this site [36]. As a consequence of the softly frustrated site 2, metamagnetic

transitions could take place.

7
A & SM/6H
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Figure 4-7: Phase diagram of the Co4.76Al124(02B03),. Phase boundaries were
determined as follows: White circle is data obtained from the magnetic
susceptibility (7 ) and magnetization M(7T ). Green squares from specific
heat ((7; H) and purple triangles are from dM/dH. A tricritical point
separating the lines of second and first order transitions appears at (H;= 4.2
T, T:= 25 K), indicated by a blue diamond symbol. The spin flop phases are in
fact metastable phases where FIM and PM phases coexist.

On the other hand, Coe(02B03)2 and Co4.76Al1.24(02B0s3)2 are characterized by a small
entropy release at 7¢, see Figure 4-8. For comparison Table 4-5 shows the total entropy

(S) released at T, and the magnetic entropy (S,;) for Cos(02B03)2, C04.76Al1.24(02B03)2
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and CosSn(02B03)2. The magnetic entropy was calculated using Sy =n X R X Ln(2S +
1), where n is the number of magnetic ions per f.u., R the universal gas constant, and §
the spin moment. The total entropy released at 7¢ for Cos(02B03)2 and
C04.76Al1.24(02B03)2 is less than the magnetic entropy. Taking into account that in
Co6(02B03)2 and Co4.76Al1.24(02B03)2 the magnetic ions occupy mainly sites 1, 2 and 3,
and that this sites form planar substructures; the small entropy release at 7¢ could be
related to this low dimensional arrangement of the magnetic ions. In CosSn(02B03)3,
however, the magnetic atoms are not restricted to planar substructures, since Co2*
occupies 50% of site 4 and in this case, the value of the total entropy released is higher

than the magnetic entropy.

Table 4-5: Magnetic entropy considering a LS Co3* (S),) state and the total
entropy (S) released at T¢.

Su S(T¢)
J/mol K J/mol K
Cos(02B03)2 46.1 27.4
Co4.76Al1.24(02B03)2 46.1 13
CosSn(02B03)2 57.6 65.68
120 - T
g0l Co,Sn(0,BO,), .
<
= 1
2 C0,(0,80,),
S 401 st
~ e
%) /’“
M
0 C04.76A|1.24(OzBO3)2'
0.0 0.5 1.0 1.5
T/TN

Figure 4-8: Entropy curves for Coe(02B03)2 [7], C04.76Al124(02B03)2 and
CosSn(02B03); obtained from specific heat results as functions of
temperature.
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Chapter 5. Structural and magnetic studies in

ludwigite NisSnB:010

5.1 Introduction

To extend the understanding of the complex magnetic behavior in oxyborates type
ludwigite, we study the structural and magnetic properties of a Ni ludwigite. Ludwigites
containing Ni atoms have a heterometallic composition: NizFe02B03 [10], NizMn02BO3
[37, 38], Ni2V02B03[39], Ni2CrO2B03 [39], Ni2AlBOs[40], NisSnB2010 [41], NisGeB2010
[42], Ni2GaBO3[43], NisTiB2010 [44]. Most of these ludwigites only have a structural
characterization. The Ni ludwigites in which the magnetic properties were studied have
shown: magnetic order of Fe ions at ~107 K and a spin freezing of the Ni ions at ~46 K
in Ni2FeO2B0O3 [10], pole reversal magnetization in Ni;MnO;BO3 [37] and a partial

magnetic order or spin glass state in NisGeB2010 [42].

In this chapter, we study the structural and magnetic properties of the ludwigite
NisSn(02B03)? through X-ray diffraction, 119Sn Mdssbauer spectroscopy, magnetization
and specific heat techniques. Previously the crystalline structure of this compound was
studied [41]. From reference [41], NisSn(02B03)2 is known to belong to the space group
Pnma and not to the usual Pbam. This is due to the periodical distribution of the Sn ions
on site 4. However, in the present study, the Sn ions have a random distribution on site

4 and the ludwigite NisSn(02B03)2 we synthesized belong to the space group Pbam.

From the study of the Co ludwigites with nonmagnetic ions, CosSn(02B03)2 stand out
for having a magnetic order at the highest temperature (82K). In this study, ludwigite
NisSn(02B03)z have exactly the same crystalline structure as CosSn(02B03)2, but now
the spin of the Ni2*is S = 1 instead of the spin S = 3/2 of the Co%t. We are interested
in understanding the role played by the spin size in the magnetic properties of the
ludwigites. Preliminary results indicate a complex magnetic behavior with partial

magnetic ordering close to 80 K, and a second magnetic order at ~6 K.
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5.2 Experimental

5.2.1 Synthesis

The synthesis was performed at the laboratory facilities of the IF-UFF. Dark-green

needle crystals of NisSn(02B03)2 were obtained from a mixture of NiO2: SnO2: H3BO3 in

5: 1: 2 molar proportions respectively with an excess of borax. The mixture was heated

at 1160 °C for 30 minutes and cooled down to 600 °C for 24 hours. Then the furnace

was turned off. The resultant compound was dissolved in hot water and the crystals

cleaned with diluted hydrochloric acid in an ultrasonic bath at 50 °C. The presence of

Sn in the crystals was confirmed by 119Sn Mdssbauer Spectroscopy. X-ray powder

diffraction confirms the a single phase corresponding to the NisSn(02B03)>

5.2.2 Structural Characterization

Table 5-1.

A single needle crystal was used for x-ray diffraction experiments. The
measurement was carried out on a D8 Venture Bruker diffractometer at
room temperature, using IuS microfocus X-ray and MoKa radiation. The
crystal was mounted on a Kappa goniometer, and data collection was
performed using a PHOTON 100 detector. Data collection and cell index were
performed with APEX2 v4.2.2 [45]. Data integration was carried out using
SAINT[46]. Multiscan absorption correction was performed with the SADABS
program [47]. The Fullmatrix least-squares refinements based on F2 with
anisotropic thermal parameters were carried using SHELXL-2013 program
packages[48] with WINGX [49] and ShelXle [50] software interface.
Crystallographic tables were generated by WINGX. Crystal data, data
collection parameters, and structure-refinement data are shown in

Table 5-1: Crystal data and structure refinement of NisSn(02B03)5.

Empirical formula from x-ray analisys Ni9.99Sn2.01B4020
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Formula weight

Temperature
Wavelength
Crystal size
Crystal system
Space group

Unit cell dimensions a=

b=
C:
Volume

Z

1188.44
293(2)K
0.71073 A
0.026 x 0.058 x 0.092 mm3
Orthorhombic
Pbam
9.2865(3) A
12.2664(4) A
3.04640(10) A

347.02(2) A3

1

Table 5-2 shows the fractional coordinates, site occupancy factor (SOF), normalized site

occupancy (Occ.), and equivalent isotropic displacement parameters (Ueq.). Sites 1, 2

and 3 are exclusively occupied by Ni atoms. Site 4 is randomly occupied by Sn and Ni

ions in the same proportion. The 119Sn Mdssbauer experiments shown that Sn atoms

have oxidation number 4+. So, the charge balance ascribes oxidation number 2+ for all

the Ni ions. Just for comparison, the lattice parameters, atomic occupation and

interatomic distances of this compound are very similar to those of the CosSn(02B03)>.

Table 5-2: Fractional coordinates, site occupation factor (SOF), the
normalized occupancy (Occ.) and the equivalent isotropic displacement
parameters (A2x103) for NisSn(02B0s),. U(eq) is defined as one-third of the
trace of the orthogonalized Uij tensor. Multiplying the SOF factor by 8 gives
the number of atoms in the unit cell [25].

Site x/a y/b z/c SOF Occ. U(eq)
Nil(2a) 1.0 0 0 0.25 1 6(1)
Ni2(2d) 0.5 0 0.5 0.25 1 8(1)
Ni3(4g)  0.4975(1) 0.2177(1) 0 0.5 1 6(1)
Ni4(4h) 0.7600(10) 0.1152(8) 0.5 0.253 0.506 5(1)
Sn4(4h)  0.7600(5) 0.1156(4) 0.5 0.247 0494 501
02 0.6488(2) 0.2633(2) 0.5 0.5 1 7(1)
01 0.6125(2) 0.0777(2) 0 0.5 1 7(1)
04 0.8509(2) -0.0423(2) 0.5 0.5 1 7(1)
03 0.3737(2) 0.1408(2) 0.5 0.5 1 7(1)
05 0.8953(2) 0.1431(1) 0 0.5 1 5(1)
B1 0.7254(3) 0.3606(2) 0.5 0.5 1 7(1)

Table 5-3: Selected bond lengths (&) for NisSn(02B03).
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Ni1-05 2.0066(18) | Ni4-01 2.100(7)
Ni1-04 2.1228(12) | Ni4-04 2.109(10)
Ni2-01 2.0780(13) | 02-B1 1.389(4)
Ni2-03 2.0877(18) | 04-B1 1.386(3)
Ni3-05 1.9535(18) | 03-B1 1.377(4)
Ni3-01 2.022(2) Ni4-Ni2 2.797(10)
Ni3-03 2.1282(13) | Ni3-Nil 3.4634(4)
Ni3-02 2.1469(13) | Ni3-Ni2 3.0739(4)
Ni4-05 2.004(6) Ni4-Ni3 3.135(5)
Ni4-02 2.090(10) | Ni4-Nil 3.049(5)

5.2.3 Magnetic measurements

The DC magnetization measurements were performed in both powder and oriented
single crystals of NisSn(02B03); using a commercial Quantum Design SQUID-VSM at
UFSCar, with the assistance of the Ph.D. student Raphael Garcia. The results of the

magnetic measurements are shown in Figure 5-1 to Figure 5-4.

Figure 5-1 shows magnetization measurements in oriented crystals with applied
magnetic field of 100 Oe along (//) and perpendicular (1) to the c axis. The magnetic
susceptibility response is compatible with an anisotropic compound with the easy
magnetization direction on the a-b plane, as observed previously on Co ludwigites. In
the inset of Figure 5-1 is observed an abrupt change of the derivative of the
magnetization at T, = 80K which correspond to the magnetic ordering temperature.
This Tc is very close to the magnetic ordering temperature found in CosSn(02B03)2
(82 K). For lower temperatures, the ZFC and FC curves separate. From the linear fit of
the inverse dc susceptibility above 120 K, we obtained the Curie-Weiss temperature
Ocw = —82.8 K and the Curie constant C = 6.12 X 1073 emu.K/g.Oe. The negative
value of Ocy indicates the predominance of antiferromagnetic interactions. From the
Curie constant, the effective moment per fu. p.sr = 5.39 up is determined. The spin
only moment per f.u. of NisSn(02B03)2 with § = 1 gives p = 5.65u. Then, the effective
moment observed for the Ni is consistent with a null orbital contribution, characteristic
of a 3d transition metal. This result contrast with the large orbital contribution

observed for the Co ions in the ludwigite CosSn(02B03)-.
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The ac-susceptibility measurements with were performed at UFES with a Quantum
Design PPMS. Figure 5-2 shows the real part of the ac-susceptibility measurements for
different frequencies as a function of temperature. The small peak observed at T, = 80
K could be attributed to a partial magnetic order. Similar behavior was observed in
Fe302B03 for the partial magnetic order of the 4-2-4 ladder at 112 K [8, 28]. The
position of the peak barely moves to lower temperatures (less than 0.5K) for changes of
two decades in the frequency. This result is consistent with a long range magnetic
ordering of part of the Ni ions. A partial magnetic ordering is confirmed by specific-heat
and Mossbauer spectroscopy experiments as will be shown forward. We remark the
presence of steps in the ac susceptibility curve close to the peak at 80 K, which are also
observed in the derivative of the dc magnetization (see inset Figure 5-1). These steps
could be related with reorientations of the spins occurring below the temperature
magnetic transition. At low temperatures a second and higher peak is observed at 5 K in
the ac susceptibility curve. The position of this peak barely changes with frequency (2 K
for two decades change in frequency). This peak temperature corresponds with a
plateau in the dc magnetization, which is better seen in the inset of Figure 5-1, with a

zero derivative value.
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0.0

0 10 20 30 40 50 60 70 80 90 100

Figure 5-1: Magnetization versus temperature under an applied field of 100
Oe in both regimes: field cooled (FC: closed symbol) and zero-field cooled
(ZFC: open symbol) for oriented crystals of NisSn(02B03).. The inset shows
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the derivative of the FC curve with applied magnetic field perpendicular to
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Figure 5-2: Real (x) part of the ac magnetic susceptibility as functions of
temperature of powder sample of NisSn(0:B03); for different frequencies.
The amplitude of the oscillating magnetic field is 10 Oe.

Figure 5-3 shows the magnetic hysteresis loops at 3K and 50 K in oriented crystals of
NisSn(02B03)2. Measurements perpendicular to the ¢ axis have open loops
characteristics of compound with ferromagnetic, ferrimagnetic or weak ferromagnetic
behavior. Considering that the interactions are of antiferromagnetic nature and all the
ions involved have the same spin, a canted AFM structure resulting in a weak
ferromagnetism probably occurs below the magnetic transition temperature. For low
fields (less than 2T) the hysteresis loops are highly anisotropic showing that the easy
magnetization direction is on the a-b plane (Figure 5-3), as also occurs in the Co
ludwigites. However, for higher applied magnetic fields the anisotropy is strongly
reduced, for instance at 9 T the value of the magnetization parallel to ¢ axis is
comparable to the value of the magnetization perpendicular to c axis (Figure 5-3). This
result found for the NisSn(02B03)2 is different from what happens in the Co ludwigites
where the magnetization values at 9T is strongly dependent of the direction (Figure

3-7).
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Figure 5-3: Magnetization versus applied magnetic fields for oriented crystals
at 3 K (left) and 50 K (right).

Figure 5-4 shows the magnetic hysteresis loops of powder samples of NisSn(02B03): for
different temperatures. At 100 K the magnetization has a linear paramagnetic behavior.
Below T¢ it is observed open hysteresis loops down to the lowest reached temperatures.
Applied fields of 7 T are not strong enough to saturate the magnetization, however, for
comparison, we will be consider: Mg(7 T) = gS = 0.9ug/f.u., considering g = 2, gives
S = 1/2, this is half the spin value of one Ni2*ion per f.u. Different from CosSn(02B03)>
that has a saturation moment with an effective spin moment equal to one Co?* ion per
f.u. Moreover, there are no signals of magnetic jumps found in powder measurements of

CosSn(02B03):.
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Figure 5-4: Magnetization versus applied magnetic fields of powder sample
of NisSn(02B03); for different temperatures.

5.2.4 Specific heat measurements
Specific heat measurements as a function of temperature and magnetic field were
performed with randomly oriented needles crystals using a commercial Quantum

Design Dynacool PPMS at CBPF. Results are shown in Figure 5-5 and Figure 5-6.

Figure 5-5 shows the specific-heat curves plotted as C/T versus T for applied magnetic
fields of 0 and 5 T. As expected, the specific heat decrease with temperature, however at
~80 K a raise of the specific heat is observed, reaching a maxima at ~75 K. These
temperatures correspond to anomalies observed in the dc and ac magnetic
measurements. A second increase of the specific heat occurs at ~60 K reaching a
maximum at ~52 K. The application of a magnetic field of 5 T slightly move the peaks to
higher temperatures see inset of Figure 5-5). The two wide peak observed in

NisSn(02B03)2 contrast with only one sharp peak observed in CosSn(02B03)2.

Figure 5-6 shows the low temperature specific-heat curves plotted as C versus T for 0
and 9 T. There is no clear anomaly in the 0 T specific heat curve that could correspond
to the peak observed at 5 K in the ac-susceptibility (Figure 5-2). The low temperature
data were fitted with a temperature dependent equation C = y T + a T2 (Figure 5-6).
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For the 0 T curve the linear term is dominant. As mentioned in previous chapters, the
linear term in ludwigites is related with a spin glass system or magnetic frustration, as
in ludwigite CosTi(02B03)2. For an applied magnetic field of 9T, the 72 term becomes
dominant. This unexpected T? dependence in NisSn(02B03)2 could indicate a 2D
antiferromagnetic magnons or phonons as in Co4.76Al1.24(02B03)2.The linear coefficient
at 0 T, y(0 T)= 10.3 m]/mol K2, is of the order of that observed on the CosTi(02B03)>,
indicating a strong magnetic frustration. In NisSn(02B03), the application of a magnetic

field of 9 T reduce drastically this parameter (y(9 T)= 0).

Figure 5-7 shows the temperature-dependent entropy in zero field obtained from the
C/T vs T curve. At T, = 80 K the entropy released is S (T;) = 66.2 J/mol K, which is
higher than the full magnetic entropy S = 5 R In(2(1) + 1) = 45.7 J/mol K expected for
five Ni2* (S=1) per fu. Those values are consistent with an entropy released due to

lattice and magnetic contributions.
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Figure 5-5: Specific heat of ludwigite NisSn(02B03),, plotted a /T vs T for
applied magnetic fields of 0 and 5 T. Inset: Entropy as a function of
temperature obtained from the specific heat curves.
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Figure 5-6: Low-temperature specific heat versus temperature for 0 and 9 T
of ludwigite NisSn(02BO03),. The lines through the data are fittings to a
power-law C =y T + a T2 The table inside shows the fitting parameters.
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Figure 5-7: Entropy as a function of temperature for ludwigite
NisSn(02B03)2.



5.2.5 Mossbauer spectroscopy

The 119Sn Méssbauer spectroscopy experiments were performed at CBPF. The spectra
were taken with the ludwigite NisSn(02B03); sample kept in a Montana variable
temperature closed-cycle cryostat in the range temperature from 3 to 300 K. The
119Sn:CaSn03 source was kept at room temperature, moving in a sinusoidal mode
outside of the cryostat. To analyze the spectra the least-square fitting NORMOS program
[51] was used. The 119Sn Mossbauer spectra of NisSn(02B03)2 as a function of
temperature is shown in Figure 5-8. The hyperfine parameter obtained from the fit of

the spectra are shown in Table 5-4.

As mention in previous chapters, the magnetic hyperfine field at the Sn nucleus is a
transferred magnetic field from the magnetic moments of the neighboring Ni ions. Then,
the magnitude and direction of the magnetic hyperfine field at the 11°Sn nuclei are
determined by the resultant of the magnetic moments of the Ni atoms around the Sn
ions [30]. To fit of the paramagnetic spectra between 200 and 75 K, only one
paramagnetic doublet was used. The isomer shift (8) values are in relation to BaSnOs.
The value of § =0.26 mm/s at room temperature (RT) is consistent with an oxidation
state 4+ for Sn [30]. The linewidth '=1 mm/s at RT indicates that Sn ions places at only

one site, in agreement with the x-ray data presented above.

As we can see in Figure 5-8, below 75 K the spectra begin to broad magnetically,
indicating the onset of magnetic interactions. This temperature is slightly lower than
the temperature at which the susceptibility increases abruptly. The magnetic spectra
were fitted with a single sextet indicating a static magnetism. The free fitting
parameters wereo, /, the hyperfine magnetic field (Byf), the angle (8) between the
direction of By and the principal axis of the electrical gradient field V;;. Assuming no
structural transitions the quadrupole splitting was left fixed to fit the low temperature
Mossbauer spectra (AE, = —1.15 mm/s) the value obtained at 200 K where the whole
structure is paramagnetic. The other fitting parameters were left free. Figure 5-9 shows
the temperature dependence of the hyperfine parameters B,y and 8. The By, increases
with decreasing temperature following a typical magnetization curve, reaching

saturation at 30 K.
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Table 5-4: Mossbauer hyperfine parameter of NisSn(02B03); for
temperatures between 200 and 4.2 K. The parameters are the temperature T,
isomer shift §, quadrupole splitting AE,, linewidth I, hyperfine magnetic field
Bprand angle 6 between the By, and the principal axis of the electrical
gradient field Vzz

r
T(K) &(mm/s) AE, (mm/s) Bnr (T)  0(°)

(mm/s)

200 0.24 -1.15 1.11 - -

90 0.26 -1.15 1.00 - -

75 0.26 -1.15 2.54 0 -

70 0.26 -1.15 2.18 4.20 97
60 0.28 -1.15 1.30 6.75 77
50 0.27 -1.15 1.18 7.68 71
40 0.26 -1.15 1.10 8.14 66
30 0.26 -1.15 1.12 8.51 61
20 0.26 -1.15 1.14 8.58 59

3 0.26 -1.15 1.06 8.62 55

The presence of a single magnetic component could, in principle, indicate a relatively
simple magnetic structure, 8 ~ 55°, could indicate disorder consistent with a spin glass
system. Figure 5-10 shows the normalized B¢ (T)/Bps(3K) vs T/T; of
NisSn(02B03), together with a normalized Brillouin function [29], for ]=1/2 and ]J=1.
The Brillouin function do not fit well the experimental data, as expected, indicating that
the system is not a classical ferromagnet. In fact, the negative Curie Weis temperature

indicate that AFM interactions are involved.
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Figure 5-8: Some 119Sn Mossbauer spectra of NisSn(02B03), in the
temperature range of 300 > T > 4.2 K. Below 70 K the spectra were fitted
with a single magnetic subspectra.
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5.3 Discussion

The study of nonmagnetic dilution of Co ludwigite has shown that in CosSn(02B03)2 the
4+ oxidation state of the Sn ions, force the Co ions to adopt the 24 oxidation state; as a
result CosSn(02B03); has the biggest number of Co2* per fu. In addition, the
preferential occupation of site 4 by Sn plays an important role to reduce magnetic
frustration giving rise to high magnetic order temperatures. In NisSn(02BO03)2,
nonmagnetic Sn ions occupy the site 4, the same place that it occupy in CosSn(02B03)2.
NisSn(02B03)z and CosSn(02B03)2 have very similar lattice parameters and spin size, Ni

with S = 1 and Co with S = 3/2. These similarities had suggested similar behaviors.

Surprisingly, the magnetic properties of NisSn(02B03)2 are very different from that of
CosSn(02B03)2. A partial magnetic ordering occurring in NisSn(02B03)2 at 80K is
consistent with a small peak on the susceptibility and a wide peak in the specific heat
curves. Similar characteristic was observed on the partial magnetic order of Fez02BO3
[5, 28]. A step like behavior of the magnetic order is also observed in NizMn02B03 [38],
which have similar inflection points at T, = 85 K and T = 71K, the authors relate this

behavior to the existence of several coupled magnetic subsystems being ordered
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separately at different temperatures. For lower temperatures, below 10 K the dc-
magnetization curve has a plateau, and the ac-susceptibility has a peak at 5 K, whose
position is slightly affected by the frequency. At this temperature the specific heat curve
does not have any signal of magnetic ordering, suggesting that this peak could be
related with the establishment of a spin glass state. The spin glass state is supported by
Mossbauer measurements where an angle of =55 is related with a random orientation
of the magnetic moments. Finally, the high anisotropy observed for the low applied
magnetic field is considerably reduced with high applied magnetic fields, behavior that
has not been observed before in Fe and Co ludwigites, but was already observed in
Ni1.8Mn1202B03 where the anisotropy is not only reduced but change the direction with

applied magnetic fields along the caxis [37].
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Chapter 6. Structural and magnetic studies of

hulsite Nis.14Sn0.86(02B03)2

6.1 Introduction

Oxyborates with warwickite and ludwigite structures are known to present
unconventional structural and magnetic properties with a strong unidimentional
character. Those properties are related to their substructures in the form of ladder in
ludwigites and ribbons in warwickites. It has been observed charge ordering transitions
in ludwigite Fe302B0O3 and warwickite Fe;OBO3, partial magnetic order in ludwigites
Fe302B03, CozFe02B03, and NizFeO;B03, and random singlet phase in warwickite
MgTiOBO3. On the other hand, oxyborates with hulsite structure are known to have a
strong two-dimensional (2D) character related to planar substructures. They can be
found in nature with an iron-based chemical composition; however, they are less

explored because the difficulties found in the synthesis process.

Hulsite crystallizes in space group P2/m and have a general formula MZ* M'3*(0,B0;),
where M and M’ are metal ions that occupy five nonequivalent crystallographic sites in
oxygen octahedral coordination that form two families of parallel sheets. Up to date,
only two hulsites were synthesized, Cos52Sbo.48(02B03)2 and Nis33Sbo.s7(02B03)2, they
were reported to present a conventional antiferromagnetic order of the whole structure

at 42 K and 170 Krespectively [35, 52], see..

12 — : "
(a) : (b)) xau| xpeo et
. mol em 3| coPmol™ ~ PP ° H30"8
5 3004 35000-1 %, ) 2
= 8 208 4,4 & § R a 28
> I 1 .
e 2504 30000 % R 1 26
=- 25000 & 0o 424
% 200 . & 422
< 20000 . o 155
4r 150 . & y
= solf . s 1%
.o ]
1004 000042 L9l 16
50— AL e H 14
0 1000048 oo . 12
0- o 1 1 1 1 I 1
T (K 0 50 100 150 200 250 300
(K) K

Figure 6-1: Magnetization as a function of temperature of (a)
C05_525b0_43(02303)2 [35] and (b) Nis_33Sb0_67(02B03)2 [52]
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Here we synthesized a new hulsite with chemical formula Nis14Snogs(02B03)2, and
similar to their predecessors, Cos52Sbo.4g(02B03)2 and Nis33Sbos7(02B03)2, it has a
nonmagnetic ion in its structure. The advantage of studying Nis.14Snogs(02B03)2 is that
it holds the Mdssbauer Sn probe. Thus, the application of the Mdssbauer spectroscopy
technique, which has already been shown to be a very useful tool in the study of
magnetism, will allow obtaining local information on the magnetic properties of this
compound, information that is very difficult to get with the conventional techniques

such as magnetization, specific heat and resistivity.

The magnetic transition temperature shown by this compound is one of the highest
among oxyborates (=180 K). The results point to a complex magnetic behavior
consistent with two magnetic subsystems. A partial magnetic ordering of a subsystem
formed by Ni ions located in a plane with a quadrangular arrangement occurs at 180K.
On the other hand, the other subsystem formed by Ni ions located in a plane with a
triangular arrangement does not order at temperatures as low as 3 K. The two

subsystems coexist at low temperatures.

6.2 Experimental

6.2.1 Synthesis

The syntheses were performed at the laboratories of the IF-UFF. The synthesis of the
crystals is from a 5: 1: 2 molar mixture of NiO2: SnO2: H3BO3 with an excess of borax.
The mixture was heated at 1160 °C for 30 minutes and cooled down to 600 °C for 24
hours. Then the oven was turned off. The bath was clean with hot water and with
diluted hydrochloric acid. @ The resulting crystals appear to be dark green and
transparent in thin section. The planar-shaped crystals grow up to 2 mm length. X-ray

powder and single crystal diffraction confirms the purity of the sample.
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6.2.2 Structural Characterization

A planar shaped twin crystal was employed for data collection from x-ray diffraction.
The measurement was carried out on a D8 Venture Bruker diffractometer at room
temperature, using IuS microfocus X-ray, MoKa radiation. The crystal was mounted on a
Kappa goniometer, and data collection was performed using a PHOTON 100 detector.

Data collection was performed with APEX2 v4.2.2

[45]. CELL_NOW][53] was used for indexing two twin components generating a p4p file
for integration. Data integration was carried out using SAINT[46]. Empirical numerical
absorption correction was performed with the TWINABS program. The Fullmatrix least-
squares refinements based on F? with anisotropic thermal parameters were carried
using SHELXL-2013 program packages[48] with WINGX [49] and ShelXle [50] software
interfaces. Crystallographic tables were generated by WINGX. Crystal data are displayed

inTable 6.1
G
By
|

Figure 6-2: Schematic structure of a unit cell of hulsite Nis14Snogs(02B03):
formed by five metal sites within oxygen octahedra and boron in a triangular
oxygen coordination. The structure is projected along the b axis. This figure
was generated by Vesta 3.1.1 software[1].
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Figure 6-2 shows a schematic structure of a unitary cell of hulsite Nis.14Sno.86(02B03)2.
The cell is composed of five metal sites within oxygen octahedra and boron in triangular
oxygen coordination. Table 6-2 shows the fractional coordinates, the site occupation
factor (SOF) and equivalent isotropic displacement parameters for Nis.14Snogs(02B03)2.
The sites 1, 2 and 3 are occupied randomly by Ni and Sn ions, sites 4 and 5 are
exclusively occupied by Ni atoms, see Figure 6-2. Oxidation numbers were obtained
with XAFS experiments (not shown) for Ni ions that ascribe valence 2+ and Mdssbauer
experiments for Sn ions (shown later) that ascribe valence 4+. The main bond lengths
in this compound are shown in Table 6-3. It is worth nothing the short distance between
site 2 and 3 (~ 2.71 A) compared with all other intermetallic distances that are higher

than 3 A.

Table 6-1: Crystal data of hulsite Nis 14Sn0g6(02B03)>.

Empirical Formula Nis.14Sn0.86(02B03)2
Formula weight 585.16 g/mol
Wavelength 0.71073A
Crystal Size 0.061 x 0.058 x 0.029 mm3
Temperature 295(2)K
Crystal system Monoclinic
Space group P2/m

Unit cell dimension a = 5.4185(7) A
b= 3.0504(4) A
c= 10.6162(13) A
B= 94.707 (4)°
Volume 174.81(4) A3

Z 1

The whole structure could be represented as formed by two planar substructures, one
with rectangular arrangement of the Ni ions and the other with a triangular
arrangement, which are linked by Ni atoms at sites 5. These sub-structures are

represented in Figure 6-3, panels (a) and (b), the intermetallic coordination are
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indicated by dark blue lines. Panel (a) shows the planar substructure with a rectangular

coordination formed by metallic ions at sites 2 and 3 and we will refer in the following

as “2-3-layer”. In this layer, ~27% of the metallic ions are randomly occupied by

nonmagnetic Sn*+ (see Table 6-2). Panel (b) shows the planar substructure with

triangular coordination formed by sites 1 and 4 and we will name “1-4— layer”. In this

layer, 59% of the metallic ions at site 1 are randomly occupied by Sn#*+ and the

remaining by Ni2+. The site 4 is occupied exclusively by Ni2+ ions.
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6-3: Schematic intermetallic coordinations in

generated by Vesta 3.1.1 software[1].

hulsite
Nis.14Sn9.86(02B03)2. (a) Planar substructure formed by metal sites 2 and 3 in
rectangular coordination (blue lines). (b) Planar substructure formed by
metal sites 1 and 4 in triangular coordination (blue lines). These figures were
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As we will

see bellow,

the principal

physical

properties

of the hulsite

Nis.14Sno.86(02B03)2 are consistent with the presence of two magnetic subsystems which

seem to be closely related with these two bidimensional substructures (5.0308 A apart)

which are linked by Ni at site 5. The site 5 is closer to 2—3 plane ( 2.32 A) than from

1-4 plane (2.98 A).

Table 6-2: Fractional coordinates, site occupancy factor (SOF), Occ. that is the
occupation of atoms per site, normalized by the SOF factor and equivalent
isotropic displacement parameters (A% x 10*) for hulsite Nis14Snoss(02B03)2.
The SOF values must be multiplied by the factor 4 i to obtain the number of
atoms in the unit cell. U(eq) is defined as one-third of the trace of the

orthogonalized U;; tensor [25].

Site x/a y/b z/c SOF  Occ. U(eq)
Nil 0.5 1 1 0.103 0.411 6(1)
Snl 0.5 1 1 0.147 0.589 6(1)
Ni2 0 0 05 0.206 0.824 5(1)
Sn2 0 0 05 0.044 0.176 5(1)
Ni3 0.5 0 05 0.228 0.910 4(1)
Sn3 0.5 0 05 0.022 0.090 4(1)
Ni4 0 05 1 Y 1 5(1)
Ni5 0.2835(2) 0.5 0.72130(9) % 1 5(1)
B 0.2057(14) 0  0.2384(9) % 1(1)
01 0.2539(10) 0.5 0.5298(6) % 5(1)
02 0.3127(11) 05 0.9068(5) % 5(1)
03 6_0067(11) 0  0.3020(6) % 5(1)
04 0.8116(12) 0.8928(6) ¥ 6(1)
05 0.4421(11) 0 0.3016(6) % 7(1)
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Table 6-3: Selected bond lengths in A of hulsite Nis14Snogs(02B03)2. The
underline number correspond to the symmetry code: (10)-x+1,-y,-z+1.

M1 - 02 2.042(4) | M5-05 2.157(4)

M1 - 04 2.112(6) | M5-03 2.139(4)

M2 - 01 2.061(4) |B-03 1.381(11)
M2 - 03 2.099(6) |B-05 1.397(8)

M3 - 01 2.067(4) |B-04 1.387(11)
M3 - 05 2.103(6) | M1-M4 3.1091(3)
M3-05u0) 2.104(6) | M2-M3 2.7093(4)
M4 - 02 2.031(6) |M1-M5 3.4468(9)
M4 - 04 2.115(4) |M4-M5 3.4428(4)
M5 - 02 1.962(6) | M2-M5 3.0999(3)
M5 - 01 2.026(6) |M3-M5 3.1097(9)

6.2.3 Mossbauer Spectroscopy

The 119Sn Mossbauer spectroscopy experiments were performed at CBPF. The
experimental conditions are the same as described in chapter 5. To analyze the spectra
the least-square fitting NORMOS program [51] was used. The 119Sn Mdéssbauer spectra
for different temperatures are shown in Figure 6-5. The room temperature spectrum
shows a unique doublet with quadrupole splitting AE, = 1.12(1) mm/s, isomer shift
6 = 0.2mm/s (relative to BaSnOz at RT) and linewidth I' = 0.98 mm/s . The isomer
shift value is characteristic of a Sn** oxidation state. The observed linewidth is
somewhat larger than of 0.85 mm/s found for the related compound CosSn(02B03)2
ludwigite where the Sn occupy a unique site with an octahedral oxygen coordination
[20]. The increase of the linewidth can be explained if we consider that Sn in
Nis.14Sn0.86(02B03)2 occupy three sites in which are randomly distributed (1, 2 and 3)
giving place to small variations in quadrupole splitting which is reflected as an increase

of the linewidth.
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Analogously, the Mossbauer spectra between 300 and 180 K were fitted with a unique
doublet, characterized by a quadrupolar interaction between the electric quadrupolar
moment of the Sn nucleus and the electric field gradient in Sn-Os octahedron bonds,
with a slightly increased linewidth (see Figure 6-4) which may be caused by vibrations

originating from the closed-cycle cryostat.
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Figure 6-4: Temperature dependence of the hyperfine parameters of the
doublet used to fit the spectra of hulsite Nis 14Sno gs(02B03)2.

Below ~180 K the spectra begin to broad magnetically (see Figure 6-5 and Figure 6-6)
indicating the onset of magnetic order. We want to mention at this point that, as Sn
carries no local moment, the magnetic hyperfine field at the Sn nucleus is a transferred

magnetic field due to the magnetic moments of the neighbor Ni ions. Then, the
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magnitude and direction of the magnetic hyperfine field at the 119Sn nuclei are
determined by the resultant of the magnetic moments of the Ni atoms around [30]. Two
subspectra are needed to resolve the spectra below 180 K, one of them corresponding
to a quadrupole doublet and the other to a magnetic sextet. The magnetic subspectra
have been fitted using the full hyperfine Hamiltonian, including electrical quadrupole
and magnetic interaction whose eigenvalues of the I = 3/2 manifold for an arbitrary
field orientation (with respect to which the principal axes system of the EFG is defined

by the polar angle 8) is:

1
Evo( = 3/2,m;) = —gyBmy + uy (—1)™1*2 (eQV,,/8) - (3cos?6 — 1)

Linewidth, quadrupole splitting AE,, isomer shift 4, magnetic hyperfine field B,; and
the angle 6 were the free fitting parameters. Furthermore, we assumed the quadrupole
asymmetry parameter n = 0 (for an axial symmetry), as it is expected for 11°Sn on a
regular octahedral site. The hyperfine parameters as a function of temperature,

obtained from the fitting procedure, are shown in Table 6-4.

The fitting procedure yield 6 = 55° for all the magnetic subspectra and a transferred
magnetic hyperfine field B,y which increases with decreasing temperature from
B(180 K)~0 T to By¢(3 K)~20.1 T (Figure 6-6). The onset of magnetic ordering at 180
K is clearly seen. Below the ordering temperature the absorption area of the magnetic
subspectra increases sharply down to ~150 K and for lower temperatures, this increase
is much slower reaching 37 % of the total area at 3 K. The remaining 63 % of the
absorption area at 3 K correspond to a slightly broad doublet indicating the absence of
magnetic interaction. Relating this result with the single crystal XRD, where it is shown
that 69% of the total ions of Sn go to site 1, we attribute the quadrupole doublet
observed at low temperatures to Sn ions at site 1 where they do not feel a measurable
transferred magnetic hyperfine field, even at 3 K. On the other hand, a pronounced line
broadening of the doublet was observed as the temperature is reduced below the
magnetic transition temperature. This line broadening could be related with a slow
relaxation of the Ni2* spins surrounding the Sn ion at sites 4 as will be discussed in the

next section.
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Figure 6-5: Some 11°Sn Moéssbauer spectra of hulsite Nis14Snggs(02B03)2 in
the temperature range of 180 < T < 3 K. For 180 K only one doublet was
used to fit the spectra. Below 175 K all the spectra were fitted with two

subspectra, one paramagnetic and one magnetic.
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Figure 6-6: Temperature dependence of the transferred magnetic hyperfine
field at Sn nucleus corresponding to the sextet used to fit the spectra of
hulsite Nis 14Sng.86(02B03)3.

Table 6-4: Mossbauer hyperfine parameters of hulsite Nis 14Snos6(02B03)> for
temperatures between 300 and 3 K. The parameters are the isomer shift ¢,
the quadrupole splitting AEy, linewidth , I', the hyperfine magnetic field B
and the absorption area 4.

(mm/s) (M () )

300 1.12 0.98 - - 100

255 1.16 1.11 - - 100

200 1.16 1.11 - - 100

180 1.19 1.16 - - 100
175 1.21 1.16 - - 91
0.13 3.02 10.30 - 9

165 1.25 1.16 - - 79
0.12 3.20 11.4 - 21

150 1.26 1.2 - - 68
0.12 3.74 12.3 - 32

125 1.28 1.23 - - 66
0.19 3.92 14.7 - 34

100 1.26 1.22 - - 68
0.20 2.68 16.3 56 32

75 1.26 1.33 - - 66
0.20 2.42 174 55 34

50 1.33 1.39 - - 64
0.15 2.24 181 55 36

3 1.34 1.44 - - 63
0.22 1.66 185 70 37
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6.2.4 Magnetic Measurements

The magnetic measurements were performed on powdered-single crystals of hulsite
Nis.14Sno.86(02B03)2 using a commercial Quantum Design PPMS at CBPF. Figure 6-6
shows the temperature dependence of magnetization curves for field-cooled (FC) and
zero-field-cooled (ZFC) procedures, with applied magnetic fields of 0.01 T and 1 T. In all
cases, lowering the temperature down to 2 K, the magnetization increases without

reaching a maximum.

The magnetization rises sharply at ~180 K, which is more clearly observed in the
derivative magnetization (inset) and for lower temperatures the ZFC and FC curves
diverge. This temperature coincides with the beginning of the magnetic broadening of
the Mossbauer spectra, so we can attribute this change in the magnetization to the onset
of the magnetic ordering. As can see in the derivative magnetization curve subtle
changes occurs at lower temperatures (see inset) as a maximum in ~20 K. Above the
magnetic transition the magnetization decreases asymptotically with increasing the
temperature and can be decribed by the Curie-Weiss law. The apropiate fit (of the 1T FC
curve, Figure 6-7) leads to a Curie constant C = 6.48 x 107 3emu - K- g710e~! with a
Curie-Weiss temperature 6., = —26.8 K indicating the predominance of
antiferromagnetic interactions. From the Curie constant we determine the effective

moment p,sr = 5.51 pg per formula unit.

To get information on the spin state of Ni ions, we must consider that the Sn atoms have
oxidation state 4+ (as indicated by Mdssbauer spectroscopy experiments) and charge
balance on Nis 14Sn086(02B03)2 leaves 4.86 atoms of Ni2* and 0.28 atoms of Ni3+ per
formula unit (f.u.). If we consider that all the Ni atoms are in the HS state, the spin only
moment gives p = 6.56 ug. A second possibility is that Ni2* are in the HS and Ni3+ in the
LS state, in this case, the spin only moment gives p = 6.30 up. But if all the magnetic
atoms are Ni2* in the HS state, then the spin only moment gives p = 6.41 up. In any case,

the effective experimental moment is lower than the expected value.
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Figure 6-6: Magnetization versus temperature for hulsite Ni 514Snoss(02B03):
under an applied field of 100 Oe in both regimen: field cooled (blue) and zero
field cooled (red). Inset: The derivative curve of the ZFC regime.
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Figure 6-7: Inverse of the FC magnetization curve for an applied magnetic
field of 1 T.

Figure 6-8 shows the real part of the ac-susceptibility (") for different frequencies as a
function of temperature. It has increasing values below 300 K. Lowering the
temperature, the susceptibility increase gradually and in ~180 K a sharp rise is
observed reaching a maximum value at ~164 K and then decreases gradually down to
130K. The position of the peak does not change with frequency (see inset of Figure 6-8).

For lower temperatures, the susceptibility increases again and at ~25 K a second drastic
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rise is observed but this time without reaching a saturation down to 3 K, the lowest

temperature of the experiment.
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Figure 6-8: AC- susceptibility for hulsite Nis14Sno.s6(02B03)2 as a function of
temperature for 500 Hz,1 kHz, 5 kHz and 10 kHz.

Figure 6-9 shows the magnetization curves as a function of applied magnetic fields for
different temperatures. Below 180 K hysteresis loop consistent with a ferromagnetic
like order are observed. At 150 K the hysteresis loop is symmetric with a coercive field

of 540 Oe and a remanent magnetization of 6.2 X 1072 ug/f.u.

A clear shift of the hysteresis loop (inset Figure 6-10) along the positive field axis is
observed bellow 150 K indicating the occurrence of exchange bias (EB) effect in the
system. The exchange bias field is calculated as Hzg = (H* — H™)/2, where H* and
H~are the coercive fields for the ascending and descending curves. The temperature
dependence of Hgp is shown in Figure 6-10. Large Hgp fields are observed for
temperatures between 25 < T < 150K, however a significant reduction of this
parameter is observed below ~25 K. Similar EB behaviour have been observed in
NisGe(02B03)2 ludwigite where the loop at 50K shows exchange bias but it vanishes for
lower temperatures [42]. The exchange bias effects have also been observed in spin

glass systems and some ferrimagnets [54, 55, 56, 57].
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Figure 6-9: Hulsite Nis14Snogs(02B03), magnetization versus smal applied
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for applied field up to 7T.

-0.2

0.0
H(T)

700
R - 10 T T ,’ T —
600 ’; 5 '_—50K
w — 100K
L :{“ L 4
500 |- o °
- n s 5+ -
400 |- ol Al
B -0.30 -0.25 -0.20 0.20 0.25 0.30
300 | H(T)
200 | _\
100 |- I
0 i —"
| 1 | 1 | 1 | 1 | 1 | 1
0 50 100 150 200 250
T (K)

Figure 6-10: Temperature dependence of the exchange bias field (Hgs) of

hulsite Nis.14Snogs(02B03)>.

300

104



6.2.5 Specific Heat Measurements

Specific heat measurements as a function of temperature and magnetic field were
performed with randomly oriented needle crystals using a commercial Quantum Design

PPMS at CBPF.

Specific-heat measurements of Nis14Snogs(02B03)2 in the range of temperature 2<
T <200 K are shown in Figure 6-11 and Figure 6-12. Down to 50 K the zero field specific
heat shows no obvious sharp features typical of structural or magnetic order. For lower
temperatures, a rounded peak with a maximum at 20 K is observed. Its position does
not change for applied magnetic fields as high as 9 T, only a slight flattening of the peak
is observed at 9 T. The peak observed at 20 K in the specific heat measurements
corresponds to slight changes in magnetic measurements, better seen in the derivative
of magnetic curves (Figure 6-6-inset). The absence of significant changes in magnetic

measurements could suggest a structural transition or a reduction of relaxation times.

On the other hand, in NiGazS4, a two-dimensional Heisenberg triangular-lattice
antiferromagnet, the specific heat display a peak at ~10 K whose position and
amplitude is independent of applied magnetic fields (at least up to 7 T) and the
susceptibility showed a broad maximum at the same temperature [58]. Early
thermodynamic, neutron and muon spin spectroscopy (#SR) results have shown that
despite strong antiferromagnetic (AF) interactions, it does not display a long-range
magnetic ordering; only an incommensurate short-range order with a nanoscale
correlation length and a spontaneous static interstitial magnetic field below T, = 9.2 K
and that its ground state is highly degenerate [59]. uSR results have demonstrated that
there is a slowing down of magnetic fluctuations as the compound is cooled down
through T, rather than a spin freezing. The spin fluctuation rate decreases precipitously
upon cooling towards Tr = 8.5 K, but fluctuations on the microsecond time scale then
persist in an anomalous dynamical regime for lower temperatures[60]. Recent uSR and
susceptibility data show a well-defined 2D phase transition at Tr = 8.5 K (leading to a
disordered AFM ground state) below which the NiGa;Ss is neither a conventional
magnet nor a singlet spin liquid [61]. On the other hand, it is less understood the fact

that, while strong muon spin relaxation changes drastically with a magnetic field, the
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entropy is almost not affected [61]. Several scenarios have been proposed to describe
the experimental results, however, no theory so far is able to fully account for the

unusual magnetism of this compound [59, 60, 61].

Another compound exhibiting field-independent specific heat is the frustrated kagomé
lattice spin system SrCrgGas019 [62] but, different of the NiGazSs, it does not exhibit spin
freezing [63].

The specific heat exhibited power-law behavior at low temperatures (Figure 6-12). The
zero field specific data between 2 and 3 K are well fitted by the relation C =y T + a T?,
with y =171 m] mol! K2 Specific heat with linear temperature dependence is a
characteristic of spin glass systems [27]. Among the oxyborates, the ludwigite
C04.74Ti126(02B03)2 display a spin glass behavior and have a specific heat linear
dependence in T with y = 15 m] mol-1 K2 [21]. Linear temperature dependence of the
specific heat is also a common feature among QSL candidates with considerably large
values of y [64, 65, 66]. For example, the quantum spin liquid candidate
Ba3NiSb209—6H-B, with planar triangular Ni?* coordination, have a linear parameter
y = 168 m] moll K2 [66]. This linear behavior in hulsite Nis14Snogs(02B03)2 is
different from hulsite Cos.52Sbo.48(02B03)2 which shows a gapped T? dependence in the

low-temperature range [35].

The low-temperature specific heat in hulsite Nis.14Snogs(02B03)2 depends strongly on
applied magnetic fields as can be seen in Figure 6-12. Magnetic field reduces the
specific heat and change its temperature dependence. The applied magnetic field
specific heat data below 3 K are well fitted with a combination of a linear and quadratic
temperature dependence C =y T + aT?. Increasing the applied magnetic field the y
parameter decrease while the o parameter increases (see table in Figure 6-12). For high
fields, the quadratic term is dominant indicating gap/ess two-dimensional excitations in
Nis.14Sn0.86(02B03)2. Just for comparison, these results are somewhat different from that
of the counterpart Coss2Sbo4s(02B03)2 hulsite where a clear T2 behavior in the low-
temperature range with a small gap of 0.75 K for an applied magnetic field of 9 T was

found [35].
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Figure 6-11: Hulsite Nis14Sno.s6(02B03)2 specific heat plotted as Cvs T for
applied magnetic fields of 0, 4, and 9 T. The inset: Low temperature range
plotted as C/Tvs T.
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Figure 6-12: Low temperature specific heat of hulsite plotted as C versus T
for 0 and 9 T. The solid lines are the fits described in the main text.
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6.3 Discussion

Prior to this work, only two hulsites had been synthesized, the Nis33Sbo.s7(02B03)2 and
the Cos.52Sbo.48(02B03)2. The common characteristic of these compounds is that both of
them have the nonmagnetic ion Sb5+ in their structures, occupying only one site (site 1),
however they appear to have quite different magnetic properties. For the
Nis 33Sbo.67(02B03)2, detailed information about the structural aspects can be found in
the literature [52], however, the same cannot be said regarding its magnetic properties,
the only available information is that a possible partial ordering occurs at ~170 K and

that an antiferromagnetic ordering increases drastically below 40 K [52].

The Cos.52Sbo.48(02B03)2 order magnetically below 42 K with an antiferromagnetic type
structure. The specific-heat results at low temperatures are dominated by a gapped T?
contribution and attributed to magnons with a linear dispersion relation propagating in
planes [35]. These results give evidence of the two-dimensional nature of the magnetic
ordering [35]. The possibility of studying two-dimensional phenomena in magnetic

oxyborates opens new perspectives which are surely worth continuing to explore.

Here we sinthesized a new hulsite Nis14Snogs(02B03)2 containing nonmagnetic Sn
atoms. Different from the other hulsites, x-ray diffraction experiments in this compound
show that the nonmagnetic ion Sn occupies more than one site. Sn ions are randomly

distributed in sites 1, 2 and 3.

Before beginning a discussion of the magnetic properties of this compound, let us first
look at some structural features. The compound consists of several layers composed of
metal ions stacked along the c-axis. Sites 2 and 3 form a two-dimensional rectangular
network, the 2-3 layer. The x-ray experiments show that this layer is predominantly
composed of Ni2* ions, with 27 % of their sites being occupied by Sn+# ions randomly
distributed at sites 2 and 3 (see Figure 6-3). The shortest distance between metallic

ions is found in this plane and correspond to distance between site 2 and site 3

(dy—3 =2.71 A).
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The second layer formed by metallic ions at sites 1 and 4 is more interesting because
they are arranged in a two-dimensional triangular lattice which is related with
geometric frustration when AFM interactions between magnetic ions take place. The
presence of nonmagnetic Sn ions at sites 1 do not destroy the triangular configuration of
the Ni atoms as can be seen in Figure 6-13. Moreover, most of the magnetic ions are
coordinated with four magnetic ions instead of six, as in a Kagome lattice, increasing
geometric frustration, see appendix B. Thus, considering structural features, magnetic
frustration is highly expected in 1-4 layer. The 1-4 and 2-3 layers are stacked along
the c- axis, separated by Ni atoms at sites 5. The Ni atoms at site 5 are closer to 1-4

layer (2.32 A) than to 23 layer (2.98 A).

Figure 6-13: Magnetic interactions (black lines) in the 1-4 layer, considering
randomly distributed nonmagnetic ions on site 1(light magenta circles). This
figure was generated by Vesta 3.1.1 software[1].
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The 119Sn Mossbauer spectroscopy experiments confirm the oxidation state 4+
obtained for Sn, which in turn leads the Ni atoms to adopt a 2+ oxidation state to
achieve a charge balance. The Mdssbauer spectra in the temperature range between
300 and 180 K shows a unique doublet, typical for a paramagnetic regime and its
slightly increased linewidth is consistent with the presence of three non-equivalent
sites for the Sn as shown by x ray diffraction experiments. In the paramagnetic state,
the three crystallographic sites for the Sn are indistinguishable in the Mdssbauer
spectra, however when the compound order magnetically are clearly distinguishable.
When cooling down the sample below T,; < 180K a complex 119Sn Mdossbauer
spectrum split by magnetic hyperfine interactions appears indicating the onset of
magnetic order, a temperature at which the magnetization and susceptibility rises

drastically.

The Mossbauer experiments at low temperature show that only 37% of the Sn feel a
static transferred magnetic hyperfine field, a fraction that is comparable with the
fraction (31%) of the Sn ions in the rectangular 2—3 layer. So, is very reasonable to
attribute the magnetic ordering observed at 180 K to a partial ordering of the 2-3 layer,
where the shortest distance (d,_5 = 2.71 A) between high spin Ni2+ (S = 1) could give
rise to strong d-d overlap and, consequently, direct exchange. Partial ordering has been
already observed in Fe302B03 ludwigite [5], where the subsystem formed by Fe at sites

2 and 3 order at 110 K but the whole system ordered only at 70 K.

The negative 6., indicate antiferromagnetic interactions between high spin Ni2+
(§ = 1), however, the hysteresis loop below 180 K shown that a ferromagnetic type
ordering takes place. On the other hand, Mdssbauer results indicate a disordered or spin
glass system below 180 K, which at first sight, seem to be in contradiction with a
ferromagnetic type ordering. However, this apparent disagreement can be solved if we
consider that the nonmagnetic Sn creates only local disorder. Thus the 2-3 layer would
have regions with only Ni atoms which order ferromagnetically and regions with a local
disorder where Sn is located. The assumption of a local disorder is supported by the
fact that the position of the peak in the susceptibility data, corresponding to this
transition, is slightly shifted with the increase of the frequency and by the fact that this

magnetic transition does not show up in the macroscopic specific heat measurements.

110



The Mdssbauer experiments show that at 3 K the Sn ions located at the 1-4 layer do not
feel a measurable transferred magnetic hyperfine field indicating two possibilities: 1)
the Ni ions in 1-4-layer are magnetically ordered in such a way that the transferred
magnetic field of their magnetic moments to the Sn nucleus is zero, and 2) the Ni atoms
in the 1-4-layer are magnetically frustrated. Taking into account that Ni forms a
triangular two-dimensional lattice in the 1-4 layer and that Sn ions are randomly
located at site 4 the first possibility is very unlikely and that these results are more

consistent with a magnetic frustration in the 1-4 layer.

More difficult to explain is the peak observed at 20 K in the specific heat measurements
since no corresponding visible changes are observed at the same temperature in the
magnetization measurements. However, the Mdssbauer spectroscopy can help us in its
interpretation. The line broadening, corresponding to the doublet of the Sn in the 1-4
layer, is attributed to an unresolved hyperfine field at the Sn nucleus due to a
supertransferred hyperfine interaction between the Sn nuclei and the surrounding Ni
ions. The doublet below 180 K is believed to correspond to a situation where the Ni2*
ionic relaxation time is comparable with the Larmor precession time of the Sn nuclei.
Below ~100 K a sharp increase of the linewidth is observed indicating an increase of the
relaxation time. Other frustrated systems with two-dimensional triangular or Kagomé
lattice have been shown a specific heat peak and related with a saturation decrease of
the spin fluctuation rate [58, 63]. The frustrated Kagomé lattice spin system SrCrgGas019
[62] exhibit field-independent specific heat with a peak at ~3.5 K and a small cusp in the
susceptibility data. Below this temperature a saturation of the spin fluctuation rate were
observed but spin fluctuation persists down to 100 mK. No spin freezing was observed

for this compound.

The NiGazS4, a two-dimensional Heisenberg triangular-lattice antiferromagnet, the
specific heat display a peak at ~10K whose position and amplitude is independent of
applied magnetic fields and the susceptibility showed a broad maximum at the same
temperature [58]. uSR results have demonstrated that there is a slowing down of
magnetic fluctuations as the compound is cooled down through 9.2 K rather than a spin
freezing [60]. More recent uSR and susceptibility studies have shown a well-defined 2D

phase transition at 7 = 8.5 K (leading to a disordered AFM ground state) below which

the NiGazSs is neither a conventional magnet nor a singlet spin liquid [61].
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The Specific heat and Mdssbauer results in hulsite Nis14Snogs(02B03)2 are consistent
with the assumption that magnetic frustration of the Ni spins occurs in the 1-4 layer
which has a triangular lattice. Thus, magnetic ordering coexists with planes

magnetically frustrated at low temperature.

At low temperatures (< 5 K) the linear dependence of the specific heat with the
temperature was a new an unexpected result in oxyborates. The linear T dependent of
the specific heat at low temperatures is unusual for a magnetic insulator having a 2D
frustrated lattice. However, a linear dependence has been found in the 6H-B phase of
BasNiSb209 with a Ni?* triangular lattice [66] and is a common feature among QSL

candidates [64, 65, 67].

Thus the linear T dependent of the specific heat found in hulsite Nis 14Sno.86(02B03)2
suggests a QSL behavior of the 1-4 layer. Evidently, a linear contribution with T due to
local disorder in the 2—-3 layer could also be included, but its contribution should not be
dominant. The application of a magnetic field could lead to two-dimensional

correlations in the 1-4 layer creating a T? dependence.

A possible scenario to describe the experimental results of our compound is as follows.
hulsite Nis 14Sno.g6(02B03)2 could be separated in two subsystems: the 1-4 layers and
the 2-3 layers coupled with Ni at site 5. At 180 K the 2-3 layer orders magnetically with
a ferromagnetic type structure due to the strong d-d overlap of the Ni atoms, but local
disorder is caused by the presence of Sn in this layer. Lowering the temperature Ni ions
at site 5, which is closer to the 2-3 plane, order AFM generating an exchange bias effect.
While, in the 1-4 layer, with a two-dimensional triangular lattice, the Ni spins stay
magnetically frustrated and just a slowing down of magnetic fluctuations occurs down

to 3 K.
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Chapter 7. Conclusion

The study of nonmagnetic dilution of the Co ludwigites: Co302B03, CosSn(02B03)2 and
Co4.76Al1.24(02B03)2, have shown a gradual increase on the fraction of Co2* at site 4 that
is concomitant with an increase of magnetic ordering temperature (see Figure 7-1).
This result suggest that HS Co2t+ at site 4 couple magnetically the 1-2-3 planes
enhancing the magnetic interactions and consequently, increasing the magnetic
ordering temperature. To simplify the presentation of the structural and magnetic
properties shown by the different Co ludwigites, they are presented with an equivalent

fu., itis Cos(02B03)2, CosSn(02B03)2 and Co4.76Al1.24(02B03)2.
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Figure 7-1: Magnetic ordering temperature 7 versus percentage of Co2* at
site 4.

In Cos(02B03)2 and Coa4.76Al1.24(02B03)2, with null and small content of HS Co?* at site 4,
respectively, the low-temperature specific heat data is characterized by a
T? dependence and by small values of the entropy released at T indicating a 2D

magnetic order. In CosSn(02B03)2 and Co4.76Al1.24(02B03)2, with an amount of HS Co?+ at
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site 4, the hysteresis magnetization curve are characterized by anomalies at ~4 T. In

Co4.76Al1.24(02B03)2 spin flop take place while in CosSn(02B03)2 magnetic jumps occurs.

The Co ludwigites have shown high magnetic anisotropy. The magnetic moments lie on
the a-b plane, almost pointing along b axis, and are ferromagnetic coupled along the ¢
axis. Taking into account the magnetic anisotropy, the saturation magnetization (Figure
7-2) and the magnetic structure of the Cos(02B03)2 obtained from NPD experiments see
Figure 2-13, magnetic structures have been proposed for Cos476Al1.24(02B03)2 and
CosSn(02B03)2 as shown in Table 7-1. The suggested models can serve as an incentive
for the realization of NPD experiments, aiming to elucidate the magnetic structure of the
nonmagnetic doped ludwigites.
Table 7-1: Suggested spin arrangement in the ab plane for some Co

ludwigites. We assume a ferromagnetic coupling along the caxis. The dashed
line encloses the magnetic ions in the plane formed by sites 1, 2 and 3.

Compound H (T) M,(ug/f.-uw.) Model
Coe6(02B03): 9 6.6 | I i I I xx
3132144
a1 1 X X
C04.76Al1.24(02B03)> 9 5.8 : I i I I D= =
: 1 2! 4 4
Co4.76Al1.24(02B03)2 0 ~0 Tl T ol
13132 44
CosSn(02B0s)2 9 ~33 1L Talx
3132 44

In Co4.76Al124(02B03)2 it is observed an antiferromagnetic coupling at low applied
magnetic fields different from Cos(02B03)2 and CosSn(02B03)2, see Figure 7-2. The large
substitution of site 2 with Al could be related to the antiferromagnetic coupling between
site 2 and 3, that compensate the moments. Otherwise, if site 2 is completely occupied
by Co%* as in Cos(02B03)2 and CosSn(02B03)2 there is ferromagnetic like behavior. In
Co6(02B03)2 is related to the ferromagnetic coupling between site 2 and 3, as observed

in the NPD studies of Cos(02B03)2, see Figure 2-13.
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Figure 7-2: Magnetization as function of applied magnetic fiels for
C06(02803)2, C04,76A11,24(02803)2 and COsSl‘l(OzBO3)2 at ~5 K,

The oxyborates ludwigite NisSn(02B03)2 and hulsite Nis14Snoss(02B03)2 are novel
compounds and synthesized by the first time. Despite having the same chemical
formula, both structurally and magnetically are quite different. These compounds have
shown partial magnetic orders coexisting with magnetic frustration, evidencing that
magnetic interactions in Ni oxyborates, with Ni2*in a HS state (S=1), are more complex
than in their Co oxyborates (S=3/2) counterparts, despite the structural similarities of
both families. As a consequence, linear T dependence of the specific heat data, with
large coefficient, have been observed at low-temperatures. A small T? contribution is
also present which is enhanced by the application of a magnetic field. For comparison,
Table 7-2 presents the main magnetic parameters as long with the fitting parameters of

the low-temperatures specific heat of the studied oxyborates.

115



The principal characteristics found in each compound are described below:
1. Ludwigite Co302BO:s.

The study of the ludwigite Co302B03 based on NPD results gives an approach to a better
understanding why the only two know homometallic ludwigites, Fe30:B0O3 and
Co0302B03, have different physical properties despite their similarities. In Fe302B03, all
the Fe ions (Fe?* and Fe3+) have a spin moment S>0. These ions have a charge sharing
instability between sites 4 and 2, which hold the shortest intermetallic distance. These
two sites have predominant magnetic interactions also, giving to Fe30:B03, 1D
structural and magnetic properties. In Co30:B03, on the contrary, there is charge
stability of Co3+ at site 4. These ions have a LS state S=0, favored by the high symmetry
of the oxygen octahedral environment and short Co-O distances at site 4. Then, even
with the shortest distance between sites 4 and 2, the magnetic interactions are

restricted to sites 1, 2, and 3 giving rise to 2D magnetic structure.
2. Ludwigite CosSn(02B03)2

The unexpected increase of the magnetic ordering temperature from 42 K in
Co6(02B03)2to 82 K in CosSn(02B03)? after a nonmagnetic dilution is due to an increase
of the magnetic ions at sites 4. The Sn doping increase the number of Co2* in a HS state
going from 4 atoms in Coe(02B03)2 to 5 in CosSn(02B03)2. The increase of the magnetic
ordering temperature relies on the preferential occupation of the Sn ions at site 4 and to

the absence of double exchange interaction.
3. Ludwigite Co4.76Al1.24(02B03)2

In Co4.76Al124(02B03)2 there is a long range magnetic order of the whole compound at
57 K. Like in CosSn(02B03)2, the magnetic transition temperature is raised by the
presence of nonmagnetic ions. Magnetic and thermal results for Co4.76Al1.24(02B03)2
indicate a ferrimagnetic order. Magnetic measurements under applied magnetic fields
revealed the presence of magnetically frustrated spins leading to metamagnetic
transitions. The critical field at which the metamagnetic transitions occur is
temperature dependent, and a magnetic phase diagram can be constructed showing
three regions, PM, FIM, and spin-flop phases with first- and second-order transitions

among them. Heat-capacity measurements show magnetocaloric effects.
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4. Ludwigite NisSn(02B03)2

The study of ludwigite NisSn(02B03); had shown a complex magnetic behavior. The
magnetic properties are completely different of that shown by their counterpart
CosSn(02B03)2 (where the Co2* are in the HS state with S=3/2) which show only one
transition of the whole system at 82 K. These results show that the spin of the involved

ions play an essential role in determining the magnetic properties of the ludwigites.

5. Hulsite Nis.14Sno.86(02B03)2

Combining macroscopic and local experimental techniques, the results shown that
Nis.14Sn086(02B03)2 can be separated in two magnetic subsystems. At 180K the first
subsystem formed by 2-3 layers, where strong d-d overlap are expected, order
magnetically with a ferromagnetic type structure. Mdssbauer spectroscopy gives
evidence for local disorder caused by the presence of nonmagnetic Sn ion in this layer.
Exchange bias effect take place below 180 K, which are probably due to the coupling of
the FM 2-3 layer with the AFM ordered Ni spins at sites 5. On the other hand, Méssbauer
spectroscopy shown that Ni at 1-4 layer do not feel a measurable transferred magnetic
hyperfine interaction, indicating that this layer do not order magnetically down to 3K.
The absence of magnetic ordering in this layer could be related with the magnetic
frustration originated by the triangular arrangement of the Ni atoms. Just a decreasing
of the magnetic fluctuations is observed at low temperatures. Thus, this is a compound
with a complex magnetic structure where magnetic ordering coexists with magnetic
frustration at low temperatures. Our results suggest also a spin liquid behavior for the

subsystem with magnetic frustration.
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Table 7-2: Principal magnetic and specific heat parameters values.

CoeB2010 | Co4.76Al1.24B2010| CosSnBO19 NisSnB2010 | Nis.14Sn086B2010
Oxyborate
T Ludwiguite Ludwiguite Ludwiguite | Ludwiguite Hulsita
ype
Tc a42 K 57K 82K 80K 180 K
Peak x'(T) 80,76 and 5
a42 K 57K 82K K ~164 K
Peak 80, 75 and
a42 K 57K 82K 175K
dM/dT 40K
I Mg a~6.6 0.4 3.0 0.4 0.76
1 Ms a~6.6 5.8 3.3 -- --
Hc a0, 7T 0.8T 4T 14T 01T
Ocw -25K -4.8K -32.5K -82.8K -26.8K
2 peft 4.16 5.2 491 2.41 2.46
2 ps 3.87 3.55 3.87 2.82 2.82
3 yH =
1.18 0 0.54 10.3 171
0T)
oy(H =
-- 0 0 0 0
9T)
‘a(H =0) 3.06 2.95 0 2.58 35
+ a(H=
-- 1.94 0 2.88 45
9T)
SB(H =0) 1.02 0 0.650 0 0
5 B(H =
-- 0 0.656 0 0
9T)
6 Sm 46.1 46.1 57.6 45.7 --
6S(Tc) 27.4 13 65.7 66.2 --

aData from reference [7]

Yug/ fou.,2uy/(Co or Ni)
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3mJ /mol K2, 4mJ/mol K3,4mJ /mol K*

6mJ/mol K

119



Appendix A- AFM Magnons and Phonons in 2D

Considering (h = 1) the dispersion relation is given by:
wp = vkp 3)

Then, density of states in two dimensions could be written as:

(@) = 2k
e
k
A w/v
S 2r v
A w
p(w) = o U2 (4)

On the other hand, the number o magnetic ions can be find as:

A (ko

N kp?
A~ an )
And the energy as:
wp(w)
E:f—eﬁw_lda) (6)

With 8 = 1/kgT, where kg is the Boltzmann constant.

Replacing (4) in (6)

A (P w?
E = d
vazj; efo — 17 Q)

Changing the variable of integration by x = fw in (7), one may write

dx

A 1 (L)D/kBT xz
- 2mv? EL e*—1
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For low temperatures T < T*,

where

T = wp/kg (8)
and

E= 4 kT3foo x d

- 2mv2 (ksT) Oex—lx

With the numerical value of the integral

[ee) x2
= dx = 2.40
J j; ex—1°"

One has

E = kgT)3 é
2 2 ( B )
The energy per magnetic ionis given by

(ksT)*
2m2(NJA) ©

E'=E/N =
by substituting eq. (5) in (9), one has

2(kpT)*
= vszZ ' (10)

4

by using eq. (3) and (8), the equation (10) can be rewritten as

. 2kg’T3
E=-———7
kg“T*
Then, the specific heat is given by
OE' _ 6kp°T?

C = T = kBZT*Z &

T
= 6§ kp()?
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Finally one finds that for one mole
C=6-Na-& kg(T/T*)?

C =144 R(T/T*)?
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Appendix B - Geometrical Frustration

Geometric frustration in a magnetic system is related to antiferromagnetic interactions
that cannot be simultaneously satisfied, resulting in a large degeneracy of ground states
[68]. For example, on a triangular lattice with Ising antiferromagnetic spin interactions,
three neighboring spins cannot be all antiparallel and instead of the two ground states

(up and down) in a square lattice, there are six ground states, see Figure 0-1.
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Figure 0-1: Schematic representation of spin arrangement. Left: The six
ground states of three antiferromagnetic Ising spins in a triangular
coordination. Right: the two ground states of four antiferromagnetic Ising
spins in a square coordination.

“For a Heisenberg model, an idea of the size of degeneracy can be given by a simple
counting (Maxwellian counting) argument: The number of degrees of freedom in the
ground state, is estimated to be D — K, where D is the total number of degrees of
freedom of the spins and K the number of constrains that must be satistied to put the
system into a ground state” [69]. Then to have a larger number of degrees of freedom it
is necessary to reduce the number of constrains. Lattices that are made up of vertex
sharing do that. In a triangular lattice each site belongs to six triangles, but in a two-
dimensional Kagome lattice each site belongs to only two triangles, then the Kagome
lattice is more frustrated. In a three dimensional lattice, vertex sharing clusters reduce
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the number of constrains. Then, it is not surprising that in three dimensions, pyrochlore

is the most frustrated lattice, see Figure 0-2.

A_A_/

Figure 0-2: Geometrical frustrated lattices. In two dimensions: a) triangular
lattice and b) Kagomékagomé lattice. In three dimensions: c¢) pyroclore
lattice. Ref. [68].
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