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Chapter 1

Chapter 1

General Introduction

1.1 Introduction

The solid-state chemistry is a branch of inorganic chemistry; it is the study of the
synthesis, structure, and properties of materials. It is an interdisciplinary field of
chemistry, physics, and crystallography that focus on ways to explore the novel
compounds and to investigate their physical properties. Among them, inorganic
crystalline compounds show a massive variety of structure and superior functionality due
to electronic structures of atoms or ions. Some examples are magnetic properties,
electrical properties, optical properties, dielectric properties, and ionic conductor!. An
inorganic crystalline solid has become a high-performance product like a motor, generator,
transistor, integrated circuit, solid cell, and catalyst that has contributed to the energy and

electronics fields; thus it has become part of modern technology?.

Magnetism is one of the major research fields of the solid-state chemistry that are
exhibited properties in the magnetic field® *. It has been studied for a long time, but the
theoretical model developed mainly in the 20™ century. Weiss proposed the molecular-
field formalism for ferromagnetism in 1907°; Heisenberg proposed the formulation of a
many-body exchange Hamiltonian for the coupling energy of a system of atomic spins in

1928%; Néel proposed antiferromagnetism and ferrimagnetism in 1948’

Such valuable chemical and physical properties including magnetism cause to the
electron interaction especially d electrons of transition metal atoms and the f'electrons of
lanthanide atoms®.In particular, solid state compounds containing transition metals and
lanthanide atoms have their d and f electrons greatly influenced by the surrounding
coordination environment, and exhibit entirely different properties from the single

element. Therefore, focusing on the combination and crystal structure of atoms, the
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discovery of a compound showing a new function is one of the essential roles that the

solid-state chemistry field brings to society.

Among them, the solid-state compounds in which transition metals and lanthanide
ions are arranged in a layered (two-dimensional) or linear (one-dimensional) form in the
crystal unit cell show different magnetic interactions from in a standard (three-
dimensional) compounds. Such a group of compounds is called low-dimensional
magnetic compounds. Since the discovery of high-temperature superconductivity’!! and
spin frustration, many-layered oxides have been synthesized, and an understanding of the
relationships between crystal structures and physical properties makes rapid progress in

strongly correlated electron systems.

One of such layered compounds, the melilite type compounds have attracted
attention. Melilite is also called yellow feldspar, which is one of the skarn minerals caused
by contact between limestone and magma and refers to a group of compounds classified
as pyrosilicates'?. At first, the crystal structure of a synthetic melilite was determined by
Razz and Warren'*!'*, After that, many melilite compounds have been synthesized'?. Its
composition is generally represented by 42MM"X7 (A = alkaline earth metals; M, M' =
transition metals Si, Ga, Ge; X = O, S). Melilite-type compounds have several different
names depending on the mineralogical composition: (1) Akermanite contains divalent
metal ion at the M site (e.g., Ca2MgSi207). (2) Gellenite contains tetravalent metal ion at
the M site (e.g., Ca2Al(AlS1)O7). However, in this thesis, the name "melilite" is used as a

generic term for A2MM"X7 compounds.

The crystal structure of many melilite-type compounds is tetragonal. The crystal
structure is shown in Figure 1.1. Two kinds of tetrahedrons MXs and M'Xs exist in the
unit cell at a ratio of 1:2. The Tetrahedral MXu is located at the apex and bottom of the
unit cell and is connected to M'Xs by a vertex share, which forms a 5-membered ring.
Further, this five-membered ring network layer and A4 ions layer are alternately stacked

in the c-axis direction to form a layered structure.
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Melilite-type compounds have been reported to exhibit various physical properties
depending on the combination of elements entering each crystallographic site. For the
first time, natural minerals like melilite such as containing Ca, Mg, Al, and Si were
synthesized by sintering or hydrothermal conditions. Ca2MM’ 207 (M = Mg, Co, Zn; M’
=Si, Ge) show the commensurate-incommensurate phase transition at a low temperature

due to the misfit between the five-membered ring network layer and 4 ions layer!*!>16

Due to the acoustic and nonlinear characteristics, some melilite-type compounds
doped with luminescent ions have been synthesized. The lanthanide-doping melilite,
CaxMgSi>O7: Eu?’, Dy**, exhibits absorption by the transition from 4/ to 4/° 5d' for Eu?
* in the excitation-emission spectrum!’. This compound is classified as an afterglow
phosphor for a long time because the excited Eu?** electrons are confined in Dy>" and then
return to the ground state. Besides, Zhang et al. have reported that this compound exhibits
mechanical luminescence'®. Also, alkaline earth melilite is known to have high
biocompatibility, and it is expected as a biosensor material combined with optical

properties'’.

The acceptor-doped melilite has been interested because of the high ion conducting
properties in the field of energy conversion technologies®® 2!. Ca-doped peroxide melilite
Lai 54Sr0.46Ga307.27 achieved an ionic conductivity of 0.02~0.1 Scm™ at 600~900 °C, due

to the passage of interstitial oxygen in two-dimensional layer®.

Since melilite has the high degree of freedom of chemical composition and a
layered structure, it has also been investigated in the field of electromagnetism. The first
study on magnetic properties of melilite is the Fe-doped Ca2MgSi>O7%. The temperature
dependence of the magnetization is 1.12 emu at 4.2K, in a field of 7 T. The magnetization
curve increases almost linearly in proportion to the magnetic field due to
antiferromagnetic interaction. However, the magnetic properties of this compound are not
clear, because the magnetic Fe ions are disordered arrangement in the several

crystallography sites and then form complicated magnetic interaction pathways.
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The lanthanide-containing melilites Ln> " 2M* * Be? * 207 (Ln = Nd - Eu, Tb, Ho -
Lu, M = Si, Ge) were prepared by Mill et al**; they are paramagnetic down to 4.8 K°.
In general, since felectrons of lanthanide ions are present in the inner shell, the interaction
between f electrons is very weak, and no magnetic anomaly occurs even at low

temperatures.

Recently, some melilites show a two-dimensional magnetic behavior due to the
square-planar arrangement in an ab-plane when the magnetic ions are situated at the M
sites. Barium-containing melilite, Ba:CuGe207 shows helical antiferromagnetic
structures and an incommensurate-commensurate magnetic transition at 3.26 K*¢  due to
the Dzyaloshinskii-Moriya interaction, which is allowed by symmetry only for
antisymmetric exchange paths. Many tetragonal melilites show magnetic ferroelectricity
due to no inversion symmetry in its crystal structure. 42CoSi207 (4 = Ca, Sr) shows both

antiferromagnetic transition and dielectric anomalies at low temperatures?’.

Although the melilite has the high degree of freedom of chemical composition, few
studies have focused on the changes the magnetic interactions between the d electrons of
transition metal and the f electrons of lanthanide atoms. In this study, we have paid
attention to the development of new properties derived from the crystallographic structure
of the melilite-type compounds. The principal motivation of this investigation is to

elucidate the magnetic properties of these compounds.
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1.2 The scope of this thesis

This thesis is composed of seven Chapters. In Chapter 2 are summarized the

principles and methods of the experimental technique used in this study.

First, we studied the magnetic properties of 42MM >X7 compounds containing
magnetic ions only at the M sites. In Chapter 3, we investigated the crystal structures and
magnetic properties of melilite-type oxides, Sr2MGe207 (M = Mn, Co). In these
compounds, the magnetic M ions form a square-planar lattice in the ab plane. Moreover,
the M-O-M superexchange pathway along the ¢ axis does not exist, and the possible
magnetic pathway is the M-O-O-M one in the basal ab plane. In this study, we measured
the magnetic susceptibility and temperature dependence of the specific heat of the
synthetic compound to clarify the magnetic properties. Further, powder neutron

diffraction measurement was carried out to determine the magnetic structure.

Next, we focused on the melilites containing magnetic ions in both A (=
lanthanides) and M (= transition metals) sites. Such compounds are expected to show
magnetic behavior, reflecting both d - d interactions, f - finteractions and f - d interactions.
In chapter 4, we investigated the crystal structures and magnetic properties of new
melilite-type oxides EuzMSi20O7 (M = Mg, Mn). The results of the powder X-ray
diffraction, '"'Mdssbauer spectrum, magnetic susceptibility, and specific heat

measurements are discussed.

Finally, we have paid our attention to the anion substation to explore further
interesting magnetic compounds. In Chapters 5 and 6, we investigated the crystal
structures and magnetic properties of new melilite-type oxysulfides 42MnGe2S60 (4 =
Sr, Eu). These compounds are obtained by substituting a part of oxygen ions with sulfur
ions. In order to elucidate the magnetic properties, magnetic susceptibility and specific

heat measurements have been performed.

Concluding remarks are given in Chapter 7.



1.2 The scope of this thesis

(1)

(2)

Figure 1.1. Schematic crystal structures of melilite-type compounds 42MM 2X7: (1)

viewed from the ¢ axis, (2) projection of the structure in ac plane.
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Chapter 2

Experimental

2.1 Solid-state reaction

The solid-state reaction is one of the synthesis methods for the preparation of target
compounds from a mixture of starting materials' . In this method, the diffusion becomes
an essential role because of the movement of atoms or molecules in the solid-state

reaction much lower than the other (gas or liquid) reaction methods.

The diffusion is the movement of matter due to the concentration gradient. The
relationship between the flow velocity in the one direction and the concentration gradient
18,
dc
=_-D— 2.1
] X D dx ) ( )
where J; is the diffusion flux, D is the diffusion coefficient, and dC/dx is the concentration.

The diffusion coefficient D depends on the temperature,

AE
D = Dyexp <R—7?) 2.2)

where AEq1is the activation energy of diffusion, Do is the frequency factor, R is the gas
constant, 7 is the temperature. If the temperature increases by 100 °C, the diffusion
distance increases by several tens of times in a temperature range where reaction proceeds

rapidly.

On the other hand, the concentration gradient causes to change with time, the

diffusion equation is as follows,

aC _ d[D(ac/9x)] (23)
at dx '

11



2.2 X-ray diffraction

when it does not depend on concentration,

ac 2%C

Z_p_= 2.4
Jt Daxz' @4

this relationship is called Fick’s second law and is shown the diffusion length with time t
in one-dimension from a boundary located at position x = 0 to infinite where the surface

concentration is constant,

n(x,t) = nye (ZL\/W)' (2.5)

where no is the concentration at the starting position (x = 0) and ¢ is the complementary
error function. To make the diffusion distance n times, it is necessary to increase the

reaction time to n>.

From the eqgs.(2.2) and (2.5), the diffusion distance has a higher temperature
contribution than the reaction time. Therefore, the synthesis was carried out while
changing the reaction temperature variously and fixed the reaction time was set to 12

hours.

2.2 X-ray diffraction

2.2.1 Crystal systems

The crystal is a solid material in which atoms are periodically ordered in arranged
in the three-dimensions* >. The directions are usually defined to three crystallographic
axes, X, y, and z. The volume of the periodically structure is called a unit cell, it contains
the primitive translation vector (a, b, c¢) and the angles between them («, £, ). The all
three-dimensional crystals belong to the seven-lattice system (cubic, tetragonal,

orthorhombic, hexagonal, rhombohedral, monoclinic, triclinic,). These lattices are

12
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classified by 230 space group with 14 Bravais lattices instead of the original lattice

systems in the three-dimensions.

The all lattice positions described to be located in a parallel and equally space
plane. The directions of the planes of alignment through the crystal are indicated by the
Miller indices (h =x/a , k = y/b , I= z/c). The perpendicular distance between any two
nearest planes is called the interplanar spacing by the symbol dnw. The calculation of
interplanar spacing is carried out by each crystal system. Among then, the interplanar
spacing in the tetragonal system is given by the equation,

1 R4k D2
dZ,  a? c2’

(2.6)

2.2.2 Principle of X-ray diffraction

The X-ray beam is an electromagnetic radiation wave. It has a wavelength range
0.1 to 10 A which is close to the size of unit cell in crystals and interatomic distances in
molecules. When the X-ray irradiate to the crystal, they are scattered from the electron
clouds of atoms by the interplanar distance diu. The X-ray beam strikes the parallel and
equally space plane at an angle & and is reflected at the angle #’. When the scattered
waves interfere constructively, they are the same integer multiple wavelength but
difference path lengths from plane 1 and 2, that is nA. The difference in path is equal to
the optical path difference which in turn equals 2d sind when 8= @’. It is known as the

Bragg’s law.
nl = Zdhkl sind. (27)

The intensity of the X-ray diffraction beam depends on the structure factor of

crystal structures,

Lngr = |Fra|? (2.8)

13



2.3 Neutron diffraction

The structure factor is shown by

N
Fura = z ijex'p{Zni(hxj + ky; + lzj)}, (2.9)

j=1
where N is the number of atoms, f; is the structure factors of atoms which is proportional
to the atomic number, 4, k and / are Miller indices, xj, yj, and z;, are an atom j at position

in a unit cell.

2.2.3 Measurement of X-ray diffraction

X-ray diffraction profiles at room temperature were measured with Cu-Ka
radiation (40 kV, 20mA) on a RINT2200 diffractometer or MultiFlex diffractometer
(Rigaku) equipped with a curve graphite monochromator. The data were collected in a
step-scanning mode over the 2 @range of 10-120°. The step width and step time are 0.02°
and 7.5 s, respectively. The crystal structures of samples were determined by the Rietveld

analysis method.

2.3 Neutron diffraction

2.3.1 The advantage of using neutron diffraction

There are many similarities between X-ray and neutron diffraction, but there are
also significant differences. Differences stem from the distinctive properties of thermal

neutron themselves.

The neutron has two major features, an electrically neutral particle and has a

magnetic moment of spin 1/2. By the former feature, neutrons can penetrate deeply into

14
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most materials. This is an essential advantage in studies of bulk materials and facilitates
the use of furnaces, cryostats and pressure cells for studies of materials under conditions
encountered in real applications. By the latter feature, it becomes possible to probe the
magnetic structure and magnetic dynamics of atomic systems. For magnetically ordered
materials, the magnetic powder diffraction pattern may be separated from the nuclear on
by comparing patterns above and below the magnetic ordering temperature and thus

allowing the determination of the magnetic structure.

The difference in the scattering cross-section is also essential. X-rays are
scattered by the electron clouds of atoms, and the X-ray scattering cross-section decreases
with scattering angle. On the other hand, neutrons are scattered by the nuclei of atoms,
and the neutron scattering cross-sections are independent of scattering angle. Further, X-
ray scattering cross-sections increase monotonically with atomic number, while neutron
cross-sections vary erratically with atomic number. Their features of neutrons result in
useful contrastive effects, including high sensitivity to light elements, the ability to
distinguish adjacent elements in the periodic table and scattering powers which can be

manipulated by isotopic substitution.

2.3.2 Measurement of neutron diffraction

Powder neutron diffraction profiles were measured with two powder neutron
diffractometers at the JRR-3M reactor of Japan Atomic Energy Agency (JAEA)®. One is
a High-Resolution Powder Diffractometer (HRPD) of JAEA. The Ge (331)
monochromator (4= 1.82268 A) of Si (533) monochromator (1 = 1.1624 A) were used.
The collimators used were 6°-20°-6’, which were placed before and after the
monochromator, and between the sample and each detector. The set of 64 detector and
collimators, which were placed every 2.5 degrees, rotate around the sample. Another
diffractometer is the Kinken powder diffractometer for high efficiency and high-

resolution measurements, HERMES, of Institute for Materials Research(IMR), Tohoku

15



2.3 Neutron diffraction

University’. The wavelength of the neutron is 1.8196 A. The quantity of powder samples
is 6-10 g; the samples were contained in vanadium cans. The measurements were made
at several temperatures (8-300 K for HRPD; 2-300 K for HERMES). The crystal and

magnetic structures were determined by the Rietveld method.

2.3.3 Magnetic structure amplitude factor®

At first, it is supposed that the magnetic moments of atoms are in fixed
orientations, e.g., in the simple case that the moments are parallel or antiparallel. The

differential magnetic scattering cross- section per unit solid angle is expressed by

2

ey
do, = q*g*J* (W) f*=p%q% (2.10)

where e and m are the electron charge and mass, c is the velocity of light, J is the total
angular momentum, g is the Landé splitting factor, y is the magnetic moment of the
neutron expressed in nuclear magnetons, and f'is an amplitude form factor. The q is the

magnetic interaction vector defined by
q=¢(c"K) - K, (2.11)

where K is a unit vector in the direction of the atomic magnetic spin and ¢ is a unit vector
in the direction perpendicular to the effective reflecting planes, i.e., the so-called
scattering vector. It follows from the definition of q provide by Eq. (2.11) that q lies in

the plane of e and K and is perpendicular to wand of magnitude sino.. Thus
Iql = sina, (2.12)

and K is the direction of the spin is the magnetic material. The vector is in the opposite
direction to that of the applied field or the magnetization in the material, simply because

the spin moment arises from negative electrons.

16
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It is of crucial importance to consider the interplay of the magnetic and nuclear
scattering. The general effect of the polarization can be seen from Halpern and Johnson’s
expression for the differential scattering cross-section in the case of a magnetic system in
which all the magnetic moments are aligned parallel or antiparallel to a single direction,
1.e., in a ferromagnetic or a simple antiferromagnetic material. This cross-section is given
by

d0'=b2+2bpﬂ+p2q2, (213)

where b is the nuclear scattering length and A is a unit vector in the direction of the spin
of the incident neutron. When the neutron beam is unpolarized, i.e., when the unit vector
A can take all possible directions, then the middle term in this expression will average to

zero. Therefore, for an unpolarized beam, the cross-section is given by
do = b? + p2q>. (2.14)

In the more usual case where the neutron beam contains all directions of spin,
the nuclear-magnetic interference term averages to zero, and the square of the structure
amplitude factor Fha for (hkl) reflection is given by the sum of two terms, which

represents the nuclear and magnetic intensity respectively.

Thus

2
h k l
enp om (150 4 B2, )
a b c

2
h,  ky, lz
Z%Pnexp i (T4 5+ )

where the first term is the 2nd power of nuclear structure amplitude factor, and the

| Frpa | =

(2.15)

quantity,

hx, ky, lz
Foag = ), dupesy (2 (T4 S22 210

17



2.4 Rietveld analysis

can be regarded as the magnetic structure amplitude factor. Particularly in relation to
cooperative magnetic materials in which the magnetic moments point to more than one
direction, it should be noted that Fuag is a vector quantity. More correctly, the terms in
Egs.(2.15) and (2.16) should include a Debye-Waller factor. The essential feature of Eq.
(2.16) is that there is no coherence between the nuclear and magnetic scattering with

unpolarized neutrons and the two intensity components are additive.

2.4 Rietveld analysis

The Rietveld method is a technique for refining structural parameters (fractional
coordinates, thermal parameters, occupation factors, and magnetic moments, etc.) directly
from whole powder diffraction profiles without separating reflections. Variable
parameters in Rietveld analysis are much more than those in the single-crystal structural
refinement despite less structural information contained in powder diffraction data. Peak-
shift, background, profile-shape, preferred-orientation, and lattice parameters must be

refined in addition to scale factors and structural parameters in the Rietveld analysis.

2.4.1 Model function

2.4.1.1 Symmetric profile-shape function
The pseudo-Voight function was used as a symmetric profile-shape function.
The Voigt function, i.e., a convolution of the Lorentz function with the Gauss function,

can be satisfactorily approximated by a linear combination of the two functions:

$(426) =n¢,(426) + (1 —n)p(426)

-2 1+
_nHK

A20\2) 2VIn2 42072
426 _ _ 420 2.17
4(HK>} +( n)ﬁHKexp{ 4ln2<HK>} , (2.17)
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with

= 1.36603n (“X£) - 0.47719 (M)2 +0.1116 (M)3 (2.18)

Hg Hg Hg
and

He = (Hpgs + 2.69269H,iHy, + 2.42843H,c3Hy 2z + 447163H,g2H,,3
+0.07842H,Hy o + Hyys)®2, (2.19)

Here, A20= 2626k (i: step number, k: reflection number, 26; : diffraction angle
at the ith step, and &: Bragg angle for the kth reflection), ¢ is the normalized Lorentz
function, ¢c is the normalized Gauss function, 7 is the fraction of the Lorentzian
component, Hx is the full-width-at-half-maximum (FWHM) of ¢v, ¢a,, Hi., and HiG are
the Lorenzian and Gaussian FWHM’s for the Voigt function corresponding to the above
pseudo-Voigt function, respectively. Hic is related to the variance of the Gaussian

component, 62 by
Hyo = /802In2, (2.20)
with
0% = U tan®0, +V tanb, + W . (2.21)

Thus, Hic 1s a function of the three Gaussian FWHM parameters, U, V, W. The
first term in Eq. (2.21) contains a component of Gaussian micro-strain broadening. HL

varies with & as

H,, = Xsecf, + Y tanf, . (2.22)

The first part proportional to secék has the angular dependence associated with
Scherrer approximation for crystallite-size broadening. X and Y are isotropic-broadening

coefficients’.
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2.4 Rietveld analysis

2.4.1.2 Profile asymmetry and peak shift

Profile asymmetry is introduced by employing a multi-term Simpson’s rule
integration devised. In this method, n symmetric profile-shape functions with different
Simpson’s coefficients for weights, gj, and shifts, f; are positioned asymmetrically and

superimposed with each other:

n
1
1(426) — _Z b(A26" (2.23)
j=1
with
A20' = A26 + f;Ascot26, + Z + DscosOy, + Tssin26), . (2.24)

Here, ¢’(A26) is the asymmetric pseudo-Voigt function, and A268is the
2@ difference modified for profile asymmetry, 4s, and peak shifts for each component
profile: zero-point shift, Z, specimen displacement, Ds and specimen transparency, 7.

The corresponding Simpson’s coefficients are:
n=3:g1=g3=1;g22=4,
n=5:gi=gs=1,@2=g=4;g5=2,

n=7:gi=gr=1;@2=ga=gc=4;g5=2,

fi=<j—1>2. (2.25)

n—1

The number of terms, n (=3, 5, 7), in Eq.(2.25) is automatically adjusted for each
reflection using its FWHM and A4s must be positive to give reasonable tendencies of peak

symmetry.
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2.4.1.3 Preferred-orientation function
The preferred orientation is corrected with the MarchDollase function, Pk, which
is independent of the diffraction geometry and applicable to both plate and needle

crystallites. The March-Dollase function is expressed by
1 o
P, = m—Z(rzcoszaJ- + r‘lsinzaj)_g/z (2.26)
k 4
j=1

where 7 is an adjustable parameter, and ¢; is the angle between the preferred-orientation
direction and the jth member of the symmetry-equivalent set of m diffraction planes. The
March-Dollase function displays the best overall performance for structural studies. It
converses scattering matter, thereby allowing its use in the quantitative analysis of

mixtures.

The referable parameter, r, represents the effective sample compression or
extension due to the preferred orientation. Its value depends on both the diffraction
geometry and the crystallite shape. For samples exhibiting no preferred orientation, 7 is

equal to one.

2.4.1.4 Absorption factor

No absorption correction is needed in Bragg-Brentano-type X-ray powder
diffraction using flat-plate samples, because the absorption factor is constant regardless
of 26. On the other hand, absorption correction is indispensable in the Debye-Scherrer
geometry, e.g., neutron powder diffraction using cylindrical containers. Rouse et al. gave
an analytical approximation of the absorption factor, A( &), for cylindrical samples with

the radius, rc:

A(8)exp{—(a, + a,sin?0,)ur, — (as + a,sin?6;)(ur,)?} (2.27)
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2.4 Rietveld analysis

with a1 = 1.7133, a2 = -0.0368, a3 = -0.0927, and a4 = -0.3750. The value of the linear

absorption coefficient, u is calculated from the density of a sample!°.

2.4.2 Criteria of fit

The Rietveld refinement process will adjust the refinable parameters until the

residual
Sy =) w0 = e (228)
i

where
Wi=1lly,
vi = observed (gross) intensity at the ith step,
yei = calculated intensity at the ith step,

1s minimized in some sense. In order to judge the result, there are some of R-factors as

follows:

Ry, =

{Ziwzi(yi - Zci)z}l/ 2’ 231
iWi Vi

B Zk|(1k(obs)) — (Ik(calc))|
R = S I (0bs) ' (230)

~ Y |(Ik(obs))1/2 — (Ik(calc))1/2|

2.29
F 2Ly (Obs))l/z ( :

Here, Ik is the intensity assigned to kth Bragg reflection at the end of the

refinement cycles. The goodness-of-fit indicator, S, is

(S Y (2.32)
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(N—P) }1/2’

Re = {ZiWiYiz (2.33)

where, N is the number of observations (e.g., the number of y;’s used), and P is the number

of parameters adjusted.

2.5 Measurements of magnetic properties

Most of the magnetic property measurements in this thesis were carried out using
a SQUID (superconducting quantum interference device) magnetometer. The SQUID
consists of two superconductors separated by thin insulating layers to form two parallel
Josephson junctions. The device arrangement is comprised as a magnetometer to detect
incredibly small magnetic fields. The Quantum Design Magnetic Property Measurement
System (MPMS 5S model) was used as a SQUID magnetometer. This magnetometer is a
sophisticated analysis instrument comprised for the study of the magnetic properties of
small experimental samples over the temperature range of 1.8 ~ 400 K and the magnetic

fieldup to 5.5 T.

The magnetic property measurements performed in this thesis are (a) the
temperature-dependence of the magnetic susceptibility, (b) the field-dependence of the
magnetization, and (c) the temperature-dependence of the remnant magnetization. The

detailed measurement procedures are as follows:

(a) Magnetic susceptibility. The magnetic susceptibilities were measured after zero
field cooling (ZFC) and field cooling (FC) conditions. In the ZFC condition, the samples
were cooled in a zero field down to a minimum temperature of each measurement, and
then, a magnetic field was applied, and their magnetic susceptibilities were measured in
a heating-up process. After the ZFC measurement had ended at a higher temperature than

the magnetic transition temperature of the samples, the FC magnetic susceptibility was
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measured in a cooling-down process, in which the applied magnetic field was left as it

was.

(b) Magnetization. The magnetization was measured at several temperatures by
changing the magnetic field strength in the range between 5 and 5 T or between 0 and 5
T. Normally the sample was cooled down to a temperature for the measurement in a zero
field (the ZFC condition). In some cases, the magnetization measurements also in the FC

condition were carried out.

(c) Remnant magnetization. The temperature dependence of the remnant
magnetization was carried out as follows. The samples were cooled down to a minimum
temperature of each measurement (below the magnetic transition temperature of the
sample) in a zero field. The magnetic field was applied up to 5 T and then reduced to O T,

and the magnetization measurement was started in a heating-up process.

The samples were contained in the diamagnetic capsules for the medical use. The
measured susceptibilities were corrected by extraction the contribution from diamagnetic

ionic susceptibilities!!.

2.6 Specific heat

Specific heat measurements were performed by the Physical Property
Measurement System (Quantum Design, PPMS model). This system uses a relaxation
technique. After each measurement cycle, which is a heating period followed by a cooling
period, the heat capacity measurements fit the entire temperature response of the sample
platform to a model that accounts for both the thermal relaxation of the sample platform
to the bath temperature and the relaxation between the sample platform and sample must
be considered when the thermal connection shared by the sample and sample platform is
poor. The sample in the form of the pellet was mounted on a thin alumina plate with

apiezon greases for better thermal contact.
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2.7 Mossbauer spectroscopy

2.7.1 Mossbauer effect

In the case of the electron in atom and molecule systems, the energy levels and
resonant absorption of nucleus exist. However, the energy differences between nuclear
levels are about 1000 times larger than those between electron levels in the atom and
molecule systems. The energy differences between nuclear levels are equivalent to the
energy of the y-ray (~10 ~100 keV). In the case of the emission and absorption of the -
ray, the free atomic nucleus recoils, and this recoil energy is large compared with the
energy of the y-ray. When the j-ray is emitted from the nucleus, the conservation law of

the energy gives the following relation,

E=E +E, (2.34)

where E is the difference in energy between the ground and the excited levels in
a gamma transition, E: is the energy of the emitted j~ray, and Er is the recoil energy in
the emission process of the yray. In the absorption process of the j-ray, the absorbed
nucleus recoil towards the incident direction of the j~ray and the j~ray needs to have the
recoil energy Er in addition to the energy E. Therefore, the loss of the emission and

absorption energy of the j-ray is 2ER.

In general, the Er is much smaller than £ and is negligible. However, in the case
of the atomic nucleus, ERr is not so small compared with E£. Thus, the atomic nuclear recoil

resonant phenomenon of j-ray is hard to occur.

The recoil energy ER is written by

P> _(Ep/) (2.35)

Er =5y 2M

where M is the mass of the emitting nucleus, p is the momentum of emitted or absorbed

atoms. The atomic nucleus in the solid state is not free but is restrained at lattice point,
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2.7 Mossbauer spectroscopy

and the recoil can be received by many atoms in the solid state. Thus, M is very large, and
the probability of Er = 0 occurs, i.e., recoil-free resonance occurs. This recoil-free

resonance is called Mdsbauer effect associated with discoverer.

2.7.2 Recoil-free fraction

Considering the case of the excitation of the phonon in the emission process of
the j~ray, fis defined as the probability of the emission of the y-ray without the excitation
of the phonon. The recoil energy of ’Fe Mdssbauer transition is 10~ eV, comparable to
the energy of the phonon. Therefore, the relation between the recoil energy Er and the
probability fis given by

Er = (1 - f)hw. (2.36)

This probability f'is called the recoil-free fraction Zero phonon absorption and

indicates the probability of Mdssbauer effect.

The recoil-free fraction depends on three factors, which are the free-atom recoil
energy (which is proportional to Ey?), the properties of the solid lattice, and the ambient
temperature. Particularly, the relationship between fand last two factors is expressed by

using the Debye model'?

— 2 ~0p/T
f = exp 6ER 1+ (1) f xdx (2.37)
kBHD 4 HD 0 ex - 1

where ks is the Boltzmann constant and éb is the Debye temperature.
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2.7.3 Measurements of Mdssbauer spectrum

The *'Eu Méssbauer spectrum was measured with a Mdssbauer spectrometer
VT-6000 (Laboratory Equipment Co.) in the constant acceleration mode. The
spectrometer was calibrated with a >’Fe Mdssbauer spectrum of o-Fe at room temperature.
A P1SmF3 radiation source (1.85 GBq) was used, and the y-rays were detected with a Nal
scintillation counter. The source vibrates against the sample and the energy of the y-ray
having only one wavelength is modulated by Doppler effect. The transmission of the y-
ray vs. the Doppler velocity is a Mdssbauer spectrum. EuFs was used as a reference

standard for the chemical isomer shift. The sample was lapped in an aluminum foil.

2.7.4 Hyperfine interactions

The nuclear transitions are very sensitive to the local environment of the atom,
and Mdssbauer spectroscopy is a sensitive probe of the different environments at an atom
occupies in a solid material. With the change of electron state, the nuclear levels change
in which causes the peak shift and/or splitting in Mdssbauer spectrum. Therefore, the
spectrum gives the hyperfine structure. Isomer shift, second-order Doppler shift, and

electric quadrupole interaction related to this study are explained as follows.

2.7.5 Isomer shift

The atomic nucleus is surrounded by electronic charge. The energy of interaction
can be computed classically by considering a uniformly changed spherical nucleus
embedded in its s-electron charge cloud. Since there exists the Coulomb interaction
between the electron and nucleus, a change in the chemical state will result as a shift of

the nuclear levels.
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In the Mossbauer spectrum, this effect is observed as the shift of the spectrum.
Such an energy shift due to the chemical state is called as an isomer shift, y, which is

written by

41
d = ?ZeZRTZl (

AR,

7 1 OF ~ ¥ 01} 238)

where Z is the atomic number, R, is the radius of the nucleus, |SI’A(O)|2 and |EPS(0)|2
are the density of electron at the nucleus of absorber and source, respectively. Isomer shift
depends on two factors. One is the difference between the radius of the ground state and
excited state. Another is the electronic charge density at the nucleus, which is basically

an atomic or chemical parameter since it is affected by the valence state of the atom.

2.7.6 Electric quadrupole interaction

When the nuclear spin 7 is 0 or 1/2, the nuclear change is spherical symmetric
and has zero quadrupole moment. When I > 1, on the other hand, the change distribution
of the nucleus is distorted from spherical symmetry, and the nucleus has non-zero
quadrupole moment. The magnitude of the change deformation of a nucleus is described

as the nuclear quadrupole moment Q, given by
eQ = f par*(3cos® 6 — 1)dr (2.39)

where, pd 1s the change density in a volume element dt, which is at a distance r
from the center of the nucleus and making an included angle & to the nuclear spin
quantization axis. The sign of O depends on the shape of the deformation. A negative
quadrupole moment indicates that the nucleus is oblate or flattened along the spin axis,

whereas for a positive moment it is prorate or elongated.

In a chemical bonded atom, the electronic charge distribution is usually not

spherically symmetric. The electric field gradient at the nucleus is defined as a tensor,
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Eyj = —Vij = =(=0%V/0x;0%;) (xi, % = x,9,2), (2.40)

where V is the electrostatic potential. It is customary to define the coordinate axis for the
system and Vzz = eq is the maximum value of the field gradient. The orientation of the
nuclear-quantized axis with respect to the principal axis, z, is quantized. There is an

interaction energy between Q and eg which is different for each possible orientation of

the nucleus.

The Laplace equation requires that the electric field gradient is traceless tensor,

so that
Vi + Vo + Vo = 0. (241)

Consequently, only two independent parameters are needed to specify the
electric field gradient completely, and the two, which are usually chosen, are Vzz and an

asymmetry parameter 77 defined as

Vix = Vyy (2.42)

using the relationships of |Vz[> |Vyy| > |Vi| ensures that0 < < 1.

The Hamiltonian of the quadrupole interaction can be written as

ed

_ 7 3 3 2.43
Hyuaa = m(szlg + Virl2 + 1, 12), (2:43)

A

where I, ix and iy are the nuclear spin operators. Using Eq. (2.42), the Hamiltonian

becomes,

eQ

R . 2.44
Hyuaq = m{slg — I +1) +n(1% +12)} (2.44)

where 1 4> I_and are shift operators. The calculated matrix elements of Hquad are
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e2qQ 5 {312 — 11 + 1)} (2.45)

(P11, | Hyuaa|P1s,) = -1

and

(llUI,IZ |Hquad |I‘UI,IZ> =

e?qQ _ _
MUFLU+L+1DUFIL -1 +1,+2)}/? (2.46)

8I(21 — 1)
and the other matrix elements are equal to zero. The eigenvalues of Hquad are obtained by

calculating the determinant,
|(lpI.IZ|Hquad|qJI,IZ) - E6Iz: Iél = 0. (2.47)

As an example, a typical energy level scheme with the quadrupole interaction for

SIEu (I=5/2 — 1=17)2).

2.8 Diffuse reflectance spectrum

The optical absorption edge of semiconductor is characterized by an absorption

constant which rises exponentially with photon energy:
(hva)"" = A(hv — E ;) (2:48)

where h is the planck’s constant, v is the frequency of vibration, « is the absorption
coefficient, A is proportional constant. E; is the band gap, n is dependent on whether
the band-gap transition, i.e. for direct allowed transition (n = 1/2), for direct forbidden
transition (n = 3/2), for indirect allowed transition (n = 2), for indirect forbidden transition
(n=23) 1315, Therefore, an optical band gap can be calculated by measuring the absorption

coefficient.

Diffuse reflection measurements are known as a method for determining the
absorption coefficient of a powder sample. When white light is applied to a powder

sample, the specular and the diffuse reflected light emerges from the surface and interior
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of sample respectively. Among them, the diffuse reflected light shows a spectrum like
transmission spectrum except scattering effect. Kubelka and Munk suggested that the
scattering effect is a first order phenomenon'®,

(1-Ry)* _

fRe) = — ¢

(2.49)

e

[o9)

where f(R,) is the Kubelka-Munk function, R is the absolute reflectance when the
sample is infinitely thick, K is the molecular absorption coefficient, S is the scattering
coefficient!”. In actual measurement, it is obtained by the relative reflectance of a standard
powder (KBr), since the determination of absolute reflectance is difficult. After the
diffuse reflection spectrum is converted by Kubelka-Munk function, the optical

absorption edge can be described,
(hvR )V = A(hv —E ). (2.50)

Here, plotting curve of this relationship with hv[eV] : tauc plot , a line is drown

from the inflection on the curve to horizontal axis becomes the band gap E, value!® 1%,

2.9 Electronic structure calculation

The density functional theory is a method to calculate the potential and physical
properties of a substance from the electron density. For solid state crystals which fixed
atomic position, approximation by Local Spin Density can be applied to the calculation.

The total energy is described within the spin densities p-(7) as,

Eoc(p Tpl)=

(2.51)
Ts(pTp D+ E(olp)+EN,(pT,p)+E(pTpl)+Eyy

where labeled conventionally as, the kinetic energy, the electron-electron repulsion, the
nuclear-electron attraction, exchange-correlation energies, and the repulsive Coulomb

energy of the fixed nuclei and electric contributions, respectively. The exchange-
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correlation energies (Exc) have several forms in literatures. The WIEN2k program
package employs the full—potential linearized augmented plane wave + local orbitals

(FP-LAPW+lo) method with the generalized gradient approximation (GAA) 2% 21,
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Chapter 3

Magnetic and Neutron Diffraction Study on
Melilite-Type Oxides Sr.-MGe, Q7 (M = Mn,
Co)

3.1 Introduction

Layered transition metal oxides are potential targets for exploring interesting
magnetic and electronic properties because of their low-dimensional characteristics'. As
one of such fascinating systems, the magnetic properties of melilite-type oxides have been
attracting interests. They have a general formula 42MM">07 (4 = larger cations such as
alkali earth and lanthanide ions; M, M' = smaller divalent to tetravalent ions), and
typically adopt a tetragonal structure (space group P-421m) with a unit cell of @ =~ 8 A and
c=5 A. The schematic crystal structure of the title compounds is illustrated in Figure 3.1.
In this structure, the M and M’ ions occupy tetrahedral sites and these tetrahedra form a
two-dimensional (2D) network in the ab-plane, and larger 4 ions locate between the

networks> .

The melilite-type oxides show a variety> !¢

of magnetic properties as listed in
Table 3.1. For example, Ba2MGe207 (M = Mn, Co, Cu) show the 2D antiferromagnetic
behavior due to the square-planer arrangement of the magnetic M ions, although the
shortest M—M distance is along the c-axis. At low temperatures an antiferromagnetic
transition (M = Mn)’, multiferroic behavior derived from antiferromagnetic and
ferroelectric transitions under the magnetic field (Co)!®!', and spiral antiferromagnetic

ordering and incommensurate-commensurate magnetic transition (Cu) have been

observed! . In addition, by introducing further magnetic ions into the M’ and 4 sites, the
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spin-glass behavior in Ba:Fe2GeO'!”!8, and ferrimagnetic ordering between Eu®" and

Mn?" moments in EuzMnSi>O7 have been found”.

In order to understand the structural and magnetic properties of melilite-type
oxides, we focus our attention on the strontium melilites Sr2MGe20O7 (M = Mn, Co).
According to Naruse et al'®, these compounds are isostructural to the barium analogues;
the substitution of Sr for Ba at the 4 site should shorten the M—M distance along the c-
axis. This may change the relationship between the intralayer and interlayer magnetic
interactions in the melilites. Therefore, we investigated the syntheses, crystal structures,
and magnetic properties of Sr2MGe207 (M = Mn, Co, Zn) by means of X-ray and neutron

powder diffraction, magnetic susceptibility and specific heat measurements.

3.2 Experimental procedures

3.2.1 Synthesis

Polycrystalline samples (0.5 g) of Sr2MGe207 (M = Mn, Co, Zn) were prepared by
the standard solid-state reaction. As starting materials, SrO, SrCO3, MnO, CoO, ZnO, and
GeO:2 were used. The SrO was prepared by the decarbonation of SrCO3 at 1400°C for
12 h. These starting materials were weighed out in a stoichiometric ratio and well mixed
in an agate mortar. The reaction mixture for Sr2CoGe207 was calcined in air at 1200 °C
for 12 h. For Sr2MnGe207, the mixture was pressed into pellets and enclosed in a platinum
tube. Then the platinum tube was sealed in an evacuated quartz tubes and heated at

1200°C for 24 h.
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3.2.2 Powder diffraction analysis

Powder X-ray diffraction (XRD) measurements were performed at room
temperature using a Multi-Flex diffractometer (Rigaku) with a Cu Ko X-ray radiation
source equipped with a curved graphite-monochromator. The data were collected by step-
scanning in the angle range of 10°<26<120° at a step size of 0.02°. For Sr2MnGe207
and Sr2CoGe207, the neutron powder diffraction (NPD) measurements were collected in
the range 3° < 26< 152° using 28 step size of 0.1° with the wavelength of 1.84843 A, at
low temperature (2.5 — 20 K). The measurements were performed on the Kinken powder
diffractometer for high-resolution measurements, HERMES, of the Institute for Materials
Research (IMR), Tohoku University?’, installed at the JRR-3M Reactor in the Japan
Atomic Energy Agency (JAEA), Tokai. The XRD and NPD data were analyzed by the
Rietveld method using the program RIETAN-FP?!, and the crystal and magnetic

structures were drawn by using the VESTA program?2.

3.2.3 Magnetic measurements

The temperature dependence of the magnetic susceptibilities were measured with
a SQUID magnetometer (Quantum Design, MPMS-5S). The measurements were
performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions over the
temperature range between 1.8 - 300 K in an applied magnetic field of 0.1 T. The field
dependence of the magnetizations was measured over the magnetic field rage between -5
and 5T at 5 K. The remnant magnetization measurements were also performed. The
sample was cooled to 1.8 K in a zero magnetic field. The magnetic field was applied up
to 5 T and then reduced to zero, and the magnetization measurements were performed in

the temperature range from 1.8 K to 30 K.
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3.2.4 Specific heat measurements

The specific heat measurements were performed using a relaxation technique with
a commercial physical property measurement system (Quantum Design, PPMS) in the
temperature range of 1.8 - 300 K. The pelletized sample was mounted on a thin alumina

plate with Apiezon N-grease for better thermal contact.

3.3 Results and discussion

3.3.1 Crystal structure

The melilite-type oxides Sr2MGe207 (M = Mn, Co, Zn) were successfully prepared.
They were obtained as white (M = Mn, Zn) or blue (Co) colored polycrystalline samples.
Their X-ray diffraction (XRD) profiles are shown in Figure 3.2. The observed peaks were
indexed on a tetragonal unit cell (a ~ 8A, ¢ ~ 5A) with the space group P-42im, which is
typical for the melilite-type compounds 3. Among these three compounds, only the
Sr2MnGe207 contains a small amount of a-Sr2GeOs (~ 1%) as an impurity?. All XRD
data were analyzed by the Rietveld method using the structural model for Sr2ZnGe207%*.
The calculated profiles are plotted in Figure 3.2, and the refined structural parameters and
reliability factors are summarized in Table 3.2. For Co and Zn compounds, the structural
parameters are in good agreement with the results reported previously'®**. On the other
hand, the lattice parameters of Mn compound are different from those by earlier
researchers '°. This is due to the fact that the oxidation state of Mn ions are different
between our sample and earlier researcher's sample (ref.19). In this study, we prepared
Srx2MnGe207 in an evacuated quartz tube. On the other hand, the earlier researchers

prepared their sample in air. In order to clean this point, we also prepared Sr2MnGe207
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in air. The lattice parameters prepared in air are in good agreement with those by earlier

researchers, which will be shown in Table 3.3 and Figure 3.3.

The neutron powder diffraction (NPD) measurements for SroMnGe207 and
Sr2CoGe207 (at 20, 2.5 K) were carried out to obtain further information about the
structural and magnetic properties. The NPD profiles were shown in Figure 3.2 and Figure
3.3. For the data collected at 20 K, all observed peaks were indexed with the structural
model determined by the XRD measurement at room temperature. Thus, no structural
phase transition occurs at low temperatures. We carried out the Rietveld analysis of these
NPD data taking into account the possibilities of the cation disorder between M and M’
sites and the oxygen defect. However, no evidence of such possibilities has not been
found. The structural parameters for Mn and Co compounds are shown in Table 3.4 and
Table 3.5, respectively. At 2.5 K, additional diffraction peaks are observed. As will be

discussed later, they are due to an antiferromagnetic ordering of Mn?" or Co?" moments.

The schematic crystal structure of the title compounds is illustrated in Figure
3.1, and some selected interatomic distances calculated from the structural parameters
are listed in Table 3.6. In this structure, both the M and Ge ions occupy the tetrahedral
sites, and the MO4 and GeOs tetrahedra form a two-dimensional network by sharing
corner-oxygen ions. On the other hand, the Sr ions are coordinated by eight oxygen ions
and locate between networks. The bond valence sums (BVS)*+ are calculated from the
interatomic distances, and they are also showed in Table 3.6. These values indicate that
the Sr and M ions are in the divalent state and the Ge ion is in the tetravalent state. The
magnetic ions (Mn?" and Co?") occupy the M site. In this structure, the M-O-M super
exchange pathway along the c-axis does not exist. The possible magnetic pathway is the

M-0O-0O-M one in the basal ab-plane.
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3.3.2 Magnetic susceptibility

3.3.2.1 Srx2MnGe207

Figure 3.6 shows the temperature dependence of the magnetic susceptibility for
SroMnGe207. No deviation is found between the ZFC and FC in the measured
temperature range. The data were fitted by the Curie-Weiss law between 100 and 300 K,
using an equation,

C
ZM:—T_9+ZT[P (3.1

where C, 6, and yrip mean the Curie constant, Weiss constant, and temperature
independent paramagnetic susceptibility, respectively. The effective magnetic moment
(#efr) was determined to be 5.84(2) us/ Mn, which is close to the spin-only value expected
for Mn?" (3d ®) ion in a high-spin state (5.92 ug). The Weiss constant &is -10.6(1) K, and
the negative @ value indicates that the predominant magnetic interaction between Mn*"

ions is antiferromagnetic.

At low temperatures, the data show a maximum at 6.0 K and another anomaly at
~4 K. (see the inset of Figure 3.6). The former feature is often found in the low
dimensional magnet . In this compound, the arrangement of the Mn?* ions can be
regarded as the square-planar lattice if the interlayer magnetic interaction is much weaker.
The observed magnetic susceptibility (5 ~ 300 K) was fitted by using a high temperature

series (HTS) expansion of the square-planar lattice for the Heisenberg model:

NAgz,uéS(S+1)Za 1k, TY (3.2)

VAT

where Na, g, us, ks, and J are the Avogadro constant, g factor, Bohr magnetion, Bolzmann
constant, and exchange integrals for the nearest neighbor Mn-Mn ions in the ab-plane,
respectively, and an (n = 1-8) are the coefficients given in previous results?® >!. The fitting

equation was obtained by applying the Padé approximation ([4, 4] Padé) to the equation
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(2). We calculated g factor and J as fitting parameters. The calculation result is shown in
Figure 6 as a solid blue line and it is in good agreement with the experimental data. The
g factor of the Mn*" ion and the value of J are determined to be 1.92(1) and -0.34(1) K,

respectively. The effective magnetic moment seff and the Weiss constant 6 were

calculated to be 5.68 up and -7.93K, respectively, from the equations 4, = g+4/S(S +1
andg=>" 2zJS(S +1)/3k, wherez=4. These values are comparable to those estimated

from the Curie-Weiss law (5.92 us and -10.6 K). This fitting indicates that Sr2MnGe207
shows a two dimensional behavior in spite of the shorter Mn-Mn distance along the c-
axis (interlayer; 5.32 A) compared with that in the ab-plane (intralayer; 5.86 A) i.e. It is
reasonable approximation to ignore the next nearest neighbor interaction. A comparable
magnitude of the J value has been reported for the analogous compound BaxMnGe207 (|J]
= 0.323 K in ab-plane, |J| = 0.0012 K along the c-axis) from the inelastic neutron

scattering measurements’.

Figure 3.7(a) shows the temperature dependence of the specific heat for
Sr2MnGe207. The data show a A-type anomaly at 4.4 K, indicating the occurrence of the

long-range antiferromagnetic ordering of Mn*" ions. The magnetic entropy (Smag) due to

the magnetic ordering was calculated by using S, = IOT C,.e/ TdT , in which the magnetic

mag

specific heat (Cmag) Was estimated by subtracting the lattice and electronic specific heat
from the experimental specific heat of SrMnGe207. For the lattice and electronic
contributions, we used the specific heat of a nonmagnetic and isostructural compound
Sr2ZnGe207. The magnetic specific heat below 1.8 K was extrapolated by the relation
Cmag ¢ T 3 from the spin-wave model for an antiferromagnet’?. The temperature
dependence of the magnetic specific heat divided by temperature (Cmag/7T) and magnetic
entropy (Smag) are plotted in Figure 3.7(b). The Smag value reaches 13.9 J mol! K at 20 K,
which is close to the theoretical value RIn(2S+1) = Rln6 = 14.90 J mol! K'! (R : gas

41



3.3 Results and discussion

constant). This result shows that the observed magnetic transition is due to the long-range

antiferromagnetic ordering of the Mn?" ion in a high-spin configuration S = 5/2.

Figure 3.4 (b) is powder neutron diffraction profile measured at 2.5 K. The data
show a number of low-angle peaks, which are associated with the antiferromagnetic
transition found from the magnetic susceptibility and specific heat measurements. All
theses reflections can be indexed using a propagation vector k£ = (0, 0, 1/2), i.e. the
magnetic unit cell is represented as amag = a, cmag = 2¢. In order to determine all the
possible magnetic structures compatible with the crystal symmetry (P-42i1m), the
representational analysis was performed using the program S4RAA*. For the Mn** ions

on the 2a site the decomposition of magnetic representation is

[ =1 +1T) +0r! +0r +2r7 (3-3)

The constraint from the Landau theory requires three possible magnetic structures (the
representations I'1, I'2 and I's), and basis vectors for these representations are listed in
Table 7. The Mn site is divided into two magnetic sublattices, Mn1 (0, 0, 0), and Mn2
(1/2,1/2, 0). The I'1 and I'2 represent the collinear antiferromagnetic structures along the
c-axis, in which the Mn1 and Mn2 spins are antiparallel or parallels arrangements. On the
other hand, the I's means non-collinear antiferromagnetic structures with orthogonal spin
arrangements in the ab-plane. The best fit was only achieved by using a model including
the representation I'1. The calculated profiles are plotted in Figure 3.4, and the magnetic
structure is illustrated in Figure 3.12(a). The results of the Rietveld analysis are listed in
Table 3.4. The ordered magnetic moment of the Mn?" ion is determined to be 3.99(5) us.
The smaller value than the theoretical moment (5 us) expected from the high-spin 3d°
configuration is due to the fact that neutron diffraction measurements were performed

just below 7.

In this magnetic structure, the magnetic interaction of Mn ions in the ab-plane (next

nearest neighbor) is antiferromagnetic and it is predominant, i.e., thus 2D nature in the
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temperature dependence of the magnetic susceptibility with the negative J value. In
addition, the magnetic interaction of Mn ions along the c-axis is also antiferromagnetic.
SrxMnGe207 has the same magnetic structure as that of the Bax2MnGe207. The difference
between these two compounds is in the direction of ordered magnetic moment, parallel

or perpendicular (// cor Lc)’.

3.3.2.2 Sr2CoGe207

Figure 3.8 shows the temperature dependence of the reciprocal magnetic
susceptibility for Sr2CoGe207. From the result of fitting the data above 100 K by using
Eq. (3.1), the effective magnetic moment was determined to be 4.43(5) ws/ Co. This value
is somewhat larger than the spin only value (3.87 uB) of 3d 7 ion in a tetrahedral
coordination (S = 3/2), which may be due to the effect of orbital angular momentum?®*,
Similar value (4.3 us) has been observed for the analogous melilite Ba2Co0Si207 (4.3 uB)
7 The negative @ value (-18.1(6) K) indicates that the predominant magnetic interaction

between Co?" ions is antiferromagnetic.

The ZFC and FC magnetic susceptibilities for Sr2CoGe207 in the low temperature
range are plotted in the inset of Figure 3.8. The data show two anomalies: the large
divergence between ZFC and FC susceptibilities at 8.4 K and a cusp in the susceptibility
v.s. temperature curve at 6.4 K, which indicates the existence of a small ferromagnetic
moment. To study the ferromagnetic moment, the remnant magnetization measurements
were performed. The field dependence of magnetization and the temperature dependence
of the remnant magnetization are shown in Figure 3.9 and Figure 3.10, respectively. The
remnant magnetization rapidly decreases at 6.7 K. Both data show that the remnant
magnetization is very small (~ 0.001 ). This weak ferromagnetic component associated

with the magnetic transition is due to the Dzyaloshinsky-Moriya interaction'®!>.

Figure 3.11(a) shows the temperature dependence of the specific heat. A A-type

anomaly is observed at 6.5 K, indicating the occurrence of the long-range
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antiferromagnetic ordering of Co?* ions. By the same way as the case for Sr,MnGe207,
the magnetic entropy is obtained and it reaches 10.6 J mol™! K-! at 20 K, which is close to
the theoretical value for S =3/2 ion, i.e., RIn(25+1) = RIn4 = 11.52 I mol"! K™! . This result
shows that the observed magnetic transition is due to the antiferromagnetic ordering of

the Co*" ion.

The neutron diffraction measurements were carried out at low temperatures (2.5
and 20 K). The data at 2.5 K show the magnetic Bragg reflections at lower angles. These
reflections can be indexed using a propagation vector k£ = (0, 0, 0); i.e., the magnetic cell
is the same as the crystal one. From the representational analysis, the decomposition of

magnetic representation is obtained:

I =1I +1I, + 05 + 0T, + 27 G4)

The basis vectors for each irreducible representation are shown in Table 3.8. The
representations I'1 and I'2 represent the collinear antiferromagnetic and ferromagnetic
structures along the c-axis, respectively. From the representation I's, various magnetic
structures can be led, in which all the magnetic moments lay on the ab-plane. We tried to
explain the diffraction data by these models; finally, we have succeeded in determining
the magnetic structure as the linear combination of basis vectors belonging to I's. The
calculated profiles are plotted in Figure 3.5, the magnetic structure is illustrated in Figure
3.12(b), and the results of the Rietveld analysis are shown in Table 3.5. In this magnetic
structure, the magnetic moments of Col (0, 0, 0) and Co2 (1/2, 1/2, 0) sublattices adopt
a parallel arrangement. The ordered magnetic moment for the Co?” ion is determined to
be 2.81(5) us at 2.5 K, which is in good agreement with the 3 us expected from the 3d’
ion. The magnetic moments of Co** ion lie in the ab-plane, but its exact directions could
not be determined because the magnetic structure of Sr2CoGe207 has a tetragonal
symmetry as shown in Figure 3.12(b). The magnetic moments of Mn?" ions in the

Sr2MnGe207 are aligned along the c-axis, while the Co** moments are confined in the ab-

44



Chapter 3

plane of the Sr2CoGe207. This result is mainly due to the anisotropic character of the Co**

ions compared with the isotropic Mn?*,

3.4 Summary

We investigated synthesis, crystal structure and magnetic properties of
Sr2MGe207(M = Mn, Co). They crystallize in a tetragonal melilite-type structure with
space group P-421m. The magnetic susceptibility and specific heat measurements for
Sr2MnGe207 and Sr2CoGe207 showed that an antiferromagnetic transition is observed at
44 K and 6.5 K, respectively. Furthermore, the 2D-Heisenberg square lattice
antiferromagnetic model can account for the magnetic susceptibility of St2MnGe207. The
magnetic structures for both compounds have been determined by neutron diffraction
measurements. In S2MnGe207, the magnetic moment of Mn?" is along the c-axis. On the

other hand, the magnetic moment of Co** in Sr2CoGe207 is on the ab-plane.
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3.5 Tables and figures

Table 3.1 Magnetic properties of melilite type oxides.

SAMPLE  Space group T(K) Magnetic properties ref
Sr2MnSi,O7 P-421m 3.4  antiferromagnet 5
CayCoSi,07 P-42\m 5.7  antiferromagnet 6
S1r2CoSi207 P-42\m ~7 antiferromagnet 6
Ba>CoSi,07 C2/c ~5 antiferromagnet 6,7
BaCo,S107 C2/e 21  antiferromagnet 7
BaCu:Si207 Pnma 9.2 Quasi-1D-AFM 8
SroMnGe 07 P-42\m 4.4  antiferromagnet, k= (0, 0, 1/2) This study
Sr,CoGer07 P-42\m 6.5 antiferromagnet, £ = (0, 0, 0) This study

Ba,MnGe;0O7 P-421m 4.66 2D-AFM, k= (0,0, 1/2) 9
Ba;CoGe,07 P-421m 6.7 2D-AFM, k= (0, 0, 0), multiferroic behavior 10-14
Ba,CuGe07 P-42\m 3.26 2D-spiral AFM, incommensurate - commensurate transition 15
Ln>GeBe,O7 P-421m Ln =Y, La, Pr, Sm, Gd, Dy, paramagnet (7> 5 K) 16
Eu,MgSi,07 P-42\m Paramagnet (7> 1.8 K) 5
EuxMnSi,O7 P-42\m 10.7  Ferrimagnet 5
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Table 3.2 Structural parameters for Sr2MGe207 (M = Mn, Co, Zn) determined

by the Rietveld analysis of the XRD data at room temperature.

Atom Site X y z B (A?)
SrxMnGe,07 2
Sr 4e 0.1666(1) 0.6666 0.5064(2) 1.08(4)
Mn 2a 0 0 0 0.55(7)
Ge 4e 0.6402(2) 0.14020 0.9454(2) 0.73(2)
o(1) 2c 0 172 0.1919(20)  1.3(1)
0(2) 4e 0.6362(7) 0.1362 0.2675(11) 1.3
0@3) 8f 0.0839(7)  0.1871(7) 0.2097(11) 1.3
Sr2COG6207b
Sr 4e 0.1650(1) 0.6650 0.5072(3) 1.22(4)
Co 2a 0 0 0 0.96(4)
Ge 4e 0.6423(2) 0.14230 0.9522(3) 0.94(4)
o(1) 2¢ 0 1/2 0.1833(21) 1.2(1)
0(2) 4e 0.6383(7) 0.1383 0.2742(12) 1.2
0@3) 8f 0.0858(7)  0.1807(7) 0.2021(11) 1.2
S12ZnGexO7 ©
Sr 4e 0.1658(1) 0.66584 0.5062(3) 0.89(3)
Zn 2a 0 0 0 0.62(5)
Ge 4e 0.6424(1) 0.1424 0.9533(3) 0.52(3)
o(1) 2¢ 0 1/2 0.1785(2) 1.0(2)
0(2) 4e 0.6389(6) 0.1389 0.2841(1) 1.0
0@3) 8f 0.0819(6)  0.1798(6) 0.2032(9) 1.0

Note :

“ Space group P-421m (No. 113), Z=2, a=8.2871(3) A, ¢ =5.3189(2) A, V'=365.28(2) A3, Rwp= 8.95 %.
R, =6.60 %, Rg =2.26 %, Rr = 1.55%.

b Space group P-421m (No. 113), Z=2, a=8.1694(2) A, ¢ =5.3253(1) A, V'=355.40(2) A3, Rup=8.11 %,
Rp = 6.54 %, Rg = 2.06 %, Ry = 1.55 %.

¢ Space group P-421m (No. 113), Z=2, a=8.1528(2) A, ¢ =5.3267(1) A, V'=354.05(1) A3, Rup =8.90 %,
Rp=6.23 %, Rg =2.05 %, Rr = 1.15 %.
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Table 3.3 Structural parameters for the Sr2MnGe20O7 which prepared in air

condition expected by the Rietveld analysis of the XRD data at room temperature.

Atom Site X y z B (A?)
Sr 4e 0.1703(1) 0.6703 0.5022(4) 1.04(4)
Mn 2a 0 0 0 0.5(1)
Ge 4e 0.6403(2) 0.1403 0.9686(4) 1.0(1)
o(1) 2c 0 172 0.1523(30)  1.0(1)
0(2) 4e 0.6349(8) 0.1349 0.2867(15) 1.0
0Q3) 8f 0.0858(8)  0.1734(8)  0.1754(14) 1.0
Note:

Space group P-42;m (No. 113), Z=2, a=8.0676(4 A, ¢ =5.3891(2) A, V' =350.76(3) A3, Rup= 10.04 %,
Ry =7.77 %, Rs = 5.89 %, Rr = 3.02%.
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Table 3.4 Structural parameters for S2MnGe207 by NPD data.
Atom Site X Y z B (A?
20 K¢

Sr 4e 0.1659(2) 0.6660  0.50161(3) 0.22(5)
Mn 2a 0 0 0 0.15(9)
Ge 4e 0.6408(1) 0.1408 0.9427(4) 0.24(5)

o(1) 2c 0 1/2 0.1860(7) 0.24(5)

02) 4e 0.6387(2) 0.1387 0.2674(5) 0.34(6)

0@3) 8f 0.0800(2) 0.1842(2) 0.2167(4) 0.29(5)
2.5K?

Sr 4e 0.1656(2) 0.6656 0.5062(4) 0.29(4)
Mn 2a 0 0 0 0.21(10)
Ge 4e 0.6405(2) 0.1405 0.9427(4) 0.35(4)

O(1) 2c 0 1/2 0.1862(7) 0.41(8)

0(2) 4e 0.6389(2) 0.1389 0.2674(4) 0.36(5)

0@3) 8f 0.0801(2) 0.1844(2) 0.2167(4) 0.37(4)
Note :

aSpace group P-42ym (No. 113), Z=2, a=82833(26)A, c=5.3096(16)A, ¥ =364.31(19) A%,
Rup= 5.99 %, Ry =4.34 %, Rz = 1.11 %, Rr = 0.46%.

b Space group P-421m (No. 113),Z=2,a=8.2838(1) A, c=5.3100(1) A, V'=364.38(1) A%, pumn = 3.99(5) s,
Rup=15.84 %, Ry=4.17 %, Rp = 1.12 %, Rr = 0.52 %, Rnag =2.13 %, Rmagr = 0.66 %,
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Table 3.5 Structural parameters for Sr2CoGe207.
Atom Site X y z B (A%
20 K¢
Sr 4e 0.1653(1) 0.6653 0.5065(3) 0.24(4)
Co 2a 0 0 0 0.20(11)
Ge 4e 0.6425(1) 0.1425 0.9496(2) 0.29(4)
O(1) 2c 0 1/2 0.1818(5) 0.27(6)
0(2) 4e 0.6384(2) 0.1384 0.2738(3) 0.37(5)
0@Q3) 8f 0.0818(2) 0.1792(2) 0.2094(3) 0.39(4)
2.5K"
Sr 4e 0.1653(1) 0.6653 0.5069(2) 0.20(3)
Co 2a 0 0 0 0.12(9)
Ge 4e 0.6424(1) 0.1424 0.9494(2) 0.29(3)
O(1) 2c 0 1/2 0.1818(5) 0.29(6)
0(2) 4e 0.6384(2) 0.1384 0.2737(3) 0.39(4)
0Q3) 8f 0.0816(2) 0.1793(2) 0.2095(3) 0.43(4)
Note :

@ Space group P-42ym (No.113), Z=2, a=8.1616(25)A, c=5.3103(16)A, V=353.72(18) A’
Rup= 4.64 %, Ry=3.50 %, Rs = 0.84 %, Rr = 0.35%.

b Space group P-42;m (No. 113), Z=2, a=8.1621(2) A, ¢ = 5.3101(1) A, V"= 353.76(1) A3, pam = 2.84(5)
UB Rup = 4.15 %, Ry =3.03 %, R = 0.75 %, Re = 0.31%, Rmags = 3.19 %, Rimagr = 0.45%

50



Chapter 3

Table 3.6 Selected interatomic distances (A) and bond valence sums.
SrxMnGe207 S1r2CoGex07 S12ZnGe207
XRD (RT) NPD(20K) XRD(RT) NPD(20K) XRD (RT)
Sr-0(3)x2  2.561(6) 2.572(3) 2.558(4) 2.559(1) 2.568(6)
Sr-0(1) 2.571(8) 2.582(3) 2.568(5) 2.572(1) 2.576(5)
Sr-0(2) 2.589(5) 2.615(3) 2.589(5) 2.580(2) 2.589(6)
Sr-0(2)'x2  2.746(3) 2.805(2) 2.742(4) 2.748(2) 2.755(4)
Sr-0(3)'x2  2.903(6) 2.838(2) 2.904(1) 2.857(1) 2.875(5)
BVS (Sr?h) 1.72 1.73 1.78 1.82 1.77
M-03x4 2.033(6) 2.023(2) 1.957(6) 1.954(1) 1.941(5)
BVS (M?") 2.08 2.13 1.95 1.96 2.10
Ge-02 1.714(6) 1.724(3) 1.715(7) 1.722(2) 1.708(5)
Ge-03x2 1.717(6) 1.752(2) 1.726(6) 1.753(1) 1.742(5)
Ge-Ol 1.798(4) 1.786(3) 1.796(5) 1.786(2) 1.786(4)
BVS (Ge*") 4.15 3.94 4.10 3.94 4.042
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Table 3.7 Basis function of the irreducible group representation of the space

group P-421m appearing in the magnetic representation with k = (0, 0, 1/2).

Mn(1)" Mn(2)"
Irreducible Basis
my my Mx my my
Group Vector
I P 0 0 4 0 0 -4
I Y, 0 0 4 0 0 4
I's Y; 2 0 0 0 -2 0
Py 0 2 0 2 0 0
s 0 2 0 2 0
Y 2 0 0 0 2 0

Note : The atoms of the nonprimitive basis are defined as (0, 0, 0) for Mn(1) and (1/2, 1/2, 0) for Mn(2) in SbMnGe,O~
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Table 3.8 Basis function of the irreducible group representation of

the space group P-421m appearing in the magnetic representation with k = (0, 0, 0).

Co()" Co(2)"
Irreducible Basis
x my my M my my
Group Vector
I' g 0 0 4 0 0 -4
I ¥, 0 0 4 0 0 4
s Y3 4 0 0 0 0 0
Yy 0 0 0 0 -4 0
Ys 0 0 0 -4 0 0
Yo 0 -4 0 0 0 0

Note : The atoms of the nonprimitive basis are defined as (0, 0, 0) for Co(1) and (1/2, 1/2, 0) for Co(2) in Sr,CoGe>07
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Figure 3.1 The schematic crystal structure of melilite-type oxides Sr2MGe207 (M

= Mn, Co). (a) viewed from the c-axis, (b) projection of the structure in the ab-plane.
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Figure 3.2 Powder X-ray diffraction profiles for (a) Sr2MnGe207 and (b)
Sr2CoGe207. at room temperature. The calculated and observed profiles are shown on
the top black solid line and red cross markers, respectively. The vertical marks in the
middle show positions calculated for Bragg reflections. The lower trace is a plot of the
difference between calculated and observed intensities. For (a), the second vertical

marks show an impurity phase a-Sr2GeO4 (~ 1 %).
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Figure 3.3 Powder X-ray diffraction profiles for Sr2MnGe207 (in air) at room

temperature.
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Figure 3.4 Powder neutron diffraction profiles for Sr-MnGe207 at (a) 20 K and

(b) 2.5 K. The calculated and observed profiles are shown on the top black solid line
and red markers, respectively. In (a), the vertical marks in the middle show positions
calculated for Bragg reflections of Sr2MnGe207. The second vertical markers show
positions for an impurity of a-Sr2GeOa. In (b), the third vertical marks show the
magnetic Bragg reflections for Sr2MnGe207. The lower trace is a plot of the difference

between calculated and observed intensities.
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Figure 3.6 Temperature dependence of the magnetic susceptibility of

Sr:-MnGe207. The red and blue solid line are fitting result by the Curie-Weiss law
(CW), and the high temperature series (HTS) expansion for a square-planar lattice,

respectively.
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(b)

Figure 3.12 The magnetic structure of (a)Sr-MnGe207 and (b)Sr2CoGe207.

Diamagnetic ions are omitted.
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Chapter 4
Crystal Structures and Magnetic Properties
of New Europium Melilites Eu,MSi,O7 (M =

Mg, Mn) and Their Strontium Analogues

4.1 Introduction

The melilite-type oxides have the general formula 42MM">0O7 (4 = larger cations
such as alkali earth ions and lanthanides; M, M’ = smaller divalent to tetravalent cations).
Many of them crystallize in a tetragonal structure with space group P-421m, and this
structure can be described as the two-dimensional network consisting of MO4 and M'O4
tetrahedra in the ab-plane and larger 4 ions locate between these networks' . From this
structural feature, magnetic properties of A2MM">07 compounds (4 = Ca, Sr, Ba; M = Mn,
Co, Cu; M'=Si, Ge) have been attracted interest. They show anomalous behaviors
derived from the two-dimensional arrangement of magnetic M ions. For example,
Ba:MnGe207 behaves as a square lattice Heisenberg antiferromagnet (7v = 4.0 K)*, and
Ba:CuGe207 has a spiral spin structure below 3.26 K. Two compounds A42C0Si207
(4 = Ca, Sr) show both antiferromagnetic and dielectric anomalies, and are regarded as
new candidates for multiferroic materials®. On the other hand, the melilite-type oxides in
which the magnetic ion fully occupy the A site are very few. Among them, 42GeBe207

(A = Pr, Sm, Gd, Dy and Er) are paramagnetic down to 5 K37

In order to explore furthermore interesting materials, we have paid our attention
to the melilites containing magnetic ions in both 4 (= lanthanides) and M (= transition

metals) sites. Such compounds are expected to show magnetic behavior, reflecting both
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d-d interactions and f-d interactions. To our best knowledge, however, no

investigations were carried out.

In this study, we investigated the syntheses, crystal structures, and magnetic
properties of new Eu-containing melilites Eu2MSi207 (M = Mg, Mn). Because the ionic
radius of Eu?" is very close to that of Sr**, it should be possible to prepare such compounds.
The results of the powder X-ray diffraction, ''Mdssbauer spectrum, magnetic

susceptibility, and specific heat measurements are discussed.

4.2 Experimental procedures

4.2.1 Synthesis

Polycrystalline samples (0.5 g) of 42MS1207(4 = Sr, Eu; M = Mg, Mn) were
prepared by the standard solid-state reaction. For starting materials, SrO, Eu2Os3, MgO,
MnO, Si0O: and Si were used. Before use, Eu203 and MgO were heated at 900°C overnight.
The SrO was prepared by the decarbonation of SrCOs at 1400°C for 12 h. These starting
materials were weighed out in a stoichiometric ratio and well mixed in an agate mortar.
The mixtures were pressed into pellets and wrapped in a molybdenum foil, and then they

were sealed in evacuated quartz tubes. These ampoules were heated at 1100°C for

36 - 48 h.

4.2.2 X-ray diffraction analysis

Powder X-ray diffraction (XRD) measurements were performed at room
temperature using a Multi-Flex diffractometer (Rigaku) with a Cu Ko X-ray radiation
source equipped with a curved graphite-monochromator. The data were collected by step-
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scanning in the angle range of 10°<26<120° at a step size 0.02°. The XRD data were
analyzed by the Rietveld method using the program RIETAN-FP®, and the crystal

structures were drawn by VESTA program’.

4.2.3 'S'Eu Mossbauer spectroscopy measurements

The '"'Eu Mdssbauer spectra were measured at room temperature with a
Mossbauer VT - 6000 transmission spectrometer (Laboratory Equipment) using a
radiation source ''SmF3(1.85 GBq). The spectrometer was calibrated with o-iron at
room temperature, and the isomer shift (I.S.) was determined relative to the shift of
europium trifluoride (EuF3). The y-ray was detected by a Nal scintillation counter. The
powdered sample was wrapped in an aluminum foil (1.5 cm X 1.5 cm) with the density

of 15 mg (Eu)/cm?.

4.2.4 Magnetic measurements

The temperature dependence of the magnetic susceptibilities were measured
with a SQUID magnetometer (Quantum Design, MPMS-5S). The measurements were
performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions over the
temperature range 1.8 - 300 K in an applied magnetic field of 0.1 T. The field dependence
of the magnetizations was measured with a commercial physical property measurement
system (Quantum Design, PPMS) over the magnetic field rage between -9 and 9 T at
1.8 K.
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4.2.5 Specific heat measurements

The specific heat measurements were performed using a relaxation technique
with the PPMS in the temperature range of 1.8 - 300 K. The pelletized sample was

mounted on a thin alumina plate with Apiezon N-grease for better thermal contact.

4.2.6 Calculation of the quadrupole coupling constant

The calculation of the quadrupole coupling constant was carried out by the
WIEN2k program using the full potential linearized augmented plane wave + local
orbitals (FP-LAPW + lo) method based on the density functional theory (DFT) with the

generalized gradient approximation (GAA)'°.

4.3 Results and discussion

4.3.1 Crystal structure

The melilite-type oxides Sr2MSi207 (M = Mg, Mn) and their new analogues
EwMSi207 (M = Mg, Mn) were successfully prepared. They were obtained as white
(4 = Sr) or light-green (Eu) colored polycrystalline samples. The trial to synthesize other
Eu2MSi207 compounds (M = Fe, Co, Ni, Cu) was ended in failure, because the M** ion
was reduced to the metal by the introduction of the Eu** ion (the major products were M

metal and apatite-type oxides EusSi3013).

The XRD profiles for 412MnSi207 and 42MgSi207 (4 = Sr, Eu) are shown in
Figure 4.1 and Figure 4.2. The observed peaks were indexed on a tetragonal unit cell

(a~8A, ¢ ~5A) with the space group P-421m, which is typical for the melilite-type
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compounds'?. Among the compounds prepared in this study, only the Sr2MnSi>O7
contains a small amount of SrSiO3 (~ 1%) as an impurity. The XRD data were analyzed
by the Rietveld method using the structural parameters of Sr2MgSi2O7 as a starting
model'!. The calculated profiles are also plotted in Figure 4.1 and Figure 4.2. The refined

structural parameters and reliability factors are summarized in Table 4.1 and Table 4.2.

The schematic crystal structure of the title compounds is illustrated in Figure 4.3
and some selected interatomic distances of 4-O, M-O and Si-O are listed in Table 4.3. In
this structure, both the M and Si ions are coordinated by four oxygen ions, forming MO4
and SiOs4 tetrahedra, respectively. These MO4 and SiO4 tetrahedra are linked by sharing
corner-oxygen ions, and thus they build a two-dimensional layer consisted of five-
membered rings in the ab-plane. Beneath these rings, the A4 ions locate in the eight-
coordinated sites, forming another layer. These two kinds of layers are alternately stacked
along the c-axis. In the 4Os polyhedron, there are six kinds of 4-O distances between
2.54 A and 2.83 A, and its shape is highly distorted. Reflecting almost the same ionic
radii between Sr** (1.26 A) and Eu?* (1.25 A)'2, these six distances are very close among
four compounds in Table 3. The bond valence sums (BVS) are calculated from the
interatomic distances, and they are also listed in Table 4.3'*!4, These values indicate that

the 4 and M 1ons are in the divalent state and the Si ion is in the tetravalent state.

4.3.2 >'Eu Mossbauer spectrum

Figure 4.4 shows the '>'Eu Mdssbauer spectra for EuzMgSi>O7 and Euz2MnSi>O7
at room temperature. In both spectra, an absorption peak appears at ca.-13 mm/s,
indicating the presence of the divalent Eu ions. On the other hand, no absorption peak
was observed at 0.5 ~ 1 mm / s corresponding to the trivalent Eu ion'>. Therefore, the Eu

ions in both compounds are in the divalent state. The observed peak is strongly
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asymmetric because of the quadrupole interaction. The quadrupole Hamiltonian is given

by

R N a0 Y

where [ is the nuclear spin, @ is the quadrupole moment, eq=Vzz, and
n=Vxx-Vyy)/ Vzz (Vi is the electric field gradient tensor). The 12 possible transitions
(eight allowed transitions and four forbidden transitions) due to a quadrupole interaction
were taken into account; the observed data were fitted with the sum of these Lorenzian
lines. In order to derive these Lorenzian equations, the results by Shenoy and Dunlap
were used and the ratio of the excited and ground state quadrupole moments
(RQ =0/ Qg) was taken as 1.312!%!7_ The fitting curves are shown in Figure 4.4 and

determined fitting parameters are listed in Table 4.4.

The large Q.S.(-13 ~ -15 mm/s) and non-zero 7 (~ 0.3) values indicate that the
Euion is in a greatly distorted coordination environment in these compounds. In fact, this
ion is located in the distorted EuOs polyhedron with various Eu-O lengths Table 4.3. The
Q.S. and 7 values are also calculated by the electronic structure calculation using the
structural parameters for EuuMgSi207. They Q.S.cai=-11.1 mm /s, 7ca = 0.46) are in
good agreement with the experimental data, which corresponds to the observed ones.
Such a large Q.S. value has been found in EuZrOs perovskite containing divalent Eu ion

(Q.S.=-12.64 mm /s and 7= 0.46)'8,

4.3.3 Magnetic properties

4.3.3.1 Sr2MnSi207

Figure 4.5 shows the temperature dependence of the reciprocal magnetic
susceptibility for Sr2MnSi207. The data were fitted by the Curie-Weiss law between 100
and 300 K, using an equation
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4.2)

__C .
Xum (T—@) Xrip

2

where C, 6, and yrp mean the Curie constant, Weiss constant, and temperature
independent paramagnetic susceptibility, respectively. The effective magnetic moment
(1efr) and Weiss constant were determined to be 5.78(3) us/f.u. and -6.0(3) K, respectively.
The value of s« is close to the magnetic moment of 5.92 us for the Mn** ion in a high-
spin configuration (3d°, S = 5/2). The negative 6 value indicates that the predominant
magnetic interaction between Mn ions is antiferromagnetic, and actually an

antiferromagnetic transition is observed at ~ 4 K (see the inset of Fig. 5).

Figure 4.6 shows the temperature dependence of the specific heat for
SrxMnSi207. The data show a A-type anomaly at 3.4 K, indicating the occurrence of the
long-range antiferromagnetic ordering of Mn*" ions. The magnetic entropy (Smag) due to
the magnetic ordering was calculated from the specific heat data. To evaluate the lattice
specific heat (Clat) of Sr2MnSi207, specific heat data for the nonmagnetic Sr-MgSi1.07
were used. However, the specific heat of Sr-MgSi207 showed a poor fit to the Cp of
Sr2MnSi207 above the magnetic transition temperature. Then, the Ciat of Sr2MnSi207 was

obtained from the sum of the Debye and Einstein models

0, /T o
: for (6, /Tfe "
C,, = 9R[1j Md(HD /T) +RZ(E'0,—)26 (4.3)

0w 2 _ 2
. (e’ —lj = (e"—lj

where 6b is the Debye temperature, and ék1 ~ 63 are the Einstein temperatures!®. The
calculated Clat values are shown as a solid line in Figure 4.6(a). The magnetic specific

heat (Cmag) Was obtained by subtracting the lattice specific heat (Ciat) from Cp. Then, the

magnetic specific heat was determined by using the equation Smag =JOT Cmag/ TdT. The

magnetic specific heat below 1.8 K was extrapolated by the relation Cmag °C T° from the

spin-wave model for an antiferromagnet®’. The temperature dependence of the magnetic
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specific heat divided by temperature (Cmag/T) and magnetic entropy (Smag) are plotted in
Figure 4.6 (b). The Smag value reaches 12.5 J mol! K! at 100 K, which is close to the
theoretical value RIn(2S+1) = RIn6 = 14.90 J mol! K'! (R = gas constant). This result
shows that the observed magnetic transition is due to the antiferromagnetic ordering of

the Mn?" ion in a high-spin configuration (S = 5/2).

4.3.3.2 EuuMgS1207

Figure 4.7 shows the temperature dependence of the reciprocal magnetic
susceptibility for EuzMgSi2O7, in which only A site ions (Eu?*) are magnetic. The
susceptibility above 100 K was fitted by the Curie-Weiss law (Eq. (4.2)). The effective
magnetic moment and Weiss constant were determined to be 11.02(4) us/fu. and -
1.2(4) K, respectively. The efr value is in good agreement with the spin-only value
(11.23 1) for two Eu®* ions (S = 7/2). The small negative Weiss constant may indicate
the existence of the antiferromagnetic interaction between Eu ions; however, no magnetic
transition is observed down to 1.8 K. The temperature dependence of the specific heat for
Eu2MgSi207 s plotted in Figure 4.8. Below ~10 K, the specific heat turns into increasing
with decreasing temperature, which shows the onset of magnetic ordering of the Eu ions.
Figure 4.9 shows the field dependence of the magnetization for EuuMgSi207 measured at
1.8 K. The magnetization (M) increases with magnetic field (H) and shows a saturation
behavior. The value of the saturation magnetization (13.2 us) is reasonable for two Eu
ions (7 ps X 2). The observed M-H curve is below the Brillouin curve. Therefore, we

fitted the data using a modified Brillouin function *':

M = gSBs(—gS'u - ] (4)

kB(T_TO)

where parameter 79 accounts phenomenologically for the magnetic interaction between

Eu?" ions. The fitting curve is shown in Figure 4.9. The negative value of 7y (-1.0 K)
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agrees with the Weiss constant (-1.2 K) and it indicates that the ground state of

Eu2MgSi207 is antiferromagnetic.

4.3.3.3 EuzMnSi207

Figure 4.10 shows the temperature dependence of the reciprocal magnetic
susceptibility for EuuMnSi207. In this compound, both the 4 and M sites are occupied by
magnetic ions, i.e., Eu?" (4f") and Mn?" (3d°), respectively. The effective magnetic

moment determined from the data above 100 K is 12.32(1) us/f-u. , which is in good
agreement with the calculated value = 2xu?, +42, =12.69 us from the

paramagnetic moments of Eu?* (S=7/2) and Mn?" (S =5/2) ions. The negative Weiss
constant (-29.5(2) K) suggests the presence of the antiferromagnetic interaction. However,

this compound shows a ferromagnetic-like anomaly below12 K.

In order to obtain furthermore information about this magnetic behavior, specific
heat measurements were carried out. The specific heat Cp data (Figure 4.11(a)) show a A-
type anomaly at 10.7 K, indicating the occurrence of the long-range magnetic ordering.
The magnetic specific heat Cmag is calculated by subtracting the lattice specific heat Ciat
(Eq.(4.3)) from the Cp data. In a similar way to the case for Sr2MnSi207, the Ciat data were
estimated from the sum of the Debye and Einstein models. The total magnetic entropy
change (Fig. 11(b)) is 43.5 J mol™! K! at 100 K, which is close to the value 49.48 J mol
'K expected from the sum of 2RIn8 for Eu?* and RIn6 for Mn**. Therefore, this magnetic

transition is due to the magnetic ordering of both Eu and Mn ions.

The negative Weiss constant may indicate that the observed magnetic transition
is attributed to a ferrimagnetic ordering rather than a ferromagnetic one. According to the
molecular field theory, the temperature dependence of the reciprocal magnetic

susceptibility for a ferrimagnet is represented by
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1 T 1 o 4.5)

2=t C 2 T-6

where the parameters yo, 6, and o are related to the molecular field magnetic

coefficients??>. For EuzMnSi207, the Curie temperature

Tc(=(0-Clyy+ \/(,9_ C/y,Y +4C(0/ y,+c))/2) and the Curie constant C (= Cgu + Cwn)

are determined to be 10.69(1) K and 18.99(4) emu K mol’!, respectively, by fitting
Eq. (4.5) to the ym'~T curve as shown in Figure 4.10. The Tc value agrees with the
temperature at which magnetic susceptibility and specific heat measurements show an

anomaly (10.7 K).

The field dependence of the magnetization for EuzMnSi207 measured at 1.8K is
also shown in Figure 4.9. The magnetization increases quickly with magnetic field and
shows a saturation behavior. The saturation magnetization ~ 9.0 s is much smaller than
the value 19 us expected from the fully ferromagnetic ordering of both Eu** (7 us X 2)
and Mn?" sublattices (5 ug) and rather close to 9 us for a ferrimagnetic ordering between

sublattices.

4.3.3.4 Magnetic interaction in 42MSi207 (4 = Sr, Eu; M = Mg, Mn)

From the magnetic measurements of Sr2MnSi207, an antiferromagnetic ordering of
Mn?* ions is observed at 3.4 K. The interatomic distances of Mn ions are 5.75 A (= a/V/2)
in the ab-plane and 5.16 A (= ¢) along the c-axis (see Figure 4.1 and Figure 4.2). Recently,
the exchange integral |J] values for two interaction pathways in the analogous compound
Ba:MnGe207 (Tn=4.0K) were determined by the inelastic neutron scattering
experiment: 27.8 ueV (the Mn-Mn distance is 6.01 A) and 1.0 zeV (5.53 A),
respectively?. Thus, it is expected that the antiferromagnetic interaction between Mn - Mn
ions in the ab-plane is predominant also in Sr2MnSi2O7. On the other hand, the

experimental results on EuzMgSi207 indicate that the magnetic interaction between A
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sites (Eu?*" ions) is also antiferromagnetic. Nevertheless, EuzMnSi2O7 shows a
ferrimagnetic transition at 10.7 K. The data of specific heat and magnetization
measurements are well explained by the antiparallel arrangement of the Eu and Mn
sublattices, i.e., the ferromagnetic Eu** (14 ug) layer and ferromagnetic Mn?* (5 ug) layer,
in contrary to the expected antiferromagnetic Mn-Mn and Eu-Eu interactions, are
alternately stacked along the c-axis. In this structure, the interatomic distance between Eu
and Mn ions is 3.97 ~ 4.00 A, which is shorter than those of Mn - Mn ions (5.74 A) and
Eu - Euions (4.29 A). This result indicates that an antiferromagnetic interaction between

Eu and Mn ions is predominant in this compound.

4.4 Summary

We here report synthesis, crystal structures and magnetic properties of
quaternary compounds 42MSi207(4 = Sr, Eu, M = Mg, Mn). They crystallize in a
tetragonal melilite-type structure with space group P-42im. The ''Eu Mdossbauer
spectrum measurements show that the Eu ions are in the divalent state in these compounds.
Sr:2MnSi207 shows an antiferromagnetic transition at 3.4 K. On the other hand,

Eu2MnSi207 shows a ferrimagnetic transition at 10.7 K.
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4.5 Tables and figures

Table 4.1 Structural parameters for 42MnSi207 (4 = Sr, Eu).

Atom Site X % Z B(A?)
Sr;MnSi>07 Space group P42:m (No. 113), Z= 2, a= 8.1315(1) A,
¢=5.1589(1) A, Ryp = 9.22 %, R, = 6.80 %, Re = 2.99 %, R = 1.90 %

Sr 4e 0.3333(1) 0.1667 0.5068(2) 0.82(1)
Mn 2a 0 0 0 0.51(4)
Si de 0.1361(2) 0.3639 0.9399(4) 0.50(1)
01 2¢ 1/2 0 0.1420(1)  0.92(7)
02 4e 0.1420(5) 0.3580 0.2454(9) 0.92
03 8f 0.0767(4) 0.2007(5) 0.7939(8) 0.92

EuMnSi,O7; Space group P-421m (No. 113), Z=2, a = 8.1390(2) A,
c=5.1635(1) A, Rwp=9.87 %, Ry = 7.05 %, Re = 7.52 %, Ri=2.28 %

Eu 4e 0.3342(1)  0.1658 0.5055(2)  0.37(2)
Mn 2a 0 0 0 0.54(6)
Si 4e 0.1366(3)  0.3634 0.9422(7)  0.30(1)
01 2¢ 1/2 0 0.1421(1)  0.30(1)
02 4e 0.1432(7)  0.3568 0.2501(1)  0.30
03 8 0.0791(6)  0.1946(7)  0.7980(1)  0.30
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Table 4.2 Structural parameters for A2MgSi207 (4 = Sr, Eu).

Atom Site b's ¥y z BA2)

SrsMgSi207 ; Space group P42:m (No. 113), Z= 2, a= 8.0107(2) A,
c=5.1636(1) A, Fop =6.90 %, By =4.96 %, K. =3.03 %, Ri=2.29%

Sr 4e 0.3341(3) 0.1659 0.5074(2) 0.78(2)
Mg 2a 0 0 0 0.50(1)
Si 4e 0.1354(2) 0.3646 0.9459(5) 0.53(6)
01 2¢ 1/2 0 0.1576(5) 1.00(1)
02 4e 0.1385(5) 0.3616 0.2505(9) 1.00
03 8f 0.0788(4) 0.1948(4) 0.8112(7) 1.00

Eu2MgSi207 ; Space group 242:m (No. 113), Z= 2,
a=8.0138(2) A,
c=5.1711(1) A, Rap=9.73 %, KB, =6.70 %, K. = 6.32 %,

R= 236%
Eu 4e 0.3353(1) 0.1647 0.5059(3) 0.54(2)
Mg 2a 0 0 0 0.30(1)
Si 4e 0.1367(3) 0.3633 0.9439(8) 0.30(1)
01 2¢ 1/2 0 0.1470(2) 0.20(1)
02 4e 0.1408(7) 0.3592 0.2610(1) 0.20
03 8f 0.0818(6) 0.1923(6) 0.8080(1) 0.20
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Table 4.3 Selected interatomic distances (A) and bond valence sums determined
by X-ray diffraction measurements.
SroMgSi1,07  SroMnSi1,07 EuaMgSix0O7  EuaMnSixO7
A-0O2 2.582(5) 2.580(5) 2.542(7) 2.565(7)
A-O3x2 2.588(4) 2.573(4) 2.572(6) 2.579(6)
A-Ol 2.606(1) 2.686(5) 2.634(7) 2.679(7)
A-02'x2 2.749(4) 2.825(4) 2.736(5) 2.820(6)
A-0O3'x2 2.792(4) 2.736(4) 2.802(5) 2.780(5)
BVS (A% 1.80 1.76 1.77 1.87
M-0O3 1.945(3) 2.045(54) 1.947(5) 2.002(5)
BVS (M?*") 2.05 2.01 2.01 2.26
Si-02 1.573(5) 1.577(5) 1.640(8) 1.590(8)
Si-O3x2 1.594(3) 1.600(4) 1.602(5) 1.630(5)
Si-O1 1.624(3) 1.622(3) 1.619(4) 1.631(4)
BVS (Si*") 4.29 4.25 4.07 4.03
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Table 4.4 Moéssbauer parameters for EuzMSi207 (M = Mg, Mn).
Compound LS. (mm/s™) Q.S. (mm/s™) n I (mm/s™)
Eu:MgSi:07 -12.81(1) -13.65(2) 0.26(3) 2.82(4)
Eu:MnSi,07 -12.84(5) -14.91(4) 0.29(4) 2.19(4)

85



4.5 Tables and figures

(a)SrZMHSiJO?

I 111 | ol
1|\|1L| i||1!||1‘|

TR R YV Y VAR e A P AV o

(b)Eu:I\fhlSizOY

Intensity / arb. unit

L O I U LA L ULV et e L WO Oy T Tt Ut I L (LRI
1 L

| M . : | : I :
20 40 60 80 100 120
20/ deg
Figure 4.1 Powder X-ray diffraction profiles for (a) Sr2MnSi207 and (b)

EuxMnSi207. The calculated and observed profiles are shown on the top black solid line
and red cross markers, respectively. The vertical marks in the middle show positions
calculated for Bragg reflections. The lower trace is a plot of the difference between
calculated and observed intensities. For (a), the second vertical marks show an impurity

phase (SrSiO3).
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Figure 4.2 Powder X-ray diffraction profiles for (a) SroMgSi2O7 and (b)

EuxMgSi207. The calculated and observed profiles are shown on the top black solid line
and red dot markers, respectively. The vertical marks in the middle show positions
calculated for Bragg reflections. The lower trace is a plot of the difference between

calculated and observed intensities.
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(a)

a
(b)
5
a
Figure 4.3 The schematic crystal structure of melilite-type oxides A2MSi2O7

(A = Sr, Eu; M = Mg, Mn). (a) viewed from the c-axis, (b) projection of the structure in

the ac-plane.
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Figure 4.4 Mossbauer spectra for (a) EuzMgSi20O7 and (b) EuuMnSi207. The

observed spectra are shown on the red circles.
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Figure 4.5 Temperature dependence of the reciprocal magnetic susceptibility of

Sr2MnSi207. The red-solid line is a fitting result by the Curie-Weiss law. The inset shows

the susceptibility v.s. temperature curve at low temperatures.
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Figure 4.6 (a) Temperature dependence of specific heat (Cp), and (b) magnetic

specific heat divided by temperature (Cmag7 ') and magnetic entropy (Smag) for

SroMnSi207.
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Figure 4.7 Temperature dependence of the reciprocal magnetic susceptibility of

EuxMgSi207. The red-solid line is a fitting result by the Curie-Weiss law. The inset shows

the susceptibility v.s. temperature curve at low temperatures.
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Figure 4.8 (a) Temperature dependence of specific heat (Cp) and (b) specific heat

divided by temperature (CmagT ') at low temperature range for EuzMgSi>O7.
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Figure 4.9 Field dependence of the magnetization curve of A2MSi207 compounds
measured at 1.8 K. The black dashed and solid lines are the normal and modified Brillouin

functions with S = 7/2. (see text) There are no hysteresis loops in all the data.
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Figure 4.10 Temperature dependence of the reciprocal magnetic susceptibility of
EuwxMnSi207. The green-solid line is a fitting curve by Eq. (4.5) (see text.). The inset

shows the susceptibility v.s. temperature curve at low temperatures.
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Chapter 5
Magnetic Properties of Melilite-Type
Oxysulfide Sr-MnGe:S¢0: Magnetic

Interactions Enhanced by Anion Substitution

5.1 Introduction

The Melilite-type compounds are represented by a general formula A2MM"X7 (A
= larger cations such as alkali earth and lanthanide ions; M, M’ = smaller divalent to
tetravalent ions; X =N, O, F, S)! 2, and have recently received broad attention due to their
interesting optical®>, oxygen-conducting®, magnetic’, and dielectric properties®. The
schematic crystal structure of melilite-type compounds is illustrated in Figure 5.1. In this
structure, the M and M’ ions occupy tetrahedral sites and these tetrahedra form a two-
dimensional (2D) network in the ab-plane, and larger 4 ions are located between the

networks.

Recently, the melilite-type compounds attract great deal of interests because of
their low-dimensional magnetic and multiferroic behaviors. Their magnetic properties are
summarized in Table 5.1. >2* Among them, the 42MM 07 (4 = Sr, Ba; M = Mn, Co,
Cu; M’ = Si, Ge), in which only the M ion is magnetic and the others are diamagnetic, are
extensively studied. In the melilite-type structure, it is considered that the intra-layer
interaction between M ions is much stronger than the inter-layer one '*~'°. Therefore,
some compounds show the 2D antiferromagnetic (AFM) behavior due to the square-
planer arrangement of the magnetic M ions in ab-plane. In addition, at lower temperatures
an AFM transition (M = Mn) >3 multiferroic behavior derived from AFM and

)5,6,13,15719

ferroelectric transitions under the magnetic field (Co , and spiral AFM ordering
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)15:20-23 have been

and incommensurate-commensurate magnetic transition (Cu
observed. To explore further interesting materials, we have paid our attention to the anion
substation. The anion substituted compounds such as the LaO1xFxFeAs (superconducting
behavior)®® and Sr>MnQO>Cu15S2 (the unusual magnetic structure)?® often show novel
electronic and magnetic properties. In the case of melilite-type compounds, the anion
substitution should strongly affect the super-super exchange M-X-X-M interaction, and
may bring about further variation of magnetic phase transition. For this purpose, we select
the S*" ion with the same valence and more covalent bonding nature against the O* ion.
About the melilite-oxysulfide compounds, the crystal structure and optical properties of
ALnGa3S¢O(4 = Ca, Sr, Ln = La, Gd) ?"°, 42ZnGe2S6O (4 = Sr, La)’! *? have been

reported. However, no previous investigations were carried out for compounds containing

magnetic ions and their physical properties.

In this study, we investigated the synthesis, crystal structures, and magnetic
properties of new melilite-oxysulfides Sr2MnGe2S¢O. For comparison, the analogues
compounds Sr2ZnGe2S60*? and SraMnGe207'* were also prepared. The results of the
powder X-ray diffraction, XPS measurements, magnetic susceptibility, specific heat and
DFT calculation are discussed. This is the first report for the magnetic ions introduced

into melilite-oxysulfides system.

5.2 Experimental procedures

5.2.1 Synthesis

Polycrystalline samples (0.5g) of Sr2MGe2S6O (M = Mn and Zn) were prepared
by the standard solid-state reaction. As starting materials, SrS, MnO, ZnO and GeS: were
used. They were weighed out in a stoichiometric ratio, and well mixed in an agate mortar
in a glove box under an Ar atmosphere. The mixture was pressed into pellets and then
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sealed in an evacuated quartz tube. To avoid a reaction with the quartz tube, the pellet
was set into a small inner crucible made by carbon. These ampoules were heated at 800 °C
for 12 h. For comparison, the melilite-type oxide SroMnGe207 with a stoichiometric
chemical composition (white colored) was also prepared by the same synthesis method
as reported elsewhere!?. It is to be noted that if this oxide is prepared in air, the blue ~

black colored Sr2MnGe207+5 containing excess oxygen ion is obtained !> 3.

5.2.2 Crystal Structure Analysis

Powder X-ray diffraction (XRD) measurements were performed at room
temperature using a Multi-Flex diffractometer (Rigaku) with a Cu Ko X-ray radiation
source equipped with a curved graphite monochromator. The data were collected by step-
scanning in the angle range of 10° <26<120° at a step size of 0.02°. The XRD data were
analyzed be the Rietveld method using the program RIETAN-FP 3 and the crystal

structures were drawn by using the VESTA program package *°.

5.2.3 Characterization

The X-ray photoelectron spectrum was measured with an X-ray photoelectron
spectrometer (XPS) JPS-9200 (JEOL). The monochromatized Al Ka X-ray source with
charge neutralizer was used for performing wide and narrow scans. The wide scan and
core-level spectra were recorded in steps of 1 and 0.1 eV, respectively. All peaks to be

charge corrected to 285.0 eV using C 1s peak.

The UV-vis diffuse reflectance spectra were measured with a V-570 instrument

(JASCO) in the wavelength range of 220-1000 nm.
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The temperature dependence of the magnetic susceptibilities were measured
with a SQUID magnetometer (Quantum Design, MPMS-5S). The measurements were
performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions over the
temperature range between 1.8 and 300 K in an applied magnetic field of 0.1 T. The field
dependence of the magnetizations was measured over the magnetic field range between -

S5and 5 T at 1.8 K in a zero magnetic field.

The specific heat measurements were reformed using a relaxation technique with
a commercial physical property measurement system (Quantum Design, PPMS) in the
temperature range of 1.8-300 K. The pelletized sample was mounted on a thin alumina

plate with Apiezon N-grease for better thermal contact.

5.2.4 DFT calculation

Calculations of the electronic structure and the density of states (DOS) were
performed using the WIEN2k program package.®® This program employs the
full-potential linearized augmented plane wave + local orbitals (FP-LAPW-+lo) method
based on density functional theory (DFT). We used the generalized gradient
approximation (GGA) + Hubbard U parameter for the Mn 3d electrons. The accurate
calculation of band gaps were obtained by using the modified Becke-Johnson exchange
potential (mBJ)*’. In the calculations, the convergence parameter was set to be Rmtkmax =
7.0, and the muffin—tin (MT) spheres are Rm1(Sr) = 2.50 bohr, Rmt(Mn) = 2.38 bohr,
Rwmt(Ge) = 1.69 bohr, Rm1(O) = 1.53 bohr, Sand Rmt(S) = 1.80 bohr. We used 8 x 8 x 12

meshes with 60 & points in the first Brillouin zone (B.Z.).
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5.3 Results and discussion

5.3.1 Crystal structure analysis

The new melilite-type oxysulfide SroMnGe2S¢O and its Zn analogue
Sr2ZnGe2S60 were successfully prepared. They were obtained as gray and white colored
polycrystalline samples. The X-ray diffraction (XRD) profiles are shown in Figure 2. The
observed peaks were indexed on a tetragonal unit cell (a = 9.5206(2) A, ¢ = 6.2002(1) A
for M=Mn; a=9.4311(2) A, ¢ = 6.1845(1) A for M = Zn) with the space group P-421m,

which is typical for the melilite-type compounds' %.

For the structural refinement by the Rietveld analysis, We used a structural
model of Sr2ZnGe>S¢O determined by Teske®? as a starting model. In melilite-type
compounds A2MM X7, it is known that there are three cation sites (4, M, and M"). For
the Sr2MGeS6O compounds, the best results was obtained for the cation arrangement of
A =Sr, M=Mn, Zn and M’ = Ge which is the same as related oxide-melilites Sr2A1/Ge207
(M =Mn and Zn)'?. Thus, the magnetic Mn ions are located at the corner and base-center
positions of the unit cell and form a square planer lattice in ab plane. On the other hand,
concerning about anions, there exist three crystallographic sites: X(1), X(2) and X(3)
(Figure 5.1). We have tried to analyze the data by using four models with different
occupations of S and O ions (see Table 5.2 and Table 5.3).

As a result, the best fitting was obtained when the O ions occupy the X(1) site
and S ions occupy both X(2) and X(3) sites in an ordered manner. This anion ordering is
corresponding to the report for the Sr2ZnGe2S60*2. The calculated profiles are plotted in
Figure 5.2, and the refined structural parameters and reliability factors are summarized in
Table 5.4. The coordination environments of three cation sites were shown in Figure 5.3,
and the selected interatomic distances and the calculated values of the bond valence sums

(BVS) 3% 37 are listed in Table 5.5.
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The Mn ion is surrounded by four equivalent S(2) ions, and a MnS4 tetrahedron
is formed. The bond length of Mn-S is 2.412(3) A, which is comparable to the bond length
calculated from the Shannon’s ionic radii 2.50 A for Mn?"-S* %°. On the other hand, the
Ge ion is coordinated by four ions: O(1), S(2) and two equivalent S(3), and they formed
a distorted GeS30 tetrahedron. The bond lengths in this tetrahedron are /ge-o = 1.810(5)
A, and lge-s = 2.148(4) ~2.204(3) A. These lengths are very close to from the values of
the Shannon’s ionic radii 1.77 A for Ge*'-O* and 2.23 A for Ge*'-S%, respectively. For
Sr ion, the SrS70 polyhedron is formed by O(1), three S(2) and four S(3) ions which is a
highly distorted square antiprism. The BVS of cation ions indicates that the oxidation
state in a divalent (for Sr and Mn ions) and tetravalent (for Ge ions), which was

represented the title compound as Sr?">Mn?*Ge*" 2587607

5.3.2 XPS analysis

The XPS measurements were carried out to elucidate the electronic states of Mn
and Ge ions. Figure 5.4 and Figure 5.5 show the XPS narrow scan spectra for Mn 2p and
Ge 2p core levels of Sr2MnGe2S60 and analogues oxide Sr2MnGe207. The spectra of Mn
2p exhibit strong spin-orbit split features at around 640 eV (j=3/2) and 653 eV (j =1/2)
which originate from the 2p°3d°L final states, where L denotes a hole in the O 2p (S 3p)
band. The satellites on the high-binding-energy side at ~4.5 eV correspond to the 2p°3d°
final states, and their positions and intensities depend on A (charge transfer energy), U
(d-d coulombic repulsion energy), and T (ligand p-metal d hybridization strength).*! By
fitting peaks with a Voigt function to these spectra, we obtained the binding energies (BE)
and area intensities (see Figure 5). The weighted averages of BE of the main j = 3/2 peaks
are estimated to be 640.5 eV for Sr2MnGe207 and 640.3eV for Sr2MnGe2S60, and these
values are consistent with those of other divalent manganese oxides and sulfides.** ** For
SrxMnGe2S60, the ratio (Is/Im = 0.46) of the intensities of the satellite and main peaks for

Jj = 3/2 increases, and the energy difference (Es - Em= 4.1 eV) between the satellite and
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main peaks decreases in comparison with those (/s/Im = 0.31 and Es - Em= 4.9 eV) for
SrxMnGe207. This result suggests that U of Mn and 4 between Mn and S for
Sr2MnGe2S60 are smaller than U of Mn and A between Mn and O for Sr2MnGe207.*! The
decrease in U and 4 for Sr2MnGe2S¢0 is consistent with the reported values, i.e. both of
U and A are about 7 eV for divalent Mn oxides, and U and A are 5~6 ¢V and 4 eV,
respectively, for divalent Mn sulfides**. For Sr2MnGe2S60, BE = 1218.4 eV of Ge 2p is
slightly lower than BE = 1218.7 of Sr2MnGe207. Although the formal oxidation states of
the Ge ions are +4 for both of Sr2MnGe207 and Sr2MnGe2S60, the shift of BE reveals
that the partial substitution of S for O decreases slightly the effective oxidation number

of Ge, due to a change in bonding character from ionic to covalent®.

5.3.3 Magnetic properties

Figure 5.6 shows the temperature dependence of the reciprocal magnetic
susceptibility for Sr2MnGe2S¢O. The data were fitted by the Curie-Weiss law between
100 and 300 K, using an equation:

C
ZM=T—_0+ZTIP (5.1

where C, 6, and yrir mean the Curie constant, Weiss constant, and temperature-
independent paramagnetic susceptibility, respectively. The effective magnetic moment
was determined to be 6.03(1) us/Mn, which is close to the spin-only value 5.92 ug
expected for the Mn?* (3d%) ion in a high-spin state (S = 5/2). The Weiss constant &1is -
34.3 (1) K, and this negative @ value indicates that the predominant magnetic interaction

between Mn?" ions is antiferromagnetic.

At low temperatures, the magnetic susceptibility shows a broad maximum
around 18 K. Such a broad maximum feature is often found in the low-dimensional

magnets*® 47, In term of the magnetic interaction, the SrMnGe2SsO has two super-
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superexchange Mn-S(3)-S(3)-Mn pathways for the intralayer (J) and interlayer (J°)
interactions as shown in Figurel. In the case of related oxides 4.2MnGe207 (4 = Sr, Ba),
it is known that the intralayer interaction is much stronger than the interlayer one from
the results of the magnetic susceptibility'® and inelastic neutron scattering experiments'* .
If this fact is common in the oxysulfide Sr2MnGe2S6O, the arrangement of Mn?" ions in
this compound can also be regarded as the 2D square-planar lattice. Therefore, we tried
to fit the observed magnetic susceptibility by using a model for this lattice. For that
purpose, the high-temperature series (HTS) expansion of the square-planar lattice for the

Heisenberg model was used,

N, g 12S(S+1) ,
= JIk.T (5.2)

where Na, g, us, ks and J are the Avogadro constant, g factor, Boltzmann constant, Bohr
magneton, exchange integral (intralayer), respectively. We use the coefficients an (n= 1-
8) given in previous results**>!. The fitting equation was obtained by applying the Padé
approximation ([4, 4] Padé) to eq (5.2). Additionally, to consider the interlayer interaction,

the observed magnetic susceptibility (15 K — 300 K) was fitted by using eq (5.3):

- 2z'J" ’
N, g 12S(S+1) sy

where z” and J’ are the number of magnetic nearest-neighbors (z’ = 2) and exchange
integral (interlayer). Finally, we calculated the g factor, Jand J” as fitting parameters. The
calculation result is shown in Figure 5.6 as a solid blue line, and it is in good agreement
with the experimental data. The g factor of the Mn** ion, the values of J, and J’ are
determined to be 1.99(1), -1.03(1) K, and -0.35(3) K, respectively. The effective magnetic
moment ef and the Weiss constant & were calculated to be 5.89 s and -28.1 K

respectively, from the equations geir = g[S(S+1)]"? and 0= 3" 227,5(S +1)/3k, wherez
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= 4 (the number of magnetic nearest-neighbors for intralayer interaction). These values
are comparable to those estimated from the Curie-Weiss law (6.03 ps and -34.3 K). This
fitting indicates that the Sr-MnGe2S6O shows a two-dimensional behavior despite the
shorter Mn-Mn distance along the ¢ axis (6.20 A) compared with that in the ab plane
(6.73 A). The magnitude of J and J’ values are larger than those of analogous oxides:
Ba:MnGe207 (J=-0.323 K, J'=-0.0012 K, J’/J = 0.0037)>* and Sr2MnGe207 (J = -0.34
K, J' =-0.07 K, J'/J = 0.205). This result indicates that the magnetic interactions are
enhanced due to substituting the S* ion for O* ion; while the lager J’/J ratio (0.340) in

oxysulfide shows thath the two-dimensionality is weaker than that in oxides.

Figure 5.7(b), (c) show the temperature dependence of the specific heat for
SrxMnGe2S60. The data show a A-type anomaly at 15.5 K (7n) indicating the occurrence
of the long-range AFM ordering of Mn?" ions. This 7w is much higher than that of oxide
analogues Sr2MnGe207 (4.4 K)'3. This fact also supports the enhancement in the magnetic

interaction by substitution sulfide ion for oxide ion.

The magnetic entropy (Smag) due to the magnetic ordering was calculated by

using S, = ITC /TdT , in which the magnetic specific heat (Cmag) was estimated by

0 "~ mag

subtracting the lattice and electronic specific heat from the experimental specific heat of
Sr2MnGe2S60. For the lattice and electronic contributions, we used the specific heat of a
nonmagnetic and isostructural compound Sr2ZnGe2S¢O. The magnetic specific heat
below 1.8 K was extrapolated by the relation Cmag ¢ 7° from the spin-wave model for

an antiferromagnet™

. The temperature dependence of the magnetic specific heat divided
by temperature (Cmag/ T) and magnetic entropy (Smag) are plotted in Figure 5.7(c). The
Smag value reaches 13.16 J mol! K™!' at 50 K, which is close to the theoretical value R
In(25+1) = R In 6 = 14.90 J mol! K'! (R = gas constant). This result shows that the

observed magnetic transition is due to the long-range AFM ordering of the Mn** ion in a

high-spin configuration with S = 5/2.
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Figure 5.8 shows the field dependence of the magnetization for SrxMnGe2S6O
measured at 1.8 K. The magnetization of Sr2MnGe2S¢O increases linearly and

corresponding to that this compound has an AFM ordered ground state.

5.3.4 DFT calculation

Figure 5.9 shows the UV-vis diffuse reflectance spectra of SroMnGe2S6O and
related oxide Sr2MnGe207. The absorption values were calculated from the reflectance

data using the Kubelka Munk function given by

F(R )=(1_R°¢)2 (5.4)

where R. is the reflectance®®. The energy of the optical band gap was determined using
the Tauc plot>>. The optical band gaps were determined to be 3.2 eV for SrxMnGe2S6O
and 3.5 eV for Sr2MnGe207 as shown in Figure 5.9. In this compound, the photon energy
(hv) is proportional to (F(Rx)h v)? near the bottom of the conduction band. This band gap

is close to the optical band gaps (~3.1 eV) of the manganese sulfides a-, B- and y-MnS>%%7,

In order to discuss chemical bonding, we carried out the DFT calculation. Figure
5.10 displays the total densities of states (DOS) and the partial DOS of total electrons of
Sr, Mn, Ge, O, and S for (a)related oxide Sr2MnGe207 and (b)Sr2MnGe2S60O. In the DFT
calculations of insulators with strongly correlated electrons, the energy of the band gap is
very sensitive to the Hubbard U parameter. Thus, we have attempted to estimate the band
gap (Eg) by varying the U parameter from 4 eV to 8 eV. However, the values of E; are
almost constant (~2.6 eV for Sr2MnGe207 and ~2.2 eV for Sr2MnGe2S60) due to the
contribution of Ge 3s and 3d orbitals, that are independent of U, to the conduction band,
and we cannot determine the U parameter. Thus we have adopted 7 eV for Sr2MnGe207

and 4 eV for SrxMnGe2S60O as an effective Coulomb interaction Uesr of Mn. The final
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accurate band gaps were obtained by using the mBJ calculations. The occupied and
unoccupied bands form a band gap of 3.4 eV for SrnMnGe:07 and 2.4 eV for
SrxMnGe2S6O around the Fermi level. This value for Sr2MnGe2S6O is smaller than the
optical band gap of the UV-vis spectra, and this underestimation is generally shown in
the band gaps obtained by the DFT calculation. The valence band of Sr2MnGe2ScO
demonstrates a strong hybridization between the Mn d and S(3) 3p orbitals in the broad
range from -4.5 eV to 0 eV, while the top of the valence band in the narrow range between
-1.3 eV to 0 eV mainly consists of the Mn d orbitals for SxMnGe207. The energy levels
for Sr2MnGe207 indicate that this compound is classified in a Mott-Hubbard insulator**.
Because the spin-up d orbitals are located below the Er level and the spin-down d orbitals
exist above the Er level, the results reveal that the Mn ions are in the divalent state with
the high-spin configuration and that both compounds have the magnetic moments of 4.4

us per Mn atom.

Figure 5.11 shows the partial DOS of the Mn 3d orbitals of Sro-MnGe207 and
Sr2MnGe2S60. The dxy and dx2-2 orbitals are delocalized at the top of the Mn spin-up
states of Sr-MnGe207. On the other hand, the DOS of Sr2MnGe2S6O indicate that the
spin-up dx: and d,- orbitals are located over the whole of S(3) p bands and split up into
peaks just below Er and in the range between -4.5 and -3 eV, forming a
bonding/antibonding gap due to the strong p-d bondings. This is caused by the difference
in the energy levels of the O 2p and S 3p orbitals. The participation of the dx- and d,-
orbitals is derived from the elongation of the MnS4 tetrahedron along the c-axis and
should play a key role in superexchange and super-superexchange interactions. The 3D
AFM ordering temperature (15.5 K) and the interactions J and J'/J for Sr2MnGe2S6O are
considerably larger than those of other melilite type oxides. In general, the superexchange
interaction strongly depends on the magnetic moment (S) and the U and 4 energies, and
the increase of S and the decrease of A enhance the superexchange interaction**. For the
rock-salt type MnX (X = O, S, Se, Te) and pyrite type MnX2 (X =S, Se, Te) compounds
with § = 5/2, the 3D AFM temperatures (7N) increase in the order of O, S, Se and Te for
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MnX *® and S, Se and Te for MnXz > ® with increasing covalent character between Mn
and ligand. In the case of Sr2MnGe2S60, the strong p-d hybridizations reduce the 4 energy
and enhance the super-superexchange interactions J via the dx: + dyz - S(3) 3p - S(3) 3p -
d.: + dy- orbitals as compared with the super-superexchange interactions for other melilite
type oxides. The enhancement of the interlayer interaction J'/J should also be derived

from the contribution of the dx: + d,z, showing the high 3D AFM temperature.

5.4 Summery

We here report on results of synthesis, crystal structures and magnetic properties
of new melilite-type oxysulfides Sr2MnGe2S¢O. This compound crystallizes in a
tetragonal melilite-type structure with space group P-42im. In this structure, the S* and
O?% ions occupy different crystallographic sites in an ordered manner. The temperature
dependence of magnetic susceptibility shows a broad maximum due to a two-dimensional
magnetic interaction between Mn ions in the ab-plane and an AFM transition at 15.5 K.
Observed higher transition temperature and lager J and J~ values than those for oxide
analogue indicate that the magnetic interactions between Mn?" ions are enhanced by the

substitution of O* for S%-.
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5.5 Tables and figures

Table 5.1 Magnetic properties of melilite type compounds.
Compounds Space TvEK) Magnetic properties Ref
group

SruMnSi07;  P-421m 3.4  Antiferromagnet %]
Ca,CoSix07  P-42im 5.7  Antiferromagnet, multiferroic behavior %1
S12CoSi,07 P-421m ~7  Antiferromagnet, multiferroic behavior N
BaxCoSix07 C2/c ~5  Antiferromagnet, multiferroic behavior [>12]
Sr:MnGexO7  P-421m 4.4  Antiferromagnet, k= (0, 0, 1/2) [
Sr2CoGe207  P-421m 6.5 Antiferromagnet, £ = (0, 0, 0) [
Ba;MnGexO7  P-421m 4.66  2D-AFM, k=(0, 0, 1/2) [1419]
Ba;CoGe, 07 P-421m 6.7 2D-AFM, k = (0, 0, 0), multiferroic behavior [&15-19]
Ba;CuGe07  P-421m 3.26  2D-spiral AFM, incommensurate - commensurate transition [1520-23]
LnyGeBe:O7  P-421m - Ln =Y, La, Pr, Sm, Gd, Dy, paramagnet (T > 5 K) Radl
EwMgSix07  P-42m - Paramagnet (7> 1.8 K) N
EuMnSi,07  P-421m 10.7  Ferrimagnet N
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Table 5.2 The reliability factors of Rietveld analyses for Sr2MnGe2S6O
with different O/S ion occupations.
Occupancy of O/S ion and B (A?) for three anion sites
Model | Rwp (%) | Rs (%) ) ) )
X(1) 2c site X(2) 4e site X(3) &f site
1 1.0/0.0, 0.0/1.0 0.0/1.0
9.92 2.36
(text) 1.00(31) 0.99(8) 0.99(6)
0.0/ 1.0, 0.5/0.5 0.0/1.0
2 12.50 4.87
27(1) -2.00(8) 0.74(7)
0.0/1.0, 0.0/1.0 0.25/0.75
3 10.79 2.88
14.2 (2) 0.75(8) -0.22(6)
0.144 /0.856, 0.143/0.857 0.143/0.857
4 11.05 3.39
16.0(6) 0.08(8) 0.22(6)

Note. Model 1: the O ions occupy only the X(1) site. (the final result in the text); model

2: X(2) site, model 3: X(3) site; model 4: fully disordered arrangement between O and S.
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Table 5.3 The reliability factors of Rietveld analyses for Sr2ZnGe2S6O
with different O/S ion occupations.
Occupancy of O/S ion and B (A?) for three anion sites
Model | Rwp (%) | RB (%)
X(1) 2¢ site X(2) 4e site X(3) 8fsite
1 1.0/0.0, 0.0/1.0 0.0/1.0
9.92 2.36
(text) 1.00(31) 0.99(8) 0.99(6)
0.0/1.0, 0.5/0.5 0.0/1.0
2 9.96 2.49
25.9(7) 1.9(1) 0.86(6)
0.0/1.0, 0.5/0.5 0.0/1.0
2 9.80 2.53
28.6(7) 1.07(8) 1.60(8)
0.143/0.857, 0.143/0.857 0.143/0.857
4 10.45 2.61
22.1(7) 0.41(8) 0.08(6)

Note. Model 1: the O ions occupy only the X(1) site. (the final result in the text); model

2: X(2) site, model 3: X(3) site; model 4: fully disordered arrangement between O and S.
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Table 5.4 Structural parameters for Sr2MGe2S6O (M = Mn, Zn).

Atom Site x % z B (A%
SroMnGexSeO¢

St 4e  0.1572(1) 0.6572  0.5069(2) 1.02(3)

Mn 2a 0 0 0 1.11(7)

Ge d4e 0.6252(1) 01252  0.9116(2) 0.65(4)

o(1) 2¢ 0 172 0.1946(18) 1.00(31)

S(2) de  0.6352(3) 0.1352  0.2573(5) 0.99(8)

S(3) 8 0.0608(3) 0.1809(3) 0.2557(4) 0.99(6)
S12ZnGe2S60”

St 4e  0.1585(1) 0.6585  0.5009(2) 1.18(3)

Zn 2a 0 0 0 1.24(6)

Ge 4e  0.6277(1) 0.1277  0.9224(2)  0.92(4)

o(1) 2¢ 0 12 0.1969(16) 0.98(28)

S(2) 4e  0.6350(2) 0.1350  0.2680(4) 0.98(7)

S(3) 8 0.0631(2) 0.1764(2) 0.2446(4) 0.98(5)

Note :
?Space group P-421m (No. 113), Z=2,a=9.5206(2) A, c= 6.2002(1) A, V= 561.99(2)
A3, Rwp=9.92 %, Rpy="7.11 %, R =2.36 %, Rr=1.29 %.

¢ Space group P-421m (No. 113), Z=2, a=9.4311(2) A, ¢ = 6.1845(1) A, V= 550.09(2)
A3, Rwp=8.92 %, Ry = 5.98 %, Re = 1.53 %, Rr=0.90 %.
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Table 5.5 Selected interatomic distances (A) and bond valence sums.

Cation sites  Sro,MnGe,S,O Sr,ZnGe,S.O Anion sites  Sro,MnGe,S,O Sr,ZnGe,S.O

Sr-0(1) 2.868(9) 2.830(7) 0(1)-Ge x2 1.809(5) 1.856(4)
St-S(3) X 2 3.018(3) 3.050(3) O(1)-Sr x2 2.869(8) 2.830(6)
St-S(3)’x2 3.0713) 3.066(3) BVS: O(1) 1.95 1.79

St-S(2) 3.15103) 3.107(2) S(2)-Ge 2.148(3) 2.139(3)

St-S(2) 3.151(16) 3.124(1) S(2)-Sr x2 3.15103) 3.124Q2)

St-S(2)” 3.195(3) 3.124(3) S(2)-Sr’ 3.195(4) 3.107(3)

BVS: Sr 1.94 1.99 BVS: S(2) 1.83 1.95

M-S(2) 2.412(3) 2.326(3) S(3)-Ge 2.204(3) 2.203(2)

BVS: M 2.38 2.11 S(3)-M 2.412(2) 2.326(2)

Ge-O(1) 1.810(5) 1.856(4) S(3)-St 3.018(2) 3.050(2)

Ge-S(2) 2.148(4) 2.139(3) S(3)-St 3.0713) 3.066(3)
Ge-S(3) x2 2.204(3) 2.203(3) BVS: S(3) 2.214 2.09
BVS : Ge 4.12 4.06
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Figure 5.1 Schematic crystal structures of melilite-type compounds Sr2MGe2S6O

(M =Mn, Zn): (a) viewed from the c axis, (b) projection of the structure in ac plane. The

Jand J’ are super-superexchange pathways (see text).
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Figure 5.2 Powder XRD profiles for (a) Srx-MnGe2S60, (b) Sr2ZnGe2S6O. The

calculated and observed profiles are shown as the top black solid line and red markers,
respectively. The vertical marks in the middle show positions calculated for Bragg
reflection. The lower trace is a plot of the difference between calculated and observed

intensities.
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Figure 5.3 Schematic environment of the cation sites coordination for (a)Sr, (b)Mn

and (c)Ge sites, respectively.
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Figure 5.4 XPS spectra of (a)Mn 2p, (b)Ge 5d narrow scan for Sr2MnGe207 and

SroMnGe2Se0.
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Figure 5.5 Waveform separation of Mn 2p spectra for (a) Sr2MnGe207 and

(b)Sr2MnGe2S6O.
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Figure 5.6 Temperature dependence of the magnetic susceptibility of
SroMnGe2S60. The red and blue solid lines are fitting results by the Curie-Weiss law
(CW) and the high-temperature series (HTS) expansion for a square-planar lattice,

respectively. The inset shows the reciprocal magnetic susceptibility of Sr2MnGe2S60.
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Figure 5.7 Temperature dependence of (a) magnetic susceptibility, (b) specific

heat(Cp), (c) magnetic specific heat divided by temperature (Cmag/T), and magnetic

entropy of Sr2MnGe2S60.
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Figure 5.8 Field dependence of the magnetization for Sr2MnGe2S60.
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Figure 5.9 Diffuse reflectance spectra of Sr2MnGe2S60 and Sr2MnGe207. The tauc

plot is shown.
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Figure 5.10 Total and partial DOS of total electrons of Sr, Mn, Ge, O and S for
(2)Sr2MnGe207 and (b)Sr2MnGe2S60. The zero energy is placed at the highest occupied

state.
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Chapter 6

Crystal Structure Analysis, >'Eu Mossbauer
Spectroscopy, and Magnetic Properties of
Oxysulfide Melilites Euz2MGez2S¢O (M = Mn,
Zn)

6.1 Introduction

The mixed-anion compounds often show novel electronic and magnetic
properties’?. In general, when the oxide ions are replaced by other anions, its crystal
structure changes from the original oxides due to the ionic size and the electronegativity*-
3. On the other hand, there are few reports on compounds in which crystal structures do
not change before and after anion substitution, such as NaCl-type, ZnO-type structure and

some systems® 7.

Recently, we have succeeded in synthesizing the melilite-type compound
Sr2MnGe2S60, which has the same crystal structure before and after anion substitution®.
This compound shows the long-range AFM ordering at 15.5 K, and its ordering
temperature much higher than that of oxide analogues SrxMnGe207 (4.4 K)°. The melilite-
type compounds are represented by a general formula 42MM"X7 (4 = larger cations such
as alkali earth and lanthanide ions; M, M'= smaller divalent to tetravalent ions; X=N, O,
F, S)'% ! The schematic crystal structure of melilite-type compounds is illustrated in
Figure 6.1. In this structure, both the M and M’ ions occupy tetrahedral sites and these
tetrahedra form a two-dimensional (2D) network in the ab-plane; larger A4 ions are located

between the networks.
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However, most of the melilite-type compounds reported until now are the ones in
which magnetic ions are occupied at the M-site. The M site locates at the corner and the
base-center of the unit cell, thus the dominant pathway is the magnetic super-super
exchange M-O-O-M interaction pathway in the ab-plane'? 3. On the other hand, there
have been few reports about the melilite-type compounds in which magnetic ions occupy
the 4 site. As far as we know, only the Ln2BeGe207 (Ln = Pr, Sm, Gd, Dy and Er) and
Eu2MgSi2O7 have been reported'® 4. In these compounds, the super exchange 4-O-4
interaction pathway in the ab-plane is dominant. Since the interaction between felectrons
in Ln ions is relatively weak, no magnetic transition is observed even at low temperatures.
Thus, their magnetic properties are paramagnetic down to 1.8 K. As far as we know,
EuxMnSi207 is the only compound which contains magnetic ions in both the M and A
sites. This compound shows a ferrimagnetic transition at 10.9 K. The predominant
magnetic interaction is the f'- d interaction through Eu-O-Mn super exchange pathway,

and both ferromangnetic Eu and Mn ions align parallel at 10.9K'3.

In this study, we investigated the syntheses, crystal structure analysis, and magnetic
properties of new melilite-oxysulfides EuuMGe2S6O (M = Mn, Zn). For comparison, the
analogues compounds SrxMnGe207°, 42MnSi207 (4 = Eu, Si)!* and SrxMGe2S60® were
also prepared. The results of the powder X-ray diffraction (PXRD), magnetic
susceptibility, specific heat measurements and the density functional theory (DFT)
calculation are discussed. This is the first report on the introduction of two kind magnetic

ions into the melilite-oxysulfides system.
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6.2 Experimental procedures

6.2.1 Synthesis

The title compounds EuMGe2S¢O (M = Mn and Zn) were prepared as
polycrystalline samples by the solid-state reaction. The starting materials (EuS, MnO,
ZnO and GeS2) were weighed out in a stoichiometric ratio and well grinded in an agate
mortar in a glove-box under an Ar atmosphere. Mixtures of the starting materials were
pressed into a pellet and then sealed in an evacuated quartz tube. To avoid reactions
between the sample and quartz tube, the pellet was set into small inner crucibles made of

carbon. The ampoules were heated at 800 °C for 12 h.

6.2.2 Crystal structure analysis

Powder X-ray diffraction measurements were performed at room temperature
using a Multi-Flex diffractometer and RINT-2000 (Rigaku) with a Cu-Ka X-ray radiation
source equipped with a curved graphite monochromator. The data were collected by step-
scanning over the angle range of 10° <26<120° at a step size of 0.02°. The PXRD data
were analyzed by the Rietveld method using the program RIETAN-FP'°, and the crystal

structures were drawn using the VESTA program package'®.

6.2.3 Characterization

The '"'Eu Mdossbauer spectra were measured at room temperature with a
Mossbauer VT-6000 transmission spectrometer (Laboratory Equipment) using a

radiation source *!SmF3(1.85 GBq). The spectrometer was calibrated with a.-Fe at room
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temperature, and the isomer sift (Z.S.) was determined relative to the shift of europium
trifluoride (EuF3). The y-ray was detected by a Nal scintillation counter. The powder
sample was wrapped in an aluminum foil (2.0 cm % 2.0 cm) with the density of 15 mg

(Eu)/cm?.

The UV-vis diffuse reflectance spectra were measured with a V-570 instrument

(JASCO) over the wavelength range of 220-1000 nm.

The temperature dependence of the magnetic susceptibility was measured with
a SQUID magnetometer (Quantum Design, MPMS-5S). The measurements were
performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions over the
temperature range between 1.8 and 300 K in an applied magnetic field of 0.1 T. The field
dependence of the magnetization was measured over the magnetic field range between

-5 and 5 T in the temperature range between 1.8 - 40 K.

The specific heat measurements were performed using a relaxation technique
with a commercial physical property measurement system (Quantum Design, PPMS)
over the temperature range of 1.8-300 K. The pelletized sample was mounted on a thin

alumina plate with Apiezon N grease for better thermal contact.

6.2.4 DFT calculation

Calculations of the electronic structure and the density of states (DOS) were
performed using the WIEN2k program package'’. This program employs the
full-potential linearized augmented plane wave + local orbitals (FP-LAPW-+lo) method
based on density functional theory. We used the generalized gradient approximation
(GGA) + Hubbard U parameter for the Mn 3d and Eu 4f electrons. In the calculations, the
convergence parameter was set to be Rmrkmax = 7.0, and the muffin tin (MT) sphere radii

were Rmt(Sr) = 2.50 bohr, Rmr(Mn) = 2.46 bohr, Rmt(Ge) = 1.87 bohr, Rmt(O) = 1.69
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bohr, and Rmt(S) = 1.84 bohr. We used 8 x 8 x 13 meshes with 70 k points in the first
Brillouin zone (B.Z.).

6.3 Results and discussion

6.3.1 Synthesis and crystal structure

The new melilite-type oxysulfides EuzMGe2S¢O (M = Mn, Zn) were successfully
prepared as light-green, yellow colored polycrystalline samples, respectively. The powder
X-ray diffraction data are plotted in Figure 6.2. The observed Bragg peaks were indexed
on a tetragonal unit cell with the space group P-421m, which is typical for the melilite-
type compounds'® !!. The X-ray diffraction profiles were analyzed by the Rietveld
method. For an initial structural model, the structural parameters of a melilite oxysulfide
Sr2MnGe2S6O were used®. In addition, we tried to analyze the profile data using three
other models with different occupations of S and O ions (see Table 6.1 and Table 6.2).
As a result, the best fit was obtained for the initial model, i.e., the O ions occupy the 2¢
site and S ions occupy both the 4e and 8f'sites. The calculated profiles are also shown in
Figure 6.2, and these results suggest that the Eu2MGe2S6¢O (M = Mn, Zn) have the same

structures with those for their Sr-analogues Sr2MGe2S60 (M = Mn, Zn)® 18,

The crystal structure of EuzMGe2S60 1is illustrated in Figure 1, and their
structural parameters are summarized in Table 6.3. In this crystal structure, the M and
Ge ions form the MS4 and GeS30 tetrahedra. The MS4 connects with four GeS30O by
sharing the corner S ion, while the GeS30 connects with one GeS30 and two MS4 by
sharing the corner O and S ions, respectively, and the remaining one S ion is not shared.
These connections construct a two-dimensional network of tetrahedra in the ab-plane.
The Eu ions locate between such layers, and each Eu ion is surrounded by seven S and

one O ions, forming distorted EuS70 square-antiprism. The selected interatomic
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distances and bond valence sums (BVSs)'%: 2 are listed in Table 6.4 and the
coordination environments of three cation sites in the EuzMnGe2S¢O are illustrated in
Table 6.5. The interatomic distances are comparable to those calculated from the
Shannon’s ionic radii: /(Eu?**~S*) = 3.09 A, I(Eu**-0*)=2.65 A, [((Mn**-S?) =2.50 A,
I(Zn*—-S?)=2.44 A, [(Ge*'-S*) =2.23 A, and I[(Ge*'—O?) = 1.79 A.>! The BVSs for
the cations indicate that the Eu and Mn/Zn ions are divalent and the Ge ions are

tetravalent, so the title compounds can be represented as Eu?>* 202" Ge*"25%60?".

The '3'Eu Méssbauer spectrum measurements were carried out to elucidate the
oxidation state of Eu ion. Figure 6.4 shows the ''Eu Mdssbauer spectra for
EuzMnGe2S60 and Eu2ZnGe2S6O at room temperature. In both spectra, an absorption
peak is observed at about -12.5 mm/s, which indicates the presence of the divalent Eu
ions?2. For both compounds, a weak absorption peak due to the trivalent Eu ion appears
at ~0.5 mm/s; its small intensity (~5 % of total area intensity) may mean the existence of
surface oxidation during the Mossbauer measurements. The observed main peak is
somewhat asymmetric because the Eu ions occupy the 4e site with m(Cs) point symmetry,
i.e., there is an electric field gradient (EFG) at the nucleus due to the quadrupole
interaction. The quadrupole Hamiltonian at a Eu nuclear site is given by

e?qQ

HO=gar-n

GBIz —I1U + 1) +n(Z - I})) 6.1)

where [ is the nuclear spin, Q is the quadrupole moment, eq = Vzz, and 7= (Vxx - Vyy) /
Vzz (Vii 1s the electric field gradient (EFG) tensor). The 12 possible transitions (eight
allowed transitions and four forbidden transitions) due to a quadrupole interaction were
taken into account. The observed spectra were fitted with the sum of these 12 Lorentzian
functions, which were derived from the results by Shenoy and Dunlap®® and a ratio of

quadrupole moments in excited and ground states is RQ = Qc/Qg = 1.42. *

The fitting curves are shown in Figure 6.4, and the determined fitting parameters

are listed in Table 6.5. The large Q.S. (6.77 ~ 6.93 mm/s) and non-zero 77 (0.44~ 0.89)
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values indicate that the Eu ion is in a greatly distorted coordination environment in these
compounds. In fact, these Eu ions locate in the distorted EuS70 polyhedron with one short
Eu-O and seven long Eu-S bond lengths (see Table 6.4). The large difference in the shape
of Mossbauer spectra is ascribed to the distortion of EuS70 polyhedron between Mn and
Zn compounds. The Q.S. and 7 values are also calculated by the DFT calculation using
the structural parameters for EuzMnGe2S60 and Eu2ZnGe2S6O. The obtained parameters
are also listed in Table 6.5, and the Q.S. values are in good agreement with the
experimental data. It should be noted that the Q.S. value is positive, while those of
analogue oxides with eight Eu-O bonds are negative. The experimental and calculated
Q.S. of EuzMnSi207 were reported to be -12.8 mm/s with 7=10.26 and -11.1 mm/s with 7
= (.46, respectively'®. In general, the EFG tensor Vj; (= Vii* + V;/™) of Eu consists of the
Vii* term depending on the 4f configuration and the lattice contribution V%25 For Eu**
with the F1 and 7F» excited states, most of signs of Q.S. are negative because of the
significant V;* contribution?. On the other hand, for Eu** with the 57,2 ground state, the
Tatt

Vii*f term is quenched and the only lattice term V" contributes to the total Vy, resulting

in the fact that the Q.S. value is sensitive to the Eu coordination environment.

6.3.2 Magnetic properties.

6.3.2.1 Eu2ZnGe2S6¢O
Temperature dependence of the reciprocal magnetic susceptibility (ym') for
Eu2ZnGe2S60 is plotted in Figure 6.5. This compound shows the paramagnetic behavior

down to 1.8 K. The data (100-300 K) were fitted by the Curie-Weiss law:

C
M =7 _4g + XTIp (6.2)

where C, 6, and yrir mean the Curie constant, Weiss constant, and temperature-

independent paramagnetic susceptibility, respectively. The effective magnetic moment
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(1efr) was determined to be 11.19(1) us per formula unit, which is close to the spin-only
value (11.22 ) calculated from the two Eu?* ions (S = 7/2). The small 8 value
(—0.9(4) K) means the magnetic interaction between Eu ions is very weak, and its negative

sign indicates that this interaction is antiferromagnetic.

Figure 6.6 (b) shows the temperature dependence of the specific heat for
Eu2ZnGe2S60O below 50 K. At 5 K, the specific heat turns to increase with decreasing
temperature, which shows the occurrence of the magnetic ordering of the Eu?* ions. The
magnetic specific heat (Cmag) Was obtained by subtracting the lattice specific heat (Clat)

from Cp. Then, the magnetic specific heat was determined by using the equation

S —IOT Ce/ TdT . The magnetic specific heat below 1.8 K was extrapolated by the

mag ~

relation Cmag °C T° from the spin-wave model for an antiferromagnet®’. The temperature
dependence of the magnetic specific heat divided by temperature (Cmag/T) and magnetic
entropy (Smag) are plotted in Figure 6.6 (c). The total magnetic entropy change is 3.1 J
mol! K at 10 K, and this value is 9 % of the expected value for Eu**, 2R In8 (= 34.7 ]
mol! K!) from the sum of when all the Eu?* moments order. The lower magnetic entropy
changes than the expected value was caused by the incomplete magnetic transition in the

experimental temperature range.

Figure 6.7 shows the field dependence of the magnetization for Eu2ZnGe2S6O
measured at 1.8 K. The magnetization (M) increases and shows a saturation behavior with
increasing the magnetic field (H), which is similar to the paramagnetic or ferromagnetic
properties. The observed M-H curve is somewhat smaller than the twofold of the Brillouin
function with § = 7/2 (a dashed curve in Figure 6.7) and there is no hysteresis loop; thus,
this behavior is considered to be paramagnetic rather than ferromagnetic. Therefore, we
fitted the data using a modified Brillouin funcrtion®®:

SugH
M =2 x gSB, (%) (6.3)
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where parameter 70 accounts phenomenologically for the magnetic interaction between
Eu?" ions. The fitting curve is shown in Figure 6.7 as a solid line, and two fitting
parameters (gS and 7o) are obtained to be 6.7 and —0.5 K, respectively. The former value
is reasonable for Eu?" ions (gS ~ 7), and the latter one is negative and close to the Weiss
constant (—0.9 K) which suggests the existence of the antiferromagnetic interaction. The
magnetic properties of Eu2ZnGe2S60O are quite similar to those for the oxide analogue
EuxMgSi207: a paramagnetic behavior down to 1.8 K with the small 8(-1.2 K) and

To (1.0 K) values'. Despite the difference in anions, there is no much difference in
magnetic properties between EuxZnGe:S¢O and Eu:MgSi207, and the magnetic

interaction between the Eu?" ions are still weak.

6.3.2.2 EuuMnGe2S60O
The temperature dependence of the reciprocal magnetic susceptibility for
EuxMnGe2S60 is also plotted in Figure 6.5. From the result of fitting the data above 100

K by using eq (6.2), the sefr was determined to be 12.74(1) us per formula unit. This value

isclose to \[2xu2 ., +4 ., =12.69 s, which is calculated from the magnetic moments of

two Eu?" (S = 7/2) and Mn*" (S = 5/2) ions. The positive & value (3.8(2) K) may indicate
the presence of ferromagnetic interaction; however, no clear ferromagnetic behavior was

observed in other measurements.

Figure 6.8 (a) and (b) show the temperature dependence of the magnetic
susceptibility and specific heat (Cp) at low temperatures, respectively. From the Cp data,
two A-type anomalies are observed at 14.8 and 2.3 K. The former anomaly is very similar
to that found in analogues oxysulfide melilite Sr-MnGe2S6O at 15.5 K® indicating an
antiferromagnetic transition of Mn?* ions. The corresponding anomaly is not found in the
™ data at the same temperature; but it is considered that the very large ym value of Eu?*

ions compared to that of Mn?** ion (0.01-0.08 emu/mol at 1.8-300 K observed in
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Sr2MnGe2S60 ®) makes the magnetic anomaly invisible. Conversely, both the ym and Cp

data show an anomaly at 2.3 K suggesting another magnetic transition.

Figure 6.8 (c) shows the magnetic part of specific heat divided by temperature
(Cmag/T) and magnetic entropy (Smag). The Cmag and Smag were calculated by the same way
as the case of Eu2ZnGe2S60. The total change of Smag corresponding to two magnetic
transitions reaches 32.2 J mol! K-! at 50 K. This value is 65 % of the theoretical magnetic
entropy change calculated from 2R In (2Seu2+ + 1) + R In (2Swmn2+ + 1) =49.5 Jmol ' K1,
The ASmag for the anomaly at 14.8 K is 11.4 J mol™! K-!, which is comparable to
13.2 Jmol ™! K'! observed in Sr2MnGe2S6O 8 and the theoretical value R In 6 = 14.9 J mol-
I'K-L. Therefore, the anomaly at 14.8 K is due to the antiferromagnetic transition of Mn**
ions. On the other hand, the ASmag for the anomaly at 2.3 K is about 20.8 J mol! K,
which is much smaller than the entropy change due to magnetic ordering of Eu®" ions.
One reason for this is that the large magnetic contribution below 1.8 K has not been taken

into account.

Figure 6.7 also shows the field dependence of the magnetization for
EuwxMnGe2S60 measured at 1.8 K. The magnetization of EuuMnGe2S6O increases with
magnetic field and shows a saturation behavior (12.7 us). The value of the saturation
magnetization is regarded as two Eu ions (7 ps X 2), thus the contribution of Mn ions is

very few.

6.3.3 DFT calculation

Figure 6.9 shows the UV-vis diffuse reflectance spectra of Eu2ZnGe2S6O and
Eu2MnGe2S60. The absorption values were calculated from the reflectance data using the
KubelkaMunk function:

(1 - Roo)2

F(Rs) = ST (6.4)
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where R is the reflectance®. The energy of the optical band gap was determined using

the Tauc plot*°

. The optical band gaps were determined to be 2.35 eV for Eu2ZnGe2S¢O
and 2.34 eV for EuzMnGe2S6O as shown in Figure 6.9. In this compound, the photon
energy (hV) is proportional to (F(Rx)hV)? near the bottom of the conduction band. This
band gap is close to the optical band gaps (~2.4 eV) of the europium sulfide EuS with the

transitions between the 4/ (35112) to 4/5('F1)5d(t2¢) electronic states®!.

In order to discuss chemical bonding, we carried out the DFT calculation. Figure
6.10 (a) and (b) display the total densities of states (DOS) and the partial DOS of total
electrons of Eu, Mn, Ge, O, and S for EuzMnSi207 and EuzMnGe2S60, respectively. In
the DFT calculations for insulators with strongly correlated electrons, the energy of the
band gap is very sensitive to the Hubbard U parameter. We have attempted to estimate
the band gap (E¢) by varying the U parameter, but the values of £y were almost constant
because of the contribution to the conduction band by the Ge 3s and 3d orbitals which are
independent of U. Thus, the U parameters are set to 5.0 eV for Mn and 7.8 eV for Eu. The
calculated values of Eg (2.32 eV for EuuMnSi207 and 2.35 eV for EuzMnGe2S¢0) are in
good agreement with the optical band gap from the UV-vis spectrum. The valence band
of EuuMnGe2S6¢O demonstrates strong hybridization between the Mn 3d and S(3) 3p
orbitals over the broad range from -5.2 eV to 0 eV, while the top of the valence band in
the narrow range between -2.6 eV to -0.8 eV mainly consists of the Mn 3d orbitals for
Eu2MnSi207. The energy levels for EuuMnSi207 indicate that this compound is classified
into a Mott-Hubbard insulator®?. Because the spin-up 3d orbitals are located below the
Fermi level (Er) and the spin-down 3d orbitals exist above the EF, the results reveal that
the Mn ions are in the divalent state with the high-spin configuration and that both
compounds have a magnetic moment of 4.4 us per Mn atom. For the densities of state of
EuzMnGe2S60, the S atom exists between Eu atom and Mn atom levels, and it widens
between Eu and Mn energy levels. This means that the magnetic interaction between the
Eu - Mn ions in the EuuMnGe2S60 is lowered than EuzMnSi207, which is the reason why

the cooperative magnetic transition seen in the oxide disappeared.
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6.4 Summary

Here, we have reported synthesis, crystal structures and magnetic properties of new
melilite-type oxysulfides EuzMGe2S6O (M =Mn, Zn). They crystallize in a tetragonal
melilite-type structure with space group P-42im. The temperature dependence of
magnetic susceptibility for Eu2ZnGe2S60O is paramagnetic down to 1.8 K. On the other
hand, the temperature dependence of magnetic susceptibility and the specific heat
measurement for EuuMnGe2S60O show two anomalies at 7n1 = 14.8 K and 72 = 2.3 K.

They are due to long-range magnetic ordering of Mn and Eu sublattice.
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6.5 Tables and figures

Table 6.1 The reliability factors of Rietveld analyses for EuzMnGe2S6O

with different O/S ion occupations.

Occupancy of O/S ion and B (A?)
pr RB . .
Model %) (%) for three anion sites
% Y1 X(1) 2esite | X(2)desite | X(3) 8fsite
1 1.0/0.0 0.0/1.0 0.0/1.0
10. 2.14
(text) 0.08 0.97(42) 0.97(10) 0.97(8)
0.0/1.0 0.5/0.5 0.0/1.0
2 11. A
o7 316 44(2) -1.68(11) 0.73(9)
0.0/1.0 0.0/1.0 0.25/0.75
11. 4.
3 87 03 30(1) 1.52(13) -0.40(9)
0.143/0.856 0.143/0.856 0.143/0.856
4 1137 340 26(1) 0.56(12) 0.18(8)
Note:

Model 1: the O ions occupy only the X(1) site. (the final result in the text); model 2: X(2)

site, model 3: X(3) site; model 4: fully disordered arrangement between O and S.
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with the different O/S ion occupations.

Table 6.2 The reliability factors of Rietveld analyses for EuzZnGe2S¢O

Occupancy of O/S ion and B (A?)
pr RB . .
Model %) (%) for three anion sites
% Y1 X(1) 2esite | X(2)desite | X(3) 8fsite
1 1.0/0.0 0.0/1.0 0.0/1.0
.84 1.94
(text) 8.8 7 0.87(41) 0.87(10) 0.87(8)
0.0/1.0 0.5/0.5 0.0/1.0
2 : .02
275 139 56(2) -1.77(10) 0.26(7)
0.0/1.0 0.0/1.0 0.25/0.75
10.1 2.
3 0.15 o7 38(1) 1.60(12) -0.81(8)
0.143/0.856 0.143/0.856 0.143/0.856
4 764 ) 2.63 32(1) 0.54(11) -0.25(7)
Note:

Model 1: the O ions occupy only the X(1) site. (the final result in the text); model 2: X(2)

site, model 3: X(3) site; model 4: fully disordered arrangement between O and S.
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Table 6.3 Structural parameters for EuzMGe2S¢O (M = Mn, Zn).

Atom Site X Y z B (A%
EuwuMnGe,Ss0°
Eu 4e  0.1566(1) 0.6566  0.5076(2) 0.77(3)
Mn 2a 0 0 0 0.64(8)
Ge 4e  0.6259(2) 0.1259  0.9110(3) 0.45(5)
o(1) 2¢ 0 1/2 0.1915(24) 0.97(41)
S(2) 4e  0.6372(3) 0.1372  0.2586(6) 0.95(6)
S(3) 8 0.0622(3) 0.1779(3) 0.2534(5) 0.95(6)
EuZnGe;S60°
Eu 4e  0.1580(1) 0.6580  0.5022(2) 0.83(3)
Zn 2a 0 0 0 0.89(7)
Ge 4e  0.6275(2) 0.1275  0.9220(3) 0.68(5)
o(1) 2¢ 0 1/2 0.1830(23) 1.40(43)
S(2) 4e  0.6372(3) 0.1372  0.2693(6) 0.85(10)
S(3) 8f 0.0631(3) 0.1734(4) 0.2434(5) 0.85(8)

Note :

@Space group P-421m (No. 113), Z=2,a=9.4867(2) A, c = 6.1787(2) A,
V'=1556.07(2) A3, Rwp = 10.08 %, Ry = 7.21 %, Re = 2.15 %, and Rr= 1.03 %.

b Space group P-421m (No. 113), Z=2, a = 9.3966(3) A, ¢ = 6.1586(2) A,
V'=1543.77(3) A3, Rwp = 8.83 %, Rp = 6.33 %, Rz = 1.95 %, and Rr= 0.95 %.

Ryp = Ziwilyi — i1 /Ziwiyi23Y2, Ry = Tilyi — fi(O/Zivi

Rp = Yxllo(hi) = I(R )|/ X Io(hy) ,and R, = [(N = P)/%; wiy?]*/?
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Table 6.4 Selected interatomic distances (A) and bond valence sums.

Cation sites

Eu,MnGe,S,O Eu,ZnGe,S,0

Anion sites

Eu,MnGe,S,0 Eu,ZnGe,S,0

Eu-0(1) 2.869(10) 2.876(10) 0(1)-Gex2  1.804(5) 1.814(5)
Eu-SG3)X2  3.0403) 3.057(3) O(1)-Eu x2 2.869(1) 2.876(10)
Eu-S3) X2 3.05503) 3.061(3) BVS: 0(1) 2.00 1.84
Eu-S(2) X2  3.14503) 3.116(3) S(2)-Ge 2.153(4) 2.143(4)
Eu-S(2)' 3.166(4) 3.077(4) S(2)-Eu X2  3.145(3) 3.116(3)
BVS: Eu 1.93 1.99 S(2)-Ew’ 3.165(4) 3.077(4)
M-S(3) x4 2.377(3) 2.292(3) BVS: S(2) 1.84 1.96
BVS: M 2.61 2.32 S(3)-Ge 2.204(4) 2.214(4)
Ge-0(1) 1.804(5) 1.814(5) S(3)-M 2.377(3) 2.291(3)
Ge-S(2) 2.153(4) 2.143(4) S(3)-Eu 3.040(3) 3.057(3)
Ge-S(3) X2 2.204(4) 2.214(4) S(3)-Ew’ 3.055(4) 3.061(3)
BVS: Ge 4.11 4.07 BVS: S(3) 2.26 2.13
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Table 6.5 Mdssbauer parameters for EuzMGe2S6O (M = Mn, Zn).

Compounds I.S. (mm/s™) Q.S. (mm/s™) n I (mm/s™)  A(Eu?)/A(E")
EwMnGe:S¢O  Expt.  Eu?': -12.62(9) 6.93(2) 0.80(5)  2.17(2) 0.98
Calc. - 7.11 0.69 - -
Expt. Eu**: 0.43 (3) - - 2.56(7) -
CEwZnGe:SeO  Expt.  Ew:i-1252(1)  677(8)  044Q2)  3.116) 095
Calc. - 6.69 0.72 - -
Expt. Eu’": 0.48 (2) - - 2.95(6) -
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Figure 6.1 Schematic crystal structures of melilite-type EuzMGe2S60: (a) standard

orientation of crystal shape, (b) viewed from the c axis.
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Figure 6.2 Powder XRD profiles for (a)EuzMnGe2S60 and (b)Eu2ZnGe2S60O. The

calculated and observed profiles are shown as the top black solid line and red markers,
respectively. The vertical marks in the middle show positions calculated for Bragg
reflection. The lower trace is a plot of the difference between calculated and observed

intensities.
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(2) (b)

S(3)

o(1)

S(2)

Figure 6.3 Schematic environment of the cation sites coordination for (a)Eu,
(b)Mn and (c)Ge sites, respectively.
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Figure 6.4 Mossbauer spectra for (a) EuzMnGe2S6O and (b) Eu2ZnGe2S60. The

observed spectra are shown on the red circles.
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Figure 6.5 Temperature dependence of the reciprocal magnetic susceptibility for

Eu2ZnGe2S60 and EuzMnGe2S60.The red solid lines are fitting results by the Curie-
Weiss law (CW).
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Figure 6.6 Temperature dependence of the magnetic susceptibility, specific

heat(Cp), magnetic specific heat divided by temperature (Cmag/T), and magnetic entropy
of Eu2ZnGe2S60.
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HI/T

Figure 6.7 Field dependence of the magnetization for Eu2ZnGe2S¢O and
EuxMnGe2S60 in the field range of 0 to 9 T.
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Figure 6.8 Temperature dependence of the magnetic susceptibility, specific

heat(Cp), magnetic specific heat divided by temperature (Cmag/T), and magnetic entropy
of EuuMnGe2S60.
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Figure 6.9 Diffuse reflectance spectrum of Eu2ZnGe2S¢Oand EuzMnGe2S60. The

tauc plot is shown.
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75}

Density of states of (a)EuzMnSi207, and (b)EuzMnGe2S60.

Figure 6.10
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Concluding Remarks

This dissertation presents the solid-state chemistry of some melilite-type oxides
and oxysulfide A2MM2X7. Their crystal structures were determined by the Rietveld
analysis for both the X-ray diffraction and the neutron diffraction profiles. The local
structure around the Eu ions were cleared by the Mssbauer spectroscopy. The magnetic
properties of their compounds were investigated by the DC magnetic susceptibility,
magnetic hysteresis and specific heat measurements. Magnetic transitions were observed
for some compounds and their magnetic structures were determined from the neutron
diffraction measurements. To clarify the detail of the magnetic properties, we carried out

the UV-vis spectroscopy measurements and DFT calculations.

7.1 Melilite-type oxide compounds

StoMM 207 (M = Mn, Co, M’ = Si, Ge) contain magnetic ions only at M sites and
crystalize in the tetragonal melilite structure with space group P-421m (a ~ 8 A, ¢ ~ 5A).
The coordination environments are very similar between them. The M ions occupy
tetrahedral sites in an ordered manner, and they form a square-planar lattice in the ab
plane. Both compounds do not show the structural phase transition down to 2.5 K. The
temperature dependence of magnetic susceptibility for Sr2MnGe207 show a broad peak
at ~6.0 K, which is due to the two-dimensional magnetic interaction between Mn ions in
the ab plane. At 4.4 K, another antiferromagnetic transition was observed. The magnetic
structure was determined by the neutron powder diffraction measurements at 2.5 K. It can
be represented by the propagation vector £ = (0, 0, 1/2), and the magnetic moments of
Mn?* (3.99 ug) ions order antiferromagnetically in a colinear manner along the ¢ axis. On

the other hand, the Sr2CoGe207, shows an antiferromagnetic transition at 6.5 K with
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divergence between zero-field-cooled and field-cooled susceptibilities due to
Dzyaloshinsky-Moriya interaction. Its magnetic structure determined at 2.5 K has a
magnetic propagation vector k= (0, 0, 0), and the ordered magnetic moment of Co** (2.81
) adopts a colinear arrangement lying on the ab plane. This result is mainly due to the

anisotropic character of the Co*" ions compared with the isotropic Mn**.

Eu2MgSi207 contains magnetic ions only at 4 sites and crystalizes in the tetragonal
melilite structure with space group P-421m (a= 8.0138(2) A, ¢ = 5.1711(1)A). The *'Eu
Mossbauer measurements show that the Eu ions are in the divalent state. The magnetic
susceptibility curve above 100 K was fitted with the Curie-Weiss law. The Weiss constant
were determined to be -1.2(4) K, which may indicate the existence of the
antiferromagnetic interaction between Eu ion; however. no magnetic transition is
observed down to 1.8 K. This result is due to relatively weak Eu-O-Eu magnetic

interaction.

EuwxMnSi207 is the melilite-type compounds containing magnetic ions at both 4
and M sites. From the XRD profiles, the observed diffraction lines were indexed in a
tetragonal unit cell. This compound crystallizes in the tetragonal melilite structure with
space group P-421m (a = 8.1390(2) A, ¢ = 5.1635(1)A). The coordination environments
are very similar to those for SroMnSi207, which reflects almost the same ionic radii
between Sr?* (1.26A) and Eu?" (1.25A). The '*'Eu Mdossbauer measurements show that
the Eu ions are in the divalent state. The temperature dependence of magnetic
susceptibility shows a ferrimagnetic transition at 10.7 K. From the magnetization and
specific heat measurements, it is found that the Eu?* (14 ug) and Mn?* (5 us) sublattices
order antiferromagnetically. This result indicates that an interaction between f-d electrons

(Eu-Mn) predominantly operate in this compound.
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7.2 Melilite-type oxysulfide compounds

A2MGe2S60 (A = Sr, Eu, M = Zn, Mn) are crystallizes in the melilite structure with
space group P-42im. In this structure, the S* and O* ions occupy different
crystallographic sites in an ordered manner. The temperature dependence of the magnetic
susceptibility of Sr2MnGe2S6O shows a broad peak due to a two-dimensional magnetic
interaction between Mn ions in the ab plane. The specific heat data show that this
compound has an antiferromagnetic transition temperature (7n = 15.5 K) which is much

higher than that of the oxide analogue Sr2MnGe207 (Tn = 4.4 K).

The temperature dependence of magnetic susceptibility for Eu-containing
oxysulfide Eu2ZnGe2S6¢O shows the paramagnetic down behavior to 1.8 K. On the other
hand, the EuuMnGe2S¢O shows antiferromagnetic behavior at low temperatures. The
specific heat data of EuzMnGe2S6O show two anomalies at 7n1 = 14.8 K and 72 =2.3 K.
The former anomaly is very similar to that found in analogues Sr-MnGe2S6O at 15.5 K,
indicating an antiferromagnetic transition of Mn?* ions. Both the magnetic susceptibility
and specific heat data show an anomaly at 2.3 K suggesting the existence of another
magnetic transition. DFT calculation showed that the magnetic interaction is enhanced

by covalency in the Mn-S bonding.

It is concluded that melilite-type compounds containing both lanthanide and
transition metal ions show interesting magnetic properties, which are originated from the
characteristics of crystal structure and the magnetic interactions. In order to deepen this
understanding and to find more fascinating magnetic properties, further investigations on
compounds containing other metal ions or related crystal structures such a fresnoite

compounds will be required.
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