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ABSTRACT

MnoSiS4 is a synthetic Olivine in which we have discovered an
exceptional temperature dependent magnetic behavior that may lead to
interesting applications. A state of spontanecus magnetization was found
to exist in this material, but only between 83 and 86.5 K.

In order to explain this unusual magnetic phenomena,
polycrystalline samples of MnoSiS; were first prepared from the elements
and studied by SQUID magnetometry in low fields, by X-ray and neutron
diffraction, by electron spin resonance (ESR) and by specific heat
calorimetry. The origin of this rare magnetic behavior was completely
uncovered by analyzing in detail the neutron diffraction spectra obtained
at 29 different temperatures between 4.2 and 150 K to reveal and explain
the magnetic phase diagram of MngSiS4. Up to 83 K, the Mn** ions are
ordered antiferromagnetically. At 83 K there is an abrupt transition to a
weak-ferromagnetic arrangement resulting from small angle canting of
the two spin sublattices giving rise to the observed spontaneous
magnetization. There is another transition some 3 degrees higher at 86.5
K, where the spins become disordered. Above 86.5 K the material is in the
paramagnetic phase.

The transition at 86.5 K is a commonly encountered order-disorder
transition but the one at 83 K consists of 2 rarely observed transition
between two different magnetically ordered phases not accompanied by
any crystal structure change; only the magnetic space group changes at
that point from Pnma to Pn'm'a. It was considered important to
investigate the effects that two such transitions, coexisting near each
other, may have on other physical properties.

In such magnetic materials, Mn*+ ions are known to give rise to a
wide ESR line in the high temperature paramagnetic region. In general
the linewidth increases in an exponential fashion as the transition to the
ordered phase is approached from above. In a series of measurements
done from room temperature down to 77 K it was observed that the



linewidth increased as the order-disorder transition was approached,
passed through a maximum slightly above the §6.5 K transition and then
decreased rapidly below the spontaneous magnetization region. This
observation has not yet received an explanation on a microscopic scale
since the theory of these wide ESR lines has not been successfully
developed yet.

As for the specific heat, it is well known that its measurement is a
powerful means of studying magnetic transitions. The transition at 86.5 K
corresponding to an order-disorder transition is expected to give a lambda-
type anomaly whose detailed analysis yields some information on the
dimensionality and nature of the magnetic spin system while the
transition at 83 K between two ordered pnases would be expected to be of
the first order and allow an evaluation of its latent heat which may be
important from the peint of view of applications.

This research, in which the author was a member of a team, is
described. His specific contributions include among others; the debugging
and extension of some of the computer programs used to analyze the
peutron diffraction results, the interfacing of the 3ruker ESR
spectrometer to 2 IBM compatible computer and the development of the
computer programs to acquire the resonance curves and analyze the line
spectra, the analysis of the ESR results, the assembly of parts of an
apparatus and the development of a procedure to measure the specific
heat of smail samples in the 77 to 150 K range as well as some preliminary
measurements on a sample of Mn2SiS4. These contributions are
emphasized in this thesis.
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The Structural, Thermal, and Magnetic properties of
MnoSiS4.

INTRODUCTION

Magnetic ternary and quaternary compounds are known to be
materials showing a variety of magnetic properties such as ferro, ferri and
antiferro magnetism and have shown potential for applications in the field
of semiconductors. In the course of our research group's systematic
investigations on polycrystalline quaternary compounds of the form
I>.Mn.IV.VLs an unusual magnetic susceptibility behavior was noticed as a
function of temperature for a compound prepared as AgoMnSiSs. Through
the process of elimination it was later determined that the least common
constituents that were responsible for the anomalous behavior was in fact

MnoSiSs.

From its similarity with MgeSiO4 whose structure shows an
orthorhombic unit cell [22], MnoSiS4 was expected to show analogous
structure. By the use of Debye-Scherrer X-rays analysis the crystalline
structure of MnoSiS4 was confirmed as being orthorhombic and similar to
MgoSiOy.

After having established that it was MnoSiSy that was responsible for
the unusual magnetic behavior in the temperature range of 83 - 86 K, it was

also discovered that another compound of similar composition gave similar
results: MnoGeSy.

At first the hypotheses put forward to explain the narrow peak in
susceptibility observed between 83 and 86 K were: 1) the occurrence of a
change of crystal structure at 83 K causing some form of ferri- or weak-
ferromagnetism, followed 3 degrees higher by a magnetic transition to
paramagnetism or else 2) some form of ferrimagnetism in which the two
equal and opposite sublattices have different transition temperatures giving
rise to the observed peak in magnetization. Both models had weaknesses,
since: 1) a crystal structure change would generally show some sort of
magnetic hysteresis on cooling and warming while the experimental



measurements showed essentially no such hysteresis, the field cooled and
the zero field cooled measurements showing no appreciable differences. As
for the other, 2) the particular form of ferrimagnetism imagined here has
never been observed before and it is hard to imagine how one lattice could
order, while the other sublattice would not, at any given temperature. The
explanation was likely something else.

Since equipment for X-ray investigation as a function of temperature
was not available, and more importantly, would not reveal much in term of
magnetic structure, it was decided instead to make use of the neutron
diffraction technique which is capable of vielding crystallographic and
magnetic structure information simultaneously. Another approach, readily
available to the research group, was the Electron Spirn Resonance
technique, in which the linewidth of the signal has been shown to be
sensitive to magnetic transitions. Also the lineshape can indicate important
changes in the g-factor that occur as a result of changes in crystalline fields
due to distortions in the structure. Finally measurements of specific heat
would certainly provide some insight on the nature of the transitions at 83
and 86 K and reveal if other transitions, not seen by magnetic susceptibility,
were present, at any other temperatures. This last approach required
development of a small sample calorimeter.

In this thesis we discuss the structural, thermal and magnetic
properties of MngSiS4 as they became known by use of various methods of
investigation. The first chapter gives a description of the crystal structure of
this olivine and gives 3 dimensional views of a model of the atom positions
in the unit cell. Then some detzils of the preparation of Mn2SiS4 are given,
followed by the results of magnetic susceptibility measurements obtained
with a SQUID magnetometer. The second chapter contains an account of
the neutron diffraction experiment done at Chalk River, the analysis of the
data, and includes a brief description of the computer programs used to
predict the diffraction lines positions and intensities and to refine the
parameters of the crystallographic and magnetic structures.

The specific heat measurement experiment is described in the third
chapter. It gives details of the apparatus assembled and the procedures



developed as well as preliminary results obtained. Unfortunately it was not
possible to obtain the thermometric resolution necessary for conclusive
results. The delay expected to remedy this problem was much longer than
acceptable for the completion of a master thesis. It was decided,
nevertheless to include this section in the thesis as the apparatus built and
the procedures developed will be used later, once the proper equipment
becomes available. To complete the description of the thesis subject a brief
account of the specific heat results obtained elsewhere on our sample is
given, since it has not yet been published as of the time of the writing of this
thesis.

The fourth chapter contains the details of the experiment and
analysis of the ESR study done on MnsSiSs4. It includes a description of the
software and hardware developed to digitize and analyze the ESR signal as
well as the results obtained with this approach.

In this thesis all the results obtained by the research group, and not
nesessarily by the author, are summarized mainly to make the description
coherent and to expiain the context in which the author's contributions
have been made. The contributions consists mainly in the design and
implementation of the data acquisition system for the ESR, data analysis of
the ESR signal, design, construction, and implementation of the apparatus
to measure specific heat, analysis of specific heat data, authoring or co-
authoring analysis software for crystal, ESR, and Neutron diffraction data.



Chapter 1
STRUCTURE & SUSCEPTIBILITY

1.0 Introduction:

In this chapter the crystal structure is described giving details of the
lattice parameters and atom positions. A 3-dimensional orthographic
representation of the unit cell is illustrated. Also the method used in the
preparation of the Mn2SiSg sample is outlined. Finally the result of
magnetic susceptibility measurements are given.

1.1 Crystal Structure:

Initially X-ray powder diffraction revealed that the compound has the
orthorhombic symmetry Pnma and that the lattice parameters
corresponded with those found by Fuhrman and Pickardt [18]. The lattice
parameters at room temperature are: a = 12.688, b = 7.427, and ¢ = 5.946 A.

There are 8 Mn++ ions per unit cell which are divided into two sites
unrelated by symmetry. Both Mn sites are octahedrally coordinated with
the sulphur but each is distorted in different ways (see fig 1.1,1.2). There are
the 4a sites which have inversion symmetry and are located at [x,y,z} =
{0,0,0}, {0,0.5,0}, {0.5,0,0.5}, {0.5,0.5,0.5} within the unit cell. The 4c sites have
mirror symmetry with coordinates [(x,y,z} = (0.2295,0.25,0.5105},
{0.7705,0.75,0.4895}, {0.2705,0.75,0.0105}, {0.7295,0.25,0.9895}.

The sides of the octahedra surrounding the 4a atoms have a mean
length of 3.6648 A giving a volume of the octahedra of 23.183 A3. Conversely,
the sides of the octahedra surrounding the 4c atoms have a mean length of
3.7003 A, giving a volume of the octahedra of 23.884 A3, The isolated
polyhedra are shown in fig 1.1b. In the 4a octahedra the length of the S-S
bonds are more uniform than in the 4c case. There are three planes in an
octahedra defined by ABCD, EBGD, and AECG for the 4c Mn's, and HLJN,
HIJK, and INKL for the 4a Mn's (fig 1.1a). The distortion in the 4c
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Fig 11 a) The orthorhom bic structure of Mn2SiS4 depicting the
octahedra of the 4a and 4¢ Manganese atom s, b) isclated 4a and 4c¢

octahedra.
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octahedra is such that there are no 2 equal lengths within any given plane.
In the 4z octahedra there are two pairs of equal! lengths forming
parallelograms in each of the 3 planes. For the 4c¢ the largest variation in
the S-S bond lengths occurred in the ABCD plane ranging from 4.073 to
3.3643 with an average value of 3.703 A and a standard deviation, ¢ = 0.25.
The nearest magnetic neighbor for the 4a is another 4a atom with a
distance of 3.715 A while the nearest neighbor for a 4c atom is a 4a atom
with a distance of 3.875 A. The 4c-4c distance is 4.610 A.

The sulphur atoms have a hexagonal closed packed arrangement
that form in layers located at z = 0.25 and z= 0.75 (3]. The 4 silicon atoms in
the unit cell are tetrahedrally coordinated by the sulphur atoms.

A program called BONDLNTH was developed for the calculation of
the bond lengths. It produces a list of lengths for all the possible atom to
atom combinations.

1.2 Sample Preparation:

The MnsSiS4 samples were prepared by combining the powdered
elements in stoichiometric proportions in evacuated quartz tubes. These
tubes were always carbonized first to prevent the interaction of the
manganese with the quartz. The total weight of the combined elements was
1 gram. The sample was slowly heated to a temperature of 1150°C. Through
this procedure it was found that an impurity, MnS, was almost invariably
produced. In order to compensate for this a silicon excess of 10% was
introduced to initial constituents or it was added to the product of the first
run. In either case the constituents were subject to the initial process. The
samples were then annealed at 540°C for approximately 3 weeks and then
quenched at 0°C.

1.3 Magnetic Susceptibility:
The normal or expected values for the susceptibility of transition

group elements as a function of temperature follow the Curie or Curie-
Weiss laws. Curie's law is obeyed provided it is assumed that the orbital



angular momentum is quenched i.e. L = 0. This phenomenon of quenched
orbital angular momentum is a result of crystal field splitting which
produces a ground state singlet and excited states which are higher in
energy than room temgerature.

One of the necessary parameters for a permanent magnetic moment
is the existence of uncompensated electrons in an inner shell. This
condition is present when a 3d group ion is in a regular or nearly regular
octahedral. In addition manganese has an odd number of electrons which
is also responsible for 2 permanent magnetic moment.

It is known that a departure from the Curie and Curie-Weiss laws is
possible due to the effects of placing the magnetic ions in a crystalline field
where the 3d electrons that are responsible for the paramagnetism of
manganese are greatly affected. Crystalline fields have the effect of
separating the degenerate levels.

The magnetic susceptibility of samples were measured by the SQUID
magnetometer [12]. The measurements were carried out in both zero-field-
cooled and field-cooled conditions. The magnetization of MnsSiS4 was
measured in the temperature range of 4.2 to 250 K. In fig 1.3 the magnetic

susceptibility as a function of temperature in the range stated above is
shown.

In fig 1.4 the linear reiationship between 1/ vs. T is easily observed
above the Néel temperature Ty, where the sample follows the Curie-Weiss
law for paramagnetic materials (eqn 1.1). The Néel temperature is the
transition temperature between ordered and disordered states in the case
of an antiferromagnetic.[10]

oy = 11

Throﬁgh linear extrapolation the 8, the paramagnetic Curie-Weiss
point is determined to be -200+/-50 K and the Curie constant is 0.013+/-0.002
erru/g. As the temperature decreases towards T, of 86.5 +/- 0.5 K a
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hyperbolic behavior is observed that is characteristic of a ferri or weak-ferro

magnetic transition.

At 86.5 +/- 0.5 K spontaneous magnetization occurs producing an
abrupt spike in the susceptibility (see fig 1.5). The magnitude of this
susceptibility is ~ 2.1x10-3 emuw/g which is of the order of magnitude
expected of a ferri or weak ferro-magnetic material. At approximately 83 K
the susceptibility drops to a low. This material behaves as an
antiferromagnet from 83 K down to 4.2 K showing a negligible susceptibility.
This ancmalous phenomenon occurred in both zero field cooled and field
cooled conditions with no discernible differences.

1.4 Conclusion:

It has been shown that the material Mn2SiS4 has an orthorhombic
structure having a2 symmetry of Pnma. There are 8 Mn*+ ions per unit cell
which are divided into two sites, 4a and 4¢, unrelated by symmetry. The 4a
and 4c¢ Mn++ ions are both octahedrally coordinated and form two
interpenetrating substructures, which is one requirement for
antiferromagnetism. The lattice parameters of Mn2SiS4 are a = 12.688, b=
7.427, and ¢ = 5.946 A. Based on the magnetic susceptibility results, it can be
inferred that the material is in a paramagnetic phase above 86.5 K and that
between 83 and 86.5 K it is in a weakly ferromagnetic state and below 83 K
the material displays the small susceptibility of an antiferromagnet.
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Chapter 2

NEUTRON DIFFRACTION

2.0 Introduction:

In order to investigate the possibility of crystal structure changes at
83 - 86 K and to examine the details of the magnetic properties of Mn2SiSy as
a function of temperature a powder sample was prepared for neutron
diffraction. The neutron diffraction experiments were conducted at the
Chalk River Laboratories of the Atomic Energy of Canada Limited in Chalk
River Ontario, Canada, using the Duaispec powder diffractometer [24].

2.1 Apparatus:

The basic components of the Dualspec powder diffractometer are
illustrated in fig 2.1. The thermal neutrons enter through the aperture in
the reactor shielding and then pass through an initial collimator and onto
the monochromator. The monochromator, through the Bragg condition,
A = 2d sin 0y, diffracts a monoenergetic beam of neutrons that have a take-
off angle from the incident neutron beam 2 6p. The monoenergetic beam
then passes through another collimator and then the powder sample which
is continuously rotated to ensure isotropic exposure by averaging out the
crystal orientations. The sample is suspended inside a cryostat so that the
measurement of diffraction spectra can be performed at various
temperatures. The diffracted neutrons then go to one of 800 detectors
dependent on their angle of diffraction. This produces a spectra like the one
shown in fig 2.5.

2.2 Theory:

In the diffraction experiment at Chalk River the sample was exposed
to unpolarized neutrons which produce scattering intensities that are the
sum of the nuclear and magnetic scattering intensities. The total scattered
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Fig 2.1 Schematic diagram of Dualspec neutron diffraction
spectrometer at Chalk River, Ont.
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intensity for any reflection can be determined by calculating the effective
structure factor ¥2 for a unit cell.

2 2 22
F =Fnucl +q Fmagn 2.1
where g is the magnetic interaction vector such that
a=¢(s-K)-K 22

where € is the scattering vector and K is the magnetization vector (see fig
2.2) and

£ | S bt 2o
and
# of magoetsc 2

A 2.4

Here b is the nuclear scattering amplitude, p is the magnetic scattering
amplitude and W is the Debye-Waller factor. It should be noted that p can be
calculated from magnetic and spectroscopic data while b can only be found
experimentally. A listing of values of nuclear scattering is available
[28].The magnetic scattering amplitude is given by

p=2Sf(6) (2‘;22) 25

where £ (8,1) is the form factor and for manganese is equal to

26
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Fig 2.2. Diagram illustrating the geometry of scattering.
2.3 Experimental Details:

There were two separate series of measurements performed at Chalk
River. The first series obtained spectra at 4.2, 70, 77,79, 80, 82, 83, 84, 85, 86,
87, 100, 180 K. During this series of measurements the wavelength of the
thermal neutrons was 2.6707A. The temperature variation was performed
within a helium bath cryostat. The detection was done in 2 runs; one with
the detectors spanning 5 - 850 of arc, and the other spanning 40 - 120° of arc.
With 800 detectors this gives an angular resolution of 0.1°.

The second series of measurements were carried out on the same
MnsSiSs powder sample in a closed cycle helium refrigerator. This series
of measurements were designed to fill in the gap between 4.2 and 70 K and
to get more data in the range of 80 - 86 K. Neutron diffraction was carried
out at 12, 30, 40, 50, 60, 70, 80, 83.5, 84.0, 84.5, 85.0, 85.5, 86.0, 86.5, 140 K. The
neutron wavelength for this series was 2.6822 A. To obtain greater
resolution some of the measurements were performed twice for the same
temperature. In one run the detectors spanned 5 - 85°, and in the second
run the detector array was precisely shifted 0.05°. During the second run
the same # of total counts were detected with the detector array spanrning

16



5.05 - 85.05°. The data from these two runs were interleaved into one data file
that had 1600 points spanning 5 - 85.05°.

These spectra were then used to refine the iattice parameters, atomic
positions, and determine magnetic moment orientations. Most of the results
were obtained from hand calculation performed by Arne-Marie Lamarche
[27]. A relative peak intensity calculation program called POWDER, written
by John Roots at AECL Chalk River and the General Structure Analysis
System(GSAS) written by Allen C. Larson and Robert B. Von Dreele at Los
Alamos National Laboratory were used to assist in the analysis of the

spectra.

The analysis of certain spectra were performed using GSAS which is
a collection of programs designed to process single crystal and powder
diffraction data obtained with x-rays or neutrons [23]. GSAS performs a
least squares fit to the observed profile through an iterative process.

GSAS uses Reitveld refinement techniques to analyze the powder
diffraction data. Reitveld refinement is a form of least squares
minimization based on the difference of the experimental spectra and a
theoretical spectra [14]. The theoretical spectra is derived from

Ic=Ib+ZYh 28

where I is the intensity due to the background and XY} is the contributions
from each of the Bragg reflections (Yh). Each of these components is based
on mathematical models that encompass the crystalline, noncrystalline,
and magnetic features of a powder diffraction experiment. Within these
mathematical models are parameters that describe the physical system
which are refined in order to reduce the least-squares difference between
the experimental and theoretical intensities. As a result the final product is
a list of parameters, ie., lattice parameters, atom positions, coefficients of
background polynomial, profile coefficients, nuclear and magnetic
structure factors, etc. that combine in the mathematical models to produce
a calculated spectra that is compared to the observed spectra. For a more
detailed explanation refer to H. M. Rietveld, J. App. Cryst 2, 65, 1969.
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Originally it was expected that the orientation of the magnetic spins
of the Mn atom would be easily extracted by running GSAS with the correct
input parameters. This was not the case and as such a manual approach
was adopted. The determination of relative intensities of observable peaks
were performed by combining the results of the program POWDER and
manual calculations [27] using eqns 2.1- 2.4 [2], see appendix A for the
expanded form of eqn 2.1.

It should also be noted that both the programs POWDER and GSAS
utilize these same equations for the determination of the theoretical spectra.
Both GSAS and POWDER require the input of approximate starting values
for the atom positions, lattice parameters, crystallographic angles o.f, and
¥, and magnetic orientations. The difference between GSAS and POWDER is
that while POWDER takes this input data and calculates the nuclear and
magnetic intensities of a powder pattern, GSAS also accepts experimental
data to which it will it and refine these parameters. By using the program
POWDER the peak intensities were calculated and then compared to the
experimental line intensities. The experimental line intensities were
determined by summing up the number of counts under a peak or by
treating the peak profile as a gaussian.

The program POWDER was received in the Beta test version and was
debugged and modified to facilitate its use within the Ottawa University
group. The 3 primary modifications were: to allow the magnetization vector
to incorporate non-parallel spin orientations, to change the method of data
entry from command line mede to batch file mode, and to change the
language of the source code from FORTRAN to QUICKBASIC so that it
could be integrated into the Labwindows environment. The rest of these
modifications allowed for multiple batch processing, eliminated the need to
re-enter material parameters by reading in batch files, reduced the number
of keystrokes to perform redundant operations, displayed realtime
processed information and allowed optional renaming of the output file.



2.4 Symmetry:

There are four possible space groups relating to the spin
arrangement, called Shubnikov groups, which can apply to the case of
MnoSiSs (fig 2.3). Unlike ordinary point group symmetry, the magnetic
point group symmetry used to describe magnetic crystals must also be able
to describe non vanishing time-averaged distribution of current density J(r)
and spin density S(r) [11]. The total magnetic moment density is defined as
u(r) = J(r) + S(r) and has a symmetry that is characterized by an anti
symmetry operator R which reverses vector direction. This antisymmetry
operator, sometimes referred to as a Shubnikov spin reversal operator,
reverses the sign of the magnetic moment at each point in space but does
not perform any spatial transformation.

~ N
+ T TS ¢ + + i _x- J, |\+
T T30
+ RS + + ST n+
Pnma G{X)+ C(y) + A(z) + C(y) Pn'ma” A(x) + F(y) + G(z) + F'(y)
- \ -+ + -L‘\ _
+ A + /"" e A
~, 2
A+ X + o+ ~ +
Pnm“a” F(x) + A(y) + C(z) + C(2) Pn'm’a C(x) + G(y) + F(z) + F'(2)

Fig 2.3 Possible Shubnikov Groups for MngSiSy

The operators used above are as described here: C = Sy + Sg - S3 - 54,
G=51-83-S3+S4,A=S;-Sg +83-S4, F=S; + Sz + S3 + S4. The prime (")
indicates that the operators are applied to the 4c atoms. The notation for
spin vectors is from Vincent and Bertaut[16,17] adapted for an atom
numhering conforming to the International Tables for Crystallography (see



fig 2.4). The groups contairing the F or F" modes can show spontaneous
magnetization, while the group Pnma can only be antiferromagnetic.

7< 6<C O 4a sites

5& 8% <& 4c sites

Fig 2.4 International atom numbering.

2.5 Results:

The complete result of the neutron diffraction experiment [25] is
summarized in fig 2.5. The main point of interest in this diagram is the
temperature dependence of the intensities of the 100 and 001 lines. The
observed spectra indicate an olivine pattern which is independent of
temperature. GSAS refirement of the experimental profile taken at 180 K
(fig 2.6) produced values for the atom positions, lattice parameters, bond
angles and bond lengths. At this temperature the sample is paramagnetic
so it is not complicated by magnetic contributions. The values are reported
in table 2.1. These atom positions and lattice parameters were used to
calculate the intensities of the nuclear reflections and thereby establish a
scaling factor for the fixed-count runs.

X Y Z
Mn (42) 0.0000 00000 0.0000
Mn (4c) 02325 02500 0.5807
Si{4c) 04074 02500 0.1046
S(4c) 04012 02500 0.7410
S(4c) 05621 02500 0.2508
S(8d) 03343 00236 0239

Table 2.1: Atom parameters, given in fractions of unit cell
dimensions, derived from the refinement of the 180K data,
yielding R = 0.058.
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The diffraction pattern obtained at 4.2 K is shown in fig 2.7. The
magnetic lines are indexed in the chemical cell and have h +1=2n + 1. The
indexation of these peaks suggests antiferromagnetic ordering along the y
axis. The spins on the 4c sites were obtained from the reflections where only
the 4c atoms contribute to the observed intensities, namely k= 2n + 1. Once
the spins on the 4¢ atoms were ascertained then the spins and their
orientation of the 4a atoms was deduced. It became evident that the
coupling of the magnetic moments of Mn*+ is C(y) - C(y) in the Shubnikov
group Pnma. The introduction of the G{x) and A(z) modes for the 4a spins
did not improve the refinement.

The results of the program POWDER is listed in table 2.2 showing the
combined nuclear and magnetic intensities along with the corresponding
hkl for a given scattering angle. By comparing the theoretical values with
the diffraction spectra the most likely set of direction cosines of the
individual Mn spins was obtained.

hkl da) Icale) I(obs)
100 12659 1460 1473
110 6403 1986 203
001 5.937 1411 1485
300 22 3089 2933
310 3.668 137.5 130.0
120 3.562 212 202
102 2890 931 99.1
21 2818 2489 370.7
401 27 705

320 2787 19.7 3710
112 2693 149.7 140.7
500 2532 146 138
302 2428 1233

130 2428 23 131.0
312 2308 8§36 87.3
2 2280 89.0 80.7
330 2134 92 10.7
520 2092 716 72.7
003 1979 662 ' 63.7

Table 2.2. Calculated and observed(integrated) intensities for
collinear antiferromagnetism at 4.2 K, using values for S = 2.28,
S'=2.18,x=0.23, and z = 0.51. Only observed lines withh +1=
2n + 1 are given. Calculated correspondence factor R = 0.037.
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The comparison between the observed intensities for the lines 001 and
100 (fig 2.8) with the lines 110 and 310 (fig 2.9) as a function of temperature,
can be used as an indication of the progressive canting of the spins on the
4a sites with increasing temperature. The 001 and 100 reflections are
sensitive to the canting angles. The intensities of the 100 reflection are a
function of the canting mode C(y), whiie the intensities of the 001 reflection
have equal contributions from the C(y) and C(y) modes.

The plots of the intensities of 110 and 310 show a Brillouin-like
saturation curve. For both of these lines there is a negligible contribution
from the G(x) mode of the 4a spins and the 4c spin contributions from the
C’(y) mode are constrained to the » axis. These type of saturation curves
were also found for collinear and canted spins in magnetic silicates of the
olivine structure by Lottermoser and Fuess [22].

The diffraction pattern for the temperature range of 83 - 86 K indicate
that the 4a and 4c spins are principally oriented on the x-axis. This is
illustrated in the very low intensity of the 100 lire which is of the order of
magnitude of peaks in the background scattering.

The diffraction pattern obtained at a temperature of 84 K is shown in
fig 2.10. Calculated intensities for the different models of spin
arrangements that satisfied the four possible Shubnikov space groups were
compared to the observed intensities at 84 K. The only model that correctly
predicted the observed intensities was the Pn’m’a model. Not all the spins
are ferromagnetically aligned so the small values of spin will be effective
spins Sefr. By evaluating the magnetic contributions, of the 111 line which
has a contribution from the F’(z) mode only and the 110 line which is
derived solely from the C’(x) mode, it was possible to determine the z-
component o’z and the magnitude Sefr of the effective spin on the 4c atoms.
Values for &z and Segr for the 4a sites were determined by substituting the
already obtained values for &’z and S’eff into F(z) + F(z) mode which
comprises the magnetic contribution to the 020 line. Several other lines
were used to evaluate o and are listed in table 2.3. Incorporating a small y
component in the 4a spins did not improve the agreement.
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hkl a(A) sl{cale) I(obs) modes

100 12.677 249 238 . G C
110 6.409 934 95.8 C'

200 6.339 48 — F,F
001 5932 199.8 203 ccC
101 5373 10.7 131 C,F,F
011 4535 0.3 - C,F
11 4353 13.1 C, F
201 4.331 08 120 C,C,F
300 4226 61 72 CcC
211 3.742 25 — C,F
020 3714 105 100 F,F
310 3673 112 125 C'

120 3.564 429 447 c,cC
311 3.123 27 - c,F
121 3.055 72 6.7 C,F,F
102 2888 141 165 C,CL,F
221 2819 1059 1004 c,C,
401 279% 116 c,C,F
320 2.790 52 15.0 CC
112 2692 215 o)

202 2686 14 205 C,F
130 2430 92 c

302 2428 128 215 c,C,F
122 2280 220 28 c,.C.r

Table 2.3: Calculated and observed intensities for ferri-
magnetism at 84 K with S = 1.01, 0x=0.944, 5'=0.91,
o' = 0.925. Calculated correspondence factor R = 0.047.




2.6 Conclusion:

The following model is proposed to summarize the neutron
diffraction results presented in this chapter. At 4.2 K Mn2SiS4 has a
crvstallographic and magnetic symmetry of Pnma. The spins on the 4a and
4c sites are collinear with the y-axis (see fig 2.11a). As the temperature
rises, the 4c spins remain antiferromagnetically aligned along the y-axis,
while the spins of the 4a atoms gradually rotate their antiferromagnetic
axis away from the y-axis (fig 2.11b). The alignments of the 4a spins are still
in the x-y plane and the maximum angle achieved from the y-axis 1s 32°
and occurs at 83 K Between 83 and 86 K both the 4a and 4c atom are
predominantly aligned along the x-axis. There is some canting of the spias
occurring in the x-z plane (fig 2.11c). As 2 product of this canting the 4a and
4c sites each develop a non-zero magnetization in the z-axis. The
magnetization of the 4a sites oppose the magnetization of the 4c sites but the
magnitudes of their magnetizations are not equal and hence there is a
small non-zero difference which is the origin of the small spontaneous
magnetization observed by the SQUID measurements in chapter 1.
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Fig 2.11 2-dimensional view of unit cell of Mn2SiS4; a) shows the 4a and 4c
positions, the international numbering and the spin directions at 4.2 K, b)
shows spin directions at 80 K and atomic positions in the z-axis (the default is
in the x-y plane), ¢) shows the canting in the positive and negative z-axis.
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Chapter 3
SPECIFIC HEAT

3.0 Intreduction:

One of the tracezable response functions of 2 phase change in a solid
state sample is the specific heat. Any kind of atomic or magnetic variation
as a function of temperature will produce variations in the specific heat of
the sample. In a phase transition there is a change in the order of the
system. The change in the system order can be attributed to a structural
and/or magnetic alteration as the system tries to satisfy the requirements of
the state of lowest energy. The specific heat of a substance is defined as
TJS/AT, temperature multiplied by the rate of change of entropy with
respect to the rate of change of temperature. Hence in the temperature
region where the phase change is occurring it is expected that an anomaly
in the specific heat will occur concurrently.

3.1 Theory:

To measure the specific heat of MngSiS4 the sweep thermal
relaxation technique [19] was utilized. The underlying theory of this method
is centered around the adjustability of the thermal relaxation time constant
11 of the system. The thermal relaxation time constant 13 is given by 11 = Clk,
where k is the thermal conductance linking the sample to the heat

reservoir. In designing the apparatus and choosing the sample's geometry,
it is important to minimize the internal relaxation time t2. The internal

relaxation time T2, given by T2 = C/kjnt, relates to the lateral diffusion rate
within the sample. As Tp increases a thermal gradient will occur within the
sample and thereby cause the instantaneous measurement of the sample's
temperature to be inaccurate. In addition if 1o is of the order of 11 then it is
obvious that the resultant time constant would not truly reflect the heat
capacity of the sample That is why it is assumed that 1o« T3,

To begin, the following assumptions have been adopted to facilitate
the explanation and the implementation of the theory: 1) a one dimensional
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modei is assumed and the heat flows only in the direction of the z axis; 2)
the lateral diffusion of the heat (= 1/72) within the sample is considerably

faster than the longitudinal diffusion

= rate (e 1/71) of which will be measured;
=
= 3) the thermal conductivities used are
% linear with respect to temperature if
= Z axis - -
the temperature interval is small
T - enough; 4) radiation effects are

1K negligible.

Temperature Reference

Block From the diagram depicting the
% VK model, Fig 3.1, it is apparent that for a
steady state the power that is added to
the system will equal the power
removed from the system pilus the

Fig 3.1 One dimensional model power retained by the system. In other
illustrating the direction of heat  words

flow.

Bath Temperature

power in = power out + power absorbed.

The power absorbed will take the form of an increase in temperature.
By measuring the power in and the power out the heat absorbed can be
calculated. If the power is abruptly cut the elevated temperature T will
decay to the block reference temperature To with a time constant of 11=C/k.
If AQ is the heat applied to the sample given by

AQ =CAT 3.1
and the power P going into the sample is
P = Ax dT/9z +C(T)JT/ot 3.2

then the specific heat as a function of temperature is



dt oT\
C(T) = ET(P — AKE) . 3.3

where A = the cross sectional area of the wire linking sample to RTB
K = the thermal conductivity of the wire
z = is the direction of heat flow

By integrating over the length of the wire L:

C(T):%(P— L T k(T)dT’) 34

where k(T) is the thermal conductance of the wire as a function of
temperature given by k(T) = K(T)xA/L.

Note that for this approximation it is assumed that the wire has no
heat capacity. Also in a steady state, power in equals power out, so:

PT)= | KT)T. 35

Thus the integral on the right hand side of eqn 3.5 can be evaluated between
T and Ty by measuring the power P as a function of T1.

In the sweep method the input power is increased in intervals and
maintained until equilibrium is obtained. The resultant temperature of the
sample is recorded. The cycle is then repeated at the next increment of
power. This gives the relationship of temperature as a function of power.
When the maximum temperature is obtained the power input is abruptly
terminated and the temperature decay from Tj to To is measured. The
maximum temperature is determined by the thermal conductance of the
heat leak to the bath such that the maximum T does not effect the
reference block temperature To. The change in the block reference
temperature is given by,



ATo = (WK)(T; - To) 3.6

where K is the thermal conductance linking the block to the bath.
The heat capacity is then given by

C(T) = (f;i%) : kdT = (Ed% (T) 37

The k was calculated by assuming that the copper wires used to
support the sample acted as the only heat leak and their conductivities were
assumed to be close to that of pure copper.

8.2 Apparatus and Preliminary Results:

Measurements pertaining to the specific heat of the Mn2SiS4 sample
were performed by using both the step and sweep methods described in
Bachman et al.[19]. The apparatus designed for this experiment is
illustrated in fig 3.2. The thermometer used consisted of a glass covered
platinum thin film deposited on a ceramic substrate. This thermometer
was a commercially available prefabrication and was designed to follow the
calibration curve outline in Din 43760.

The heater consisted of a small contoured copper block with
maximum extraneous mass removed. A 42 gauge Manganin wire with a
resistivity of 18 ohms per foot is wound in a bifillar fashion around the block
such that the total resistance is 3.3+0.05 ohms.

The MnoSiSs sample is polycrystalline and in the shape of a
truncated disk. The mass of the sample is 43 mg which represents 1.615 x
104 moles. The shape was dictated by the compromise of having the largest
contact surface area, the least amount of superfluous mass, and the limits
of the fabrication process.



Sample

Sample Heater

o

Ceramic thermometer

St. St. support tube

L

Thermocouple

Copper support wires

Temperature reference block

Manganin heating wires

Fig 3.2 Illustration of apparatus used in calorimetsry
measurements.
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The sample was sandwiched between the copper heater block and the
ceramic-platinum thermometer. Thermal contact was ensured by using
thin layers of Apeizon M vacuum grease which also served as an adhesive.

The variable reference temperature was produced by using 2
relatively large copper block which was heated by a manganin bifillar
wound heater wire wrapped around it to supply the input energy. The block
also has a semiconductor diode thermocouple mounted on it to feedback the
temperature to the Palm Beach temperature controller model #4025 which
maintains the temperature set point by metering out current to the heater
windings.

The heat leak that produces a continuous drain on the accumulated
heat reservoir is a 14 gauge copper wire that is soldered to the reference
temperature block(RTB) and the liquid nitrogen bath.

In order to measure a flow of heat it was necessary to create a
controlled heat leak. The heat leak from the ceramic platinum
thermometer to the reference temperature block is achieved by the 3
supporting 36 gauge copper wires that span the diameter of the RTB.

Equation 3.7 states that the specific heat can be determined by
evaluating the power as a function of temperature and the derivative of the
temperature decay curve.

The power is increased in discrete steps of 100 - 200 mW in the range
of 200 - 1800 mW. After a period of a few minutes equilibrium was attained
and the sample temperature reading was taken. After equilibrium was
reached, at the highest power setting, the power was cut-off and the
temperature vs. time decay curve was obtained. This data was acquired
using 2 Fluke model # 8842a DVM's connected to the computer through an
IEEE 488 bus. The time was measured via the internal clock onboard the
computer. The measurements are approximately 1.5 to 2 seconds apart
depending on the instruction processing timing interval. The total length of
the measuring interval was on average 350 seconds.



The results of the relationship between power and resulting
temperature were plotted and fit with a linear equation with a Pearson's
correlation of at least 0.999 (see fig 3.3). This correlation factor is calculated
using

él (Yi[theo] - mXYi{obS) - %)

&, Cter = Tizea) 3, (Vi — )

R=

3.8

where R = Pearson's R value (Chi square)
¢ = Chi square value
Yi = Actual value of data point
Y = the mean of actual values.

The equations found from this linear curve fitting were used to
determine the interpolated values of the Power as a function of
Temperature, 'P(T)'. The derivative of the temperature decay curve was
calculated numerically using the formula:

dT, Tau-T,
dt,  toa—ta

39

The sensitivity of the ceramic thermometer was such that the
derivative was not monotonically decreasing. The fluctuations in the
temperature measurements produced a wide spread in the values for the
derivative. Hence the temperature data had to be smoothed by taking a
moving average over five values at a time in order to extract any meaning
(see fig 3.3b). The inverse of the derivative multiplied by the P(T) for a given
temperature will give the heat capacity for that temperature.

C(T) = (%)—LP(T) 3.10

3
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Fig 3.3 a) Input power vs. resulting temperature.
b) dT/dt of decay as a function of temperature.
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The results of our experiment do not reveal the anomalous behavior
expected from the magnetic susceptibility results. It is believed that,
although the data indicates that there is a trend of increasing heat capacity
with increasing temperature, the resolution of the ceramic platinum
thermometer is not high enough to provide any details by differentiating
the minute fluctuations in temperature with the randomness of
background noise in the detection system.

The methodology of this technique is sound, but this particular
implementation needs to be improved. Some of the problems encountered
and the possible improvments are outlined below.

The small copper block used as the sample heater had a mass
approximately seven times that of the sample. This requires corrections
that are possibly an order of magnitude higher than the specific heat of the
sample. An alternative heater should be realized, lower mass and lower
heat capacity.

The heat capacity and the thermal diffusivity for the ceramic
platinum thermometer are unknown. Until measurements of the sample
holder, heater, and thermometer are done to determine the overall system
effects, the value of the heat capacity of the sample will continue to be
obscured. This problem and the low thermometric resolution of the ceramic
platinum thermometer are sufficient reasons to consider an alternative
method or device to measure the sample temperature. It should be noted
here that the original reason for choosing this particular thermometer was
its low mass and compact regular geometry.

Doing the above mentioned modifications would also be necessary to
examine the sample geometry and dimensions to reduce the effects of
lateral diffusion and the reaction of the sample and apeizon M grease.



3.3 Results from the University of Geneva:

In collaboration with Alain Junod at the University of Geneva [31] the
measurement of the specific heat in the ranges of interest was obtained.
Junod’s specific heat measurements are performed in an adiabatic
continuous heating calorimeter which allows for a resolution of 0.02%. His
apparatus is based on P = CdT/dt, where P is the constant heating power
and C is the heat capacity at temperature T. The heat capacity can be
deduced if the heating power is kept constant and the rate of change of
temperature with respect to time, dT/dt, of the sample is measured. The
external environment temperature is maintained at as close to the sample
temperature as possible to eliminate heat dissipation through radiation.
The heat capacity of the sample holder is measured separately and
subtracted from the total heat capacity.

Their results are depicted in fg 3.4 - 3.6. Fig 3.4 shows the specific
heat of Mn2SiSs as a function of temperature in the range of 70 - 100 K.
There is a specific heat anomaly that occurs at approximately 85.9 K. The
discontinuous nature of the first derivative shown in fig 3.5 is indicative of
an order-disorder or lambda transition [7). At this temperature the sampie
changes magnetic ordering from paramagnetic to ferrimagnetic or weak
ferromagnetic.

The magnetic contribution to the specific heat, shown in fig 3.6, was
calculated by subtracting the phonon contribution from the total specific
heat. There is a small bump at approximately 83 K that coincides with the
transition of the magnetic symmetry of Pn'm'a to Pnma and with the
transition of ferrimagnetism to antiferromagnetism. This anomaly is a
first order transition broadened by experimental resolution and by
inhomogeneity of the sample. By subtracting a smooth baseline produced by
the §t of the A-anomaly at 85.9 K from the curve, the latent heat of the
magnetic symmetry change can be estimated as a value of 0.09+0.01 J/mole.

From the small magnitude of the specific heat anomaly and the high

resolution of the Geneva measurements, it is apparent why the attempts
made in our lab to see this effect were unsuccessful. It is interesting to note
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that the graphs of heat capacity vs. temperature vindicate the calibration of
the thermometry used in other experiments describeu in previous chapters.
In particular the transition temperatures gathered from the graph shown
in fig 3.5 coincide with the magnetic susceptibility measurements described
in chapter 1 and the neutrorn diffraction data in chapter 2.

3.4 Conclusion:

Although the theory and the procedure of the sweep method of heat
capacity measurements were sound, there were some difficulties with their
implementation, especially the fine tuning of the system. To achieve reliable
results it may be necessary to increase the sensing voltage in the
thermometer so that there will be greater resolution in the current
measurement and hence the platinum thermometer resistance. Hopefully
the required voltage will not produce a significant amount of self heating.
An alternative method is to modify the system to be an adiabatic constant
power calorimeter similar to the one in Geneva [31].

The results from our collaboration with Junod et.al. hes shed some
light on the nature of the transitions at 83 and 86.5 K. The peak in the
specific heat corresponds to an order-disorder transition as MnoSiS4 goes
from paramagnetic to ferrimagnetic ordering. The magnetic contribution to
the specific heat is identified. This is obtained by subtracting the Einstein
lattice specific heat from the total specific heat. It proposed that the
anomaly at 83 K is a first order transition broadened by experimental
resolution and by inhomogeneity of the sample. By subtracting a smooth
baseline produced by the fit of the A-anomaly at 85.9 K from the curve of the
first-order transition, the latent heat of the magnetic symmetry change is
estimated to be 0.69+0.01 J/mole.



Chapter 4
ELECTRON SPIN RESONANCE
4.0 Introduction:

Magnetic resonance forms a branch of spectroscopy that utilizes an
oscillating field, which when superimposed on 2 static field perpendicular
to it, induces transitions between the energy levels of the magnetic dipoles
[1,4,8). These permanent magnetic dipoles are associated with the motion of
a charged particle. In electron paramagnetic resonance (EPR) the charged
particle under study is the electron and the magretic dipole consists of both
orbital apgular momentum, L and spin angular momentum, S giving a
total momentum, J=L+S. Electron spin resonance (ESR) is a subset of EPR
where the magnetic dipole is made up of oniy spin angular momentum
J=S. This nomenclature is not always adhered to.

Poole and Farach [7] state that near a structural phase transition the
resonance linewidth and intensity of an ESR profile may exhibit anomalous
behavior; these effects are associated with changes in the spin-lattice and
spin-spin relaxation times near the transition temperature. By exam’ning
the ESR spectra of Mn2SiS4 it was hoped that an anomalous behavior would
be detected in the temperature range of interest. .

To examine the ESR spectra of Mn2SiS4 with enough detail to extract
information, it was necessary to computerize the data acquisition of the ESR
signal. One of the main objectives of this thesis work was to develop a data
acquisition system for the Bruker ESR spectrometer.

4.1 Lorentzian Lineshape:

Some spectrometers give a signal which is proportional to the energy
absorbed by the spin system while others give a signal which is proportional
to the 1st derivative of the absorption curve. In the cases of interest in this
thesis the signals observed are essentially of Lorentzian shape [13,15,29] and
the output of the Bruker spectrometer is a Lorentzian Derivative(LD) shape
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as shown in fig 4.1. Thus each line can be characterized by: a peak to peak
width (AHpp),a maximum amplitude (Ymax), and a resonant field or
crossover point (Ho). Fitting the ESR lineshape to 2 LD allows the values of
AHpp, Ymax, and Eo to be determined.
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Fig 4.1 Lorentzian derivative (LD) lineshape.

If the lorentzian lineshape is perfect then its derivative (LD) can be
expressed as:

_ 16 Voo (H - Ho)3AH,
{3 +[(E1-Ho/2aH, [}

4.1

This equation is for a normalized LD (5], and is used in the
minimization subroutine described later.

A lorentzian lineshape can be justified by considering the following
simplified model. In a static field, Ho, the bulk magnetization, M, of a
. sample made up of one type of spin has a Larmor precession frequency ®o
given by 7Y Ho, since the magnetization in the absence of saturation effects
obeys the equation
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dﬁ/dt:yﬁxl-—l;, 4.2

If relaxation effects are taken into account, then the result is the well
known Bloch Equations which can be expressed as

M, Jdt = (M H, ~ M.H, }- (M/T;) 3
dMy/dt = YMH, - MH, }-(M,/T,) 44
dM,/dt =Y M.H, ~ M, |- (M/Ty) 45

where the longitudinal or spin-lattice relaxation time is T; and T2 is
the transverse or spin-spin relaxation time. If both the magnetization and
the magnetic field vectors are in the z direction, then these equations
reduce to the single expression

dM/dt =— (M, - MJT, 46

which may be integrated to give:
M, =M™, 4.7
The solution of the Bloch equations for the conditions that are present

in this experiment, that is, having a strong Ho along the z direction and a
weak radio frequency field 2Hjcoswt in the x direction, such that:

H= (2H,Cos mt)-i'+H°l-i 48

gives a magnetization in the x direction that has a real and an imaginary
part corresponding to the dispersion and absorption respectively of the
microwave energy



NIx = 2H1(x’(m]COS(Dt - x”[m)Sinmt] 49

where the complex susceptibility
o) =X 10— X () 410
is introduced.

These susceptibilities have lorentzian lineshapes as illustrated in eqn
4.11 and eqn 4.12. Both of these susceptibilities can be obtained with the
Bruker ESR spectrometer, but in the experiments dore for this thesis only
the absorption mode was used.

1 (0—0,)T2
X )= 5XoDeT2 = 411
2 1+ (0) - (Do)?’rz + 'Y2H12‘T1T2
1
412

1
") = 5XeWo T
x () 2x° ° 21 +(0)—(D°)ZI'22+72H12T1T2

where Y, is the static susceptibility which was measured and described in
chapter 1. If there is no saturation, i.e. for small values of Hj so that

'{2H12'I‘1T2 « 1 4.13

and as such can be neglected, then the dispersion and absorption become

1 0- T
X (@)= 5XeDT [o-a) 414

“1 +(0-0)Ty’
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respectively [4]. This particular dependence on field or frequency is referred
to as a Lorentzian lineshape [9].

4.2 Apparatus:

One of the main objectives of this thesis work was to develop a data
acquisition system for the Bruker ESR spectrometer. In order to do a
detailed mathematical analysis of the ESR spectra it was necessary to
computerize the data acquisition of the ESR signal. The goal was to make
the ESR results easily available to a computer so that numerical analysis
could be made more quickly and more accurately than the present manual
method.

Prior to the installation of the data acquisition set-up all ESR spectra
were recorded on a X-Y plotter. As such, all of the extracted information
was the result of many man-hours of interpolation and calculation. All of
the theoretical data points were manually calculated and subtracted from
the empirical data points . This procedure was time consuming and made
the accuracy of the results difficult to estimate. If the ESR spectra were
digitized and subsequently analyzed by computer there should be
improvements in the reliability and accuracy of the analysis.

The hardware used was an IBM compatible 386 computer (PC) in
conjunction with a National Instruments(N.I.) LAB-PC data acquisition
card. For specification and capabilities of the LAB-PC board refer to the
National Instruments technical reference manual[30]. The acquisition card
was installed in one of the expansion slots of the PC and was connected to
the external environment through a multi connector interface box. The
interface box has a BNC connector for each of the LAB-PC board's 8 analog
channels.



In addition to the hardware there were also certain software -
requirements. First there was N.I's LABWINDOWS software which was
specifically designed to facilitate the development of user friendly
applications. LABWINDOWS, in turn, used a subset of function calls from
either QUICK C or QUICKBASIC, so it was necessary to have all of the
subroutine libraries of one of these two languages. MICROSOFT
QUICKBASIC was chosen as the programming language. MINUIT is a
minimization program that was written at CERN expressly for the purpose
of handling multiple parameters simultaneously. MINUIT was written in
FORTRAN, so in order to write a subroutine that would be compatible with
it, it was necessary to install MICROSOFT FORTRAN.

Two of the LAB-PC's analog inputs were connected to the pen driver
motors on the Bruker X-Y plotter. The Y axis corresponds to the voltage
output of the Y axis plotter driver which is always proportional to the
amplitude of the ESR signal. The X axis is a measurement of the horizontal
driver voltages which always span 0 - 2.05 + 0.05 V regardless of the actual
magnetic field sweep range it represents. The ramping of the X axis voitage
is linear throughout the range. The resultant magnetic field calibration is
performed by a simple mathematical operation: each horizontal point is an
increment

Ax = Sweep Range

~ Number of Points 4.16

At the initialization of an acquisition run the sweep range is known
and at the end of a run the number of data points is known. For the LAB-PC
board there is no built in method of timing sequential acquisitions, so there
is a software loop that accomplishes the necessary delay to acquire data at
every 'n' seconds. The disadvantage of a software loop is that the running
time between each loop is not exactly constant. However the difference
between subsequent loop periods can be measured in a few 1/100 th's of a
second and as such do not significantly contribute to the error in the
'"Magnetic Field' axis. The overall average period is constant. On a 200
second scan at an acquisition setting of 2000 points the system virtually
runs free of any software timers or delays. This allows the system to acquire
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1740 points 9 times out of ten. One out of ten scan will bave 1739 data points.
Using a sweep range of 6000 gauss the error potential in the discrepancy of
number of data points translates into 0.002 gauss per data point. This error
is much smaller than the X-axis voltage resolution and can be neglected.

Another source of error in the acquisition system is the manual
method of synchronization between the Bruker spectrometer and the
acquisition computer. Due to the complexities of the Bruker's subsystems it
not possible to find a triggering response that was simultaneously abortable
in the case of early termination. The simplistic method adopted was the
verbal and visual synchronization of two human operators. The worst case
scenario for error estimation would create a temporal difference of 0.5 sec.
All of the acquisition scans were performed for at least 200 seconds, so
200+0.5 sec = 0.25% error.

The Y-axis motor driver relaved the information of the intensity of
the dM/dH that is being measured by the spectrometer. The magnitude of
this field variable intensity depends on several of the spectrometer's set-up
parameters, such as gain, modulation, offset, etc.. These parameters were
logged so that relative scaling could be accomplished at a later date.

The resolution of analog to digital conversion is * 0.0024 volts. In the
case of the Y-axis, at full scale deflection, this limit in resolution would
correspond to 0.0024/5.00 V = 0.05% error.

The actual acquisition for a single data point consists of 20 sequential
readings alternating between the X-voltage and Y- voltage taken at a rate of
15000/sec. This results in 10 measured values for each coordinate of this
data point which are then averaged to give a single voltage value. The
acquisition time for each point is 0.0013 seconds which corresponds to a
point width of 0.04 gauss on the X-axis. The data acquired is then stored in
tabular ascii format for subsequent analysis.

The ESR profiles were obtained at different temperatures. The
temperature control was performed by using 2 nitrogen gas flow technique.



Under ideal conditions the temperature variation at equilibrium was £ 0.1
K

4.3 ESR Results and Analysis:

ESR spectra were obtained for the same MngSiS4 sample that was
used in the neutron diffraction experiments described earlier. The
temperatures at which the spectra were obtained are mostly in the range of
interest. These temperatures are 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 93, 166,
110,and 297 K

Once the ESR data is acquired it is analyzed in order to extract
information. The analysis consists of a comparison between the
experimental data and a mathematical medel. This comparison is

performed by the program MINUIT.

Prior to running MINUIT, the raw ESR spectra is passed through a
pre-analysis program. This program is called ANALYSIS and is a
graphical user interface (GUI) that allows the user to find approximate
values for the parameters used to describe the number of LD's expected.
The output of ANALYSIS is a data file that is in the input format required
by MINUIT. The input file for MINUIT contains a list of parameters, the
raw data, and a few minimization instructions.

A front end program is needed to utilize MINUIT. This program is
used to customize the operation of MINUIT. For fitting one LD to the
experimental data the program was called MIN-1. In the analysis provided
below several different versions of this program [see appendix B] were used
to describe systems with 1,2,3 and 4 LD's.

MIN-1 declares variables, reads in the data file, calls MINUIT as a
subroutine to carry out the minimization, and then outputs the results.
MIN-1 also describes the relationship between the parameters used to fit
the data. Within this short program a function is defined that MINUIT will
minimize. This function is usually something that will encompass the
'goodness of fit' like a Chi square variable. In all the results quoted below
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there is a correlation factor which is a measure of the 'goodness of fit' and .
is determined by:

2V e Yineo

exp theo

CF.=1- v g)2 eqn 4.17
z{i’exp av

The value of Yavg was assumed to be zero due to the symmetry of the LD
lineshape.

The data was analyzed in terms of several different models and
possible physical conditions. There were four models each having 1,2,3 or 4
LD’s, another model had 2 L.D’s each having equal area under their curves,
and 2 models having specific LD’s for MnO and MnS. In the analysis of the
ESR spectra many combinations of the above models were tried. In each
case the results were interpreted such that the smaller the least squares fit
between the experimental and theoretical curves the higher the probability
of that condition being present or that model being correct.

One set of analysis consisted of fits with 1, 2, 3, and 4 LD's without
constraints except for numerical limits. In most cases fitting the
experimental data with 2, 3, and 4 LD's did not significantly improve the
correlation obtained by fitting to 1 LD. Another set of analysis involved
constraining several parameters that would represent possible physical
situations.

The graphs showing the recorded ESR signals and ! LD fits for all 14
runs can be found in appendix C. In all cases but one the 1 LD fit gave the
best least squares result. A typical result is shown in fig 4.2. Each of the
fitted LD's is described by the parameters named in section 4.1. These
parameters are collated to determine their variation as a function of
temperature. The correlation factor for the profile at 83 K did improve
noticeably when fitted with 2 LD's. Fig 4.3 shows the two LD's, their total,
and the experimental data.
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The first generzal trend noticed is the broadening of the linewidth
with decreasing temperature in the range of 110 to 88 K. The maximum
linewidth of 154 gauss occurs at 87.7 K which is slightly above the
temperature of the magnetic phase transition from paramagnetic to
ferrimagnetic. In the temperature range of 87 to 82 K the linewidth
decreases with decreasing temperature. The linewidth of Mn2SiSy is shown
in fig 4.4. The shape of the curve in fig 4.4 resembles that of the curve
showing X vs T, fig 1.5 with the exception of a shift in the temperature. This
may be due to the difficulty in measuring the temperature of the sample
within the dewar in the resonant cavity of the ESR spectrometer.

These results are comparable with those found by Joede et.al.[13] and
Trounson et.al.[26] where the ESR linewidth vs T(K) of polycrystalline
samples show 2 sharp peak somewhat above the Néel temperature. Also the
relationship between the maximum amplitude Ypax and temperature,
shown in fig 4.5, is quite similar to the one G~~de depicts. Ymax strongly
decreases as the temperature approaches the Néel temperature, but the
amplitude does not vanish below Ty.

According to Goede the broadening of the ESR pr sfile could be due to:
1) a spin-spin relaxation rate which increases as the temperature
approaches Ty, or 2) an inhomogeneous broadening mechanism attributed
to the random distribution of internal fields.

In the fabrication of Mn2SiSs, MnS can form. Using the results
quoted by Okamura et.al.[20], in which the resonant field and the
temperature dependence linevidth of MnO, MnS were described, it was
possible to check for the presence of these compounds within our sample.

The values of Ho and AHpp for MnS and MnO were inputted as fixed
parameters for fits with 2 or more LD's. The ESR profile taken at 110 K was
used because at this temperature the sample is far from the transition

temperature range. The results of the minimization failed to indicate a
significant presence of MnS or MnO.
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In MnsSiS: there are two different sites for manganese which are
unrelated by symmetry. As discussed earlier each atom is octahedrally
coordinated, but each octzhedra is distorted from the perfect octahedra in
different directions. This would indicate that depending on the relative
distortion the surrounding electric crystal field would differ from one
manganese site to the other. Since there is a change in the local
environment the signal of each manganese site could also differ. Since
stoichiometrically there is an equal amount of Mn(4a) and Mn(4c) then the
area under the curves of each LD, which is proportional to the number of
spins, should be equal. A simple approximate form for the area under a LD
is

Area=3.63Y, AH;, Il 418

This equation is based on a normalized LD. In its use as a comparative
measure it is more than adequate.

The area under the curve for a single LD as a function of
temperature closely follows the variation of the amplitude as a function of
temperature. Obviously this is due to the larger variation of the amplitude
than the linewidth over the range of temperatures.

Goede et. al. [13] proposed that the Mn*+ on the surface of a
polycrystalline sample will have a Néel temperature different from the
Mn++ ions within the crystallites. Above the highest Tp the ESR signal will
be composed of 2 LD‘s having the same g value and hence the same Ho, but
the linewidth will be different. This occurs because of the Mn ions on the
surface have a reduced number of nearest and next nearest neighbours,
which alters the effective spins of the Mn*+ ions.

According to this model the two resultant LD lineshapes should have
an area ratio which is proportional to the ratio of the number of spins

Ar €aAgurface M " ions
1005 — 6Ad
Areag Mions

419



where d is the average crystal diameter and A is the thickness <. the
surface region. In general 4 is assumed to be on the order of the lattice

parameters.

Attempts to resolve the two ESR signals based on Goede's proposal
did not yield any favorable results. At present there was not sufficient
information to properly constrain enough parameters to get a2 meaningful
output from the minimization process. Also due to the time restriction of a
Masters degree this line of analysis was not pursued.

4.4 Conclusion:

The data acquisition system used performed adequately in the
recording of the ESR signal. The configuration of the system contributed
less than 1 % error to the final results. The software, written to control the
LAB-PC board during acquisition, was relatively easy to use and produced
consistent results. The analysis software, while sufficient for the current
tasks, could be modified with ease of use and versatility in mind.

The analysis of the ESR spectra is summarized in the graphs shown
in fig 4.4 and 4.5. The broadening of the resonance linewidth could be
indicative of the increasing dipole fluctuation amplitudes or decreasing
fluctuation frequencies [7,29). Both of these effects are attributed to the same
mechanism: the increase in spin-spin relaxation time. The peak of
resonance broadening occurs just above the paramagnetic-ferrimagnetic
transition temperature. As the temperature decreases the amplitude of the
ESR spectra diminishes rapidly. This result is similar to Trounson et. al.
[26] and, although they offer no precise explanation for this effect, they state
that it coincides with a magnetic phase change.

At present there are no definitive theoretical explanations for the
behavior of the resonance linewidth in broad ESR spectra. Despite ample
experimental data there have been few attempts at a theoretical



interpretation of ESR linewidth broadening that go beyond the
phenomenological models [13,21].

This technique of digitizing the ESR signal and then numerically
analyzing the data has the potential to uncover or resolve important
information that has been previously obscured. The testing of different
hypotheses can be quickly accomplished once the physically correct
numerical eguation is obtained. The rendering of numerical
approximations from theoretical constructs is beyond the scope of this
thesis and is the next logical step towards understanding broad ESR
signals.



CONCLUSION

The analysis of MngSiSs has completely exposed the mechanisms
that are responsible for its exceptional temperature dependent magnetic
behavior, which was the spontaneous magnetization between 83 and 86.5 K.
This behavior was discovered during low field magnetic susceptibility
measurements performed by a SQUID magnetometer in the temperature
range of 4.2 to 250 K.

The x-ray analysis indicated that Mn2SiS4is an olivine with the
lattice parameter of : a = 12.688, b = 7.427, ¢ = 5.946 A This was later
confirmed by neutron diffraction results. MngSiS4 has the orthorhombic
symmetry Pnma. There are 8 Mn*+ jons per unit cell which are divided into
two sites unrelated by symmetry which give rise to two sublatticies.

A detailed analysis of neutron diffraction spectra, obtained at 29
different temperatures between 4.2 and 150 K, revealed information on the
temperature dependence of: magnetic ordering, atom position, and lattice
parameters. The results were that the Mn** ions are antiferromagnetically
aligned from 4.2 to 83 K. and at 83 K there is a transition to a weak
ferromagnetic arrangement. This is due to the small angle canting of the
two spin sublatticies which give rise to the observed spontaneous
magnetization. At 86.5 K the Mn*+* ions go though another transition from
the weak ferromagnetic to a paramagnetic state.

From the specific heat measurements performed in Geneva, a
lambda-type anomaly is seen at the order-disorder transition at 86.5 K. At 83
K there is a first order transition that is broadened by inhomogeneities.
Further investigation of this transition produced a value for the latent heat
of transition for the change in magnetic symmetry from Pnma to Pn'm'a.

The electron spin resonance measurements showed: a broadening of

the linewidth as the transition to the ordered phase is approached, a
maximum linewidth slightly above the transition temperature of 86.5 K,
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and a rapid decrease in linewidth below the spontaneous magnetization '
region. This behavior may be associated with the increase in amplitude or
the decrease in frequency of dipole fluctuations.

Through the results of all the experiments described in this thesis a
comprehensive understanding of the rare magnatic behavior of MnsSiSy
has been obtained. The next step in developing the techniques used in this
research would be: 1) for the specific heat measurements, a more accurate
thermometer must be obtained or the sensing voltage will have to be
increased to provide higher resolution. Another possibility is to redesign or
modify the existing system to function as a constant power adiabatic
calorimeter similar to the one in Geneva. 2) for the neutron diffraction
analysis, obtaining better documentation for the GSAS program. 3) For the
ESR measurements, further development of theoretical models that explain
experimental resuits.
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Appendix B

Below is thz Minuit front end program that defines the theoretical
parameters that model a lorentzian derivative lineshape and the least
squares function which is minimized.

C Program designed to fit 3 lorentzian derivatives for ESR lineshapes.

CHARACTER®*8 DUMMY
CHARACTER®12 COMF1.1,DATFL),OUTFL1,FITFL
EXTERNAL FCN
C  OPEN(5,FILE="CONS:")
C OPEN(6,FILE="SCRN:")
WRITE (6,10)
10 FORMAT (/1X,ENTER THE FILENAME YOU WISH TO ANALYZE.)
READ(5,(AY) DUMMY
DATFL1 = DUMMY/~MIN"
QUTFL1 = DUMMY/.OUT"
FITFL1 = DUMMY//".FIT"
OPEN (8,FILE=DATFL1)
OPEN(11,FILE=OUTFL1)
OPEN(15,FILE=FITFL1)
WRITE (6,15) DATFL1,0UTFL1,FITFL1
15 FORMAT (/1X,'DATA FILE: ',A14, OUTPUT FILE:',Al4,’ FIT FILE:,
= Al4)
CALL MINTIO(8,6,11)
CALL MINUIT(FCN,FUTIL)
CLOSE (5)
CLOSE (6)
CLOSE (8)
CLOSE (11)
CLOSE (15)
STOP
END

c LTI YT PR Y R L DT L LA DLl DL Ll L DLt b L L L L L]

SUBROUTINE FCN(NPAR,G,F.P,IFLAG, futil)
DOUBLE PRECISION UPPER1, SOWER]1, UPPER2, SOWER2, X(2500), F, SUMEX
DOUBLE PRECISION UPPER3,SOWER3
DOUBLE PRECISION Y{(2500),SUBT{2500), DIFF(2500),GINPAR),P(NPAR)
DOUBLE PRECISION CORREL, LOR1(2500), LOR2(2500), LOR3(2500)
DOURBLE PRECISION AREA]1, AREA2, MINFUNC
INTEGER IFLAG, NPAR, ICOUNT
FUTIL.=0
i1F(IFLAG .EQ. 1) THEN
READ (8,") ICOUNT
110 FORMAT (T2,13)
WRITE (6,115X ICOUNT)
WRITE (11,115) (ICOUNT)
115 FORMAT (1X,14,1X,14,1X [4)
DO 401 = 1,ICOUNT
READ (8,120) X(I},Y(I)
120 FORMAT (T2,F12.6,T17,F10.6)
40 CONTINUE
ELSEIF (IFLAG .EQ. 2)THEN
C NOTHING HAPPENS HERE!
EEI:SEIF {IFLAG .GE. 3)THEN
=0.0
SUMEX = 0.0
DO 200J = 1 ICOUNT
UPPER?! = ((16*P(1N*QJ»-PEHV(0.5 * P4))

&



200

124

210

21

SOWERI = (3+UX(J*-P(3NK0.5 = Plam==2)==2
UPPER2 = ({16°P(ENX(J-PSHW0.5 * P90
SOWER2 = (3+({X{(J*-P(EW(0.5 * Piom==2)==2
UPPERS = ({(18*P{1ON"X(J-P{12DV(0.5 = P13
SOWERS = (3+(X(I-PI120A0.5 * P(130)* =22
SUBT(J) =(UPPERVSOWER1) « (UPPERYSOWER2) (UPPERYVSOWERD)
DIFFWJ) = Y(J) - SUBTW)
F=F + (DIFFWN**2
SUMEX = SUMEX + (Y({J)r**2
CONTINUE

IF (IFLAG .EQ. 3)THEN

WRITE (15,124)
FORMAT (2X,'MAGNETIC FIELD' 5X, MEASURED"5X, CALCULATED"
DO 150 J= 1, ICOUNT
UPPERI1 = ((16*POIN*(X(D-PENN0.5 * P(4))
SOWERI = (3+{(X(J)>-P(3N0.5 * P(4))**2)**2
UPPERZ = ((16"P(E)"X(J)-P(BNV(0.5 * P(S)
SOWER2 = (3+({(X(J)»-P(8))1(0.5 * P(9))*=2)*"2
UPPERS = ((16*P(10)*CUJ)-P(12))(0.5 * P(13))
SOWER3 = (3+{X(J-P(12)/(0.5 * P(13)))**2)*"2
LORI1G) = UPPERVSOWER]
LOR2(J) = UPPERZ/SOWER2
LOR3(J) = UPPER¥SQOWER3
WRITE (15,125) X(J),Y(J),SUBT(J),LOR1(J),LOR2(J),LOR3(J)
FORMAT {(3X,F12.6,5%,F9.6,5X,79.6,5X,F9.6,5X.F9.6,5X.F9.6)
CONTINUE
WRITE (6,210) F
WRITE (11,210 F

WRITE (15,210) F
FORMAT (1X,; THE MEAN SQUARED ERROR IS "2X E15.7)

Assume that the average y-value is zero due to symmetry
go that (Y - Yavg) =Y
CORREL = 1 - (F/SUMEX)
FORMAT (1X,'”THE CORRELLATION FACTOR IS 2X,E15.7)
WRITE (6,211) CORREL
WRITE (11,211) CORREL
WRITE (15,211) CORREL

ENDIF
ENDIF
RETURN
END



Appendix C

ESR Profiles
C1L...776K

C2...820K

Cl1...89.0K
Ci2..902K
C13...932K
Cl4..105.7K
C15..109.7K
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