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In this thesis the magnetic structure was determined using neutron diffraction for three
relatively novel van der Waals (vdW) crystals, FesGaTe;, NiP(S_,Se,)3, and FeP(S|_,Se,)s.
Fe;GaTe, was found to be a self-intercalated ferrimagnet with interstitial iron sites between
the vdW gaps. The magnetic space group was determined to be P63 /mm’c’, which implies
that a collinear antiferromagnetic arrangement exists among the interstitial iron site and
iron sites in the telluride layers. Mixed anion NiP(S;_,Se,)3 was observed to be an antifer-
romagnetic compound with a magnetic space group of P1 with the moment oriented in the
ab-plane. The addition of Se to NiPS3 results in a reduction in the total magnetic moment
with it hovering between 1.0 - 1.5 ug. Mixed anion substitution was found to have a greater
affect on FePS3 and FePSe3;. One additional antiferromagnetic magnetic phase besides the
antiferromagnetic parent phase was observed for mixed anion FePS3; and for mixed anion
FePSes. Interestingly, the total magnetic moment for the new observed phases imply that

the octahedral-coordinated Fe atoms form a low-spin configuration for a d® metal.



MODELING MAGNETIC STRUCTURE IN 2D VAN DER WAALS
MATERIALS WITH NEUTRON DIFFRACTION

by

Mario Lopez

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2025

Advisory Committee:

Dr. Efrain E. Rodriguez, Chair/Advisor
Dr. John T. Fourkas

Dr. Janice Ruett-Robey

Dr. Zhiwei Li

Dr. Ichiro Takeuchi



(© Copyright by
Mario Lopez
2025



Table of Contents

1 Introduction

2

3

1.1 What are Van der Waals Materials? . . . . . ... ... ... ... .....
1.2 Diffraction and its role in understanding vdW materials . . . . . ... . ..
1.3 Summary of Thesis Chapters . . . . . . .. ... ... . ... .......
Experimental Methods
2.1 Synthesis of van der Waals Materials . . . . . ... .. ... ........
2.1.1 Conventional Solid State Synthesis . . . . . . . ... .. ... ...
2.1.2  Chemical Vapor transport . . . . . . . . ... ... ...
2.1.3 Flux Synthesis . . . . . . . ... ...
22 Diffraction . . . . . ...
2.2.1 X-ray Diffraction . . . . . .. ... L oL
2.2.2 Neutron Diffraction . . . . . .. .. ... o oo
2.2.3 Constant Wavelength and Time-of-flight . . . . . . .. ... .. ..
2.3 Solving Crystal Structures with Intensity Extraction . . . . . . .. ... ..
2.4 Refining Crystal Structures with Rietveld Refinement . . . . . . . ... ..
24.1 Measuresof Fit . . . . ... ... Lo oo
2.4.2 Energy Dispersive X-Ray Spectroscopy . . . . .. ... ... ...
2.5 Magnetism. . . . ... e e e
2.5.1 Types of Ordered Magnetism . . . . . . . ... ... ........
2.5.2 Magnetic Susceptibility . . . . . .. ... oo
2.5.3 Magnetization Vs. Applied Field Saturation Analysis . . . . . . ..
2.6 Density Functional Theory . . . . . ... ... ... .. ... .......
Ferrimagnetism in Fe;GaTe;
3.1 Introduction . . . . . . . . ...
3.2 Experimental Methods . . . . ... ... ... oL

32.1 Synthesis . . . . . . ..
3.2.2 X-ray Diffraction . . . .. ... ... o
3.2.3 Neutron Diffraction . . . . . .. ... ... ... ... ...,

i1



3.2.4 StructuralRenements . . . . . . .. . ... ... .. 1 44

3.2.5 Measurement of Bulk Magnetic Properties . . . . . . .. .. .. [] 45
3.2.6 Energy Dispersive Spectroscopy . . . . . . . . ..o L1 45
3.27 DFTCalculations . . .. .. .. ... .. ... .. .. .. ... [145
3.3 Resultsand Discussion . . . .. .. ... ... .. e ] 46
3.3.1 Structural and Elemental Characterization . . . .. ... .. .. L1 46
3.3.2 Bulk Magnetic Property Measurements . . . .. ... .. ... [L] 51
3.3.3 Magnetic Structure Determination and Evidence of Ferrimagnetic
BehaviorinFgGaTe . . .. .. .. .. .. ... .. ....... 36
3.4 Conclusion . . . . ... []178
4 Magnetic Structure Determination of Mixed Anion NiR(§S6/)3 79
4.1 Introduction . . . . . . . . ... 179
4.2 ExperimentalMethods . ... ... ..... ... .. ......... [] 82
421 Synthesis . . . . . . . .. ] 82
4.2.2 X-rayDiffraction . . . ... ... [183
4.2.3 NeutronDiffraction . . . . . .. ... ... .. .. ... ..... 184
4.2.4 Magnetic Susceptibility . . . . . ... ... 185
4.2.5 Energy Dispersive Spectroscopy . . . . . . .. oo ] 85
4.3 Resultsand Discussion . . . . . . . . . ... [] 86
4.3.1 Structural and Elemental Characterization . . . . ... ... .. [] 86
4.3.2 Bulk Magnetic Property Measurements . . . . ... ... .. [ 1103
4.3.3 Magnetic Structure Analysis of Se-Subsituted NiPS. . . . . . . (107
4.4 Conclusion . ... ... ... [ 129
5 Magnetic Structure Analysis of Mixed Anion FeR(§S&)3 130
5.1 Introduction . . . . . . . . . ... [ 1130
5.2 ExperimentalMethods . .. ... ... ... ... ... ... ..., 1135
521 Synthesis . . . . . . . .. ... [1135
5.2.2 NeutronDiffraction . . . . . . ... ... .. ... ....... [ 136
5.2.3 StructuralRenement. . . . . . ... . ... ... ... . ... [ 1136
5.2.4 Magnetic Susceptibility . . . . ... ... o oL L. [.Nn37
5.3 Resultsand Discussion . . . . . . . . .. ... 137
5.3.1 Structural Characterization from Neutron Powder Diffraction . . . . 137
5.3.2 Magnetic Structural Determination of Iron Chalcophosphates . . . . 151
54 Conclusions . . . . . . . e e e 169
6 Conclusions and Future Work 171

Bibliography 175



Chapter 1: Introduction

1.1 What are Van der Waals Materials?

There are many properties that bulk materials exhibit that are said to be valuable. Some
properties, like superconductivity offer resistance-free conductivity and magnetic repul-
sionI=" Others, such as ferromagnetism can be used to store memory through the spins of
an electrorf~12 However, when it comes to scaling these properties down to the nanome-
ter level, bulk materials have some dif culty in accomplishing this task. But, by using a
certain class of bulk materials with certain layered structure motifs, an opportunity exists
to scale these bulk properties down to the two-dimensional (2D) level. This special class
of materials are colloquially known as van der Waals (vdW) materigigu(e 1.1).

A vdW material is a crystal structure that is comprised of a series of two-dimensional
layers that are stacked on top of each other. A crystal is a solid that is comprised of a
repetitive arrangement of atoms in contrast to a random arrangement found in solids, such
as plastics. In a vdW crystal, the atoms covalently bond just like any other 3D crystal.
However, after a certain length, covalent bonding terminates in one direction, such as the
z-axis, and remains for the other axes. As a consequence of this directional bonding se-
guence, vdW crystals have a stack of lattice layers that are separated by gaps of empty
spacel®17 The height of each of these layers ranges anywhere from\3Meanwhile,
the intermediate gaps of empty space range betweeA.3-5

This gap from the bonding perspective indicates that vdW crystals exhibit covalent



bonding in two directions to form these lattice planes, but very little bonding occurs in the
direction normal to these lattice layers. Instead, coulombic interactions that form temporary
dipoles known as van der Waals forces comprise the majority of these interactions in the
gaps between the lattice layers. These dispersion forces are much weaker than typical bond
enthalpies. For example, from experimental and theoretical calculations, we nd that the
van der Waal forces in MgShave an energy near 3 kJ/mé:24This value is much smaller

than the Mo-S bond energy, which is measured to be near 380 kJ/mol. Thus, the weak
interactions in the direction normal to lattice planes are easily overcome by the application
of a small mechanical force such as tape adhesion. In contrast, a crystal such agtgesTiO

no gaps and has bondsanb andc directions. For this material, the interactions between
the atoms are too strong for them to be removed by simple mechanical exfoliation.

Since these 2D lattice layers stack using vdW forces, each layer can be removed by
exfoliation until only single lattice layer, known as a monolayer, is left. From this state,
monolayers of different vdW compounds can be forced to stack on top of each other to
form heterostructuresKigure 1.2). These heterostructures are structurally stable because
the vdW forces hold the layers together. As a result, vdW crystals are able to perform a
bottom-up approach to synthesize new materials with enhanced or new properties at the 2D
leve| 2538

Although vdW materials share the same dispersion forces that hold their lattice layers
together, the composition of the layers themselves in terms of elemental composition and
molecular geometry, can vary dramatically from system to system. For instance, there are
vdW crystals comprised of just one element such as graphite or black phosphorus. How-
ever, despite both carbon and phosphorus exhibiting a coordination number of three, the
geometry of their lattices are starkly different. For instance, in graphite the carbon atoms
arrange themselves in a hexagonal-honeycomb lattice with each carbon atom exhibiting

trigonal planar geometry. Phosphorus also has coordination number of three but one of
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