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ABSTRACT

Enhanced Capabilities for Investigating Local Structure and Magnetism:
Three Dimensional Magnetic Pair Distribution Function
and Symmetry Mode Analysis

Parker Hamilton
Department of Physics and Astronomy, BYU
Master of Science

The local structure, atomic and magnetic structure correlated over a small length scale, of a
material has a strong impact on material properties. Pair distribution function (PDF) analysis is a
strong tool to investigate local structure and magnetism of this nature. This work outlines
extensions to current one dimensional magnetic pair distribution functions (1D-mPDF) and the
fitting of structures with symmetry breaking local atomic distortions. 1DmPDF analysis has been
used to study local magnetic structure, but requires a rotational averaging of the correlations so
directional information is lost, as in powder diffraction experiments. Three dimensional difference
magnetic pair distribution function (3D-AmPDF) analysis does not require this rotational averaging
and preserves directional information. This is a useful tool in analyzing experimental data like
single crystal neutron diffraction and studying locally anisoptropic magnetic structures. Here we
present a technique and software tools to calculate the 3D-AmPDF pattern of a given structure and
give a brief analysis of the local magnetic structure of MnTe. Another problem in PDF analysis is
the modeling of structures with symmetry breaking local atomic distortions. Symmetry-adapted
distortion modes have been used for structural refinement in Rietveld refinement for at least 10
years; more more recently, this has also been applied to PDF data. We present here a detailed
discussion of the use of symmetry-adapted modes for structural refinement using PDF data. We
also outline new open-sourced software tools to apply this technique and show two analyses using
symmetry-adapted structural modes.

Keywords: total scattering, pair distribution function, PDF, magnetic structure, distorted structure,
symmetry modes, local structure
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2 Chapter 1 Structure and Crystallography

1.1 Introduction

Advanced technology increasingly demands advanced materials with improved performance and
novel behaviors. Diffraction techniques are a long-standing tool for the characterization of the
atomic level structure of materials and the investigation of structure-property relationships. In many
cases, the material properties of interest are strongly influenced by the local structure, which refers to
the structural correlations that exist on short length scales (e.g., nanometer or sub-nanometer scales).
The local structure can often deviate substantially from the long-range structure; for example, a
collective displacement of atoms that is correlated over a few unit cells may be uncorrelated (and
hence average to zero) over longer length scales. Traditional material structure analysis focuses on
the long-range structure encoded in the Bragg peaks in a diffraction pattern, typically ignoring the
diffuse scattering that contains information about short-range correlations [1]. While understanding
long-range structure is essential in materials discovery, traditional approaches are not sensitive
to local structure deviations and therefore fail to characterize material structure accurately on the

nanoscale [2, 3].

Data Data

Reduction Reduction

10 20 30
Q&) r (&)

i/
172

0 5 10 15 20 25

Momentum Space P Real Space

Figure 1.1 PDF analysis of diffraction data is performed by taking a Fourier transform of
the total scattering. The resulting PDF pattern is a real-space quasi correlation function.

Pair distribution function (PDF) analysis, illustrated in Fig. 1.1, provides an alternative approach
to analyzing diffraction data that offers sensitivity to features of the local structure. Instead of
using traditional Bragg peak analysis in momentum space, PDF analysis makes use of the total
scattering, i.e., both Bragg and diffuse scattering, and Fourier transforms it into real space to yield a
correlation function [1]. This real-space correlation function is comprised of the pairwise atomic

correlations that define the local structure [4]. The goal of PDF analysis is then to quantitatively
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probe the structure of the sample on local length scales. The most common way this is done is
to compute the PDF of a proposed theoretical structure, compare it to experimentally measured
data, and iteratively fit the theoretical structure to the experimental data set. Similar to traditional
Rietveld refinement [5, 6], the structural parameters that can be optimized include the dimension
of the unit cell, the positions of the atoms within the unit call, the vibrational amplitudes of the
atoms around their equilibrium positions, and more. PDF differs from diffraction analysis in that
the fits are optimized to real-space PDF data over typical distances of 2-3 nm, as opposed to probing
correlations over hundreds or thousands of nanometers typical for Bragg diffraction analysis. PDF
models can be fit over a longer r range, but are ultimately limited by the resolution of the instruments
being used.

PDF techniques are widely applicable and have been used in the structural analysis of crystals,
molecular matter, magnetic structures, and amorphous materials. A few examples of atomic PDF
analysis are investigating negative thermal expansion, where a materials will contract as it heats,
ferroelectrics, spin glasses and spin ices, and nanoparticles [7]. It has also been used to model
molecular matter such as organic polymers, non graphitic carbon structures, and pharmaceuticals [8]
as more not mentioned here. The following work details advances in PDF analysis in two specific
areas: analyzing magnetic structures, and modeling local distortions leading to disorder. Also
included in this work are a set of open source software tools developed and published to assist

researchers in using the PDF methods developed in the present work.

1.2 Outline of This Thesis

The following chapters will start with an outline of the current state of the art for both magnetic
PDF and modeling distortions of the local structure in Chapter 2. Also in that chapter will be a
short description of how this works adds to both of the previously mentioned areas. Chapter 3 and
Chapter 4 will give in depth descriptions of the approaches taken for magnetic PDF modeling and

local structure modeling respectively. Both chapters include example analyses using the techniques



4 Chapter 1 Structure and Crystallography

discussed here in this work. The last chapter is a brief summary and discussion of the the work
presented here.

Much of the research presented here is included in three different papers I have been involved in.
The first is an analysis of the magnetic local structure of MnTe using neutron diffraction [9]. This
project presents both one dimensional (1D-mPDF) and three dimensional difference magnetic PDF
(3D-AmPDF) data on short-range magnetic correlations in MnTe that enhance the thermoelectric
properties of this material. I led the modeling of the 3D-AmPDF seen in the supplemental material
and fit the spin correlation lengths discussed in the paper. The second paper is a detailed description
of the diffpy.mpdf open sourced software package for magnetic pair distribution function analysis
[10]. The package includes tools for calculating the 1D-mPDF and 3D-AmPDF patterns. I wrote and
tested the software tools for the 3D-AmPDF and contributed to the magnetic structure representation
by developing a mathematical model for spatially anisotropic spin correlation lengths. I also worite
the associated sections in the paper. Lastly, I wrote a first author paper on our approach to local
structure modeling [11]. This paper is under review at J. Appl. Cryst., the preprint posted on arXiv
is cited here. I was the primary researcher on this project and wrote the associated software tools

and performed the analyses described later in Chapter 4.



Chapter 2

Advancing Pair Distribution Function

Analysis
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Chapter 4 Symmetry mode PDF analysis
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Figure 4.2 (a) A plot of R, versus mode amplitude for the 72 distortion modes. The arrows
indicate the modes that improved the fit most significantly, namely the Ti E,, and Se E
modes of the L irrep. Note that 72 distinct points are not visible, because multiple modes
may have the same effect on the calculated powder PDF pattern and therefore overlap on
the plot. (b) Temperature dependence of the refined amplitudes of the Ti E,(a) and Se
E(a) modes of the L| irrep. (c) A representative PDF fit to data at 5.1 K with both modes
active. The blue symbols represent the experimental data, the red curve the calculated PDF,
and the green curve the fit residual, offset for clarity.
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5 K equate to displacements of 0.047(3) and 0.024(4) A for Ti and Se, respectively, with the Ti-Se
nearest-neighbor distance decreasing by approximately 0.05 A. These values are close to previously
published results using traditional neutron and x-ray diffraction [56,57].

Having identified the active distortion modes at 5 K, we then performed fits to the remaining
x-ray PDF data sets with the Ti E,(a) and Se E(a) modes included individually to examine the
temperature dependence of the distortion. As illustrated in Fig. 4.2(b), we see that the mode
amplitudes decrease with increasing temperature until reaching zero between 150 and 200 K,
corresponding reasonably well to the accepted CDW transition temperature around 200 K. The
discrepancy in temperature may be due to the difficulty of resolving very small displacements
near the transition in our data. The figure demonstrates how the mode amplitudes serve as order
parameters to identify structural transitions. Interestingly, the refined Se E(a) mode amplitude
becomes nonzero below 190 K, while the Ti E,(a) mode amplitude does so only below about 145 K.
This may indicate that the Se distortion drives the CDW transition, but it may also occur simply
because the weaker scattering strength of Ti reduces the sensitivity of the fits to Ti displacements

compared to Se displacements. Additional studies could provide further clarity on this.

4.4.2 MnTe

Hexagonal MnTe (space group P63/mmc) is an antiferromagnetic semiconductor that has garnered
interest as a potential high-performance thermoelectric material [9,42,58-60] and as a platform for
antiferromagnetic spintronics [61]. In the context of the present work, MnTe is a useful example
because PDF analysis reveals a large short-range distortion of the local structure that exists in a
wide temperature range spanning room temperature. This is manifest as a significant misfit below
approximately 3.5 A in the PDF fits when the published hexagonal structure is used [62], as shown
by the circled portion of the fit residual in Fig. 4.3(a) and (b) for x-ray and neutron PDF, respectively.
The data were collected at 300 K. A zoomed-in view of the misfit for the x-ray PDF pattern appears
in Fig. 4.3(c), revealing that the calculated peak is off-centered relative to the observed peak. The

origin and significance of this feature in the local structure will be discussed elsewhere, but the
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Figure 4.3 (a) X-ray PDF fit to MnTe at 300 K using the published hexagonal structure [62].
The blue symbols and red curve show the observed and calculated PDF, respectively, while
the green curve shows the fit residual (offset vertically for clarity). (b) Same as (a), but for
neutron PDF data (with the magnetic PDF [15,27] included in the fit). (¢) Zoomed in view
of the x-ray PDF fit in panel (a) highlighting the failure of the model for the first peak. (d)
Fit when the Te E’(a) mode of the I irrep is active. () Fit when the Te E’(a) mode of
the I'>* irrep and the Mn E, (a) mode of the I'6~ irrep are active.
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objective here is to demonstrate that a symmetry-driven approach can be successfully applied to
highly localized structural distortions, in addition to long-range distortions such as the example
given in TiSe;.

To investigate the local distortion in MnTe, we systematically tested each of the 12 displacive
symmetry modes in the conventional unit cell assuming P1 symmetry. We restricted the fit range
to 1.5 —3.75 A, since the misfit is localized to the first large peak in the PDF pattern. To avoid
over-fitting to this short data range, we fixed the lattice parameters to the values determined from a
longer-range fit (1.5 — 20 A) and optimized only a scale factor, an isotropic thermal factor for each
atomic species, and the symmetry mode amplitude. The peak-sharpening parameter §; was fixed to
the value determined from the longer-range fit.

Of the 12 symmetry mode amplitudes, 11 had a negligible effect on the fit when tested indi-
vidually. However, the Te E’(a) mode of the I irrep improved the fit dramatically, reducing R,,
from 0.115 to 0.058 for the x-ray fit and similarly for the neutron fit. Both data sets yielded a mode
amplitude corresponding to a Te displacement of ~0.126(4) A. The improved fit is shown for the
x-ray data in Fig. 4.3(d); notably, the calculated peak is now centered on the experimental peak.
This symmetry mode corresponds to antiparallel displacements of the two Te atoms toward the
nearest face of the unit cell, as illustrated in Fig. 4.4. If this were a coherent distortion throughout
the entire crystal structure, the crystallographic symmetry would be lowered to space group Cmcm.

Refining pairs of symmetry mode amplitudes simultaneously provides further improvement
to the fit, albeit only slightly. Fig. 4.3(e), for example, shows the x-ray fit when the same Te
E’(a) mode of the I°* irrep and the Mn E,(a) mode of the '~ irrep are both active. However,
other pairs of modes yielded equally good fits, indicating that the data range over which the local
distortion is observed is insufficient to remove all ambiguity. Whether or not the peak-sharpening
parameters 8; or &, were included also influenced which mode pairs yielded the best fit. On the
other hand, the single-mode refinements were robust against variations in the choice of d; or &
(or no peak-sharpening function at all), the number of unique ADPs, and the starting values of the

variables, building confidence in the reliability of the single-mode results.
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Figure 4.4 (a) Conventional unit cell of MnTe, visualized with VESTA [45]. (b) View of
the unit cell looking down the ¢ axis, with the Te displacements of the [°TE’(a) shown by
the arrows.

4.5 Discussion and Conclusion

We demonstrated the utility of the symmetry-mode approach to fitting PDF data for two complemen-
tary use cases. In the case of TiSe;, we identified a structural phase transition present over the full r
range of the data in a more straightforward manner than would have been possible using traditional
PDF fitting methods with xyz atomic coordinates as fit variables. The amplitudes of the active
symmetry modes served as structural order parameters to show subtle but observable changes to the
long-range structure, consistent with published results. Here, the advantage of the symmetry-driven
methods over the traditional xyz approach is the reduced number of free parameters necessary to test
and identify distorted structural models that fit the data. Only two nonzero mode amplitudes were
necessary to characterize the distorted structure, while systematic testing of the individual atomic
coordinates would have required a much larger number of fit variables to arrive at the same result.

The MnTe case offers a proof of concept for fitting distortions with shorter correlation lengths,

as well. The distortion was only apparent in the data below about 4 A. The flexibility of our
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implementation allows for the isolation, or concurrent testing, of individual modes and groups
of modes as defined by the user. For MnTe, we identified a single Te mode that resulted in a
much better fit when activated. The extremely localized nature of this distortion obscures the
notion of symmetry modes somewhat, but the symmetry mode basis nevertheless provided a useful
parameterization, leading us to identify an in-plane distortion of the Te atoms as the likely cause of
the misfit in the original fit.

A benefit of using the flexible DiffPy fitting framework is that users can customize the fitting
procedure in any way they desire. For example, one could easily execute the fit multiple times with
random starting values, impose a penalty to the cost function for each active symmetry mode, or set
a threshold improvement value in R,, to allow a mode to be considered active. These strategies have
all been suggested previously as a way to improve the reliability of exhaustive symmetry-mode
testing [22,25]. Our code can also be extended in a straightforward manner to include the rotational,
occupational, and magnetic modes calculated by ISODISTORT, although that is beyond the scope
of the present work. We expect that symmetry-adapted PDF analysis will become increasingly
common in the field of total scattering, leading to new physical insights into the local structure of

materials.

4.6 Code availability and usage

The analysis methods introduced in this work are based on fully open-source software. We have
developed two new packages as part of this work: pydistort (https://github.com/FrandsenGroup/
pydistort) for automated interactions with the ISODISTORT web-based software and isotools
(https://github.com/FrandsenGroup/isotools) for adapting the ISODISTORT output to be compatible
with the diffpy library [44].

For this portion of the research we thank Branton Campbell for valuable discussions regarding
symmetry-adapted distortion modes and ISODISTORT. We acknowledge Brian Toby and Robert von
Dreele, who developed the first python code to interface with ISODISTORT as part of their GSAS-II


https://github.com/FrandsenGroup/pydistort
https://github.com/FrandsenGroup/pydistort
https://github.com/FrandsenGroup/isotools
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Two significant extensions to PDF analysis are shown here and specifically implemented in the
open-sourced Diffpy package. The 3D-AmPDF method offers a tool to compare a model structure
directly to single crystal neutron diffraction and analyze the directionally dependant local magnetic
structure as it deviates from the long range magnetic structure. The MnTe magnetic structure
analysis shows how the 3D-AmPDF can be used to better understand the anisotropic magnetic
correlations present in the local structure. The implementation of the magnetic structure for the sake
of the computation of the 3D-AmPDF allows for the definition of anisotropic correlation lengths,
described in detail in the appendix, which allows for a fully general definition of local correlation
lengths.

In the case of the symmetry-adapted distortion method, two examples are given, as well as a
detailed description of the methods and implementation of the analysis. The symmetry-apdapted
fitting method offers a clear and useful analysis of the locally distorted structure, as seen in both
the TiSe, case and, more subtly, in the MnTe case. Our implementation includes key tools for
researchers seeking to use this technique, including a programmatic interface to the ISODISTORT
package. The ISODISTORT interface tools allow for a fully algorithmic fitting routine with no need
for manual interaction with a graphic user interface, facilitating efficient and thorough analysis of
locally distorted structures. These two additions to the PDF analysis capabilities of Diffpy will

facilitate ongoing research in the field of local structure effects.
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