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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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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].
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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
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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.
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2.1 Magnetic PDF

The vast majority of PDF work to date has focused on determining the local atomic structure, i.e.
the arrangement of the atoms in a material [12]. Recently, however, the magnetic pair distribution
function (mPDF) has been introduced as a new way to probe short-range magnetic correlations in
magnetic materials [13, 14]. Magnetic PDF (mPDF) follows the same principles as atomic PDF,
except that it is applied to the magnetic scattering cross section of neutrons incident on a material
with nonzero magnetic moments. The nature of magnetic scattering differs from nuclear scattering
because it involves a spin-spin interaction, which is an interaction between two vectors, so the
scattering cross section is correspondingly more complex. The mPDF is likewise more complex
than the atomic PDF, but the primary intuition as a real-space correlation function between pairs
of spins remains in place. To date, mPDF has been applied to a variety of magnetic materials in
powder samples, demonstrating its feasibility and efficacy [15].

A weakness of one dimensional PDF techniques is the rotational averaging that is necessary
when measuring poly-crystalline samples. This superimposes information at equal distances and so
both weak distortions and anisotropic structure can be lost. The three-dimensional difference PDF
(3D-APDF) has two unique features from the normal 1D PDF, the separation of spatial directions
and the inclusion of only the disorder, not the average structure. The inclusion of only the disorder
is a way to view weak distortions from the average structure and the separation of directions can
show directionally dependent features of the local disorder that might not have been seen otherwise.

The 3D-AmPDF was initially developed for atomic correlations but the theory has been extended
by Roth et.al. [16] to magnetic spin correlations as well. No software tools for calculating the
3D-AmPDF have previously been developed that are available to the general research community.
Here the 3D-AmPDF is implemented based on the work of Roth et.al. in the open sourced python

package diffpy.mpdf and used to investigate anisotropic local magnetic structure in MnTe.
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2.2 Modeling Local Structure

A typical objective of PDF analysis is to identify and characterize symmetry-breaking distortions
in the local structure that average to zero over longer length scales. Local symmetry breaking
of this type can provide crucial information about the underlying physics of the material under
investigation [2,3,7,17-21]. In the commonly used “small-box modeling” or “real-space Rietveld”
approach, one often starts with fitting a high-symmetry average-structural model to the low-r portion
of the data, and looks for systematic misfits that provide evidence for and information about any
short-range structural distortions. The next step is then typically to test lower-symmetry models
against the a low r data to see if the fit improves, and if so, attempt to determine what physical
insights can be gained from the lower-symmetry model.

Two commonly occurring obstacles can make this strategy difficult. First, selecting candidate
lower-symmetry models can often be an ad hoc process requiring tedious guesswork by the PDF
analyst, and even if some distorted model that improves the fit is identified, it may not be clear
whether other distorted models could provide equally good or even better fits. Second, lower-
symmetry models will naturally have a greater number of free parameters (e.g. atomic positions
and atomic displacement parameters [ADPs]) to be optimized in the fit, which can impede the
optimization routine from converging reliably.

These difficulties apply both to PDF and Rietveld analysis of diffraction data. A promising way
to overcome these challenges is to use a symmetry-adapted fitting scheme using the tools of group
theory, as has been demonstrated for Rietveld refinements with diffraction data [22,23]. Using
software such as ISODISTORT [24], one can start with a parent structure and systematically explore
distorted child structures down to arbitrarily low symmetry and up to an arbitrarily large supercell.
Comparing the fit results allows one to build a more complete picture of potential distorted structures
that could explain the data. This addresses the first of the previously mentioned challenges. In
addition, one can define as fit variables the amplitudes of the symmetry modes allowed for a given
structure, in place of the atomic coordinates for individual atoms that are conventionally used as fit

variables. A single variable in the form of a mode amplitude may therefore control the collective
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motion of several distinct atoms. Because structural distortions often correspond to a small number
of symmetry modes taking nonzero amplitudes, the use of symmetry mode amplitudes as a basis for
the fit variables can greatly reduce the number of variables required to achieve a good fit, leading to
more robust convergence. In addition, the symmetry modes relevant for a given structural distortion
can be identified directly from the fit, providing greater clarity to the physical interpretation of the
fit results. This feature of a symmetry-adapted fitting scheme addresses the second of the challenges
mentioned previously.

Recently, symmetry-mode analysis has been applied to PDF data [25]. Bird et al. introduced
a procedure for refining distortion mode amplitudes from PDF data that entails (1) downloading
the symmetry mode information from the ISODISTORT web application, (2) running a script to
convert the output into a format that can be read by the commercial structural refinement software
TOPAS-Academic [26], and (3) iterating through a series of refinements in TOPAS to identify
and evaluate candidate distortion modes. The approach was successfully used to characterize
dynamic distortions in the negative thermal expansion material ScF3 and short-range distortions
in the prototypical ferroelectric BaTiO3, demonstrating that a symmetry-adapted fitting scheme
can be applied to PDF analysis, providing the aforementioned advantages over conventional fitting
methods. Additionally, this impact will be amplified by providing open sourced software tools
for automatable, high throughput fit execution as well as a flexible, scriptable python interface for

accessing the ISODISTORT web application removing the manual aspect of the work flow.
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3.1 Introduction

Magnetic pair distribution function (mPDF) analysis of neutron total scattering data was introduced
in 2014 as a method for studying local magnetic correlations in materials [27]. Analogous to
the more familiar atomic pair distribution function (PDF) method [28], mPDF analysis utilizes
the Fourier transform of the magnetic neutron scattering cross section to yield information about
pairwise magnetic correlations in real space. The method can be used for both powder samples
and single crystals [16], the latter case yielding the three-dimensional difference magnetic pair
distribution function (3D-AmPDF). Magnetic PDF analysis has been successfully applied to the
study of long- and short-range magnetic correlations in numerous magnetic systems, including
strongly correlated electron systems [15,29, 30], geometrically frustrated magnets [31-34], spin
glass systems [35], technologically relevant ferromagnets and antiferromagnets [9, 36,37], and
others [38]. Here, we present the 3D-AmPDF capabilities built into diffpy.mpdf, the first full-

featured, open-access software package for mPDF analysis.

3.2 Theoretical Background

The 3D-AmPDF is a measure of correlated magnetic disorder in a single crystal [16], analogous
to the 3D-APDF for correlated atomic disorder [39]. The 3D-AmPDF is obtained via the Fourier
transform of the diffuse magnetic scattering, thereby differing from standard PDF techniques where
both Bragg and diffuse scattering are included. As such, the 3D-AmPDF is sensitive specifically to
deviations from the average magnetic structure. In a system without long-range magnetic order,
such as a magnetic material above the ordering temperature, there is no average magnetic structure,
so the 3D-AmPDF reflects all magnetic correlations present. Compared to powder samples, single
crystals offer a more feasible route to separating the diffuse scattering from Bragg scattering through

methods such as punch and fill [39], KAREN [40], or temperature subtraction.
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For a given magnetic structure, the 3D-AmPDF is given by [16]

3D-AmPDE(r) = 7! [%] 3.1)
r2 - 1 _ _
= ﬁ(éM@ﬁM — 5 (SMAY) @ (SMAY)), (3.2)

where the derivative in equation 3.1 is the differential scattering cross section of only the diffuse
scattering, the independent variable r is the vector separating two points in real space (e.g. the
separation vector between two magnetic moments), 0M is the vector field describing the local
deviations from the average magnetic structure as a function of r, rq is the classical electron radius
as before, and up is the Bohr magneton. Y arises from the vector interaction of the neutron spin and

the electronic magnetic moments in the material and is defined as

ﬁ, r#0
0, r=0

~
Il

(3.3)

The vector-field cross correlation and convolution operators (® and %) are defined for two vector

fields f and g as

fRg=fivg1+HL g+ ®g3 (34)

fxg = fixg1+ faxg+ f3*g3, (3.5)

where f;, g; are the scalar functions comprising the i™ component of the corresponding vector
field and ® and x* are the usual scalar cross-correlation and convolution operators, respectively.
It can be seen from (3.2) that the 3D-AmPDF can be thought of as an auto-correlation of the
local magnetization with an additional term to account for the complexity that arises from neutron
scattering from a vector magnetization density rather than a scalar density.

The new capability presented by the 3D-AmPDF method to capture the directional dependence
of the magnetic spin correlations, which is largely lost in the rotational averaging of the 1D-mPDF,
allows for the analysis of aniostropic spin correlation lengths. This requires the development of a
new mathematical method to represent these directionally dependent correlations. We represent an

anistropic correlation length using an ellipsoid, where the distance from the center to the surface
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of the ellipsoid in any given direction is the correlation length in that direction. The surface of an
ellipsoid is described by the equation

xIDx = 1, (3.6)

where x is the three-component Cartesian vector from the center of the ellipsoid to an arbitrary point
on the surface of the ellipsoid and D is a symmetric matrix of the form
Dy D12 %Di3
D= %Dlz Dy, %D23 . (3.7)
iD13 1Dy D33
If we consider an arbitrary direction denoted by the unit vector 71, we can determine the correlation
length £ along that direction by substituting the vector 7 for x in Eq. 3.6, yielding the desired

equation for &

D=

&= (a"Dh)"2. (3.8)

Thus, one can implement any desired ellipsoidal correlation length by constructing a suitable D
matrix. Because the components of D are related to the rate at which magnetic correlations decay
along certain directions, we call D the damping matrix.

The eigenvectors of D represent the principal axes of the correlation ellipsoid, while the
eigenvalues are the inverse square of the correlation length along each of the principal axes. If
physical considerations suggest a certain set of principal axes for the correlation ellipsoid, then we

can use these principal axes and their associated correlation lengths to construct D through spectral

decomposition:
D=VAVT (3.9)
L 0 0] |aT
& ”1
= [n1,n2,n3] | 0 ? 0| [nf]|- (3.10)
2
0 0 &4 n3T

&

The diffpy.mpdf package allows users to construct the damping matrix directly or by providing a

set of orthornormal eigenvectors (i.e., the directions of the principal axes of the ellipsoid) and their
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correlation lengths.

3.3 The diffpy.mpdf Software

The diffpy.mpdf software package is an open source set of software tools for calculating magnetic
PDF patterns and fitting structural models to mPDF data. The package is written in python and the
primary class element is the MagStructure object, which contains information about the positions,
orientations, and magnetic moments of a theoretical material structure. The package also has two
calculators, on for 1D-mPDF and one for 3D-AmPDF. Both utilize just the MagStructure class to
calculate their respective mPDF patterns as the mPDf can be primarily thought of as a spin-spin

correlation function.

3.4 Calculating the 3D-AmPDF

The 3D-AmPDF is calculated by evaluating Eq. 3.2 for a given set of magnetic moment vectors
and position vectors representing the magnetic structure. We convolve each position vector with a
user-specifiable 3D Gaussian function, approximating the effect of the finite spatial extent of the
wave functions of the unpaired electron(s) giving rise to each magnetic moment. The user can also
specify the 3D real-space grid on which the 3D-AmPDF is to be evaluated. The code to compute the
3D-AmPDF, some of which is shown in Fig. 3.1, makes heavy use of the convolution and correlation
functions from the scipy signal processing library. While these functions are highly optimized, the
number of grid points scales cubically with incresing system size and real-space resolution. For the
example given below computation of the 3D-AmPDF was on the order of minutes. An additional
aspect of the code base for the 3D-AmPDF is a set of visualization aids to assist in generating

arbitrary slices of the 3D data to navigate different directions and planes of the 3D-AmPDF pattern.
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125 filter_x = np.arange(-3,3+self.dr,self.dr)

126 X,Y,Z = np.meshgrid(filter_x,filter_x, filter_x,indexing="'1ij")

127 filter_grid = np.moveaxis([X,Y,Z],0,-1)

128

129 if verbose:

130 print("Making filters")

131

132 gaussian = gauss(filter_grid,s=self.gaussPeakWidth)

133 upsilon = ups(filter_grid)

134

135 if verbose:

136 print("Convolving spin array")

137

138 s_arr[:,:,:,0] = sig.convolve(s_arr[:,:,:,0],gaussian,mode="same")*self.dr«*3
139 s_arr[:,:,:,1] = sig.convolve(s_arr[:,:,:,1],gaussian,mode="same")x*self.dr*3
140 s_arr[:,:,:,2] = sig.convolve(s_arr[:,:,:,2],gaussian, mode="same")*self.dr3
141

142 if verbose:

143 print("Computing mpdf")

144

145 mag_ups = vec_con(s_arr,upsilon,self.dr)

146 self.mpdf = vec_ac(s_arr,s_arr,self.dr,"full")

147 self.mpdf += -1/(np.pikk4)*sig.correlate(mag_ups,mag_ups,mode="full")xself.drs*3
148

149 return

Figure 3.1 The main lines of code from diffpy.mpf for calculating the 3D-AmPDF. Lines
145-147 reference the vector convolution and vector auto-correlation functions defined
previously.

3.4.1 Example

We present the 3D-AmPDF of the antiferromagnetic semiconductor MnTe as an example case. MnTe
has a hexagonal crystal structure and orders magnetically below Ty = 307 K, with the moments
aligned ferromagnetically within the ab plane and antiferromagnetically along the ¢ axis [41].
Short-range antiferromagnetic correlations are known to persist to high temperatures well into the
paramagnetic phase [9,42].

In Fig. 3.2(a), we show the z = 0 plane of the calculated 3D-AmPDF for MnTe in the correlated
paramagnet regime above Ty. The magnetic configuration was generated using experimentally
verified ab initio calculations [9]. In the plots, red is a positive correlation/ferromagnetic alignment
and blue is a negative correlation/antiferromagnetic alignment. The hexagonal structure and
ferromagnetic alignment within the plane can both be seen. In Fig. 3.2(b), we show the y = 0 slice
of the same calculation, providing a view of the out-of-plane correlations. The horizontal rows of

alternating red and blue spots illustrate the antiferromagnetic correlations along the z axis. We also
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Figure 3.2 (a) The z = 0 plane of the calculated 3D-AmPDF pattern for MnTe above Ty.
The calculation shows short-range ferromagnetic correlations in the xy plane. (b) The
y = 0 plane of the calculated 3D-AmPDF pattern for MnTe above Ty. The calculation
shows short-range antiferromagnetic correlations in the z direction. The units shown in the
color bar for both panels are arbitrary, but the sign is significant: for a given separation
vector, a positive (negative) value of the 3D-AmPDF indicates greater parallel (antiparallel)
alignment of the magnetization relative to the average magnetic structure. In the present
case of a correlated paramagnet, there is no average magnetic structure, so the 3D-AmPDF
shows the local magnetic correlations directly.
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Figure 3.3 Experimental 3D-AmPDF patterns from MnTe taken above the magnetic
transition temperature, showing surviving local correlations. This data was taken by Raju
Baral and analysed by Jacob Christensen [43]. (a) The z=0 plane of the experimental 3D-
AmPDF. (b) The y=0 plane of the experimental 3D-AmPDF. In the above images yellow
indicates a positive ferromagnetic correlation and blue is a negative antiferromagnetic
correlation.

note the strikingly anisotropic correlation length, which is significantly longer along z than within
the xy plane. This originates from the disparate strengths of the magnetic exchange interactions [9].
Fig. 3.3 shows experimental of the 3D-AmPDF for MnTe. The data was taken by Raju Baral and the
analysis was done by Jacob Christensne [43]. Comparing Figures 3.2 and 3.3, we can see very good
agreement between the measured experimental data and the simulated 3D-AmPDF. The one feature

not accounted for is a slight butterfly envelope seen in Fig. 3.3a that we were unable to model.

3.5 Availability and resources

The diffpy.mpdf package is open source and distributed under the 3-Clause BSD license. The
source code is freely available to download and install at https://github.com/FrandsenGroup/diffpy.mpdf.
The software runs on Linux and Macintosh operating systems and the Windows Subsystem for
Linux. Tutorial files in the form of Jupyter Notebooks and python scripts are also available at the
same website to demonstrate important functionalities, including generating magnetic structure

descriptions, calculating one- and three-dimensional mPDF patterns, performing fits to data, and a
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selection of more advanced usage cases.

For this portion of the work we thank Caleb Dame for valuable contributions to the interactive
magnetic structure builder and Matthew Richards for help with the fitting algorithms. Work by B.A.F.
and P.H. was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences (DOE-BES) through Award No. DE-SC0021134. J.A.C. and E.S. acknowledge support
from the College of Physical and Mathematical Sciences at Brigham Young University. S.J.L.B.
was supported by U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences
(DOE-BES) under contract No. DE-SC0012704. This study used resources at the Spallation
Neutron Source (SNS), a DOE Office of Science User Facility operated by the Oak Ridge National

Laboratory
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4.1 Introduction

Here, we explain the details of symmetry-adapted PDF analysis, demonstrate the value of the
approach, and introduce new software tools for implementing this approach in an automatable, fully
open-source way. We have developed the open-source python packages pydistort and isotools,
which respectively enable automatic calls to ISODISTORT from a python script and convert the
ISODISTORT output into a format suitable for structural refinements using the open-source DiffPy
library [44]. This work broadens the impact of symmetry-adapted PDF analysis by eliminating
exclusive reliance on commercial software and making possible high throughput analysis. We
use this method to study two complementary examples drawn from materials of significant recent
interest: the charge-density-wave (CDW) compound TiSe;, which displays a long-range but subtle
structural distortion, and the high-performance thermoelectric candidate MnTe, where we observe a
large but highly localized distortion. In both cases, we identify the relevant distortions and achieve
excellent PDF fits through a systematic and automated exploration of all possible symmetry modes.
The results further emphasize the advantages of using symmetry modes when performing structural
refinements and suggest that the open-source tools introduced here can be successfully applied to a

wide variety of materials.

4.2 Methodology: Refining distortion models using symmetry
modes

A symmetry-breaking distortion removes certain symmetry elements of the parent space group.
The remaining symmetry elements that persist in the distorted structure comprise the “distortion
symmetry” or “isotropy subgroup” which is also the space group of the distorted structure. In this
work, we consider only displacive distortions involving changes in the positions of the atoms. To test
distorted structural models against PDF data, we use ISODISTORT, which can generate all possible

distortion symmetries of a given parent structure for a user-specified supercell and space-group type.
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Figure 4.1 A 2 x 2 x 2 supercell of the P3m1 structure of TiSe,, visualized using
VESTA [45]. The arrows depict distortions belonging to the L; irrep. (a) The Se distortion
corresponding to the E(c) mode. (b) The Ti distortion corresponding to the E, (c) mode.

Furthermore, ISODISTORT can express the distortion models using either the traditional xyz basis
of atomic coordinates or the symmetry-adapted basis of symmetry mode amplitudes.Symmetry
modes are basis vectors of the irreducible matrix representations (irreps) of the parent symmetry
group, and therefore provide a complete and orthogonal basis of distortion space. For a given
distortion symmetry, these two bases—the xyz basis and the mode-amplitude basis—are related
by a linear transformation calculated by ISODISTORT. In general, a single mode amplitude can
affect the positions of multiple atoms, and the displacement of a single atom may be affected by the
amplitudes of multiple modes. Since both bases describe the same distortion space, the number of
symmetry modes always equals the number of independent atomic coordinates. For P1 symmetry,
there are no constraints on atomic positions, so that for a supercell with N atoms, there are 3N
atomic coordinates and 3N symmetry modes. For higher symmetries, of course, there will be fewer
degrees of freedom, since not all atomic displacements will be independent. An example of a
symmetry mode from the TiSe; study described later is shown in Fig. 4.1.

The traditional approach to refining a distorted structural model is to use the xyz coordinates

as fitting variables and refine the positions of the atoms directly. However, if the correct distortion
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symmetry is not known (and sometimes even if it is), there may be so many degrees of freedom that
standard fitting algorithms have difficulty converging to a good result. Recognizing that distortions
are often dominated by one or a few modes while the others remain inactive, it can be much more
effective to use mode amplitudes as fit variables rather than atomic coordinates [22]. A small
number of free parameters corresponding to the mode amplitudes can therefore capture collective
displacements of multiple atoms that would otherwise require a larger number of atomic coordinates
to describe, effectively reducing the size of the relevant parameter space. Furthermore, the fitting
scheme can be organized such that one symmetry mode is tested at a time while all the others
remain fixed, which allows the identification of relevant modes much more effectively than would
be possible by cycling through the individual atomic coordinates. Finally, this symmetry-informed
approach directly reveals which symmetry modes are active in a given structure, yielding insight
into the underlying physics at play in the material.

In this work, we use original open-source python packages pydistort, which interfaces directly
with the ISODISTORT server online through a python script inspired by similar functionality
available in GSAS-II [46], and isotools, which converts the ISODISTORT output into a format
compatible with the open-source DiffPy suite for PDF fitting and analysis. These developments
remove the need to manually click through the ISODISTORT web interface to generate the distortion
models, providing a significantly greater degree of automation and flexibility when performing
symmetry-mode fits to PDF data, all within a fully open-source software environment. Below we
describe the typical workflow, which can be carried out completely within a python script or jupyter

notebook using the functions defined in our python packages.

1. Upload a crystallographic information file (CIF) corresponding to the parent structure (e.g.
as determined by Rietveld refinements to diffraction data or by PDF fits conducted over
a long fitting range) to the ISODISTORT server, together with an optional dictionary of
ISODISTORT arguments such as the lattice basis of the supercell relative to the parent cell
or the desired space group of the child structure (P1 by default). This is done with the

pydistort package. The code interfacing with ISODISTORT then automatically works



4.3 Experimental details 23

through the steps to produce a human-readable file (in TOPAS format) containing all the
symmetry modes compatible with the specified supercell and space group. This file is
automatically downloaded from the ISODISTORT server. Other ISODISTORT output files
can also be requested by the user, such as a CIF or interactive distortion visualization file.
Note that ISODISTORT uses the irrep naming conventions of Cracknell, Davies, Miller, and

Love (CDML) [47]

2. Create a DiffPy-compatible structure object from the ISODISTORT output using the isotools

package.

3. Input the symmetry-mode amplitudes as variables to be optimized in the fit, together with the
usual fit variables such as a scale parameter, lattice parameters, and ADPs. The isotools
package automatically implements the appropriate constraints relating the mode amplitudes

to the atomic coordinates based on the ISODISTORT output.

4. Use diffpy.srfit to carry out the fit however the user desires. For example, the user can
cycle through each mode amplitude individually, refine multiple amplitudes in arbitrarily
defined groups, perform multiple fits with random starting values, impose a cost for activating
additional modes [22], establish a threshold for improvement in the fit quality to consider a

mode active [25], etc.

5. Modify the diffpy.srfit script as desired for automatic batch fits to multiple data sets,

different fitting ranges, etc.

We followed this basic workflow to study distortions present in TiSe, and MnTe.

4.3 Experimental details

A powder sample of TiSe, was synthesized via solid state reaction by our collaberator Jaime Moya

at Rice University. Powdered Ti and Se were weighed out in the atomic ratio of Ti:Se 1:2.02 and
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ground together in accordance with Ref. [48]. The resultant powder was sealed in a quartz tube
under ~3 Torr of partial argon atmosphere and heated at a rate of 50 °C/hr to 650 °C. The sample
remained at 650 °C for 48 hours before being quenched to ambient temperature.

The powder sample of MnTe was the same one used in Ref. [9]. It was prepared by thoroughly
mixing stoichiometric amounts of Mn powder and Te pieces in an argon glove box, sealing the
mixture in an evacuated quartz tube, and placing it in a furnace at 950 °C for 6 hours. The ampoule
was then quenched in ice water and annealed further at 650 °C for 72 hours. A mortar and pestle
were used to grind the sample into a fine powder in the glove box.

The x-ray total scattering experiments were performed at the National Synchrotron Light Source
IT (NSLS-II) at Brookhaven National Laboratory on beamline 28-ID-1. The incident wavelength
was 0.167 A. Finely ground powder samples were loaded into thin kapton capillaries sealed with
clay. A large amorphous silicon area detector was used to record the diffraction patterns, which were
azimuthally integrated using DIOPTAS [49]. The resulting one-dimensional diffraction patterns
were normalized and Fourier transformed with Qpax = 25 A~ to produce the PDF using the
xPDFsuite program [50].

The neutron total scattering experiments were performed at the Nanoscale-Ordered Material
Diffractometer (NOMAD) at the Spallation Neutron Source (SNS) of Oak Ridge National Labora-
tory (ORNL) [51]. The powder samples were loaded in quartz capillaries and mounted in the beam.
Neutron scattering data were collected for an integrated proton current of 4 C and then reduced
and transformed with Opa.x = 25 Al using ADDIE [52], the automatic data reduction program at

NOMAD.

4.4 Results

44.1 TiSe,

The transition-metal dichalcogenide TiSe; is interesting for its complex electronic properties [53,54],

particularly the formation of a CDW below ~200 K [55]. A subtle structural distortion accompanies
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the CDW transition, making TiSe, a good test case for the ability to pick out small but long-range
distortions in PDF data. This will be complementary to the MnTe test case, where the distortion is
large but highly localized.

The CDW state in TiSe, forms a 2 x 2 x 2 superlattice of the P3m1 high-temperature parent
structure [55]. The supercell contains 24 atoms (8 formula units) and therefore a total of 72 degrees
of freedom for P1 symmetry, which we selected to provide the most general possible exploration
of potential distortions. For each of the 72 symmetry modes, we performed a PDF fit to the
5-K data from 1.5 - 20 A by first optimizing the lattice parameters and scale factor, then adding
the symmetry-lowering mode amplitude and the displacement allowed in the parent space group

(P3m1), and finally adding the ADPs. To quantify the impact of each symmetry mode, we use the

goodness-of-fit metric R, = \/ ():i [Gops (r1) — Geare(ri)]* / ¥ ngs(ri)> , where r; is the i value in
the r grid of the experimental data, G is the observed PDF, and G, is the calculated PDF. A
lower value of R,, indicates better agreement with the data. In Fig. 4.2(a), we plot R,, versus mode
amplitude for all 72 modes tested individually, along with a horizontal line at R, = 0.0571 marking
the base value with no symmetry-breaking modes included. We see that most of the modes provide
minimal improvement to the fit. However, two groups of modes improve the fit significantly more
than the others, indicated by the arrows on the figure. These are the Ti E, and the Se E modes of
the L irrep, corresponding to in-plane distortions of the Ti and Se atoms (refer to Fig. 4.1). Each
group of modes includes three equivalent distortions that are rotated 120° from each other and,
given the 1D nature of the PDF data, have identical effects on the calculated PDF. The L irrep to
which these modes belong is precisely the one responsible for the known CDW distortion in TiSe,,
which consists of equal superpositions of the three branches of the Ti E, and the Se E modes. That
the PDF fits naturally pick out these modes confirms the ability of this symmetry-motivated fitting
strategy to identify even rather subtle distortions. Refinements against neutron PDF data at 100 K
yielded consistent results. The fit was improved further when the same branches of the Ti and Se
modes were refined together (e.g. E,(a) and E(a) for Ti and Se, respectively), lowering R,, from

0.0571 to 0.0542. The corresponding fit is displayed in Fig. 4.2(c). The refined mode amplitudes at
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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
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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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