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DISSERTATION ABSTRACT 
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[(SnSe)1.03]m[MoSe2]n Misfit Layered Compounds 
 
 
Approved:  _______________________________________________ 

Dr. David C. Johnson, Ph.D.  
 

The structures of several compounds in the [(PbSe)0.99]m[WSe2]n, 

[(PbSe)1.00]1[MoSe2]1, and [(SnSe)1.03]1[MoSe2]1 systems were determined using x-ray 

data.  The structural determination using Rietveld methods was complicated by the strong 

preferred orientation of the samples, which resulted in x-ray diffraction scans with either 

00l or hk0 reflections depending on the orientation of the sample in the diffractometer.   

Rietveld refinements of the [(PbSe)0.99]1[WSe2]1, [(PbSe)1.00]1[MoSe2]1, and 

[(SnSe)1.03]1[MoSe2]1 samples were compared to single crystal sample refinement results 

for [(MX)1+δ]1[TX2]1, where M is a metal, T is a transition, X is a chalcogen, and δ is the 

misfit parameter.  The structural refinement yielded rock salt layer puckering values of 25 

pm, 23 pm, and 36 pm for [(PbSe)0.99]1[WSe2]1, [(PbSe)1.00]1[MoSe2]1, and 

[(SnSe)1.03]1[MoSe2]1,  respectively, which are all within the established literature range 

of 20 pm to 60 pm.  The refinement of the hk0 reflections confirmed that the in plane 

structures were consistent with the dichalcogenide (P63mmc) and rock salt (Fm3m) 

structure types. 



 

v 

 

 Structures for the [(PbSe)0.99]m[WSe2]m isomer series where m = 1 to 5 were 

determined, and a systematic trend in structure as a function of the thickness of the 

constituent layers was discovered.  The structure of the rock salt constituent was found to 

distort into pairs, forming alternating long and short distances along the c axis. This 

distortion decreases as the number of rock salt planes increases from 4 to 6 to 8 and is 

either absent or nearly so in compounds with a larger number of rock salt planes.  The 

puckering distortion at the interface between the rock salt and the dichalcogenide is also 

observed in the inner rock salt layers but decreases in magnitude moving away from the 

rock salt – dichalcogenide interface.   

Structures of [(PbSe)0.99]m[WSe2]n where m = 1 or 2 and n = 1 or 2 were also 

determined.   The degree of structural distortion is a function of the ratio of rock salt to 

dichalcogenide layers. 

This dissertation includes unpublished co-authored material. 
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CHAPTER I 

INTRODUCTION 

 

1.1: Misfit Layered Compounds 

Misfit layered compounds (MLCs) have a unique structure that can be tuned to a 

wide range of physical properties. The minerals franckeite and cylindrite,1 both sulfosalts, 

are naturally occurring MLCs.  The existence of these minerals demonstrates the inherent 

stability of their structure.  Structurally these compounds consist of a rock salt 

intercalated into a dichalcogenide.  The structure of MLCs allows for a variety of 

physical properties depending on the component elements;  these properties include 

superconductivity,2-8 anisotropic magnetic properties,7,8  or ultra-low thermal 

conductivity.9 These properties are also susceptible to change via intercalation by another 

molecule, hydrazine, within the host structure.10 

The general chemical formula for these compounds is (MX1+δ)m(TX2)n, where M 

is a transition or rare earth metal, X is a chalcogen, T is a group III, IV, V or VI transition 

metal, n and m are integers, and δ represents the magnitude of the misfit between the a 

and b parameters of the rock salt and dichalcogenide.  The general structures of a rock 

salt and dichalcogenide are represented in Figure 1.  When these two crystal types 

combine in an MLC they do so as a distorted rock salt composed of a bilayer of atoms 

and a dichalcogenide composed of a trilayer of atoms. 
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Figure 1: Representative bulk dichalcogenide and rock salt structures.  The rock salt is on the left 

and the dichalcogenide on the right. 

 

The misfit can be better understood by considering children’s stacking blocks.  If 

square blocks were stacked in one layer, rectangular on the next, then the repeated pattern 

will have the mismatch between the shape of 

the square and rectangular blocks. As seen in 

Figure 2, the tower would require more of the 

smaller blocks in order to provide structural 

stability to the stack. This compensating 

amount needed in a layer is represented by δ.   

The δ value is normally between 0.07 and 

0.29.10-16  Table 1 contains a list of some select 

compounds and their misfit parameters.  The 

selenide based MLCs in these examples have 

nearly identical misfits compared to their 

 

Figure 2: The stacking of MLCs as 

represented by children’s blocks with the 

addition of unit cell parameters to clarify 

the analogy. 
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sulfide analogs. This implies that , the anions in the rock salt and the anions in the 

dichalcogenide must densely pack. 

 
Table 1: Misfit parameters of a selection of compounds from literature 

 
Compound Delta Reference 

(BiS)1.07TaS2 0.07 17 

(BiS)1.08TaS2 0.08 18 

(LaS)1.14NbS2 0.14 19 

(LaS)1.14NbS2 0.14 18 

(LaSe)1.14(NbSe2)2 0.14 5 

(PbS)1.14NbS2 0.14 19 

(PbS)1.14NbS2 0.14 6 

(PbS)1.14NbS2 0.14 18 

(PbSe)1.14(NbSe2)2 0.14 6 

(PbSe)1.14(NbSe2)3 0.14 6 

(PbSe)1.14NbSe2 0.14 6 

(SnSe)1.16NbSe2 0.16 20 

(SnS)1.17NbS2 0.17 18 

(La0.95Se)1.12VSe2 0.21 21 

(YS)1.28CrS2 0.28 22 

 
1.2: Literature Structural Studies 

These materials were first documented in the late 1960s with the form of ABX3, 

where A and B are metals and X is a chalcogen.23  X-ray diffraction and electron 

diffraction images taken from single crystal studies were initially quite confusing to 

researchers because the patterns did not match any known compounds.  As a 

consequence, many of the structural refinements that have been published about MLCs 

over the years include only refined unit cell parameters using either separate parameters 

for the rock salt and dichalcogenide6,18,24-28 29 or of a poorly defined, all-encompassing 

unit cell.4,9,30-33   
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The first refinements of these materials to include position parameters for the 

atoms were of powder samples that were refined as perovskites23,34 but were later shown 

to be MLCs using single crystal refinements.10,35    Numerous attempts were made to 

define a unit cell that was appropriate for these compounds.  Engelsman et. al. tried an 

orthorhombic cell for their fit.36 They also noted an inflated isothermal parameter and 

relatively high residual values, but theirs was the best fit that had been reported to that 

point.  Leleiveld et al. tried using a primitive space group, Pnma, with a series of 

compounds which resulted in an inflated isothermal parameter, with low residuals.37  

Part of the difficulty in finding the appropriate structure for these compounds was 

their shape.  Like franckeite and cylindrite, the naturally occurring forms of these 

compounds, some of the synthetic materials would form in cylindrical or curved shapes 

which were believed to be composed of many layers of crystals instead of a single crystal 

so single crystal x-ray refinement of the crystals was considered an impossibility.1,38  

That was later found to not always be the case, but the appearance of these crystals does 

not lend itself to that conclusion.38 Cylindrical shapes were not an issue in electron 

diffraction studies due to the use of thin films of material. Consequently electron 

microscopy measurements were used in  many structural refinements reported in the late 

80s and early 90s .1,18,22,25,29,39  There are several examples of x-ray structural refinement 

of these samples using powders instead of single crystals.6,28 20  

A few studies combined x-ray and electron diffraction on powders  in order to 

more rigorously determine structure by using both sets of data in a single refinement.39  

The final refinements split the MLC into two subunits in order to adequately describe 

both data sets.4,18 Subunit notation involves determining and reporting the parameters of 
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the rock salt separately from the dichalcogenide, then reporting the structure using the 

language that the two components were interleaved or intercalated.  Subunit notation was 

also adopted when single crystal samples were used.24,27,35,40-42  Another similar approach 

was combining the information from subunit refinements directly into a larger unit 

cell.43,44 5,43,45 This led to high error values, both residuals and χ2, and the subsequently 

dubious quality of the  structural determination. Refinements of this type are 

approximations because most of these samples have an irrational misfit, so it is not 

possible to establish any number of subunits placed together in order to make a full unit 

cell.   

In order to describe the interaction between the subunits of MLCs, researchers 

used superspace refinement techniques. Superspace techniques involve the  addition of  

one or more “modulation” vectors to fully describe the stacking at the interface between 

the samples.17,35,46-50  The refinements produce a range of bond lengths for each type of 

bond, which is difficult to visualize.  Therefore, the average positions for the atoms were 

used to make graphics of and define the bond lengths in these refinements. Relatively few 

materials have been classified in this way because very few crystallographers have had 

the intensive training needed to master this technique.  Also, the addition of the extra 

vectors needed for these refinements requires an x-ray spectra with a signal to noise ratio 

great enough that weak satellite peaks can be discerned, step sizes between 0.001˚ and 

0.02˚ 2-θ, and non-overlapping peaks, which is available primarily from single crystal 

data.51  All the currently known examples of superspace refinements for these systems are 

of single crystals. 
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1.3: General Structural Trends 

There are general trends that can be observed in all of these refinements, no 

matter the subunit or superspace approach.  When going from the binary component 

materials to the MLC there are predictable changes to the structure of the components.  

Normally, the rock salt c parameter becomes smaller and the dichalcogenide c parameter 

a little larger.  This is illustrated in Table 2, the rock salt comparison and Table 3, the 

dichalcogenide comparison. The materials were chosen to give a broad sampling of the 

possible values.  There is some evidence of charge transfer from the rock salt layer to the 

dichalcogenide which might account for this difference.16,52-54 

 
Table 2: Bulk binary rock salt parameters vs. MLC rock salt subunit parameters for layer to layer 

thicknesses.  The rock salt components are getting smaller when placed into an MLC with one 

exception. 

 

Compound spacegroup 

Binary 

00l ∆∆∆∆    
(nm) 

MLC 

00l ∆∆∆∆    
(nm) 

Diff (Binary-

MLC) 

(nm) 

CeS Fm3m 0.288955 0.28542 -0.004 
ErS Fm3m 0.270356 0.27024 -0.000 
GdS Fm3m 0.277357 0.27524 -0.002 
LaS Fm3m 0.292758 0.29024 -0.003 
NdS Fm3m 0.284459 0.28524 0.001 
PbS Fm3m 0.296260 0.28525 -0.011 
SmS Fm3m 0.298161 0.28061 -0.018 

 
 
Table 3: Bulk binary dichalcogenide parameters vs. MLC dichalcogenide subunit parameters for 

layer to layer thicknesses. The dichalcogenide components show no significant change. 

 

Compound spacegroup 

Bulk 

00l ∆∆∆∆    
(nm) 

MLC 

00l ∆∆∆∆    
(nm) 

Difference 

(nm) 

NbS2 R3m 0.148962 0.28025 +0.131 
NbSe2 P63/mmc 0.303663 0.3046 -0.009 
TaS2 P -3 m 1 0.147564 0.19318 +0.045 
TiS2 P -3 m 1 0.142365 0.19427 +0.052 
VS2 P -3 m 1 0.143866 0.20027 +0.056 
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A universal trend in these structures is a distortion of the rock salt within the 

MLC structure so that the cation is closer to the dichalcogenide layer and the anion 

further away.   This distortion from planarity ranges from 20 pm  to 60 pm in the c 

direction.17,46 18,19,26,35,47 This range is further highlighted in Table 4. 

Table 4: Select literature rock salt disortion values determined by using the average distance in the c 

direction between the cation and anion of the rock salt at the interface between the rock salt and 

dichalcogenide. 

 

Compound 
MX Distortion 

(pm) 
Reference 

(PbS)1.14(NbS2)2 20.7 45 

(SnSe)1.16NbSe2 24.6 20 

(LaS)1.13TaS2 34.7 46 

(CeS)1.15TaS2 36.2 46 

(PbS)1.13TaS2 40.0 42 

(BiS)1.07TaS2 41.6 17 

(PbS)1.18TiS2 44.1 47 

(PbS)1.14NbS2 52.1 19 

(SnS)1.20TiS2 55.4 35 

(LaS)1.14NbS2 60.6 19 

 
 
1.4: Literature Synthesis Techniques 

In some studies, powder and single crystal x-ray scans of these materials produce 

differing results. 29,67  The powder samples and single crystal samples in each case were 

made using vapor transport.  For single crystal refinements one crystal was chosen to be 

“representative” of the whole while the powder case the crystals were ground together to 

form a fine powder.  In vapor transport, reagent powders are mixed and placed in an 

ampoule.  The side of the ampoule containing reagent is heated to >700˚C and a transport 

agent, usually iodine, is introduced to help vaporize the reagents. The gas fills the entire 



 

8 

ampoule and the target material deposits on the cool side.  Sometimes there are two 

annealing steps used, one at a lower temperature, applied to the elemental powder and 

then the second at a higher temperature with transport gas for a couple of days until 

single crystals of sufficient size for x-ray diffraction form.  Vapor transport usually 

produces single crystals of sufficient quality for x-ray analysis; however, with misfit 

layer compounds, sometimes the crystals formed with this technique were not large 

enough for single crystal techniques.   

The vast majority of published structures are (MX)1+δTX2 samples.  This is due to 

the fact that they are the easiest to synthesize.1,10  The naturally occurring minerals found 

with MLC structure have all been this form. Traditional solid state techniques involving 

grinding precursors into fine powder and combining them with large amounts of heat 

(>800˚C) produce (MX)1+δTX2 samples as well.  Therefore, it can be inferred that these 

are the thermodynamic products of these types of systems.  More rarely, full 

(MX1+δ)1(TX2)2 structures are published.43,68,69  These papers document the distortion of 

the rock salt persisting into each layer of rock salt and no change occurring in the 

dichalcogenide. 

1.5: Exceptions to General Trends 

A few structural papers fall outside of the norms of the structures mentioned 

above.  One exception describes MLCs with 1.5 layers of rock salt (equivalent to a three 

atom-thick layer); the compounds that were made include (Pb2FeS3)0.58NbS2.
70 

[SrGd0.5S1.5]1.16NbS2 and [Sr(Fe,Nb)0.5S1.5]1.13NbS2.
71  In these compounds, the outer 

atomic layers of rock salt are composed of the cation metal in majority and the inner 

atomic layer is composed of the cation metal in minority.  This gives a unique chemical 
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environment to the atoms in the center resulting in unique magnetic properties.  Another 

anomalous structure reported is of [(Pb,Sb)S]2.28NbS2, in which there are two rock salt 

layers.43  The bilayer of atoms in the second rock salt layer is offset from the first bilayer 

of atoms, aligning between the M and X in the layer above.  This is the only report of 

such a phenomenon in this literature at this time.  Finally, there is a report of a material, 

[(Pb,Sn)S]1+x[(Nb,Ti)S2]m, which  was found via an EPMA study to have cation mixing 

within the rock salt layers.72 

1.6: Samples in this Study 

This work will include the structural refinement of new MLCs which have the 

general form [(MX)1+δ]m[(TX2)]n, where 1 > n, m > 5.  These materials had not been 

previously synthesized because of the limitations outlined in the section 1.4.  By using 

the modulated elemental reactant (MER) synthesis technique it was possible to create a 

wider variety of structures.  MER involves the deposition of a precursor composed of the 

elements needed to create the desired product in the correct stoichiometric ratio and 

thickness.  The precursor is then gently annealed (< 600˚C) to produce the desired 

product.  Most of the products synthesized in this manner are kinetic instead of 

thermodynamic compounds.   

Using this technique it was possible to create compounds of the following series, 

[(PbSe)0.99]m[WSe2]m, m = 1 to 8.  The compounds have the same stoichiometry but 

varying structure.  Samples were also made of [(PbSe)1.00]m[MoSe2]m where m = 1 to 5.9  

These samples have extremely low cross plane thermal conductivity, 0.06 – 0.2 W/mK, 

which is 5 times lower than the lowest thermal conductivity of PbSe.9  The unit cell 

parameters of these compounds are known but the specifics of atom placement are not. 
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This information is valuable to a great number of modeling experiments where the 

structure of these materials is integral to the outcome of the model including: electronic 

band calculations, STEM predictions, and thermal conductivity models.  Obtaining 

structural information on these systems was complicated by their turbostratic disorder 

and the strong texture of the samples.  Turbostratic disorder is a stacking disorder defined 

by a loss of rotational or translational coherence between layers.  The existence of this 

disorder in our samples was not entirely surprising as other samples formed using MER73-

76 have exhibited similar behavior.  Also, in 1990 a group looking at electron microscopy 

of SnTaS3, PbTaS3 and BiTaS3, all of which were later shown to be MLCs, suggested that 

MLCs would likely have a stacking disorder though they did not observe one.25  The end 

result is that no hkl, h0l, or k0l reflections for the superstructure exist in x-ray or electron 

diffraction scans.  The hkl, h0l, or k0l reflections that do appear are those belonging to the 

rock salt or the dichalcogenide layers.77,78  They are broad peaks because their grain size 

is limited by the turbostratic disorder of the samples as well as the average size of the 

crystal.  

Since the samples align with the 00l orientation perpendicular to the substrate, the 

Bragg-Brentano x-ray scans needed for refinement include either the 00l or hk0 peaks but 

never both.  Therefore, the structure of the c positions was refined independently of the 

a/b positions of the atoms.  This information could not be combined into a full unit cell 

because the materials have incommensurate parameters.  An incommensurate, or 

superspace, refinement requires more data than is available in these systems in order to 

be completed with any reliability.  The existence of turbostratic disorder makes it 
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unlikely that, if more data were obtained on any single sample, a corresponding 

incommensurate refinement could be completed.   

Despite this limitation, the structural information obtained from these studies 

represents an opportunity never before realized.  It allows the study of isomeric materials 

and of layer thickness dependent trends.  These studies will have implications as to how 

these materials are stabilized.  The study of isomeric materials will give an indication of 

how layer thickness affects the interface as well as the transition in the structure from thin 

film properties to bulk.  The layer thickness-dependent trends will help elucidate the 

affects of changing the ratio of rock salt to dichalcogenide. 

All samples in this study were made by various Johnson lab group memebers. The 

[(PbSe)0.99]1[WSe2]1 sample was synthesized and annealed by Dr. Qiyin Lin.  The 

[(PbSe)1.00]1[MoSe2]1 sample was synthesized and annealed by Dr. Colby Heideman.  

The [(SnSe)1.03]1[MoSe2]1 sample was made by Ryan Atkins with the supervision of Dr. 

Colby Hiedeman.  All other samples in this study were made by Dr. Qiyin Lin with the 

assistance of Benjamin Silver, Logan LaRossa, Paul Hansen, and Johnathan Hanni.  The 

Bruker X-ray diffraction scans were taken by the person who synthesized the sample 

being studied. 

X-ray diffraction data taken at the advanced photon source were done in 

collaboration with Dr. Paul Zschack and Dr. Evguenia Karapetrova who administer 

beamlines 33 and 34.    The samples were run by myself, Dr. Colby Heideman, Dr. Qiyin 

Lin, Dr. Ngoc Nguyen, Raimar Rostek, and Dr. Clay Mortenson.  The space group used 

for the 00l refinements was first used for this purpose by Dr. Arwyn Smalley and Fred 

Harris for [(Bi2Te3)1.36]x[TiTe2]y superlattice samples.  Dr. Angus Wilkinson helped them 
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to develop this method of refining 00l data.  The use of LeBail fits was suggested by Dr. 

Brian H. Toby.  The modifications needed to apply this to MLCs were determined during 

conversations with Dr. Qiyin Lin. 

I wrote Chapter 3, but it has been heavily edited by David C. Johnson and lightly 

edited by Qiyin Lin and Colby Hiedeman.  Chapter 5 was written primarily by Michael 

D. Anderson and edited for detail by myself, David C. Johnson, Ian Anderson, Qiyin Lin, 

and Robert Kykyneshi for details concerning our individual contributions. 
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CHAPTER II  

EXPERIMENTAL 

 
 

2.1:  Data Collection 

The majority of the structural data contained in this thesis was generated using 

data taken at the Advanced Photon Source (APS).  Several different types of scans were 

performed on the samples; cross-plane scans using a θ-2θ scan in parallel beam optical 

geometry, in-plane scans using grazing incidence geometry, and area detector scans (for 

k-space mapping). Anomalous scattering experiments were performed using data from 

below and on the Pb L3 absorption edge or the Se Kβ absorption edge.   

 APS is a third generation synchrotron source which utilizes a top down insertion 

method to deliver stable high-intensity x-rays to users.  The 33-BM, a bend magnet 

device, and 33-ID, a type A undulator insertion device, beamlines were used to collect 

the data used in this dissertation.  The bend magnet provides lower flux than the insertion 

device by a factor of about 100.  Energies were tuned using a Si(III) double-crystal 

monochromator.  Dynamically bent mirrors were used for harmonic rejection and vertical 

focusing; while sagitally bent Si crystals provided monochromatic x-rays with narrow 

band-width and horizontal focusing.  Slits, ion chambers, and beam position monitors 

permit dynamic feedback control and x-ray beam monitoring to produce brilliant, stable 

x-ray beams suitable for diffraction, scattering, or imaging applications.1 

 For cross plane scans which probed the 00l reflections and area detector scans 

which probed reciprocal space the incidence slits and detector slits were optimized for 
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each sample, at each energy in order to be slightly larger than the spot size of the focused 

x-ray beam.   The spot size was determined using x-ray sensitive paper mounted on a 

pinpoint.  For grazing incidence scans which probed hk0 reflections the vertical was set 

to a height of 3 mm and the horizontal slits were set as large as possible, with a width of 

10 mm, in order to capture the signal as the geometry causes the beam to diffract away 

from the detector slits and toward the gear mounts for the detector.    

 When doing area detector scans, otherwise known as k-space mapping, a MAR 

345 image plate detector was placed as close to the sample as was physically possible in 

order to the largest possible portion of reciprocal space.  The incidence slits were 

optimized for the energy of the incoming beam by taking several images of the incoming 

beam until the signal to noise was optimized.  Although using a high energy beam would 

have resulted in a larger slice of k-space being represented in the area detector scans, the 

energy of the beam was set to the same one that would be used for anomalous scattering 

on that particular visit.  This was a time saving measure, as changing energies over large 

ranges costs a significant amount of time, which is at a premium when using an APS 

beamline.    Each sample was placed parallel to the incident beam with χ equal to 0˚ and 

optically aligned using a laser alignment system.  Each sample was run for a variety of 

exposure times in order to get the best possible signal to noise ratio, usually between 1 

and 5 seconds.  Times that were too short resulted in too few photons being collected and 

times that were too long resulted in oversaturation of the detector.  The NIST 660b2 LaB6 

standard reference material was used to determine the tilt of the detector, its distance 

from the sample, and the exact wavelength of the incoming beam by using the Fit2D 

software calibration algorithms to calibrate the images based on the known positions of 
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the standard peaks.3 The sample generated peaks were then indexed as either MLC peaks, 

rock salt peaks, or dichalcogenide peaks.   

 Some data in this thesis were taken using a lab diffractometer, which has 

significantly lower flux than a synchrotron and only provides one wavelength.  These 

data were taken using the Bruker D8 Discovery system with a Cu Kα source, 0.1540562 

Å, arranged in a parallel beam geometry using a Göbel mirror  a 0.001˚ step size and a 1 

sec count time.  The soller slits were 1 mm incidence and detector slits to focus the beam 

and a 0.6 mm anti-scatter slit.  In order to elucidate the preferred orientation of the 

samples rocking curves were run on the 00l peaks from l = 2 to 8 for the 

[(PbSe)1.00]1[MoSe2]1 system.    

2.2: The Rietveld Method 

In order to derive as much structural information as possible from these x-ray 

diffraction studies, Rietveld refinement was used.  Rietveld refinement was originally 

developed as a technique to deal with structural solutions for powder diffraction.  Powder 

diffraction results in many overlapping peaks, which complicate the determination of the 

underlying crystal structure.  Hugo Rietveld realized that by comparing a calculated 

diffractogram based on a model to the experimental diffractogram it should be possible to 

match the two and thereby determine the structure of powder samples accurately.4  In 

fact, Rietveld showed that his technique produced refinement results for powders that 

were comparable to single crystal refinements for a variety of systems.5  This powerful 

concept is now used for both powder samples and single crystal samples.   

In order to determine structure using Rietveld refinement, a model of the 

proposed structure is incrementally refined using a non-linear least squares fit between 
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the calculated diffractogram and the experimental data.  At each step of the refinement 

the model parameters are altered slightly, an x-ray diffractogram is generated for the new 

model, and then the diffractogram is compared to the experimental data with a non-linear 

least squares fit, quantified by the goodness of fit parameter χ2.  If the change reduces χ2, 

equation 4, the change is accepted; if not it is rejected.  

A starting model for a refinement has instrumental parameters and a unit cell 

representation containing symmetry (space group), dimensions, and atom identity and 

placement within the cell.  Without a good starting model, one the same space group and 

unit cell size and similar locations (exact same for special positions) and occupancies for 

the component atoms when compared to the final refined structure, the Rietveld 

technique does not converge to a refined structure.  For example, if you are trying to 

refine a structure that is in reality cubic using an orthorhombic cell you will are very 

unlikely to get an acceptable result as you will not be able to generate the appropriate 

reflections using the wrong symmetry.  Theoretically, the unit cell might refine to a = b = 

c if given enough time but in practice this generally results in a the values in the matrix 

diverging.  The reverse is also true, a cubic cell cannot be refined using orthorhombic 

conditions.  Additionally, a Rietveld refinement will not work if the atoms specified are 

not in the correct proportion or if they have the incorrect Z.  Basic structural and 

composition knowledge about a sample is a necessity in using this technique, but once 

those parameters are determined Rietveld can be used to gain much more specific and 

accurate information about both structure and composition of the compounds present in 

the diffraction data.  False minima are also possible but are often physically impossible 

solutions.  For example, a solution in which the occupancy of an atom is negative. 
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In order to generate a diffractogram a string of equations is used, each representing a 

specific aspect of the measurement.  The sample itself is represented using the structure 

factor, F, preferred alignment parameters where appropriate, and profile broadening 

which is usually caused by microstrain or grain size.  Instrument effects that are modeled 

include, instrumental broadening, sample alignment corrections, x-ray wavelength, and 

beam profile.  Background radiation is also modeled as a single polynomial function 

though it has contributions from both the sample and the instrumentation.  Many of these 

components are broken down further into contributions from more specific aspects of the 

general cases above.  

The central equation used in structural determination is the structure factor.  The 

general structure factor for a single phase, Fph, can be represented using Equation 1: 

Equation 1 

phphph iBAF += .6 

There is a separate structure factor for each phase in the sample, each with a real, Aph and 

imaginary component iBph.  The observed intensity from Bragg scattering in the sample, 

Equation 2, is the sum of the squares of the structure factors of each phase present in the 

sample.6   

Equation 2 

∑
=

−=
x

ph

xxc BAF
1

222  

The structure can be further broken down into contributions from x-ray form factors, 

atomic site fraction, and thermal motion parameters. 

The IUCr sponsored a series of Rietveld round robins and general studies on 

Rietveld refinement in order to determine the best strategies for obtaining accurate 
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refinement results for a variety of applications.7-15  The studies relevant to this thesis deal 

with instrumental effects on spectra,14 error analysis,15 grain size vs. strain line 

broadening,7 and general refinement methodology.9, 14  They demonstrate that refinement 

strategies are dependent on the type of sample being modeled and on what type of 

instrument it is measured.  Where applicable to multi-layer thin film samples, the 

recommendations made in those papers were used to guide this inquiry.  For example, the 

instrumental corrections that are based on geometry, zero and shift, were used only the 

appropriate geometry.  

 The samples in this study are unique in many ways and require a modified 

approach from those presented in the studies mentioned in the above paragraph.  The first 

difference is that the samples are textured thin films on smooth substrates.  The degree of 

texturing is strong enough that, depending on the sample geometry, different reflections 

are observed.  Analysis normal to the plane of the substrate results in reflections from the 

00l family, while analysis parallel to the substrate results in hk0 reflections.  There is 

turbostratic disorder, a random stacking of the layers along the c axis, which further 

complicates structural determination because it cannot be modeled using most traditional 

techniques.  As a result, the refinements in this dissertation are done using two separate 

refinements, one for the 00l data and one for hk0 data where available. 

The cross-plane histograms were refined using models in which the space group was 

13mP  with unit cell dimensions such that only the z coordinates were refined.  The 

initial unit cell c parameter was determined by using Bragg’s Law θλ sin2dn = , where n 

is the 00l index of the peak, λ is the wavelength of the x-ray beam, d is the d-spacing, and 

θ is the angle of the reflection.  The d-spacing represents the c value for 00l scans.  This 
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calculation was done with each reflection and the average value was used.  The atom 

positions in the initial model were determined using the spacing between the atom planes 

in the c-direction based on literature examples of the component substances where 

available and best guess approximations based on the literature of similar materials where 

not available (SnSe is not stable as a rock salt when not in an MLC).   The fractional 

occupancy of each position was determined by the tiling factor, δ, between the two 

layers.  The δ value was determined by indexing the area detector scans or hk0 scans of 

sample and using Bragg’s Law to determine the a and b parameters for each subunit of 

the MLC, then applying them to the following equation: 

Equation 3 

rsD

Drs

AZ

AZ
=δ , 

where Zrs is the number of atoms in the rock salt unit cell, AD is the area of the 

dichalcogenide in the a/b plane, ZD is the number of atoms in the dichalcogenide unit cell, 

and Ars is the area of the rock salt in the a/b plane.  Each rock salt plane was represented 

as 50% cation and 50% anion. 

The hk0 data was refined as a compound containing two subunits, one for the rock 

salt and one for the dichalcogenide. The a and b parameters were determined to be equal 

for both the dichalcogenide and rock salt components of each sample.  The c parameter 

was the same used in the 00l refinement.  Both the rock salt and dichalcogenide were 

given a preferred orientation in order to eliminate the presence of the 00l and hkl peaks.  

The rock salt space group was solved presuming plane group symmetry, which in 

practical terms was the P 2 3 space group.  The cell was given 8 edge atoms in 4 

positions.  At each position the atoms were represented as ½ M and ½ X atoms for a total 
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Z of 1. The space group of the dichalcogenide material component was based on 

literature value, with atoms placed in the special positions required by that space group.  

The fractional occupancy was not refined because there were not enough peaks to refine 

those extra parameters with any accuracy.  Therefore, the a and b parameters and Uiso 

were the only structural parameters refined in these refinements.   

For the data in this thesis, simultaneous refinements were done of the anomalous 

scattering scans.  If no anomalous data was available, the refinement was completed 

using the wavelength available.  Models refined using anomalous scattering data are 

more accurate than those using a single wavelength in large part because there is a 

contrast in peak intensity due to taking measurements above and below the absorption 

edge of a given element, but also because there are two times as many points available 

for analysis when using two wavelengths.  Refinements with one APS wavelength are 

more accurate than those done using Bruker data because of the increased flux available 

at APS which contributes to a greater signal to noise in the final data set.  The best 

refinement strategy for these samples is to refine the unit cell, background, profile, and 

instrument parameters using a LeBail fit, a fitting algorithm which automatically matches 

the peak height of the data while allowing the aforementioned parameters to refine.  

LeBail fits represent the best possible outcome of a refinement.  The synchrotron based 

corrections (zero correction and instrument parameters) were used for synchrotron data 

and the lab diffractometer settings (shift correction and instrument parameters) were used 

for Bruker data.  LeBail fits were employed as a method of reducing the error of the 

refinement by helping to deconvolve the instrument parameters from the model 

parameters in the fit, as well as providing a stopping point to each refinement.16   
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The instrumental and profile parameters derived from the LeBail calculations were used 

in the Rietveld refinement as a starting point.  The remaining model parameters were 

refined in the following order: the position of the heaviest atoms, the position of the 

lighter atoms simultaneously with the heaviest atoms, Uiso, and finally in some instances 

the fractional occupancy.  Uiso was constrained in every refinement to be a single value 

for all of the atoms in the model.  This was a soft constraint and required that all the Uiso 

values of the atoms be refined simultaneously in order for the constraint to apply.  

Various other soft constraints were used at different points in the refinements whenever 

an unrestrained least squares run resulted in divergence of the parameters, incalculable 

values caused by dividing by zero, going to infinity, or values outside the allowed data 

range.  These included constraining the step size change allowed in the value being 

refined, refining first the components due to the rock salt then the dichalcogenide 

(pertinent when dealing with Se coordinates), constraining the position variables for the 

dichalcogenide layer to fluctuate in proportion to one another, and constraining the rock 

salt cation to be closer to the Se layer of the dichalcogenide layer than the rock salt anion. 

This technique is in general agreement with the strategies described in the Rietveld round 

robin papers. 

The round robins also indicate that because Rietveld uses a least squares 

technique, it is essential to avoid simultaneously refining parameters that are statistically 

correlated.  Because of this all refinement programs allow the choice of which variables 

are refined for a given set of iterations.  There are several such parameters in any given 

refinement.  For example the structure factor and the isothermal parameter are 

interdependent as their calculation includes many of the same variables including the hkl 
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matrix that represents the symmetry and location of all the atoms in the unit cell with the 

model.  The profile contributions from the sample and the instrument cannot be 

deconvolved without significant standardization of the instrument.  Finally, the x-ray 

wavelength and unit cell dimensions have a dependent relationship based on Bragg’s law.    

There are a variety of Rietveld refinement programs available on that cater to a variety of 

refinement needs.  The General Structure Analysis System17 (GSAS) with experimental 

graphical user interface18 (EXPGUI) was used for the refinements contained in this work.  

It is a versatile program with ongoing technical support provided by Robert von Dreele, 

Alan C. Larson, and Brian H. Toby.  There is a series of informative lectures on most 

aspects of GSAS and Rietveld refinement in general that was produced by Brian H. 

Toby.19  These lectures include information on theory and its implementation using 

various aspects of the GSAS program. 

2.3: Experimental Methods and Modeling 

The refinements in this study were completed by using multiple starting models 

converging to the same point in order to explore the possible parameter space more 

thoroughly.  In order to determine the positions of each atom in the unit cell, similar 

examples found in the literature were used along with several assumptions. It is well 

documented that in MLCs the rock salt distorts.  The rock salt cation is closer to the anion 

in the dichalcogenide than the anion in the rock salt is, with the magnitude of 20 pm to 60 

pm according to the literature. 20-26  This distortion is not usually accompanied by a 

concurrent distortion in the value of the a and b parameters.  It was also found that the 

dichalcogenide layer does not change significantly in any structural detail when placed in 

an MLC in both m = n = 1 samples and m = 1, n = 2 or 3.27, 28    
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There is no literature precedent on how the layering structure of an MLC would 

change as both component layers get thicker than those examples above.  In order to 

create models which would evolve with the number of layers, it was therefore necessary 

to posit several hypotheses about how the isomer system would change.  The stability of 

these compounds and the distortion of the rock salt are attributed to charge transfer 

between the layers, rock salt donating electron density to dichalcogenide.29-35  It is 

believed that the major changes in the structure will be in the electron donating layers.  

The rock salt distortion could decrease toward the center of the each rock salt layer as the 

energy cost of distorting each successive layer is larger than the previous layer and the 

amount of charge transfer in an isomeric system should not change significantly from 

sample to sample, so models were given gradual tapering of the distortion parameter.   

Concurrently, the magnitude of the rock salt distortion could decrease with an increasing 

number of layers so it was modeled as 0 pm, 20 pm, 40 pm and 60 pm.  It is also possible 

that there would be slight changes in the dichalcogenide layer as a result of increasing the 

number of layers.  This was likely to be a small effect and the T-X bond was modeled as 

0.15 nm or 0.16 nm.  Finally, the average distance between the rock salt and 

dichalcogenide layers was estimated by using the van der Waals gap of the 

dichalcogenide and subtracting ½ the rock salt distortion magnitude used in a given 

model.  From these general parameters multiple models were generated combining the 

possibilities generated by the assumptions above. 

The results of these various refinements yielded a variety of results for each 

sample.  Some of the results were contained non-physical values and those models were 

discarded.  The models resulting in reasonable values were combined and the values a 
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given refined sample are the average positions, fractional occupancies and isothermal 

values from this combination.  In general these averages were of 6 refinements; though 

details concerning how many models were used are found in each refinement summary. 

The number of starting models employed to get to those six refinements was determined 

by the number of parameters needed to complete the model.  The first starting models 

refined were always of the simplest MLC in each system, an [(MX)1-δ]1[TX2]1 sample.   

If this simple MLC model did give a satisfactory fit (as determined by closeness of the 

wrp, rp, and χ2 values to the corresponding LeBail fit values), additional variables were 

used.  The first additional variable was cation mixing, a phenomenon previously reported 

for a [(Pb,Sn)S]1+δ[(Nb,Ti)S2]m system,36 using three scenarios, where the dichalcogenide 

has rock salt cation in some of the positions, where the rock salt has some dichalcogenide 

cation in some of the positions and finally where both the rock salt and dichalcogenide 

cations exchange to some degree.  If this option did not help, and the sample had multiple 

dichalcogenide layers, the simple model was used with intercalated cations in the van der 

Waal gap.  The details of these starting models can be found in Appendix B. 

The package includes an error analysis suite with parameters meant to elucidate a 

variety of refinement problems.  The most important of these analysis functions was 

defined by Hugo Rietveld as goodness of fit, χ2
, which is used for the least squares 

acceptance criteria.5  Though it is known as a goodness of fit parameter the underlying 

statistical concept is of a probability distribution.  As it is applied here, the parameter 

describes provides a numerical standard for the entire data set and should approach 1 

ideally.  Tolerances placed on changes in this number determine the acceptance or 

rejection of changes made to a given parameter.  For a powder or set of powder 
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diffractograms (thin films behave analogously to powder diffraction), it is represented 

within GSAS as Equation 4:37 

Equation 4 

var

1

2

2

)(

NN

IIwf

obs

n

p

cop

−

−

=

∑ ∑
=

χ ; 

where p is a diffractogram, ƒp is a scaling factor for the diffractogram, w is a factor 

determined by error propagation during the refinement, Io is the observed intensity, Ic is 

the calculated intensity, Nobs is the number of observations from all of the diffractograms, 

and Nvar is the number of variables in the refinement. 

 The most important parameters for determination of quality of fit are the Fitted 

wrp, Equation 5, and rp, Equation 6, and the Background wrp, Equation 7, and rp, Equation 

8.   These are represented in the following equations37: 
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where w is a weighting factor derived using the standard deviation value calculated for 

each parameter during the least squares procedure, Io is the observed intensity, Ic is the 

calculated intensity, and Ib is the background intensity.   The fitted wrp and rp give a good 

indication of how good the fit actually is.  Unlike, χ2 these values reflect more closely on 

the match between the calculated and experimental histogram.  The background wrp and 

rp are weighted by the residuals left by the difference between the experimental data and 

the background function and are generally higher than the fitted parameters as a result.  

The background function is calculated using a Chebyshev polynomial.37  The wrp values 

give the best indication of how well the off peak positions are fit because they are 

weighted which dampens the effect of the most intense peaks in the error analysis so that 

each peak is contributing approximately equivalently.  Finally, GSAS calculates an error 

value, Dwd which is associated with the degree of serial correlation in the powder pattern 

differences, called the Durbin-Watson statistic.38, 39  This is calculated using Equation 9: 

Equation 9 
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where ∆i is the difference between the observed and calculated values for a given point, 

σi is the error values associated with that point, ∆i-1 is the difference between the next 

consecutive observed and calculated values in the histogram, and σi-1 is the error values 

associated with that next consecutive point.  In a completely uncorrelated data set the Dwd 

should be 2, values below 1 or greater than 3 are generally considered to indicate serial 

correlation in the sample.39  The samples in this study have highly correlated data 

because of the Kiessig fringing which is not included in the model, so their values are 
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usually ~2 pm. 

 Using all of these statistical values it is possible to get a complete picture of how 

well the model fits to the data.  There is also the additional inclusion of the standard 

deviation on each refined parameter.  The error on the data in these refinements was 

calculated using a weighted standard deviation.  Because the reported values are the 

average result from multiple refinements, the error is calculated by weighting using the 

standard deviation reported on each included parameter from every included model.  This 

gives a value that is slightly higher than can be calculated from the standard deviation of 

the model values.  The true error in the positional data based on this average is still low 

when compared to the range of possible solutions to each refinement.  The lower limit for 

the accuracy of the reinments was determined by the quality of the data available which 

was based on the time constraints for data collection at APS. 
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CHAPTER III 

THE STRUCTURE OF TURBOSTRATICALLY DISORDERED MISFIT    

LAYERED COMPOUNDS [(PbSe)0.99]1[WSe2]1,  [(PbSe)1.00]1[MoSe2]1,                 

AND  [(SnSe)1.03]1[MoSe2]1 

 

 

The [(PbSe)0.99]1[WSe2]1 sample was synthesized and annealed by Dr. Qiyin Lin.  The 

[(PbSe)1.00]1[MoSe2]1 sample was synthesized and annealed by Dr. Colby Heideman.  

The [(SnSe)1.03]1[MoSe2]1 sample was made by Ryan Atkins with the supervision of Dr. 

Colby Hiedeman. X-ray diffraction data taken at the advanced photon source were done 

in collaboration with Dr. Paul Zschack and Dr. Evguenia Karapetrova who administer 

beamlines 33 and 34.    The samples were run by myself, Dr. Colby Heideman, Dr. Qiyin 

Lin, Dr. Ngoc Nguyen, and Dr. Clay Mortenson.  The space group used for the 00l 

refinements was first used for this purpose by Dr. Arwyn Smalley and Fred Harris for 

[(Bi2Te3)1.36]x[TiTe2]y superlattice samples.  Dr. Angus Wilkinson helped them to 

develop this method of refining 00l data.  The use of LeBail fits was suggested by Dr. 

Brian H. Toby.  The STEM-HAADF image was measured by Michael D. Anderson in 

collaboration with Ian M. Anderson at NIST.  I completed all of the Rietveld refinements 

found in this chapter as well as the subsequent data analysis.  I am primary author of this 

chapter but it has been heavily edited by my advisor, David C. Johnson as well as edited 

for detail by Qiyin Lin, Mike Anderson, and Colby Hiedeman.  This chapter will be 

submitted for publication pending approval by the co-authors listed above. 
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3.1: Introduction 

Misfit layered compounds are a large class of naturally nanostructured 

compounds that occur for a variety of different structure types.1-3  The largest family of 

man-made misfit compounds, prepared by direct reaction of the elements at temperatures 

around 1000°C, are built from transition metal dichalcogenide layers interleaved with 

rock salt layers.  There is an incommensurate structural relationship between these layers, 

leading to the general formula [(MX)1+δ]m[TX2]n,, where M = Y, Pb, Sn, Bi, Sb and the 

rare earth metals; T is a group  IVA, VA or VIA metal; and X = S or Se.  δ reflects the 

difference between the density of atoms in the MX and TX2 structures in the common a-b 

plane and is referred to as the mismatch parameter. The known compounds in this class 

have electrical properties ranging from semiconducting4-7 to metallic,8-13 including low 

temperature superconductivity.8, 14-18 Their incommensurate structure can lead to other 

unusual physical properties, including low lattice thermal conductivity19 and two-

dimensional magnetism.10, 20, 21 While first prepared in the 1970’s, there is still debate on 

why these compounds form, what stabilizes their unique structures, and the extent of 

charge transfer between the constituents.22-28 These questions remain, in part, due to the 

difficulties in the synthesis of misfit layered compounds and to the challenges in 

determining the structures of these compounds, which typically require four or higher 

dimensional space to solve due to the structural mismatch between constituents. 

These compounds have historically been prepared as powders by direct high 

temperature solid-state reaction of the elements.29  Vapor phase transport in a temperature 

gradient is typically used to prepare single crystals.2, 29 The majority of the misfit layered 

compounds prepared using this technique are composed of two distorted 100 rock salt 
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planes (m = 1) and one to three layers of the transition metal dichalcogenide (n = 1-3).  

As shown in  

 Figure 3, the dichalcogenide layer is composed of a hexagonal sheet of transition 

metal atoms sandwiched between hexagonal sheets of chalcogen atoms, forming a X-T-X 

trilayer. The MX component when m equals one consists of two 100 distorted planes 

with rock salt structure, where the metal cation in the rock salt is displaced towards the 

chalcogen in the dichalcogenide layer and the chalcogen in the rock salt displaced away 

from the layer of chalcogen atoms in the dichalcogenide.  The magnitude of the rock salt 

distortion is from 20 pm to 60 pm in the relatively few atomic  

 
 Figure 3: A schematic representation of the structure of [(MX)1+δδδδ]1[TX2]1, where M is medium grey, 

X is dark grey, and T is light grey.  In the conventional formulism for these misfit compounds, the 

subscript 1 for the rock salt constituent, MX, represents a bilayer that consists of two 100 planes of a 

distorted rock salt structure. The M atoms are displaced towards the chalcogen plane of the TX2 

component (exaggerated in the schematic above). The dichalcogenide consists of a trilayer with a 

hexagonal layer of transition metal T in the center with hexagonal sheets of chalcogen on either side 

of the transition metal layer. 

 

level structures that have been determined.12, 30-36 There is a lattice mismatch between the 

rock salt and the dichalcogenides constituents along one or both of the in-plane lattice 
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parameters. This difference ranges between 205 pm and 259 pm.6, 8, 10, 11, 29, 31, 33, 34, 37-48 

The value of δ, which reflects the difference between the density of atoms in the MX and  

TX2 structures in the common a-b plane, ranges between 0.07 and 0.29.6, 8, 10, 11, 29, 31, 33, 34, 

37-48 Solving the detailed atomic structure of these compounds from diffraction data was a 

significant challenge for conventional crystallography due to the mismatch in these 

intergrowth crystal systems. 41  In the 1990’s, van Smaalen used superspace crystal 

theory, incorporating additional dimensions into the lattice refinement to account for the 

mutual modulation of the two sub-structures, to provide the first detailed crystal data on 

this class of compounds. 30-32 

This chapter discusses the structure of three new misfit layer compounds, 

[(PbSe)0.99]1[WSe2]1, [(PbSe)1.00]1[MoSe2]1, and [(SnSe)1.03]1[MoSe2]1,  made using 

modulated elemental reactants.49 There are currently no reports of these compounds  

prepared using conventional synthetic approaches, presumably because they are only 

kinetically stable.  In the modulated elemental synthesis approach, elements are 

sequentially deposited creating sub nanometer diffusion distances that can be adjusted to 

control the kinetics of solid-state reactions, enabling kinetically stable compounds to be 

prepared.   X-ray diffraction and transmission electron microscopy results presented here 

show that misfit layered compounds prepared from modulated elemental reactants differ 

from those prepared using high temperature synthesis in having both incommensurate a- 

and b-axis lattice parameters, the smallest values for δ, including the first negative value 

reported, and turbostratic disorder (a random translation or rotation from one layer to the 

next) between the constituent layers. We believe that this is the first report of extensive 

turbostratic disorder within misfit layer compounds, which was theorized to be the cause 
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of extremely low thermal conductivity in WSe2 prepared using modulated elemental 

reactants.50  This turbostratic disorder is consistent with the extremely low thermal 

conductivities of [(PbSe)0.99]1[WSe2]1 and [(PbSe)1.00]1[MoSe2]1 previously reported.19   

3.2: Experimental 

All samples in this study were prepared using a custom high vacuum deposition 

chamber (~10-7 Torr) which is described elsewhere.51 Lead, tungsten, tin, and 

molybdenum were deposited using electron beam guns and Se was deposited with a 

Knudsen evaporation cell.  Precursors were prepared by sequentially depositing each 

element to prepare a repeating unit with a composition profile similar to the desired final 

product and then this sequence of elemental layers was repeated to obtain the desired 

total thickness of the film.  The relative thickness of the pair of elements to form each 

binary constituent was calibrated to obtain the composition that corresponds to the 

stoichiometry of the desired constituent. The thickness of each elemental pair was 

adjusted to yield layers with the number of atoms required to form a discrete crystalline 

MSe bilayer or a TSe2 trilayer respectively.  The deposition produces a mostly 

amorphous precursor, which is then gently annealed to form the desired product.  This 

process is described in detail elsewhere.52 Samples were annealed at 400°C in a nitrogen 

atmosphere, with the [(PbSe)0.99]1[WSe2]1 samples annealed for an hour and the 

[(PbSe)1.00]1[MoSe2]1 and [(SnSe)1.03]1[MoSe2]1 samples annealed for 30 min.   

X-ray diffraction patterns of [(PbSe)0.99]1[WSe2]1 and [(PbSe)1.00]1[MoSe2]1 were 

measured in the high resolution 33ID beam line and [(SnSe)1.03]1[MoSe2]1  was measured 

on the 33-BM beam line of the Advanced Photon Source (APS) at Argonne National 

Laboratory (ANL).  Due to the strong texturing of these systems, only 00l peaks are 
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present in Bragg-Brentano scans (cross-plane) and only hk0 peaks are present in grazing 

incidence 2-theta scans (in-plane). Anomalous scattering experiments measured the cross 

plane scattering of each sample in the Bragg-Brentano optical geometry.  The anomalous 

scans of [(PbSe)0.99]1[WSe2]1  were done above and below the  Pb emission line  with 

wavelengths of 95.78 pm and 94.29 pm. Points were taken every 0.005˚ with a count time 

of 1 second from 12˚ to 50˚ (2θ).  The [(PbSe)1.00]1[MoSe2]1 sample was measured above 

and below the Se emission line with wavelengths of 98.19 pm and 98.55 pm with a 0.01˚ 

step size and 1 second count time from 10˚ to 39˚ (2θ).  The [(SnSe)1.03]1[MoSe2]1  sample 

was damaged in the beam and reliable data could not be obtained from the anomalous 

scattering scans. A cross plane scan was taken for this sample using a Bruker D8 discover 

diffractometer with Cu Kα radiation and a Göbel mirror in Bragg-Brentano optical 

geometry with a step size of 0.01˚ and a count time of 1 second.  2-dimensional k-space 

mapping was obtained on all samples using a MAR345 image plate at a grazing incidence 

angle of 1.0º. Rocking curve scans were collected on 00l reflections of each compound 

using the Bruker D8 Discover diffractometer with Cu Kα radiation. 

Rietveld refinement was completed using the General Structural Analysis System 

(GSAS)53 with EXPGUI.54 The 00l scans contain Kiessig fringes, interference patterns 

between the front and back of the sample, which overlap the Bragg reflections out to as 

high as 30˚ 2θ in some samples.  GSAS does not include algorithms to model this 

phenomenon. At the beginning of each refinement, LeBail fits were performed on each 

scan and used as a starting point for the model refinement in order to help reduce the 

error due to correlation caused by overlapping peaks and to refine profile parameters, 

background, unit cell size and zero offset corrections. The LeBail fit represents the best 
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possible refinement for a given model and was compared to each refinement of atomic 

coordinates to gauge the quality of the fit because the presence of Kiessig fringes results 

in abnormally high error values.  The anomalous diffraction data collected along the c-

axis was used to refine the z coordinates of the atomic planes using all energies 

simultaneously. Initial models that extended beyond the known range of distortions in 

misfit-layered compounds were used to explore parameter space to make sure the 

refinement did not converge to local minima. Cation mixing was also explored in several 

models, as this phenomenon has been reported previously in misfit layered compounds.55 

The hk0 data obtained on [(PbSe)1.00]1[MoSe2]1 was used to refine the x and y coordinates 

of a projection of the structure onto the a-b plane. The sample was treated as two 

subunits, PbSe and MoSe2. The 00l plane was entered as the direction of the preferred 

orientation and the degree of preferred orientation was refined.  

The [(PbSe)0.99]1[WSe2]1 and [(PbSe)1.00]1[MoSe2]1 samples were also studied 

using transmission electron microscopy. Cross section specimens for scanning (STEM) 

and conventional (TEM) transmission electron microscopy analysis were prepared using 

the small angle cleavage technique (SACT),56 followed by cleaning and thinning using a 

FEI NOVA NanoLab DualBeam FIB equipped with a Sidewinder ion column.  Samples 

were thinned to approximately 300 nm using 30 kV accelerating voltage on the ion 

source followed by a polishing step at 5 kV and final endpointing at 2 kV.  Samples were 

plasma cleaned using a Fischione Instruments model 1020 plasma cleaner for five 

minutes prior to analysis to remove any organic contamination. Analytical electron 

microscopy measurements were performed using an FEI Titan STEM/TEM equipped 

with a double-hexapole spherical aberration (Cs) corrector on the probe forming lens and 
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operating at 300 kV. Images were collected using a condenser beam convergence semi-

angle α = 18 mrad and a high angle annular dark-field (HAADF) detector with an inner 

semi-angle of β = 60 mrad. Imaging was conducted by first orienting the specimen to the 

silicon [110] zone axis followed by a lateral stage shift to the site of interest.  Orientation 

at the [110] zone axis of silicon places the cross section of the film normal to the optic 

axis of the microscope.  Image analysis was conducted using the ImageJ for Microscopy 

suite of plug-ins.57, 58 Distances were measured using the line tool and the plot profile 

feature on the calibrated image.  A large line width was chosen to provide an average 

distance over many atomic columns.  Special care was taken to ensure that the line was 

perpendicular to the film cross section during the measurement. 

3.3: Results and Discussion 

A number of different diffraction experiments were used to unravel the structure 

of the title compounds.  Bragg-Brentano scans of each of the samples, shown in Figure 4, 

contain a series of Bragg diffraction maxima that can be indexed as 00l reflections of the 

indicated misfit layered compounds.  The positions of the 00l reflections were used to 

determine the c-axis lattice parameter of each sample, which are summarized in Table 5.  

In the literature, the c-axis lattice parameter of misfit layered selenide compounds range 

from 14.1 pm larger to 25.0 pm smaller than the sum of the lattice parameters of the bulk 

components as a result of creating the interface between the constituents and changes in 

the bonding as a result of charge transfer between constituents.6, 17 For 

[(PbSe)0.99]1.0[WSe2]1 the c lattice parameter is 9.4 pm larger and for  

[(PbSe)1.00]1.0[MoSe2]1  the c lattice parameter is 7.0 pm larger than the sum of the bulk 

components.  Both these values are well within the previously reported range.  No value 
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can be provided for this difference for [(SnSe)1.03]1.0[MoSe2]1, as SnSe alone does not 

crystallize with a rock salt structure.  Rocking curve scans confirmed the textured nature 

of the samples.  The FWHM for rocking curves collected on each of the 00l reflections 

measured less than 1.3˚. 

Table 5: Lattice parameters for the misfit compounds [(MSe)1+δδδδ]1[TSe2]1 obtained from refinements 

of the Bragg-Brentano and grazing incident diffraction scans. 

 

Compound c-axis lattice 

parameter 

a-axis lattice 

parameter of 

the TSe2 

constituent 

a-axis lattice 

parameter of 

the MSe 

constituent 

Calculated 

value of δδδδ  

[(PbSe)0.99]1.0[WSe2]1 1.2697(3) nm 0.331(1) nm 0.618(2) nm -0.01 
[(PbSe)1.00]1.0[MoSe2]1 1.2658(2) nm 0.3308(4) nm 0.6182(2) nm 0.00 
[(SnSe)1.03]1.0[MoSe2]1 1.2425(6) nm 0.3308(4) nm 0.608(2) nm 0.03 

PbSe 0.6118 nm  0.6125 nm  
WSe2 0.665 nm 0.3286nm   
MoSe2 0.651 nm 0.3287nm   

 

Grazing incident scans yielded diffraction patterns (Figure 4) in which all of the 

diffraction maxima could be indexed as hk0 reflections of either the rock salt or 

dichalcogenides component of the misfit layered compound.  The positions of the 

diffraction maxima in each of the grazing incidence scans are consistent with an 

undistorted square lattice in the a-b plane for the rock salt constituent and a hexagonal 

lattice for the dichalcogenide constituent.  The a-axis lattice parameters for the rock salt 

and dichalcogenide components in each compound were calculated from the positions of 

the hk0 reflections and are contained in Table 5. For both [(PbSe)1.00]1.0[MoSe2]1  and 

[(PbSe)0.99]1.0[WSe2]1, the refined a-axis lattice parameter of the PbSe constituent was 

larger than the value of 0.61246 nm observed in the binary compound, but were within 

the range of values that have been reported in the past in misfit layered compounds.59, 60  

For [(SnSe)1.03]1.0[MoSe2]1, an a-axis lattice parameter of 0.608 nm for SnSe was 
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obtained from the refinement.  For all the compounds studied, the refined a-axis lattice 

parameter of the TSe2 constituent was slightly larger than that observed for the binary 

compound (0.3287nm for MoSe2 and 0.3286nm for WSe2).
61, 62 The refined lattice 

parameters indicate that these compounds have misfits in both the a and b parameters, 

which has only been observed in two other compounds - [(PbS)1.13]1[VS2]1 and 

[(SnS)1.17]1[NbS2]1.
31, 35 The misfit parameter, δ, was calculated for each material from 

the refined lattice parameters, yielding δ = 0.03 for [(SnSe)1.03]1[MoSe2]1,0.00 for 

[(PbSe)1.00]1[MoSe2]1  and -0.01 for  [(PbSe)0.99]1[WSe2]1.  These values for δ are, to the 

best of our knowledge, the smallest that have ever been observed in chalcogenide misfit 

compounds.  For all three samples, the peak width of the hk0 reflections from the rock 

salt constituent is significantly narrower than the peak width of the hk0 reflections from 

the dichalcogenide constituent.  Since each subunit is subject to the same instrumental 

parameters, the difference in the broadening reflects differences in the crystallite sizes of 

the constituents. This difference in a-b plane crystallite size has not been reported 

previously for other misfit-layered compounds and is probably a consequence of the 

synthesis technique. 

The 00l diffraction scans are consistent with a periodic structure along the c-axis, 

reflecting a regular stacking of dichalcogenide trilayers and bilayers of the rock salt 

constituent.  Within the a-b plane, the hk0 diffraction patterns are consistent with 

hexagonal symmetry of the dichalcogenide trilayers and square symmetry of the 001 

planes of the rock salt.  To gain information about the relative stacking of the planes, 

reciprocal space data were collected at the APS using image plates and a representative 

image plate for [(PbSe)0.99]1.0[WSe2]1 is shown in Figure 5.  All of the reflections, which 
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can be indexed as hkl Bragg peaks of the constituent compounds, are significantly 

broadened into streaks along the c axis, reflecting an extremely short coherence length in  

 

Figure 4: A. contains the Bragg-Brentano diffraction patterns for the three misfit compounds 

investigated plotted on a logarithmic scale to highlight the weak intensity peaks.  All of the 

diffraction maxima can be indexed as 00l reflections.  B. contains the grazing incidence diffraction 

patterns for the title compounds.  All of the diffraction maxima could be indexed as hk0 reflections of 

the components of the misfit compounds. 
 
this direction.  There is no evidence of supercell reflections that correspond to the 

measured c-axis lattice parameter of the misfit compound.  The lack of hkl supercell 

reflections and the asymmetry of the hk0 reflections in the grazing incidence data sets are 
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consistent with the samples lacking rotational or translational symmetry between layers, 

which has been referred to as turbostratic disorder.63  

 
Figure 5: [(PbSe)0.99]1[WSe2]1, representative of all the compounds studied, showing the streaks of 

intensity near the expected reflections for the constituents of this misfit compound, which are labeled 

with appropriate indices. 

 

Cross-section STEM images from [(PbSe)0.99]1[WSe2]1 and [(PbSe)1.00]1[MoSe2]1 

samples were collected to gain additional insight as to the relative stacking of the layers. 

A representative STEM-HAADF image of an annealed [(PbSe)1.00]1[MoSe2]1 film is 

shown in Figure 6. The image is of limited quality due to the beam sensitivity of the 

specimen; nevertheless, the image corroborates the structural information yielded by x-

ray diffraction.  Individual structural units for both the PbSe and MoSe2 layers are clearly 

resolved in the image.  The parallel orientation of the layers, which coincide with the 

trace of the substrate in cross section, is consistent with the strong c-axis texturing of the 

XRD patterns.  The regularity in the spacing of these planes is consistent with the 

remarkable smoothness of the annealed films and consistent with the extended angular 

range over which Kiessig fringes are evident in the low-angle XRR scans.47 The 

sporadic appearance of atomic columns in domains localized to within a single 

constituent layer and with a lateral extent of only a few nanometers, provides additional 

evidence of turbostratic disorder. The atomic columns of Pb and Se, which dominate the 
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contrast of the HAADF image, cannot be resolved at arbitrary grain orientations; 

however, the extent of regions exhibiting atomic columns, which indicate a grain 

orientation near a low-order zone axis, provide an indication of the grain size. Where they 

appear, these domains are localized to a single structural layer, consistent with the 

nanometer-scale coherence length measured by XRD peaks of mixed-plane indices, and 

with a lateral extent of only a few nanometers, consistent the intraplanar coherence length 

extracted from the rocking curves of hk0-type reflections. The atomic columns of the 

hexagonal molybdenum array within the dichalcogenide trilayers are barely resolvable.  

This is the first observation of extensive turbostratic disorder within misfit layer 

compounds, which probably is a consequence of the synthesis approach which relies on 

the self assembly of the title compounds from the modulated elemental precursors. 

Rietveld refinements of both the 00l and hk0 data sets were used to obtain the z 

coordinate of planes of atoms along the c axis of the misfit compounds and the projection 

of the structures of each of the constituents on the a-b plane, respectively.  The nature of 

the samples presented some challenges for the refinements. The presence of Kiessig 

fringes out to relatively high angles in the 00l data sets, which cannot be modeled by the 

Rietveld software, resulted in relatively high errors for the refinement.  Lebail fits, which 

are the best fits possible irrespective of the refined atomic coordinates and thermal 

parameters, were compared with the fits from the model refinements to estimate the 

goodness of fits.  The difference between the Lebail fit error and the model fit error in 

each refinement reflects the relative uncertainty of the refined parameters.  In the hk0 

scans, the limited number of diffraction peaks for each of the constituents combined with 

their broadness due to small crystallite size reduced the number of parameters that could 
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be reliably refined.  The structural models were based on prior misfit compound 

structures, the structures of the parent constituents, and constrained to limit the number of 

 

Figure 6: A STEM-HAADF cross-section image of an annealed [(PbSe)1.00]1[MoSe2]1 film.   The slight 

waviness of the image is a result of instrument drift during the timescale of the data collection.  The 

top expansion shows a region orientated down a zone axis of the PbSe constituent.  The bottom 

expansion shows a defect where an MoSe2 layer has been replaced by PbSe. 

 

refined parameters.  The 00l scans were used to define the position of atomic planes of 

atoms along the c-axis using the 13mP  spaced group.  This space group places a mirror 

plane in the unit cell which limits the number of planes required to effectively model the 

data to three; the position of the Se plane in the dichalcogenide, and the position of the M 

and Se planes in a distorted layer of the rock salt structure.  Figure 7 contains a 
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representative example of the quality of the fits obtained using this structural model and a 

graphic of the refined [(PbSe)1.00]1[MoSe2]1 unit cell. The structural parameters obtained 

from the refinements for the different compounds and their associated errors are found in 

Table 6. The larger errors in the [(SnSe)1.03]1[MoSe2]1 refinement is a consequence of the 

smaller experimental data set because the sample was not stable in the beam at the APS.  

 

-20000

-10000

0

10000

20000

30000

40000

50000

60000

1.5 2 2.5 3 3.5 4 4.5 5

2-Theta (Degrees)

C
o

u
n

ts

Experimental 0.943 Calculated 0.943 Difference 0.943 Reflection Markers

Eye Guide Experimental 0.958 Calculated 0.958 Difference 0.958
 

Figure 7: Diffraction data for [(PbSe)1.00]1[MoSe2]1 collected at two wavelengths, above and below the 

Pb absorption edge, is compared to the calculated intensity based on the structural model described 

in the text. Only the z coordinates are obtained from the refinement of the 00l scans. The structural 

parameters that were refined along with their associated errors are contained in table 2.   

 
The refinements quantify the extent of the structural changes from the binary constituents 

when they are incorporated into a misfit structure.  Figure 8 contains a schematic 

showing the placement of planes of atoms along the c-axis of the misfit structure and 

defines distances between the different planes of atoms. The calculated distances between 

the different planes from the refinement for each compound contained in Table 7.  The 

distortion in the rock salt structure, where the cations are attracted to the chalcogen 



 

43 

planes of the dichalcogenide and the selenium atoms are repelled, was found to be 0.023 

nm for  [(PbSe)1.00]1[MoSe2]1, 0.021 nm for  [(PbSe)0.99]1[WSe2]1, and 0.03 nm  

 
Table 6: The fitted parameters for all three 00l refinements are listed with their associated errors 

(given in parenthesizes).  Criteria related to the quality of each structural refinement are compared 

to the values obtained from LeBail fits. 

 
 [(PbSe)1.00]1[MoSe2]1 [(PbSe)0.99]1[WSe2]1 [(SnSe)1.03]1[MoSe2]1 
c (nm) 1.2658(2) 1.2697(3) 1.2425(6) 
T  0 0 0 
Se1 0.1195(2) 0.1110(4) 0.127(15) 
M  0.3813(4) 0.3892(5) 0.380(28) 
Se2 0.4011(6) 0.4057(2) 0.409(53) 
Uiso (Å2) 0.125(2) 0.079(4) 0.117(2) 
Occupancy T/M2 0.85(5)/0.17(5) 1.0 1.0 
Occupancy Se1 1 1 1 
Occupancy M 0.5 0.5 0.5 
Occupancy Se3 0.5 0.5 0.5 
Model Fitted wrp 0.154 0.179 0.263 
      Lebail Fitted wrp 0.147 0.178 0.237 
Model Fitted Rp 0.097 0.116 0.176 
      Lebail Fitted Rp 0.084 0.115 0.147 
Model Bknd wrp 0.132 0.158 0.278 
      Lebail Bknd wrp 0.123 0.156 0.246 
Model Bknd rp 0.090 0.107 0.163 
      Lebail Bknd rp 0.075 0.106 0.133 
Model Dwd 0.078 0.085 0.220 
      Lebail Dwd 0.085 0.089 0.252 
Model χ2 7.14 34.4 11.2 
      Lebail χ2 6.53 33.9 8.89 
 
for [(SnSe)1.03]1[MoSe2]1.  These values are at the lower end of the magnitude of this 

distortion, 0.020 nm to 0.060 nm, in the relatively few atomic level structures that have 

been previously determined.12, 30-36   The distance between the lead atom of one 00l plane 

to the Se atom in the second 00l plane of the bilayer of the distorted rock salt is 0.275 nm 

in [(PbSe)1.00]1[MoSe2]1 and 0.260 nm in  [(PbSe)0.99]1[WSe2]1, which is considerably 

shorter than the 0.306 nm observed in PbSe.  The distance from the tin atom of one 00l 
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plane to the Se atom in the second 00l plane of the bilayer is similar to the lead distances, 

0.260 nm.   The distances between the M cation of the rock salt layer and the Se anion of 

the dichalcogenide was found to be considerably longer, 0.346 nm in  

[(PbSe)1.00]1[MoSe2]1, 0.363 nm in  [(PbSe)0.99]1[WSe2]1, and 0.33 nm in  

 

Figure 8: A schematic of the position of atomic planes along the c axis in the misfit compounds. The 

distances determined from the x-ray diffraction refinements for each of the compounds are given in 

Table 3.  The half occupancy of the M and Se positions of the rock salt component in the refinements 

results from the correlated alternate occupancy of sites. 

 

[(SnSe)1.03]1[MoSe2]1.  The short M-Se distance in the rock salt constituent and the longer 

M-Se distance to the Se of the dichalcogenide is consistent with prior crystal structures of 

lead and tin containing misfit layered sulfides as summarized by Wiegers.26  The distance  

 
Table 7: The distances between planes defined in Figure 8 are calculated from atomic coordinates 

resulting from the refinement of the 00l diffraction scans.  The uncertainty in the distances is given in 

parentheses 

 
 [(PbSe)1.00]1[MoSe2]1 [(PbSe)0.99]1[WSe2]1 [(SnSe)1.03]1[MoSe2]1 

Distortion of rock salt 
structure out of the 
plane 

 
0.023(1)  

 
0.021(1)  

 
0.036(5)  

M-Se intralayer 
distance 

 
0.275(8) 

 
0.2583(9) 

 
0.26(6) 

MSe-TSe2 interlayer 
distance (nm) 

 
0.346(3)  

 
0.364(1)  

 
0.33(5)  

T-Se intralayer 
distance  

 
0.156(1) 

 
0.141(1)  

 
0.16(2)  

 

T 
Se 

Se 

Se 
Se M 

M 

T-Se Intralayer Bond Distance 

Interlayer Bond Distance 

Pb-Se Intralayer Bond Distance 

Distortion out of the plane 
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between the metal layer and the selenium layers in the Se-T-Se trilayers are considerably 

shorter in the lead containing compounds than in the tin compound.  They are also 

considerably shorter than observed in the binary compounds MoSe2 and WSe2.  From the 

00l data alone it is not possible to determine whether the coordination of the transition 

metal is trigonal prismatic as in the binary compounds or octahedral. 

In [(PbSe)1]1.0[MoSe2]1 we observed that allowing Pb to substitute for Mo in the 

MoSe2 layer to the amount of 17% +/- 5% improved the structural model. Such a large 

substitution seems unlikely because Pb and Mo have different coordination chemistries. 

The magnitude of this substitution, which can be thought of as an attempt of the 

refinement to increase the electron density within the MoSe2 layer, may result from a 

substitution of PbSe into small sections of the MoSe2 layer as seen in Figure 6, the STEM 

image of this material.  Further investigations into the extent of these substitutions as a 

function of composition will be needed to understand this phenomenon. 

Refinement of the projection of the constituent structures on the a-b plane using  

the intensities of the hk0 reflections was completed on a [(PbSe)1.00]1[MoSe2]1 sample. 

The data contains four reflections attributable to PbSe and three reflections attributable to 

MoSe2 as shown in Figure 9.  The refinement model used separate rock salt PbSe and 

dichalcogenide MoSe2 constituents, with a preferred orientation parameter for both 

phases to account for the lack of reflections involving l.  The rock salt phase was refined 

using planar symmetry.  The dichalcogenide phase was refined with the same space 

groups as the bulk analog.  The MoSe2 refinement used the space group P63/mmc with 

both Mo and Se on the special positions as found in the binary compound.  The rock salt 

phase was refined as a P 2 3 space group in order to reflect the symmetry of the a and b 
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planes irrespective of the position of the atoms in the c plane.  The unit cell was refined 

with 8 edge atoms in 4 positions with ½ Pb and ½ Se with a z = 1.  Pb and Se were 

placed, both occupying the special position 0, 0, 0 each with half occupancy.   The site 

occupancies and isothermal parameters were not refined, limiting parameter, which  

Figure 9: Rietveld refinement of [(PbSe)1.00]1[MoSe2]1 where PbSe and MoSe2 were independently 

refined as described in the text. The scan also contained Al2O3 stage reflections, which were extracted 

and the base line data interpolated. 

 

refined to the highest possible value indicating that the sample is oriented with layering 

perpendicular to the substrate.  The agreement between this simple model and the data is 

consistent with lattice misfits in both the a- and b-axis lattice parameters, with both 

structures having the average symmetry and average fractional atom positions expected 

from the binary compounds. 
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3.4: Conclusions   

All of the samples investigated showed a strong preferred orientation which 

enabled us to derive the position of atomic planes along the c axis for all of the 

compounds and the projection of the structures of the components onto the ab plane for 

[(PbSe)1.00]1[MoSe2]1. The two constituents are incommensurate in both a and b lattice 

parameters, but are crystallographically oriented with respect to one another, with the a-b 

plane of the rock salt structure parallel with the a-b plane of the dichalcogenide. The 

misfit parameters, δ, calculated for each material from the refined lattice parameters, are 

the smallest values ever reported, including the first negative value.  The lack of hkl 

supercell reflections and the asymmetry of the hk0 reflections in the grazing incidence 

data sets are consistent with turbostratic disorder, as the samples lack rotational or 

translational symmetry between layers. In this regard they differ from previous structural 

reports of misfit compounds, which have an orientational relationship between the 

constituents enabling the structure to be described using a modulation vector(s).  The 

inter plane distances derived from the refinement of atomic planes along the c axis yield 

short M-Se distances within the rock salt constituent and longer M-Se distances to the Se 

of the dichalcogenide, consistent with prior crystal structures of lead and tin containing 

misfit layered sulfides. 

3.5: Bridge 

 This chapter deals with establishing the one-dimensional refinement techniques 

used for this work.  The refinements are of m = n = 1 compounds, the kind found most 

frequently in the structural literature.  The following chapter deals with extending the 

techniques used here to a series of isomer samples, materials that could not have been 
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made prior to the use of MER to make MLCs.  This should bring out effects caused by 

the interface between the two materials and the forces stabilizing the formation of these 

compounds. 
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CHAPTER IV 

RIETVELD REFINEMENT OF [(PbSe)0.99]m[WSe2]m ISOMER SERIES,                 

m = 1 TO 5 

 
Samples in this study were made by Dr. Qiyin Lin with the assistance of Benjamin Silver, 

Logan LaRossa, Paul Hansen, and Johnathan Hanni.  X-ray diffraction data taken at the 

advanced photon source were done in collaboration with Dr. Paul Zschack and Dr. 

Evguenia Karapetrova who administer beamlines 33 and 34.  The samples were run by 

myself, Dr. Colby Heideman, Dr. Qiyin Lin, Dr. Ngoc Nguyen, Raimar Rostek, and Dr. 

Clay Mortenson.  The space group used for the 00l refinements was first used for this 

purpose by Dr. Arwyn Smalley and Fred Harris for [(Bi2Te3)1.36]x[TiTe2]y superlattice 

samples.  Dr. Angus Wilkinson helped them to develop this method of refining 00l data.  

The use of LeBail fits was suggested by Dr. Brian H. Toby.  The STEM-HAADF image 

was measured by Michael D. Anderson in collaboration with Ian M. Anderson at NIST.  I 

completed all of the Rietveld refinements found in this chapter as well as the subsequent 

data analysis.  I wrote the text of this chapter. 

 
4.1: Introduction 

Theoretically it is possible to make misfit layered compounds (MLCs), 

[(MX)1+δ)]m[TX2]n, where M is a metal, X is a chalcogen, T is a group III, IV, or V 

transition metal, δ is the misfit parameter, and m and n are the number of layers of each 

component with any value of m and n.  It was hypothesized that systematic changes to 

the structure of these compounds based on the number of m and n layers should occur.  
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Structural changes lead to changes in the physical properties of a given material, which is 

desirable for a variety of real world applications like thermal barriers,1 computer chips,2 

and alternative power sources.3-5   Using the traditional technique of vapor transport, 

samples have been made with varying numbers of layers and take the general form 

[(MX)1+δ]m[TX2]n, where m = 1, 1.5, or 2 and n = 1 - 4 but m and n were never both > 1.6-

8 This limited selection does not approach the variety that is theoretically possible in 

these systems.   

Instead, misfit layered compounds (MLCs) have primarily been made as samples 

with m = n = 1.6, 8  Materials of this general form have exhibited a wide variety of 

physical properties; superconducting,6-12 antiferromagnetic,7 ferromagnetic,6-8 

paramagnetic,8, 13 low thermal conductivity,14, 15 semiconducting electrical conductivity,6, 

7 and metallic electrical conductivity.6, 8  The properties of a material are the result of the 

structure and the composition.  Most MLCs have the same basic structure, a distorted 

rock salt interleaved with an octahedrally coordinated dichalcogenide, with differences in 

misfit value, -0.1 to 0.28,14, 16-22 arising from composition differences.  The properties of 

a MLC are strongly compositionally dependent because composition determines the 

electrical bands of the resulting MLC.7 

Synthesis of a series of MLCs with m, n = 1 to 8 became possible using the MER 

synthesis technique, and have been made and characterized by Qiyin Lin and Colby 

Heideman. 23-25     These families of MLCs have extremely low thermal conductivity15 

and exhibit metallic conducting behavior.26  These samples have strong preferred 

orientation and are turbostratically disordered.  These properties make them difficult to 

structurally characterize.  This chapter will address the 00l Rietveld refinement of 
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isomeric [(PbSe)0.99]m[WSe2]m samples.  Because structural data on an isomeric series 

could not have been generated prior to this work, the refinements contained herein 

required the use of several approximations based on various hypotheses about their 

possible structure. 

4.2: Experimental 

The samples were made using the MER technique in a process described in detail 

elsewhere.25  X-ray diffraction patterns of [(PbSe)0.99]1[WSe2]1, [(PbSe)0.99]2[WSe2]2, and  

[(PbSe)0.99]4[WSe2]4 were measured using the type A undulator source 33ID beam line of 

the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Samples 

were mounted for measurement on a 6-circle Huber goniometer in a Bragg-Brentano 

geometry with the sample aligned in the cross plane.  The energy of the incoming beam 

was tuned using a Si(111) double-crystal monochromator.  Dynamically bent mirrors 

were used for harmonic rejection and vertical focusing; while sagitally bent Si crystals 

provided monochromatic x-rays with narrow band-width and horizontal focusing.  Slits, 

ion chambers, and beam position monitors permit dynamic feedback control and x-ray 

beam monitoring to produce brilliant, stable x-ray beams suitable for diffraction, 

scattering, or imaging applications.27  Incidence slits were set to a height of 0.9 mm and a 

width of 0.5 mm.  Anti-scatter slits were set to a width of 10 mm and a height of 3 mm.  

The detector slits were set to a width of 0.5 mm and height of 3 mm.   

[(PbSe)0.99]1[WSe2]1 and [(PbSe)0.99]2[WSe2]2 were scanned above and below the 

Pb L3 absorption line with wavelengths of 95.78 pm and 94.29 pm using 0.005˚ steps 

with a 1 second count time.  [(PbSe)0.99]4[WSe2]4  was measured below the Pb L3 

absorption line with a wavelength of 95.24 pm using a  0.019˚ steps with a 1 second 
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count time.  Data for the [(PbSe)0.99]3[WSe2]3 and [(PbSe)0.99]5[WSe2]5 samples were 

collected on a Bruker D8 Discovery system in a Bragg-Brentano geometry with a Cu Kα 

source, 154 pm, with 0.001˚ steps with a 1 sec count time.  A 0.6 mm anti-scatter slit was 

used with 1 mm incidence and detector slits to focus the beam.   

Due to the strong texturing of these systems as established in Chapter 3, only the 

00l reflections are present in these scans.  This means that these refinements are a partial 

structural solution for these materials.  Further analysis using other scans and techniques, 

including scans of the hk0 reflections taken using an incident angle geometry, area 

detector scans, and STEM, is required to fully structurally characterize these samples but 

is beyond the scope of this current work.  The cross-plane positional data was refined 

using the Rietveld refinement method as applied in the General Structure Analysis 

System (GSAS) program.28, 29     

Refinements can be completed on multiple data sets at once, with various 

constraints both soft and hard depending on the users’ needs. The software includes a 

comprehensive error analysis packaged for all refinable parameters.  In the case of these 

data sets, the synchrotron based corrections (zero correction and instrument parameters) 

were used for synchrotron data and the lab diffractometer settings (shift correction and 

instrument parameters) were used for lab data.  Simultaneous refinements were done of 

the anomalous scattering scans.  Various soft constraints were used at different points in 

the refinement.  Finally, LeBail fits were employed as a method of reducing the error of 

the systems as well as providing a stopping point for each refinement. 
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4.3: Refinement Procedures 

The isomeric series [(PbSe)0.99]m[WSe2]m where m = 1 to 5 was structurally 

refined in the 00l direction using Rietveld refinement.  Each sample was treated using the 

13mP  space group, with the unit cell size increasing by 1.277 nm for each successive 

isomer and more atoms being added as more layers were added.  Each reported 

refinement is the combination of multiple refined models that were obtained from 

refining various starting models.  This technique was necessitated by the relatively sparse 

number of reflections available relative to the number of parameters refined.  This tactic 

increased the quality of the final result and enabled more detailed error analysis for each 

refinement.   

The thin films in this study are  highly smooth, resulting in the presence of  

Kiessig fringes, a front to back reflection arising from the beam penetrating the entire 

thin film sample, at angles up to 30˚ 2-θ.  The GSAS program does not model Kiessig 

fringing; therefore, LeBail fits were used to reduce the correlation effect of this peak 

overlap.30  LeBail fits refine the following parameters; the unit cell size, instrument 

corrections, peak profile and background parameters.  The peak shape, background, and 

unit cell size refined using the LeBail fit of each scan were used as a starting point in the 

subsequent Rietveld refinements of that scan.  The fitted and background wrp and rp, as 

well as the Durban-Watson statistic and the χ2 from the LeBail fits were compared to the 

error parameters of each Rietveld refinement in order to determine the relative quality of 

each refinement. 

Figure 10 is representative example of the effect of Kiessig fringing on the overall 

fit of a peak.   Notice the difference between the model and the experimental data 
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undulates at the same frequency as the Kiessig fringing.  This illustrates that the model 

does not include Kiessig fringing.  It also shows how Kiessig fringing causes the error 

values in these fits to be higher than in analogous refinements without Kiessig fringing.  

The Dwd parameter, which measures correlation between data points does not approach 

two as it should as a result.  It is generally much lower in these samples. 
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Figure 10: Graph highlighting the fit of a peak in the [(PbSe)0.99]1[WSe2]1 sample.  This peak has 

Kiessig fringing on both sides.  The model does not include the Kiessig fringing phenomenon, so the 

difference data undulates with the Kiessig fringing.  Peak profiles were fit to give the best possible 

match in the system despite the interference of the fringing.  

 

The misfit parameter of the MLC component layers was accounted for by setting 

the rock salt atom occupancies to 0.5 and the dichalcogenide atom values to 1.0, which 

within error represents the ratio of 0.99:1.  This parameter was determined from hk0 

reflections in scans taken using grazing incidence geometry to probe the structure parallel 

to the substrate at APS.  A detailed explanation of this procedure is found in chapter 3.  
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Scans of a variety of layering systems were performed and no difference was seen in the 

position of the hk0 reflections as a function of layering.25 Therefore, the same misfit 

value, 0.99 was used for all of the refinements in this study. 

The number of refinable parameters in the models was reduced by setting the 

isothermal parameter for all atoms to the same value, a soft constraint.  This 

approximation is used because, while the isothermal parameter is normally the 

summation of data for each atom in all directions, this determination is not possible with 

these data due to the strong preferred orientation.  The simplification provided by making 

these values equal not only reduces the number of refinable parameters but also 

represents the condensation of the multi-directional data into one dimension that occurs 

when doing these refinements. 

In order to determine the positions of each atom in the unit cell, the literature was 

combed for similar examples.  The general structures of the component materials were 

found31, 32 and used along with several assumptions to produce starting models.  It is well 

documented that in MLCs the rock salt distorts with the magnitude of 20 pm to 60 pm. 17, 

18, 20-22, 33, 34  It was also found that the dichalcogenide layer does not change significantly 

when placed in an MLC in both m = n = 1 samples and m = 1, n = 2 or 3.6, 7  Because an 

isomeric series had never been made before these samples, there is no literature precedent 

on how the structure changes as both component layers get thicker.  In order to create 

models which would evolve with the number of layers, it was therefore necessary to posit 

several hypotheses about how the isomer system would change.   

The stability of these compounds and the distortion of the rock salt are attributed 

to charge transfer between the layers, rock salt donating electron density to 
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dichalcogenide.16, 35-40  It is believed that the major changes in the structure will be in the 

electron donating layers.  The rock salt distortion could decrease toward the center of the 

each rock salt layer as the energy cost of distorting each successive layer will increase for 

each additional layer and the amount of charge transfer in an isomeric system should not 

change significantly from sample to sample. Models were, therefore, given gradual 

tapering of the distortion parameter.  Concurrently, the magnitude of the distortion could 

decrease with an increasing number of layers because of the same reason it was modeled 

as 0 pm, 20 pm, 40 pm, and 80pm.  It is also possible that there would be slight changes 

in the dichalcogenide layer as a result of increasing the number of layers.11, 41, 42  Based 

on the literature this was thought to be a small effect and was modeled as 0.15 nm or 0.16 

nm.  Finally, the average distance between the rock salt and dichalcogenide layers was 

estimated by using the van der Waals gap of the dichalcogenide and subtracting ½ the 

rock salt distortion magnitude used in a given model.  From these general parameters 

multiple models were generated combining the possibilities based on the assumptions 

above.  

Each refinement was completed by releasing the parameters for refinement in the 

following order, unit cell size, profile fit, instrument parameters, background fit, scaling 

factor, Pb positions, W and Se positions, and universal isothermal parameters (Uiso). The 

first four parameters released were done in the LeBail fit.  The rest were completed in the 

Rietveld portion of the refinement.  Releasing the parameters in any other order caused 

the system of equations used for refinement to diverge.  Refinement equations diverge 

when too many parameters change simultaneously with equal weight in the refinement.  
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Some parameters affect the fit more than others and the order in which these variables are 

refined reflects that.   

Refinements steps resulting in non-physical values for various parameters were 

reverted to a previous point in the refinement and forced into a new direction using soft 

constraints.  For example, if Uiso became negative, which is physically impossible as it 

represents the overall thermal movement of the atoms with no directionality, the values 

were returned with in the program to the starting values and refined again using a high 

damping parameter in order to decrease the chance of the same problem recurring.  This 

usually solved the problem.  If not, the refinement was reset to a previous refinement 

stage.  For the above example the previous refinement step is atom position.  More 

damping parameters were added when refining the atom positions.  If that did not work, 

the refinement from that particular starting model was rejected and not used in the 

average reported in the summary table for that refinement. 

  During the refinement process it became evident that the rock salt layers had not 

only had an interface distortion but a layer modulation.  From this point forward, these 

phenomena will be referred to as the puckering distortion and the rock salt distortion. 

Both the puckering and rock salt distortion are represented in Figure 10.  The image is the 

combination of x parameters obtained by taking educated guesses based on unit cell 

parameters of the unit cell and the z coordinates of the rock salt portion of the 

[(PbSe)0.99]4[WSe2]4 sample based on the 00l refinement.  The rock salt puckering is 

apparent at the ends of the PbSe layer, at the interface with WSe2, which is on either end 

of the presented rock salt layers in the z direction.  The Se atoms, represented by the 

lighter grey spheres, are repulsed at the interface while the Pb, the darker grey spheres, is 
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attracted to it.  The rock salt distortion is evident in how the rock salt layers seem to pair 

off so that every other bond distance is shorter than the next.  This pattern appeared in all 

of the refinements where m > 1.    

 
Figure 11: The PbSe portion of [(PbSe) 0.99]4[WSe2]4 represented to scale in the z coordinate and with 

spacing similar to that found in the [(PbSe) 0.99]1[WSe2]1 sample in the x and y directions.  Pb is 

represented as dark grey and Se as light grey.  The rock salt puckering is visible at the ends of the 

PbSe section, the interface with WSe2 (not pictured).  The Pb atoms are attracted to the WSe2 layer 

while the Se atoms repelled by the WSe2 layer.  Also note another rock salt distortion; there are two 

different plane to plane distances which alternate.  

 
New models were created for all of the samples, using the refined values of W-Se 

distance and WSe2 van der Waal gap from the previous models but containing varying 

amounts of rock salt distortion, starting with a layer to layer distance discrepancy of 50 

pm for the [(PbSe)0.99]2[WSe2]2 sample down to a discrepancy of 20 pm for the 

[(PbSe)0.99]5[WSe2]5 sample stepping down by 10 pm.  The refinements from these 

models were combined with the refinements from previous starting models to give the 

final answer reported in this work. The summary of each of these refinements will be 

presented in a table that includes all the refinements that converged for a given sample. 

The error values reported are the estimated standard deviation values calculated by the 
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GSAS program.  This error was propagated using a weighted average to give the error 

values on the average positions.  The starting models used in these refinements can be 

identified by the label in the summary table.  A collection of all of the starting models 

used for the refinements in this work is located in Appendix B.   

4.4: Format of Refinement Results 

Rietveld refinements are reported by crystallographers as a list of fractional 

coordinate values for each atom in the refinement and in some cases with full 3-D ball 

and stick representations.  The results of these refinements will be given as fractional 

coordinate lists and with 2-D graphical representations.  The difference between these 

two types of graphical representations is given in Figure 12.   Figure 12A, on the right, 

was used in Chapter 3 to represent the data learned from both the 00l and hk0 refinements 

combined with literature precedent as to how the subunits might align along the a/b 

plane.  The refinements in this chapter are all 00l and, therefore, represent only the 

location of the atom planes along the c axis of the structure.  There is no literature data 

for isomer samples with which to predict the a and b positions of the atoms, or how they 

would align with each other so a ball and stick representation of the data would be 

misleading.  Figure 12B uses lines to represent each atom plane, and will be used instead 

of the ball representation in Figure 12A in order to more clearly represent what is and 

isn’t known from these data sets.  The numbers on the image are the distances between 

the atom planes determined from Rietveld refinement.   In the case of the Pb/Se layers, an 

average position for each layer was taken and used to determine the distance between that 

atom plane and other atom planes. The ε represents the magnitude of the puckering in the 

rock salt plane. This is graphically designated by the splitting of the dark gray line into 
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two lines, with the Se line black and the Pb line light gray.  In the case of samples with 

many Pb/Se layers the ε is numbered with a subscript for ease of reference. 

 

Figure 12: Two different representations of refinement results for the [(PbSe)0.99]1[WSe2]1  system.  

The representation on the right uses balls to represent the atoms and represents the 00l and hk0 

refinements of the [(PbSe) 0.99]1[WSe2]1 in the previous chapter.  The representation on the right is a 

more accurate depiction of what is learned from an 00l refinement because the atoms are represented 

by planes.  The distance between the planes (in nm) is labeled on the graph and in the case of the 

Pb/Se layer the difference from the average position of one layer of atoms to the average position of 

the next is given.  The εεεε represents the amount of puckering in the rock salt layer, the magnitude of 

which is graphically represented by splitting the line into two with black representing Se and grey 

representing Pb.  The depiction on the right will be used to report all structures refined in this 

chapter. 

 
4.5: [(PbSe)0.99]1[WSe2]1 Refinement 

Table 8 summarizes the refinements that contributed to the final result.  There 

were six separate starting models that converged and were used to find the average 

positions reported in Figure 13.  The values reported are fairly consistent from refinement 

to refinement.  This result indicates that a variety of different refinement paths produce 

the same basic model fit when refined based on the same LeBail fit.   

The error in the unit cell size is larger, in some cases, than in the position of the 

atom.  The unit cell size is calculated from every peak and is described by more Fourier 

components than the individual atoms.  The improved statistics should produce greater 
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accuracy and consequently lower estimated standard deviation values, but because they 

do not there must be something else limiting the accuracy of the calculation.  This same 

phenomenon was observed in one of the Rietveld round robins done by the International 

Union of Crystallography.43  It was attributed to the instrumental correction parameters 

and the signal to noise threshold used for the peak fitting both of which can alter the 

results of the refinement.  The large peak widths in these data make discernment of the 

peak and background data difficult.  The range of refined positional values possible was 

explored by completing the refinement procedure using more than one LeBail fit of this 

sample.  With the same peak threshold parameters, the variation in the measurement is 

+/- 2 pm of a given value for APS refinements of this type.   

The LeBail fit used in each refinement was chosen because it was the most 

probable answer.  The fits chosen had the lowest instrumental correction, indicating good 

instrumental alignment.  It was assumed that because the alignment procedure is a well 

established and studied technique, the alignment is reliable.  Therefore, fits with 

extremely large correction parameters were deemed unlikely.   

In high resolution instruments, the Lorentzian component from the sample tends 

to dominate the peak shape and requires a lower peak fitting threshold in order to 

accurately determine peak vs. background.  In these samples the peak fitting threshold 

was set to 0.5% of the total peak height in order to improve accuracy.    Sample 

broadening is the largest portion of peak broadening based on comparisons of reflections 

from Si vs. our samples (based off of substrate peaks which show themselves in certain 

sample orientations).  The Si reflections are much narrower than the sample reflections.  

Sample peak broadening can be due to the finite size of the sample, the distribution of 
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Table 8: Summary of refinements for the [(PbSe)0.99]1[WSe2]1 sample.  The sample converged for six different starting models.  The error values 

reported for the overall refinement are given above the rest of the results.  

 

  
Lebail Fitted  
wrp = 0.1801 

Lebail Fitted 
rp = 0.1187 

Lebail 
Background 
wrp = 0.1599 

Lebail 
Background  
rp = 0.1098  

 
Lebail 

Dwd = 0.084  

 
Lebail 

χ2 = 34.88 

 c = 12.6968(3) 
Fitted  

wrp = 0.1799 
Fitted 

rp = 0.1174 
Background 
wrp = 0.1580 

Background 
rp = 0.1084 Dwd = 0.085 χ2 = 34.37 

Atom A B C D E F Average 
Layer to 

Layer (nm) 
W1 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 
Se1 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(4) 0.14089(3) 
Pb1 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(27) 0.3533(3) 
Se2 0.4057(14) 0.40571(14) 0.4057(14) 0.40572(14) 0.4057(14) 0.4057(14) 0.4057(8) 0.3742(1) 
Uiso 0.0788(11) 0.0788(11) 0.0788(11) 0.07967(110) 0.0788(11) 0.0788(11) 0.0789(2) 0.2604(5) 
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Figure 13: A line diagram of refinement results for [(PbSe)0.99]1[WSe2]1 was overlaid on the graph of 

the refinement fit.  This is an anomalous scattering fit done using APS data above and below the Pb 

L3 absorption edge. 

 

grain sizes in the sample, strain broadening, and stress broadening. Most of these 

phenomena contribute to the Lorentzian terms to the line broadening and some contribute 

Gaussian terms.  This information influenced the order of refinement for the Gaussian 

and Lorentzian parameters of the fit, but, ultimately, the LeBail fit with the lowest 

occurrence of systematic error in peak fitting as seen in the difference line was used for 

the subsequent refinements. 

The refinement of [(PbSe)0.99]1[WSe2]1 is shown in Figure 13.  This scan 

contained Kiessig fringing throughout the majority of the scan indicating the sample was 

quite smooth.  The W-Se distance refined in this sample is lower that expected, however, 

it was a consistently lower value no matter the starting point of the refinement as can be 

see in Table 8.  It can be inferred from the alteration in the W-Se distance and the large 
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interfacial distance of 0.364 nm implies that there is quite a bit of charge transfer between 

the rock salt and dichalcogenide layer in this sample.  The puckering distortion of 21 pm 

is well within the expected values seen in literature.  The 0.260 nm distance between the 

rock salt layers is a bit smaller than the ~0.32 nm that would be expected but this type of 

discrepancy is seen in a variety of other refinements in similar systems as can be 

observed in Table 9.  Sometimes these differences result in larger rock salt layer to layer 

distances and sometimes smaller. 

Table 9:  Comparison of the layer to layer distance in other rock salt misfit layered compounds vs. 

bulk binary layer to layer distances 

 

Compound spacegroup 00l ∆∆∆∆ 
MLC 00l 

∆∆∆∆ 
diff References 

CeS Fm3m 0.2889 0.285 0.004 44, 45 
GdS Fm3m 0.2773 0.275 0.002 46, 47 
LaS Fm3m 0.2927 0.290 0.003 33, 48 
NdS Fm3m 0.2844 0.285 -0.001 47, 49 
PbS Fm3m 0.2962 0.285 0.011 50, 51 
SmS Fm3m 0.2981 0.280 0.018 52, 53 

   

4.6: [(PbSe)0.99]2[WSe2]2 Refinement 

 The [(PbSe)0.99]2[WSe2]2  data is composed of the results from five refinements.  

This sample was not as smooth as the [(PbSe)0.99]1[WSe2]1 sample, so there was less 

Kiessig fringing contribution to the error of the overall fit, which shows itself in the Dwd 

term of the error reported because Dwd describes correlation between points.  A 

representative refinement is shown with a simplified line diagram for the structure in 

Figure 14.   

The summary values in Table 10 clearly show that this refinement is somewhat 

different from the previous one.  The W-Se plane to plane distance, 0.156 pm, is ~10 pm 

larger than in the [(PbSe)0.99]1[WSe2]1 sample.  The puckering at the interface is 91 pm, 
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which is quite large and the puckering in the next layer is 81 pm.  These values are 

outside of literature precedent.  The difference between the long and short plane to plane 

distances in between layers is also quite large.   

4.7: [(PbSe)0.99]3[WSe2]3 Refinement 

The copper refinement of [(PbSe)0.99]3[WSe2]3 includes seven component 

refinements, which are summarized in Table 11.  As can be seen from the refinement 

graph in Figure 15, this scan has a lower signal to noise than the APS data discussed 

previously.  The lower signal to noise results in the absence of well defined Kiessig 

fringing in the refined portion of the scan.  This does not imply that the Cu scan results in 

better overall error values.  The reverse is true because of the low signal to noise the 

background is harder to fit accurately as it contains more noise.  The Cu scans are 

accurate to within +/- 5 pm based on refinements of three LeBail fits.  This value fits with 

expectations.  There is half the amount of data in this refinement compared to an 

anomalous scattering scan and it is of inferior resolution. 

The W-Se plane to plane distances in this refinement are equal within the error 

expressed above.  The average W-Se plane to plane distance is 0.162 nm.  This is on par 

with the majority of the refinements in this series.  The initial puckering of the rock salt 

layers in this sample is 10 pm, which is within the range of possible values but is much 

lower than the values obtained from the APS refinements.  The puckering of the rock salt 

is the same throughout this sample within error.  This result is not representative of a 

trend because of the high relative error in these values (~50%). The average long  

plane to plane distance in the rock salt is 0.336 nm and the average short plane to plane 

distance is 0.291 nm.  
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Figure 14: The line diagram representation of the data for the [(PbSe)0.99]2[WSe2]2 refinement is on the right and the Rietveld refinement fit of 

anomalous scattering data at the Pb L3 absorption edge is on the left.
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Table 10: Summary of refinements for the [(PbSe)0.99]2[WSe2]2 sample.  The sample converged five different starting models.  The error values 

reported for the overall refinement are given above the rest of the results. 

  
Lebail Fitted  
wrp = 0.1051 

Lebail Fitted 
rp = 0.0808 

Lebail 
Background 
wrp = 0.1118 

Lebail 
Background  
rp = 0.0901  

 
Lebail 

Dwd = 0.328 

 
Lebail 

χ2 = 3.726 

 c = 25.52856(4) 
Fitted  

wrp  0.1383 
Fitted  

rp = 0.1000 
Background 
wrp = 0.1181 

Background  
rp = 0.0918 Dwd = 0.141 χ2 = 7.212 

Atom A C D E F Average Layer to layer 

SE1 0.06716(10) 0.06717(10) 0.06971(60) 0.06717(10) 0.06774(90) 0.06886(4) 0.1.758(0) 

W1 0.12971(40) 0.12971(40) 0.129165(28) 0.12971(40) 0.12971(40) 0.12970(9) 0.1.5530(5) 

SE2 0.1913(80) 0.1913(80) 0.1888(50) 0.1913(80) 0.19807(8) 0.19087(3) 0.1561(3) 

PB1 0.31993(70) 0.31993(70) 0.32248(14) 0.31993(70) 0.32059(70) 0.3201(4) 0.3299(4) 

SE3 0.35236(21) 0.35237(21) 0.35875(70) 0.35238(21) 0.35443(20) 0.3557(3) 0.4209(3) 

PB2 0.44026(70) 0.44026(70) 0.43534(70) 0.44026(70) 0.4398(700) 0.4390(1) 0.2126(0) 

SE4 0.41139(20) 0.41138(20) 0.39287(16) 0.41137(20) 0.40928(19) 0.4075(2) 0.2231(1) 

Uiso 0.0946(60) 0.1370(9) 0.1654(13) 0.1008(11) 0.1008(11) 0.122(1)  
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4.8: [(PbSe)0.99]4[WSe2]4 Refinement 

 The APS data in this refinement included only one energy and therefore produced 

less accurate results.  Figure 16 shows the quality of the fit in this refinement. The 

Kiessig fringing in this sample was slight and only appears on the lower order reflections.  

The error on the refinement values is +/- 4 pm, larger than for the anomalous scattering 

refinements but smaller than the Cu refinements because the data has more favorable 

signal to noise.  The starting models to this refinement converged four times as can be 

seen in Table 12. 

 The plane to plane distances in this refinement are consistent with the previous 

samples.  The W-Se plane average distance is 0.163 nm.  The individual values for the 

plane to plane distance of W-Se vary outside of the error expressed above.  The higher 

values for the W-Se distance occur at the interface which may indicate an interface effect.  

The rock salt portion of the interface has a puckering of 20 pm at the interface, which is 

not outside of the expected value.  In the inner rock salt layers ε2, ε3, and ε4 is within 

error the same, virtually nonexistent.   The rock salt distortion has a long Pb-Se distance 

is 0.315 nm and the short Pb-Se distance is 0.296 nm.   

4.9: [(PbSe)0.99]5[WSe2]5 Refinement 

 This is another Cu refinement and therefore has an error of +/- 5 pm.  It is 

composed of 5 contributing refinements as detailed in Table 13.  As can be see in Figure 

17, this sample does not have any Kiessig fringing in the refined portion of the data.  This 

refinement is very similar to the one done on the [(PbSe)0.99]3[WSe2]3 system. 

 The refined parameters are somewhat inconsistent in this refinement.  The 

average W-Se layer to layer distance is 0.162 nm, which is consistent with the other
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Table 11: Refinement summary for the [(PbSe)0.99]3[WSe2]3  sample.  There are seven contributing models presented.  The error values for the 

overall refinement are located above the table. 

 
Lebail Fitted  
wrp = 0.1116 

Lebail Fitted 
rp = 0.0734 

Lebail 
Background 
wrp = 0.0977 

Lebail 
Background  
rp = 0.0682  

 
Lebail 

Dwd = 0.521 

 
Lebail 

χ2 = 4.052   

c = 38.2627(5) 
Fitted 

wrp = 0.2403 
Fitted 

rp = 0.1724 
Background  
wrp = 0.2349 

Background  
rp = 0.1699 Dwd = 0.111 

 
χ2  = 19.32   

Name A B C D E F 
 

G Average 
Layer to 

Layer  (nm) 

W1 0 0 0 0 0 0 0 0 0 

Se1 0.04278(6) 0.04253(5) 0.04246(5) 0.04248(5) 0.04232(6) 0.04253(5) 0.042595(5) 0.042519(6) 0.16266(5) 

Se2 0.13059(6) 0.13075(5) 0.13076(5) 0.13081(6) 0.13088(5) 0.13076(5) 0.130727(5) 0.13075(17) 0.33766(5) 

W2 0.172471(3) 0.17286(3) 0.172482(3) 0.172539(3) 0.172508(3) 0.172491(3) 0.172513(3) 0.172496(1) 0.15968(5) 

Se3 0.21547(6) 0.21542(5) 0.21546(5) 0.21541(5) 0.21533(5) 0.21541(5) 0.21546(5) 0.21542(3) 0.16420(6) 

Pb1 0.30151(3) 0.30127(2) 0.30195(4) 0.30082(1) 0.30046(9) 0.30122(2) 0.30119(4) 0.30106(3) 0.32767(5) 

Se4 0.30246(8) 0.30341(56) 0.301484(5) 0.30488(3) 0.30589(2) 0.30358(5) 0.30347(5) 0.30350(4) 0.33750(5) 

Pb2 0.37811(8) 0.37896(1) 0.37911(4) 0.37771(4) 0.38176(9) 0.37897(1) 0.377834(5) 0.37947(5) 0.29069(6) 

Se5 0.37692(2) 0.37451(27) 0.37724(5) 0.3774(5) 0.37596(2) 0.37443(27) 0.37758(1) 0.3771(19) 0.29085(7) 

Pb3 0.46064(4) 0.46023(4) 0.46244(4) 0.45929(4) 0.45911(4) 0.46009(4) 0.461781(4) 0.46030(45) 0.31844(5) 

Se6 0.46168(1) 0.462875(5) 0.456374(5) 0.465671(5) 0.466225(5) 0.463253(5) 0.46247(4) 0.462525(4) 0.31774(5) 

Uiso 0.0539(5) 0.0538(5) 0.0536(5) 0.0537(5) 0.0537(5) 0.0538(5) 0.0537(5) 0.05375(7)   
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Figure 15: Line diagram of results of the (PbSe)0.99]3[WSe2]3  refinement and graph of the refinement fit to the Cu Kαααα data
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Figure 16:  Line diagram of [(PbSe)0.99]4[WSe2]4  refinement. 
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Table 12: Refinement summary for the [(PbSe)0.99]4[WSe2]4  sample.  There are four contributing models presented.  The error values for the 

overall refinement are located above the table.   

 
Lebail Fitted  
wrp = 0.1743 

Lebail Fitted 
rp = 0.1336 

Lebail 
Background 
wrp = 0.1589 

Lebail 
Background  
rp = 0.1289  

 
Lebail 
Dwd = 0.052 

 
Lebail 
χ2 = 9.154 

c = 50.9219(24)  
Fitted  
wrp = 0.1988 

Fitted  
rp = 0.1510 

Background 
wrp = 0.1806 

Background 
rp = 0.1446 Dwd = 0.043 χ2 = 11.99 

Name A B C G Average layer to layer (nm)  

Se 0.03186(11) 0.03185(11) 0.0333(29) 0.03187(11) 0.03315(10) 0.1688(2)  

W 0.0646(60) 0.06467(60) 0.064701(29) 0.0646(60) 0.0646(5) 0.1602(0)  

Se 0.09857(13) 0.09847(13) 0.0962(29) 0.09859(13) 0.09648(28) 0.1623(6)  

Se 0.16132(15) 0.16143(15) 0.163001(29) 0.16142(15) 0.16149(4) 0.3310(5)  

W 0.19403(60) 0.19408(60) 0.1944(29) 0.19407(60) 0.19427(60) 0.1669(5)  

Se 0.22659(11) 0.22666(12) 0.225801(29) 0.22666(11) 0.22657(5) 0.16449(54)  

Pb 0.28972(90) 0.28869(90) 0.28793(90) 0.28901(90) 0.28884(52) 0.31707(54)  

Se 0.29108(20) 0.29335(21) 0.29414(22) 0.29266(21) 0.29284(12) 0.33747(50)  

Pb 0.34718(90) 0.34824(90) 0.34807(90) 0.34774(90) 0.34781(63) 0.2799(6)  

Se 0.34858(21) 0.34628(21) 0.34775(22) 0.34724(21) 0.34747(15) 0.29855(55)  

Pb 0.41045(80) 0.41023(80) 0.41006(80) 0.41064(80) 0.41034(66) 0.32019(56)  

Se 0.4089(20) 0.40964(20) 0.41089(21) 0.40859(20) 0.40909(83) 0.31208(63)  

Pb 0.46917(80) 0.46902(80) 0.46988(80) 0.46974(80) 0.46945(75) 0.30736(64)  

Se 0.46898(19) 0.4694(20) 0.46785(20) 0.46755(18) 0.46912(95) 0.29929(64)  

Uiso 0.0389(14) 0.0375(15) 0.0714(16) 0.0373(15) 0.0468(1)       
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samples in this study; however the variation in the W-Se layer to layer distances is 

outside the error in this refinement.  The effect seems to be stronger at the interface like 

the effect seen in the [(PbSe)0.99]3[WSe2]3 refinement.  This suggests one of two things, 

that there really is an interface effect for odd layered samples or that the Cu refinement 

has a systematic error that is associated with this type of unequal bonding in a 

dichalcogenide.  Uneven bonding was also observed in [(Bi2Te3)1.36]m[TiTe2]n system 

with Cu refinements,54 which suggests that if this is an interface effect it likely has 

nothing to do with charge transfer as there is no known charge transfer between the layers 

of the [(Bi2Te3)1.36]m[TiTe2]n system.  It is more likely that this is a systemic error 

introduced in Cu refinements. 

4.10: General Trends 

There are some general trends in these refinements as a function of increasing 

layer thickness.  The puckering of the rock salt at the interface does not continue in all of 

the rock salt layers as shown in Table 14. The puckering disappears in the m = 4 and 5 

cases within one layer removed from the interface.  Even the m = 2 sample, an outlier in 

this group of samples, shows decreasing puckering as a function of distance from the 

interface.  The m = 3 sample does not show a similar trend but that may be an effect of 

the high error of that system obscuring the effect.  There does not seem to be a trend in 

the magnitude of the interfacial rock salt puckering as an effect of the number of layers 

based on these data.  

There is another trend in these data that is based on the unique rock salt layer 

pairing.  Figure 18 shows this trend graphically.  The magnitude of the rock salt 
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Figure 17: Line diagram of [(PbSe)0.99]5[WSe2]5  refinement
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Table 13: Refinement summary for the [(PbSe)0.99]5[WSe2]5  sample.  There are five contributing models presented.  The error values for the 

overall refinement are located above the table.   

 

 
Lebail Fitted  
wrp = 0.1884 

Lebail Fitted 
rp = 0.0721 

Lebail 
Background 
wrp = 0.1224 

Lebail Background  
rp = 0.0720  

 
Lebail 

Dwd = 0.312 

 
Lebail 

χ2 = 6.658 

c = 63.9389(7) 
Fitted  

wrp = 0.2447 
Fitted  

rp = 0.1604 
Background  
wrp = 0.3431 

Background  
rp = 0.1704 Dwd = 0.076 χ2  = 28.44 

Name A B C D F Average 
Layer to 

Layer (nm) 

W1 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 

Se1 0.0244(80) 0.02634(80) 0.02525(90) 0.02621(80) 0.02621(80) 0.02486(20) 0.15896(13) 

Se2 0.08047(70) 0.07942(70) 0.08028(70) 0.07951(70) 0.07944(70) 0.07982(12) 0.35143(2) 

W2 0.104376(38) 0.104105(38) 0.104556(41) 0.104138(39) 0.10411(39) 0.10416(4) 0.1556(11) 

Se3 0.13038(70) 0.12957(70) 0.13042(70) 0.12965(70) 0.12964(70) 0.12993(20) 0.1648(16) 

Se4 0.18192(60) 0.18288(70) 0.18204(70) 0.18279(70) 0.18283(70) 0.18251(28) 0.33617(31) 

W3 0.207324(33) 0.207421(34) 0.207195(33) 0.207357(34) 0.207431(34) 0.207347(16) 0.15881(28) 

Se5 0.2345(70) 0.23403(70) 0.23435(80) 0.23396(80) 0.23402(70) 0.23438(168) 0.17284(1) 

Pb1 0.28385(60) 0.28524(50) 0.28519(60) 0.28515(50) 0.28488(60) 0.28484(36) 0.32264(1) 

Se6 0.28859(12) 0.28623(11) 0.28545(11) 0.28647(11) 0.28712(11) 0.2868(7) 0.3352(11) 

Pb2 0.33291(50) 0.33126(50) 0.33225(50) 0.3308(50) 0.3313(50) 0.3312(24) 0.2838(16) 

Se7 0.32903(12) 0.33208(12) 0.33076(12) 0.33327(12) 0.33203(12) 0.33143(9) 0.29793(3) 

Pb3 0.38039(12) 0.38044(50) 0.38042(60) 0.3804(50) 0.38053(50) 0.38041(193) 0.31317(13) 

Se8 0.38111(13) 0.38088(13) 0.38025(13) 0.38093(13) 0.38071(13) 0.38078(11) 0.31703(2) 

Pb4 0.42857(50) 0.42801(50) 0.42827(60) 0.42742(13) 0.42799(50) 0.42817(45) 0.30301(4) 

Se9 0.42798(13) 0.42813(13) 0.42851(14) 0.42742(13) 0.42815(13) 0.42805(13) 0.30455(1) 

Pb5 0.47589(60) 0.47657(60) 0.47619(70) 0.47544(70) 0.47659(60) 0.47612(68) 0.30736(5) 

Se10 0.47613(14) 0.47658(14) 0.47626(15) 0.47627(15) 0.47649(14) 0.47634(15) 0.30804(39) 

Uiso 0.0278(70) 0.0305(70) 0.03(1) 0.0307(70) 0.0305(60) 0.0299(4)  



 

76 

 

Table 14: Puckering as a function of distance from the interface based on the refinements in this 

study.  The puckering nearly disappears in the m = 4 and 5 samples at just one layer removed from 

the interface.  The m = 3 sample has a high error value that is obscuring this effect. 

 

M 

εεεε1 

(pm)    
εεεε2 

(pm)    
εεεε3 

(pm)    
εεεε4 

(pm)    
εεεε5 

(pm)    

1 21(2)         
2 91 (2) 80(2)       
3 9(5) 9(5) 9(5)     
4 20(4) 2(4) 6(4) 2(4)   
5 13(5) 2(5) 2(5) 1(5) 1(5) 

  

distortion is slowly decreasing as a function of the number of layers.  This trend and its 

implications will be discussed further in the next chapter.   

4.11: Conclusion 

It is possible to refine the positions of the 00l planes in isomeric samples using 

Rietveld refinement.  Surprising structural data can be obtained using this technique as 

evidenced by the discovery of a rock salt distortion in samples with m > 1 and the change 

in the magnitude of the rock salt puckering as a function of distance from the rock 

salt/dichalcogenide interface.   The fact that the pairwise rock salt distortion was found 

from a variety of starting models gives weight to the claim that such an unusual feature is 

real.  This discovery will be discussed in detail in Chapter V.  The change in the 

magnitude of the puckering can be interpreted as confirming our initial hypothesis about 

the energetic cost of puckering in interior layers being quite high.   
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Figure 18: Graph of the trend in the rock salt distortion as a function of the number of rock salt 

layers.  The distortion is decreasing with the increasing number of rock salt layers 
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CHAPTER V 

SIZE-DEPENDENT STRUCTURAL DISTORTIONS IN ONE DIMENTIONAL 

NANOSTRUCTURES 

 

 

Samples in this study were made by Dr. Qiyin Lin with the assistance of Benjamin Silver, 

Logan LaRossa, Paul Hansen, and Johnathan Hanni.  X-ray diffraction data taken at the 

advanced photon source were done in collaboration with Dr. Paul Zschack and Dr. 

Evguenia Karapetrova who administer beamlines 33 and 34.  The samples were run by 

myself, Dr. Colby Heideman, Dr. Qiyin Lin, Dr. Ngoc Nguyen, Raimar Rostek, and Dr. 

Clay Mortenson.  The space group used for the 00l refinements was first used for this 

purpose by Dr. Arwyn Smalley and Fred Harris for [(Bi2Te3)1.36]x[TiTe2]y superlattice 

samples.  Dr. Angus Wilkinson helped them to develop this method of refining 00l data.  

The use of LeBail fits was suggested by Dr. Brian H. Toby.  STEM images were taken by 

Michael D. Anderson in collaboration with Ian M. Anderson at NIST.  Robert Kykyneshi 

performed the molecular dynamical modeling with the assistance of Dr. Douglas Kezsler.  

I contributed all of the Rietveld refinement data to this chapter.  This chapter was written 

initially by Michael D. Anderson but edited by myself, David C. Johnson, Ian Anderson, 

Qiyin Lin, and Robert Kykyneshi for details concerning our individual contributions. It is 

as yet unpublished but will be submitted to Science. 

5.1: Introduction 

Nanoscale materials have been intensely studied since the discovery that the 

optical properties of semiconductor nanoparticles are size dependent because the spatial 
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extent of the localized wave functions of the electron-hole exciton pair is confined by the 

size of the nanoparticle.1-3  This and subsequent research has demonstrated that the 

physical properties of particles become a function of size when the size becomes 

comparable to a characteristic length scale of an underlying physical property.  Examples 

of relevant length scales include the de Broglie wavelength and the mean free path of 

electrons, phonons, and elementary excitations, which typically range from one to a few 

hundred nanometers. The ability to tune a wide variety of properties with size has spurred 

the development of a number of different chemistries that enable the preparation of 

nanostuctured elements and compounds with control of size, shape and ligand shell.4-8 

5.2: Results 

As the size of nanocrystals decrease, the number of atoms in the interior relative 

to the number of atoms at the surface decreases.  This increases the importance of surface 

free energy relative to the free energy of the bulk structure and distortions from bulk 

structures might be expected as nanoparticle size decreases. Unfortunately, while 

researchers have demonstrated the ability to prepare ordered lattices of nanoparticles,9-14 

isolating crystals with long range atomic periodicity is rare,11,13,15 in part because 

common synthetic approaches produce a distribution of nanoparticle sizes. Thus, detailed 

atomic structures and size-structure-property relationships of most nanoparticle systems 

have not been determined.15-17 

We recently reported the preparation of families of new compounds with the 

general formula [(MSe)1+y]m(TSe2)n, where M=Pb, Bi and Ce; T=W, Nb, and Ta.18-19 The 

values of m and n, respectively, represent the number of MX and TX2 structural units of 

the unit cell of the superstructure. The misfit parameter, y, describes the difference 
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between the densities of metal cations in the two structural units. Each TSe2 structural 

unit consists of a hexagonal layer of metal cations T sandwiched between hexagonal 

close-packed planes of selenium anions, with the cations located in either the octahedral 

(stacking sequence ACB) or trigonal prismatic (ABA) interstices of the anion sublattice. 

Each MSe structural unit contains two distorted 00l planes of the rock salt structure.  The 

rock salt structured layers are incommensurate with the close-packed selenium planes of 

the TSe2 structural unit.  As reported herein, the long range structural order along the 

modulation direction permits us to determine the atomic structure of these precisely 

defined one-dimensional (1D) nanostructures as a function of layer thickness using both 

scanning transmission electron microscopy (STEM) high-angle annular dark field 

(HAADF) imaging and x-ray diffraction. 

The STEM-HAADF images of the first five [(PbSe)1.00]m(MoSe2)m compounds 

are shown in Figure 19.  All have a regular periodic structure along the modulated axis 

with well-defined layers of PbSe and MoSe2.  Compositional profiles acquired by STEM 

x-ray energy- dispersive spectroscopy (XEDS) are consistent with the nominal PbSe and 

MoSe2 stoichiometries.  The STEM images show ordered domains of PbSe with 

characteristic dimensions of a single structural unit along the layering direction and tens 

of nanometers perpendicular to the layering direction, with random in-plane rotational 

variants both within a layer and between layers.  The orientations of the MoSe2 domains 

are more difficult to discern from the STEM images, but rotational variants have been 

observed between individual MoSe2 structural units.  Close examination of the STEM-

HAADF images reveals a distortion of the PbSe layers, with the atomic planes grouped 

into pairs rather than being evenly spaced as expected for an undistorted rock salt  
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Figure 19: High resolution STEM-HAADF images of [(PbSe)1.00]m[MoSe2]m compounds showing the 

change in the pairing distortion in the PbSe layers as a function of the number of  00l PbSe planes. 

The rock-salt-structured domains exhibit numerous rotational variants within the (001)-oriented 

growth plane, with selected grains aligned along the <100>- and <110>-type zone axes. 

 

Figure 20: High resolution STEM-HAADF images of [(PbSe)0.99]3[MoSe2]1 and [(PbSe)0.99]3[MoSe2]3 

with aggregate intensity plots.  The distances noted are for the PbSe intra- and inter-pair distance as 

well as the distances between the last PbSe layer and the central maxima of the MoSe2 region and the 

distance between consecutive MoSe2 regions. 
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structure.  The distortion is largest in [(PbSe)1.00]2(MoSe2)2 and decreases until it can not 

be observed for n greater than 5, suggesting that this is the transition to a bulk structure.   

  The extended registry of atomic planes along the modulation axis results in X-

ray diffraction patterns (Figure 21A) containing many 00l diffraction maxima, which can 

be used to determine the position of atomic planes along the c axis and the magnitude of 

the structural distortions observed in the STEM-HAADF data.  The lattice parameters of 

the superstructure in the c-axis direction exhibit discrete changes of Δcm = 0.607 ± 0.007 

nm and Δcn = 0.657 ± 0.005 nm as the number m or n of the PbSe or MoSe2 structural 

units, respectively, is incremented.  In-plane x-ray diffraction scans (Figure 21A) contain 

Bragg diffraction maxima that can all be indexed based on independent crystal structures 

for the PbSe (a = b = 0.618 ± 0.001   nm) and MoSe2 (a = 0.331 ± 0.001  nm) layers. The 

line widths of the reflections hk0 of the PbSe and MoSe2 structural units differ, reflecting 

different in-plane domain sizes of 9 ± 1 nm for PbSe and 4 ± 1 nm for MoSe2. There is no 

trend in the lattice parameters or in-plane domain sizes as n and m increase and the films 

also remain flat when removed from the sample substrate, suggesting that there is little 

strain between the layers despite the lattice mismatch between the layers.  The random 

rotational variants observed in the PbSe between layers precludes the observation of 

coherent diffraction between layers along mixed index hkl (h,k ≠ 0; l ≠ 0) directions.  As 

shown Figure 21C however, weak subsidiary maxima are observed along mixed index 

reflections of the PbSe constituent.  These maxima result from the finite size of the 

crystallites in these directions, as can be observed by the identical patterns observed for 

both (PbSe)3(MoSe2)1 and (PbSe)3(MoSe2)3.  The diffraction data in Figure 21 strongly 

suggest that the lattices of PbSe and MoSe2 are not constrained by epitaxy at the 
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interfaces, that the rock salt structured layers are crystallographically decoupled from one 

another, and that the layer thickness of one component does not affect the structure of the 

other.  Rietveld refinements of the 00l diffraction pattern of a [(PbSe)0.99]1(WSe2)1 

compound are consistent with that previously reported for similar m=1, n=1 

compounds.20 The refinements reveal that Pb and Se planes in the distorted rock salt 

structured layer are separated by 22 pm, with the Pb containing layers within the rock salt 

structural unit displaced closer to the selenium of the dichalcogenide. This interfacial 

distortion or layer puckering is within the range (2 pm to 80 pm) previously reported.20  

 

Figure 21: X-ray diffraction patterns acquired from [(PbSe)0.99]3[MoSe2]1 and [(PbSe)0.99]3[MoSe2]3.  

A. Bragg-Brentano patterns acquired using Cu Kα radiation (λ = 154 pm) with the bottom patterns 

collected perpendicular to the films and the top two patterns collected in the plane of the films.  B. 

Two-dimensional in-plane patterns acquired using synchrotron radiation (λ = 92.53 pm). All peaks 

can be indexed based on independent crystal structures for PbSe and MoSe2. The four weak 

reflections corresponding to non-integer indices along 20l of PbSe, indicated with arrows, are 

discussed in the text. 

 

Refinements of the first five [(PbSe)0.99]m(WSe2)m compounds all reveal 

puckering of the surface Pb-Se layer that decreases moving into the interior Pb-Se planes. 

The refinements also reveal that the PbSe planes are paired, as observed in STEM-
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HAARD data, and the average difference between the intra pair and inter pair distances 

decreases as the number of PbSe planes increases.   

To model the observed distortions, density functional theory (DFT) simulations 

were performed for isolated sheets of rock salt PbSe with layer thickness along the c axis 

ranging from 1 to 5 unit cells.  Idealized PbSe structures of thickness m × c (m = 1 to 5; c 

= 0.306 nm) were allowed to relax to minimum-energy configurations. In the case of a 

single unit cell (m = 1), a strong reduction to c = 0.283 nm is observed, while the a-lattice 

parameter remains unchanged.  The experimentally observed pairing distortion for m > 1 

is also observed; as m increases, the average c parameter approaches the bulk value. In 

the case of n = 5, the bulk PbSe structure is largely restored with only small distortions in 

the terminal units.  These results provide additional evidence that the distortions are size  

 

Figure 22: The difference between the long and short PbSe interplane distance distortion as a 

function of increasing then number of PbSe structural units. 

 

dependent and decoupled from the dichalcogenide layers.  Only a slight puckering (≈ 6 

pm for n < 5; ≈ 3 pm for n = 5) is observed for the surfaces of the relaxed PbSe layers, 

which is significantly smaller than the experimentally observed value of 22 pm.  The 

puckering, however, increases to 15 pm in the presence of the dichalcogenide layer in a 

model (PbSe)1(WSe2)1 structure, likely resulting from Pb completing its coordination 
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through bonding with the Se of WSe2 and charge transfer from the WSe2 to PbSe 

structural units.   

Figure 22 contains a graph of the magnitude of the pairing distortion as a function 

of the number of PbSe structural units calculated from the DFT simulations, determined 

from the STEM images, and obtained from the refinement of the x-ray diffraction data. 

The magnitude of the distortion decreases in a linear fashion as the number of planes of 

PbSe is increased.  Conceptually the distortion of the rock salt structure can be broken 

into two distinct contributions: a surface distortion of the outer plane to optimize the 

interaction between the PbSe and MoSe2 regions; and a volume distortion of the structure 

to minimize the total energy.  The systematic structural distortions observed in PbSe as 

the number of planes is decreased has significant implications, perhaps explaining the 

synthetic difficulties in isolating very small cluster sizes of extended structures. The 

observed structural distortions also suggest a possible root cause for the size dependency 

of physical properties, and that discontinuities in physical properties with size should be 

expected for nanostructures as a consequence of structural distortions. 

5.3: Bridge 

 This chapter has detailed the trends observed in the structure of the m = 1 to 5 

isomer series.  Three techniques were used to explain the structural trends observed in 

order to confirm the unusual results.  In order to get further insight into these materials a 

set of non-isomer samples was inspected.  The samples used are chosen to look at the 

effects of varying m and n as much as possible.  
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CHAPTER VI  

[(PbSe)0.99)]m[WSe2]n; m = 1 OR 2, n = 1 OR 2 REFINEMENTS 

 

 
The samples in this chapter were synthesized and annealed by Dr. Qiyin Lin.  X-ray 

diffraction data taken at the advanced photon source were done in collaboration with Dr. 

Paul Zschack and Dr. Evguenia Karapetrova who administer beamlines 33 and 34.    The 

samples were run by myself, Dr. Colby Heideman, Dr. Qiyin Lin, Dr. Ngoc Nguyen, and 

Dr. Clay Mortenson.  The space group used for the 00l refinements was first used for this 

purpose by Dr. Arwyn Smalley and Fred Harris for [(Bi2Te3)1.36]x[TiTe2]y superlattice 

samples.  Dr. Angus Wilkinson helped them to develop this method of refining 00l data.  

The use of LeBail fits was suggested by Dr. Brian H. Toby.  I completed all of the 

Rietveld refinements found in this chapter as well as the subsequent data analysis.  I am 

primary author of this chapter and eventually it will be published as a paper but has not 

been touched by any other than David Johnson as yet. 

6.1: Introduction 

 Misfit layered compounds have primarily been studied in their m = n = 1 form, 

structurally, electronically, and magnetically.1, 2  There are three theories on why MLCs 

are stable despite it being the combination of two very different compounds; charge 

transfer occurring from the rock salt to the dichalcogenide layer,3-9 cationic coupling 

based on the oxidation states of the materials,10 or covalent bonding at the interface.11, 12  

Various experiments have shown that charge transfer is occurring based on XPS and 

Raman measurements3-5, 13, 14 however, there are also contradictory reports that claim the 

opposite.11, 15  The cationic coupling argument was based on EPMA measurements 
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combined with valence bonding calculations.  As for covalent bonding, the first reference 

is an XPS study which posited covalent bonding instead of charge transfer as an 

explanation for their data and the second is based on valence bonding calculations for 

incommensurate layered structures (the crystal group to which MLCs apply). 

 A study of samples with a large change in the ratio of rock salt to dichalcogenide 

layers could elucidate which mechanism is the most likely.  In the scenario that there is 

charge transfer from the rock salt to the dichalcogenide there would be a large difference 

in the amount of puckering in the rock salt at the interface as well as a probable change in 

the structure of the dichalcogenide layer.  In the case of covalent bonding the magnitude 

of the puckering should not alter and there should be no change to the dichalcogenide 

layer.  The cationic coupling theory applied here would predict a change in the magnitude 

of the puckering and the structure of the dichalcogenide.  This study will use the structure 

of [(PbSe)0.99]m[WSe2]n where m and n = 1 or 2 in all combinations. 

6.2: Experimental 

All samples in this study were prepared using a custom high vacuum deposition 

chamber (~10-7 Torr) which is described elsewhere.16 Lead and tungsten were deposited 

using electron beam guns and Se was deposited with a Knudsen evaporation cell.  

Precursors were prepared by sequentially depositing each element to prepare a repeating 

unit with a composition profile similar to the desired final product and then this sequence 

of elemental layers was repeated to obtain the desired total thickness of the film.  The 

relative thickness of the pair of elements to form each binary constituent was calibrated to 

obtain the composition that corresponds to the stoichiometry of the desired constituent. 

The thickness of each elemental pair was adjusted to yield layers with the number of 
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atoms required to form a discrete crystalline PbSe bilayer or a WSe2 trilayer respectively.  

The deposition produces a mostly amorphous precursor, which is then gently annealed to 

form the desired product.  This process is described in detail elsewhere.17 Samples were 

annealed at 400°C in a nitrogen atmosphere for an hour.   

X-ray diffraction patterns of [(PbSe)0.99]1[WSe2]1, [(PbSe)0.99]1[WSe2]2 , 

[(PbSe)0.99]2[WSe2]1 , and [(PbSe)0.99]2[WSe2]2  were measured in the high resolution 

33ID beam line  at the Advanced Photon Source (APS) at Argonne National Laboratory 

(ANL).  Due to the strong texturing of these systems, only 00l peaks are present in 

Bragg-Brentano scans (cross-plane) and only hk0 peaks are present in grazing incidence 

2-theta scans (in-plane). Anomalous scattering experiments measured the cross plane 

scattering of each sample in the Bragg-Brentano optical geometry.  The anomalous scans 

of [(PbSe)0.99]1[WSe2]1  and [(PbSe)0.99]2[WSe2]2  were done above and below the  Pb L3 

absorption line  with wavelengths of 95.78 pm and 94.29 pm. Points were taken every 

0.005˚ with a count time of 1 second from 12˚ to 50˚ (2θ).  The anomalous scattering 

scans of [(PbSe)0.99]1[WSe2]2  were taken at 98.99 pm, below the Se Kβ absorption line, 

and 93.08 pm, above the Pb L3 absorption line.  For the 98.99pm scan points were taken 

every 0.05˚ with a count time of 1 second from 4˚ to 24˚ (2θ).  The 93.08 pm scan was 

taken from 4˚ to 26˚ (2θ) with a step size of 0.02˚ and a count time of 1 second. The scans 

of [(PbSe)0.99]2[WSe2]1  were taken at 93.79 and 93.09 pm both above the Pb L3 

absorption line.   

Rietveld refinement was completed using the General Structural Analysis System 

(GSAS)18 with EXPGUI.19 The 00l scans contain Kiessig fringes, interference patterns 

between the front and back of the sample, which overlap the Bragg reflections out to as 
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high as 30˚ 2θ in some samples.  GSAS does not include algorithms to model this 

phenomenon.  LeBail fits were performed on each scan and used as a starting point for 

the model refinement in order to help reduce the error due to correlation caused by 

overlapping peaks and to refine profile parameters, background, unit cell size and zero 

offset corrections. The LeBail fit represents the best possible refinement for a given set of 

experimental data and was compared to each Rietveld model refinement in order to judge 

the quality of the fit which, because of the presence of Kiessig fringes has abnormally 

high error values.  The anomalous diffraction data collected along the c-axis was used to 

refine the z coordinates of the atomic planes using all energies simultaneously. Initial 

models that extended beyond the known range of distortions in misfit-layered compounds 

were used to explore parameter space to try to make sure the refinement did not converge 

to local minima.  

6.3: Results 

The [(PbSe)0.99]1[WSe2]1  refinement has already been discussed in chapter III and 

in chapter IV, however to be clear in this section the data will be reiterated here.  Figure 

23 is the Rietveld refinement result for the system.  The refinement summary is in Table 

15.  The final result is the combination of six separate refinements.  The error reported in 

the summary table is the estimated standard deviation of the values as calculated by the 

refinement program, the e.s.d. on the average has been propagated from the component 

refinements.  The actual deviation of this system is believed to be 2 pm.  The wrp and rp 

values are higher than they would be otherwise for this fit because there is Kiessig 

fringing in this scan going to ~30˚ 2θ. 
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 Notably this refinement has similar attributes to similar structures found in the 

literature.  The dichalcogenide layer to layer distance is greater than the binary value 

from literature, which is seen in several other MLC systems.  The magnitude of the 

puckering of the rock salt at the interface is well within the range of values in the 

literature.  Finally the size of the sub-units and the full MLC unit follow the same trends 

seen in other m = n = 1 compounds. 

   

Figure 23: Rietveld refinement of [(PbSe)0.99]1[WSe2]1 above and below the Pb L3 absorption line. 

 
 The [(PbSe)0.99]1[WSe2]2  refinement is summarized in Table 16.  The final result 

is the combination of six separate refinements.  Figure 23 Rietveld refinement result for 

the system.    The estimated error actual deviation of this system is believed to be 2  

pm.   The sample is not nearly as smooth as the [(PbSe)0.99]1[WSe2]1 sample, so Kiessig 

fringing only continues to ~20˚ 2θ. 

 Notably this refinement has similar attributes to similar structures found in the 

literature.  The dichalcogenide layer to layer distance is greater than the binary value 
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Table 15: Rietveld refinement summary of [(PbSe)0.99]1[WSe2]1. 

  
Lebail Fitted  
wrp = 0.1801 

Lebail 
Fitted 

rp = 0.1187 

Lebail 
Background 
wrp = 0.1599 

Lebail 
Background  
rp = 0.1098  

 
Lebail 

Dwd = 0.084 

 
Lebail 

χ2 = 34.88 

 c = 12.6968(3) 
Fitted  
wrp = 0.1799 

 Fitted 
rp = 0.1187 

Background 
wrp = 0.1600 

Background  
rp = 0.1084  

 
Dwd = 0.084 

 

χ2 = 34.82 

Atom A B C D E F Average 
Layer to 

Layer (nm) 
W1 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 
Se1 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(16) 0.11097(4) 0.14089(3) 
Pb1 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(40) 0.3892(27) 0.3533(3) 
Se2 0.4057(14) 0.40571(14) 0.4057(14) 0.40572(14) 0.4057(14) 0.4057(14) 0.4057(8) 0.3742(1) 
Uiso 0.0788(11) 0.0788(11) 0.0788(11) 0.07967(110) 0.0788(11) 0.0788(11) 0.0789(2)  

 
 

Table 16: Rietveld refinement summary of [(PbSe)0.99]1[WSe2]2. 

 

 
Lebail Fitted  
wrp = 0.1167 

Lebail Fitted 
rp = 0.0808 

Lebail 
Background 
wrp = 0.1025 

Lebail 
Background  
rp = 0.0735  

 
Lebail 
Dwd = 0.237 

 
Lebail 
χ2 = 12.66 

 

c = 19.1758(5) 
Fitted  
wrp = 0.1426 

Fitted  
rp = 0.1092 

Background 
wrp = 0.1328 

Background 
rp = 0.1050 Dwd = 0.161 χ2 = 19.00 

 

Name A B C D E Average 
Layer to 
layer 

SE1 0.09353(24) 0.09354(24) 0.09353(24) 0.09353(24) 0.09355(24) 0.0935(1) 1.7936(5) 
W1 0.17519(10) 0.17519(10) 0.17505(10) 0.17519(10) 0.17517(10) 0.1752(0) 1.5651(5) 

SE2 0.26449(18) 0.26449(18) 0.26395(18) 0.26449(18) 0.2644(180) 0.2644(0) 1.7110(6) 

PB1 0.41826(14) 0.41806(14) 0.41554(14) 0.4183(14) 0.4171(1) 0.4180(1) 2.9455(6) 

SE3 0.41892(31) 0.41944(31) 0.42626(34) 0.4189(31) 0.4219(3) 0.4197(1) 2.9789(7) 

Uiso 0.0582(15) 0.0582(15) 0.0595(15) 0.0582(15) 0.0584(15) 0.059(0)  
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from literature, which is seen in several other MLC systems.  The magnitude of the 

puckering of the rock salt at the interface is well within the range of values in the 

literature.  Finally the size of the sub-units and the full MLC unit follow the same trends 

seen in other m =1, n = 2 compounds20-23  and is similar to incommensurate refinement 

done on one of the systems.24 

 

Figure 24: Rietveld refinement of [(PbSe)0.99]1[WSe2]2 with line diagram illustrating refinement 

results. 

 

The [(PbSe)0.99]2[WSe2]2  refinement has also been discussed in chapter III and in 

chapter IV, but will be reiterated here.  Figure 25 is the Rietveld refinement result for the 

system and the refinement summary is in Table 17.  The reported refinement is the 

combination of five refinements.  The actual deviation of this system is believed to be 2 

pm.  There is Kiessig fringing in this scan going to ~20˚ 2θ. 
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Figure 25: Rietveld refinement of [(PbSe)0.99]2[WSe2]2 above and below the Pb L3 line with line 

diagram illustrating refinement results. 

 
 The m = n = 2 sample type had not been studied before in the literature so there is 

no precedent for how the bonding should look.  The distortion of the rock salt layers has 

been discussed in chapter V and is believed to be real.  The puckering at the interface and 

in the interior rock salt layers is quite large, outside the normal range and could be a real 

effect or this refinement could be the result of a very strong local minima.   

The [(PbSe)0.99]2[WSe2]1  refinement is summarized in Table 18.  The final result 

is the combination of six separate refinements.  Figure 26 is the Rietveld refinement 

result for the system.    The estimated error actual deviation of this system is believed to 

be ~4 pm, because the scans were done on the same side of the Se Kβ line and there is not 

as much contrast in the scattering factor as in the other samples in this study.   The 

sample is not nearly as smooth as the [(PbSe)0.99]1[WSe2]1 sample, so Kiessig fringing 

only continues to ~15˚ 2θ. 

 Notably this refinement has similar attributes to the other m = 1, n=1 sample 

found in the literature.25  The average dichalcogenide layer to layer distance is greater
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Table 17: Rietveld refinement summary of [(PbSe)0.99]2[WSe2]2. 

  
Lebail Fitted  
wrp = 0.1384 

Lebail Fitted 
rp = 0.0808 

Lebail 
Background 
wrp = 0.1118 

Lebail 
Background  
rp = 0.0918  

 
Lebail 
Dwd = 0.328 

 
Lebail 
χ2 = 3.726 

Refinement c = 25.52856(4) 
Fitted  
wrp = 0.1051 

Fitted  
rp = 0.1000 

Backround  
wrp = 0.1181 

Backround  
rp = 0.0901 Dwd = 0.141 χ2 = 7.212 

Atom A C D E F Average Layer to layer 

SE1 0.06716(10) 0.06717(10) 0.06971(60) 0.06717(10) 0.06774(90) 0.06886(4) 1.758(0) 

W2 0.12971(40) 0.12971(40) 0.129165(28) 0.12971(40) 0.12971(40) 0.12970(9) 1.5530(5) 

SE3 0.1913(80) 0.1913(80) 0.1888(50) 0.1913(80) 0.19807(8) 0.19087(3) 1.561(3) 

PB4 0.31993(70) 0.31993(70) 0.32248(14) 0.31993(70) 0.32059(70) 0.3201(4) 3.299(4) 

SE5 0.35236(21) 0.35237(21) 0.35875(70) 0.35238(21) 0.35443(20) 0.3557(3) 4.209(3) 

PB6 0.44026(70) 0.44026(70) 0.43534(70) 0.44026(70) 0.4398(700) 0.4390(1) 2.126(0) 

SE7 0.41139(20) 0.41138(20) 0.39287(16) 0.41137(20) 0.40928(19) 0.4075(2) 2.231(1) 

Uiso 0.0946(60) 0.1370(9) 0.1654(13) 0.1008(11) 0.1008(11) 0.122(1)  
 

 

Table 18: Rietveld refinement summary of [(PbSe)0.99]2[WSe2]1. 

 
Lebail Fitted  
wrp = 0.2115 

Lebail 
Fitted 

rp = 0.1542 

Lebail 
Background 
wrp = 0.2086 

Lebail 
Background  
rp = 0.1524  

 
Lebail 

Dwd = 0.063 

 
Lebail 

χ2 = 22.49 

c = 18.8369(4) 
Fitted  
wrp = 0.2096 

Fitted 
 rp = 0.1614 

Background 
wrp = 0.2036 

Background 
rp = 0.1590 Dwd = 0.063 χ2 = 22.12 

Name A B C D E Average 
layer to 
layer 

W1 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 
SE1 0.08199(13) 0.08565(13) 0.085(16) 0.085(16) 0.085(0) 0.0850(2) 1.600(6) 
PB1 0.25592(10) 0.26095(26) 0.25949(19) 0.25949(19) 0.25949(19) 0.2595(1) 3.287(10) 
SE2 0.2791(1) 0.26698(64) 0.27135(47) 0.27135(47) 0.27135(47) 0.2704(3) 3.493(10) 
PB2 0.40584(80) 0.41334(80) 0.41628(14) 0.41628(14) 0.41628(14) 0.4110(5) 2.647(2) 
SE3 0.42994(25) 0.40936(19) 0.40176(39) 0.40176(39) 0.40176(39) 0.4070(3) 2.778(1) 
Uiso 0.0786(90) 0.0787(90) 0.0749(90) 0.0749(90) 0.0749(90) 0.0764(2)   
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Figure 26: Rietveld refinement of [(PbSe)0.99]2[WSe2]1 with line diagram illustrating refinement 

results. 

 
than the binary value from literature, which is seen in several the literature system.  The 

strange thing about the value is that it is not the same on either side of the W-Se bond.  

This is not observed in other systems but combined with the small magnitude of the 

puckering of the rock salt at the interface it is believed that this may be indicative of 

cations in the van der Waal gap of the WSe2.  Cations in this location would increase the 

size of the van der Waal gap, cause the W-Se bonds to be unequal and would push the W 

insensitive to the refinement of the occupancy parameter, however, so this hypothesis 

cannot be confirmed.  Finally the size of the sub-units and the full MLC unit follow the 

same trends seen in other m =2, n = 1 compound. 
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6.4: Discussion 

 The plane to plane distances for all of these refinements have been summarized in 

Table 19.  There are several notable points in these values.  First, the puckering of the 

[(PbSe)0.99]1[WSe2]2 and [(PbSe)0.99]2[WSe2]1 samples is drastically different, 3 and 21 

pm respectively.  This large difference would be expected in the case of charge transfer 

between the rock salt and dichalcogenide layers in the system. There is no great 

difference between the average W-Se plane to plane distance in these samples, however, 

which one might expect to be altered if charge transfer were present but might be 

untouched if there is covalent bonding in the system.  These results are counter indicators 

and do not elucidate the stabilization mechanism of the system.   

The unequal plane to plane distances of the [(PbSe)0.99]1[WSe2]2 sample add a 

second implication that charge transfer is not the primary stabilization method in these 

samples because a sample with more dichalcogenide layers would not be expected to 

have asymmetry in a charge transfer scenario, however if the hypothesis that there is 

cation in the interface is accurate this may not indicate anything other than an excess of 

material in the sample.     

Table 19: Summary of important plane to plane distances for samples in the study. 

m/n 
Interface 

(nm) 

van der 
Waal 
gap 

(nm) 

PbSe 
interface 
pucker 
(nm) 

PbSe 
interior 
pucker 
(nm) 

PbSe 
long 
(nm) 

PbSe 
short 
(nm) 

W-Se 
average 

(nm) 
1/1 0.364 - 0.021 - - 0.260 0.140 
1/2 0.296 0.359 0.003 - - 0.296 0.164 
2/1 0.339 - 0.021 0.007 0.343 0.271 0.160 
2/2 0.387 0.357 0.093 0.089  0.215 0.151 

 

The magnitude of the puckering in the m = n =1 and m = n = 2 samples is quite 

different though the samples have the same rock salt to dichalcogenide ratio.  This result 
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does not make sense at all but if the m = n = 2 refinement is in a strong local equilibrium 

the refinement could potentially be very similar to the other samples. 

 
6.5: Conclusion 

The refinements presented here do not help elucidate the method of stabilization 

of MLCs.  There are contradictory structural indicators in this regards.  Further study 

using either Raman or XPS is needed to map the bands of these samples in order to 

determine what is really causing these samples to be kinetically stable.  
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CHAPTER VII 

CONCLUSION 

 
 Samples of highly oriented thin film misfit layered compounds were structurally 

characterized using Rietveld refinement of x-ray diffraction of both the cross-plane and 

one case the in-plane direction, STEM-HAADF, and area detector scans. Because of the 

strong preferred orientation, the refinements were completed in a multi-step process.  

First LeBail fits were done to find the ideal possible fit for each sample.  A series of 

starting models were developed for each sample based on the expected layering 

sequence, literature precedent where available, and some hypotheses concerning the 

stabilization mechanism of the structure when no available.  The LeBail fit refined 

parameters were used for all of those refinements. The final values for each refinement 

were reported as a weighted average of the contributing refinements. 

     The results for the [(MSe)1+δ]1 [TSe2]1 refinements were consistent with literature 

precedent for MLC samples.  This was true both for the 00l and the hk0 refinements.  The 

error of the refined parameters is higher than the propagated error based on the estimated 

standard deviation values produced by the refinement program.  This is because differing 

values can be obtained by using a different LeBail fit, this variability is reflected in the 

values reported in the line diagrams of these materials.   

 Refinements of the isomeric series [(PbSe)0.99]m [WSe2]m, m = 1 to 5 reveal a 

distortion in the rock salt portion of the MLC when it is composed of more than one rock 

salt bi-layer.  The layers maintain volume but distort in pairs where on bi-layer plane of 

atoms is closer to itself than the next bi-layer of atoms.  This distortion is reduced as 
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more rock salt layers are added.  These results were reinforced using STEM pictures and 

a total energy simulation.   

 Samples with a large range of rock salt to dichalcogenide layer ratio were refined.  

There is a wide variability in layer to layer thicknesses in the samples.  There do not seem 

to be any indicators of the stabilization mechanism in MLCs based on these structures in 

this study. 

 



 

100 

 

APPENDIX A 

AVERAGE MODELS FROM REFINEMENTS IN CHAPTER III 

 

 

A1: [(PbSe)0.99]1[WSe2]1 Refinement 

 
APS anomalous Pb edge c = 12.697(3)Å 
    
Atom Z Site Occupancy Filling Fraction 
W 0 1 0.993(6) 
Se 0.1102(4) 2 1.000(6) 
Pb 0.3884(5) 2 0.480(3) 
Se 0.4084(2) 2 0.487(3) 
    
Uiso 0.0785(4)   
    
Fitted  Background  
wrp 0.1801 wrp 0.1599 
rp 0.1187 rp 0.1098 
    
Dwd 0.084   
χ2 34.88   
    
    
Lebail    
Fitted  Background  
wrp 0.1776 wrp 0.156 
rp 0.1151 rp 0.1058 
    
Dwd 0.089   
χ2 33.91   
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A.2: [(PbSe)1.00]1[MoSe2]1 Refinement 

APS anomalous Pb edge c = 12.658(2)Å 
    
Atom z Site Occupancy Filling Fraction 
W/Pb 0 1 0.85(5)/0.17(5) 
Se 0.1195(2) 2 1 
Pb 0.3813(4) 2 0.49(5) 
Se 0.4011(6) 2 0.49(5) 
    
Uiso 0.125(2)   
    
Fitted  Background  
Wrp 0.1795 wrp 0.1556 
Rp 0.1166 rp 0.1093 
    
Dwd 0.059   
χ2 7.435   
    
    
Lebail    
Fitted  Background  
Wrp 0.1474 wrp 0.1226 
Rp 0.0836 rp 0.0752 
    
Dwd 0.078   
χ2 7.141   
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A.3: [(SnSe)1.03]1[WSe2]1 Refinement 

 
APS anomalous Pb edge c = 12.425(6)Å 
    
Atom z Site Occupancy Filling Fraction 
W 0 1 1.0(4) 
Se 0.128(15) 2 1 
Pb 0.379(28) 2 0.48(2) 
Se 0.408(53) 2 0.49(2) 
    
Uiso 0.14(2)   
    
Fitted  Background  
wrp 0.2633 wrp 0.2780 
rp 0.1761 rp 0.1631 
    
Dwd 0.084   
χ2 34.88   
    
    
Lebail    
Fitted  Background  
wrp 0.2367 wrp 0.2460 
rp 0.1473 rp 0.1331 
    
Dwd 0.220   
Χ 11.15   
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APPENDIX B 

STARTING MODELS 

All of the tables in this appendix are organized as follows.  First, the outcome of the 
starting model’s refinements are presented, labeled using increasing letters (A, B, C, etc).  
If additional refinements were deemed necessary, they are then presented using 
increasing numbers (1, 2, 3, etc), after a brief explanation of their significance. 
 
Each refinement is presented with the following columns: 

spacing (Å) 
cumm- Cummulative (Å) 
frac – Fractional Coordinate 
occ- Fractional Occupancy 

 

B.1: [(PbSe)1.00]1[MoSe2]1 Refinement 

A 

Name spacing cumm frac occ 

Mo 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3.2 4.8 0.386368 0.5 
Se 3.4 5 0.402466 0.5 

 
B 

Name spacing cumm frac occ 

Mo 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3.3 4.9 0.394417 0.5 
Se 3.3 4.9 0.394417 0.5 

 
C 

Name spacing cumm frac occ 

Mo 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3 4.6 0.370269 0.5 
Se 3.6 5.2 0.418565 0.5 
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D 

Name spacing cumm frac occ 

Mo 0 0 0 1.0 
Se 1.5 1.5 0.12074 1.0 
Pb 3.2 4.7 0.378318 0.5 
Se 3.4 4.9 0.394417 0.5 

 
E 

Name spacing cumm frac occ 

Mo 0 0 0 1.0 
Se 1.4 1.4 0.112691 1.0 
Pb 3.2 4.6 0.370269 0.5 
Se 3.4 4.8 0.386368 0.5 

 
F 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 
Se 1.7 1.7 0.136839 1.0 
Pb 3.2 4.9 0.394417 0.5 
Se 3.4 5.1 0.410516 0.5 

 
 
 
 
 

The following tables include the addition of occupancy parameter variations and of cation 
mixing to the  [(PbSe)1.00]1[MoSe2]1 refinement 

 
 

1 

Name spacing cumm frac Occ 

Pb 0 0 0 0.05 

Mo 0 0 0 0.95 

Se 1.6 1.6 0.111188 1 

Pb 3.2 4.8 0.37726 0.5 

Se 3.4 5 0.391356 0.5 
 

2 

Name spacing cumm frac Occ 

Pb 0 0 0 0.1 

Mo 0 0 0 0.9 

Se 1.6 1.6 0.111188 1 

Pb 3.3 4.9 0.37726 0.5 

Se 3.3 4.9 0.391356 0.5 
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3 

Name spacing cumm frac Occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.111188 1 

Pb 3 4.6 0.37726 0.5 

Se 3.6 5.2 0.391356 0.5 
 
 

4 

Name spacing cumm frac Occ 

Pb 0 0 0 0.2 

Mo 0 0 0 0.8 

Se 1.5 1.5 0.111188 1 

Pb 3.2 4.7 0.37726 0.5 

Se 3.4 4.9 0.391356 0.5 
 

5 

Name spacing cumm frac occ 

Pb 0 0 0 0.25 

Mo 0 0 0 0.75 

Se 1.5 1.5 0.111188 1 

Pb 3.2 4.7 0.37726 0.5 

Se 3.4 4.9 0.391356 0.5 
 

6 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3.2 4.8 0.386368 0.5 

Se 3.4 5 0.402466 0.5 
 

7 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3.3 4.9 0.394417 0.5 

Se 3.3 4.9 0.394417 0.5 
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8 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3 4.6 0.370269 0.5 

Se 3.6 5.2 0.418565 0.5 
 

9 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.5 1.5 0.12074 1 

Pb 3.2 4.7 0.378318 0.5 

Se 3.4 4.9 0.394417 0.5 
 

10 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.4 1.4 0.112691 1 

Pb 3.2 4.6 0.370269 0.5 

Se 3.4 4.8 0.386368 0.5 
 

11 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.7 1.7 0.136839 1 

Pb 3.2 4.9 0.394417 0.5 

Se 3.4 5.1 0.410516 0.5 
 

12 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3.2 4.8 0.386368 0.5 

Se 3.4 5 0.402466 0.5 
 



 

107 

 

13 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3.3 4.9 0.394417 0.5 

Se 3.3 4.9 0.394417 0.5 
 

14 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.6 1.6 0.128789 1 

Pb 3 4.6 0.370269 0.5 

Se 3.6 5.2 0.418565 0.5 
 

15 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.5 1.5 0.12074 1 

Pb 3.2 4.7 0.378318 0.5 

Se 3.4 4.9 0.394417 0.5 
 

16 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.4 1.4 0.112691 1 

Pb 3.2 4.6 0.370269 0.5 

Se 3.4 4.8 0.386368 0.5 
 

17 

Name spacing cumm frac occ 

Pb 0 0 0 0.15 

Mo 0 0 0 0.85 

Se 1.7 1.7 0.136839 1 

Pb 3.2 4.9 0.394417 0.5 

Se 3.4 5.1 0.410516 0.5 
 
 
 



 

108 

B2:  [(SnSe)1.03]1[MoSe2]1 Refinement 

A 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.6 1.6 0.128789 1.0 

Sn 3.2 4.8 0.386368 0.51 

Se 3.4 5 0.402466 0.51 

 
B 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.6 1.6 0.128789 1.0 

Sn 3.3 4.9 0.394417 0.51 

Se 3.3 4.9 0.394417 0.51 

 
C 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.6 1.6 0.128789 1.0 

Sn 3 4.6 0.370269 0.51 

Se 3.6 5.2 0.418565 0.51 

 
D 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.5 1.5 0.12074 1.0 

Sn 3.2 4.7 0.378318 0.51 

Se 3.4 4.9 0.394417 0.51 

 
E 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.4 1.4 0.112691 1.0 

Sn 3.2 4.6 0.370269 0.51 

Se 3.4 4.8 0.386368 0.51 
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F 

Name spacing cumm frac Occ 

Mo 0 0 0 1.0 

Se 1.7 1.7 0.136839 1.0 

Sn 3.2 4.9 0.394417 0.51 

Se 3.4 5.1 0.410516 0.51 
 
 
 
 

B.3: [(PbSe)0.99]1[WSe2]1 Refinement 

A 

Name spacing cumm frac occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3.2 4.8 0.386368 0.5 
Se 3.4 5 0.402466 0.5 

 
B 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3.3 4.9 0.394417 0.5 
Se 3.3 4.9 0.394417 0.5 

 
C 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.128789 1.0 
Pb 3 4.6 0.370269 0.5 
Se 3.6 5.2 0.418565 0.5 

 
D 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.5 1.5 0.12074 1.0 
Pb 3.2 4.7 0.378318 0.5 
Se 3.4 4.9 0.394417 0.5 
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E 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.4 1.4 0.112691 1.0 
Pb 3.2 4.6 0.370269 0.5 
Se 3.4 4.8 0.386368 0.5 

 
F 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.7 1.7 0.136839 1.0 
Pb 3.2 4.9 0.394417 0.5 
Se 3.4 5.1 0.410516 0.5 

 
 
 
 

B.4: [(PbSe)0.99]2[WSe2]2 Refinement 

A 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.6 3.3 0.131202 1.0 

Se 1.6 4.9 0.194816 1.0 

Pb 3.2 8.1 0.322042 0.5 

Se 3.4 8.3 0.329994 0.5 

Pb 3.3 11.6 0.461196 0.5 

Se 3.3 11.4 0.453244 0.5 

 
B 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.6 3.3 0.131202 1.0 

Se 1.6 4.9 0.194816 1.0 

P 3.3 8.2 0.326018 0.5 

Se 3.3 8.2 0.326018 0.5 

Pb 3.3 11.5 0.45722 0.5 

Se 3.3 11.5 0.45722 0.5 
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C 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.6 3.3 0.131202 1.0 

Se 1.6 4.9 0.194816 1.0 

Pb 3.1 8 0.318066 0.5 

Se 3.5 8.4 0.333969 0.5 

Pb 3.3 11.7 0.465172 0.5 

Se 3.6 11.6 0.461196 0.5 

 
D 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.5 3.2 0.127226 1.0 

Se 1.5 4.7 0.186864 1.0 

Pb 3.2 7.9 0.31409 0.5 

Se 3.4 8.1 0.322042 0.5 

Pb 3.3 11.4 0.453244 0.5 

Se 3.3 11.2 0.445293 0.5 

 
E 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.5 3.2 0.127226 1.0 

Se 1.4 4.6 0.182888 1.0 

Pb 3.3 7.9 0.31409 0.5 

Se 3.3 7.9 0.31409 0.5 

Pb 3.3 11.2 0.445293 0.5 

Se 3.3 11.2 0.445293 0.5 

 
F 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.5 3.2 0.127226 1.0 

Se 1.7 4.9 0.194816 1.0 

P 3.1 8 0.318066 0.5 

Se 3.5 8.4 0.333969 0.5 

Pb 3 11.4 0.453244 0.5 

Se 3.6 11.6 0.461196 0.5 



 

112 

The next table is the average with fade for the [(PbSe)0.99]2[WSe2]2 refinement 
 

G 

Name spacing cumm frac occ 

Se 1.7 1.7 0.067589 1.0 

W 1.5 3.2 0.127226 1.0 

Se 1.7 4.9 0.194816 1.0 

p 3.2 8.1 0.322042 0.5 

Se 3.5 8.4 0.333969 0.5 

Pb 3.2 11.6 0.461196 0.5 

Se 3.5 11.6 0.461196 0.5 
 

 
 

 

B.5:  [(PbSe)0.99]3[WSe2]3 Refinement 

A 

Name spacing cumm Frac Occ 

W 0 0 0 1.0 

Se 1.6 1.6 0.041908 1.0 

Se 3.4 5 0.130962 1.0 

W 1.6 6.6 0.17287 1.0 

Se 1.6 8.2 0.214778 1.0 

Pb 3.2 11.4 0.298593 0.5 

Se 3.4 11.6 0.303832 0.5 

Pb 3.3 14.9 0.390267 0.5 

Se 3.3 14.7 0.385028 0.5 

Pb 3.3 18 0.471463 0.5 

Se 3.3 18.2 0.476702 0.5 

 
B 

Name spacing cumm Frac Occ 

W 0 0 0 1.0 

Se 1.6 1.6 0.041908 1.0 

Se 3.4 5 0.130962 1.0 

W 1.6 6.6 0.17287 1.0 

Se 1.6 8.2 0.214778 1.0 

Pb 3.3 11.5 0.301213 0.5 

Se 3.3 11.5 0.301213 0.5 

Pb 3.3 14.8 0.387648 0.5 

Se 3.3 14.8 0.387648 0.5 

Pb 3.3 18.1 0.474083 0.5 

Se 3.3 18.1 0.474083 0.5 
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C 

Name spacing cumm frac Occ 

W 0 0 0 1.0 

Se 1.6 1.6 0.041908 1.0 

Se 3.4 5 0.130962 1.0 

W 1.6 6.6 0.17287 1.0 

Se 1.6 8.2 0.214778 1.0 

Pb 3.1 11.3 0.295974 0.5 

Se 3.5 11.7 0.306451 0.5 

Pb 3.1 14.8 0.387648 0.5 

Se 3.4 14.7 0.385028 0.5 

Pb 3.3 18 0.471463 0.5 

Se 3.2 18 0.471463 0.5 

 
D 

Name spacing cumm frac Occ 

W 1.5 1.5 0.039289 1.0 

Se 1.5 3 0.078577 1.0 

Se 3.4 6.4 0.167631 1.0 

W 1.5 7.9 0.20692 1.0 

Se 1.5 9.4 0.246209 1.0 

Pb 3.2 12.6 0.330024 0.5 

Se 3.4 12.8 0.335263 0.5 

Pb 3.3 16.1 0.421698 0.5 

Se 3.3 15.9 0.416459 0.5 

Pb 3.3 19.2 0.502894 0.5 

Se 3.3 19.4 0.508133 0.5 

 
E 

Name spacing cumm frac Occ 

W 1.5 1.5 0.039289 1.0 

Se 1.5 3 0.078577 1.0 

Se 3.4 6.4 0.167631 1.0 

W 1.5 7.9 0.20692 1.0 

Se 1.5 9.4 0.246209 1.0 

Pb 3.3 12.7 0.332644 0.5 

Se 3.3 12.7 0.332644 0.5 

Pb 3.3 16 0.419079 0.5 

Se 3.3 16 0.419079 0.5 

Pb 3.3 19.3 0.505514 0.5 

Se 3.3 19.3 0.505514 0.5 
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F 

Name spacing cumm frac Occ 

W 1.5 1.5 0.039289 1.0 

Se 1.5 3 0.078577 1.0 

Se 3.4 6.4 0.167631 1.0 

W 1.5 7.9 0.20692 1.0 

Se 1.5 9.4 0.246209 1.0 

Pb 3.1 12.5 0.327405 0.5 

Se 3.5 12.9 0.337882 0.5 

Pb 3.1 16 0.419079 0.5 

Se 3.4 15.9 0.416459 0.5 

Pb 3.3 19.2 0.502894 0.5 

Se 3.2 19.2 0.502894 0.5 
 

G 

Name spacing cumm frac occ. 

W 1.6 1.6 0.04191 1.0 
Se 1.6 3.2 0.08382 1.0 
Se 3.4 6.6 0.17287 1.0 
W 1.6 8.2 0.21478 1.0 
Se 1.6 9.8 0.25669 1.0 
Pb 3.3 13.1 0.34312 0.5 
Se 3.4 13.2 0.34574 0.5 
Pb 2.9 16.1 0.42170 0.5 
Se 2.9 16 0.41908 0.5 
Pb 3.2 19.2 0.50289 0.5 
Se 3.2 19.3 0.50551 0.5 

 
 

The next table is the average for the [(PbSe)0.99]3[WSe2]3 refinement 
 

H 

Name spacing cumm frac occ. 

W 1.6 1.6 0.04191 1.0 
Se 1.6 3.2 0.08382 1.0 
Se 3.4 6.6 0.17287 1.0 
W 1.6 8.2 0.21478 1.0 
Se 1.5 9.7 0.25407 1.0 
Pb 3.1 12.8 0.33526 0.5 
Se 3.5 13.2 0.34574 0.5 
Pb 3.1 16.3 0.42694 0.5 
Se 3.4 16.2 0.42432 0.5 
Pb 3.3 19.5 0.51075 0.5 
Se 3.2 19.5 0.51075 0.5 
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B.6:  [(PbSe)0.99]4[WSe2]4 Refinement 

A 

Name spacing cumm Frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.6 3.3 0.064453 1.0 
Se 1.6 4.9 0.095703 1.0 
Se 3.4 8.3 0.162109 1.0 
W 1.6 9.9 0.193359 1.0 
Se 1.6 11.5 0.224609 1.0 
Pb 3.2 14.7 0.287109 0.5 
Se 3.4 14.9 0.291016 0.5 
Pb 3.3 18.2 0.355469 0.5 
Se 3.3 18 0.351563 0.5 
Pb 3.3 21.3 0.416016 0.5 
Se 3.3 21.5 0.419922 0.5 
Pb 3.3 24.8 0.484375 0.5 
Se 3.3 24.6 0.480469 0.5 

 
B 

Name spacing cumm frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.6 3.3 0.064453 1.0 
Se 1.6 4.9 0.095703 1.0 
Se 3.4 8.3 0.162109 1.0 
W 1.6 9.9 0.193359 1.0 
Se 1.6 11.5 0.224609 1.0 
Pb 3.3 14.8 0.289063 0.5 
Se 3.3 14.8 0.289063 0.5 
Pb 3.3 18.1 0.353516 0.5 
Se 3.3 18.1 0.353516 0.5 
Pb 3.3 21.4 0.417969 0.5 
Se 3.3 21.4 0.417969 0.5 
Pb 3.3 24.7 0.482422 0.5 
Se 3.3 24.7 0.482422 0.5 
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C 

Name spacing cumm frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.6 3.3 0.064453 1.0 
Se 1.6 4.9 0.095703 1.0 
Se 3.4 8.3 0.162109 1.0 
W 1.6 9.9 0.193359 1.0 
Se 1.6 11.5 0.224609 1.0 
Pb 3.1 14.6 0.285156 0.5 
Se 3.4 14.9 0.291016 0.5 
Pb 3.2 18.1 0.353516 0.5 
Se 3.4 18 0.351563 0.5 
Pb 3.3 21.3 0.416016 0.5 
Se 3.2 21.3 0.416016 0.5 
Pb 3.3 24.6 0.480469 0.5 
Se 3.3 24.6 0.480469 0.5 

 
D 

Name spacing cumm frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.5 3.2 0.0625 1.0 
Se 1.5 4.7 0.091797 1.0 
Se 3.4 8.1 0.158203 1.0 
W 1.5 9.6 0.1875 1.0 
Se 1.5 11.1 0.216797 1.0 
Pb 3.2 14.3 0.279297 0.5 
Se 3.4 14.5 0.283203 0.5 
Pb 3.3 17.8 0.347656 0.5 
Se 3.3 17.6 0.34375 0.5 
Pb 3.3 20.9 0.408203 0.5 
Se 3.3 21.1 0.412109 0.5 
Pb 3.3 24.4 0.476563 0.5 
Se 3.3 24.2 0.472656 0.5 
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E 

Name spacing cumm frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.5 3.2 0.0625 1.0 
Se 1.5 4.7 0.091797 1.0 
Se 3.4 8.1 0.158203 1.0 
W 1.5 9.6 0.1875 1.0 
Se 1.5 11.1 0.216797 1.0 
Pb 3.3 14.4 0.28125 0.5 
Se 3.3 14.4 0.28125 0.5 
Pb 3.3 17.7 0.345703 0.5 
Se 3.3 17.7 0.345703 0.5 
Pb 3.3 21 0.410156 0.5 
Se 3.3 21 0.410156 0.5 
Pb 3.3 24.3 0.474609 0.5 
Se 3.3 24.3 0.474609 0.5 

 
F 

Name spacing cumm frac Occ 

Se 1.7 1.7 0.033203 1.0 
W 1.5 3.2 0.0625 1.0 
Se 1.5 4.7 0.091797 1.0 
Se 3.4 8.1 0.158203 1.0 
W 1.5 9.6 0.1875 1.0 
Se 1.5 11.1 0.216797 1.0 
Pb 3.1 14.2 0.277344 0.5 
Se 3.4 14.5 0.283203 0.5 
Pb 3.2 17.7 0.345703 0.5 
Se 3.4 17.6 0.34375 0.5 
Pb 3.3 20.9 0.408203 0.5 
Se 3.2 20.9 0.408203 0.5 
Pb 3.3 24.2 0.472656 0.5 
Se 3.3 24.2 0.472656 0.5 
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B.7:  [(PbSe)0.99]5[WSe2]5 Refinement 

A 

Name Spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.025024 1.0 
Se 3.4 5 0.0782 1.0 
W 1.6 6.6 0.103223 1.0 
Se 1.6 8.2 0.128247 1.0 
Se 3.4 11.6 0.181423 1.0 
W 1.6 13.2 0.206447 1.0 
Se 1.6 14.8 0.231471 1.0 
Pb 3.2 18 0.281518 0.5 
Se 3.4 18.2 0.284646 0.5 
Pb 3.3 21.5 0.336258 0.5 
Se 3.3 21.3 0.33313 0.5 
Pb 3.3 24.6 0.384742 0.5 
Se 3.3 24.8 0.38787 0.5 
Pb 3.3 28.1 0.439481 0.5 
Se 3.3 27.9 0.436353 0.5 
Pb 3.3 31.2 0.487965 0.5 
Se 3.3 31.4 0.491093 0.5 

 
B 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.025024 1.0 
Se 3.4 5 0.0782 1.0 
W 1.6 6.6 0.103223 1.0 
Se 1.6 8.2 0.128247 1.0 
Se 3.4 11.6 0.181423 1.0 
W 1.6 13.2 0.206447 1.0 
Se 1.6 14.8 0.231471 1.0 
Pb 3.3 18.1 0.283082 0.5 
Se 3.3 18.1 0.283082 0.5 
Pb 3.3 21.4 0.334694 0.5 
Se 3.3 21.4 0.334694 0.5 
Pb 3.3 24.7 0.386306 0.5 
Se 3.3 24.7 0.386306 0.5 
Pb 3.3 28 0.437917 0.5 
Se 3.3 28 0.437917 0.5 
Pb 3.3 31.3 0.489529 0.5 
Se 3.3 31.3 0.489529 0.5 
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C 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.6 1.6 0.025024 1.0 
Se 3.4 5 0.0782 1.0 
W 1.6 6.6 0.103223 1.0 
Se 1.6 8.2 0.128247 1.0 
Se 3.4 11.6 0.181423 1.0 
W 1.6 13.2 0.206447 1.0 
Se 1.6 14.8 0.231471 1.0 
Pb 3.1 17.9 0.279954 0.5 
Se 3.5 18.3 0.28621 0.5 
Pb 3.2 21.5 0.336258 0.5 
Se 3.4 21.3 0.33313 0.5 
Pb 3.4 24.7 0.386306 0.5 
Se 3.2 24.7 0.386306 0.5 
Pb 3.3 28 0.437917 0.5 
Se 3.3 28 0.437917 0.5 
Pb 3.3 31.3 0.489529 0.5 
Se 3.3 31.3 0.489529 0.5 

 
D 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.5 1.5 0.02346 1.0 
Se 3.4 4.9 0.076636 1.0 
W 1.5 6.4 0.100095 1.0 
Se 1.5 7.9 0.123555 1.0 
Se 3.4 11.3 0.176731 1.0 
W 1.5 12.8 0.200191 1.0 
Se 1.5 14.3 0.223651 1.0 
Pb 3.2 17.5 0.273698 0.5 
Se 3.4 17.7 0.276826 0.5 
Pb 3.3 21 0.328438 0.5 
Se 3.3 20.8 0.32531 0.5 
Pb 3.3 24.1 0.376922 0.5 
Se 3.3 24.3 0.38005 0.5 
Pb 3.3 27.6 0.431661 0.5 
Se 3.3 27.4 0.428533 0.5 
Pb 3.3 30.7 0.480145 0.5 
Se 3.3 30.9 0.483273 0.5 
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E 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.5 1.5 0.02346 1.0 

Se 3.4 4.9 0.076636 1.0 

W 1.5 6.4 0.100095 1.0 
Se 1.5 7.9 0.123555 1.0 

Se 3.4 11.3 0.176731 1.0 

W 1.5 12.8 0.200191 1.0 
Se 1.5 14.3 0.223651 1.0 

Pb 3.3 17.6 0.275262 0.5 

Se 3.3 17.6 0.275262 0.5 
Pb 3.3 20.9 0.326874 0.5 

Se 3.3 20.9 0.326874 0.5 

Pb 3.3 24.2 0.378486 0.5 
Se 3.3 24.2 0.378486 0.5 

Pb 3.3 27.5 0.430097 0.5 

Se 3.3 27.5 0.430097 0.5 
Pb 3.3 30.8 0.481709 0.5 

Se 3.3 30.8 0.481709 0.5 

 
F 

Name spacing cumm frac Occ 

W 0 0 0 1.0 
Se 1.5 1.5 0.02346 1.0 

Se 3.4 4.9 0.076636 1.0 

W 1.5 6.4 0.100095 1.0 
Se 1.5 7.9 0.123555 1.0 

Se 3.4 11.3 0.176731 1.0 

W 1.5 12.8 0.200191 1.0 
Se 1.5 14.3 0.223651 1.0 

Pb 3.1 17.4 0.272134 0.5 

Se 3.5 17.8 0.27839 0.5 
Pb 3.2 21 0.328438 0.5 

Se 3.4 20.8 0.32531 0.5 

Pb 3.4 24.2 0.378486 0.5 
Se 3.2 24.2 0.378486 0.5 

Pb 3.3 27.5 0.430097 0.5 

Se 3.3 27.5 0.430097 0.5 
Pb 3.3 30.8 0.481709 0.5 

Se 3.3 30.8 0.481709 0.5 
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B.8:  [(PbSe)0.99]1[WSe2]2 Refinement 

A 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.5 3.2 0.166877 
Se 1.5 4.7 0.2451006 
Pb 3.2 7.9 0.4119776 
Se 3.2 7.9 0.4119776 

 
B 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.5 3.2 0.166877 
Se 1.5 4.7 0.2451006 
Pb 3.2 7.9 0.4119776 
Se 3.4 8.1 0.4224074 

 
C 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.5 3.2 0.166877 
Se 1.5 4.7 0.2451006 
Pb 3 7.7 0.4015478 
Se 3.6 8.3 0.4328372 

 
D 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.6 3.3 0.1720919 
Se 1.6 4.9 0.2555304 
Pb 3.2 8.1 0.4224074 
Se 3.2 8.1 0.4224074 

 
E 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.6 3.3 0.1720919 
Se 1.6 4.9 0.2555304 
Pb 3.2 8.1 0.4224074 
Se 3.4 8.3 0.4328372 
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F 

Name spacing cumm frac 

Se 1.7 1.7 0.0886534 
W 1.6 3.3 0.1720919 
Se 1.6 4.9 0.2555304 
Pb 3 7.9 0.4119776 
Se 3.6 8.5 0.443267 

 
1 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.05 

 
2 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.1 

 
3 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.2 

 
4 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.3 
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5 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.4 

 
6 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
Pb 0 0 0 0.5 

 
7 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.05 

 
8 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.1 

 
9 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.2 

 



 

124 

 
10 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.3 

 
11 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.4 

 
12 

Name spacing cumm frac occ 

Se 1.7936276 1.7936276 0.093536 1 
W 1.5651288 3.3587564 0.175156 1 
Se 1.7110143 5.0697708 0.2643838 1 
Pb 2.9713557 8.0411264 0.4193372 0.5 
Se 2.9734178 8.0431886 0.4194447 0.5 
W 0 0 0 0.5 
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B.9: [(PbSe)0.99]2[WSe2]1 Refinement 

A 

Name spacing cumm Frac 

W 0 0 0 
Se 1.5 1.5 0.0796309 
Pb 3.2 4.7 0.2495103 
Se 3.4 4.9 0.2601277 
Pb 3.2 8.1 0.4300071 
Se 3.2 7.9 0.4193896 

 
B 

Name spacing cumm Frac 

W 0 0 0 
Se 1.5 1.5 0.0796309 
Pb 3.2 4.7 0.2495103 
Se 3.2 4.7 0.2495103 
Pb 3.2 7.9 0.4193896 
Se 3.2 7.9 0.4193896 

 
C 

Name spacing cumm frac 

W 0 0 0 
Se 1.5 1.5 0.0796309 
Pb 3 4.5 0.2388928 
Se 3.6 5.1 0.2707452 
Pb 3.2 8.3 0.4406245 
Se 3.2 7.7 0.4087721 

 
D 

Name spacing cumm frac 

W 0 0 0 
Se 1.6 1.6 0.0849397 
Pb 3.2 4.8 0.254819 
Se 3.4 5 0.2654365 
Pb 3.2 8.2 0.4353158 
Se 3.2 8 0.4246983 

 
E 

Name spacing cumm frac 

W 0 0 0 
Se 1.6 1.6 0.0849397 
Pb 3.2 4.8 0.254819 
Se 3.2 4.8 0.254819 
Pb 3.2 8 0.4246983 
Se 3.2 8 0.4246983 
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F 

Name spacing cumm frac 

W 0 0 0 
Se 1.6 1.6 0.0849397 
Pb 3 4.6 0.2442015 
Se 3.6 5.2 0.2760539 
Pb 3.2 8.4 0.4459332 
Se 3.2 7.8 0.4140809 
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