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ABSTRACT

Boron has complex structures in its crystalline forms that lead to a variety of properties.
The primary phases of elemental boron are a-Bi,, t-Bso, y-Bo2s, and -Bios and are the focus of
this thesis. As a preliminary step to elucidate the properties of these phases, ab initio
calculations have been performed to obtain the electronic structure and optical properties of
the system from a fundamental quantum mechanical point of view. Also calculated are the X-
ray Absorption Near Edge Structure (XANES) spectra which can provide information about

the relationship between atomic structure and electronic structure. The calculated XANES

spectra of a-B,, agrees with experimental data in terms of peak position and peak height.

Based on the success of the a-B,, calculation, XANES spectra of t-By,, v-B,q, and B-B, ¢

are predicted. In addition, these XANES spectra are grouped according to the similar

geometrical features that are present in their atomic structures and analyzed.

il



APPROVAL PAGE

The faculty listed below, appointed by the Dean of the College of Arts and Sciences have
examined a thesis titled “Electronic Structure of Elemental Boron”, presented by Liaoyuan
Wang, candidate for the Master of Science degree, and certify that in their opinion it is
worthy of acceptance.

Supervisory Committee

Wai-Yim Ching, Ph.D., Committee Chair
Department of Physics

Michael Kruger, Ph.D.
Department of Physics

Anthony Caruso, Ph.D.
Department of Physics

il



Table of Contents

ABSTRACT ...ttt et e ettt et e st e et e e s abe e bt e sate e bt e enbeenseesaneans i
APPROVE PAGE......ii ettt ettt ettt et e et esaeeeneens il
TLLUSTRATIONS. ...ttt ettt ettt et e st e et e s et e et e e sateebeessaeenbeesnneens vi
TABLES . .ttt et ettt ettt e et e e ae e et e e bt e e beeeneeeatean viil
ACKNOWLEDGEMENTS ...ttt sttt ettt st e e e e saneas X
Chapter Page
1. INTRODUGCTION......eiiiitiie ettt ettt ettt e sttt esat e e e enbeeeeenbeeeeanneeas 1
| B 010115 O O SO P PP PPPPRUPT 1
1.2 Properties and Applications of Elemental Boron............ccccoeeovieiciiiiniieiciieeieee e, 1
1.3 The Role of Computational PhySiCs ........ccccccvuiieiiiiiiiiiieciieeeiie e 3
1.4 Electronic Structure Methods.............oiiiiiiiiiiiieee e 3
1.5 Method of Calculation ...........ccoceoiiiiiiiiieee e 4
2. CRYSTAL STRUCTURES ...ttt ettt e et e et s 7
2.1 Crystal Structure of 0-Bi2, t-Bso and Y-Bas...cccuveeeiiiiiiiiiieeeceeeeeeeeeee e 7
2.2 Crystal Structures of B-BOron.........c.ccooiiiieiiiiiciie et 9
3. RESULTS AND ANALY SIS .ttt ettt sttt sttt sttt e e enneee e 17

v



3.1 Band Structure and Density of States (DOS).......cccviieiiiiiiiieciie et 17

3.2 X-ray Absorption Near Edge Structure (XANES) Spectra.........cccceevienieiiieeniiieennnne. 26
3.2.1 INEEOAUCTION. ..ttt et ettt ettt e e et e e e et eeeeneee 26

3.3.2 XANES Calculation of 0-Bia...cooueeiiiiiiiiiiiiieeieeeeeeee e 28

3.2.3 XANES spectra of t-Bso, Y-Bas, and B-Bio6...cvveeeeveeeriiiiiiiiiiiie e 31

4. SUMMARY AND FUTURE WORK ..ottt 45
REFERENCES....... .ottt ettt ettt ettt et st e st e e saeestesseeensaeensaeennneennseenns 46
VT A et ettt et s bt et e et e st et e e st et e e st e es e e st esseesee s e enseense st ensaeenseeenneeenaeennes 51



List of Illustrations

Figure Page
1. Phase Diagram of BOTON .........cooiiiiiiiiiicciieeee ettt e e e 13
2. Crystal Structure of (a) a-Biz, (b) t-Bso, and (€) Y-Bag cecvvveeviiieiiieeiiieie e, 13
3. Polar and Equatorial Boron in 0-Bia.....cc.ececiieeiiieciiieciieeeeecee e 14

4. Crystal Structure of B- Bigs (a) Primitive Cell, (b) Primitive Cell with Atoms from
Neighboring 1coSahedra..........ooouiiiiiiii e 14
5. Electronic Band Structure of (a) a-Biz, (b) t-Bso, (¢) y-Bas and (d) B-Bios..veeevvvveeeeeeeennnnenn. 20

6. (a) TDOS of a-Bi2, t-Bso, y-B2s and B-Bigs; Site - decomposed PDOS of (b) a-Bi2, (¢) t-Bso,

7. PDOS of B-Bios (a)Location of Atoms Contributed to Defective State are Marked as Green,
Blue, Red, and Orange Color. Green: B85, B97; Blue: B97, B104; Red: B12, B24, B36,B39,

B47, B48, B49,B54; Orange: B14, B15, B16, B28, B32, B33, B35, B74, B75, B76, B77; . .22

8. PDOS of Specific Sites (Single Boron) in B-Bios......ccuveeevvreriiieeiiieeciieeciie e 23
9. GrouPed PDOS Of BB i06.+eeeereeerrieeiiieiiiieiiiie ettt eiee e sieeesveeesveeesaeesseaeeeeeesnsraeeaesssnsaeeaens 24
10. Decomposed XANES Spectra of 0-Bia.....cceouiieeciiiiiieiciieccee e 30
11. Comparison of Experimental and Calculated XANES Spectra of a-Bis....ccvvvvveeeeennnnnnnnnn. 30
12. Decomposed XANES Spectra of t-Bso...c.ueeeiiieiiiieeiiieciieeeeeeee et 35
13. Decomposed XANES Spectra of Y-Bog......eeeciieiciiieiiiecieeeee e 36
14. Bond-grouped XANES Spectra of B-Bigs.. . -eeeeeerreerieriiienieeieesie et 37
15. Unit-Grouped XANES Spectra of B-Bios... cccveereeeriierieiiienieeiiesie e 38
16. XANES Spectra of Single Icosahedra at Different Locations in B-Bios.....cccvvveeeeeeenreennnnn. 39

Vi



17. XANES Spectra of sites with Defective States in the Band Gap of B-Bios....cceoveeevvenneee. 40

18. Grouped (single/pair boron) XANES Spectra of t-Bso, y-Bas and B-Bios...eveeeeevveeeriineeannee 41
19. Grouped (icosahedra) XANES Spectra of a-Bi,t-Bso, Y-B2s and B-Bios....eeeevveeeeveeeeeennnnee. 42
20. Total B-K Edges in 0-Bi2,t-Bso, Y-Bos and B-Bios....cveeeveerieeniiiiieniieiieeiiceeieeeee e 43

vii



List of Tables

Table Page
1. Bond Length Of 0-Bio..cccueieiiiicieee et 15
2. Lattice Constants in Four Boron Crystals...........cccccuieiiieiiiiieiiieccee e 15
3. Structural Features in Four Boron Crystals...........ccccuviiiiiiiiiieiiieecieeeee e 16
4. Calculated Band Gaps in Four Boron Crystals...........cccceeviiiiiiieiiiieeieecee e 25
5. Grouped Site of B-Bios Based on Bond Number............ccccoeviiiiiiiiniiiecceeeee, 44

viii



ACKNOWLEDGEMENTS

I express my sincere gratitude and deep appreciation to my adviser, Professor Wai-Yim
Ching. His patience, intelligence, and wisdom have been a guiding light during my research
years at UMKC. Even more important was his encouragement and support in my
professional and personal development. He helps me to overcome my faults in research and
improve my research habits. Also, he provides me many chances to practice and encourages
me to learn from failure. That he is serious and diligent in research inspires me to work hard.

A special thanks to Dr. Paul Rulis, from whom I got a lot of good advices and precious
research experiences. I would like to thank Dr. Lizhi Ouyang who inspired me in many
research topics and broaden my mind. I also appreciate my friends. You make my life easier
and more joyful, and you accompany me through my hard times.

I appreciate my parents (Jinhua Wang & Guoxiang Wang) and my American parents
(William Beard & Mary Beard). It is because of you that I can strive to reach a higher level
and pursue my professional goals here. Thank you for accompanying me and helping me to
go through my hard times. Your encouragement and help has inspire me to face all kinds of
challenges and achieve the success in the past, present, and future.

I would also like to thank the other professors, staff members, and fellow students in the
UMKC physics department for their help and friendship.

Financial support for my studies and research from the UMKC Department of Physics are

gratefully acknowledged.

X



Dedicated to all those people who helped me.






























of the edges of the cell **. Bonding considerations and electron counting indicate the
condition of electronic deficiency for either B-Bios or B-Biss'’ and that the model should
probably be constructed as Bsy. However, Jemmis ef al ° have a different view. They state
that the five-electron deficiency of an ideal B-boron unit cell which strictly falls in the space
group R3m was the conclusion of band structure calculation. It can be understood by
drawing parallels between boron-rich solids and polyhedral borane chemistry. This approach
reveals that the polyhedral Bs; unit has three electrons more than is needed for stability in its
internal bonding network. Based on Jemmis's view, the partial occupancies of the icosahedral
B, framework atoms and the presence of interstitial atoms are necessary for the stabilization
of the B-rhombohedral unit cell to satisfy the varying electronic bonding requirements’.
Therefore, it is necessary to consider the effect of structural defects, such as vacancies and
extra occupancies, in B-boron when the electronic structure is discussed. Setten et al "
analyzed these structures by using density functional calculations in the generalized gradient
approximation. After analyzing and comparing Hoard's and Slack's structures, they claim that
the most stable structure based on thermodynamic grounds is a 106 atom structure with one
B13 crystal site vacant and two B atoms added at specific B16 crystal sites .Therefore, this
thesis selected Setten's model as the representative of B-boron based on Jimmis's work and
Setten's works.

Fig.4 is the crystal structure of B-Bips *° . Fig.4(a) shows the primitive cell. Some
specific sites, Bl(green), B2(green), and B8(red), will be discussed in relation to the
electronic structure and XANES spectra later. In this figure, different colors represent

different groups. Orange represents corner icosahedra. Light green is for an interstitial boron.
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Red is for the single boron between two clusters. Blue, dark green, and plum colors represent
icosahedra located at edges A, B, and C respectively. Pink atoms represent complex clusters
T1 (upper (28 atoms)) and T2 (lower (27 atoms)). Here, T2 is an open cluster due to one
atom missing. This configuration disagrees with the ideal B,s-B-B,s model mentioned early
because Setten's model is distorted thermodynamically to obtain the lowest total energy. In
Fig.4 (a) only the atoms in the primitive cell are shown, and the icosahedra cannot be seen
clearly. Fig.4 (b) instead includes atoms from the neighboring cell and clearly shows that
there are single icosahedral units located at the corners and edges of the rhombohedral unit
cell. Further, two complex clusters that are formed by three face-contacted icosahedra and
two interstitial boron atoms (green; labeled as B1 and B2) can be seen connected to a single
boron atom (red; labeled as BS8) at the cell center. Fig.4 shows the local nearest neighbors of
Bl(or B2) and B8 are very different. These features could be observed later in PDOS and
XANES spectra. The structure has been relaxed fully using VASP and does not have any
symmetry. Therefore, the space group is P1. The number of the nearest neighbor atoms for
each boron in B-Bjy ranges from 4 to 8, which is very different compared to the first three
phases, 0-Bi», t-Bsp and y-Bas.

B-Bios in this thesis has 106 types of boron sites due to the distorted structure. The
complicated structure increases the difficulty to understand it. Each boron atom in a given
icosahedron covalently bonds with another boron atom in a different icosahedra or cluster.

Table 2 shows the lattice constants of the four phases of elemental B we studied. These
structural data determine their electronic structure. Later, band structure, partial density of

state, and XANES spectra based on these information will be discussed. Table 3 shows
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structural features in four boron crystals. There are respectively 2, 5, 5, and 106 types of
nonequivalent sites in 0-Biz, t-Bso, y-Bas, and B-Bigs. The bond numbers of each phase are

also listed in Table 3.
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Fig.1 Phase Diagram of Boron *

Fig.2 Crystal Structure of (a) a-Bi2, (b) t-Bso, and (¢) y-Bas
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Table 1 Bond Length of a-Bi»

B, (A) B(A)
B, 1.6562; 1.7247(2)* 1.7701; 1.7781(2)
B. 1.7701; 1.7781(2) 1.7599(2)

* The number in bracket is the amount of bonds with same bond length.

Table 2 Lattice Constants in Four Boron Crystals

Name a (A) b (A ¢ (D a B Y Space group number
a-Bi
4.93 4.93 12.56 90° 90° 120° 166
51
t-Bso
8.74 8.74 5.03 90° 90° 90° 134
42,51
Y-st
5.04 5.61 6.92 90° 90° 90° 58
37
"B-Bios 10.1 10.15 10.14  65.03° 65.07° 65.19° 1

(* This structure was relaxed by VASP, therefore the space group in the thesis is 1.)
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Table 3 Structural Features in Four Boron Crystals

Numbers of Number of Nearest Neighbor
nonequivalent B sites Bonds
a-B,”! 2 5,6
T-Bso™! 5 2,5,6
7-Bag™ 5 2,5,6
B-Bios” 106* 4,5,6,7,8

*Due to the disorder structure, all atoms in B-Bos are nonequivalent.
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CHAPTER 3
RESULTS AND ANALYSIS
3.1 Band Structure and Density of States (DOS)

Fig.5 shows the calculated electronic band structure of a-B s, t-Bso, Y-Bas, and B-Bis. The
red line represents Fermi Level. Based on the calculation of band structure, a-Bi,, y-Bas, and
B-Bios and they are considered as semiconductors, while t-Bs, is a metal. The direct band gaps
at I' for a-Bi,, y-Bas, and B-Bios are 3.3 eV, 3.2 eV, and 1.83 eV respectively, while the
indirect gaps are 2.61 eV, 2.10 eV, and 1.75 eV respectively. Previous calculations on a-B,
produced indirect band gaps of 1.4-2.0 €V, and direct gaps from 1.8 to 2.6 eV '*****% On the

15

basis of optical experiments, Horn ~ suggested a (direct) gap of approximately 2.0 eV.

Ternauchi >

et al. derived a (direct) optical gap of 2.4 eV based on electron energy loss
experiments. Our calculated results agree with the experimental data reasonably well. For a-
B1». the top of the valence band is located at A point while the bottom of the conduction band
is at the M point. Fig.5(b) shows that the top of the valence band of y-Bsis located at the I
point and the bottom of the conduction band is at the Z point. The top of the valence band in
B-Bios 1s located at the I' point while the bottom of the conduction band is at the Z point
(Fig.5(d)). Fig.5 shows that the top of the valence band states of y-B,s and -Bi¢s are flatter
than those of a-Bi.. It means that the effective mass of the charge carrier is smaller in a-Bi,

than in y-B,s and B-Bios. The widths of valence band are 9.72 eV, 11.68 eV, 13.07 eV, and 9.7

eV for a-Bi,, t-Bso, y-Bas, and B-Bios respectively (refer to page 25 Table 4 ).

Fig.6 (a) compares the total density of states of a-B s, t-Bso, y-Bas, and B-B,. Total DOS

(TDOS) of t-Bsy shows it to be metallic and the upper valence bands are unoccupied (the
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vertical line at zero energy is the Fermi Level). For a-B,, t-Bso, and y-Bas, the lowest peak at
-16 eV comes predominantly from boron 2s with some mixing from p orbitals based on our
orbital resolved density of states which have not been shown here. However, in the case of 3-
Bios, there are multiple peaks in the range, reflectting the complexity of local atomic
arrangements. TDOS of -Bios shows there is a defective state in the band gap which will be
discussed later. Fig.6(b) is the DOS of a-B .. It shows that at the top of the valence band, the
polar sites primarily contribute much more than the equatorial sites, and at the bottom of the
conduction band, the equatorial sites contribute more. The DOS of t-Bs, (Fig.6(c)) shows that
each site contributes to the top of the unoccupied valence band. This feature affects the
XANES spectra of t-Bsy to be discussed later. The unoccupied valence states are primarily
contributed to by B1 (isolated boron), B2, B3, and B4. The positions of the valence band
unoccupied states of Bl and B2 are very close, while the rest of them are much closer to
Fermi level. At the deep energy level (around -16 eV), the density of states of Bl has little
contribution, while the contribution from B2 to B5 is very high. Fig.6(d) is the DOS of y-Bos.
Similarly, atoms labeled B1 are boron pairs. At the deep energy level (around -17 eV), the
density of states of B2 and B3 is much stronger than the others. Particularly, the density of

states of B1 is zero.

As for B-Bigs, due to too many types of atoms in the primitive cell, the PDOS of some
special sites of B-Bigs are selectively shown in Fig. 7, Fig.8, and Fig.9. Here, by resolving
into partial density of states (PDOS), the distribution of states could be identified well. From
the total density of states of B-Bios, there is a defective state in the gap. Analysis of the PDOS

shows that the defective state is contributed to by 23 atoms. The decomposed partial density
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of states shows that the state comes primarily from atoms labeled as B85, B92, B97, B104,
etc. Fig. 7(a) shows the location of these atoms responsible for the defective state in the band
gap. Based on the contribution from high to low, these atoms are marked different colors:
green, blue, red and orange. Apparently, these atoms belong to the complex cluster T2. Fig.
7(b) and Fig. 7(c) shows that these atoms do not contribute much to the bottom of the
conduction band. Fig.8 shows the PDOS of isolated boron atoms in the primitive cell. Both
atoms, B1 and B2, have similar local environments. There are many common features in their
PDOS, while the PDOS of B8 which is positioned between cluster T1 and T2 is very
different from B1 or B2. B8 contributes very little to the top of the valence band and the
bottom of the conduction band. At the deep energy level, B8 contributes to the peak labeled
“a”, while B1 and B2 contribute to the peak labeled “c”. Fig.9 is the grouped PDOS of f-
Bios. The primitive cell of B-Bigs can be seen to have different compositional units, the PDOS
of each distinct unit is shown in Fig.9. The label “corner” refers to the PDOS of all atoms of
all the icosahedra at the corners; “Total Edge” is the sum of the PDOS of all edge icosahedra;
“Edge A”, “Edge B” and “Edge C” are PDOS of icosahedra located at the OA, OB, and OC
axis, respectively. “T1” and “T2” are PDOS of cluster T1 and T2. It clearly shows that the
defective state mainly comes from the cluster T2. At the deep energy level, peak a is from

cluster T1, peak b is from cluster T2, and the peak c is from the corner icosahedra.
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Table 4 Calculated Band Gaps in Four Boron Crystals

o-B, t-Bso v-Bos B-Bios
Direct Band Gap atI" (eV) 33 - 3.2 1.83
Indirect Band Gap ( eV) 2.6 - 2.1 1.75

Super-cell used(No. of
2X2X 2(96) 1X1X2 (100) 2X2X 2(244) 1X1X 1(106)
atoms/super-cell)

Upper valence band width( eV) 9.72 11.68 13.07 9.7
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3.2 X-ray Absorption Near Edge Structure (XANES) Spectra
3.2.1 Introduction

X-ray Absorption Near Edge Structure (XANES) spectra, also Near Edge X-Ray
Absorption Fine Structure (NEXAFS), was developed in the 1980s with the goal of
elucidating the structure of molecules bonded to a surface, especially low-Z elements, such
as carbon, nitrogen, oxygen, etc. XANES is sensitive to the local environment which is
actually determined by the crystal structure. Therefore, it is natural to consider the correlation
between XANES and crystal structure. Generally, the crystal structure can be quantitatively
identified by the bond length, bond angle, the amount of bonds, the nearest neighboring
atoms (may be different elements) symmetry, geometric group (for elemental boron, it is
icosahedra), and so on. In this thesis, the correlation between XANES and the amount of

bonds will be discussed.

The super-cell OLCAO method is employed to calculate XANES spectra ** due to its
good efficiency and acceptable accuracy. Following steps are performed to calculate XANES
spectra. First, a super-cell is crated based on the size of the primitive cell. If the size of a
primitive cell or super-cell selected is too small, the interaction of core-hole in each primitive
cell or super-cell will distort the spectra. Hence, a super-cell should be used to eliminate this
interaction. For example, the primitive cell of B-Bgs is sufficiently large itself and can serve
as a super-cell. While the primitive cell of a-B, is not large enough so that the super-cell is
introduced in the calculation. The super-cell sizes for a-Bi,, t-Bsy, and y-B,s are 2x2x2,

1x1x2, and 2x2x2 respectively. Exact values are listed in Table 4.
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Second, one target atom is identified and its neighbor atoms are labeled by different
types of sites based on a selected sphere centered on the target atom. As well known, for
prefect crystal structures with symmetry, there exist those sites named crystallographic sites
which are equivalent in a same crystal structure. However, when XANES are performed by
the super-cell OLCAO method, a sphere centered on the target atom is selected. Within the
sphere, atoms are treated as different sites no matter whether they are crystallographically
equivalent or not. Outside the sphere, atoms are treated as regular crystallographic sites. This

greatly reduce the calculation scale, also, the local information will not be omitted.

Third, the calculation of the initial state (also called as ground state: GS) of the targeted
atom will contain its core states. The final state (also called as excited state:ES) is obtained
by removing one electron from the core state of the target atom and placing it in the lowest
unoccupied state and solving the resulting Kohn-Sham equation self consistently. In this way,
the core-hole effect is accounted for. Then the transition probabilities from the core level
ground state to the unoccupied excited states are calculated, and the energy onset is shifted
by using the equation TEss-TEgs (TE: total energy). Finally, the calculated XANES spectra is
normalized to unit area. The total XANES spectrum is the weighted sum of individual spectra

for all nonequivalent sites. Later, an example based on the a-B1, will be briefly shown.

Obviously, above process of XANES calculation shows XANES spectra will be affected

by the local structures which primarily comes from the atoms in the sphere.

3.3.2 XANES Calculation of 0-B,

Fig.10 is the XANES spectra of a-B; calculated by using the OLCAO method. It is well
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known that a-Bi,, includes two types of sites, polar and equatorial sites (crystallographic

sites). Both of them have 6 atoms in the crystal. First, polar site is selected as target atom and
a sphere with 3 A radius is selected. Within the sphere, the boron atoms including polar and

equatorial are treated as different sites; outside it, those boron atoms are considered as their
original crystallographic sites (polar or equatorial sites). After exerting two step calculations
above mentioned, the XANES spectra of polar site then so does the equatorial sites. XANES
spectra of them are shown in the second and the third panel of Fig.10. Due to the same
atomic amount, the weight factor of polar and equatorial sites is both 0.5. Each spectroscopy
is added with the weight factor to get the total XANES spectra of a-B, shown in the first
panel of Fig.10.

There is a pre-edge peak at 193 eV. The B-K edge of the polar site and equatorial sites
have similar peaks and inter-peak energy separations. However, when combined, the different
relative peak heights and energy on-sets lead to a total B-K edge that is substantially different
from either the individual polar or equatorial K-edges. The pre-edge comes from the polar B
sites. Both sites contribute to peak A'. However, only equatorial sites contribute to peak A" of
the total B-K edge and the polar sites contribute to peak A" of the total B-K edge. Peak B of
the total B-K edge is from both equatorial sites and polar sites.

Fig.11 is the comparison of experimental ** and computational XANES spectra of a-Bi..
The calculated result was shifted to a lower energy by 4.09 eV to match the calculated main
peak with the main peak from the experimental data. Terauchi et show that the onset of a-B),

is at 188.6 eV while that of the calculated result is at 188.9 eV. The experimental structure,
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reported by Terauchi ef, has seven prominent peaks. Although the calculated one has more
peaks, the location of peaks agree with the experimental data. The outline of the calculated
data agrees with that of the experimental data in the range of 185-230 eV. They both have a
clear pre-edge and almost the same configuration of peak positions and intensities. The
success of this calculation encourages us to used computed XANES spectra of t-Bsy, y-Bos,

and B-Bgs as predictions.
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3.2.3 XANES spectra of t-Bsy, y-Bas, and B-Bis

Next, we use the super-cell OLCAO method to calculate and predict the XANES spectra
of t-Bso, y-Bas, and B-Bige.

The XANES spectra of t-Bso (Fig.12) shows that there are small peaks before the main
rising edge. They are contributed to by each nonequivalent site. The “bump” peaks exist due
to the unoccupied states at the top of the valence band. The PDOS of t-Bs, (page 21 Fig.6(c))
shows that each site contributes to the unoccupied top of the valence band. In Fig.12, the
XANES spectra of the isolated boron (B1) is substantially different from the other sites. The
XANES spectra of each site in the icosahedra has similar features although the locations of
the primary peaks are different. .

Fig.13 shows the XANES spectra of y-Bas. Obviously, the B-K edge of the boron pair
(labeled as B1) is very different from the other B-K edges. The pre-edge comes from B4 and
B5. Similarly to t-Bsg, the general structures of B2—B5 are somewhat similar. However, the
relative peak heights are all very different. Beyond the general spectra, the specific peaks and
valleys in the spectra are almost impossible to explain in a simple way because of the
difficulties of finger printing when the system of interest is complex *’. Qualitatively though,
some comparison between a-Bj, and y-Bys spectra can be made because the two systems
retain substantial similarities. Structurally, B, is more similar to B4 and B5, and this bears out
in the comparison of their spectra . B4 and B5 have the same distinct small first peak and
lower energy on-set »’. This also holds true for a comparison of B, and B2, B3. These spectra
have a more intense initial 3-4 eV and a higher energy on-set.

B-Bios model has 106 nonequivalent sites. All 106 spectra were calculated but the
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decomposed XANES spectra cannot be fully shown. Considering that XANES is sensitive to
the local environment, the grouped decomposed XANES spectra based on the nearest
neighbor bond-number and geometrical structures are shown in Fig.14 and Fig.15. In the
figure, “icos. at corner” refers to the icosahedra at the corner of the rhombohedral structure.
“Edge tot.” refers to the icosahedra located at the middle of the edge. “T1” is a cluster which
includes 28 atoms in the rhombohedral structure, and “T2” is another cluster which includes
27 atoms. The nearest neighbors are determined based on the bond length. Here, we select
the scale between 1.5 A and 1.9 A. In the B-Bos primitive cell 5 atoms have 4 nearest
neighbors (NN); 15 atoms have 5 NN; 65 atoms have 6 NN; 13 atoms have 7 NN and 9
atoms have 8 NN. Fig.14 shows the total B-K edge and the bond-number grouped B-K edge.
The total spectra shows an unclear pre-edge. The decomposed spectra shows that it is mainly
from those atoms with 6 bonds. Fig.14 also shows that the B-K edge of sites with 4, 5, or 6
nearest neighbors have similar spectra, however those sites with 7 and 8 bonds have rather
different features. Fig.15 shows the grouped XANES spectra based on the geometrical
structures. It shows XANES spectra of icosahedra at the corner and the edge, although they
have the same number of atoms and similar geometrical structure, they are apparently
different. Due to the difference of atomic amount of icosahedra at corners and edges, the
spectra are very different. Intensity of spectra of the edge icosahedra is much larger than that
of the corner icosahedra. T1 and T2 have similar structures and absorption intensity.
However, T1 has one more atom than T2. The XANES spectra are apparently different. The
XANES comparison of single icosahedron at different location (see Fig.16) shows the

substantial difference of XANES spectra. These single icosahedra all have the same amount
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of boron atoms and similar geometrical structures, however, the apparent difference shows
the effect of local environment. The analysis of bond length and bond angle shows that each
icosahedron at different locations is distorted. And they have different neighboring
circumstance. Hence, this difference could be understood.

In the band structure section (page 17 section 3.1), the decomposed PDOS showed the
contribution of some special sites. Fig.17 shows the XANES spectra of these sites. The top
panel is the total XANES spectra of -Bes, the second panel shows the XANES spectra of
the sites contributing to the defective states, and the bottom panel shows the XANES spectra
of the primary sites which contribute the most to the density of states of the defective state in
band gap. The pre-edge shows that it is in terms of the unoccupied defective state.

The elemental boron system we considered only includes one kind of element, boron,
and similar geometrical units, icosahedra. In all phases, most boron atoms are in icosahedra,
and a few atoms fill in the space between icosahedra like interstitial atoms. It is very
reasonable to compare these groups of spectra together to find any interesting relationships.
Fig.18 shows the different XANES spectra of different single boron atoms or boron atom
pairs. Metallic Bsy has unoccupied valence band states and the single boron in the Bs
primitive cell also has unoccupied states at the top of the valence band. Therefore, its
XANES spectra is apparently different from the others. B1 and B2 of B-Bi¢s have very
similar local environments (refer to page 14 Fig.4). B8 bonds with the cluster T1 and T2. Its
local environment is very different from B1 and B2. Their XANES spectra are remarkably
different from each other.

Fig.19 shows XANES spectra of all icosahedra in different phases. If a-B, is selected
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as a reference sample because it only has one icosahedral structure, the XANES spectra of y-
Bas can be seen to be similar to it. This means that the effect of the boron pair to the
icosahedra is small. Similarly, the corner icosahedra of B-Bos has a similar spectra to that of
a-Bi,, whereas XANES spectra of edge icosahedra are rather different due to the variation in
local environment, the distortion of icosahedra, and other unknown reasons. Comparing
XANES spectra of t-Bsy and y-B,s, both have tetragonal structures, their XANES spectra are
very different due to some unknown reasons.

Fig.20 shows the total B-K edge of the four phases to get an overview. If a-B,, is
selected as reference sample, the rest of spectra could be compared to it. These total spectra
looks very different. Based on the calculation (without shift), the onsets of a-B», t-Bso, y-Bas,
B-Bios are 191.8 eV, 193.8 eV, 193.2 eV, 191.3 eV respectively. Before the pre-edge, t-Bs
exhibits different structure for it is metallic (refer to the band structure section). Except for t-
Bso, the other phases show the pre-edge existing. The difference is related to the structure
apparently due to the unique element. Also, the local structure affect the total spectra based

above analysis.
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Table 5 Grouped Site of B-Bios Based on Bond Number

Bond Number Amount of Bond Site-type ID

4 4 BS5, B6, B85, B92

5 15 B8, B59, B60, B62, B63, B66,
B67, B69, B70, B86-B91
B1-B4, B7, B11-B16, B18,

6 65 B21, B23-B28§, B31, B34-
B46, B61, B64, B65, B6S,
B71-B84, B93-B106
B10, B17, B19, B20, B22,

7 13 B29, B30, B32, B33, B47,
B49, B50, B51

8 9 B9, B48, B52-B58
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CHAPTER 4
SUMMARY AND FUTURE WORK

Elemental boron system has one element and different phases. Although boron has
complex structures, the unique element does reduce the complexity of the analysis. Density
of states and XANES spectra of a-Bi,, t-Bso, y-Bas, and B-Bios have been calculated by
applying the super-cell OLCAO method. By comparing their properties together, we
concluded that t-Bs, is a metallic material, and that the rest are semiconductors. The density
of states and partial density of states shows the distribution of different sites to the states.

XANES spectra of t-Bsy, y-Bas, and B-Bis are predicted based on the agreement with
experimental XANES spectra of a-Bj,. Decomposed XANES spectra of four phases are
discussed and these spectra show the relation to the structural difference. XANES spectra are
also discussed based on the geometrical units. From these spectra, we observed that XANES
spectra are affected by local environment, such as distortion, interstitial sites, etc. Generally,
the XANES spectra of all icosahedra in different crystal structures are somewhat similar. And
the single “interstitial” boron atom or boron pair could be identified based on the spectra.

So far, although many efforts have been put on XANES spectra analysis, for example,
grouped XANES spectra are calculated and analyzed, the understanding of XANES spectra
is yet incomplete. A lot of work remains to be done. First, many papers on XANES spectra
are interpreted in terms of molecular models. However, real samples are often bulk solids. It
is necessary to explore how to interpret the spectra in solid state physics or quantum theory.
Second, how to direct the experiment based on simulation and how to interpret experimental

results more meaningfully are big challenges. These challenges direct me to future research.
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