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Abstract

Novel approaches to paracrystalline nanostructures, quasicrystalline nanoclusters, and
dynamics are outlined in terms of a generalized paracrystal theory (GPT) of scattering and
diffraction that includes single nanoclusters as well. Several examples are presented
together with original experimental data for one- to three- dimensional paracrystalline and
quasi-crystalline lattices, with the latter being considered as a particular case of
paracrystals.

1. Rationale

Diffraction and scattering by physical Ilattices that include disorder or
twinning/defects and quasicrystals are considered within the theory of paracrystals as
a starting point, which theory is then extended through a novel approach based on
generalizations of symmetry groups to symmetry groupoids and their related
algebroids. The classical approach to diffraction by physical lattices is then re-
approached in the context of quantum state spaces of solids, their quantum operator
algebras, quantum groups, quantum groupoids and corresponding quantum
algebroids.
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2. Introduction

The structure of materials is a very important field of study in both science and
technology. Traditionally, only highly regular and most symmetric structures were
considered in the field of crystallography. The idea of crystals, such as calcite,
consisting of a repeated pattern of a “unit cell” goes back to the “father of
crystallography”—the French mineralogist René Just Haliy [1]. These highly regular,
or crystalline, structures have been intensely studied over the last century and were
classified into 32 classes of crystal symmetry [ 2].

3. Lattice Structures

On the one hand, one can arrange the three-dimensional points in three-dimensional
patterns related through translation and symmetry operations such as rotation and
inversion that can be considered as elements of space groups [2]. Schoenflies, Fedorov,
and Barlow have independently found that there are only 230 such space groups.
Therefore, there are many more space groups than crystal symmetry classes. The high
degree of symmetry of crystal structures is thought to be the result of the energy of the
interacting atoms in the structure attaining its minimum value for the most symmetric
arrangement possible of the close-packed atoms, which is the crystalline lattice. .

On the other hand, it was already well-known that non-crystalline materials such as
glasses—that are metastable—possess multiple local energy minima and local
structures that are not highly symmetric or include a range of local, distorted
symmetries. Moreover, molecular and polymer crystals are also not limited to the 32
classes of crystal symmetry.

4. Diffraction

Since the 1980’s —and also possibly earlier—nanoclusters that included the
‘forbidden’ pentagonal symmetry were synthesized, thus leading to an apparent
discrepancy between the former theoretical predictions based on lattices with
translational symmetry-- without disorder-- and the experimental diffraction of either
X-rays or electrons by such nanostructures and quasicrystals.

A diffraction theory for structures that include significant amounts of disorder/
entropy and/or have a crystalline lattice with only a small number of repeating unit



cells has already been formulated in terms of paracrystals and lattice convolutions
[5-7]. The paracrystal theory uses the basic techniques of Fourier analysis and
convolution products. Specific applications of the paracrystal theory to X-ray
scattering—based on computer algorithms, programs, and explicit numerical
computations— were subsequently developed [8] for one-dimensional para- crystals,
partially ordered membrane lattices [9], and other biological structures with partial
structural disorder [10].

5.Symmetry Groups and Structural Groupoids

Important biological structures such as B-DNAs, various RNAs, and biomembranes
have ‘quasicrystalline’, ‘liquid crystalline’, or--more generally--paracrystalline
nanostructures that provide rather interesting physical examples of extended
symmetries represented by symmetry groupoids instead of symmetry groups (cf.
Baianu, Glazebrook, and Brown[11,12]; Baianu, Brown, and Glazebrook[13];
Baianu[14].

Between the well-studied domain of regular crystals of high symmetry that are
classified by various space groups [2] and that of glasses with only distorted, local
symmetries, there is also a special class of stable material structures with local
rotational symmetry that is not propagated by translation of a single unit cell as in the
case of regular crystals. Such pseudo-crystals that may possess only a quasi-unit
nanostructure of ‘forbidden’ global symmetry were synthesized and also found to exist
in nature and were called quasicrystals. Their “quasi-unit cells” do not belong to any
of the 32 classes of crystal symmetry and they also cannot be represented by any of
the 230 space groups. Nevertheless, they possess local symmetry that can be
characterized in a group-theoretical manner, and their assembly into a global
structure leads to structural or ‘symmetry’ groupoids that can be employed to
characterize nanomaterials, noncrystalline solids, and paracrystals, in general.

6. QUASICRYSTALS



Though not being periodic in the sense of lacking translational symmetry, the quasi--
crystalline materials are quasi--periodic in the sense that any portion of their “tiling”
sequence—when displayed as a non-periodic lattice— appears to be indefinitely
extended and with additional local symmetry which is rotational but ‘anomalous’, in
the sense of preventing space filling through close-packing of rotationally symmetric
nano-clusters. The resulting tiling patterns for such quasi-crystalline solids seem to
require a matching rule, or rules, if the quasi-periodic structure is to be propagated
indefinitely, and thus interpreted as a scheme of some energy ground state.
Remarkably, further three-dimensional examples arise from icosahedral symmetries
that were first reported in solid state physics by Schechtman et al.[15] through the

creation of AleMn alloys with unusual icosahedral, tenfold symmetries that are
“forbidden” by the crystallographic

symmetry rules well-established for all Bravais lattices [2]. Although with forbidden
global symmetry, such quasicrystals can grow quite large, as shown in Fig. 1A. Their
unusual symmetries were discovered in quasicrystal electron diffraction patterns that
consisted of sharp Bragg peaks (Fig. 1B), which are typical of crystalline, highly
ordered structures. The latter are thus in marked contrast to those of metallic [16,17]
or ionic[18] glasses, and other non-crystalline solids [19] as well, which exhibit only
broad scattering bands instead of the discrete, sharp Bragg diffraction

peaks found in both crystals and quasicrystals. Such unusual, partially symmetric
lattices were coined quasicrystals because they contain relatively small amounts of
structural disorder, for example with the quasi-lattice having a tenfold symmetry
which is formed by close-packed icosahedral clusters (Fig. 2).




Fig. 1 A. Ho-Mg-Zn icosahedral quasicrystal formed as a dodecahedron, the dual of the
icosahedron (with symmetry group 1h). B. Electron diffraction pattern of an
icosahedral Ho-Mg-Zn quasicrystal. (Source: from “What are quasicrystals?” [20])

Figure 2. Icosahedral Cluster
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Figure 3. Comparison of X-ray Diffraction pattern of ‘quasi-crystalline’ A-DNA, ordered
double-helix at left with that of paracrystalline B-DNAs (a mixture of double-helix
configurations).



7. PARACRYSTALLINE DYNAMICS:

Classical and Quantum Dynamics of Nano-paracrystals

The paracrystalline dynamics in such systems can be studied by several techniques,
including single-molecule dynamic technique in the case of solutions, liquids , confined
plasmas and condensed gases. However, the simultaneous study of paracrystalline
order and paracrystalline dynamics is best carried out by employing four major
techniques: high-resolution neutron spin echo (NSE) spectroscopy, small-angle
neutron scattering (SANS), nuclear magnetic resonance (NMR), especially at high
magnetic fields, and photon correlation spectroscopy (PCS), [26].

8.CONCLUSIONS

» Improved Modeling may help, for example, with designing new quasicrystals This

>

is a low-cost exercise involving minds, supercomputers, data mining and mega-
database analyses.

Novel molecular imaging and micro spectroscopic techniques such as Near Infrared
Fluorescence Spectroscopy (NIRFS), SMD, Raman microspectroscopy, NMRI, ESRI,
Ferromagnetic Resonance Spectroscopy (FRI), and Spin-Wave Resonance
Spectroscopy (SWR) [55] may provide a wealth of both local and global
information about the quasi-lattice electronic structure and its magnetic
properties.

» Combining novel techniques with computer/supercomputer, multi-scale modeling

will lead to an improved understanding of both lattices with disorder and
nanomaterials.



REFERENCES

1. Haty, R.]. Essai d’une théorie sur la structure des crystaux: appliquée a
plusieurs genres de substances crystallisées; Gogué et Née de la Rochelle: Paris,
1784.

2. Bragg, L. The Crystalline State—A General Survey; G. Bell and Sons Ltd: London,
1968.

3. Penrose, R. Applications of negative dimensional tensors, pp. 221-244. In
Combinatorial Mathematics and Its Applications: Welsh, D., Ed.; Academic Press:
London, 1971.

4. Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of Transition lons;
Clarendon Press: Oxford, 1970.

5. Hosemann, R.; Bagchi, R.N. Direct Analysis of Diffraction by Matter; North-Holland
Publisher: Amsterdam, New York, 1962.

6. Hosemann, R.; Vogel, W.; Weick, D.; Balta-Calleja, F.J. Novel aspects of the real
paracrystal. Acta Crystallogr. A, 1981, 376, 85-91.

7. Hindeleh, A.M.; Hosemann, R. Paracrystals representing the physical state of matter.
Solid State Phys. 1988, 21, 4155-4170.

8. Baianu, I.C. “Structural Studies of Erythrocyte and Bacterial Cytoplasmic Membranes
by X-Ray Diffraction and Electron Microscopy”. PhD Thesis; Queen Elizabeth College,
University of London, 1974.

9. Baianu, I.C. X-ray scattering by partially disordered membrane systems. Acta
Crystallogr. A 1978, 34, 751-753.

10. Baianu, I.C. Structural order and partial disorder in biological systems. Bull. Math.
Biol. 1980, 42, 464-468, http:// cogprints.org/3822/ (accessed May 2012).



11. Baianu, I.C.; Glazebrook, ]J.F.; Brown, R. Quantum symmetries, operator algebra and
quantum groupoid representations: Paracrystalline systems, topological order,
supersymmetry and global symmetry breaking. JRRAS 2011, 9 (2), 1-44,
http://www.arpapress.com/Volumes/ Vol9Issue2 /I[JRRAS_9_2_01.pdf (accessed May
2012).

12. Baianu, I.C; Glazebrook, ].F.; Brown, R. Algebraic topology foundations of
supersymmetry and symmetry breaking in quantum field theory and quantum gravity:
A review. Sigma 2009, 051, 70. doi:10.3842/SIGMA.2009.051,

13. Baianu, I.C., Ed. “Quantum Algebra and Symmetry: Quantum Algebraic Topology,
Quantum Field Theories and Higher Dimensional Algebra”, 2nd Ed.; PediaPress
GmbH: Mainz, December 2010;

14. Vol. 1: “Quantum Algebra, Group Representations and Symmetry”; Vol. 2: “Quantum
Algebraic Topology: QFTs, SUSY, HAD”; Vol. 3: “Quantum Logics and Quantum
Biographies”; 1068.

15. Schechtman, D.; Blech, L.; Gratias, D.; Cahn, ].W. Metallic phase with long-range
orientational order and no translational symmetry. Phys. Rev. Lett. 1984, 53, 1951-
1953.

16. Baianu, I.C.; Rubinson, K.A.; Patterson, ]J. The observation of structural relaxation in
a FeNiPB glass by X-ray scattering and ferromagnetic resonance. Phys. Stat. Solidi
A 1979, 53, K133-K135.

17. Baianu, I.C.; Rubinson, K.A.; Patterson, ]J. Ferromagnetic resonance and spin-wave
excitations in metallic glasses. ]J. Phys. Chem. Solids 1979, 40, 940-951.

18. Baianu, I.C.; Boden, N.; Mortimer, M.; Lightowlers, D. A. new approach to the
structure of concentrated aqueous electrolyte solutions by pulsed N.M.R.
Chem. Phys. Lett. 1978, 54, 169-175.

19. Anderson, P.W. “Topology of glasses and mictomagnets”, Lecture presented at
The Cavendish Laboratory, Cambridge, UK, 1977 (see also: Absence of diffusion in
certain random lattices. Phys. Rev. 1958, 109, 1492-1505).


http://www.arpapress.com/Volumes/

10

20. Shechtman, D.; Blech, 1.; Gratias, D.; Cahn, |.W. “What are Quasicrystals? “: A public
domain presentation, www.physics. princeton.edu/~steinh/Quasilntro.ppt (1984).

21. Bellissard, J. “K-theory of C*-algebras in solid state physics” , In: Statistical
Mechanics and Field Theory: Mathematical Aspects; Lecture Notes in Physics; Dorlas,
T.C.; Hugenholtz, N.M.; Winnink, M., Eds.; Springer: New York, 1986; Vol. 257, 99-156.

22. Chamon, C. Quantum glassiness in strongly correlated clean systems: An example
of topological overprotection. Phys. Rev. Lett. 2005, 94 (4), 040402,
http://arxiv.org/abs/cond-mat/0404182cond-mat/0404182 .

23.Ypma, F. K-theoretic gap labelling for quasicrystals. Contemp. Math. 2007, 434,
247-255; American Mathematical Society: Providence, RI.

24.Ypma, F. “Quasicrystals, C*-Algebras and K-Theory “, M.Sc. Thesis; University of
Amsterdam, 2004.

25. Baianu, IC, Editor. 2012. “Symbolic Dynamics and Dynamical System Models’,
Volumes I to I1l, PediaPress, pp. 1,046.

26. Baianu, IC et al. 2004. NIR and Fluorescence Microspectroscopy, IR Chemical Imaging

and H-R NMR Analysis of Intact Soybean Seeds, Embryos and Single Cells, Ch. 12 in:
Analysis of Oil Seeds, AOCS Publs, pp. 243-278.

27. Golubitsky, M, and Stewart, |. 2006. “Nonlinear Dynamics and Networks: The
Groupoid Formalism”, Bulletin of the AMS, 43: 305-364

28. Keogh, E K, Mehrotra, S and Pazzani, M. 2002. “Locally Adaptive Dimensionality
Reduction for Indexing Large Time Series Databases”, ACM Transactions on Database
Systems, 27(2): 188-228.

29. Naito A, Kawamura |. Solid-state NMR as a method to reveal structure and membrane-
interaction of amyloidogenic proteins and peptides. Biochim Biophys Acta. 2007 Aug 17,
68(8):1900-12. Epub 2007 Apr 5.


http://www.physics/

