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ABSTRACT

An introduction is furnished to the ins and outs of the quartz crystal structure and other qualities, designed for the physical scientist who is not an expert crystallographer, and wishes to understand the architecture of crystals.  Many of the concepts of atomic structure and symmetry aspects thereof are covered.  Instructive figures and references are included.
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PROLOGUE
This article is meant to serve to remind us of the inner and outer beauty of the crystalline phase of nature, and the accomplishment of mankind (mostly via x-ray diffraction techniques) in revealing the intimate details at submicroscopic levels.  SiO2 will serve herein as a basis material easily generalized to others.  The student can learn to compute atomic locations, bond directions and angles in crystalline quartz, using the information presented herein.  It will be helpful if a ball&stick model of an inner section of common quartz is available.
INTRODUCTION
In part, this essay is meant to introduce the novice to one of the beauties of nature, the outer and inner aesthetics of crystalline quartz, also known as rock crystal.  This chemical, pure SiO2, is just simple enough and just complex enough to provide ready insight into both macroscopic and microscopic symmetries (e.g., see [S1964], [SK1974], [LCCD2008: Ch. 1] and [G2009]), and the pleasing deviations therefrom.  Some people deem quartz to be the ‘hydrogen atom’ of minerals.

Focus herein will be exclusively on ‘common’ crystalline quartz, called alpha-quartz and known as well as ‘low’ (temp. T) quartz (Figs. 1 and 2).  Other varieties of pure SiO2 also occur as crystalline forms: high (T, alias beta) quartz, tridymite, and cristobalite [F1962: p. 5] and [M1973], but these are herein ignored, as is the all-important glassy (vitreous) quartz.  At sufficiently great external pressures, still other crystalline forms of SiO2 are formed. Common quartz is formed globally, in hot steamy druses, generally extremely slowly, via hydrolytic crystallization.

In the literature, there are many conventions and confusions, and much jargon, arising in the various attempts to describe the alpha-quartz structure.  Donnay and Le Page [DL1978] describe various pitfalls, in excruciating detail, as do Barron et al. [BHP1976].  The present work is an attempt to portray the information as concisely and clearly as possible.

We note that, at the atomic scale, quartz crystal has a rather open spacious structure, featuring several types of open channels.  Nevertheless, the Si-O bonds (ca. 50% covalency [P1980]) are very strong.  
It is important to remember that quartz is a piezoelectric crystal, all primary two-fold axes being piezoelectric axes. This is of course the basis for many of its technical applications.   Pressure exerted across the crystal along such an axis causes development of electric charges (of opposite sign) at each end, and voltage applied across such an axis can cause physical vibration of the crystal.  An atomic mechanistic model for the piezoelectric effect in crystalline quartz is available [W1953].
Transmission of beams of light through a quartz crystal is different when parallel to the optic axis c, as compared to perpendicular; for details, see [F1962: pp. 125ff] and [W1977].  
THE QUARTZ STRUCTURE

Alpha-quartz has two enantiomorphic forms, left and right quartz. In nature, left and right quartz crystals occur in equal abundance [F1962: p. 17]. These have structures describable by the two trigonal space groups, symbolized by P3121 and P3221 (see [BG1990], [M1999]), when using a right-handed (trigonal) coordinate system (RHCS): see Fig. 3.  Ignoring internal translational symmetry operations, the proper crystal point group is 32 (alias D3) [WBC1973: Table I]. The latter set of symmetry elements consists of a crystallographic three-fold (optic) screw axis c (= z) taken to be vertical and situated in the center of some one of the large c-axis channels (Figs. 3 and 4), accompanied by three equally spaced horizontal primary two-fold axes ai (i = 1,2,3).  

Many scientists find it convenient to use as the inner crystal coordinate origin the intersection point of any one (≡ a1) of these with c. This choice of origin is the same as that of Wyckoff [W1963], but different from that of the International Tables for X-ray Spectroscopy [IT1952].

The physical scale of the usual and convenient quartz structure unit cell, taken to contain 3 SiO2 units, is set by two parameters: ao which is the length of the hexagon side, and co which is the repeat distance along the so-called c axis = z (see Fig. 5).  Both depend on temperature [LCG1980]; at 298 K, ao =  0.4914 nm, and co = 0.5405 nm.
The quartz structure in fact contains two types of two-fold rotational symmetry axes normal to z (occurring stacked at equally spaced heights along z) and hexagonally distributed. The primary such axes carry Si atoms (Fig. 3), and the secondary such axes occurring half-way between them do not.  The situation is shown in Fig. 5.

The helical (screw-like) features of the internal quartz structure are all parallel to c.  The large channels are surfaced by Si(O chains with a screw pitch (vertical distance between repeat points) of 2co.  Right quartz has a right-hand spiral (RS) along each large channel, and left quartz has a left-hand spiral (LS). Each such channel is surrounded by a set of six hexagonally distributed smaller c-axis channels (Fig. 6; two such are indicated in Fig. 4), each having pitch co.  The two types of channels feature helices having opposite handedness.  The diameters of the c-axis channels can be visualized via the smallest oxygen-oxygen distances across them: ca. 0.355 and 0.329 nm for the larger and smaller channels.

As stated, the six smaller c-axis channels are clustered hexagonally around each large channel: e.g., at X, Y = (2/3, 1/3), (1/3, 2/3), ((1/3, 1/3), ((2/3, (1/3), ((1/3, (2/3), (1/3, (1/3) about the origin. Each adjacent pair of smaller channels is separated by a vertical stack of Si atoms (Fig. 6: projection).  The closest distance between the two types of channels is ao /√3 (center to center).  There also exists an additional type of small channel (( c) surrounding each of the secondary two-fold axes.
VISUAL REPRESENTATION
Let us attempt to find a good visual representation of any typical quartz single crystal.  We ignore any deviations from perfect (idealized) macroscopic symmetry (Fig. 2), its limited size (Single crystals of length 1-2 meters are known), its impurities and defects, and any external influences on it.
First we consider any finite planar cross-section through its base, ignoring all 3-D surfaces.  Seemingly, there is a simple hexagonal symmetry perpendicular to and centered about the optic (c) axis (Fig. 6).  All inner angles here are 120°, and all six sides are of equal length.
However, such a figure turns out to be inadequate to describe any α-quartz crystal.  More realistically, one must consider the 6 vertices to be of two alternating types.  Thus opposite vertices in fact are to be considered as being different (even though all six inner angles are 120o, and all large channels are equivalent) and the actual system is trigonal (e.g., see Section 3 below,  and [L1965]).  Adjacent segments are no longer physically equivalent.  Hence one can profitably use a notation > or < to label the vertices.
To set up a meaningful trigonal 2-D coordinate system (axes X and Y, alias a1 and a2, 120o apart), taking its origin at the large-channel mid-point (Fig. 3), one needs to specify whether X > 0 occurs looking along the axes > → < or along < → >.
Next, we note that alternating adjacent quartz slanting faces (and the regions behind them) develop different macroscopic properties (Fig. 2).  These rhombohedral faces unfortunately (and confusingly) are traditionally labeled r and z  [F1962: p. 51].  Their Miller indices (see App. 1) are indicated in Fig. 7.  It follows then that the central (almost) hexagonal plane is not a plane of symmetry: different macroscopic regions (r and z) are present vertically, above and below the plane (see Fig. 2). Atomic positions too are not obedient to such a symmetry (see Fig. 4). Thus the upper and lower regions of the crystal along a vertical line ( (( z) differ physically: the chosen sign of coordinate z matters. The vertical prism faces m all have the same properties.
We now proceed to a 3-D trigonal coordinate system (axes X, Y, z) located at the central origin (See Fig. 3).  One must state whether a right-hand or left-hand coordinate system is being used.  It now makes a difference where axis Y is located relative to X (@ ±120o): there are two choices. 

To complete a description (i.e., the setting of the crystal: See App. 2), it is necessary to indicate the sign of the electric charges induced at the vertices when elongating (or compressing) across the hexagon at any line connecting opposite vertices > and < , assigning positive/negative to these points.
There actually are 8 conventional descriptions (See Fig. 7) usable to describe the quartz system at hand:  The 4 possible settings are denoted [DL1978] by: r (+), r (−), z (+), z (−).  In addition to indicating this symbol, one must also specify whether one is dealing with left or right quartz.

For example, if we utilize the z (+) setting, described in detail by [NW1980] and using a RHCS, then right-quartz (small-channels LS) and left-quartz (small-channels RS) belong to the trigonal space groups P3221 and P3121, respectively.  In this setting, as discussed below, the axis x lies along the coordinate (primary) two-fold crystallographic axis a, the positive end defined as developing a positive charge on crystal extension (stretching) along that axis.
As stated, the z axis lies parallel to the c (optic) axis in the center of a large c-axis channel (Fig. 3). Note that axis z is not polar; the sense of screw is the same when looking from either end.  Thus the choice of which c-axis direction is defined to denote z > 0 is arbitrary (but must be stated, as in Fig. 7).  To attain a 3D cartesian coordinate system (RHCS), axis y is defined as z ( x.
ATOMIC STRUCTURE
Every oxygen atom in the idealized α-quartz structure is bonded to two silicon atoms, the angle  Si-O-Si being 143.6o at room T.  There is internal asymmetry in that the two Si-O bonds are not exactly of equal lengths: 0.1607 (short bond) and 0.1612 (long bond) nm.  This ‘small’ difference can manifest itself vividly, for instance in magnetic resonance spectroscopic results.

The Si atoms in quartz do not sit exactly half-way between adjacent large c-axis channels (Fig. 3): u = 0.4698 at room T [LCG1980].  It is this situation that causes the trigonal distortion.  The central six Si atoms projected form a ditrigon (see Fig. 3). Thus the neighborhoods of adjacent vertices are different, when looking inward, and they alternate.

Within the ditrigon (Fig. 3), the shorter 3 distances origin-Si are 0.2309 nm and the 3 longer ones are 0.2605 nm, at 298 K.  The inner 3 angles pierced by axes a1, a2, a3 are 131.94o, while the other 3 inner angles are 108.06o.
Note that the basic planar projection (Fig. 6) indicates nine SiO​​2 molecules within the hexagon. There are seven large c-axis channels (one at the center, and six at the vertices) implied (( to the plane). Each face has length ao .  We now focus on the nine atoms in the quartz structure, as numbered. These are not related to each other by any of the translations belonging to the space group in question.  Wyckoff’s atomic positions [W1963] are most commonly used as such a basis set of atoms, from which all the rest of the quartz structure for any crystal can be constructed by carrying out atom translations (see App. 3).

Appendix 3 provides some information about computer programs which can calculate any atom or channel position, as well as bond directions and lengths, in the α-quartz crystal structure.


The electronic energies and bonding details, and vibrations of the atoms in the structure are not covered herein, but discussions thereof are of course available: e.g., see [H1980]: Ch. 11.  

The higher-temperature (T > 846 K) version of quartz, called β-quartz, has a structure with greater symmetry (u = 1/2) than that of α-quartz [F1962, pp. 251ff].  Spontaneous (and reversible) lowering of the symmetry (crumpling of the structure) occurs as one cools from β-quartz to α-quartz (parameter u – 1/2 becomes non-zero).  This is a subtle effect, with some details  hardly understood at this time [E2001] & [TKD2001].

STRUCTURAL DEFECTS
Actual bulk quartz, natural or cultured, contains numerous atoms out of place, and various substitutional and interstitial impurities (hydrogen, alkali ions, Al, Fe, Ti, P, Ge, …), always in very small concentrations.  Thus a complex solid-state chemistry ensues, where the quartz crystal can be considered to be the solvent [W1984], [PSG2000], and [G2009].  Radiation effects play a substantial role in this.  These factors permit quartz to appear with various fine colors (e.g., amethyst, citrine, rose quartz, smoky quartz, …).  Furthermore, dislocations, cracks and bulk inclusions also are to be found in quartz crystals [LB1988]. Very often, protons are present in abundance, attached to oxygen anions in the structure in various types of defects, and sometimes complete small bubbles with water slushing can be seen in quartz crystals. Methane too has been detected in quartz crystals.  Some crystals contain well-formed crystalline oriented needles of TiO2 (rutile).  Still others, often large and beautifully formed (see “Herkimer diamonds”) contain specks of almost pure carbon (“anthraxolite”) [RWW1989].

Two research techniques, electron paramagnetic resonance (EPR) spectroscopy [W1984]  

and cathodoluminescence (CL) [G2009] have proved to be especially productive in studying the defects to be found in α-quartz.  These include contributions to the understanding of the geological processes leading to formation of the crystals.
It is insightful to learn that application of adequate DC voltages across suitably prepared oriented surfaces will induce one-dimensional diffusion of sufficiently small ions (Li+, Na+) right through a crystal along the c-axis channels: See references in [M1988] and [W1984].
USES OF QUARTZ
Quartz features chemical and mechanical stability, hardness, optical clarity, unique electrical and thermal properties, and of course it is abundant and inexpensive.  It is stable from
0 to ca. 850 K, with no phase transitions.  It is found amazingly pure in nature, and can be cultivated industrially virtually faultless and with superb purity.

Electronics-grade quartz crystals are used in electrical filters, frequency controls and standards, timers and in a myriad of other devices (e.g., fine watches, thermometers, pressure monitors, nanobalances [M2003] and thin-film monitors).  Optical-grade crystals are used in lenses, prisms and rotators, light-beam (and neutron-beam) modulators, and special windows.  Quartz  transmits much better in the ultraviolet region than glass does.

 Notably also, quartz crystals appear as fine gems and in jewelry.  And of course, there is an ancient mystical and quasi-religious aspect as well.  For example, in the cave where Peking man remains were found, shiny quartz crystals were present – which could only have been placed there by man. 
SUMMARY
It has been demonstrated herein that crystalline quartz can provide an excellent and close-to-ideal introduction into various concepts of structural physical sciences, atomic location and symmetry, being sufficiently simple to be tractable, but providing satisfying complexity and aesthetics.  Perhaps we can now marvel at how Nature takes ‘simple’ SiO2 molecules and creates a complex and beautiful crystal from them.
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Appendix 1:  The Bravais-Miller System  (See [L1965])
To specify any plane of atoms in a quartz crystal, one can utilize a set of 4 numbers {a1 a2 a3 z} in which the 4 positions refer to the 4 axes of a well-defined 3D trigonal CS. The actual numbers in the braces {  } are dimensionless, and the set specifies any one type of crystal plane by giving the reciprocals (unitless) of the intersects of such a plane with each of the four coordinate axes; such an index can be infinity.  These sets of 4 Miller indices, specifying infinite sets of parallel planes, are the sets of the smallest integers proportional to the reciprocals defined above.  The sum of the first 3 numbers equals zero; hence, in fact, the Miller set really requires only 3 entries. A good practical discussion of Miller indices can be found in [LCCD2008: Ch. 1].
Appendix 2:  Settings

The term ‘setting’ often is used in describing alpha-quartz (e.g., [DL1978]).  It refers to the position of a single crystal on a goniometer for purpose of doing diffraction work or rotational spectroscopic measurements.


This term implies specification of all temporary parameters required to interpret the data taken.  Thus even after the crystal has been detached, the memory of what setting it had must be maintained, if data analysis is to ensue.
For our purposes, one needs to specify:

1)  The position of the quartz crystal in terms of the position of its symmetry axes.  This may be

expedited by defining a suitable coordinate system.

2)  The sign of the electrical charge induced on squeezing (or else extending) the crystal across  any designated one of its piezoelectric axes.

3)  The handedness of the crystal.

The first two of these items specify the setting.
Appendix 3:  Basic Computer Programs
It is of interest to calculate any (mean) atom position or channel location in the infinite pure quartz structure.  Various computer programs capable of accomplishing this are available:  for example see ‘CrystalMaker’1 and ‘Mercury’2.  
In our laboratory, a computer program, QTZSTRUC.FOR [formerly COORDN.FOR], to accomplish this is available.  It uses the nine basic positions numbered 1 through 9, shown in Fig. 5, to move to any other atom site.  These coordinates are related to Wyckoff’s coordinates by unit-cell translations. A second program, QTZBONDS.FOR, can take pairs of atom (or channel) positions and compute the distance and direction between them.

Originally QTZSTRUC.FOR was written (1983) in Fortran 77, and was developed mostly by M. J. Mombourquette.  The updated program is written for the Fortran g77 compiler.  The present version was produced with the able assistance of K. C. Brown and B. C. S. Wong.

1.  CrystalMaker Software Ltd., Centre for Innovation & Enterprise, Oxford University Begbroke Science Park, Sandy Lane, Yarnton, Oxfordshire, OX5 1PF, UK.
2.  Mercury Software, The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK. 
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FIGURE CAPTIONS

Fig. 1:  A natural well-formed single quartz crystal on a rock cluster.
Fig. 2:  The most common and simplest forms of α-quartz single crystals, displaying only the m,r,z habit. Faces r and z alternate around the vertical axis. Copied from Frondel 1962.

Fig. 3:  Basal projection, showing the hexagonal-to-trigonal distortion caused by u ≠ 1/2. Here each hexagon side is taken with length unity.  The oxygen atoms are not shown.
Axes a1, a2, a3 are projections of the primary two-fold axes.

Fig. 4:  A basal projection (left), and a packing drawing (right). The unit-cell dimension ao is the distance along each side of the parallelogram shown. Copied from Wyckoff 1963: 
p. 312.
Fig. 5:  Stack of hexagonal cell planes aligned along three-fold screw axis c (RS), centered at a large channel, depicted for right α-quartz. Electric charge signs are indicated for the primary two-fold axes. The sides of each hexagon have length ao.
Fig. 6:  Projection of right α-quartz atomic positions onto the basis plane perpendicular to c, showing coordinate system conventions used herein. The central c-axis large channel is seen to be surrounded by six c-axis small channels.

Fig. 7:   The 8 possible settings of an α-quartz crystal, as defined in Ref. [DL1978]. The view is looking down coordinate z (( plane of figure) from + to –. The electrical charge signs shown at the primary two-fold axes arise from extension of the crystal along that direction.
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Fig. 1:  A natural well-formed single quartz crystal on a rock cluster.
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Fig. 2:  The most common and simplest forms of α-quartz single crystals, displaying only the m,r,z  habit. 

             Faces r and z alternate around the vertical axis. Copied from Frondel 1962.  

[image: image3.png]



Fig. 3:  Basal projection, showing the hexagonal-to-trigonal distortion caused by u ≠ 1/2. 
             Here each hexagon side is taken with length unity.  The oxygen atoms are not shown.

             Axes a1, a2, a3 are projections of the primary two-fold axes.  Note that the hexagon can be subdivided into three equivalent parallelograms (see Fig. 4).
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Fig. 4:  A basal projection (left), and a packing drawing (right). The unit-cell dimension ao is the distance along each side of the parallelogram shown. Copied from Wyckoff 1963: 
p. 312.
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Fig. 5:  Stack of hexagonal cell planes aligned along three-fold screw axis c (RS), centered at a large channel, depicted for right α-quartz. Electric charge signs are indicated for the primary two-fold axes.  The sides of each hexagon have length ao.
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Fig. 6:  Projection of right α-quartz atomic positions onto the basis plane perpendicular to c, showing coordinate system conventions used herein. The central c-axis large channel is seen to be surrounded by six c-axis small channels.
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Fig. 7:  The 8 possible settings of an α-quartz crystal, as defined in Ref. [DL1978]. The view is looking down coordinate z (( plane of figure) from + to –. The electrical charge signs shown at the primary two-fold axes arise from extension of the crystal along that direction.
Posssible Student Exercises:
1) Find the two-fold rotational axes of symmetry in Fig. 2 upper-left hexagonal prism.

2) In Fig. 6, which bonds around Si 1 are of the short-bond type?

3) Calculate the two actual internal angles of the basis hexagon (Figs. 2 & 6),
 
valid at room T.
4)  What are the side lengths (in cell units) and inner angles of the ditrigon depicted

  in Fig. 3?

5)   How should Fig. 6 be altered to present it for left quartz?

6)   Construct a planar projection (( a1) of a secondary two-fold axis channel.  Give an

               estimate of its size.

7)   Give the Miller indices of an α-quartz plane which does not contain any atom locations.
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