LECTURE 5 (3 hours): OPTICAL PROPERTIES OF MINERALS

INTRODUCTION

The light has a dual nature. Firstly, light behaves like a particle. In this behavior light particle known as photon act as a compact entity and can knock out loosely metalic bonded electrons from large atoms like Cs and Rb. This effect is known as photoelectric effect.

Secondly, light behaves like a wave and bends around corners and passing through small holes produces interference and diffraction patterns. In optical mineralogy most phenomena can be explained by the wave nature of light.

In the wave theory of light, the light waves are defined by oscillating electric E⃗ and magnetic H⃗ vectors perpendicular to each other and are also oriented perpendicular to the propagation direction of light-ray (FIG. 5.1). So to simplify, we can consider an oscillating light vector; L⃗ which is a resultant of the E⃗ and H⃗vectors. In this way a light wave forms a sine wave (FIG. 5.2). The light wave vibration has a characteristic wavelenght ((). In fact considering the whole electromagnetic spectrum including cosmic rays-X-rays at the short ('s region to radio waves and microwave radiation at long ('s region; visible light is only a small part of this spectrum (FIG. 5.3). The ( range of visible light is from approximately 390-710 nm (nanometer=10-9 m). This range of light corresponds to 390-440 nm Violet; 440-500 nm Blue; 500-570 nm Green; 570-590 nm Yellow; 590-650 nm Orange; 650-710 nm Red.

Because light vector, L⃗ is actually an oscillating electromagnetic wave, it will interact with the electric field produced by the nuclei and electrons of atoms that make up the matter. The more nuclei and electrons there are in a given volume the more light wave is slowed down. Thus, light travels fastest in perfect vacuum c=300.000 km/sec and slower in all substances. Eg., (1) In two polymorph of Sil and Kya having same composition Al25i05 but different densities 
(Sil=3 .23 g/cm3, (Kya=3.53 g/cm3 light will travel slower in denser medium 
vSil=181.000 km/sec, vKya=175.000 km/sec. Eg. (2). If two minerals have approximately same number of atoms per unit volume, the mineral that contains more electron per unit volume have smaller velocity of light. Consider Per (MgO) and Wüstite (FeO) which have similar molar volumes. However, MgO has (12+8=20 electrons) whereas, FeO has (26+8=34 electrons). Hence vPer =173.000 km/sec, vWüs=129.000 km/sec.

OTHER WAVE PROPERTIES OF LIGHT WAVES

When light rays move away from a source in a medium, at a given moment these rays will have traveled and define a 3-D surface known as Ray Velocity Surface (RVS). In isotropic minerals these rays will have travelled same distance, independent of the direction they travel hence spherical RVS forms. However, in anisotropic minerals, because the minerals have different atoms along different directions, light will travel at different velocities along different crystallographic direction, hence RVS surface is not spherical, but will form complex double surfaces (FIG. 5.4).
Tangent to the RVS along any light ray is known as the wave front. Followed from above discussion in isotropic minerals wave front is perpendicular to the ray (or propagation direction) and its wave normal will be along the propagation direction. However, in anisotropic minerals wave front is perpendicular to the propagation direction only at special directions, but will be at an angle in other directions. Similarly, wave normal will be along the propagation direction only at special crystallographic direction, but will be at an angle in other directions (FIG. 5.5).
REFLECTION-TOTAL REFLECTION-REFRACTION-INDEX OF REFRACTION
When light ray travels from one isotropic medium into another isotropic medium certain changes occur to the direction of propagation at the interface (FIG. 5.6a). If light travels from a less dense isotropic medium to higher density isotropic medium some of the rays will be reflected at the interface while others will enter into the denser isotropic medium. According to law of reflection, the angle of the incident ray with the normal will be reflected with the same angle back to the former isotropic medium-with the same velocity. However, light entering into denser isotropic medium bends closer to the normal at the interface and the velocity of light will drop. This is known as refraction. According to the Snell's Law sini/sinr=RI of the latter isotropic medium. This can also be expressed as RImedium=velocity of light in vacuum/velocity of light in the isotropic medium, RImedium=c/vnedium ie., RI of a medium is inversely proportional to the speed of light in that medium. Higher RI means lower speed of light in that medium.

If light travels from a higher RI isotropic medium to lower RI isotropic medium same laws apply, but in this case refracted ray moves away from the normal to the interface. At a certain critical angle of incidence, no light will pass through the interface into low RI isotropic medium (FIG. 5.6b). This is known as total reflection which is used to determine RI's of isotropic media (FIG. 5.7a&b). Measured RI of minerals has a fundamental importance. This parameter, especially in solid solution series is very important, as it may be used to determine the composition of the solid solution species (FIG. 5.8). RI’s of diffrent polymorphs also show linear relationship when compared with density of the polymorphs (FIG. 5.9)
There is a direct relationship between the optic properties of minerals and their symmetry, where light is affected similarly in the same crystal system. The specific parameter that seems to control the interaction of light with solid matter is the number of unique crystallographic axes within a crystal system. The six crystal systems can be divided into three groups based on the number of the unique optical axes they have.

*Cubic-Isometric System; Isotropic: Isotropic crystals: 1 unique optical axis, and 
1 RI=n; cubic crystals & amorphous substances (gases and liquids).

*Tetragonal-Hexagonal Systems; Anisotronic: Uniaxial crystals: 2 unique optical axes, and 2 RI's=( and (.

*Orthorhombic-Monoclinic-Triclinic Systems: Anisotropic: Biaxial: 3 unique  optical 

axes,and 3 RI's=(, (, and (
RELIEF-TWINKLING-BECKE LINE
Relief is a function of the difference of a RI's of a crystal and those of its surroundings. The effect of relief is to make the mineral to stand out from its surroundings. In most thin sections which consist of a basal glass slide (1(l 5 mm thick), a cover glass (0.17 mm thick) and ground down mineral or rock chip (0.03 mm thick) that is sandwiched between these glasses and glued with Canada Balsam CB (RI=1.537) or epoxy resins (RI=1.52(l.54) (FIG. 5.10).
If the immediate surrounding of the mineral is the CB and if the RI contrast between the mineral and CB is <0.04 low relief; 0.04-0.12 moderate relief; and >0.12 high relief is observed. A crystal with low relief does not stand out from its surrounding and its cleavages and fractures arc indistinct, whereas a crystal with high relief stands out strongly and its cleavages and fractures are sharply defined.


In anisotropic minerals where there are more than one RI is present, relief changes with respect to the crystallographic orientation. This effect is most obvious with mineral having large difference in their RI's. Eg., Cal with (=1.486<CB and moderate relief (0.051); and 
(=1 .658>CB and high relief (0.121) (FIG. 5.11). Therefore, Cal mineral with its cleavage and composition planes of its polysynthetic twinning seems to stands out strongly and dissappears when observed under the polarizing microscope as the stage is turned (FIG. 5.12). This is known as twinkling.


As we have seen in the above example ( gives a relief -0.051 while ( gives +0.121 reliefs. To determine whether the mineral has a positive or negative relief is important to distinguish various mineral species. The minerals boundaries with the surrounding minerals or with CB forms interfaces between two media with different RI’s. Same laws of reflection-total reflection and refraction applies (FIG. 5.13) when the interface is observed with relatively high power objective and diaphram under the stage is partially closed. There appears a bright fringe of light along the boundary. This fringe of light is called Becke Line. Becke line moves when the microscope stage is lowered or raised (FIG. 5.14). The rule of thumb is: medium with higher RI acts like a bi-convex lense and converges light towards its centre when stage is lowered away from the objective lense. Therefore, Becke line test shows whether a mineral has negative relief (<CB) or positive relief (>CB).


Mineral grains, mounted between the lamella and cover glass, is submerged in various known RI-liquids, and Becke line test is applied until the mineral disappears, ie, has the same RI as that of the RI-liquid. RI of liquids are determined by Jelly-type (FIG. 5.15) or Abbe-type refractometer (FIG. 5.6 & 5.7). This method is used easily for determination of RI of an isotropic mineral or substance with only one RI. However, for anisotropic minerals with more than one RI orientation of the mineral must be determined before applying this method.

DISPERSION

When natural white light consisting of different wavelenghts is refracted at the interface of two isotropic media or minerals, refracted rays with different (’s are seperated from red to violet with different refraction angles. Blue rays refracted more appears closer to the normal whereas red rays is slightly away from the normal (FIG. 5.16a & 5.16b). This is known as dispersion. Dia has the highest dispersive power, on the other hand Flu has the least dispersive power (TABLE 5.1).


Dispersion in anisotropic media resolves two different sets of red and blue refracted rays, since anisotropic minerals have more than one RI (FIG. 5.17).

POLARIZATION AND POLARIZED LIGHT


Light vector of natural light vibrates perpendicular to the direction of propagation, along all direction. If light is forced to vibrate along certain direction than the light is said to be polarized, and the phenomenon is called polarization.


The simplest polarization is produced when light is forced to vibrate in a single plane containing the direction of propagation. This is called plane polarization, or linear polarization. Here, light vector again vibrates perpendicular to the propagation direction but confined to the polarization plane (FIG. 5.18).


When two plane polarized lights vibrating along their plane of polarizations meet along the same direction of propagation, where the planes of vibrations are perpendicular to each other two different kinds of polarized light is obtained, depending on the phase differences between them. If the phase difference is equal to ¼( circular polarized light is obtained (FIG. 5.19). If the phase difference is not equal to (¼(, and (even multiples of ½(’s, then elliptically polarized light (FIG. 5.20) is obtained. Both circularly-and elliptically-polarized light can move clock-wise or anti clock-wise direction (FIG. 5.21). 


There are three important methods of producing plane polarized light:



1. By reflection and refraction: When natural light strikes the interface between two media, it is split into plane polarized reflected light where the direction of vibration is perpendicular to the plane that is defined by the normal to the interface and the incident ray. Whereas the refracted ray is also plane polarized but vibrates along the same plane described previously (FIG. 5.22). Best polarization is obtained when i+r=90( which is called the Brewster Law (FIG. 5.23).



2. By absorbtion: Certain dichroic anisotropic minerals absorb light strongly in one direction, and let it pass with minimum absorbtion in a direction perpendicular to this direction (FlG. 5.24). Hence plane polarized light is obtained. Tou crystals display this property best (FlG. 5.25). Synthetic substances like herapatite (iodocinchonidine-sulphate) also shows this property (FlG. 5.26).


3. By double refraction: When natural light enters into anisotropic uniaxial mineral like Cal, it splits into two rays which are plane polarized and their vibration planes are perpendicular to each other (FIG. 5.27). Since they travel at different velocities, (-fast (vibrating //l to c-axis) & (-slow (vibrating (r to c-axis), they also have different propagation directions. A Cal crystal suitably cut and glued together with CB (nicol prism) is used to separate ( and ( completely, where ( is totally reflected at crystal-CB interface whereas ( is refracted into the upper crystal (FIG. 5.28).


In a polarizing microscope (FIG. 5.29) there are two polarizers, one below the stage converting natural light into E-W vibration plane called polarizer and an upper polarizer above the objective known as analyser with N-S vibration plane.

EXTINCTION-INTERFERENCE COLOURS-BIREFRINGENCE-RETARDATION


When natural light entering to the microscope passes through polarizer it becomes polarized E-W direction. If there is a colourless isotropic substance on the stage, ie, air, liquid, glass, or a mineral with only one RI, and if analyser is out, the E-W vibrating plane polarized white light from the polarizer passes through the ocular unchanged as a plane polarized white light. On the other hand, if the analyser is in position, there will no light observed at the ocular since there is no light available vibrating N-S direction to pass through the analyser. This phenomenon is known as extinction, and as the microscope stage is turned extinction is continuous and the mineral is said to be at continuous extinction (FIG. 5.30).


Anisotropic minerals however behave differently since they have more than one RI. In fact, anisotropic crystals split incident E-W polarized light into two light waves that are constrained to vibrate perpendicular to one another. The orientations of the vibration directions of the two light rays being fixed relative to the crystal axes (FIG. 5.31). If the analyser is out, these two rays passes through the ocular as two plane polarized white light. But if the analyser is in position and and if the vibration direction of the mineral is at an angle to E-W & N-S directions (FIG. 5.32)., a colourful disposition occurs on the mineral surfaces. These colours are interference colours which are completely different from normal colour of the mineral. Here the complementary phases of (’s are allowed to pass through the N-S vibration plane and interact to produce the interference colours (FIG. 5.33). The components of the two differently vibrating white polarized lights are resolved along the N-S and E-W vibration directions. Components perpendicular to N-S is absorbed while those components vibrating parallel to the N-S analyser vibration direction is allowed to pass through the analyser (FIG. 5.34). In the analyser, the components vibrating parallel to the vibration plane of the analyser interfere to produce interference colours (FIG. 5.35 & PLATE 5.1). The strength of interference, also known as retardation is proportional directly to the differnce of RI’s indices of the relative crystallographic orientation of the section of the crystal or inversely proportional to the different ray velocities of corresponding ray velocities. Retardation is also directly proportional to the thickness of the mineral section; therefore, (=t ((RI1-RI2( ). Here retardation (() is equal to the product of the thickness of the mineral section and the absolute difference in the RI’s related to that particular section. The difference RI1-RI2 is called the birefringence of the mineral and has maximum value when ((-((or ((-((, or for intermediate values of (' and ( the minerals will have smaller value of birefringence (PLATE 5.1).


When unique vibration directions of the mineral is parallel to the E-W and N-S vibration direction of polarizer and analyser one of the plane polarized light rays emerging from the anisotropic crystal is absored completely at the N-S vibrating plane of analyser. Therefore, there will no interference at analyser, a single N-S vibrating light passes through, hence extinction occurs. At every 90( of revolution of the microscope stage alternately extinction and illumination are encountered, after the first extinction.


Sometimes high RI minerals and at other times minerals with perfect cleavage cause reflection of light from below which appear as tiny specks of illumination during extinction. This is called mottled extinction, a characteristic feature of micas.


The colour of maximum retardation is presented in charts ranging from first order to seventh order interference colours (PLATE 5.1). Retardation orders are separated by the appearance of red (550 nm) colours. The colours become pale beige as the order of retardation increases. There is no true blue or green colour in the first order. When birefringence is very low anamolous interference colours of navy blue and olive green or purple is observed in first order.


If the composition or thickness of the crystal varies in the thin section, different interference colors may occur on the same crystal surface resulting a patchy birefringence, a characteristic feature of epidote.

COLOUR AND PLEOCHROISM


Colour of a transparent minerals in thin section is observed with analyser out position which then depends on the absorbtion of certain ('s of E-W vibrating plane polarized white light emerging from the mineral. The ('s that pass through the mineral interfere and produce characteristic colour of the mineral. The colour due to transmission of light through the mineral may be different from the colour of the mineral due to reflected light from the surface of the mineral, in hand specimen.


If the colourful mineral is isotropic, there is no change of colours when the stage of microscope is rotate, because the isotropic mineral has only one characteristic RI. However, if the colourful mineral is anisotropic, absorption of different ('s of E-W vibrating white plane polarized light is direction dependent, hence different colours appear as the stage rotated, because of anisotropic mineral's principle vibration direction is aligned alternatively parallel to the E-W direction. This phenomenon is known as pleochroism. Hence uniaxial crystals with two principle RI's will have maximum two different colours, on the other hand biaxial crystals with three principle RI's will have maximum three different colours, depending on the orientation of the section that is cut from the crystal (FIG. 5.36).


If the composition of the crystal changes from centre to its edge roughly concentric colouring may occur which is called compositional zonning.


Colour of opaque minerals cannot be viewed with transmission polarizing microscopes. Since opaque minerals do not transmit light, whatever thin the section is. Therefore they appear black and collectively referred to as the opaque minerals, ie., Mat, Pyt, Ilm, etc. Opaque minerals are studied by reflection polarizing microscopes, or ore microscopes.

