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2.6.5 Dielectric properties of materials The absolute complex permittivity of a material is represented by the symbol , where dimensionless relative complex permittivity r, where r = ′r − j ″r, by the expression = space, a fixed constant given approximately by



0



= 8.85 x 10−12 F m−1 . In general,



= 0



, r



′  −  j ″.  This  is  related  to  the  being the permittivity of free 0



depends on temperature and, to a lesser



extent, pressure. It is also frequency dependent, although ′  and  ″  cannot  vary  independently  with  frequency,  since  their  frequency variations are connected through the Kramers–Krönig relationship: a drop in ′  with  increasing  frequency  is  necessarily  associated with a peak in ″.  Except  for  exceedingly  high  applied  fields,  is independent of the magnitude of the applied electric field for all dielectric materials used in practice, excluding ferroelectrics. A capacitor filled with a dielectric material has a real capacitance



′r times greater than would have a capacitor with the same



electrodes in vacuum. The dielectric-filled capacitor would also have a power dissipation W per unit volume at each point when, resulting from an applied voltage, a sinusoidal electric field of frequency f and root-mean-square value E exists at that point. This power dissipation is given by W = 2πfE2 ″. Thus ″ is a measure of the energy dissipation per period, and for this reason it is known  as the loss-factor. The complex permittivity is often represented in the Argand plane with ′  as  abscissa  and  ″  as  ordinate,  giving  a  curve  with  frequency as parameter. The join of any point on this curve to the origin therefore represents the complex conjugate * of the complex permittivity where * = ′  +  j ″.  Unfortunately,  the  use  of  the  symbol  * to represent complex permittivity is widespread and has become established in the literature, and care is needed if confusion over signs is to be avoided. The join to the origin makes an angle δ with the abscissa, such that tan δ = ″/  ′.  Thus  W  may  be  rewritten  as W = 2πfE2 ′  tan δ. Hence δ is known as the loss angle, and tan δ is known as the loss tangent. The application of a sinusoidal voltage of root-mean-square value V to the dielectric-filled capacitor results in a current flow in the external circuit which leads the voltage by a phase angle or power-factor angle φ, where φ is the complement of δ. Thus, the power dissipation in the capacitor, given by IV cos φ, may also be expressed as IV sin δ. Since in most cases in engineering practice δ is small, sin δ tan δ and the power dissipation is given to a good approximation by IV tan δ. It should be noted that no such approximation is involved in the expression for W in the previous paragraph. When the wavelength of electromagnetic radiation is in the optical region, the velocity v of propagation through a loss-free transmitting medium of refractive index n is given by v = c/n, where c is the velocity in free space. The velocity is also given by v = c/(μr ′r)1/2 where μr, is the relative permeability. Thus for loss-free non-magnetic materials, for which μr = 1, ′  =  n2 . r However, in general losses do occur, and the material is characterized by a complex refractive index 2 , or k is the absorption coefficient. Then r = ′  – j r″,  =   (n – jk)2 , from which it follows that r Nevertheless, when the loss is small, so that k 1.



References Dielectric Dispersion Data for Pure Liquids (1958) National Bureau of Standards Circular No. 589, Table 3. E. H. Grant and R. Shack (1967) Br. J. Appl. Phys. 18, 1807. J. B. Hasted (1975) Aqueous Dielectrics, Chapman & Hall, London. U. Kaatze and V. Uhlendorf (1981) The Dielectric Properties of Water at Microwave Frequencies, Z. Phys. Neue, Folge, 126, 151– 165.



Gases and vapours The values relate, excepting the final entry, to a pressure of one standard atmosphere, and hold for all frequencies below the start of the infra-red spectrum. Other values may be calculated over a limited range of temperature and pressure, for non-polar permanent gases, by assuming that ( r – 1) is proportional to density. This does not hold for polar gases, but if the polarity is strong (e.g. water vapour) a close approximation is (



r



− 1)



pressure/(absolute temperature)2



provided that the vapour is not near its condensation point, under the conditions either of the data used, or of the desired result. This relation can safely be used, for example, to obtain values for damp air, the densities and pressures involved being then the partial values, and the contributions from the two components additive. The relation should not be applied to mixtures of two polar vapours. Values of relative permittivity may also be obtained from the data on refractive indices at radio frequencies by using the relation μr r = n2 which applies to non-absorbing gases. μr = 1 for all gases except O2 where μr = 1 + 1.9 × 10−6 .



Relative permittivity of gases and vapours Material Air dry . . . . . . Nitrogen . . . . . Oxygen . . . . . . Argon . . . . . . . Hydrogen . . . . . Deuterium . . . . . Helium . . . . . . Neon . . . . . . . Carbon dioxide . . . Carbon monoxide . .



t/°C . . . . . . . .



20 20 20 20 0 0 0 0 20 25



104  (



r



− 1)



5.361 5.474 4.943 5.177 2.72 2.696 0.7 1.3 9.216 6.4



Material Nitrous oxide . . . . . . Ethylene . . . . . . . . Carbon disulphide . . . . Benzene . . . . . . . . Methanol . . . . . . . . Ethanol . . . . . . . . . Ammonia . . . . . . . . Sulphur dioxide . . . . . Water . . . . . . . . . Water (10 mmHg) . . .



t/°C 25 25 29 100 100 100 1 22 100 20



104  (



r



− 1)



10.3 13.2 29.0 32.7 57 78 71 82 60 1.244
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