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Dielectrics store electric energy and the intrinsic property of the material which
measures this ability is the dielectric constant or permaitivity ¢’. (The term constant
refers to the ¢ independence of field strength; as shown below, ¢’ usually does depend on
temperature, frequency, and other parameters.) Part of the electric energy put into a
dielectric is not recoverable from storage; i.e., it is “dissipated.” Theintrinsic property
which measures dissipation is the loss factor (index), ¢'’. Other convenient parameters
expressing this information include tan 8 = ¢’/¢’ = 1/Q. Typical values of tan & are
of order 1072, with low-loss materials being of order 107¢ and high loss of order one or
higher.

Since ¢ measures motions at all higher frequencies, and ¢’ measures motion at a
particular frequency, it is not surprising to find a relation between ¢ and the integral
of ¢’ over frequency. This, the Kramers-Kronig relation, is
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For the special case of f = 0 (i.e., very low frequency) this reduces to
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The optical ¢ is determined by electronic polarizability and is the square of the
(complex) refractive index. Since this polarizability is really a measure of the size
of the electron cloud around an atom, and since this size is about constant in most
covalent compounds, it is possible to estimate e for such compounds simply by adding
individual contributions (provided we know the density and chemical structure of the
compound), as illustrated in Table 5d-1. The dependence of ¢ on density, p, is given
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by the Clausius-Mossotti (Lorentz-Lorenz) equation which is especially useful in esti-
mating e(t) when p(t) is known (where ¢°C is the temperature):

e — 1 4r p
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where p is density, M is molecular weight, and « is (electronic) polarizability. [The
general validity of the e — 1 proportional to p relation is illustrated by comparing gas
and liquids where typical p’s differ by a factor of 103 as do the (¢ — 1)’s.] In practiee,
this relation holds to about 1 percent accuracy. More accurate relations require a
third parameter; several are described by Brown in his lucid synopsis of dielectric
theory.?

The electronic effects just described occur at such high (optical) frequencies because
of the small mass of the electrons. These resonant dispersions are inertial, depending
only on the electron’s ability to rapidly respond to the imposed electric field variations.
Any molecule with an asymmetric charge distribution constitutes a permancnt dipole
which also can respond to an alternating electric field, but because of the mass of the
atoms the natural (inertial) period of motion will be much longer and hence dispersiens
occur at lower frequencies.

In the condensed phase, molecular motion is typically determined by viscous (mot
inertial) forces, and the corresponding relaxation (not resonant) dispersions occur at
microwave, radio, and even lower frequencies. These dispersion processes result from
the (slow) motion of the molecule being coupled to the alternating electric field by an
attached permanent dipole. (Relaxation processes are characterized by ¢ which
monotonically decreases with increasing frequency throughout the entire dispersion
range, unlike resonant dispersions.)

In addition to molecular motion in the condensed phase, it is also possible to have
ionic motion. The d-c conduction caused by ions will cause ¢’ to vary inversely with
the frequency while ¢ remains constant. If the ions are constrained, as frequently
happens in inhomogeneous materials, the resulting induced ‘‘dipole” gives rise to a
(usually low frequency) dispersion with appropriate changes in both ¢ and ¢’. {(See
Figs. 5d-2 and 3.)

The temperature dependence of ¢ can often be estimated a priori. In the gas
phase ¢ — 1 is frequently proportional to the gas density and for nonpolar molecules
is independcnt of frequency. Discernible frequency dispersions occur in polar mole-
cules, e.g., water, in.the microwave region.

In the condensed phase ¢ — 1 is again proportional to density in nonpolar substances
so that de/dt is small and negative except in the vicinity of phase transitions. For
polar molecules, de/df is usually negative, although it can be large and positive in that
temperature range on the cool side of a dispersion. (In this case the e~ #/*T dependence
of dipolar motion dominates the smaller temperature dependence of the density, the
large values of de/d! resulting from the high dipole concentration and consequent
large values of ¢, — e..) Phase transitions in polar molecules can be accompanied by
dramatic drops in ¢ as the dipole motion is frozen out. (These drops tend to be sharper
when the molecule is more symmetrical, as illustrated by the nearly spherical camphor
and its derivatives as contrasted to asymmetric derivatives of the planar benzene
molecule, as illustrated in Figure 5d-1.)

Very high molecular weight materials (polymers) often form supercooled liguids
rather than freeze into crystals, and consequently do not have discontinuities in (f).
In those polymers that are partially erystalline, it is usually possible to discern two
¢’(t) or ¢’(f) loss peaks, one corresponding to each phase in which the relative ampli-

tW. F. Brown, Jr., “Handbuch der Physik,” vol. 17, Springer-Verlag OHG, Berlin, 1956
(in English).
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Fic. 5d-l1a. Dielectric constant of camphor (1), chlorocamphor (2), nitrocamphor (3),
cyanocamphor (4), camphor quinone (5), and camphoric anhydride (6). Heavy arrow
indicates the melting point; values are independent of frequency below 100 kHz. [(From

Morgan and Louwry, J. Phys. Chem. 34, 2385 (1930).]
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Fic. 5d-1b. Dielectric constant of polar hexasubstituted chloromethylbenzenes at 100 kHz:
(1) dichlorophrenitene, (2) trichlorohemimellitene, (3) tetrachloro-o-xylene, (4) trichloro-
pseudocumene, (5) pentamethylchlorobenzene, (6) tetrachloro-m-xylene, (7) pentachloro-
toluene. [From A. H. White and S. O. Morgan: J. Am. Chem. Soc. 57, 2078 (1935).]
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tudes of ¢’ depend on the degree of crystallinity (e.g., in Table 5d-74, r, decreasesas
the crystallinity is lowered). Below some characteristic temperature for each sub-
stance, noncrystalline polymers behave as a glass in which all but the easiest dipdie
motions are frozen out. Commercial plastics sometimes have ‘‘plasticizers” added 4o

450}

TiO, NO. 29

350

- 300

250¢-

LOSS FACTOR €"

200
150}

100 hr SLOW COOLED
1001 /

10 20 30 40 50 60
LOG f

Fr1c..5d-2. Dielectric loss for TiQO. fired at 800°C for various times. Different losscharacter-
istics are believed to be caused by oxvgen concentration. (Data from L. Egerton, primte
communication.)

them to keep them less brittle to lower temperatures. Such additions usnally raise
the frequency for the peak ¢’ (f) by an amount dependent on the plasticizer concenira-
tion. Plastics also have other additives.to stabilize them against chemical degradation
and in the case of low-loss polymers these additives raise the value of ¢’, giving
considerable (greater than two times) variation in ¢’/ between different manufacturers
of the “same’ material. (Other differences result from different topological structures
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and impurities.) Polar polymers have varying affinities for water, causing some to
have dielectric properties which depend on the humidity of the environment. Poly-
mers that are chemically joined by a (loose) structure of three-dimensional bonds
are not able to collapse to the glassy state and so remain “rubbery” even at low
temperatures, with corresponding dielectric properties.

The last class of synthetic materials we consider are non-single-crystal metallic
oxides. These inorganic materials are characterized by high ¢ (because of the high
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Fi6. 5d-3. Dielectric constant corresponding to Fig. 5d-2.

polarizability of oxygen and the high density) and are stable at higher temperatures
than organic materials. One class of materials is known as (inorganic) “‘glasses’’; a
second class consists of small (about micrometer) crystallites joined together with
binders or by sintering and is known as “ceramics.”” Both are usually considered
isotropic but under some conditions of formation are definitely anisotropic. Both
also are subject to dielectric dispersions caused by nonstoichiometric compositions
(e.g., see Figs. 5d-2 and 5d-3), and at high temperatures the d-c conductivity may
become important.

With this introduction it should be clear that the following listings are not intended
to be exhaustive; rather, they are intended to be illustrative of the different types of
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TasLe 5d-1. MoOLAR RerFRACTION—ESTIMATION OF OpPTiCAL FREQUENCY ¢

-1 .
R = M1 molar refraction
p €, + 2
1 + 2pR/M
= —_— here R = 2 dM=Z
€, T R/ wher r an m
Atom (structure) r m Atom (structure) T m
(O 2.418 12.01 Broeeeeeiooaaen. 8.865 79.91
) S S 1.100 1.01 ) R 13.900 126.90
O (alcohol)......... 1.525 16.00 < N 7.9 32.06
(carbonyl)....... 2.211 N ieiie e 2.5-4.4 14.01
(ether).......... 1.643 Structure effects:
(ester-OR)....... 1.64 Double bond. ... 1.733
F (one/edarbon) . ... 0.95 19.00 Triple bond..... 2.398
(>one/carbon) .. 1.1 3-member ring... 0.71
Cl....o i 5.967 35.45 4-member ring... 0.48
Tllustration
Heptanol, p(20°C) = 0.824, CH3(CH.);CH:.0H
7C 7(2.418) = 16.926 7(12.01) = 94.07
16 H 16(1.100) = 17.600 16(1.01) = 16.16
1 Oate. 1(1.525) = 1.525 1(16.00) = 16.00
. R = 306.051 M = 116.23
pR/M = 02556 e, = 2.03
Cf. n? = 2.03 e, = 2.35 (microwave)
n = refractive index (sodium D)
TasLE 5d-2. REerFerence FLuips
(e — 1) X 108 Nonpolar (600 a= Polar ' a= —d
Gases [1] | 3ooc ) atm)*|  Lauids | € @59 | —aesar | T || tiquids 13 ¢ 20°C) | 1 og,0¢
Ho........| 253.8 + 0.3 || n-Hexane 1.8829 |{—0.0015( 2 ¢Cl 5.708 0.00133
He........ 65.0 £ 0.4 !} Cyclohexane 2.0182 |—0.0016| 3 EtCl.® 10.65 0.00240
O2.vinn 494.7 +£ 0.2 || CCly 2.2315 {—0.0020] 4 MeOHP 33.62 0.00260
Naoooovnno 548.0 + 0.5 || #Ht 2.2772 {—0.0020| & $NO: 35.74 0.00225
Ar........ 517.2 + 0.4 || Silicone 2.3000 | —0.0028; 5
Air (dry, (Les)t
COs-free)| 536.4 + 0.3 || Cryogenic:
H§ 1.228 |—0.0034] 3
09 1.507 {-0.0024| 3
c=DEP (P)

*e¢(Pyt): -
«Pi): T 30°C, 1 atm) 1 0.003411( — 20)

P = atm, t = °C
0.02 9, error for 0 to 30°C, and P = 1 to 0.1 atmo.
+ ¢ represents a benzene ring minus one hydrogen. ¢H is benzene.
1 Centistoke.
§ £(204 K)
T ¢/(80.0 K)
s Et = CoHs
b Me = CH;s

References for Table 5d-2

NBS Cire. 537, 1953.

Mopsik, F. I.: J. Research NBS T1A, 287 (1967).

NBS Cire. 514, 1951. ‘

Hartmann, H., A. Neumann, and G. Rinck: Z. phys. Chem. 44, 204 (1965).
. Unpublished results of Bell Telephone Laboratories.
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TaBLE 5d-3. Inorcaxic CoMpPounDs (SmaLL MoOLECULES)

Type/Name € t,°C a {or a) Range Type/Name ¢ t,°C a (or a) Range
Elements Hydrides
AL 1.53s | —161 0.0034 —101, —184 || NHs..... 25. -77.7
Ho....... 1.22¢ 20.4°K | 0.0034 14, 21K 22.4 —33.4
Da....... 1.277 | 20°K 0.004 18.8, 21.2K 18.9 5
He.......| 1.055 | 2.06°K 17.8 15
1.055 ; 2.30 16.9 25
1.0053 | 2.63 16.3 35
1.053: | 3.09 NoHs....|52.9 20 0.0021(e) 0, 25
1.051s ¢ 3.58 AsHsz. ...} 2.50 —100 0.0043 —116, —72
1.048 | 4.19 SbH;....| 2.93B —80
(07T 1.507 | —193 0.0024 —218, —183 2,58 -50
Noooooo 1.454 | —203 0.0029 —210, —195 PH;..... 2.5¢B —60
Fooooto . 1.54 —202 0.0019 —216, —150 2.7,B —25
Cla....... 2.10 —~50 0.0031 65, —33  ||Halides
1.0 14 0.0032 —22, 14 IIF...... 17.5 —73
1.7s 77 13.4 —42
1.54 142 1. -27
Bra...... 3.09 20 0.607 0, 50 8.4 0
oo...... 1. 118 HCIL. .... 12. —113
11.+ 140 6.35 —15 0.00288(a) | —85, —15
13.0 168 4.6 28
S 3.2 118 HBr..... 7.00 —85 0.0026(a) | —85, —70
3.48 281 | 3.88 | +25
Se....... 5.40 250 1 0.0025 237, 301 HI....... 3.39 —50  10.008 —51, —37
P.. 4.10 34 2.98 22
4.06 46 SbCls 33.B 75
3.86 85 SbCls. ... 3.22 20 0.0046 2,47
Orides SbBry... .| 20.¢8 100
H:0.....;78.5¢ % * 0, 100 Sbls..... 13.98 175
134.59 200 | 100, 370 AsCly. ... [ 12,64 20
D:0....,:78.25 25 0.4, 08 AsBrs....| 9.0% 35
H20:2.....; §4.2 0 —30, 20 GeCly....| 2.430 25 0.0024¢ 0, 55
80 ...... 17.6 —20 0.00287(a) | — 65, —15 SiCli. ... 2.40 16
15.0s 0 SrCls. ...! 2.87 20 0.0030 -30, 20
141 20 0.077 14, 140 TiCls....| 2.80 20 0.6020 —20, 20
2.1 154 PbCls....| 2.78 20
S0s...... 3.11 13 Silicones
COq...... i 1.60 20 (CH.)sS1[0Si(CHs)e].CH2
(50 atm) n=1....1 2.17 20
N2O..... 1.97 ~40 2 2.30 20
1.61 0 0.006 —6, 14 3. 2.30 20
No2Os.. ... 2.5 15 4., 2.46 20
Sulfides 5....... 2.50 20
HS...... 9.26 —83.5 O8i(CH3)z]n (eyclo)
9.05 ~78.5 n=4....] 2.39 20
CSp......| 2.63 20 0.0013 0, 40 5.0, 2.50 20
6........ 2.59 20
T 2.68 20
8. ... 2.74 20

* e = 78.54[1 — 4.579 X 1073(t — 25) + 1.19 X 1075(t — 23)2 — 2.8 X 1078(t — 25)3], £0.03%

materials and the different behavior in each type. In the first part we review some .
small-molecular-weight compounds which are well characterized when pure. In the
second part we treat high-molecular-weight materials that are subject to some varia-
tion in dielectric properties caused by different conditions of formution (e.g., density
variations) and different types and quantities of additives.

Data for Tables 5d-1-4 are taken largely from previous compilations;

“International Critical Tables,” Washburn, ed., 1933.
Landolt-Bérnstein Tabellen, vol. II, part 6, 6th ed., 1959.
Maryott and Smith: NBS Circ. 514, 1951.

Maryott and Buckley: NBS Cire. 637, 1053.

Buckley and Maryott: NBS Circ. 589, 1958.

Lange: *‘Handbook of Chernistry,” 10th ed., 1967,
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Additional topics covered by these references are: ferroelectrics, liquid crystals, solu-
tions, and pressure dependence of e. More recent data on pressure dependence can be
found in:

Skinner, Cussler, and Fuoss: J. Phys. Chem. 72, 1057 (1968).
Mopsik: J. Research NBS T1A, 287 (1967).
Hartman, Neumann, and Rinck: Z. Phys. Chem. 44, 204 (1965).

Data on dielectric breakdown are omitted. Secatter in reported values is about
10 percent in gases and several-fold in the condensed phases. Some trends are well
established, however: Gases which can capture electrons and which have vibrational
modes available to store and dissipate energy (e.g., SF¢) have higher breakdown
strengths than air (by two or three times), and gases with no vibrational modes (e.g.,
. He) have lower strengths than air. Condensed phases can have intrinsic breakdown
strengths around 107 volts/cm, but practical values are 10 to 100 times lower than
this. Discernible trends in breakdown field strength are: D-c values are 10 to 100
times higher than MHz values; values decrease with increasing thickness; and some
polymers show a drop at elevated temperature.
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logio p(4,°C), € - cm
Name
25 100 250 350 500 900
Soda lime 0080..................... 12.4 6.4 5.1
Soda, Pb, borosilicate 7720 Pyrex..... 16 8.8 7.2
Soda, borosilicate 7740 Pyrex......... 15 8.1 6.6
96 9 silica 7900 Vycor............... 17 e 9.7 8.1
Steatite AlSiMag A-196............. >14 13 7.6 5.5
Forsterite AlSiMag 243.............. >14 13.7 10.1 6.5
High alumina 859%.................. >14
TasLe 5d-9. NaTuraL Propucts
Type/Name ¢, °C f, Hz e 104 tan & References
Waxzes
Bayberry........... 24 103 3.22-3.27 50-58 1
Beeswax, crude. .. .. 24 103 2.87-2.88 28-30 1
vellow. ... 23 103 2.66 14 2
white. . ... 23 103 2.63 118 2
10¢ 2.43 84 2
3 X 10° 2.35 50 2
Spermaceti......... 24 103 3.60-3.75 30-32 1
Microerystalline....| 25 103 2.5 4 4
Candelilla.......... 24 103 2.38-2.49 46 1
Carnauba.......... 24 103 2.66-2.83 34 1
Ozokerite.......... 24 103 2.37-2.43 76-88 1
Resins and Pitches
Canada balsam.. ... 22 2 X 103 3.22 130 4
Rosin.............. 24 103 2.69-2.76 16-40 1
Manila copal....... 24 103 3.05-3.09 ‘ 44-87 1
Asphalt............ 25 103 2.6 1.200 4
Amber.............1 25 108 2.7 18 2
Shellac........... .. 24 103 3.5-3.7 65-80 1, 2
Oxls :
Castor ............ 23 | 3 X 10° 2.68 870 3
Tung. ............ 23 | 2 X 108 3.32 10 4
Moiscellaneous
Basalt............. RT Low 12, 8
Granite............ RT Low 7.-9. 8
Sandstone.......... RT Low 9.-11. 8
Diamond..... 26 1.6 X 108 5.7 5
Marble............ RT 90-650 8.3 30-500 8
Plywood........... 23 2.4 X 1010 1.7 200-700 7
Slate. ............. RT 950 6.0-7.5 860 8
Mica (muscovite)...| 25 10¢ 6.6 2 6

References to Table 5d-9
1. Lee, J. A., and H. H. Lowry: Ind. Eng. Chem. 19, 302-306 (1927). .
2. Von Hippel, A. R.: “Dielectric Materials and Applications,”” John Wiley & Sons, Inc.,
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