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IONIC CONDUCTIVITY AND DIFFUSION IN IONIC CRYSTALS

9f-1. Tonic Conductivity and Diffusion. These phenomena are ascribed to the
presence of ionic defects—vacancies where ions are missing from normally occupied
positions and ions in interstitial positions in the structure. Schottky defects are com-
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binations of cation and anion vacancies, as in the alkali halides and alkaline carth
oxides. Frenkel defects are combinations of vacancies and interstitial ions, for cations
as in the silver halides, or for anions as in the alkaline earth halides. At high tempera-
tures the defects exist in thermodynamic equilibrium in the erystal: for Schottky
defects in MX crystals, for example, the concentration or mole fraction inereases with
temperature according to (ref. 23)

I = I¢eXp (— .}ZZ}E'IL') To = exp (—l)i—, (9f-1)

where h; and s; are the enthalpy and entropy of formation of a pair of defects. At
lower temperatures the mole fraction is usually controlled by the presence of aliovalent
impurities.

The random jumping of a defect gives rise to a microscopic diffusion coefficient for
the defect of :

d = dyexp ('— % do = }lva®exp (-'%) (9£-2)

where » is an attempt frequency, a is the jump distance, and Ak and As are the activa-
tion enthalpy and entropy for the jump. (The factor } is appropriate for a cubic
lattice.) In an electric field there is also a drift mobility

Ah
B = po €XD (— ﬁ) Lo = (%) do (91-3)
Here uo has been obtained from d, with the microscopic Einsiein relation

. d_*T (9f-4)
B q
The conversion factor is k/e = 0.862 X 10~ volt /K with d in em?/sec and u in em?/
volt-sec. Equations (9f-1) to (9f-3) are used to express the observed conductivity and
diffusion coefficients in the following sections.

Ionic crystals covered in these tables include halides, simple inorganic radicals (such
as nitrates and azides), binary oxides, and the other chalcogenides (sulfides, selenides,
and tellurides). Excluded from consideration are 1II-V compounds, ternary oxides
(such as spinels and perovskites), and glasses amd zeolites. Conductivity and self-
diffusion coefficients are given for pure crystals only, but some information from
experiments on doped crystals is contained in Table 9{-2. The effect of high pressure
on conductivity and data for mixed electronic and ionic conductors are also presented.
Space limitations prevent any consideration of the extensive recent literature on dielec-
tric and anelastic rclaxation, thermoelectric phenomena, and effects of radiation and
plastic deformation on conductivity and diffusion. Similarly the diffusion of all
foreign ions is excluded because of the proliferation of results. Many of the excluded
topics are discussed in some of the books and review articles given in the general
references.

9f-2. Conductivity for Ionic Conductors. The conductivity can be determined by
passage of direct current through the sample if sufficient precautions are taken. More
recently, however, most measuremncents have been made with current pulses of the order
of 1072 to 1073 sec duration or alternating currents at frequencics of 1 to 10 kHz, in
order to avoid large polarization effects at the electrodes.

In most cases a plot of log ¢ vs. 1/7 is approximately a straight line, at least for a
limited temperature range, allowing an empirical representation of the data as

o = gg exp (— ]%) (9f'5)
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The parameters o, and W are listed in Table 9f-1. The conductivity at the melting
temperature has been calculated from Eq. (9f-3) if it is not given in the references.

The values for ¢ and W are not always so accurate as the number of significant
figures would indicate. With good single-crystal or polyerystalline samples of high
purity a careful worker can reproduce results within a few percent, but data from
different laboratories may differ by 5 to 10 percent, and discrepancies of 50 percent are
not uncommon. Hence ¥’ may be reliable to a few percent in favorable circumstances
or to perhaps 10 percent in less favorable cases, and a diserepancy of 50 percent in ao.
which is very sensitive to the choice of W, is not surprising.  For this reason several
representative sets of data, if available, have been given for each substance.

9{-3. Concentration and Mobility of Defects in Tonic Crystals. The conductivity
of a crystal containing several types of defects is

o = NZqzju; (9-6)

where \V is the number of molecules per unit volume of the perfect crystal, and ¢; is
the magnitude of the charge of the Jth defect. If only one type of defect makes an
appreciable contribution to the conductivity, the use of Egs. (91-1) and (9f-3) gives
the observed form of Eq. (9f-5). In the intrinsic region for temperatures near the
melting point 1", = 3h; + Ahand o = Nqrous, and in the eztrinsic region for lower
temperatures W. ., = ahand ¢, = Ngeus; since r is maintained constant at the impur-
ity concentration ¢. This simple explanation corresponds to the frequent observation
of two different temperature ranges with different slopes in the plot of log ¢ vs. 1/7T,
especially for the initial observations on a substance, and the two slopes are often com-
bined to obtain h; and Ak from the expressions for 1}",,, and Wextr. Thisis presuma-
bly the extent of the analysis when only activation enthalpies are given in Table 9f-2.
Recent work has shown, however, that such an analysis is at best only tentative
because of contributions of other types of ions, association and precipitation of impur-
ities, and overlapping of the different temperature regions.

In early work many transport number determinations were made by electrolysis in
orcer to identify the ions carrying the current. When only one type of ion contributes
to the conductivity, these experiments have, in fact, verified Faraday's laws of mass
*rapsport to an accuracy of 1 percent. When several types of ions, or both jons and
“ec:rons, however, make appreciable contributions, such experiments have not given
very reliable results, presumably because of experimental difficulties at the electrodes
and At the interfaces between-the several samples involved. Hence onl ¥ a handful of
these expcriments have been reported in the last ten years, and no separate table of
results is provided.

cation and anion contributions to the conductivity by fitting a sum of two terms of the
form of Eq. (9f-3) to the observed total conductivity, as indicated by Eq. (9f-6), and
some results are given in this form in Table 9f-1. Often measurements of tracer
diffusion coefficients allow evaluation of ionic transport numbers, but even these may
not be completely unambiguous if vacancy pairs contribute noticeably to diffusion
(ref. Nel). The most reliable results are obtained from analysis of measurements on
crystals intentionally doped with aliovalent impurities, with due account taken of
mass-action laws, association of charged defects and impurities, and long-range Debye-
Hickel interactions (ref. Bel). Most of the results in Table 9f-2 have been obtained
in this way.

The temperature dependences of z and 4 are given by Egs. (9f-1) and (9f-3). It
should be observed, however, that #o contains a factor 1/7, which is also carried over
into ¢o. For this reason do is listed rather than #o in Table 9f-2: the conversion is
obtained unmediately from Eq. (9f-4). When the factor of 1/T is not explicitly
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removed from uo or oo, the apparent activation energy is smaller than the correct value
by kT, which is of the order of 0.05 to 0.15 eV’ for temperatures from 300 to 1500°C.

9f-4. Effect of Pressure on Conductivity. When the effect of high pressure is
taken into consideration, Egs. (9f-1) and (9f-3) are modified to give

hy + Pr h :
T = zgexp (— —lz—t—T—l—") B = wo €Xp (-— -A—:—]P—-A—l) (9f-7)

where v, is the change in volume of the crystal when a pair of Schottky defects is
formed, and Av is the activation volume when a defect moves from one position to
another. If only one type of defect contributes appreciably to the conductivity, the
pressure dependence of the conductivity is given by

o = oy exp (— Ek—ATX _ (9f-8)

where AVinee = Ju; + Av, for instance, in the intrinsic range.
The pressure dependence of the original data is expressed by a pressure coefficient

The corresponding free volume from Eq. (91-8) is
AV = RTa = 820X T X a

with AV in em3/mole and « in atm~!. Values of pressure coefficients and free volumes
are given for a number of substances in Table 9f-3.

9f-6. Mixed Electronic and Ionic Conductors. Many ionic crystals have an appre-
ciable electronic conductivity in addition to their ionic conductivity. Exclusive ionic
conductivity occurs for nearly all halides (the cuprous halides being the only note-
worthy exception) and for crystals with simple inorganic radicals. Beryllia also has
mainly ionic conductivity, but the other alkaline earth oxides show progressively
larger amounts of electronic conductivity, especially at higher temperatures. The
only other predominantly ionic conductors are crystals with the fluorite structure such
as calcia-stabilized zirconia and even sodium sulfide, perhaps some rarc-carth-type
trioxides such as scandia and neodymia, and a new class of complex sulfides typified by
Ag:SI. Appreciable, but not exclusive, ionic conductivity is displayed by the cuprous
halides, some simple metal oxides such as aldmina and tetragonal zirconia, and most
rare-earth oxides such as ceria and dysprosia. ““Traces of ionic conductivity (a few
percent) are present in the copper and silver chalcogenides. Electronic conductivity
(by electrons or holes) is dominant in transition-metal oxides such as Cr.0;, and in all
other divalent chalcogenides such as ZnO and PbS.

It should be clear that a fairly complicated situation exists when both electronic and
ionic defects are present to an appreciable extent in a crystal. The treatment of the
various interactions (refs. 21 and 22) shows that the defect structure may be profoundly
influenced by the atmosphere surrounding the crystal or by deviations from stoichi-
ometry of the crystal. Hence conductivity results are practically meaningless unless
these conditions are specified, and similar remarks apply to diffusion. Fortunately
much more attention has been devoted in recent years to control and measurement of
the environment, and this information is provided where pertinent in Tables 9f-5 and
9f-6 in one of three ways: saturation of one constituent by contact with the metal or
high vapor pressure of a volatile component, measurement of the oxygen partial pres-
sure, or determination of the deviation from stoichiometry.

Several experimental techniques have been used to distinguish between electronic
and lonic conductivity (ref. 56). (1) The earliest was direct determination of mass
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transport hy electrolysis, but this has often been unreliable (ref. Hel) and is seldom
used at present. (2) Polarization cffects are often observed; namely, the a-c conduc-
tivity at moderately high frequencics like 100 kHz is considerably less than the d-c
conductivity. The simplest assumption is that the a-c¢ value is due to the electronic
conductivity only, wherecas the d-¢ value represents the total conductivity (ref. Ved).
Despite the appeal of this interpretation the results are usually ambiguous, and much
clarification is needed to make this method reliable (ref. Mecl1). (3) If the poten-
tial drop between the electrodes is kept below the decomposition voltage of the sample,
it may be assumed that an ionic current cannot flow to the electrode, and the remain-
ing current is then ascribed to electronic conductivity (refs. Wa3, Wa6). This method
appears to be fairly reliable in some cases, but note must be taken of the range of
chemical potentials occurring in such experiments. (4) If the conductivity is com-
pletely ionic, an emf that can be calculated from thermodynamic data should be
established when the ends of the sample are at different chemical potentials (ref. Wa2),
and this has been amply verified for calcia-stabilized zirconia, for instance. If some
electronic conductivity is also present, part of the emf is cffectively short-circuited out,
and hence the reduction of the ohserved emf below the thermodynamic value gives an
indication of the amount of electronic transport (ref. Sc6). This method is the most
commonly used, especially for oxides, and appears 10 give a reliable estimate of the
average transport number if care is taken to establish a well-defined chemical potential
at each end of the sample and to ensure thermodynamic equilibrium. An unfortunate
aspect of this method is that it does not distinguish between electrons and holes for the
electronic part of the conductivity, or between different types of ions for the ionic
conductivity, but often other information is available. (5) The amount of ionic
conductivity can be calculated from tracer diffusion coeflicients with the Einstein
relation if the charge on the defect and the correlation factor are known (see Sec. 9f-7).
Since the last two items require a rather detailed knowledge of the diffusion mecha-
nism, this approach is most often useful to establish an order of magnitude, especially
when the ionic conductivity is very much smaller than the electronic part.

Table 9f-4 gives in most cases the total conductivity, which can often be determined
more accurately than the transport numbers. Table 9f-5 gives the ionic transport
numbers, which are defined as the fraction of the total current carried by ions. The
two tables should be used together to obtain an estimate of the magnitude and nature
of the conductivity for a particular substance. Substances have been listed only when
there is some information about the jonic part of the conductivity: thus the numerous
articles dealing solely with semiconducting behavior in ionic crystals such as ZnO and
CdS are not included. )

9f-6. Diffusion. The tracer diffusion coefficient for an ion which can diffuse by
means of several types of defects is

DT = 2,‘ ,»z,-d,— (9f—10)

where f; is the correlation factor (see Sec. 9f-7) and r, and d; are given by Eqgs. (9{-1)
and (9f-2). When only a single mechanism is important, the temperature dependence
is given by

Dr = Dy exp (- 1%) (9-11)

and this form is usually used to represent experimental results. Empirically deter-
mined values of Dy and 1 are given in Table 9f-6.
In the intrinsic region the parameters in Eq. (9f-11) are given by

Do = dra’zof exp (%_s,l-:_m) and W =}k, + ak (9f-12)
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Theoretical estimates indicate that W should be several electron volts, as observed. and
that s + As should be at most a few entropy units, leading to a value of Dy ~ 10-3
to 10 em?/sec. When an appreciably different value of D, is obtained empirically, it
1s usually an indication that some disturbing influence, such as impurities or grain-
boundary diffusion, is dominating over the assumed thermodynamic equilibrium for
volume diffusion. i :

Since the temperature dependence is the same for all types of defects, indirect
methods must be used to distinguish a particular type of defect; this has been done
with considerable success in many instances, as indicated in Table 9f-6. Some of
these methods are (1) determination of the influence of aliovalent impurities in doped
crystals, (2) study of correlation effects as described in Seec. 9f-7, and (3) observation of
the effect of varying the stoichiometry or ambient pressure of one of the constituents
of the crystal.

Among experimental methods for measuring diffusion coefficients with radioactive
or isotopic tracers, sectioning is the most direct and reliable. Surface counting, gaseous
ezchange, and solution exchange are more sensitive but sometimes less reliable. Other
methods of detection involve changes in optical absorption, X-ray emission, and semi-
conducling properties or observation of additive coloration or electrotransport. The line
width in nuclear magnetic resonance allows a determination of the temperature depen-
dence and an estimate of the magnitude of diffusion for stable nuclei. The rate of
oridation and sinlering processes can also be used to evaluate diffusion cocfficicnts when
the process is sufficiently well understood.

The remarks concerning the accuracy of the results for ionic conductivity apply here
with even more need for caution. For most halides pure single erystals are available,
the melting points are not excessively high, and the influence of the surrounding atmo-
sphere is often unimportant (ref. 50); hence in favorable cases an accuracy approaching
that for the conductivity may be realized. For the usually semiconducting and often
refractory chalcogenides, however, the situation is much less favorable. The high
melting temperatures and difficulties of obtaining pure materials suggest that very few
intrinsic properties have yet been observed for these substances (ref. 54). Further-
more the influence of grain boundaries is just beginning to be investigated, and yet a
number of measurements have been made on sintered or pressed powder samples with
porosities up to 5 or 10 percent. Finally the defect structure is strongly influenced by
any cxcess or deficit of the coustituents, as discussed in Sec. 9f-5. The data in Table
9f-6 may nonetheless be useful both as a survey of existing experimental efforts and as
a stimulus to better understanding.

9f-7. Correlation Effects in Diffusion. DBoth the ionic conductivity and diffusion
of a charged defect are caused by the jump}ng of the defect through the crystal, and
the connection of these two phenomena is given'by the microscopic Einstein relation
in Eq. (9f-4). If a single type of defect is responsible for all the observed conductiv-
ity and diffusion, Eqgs. (9f-6) and (9f-10) may be combined (without the correlation
" factor) to give a macroscopic Einstein relation that defines Donductivity-

Dconductivity = (% T (gf-lg)

In many instances this relationship is at least approximately satisfied, but there are
iour ways in which deviations may occur. (1) There may be another contribution to
the conductivity, such as an electronic part or another type of ionic defect. (2) There
moay be neutral complexes of defects, such as vacancy pairs in the alkali halides, which
cor.iribute to the diffusion but not to the conduetivity. (3) In the diffusion of tracers
“heic are correlations in the random-walk motion of tracer atoms that lead to correla-
tior factors, as first described by Bardeen and Herring (ref. Ba2). (4) In interstitialcy
aechasisms there are also different displacements for the tracer atom and for the
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charge of the defect. This displacement effect is usually included with the genuine
correlation effects to give an overall correlation factor for interstitialcy mechanisms.
The ezperimental correlation Jactor is defined by
Dtncex

conductivity

f=

Theoretical correlation factors may be calculated by considering the geometry of the
diffusion mechanism and of the lattice (see refs. below). Comparison of experimental
and theoretical values will then often point to a particular mechanism for diffusion.
Experimental and theoretical correlation factors are presented in Table 9f-7.

Guide to references on theoretical correlation factors.
General treatment: 24, Ba2, Co2, Co3, Ho10
Vacancy mechanisms: Ba2, Co2, Frl, Sc8
Interstitial and interstitialey mechanisms: Co3, Fr2, Mc2
Vacancy pairs and impurity complexes: Co2, Hol0, Lel, Lil
Anisotropic lattices: Co2, Ghl, Hul, Hu?2, Md1, Mu3
Disordered lattices: Ri2, Yo3
Diffusion by nuclear magnetic resonance: Ei2, St3
Isotope effects: Le2, Thl

e e e
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TasLE 9f-1. ConpucTiviTY FOR IONIC CONDUCTORS
[The conductivity is given as ¢ = gq exp (~ W/kT).]
Tm, o(Tm), T range, o0, ;| Specific Other
Subastance Form °oC (ohm-cm)™! °C (ohm-cm)~! W, eV reference | references
AvxaLr Havipes
LH.................... s 688 | 4 X102 | 480-630 |4 X 107 1.72 Pri
240480 |1 0.53 Pr1
LD.................... 8 b . e 480~630 |1 X 107 1.72 Pr1
LiF..ooiii . 8¢ 842 1 2.4 X 1073 | 540-720 {6 X 109T 2.07 Jao Be7, Bes,
340-540 |5 X 10/T | 0.70 Jas Hal9, Le3,
8 | ....... 15X 107% | 560-730 [1.6 X 10%/T 1.99 Ba? St7
330-560 [4.5X 10%/T! 1.65 Ba7v
LiCl....ooviviiin., sc 606 | 9 X 1073 | 480-570 |2.5X 108 1.47 Hal9 {Les
pe | o....... 1.8 X 1073 | 400~550 |2.5 X 106 1.42 Gil
30~350 |1.2 0.50 Git
LiBr...oooovonian.... sc 550 | 1.8 X 1077 | 440-340 1.4 X 108 1.29 Hal9
pe | ....... 1.4 X107 | 350~300 4.2 X 10 1.22 Gil
’ 30-300 {3.3 0.56 Git
8¢ | ... 160-360 {8 X 102 0.43 Al3
Lil ... sc 452 | 5 X 10~* | 340-420 | 9.6 109 1.05 Hal9
pe . 7 X107t | 250-350 |1.8X 10 0.92 Gil
30-130 | 1.4 X 107! 0.36 Gil
NaF......oo . pe 992 | 3 X107 | 330-980 1.3 X 10 1.42 Phi Le5
NaCl....... e, sc 800 | 1.0 X 1073 | 520-740 _| 4.7 X 108/T | .88 Fu3 Bi2, Br3,
520-740 | 1.2X 10T | 2.07s Fu3 Do6, Dr2,
12X 1072 | 720-800 |2.4 X 10/ 2.19 Nel Etl, Ja4,
550-630 9.2 X 108/T 1.92 Nel Ka4, Kot,
275-425 | 3/T 0.65 Nel La4, Mas.
: Lel
NaBr.................. s¢ 755 | 1.2 X 1073 | 450~700 | 2.1 X 108/T 1.68 Masé Le5, Phi
300450 [3.5X 10%T | 0.8 Maé Sc2
sc | ..., 2.1X 1077 | 610-730 [2.3X 10%/T | 1.64 Ho$
400-570 13 X 10T | 0.80 Ho$
Nal......ooooooi.., pe 661 | 2.1 X 10~ | 350-600 |8.1X 103 1.23 Ph! Le5
170-350 (6 X 1072 0.60 Phi
KF.oooooiiii i, sc 846 | 8 X 1074 | 660-790 |2 X 107 2.34 Kal |Les
N 400500 [4 X 107 1.02 | Kai
2o sc 768 { 2.4 X 107% | 570-750 |4.1X 10¢/T | 1.66° Fu4 As3, Be2,
570-730 15.6 X 100/T| 2.36 Fud Bi4, Gr4,
& | ....... L4X107¢ | 340-640 2.3 X 104/T | 1.90 Mit Hed, Le3,
se | ....... 4.5X 107 | 480-680 [5.9%X 107/T | 1.88 Al4 Me2, Ph2,
Pel, Wasi
KBro..ooooovo 0, 8¢ 728 | 1.3 X 1074 | 300-700 {3.1X 108/T 1.91¢ Da? Gr4, Le3.
300-700 | 7.1X10/T 2.21s Da9 Pel, Ph2
L 2.1 X 10~ | 440-680 |[1.1 X 108 1.93 Ro+
s | ....... 1.0 X 1074 | 560-680 |7.9 X 10 1.97 Ho9
Kl 8C ;680 . 1.0X 1077 | 430-600 |1.4X 10/T 1.69¢ Pel Bi4, Ecl,
430-600 |1.6X 101/T! 2 31a Pel Hed, Le5,
8¢ A ....... 2.1 X 10°¢ | 450-650 [1.6 X 10 1.87 Kal Ph2
RbCl............ e 8¢ 77 | 1.3 X 1075 | 550-700 |3.6 X 108/T 1.58¢ Fu3 Le3, Pit
550-700 | 8.8 X 100/T| 2.55 Fu3
RbBr.................. sc 681 | 3.4x10% | . ... ... 1.8 X 108 2.03 Les
CsF. .o pc 684 | 1.1 X 107t | 550660 |1.8 X 108 1.55 Haé
330-550 |2 0.85 Haé
CsCl(a)............... sc 638 | 6.1 X 10"s | 480-610 [1.0 X 108¢/T 1.67 Ar3 Ar2
pe | ....... 7 X108 | 470-580 |1 0.95 Hab
(0710 V- ) DU sc tr.469 | ... 250480 |8.0X 107/7 | 1.33 Ar3 Ha6, Ha9,
se | 150460 | 1.0 X 102 1.05 Mo? Het, Hob
CsBr................... 8¢ 636 | 2.6 X 1073 | 475-590 |2.5 % 108 1.44 Ly!
300473 | 2.5 X 104 1.28 Ly!
pe | ... 4 X 1074 ] 340-620 |1 X108 1.15 Hab
(0 ) S s¢ 621 | 1.9 107 | 480-595 |2.2 % 108 1.43 Lyl Bel0, Eci,
300480 | 1.4 X 10¢ 1.25 Lyl Ha$
s | ... 21X 107 | 300-550 |1.1X 106 1.37 Ho?
OrrER MoNovaLesT
Havios
NHCL................ se | .. 40-170 4.4 X 10 1.15 Hed
NHBr................. PP | . 70-150 ;2.6 0.83 Hes
NHd.................. PP | e . 0-130 ;1 9 X 107 1.23 Hes
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FoR IoNic CoxDpUcToRs (Continued)

I T, a(Tm), T range, s, + - | Specific Other
Substance I Form °C (ohm-cm)=! °C (ohm-cm)-1 W. el reference l references
OtaZR MoNOVALENT
Haviozs (Cont.)
AgClo.. sc 455 | 3.5X 107t | 160-380 [3.9% 107/T | 0.99¢ Ab! Abg, Cod,
160-380 [5.0 X 106/7 | 0.78: Abl Shé, Wag
sc | ....... 4.6X107 ;| 50-250 [2.8x 10/T | 0.97 Mul
50-250 (7.1 10&/T | 0.78: Mul
L L3 X107t | 225-400 [2.4 X 108 0.93 Ebl
Agbr....... eerenans sc 422 1 1.3X 107t | 20-180 |6.3x 10T | 0.87¢ Mul Kug, Lul,
20-180 | 4.9 X 106/T | 0.68: Mul Mi}, Tel,
s | ....... 7.0X 107! | 345410 1.1 X 108 1.13 Fr2 Wa6, Walo
250-345 [1.4 X 10¢ 0.39 Fr2
140-250 2.1 X 10¢ 0.70 Fr2
Agl(@)...oovveeenn.. . pe 855 1 2.7 220-530 5.5 0.051 Kv5 Li3
pec | ....... 2.7 145-555 [9.2 0.064z | Bi3
Agl(B®)....ccovvnn.. .. sce tr. 146 | .......... 85-145 18 X107 0.97 2 Li3, Mr1
15-8 [5 X100 0.61 La2
L T 90-145 |3 X107 0.93 2
20- 90 1.3 0.40 La2
TICL........ [ s 427 1 6.6 X 1073 | 375-425 lg.8 X 10/T | 0.87 Fr4 Hal0, Les,
325-380 (2.3 X 108/T 0.80 Fr4 Ph2, Sal
235-330 [ 1.15X 108/7] 0.76 Fr4
sc | ..., 5.7 X 107 | 200-350 |8.6% 105, T| 0.75 Ja8
TiBr.......... . pec 458 | 1.0 X 1073 | 295-420 [3.8 X 104 1.10 He3 Le5, Mos,
: 175-295 4.0 102 0.80 He3 Sal
pe ..., 2.0X 1073 | 150-400 |2 2 X 102 0.73 Ph2
Tila) ..o pe 438 [ 1.4 X 1077 | 163-400 | 4.2 X 10 0.63 Ph2
THB). ..., pe tr. 163 | ... 90-163 | 2.5 X 10~ 0.41 Ph2 Sal
Mrixeo Havriozs
Na:CdCle.. ... .. ... pe | ... 230-350 |[2.8 X 108 0.86 Ja7
KHF: (8. ............. pe 239 195-225 1.1 108 0.91 Da6
KAgds................. pe 253 40-250 3.1 X 10/T | 0.13 Br2 Owl
KeBaCle ..., pe 662 500-635 | 1.8 X 106 1.54 Kr2 Sci0
K:BaBre. .............. pe | ....... 430-600 7.1 X 104 1.33 Ja7
RbAgds................ pe 228 20-220 1.1 X 10¢/T | 0.14 Br3 Ow1
(NH)sSaCls............ [ 20-180 4.0 % 10~ 0.30 Hed
FHOFs, ... PP | ....... 20-160 17.7 % 108 1.03 Hed
CoFEdca)y o o] N 8/~ 80 13.3x10 0.59 Su?2 Ia2
ST ) PR ) PP . 67 15~ 66 [2.2X 10! 0.39 Su2
ApBgl (a)...... e PP ....... 50~ 80 17.5% 10 0.44 Su2 Ne2
pp | ....... S0- 84 1.8 108 0.61 We3
AgHgli(8)............ pp tr. 50 10- 50 1.4 x 108 0.71 Su2 Mas
PP 22- 35 [0.9X 10+ 0.65 Ne2
PorrvaLest Hauipes
CaFeooooiii, [ 1418 [ 2.9 620-980 |[1.1x 100/T| 2.13 Ba6 Ar4, Asl,
L 2.7 560~1000 | 5.6 X 10°/T | 2.04 Url Ch2, Ni1,
200~560 13 x 107t 0.80 Ur1 So3
SeFe oo Tl s 1190 | 1.6 X 107 | 700~1010 | 5.6 X 10%/T 2.14 Bas Bo3, Crl,
[ 5 X107 | 510-800 {.2.8 X 10¢ 1.65 Ar4 Nil
50-510 2 X 10t 0.9 Ard
&Cls. .o, e 873 | 5.0 X 10~ | 380-660 |1.8 X 107/T 1.25 Ba6
& | ..., 2 850-780 |3 X 10v/T] 3.2 Hos
. 400-500 (3 X 10/T 0.4 Hos
BaFs....ooovnnn . sc 1287 | 2.2 620-900 |6.8 X 108/T | 1.64 Bag Bag
300-620 | 7.2 X 107/T | 1.49 Bag
1.3 X107t | 50-800 [1.3X 108 1.24 Ar4
950 | 8 X 107¢ | 310-760 |3.5 X 10~ 0.43 Ja3
714X 107 | 390-7¢ 1.0 X 107 0.41 Ja7
568 | 1.1X 10" | 260-520 |1.6 X 108 1.03 Ja? Big
................. 127-150 {1.1Xx 107 0.43 Ja2
tr. 128 ) ... 92-125 3.8 10 0.96 Ja2
500 | 4.0X 1071 | 340440 [2.5 X 108 0.89 De8 Sec9
200-340 3.5 102 0.30 De8
pe | 175-350 8.7 0.40 Sil
PoBes.................. se 373 1 2.2 107 | 230-330 [4.9 % 104/T | 0.71 Vel
6C-140 1 4.8/T 0.36 Vel
Pbla................... 8¢ 402 } 4.0 107¢ | 210-270 |2 X 108 1.30 Da8
170-210 |2 X 107! 0.71 Da8
L 12X 1078 | 270400 2.1 X 10¢ 1.24 Se7
8ce | ... . 9 X 10| 180-370 8¢ X 10~ 0.38 Se?
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TasLe 9f-1. CoxpuceriviTy FOR JoNic Conpuctors (Continued)

9-83

T, a(Tw), T range, ao, . . | Specific QOther
Substance Form °C (ohm-cm)™! °C (ohmecm)~t | "+eV | reference| references
Poryvarent Havipes -
(Cont.)
AlCh. ..o 189 | 2.4 X 1075 | 150-189 |3.8 X 101 1.76 Bi3
....... 1.1 X 107 | 160-189 {2 X 10¢ 0.85 Sell
GaClo..ooooi i 78 | 1.5 1078 | 60- 70 2.5 1012 1.21 Gr3
GaBey. ... 122 | 1.5 X 107¢ 80-100 {3.4X 10 0.52 Gr3
Gals. ..... 211 | 6 X 1078 | 190-205 (6.7 X 1018 2.23 Gr3
LaFa... oo 1490 | .......... 160-560 3T 0.084 Sh3
20- 80 {2 X10%/T 0.46 Sh3
StupLe INORGANIC ’
RapicaLs
LisSO«. . ... ... pe 860 | 3.0 575-800 !1.2X 102 0.36 Kv2 Kvl, Kv3
LiNg............. 1 11 U R 172-280 4.3 X 107 1.87 - Gal Jal
00-170 5.3 X 102 0.53 Gal
NaNOs...oooooi i se¢ | ..o 163-190 | 1.4 X 108 1.15 As2
tr 163 | ..o 130-160 ;2.5 X 1012 1.85 As2
se/ b 163-200 1.4 X 10 0.64 Sol
tr. 163 | ..., 40-163 :1.0X 10 0.68 Sol
NaNOs..oooviiii sce 306 | 5 X 107 | 240-300 {4.0X 10" 2.17 Ra2 Bi7
20-230 [1.3X1 0.94 Ra2
e | ....... 5 X107+ 1250-280 |3 X 10?’ 3.08 Ma7
40-240 13.6X 10 0.87 Ma?
NaBrOs....oovnnin 3c dec 315 | .......... 182-293 [ 1.6 X 107? 1.1 Ral
50-162 ;9 X 10°¢ 0.46 Ratl
NasCsooooooviiin pp dec 797 | .......... 190-270 1.3 X 104 0.97 An3
NaNeoooooioiiiiin, 805 | e 270-330 12.5 % 107 1.82 | To2 |Jal
100-270 ; 1.0X 1072 0.87 To2
ses | L] 230400 ;1.0 X 10"t 0.87 To2
130230 11.0X 10~ 0.56 To2
KNOw.....oooooia sce 3| 130-165 | 1.0 X 102 0.80 As? cli
tr. 130 | ... ... 90-130 2.3 0.80 As2
KCN.. ... sc 634 | 1.0 X 10~ | 320630 2.8 X 108 1.34 Lo2
160-320 3.4 X 107 0.93 Lo2
KCNS................. sc 175 | 3 X 10~ 120-173 (3.1 X 108 2.13 Lol Pl1
20-120 4.4 X 107 1.30 Lol
KNso oo PD | e e 40-160 ;2.0 X 107 1.36 Tol
120-230 (4 X 104 1.30 Jal
CaNOs..oooooei pe 404 | 2.0 X 1073 70390 1.3 X 108 - 1.05 Bi8
220-270 '2 X 10% . 0.74 Bi8
1 R 160-210 6 X 1078 0.20 So2
u.lsd o 35-130 8 0.72 So2
NHNOs ... PP | e 125-143 - 3.8 X 1# 0.68 Brd
w125 | L 48-124 ]3.1X 108 0.96 | Brb
tr. 841 ... 48- 8¢ 148X 10 0.75 Br6
pp FE R 50-110 3.5 108 1.15 Zi2
pp dec 770 | 8 X 107¢ { 500-570 | 2.8 X 107 2.21 Ja3
pe 208 | 5 X107t [206-208 | ........... [ ....... Ce2
pe i | 164-207 1 X 101 1.46 Da7
AgsSOs. ... ..o pp dec 100 | .......... 40- 80 !5 X 10 0.80 Zal
AgiSO« (a) PP 656 | 6 X 107* | 430-600 ;3.6 X 103 0.70 Hal2 Ja3
Ag:S0. (8) R V4 tr 425 | ... 200-410 (8.0 X 10! 0.42 Hai2
AgsCiOo.ooi i ]+ T [ 40-100 (8.3 X 1072 0.70 Bo2
PP | e ] e 1.0X 108 0.46 Fil
AgNe. ..ol PP e 180-250 |2 0.46 Gr2 Bal0
PP | e 25-110 [ 3.3 X 104 0.82 Za2
CailNads. ..o, PP ol e 80-110 4.8 0.94 Tol
PPl | 20-100 2.8 X 10710 0.23 Jal
Se(Nedsoooooo il PPl 30-110 2.0 X 10-u 0.22 Jal
Ba(N$de. ... sed o 80-130 '3 X 107 0.56 To3 Jal
sec oL 70-110 -2 X107 0.41 To3
ZoSO¢. oo pp 761 | 1.4 X 107¢ | 504-761 2.4 1.28 Ja3
PbSO«................. pp 1080 | 8 X 107¢ | 625-810 51X 102 1.56 Ja3

Porm of Sample:

sc single crystal
pe polyerystalline
pp Dremsed powder
tr. transition

dec decomposes

Crystal Directions:

scollg axis
sc<'lc axis
sed | (100) plane
sc* L (001) plane
cs/|| ferroelectric axis

Actiration Energy Notes:

eApion vacancy contribution
<Cation vacaney contribution
sInterstitial catinn contribution

*g =g exp (—W/kT) (1 4 exp (—W/kT)| %
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SOLID-STATE PHYSICS

TaBLE 9f-3. ErrEcT OF P

RESSURE ON CONDUCTIVITY

I. Prrssure COEFFICIENT @ = —(3 In ¢/aP)r
T range, | P range, as X 104, Specific Other
Substance | Form °C kiloatm atm=! Comments reference | references
NaCl....... sC 600-700 | 0- 5 3.7 intrinsic Bi2
8c 220-510 | 0-10 1.33 extrinsic Pil
KCi........ 8c 550-700 | 0~ 5 5.1 intrinsic Bi4 Tal2
sc 220-490 | 0-10 1.46 extrinsic Pil
KI......... sc 400-630 | 0- 5 5.3 intrinsic Bi4
RbCl.... ... sc 300 0-5 4.0 extrinsic Pil
CuBr (8)....] pec 380 0-0.15 0.29 Cu electrodes | Bj1
CuBr (y)....[ pec 250-380 | 0~ 0.15] .. 1.9 Cu electrodes Bil Ne3
AgCl....... sc 144-336 | 0- 8 1.3t02.8 intrinsic Ab2 Sh7
sc 200-350 | 0~ 1.5 3.6t04.5 Ag diffusion Mué
AgBr....... sc 202-406 | 0- 2 1.2t02.1 intrinsic Ku3 Sc3
pe 250-350 0.15 3.3t03.9 | . ... .. Wal
Agl (o). .. .. pc 191 0-0.15 037 | T Wal Li3
400 0~ 0.15 .15 £ T Wal
Agl B)..... pe 110-130 { 0~ 0.03 | —1.9 to =12 f ... Li3 Pa8, Ri4,
pc 110-135 | 0~ 0.15 | —2.9 to - 2.8 ....... e Wal Se7
pp 90 0~ 2.0 -7.1 Ag diffusion Mus
pc 20 3- 7 58t05.4 High P phases| Ne3
Ag:Hgl, (a). PP 65- 85 | 0~ 4 =21 T We3
65~ 85| 4- 8 50t04.3 High P phases| We3
KNO,...... PP | 200-320 | 0- 0.5 2.0t02.8 e, Ci2
2r0,
(monocl.) .| pp 600800 |10-30 =Li Whi
1000 0-35 =39 | Whi
II. Frrz Vovomrs
Sub- T range, | P range, Ytormation, Avmosion, Specific Other
stance ° kiloatm em3/mole Defect cm3/mole Defect reference | references
NaCl 400-700 | 0~ 5 43 Schottky 9.5 Ve’ Bi4 Bi2, sSh8
220-510 o-10 .. . 1T 7.7 VN Pil
KCl..... 400-700 | 0~ 5 67 Schottky 10 Vk“ Bi4 Tal2
220490 0-10 | ... .. 7.0 Vx’ Pil
685,745 | 7-17 0| 11.7 Vo Ra3
AgCl....| 30-350 0- 8 16.7 Ag Frenkel 4.7 Vae Ab2
30-350 | o-8 | |77 3.2 Ag: Ab2
AgBr....! 200-290 | o0- 8 16 Ag Frenkel 7.4 Var Ku3
200-290 | 0~-8 | ... (0T 2.8 Ag:* Ku3
350-410 | 0- 5 43 Schottky 20 Var Tal0
KNO,...| 200-330 | o~ 0.5 8 to 11 | K Frenkel 4t09 123 Ci2




PROPERTIES OF IONIC CRYSTALS 9-87
TasLe 9f-4. ConprcTiviTY FOR MIXED CONDUCTORS
Total conductivity ¢ = gpexp (~W /kT)
I T, T range, a9, W, N Specific Other
Subetance Form °C °C (ohm-em)™! eV Environment reference | references
Havines
CuCl................... sc 426 100~ 400 | 6.3 X 108 1.06 |Cu Hsi Tu2, Wa7
CuBr(a)................ pe 401 | 470- 491 | 6.5 0.039 | Cu Bi3
uBr (8)................ pc . 470 | 379~ 450 | 2.0 X 10 0.21 |Cu. Bil Wa7
CuBr(v)................ pe tr.379 | 230~ 379 | 2.8 X 10w 1.47 |Cu Bil Wa3, Wa?
ul (@), ................ pe 602 | 402- 440 | 8 0.20 |[Cu Bil Wa?
ColB)................. pe tr. 402 | 370- 400 | 2 X 107 1.09 |[Cu Bil Wa7
Cul(v)................. re tr. 369 | 330- 369 | 1.8 X 1010 1.52 [ Cu B_il Wa7, Wes
AgHgli (). ............ pp tr. 50 27- 48[ 7.5X 108 0.89 | Ag We3
Oxipes Po. (atm)
BeO.................... pe | ..... 1100-1300 | 1.6 X 108/T | 2.52 |air De3 Brl, Pr3
600-1100 | 2.8 X 1072'T | 0.69 |air De3
sp | ..... 1380-1600 | 4.7 X 108/T | 3.12 |air Cl4
MO 8¢ | ... 930-1500 | 1.3 2.00¢ | Os, air Mi3 Bul, Da3
s | ..... 770-1300 | 1.8 X 108 2.7 10-8 Mi2
sc R 400- 750 | 1.3 X 108 2.8 10°7 Les
CaO. ..o 8¢ 2550 | 10001300 | 2.9 X 10 1.73 | ~10-¢ Gu2 Pa2
¢ | ..., 770-1150 1 8 X 107 3.5 vacuum Sul
SO . sp .. 1040-1340 | 2.8 X 102 1.6 1 Cos Sul
¢ x Pn',i ..... 1073 t0 1 Co3s
790-1100 | 2.0 X 102 2.1 10™12 to 1075 Co3
BaO.................... ¢ .| 440- T30 |14 X 1072 0.5 vacyum Do2
ALOs. ... ... ... .. .. 8C,PC. . .... 750-1320 | 8 X 107* 1.9 air Mag Ch1, Da3,
sc ... 1625-1725 | 5.1 X 10 5.5 10~s Pa3 Fl1, Ha7,
1300-1600 | 9.1 X 10 262 [10-s Pa3 Ha8, Pes
Sex0s. oo PP 800-1300 | ............ 1.70 |air Nol
YOu oo 8p | ..... 1200-1600 | 8 X 102 1.94 |10t Ta3 Nol
o @ Po,lt .o {107 e 1071 | Tas
LazOg (hex)......... ..., pp 2315 | 400- 700 | 4.6 X 108 0.67 jair Mel Nol
(eub).............. tr. 590 | 330- 580 | 1.5 X 10w 1.05 |air Mel
ZrOr (tetr)............. s | ..., 1500-1780 | 2.1 X 10% 3.3 air An2 Mecl, Ve2
1150-1340 | 6.7 X 10™2 0.74 |air An?
2r01:Ca0 (15%)......... 8p  f..... 100-1100 | 1.4 X 102 1.13 110~ Vel Dli(l, ngé
il, St!
Zr02: Y014 20%) .. ..... 8p | ..... 700~1350 | 1.8 X 10? 0.83 |air St9
{0 S sp 1000~-1600 | 9.3 X 10 1.45 |1 Rol
o« Po®it | | 1to0 107 Rol
Hf0::CaO (129). .. ... .. sp | o..... 800-2000 | 1.8 X 108 1.43 | max. cond. Jo!
f02:YOu s (16¢%). .. ... sp | ..., 000-1600 | § XX 102 1.12 -| max. cond. Bell
£ 2R ¢ | ..... 130-1000 | 1.5 X 103 1.28 |air Vil Nol
ThOs. ... ... ... .. 8p 3050 | 800~1100 | 1.1 X 10 1.41 10790 10722 | La3 Dal
ThO:: YOus (15%). ... ... sp | ... 800-1100 | 3.1 X 10 0.92 1075 to 10722 La3
Pr:Oy (hex)...... ... .. pp o 720- 850 | ............ 0.86 |dry Ha: Mel Nol
(cub) ... .. ... .. pp tr. 780 TOO- TRO | ... ....... 0.84 |dry H, Mel
NdzOy (hex). ... ... ... pp | ... 400- 700 | ......... ... 0.75 |air Mel Nol
(eub)............. pp tr. 350 | 400- 340 { ... ........ 1.26 |air Mel
Smi0s..... . ... ... o | ..... 800-1300 | ............ 117 Jair Nol
EuOaooooooooo pp 800-1300 | ............ 1.24 [air Nol
GdaOs..on o7 T 800-1300 | ............ 1.36 |air Nol
ToiOr. L pp | ol 800~ 900 | .11l 0.40 |air Nol
Dy:Os........... ... pp | ..... 800-1300 | ............ 1.39 |air Nol
EnOaooooooi pp|..... 800-1300 | ............ 1.40 |air Nol
YbeOsoooooa L pp | ..... 800-1300 | ............ 1.53 jair Nol
Surripes, SeLenipEs, AND
LLURIDES
NasS...o..o.... . 8p 1189 | 520- 800 | 3.4 X 107 1.64 |H: Mo2
. 350~ 520 | 8.0 X 10 0.75 |H: Mo?2
CusSB). ...l - L4701 110- 470 |8 X 10&/T (0.24 | ... ...... Mi3 Hal6, We2
pe I \... . 400 oi=24 | . Pt, Cu Yo2 Yol
CusSe................... pe | .\... 580- 750 {3 X 10¢ 0.17° | Cuy.e6 Se Cel
AgS (). ... . ..., pe 51 180-300 | 2.9 X 104/T | 0115 | ... ... ... Okl Het
AgsS (B).. .............. oo el I791 130~ 160 | 1.3 X 108 0.71 |Ag Mis Ril
130- 170 | 1.4 X 10¢ 0.69 |8 Mis
AgSBr........ ... sp | 100- 250 | 8¢ 0.24 | Ag Red
AgSl(a). . ............. 8p 700 | 235~ 400 | 2 0.04 |Ag Ret Tal
AmSI(8) . [ sp |tr.235] 0- 80 2.9 0.14 |Ag Tat | Tas
AgSe(a) ... ... .. pe S| 130300 | LT X100/T (0100 | L. Okl Mi7
AgsSe (B). .............. EC tr. 133 100~ 130 | 3.4 X 10 0.39° | Ag M}?
AgpTe(a). .............. AU 165- 223 19 X 10¢ 0.31 | ........... Mis
ApTeB). .............. pe | ..., 80- 140 | 6 X 104 0.56 | ........... Mig Tab
Form of Sample: Conduc!tsity:

sc  single crystal

pc  polycrystalline
pp pressed powder
sp sintered powder

*lonic portion of conductivity.
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TaBLE 9f-7. CorreLaTION EFFEcTS 1N Dirrrusion
[The corrolation factor iSf = Dnm:er/Dconductivity-]

|
. i
Substance Isotope T r?é]ge' Jexpt rfmf:e i r Eg::;s Del:etcigc:nd Sfibeor Reference

NaCl........... 2Na + 3C] | 580~ 680(0.9 -1.0 Do Mas Vsi + Ver,fee| 0.781 | Ba2,Co2

Na + #Cl | 640- 790,0.85~1.00] Nel
NaBr........... 2Ng 450- 700/ 1.0 Maé | ........ Vxa', fee| 0.781 |Ba2, Co2
RCl............ 2K 500- 700] 1.0 As3 wi3 Vx’, fec! 0.781 | Ba2, Co2
CsCl(8........ 135Cs + 3C] | 280~ 460|1.4 -1.5 Hag | ... ... Ve + Var, se 0.653 | Ba2, Co2
CsBr........ ....| 1%Cs <+ 82Br| 330- 530/0.83-0.88 Lyt | ........ Ve + Ve, sc 0.653 | Ba2, Co2
Csl............. 14Cs 4 1311 | 330~ 530]0.68-0.86 Lyt | ........ Ves' + Vy, se 0.653 | Ba2, Co2
AgCl........... 1104 g 300- 440/0.48-0.54| Wel Co4, Mub | Vag’ + Agi, fec [0.33-0.78 Co3, Mc2
AgCl:Cd........ 104 g 130~ 230{0.78-0.74] Grl Cod,Lud | Vas', fec] 0.781 | Ba2, Co2
AgBr........... 10 g 140~ 410[0.47-0.65{ Fr2 Mil, Mud | Vag’ + Ag:, fec 10.33 0.78 Co3, Fr2
AgBr:Cd........ 10Ag 100- 200; 0.80 Mil Se2 Vae'. fec| 0.781 |Ba2, Co2
Agl B)......... H0Ag 90- 110[6 -11 Mus | ........ {Ag ring]
Agl. ... ..., noAg 90~ 110]2 -8 Mus | .. ... .. High P phase
TICL........... ™TL + #Cl| 200~ 390(0.75~0.70] Fes | .. . .. Vo' + Vo, se 0.633 | Ba2, Co2
CaCly........... n®C} 650~ 700{ 0.6 Hos | ........ ¥a' or Cl, se

200~ 50012.0 -2.6 Ho5

LisSO4.......... ¢Li 600- 800109 -0.7 | Kv4 |Kv2 Li disorder
BeO............ Be 1100-125010.4 0.8 De3 | ........ Vae’, hep| 0.783 | Co2, Mu3

Be 1550 0.8 Cls
Zr0::Ca0 (15 | 10 780-110010.5 -0.§ Si3 Kil Vo . sc 0.653 | Ba?2, Co2
NasS. L 2Na 400- 700 1.0 Mo2 | . ...... Vxa', s¢ | 0.653 |Ba2, Co2
AgS (a)........ 104, 180- 280i0. 26-0.30: Okl | ........ Ag disorder 0.3 Yo3

nogg 200- 40010 27-0.38) Rit | ...l Ag disorder 0.5 |Ri2
Ag:Be (). ...... ueAg 140~ 280.'0,3;5-0.40]; Okl | ........ Ag disorder 0.3 -0.5 | Ri2, Yo3

References for Tables 9f-1 through 9f-7

The literature has been surveyed to about the middle of 1968. Most of the references
cover only the period 1958 to 1968; some earlier articles have been included, especially
when more recent work is not available. The specific references in the tables provide
the most complete or reliable information, but the other references also contain either
appreciable data or extensive discussion.

Collections of Data and Bibliogruphies

Halides: 9

Oxides: 1,2,4,5 7

General: 3, 6, ' i ‘
1. Berard, M. F.: “Diffusion in Ceramic Systems: A Selected Bibliography,” Ames

Pome W

8.
9.

. Dragoo, A.
. Harrop, P.4.: J. Mater. Sci. 3, 206 (1968).

Laboratory, Iowa State University, 1962.

Cumming, P. A, and P. J. Harrop: U.K. At. Energy Authority Res. Group Bibliog.
AERE-BIB 143, 22 pp., 1965. .
“Diffusion Data,” Diffusion Information Center, Cleveland, Ohio.

}ZJ. Res. NBS,. 72A, 157 (1967).

Landolt-Boernstein: **Zahlenwerte und Funktionen aus Physik, Chemie, .-\stronom_ie,
Geophysik, und Technik,” 6th ed., Band IT, Teil 6, Springer-Verlag OHG, Berlin,
1959.

. O'Keeffe, M.: In “Sintering and Related Phenomena,” p. 57, G. C. Kuczynski, N. A.

Horton, and C. F. Gibbon, eds., Gordon and Breach, Science Publishers, Inc., New
York, 1967,

Touloukian, Y. 8., ed.: “Thermophysical Properties Research Literature: A Retrieval
Guide,” 2d ed., Plenum Press, Plenum Publishing Corporation, New York, 1967.
Sueptitz, P. and J. Teltow: Phys. Stat. Solidi 23, 9 (1967).

Books and Monographs

10

11

- Adda, Y. and J. Philibert: “La Diffusion dans les Solides,”” Presses Univ. France,
Paris, 1966.
. Boltaks, B. I.: “Diffusion in Semiconductors,” Infosearch Ltd., London, 1961,
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12,
13.

14.
15.

16.

17.
18.
19
20.
21.
22.
23.
24.

2s.

26.
27.
28.
29.
30.
31.

32.

Franklin, A. D., ed.: “Calculation of the Properties of Vacancies and Interstitials,”
NBS Misc. Publ. 287, 1966.

Girifalco, L. A.: “‘Atomic Migration in Solids,” Blaisdell Publishing Company, a
division of Ginn and Company, Waltham, Mass., 1964.

Gruber, B, ed.: “Theory of Crystal Defects,” Academic Press, Inc., New York. 1966.
Hasiguti, R: R., ed.: “Lattice Defects and Their Interactions,” Gordon and Breach,
Science Publishérs, Inc., New York, 1967,

Hauffe, K.: “‘Oxydation von Metallen und Metallegierungen," Springer-Verlag OHG,
Berlin, 1956; ““Oxidation of Metals,” Plenum Press, Plenum Publishing Corporation,
New York. 1965. .

Hcward, R. E., and A. B. Lidiard: “Matter Transport in Solids, Rept. Progr. Phys.
27, 161 (1964).

Inokuchi, H.: “Electrical Conduction in Solids,” Routledge & Kegan Paul, Ltd.,
London, 1965.

Jos:, W.: “Diffusion in Solids. Liquids, and Gases,” Academic Press, Inc., New York,
1€°2.

Kingery, W. D., ed.: Kinetics High-Temp. Processes, Conf., Dedham, Mass., p. 37, 1959.
Kréger, F. A., and H. J. Vink: Solid Statc Phys. 8, 310 (1956).

Kriger, F. A.: “The Chemistry of Imperfect Crysta's,” North-Holland Publishing
Ccpany, Amsterdam, 1964,

Lic:ard, A. B.: Ionic Conductivity, in “"Handbuch der Physik,” vol. XX, p. 246,
S. Fliigge, ed., Springer-Verlag OHG, Berlin, 1957.

Manning, J. R.: “Diffusion Kinetics for Atoms in Crystals,” D. Van Nostrand Com-
pany, Inc., Princeton, N.J., 1968.

Murin, A. N., and B. G. Luré: “Diffuziya Mechenykh Atomov i Provodimost v Ion-
nykh Kristallakh (Diffusion of Labeled Atoms and Conductivity in Ionic Crystals),
Izd. Leningradsk Univ., Leningrad, 1967.

Pick, H.: “Struktur von Stoerstellen in Alkalihalogenid-kristallen,” Springer-Verlag
OHG, Berlin, 1966.

Schmalzried, H.: Progr. Solid State Chem. 2, 265 (1963).

Shewmon, P. G.: “Diffusion in Solids,” MeGraw-Hill Book Company, New York, 1963.
Smith, A. C., J. F. Janak, and R. B. Adler, “Electric Conduction in Solids,” McGraw-
Hill Book Company, New York, 1967.

Stasiw, O.: ““Elektronen-und Tonenprozesse in Ionenkristallen,” Springer-Verlag OHG,
Berlin, 1959. .

Van Bueren, H. G.: “Imperfections in Crystals,” 2d ed., North-Holland Publishing
Company, Amsterdam, 1961.

Wachtman, J. B, Jr., and A. D. Franklin, eds.: “Mass Transport in Oxides,” NBS Spec.
Publ. 296, 1968.

Review Articles

Conduction processes, ionic and electronic: 33, 56, 61, 63, 64, 68
Correlation and isotope effects: 35, 42, 43, 44

Dielectric and anelastic relaxation: 33, 46, 47

Diffusion, general discussion: 54, 55, 58, 59, 60, 62, 66, 87
Diffusion and ionic conductivity : 36, 38, 48, 50, 57, 69

Diffusion of divalent ions and inert gases: 37, 39, 45, 48

Point defects, formation and general properties: 34, 40, 49, 51, 52
Pressure effects on ionic conductivity: 41, 65

Halides

33.
34.
35.
36.
37.
- 38.
39.
40.
41.

42,

43.
44.

Cole, R. H.: Progr. Dielectrics 3, 1 (1961).

Curien, H.: J. Phys. Radium 24, 543 (1963).

Friauf, R. J.: J. Appl. Phys. 33, 494 (1962).

Friauf, R. J.: J. Phys. Chem. 66, 2380 (1962).

Friauf, R. J.: J. Phys. Chem. Solids 30, 429 (1969).

Haven, Y.: Proc. Brit. Ceram. Soc. 1, 03 (1964).

Kelly, R., and C. Jech: Proc. Brit. Ceram. Soc. 9, 243 (1967).

Lawson, A. W.: J. Appl. Phys. 33, 466 (1962).

Lazarus, D.: Progr. Very High Pressure Res., Proc. Intern. Conf., Bolton Landing,
Lake George, N.Y., p. 46, 1961.

LeClaire, A. D.: High Temp. Technol., Proc. Int. Symp., Pacific Grove, Calif., p. 255,
1964.

Lidiard, A. B.: Proc. Intern. Symp. Reactivity Solids, 4th, Amsterdam, p. 52, 1961.
Lidiard. A. B.: Interaction Radiation Solids, Proc. Intern. Summer School, Mol, Belg.,
p. 804, 1964.
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45. Matzke, H. J.: Can. J. Phys. 46, 621 (1968).

46. Meakins, R. J.: Progr. Dielectrics 3, 151 (1961).

47. Nowick, A. S.: Adran. Phys. 16, 1 (1967).

48. Seitz, F.: Interaction Radiation Solids, Proc. Intern. Summer School, Mol, Belg., p. 362,
1964.

49. Shlichta, P. J.: Geol. Soc. Am. Spec. Paper 88, p. 597, 1968.

50. Slifkin, L.: In “Mass Transport in Oxides,” J. B. Wachtman, Jr., and A. D. Franklin,
eds., NBS Spec. Publ. 296, p. 1, 1968.

51. Smakula, A.: Mol. Designing Mater. Devices, 69 (1965).

52. Smoluchowski, R.: Interaction Radiation Solids, Proc. Intern. Summer School, Mol,
Belg., p. 378, 1964.

Ozides

53. Anthony, A. M.: Journees Intern. Combust. Conversion Energie (Paris), 719 (1964).

54. Birchenall, C. E.: In “Mass Transport in Oxides,” J. B. Wachtman, Jr., and A. D.
Franklin, eds., NBS Spec. Publ. 296, p. 119, 1968.

85. Garbunov, N. S., and V. I. Izvekov: Usp. Fiz. Nauk 72, 273 (1960).

56. Heyne, L.: in “*Mass Transport in Oxides,” J. B. Wachtman, Jr., and A. D. Franklin,
eds., NBS Spec. Publ. 296, p. 149, 1968.

57. Hirano, K.: Yogyo Kyokai Shi 74, 215 (1966).

58. Kingery, W. D, ed.: Kinetics Huigh-Temp. Processes, Conf., Dedham, Mass., p. 37, 1959.

59. Lindner, R.: Inst. Intern. Chim. Colvay, Consetl Chim., 10¢, Brussels, p. 459, 1956.

60. Lindner, R.: Proc. U.N. Intern. Conf. Peaceful Uses At. Energy, 2d, Geneva, 20, 116
(1958).

61. Mitoff, S. P.: Progr. Ceram. Soc. 4, 217 (1966).

62. Moore, W. J.: Radioisotopes Sci. Res, Proc. Intern. Conf. 1, 528 (1957).

63. Volger, J.: Progr. Semicond. 4, 205 (1960).
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64. Krogh-Moe J.: “Selected Topics High Temp. Chem.,” p. 79, 1966.
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68

69.

. Wagner, C.: Proc. 7th Meeting Intern. Comm. Electrochem. T, hermodyn. Kinet., p. 361,

1957.
Wagner, C.: Mol. Designing Mater. Devices, 122 (1965). .
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Aud.
Bal.

Ba2.

Ba3.

Bad.
Ba5.
Baé.
Ba7.
Ba8.
Ba9.
Bal0.

"Bel.
Be2.
Be3.

Bed.

Be5.
Beb.
Be7.
BeS8.
Be9.

Bel0.
Bell.
Bel2.
Bil.
Bi2.
Bi3.
Bi4.
Bi5.
Bi6.
Bi7.
BiS8.
BI1.
Bl2.

Bol.
Bo2.

Bo3.
Bo4.
BoS.
Bo6.
Brl.
Br2.
Br3.
Br4.
Brs5.
Br6.
Bul.
Bu2.
Bu3.
Cal.
Ca2.
Ca3.

Ca4.
Cah.
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DIELECTRIC PROPERTIES

9f-8. Dielectric Constants of Crystalline Solids. The dielectric constants of
inorganic compounds are listed in Table 9{-8; the chemical formula is given in the
second column. The column headed t, °C gives the temperature of the measurements
in degrees Celsius; the column headed v, Hz gives the frequency of thc measurement in
Hz; the column headed e/, gives the dielectric constant (relative capacitance); and
the final column gives the reference to the source of the information.

Discrepancies in the dielectric constant of the order of 10 percent are frequently
found in the literature,
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TABLE 9f-8. INORGANIC SOLIDS—CRYSTALLINE

Name Formula t,°C v, Hz efen Ref.
Alums:
Ammonium alum.............. AKNH)(S04)212H:0 r.t. 1012 (] 34
Cestumalum.................. CaAl(SON12H.0 | ... ... 1012 5.0 34
Potassium alum............... KANSO)+12H,0 | ........ aud. 6.5 15
Rubidium alum. .............. RbAI(SOOr12H0 | ........ 1012 5.1 34
Rubidium chrome alum. .. ... .. RbCr(SO)r12H0 | ........ 1012 5.0 M
Aluminum antimonide. . ......... Alse 1.2 66
Aluminum oxide . ................ AlLO, 25 102 to 8 X 10° 9.34,1 |58
11.54 |38
Aluminum flucsilicate (topaz).... | Aly(Fs3i0q) 24 7 X 103 6.62a |64
6.58b
6.95¢
Aluminum phosphate. ........... AlPO. r.t. 103 8.05 37
Ammonium bromide............. NH.Br - r.t. 1012 7.3 3
Ammonium chioride. ......... ... NH.Cl r.t. 2 X 108 6.96 28
Ammonium iodide (CsCl structure) | NHil r.t. 6.15 X 10* 7.3 23
Ammonium iodide (NaClswucture)f NHI | T 9.8 23
Ammonium sulfate. . ............ (NH4)280 20 108 9.8 61
Ammonium uranyl oxalate..... ... (NHO:UOC200: | oo 8.14 20
Ammonium uranyl oxalate trihy-
drate. ... .. .. .. ... ..., (NH‘)zUO:(CzO.)z-.'szO ..................... 6.06 20
Ammonium tartrate. . ........... (NHO2(CHOs) r.t. 108 6.45 37
Antimonous sesquioxide.......... R I 1.5-2X10 12.8 24
Barium carbopate. .............. BaCO; 18 2 X 108 8.53 51
Barium chloride ... ............. BaCl: L 9.81 30
Barium chloride dihydrate........ BaCl:2H.0  } | 9.00 30
Barium fluoride. ................ BaFs 2 X 108 7.33 28
Barium formate. .............. .. Ba(COOH); oot 10 7.9 37
Bariumnitrate. . ................ Ba(NOy): 19 2 X 108 4.95 51
Bariumoxide. .................. BaO —25t0 80 | 60~ to 6 X 107 34 5
Barium peroxide................ Ba0O, r.t. 2 X 10¢ 10.7 24
Barium stannate. . .............. BaSn0, 25 25 X 108 18 |6
Bariumsulfate.................. BaS0, 15 108 1.4
Barium sulfide. ................. B |l 795X 108 19 230 | 52
Beryllium aluminum silicate (beryl)| Be;Al:(SisO1s) 24 TX 103 5.95 64
8.86 64
Beryllium carbonate. ............ BeCO; 18 2X 108 9.7 51
Beryllium oxide. ................ BeO 18 2 X 10¢ 7.35 28
Bismuth trioxide. ............ oo | BizOy r.t. 2 X 10 18.2 24
Bismuth titanate. . .............. Bi«T11012 r.t. 108 135-220 59
Boron nitride. .................. BN 7.1 66
Cadmium arsenide............... Cd:As: =269 | ............. 18.54 36
Cadmium sulfide. .............. Ccds . 0.4(11) | 43
: 10.3(33) | 43
Cadmium fluoride. .............. CdF: 27 108-107 8.33£0.08 |67
Cadmium bromide. .............. CdBe 20 5 X108 8.6 18
Cadminm malonate.............. Cd(C:H:04) 20 5X 108 4.5 18
ium carbonate.............,. CaCO: L. 108 8.51 43
8.0|
Caleium fluoride................. CaF: 1. 108 6.76 29, 34, 45, 48
R sud. 8.85 15, 44, 56, 40
Calcium nitrate. ................ Ca(NOs)2 19 2 X108 6.54 51 -
Calcium oxide. .................. Ca0 10 2 X 10¢ 11.8 28
Calcium sulfide.................. Ca8s b 7.25 X 10¢ 6.699 |52
Calcium sulfate (gypsum). . ...... CaS042H:0 b 5.10a |17
5.2¢b
10.30¢
Cadmium telluride............... CdTe 24 L 10.60 £ 0.15 | 35
-196 104 9.65 4
Cericoxide. .................... Ce0s r.t. 2 X 108 7.0 24
Cesium bromide................. CsBr R B 2 X 10¢ 8.51 28
Cesium carbonate. . ............. Cs:CO;s 18 2 X 108 8.53 51
Cesium chloride CsCl 19 2X 108 6.3¢ 51
Cesium iodide. .............. ... Cal 25 108 5.65 28,27
Cesium nitrate. . ............ .. .. CaNO; r.t. 5 X 10% 9.4a 8
8.3
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INORGANIC SoLips—CRYSTALLINE (Continued)

Name Formula t,°C v,Hz ¢/ ev Ref.
Chromic sesquioxide......... ... Cr20, 25.5 103 13.3a 21
11.9¢
Cupricoxide............... ... . Cu0 [ X3 2 X 100 18.1 24
Cupric sulfate pentahydrate. . .. .. CuSOc3H.0 ) T 6.60 30
Cuprous bromide. ....... ... .. .. CuBr 20 5 X 108 8.0 18
Cuprous chloride. ...... ... ... .. CeCt 108 9.8 3
Cuprousoxide. . ............ . . . Cu:0 r.t 108 7.60 + 0.06 | 40.1
Dextrose sodium bromide. . .. . ... CeHi:0eNaBr | ... 103 4.0 37
Dismond....................... C R I 5.5 49
Europium sulfide. ....... ... .. .. EuS -193 5 X (10=10%) | 13.10 + 0.04 10
Ferrousoxide. .......... ... ... FeO r.t. 2 X 108 14.2 24
Gallium arsenide. ........ ... .. .. Gaas 4 13.13 86
Gallium antimonide . ... ... GaSb 1 15.69 66
Gallium phosphide. . ...... ... .. GaP 10.18 66
Hexamine cobalt (I11) chioride. ... {Co(NH;)e]Cly b 108 7.31 39
Icel(tbar)........... ... ... . H:0 ) ' =234 | ... 97.5 11
(1600 bar). ... ... ... .. ! 100.3
Indium antimonide. .. ..... ... ... InSb DI B 17.88 66
Indium arsenide............ ... .. Imds L e 14.55 66
Indium phosphide......... ... ... Inp 12.37 66
Todicacid............... .. . .. HI10, HEERRE 103 75 37
Todine. ... ... ... ... ... .. ... I, | X 104 6a 33
i to 3
, 3 X 107 40c
Lead acetate. . ............. ... .. Pb(C:H,0,), ¢ 17-22 108 2.6
Lead bromide............... . ... PbBr; ! 20 0.5-3 X 10¢ >30 18
Lead carbonate........... ... .. .. PbCO, i 15 108 18.6
Lead chloride. ............... ... PbCl: 20 0.5-3 X 10 33.5 18
Lead fluoride. . .......... .. . . PbF, A N 26.3 7
Lead iodide. ......... .. .. . . Pbl2 i 20 0 3-3 X 108 20.8 18
Lead molybdate (wulfenite). ... ... PbMoOy . 3 X 10% 26.8: 49
Lead nitrate. ........... ... . . Pb(NOa): I 0.5-3 X 10 16.8 18
Leadoxide........... ... .. ... PbO i nt. 2 X 108 25.9 24
Lead selenide.. ... .. ... .. . . PbSe TTTUT I 280 66
Lead sulfaze. .. ...... ... ... . .. Pb30. ¢ 17-22 10¢ 14.3
Lead sulfide.............. ... . .. PbS R 205 66
Lead telluride....... ... ... .. PbTe S | 400 66
Lithium bromide. . ... .. .. . .. LiBr L 2X 108 ! 12.1 28
Lithium ehoride .. ... fyep o 2% 10 11.05 |13
Lithium carbonate... ... ... .. .. Li2CO; 18 2 X 108 4.9 |51
Lithium fluoride. ... ...... ... LiF . 10¢ | 9.27 28
! 102107 9.00 63
i 10=-107 9.11 |63
Lithium iodide. ...... ... .. . Lil - 2 X 108 11.03 28
Lithium sulfste monohydrate. . . .. LixS0+-H,0 . 103 5.6 37
Lithium trisodium chromate. ... .. LiN&:CrO-6H:0 L 100 8.0 |37
Lithium trisodium molybdate. . ... LiNa;Mo0.'6H,0 102 8.1 37
Magnesium borate monochioride. . MgiB:0,;Cl 5% 108 14.1a 54
Magnesium carbonate. ... ...... MgCO;, 2 X 108 8.1 51
Magnesium malonate. .. ... ... Mg(C2H.0q4) 20 5% 108 5.8 18
Magnesiym mica (phlogopite). .. .. (K,H)sMg:Al(Si0,), f r.t. § X 104 275 1
Magoesium oxalate. ... ... .. .. .| Mg(C:04) | 20 5% 108 5.2 18
Magnesium oxide..... ... ... ... MgO ’ 25 10108 9.65 63
Magoesium sulfate. .. ... ... Mg30, 20 5 X 108 8.2 18
Magnesium sulfate heptahydrate. .| MgSO-7H,0 l .................... 5.46 30
Maoganese dioxide. . . ... ... . MnO. ! 25 | 104 68
Mangaoese monoxide. ... ... .. .. Mn0O [ rt 1002733 108 | 18.0 £ 0.5 |14
Mereuric chloride......... .. .. . .. HgCL 1012 6.5 34
Mercurous chloride. .. ... .. ... .. HgeCl ’ ........ 1012 4.0 34
Mercurous selenide. ... ... ... HeSe r.t. 104-108 25.6 32
Mercurous sulfide. .. ... .. ... HgS i ort. 104104 30.6 32
Mics—ruby. muscovite. .. ... | .. ’ 26 10=3 X 10 5.4 63
Mica—Canadiag. .............f | 25 10-104 6.9 63
| 25 104 7.31 |63
Nickel sulfate hexahydrate. .. ... NisOv6H.0 108 6.2 37
Phosphorus. red...... . ... . P 108 1.1
yellow. oo 108 3.6 49
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Name Formula t,°C », Hz /s Ref.
Potassium bromate......... ... .. KBrO; r.t. 2X 108 7.3 57
Potassium bromide. . ..., ... ... .. KBr r.t. 2 X 108 4:78 28
Potassium carbonate. ............ K.CO; 18 2 X 108 4.96 51
Potassium chlorate. . ... ... ... . KCl0: r.t. 2 X 100 5.1 57
Potassium chloride. . . ..... ... .. KCI 29.5 108 4.64 27
80 108 4.80 27
Potassium chromate. ... ... ... e T 6 X 107 7.3
Potassium cyanide.... ... . . .. .. KCN r.t. 2 X 10¢ 6.15 57
Potassium dihydrogen arsenate. ... KH:As0, r.t. 2 X 108 31 57
Potassium dihydrogen phosphate. . KH.PO, | 108 46 37
Potassium fuoride........... .. .. KF | 2X 108 6.05 28
Potassium iodate. ....... .. . ... .. KIO; r.t. 2X 108 16.83 57
Potassium iodide. ... ... ... ... K 2 10° 4.94 28
Potassium oitrate. .. .. ... . .. .. KNO; 20 2% 108 4.37 51
Potassium perchlorate. . ... . ... .. KCl0, ’ r.t. 2 X 10¢ 59 57
Potassium orthophosphate. .. ... .. K;POq r.t. 2 X 106 7.75 57
Potassium monohydrogen ortho-
phosphate..... .. .. .. .. . . ... K:HPO, r.t. 2X 108 9.05 57
Potassium dibydrogen orthophos-
phate........... ... ... .. .. KH.PO, rt. 2 X 108 >31 57
Potassium sulfate...... .. .. . .. K280, r.t. 2 108 6.4 57
Potassium tantalate~niobate
(KTN)....ooo KTa0.6Nbo.3s04 -1 104 6,000 12
L 34,000
20 . 6,000
Potassium thiocyanate . .. ... . . KSCN r.t. 2 X 108 7.9 57
Potassium thionates:
Potassium trithionate. ... .. K830s 20 1.8 X 10¢ 5.7 50
Potassium tetrathionate. .. .. .. K306 20 1.8 X 108 5.3 50
Potassium pentathionate. ... . .. KiS:06 H:0 20 1.8 X 10¢ 7.8 50
Potassium hexathionate. .. .. ... K23+06 20 1.8 X 108 7.8 50
Rubidium bromide (NaCl struc-
ture). ..o RbBr et | 4.9 25
Rubidium bromide (CsCl struc-
ture)......o RbBr L S 8.5 25
Rubidium carbonate Rb2CO; 19 2X 108 6.73 51
Rubidium chloride RCt | 2 X 108 5.0 28
Rubidium fluoride {RBF 2X 10¢ 5.91 28
Rubidium iodide. , .. . ... Rt 2X 108 5.0 28
Rubidium indium sul‘are ~{Rbla8O, | 1 T 6.83 19
Rubidium nitrate. ... .. .. .. RbNO; 130-215 108 20-380 16
215-2635 108 30 16
Selenium............ . ... .. . Se 25 3IX 10 11.0 63
25 3 X 100 10.4 63
25 2X 100 7.3 63
Selenium, amorphous. . . ... .. ... Se 25 102-10'¢ 8.00 83
ilicon monoxide. ...... . .. ... Si0 r.t. 10 5.8 22
St dioxide (a-quartz). .. ... . | Si0, L2 A 4.51
4.6. 9
Silicon carbide. ...... ... . . sc | 108 10.2: 26
Silicon nitride. ... ..... .. ... . .. SisN« r.t. 10 4.2 22
Silver bromide. ........ ... .. AgBr . 2 X 108 13.1 28.18
Silver chloride. .. ........ ... . AgCl 2 X 108 12.3 28, 18
Silver cyanide.. ... .. ... AgCN 106 5.6
Silver nitrate. .. ... .. . ... AgNO, 5 X 108 9.0 18
Sodium ammonium tartrate tetra-
hydrate. ........... . .. .. NaNH(CiHi0o)4H:0 | ... .. 10 9.0 37
Sodium bromide... .. . ... NaBr | 2 X 108 5.99 28
Sodium carbonate. ... ... ... Na:CO, 18 2X 108 8.75 51
Sodium carbonate decahydrate....| NazCOr10H.0 | . 6 X 107 5.3 30
Sodium chlorate ... . . NaClo, T 5.28 31
Sodium chloride ... ... NaCl 20 2X 108 5.62 28
25 102107 5.9 63
85 10¢-107 5.98 63
Sodium cyanide ...... . . ... NaCN 20 106 7.55 58
Sodium fluoride. ... ... ... NaF 19 2 X 10¢ 6.0 28
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TaBLE 9f-8. INORGANIC SOLIDS—CRYSTALLINE (Continued)

Name Formula t,°C », Hz e/ Ref.
Sodium iodide.............. P Nal 2X 108 6.60 128
Sodium nitrate. . .............. .. NaNO, 19 2X 108 6.85 P 51
Sodium nitrite. . .............. .. NaNO; r.t. 5 X 108 6.8a 35
r.t 5X 108 6.4b
rt : &5 X 108 7.8
Sedium perchlorate. .. ........... NaClos I A ; 103 5.76 37
Sodium sulfate.................. Na:30¢ | 7.90 30
Sodium sulfate decahydrate. ... . .. Na:SOe10H.0 f 5.0 30
Sodium uranyl oxalate. .......... Na:U0:(C:04): | ... | 5.18 20
Stannic dioxide.................. Sn0s r.t. 164-1010 9.0+£0.5; 160
r.t. 1Ce-10t¢ 14+2, ‘ 60
Strontium carbonate............. SrCO; 18 2X 108 8.85 j 31
Strontium chloride. ... .........| 8¢Cl B ‘9.19 30
Strontium chloride hexahydrate . [SrCle6H.0 (.. 8.52 30
Strontium fluoride. .. .. ... ... .. SF L 2X 108 7.69 28
Strontium formate dihydrate. ... . S8r(COOH)»2H.0 | ...... .. 102 6.1 137
Strontium nitrate...... .. ........ Sr(NOy)2 19 . 2 X 108 5.3 .31
Strontium oxide....... ....... .. 0 ' 2% 105 13.3 128
Stroatium sulfide. ... .......... S b PT7.25X 108 11.310 ;32
Strontium titanate..... .........|SrTiO, 25 103 332 | 65
—195 108 2,080 l'6s
Sulfur (100)..................... S 25 102-103 3.75 ;63
10 ... 25 10%-103 3.95 63
©O1). ... 25 1 102108 444 163
Sublimed........... .0 . T 25 162-10% 3.69 63
Tantalum pentoxide ia” ....... .. Ta:0s - 196 103 3oL 42
-~196 103 651 42
Taatalum pentoxide (3 ... ... ... Tax0s 19 108 24 42
Thallous bromide...... ... .. .. TIBr 25 10107 30.3 163
Thallozs chloride...... . ..., Tce 2 X 108 31.9 128~
Tuallous iodide (orthorhombie)....| TiI 20 1C4 212+02 |47
(cubie)......... ... ... ..., TiI 20 1C4 20.6 £ 0.5 |47
(orthorhombic).... ........... Til 193 107 373 |63
Thallous nitrate............ ... .. TINO; 20 5 X 108 165 |18
27-37 X 10° 135 33
Thallous sulfate. ............. ... T1:30, 20 5 108 25.5 i 18
Thorium dioxide................|Th0: | 3 X 108 189204 :2
r.t. 2X 108 10.6 ll 24
Tin antimonide. .. ............ .. SnsSb .t 10¢-10¢ 147 132
Titaniu z dioxide (ruti's” ..., .. TiO: R 2 8 a 41
L. o, 173 ¢ 4l
Uraniun dioxide. . ... ... .. vo. T 24 2
Ytterbium sesquioxide. . ........, Yb:0, r.t. 103 50 22
Zinc malopate... ... ... ... ... .. Zn(C;H:04) 20 5 X 108 5.6 !
Zinc monoxide. J N Zn0 e R 8.14 ’ 13
Zincselenide. .. ..., ... ... ... ZnSe 25 104 9.12 4
Zincsulfide. ......... ... . ... .. ZnS 25 104 8.37 4
Zine telluride. . ................. ZnTe 25 10¢ 10.10 4
Zirconium dioxide. ........ . ... .. Z2:0: r.t. 2 X 108 12.5 ’ 24
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TaBLe 9f-9. PIEZOELECTRIC STRAIN CoNsTanTs®
Substance Formula di die das das Ref.
L. Alumioum phosphate...... . . . «--| AIPO, +3.3 +1.5 |00 29=
. +1.4 Small  f f 12*
2. Ammonium dibydrogen arsenate. . . . . NHH4s0 | +41 +31 12*
3. Ammonium dihydrogen phosphate. . .. NHH.PO, | 7 il 3% R R +48 12*
+1.5 | ... —45.6 | 40
+1.7 ... +49 [ 29°
4. Ammonium ditartrate........ . ... . NHHCHOs | ... . -1.6 7.0 ~0.4 35
5. Barium formate........... ... . Ba(HCOO)» | .. .. +4.0 2.7 +4.7{29°
6. Bepzil........... ... ... C14H1004 8.0 T 42
7. Benzophenon....... ... . . (CeHa)eCO | +12.3 +2.0{ +20.3 {45
8. B ryllium sulfate tetrahydrate. ... ... BeSOe4H.0 | . T b 12*
9. Cadmiumtelluride........ .. . . . CdTe (~196°C) | ... .. +L7 g*
10. Cesium tartrate...... ... ... . ... .. C&zC4H40; 2.7 017 12¢
11. Deutero ammonium dideuterium phos- :
phate.......... .. T ND.D:PO, | ... w 75 31
1. D« xtrose plus sodium bromide. .. . . . .. CsH1:0s 4+ 2NaBr -3.7 =8 o] 29°
1. Dextrose plus sodium chloride. . ... .. CiH1:05 + 2NaCl -7.0 +0.3 |0 29
1<, Dextrose plus sodium iodide. . ... ... CsHi:06 + 2Nal ~3.8 +0.7 DU 29*
15. Galliumarsenide. ...~ " GaAds | +26 15
16. Heavy rochelle salt...... ... . KNaCiD:H:0s4D:O | .. ... Very large (see | —173 +13.3 130
Table 9-10)
17. Hexamethylentetramine... .. .. . (CHa}eNe | ... . +17.5 ] 18*
18. Iodicacid............. ... HIO, - | +18.9 +15.3 | +23 5| 29°
19. Littium ammonium tartrate mono-
bydrate............ . . LiNHWCHOeH:0 | ... .. +4.4 +6.5 | +4.9]29°
20. Lithium potassiym tartrate mono- 7.7 =53 6.8 35
bydrate........... .. LIKCHO¢H0 | ... .. +3.2 +11.2 | +7.6 |29
+2.0 -9.4 +6.6 |35
2.1 10.0 6.8 | 12*
21. Magnesium sulfate beptahydrate... . .. MgSO+7H.0 | ... -2.1 —-2.7| -3.8140
22. Mercury sulfide. .. ... . HgS +19.1 ~LT 11°*
23. Nickel sulfate heptahydrate. . ... . .. NiSO+7H.0 | . .. =2.0 -291 ~3.2 140
24. Nickel sulfate hexahydrate. ...... . . .. NiSO¢6H:O | .. ] =53 Lo 40
6.0 ... 29°
25. Patchouli camphor. ...... .. . CisHas0 +0.05 0 . 42
26. Potassium dideuteriym phosphate . ... KDPOo f +51.71 2¢
+58 7
27. Potassium dihydrogen arsenate. .. ... KH:As0 | . +23.5 | ... +22 12
26.6 ... 22.4 {33
28. Potassium dihydrogen phosphate. .. . . KE:PO. +1.3 .. —~20.9 | 40
L4 | . 23 29*
- +1.3 | ... +21 12¢
29. Potassium ditartrate, . .. feveieaa... KHCHOs | ... —~4.3 3.4 -1.01{35
30. Potassium dithionate. ... ... .. . Ke8:0,........... .. 1.4 20 [ ... 12¢
8L Quartz........... T Si0y +2.31 ~0.73 | ... 4
+2.3 —-0.67 (.. ... ... .. 13, 40
-2.25 +0.8 ... 29*
32. Rochelle salt. .. . e KNaCHOs4H:0 | ... .. Very large (see | —56 +11.8 | 29°
Table 9-10) -~53 +11.7 |13
33. Rubidium dihydrogen phosphate. . ... RbH:PO. - | 4.5 1 ... 37 12¢
3. Rubidium tarrate ... Rb2CiH 06 +2.7 T 42
35. Seleniym......... . T Se 8 17
36. Sodium ammoniym tartrate tetrahy- NaNH«CHOe4H:0 | ..... .. +18.7 ~49.8 | +49.4 |28
drate. ... T +19 +31.7 | +10.3 |29
37. Sodium bromate. . ... ... " NaBrO, | . =26 ... 4
=24 | 40
+2.7 0 29°*
38. Sedium chlorate............ ... NaClo, | ... =17 | 4, 40
+2.0 0 29*
39. Strontium formate dihydrate. . . . . . Sr(HCOO)»2H.0 | ....... +8.5 +11.5 +2.3 | 29°
40. Zinc selenide ... . . T Zn8e | +1.1 DU 9*
41. Zinc sulfide (zincblende). ... . 28 =32 | 24
+3.2 0 9*
42. Zinc telluride ... . . ZoTe +0.9 ! 0 9*
43. Zinc sullate heptahydrate. ... ... . Zo80¢7TH: 0 | ... -1.9 =35 -3.1/40
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TaBLe 9f-9. PitzorLrcTrIc STRAIN CONSTANTS® (Continued)

Substance Formula dis dae dn dn daz da; Ref.
44. Aluminium nitride. .. ............. Al 5.0 23"
45. Ammonium pentaborate tetrahydrate] NH.B;0.-4H:0 6.7 ....... +13 ~1.9 ,—6.6f{ 4+6.9 16"
46. Antimony sulfoiodide.............. SbST ~150 |..... 1,300 10*
47. Barium antimonyl tartrate......... Ba(Se0): -
(CHO0H:0 [ oo +3.7 ] 42*
48. Barium titanate. . ................ BaTiO; 392 ... -37 ... 34 14*
' -34.5]..... 85.6 | 7°
49. Barium titanate ceramic........... BaTiO; 20 ... -79 |..... 191 7
50. Berylliumoxide................... BeO 4 =012 ... +0.24| 1*
51. Boracite. ...l L +0.6 | 39
52. Cadmium selenide. .. ............. Cd3e -10.5 (. ......0. ... ~3.94..... +7.8| 9*
53. Cadmium sulfide........... ... CdS =143 ... ... -3.7]..... +10.7 | 22
54. Cesium nitrate. .. ..... - CNO: +0.5 {38
55. Lithium gallium oxide. . . ...| LiGaOs +5.9....... +5.1 —2.8[|-2.4]........ 11*
56. Lithium niobate. . ................ LiNbBO: +74 +20.81]...... —-0.861..... +16.2 | 43
57. Lithium trisodium chromate hexa-
hydrate.......................... LiNa/CrO0r6H:0 | ... 2.9 29*
58. Lithium trisodium molybdate hexa-
hydrate.................. P LiNas Mo04)26H20 o w25 +1.34..... £1.0 | 2ge
59. Potassium lithium sulfate. . ... .. ... KLiSO. +0.9|.......0. ... -2.35..... +5.2 | 12+
60. Potassium pentaborate tetrahydrate | KBsO.-4H:0 +1.70. ... +9.5 <1 -~54] +5.6|16*
61. Resorcinol. . ..................... CsH{OH)2 +18.0 . ...... +18.4] —4.1{—-4.3 +5.6]2
62, Sodium calcium aluminosilicate. . . .. (Na:Ca «(AlSi04)s +9.0(.......]...... 4+0.74..... +4.3 |27
« - CO;(H:0)0s
63. Sodium lithium sulfate. .. ......... NsLi30: | 0.85......] 4001 .. .. +0.3 | 12*
64. Sodium nitrite. ........... ... .. ... NaNO: +9.3)....... -20.2 -1.2 (=28 +1.7{19
85. Terpine monohydrate. .. .......... CioH1:'OH)2»H.0 +4.3 (... +5.8] —2.2 |+3.5| +2.2 36
66. Tourmaline. . ......... . .. variable +3.71 —0.23;. ..., +0.250 .. .. +1.9 | 34
-3.61 -0.33}...... -0.34 ..., ~-1.8]29°
67. Zincoxide. .. .................... Zn0 -0 |......0...... ~4.7..... +12 22°
. -13
Substance Formula I du dis dn dzn I dn das das dis Ref.
68. Anthracene............. CuHuo I —0.07| +0.16) —0.08......|.....| ... 44
69. Canesugar............. CisH2Ont | +1.2 1 =24 +1.5 —3.4! +0.7 1 —0.9] —4.2] +0.4{ 20
70. Diammonium tartrate. ...| (NH)2CiHOs | +3.1| —2.8 +5.9| ~-8.7 ' 4+0.6 [ —2.0) —4.7| +1.9{ 40
433 +1.7 —6.7| +86 | —0.6 | +2.4] +1.8 +2.0{ 12*
71. Dipotassium tartrate i | l
hemihydrate. .. ......... K:CiH«O¢ }H20 +7.9 | +3.5 —0.8| +4.5 © =53 —-6.5;—12.3 -23.21 6°
72. Ethylenediamine tartrate { CeH:«OsNs -10.0 [—12 2 %10.1 | 42.2 (=113 —18.0{—17.0/—18.4} 3°
73. Guanidine tartrate....... CsHiuOsN; L e =26 i =39 4+3.3......|...... 12°*
74. Lithium sulfate monohy- : : ‘ ]
drate................... Li:30¢H:0 ' 40.76| =2.0' =3.6 |+16.3 | +1.7| —5.0, —=2.1| —4.2| 5°
75. Rhamnose. ............. CeH1205-H:0 | +0.7| +5.0, +2.7 | =3.0 | =5.0|+12.2/—12.0{ +1.1| 32
76. Sorbitol hexacetate. . .... Ci1sH26012 ‘ 1.4 23 l 0.5 -8 0.81...... 2 2 |12
77. Tartaricacid............ CiHe0s '-13.2 +9.5, +2.0| -2.2 | 4+0.65 +1.3] +9.3| —8.0} 41
i 4+8.0 +53 =08 =22 | =2.1| 40.4/~10.8/+11.7} 26*
78. Triglycine sulfate........ (CH:NH.COOH);© 2.8] —4.6! 23.6 7.9 253 243 -3.21 2825
— H:S0, | | 2 20| 84.0 21
Substance Formula dn ' dis di dis da ds dn dn das dis | Ref.
79. Lithium trihydrogen ' I
selenite. . .......... LiH:(Se0s): +23.2-22.3[~12.1 —46.6,~12.8 —14.6 —18.4| +5.5{+19.9/+53.2/ 8"
AppeNDCM
Substance -Formula di Ref.
80. Aluminum antimonide. .. ......... AlSh 1.64 46
81. Indium antimonide ............. InSb 2.35 46
82. Indium arsenide.................. InAs 1.14 46
83. Gallium antimonide. .. _........... GaSb 2.9 46

® According to the standards on piezoelectric crystals of the IRE {Proc. JRE 37, 1378 (1949)] we define the piezoelectric
strain constants d.x = (3D )/ (3Te)2 or d « = (35:)/(3E.)T, where § = 1, 2,3, and & = 1 to 6; Ts = stress; Sk = strain;
D. = elecric displacement; and E, = electric field. The units are cculomb/newton or meter/volt (rationalized mkf“)~
The listed numbers have to be multiplied by 1012, In all cases marked by an asterisk the IRE convention of tension being
a positive stress bas been followed. For the other values quoted, the convention used is somewhat uncertain, although
pressure is usually taken as positive, ’
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TaBLE 9f-11. TEMPERATURE COEFFICIENT OF SoME PIEZOELECTRIC STRAIN
CoNsTANTS AT RooM TEMPERATURE

Substance Formula an a azs as | Ref.
Iodicacid.............. HIO, +3.5| -3.5| -0.9{ 3
Lithium ammonium tar-

tratz monohydrate. . ... LINH(C/H.«O+H:0 +39 -50 [+31 3
Quartz................. Si0. ~-=10 2
-2.15 12.9 1
Rochelle salt.... ... ..., NaKCH.0s4H.0 See |+49 [4+10.9( 4
Table
9£-10.
Sodium ammonium tar- )
trate tetrahydrate. .. .. NaNH«CHO¢4H.0 +2.1|-19 {4+12.1] 3
Strontium formate dihy- .
drate................. Sr(HCO0O0),-2H.0 -8 -3.8/-14.7] 3
1 dd.s ) N i
Temperature coefficient « is defined as ar = i 38 where § is the temperature. qix is measured in

degrees~!. The listed numbers have to be multiplied by 10-4,

References for Table 9f-11 -

1. Bechmann, R.: Proc. Phys. Soc. (London), ser. B, 64, 323 (1951).

2. Cady, W.: “Piezoelectricity,” McGraw-Hill Book Company, New York, 1946.

3. Meson, W. P.: “‘Piezoelectric Crystals and Their Application,” D. Van Nostrand Com-
pany, Inec., Princeton, N.J., 1050.

4. J., Valasek: Science 65, 235 (1927).

TaBLE 9f-12. TABLE OF PyroeLECcTRIC CONSTANTS®

Substance : Formula ) References

1. Barium titanate (ceramic)............ BaTiO; 20 5
2. Calamine.................... ... | 2Zn0-Si04-H-0 2.0 2,6
3. Canesugar. ... ......... .. ... ... . Ci2H2.01, 0.18 4
4. Colmanite.. . .. ... ... . . . . .. . . .| CaB3:0«(OH);-H.0 0.03-0.3 3

8. Diammonium tartrate. . .. .. ....... . (NH):C{H.Os 0.95 1, 4
6. Dipotassium tartrate hemihydrate. .. .. K:.C(H.O¢}H-0 2.0 1, 4
7. Lithium selenate monohydrate. ... .... Li:Se0+H,0 5.7 1, 4
8. Lithium sodium sulfate........ e LiNaSO, 0.75 1, 4
9. Lithium sulfate monohydrate. . ....... Li,.SO+H.0 7.7 1,4
10. Lithium trisodium selenate hexahydrate | LiNay(SeO4) »6H.0 1.8 1, 4
11. Potassium lithium sulfate, ........... KLiSO. 1.6 1, 4
12. Resorcinol...................... .. .. CsH4O2 2.6 4
13. Rhamnose................ ... ... ... CsH1:05-H,0 1.2,0.17 4
14, Scolecite. ............ ... ... .. .. ... CaAl:Si;010-3H,0 0.33 4
15. Strontium ditartrate tetrahydrate. . ... Sr(HC4H.0s)-4H,0 |0.24, 2.7 1,6
16. Tartaricacid.............. ... ... .. CH 04 2.5 4
17. Tourmaline......... ... ... .. . ... . .. Variable 0.35-0.44 1

* The pyroelectric constant is defined as p = (3D/36)2-c. whera D is the electric displacement, and
9 the temperature. The units for p are coulomb/meter? degree (rationalized mks). The listed num-
bers have to be multiplied by 1078, They include both the true and the false pyroeffect.

References for Table 9f-12

Ackermann, A. W.; Ann. Physik 46, 197 (1915).

. Curie and Curie: Compt. Rend. 91, 383 (1880).

Davisson, J. W.: Acta Cryst. 9, 9 (1956).

Hayashi, F.: Dissertation, Gaottingen, 1912.

Perls, T. A., T. J. Diesel and W. J. Dobrov: J. Appl. Phys. 29, 1297 (1958).
Van der Veen, A.: Thesis, Delft, 1911.
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TaBLE 9f-15. ANTIFERROELECTRIC CRYSTALS

Transi- | Small-signal di-
Structure tion electric const. at
Substance Formula at room tem- | roomtemperaturel o .
. tempera- pera-
ture ture,
K /e | ev/ev | e ey
Ammonium chromium sul-

fate ................. -+« NH.Cr (8042 12H:O | ........ 82 R Y 22
Ammonium dihydrogen

arsenate................. NH(H:As504 tetrag. 216 75 75 12 5,
Ammonium dihydrogen

phosphate............... NH(H:PO: tetrag. 148 56 56{ 15,5 5, 30
Ammonium paraperiodate...] (NH,):H,I10s trigonal 251 143 143| 180| 2, 6
Barium bismuth molybdate

(ceramic)................ BasBi:MoO, monocl. 773 R P 29
Barium - bismuth vanadate

(ceramic) ............... Ba:BiVO, mouocl. 593 R ' 29
Barium hefnate (ceramic). ..| BaHfO, cubic 488 ool ~90(.....119
Cesium trihydrogen selenite.| CsH;(SeO,): triclinic 145 80 60 30, 14
Copper fcrmate tetrahydrate Cu(HCO00):4H:0 monocl. 234 20 400!, .. .. 21
Deuteroammonium didey-

terium arsenate ......... ND.D:AsO, orthorh. 304 R P P 9
Deuteroammonium dideu-

terium phosphate......... ND.D:PO, tetragonal 243 73 73/ 22,5115, 18
Deuteroammonium para-

periodate ............... (ND):D;310¢ trigonal 266 R R 1
Deuterosilver paraperiodate. Ag-D;10s trigonal 279 RV DR D 11
Lead cadmium niobium

tungsten oxide (ceramic)..{ PbCd§Nb3W}0: | ........ 768 ... {~200]. ... 28, 29
Lead cobalt tungstate. ... . .. Pb2:CoWOs rhomb. 305 R P ~250] 4
Lead hafnate (ceramic)...... PbHI{O, tetragonal 488 oo | ~80],.... 24
Lead magnesium tungstate

(ceramic) ............... PbaMgWOs | ... ... 311 ... | ~140f. .. .. 27
Lead manganese tungsten

oxide (ceramic)...... .... PbaMoWOs | ... 423 ... [ ~150]. .. .. 29
Lead metaniobate. ......... PbTa:0s | ... ..., 343 ... | ~860]..... 7
Lead nickel tungsten oxide -

(ceramic)............. ... Pb:NiWOQs cubic 290 .. ~50(..... 20
Lead silicate (ceramic). .. . .. PbsSiOs | L 428 .. ~23]..... 13
Lead vanadite (ceramic)....|PhyV:0y, | 373 .. ~30.. ... 12 .
Lead zirconate (ceramic). ..| PbZrO, orthorh. 506 L. ~80i..... 25, 26
Silver parsperiodate

(powder)................ Ag2H;I0s trigonal 227 o) o ~8T L 2,10, 11
Sodium niobate............ NaNbO,; orthorh. 911 76 .76/ 670! 8, 16
Sodium tantalate........... NaTaO, orthorh. e R Y 16
Sodium trideuterium selenite NaD;(5e0;):2 monocl. 271 100 |.....0..... 3
Tungsten trioxide........... WO, triclinic 1013 U PR P 17, 23
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