Compilation of the Static Dielectric Constant of Inorganic Solids
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This compilation contains values of the static dielectric constant of more than 300 inorganic
solids. The temperature and frequency of the measurements are listed and the magnitude of the

loss tangent is indicated if known. For ninety materials—including most ferroelectrics and antiferro-
electrics and several oxides and halides—additional information is presented in the form of graphs
depicting the temperature dependence of the dielectric constant. In a few cases the frequency and
pressure dependences are also shown. The basic principles and formulas pertinent to the field of
dielectrics are reviewed in a short introduction. This part also mentions several measuring techniques

and indicates the criteria used for data selection.

Key words: Dielectric constant; dielectric loss; permittivity; static dielectric constant.

Contents
Page
1. Introduction ......c.oovveviiieiiininiennnniiieeannne 313 3.3. KDP and Related Phosphates and
1.1. Relevance and Sources .................... 313 Arsenates ............................ ... 12—-24
1.2. Definitions ....cvvveeveneeeneeniecreneernennnnn. 314 3.4. Perovskites ......ccoeereirieineineinnnennnns 25-55
1.3. Measurement Techniques................. 315 3.5. Nitrates and Nitrites............c.c.cu.... 56—65
-1.4. Frequency Dependence.................... 316 3.6. Chlorates, Bromates, Iodates........... 66—69
1.5. Temperature Dependence................. 317 3.7. Sulfates, Selenates, Beryllates, Sel-.
1.6. Dielectric Losses........cocevvvvurvernennnnns 318 BINILES. uvenivrerinrenrnerneeuaeiennrenenens 70-79
1.7. Data Evaluation ...........cccovvviieiennnnnn. 318 3.8. Miscellaneous Ferroelectrics and
1.8. Presentation of Data........................ 318 Piezoelectrics.......occevuvenvnnnnnenn. 8088
1.9. General References ..........c.c..en........ 319 3.9. Binary Oxides and Glasses.............. 89-111
2. Table of Dielectric Constants of Inorganic 330, Ice e, 112-115
SOldS..ininiiniiiieiee e 320 3.11. Binary Halides...........occocvvvrenrenen. 116-130
Figures
3. Graphical Data Page
3.1. Rochelle Salt and Related Tartrates... 1-8 4. Acknowledgments ..........ccccvviiniiiiiinininnn.. 402
3.2. Triglycine Sulfate and Related Com- 5. Bibliographic References...........ccovvvvuvvnnnen. 403
POUNS...ceninnierinninneiinennernenneees 9-11 6. Compound Index.......eevvvinrvernnrenninnernrnnnns 405

1. Introduction
1.1. Relevance and Sources

The dielectric constant plays an important role in
many physical processes and often has to be considered
in the evaluation of a material for engineering purposes
[1-5] . The analysis of infrared lattice modes, electron-
lattice coupling, donor and acceptor activation energies
in semiconductors, surface layer properties, plasmon
frequencies, electron scattering in. solids, etc., all
require a knowledge of the dielectric constant. The
potential uses of a solid in many technical applications
such as insulating coatings, transducers, and capacitors
are strongly determined by its dielectric properties.

1 Figures in I indi the li

references at the end of this Introduction.
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Hence, there is a need for reliable data on the dielectric
constants and losses of a wide range of inorganic solids.

The basis of this compilation is a list of dielectric
constants originally compiled by S. O. Morgan for the

" first edition of the AIP-Handbook (1957), [13] updated

in the second edition (1963) by J. H. Wasilik, and more
recently in the third edition (1972) by K. F. Young.
Subsequently this list was considerably expanded by
adding information obtained with the aid of two bibli-
ographies: one on Ferroelectrics compiled by Thomas
Connolly (Oak Ridge)} and Errett Turner (Bell Labo-
ratories), and the other on Electronic Properties of
Materials compiled under the auspices of the Electronic
Properties Information Center (Hughes Aircraft Com-
pany, Culver City, California). Other data have been
gathered from “Ferroelectric Crystals” (Jona and
Shirane), and ‘“Ferroelectricity” (Merz and Fattuzzo)
as well as data brochures from commercial crystal
suppliers. The present compilation lists 316 compounds,
and entries were made up to January 1972,
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1.2. Definitions

When a homogeneous dielectric medium is inserted
in a capacitor with vacuum capacitance Cy, the capacitor
can store more charge and its capacitance is increased
to C. The ratio C/Co = € defines the (relative) dielectric
constant of the medium. The increased storage capacity

is a result of the appearance of polarization charges at-

the electrode surfaces (which do not contribute to the
electric field). This phenomenon is known as dielectric
polarization.

The charges are distributed over the surfaces of the
electrodes. If the charge density is given by ¢ and the
surface area is A, the total charge Q can be written as

Q=LqM- (ﬂ

Only the free charge density g/e contributes to the volt-
age across the capacitor, while the polarization charge
density q(1 — 1/e) is neutralized at the electrode
surfaces. '

At this point it is common to introducc threc ficld
vectors D, E, and P. The electric flux density or dielec-
tric displacement D, is related to the (true) charge such
that, in a capacitor of effectively infinite extent, the
surface-charge density is equal to the normal component

of D:
qdA = DydA. 2)

Furthermore, the free-charge density determines the
electric field strength or field intensity E as follows:

(qle)dA=¢€oE dA. 3)

where E, is the normal component of E, and €, is the
permittivity of free space. Finally, the bound charge
density is connected with the polarization, P. For the
normal component of P one can write:

a(1—1/e)dA=P,dA. @).

From ‘(1), 2), (3), and (4) it then follows that:
D=¢ E()E (5)
and
P=D—¢E=co(e—1)E=xeE. ©)
The parameter x=e€—1 is called the dielectric suscepti-
bility. ‘
The field Ey,. acting on an atom within the material in
the capacitor is given by:

E10c=E+EL+Eda (7)

where E=applied field, E,=Lorentz field, due to
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polarization charges on the inside of the fictitious
Lorentz cavity, and Eqs=dipole field, due to dipoles
within the Lorentz cavity. If the Lorentz cavity is a
sphere, the E_ is equal to P/3€p. The last term reduces
to zero for isotropic media and for cubic crystals (when
every ion occupies a center of symmetry). Hence for our
case:

Ejoe=E+ P/3¢,. ®)

This local field polarizes the individual atoms or ions
and produces dipoles of magnitude

pi= aif. 9
a; defines the polarizability. For N; atoms or ions.per
unit volume of type i, the polarization, P, can be written

as:

PZENipi:EloczNiai (10)

From eqgs (8) and (10) one finds the susceptibility

X=—0= =e—1. (11)

Solving for ' Nia; yields the Clausius-Mosotti relation:
i

e—1 1 i
e 3 Vi, 12
€e+2 3e Z i (12)

The polarizabilities «; in the expressions for the polariza-
tion, P, and for the susceptibility, x, and in the Clausius-
Mosotti relation may refer to electronic or ionic polari-
zation. At optical frequencies the dielectric constant is
equal to n? (the square of the index of refraction). It
should be realized that the derivation of these quantities
is based on the assumption of point charges at the lat-
tice points of a crystalline solid. This is, of course, a
rather unrealistic assumption, especially for covalent
materials. _

The above formulas are presented in the International
System of Units (SI). In the cgs system they take the
following form:

D=¢E, 5
P=(e—1/4m)E=E, ©")
E,.=E+ (47/3)P, @)
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ENiai
X= : >
1— (47/3) ENiai

ar’)

and

(e—-l)/(e+2)ﬁ= @m/3) ZNiai. az"

In the SI system, permittivity is expressed in the unit
farad per meter (F/m). The permittivity of free space is

€o= (1/36 7) X 10~° = 8.854 X 10-12F/m.

Usually this is referred to as the dielectric constant.
In the cgs system the relative dielectric constant, e,
is a pure number and is equal to the relative permit-
tivity, €, in the Sl system. However, in most of the
literature referred to in this survey, the relative per-
mittivity is called the dielectric constant and is ex-
pressed as . This convention is also followed here.

So far the dielectric constant has been treated as a
scalar quantity. Actually, the relation between D and
E is a teneor relationship and the dielertric constant
is a second-rank symmetric tensor with six independent
components €;;. For the different crystal symmetries
the form of the tensor and the number of independent
components is given in table 1.

The formulas (1)—(12) are derived on the basis of
response of the medium to a static electric field. How-

ever, if one applies a time dependent field it appears
that the displacement cannot follow the field instantane-
ously. This is a consequence of the fact that no material
is “perfect,” but instead exhibits inertial effects and
losses. Suppose one applies an alternating field E
= E¢e''. The resulting displacement will show a lag
represented by the phase angle 8 and will take the form:

D = Dyeilet-5),

Hence the relation between D and E is conveniently
described by a complex dielectric constant
e=¢€ —ie'’, (13)

and

€= (Do/Ey) e=®= (Do/Ey) (cos 8 —isin 8).
(14)
The real and imaginary parts of the dielectric constant
can now be written as follows:

€ = (Do/Eo) cos 5, (15a)
and
€'’ = (Dy/Ey) sin 8. (15b)
The tangent of the loss angle is given by:
€''le' =tan 8. (16)

TABLE 1. Crystal symmetry and tensor form
[ Number of
System Characteristic Symmetry Components Form of the tensor
Cubic 4 3-fold axes 1 € 00
0 € O
0 0 €
Tetragonal 1 4-fold axis 2 e 0 0
Hexagonal 1 6-fold axis 0 & 0
Trigonal 1 3-fold axis 0 0 e
Orthorhombic 3 mutually perpendicular 2-fold 3 e, 0 0
axes; no higher order axes 0 € 0
0 0 €3
Monoclinic 1 2fold axis 4 €en 0 €
0 €20
€ 0 €3
Triclinic One center of symmetry or no 6 €1 €2 €3
symmetry €1 €22 €32
€31 €32 €3

1.3. Measurement Techniques.

The principal method for determining the real and
imaginary parts of the dielectric constant is the com-
parison of the capacity of an empty (air-filled) capacitor
(Co) with that of the same capacitor containing the

dielectric medium (C). In the frequency range 102 to
107 Hz one often uses the Schering bridge (somewhat
analogous to a Wheatstone bridge). Three arms of the
bridge contain variable and standard resistors and
and capacitors, while the substance to be measured can
be inserted in a capacitor which forms the fourth arm
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of the bridge. The determination of the dielectric
constant and loss from the measured capacitances and
resistances with and without the medium is straight-
forward. Refinements and modifications of this method
can be found in many books and publications [1,2,6,7].

For somewhat higher frequencies (10-100 MHz) the
resonant circuit method js often used. In this case the
capacitor (with the dielectric medium) is made part of
an LC circuit which is loosely coupled to a generator.
The circuit is made to resonate by means of a tuning
capacitor before and after removal of the substance
[1,2].

In the frequency interval between 100 MHz and 1
GHz one often uses the transmission line technique. In
this method the specimen is made the terminating
impedance of a coaxial line, producing a standing
wave pattern. From the positions and magnitudes of the
maxima and minima one can determine the dielectric
constant [1]. .

At still higher frequencies, in the microwave range,
the dielectric constant and losses can be measured
by transmission line methods or by detecting the per-
turbation of a cavity. In the latter case, the real part
¢' can be derived from the shift of the resonant fre-
quency, while an analysis of the change of the height
{or width) of the resonant line yields the imaginary
part €" [8, 9].

Dielectric constants of constrained piezoelectric
materials are different from those that are not con-
strained. If the crystal is held rigidly so that displace-
ment in the direction of the applied field is prevented,
then the dielectric constant is measured under constant
strain and is called the “clamped” dielectric constant,
€S. If the constraini is removed, additional energy is
stored in mechanical form producing an increase in the
dielectric constant. The effect is greatest when the
crystal is completely free to move and yields the
“unclamped” dielectric constant measured under
constant stress, €7 [12].

1.4. Frequency Dependence

The dielectric constants of most substances show
considerable variation with frequency (dispersion). In
the high frequency range (@ > 10 Hz) the dielectric
constant has the optical value €,=n* With decreasing
frequency one finds the infrared dispersion range around
w = 103 Hz where the dielectric “constant” increases
considerably until it reaches a new constant level. For
some materials this level is maintained down to very
low frequencies, while others show a second dispersion
in the microwave, the UHF range, or even lower.

The frequency dependence of the dielectric constant
arises from the fact that the polarizability of the medium
is caused by different mechanisms (see fig. 1). One
can write the total polarizability as the sum of four
contributions:

Q== gy + ion + Ngip + Oing- (17)
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FiGURE 1. TFrequency dependence of the polarizability showing sev-

eral contributing mechanisms.

The electronic contribution «g; results from the dis-
placement of the electron cloud relative to the nucleus.
Applying the Clausius-Mosotti relation to several
different groups of crystals, one can calculate the
electronic polarizability of many ions. The values range
from 0.0013 X 10-2* ¢m?® for C** to 14 X 10-2¢ cm? for
Te? (in cgs units) [10].

The second term in eq (17) is the ionic polarizability,
Qjon. This part is a consequence of the displacement
of one ion with respect to other ions under the influence
of an applied field. Infrared radiation is capdblc of
exciting some of the resonant modes of the medium,
giving rise to strong absorption and reflection. At
higher frequencies the ions cannot follow the field
any more and the ionic polarizability vanishes.

A third contribution originates from the presence of
permanent dipoles in the host lattice. These dipoles
will be oriented by the applied field up to frequencies
of the order of 10! Hz in some cases. This portion
of a is known as the dipolar or orientational polariz-
ability agip.

Real substances contain defects such as grain bound-
aries, voids, dislocations, clusters of vacancies, inter-
stitials or impurities which can be the source of large
accumulations of charges in the bulk of the dielectric.
Similar effects occur in nearly all semiconductors and
slightly conducting insulators at the electrode-crystal
interface. Charges may pile up at the electrode and
produce a double layer. Such a barrier layer may result
from migrating ions which can not leave the dielectric
(blocking electrode) or from trapped electrons or holes
(Schottky layer). It is often very difficult to determine if
the space charge accumulation is ionic or electronic in
nature.

Another source of polarization is caused by random or
layered inhomogeneities in the dielectric. This com-
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ponent can be easily calculated for simple geometries
and is known as the Maxwell-Wagner polarization.

All these mechanisms contribute to the interfacial
polarizability o, As a result one often observes at low
frequencies dielectric constants much in excess of the
real value for the pure bulk material. (The real value of
the dielectric constant excludes the interfacial polariza-
tion.) Because of this effect it usually is impossible to
measure the static dielectric constant in the low fre-
quency range; for the great majority of substances the
measurement has been performed at 10° Hz or higher
(sometimes as high as 108 or 10° Hz).

Dielectrics can be divided into three groups on the
basis of the polarizability of the host lattice: (1) Non-
polar or covalent materials which do not contain either
induced or permanent dipoles. These solids show no
dispersion below the optical range; hence the static
dielectric constant is equal to the optical dielectric
constant (cop—n?) over the entire frequency range.
(2) Polar materials which comprise only induced dipoles.
(3) Materials of either kind containing permanent
dipoles (mainly molecular crystals).

1.5. Temperature Dependence
Only materials of the groups (1) and (2) mentioned
above (covalent solids and ionic substances with in-
version symmetry) obey the Clausius-Mosotti expression:

(e—Di(e+2)=1/3)an/V), 1z

where (am/V) is the polarizability per unit volume. The
temperature dependence of the dielectric constant is
easily obtained by differeutiating (12") with respect to T
at constant pressure P:

@ o).~ w7,
a5 ), /7). (),

(%) kLM a8
3am\ aT }V : &)

S

The first term K describes the direct effect of volume
expansion, the second term L represents the increase
of the polarizability of a given number of particles as a
result of the expanding volume, and the third term M
indicates the temperature dependence of the polariza-
bility itself (at constant volume).

It is important to be able to separate the volume-
dependent terms and the direct temperature effect.
For materials with high € the temperature dependence
is almost entirely determined by the last term M in
eq (18). This term can be written as follows:

= (i) e ne ().

(2) [ 2]

oP /¢ L VT Jp

— EYEL . 19
7 (57 )

This equation shows that in order to calculate the
different contributions to the temperature dependence
of € one needs to know the thermal expansion coeflicient
1/¥)@3V[3T)p, the compressibility —(1/V)0V/3P)r, the

- pressure dependence of the dielectric constant (d€/0P)r,
its over-all temperature dependence (d€/dT)p, and
finally € itself.

Many strongly polarizable materials (large €) do not
follow the Clausius-Mosotti formula. For such materials
either a Curie law, €e=C/T, or a Curie-Weiss law,
e=C/(T—T¢), holds where C is the Curie constant

and T'¢ is the Curie temperature. In that case

(1/€?)(0€/aT) p=— (1/C).

(20)

Bosman and Havinga [11] have discovered an interest-
ing experimental relationship between the dielectric
constant and its temperature dependence which holds
for a surprisingly large and diversified number of
materials (see fig. 2). It appears that (9¢/dT) /[ (e —1)
(e+2)] is positive for all substances with dielectric

(K+ L+H) x10°RKY
6l o o Kl
-Ue] Oo- KBr
5 { & NaCl
B g Lif
(o TiBr
Li— (-0~ Mg0
? ¢ (LayCdy), (25.¢ Nby)20y
e~ BaSnO;
3 ﬁ ® BaZr_yTiy03
¢ SrqxBaySnixTix 0
2 (6 Sry_yBayTi 0;
1 -0
¢ ~»
.-—.
e
-1 0 Seg-0
LL e
-3 (VRN OO VRN VRO T U 1 NN WU TN A 1 NN OO
1 10 107 10° n*
‘ —

Ficure 2. The temperature dependence of the dielectric constant,
K+L+M=[1/(e—1)(e+2)](8€/3T),, as a function of € for a num-
ber of cubic compounds at room temperature.

Open symbols mark single crystals; full symbols, ceramics.
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constants smaller than =20, and negative when
€ > 20, )

Ferroelectrics and antiferroelectrics, piezoelectrics,
and other crystals that undergo phase changes usually
show very large and abrupt variations of the dielectric
constant as a function of temperature. The change of
€ at the transition point depends strongly on the nature
of the phase transition. Impurities, defects, domain
boundaries greatly influence the measurement of large
dielectric constants. Hence one finds considerable,
variations in the measured values of € in the region of
the Curie temperature(s).

1.6. Dielectric Losses

In the previous sections the discussion has been
limited to the real part of static dielectric constant, its
frequency behavior, temperature dependence, etc. of
the perfect’ intrinsic material without any defects or
impurities. This section deals with extrinsic dielectric
effects due to polarizable admixtures or irregularities
(usually in amounts much smaller than 1%), which
produce primarily contributions to the imaginary part
of the dielectric constant.

Many polar and non-polar materials contain small |

numbers of dipoles (e.g., OH~ in oxides, divalent ions
associated with vacancies in alkali halides, etc.). For
small concentrations the effect of these dipoles is not
sufficient to produce readily measurable changes in the
real part of the dielectric constant, but they do give rise
to increased dielectric losses in certain temperature
and frequency regions depending on the relaxation
frequency. The loss factor tan 8 sometimes has the
characteristic Debye form, w7/(1+ w?72), where 7 is
the relaxation time. Measurements of tan 8 as a function
of frequency for different temperatures make it possible
to determine the activation energy and relaxation time
of dipolar orientational processes. If just one kind of
dipole is involved, a well-defined Debye peak may be
observed associated with a single relaxation time.
However, often many dipoles of different strengths
contribute to the dielectric loss and the process has to
bec deseribed by a distribution of relaxation times.

Up to this point the dielectric has been treated as a
perfect insulator. However, all solids are electrical
conductors to a greater or lesser degree. The charge
carriers may be electrons or holes, or, at high tempera-
tures, ions. The conductivity will contribute to the loss
factor an amount (tan 8).=0/e'w; the quantity o is
practically frequency independent and equal to the dc

conductivity. It should be stressed that the conduction -

loss, (tan 8)c, is inversely proportional to ® and tends
to infinity for @ —> 0. Debye-type losses, on the other
hand, show a maximum at the relaxation frequency wo
and decrease as 1/w for o >w,. For frequencies larger
than @, the behavior of dipolar and conduction losses
will approximate each other; only measurements per-
formed at sufficiently low frequencies to detect the
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relaxation maximum will make it possible to distinguish
between the two phenomena.

1.7. Data Evaluation

The number of measurements reported for each solid
in this compilation is most often one or two; three or
more independent determinations are quite rare. Thus,
the evaluation of data is made primarily on the basis of
the measurement procedures used and the best avail-
able evidence regarding indications of purity and degree
of perfection of the samples measured. The most im-
portant experimental criteria are the frequency range
over which measurements were made and the magnitude
of the dielectric losses. In general, the reliability can
be judged only if measurements were made over a
frequency range wide enough to ensure that the extrap-
olation value is the intrinsic dc dielectric constant.
For measurements made at a single frequency, the
reliability increases with the magnitude of the frequency
used up to—but not including—the infrared range. In
those cases for which tan & of an insulating sample has
been determined as a function of frequency, values
less than 10-* may be taken to indicate that measure-
ments were made on a highly perfect and pure specimen.
However, if tan 8 > 0.1, the real part of the dielectric
constant may differ by 5-10 percent from the true
value of the static dielectric constant. In most cases,
these values were included only if no other data were
available. Other criteria for evaluation involve the form
of the sample as well as the type of electrodes. Single
crystal data are listed in preference to data obtained on
polycrystalline samples; values obtained from measure-
ments on powders have been discarded unless the
measurements were made in the microwave frequency
range. Some reported values were eliminated because
the electrode properties are likely to have resulted in
interfacial polarization effects.

For measurements that have been made in the
parallel plate capacitor configuration, the parameter
which usually limits the precision is the measurement
of the distance between the plates. The usual calcula-

tion made is €= EC—Z, where C is the measured capaci-
0

tance, 4 is the area of the plates, d is the distance
between the plates, and € is the permittivity of free
space. In order to produce a large, easily measured
capacitance, the specimen is made with large area
and small thickness. The errors in d are in the absolute
thickness measurement and non-parallelism of the two
surfaces of area 4. Because most sample dimensions
are on the order of 4 ~1 cm? and d =~ 1 mm which can
only be measured to within about 10, it follows that
few values of € are accurate to better than 1 percent.

1.8. Presentation of Data

The substances for which data have been collected
are listed alphabetically in column 1 of table 2 ac-
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cording to their chemical formulas. The second column
contains the common name of the solid. A Compound
Index has been included as an appendix to facilitate
finding data on certain materials with well-known
common names but with less familiar chemical com-
position (e.g., HMTA —hexamethylene tetramine).
The third column presents the actual values of the di-
electric constant (or its' tensor elements when known)
measured at the temperature and frequency indicated
in columns 4 and 5, respectively. An entry “r.t.” in
column 4 indicates that the source does not specify
the measuring temperature better than “room tempera-
ture.” Occasionally the author(s) do(es) not mention
either the temperature or the frequency of measure-
ment. In these cases neither of these two quantities
has been specified in the table, although it is likely
that the temperature of the measurement was room
temperature.

The abbreviation “i.r.”’ in column 5 means that the
value of € has been obtained from refractive index data
in the infrared spectral range just below the frequencies
corresponding to the lattice vibrational bands. These
values correspond, of course, to results from ‘“‘un-
clamped” measurements (€7).

When the material is sufficiently dipelar to produce
a classical Cole-Cole plot (€' vs € is a semi-circle), then
the extrapolated low-frequency dielectric constant is
called the limiting value and is designated by “lim” in
column 5. Column 6 supplies infurmation concerning
the dielectric losses of the material. Literature refer-
ences and the indication of additional information are
given in the last two columns (7 and 8). The figure in
the last column refers to the figure number in this com-

pilation where more extensive data concerning the
dielectric behavior of the material can be found. This
information usually takes the form of one or more graphs
presenting the temperature dependence, the frequency
dependence, the pressure dependence of the dielectric
constant, the loss angle as a function of frequency or
temperature, the Curie temperature or other transition
temperatures, etc.
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3. Graphical Data

3.1. Rochelle Salt and Related Tartrates

£=50 Vollfem, ¥=~1000 Hle E=4 Volifem, Y900 H:
f 1N i {

0 T
L I ] 1= ] ]
i ] |
11 1
o =KN0C4H406 -4 Hzo USRI RSSO IS

€y 107

T
[ [ | Lo
—J80 —160 —140—~120 —100 —80 —60 —40—20 0 20 40 60°C
TEMPERATURE (°C)

FicURE 1. NaKCHOs - 4H:O (Rochelle salt) and NaKC,H:D:0s - 4D;O (deuterated Rochelle sali). The
temperature dependences of the dielectric constants of Rochelle salt and deuterated Rochelle salt by
Hablijzel [73]. .

Remarks — Rochelle salt has two Curie points: T1= 255 K and T%=297 X. Deuterated Rochelle salt has its Curie points shifted: 7!=251 X and
Im=308K.

5=
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FiGURE 2. NaKC4H(Os : 4H:O (Rochelle salt). Temperature dependence of the dielectric constant of Rochelle salt near the lower
Curie point at different pressures by Samara [163].
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FiGuRe 3. NaKC;H(Os - 4H:0 (Rochelle salt). Temperature dependence of the dielentric constant
of Rochelle salt near the upper Curie point at different pressures by Samara [163].
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Ficure 4. NaKC H,0s - 4H,O (Rochelle salt). Temperature dependence of the dielectric loss of
Rochelle salt near the lower Curie point at different pressures by Samara [163].
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FicURE 5. NaKCH,0¢ - 4H;0 (Rochelle salt). Temperatﬁre dependence of the dielectric loss of
Rochelle salt near the upper Curie point at different pressures by Samara [163].
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FiGURE 6. LiNH4C;H:O¢ - H;O (LAT). Temperature dependence of
dielectric constant €22 of LAT by Merz [138].
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Ficure 8. NaNH,CH,04-4H,0-“ammonium Rochelle salt.” Tem-
100! perature dependence of the dielectric constant of “ammonium
Rochelle salt” by Jona, et al. [92].
Remarks—This salt has aTc=109 K.
0 1 |
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FiGure 7. LiTICH:Og-H.O (LTT). Temperature dependence of

the dielectric constant €15 of LTT by Matthias, et al. (137}.

(v=10°Hz,E,=5 V/cm)

3.2. Triglycine Sulfate

sx‘os_“‘blﬁ'l-sr"I‘r—fl\ﬁV\\q T
w L+ TRI-GLYCINE SULFATE
E 3L * TRI-GLYCINE FLUOBERYLLATE §
< 3 E
b 5x10% | E
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Q Sx0 |
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W
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10 = ST
5-m4|;1,x.1_;|‘1 6335
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TEMPERATURE, °G

Ficore 9. (NH,CH,COOH); H,SO Triglycine sulfate (TGS). TGS
is isomorphious with TG Selenate and TG Fluorberyllate. The
temperature dependences of the dielectric constants €, €22, and
€33 for TGS and e for TGFB by Hoshino, et al. [85].

Remarks— Above Te the diclectric constant is given by e=GC/(T—Te), where C=3280

and T.=~322.57+005 K. (NHCH,COOH)s -H,BeF—Tryglycine F) luorberyllate TBFB.
T.=346+0.2 K was measured by Wieder, et al. [205]. Above T the dielectric constant is
givenby e’ =C}(T—T¢) where C=2512 +80.
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and Related Compounds
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Ficure 10. (NH,CH,COOH);H;SO; (TGS). The frequency depend-
ences of the dielectric constant and loss tangent of TGS measured at

298.5 X by Petrov {146}

! &
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e r 4
r 1 3
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ol o
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Ficugre 11.  (NH,CH,COOH); - H,SeOTryglycine Selenate (TGSe).
The temperature dependence of the real and imaginary parts of the
dielectric constant €', €” of TGSe measured at 1592 Hz by Grandjean,
et al [67]. :

Remarks—For this material T = 295.7 K was measured by Matthias, et al 137}
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3.3. KDP and Related Phosphates and Arsenates

Table A. KDP and related (anti) ferroelectrics

Curie Temperatures

Compound Compound T
Formula name ¢
KH,POy, KDP 123 K
KH2A50‘4 KDA 97
KD, POy, KDDP 213
KD2ASOL|_ KDDA 162
NHyHoPOy* ADP 148
NHqHzASOq* ADA 216
NH,D,PO,* ADDP 242, 245
NH,DoAs0L* ADDA 299
ND, D, POy, * AgDDP 243
ND;,DpAs0), * A 3DDA 304
RbH, POy, RDP 146
RbH,AsOy, RDA 111
RbD, POy, RDDP 218
RbDoAsOy * RDDA 178
Cs H,POy CDP 159
Cs HoAsOy CDA 143
Cs DpAsOy CDDA 212
*
antiferroelectrics
10
’04 &
Yl .
o] ° &
]0] 3.
102 e
v [ P
[ ol
70
7
50 100 750 200 250 300
T(K)

FIGURE 12.

[34]

KH,PO; (KDP). The temperature dependences of the
dielectric constants €11, €33 of KDP measured at 800 Hz by Busch

2= 200 V/cm),

357
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FiGURE 13. KH:AsOs (KDA). Temperature dependences of the di-
electric constants €;,€33 of KDA measured by Adhav [1,2].
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Ficure 14. KH:AsO, (KDA). Tem’perature dependences of the di-
electric loss tangents tan 8;, tan 833 for KDA as measured by
Adhav [1, 2].
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Ficure 15. KD,PO, (KDDP). Temperature dependence of the di-
electric constants €s; and its recipracal for KDDP measured by

Sliker, et al. [176).
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Ficure 16. KD,PO, (KDDP). Temperature dependences of the
dielectric constant for KDDP at different frequencies measured
by Hill, et al. [90].
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50 {— Ficure 19. KD:AsOs (KDDA). Temperature dependences of the
,% dielectric loss tangents tan &;;, tan 853 of KDDA measured by
'5 40 Adhav [1, 2].
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Ficure 18. KD,;AsO, (KDDA). Temperature dependences of the 8 60l € =
dielectric constants €1, €33 of KDDA measured by Adhav {1, 2. o
o
I - —
5 N
3 aol-
B
“r e L. -
N .
| N TN R U NN A S I SN S B
~180 ~140 -100 —-60 -20 0 20 60 100

TEMPERATURE ~°C

Ficure 20. NH H;POs (ADP). Temperature dependences of the
‘dielectric constants €1, €33 for ADP reported by Kaminow [97].
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Ficure 21. NH H,POs (ADP). Temperature dependences of the o 50 —
dielectric loss tangents tan 8y, tan 83 for ADP reported by E
Kaminow [97]. O 40
u
Y] 30—
o O €33
o5 20 00— 0——=0}+==0=0
20 10 —
8 {0 20 30 40 50 60 70 80 90 0O
TEMP °C
75 ] .
70 4 € 1 €22 FIGURE 23. NH;H»AsOs (ADA). Temperature dependences of the
. dielectric constants €5;, €33 of ADA measured by Adhav [1, 2].
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FicURe 24. NH.H,AsO; (ADA). Temperature dépendences of the
dielectric loss tangents tan 81, tan 855 of ADA measured by Adhav
1,2
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3.4. Perovskites
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Ficure 25. BaTiQ;. Temperature dependences of the dielectric consiants €5, €33 of flux grown
BaTiO; measured by Merz {138].

The literature contains a considerable number of publications concerning the dielectric behavior of BaTiO; since the discovery of
ferroelectricity in this material in 1943. Yet it was only recently (1968) that accurate measurements on melt grown crystals showed the
true Curie temperature to be 406 = 2 K rather than 393 K. The lower i
to be due to trace impurities (Wemple, et al. [203]).

Other phaco transitions oerur at 278 and 103 K.

Figure 25 shows €;; and € for flux grown crystals. The dielectric behavior of melt grown crystals between Toom temperature and
133 °C is shown in figure 26.

Above the upper Curie temperature € is represented by € = Cf(T — 115), where C = 1.5 X 10%,

p d on flux grown crystals appeared

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973
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FIGURE 26. BaTiQ;. Temperature dependences of the dielectric
constants €1, €3 (unclamped values at 100 kHz) and €'n, €5
(unclamped values at 250 MHz) for melt-grown single domain
BaTiO; measured by Wemple, et al. [203].
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FIGURE 26a. BaTiOs. Temperature dependences of the dielectric
constant € and its reciprocal 1/eg; for BaTiOs. Data measured by
Samara [164a] at 1 bar and 14 k bar are shown.
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FIGURE 26b. BaTiO;. Pressure dependence of the dielectric constant
€33 and its reciprocal 1€z at room temperature for BaTiOs measured

by Samara [164a].
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FIGURE 26¢c. "BaTiO;. Temperature and pressure dependences of
the dielectric constants €11, €33 of BaTiO; in the tetragonal phase
measured by Samara [164b].
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FIGURE 27. SrTiO;. Temperature dependence of the dielectric constants €50, €010 of SrTiOs
measured by Sakudo, et al. [159].

This titanate has an extremely subtle phase-transition from the cubic to the tetragonal structure at about T, = 110 K. The
dielectric constant rises monotonically to very high values at liquid helium temperatures (see fig. 27). The second transition
temperature T» has not been confirmed by any other experi } techni The pound is not ferroelectric at any tempera-
ture above sbsvlute zere. The proseurs dependences of the dielectric constant has been measured by Samara, et al. [161] as
shownin fig. 28.

200

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973



DIELECTRIC CONSTANTS OF INORGANIC SOLIDS 365

KTaOy

o 4 8 2 16 20 24 28 32
" HYDROSTATIC PRESSURE-KBARS

s It

36 40

FIGURE 28. KTages NbogsOs (KTN), SrTiO3, KTaOa. Pressure de-
pendences of the dielectric constants of KTN, SrTiO3, and KTaOs
measured by Wemple, et al. [203].
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Ficuge 30. MgTiOs. Frequency dependences of the dielectric con-
stant, €, and dielectric loss tangent, tan 8, for MgTiO; at two
different temperatures after Martin {122].

R ks — This material is not ferroelectric.

170 ¢
10000
€ 160} L
560 8000 |- .
2 .
a
6000 .
{ C=4.1x10% °C
€ - .
ot [_ )
4000 400 560 600
tand TeC \4
o0t 2000 f' To =449 °C
Tc =492 °C
0.0001 1 1 \ L . 1 }_
0 12 ® et 10® 108 o 0B PP v ¢ . |
FREQUENCY (Hz) 100 200 300 400 500 600
T{O

FIGURE 29. CaTiOs. Frequency dependences of the dielectric con-
stant, €, and dielectric loss tangent, tand, for CaTiQ, at two different
temperatures after Martin [122].

Remarks— This material is not ferroelectric.

Ficure 31. PbTiQs. Temperature dependence of the dielectric con-
stant of PbTiO; measured by Remeika, et al. {151].
Remarks—Te=T65K
e=CHT~Ty
where C=4.1 x 10°
T, = 72K
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dielectric constant, €33, of PbTiOs measured by Samara [164b].
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dielectric constant, €33, and its reciprocal, 1f€33, of PbTiO; meas-
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AI Ficure 32. LiNbO;. Temperature dependences of the dielectric
- I 1{& i constants €1y, €33 of LiNbO3s measured at 105 Hz by Nassau, et al.
J [131].
R ks—The Curie of LiNbO; (1483 K) lies only 50 K below its melting point.
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FIGURE 31b. PbTiOs. Isobars of the temperature dependence of the
dielectric loss of PhTiO3 measured by Samara [164b].
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FiGURE 33. LiNbO;. Frequency dependences of the dielectric con-
stant, €33, of LiNbO; measured at various temperatures by Nassau
[131].
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FiGURE 34. LiNbO;. Frequency dependence of the dielectric con-
stant ey; of LiNbO; at different temperatures measured by Nassau,
etal. [131].
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Fi1GuRe 35. LiNbOj. Frequency dependences of the dielectric loss

tangents tan 811 and tan 8z of LiNbOs measured by Nassau, et al.
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FiURE 36. NaNbQOj; Temperature dependences of the dielectric

constants €11, €22, €33 of NaNbO; as measured by Cross, et al. [44].

Remarks—This crystal exhibits paraelectric, antiferroelectric, and ferroelectric phases.
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FIGURE 37. KNbO;. Temperature dependence of the dielectric
constant €33 of KNbO; measured by Shirane, et al. [174). (v = 10
kHz.)

Remarks—The dielectric behavior is similar to that of BaTiOx_ There are three lransforma
tions at 691 K, ~ 483 K, and ~ 240 K as measured on i able hy has
been observed.
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FIGURE 38. Ba:NaNb;O;s (“bananas”). Temperature dependence of the dielectric constant of Ba,NaNb;0;s
measured by Rice, et al. [153].
Remarks—The measured Curie temperature T'.=833 K.
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FIGURE 40. BagTizNbsOs. Temperature dependences of the di-
electric constants €1, €3 of BasTisNbsOso as measured by Itoh [88].
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FiGURE 41. Cd:NbyO;. Temperature dependence of the dielectric
constant of CdoNb2O; as measured by Shirane, et al. [174].

Remarks— The Curie temperature T.==185 K, and e=C/{T—T,) where C=4.6 X 104 and
To=150K.
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Ficure 42. PbNb;Os. Temperature dependences of the dielectric
constants €1, €2, €33 of PbNb,O¢ as measured by Francombe, et al,
[59].

Remarks—The Curie temperature T, is 843 K and €=C/(T—T,) where C=3X%10° and

Ty=>530K.
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FIGURE 43. PbsMgNb;0Os. Temperature dependence of the dielectric
constant of PbyMgNb,Os measured by Bonner, et al. {25].
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LiTaQ; Temperature dependences of the dielectric

constants €, €33 of LiTaO; measured by Yamada [209].
Remarks—The Curie temperature T, =833 Kto 891 K.
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FIGURE 45. LiTaO;. Temperature dependence of the dielectric loss
tangent of LiTaO; measured by Yamada, et al. [209].
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Ficure 46. KTaOs;. Temperature dependence of the dielectric

 constant of KTaO; measured at 200 kHz by Wemple [201].

Remarks - This compound, like SrTiOs, is not ferroelectric at any temperature. No phase
transitions have been observed for this ial. The d d is shown in fig. 28.
€=48+C/(T—4) where C=5.7X 104
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FIGURE 47. KTao.eNbo 3403 (KTN). Temperature dependence of the
dielectric constant and the reciprocal of the dieleciric loss tangent
of KTN measured at 10 kHz by Chen [38].

Remarks—The most useful composition ot K1a Nb;_;U; (KTN) for electro-optical pur-
poses is x=0.66. This compound has a Curie temperature T ~ 271 K. Two other transitions
occur at ~ 220 K and ~ 170 K. For the pressure dependence of the dielectric constant see
fig. 28. €=C/(T—271) where C=1.45X10°.
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FiGURE 48. 'PbTa,0s. Temperature dependences of the dielectric
constants €, €33 of PbT2;06 measured by Subbarao [182].

Remarks—This material follows a Curie-Weiss law €=C/(T—To) where C=1.5x10°
and To=533 K.
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FiGURE 49. PbHfO, Temperature dependence of the dielectric
constants of PbHfO; measured at different pressures by Samara
{164).

Rem;rks—PbeO; follows a Curie-Weiss €=C/(T—T,) law above 476 K where
€=1.65X10* K and To=378 K according to Samara [164].
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Ficure 50. PhZr(0,. Temperature dependence of the dielectric constant of PbZr(Q. at different pressures
measured by Samara [164}.

Remarks— PbZr0; is antiferroelectric with T:=503 K and a Curie-Weiss law e=C/(T—7o where C=1.60X10° and T% - 475 K according to
Samara [164].
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FiGure 51. PbZrOj;. Temperature dependence of the dielectric loss tangent of PbZrO; at different pressures
measured by Samara [164].
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FIGURE 52. PbZrQO;. Pressure dependence of the dielectric constant
of PbZrO; measured at 565 K by Samara [164].
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FicurRes 54 and 55. CsPbCl;. Temperature dependences of the
dielectric constant €' and the dielectric loss tangent, tan 8, measured
by Cohen, et al. [40].

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973



DIELECTRIC CONSTANTS OF INORGANIC SOLIDS

375
3.5. Nitrates and Nitrites
260 200 160 o
278 250 “ag0 T T¢I
T 1 T 400 ] T I T I I I
100 + -
El
300 —1
10 + -
id 0 0. ° €'
275° 250° 200 - —
1 I 1 1 ! 1 1 N 1 1 ! L A H
18 20 22 24 26 28 30 B .
107_, -1
T K1
. 100 |- —
FIGURE 56. NaNOj;. Reciprocal temperature dependence of the
dielectric constant of NaNQO; measured by Mariani, et al. {121].
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T T T FiGURE 58. RbNOj;. Temperature dependence of the dielectric con-
stant of RbNO; measured at 10 Hz by Dantsiger, et al. [46].
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Ficure 57. NaNO;. Reciprocal temperature dependence of the

dielectric. loss tangent of NaNQ; measured by Mariani, et al
[121].
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Ficure 59. KNO;. Temperature dependence of the dielectric constant of KNO; measured at 1043 Hz by

Sawada, et al. [166].

Remarks— KNO; has a Curie temperature T = 397 K and follows a Curie-Weiss law € = C/{T — T,) where C = 4.2 X 10% and Ty=293 K. The

d

d

of the sp polarization was measured by Midorikawa, et al. {126} up to 3 kbar at 403 K. The Curie temperature,

T, shifts to higher temperatures according to ' (K)= 396.3 K-+ 19.8 p, where p is expressed in kbars.
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FicURE 60. KNO,;. Temperature dependence of the dielectric con-

stant of KNO; under hydrostatie pressure of 2 kbar measured by
Midorikawa [126].

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973



DIELECTRIC CONSTANTS: OF INORGANIC SOLIDS

NHsNO3

50

30

20

N ' T B

20 30 40 50 60 70 80 90 ICO 1O
T(°C)

Ficure 61. NH;NO;. Temperature dependences of the real and imaginary parts of the dielectric constant
of NH,NO; pressed powder sample measured by Yamashita, et al. [210].

Remarks — NH;NO; undergoes four phase transformations:

Temperatuic from to
Tc, = 398.4 cubic tetragonal
T.,= 3574 tetragonal orthorhombic
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Ficure 62. NH,NOQ, Frequency dependences of the real and
imaginary parts of the dielectric constant €', €' of NH,NO;
pressed powder sample measured at different temperatures by
Yamashita, et al. [210].
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FiGURE 63. NH,NO;. Frequency dependences of the real and
imaginary parts of the dielectric constant €', €' of NH4NO;
pressed powder sample measured at different temperatures by
Yamashita, et al. [210].
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Ficure 64. KNO,. Temperature dependence of the dielectric
constant of KNO;measured by Rao [149].
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FiGuRe 65. NaNQ,. Temperature dependences of the dielectric

constants €, €z, &3 of NaNO; measured at 100 kHz by Nomura
[134].

Remarks —NaNQ; has a Curie temperature T. = 437.4 K for temperatures greater than
Te, €22=C{(T'— To) where € =5.13 X 10° and Ty, =437.4 K.

379

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973



380 K. F. YOUNG AND H. P. R. FREDERIKSE

3.6. Chlorates, Bromates, and lodates
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FiGuRE 66. NaBrO;, NaClO;. Temperature dependences of the
dielectric constants of NaBrO; and NaClO; measured by Mason

[123].
Remarks—The temperature dependence of the dielectric constant of NaBrO; is € = 4.87 +
323 o 310 6150
-7 and for NaClO; is € = 4.7+ 0—7 (B-T)
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Ficure 67. KIO;. Temperature dependence of the dielectric constant of KIO; measured at 10 kHz
by Herlach [79].
Curves 1 and 4 are repeatable while 2 and 3 are history dependent except that 3 always follows a Curie-Weiss law.
Remarks—This material has four transitions:

T.,=485K

T, =383 K
T.,= 257-263 K
T.=8K
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FicURE 68. LilO;. Temperature dependence of the dielectric

Remarks — The Curie temperature Tc=529 K for LilO,.

constant of LilQ; measured by Nash [130].
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FIGURE 69. (NH),H:I0s. Temperature dependence of the dielectric
constant of (NH,):H3Il06 measured by Bartschi [16].

3.7. Sulfates, Selenates, Beryllates and Selenites.
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Ficure 70. (N119)2SO4 Temporature dependence of the dicleotric
constant €33 of (NH4).SO4 measured by Hoshino, et al. [84].

Remarks— The measured Curie temperature is 224 K.
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FiGUure 71. NH,HSO,. Temperature dependence of the dielectric
constant of NH;HSO4 measured by Strukov, et al [181].

Remarks —The measured Curie temperature is 270.8 K.
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Ficure 72. RbHSO, Temperature dependence of the dielectric
constant of RbHSO, measured by Pepinsky [145].
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FiGURE 73. (NH4):Cd»(SO4);. Temperature dependence of the di-

electric constant of (NH4)>2Cdy(SO4); measured by Eastman, et al,
50).

Remarks— The Curie temperature is 95 K,
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Ficure 74. CH,NH,AI(SO4)-12H;0, (MASD). Temperature depend-
ence of the dielectric constant of MASD measured by Pepinsky,
et al, [144).

Remarks—The Curie temperature
CHZNHALS0.); - 121,50, is 177 K.

of methylamine aluminum alum (MASD),
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FIGURE 75. (NH,).BeFs. The temperature dependence of the di-
electric constant of (NHy);BeF; measured by Hoshino, et al. [95]).

Remarks—The Curie of (NH)BeF. is 176 K.
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FiGURE 76. LiH3(SeQ;).. Temperature dependence of the dielectric
constant and dielectric loss tangent for LiH3(SeQs); measured at
atmospheric pressure and at 12.5 kbar by Samara (161].
Remarks—~Both LiH{Se0;); and LiDySeOs): remain fervoelectric up to their melting

points. Under hydrostatic pressure of 12.5 kbar the ferroelectric transition occurs at 342.5 K
in both compounds according to Samara [161].
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FiGurE 77. NaH;3(SeOs):, NaDy(SeOj).. Temperature dependence of
the dielectric constant, €5, of NaH3(SeO;). and NaD3(SeOs).
measured by Blinc {22].

Remarks— Sodium trihydrogen selenite has a Curie temperature T.=193 +2 K and follows
a Curie-Weiss law e=C/(T'—T,) where C=(4.60.5) X102, Ty=192+2 K reported by

Pepinsky, et al. [134).
Sodium trideuterium selenite has a T.=270.65+1 K with e=C/(T~Ty) where

C=(7%1) X10* and To=245 %5 K measured by Blinc [22].

200 r - T
v isof €poo1
—
=z
g
P
2 i20f E
5
(&)
o
&
g °r €101 ]
-t
W
o
a0l 4
€roon
o L i 1 i L
-200 150 -100 -50 0

TEMPERATURE, C

FIGURE 78. CsH;(SeOs).. Temperature dependences of the dielectric
constants, €100, €010, €01, of CsH3(SeOs). measured by Makita [119].
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FicuRe 79. K;S¢0,. Temperature dependence of the dielectric constant of K.SeO, at different
frequencies measured by Aiki [4].

Remarks—This material follows a Curie-Weiss law e=¢' +C/(T~T.) above Tc=93.0 K for warming and T.=92.3 K for cooling;
where ¢’ —6.14, aud € —27 K for waauing sad 30 K fur cooling.
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3.8. Miscellaneous Ferroelectrics and Piezoelectrics
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FiGURE 80. SC(NHy)(Thiourea). Temperature dependence of the
dielectric constant of SC(NH,); measured by Goldsmith, et al. [66].
The inset shows the detail of the temperature range 160 K to 220 K.
Remarks— Thiourea, SC(NH,); und ferroelectric at169 K, 176 X, 180 K,

202 K The dielectri perpendicular to the ferroelectric axis is p e in-

dependent and approximately equal to 3.
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FicURE 81. SbSL Temperature dependence of the dielectric constant

of SbSI measurcd by Hamano, et al. [74]. '

R ks —~The Curie is 294 K for SbSI.
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Ficure B2. KFe(CN)s-3H:O (potassium ferrocyanide). Tempera-
ture dependence of the dielectric constant of potassium ferro-
cyanide measured by Waku, et al. [193].

Tint d
p

Remarks—This crystal is 1). It has several phase transforma-

tions which are shown as anomalies in the dielectric constant in fig. 82, A Curie temperature
T.=248.5 K was measured by Waku, et al. {193] and T.=251 K was reported by Jona, et al.
921
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e Ep= -26Kv/em

500 ——o— Ep=+26Kv/cm__|

) \
100 / \\w
L=

-2 ~I5 -10 -5 [+ 5
TEMPERATURE {°C)

=
10 15 20

Ficure 83. CaB3O4OH); - H:O (colemanite). Temperature depend-
enco of the dielectric constant of colemanite measured by Wieder,

et al, {204].
Remarks—The Curie temperature of colemanite, CaB;04(OH); - H:O is 266 K.
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Ficure 84. HNH(CICH,COO).;. Temperature dependence of the
dielectric constant of HNH4(CICH;COO); measured along the [102]
axis by Ichikawa, et al. [87].

Remarks—

The Curie temperature is 128 K.

200

\L’p

£

< l2r

i_.

2 r

8 (b) €33 _-«o—/Lm_“
(&2

E {a) €§3

o 8t

w . . 1 R .
m 50 100 150

“ TEMPERATURE,  °C

FIGURE 87. Gd2(MoO4)s. Temperature dependence of the dielectric
constant €33 of Gd2(MoO4); measured by Cross [#4] in the clamped
condition, €7, and in the free condition, €5.

Remarks—The Cuﬁe temperature is 432 K
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Fi1GURES 85 and 86. HNH4(CICH,COO),. Temperature dependence of.
the dielectric constant of HNH4(CICH,COO). along the [110] axis
measured by Ichikawa, et al. [87].

HNH4(CICH;COO),. Temperature dependence of the dielectric
constant of HNH,(CICH,COQ). along the [110] axis measured by

Ichikawa, et al. [87].
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FIGURE 88. ZnS. Temperature dependence of the dielectric con-

stants €;; and e3; for ZnS measured by Kobayashi, et al. {107].
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3.9. Binary Oxides and Glasses
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FIGURE 89. AlLO; Temperature dependence of the dielectric con-
stants €;,, €,,, for Al;Us measured by von Hippel, et al. [191].
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FIGURE 90. Al,QO; Temperature dependence of the dielectric con-
stant, €3 for Al:O; measured by von Hippel, et al. [191].
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FiGURE 91. Al;03; Temperature dependence of the dielectric loss
tangent tan 8;; for Al;O; measured by von Hippel, et al. [191] at
several frequencies.
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FIGURE 92. Al,O; Temperature dependence of the dielectric loss
tangent tan 833 for Al;O3; measured by von Hippel, et al. [191] at
several frequencies.
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FiGUre 93. BaO (baria). Frequency dependence of dielectric constant
and dielectric loss tangent of BaO measured by Bever, et al. [21].

Remarks —Measurements at 248K,29% K, and 333 K over the frequency range 60 Hz—~3 kHz

did not show any temp d d of diel or dielectric loss tangent.
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FIcURE 94. CoO. Temperature dependence of the dielectric constant -
of CoO measured by Rao, et al. [149]

Remarks—Plotting the conductivity (as deduced from the dielectric loss € : o= we"e’)

versus _1_ one finds the activation energy for intrinsic conduction to be 0.73 eV for CoOQ.

J. Phys. Chem. Ref. Datq, Vol. 2, No. 2, 1973



388 K. F. YOUNG AND H, P. R. FREDERIKSE

600,

104 / 103 / 106
?
i /I
x
o

I3
400 /-
v=10% /
€ NiO 2 B
200 —, /°~—~
X L- Y
L e 4
> ’of ~
ol st
-200 -120 =40 40 . 120 200 280 380

TEMPERATURE (°C)

F1GURE 95. NiO. Temperature dependence of the dielectric constant
of NiQ measured by Rao, et al. [149].

Remarks—Plotting the ductivity (as deduced from the diel

ic loss € : 0= we"e")

1 y
versus - one finds the activation energy for intrinsic conduction to be 0.66 eV for NiO.
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FIGURE 96. CoO, NiO. Frequency dependence of dielectric constant
€' of CoO and NiO at 298 K measured by Rao, et al. {149].
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FiGURE 97. CoO. NiO. F requency dependence of the dielectric loss
€” of CoO and NiO at 298 K measured by Rao, et al. [149].
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Ficure 98. Cr:0,. Tefnperature dependence of the percentage
change in dielectric constant € and dielectric loss € relative to their
values at the Néel temperature, 8y, of Cr203; measured by Samokh-
valov, et al. [165].

Remarks—The absolute value of the dielectric at the Néel
The value of the dielectric loss is 0.03—0.05 at 8y measured at 9.5 GHz.

(6n)is 8.
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FIGURE 99. Cu20 (cuprite). Frequency dependence of the real and imaginary parts of the dielectric constant,
€' and €, of Cu;O measured at four different temperatures by Noguet {133].
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FIGURE 100. FeO. Temperature dependence of the percentage
change of dielectric constant €’ and dielectric loss €” relative to their
values at 240 K for FeO measured by Samokhvalov, et al. [165].

Remarks— The dielectric constant of FeO at its Néel temperature of 240 K is measured at
9.5 GHz by Samokhvalov, et al. [165).
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FIGURE 101. MgO (periclase). Temperature dependence of the di-
electric constant € of MgO for various frequencies (f) measured by
von Hippel, et al. [191].
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FIGURE 102. MgO (periclase). Temperature dependence of the di-
electric loss tangent of MgO for various frequencies measured by
von Hippel, et al. [191].
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FIGURE 103. SiO, (quartz). Temperature dependence of dielectric
constant of Corning 915 C fused silica, SiOz, measured by von
Hippel, et al. [191].
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FIGURE 104. SiO; (quartz). Temperature dependence of dielectric loss tangent of 915 C fused silica, SiO;,
measured by von Hippel, et al. [191].
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FiGURE 105. SiO: (quartz). Temperature dependence of the di-

electric canstant of General Electric fused quartz, Si0Q;, measured

by von Hippel, et al. [191].
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FicURE 106. SiO. (quartz). Temperature dependence of the di-
electric loss tangent of General Electric fused quartz, SiOs, meas-
ured by von Hippel, et al. [191].
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FIGURE 107. Glass, borosilicate. Temperature dependence of the
dielectric constant and dielectric loss tangent for borosilicate glass
of composition 73.2 percent Si0Q,—24.8 percent B;O; measured by
von Hippel, et al. [191].
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Ficure 108. Ta,0; (tantala). The temperature dependence of the
dielectric constant €' and of the dielectric loss tangent tan & of the
Ta,0s measured parallel to the cleavage plane at 102, 103, 104, and
105 Hz by Pavlovic [143].

Remarks —The dielectric for ic TagOs d by Pavlovic [143] are:

€' =24 (at room temperature),
€=215 (at 77 K).



DIELECTRIC CONSTANT, €’

DIELECTRIC CONSTANTS OF INORGANIC SOLIDS 393

Vo [ T 1T 11 l T 11 l LR
04— ]
- : 3
o FREQUENGIES N
[ ~O— 1 KHz ~
- -
~ —L— 10 KHz -

3 —&— 100 KHz

103 |— —
- -
= -
3 . -
1o C 3
[ 7

ot by e by v by e

(o) 100 200 300 400

TEMPERATURE { K)

FIGURE 109. Ta,Os (tantala). The temperature dependence of the
dielectric constant of Ta,0s measured perpendicular to the cleavage
plane at 103, 1(¥, and 105 Hz hy Pavlavic{143]
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Ficure 110. Ta;O; (tantala). Temperature dependence of the di-
electric loss tangent, tan 8, of the Ta:0; measured perpendicular
to the cleavage plane at 103, 104, and 10% Hz by Pavlovic [143].
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Ficure 111. TiO. (rutile). Temperature dependence of the di-
electric constants €5, €33 of TiO, measured by Parker {140).

Remarks—The i on rutile

ferred to here were made on extremely pure and

well-oxidized les. The d dielectri was not a function of frequency

over the range 100 —3 X 10® Hz, ac field (0.

.1—-30 V/cm) or de bias (0 —4000 V/cm).
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3.10. Ice
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Ficure 112, H0 (ice). A portion of the phase diagram of H:0 |
under pressure after Wilson, et al. [228]. o0 ‘
Remarks—H;0 forms several solid phases that are stable only under pressure, namely ‘
Ices II, I, V, VI, VIII, as well as a number of metastable phases. 10—14 - (o)
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Ficure 113. H,O (ice). Pressure dependence of the dielectric con-
stant of various phases of ice (H;0) at 243 K measured by Wilson,
et al. [207].

Remarks—Measurements of €' and €’ were made over the frequency range 45 Hz-300 Hz
and limiting values of € were derived from Cole-Cole plots of € versus €.
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Ficure 114. H;O (ice). Charging currents in ice I as a function of
temperature measured by Onsager, et al. [138].

Remarks— Measurements of charging currents and dielectric properiies below 150 K
indicate a possible ferroelectric transition in ice I near 100 K.
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FIGURE 115. H:O (ice). Temperature dependence of the dielectric
constant of ice I reported by Onsager, et al. {138].



DIELECTRIC CONSTANTS OF INORGANIC SOLIDS 395

3.11. Binary Halides
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FIGURES 116 and 117. NaCl. Temperature dependences of the di-
electric constants of NaCl and NaCl plus the jonic impurity OH-
(one part in 10%) measured at 1.6 kHz by Lowndes, et al. [118a].

KBr. Temperature dependences of the dielectric constants of KBr
and KBr plus the ionic impurity CN~ (one part in 10°) measured at
1.6 kHz by Lowndes, et al. {118a].
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Ficure 118. RbBr. Temperature (O) and pressure (+) dependences
of the dielectric constant of RbBr measured by Lowndes, et al.
[118b].
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Ficure 119. AgCl, AgBr. Temperature dependence of the dielectric
constant of AgCl and AgBr normalized to their values at room

temperature measured by Eucken, et al. [52].
Remarks—The room temperature values of dielectric constant are 11.15 for AgCl and

12.50 for AgBr.
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Ficure 120. TIC], TIBr. Temperature dependences of the dielectric constants and their reciprocals
for TICl and TIBr measured at 103, 164, and 105 Hz in the [100] direction by Samara [162].
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Ficure 121. TII. Temperature dependence of the dielectric constant of the best “crystals” of TII
measured at 103, 104, and 105 Hz in the [100] direction by Samara[162].

Remarks—TICl and TI1Br (both cubic structure) can be produced as single crystal. So far the quality of TH “crystals™ (double lay-
cred orthorhombic structurc) has been very poor. From fig. 112 the aotivation cnorgy for ionie conduction in T1Br is: E,—0.85 oV (E,—
0.84 eV for TIC]) according to Samara [162].
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Remarks— The dielectric constant at 300 K is 7.32.
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6. Compound Index

ADA (Ammonium Dihydrogen NH,H;AsO,
Arsenate)
ADDP (Ammonium Dideuterium NH,D,PO,
Phosphate)
ADP (Ammonium Dihydrogen NH,H, PO,
Phosphate) '
Alumina (Aluminum Oxide) Al O3
Aluminum Antimonide AlSb
Aluminum Fluosilicate (Topaz) (AlF):Si04
Aluminum Oxide (Alumina) ALO,
Aluminum Phosphate AIPO,
Ammonium Alum NH.AI(SOy);-12H, 0
Ammonium Bisulfate NHHSO4
Ammonium Bromide NH,Br
Ammonium Cadmium Sulfate (NH4):Cd2(SO4)s
Ammonium Chloride NH,C1
Ammonium Chrome Alum NHCr(S04)2-12H,0
Ammonium Dideuterium Phos- NH,D,PO,
phate (ADDP)
Ammonium Dihydrogen Arsenate NH;H,AsO,
(ADA)
Ammonium Dihydrogen Phos- NH,H,PO,
phate (ADP)
Ammonium Fluoberyllate (NH,):BeF,
Ammonium Iodide NHJI
Ammonium Monochloroacetate NH4(CICH,COO)
Ammonium Nitrate NHNO;
Ammonium Rochelle Salt NaNH4(C,H,0%) -
{(Sodium Ammonium Tartrate) 4H,0
Ammonium Sulfate (NH 2S04
Ammonium Tartrate (NH4):C,H,Os
Ammonium Uranyl Oxalate (NH),U0,(C204)-
Ammonium Uranyl Oxalate (NH4)2UO2(C204),-
Trihydrate 3H.0
Antimonous Selenide ShySes
Antimonous Sesquioxide Sh 0,
Antimonous Sulfide (Stibnite) Sh.S;
Antimonous Sulfide Iodide SbSI
Arsenic Trifluoride Ask;
“Bananas” (Barium Sodium Ba,NaNbsO;s
Niobate)
Baria (Barium Oxide) BaO
Barium Carbonate BaCO;
Barium Chloride BaCly
Barium Chloride Dihydrate BaCl; - 2H.O
Barium Fluoride BaF.
Barium Formate Ba(COOH).
Barium Nitrate Ba(NOs),
Barium Oxide (Baria) BaO
Barium Peroxide BaO,
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Barium Sodium Niobate
(“Bananas™)

Barium Stannate

Barium Sulfate

Barium Sulfide

Barium Titanate

Barium Titanium Niobate

Barium Tungstate

Barium Zirconate

Beryl (Beryllium Aluminum
Silicate)

Beryllia (Beryllium Oxide)

Beryllium Aluminum Silicate
(Beryl)

Beryllium Carbonate

Beryllium Oxide (Beryllia)

Bismuth Germanate

Bismuth Germanate

Bismuth Iron Oxide

Bismuth Sesquioxide

Bismuth Titanate

Boracite (Magnesium Borate
Monochloride)

Boron Nitride

CDA (Cesium Dihydrogen
Arsenate)

CDP (Cesium Dihydrogen
Phosphate) '

Cadmium Arsenide

Cadmium Bromide

Cadmium Fluoride -

" Cadmium Pyroniobate

Cadmium Selenide

Cadmium Sulfide

Cadmium Telluride

Calcium Carbonate

Calcium Cerate

Calcium Fluoride

Calcium Molybdate

Calcium Niobate

Calcium Nitrate

Calcium Oxide

Calcium Pyroniobate

Calcium Sulfate Dihydrate

Calcium Sulfide

Calcium Titanate

Calcium Tungstate

Calumel (Mercurous Chloride)

Cerium Oxide

Cesium Alum

Cesium Bromide

Cesium Carbonate

Cesium Chloride

Cesium Dihydrogen Arsenate
(CDA)

Cesium Dihydrogen Phosphate
(CDP)

Cesium Iodide
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BazNaNb5015

BaSn0O;
BaSO4

BaS

BaTiO;

B aeTiz Nbs 030
BaWO,
BaZrO,

Bes Al SigO1s

BeO
BesAl, (Si601s)

BeCOs

BeO
Bi(GeO4)3
Bilz G6020
BiFeOa
BizOg
Bi4Ti3012
Mg;; B7013C1

BN
CSsz ASO4

Cs, H, PO,

CdgASg
CdBl‘g

CdF.
Cd2Nb, Oy
CdSe

CdS

CdTe
C3C03
CaCeO3
Can
CaMoOy4
Caszos
Ca(NOs),
Ca0
Casz207
CaS042H,0
CaS
CaTiO3
CaWO0,
HgCl

Ce()z
CSM(SO4)212H20
CsBr
C52C03
CsCl

CSz H2A504

Cs;H,PO,

Csl

J. Phys. Chem. Ref. Data, Vol. 2, No. 2, 1973

Cesium Lead Chloride
Cesium Nitrate

Cesium Trihydrogen Selenite
Chromic Sesquioxide
Cinnabar (Mercurous Sulfide)
Cobalt Niobate

Cobalt Oxide

Cobalt Tungstate

Colemanite

Cuprite (Cuprous Oxide)
Cupric Oxide

Cupric Sulfate Pentahydrate
Cuprous Bromide

Cuprous Chloride

Cuprous Oxide (Cuprite)
DKT (Dipotassium Tartrate)

Deuterated Rochelle Salt (Potas-

sium Sodium Tartrate
Tetrahydrate)

Deuterated Rochelle Salt
(Sodium Potassium Tartrate
Tetradeuterate)

Deuteroammonium Fluoberyllate

Deuteroammonium Sulfate

Dextrose Sodium Bromide

Diamond

Dipotassium Monohydrogen
Orthophosphate

Dipotassium Tartrate (DKT)

EDT (Ethylene Diamine Tartrate)
Ethylene Diamine Tartrate (EDT)

Europium Fluoride

Europium Molybdate

Europium Sulfide

Ferric Sesquioxide (Hematite)

Ferrosoferric Oxide (Magnetite)

Ferrous Oxide

Gadolinium Molybdate

Gallium Antimonide

Gallium Arsenide

Gallium Phosphide

Germanium

Germanium Dioxide

HMTA (Hexamethylene Tetra-
mine)

Hematite (Ferric Sesquioxide)

Hexamethylene Tetramine
(HMTA)

Hydrogen Ammonium Dichloro-
acetate . ‘

Ice

Indium Antimonide

Indium Arsenide

Indium Phosphide

Todic Acid

Todine

CsPbCl;

CSNO3
Cng(Se03)2
CI‘gO:;

HgS

COszOG

CoO

CoWO,

C82B601 1° 5H20
Cu,0

CuO ,
CUSO4'5H20
CuBr

CuCl

CUzO
K.C,H,O4-1/2HO
KN a(C 4D4O s) 4-H20

NaK(C 4H2D206) *

(ND4)2BGF4
(ND4)2:SO4
CGHmOs-NaBr
C

K:HPO,

ch 4H406' 1/2H20
CeH1sN206

C GH 14NZOG

Equ

EUz(MOO4)3

. EuS

Fe203
Fe304

FeO

C dz(M004)3
GaSb

GaAs

GaP

Ge

Ge()z
N4(CHy)s

F62O 3
N4(CHby)s

H-NH4(CICH;COO),

Hzo
InSb
InAs
InP
HIO,
I



KDA (Potassium Dihydrogen
Arsenate)

KDDA (Potassium Dideuterium
Arsenate)

KDDP (Potassium Dideuterium
Phosphate)

KTN (Potassium Tantalate
Niobate) ’

KDP (Potassium Dihydrogen
Phosphate)

LAT (Lithium Ammonium
Tartrate)

(LTT) Lithium Thallium
Tartrate

Lanthanum Scandate

Lead Acetate »

Lead Bromide

Lead Carbonate

Lead Chloride

Lead Cobalt Tungstate

Lead Fluoride

Lead Hafnate
Lead Iodide

Lead Magnesium Niobate

Lead Metatantalate

Lead Molybdate

Lead Niobate

Lead Nitrate

Lead Oxide

Lead Selenide

Lead Sulfate

Lead Sulfide

Lead Telluride

Lead Titanate

Lead Tungstate

Lead Zinc Niobate

Lead Zirconate

Lithium Ammonium Tartrate
(LAT)

Lithium Bromide

Lithium Carbonate

Lithium Chloride

Lithium Deuteride

Lithium Fluoride

Tithinm Hydride

Lithium-6 Hydride

Lithium-7 Hydride

Lithium Iodate

Lithium Iodide

Lithium Metagallate

Lithium Niobate

Lithium Sulfate Monohydrate

Lithium Tantalate

Lithium Thallium Tartrate (LTT)

Lithium Tri-Hydrogen Selenite

Lithium Trisodium Chromate

Lithium Trisodium Molybdate
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KH:AsO,
KD:AsO,

KD.PO4

KTaNbO;

KH:PO,
LiNH,C4H,06-H,0
LiTIC,H.06-H,0

LaS CO:;

PL(C.H303).

P bBI‘z

PbCO;

PbClL,

P szOWOG

PbF,

PbHFO,
 Pbl;

Pb;;MgN b209

PbTazO(;

P] bMOO4

PbNb,Os

Pb(NO;).

PbO

PhSe

PbSO,

PbS

PbTe

PbTiO;

PbWO,

Pb(znl/ng2/3)03

PbZ:0;

LiNH4C4H406 HZO

LiBr

Li,CO;

LiCl

LiD

LiF

LiH

Li*H

Li'H

LilO,

Lil

LiG302

LiNbO,

LizSO4 M HzO
LiT303
LiT1C4H40s - HO
LiH3(SeOs )
LiNa3Cr04 M 6H20
LiNazMoO; - 6H,0

MASD Methyl Ammonium
Aluam)

Magnesium Borate Monochloride
(Boracite)

Magnesium Carbonate

Magnesium Niobate

Magnesium Oxide

Magnesium Sulfate

Magnesium Sulfate Septahy-
drate

Magnesium Titanate

Magnesium Tungstate

Magnetite (Ferrosoferric Oxide)

Manganese Dioxide

Manganese Niobate

Manganese Oxide (Pyrolusite)

Manganese Sesquioxide

Manganese Tungstate

Mercuric Chloride

Mercurous Chloride (Calumel)

Mercurous Selenide

Mercurous Sulfide (Cinnabar)

Methyl Ammonium Alum (MASD)

Mica (Canadian)

Mica (Muscovite)
Neodymium Aluminate
Neodymium Scandate
Nickel Tadine Raracite
Nickel Oxide

Nicke! Niobate

Nickel Sulfate Hexahydrate
Nickel Tungstate
Phosphorus (Yellow)
Phosphorus (Red)
Potassium Alum
Potassium Bromate
Potassium Bromide
Potassium Carbonate
Potassium Chlorate
Potassium Chloride
Potassium Chromate
Potassium Chrome Alum
Potassium Cyanide

Potassium Didenterinm Arcenate

(KDDA)

Potassium Dideuterium Phosphate

(KDDP)

Potassium Dihydrogen Arsenate
(KDA)

Potassium Dihydrogen Phosphate
(KDP)

Potassium Ferrocyanide

Potassium Floride

Potassium Hexathionate

Potassium Todate

Potassium Iodide

407

(CH;NH3)AI(SOy), -
2H,0
Mg';B7013C1

' MgCOa

MgNb,Og

. MgO

MgSO,
MgSO4 * 7H20

MeTiO;
MgWO,
FC3O4
MI!OZ
ManzOs
MnO
MH203
MnWO4
ch]z
HgCl
HgSe
HeS
(CH;NH;)ALSO,), -
2H,0
K H)Mg; Al(SiO4)
K, H)AL;(Si0y4)s
NdAIO;
NdSCO;;
NizB:0 51
NiO
NiNb.Os
NiSO4-6H-0
NiWO 4
P
P
KAI(S04).-12H,0
KBI‘O;;
KBr
K.CO3
KClO,
KCl -
K:CrO4
KCI‘(SO4)2‘ 12H20

KCN
KD,A:0Q,

XAz A

KD,PO,
KH:As0,
KH,PO,

KJG(CN)G ‘ 3H20
KF

K2S60s

KIO;

KI
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Potassium Niobate

Potassium Nitrate

Potassium Nitrite

Potassium Orthophosphate

Potassium Penta-Thionate

Potassium Perchlorate

Potassium Selenate ,

Potassium Strontium Niobate

Potassium Sulfate

Potassium Tantalate

Potassium Tantalate Niobate
(KTN)

Potassium Tetra-Thionate

Potassium Thiocynate

Potassium Trithionate

Proustite (Silver Thioarsenate)

Pyrolusite (Manganese Oxide)

RDA (Rubidium Dihydrogen
Arsenate)

RDP (Rubidium Dihydrogen Phos-
phate) .

Rochelle Salt (Potassium Sodium
Tartrate)

Rochelle Salt (Sodium Potassium
Tartrate)

Rubidium Alum

Rubidium Bisulfate

Rubidium Bromide

Rubidium Carbonate

Rubidium Chloride

Rubidium Chrome Alum

Rubidium Dihydrogen
Arsenate (RDA)

Rubidium Dihydrogen
Phosphate (RDP)

Rubidium Fluoride

Rubidium Indium Sulfate

Rubidium Iodide

Rubidium Nitrate

Rutile (Titanium Dioxide)

Samarium Molybdate

Selenium

Silicon

Silicon Carbide

Silicon Dioxide
(a-Quartz)

Silicon Monoxide

Silicon Nitride

Silver Bromide

Silver Chloride

Silver Cyanide

Silver Nitrate

Silver Sodium Nitrite

Silver Oxide

Silver Thioarsenate
(Proustite)

Sodium Ammonium
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KNbO3
KNOs
KNO,
KsPO,

KzS 506' Hzo
KC10,
KzSeO4
KSI'szsO 15
KzSO4
KTaOs
KTaNbO3

KzS40s
KSCN
K:S30s
Ag;;ASSa
MnO
PbH:AsO4

PbH-PO,

KNa(C4H406) 4H20

NaK(C4H40 5) '4<H20 )

RbAI(SO,) 12H,0

~ RbHSO,

RbBr

Rb:COs

RbCl

RbCI'(SO4)2 . 12H20
RbH 2 ASO 4

RbH,PO,

RbF
RbIn(S04):
Rbl

RbNO;
TiO.

S mz (MOO 4)3
Se

Si

SiC -

SiO;

SiO

SisNy

AgBr

AgCl

AgCN
AgNO;
AgNa(NO 2)2
Ag20
AgsAsS;

NaNH4(C4H406) °

Tartrate (Ammonium
Rochelle Salt)
Sodium Bromate
Sodium Bromide
Sodium Carbonate
Sodium Carbonate
" Decahydrate
Sodium Chlorate
Sodium Chloride
Sodium Cyanide
Sodium Fluoride
Sodium Iodide
Sodium Niobate
Sodium Nitrate
Sodium Nitrite
Sodium Perchlorate
Sodium Potassium
Tartrate (Rochelle
Salt)
Sodium Sulfate
Sodium Sulfate
Decahydrate
Sodium Sulfate
Pentahydrate
Sodium Potassium Tartrate
Tetradeuterate
(Deuterated Rochelle
Salt)
Sodium Trideuterium
Selenite
Sodium Trihydrogen
Selenite
Sodium Uranyl Oxalate
Spinel
Stannic Dioxide
Stibnite (Antimonous
Sulfide)
Strontium Carbonate
Strontium Chloride
Strontium Chloride
Hexahydrate
Strontium Fluoride
Strontium Formate
Dihydrate
Strontium Molybdate

Strontium Niobate

Strontium Nitrate
Strontium Oxide
Strontium Sulfate
Strontium Sulfide
Strontium Titanate
Strontium Tungstate
Sulfur

TGFB (Triglycine Fluorberllyate)

TGS (Triglycine Sulfate)

4H,0

NaBrO;

NaBr

N&zCOs

N32C03 . 10H20

NaClO;
NaCl
NaCN
NaF
Nal |
NaNbO3;
NaN03
NaNOz
NaClO4
NaK(C 4H406) M
4H-0

NazSO4
Nast4 . ].OHzO

N325203 . 5H20

NaK(C4H2D203) .
4D,0

NaD3(SeOs3):
NaHj3(Se03)2

NazU02(C 204)2
(Mg0);Al: 03
SnOz

Sb.Ss

SrCOax
SI‘Clz
StCl, - 6H-0

SI‘FZ

Sr(COOH); -
2H.0

SrMo0,

Sr2Nb2O+

SI‘ (NO:;)z

SrO

SrS0;,

SrS

SrTiOs

SrWO,

S

(NH: - CH,
COOH);
H2B6F4

(NH. - CH;
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TGSe (Triglycine Selenate)

TTM (Tetramethylammonium
Tribromo Mercurate)

TTM (Tetramethylammonium
Triiodo Mercurate)

TTM (Tetramethyl-Phosphonium
Tribromo Mercurate)

Tantalum Pentoxide

Tartaric Acid

Tellurium

Terbium Molybdate

Tetramethyl-Phosphonium Tri-
bromo Mercurate (TTM)

Tetramethylammonium Tribromo
Mercurate (TTM)

Tetramethylammonium Triiodo
Mercurate (TTM)

Thallous Bromide

Thallous Chloride

Thallous Iodide

Thallous Nitrate

Thallous Sulfate

Thiourea

COOH)s:
H,S0,4
(NH, - CH,
COOH)s -
HZSGO4
N(CH3),HgBr;

N(CHj).Hels
[P(CH3)4]HgBr3

Ta205

CH405

Te

Tb(MOO4)3
[P(CH3)4]HgBr3

N(CH3)4HgBr3 .
N(CH.):Hels

TIRr

TIC1

T
TINO,
T1:S0,4
SC(NH,):

Thorium Dioxide

Tin Antimonide

Tin Telluride

Titanium Dioxide (Rutile)
Titanium Sesquioxide

Topaz (Aluminum Fluosilicate)
Triglycine Fluoberllyate (TGFB)

Triglycine Selenate (TGSe)

Triglycine Sulfate (TGS)

Tungsten Trioxide
Uranium Dioxide
Ytterbium Manganate
Yiterbium Sesquioxide
Yttrium Manganate
Yttrium Sesquioxide
Zine Oxide

Zinc Selenide

Zinc Sulfide

Zinc Telluride

Zinc Tungstate
Zirconium Dioxide

ThO,
SnSb
SnTe

TiO.

Ti 03
(AlF),Si0 4
(NHz ° CHz

COOH); -

H9BCF4
(NHz * CHz

COOH)3 *

H25e04
(NHz M CH2

COOH); -

H,SO,
W03
U0,
YanO 3
Yb:0;
YM]’IO 3
Y.0;
Zn0O
ZnSe
ZnS
ZnTe
ZnWO,
Zr0
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