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Microwave absorption in insulating dielectric ionic crystals including the role of point defects
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A theoretical model of microwave absorption in linear dielectrionferroelectritionic crystals that takes
into account the presence of point defects has been synthesized and specifically applied to NaCl single crystals
by considering all relevant interaction mechanisms between a harmonic electric field and single-crystal ionic
crystalline solids, including ionic conduction, dielectric relaxation, and multiphonon processes. The loss factor
€" has been measured by a cavity resonator insertion technique for nearly pure?nddpad NaCl single
crystals at frequencies from 2 to 16 GHz and at the temperatures from 300 to 700 K. The experimental results
are in good agreement with the theoretical model. The theoretical model predicts a transition between low- and
high-temperature absorption processes that may partly account for the phenomenon of thermal runaway ob-
served during microwave processing of ceramics.

I. INTRODUCTION globa) encountered during microwave heating of ceraffics
for purposes of sintering, bonding, or compound synthesis.

Electromagnetic radiation dissipation in insulating singleThe problem is most prevalent in ceramics such as alumina,
ionic crystals has been extensively studied in both tow- Wwhere empirical measurements of the imaginary part of the
(<1 MHz) and high®® (=100 GH2 frequency regimes dielectric constant as a function of temperatue&(T)] con-
where the problem is simplified by dominant coupling to aSistently indicate a threshold temperatdrg below which
single absorption mechanism or class of mechanisms. Fgr (T) increases at a relatively modest rate, and above which
example, at low frequencies, ionic conduction and dielectridt increases very rapidly. At ceramic sintering temperatures
relaxation mechanisms have been experimentally isolatedi® dominant heat loss mechanism is radiation, but above
studied and characterized, including the effects oflt the microwave energy absorption increases witmuch
impurities'~*° At frequencies above 30 GHz and in rela- Mmore rapidly than the system can radiatively dissipate the
tively pure single crystals, electromagnetic radiation absorpenergy. At this point, the heated object tends to thermally
tion is dominated by multiphoton absorption mechani§fis. “run away" until melting occurs.
However, to our knowledge, there still does not exist a quan- Although an abruptly nonlinear temperature dependence
titative, experimentally verified theory describing electro-Of €’(T) has been empirically observed in numerous ceramic
magnetic absorption in the microwave band, which must ininaterials, there has been no theoretical explanation, to date,
clude the dependence on frequency, temperature, and ty@ this type of behavior. Another motivation for this work,
and density of point defects. An understanding of the absorpthen, was to provide a theory that could explain thermal run-
tion of microwave radiation by ionic crystalline solids is cru- away.
cial to several materials applications of growing interest and In this paper, we describe a composite theoretical model
importance, namely1) materials selection and fabrication for microwave radiation absorption in insulating ionic crys-
for advanced radomes as well as window and insulator strudalline solids. This model combines the effects of several
tures in high-power coherent microwave sourd@s,micro-  absorption mechanisms by extrapolating them to the micro-
wave processing of ceramics, at@) determining the com- Wwave frequency range and summing each of their contribu-
p|ex dielectric properties of ceramic substrate materials foFiOl’lS. We then present illustrative eXperimental verifications
use in microwave and high-speed digital circuits. Our pri_of this model using NaCl single crystals with varied concen-
mary motivation for the work described in this paper was totrations of cation impuritiefCa’*) over the temperature
create a theory of microwave absorption that would makéange 300700 K and the frequency range 2—-16 GHz.
guantitative predictions with a reasonably high degree of ac-
curacy, _Which would be immediately useful in the above Il. THEORETICAL MODEL
applications.

One specific example of a materials application of this Electromagnetic energy absorption in ionic crystalline di-
work concerns the phenomenon of thermal runa@agal or  electric solidg(i.e., in materials with no significant magnetic-
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field responsecan generally be associated with Ohmic loss,fect equilibrium, and since the ions contributing to the con-
dielectric loss, and photon-phonon interactions. The first igluctivity are therefore those with neighboring vacancies, we
due to electrical conduction of mobile charges, the second isan equivalently treat the vacancies as the charge carriers.
due to the relaxation of polarized bound charges, and th€alculations based on this model lead to a thermally acti-
third is due to the coupling between electromagnetic wavesated expression for ionic conductivity, which includes
and the vibrational modes of the ionic lattice. In general, thecontributions from both anion and cation vacancy migration.
time-averaged power dissipated per unit volume in a materidh our model, we choose to neglect the contribution to the
can be expressed &,.—= jweoe’E2, wheree” is the imagi-  ionic current due to the motion of anion vacancies. The rea-
nary part of the(relative complex dielectric constant of the son for this is that for our illustration with NaCl, the enthalpy
material,w is the angular frequency of the electric fidlg  of anion vacancy migration is on the order of 0.1 eV greater
and e, is the permittivity of free space. The complex and than that of cation vacancy migratiéi.This means that the
frequency-dependent dielectric constant eo(e’ —i€”) is  part of e, contributed by the anion vacancy migration will be
determined by the structural properties and thermodynamismaller than the cation vacancy contribution by a factor of
state of the material. e %XT \which is one(at 400°Q to two (at 20 °Q orders of

At frequencies and temperatures of interest for many ofmagnitude smaller over our experimental temperature range.
the applications cited abovee., frequencies between 1 and Also, the anion vacancy concentration is depressed relative
30 GHz and temperatures between 300 K and approximately the cation vacancy concentration by the presence of diva-
half the melting temperatur¢here is no known single domi- lent cation substitutional impurity ionsvhich have been ex-
nant electromagnetic dissipation mechanism in ionic crystalperimentally detected in non-negligible concentrations even
line solids. On the basis of existing theories, the total absorpin the nominally pure samplesOur final expression foe;,
tion will always be expected to take the form of a sum ofjs!?
contributions from all of the major absorption mechanisms in

ionic crystals, although when one mechanism is dominant " nee’b?vq Age JKT nae°b?vg —Age. . IKT
. l=— e 8ImdKl 4 =~ A0ma
the others may be ignored. In our case, none of the mecha- ¢ wekT wekT
nisms can be safely ignored, aeti must be written in the -
n.e“bv
more general form e 0\~ Agy o /KT 23
——e , 2.3
(l)EokT
€' =€t €4t €mps (2.1

wheren, is the free cation vacancy number density s the
whereeg , g andep,, represent contributions from ionic con- free anion vacancy number density,is the vacancy jump
duction, dielectric relaxation, and multiphonon processes, redistance 6H=3.99 A), v, is some characteristic lattice
spectively. Theoretical model expressions for each of thesrequency’ Agm(=Ahy . —TAsp ) is the Gibb's free en-
mechanisms have been developed and experimentally verrgy for cation vacancy jumpavhereAhy, . andAs, . are
fied in studies in significantly different frequency regimesthe enthalpy and entropy for migration of a cation vacancy
where the coupling to a single mechanism is dominant, andnd Ag,, , is the Gibb’'s free energy for anion vacancy
the other mechanisms can either be ignored or subtractgdmps. In this paper we will usdg,,, Ah,,, andAs, to
out!~8 To create a model expression for absorption at centimeanAg, ., Ahy, ., andAs,, ., respectively. Bothv, and
meter wavelengths, these individual expressions have beeks,, contribute to the preexponential factor in £g.3) and
extrapolated into the frequency range of interest and addedther equations of this form; we will always use
The development of the expressions and our use of them ig,=4.91x 10'2 (the retrahlen frequency of NaCland
discussed in further detail below. All derivations are done forchooseAs,, accordingly. The values for all enthalpies and
the example of NaCl, which is the material used in our ex-entropies used are presented below with some discussion.
perimental work; however, it is clear that this theory could To obtain the equilibrium number density, of the free
easily be applied to other ionic crystalline materials as wellcation vacancies, we must simultaneously solve the mass-
action-law equations for the concentration of Schottky va-
A. lonic conduction cancies, vacancy-vacancy pairs, and vacancy-impurity pairs,

The | . f the dielectri i dalong with enforcing overall charge neutralfty* Using
e imaginary part of the dielectric constant contributedg,, 44 notation (see, e.g. Kingery, Bowen, and

by electrical conduction is conventionally given'by Uhimaniy) and  defining xo=[Vid, Xa=[Vi]
oV Nal» av— Cll»

o Xw= [Vl,\laV.CI]u Xi=[Ca\als Xvi= [Cq\lavl’\la]’ and
e@=—-", (2.2 7=[Cal+[CaV\a (the total C&" concentratiopn
these equations are

where o is the electrical conductivity and is the micro-

= = 7Agf kT

wave frequency. In NaCl crystals, the most important XeXa =Ky, Ki=e ’ 24
r_nechanlsm of electrical conduction results from ion migra- Xo=K Ky KW:ZWe—AgW/kT' 2.5
tion in the presence of an external electrical field. This is
made possible by the existence of both intrinsic and extrinsic X=X XKy, Ky=Z e doi/kT (2.6
point defects that allow both cations and anions to be able to
jump among their equivalent lattice sites. However, given _

Xj + Xav™= Xcv s (27)

that NaCl is a Schottky-disorder compound, i.e., one where
cation and anion vacancies dominate the intrinsic point deand
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X+ Xyi= 7. (2.8) Eqg. (2.10. It is evident that the vacancy density, is a
function of temperature and other parameters, such as the
where Ag;=Ah;—TAs;, Ag,=Ah,—TAs,, and fomation energy for Schottky defects, the association en-

Ag,=Ah,—TAs,;. Ah; denotes the enthalpy of Schottky ergy for defect pairs, and the concentrations of divalent im-
defect formationAs; the entropy of Schottky defect forma- purities in the crystal.

tion, Ah,, the enthalpy of cation vacancy-vacancy associa-
tion, As,, the entropy of cation vacancy-vacancy associa-
tion, Ah, the enthalpy of cation vacancy-impurity
association, and.s,; the entropy of cation vacancy-impurity As mentioned previously, at a given temperature a certain
associationZ,, andZ,; are the distinct numbers of orienta- fraction of vacancies and divalent impurities will be associ-
tions of thev-v and thev-i pairs, respectively, which con- ated in defect pairs(both vacancy-vacancy pairs and
tribute to the configurational entropyZ,=6 andZ,=12  vacancy-impurity pairs because of attractive Coulomb
for NaCl). Note that we have assumed a single type of im-forces. Each pair consists of two charge carriers of equal
purity, Ca2*, in these equationéwvhich is the impurity we magnitude and opposite sign, so that the pair can be treated
doped the experimental samples wjtim addition, that ideal as a dipole. When an external electric field is applied, the
solution theory is assumed to apply to the defect reactiongipoles will all eventually align themselves in the direction
due to their low concentrationé.e., activity coefficients Of the electric field. If the field is alternating, the dipoles will
have been dropped™!? be reoriented at the same frequency as the applied field but
Among the defined concentrations,, is the concentra- will lag behind out of phase. During this process, a certain
tion of free cation vacancies that contribute to the conductivamount of electromagnetic energy is irreversibly transferred
ity. It consists of two parts. One is the concentration of in-to the dipole system. This is referred to as dielectric relax-
trinsic free cation vacancies, equaldg,, and the other is the ation. Since the macroscopic polarization due to dipole align-
concentration of extrinsic free cation vacancies, equal tgnent decays exponentially in time after the application of an

x; . Therefore, we need to solve Eq8.4—(2.8) for x; and  €lectric field impulse, the macroscopic dielectric constant
X,y Rearranging the equations, we have due to dipole relaxation will take the Debye form, character-

ized by a relaxation time-

B. Dielectric relaxation

KK X+ (k= 7KK = K3K )P = 29K x; + 7°K =0

(2.9 , _ €5 €

and € (w)—€m+ 1+(;_)2T2’ (217)
X , (€s— €x) 0T

Xav™ 7—X; Kvin- (2-1Q € (w)—w, (21&

There exist three solutions of E(R.9) mathematically. The

; | wheree,, is €' at frequencies much greater than the inverse
physical solution can be expressed as

of the relaxation time, and, is €' at frequencies much less
than the inverse of the relaxation time.

4 . ; .
Xi:zrll?’cog{ 0+ o —s, (2.12 More generally, if the system is characterized by more
3 than one relaxation time, these expressions are rewritten as
where the sum of several Debye terms. Breckenridge, in his pio-

neering work in this area, derived expressions for the dielec-
p\ 3112 _— tric constant that included both vacancy-vacaney{ and
r:{_ (§) } , f=3c0s (_ _) (212 pearest-neighbainn) vacancy-impurity ¢-i) dipole pair re-
laxations, resulting in two relaxation times in his thebfy:3
and Since that time, there has been considerable attention fo-
cused on the significant concentrations of next-nearest-
5= E(i_ —KaKf), (2.13 neighbor (nnn) vacancy-impurity pairs in NaClRefs. 14—
17) as the binding energy of thenn pair is comparable to
that of the nn pair for many impurity defects, including

27 11 2 ) Ca?*.1%17 This extended theory results in three relaxation
P=—x, " 3lk, 7KK (219 fimes, one forv-v pairs and two for-i pairs® However,
according to the work of Dreyfus and Laibow#Zone of the
21 S 29 (1 7? v-i relaxations can be expected to have a peak absorption
q 2_7(K_VI — 7= KKy +3TW(K_W_ 7= KyiKe |+ K" magnitude about 25 times smaller than that of the other

(2_\15) relaxation for NaCl doped with Cd. Many experimental

i . ) results confirm that this system is well characterized by a
Finally, we solve for the number destiny of free cation va-gjnge relaxation timé®2° Similarly, thev-v relaxation ab-
cancies that contribute to the ionic conductivity as sorbs far less than the dominani relaxation in the doped
case. We do not ignore the contributionwo® pairs in our
theory, however, because as can be seen from(ZES). the
whereN is the number density of normal cation sitgs,is  concentration ob-v pairs is independent of the dopant con-
obtained from Eqs(2.11)—(2.15, andx,, is obtained from centration(to first ordej, so this relaxation will have a more

Ne=NXg,=N(X; + Xa), (2.19
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important contribution in almost pure crystals. We thereforetals with low point defect concentrations. For the specific
initially chose to use Breckenridge’'s two relaxation time case of crystalline materials with the rocksalt structure, mul-
model. If one wanted to include the third relaxation term, ittiphonon absorption of microwave energy is dominated by a
would not present any serious difficulty; EqR.4)—(2.8 lifetime-broadened two-phonon difference proces&ased
would retain the same form iK,, were replaced by on the work in Refs. 6 and Zﬁ]p can be calculated as
Keg=K{IM+ KM -~ and the individual concentrations of .

each type ob-i pair could be determined if the relative rate _ (€s— €x)wil’

of nn to nnn and nnn to nn jumps was knon. Emp_(w2—wf2)2+(wfr)2’ (2.23

If we assume that in both-i andv-v pair relaxations

only the jumps of one nn vacancy to other nn lattice sitedvherew; is the resonant frequency of the fundamgntal rest-
(wi-type jumps®) are important, we can follow Strahlen transverse-phonon mode. Note that whjeand
Breckenridgé? and Lidiard®*'*to derive the following ex- €~ are still interpreted as the low- and high-frequency dielec-

pression for the macroscopic polarization of the materiaf"iC constants, respectively, they will have different numeri-
containing v-v and v-i pairs due to an applied time- ¢al values in this calculation than in the dielectric relaxation

harmonic electric field E=Eqel®!): calculation. This is due to the fact that the two-phonon ab-
sorption peaks at a much higher frequency than the dielectric
Ne?a’E Xyy Xyi relaxation absorption. The relaxation rate consiargorre-
T UBKT | 2(1+jwry) + 1+jory (2.19  sponding to the reststrahlen mode is given by
whereN, x,,, andx,; are defined in Sec. Il Aa is the lattice kgz .
constant for NaClr,, is the relaxation time fov-v pairs, I'= fo dkg(k)L(2). (2.24
and 7; is the relaxation time fop-i pairs. The relaxation
times are functions of temperature as follows: whereg(k) is determined by the geometry and structure of
. the crystal, and.(#) = y/ 7#i/[ (w;; — w)?+ ¥*] is a normal-
_ Adee JKT ized Lorentzian function with Z=fw—fhw;, and
w70 Gmwv (2.20 0= 0—w;.° )
However, Eq.(2.29) is not very useful for the actual cal-
and culation of the temperature dependencelofin Ref. 6, a
1 more useful approximate expression is derived from the
Tyi=m— e 9mui /KT, (2.22) above, which is
2V0
whereAg,,, andAg,,; are the Gibbs free energies for the = EFO arctar6 i w —arctar{ wc_w”, (2.25
w;-type vacancy jumps around another vacancy and an im- ™ Y Y

purity, respectively. In order to obtain the imaginary part of
the dielectric constant, we make use of E2.19 and the
Clausius-Massotti relation between the microscopic polariz- | ko 2 wﬁ] Ko
ability and the macroscopic dielectric constahio obtain I‘0=an(—> (—) sinz(—>

where

kKgz) |\ wjoj(wi—wc) 2Kgz
L Nxye?a2(e,+2)2  wr, (226
€07 BAekT | 1+ wird and
Nx,e%a%(e,+2)° o (2.2 .= 7Ngh¢3/6M M M- w03, (2.27

28eok T 1+ 0’ U _
n=n(w;)—N(wj+w), (2.28

hwi 1
ket

where w is the frequency of the microwave radiation, and
T is the temperature. The constants are to be interpreted as
follows:® k, is the “energy-conserving” wave numbekg;
) ) is the wave number at the Brillouin-zone boundary in the
C. Multiphonon quasiresonant process [111] direction (Kgz=9.65x 10’ rad/cm), w; is the frequency

In addition to the above mechanisms, photon-phonon ineof the acoustic phonon contributing to the relaxatian,is
teractions are another important class of mechanisms th#te frequency of the optical phonon contributing to the re-
contribute to electromagnetic energy absorption in ionidaxation, y is the sum of the relaxation frequencies of the
crystals. They are the dominant absorption mechanism in thacoustic and optical phononsand j, w, is the frequency
high-frequency rangemillimeter wave and far infrared difference between the transverse optic and the transverse
However, their contribution in the frequency range of 2—20acoustic phonon dispersion curve branches at the Brillouin-
GHz cannot be ignored, particularly in relatively pure crys-zone boundary,w,, is the maximum frequency of the

For NaCl,e..= 6.1 Note that this expression has the required
form of a sum of two Debye curves. and

Similar to the contribution from ionic conduction dis-
cussed earlier, the contribution from the ion jump relaxation
process is very temperature sensitive. However, the magni-
tude of ey is typically greater thare{ by several orders of
magnitude, except at high temperatures in relatively pur
crystals.

“1okeT 1

n(wj)= ~he, 2’ (2.29
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TABLE I. Values of material parameters of NaCl relevant to two-phonon lifetime-broadened absorption

(Ref. 6.

Material parametef(dimensions Value Material parametgidimensiong Value
€ (dimensionless 5.9 Ng(dimensionless 20
€. (dimensionless 2.33 $3(10'2 erg/ent) —-5.93
y(em™1 18 M, (1022 g) 2.32
s (cm™ ) 164 M. (10 Zg) 3.82
e (cm™1) 20 M. (10 Zg) 5.89
o, (cm™h) 115

acoustic phonon branches at the Brillouin-zone boundarybation analysis without incurring unacceptably large errors.
N is the total number of phonon branches that contribute tdlence an extended form of the cavity perturbation th&ory
the relaxationg, is the third derivative of the lattice poten- was employed for data analysis to obtain higher accuracy in
tial evaluated at a lattice sité_ is the mass of the less the measurements ef'.
massive lattice ionM-~. is the mass of the more massive  Four high-purity circular cylindrical rod-shaped NaCl
lattice ion, andM, is the reduced mass of the pair, which is single-crystal specimens were commercially obtaifider-
simply the product of the ion masses divided by the sum ofshaw and prepared for the measuremertfiy: 4-mm diam-
the ion masses. Over the frequency range examined in thiter, as received?) 4-mm diameter, doped with G4 to an
research,w<w;, and therefore we can takk,=kg,, estimated level of 200—400 ppr(B) 3-mm diameter, as re-
®;=wn, andw;= wy+ ©.° The values of the constants used ceived; and4) 3-mm diameter, doped with €4 to an es-
are listed in Table I. All of the values quoted in Table | aretimated level of 50—200 ppm. Samplgs and(2) were used
from Ref. 6, excepiNg, which was not explicitly stated in for the larger cavity with lower resonant frequencies-
the article. We obtained the listed value by fitting the calcu-proximately 2, 5, and 8 GHzand sample$3) and (4) were
latedI"(T) curve to the data points presented in that article used with the smaller cavity with higher resonant frequencies
Reference 6 contains a discussion of the determination dipproximately 5, 11, and 18 GHzThe redundancy near 5
their value ofy, which we used in our calculations. GHz was intentional to cross check that both cavities yielded
Calculations with the above expressions predict absorpidentical data at this frequendyor the undoped reference
tion as a function of temperature in good agreement witfsampleg After inserting the samples into the cavities, the
experimental results in the millimeter-wave frequency rangeresonant frequencies were shifted from the empty cavity val-
f>30 GHz® Extrapolations down into the lower microwave ues down to 2.2, 4.8, and 7.4 GHz for the low-frequency
region, 2—-20 GHz, show tha;;]p varies much less sensi- Cavity and 4.8, 10.2, and 15.5 GHz for the high-frequency
tively with temperature than contributions from ionic con- cavity. From these frequency shifts the valueetfcan be
ductivity or ion jump relaxation in this frequency range. In determined? we calculated it be 5.680.05 in every case.
particular, e’,, varies approximately linearly with both tem- Measurements o¢” were performed over the temperature
perature and frequency. range of 300—700 K by taking data in 40 K increments. The
relative measurement error was establigheéal be + 1%.

Ill. EXPERIMENTAL RESULTS AND COMPARISON B. Impurity concentrations
TO THEORY
In order to compare the theoretical results to the experi-
mental measurements, we must have the values of several
To evaluate our theoretical model of microwave absorpparameters required by EqR.3—(2.22). The first of these
tion experimentally, we have measure&din NaCl as a func- parameters is the impurity concentration. By using induc-
tion of temperature, frequency, and €aimpurity dopant tively coupled plasmdlCP) spectroscopyWisconsin State
concentration. The measurements were performed on cylid-aboratory of Hygieng the impurity concentrations of all
drical single-crystal specimens by measuring the change isamples were measured. The concentrations of many of the
the loadedQ of a temperature-controlled cylindrical cavity impurities that were investigated were negligible, falling
resonator due to a sample inserted in a small hole in the toplose to or below the detection limits. In particular, seven
of the cavity. The experimental configuration is described inelements(As, Be, Cr, Co, Ni, Tl, and Y were indicated as
detail in Ref. 21. A 2—-26 GHz synthesized signal generatobelow the detection limit. The presence of ten more elements
was used as a precise microwave excitation source. Twwas possibly suggested, bithin the error limitg at con-
resonant cavities and several modes in each were employégntrations too small to be significant for our purpoges.,
to provide measurements at five frequencies spanning thdl 209.3+104.6 (ppm), Sb 7.81-47.55, Ba 0.4005
range of 2—-20 GHz. To ensure that the NaCl specimen wag 0.9250, Cd 0.35580.6370, Cu 8.3287.995, Fe 10.47
isothermal, the entire cavity was resistively heated, sur6.502, Pb 12.7628.06, Mn 1.7040.784, Mo 4.894
rounded by thermal insulation, and placed inside an evacux9.298, and Se 41.3080.95, in the undoped samples
ated chamber to prevent oxidation. At the higher frequenciefour elements were detected in concentrations that could be
and higher-order radial eigenmodes, the sample diameteignificant to our results: Cé&he dopant impurity Mg, K,
was not sufficiently small to use conventional cavity pertur-and Zn. Their concentrations are listed in Table II. It is com-

A. Experimental method
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TABLE IlI. Impurity concentrations in the NaCl samples determined by an inductively coupled plasma tecfiniflisconsin State
Laboratory of Hygieng L represents concentrations below the detection limit of the measurement system. ppm here refers to the mole
fraction.

Impurity Concentratior{ppm) Concentrationppm) Concentrationppm)
element in sampkel & 3 in doped sample 4 in doped sample 2
Ca 19.76:17.32 151.#20.1 375.2230.1

Mg 160.9+363.6 L L

K 1736+ 1858 15233823 801.8:2533.7

Zn 37.171.32 37.3%5.21 27.381.24

mon practice to assume that elements whose error bounds a@&?*, as both are divalent impurities. The defect parameters
comparable to their mean estimated concentration have negiven for Zr®* in NaCl are indeed similar to those
ligible concentrationgclearly this must be done in the con- of Ca®* in NaCl®>!°For our purposes, we chose effectively
text of other information such as the crystal-growth condi-to treat the ZR* impurities as C&" impurities. When per-
tions, which was provided by the manufactyreWe  forming theoretical calculations, the €aconcentration was
therefore neglected the possible presence of Mg and K in thiixed at the value of 40 ppm for samples 1 and 3, 405 ppm
samples. This assumption is further justified in light of ourfor sample 2, and 190 ppm for sample 4. These values were
experimental and theoretical results. A possible large conebtained from Table Il by adding the concentrations of
centration of K in the samples will not affect our results Ca?* and zr** for each sample. It should be noted that the
significantly, as it will only produce a secondary effect onconcentration of C&" in samples 1 and 3 was taken to be
the ionic conductivity, and as is shown in Fig. 2, the contri-negligible, in accordance with our convention of dropping
bution of ionic conduction to our measured microwave abimpurity concentrations which are comparable to the error
sorption was only important at the highest temperatures anfounds.
lowest frequencies tested in our experiments. We can dis-
count the presence of a large concentration of Mg, as such a
concentration in the undoped samplésand 3 would have
had a significant effect on the microwave absorption. The The other parameters required for our theoretical calcula-
fact that we obtained a good theoretical fit to the data whilgions are the various enthalpies and entropies of formation
assuming a fairly low divalent impurity concentration elimi- and activation for point defects and point-defect pairs. As a
nates the possibility of anything like 160 ppm of Mg being starting point, we used the values measured by Hooton and
present in the samples. The remaining elements with clearlyacobg, as these are very recent and are in good agreement
non-negligible concentrations are Ca ftite dopegisamples  with values found elsewhere. We found that the relax-
2 and 4, and a surprising baseline presence of Zn in all threation term from Eq(2.22 did not make a significant contri-
samples. bution to our calculated values for any reasonable values of
The simultaneous presence of two types of divalent imputhe activation parametera\f,,, andAs,,,). It was there-
rities, in this case C&" and Zr?", is not dealt with in our fore safe to ignore this term in our calculations. Following
theory as developed above. In general, the two types of imBryden and HeydoA? we assumed the same values for the
purities would not be expected to have identical defect paenthalpy and entropy of cation vacancy motion around the
rameters Ah,;, As,, Ahy,, and As.,), and therefore Ca?* impurities as for the motion through the undisturbed
Egs. (2.4—(2.8) must be reformulated with this in min@  lattice (i.e., Ah,w=Ah,,, andAs,,=AsSy).
straightforward but tedious exercjsén addition, there will These initial values for the enthalpies and entropies did
be an additionab-i relaxation term due to the ZA which  not result in a good fit to our experimental results, however.
will contribute to the total absorption. The difficulty with this We noted that there is considerable variation in the literature
problem is that ZR* in NaCl, unlike C&" in NaCl, is not a
fully characterized system. There are only a few references TABLE IV. Some measured values afh,,, Ahy,,, andAs,
which attempt to give the defect paramet&r&>1°On the by others.
basis of simplified Coulombic arguments one would expect

C. Enthalpy and entropy values

that the defect parameters would be similar to those ofhy (eV) Ahpyi (eV) Asy, (k) Reference
) _ 0.626 1.065 4
TABLE lll. Enthalpies and entropies used. 0.65+0.01 1.7:0.1 24
0.69 1.64 5
P Enthal Ent k
rocess nthalpgeV) ntropy (k) 0.715 33 27
Cation vacancy migration Ah,=0.70 As,=1.87 0.75+0.01 28
Schottky defect formation Ah;=2.41 As;=8.896 0.678 0.678 1.87 20
Cationv-v pair association Ah,,=—0.865 As,=-1.2 0.695 25
Cationv-i pair association  Ah,;=—0.612 As,;=—2.508 0.70 19

Cationv-i pair activation Ah,,;i=0.70 As,i=1.87 0.72 26
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FIG. 1. The experimentally measuret and theoretically predicted’ in NaCl single crystals at the frequencies(af 2.2 GHz,(b) 4.8
GHz, and(c) 7.4 GHz vs temperature for the first cavity, aftl 4.8 GHz,(e) 10.2 GHz, andf) 15.5 GHz vs temperature for the second
cavity. In all the plots, the symbols are as followid: undoped crysta{nearly pure crystajs A: doped crystals. —: theory with 40-ppm
effective C&* for the undoped sample and 405-ppm?Caloping level for the doped sample, respectively, for the first cavity; theory with
40-ppm effective C&" for the undoped sample and 190-ppm?Caloping level for the doped sample, respectively, for the second cavity.

values ofAh,, andAs,,, and these parameters seemed to bgarameters of Table | were not adjusted at all; the two-
a natural choice to adjust in order to improve the fit. Wephonon lifetime-broadened process dominates the absorption
obtained a good fit using the set of parameter values listed iat low temperatures, and the good agreement between theory
Table IIl. For comparison, in Table IV we list some literature and experiment in our own independent investigation pro-
values for the adjusted parametessh(, and As,) from  Vides additional evidence for the correctness of the theory of
which we selected our values, along with valueg\tf,,; in  this process as given in Refs. 6 and 7.

order to validate our assumption thih, ;=Ah, . An important disti_nguishing feature_in all of the theoreti-
cal curves is the existence of a transition temperalyrat

which there is a transition from the multiphonon process
being dominant to dielectric relaxation and ionic conductiv-

In Fig. 1, the experimental and theoretical results are plotity processes being dominant. Two of the theoretical curves
ted together in order to allow direct comparison. As can bere broken down into components to illustrate this point in
seen, the agreement between the two is very satisfactory. ASg. 2. GenerallyT; varies with both the dopant concentra-
mentioned above, certain activation parameters had to be atlen and the microwave frequency. The experimental data
justed to fit the experimental results, but our final set ofand the theoretical predictions are in excellent agreement re-
parameters is very reasonable. The two-phonon absorptiagarding the value of; in all cases.

D. Analysis of results
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total microwave absorption and compared it to experimental
data. The match was very good, indicating that any other
possible mechanisms must make very small contributions in
this frequency, temperature, and dopant range. We therefore
contend that the composite model is suitable to predict the
microwave absorption in any insulating linear dielectric
(nonferroelectrig ionic crystal.

Based on this composite model, a possible physical expla-
nation now exists for the abrupt onset of a highly nonlinear
temperature dependence &f(T) that can lead to thermal
runaway during microwave heating of ceramics. Specifically,
the abrupt transition observed fef in the microwave heat-
ing of ceramic materiald is observed here in NaCl. The
transition temperaturd; at which this sudden increase in
absorption occurs varies with defect concentrations and with
frequency. In all cases, however, this phenomenon is the
signature of a transition from the dominance of a weakly
temperature dependent absorption mechanism—e.g., two-
phonon absorption—to the dominance of thermally activated
(and thus exponentially temperature dependetvsorption
mechanisms, e.gy-i pair dielectric relaxation and ionic
conduction.

In addition to polar point defect pairs such@s$ andv-

v pairs, in a non-single-crystal ionic solid there will also be
extended defects with intrinsic polarity such as dislocations
and grain boundaries. Reorientation of these extended de-
fects would also be expected to be a thermally activated pro-

FIG. 2. The theoretical curves at 4.8 GHz from Figb)1 split  cess, perhaps with much higher activation energy than that
up into their components. The solid line is the totdl and the  for reorientation of point defect pairs. The next stage of our
dashed lines are the contributions due to multiphonon processggsearch, then, is the incorporation of these processes in a
(m.p) andv-i pair dielectric relaxationy(-i), in both cases(@)  theory that will predict microwave absorption in non-single-

Doped case(b) Undoped case, with the dotted line representing thecrystal jonic solids, such as polycrystalline ceramics.
contribution due to ionic conductiviticond). Also indicated on the

figure is the approximate value df,, the transition temperature
discussed in the text.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the partial financial
support of the Electric Power Research Institute, the Wiscon-
sin Alumni Research Foundation, and the National Science

Our theoretical starting point for this investigation was to Foundation through the Presidential Young Investigator
assume that the total microwave absorption in ionic crystal®\ward Program; and of Nicolet Corp. for the donation of the
could be fully explained by adding contributions from previ- digital oscilloscope used in the experiments. Many valuable
ously characterized absorption mechanisms. Based on thiéiscussions with Sam Freeman and others are also greatly
assumption, we generated a theoretical expression for theppreciated.

IV. SUMMARY AND CONCLUSIONS

°1. Bunget and M. Popesci®hysics of Solid DielectricéElsevier,
Amsterdam, 1984

10G. A. Kriegsmann, J. Appl. Phy31, 1960(1992, and references
contained therein.

1w, D. Kingery, H. K. Bowen, and D. R. Uhimanintroduction

IR. G. Breckenridge, inmperfections in Nearly Perfect Crystals
edited by W. Shockley, J. H. Hollomon, R. Maurer, and F. Seitz
(Wiley, New York, 1952, Chap. 8.

°R. G. Breckenridge, J. Chem. Phyls, 959(1948.

3R. G. Breckenridge, J. Chem. Phyis8, 913 (1950.

41, E. Hooton and P. W. M. Jacobs, J. Phys. Chem. S&lij4207 to Ceramics(Wiley, New York, 1976.

(1990; Can. J. Chem66, 830 (1989. 12|, w. Barr and A. B. Lidiard, inPhysical Chemistry—An Ad-

SM. Beniere, F. Beniere, and M. Chemla, J. Phys. Chem. Solids vanced Treatiseedited by H. Wilhelm JostAcademic, New

37, 525(1976.

5M. Sparks, D. F. King, and D. L. Mills, Phys. Rev. 35, 6987

(1982, and references contained therein.

K. R. Subbaswamy and D. L. Mills, Phys. Rev. B3, 4213

(1986.

8V. L. Gurevich and A. K. Tagantsev, Adv. Phy&0, 719(1991).

York, 1970, Vol. 10.

13A. B. Lidiard, in Handbuch der Physjkedited by S. Flugge
(Springer-Verlag, Berlin, 1957 Vol. 20.

14A. B. Lidiard, Bristol Conference Report on Defects in Crystal-
line Solids, 1954The Physical Society, London, 1965

15R. W. Dreyfus, Phys. Revl21, 1675(1961).



53 MICROWAVE ABSORPTION IN INSULATING DIELECTRIC ... 12785

18R, W. Dreyfus and R. B. Laibowitz, Phys. Re%35 A1413  22B. Meng, J. H. Booske, and R. F. Cooper, |IEEE Trans. Micro-

(1964. wave Theory Tech43, 2633(1995.
c. R. A. Catlow, J. Corish, J. M. Quigley, and P. W. M. Jacobs,?3P. Suptitz and J. Teltow, Phys. Status Sofigj 9 (1967.

J. Phys. Chem. Solidél, 231 (1980. 2A. R. Allnatt, P. Pantelis, and S. J. Sime, J. Phys4,C1778
18C. H. Burton and J. S. Dryden, J. Phys3C532 (1970. (1972).
19p, varotsos and D. Miliotis, J. Phys. Chem. Soli#5, 927  2°P. Dansas, J. Phys. Chem. SolB% 2699(1971).

(1974. 26K, C. Kao, W. Whitham, and J. H. Calderwood, J. Phys. Chem.
203, s, Dryden and R. G. Heydon, J. Phys1C 393(1978. Solids31, 1019(1970.

21B. Meng, J. H. Booske, and R. F. Cooper, Rev. Sci. Instt6én.  2’C. Nadler and J. Rossel, Phys. Status Sdligli711(1973.
1068(1995. 28E. Laredo and E. Dartyge, J. Chem. Ph§8, 2214(1970.



