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High-temperature thermal conductivity of porous Al,O3 nanostructures
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The temperature dependence of the thermal conductivity of porous, nanostructured alumina has been mea-
sured. It is shown that this dependence can be described with a single parameter, the value of which depends
on the intergrain boundary structure and is independent of the grain size and porosity.
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I. INTRODUCTION have proposedis free of these shortcomings. It considered

The problem of heat transfer in ceramic nanostructures i§1€ Short-wavelength phonon transport in granular media as a

important due to possible application of such materials as thBnonon hopping between neighboring grains. A grain bound-

thermal barrier coatings. The operation temperatures of cé’y 1S considered phenomenologically. The only parameter

ramic coatings are about or exceed 1000 °C. There are wwaescribing the interface structure is considered as an adjust-

mechanisms that are important for the heat transport in norf2l€ Parameter. It could be calculated only if an atomistic

; ; : . model of the interface structure can be proposed.
metallic solids at such temperatures: the phonon and radid” The radiative component of the thermpal (F:)onductivity was
tive mechanisms. Nanostructuring is assumed to decrease tpc?und to be significant at high temperatu(@= 1000 ° 0 -
phonon or photon mean free path, and so decrease the th g '

mal conductivity. Indeed, thermal conductivity of nanostruc- he thickness of the ceramic layer of interest is in the range
Y- ’ y of some hundred micrometers to around a millimeter. For

tures can be reduceﬁ in comparison with its bulk \r/]élqe. fhis reason it was assumed that the mean free path of photons
Propagation of phonons is an important mechanism Ofs equa to the film thickness. This is a rough estimate of the
heat transfer at high temperatures. Note that the temperatufggiative component in thin films; in particular, the influence

of 1000 °C exceeds the Debye temperature for most dieleGsf the structure disorder on the photon mean free path in
trics. This means that the phonons whose wavelength is siminjck films can also be important.
lar to the lattice constant are most important for the heat |n this paper we report results of our studies on porous
transport. The commonly used continuum approximation isy— Al, O, nanostructures. The Debye temperature of this ma-
not appropriate to consider the intergrain transport of theseerial is T,=1042 K. We prepared two sets of three
short-wavelength phonons. Indeed, to investigate this prob-Al,O; nanostructures each distinguished by the grain size,
lem, the well-known boundary conditions are usually appliedporosity, and grain boundary structure. The thermal conduc-
on the corresponding components of the elastic fi@idelas-  tivity (TC) of the structures is much lower than that of an
tic displacement and strengthiThese boundary conditions Al,O3 single crystal. In addition, it does not show any sig-
arise as a result of averaging of the elastic fields over someificant temperature dependence. Such behavior of TC is
region at the interface. The size of this region in the normalcharacteristic for the bounded structures due to phonon con-
to-boundary direction should significantly exceed the latticefinement. It has been exhibited in numerical simulations for
constant. This procedure is appropriate for long-wavelengtmanowires’ layered structures and superlattices Witnd
phonons, but it is not appropriate for short-wavelengthwithout quantum dots, and has been observed in
phonons whose wavelength is similar to the lattice constangxperiments.
and for which such averaging can not be done. The model we have adopted takes into account both the
The structure of a grain boundary is very important withphonon and radiative mechanisms of thermal conductivity.
respect to its interaction with short-wavelength phonons. IdeTo consider the phonon transport in porous nanostructures
ally the position of each atom at the interface should beve used the theory previously developed by the authors.
known. However, there is no reliable experimental data orThe pores in some of our samples are of the size comparable
the atomic arrangement of the interface. One may expect @ the grain size. For this reason we use the percolation
disorderedamorphousstructure of the grain boundariésr  modef to improve our theoretical modeaind render it ap-
necks between the grains, observed during the first and seplicable to nanostructured materials of high porosity.
ond stage of the sintering procedur&his makes it difficult The length of the electromagnetic waves radiatedr at
to propose a microscopic model of the grain boundaries~ 1000 °C significantly exceeds the lattice constant; this al-
Moreover, this complicates investigation of thermal conducdows us to apply the continuum approximation to investigate
tivity in terms of the lattice wave theofyThe model we the radiative component of the thermal conductivity. To de-
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TABLE |. Experimental data used in calculation.

Sintering Holding Grain Deviation of Pore

temperature time  size the grain size Porosity size Coordination Contact diamete(nm) Thickness
Sample  (°C) (min)  (nm) (%) (%) (nm) number  Cohesion measured calculatdd (mm) t
FD1/1 1050 0 174 36 43 300 6.45 0.65 93 103 1.205 0.069
FD1/2 1020 3 161 16 27 310 9.27 0.76 100 142 1.07 0.073
FD1/3 1040 0 360 16 3 570 12.1 >0.9 270 355 1.34  0.066
FD2/1 1050 1 270 76 37 280 7 0.53 250 155 1.57 0.028
FD2/2 1020 3 315 15 25 200 8.92 0.53 280 245 1.69 0.038
FD2/3 1040 0 450 15 7 350 12.1 >0.9 432 432 1.69 0.030

&Calculated after Skorohod Ref. 14.
bSymbol * marks the estimated values.

termine this component, we consider the electromagneticelation between the energy levels and spacing between the

wave propagation in a granular material. atoms, then both mechanisms can be considered indepen-
dently. This assumption seems to be reasonable, if the am-
Il. EXPERIMENT plitude of the atomic oscillation is considerably lower than

the lattice constant. We can then write
A. Sample preparation

: . . " . = Kkppt
Commercial high purity transition alumina powder K= Ko™ Ko

(Baikowski CR125; samples FD1/1-FD1/@s well as MgO  where k is the thermal conductivityk,, and «, are its pho-
doped (0.5 wt% +vy-alumina powderBaikowski CR11325; non and radiative components, and consider each of them
samples FD2/1-FD2j3vere used. The powders were attri- separately.

tion milled for 3 h with dispersant addition, freeze-dried and

cold isostatically pressed. The samples were consolidated by A. Phonon contribution to thermal conductivity

spark plasma sintering using a heating rate of 200min up

to the sintering temperatures of 1400 °C and holding time%a
ranging from 0 to 5 min. The pressure was applied from th
beginning of the sintering cycle and released during cooling
These different sintering conditions were chosen to produc
different microstructureggrain size, porosity(Table ).

To investigate the high temperature phonon transport in
nostructures we assume that two mechanisms are domi-
ant: scattering at the grain boundaries and the phonon-

honon interaction. At the same time, for the materials
hose thermal conductivity is considerably reduced due to
nanostructuring the phonon scattering at the grain boundaries
is of most importance. This scattering determines the phonon
B. Characterization of the samples mean free path that becomes now comparable with the grain

The porosity, grain size as well as the contact area beSize and is independent of the phonon wavelength. This
tween the grains were determined using image analysi§l€ans that the phonons whose wavelength is of about the
methods app“ed to SEM pictures of po”shed and therma”)}attice constant determine the thermal CondUCtiVity at hlgh
etched samples. Additionally TEM studies of the samplegemperatures. This distinguishes nanostructured materials
FD1/1, FD1/2, and FD1/3 sintered at different conditionsfrom single crystals or amorphous ones where the phonons
(Fig. 1) were performed with TEM Philips CM300, operating
at 300 kV. The samples were coated with carbon layer td
avoid charging.

C. Thermal conductivity measurements

The laser flash method was used for measurements of he
diffusivity in a “TC-3000H/L SINKU-RIKO” device as de-
scribed in Refs. 8 and 9.

(a)

lll. THEORY
) . . FIG. 1. TEM images.(a) Smaller grain size, lower density
The two mechanisms important for the heat transport insample FD1/2, scale bar 200 neb) Larger grain size, higher den-

nonmetallic solids at higkof the order of Debye or higher ity sample FD1/3, scale bar 200 niic) Two sintered grains in
temperatures are: the phonon and radiative mechanisms. TRgwder FD1/2. The interfacgndicated with an arrowhas a thick-
first one relates to the movement of atoms in the crystallingéiess~1 nm. Both grains are crystalline, but oriented differently
lattice; the second one is due to the electron transitions beand the crystalline fringes can be easily seen only on one of them.
tween the energy levels in these atoms. If we neglect th&cale bar 2 nm.
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of different wavelength are of the same importance for'TC. of movement for each atom at the interface have to be
We adopt the following model. We start with the phonon solved. We will not carry out this procedure, but we will

states that initially were localized at the individual grains ofconsider thet value as an adjustable parameter. It depends
the nanostructure and then consider their transport as thenly on the interface structure and is independent of the
phonon hopping between the grains. This allows us to reducgrain size and porosity. So, it should be similar for nano-
the problem of the phonon transport to the problem of elecstructures prepared using the same technology. This fact will
trical conductivity of a net of arbitrary resistofg;, which  be tested experimentally in this paper.

correspond to relevant grain boundarig®tween the-th

and j-th graing. This yields the following expression for B. Radiative part of thermal conductivity

2
e A radiative contribution to the thermal conductivity arises
ké-rz@p(g) e from photon emission caused by electron transport. These
Kph= "y B(x)dx, (1) photons can then be absorbed by the electrons. If the photon
0 mean free path is considerably less than the size of the speci-
where men, then the photon gas achieves a local thermodynamic
) equilibrium with the phonons. This allows us to consider the
B(x) = 964 x'e" (X_}) 9= T energy transport that is accompanied by the photons as a
27 (&-1)? 6’ o' radiative component of thermal conductivity and estimate it
as

T is the temperaturel is the Debye temperaturé,andkg
are the Planck and Boltimann constaatss the lattice con-

stant,d is the grain sizeSis the main area of the intergrain
boundary(the “neck” siz¢, andZ is the coordination num-
ber. Deviation of this parameters from its mean value is dewherec, w, andl(w) are the photon speed, frequency, and
termined with the parameter of disordér It has been esti- mean free pathg is the dielectric permittivity,

= — f Cy(0)l(w)dw, (4)
3Velog

mated in Ref. 2 as 3
Cy(w)dw= h 9 @ dow
¢:<1+212)_1 Y 7T\ ehel — 1
z is the heat capacity of the photons of the frequeacy
o is the mean relative deviation & Equation(1) results in Let us estimate the mean free path of the thermal photon

the temperature dependence of TC that increasds<al,, 7@~ keT in @ perfecta—Al,O; single crystal.
and becomes constant @t>Tp. Thus, forT>Ty Eq. (1)

yields (@) = e ~ ——, (5)
V2mwo  \2mNg£/m

o —
Kop = M_ (2) Whereo=Ng?7/m' is the electric conductivity; e and m’

P 20mha’d are the charge and effective mass of the electrois, the
electron relaxation time; at high temperatures it can be esti-

The main difference between Ed,) from the one derived mated asr=#/(ksT), so that

in Ref. 2 arises from the f_act(it/37r. Indeed, in the absence

of porosity the value oZS is the total surface area of the _ N

grain and therefore it is a constant. In our experiménable o= mkeT’

1), however, it is not so because of complexity of the grain . . _
shape and porosity. The fact@’3= is valid if Z>1. In  Nels the electron density. In a perfect crystal it can be esti-

particular, forz~1210 mated as

To consider the phonon-phonon scattering we suppose 2 kT \ 372
that some additional resisto¢the value of which ig;=«;d, o= (—‘32) ~Eg/2kpT (6)
wherek; is the bulk part of TQ are series connected to the (2mh)

boundary onegR;). This leads to the following expression \yhere for the band gap and effective mass values we have

for TC: Ey~8.7 eV,m =~0.35m, (e andm, are the charge and mass
s — of the free electron'? Then
kon = ksT f KBZtSP dx.  (3) 4ra
h— "B — . L
° 0 3mhikcliald + ke ToB()ZtSD . = keT” (7 _xidx 7
° " 3Pk 2aNEIm Jo V(€ - 1)2 "
VETTN oV -

Here k;=«;(T) is the thermal conductivity of the single crys-
tal; an influence of impurities and other bulk mechanisms olsing Eqs.(5)«7) for T=2000 K yieldsx, =11 W/(m K),
phonon scattering can also be included in this value. It isindl =14 cm. This means that a perfect,®k crystal shows
important that all parameters of E@) exceptt can be mea- no resistance to the photon transport. The resistance could
sured experimentally. Thevalue describes interface trans- arise from the impurities or intrinsic defectsie energy level
parency for the phonon hopping. To estimate it, the equationsf the defect closest to the top of the valence band;is
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=0.3 e\).13 The latter can be responsible for heat resistance The effective mean free patfy(w) substitutes(w) in Eq.
if their density is rather large, so thebecomes smaller than (4). It is apparent this is approximately the smallest value
thickness of the specimdn The effect can be estimated by betweenl(w)>* w2 andls{w)*w™. In the perfect crystal
Eq. (7), whereN~ N;e E/eT andm’ is effective mass of the |(w)<I.(w), and the value ofw=KkgT/#% is effectively the
hole, N; is the defect density. However, this yiel@sthat is  upper limit for the integra{4). In the real crystal the solution
usually small, ifl <L. wo of the equationl(wy)=ls{w,) can be either larger or
Itis easy to understand the reason. The electron density maller thankgT/#4. In the first case the disorder has no
low at low temperature. This means long mean free pathgppreciable influence or,, in the second one the value of

both of electrons and photofiEg. (5)]. Increase of the tem- <k, T/% becomes the effective upper limit of E@); this
perature leads to increase of the photon part of the heat c@ecreases the radiative component

pacity (which is proportional toT®), but also to rapid de-
crease of the photon mean free patrhich exponentially
depends on temperature

Appreciable contribution to the radiative component The results of the TEM study of our samples are pre-
could originate from the electron levels localized less tharsented in Fig. 1, where the structure of the interfaces between
0.1 eV from a band edge. They can be the electrons fronthe a—Al,O5 grains is shown. This is important, because it
impurity or surface levels segregated from the conductive oinfluences the phonon propagation in nanopowder. The TEM
valence bandselectrons from dangling bongdn the latter  study shows, that
case, the density of the levels can be roughly estimated as 1. The interfaces between the-Al,O5 grains are very
N; < 24p/(ma’D), whereD is the pore size. Such levels be- thin (~1 nm, Fig. )
come ionized aff =1000 °K. ThenN,— N; becomes inde- 2. No epitaxial relation between the neighboring crystal-
pendent of temperature, so thatincreases a3®>. line a—Al,O5 grains was observed.

Crystal disorder decreases the phonon mean free path and Table | presents results of the structure measurements of
so decreases the radiative component. To estimate this effeatir specimens together with the values of the parantéter
we take into account that wavelength of the heat photons aach of them. These valuestoénsure the best fit of E@3)
T=1000 K is of about 5000 nm, so that it significantly ex- with measured temperature dependence of(Fi@. 3). The
ceeds the grain size. This allows us to use a continuum apralue oft does not vary significantly for the specimens of
proximation: We consider the electromagnetic wave propaeach set, but change approximately two times for the speci-
gation in the media with the position dependant dielectricmens of different sets. This means that the parantetis-
permittivity. In the first approximatioiwith respect to ratio pends on the intergrain interface structure, but it is indepen-
of the grain size to the photon wavelengthis effectively  dent of the grain size and porosity.
change the permittivity, however, in the second approxima- To understand this, we recall that0.5 wt % of MgO was
tion this leads to decay of the electromagnetic waves due tadded during the preparation of FD2/1-FD2/3. This amount
the structural disorder. The decay length considerably exis much larger than solubility of MgO in alumina, therefore
ceeds not only the grain size, but also the wavelength. most of the added MgO should be located at the grain bound-

To consider the propagation of electromagnetic waves in aries affecting the value.
granular material we find the solution of the Maxwell equa-  Figure 2 presents results of our TC measurements for the
tions in the media with the dielectric permittivity(r)=e FD1/2 specimen along with temperature dependence of
+&(r), wheree is the average permittivity, which is indepen- Al,O3 thermal conductivity in the bulk that was measured in
dent ofr, and the random functio&(r) is its deviation. This ~Ref. 15. Itis apparent that our experimental dots do not show
allows us to express the electric and magnetic fields of th&ignificant temperature dependence. In addition, TC of our
waves via the correlation functiof(r —r’)=(&(r")&(r)), structures is much less than that of the bulk single crystal;
which we assume to be equal toMr-r')=9?
xexp(—=|r—r'|/R), whered is the mean square deviation of
the permittivity andR =d is the correlation length. Unlike
the commonly used Gauss correlation function, this one is
more appropriate for the steplike random valgeg)=¢,;
=€ in the grains ore(r)=e,=1 in the porep

We found that disorder leads to the effective correction to
the permittivityz=¢ - 9°/3e and attenuation of the electro-
magnetic wavesy= w*R3 (see the Appendix for details of
computations The effective mean free path is

IV. RESULTS AND DISCUSSION
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this confirms the approximations of our model. Indeed, as @nto account only the interactions that affect the phonon hop-
result of nanostructuring the mean free path of phonons iging from one grain into another. Since the in-grain phonon-
determined by the grain boundaries, and it is independent gdhonon scattering affects only the density of the phonon
the phonon frequency and the temperature. This is the maigtates inside the grain, but it does not change the thermal
reason why the short wavelength phonons, which prevail a¢onductivity.
high temperatures, are mostly responsible for the heat trans- The radiative component alone causes an increase of TC
port. In the singlg crystals,.on the contrary, the phonon meagt high temperatures. This follows from E), if N, is
free path, which is determined by the phonon-phonon interingependent of temperature. This is of particular importance
action, decreases with the frequencylasn™, so that the  for specimens of low porosity due to an increase of the ef-
phonons of any frequency are of equal importance for TCtgctive photon mean free paffq. (8)]. We have observed
This enables one to estimate roughly thalue from Eq(2).  some increase of TC for the specimen FD1/3; however, its
The results are close to that of Table I. value is comparable with the experimental errors.

Measured values of thermal conductivity as a function of e grain size dependence of TC following from E8)

temperature are presented in Fig. 3. We see that theoreticgl c|ose to that estimated with the Kapitza md@el
curves as a rule demonstrate more rapid decrease with tem-

perature than observed. This means that the expression Eg.

(3) overestimates the influence of the phonon-phonon inter- K )
action. Indeed, when obtaining E@) we had assumed this Kph = P
interaction as independent of scattering at the grain bound- 1 +G_kd

aries; we suppose 1#1/lg+1/l,, wherel is the phonon

mean free pathlg andl,, are the phonon mean free paths

relative to scattering at the grain boundaries and the phonowhereG, is the Kapitza conductance. Indeed, E®). results
phonon interaction, respectively. Actually, we have to takefrom Eq.(3), if we substitutex by its average valug. Thus,
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kéZtgb( NToBX) ?hoet Egsfzia:]izsc()jn]in porous nanostructures, but it seems to b_e
K= 5 posite structures where the nanostructure is
3mha‘d embedded into some amorphous media.
In particular, at low temperatures whef «,, this expres- Our model Eq.(3) considers only the short-wavelength
sion accepts the form phonon transport. Nevertheless, the long-wavelength
o phonons, i.e., phonons that wavelength is about or exceeds
kEZtsp(g)TD 176 the grain sizex >d, also participate in the heat transfer. For
K= Wfo B(x)dx. a rough estimation of their effeci,) we suppose that the

phonons in each frequency interval withia< wp(a/d)
Apparently G, is independent of the grain size Foc g2 make the same contribution to the TC. This is the case of

however, it depends on temperature in agreement with RePhonon-phonon interaction when the larger number of the

17. More precisely, temperature dependence of the factdthonons with larger frequencies compensates the smaller

fé’aB(x)dx (see Fig. 6 of Ref. Phas the form of Fig. 6 of value of their mean free pathFor T> Ty this leads tox,

Ref. 17, where the temperature dependence of the Kapitza ki(al/d). For the smaller temperatures we have to take into

conductanceS, is presented. This allows us to interpret our @c0unt only the phonons withhw<kgT, so that «,

phenomenological parameter G, as the transparency of a ~.Ki(a/d)(?I'D/T). There are two possibilities Whgn this value

grain boundary for the short wavelength phonons. might be important: at low temperatures and in the case of
Strictly speaking, the average value fresulting from  the above-mentioned localization of the short-wavelength

the integrand3) depends ord. Therefore,B(x) and so the Phonons.

Kapitza conductanc&, also depend od. This dependence

could be significant, if; =< «,, at low temperature3 < Tp,

when the simple expressi@f) could be impracticable.

The paramete® determines the influence of the small size  The authors are indebted to Dr. M. Nygren and Dr. Z.
pores. Indeed, this value should be equaltin the absence Zhao (University of Stockholm for sintering of the alumina
of pores. If we assume a cubic shape of grains and suppog®wders and to Dr. A. Hessler-Wys@wiss Federal Institute
the pores lie along the cube edges then for the porosity wef Technology, Lausanngor TEM study. We thank TOP
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wherex is the “neck” SiZdS=X2). For the model of spherical APPENDIX: PROPAGATION OF ELECTROMAGNETIC

grains such an estimation has been carried out in Ref. 14. WAVES IN A GRANULAR MATERIAL

The main deviation of both estimations is due to the large ) ] ) o
size pores, i.e., the pores of about or greater than the grain Consider propagation of the waves in the media with a
size. To estimate their influence, we have to remove somBOsition dependant dielectric permittivitye(r)=z+£(r),
resistors from our net, so that their resistivity becomes equatheree=pe; +(1-p)e; is the average permittivity, which is
to infinity; this means the absence of the neighbors for som#édependent of, and the random functio&(r) is its devia-
grains due to the large scale porosity. This factor can b&on, (£)=0; €; ande, are permittivities of the grains and the
related to the cohesio@ of each sample, which can be mea- surrounded material, ang is concentration of the grains.
sured experimentally. Cohesion is an average ratio of théngle brackets denote the averaging over the random value
number of boundaries grain/pore to the number boundarieé. Let E andH be the electrical and magnetic fields of the
grain/grain along some straight line in the TEM pattern. As-electromagnetic wave. We can wrie=€+e and H="H
suming a homogeneous distribution of the pores, we can es-h, where €, H, e, and h are the average and fluctuate
timate the density of the nonremoved resistors in the net asomponents of the fieldge)=(h)=0).

Suppose different components of the fields fluctuate inde-

7= L_ pendently (ee)xdj, then (exh’)ux(ex(Vxe))=0.
2-C Therefore, for the averaged Poynting vector we obtain
Then the expression for TC should be multiplied 4yif 1 .
n=1. In the case of large porosity we have to take into <S):8—(£(r) XH (r)y+c.c.
a

account the problem of “dead ends.” In the more general

case the problem has to be considered with the percolationhis means that only the average fielfisand H determine
technique’. The resistivity of the net has an increas@ed so  the energy transfer. To find the effective dielectric permittiv-
the TC of our structure has a decrepaen=3/(22), then ity of the materias and attenuation of the average fields of
the expression for TC should be multiplied blyy  the electromagnetic wave, we have to write the Maxwell
-3/(22)1*%. At smaller values ofy the short-wavelength equations for the fields and average them over the random
phonons becomes localized, and heat transport would occwalues. This leads to the following equation for the average
due to long-wavelength phonons only. Such a situation canand fluctuating components:
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VXE=ikgV XH,
V X (V X €)= kGe€ + K(&(r)e(r)),

Ae+Kise=Zgrad div£E) + KEE.

Herek,=w/c, w, andc are the wave vector, frequency, and

(A1)

the speed of light in vacuum. Solution of the last equation is

e(r):fe(r —r"){e *grad dif&(r')E(r')]
+KSE(r)E(r)}dr,

where the Green’s functio®(r —r’) obeys the equation

AG+K3eG=4ms(r —r').

PHYSICAL REVIEW B 70, 134201(2004)

Thus, Eq.(A2) is the integral equation with respect &
To solve it, let us assum&={&,,00,eP~ Then Eg.(A3)
accepts the form

_ 2 -
II(r) =TI(r) = £,&PZ f [ké— @]Gaowm

d3k
(2m)®’

-k) (A4)

where\7V(k)= TW(p)e PPd3p is the Fourier transform of the
correlation function ands(k)=(k?*-ek3-i8) ! is the Fourier
transform of the Green’s function.

It is apparent from Eq(A2) that the real part oflI is the
effective correction to the permittivity whereas its imaginary

part leads to attenuation of the plane waexp(ipr). If we
assumeW(p)=9?exp(-p/R), where 9°=(&)?=p(1-p)(e;

Thus, for the average component of the electric field we carr €2” and R is the correlation lengtiapproximately this is

write

1
AE +K3eE€ + K3l = — = grad didT, (A2)
&

where

TI(r) = (&(r))e(r) =f G(r —r')&r)
x{e"'grad dif&(r')E(r")]+kGe(rHEr ) hydr!
or
II(r) = f G(r —r"){e *grad difW(r —r")E(r')] + kAW(r

-r")Er")}dr’, (A3)

the mean distance between the pgféshen
8T I°R3
(1+ szz)z'
Egtimation of(A4) for kyR <1 leads to the effective permit-
tivity

W(k) = J W(p)erd®p =

¥ 2 -
Bz o+ 199 aloR)?, (A5
3¢ 3
so that
9

Thus, YR ~ (kyR)*< 1. Therefore, only the irregularities
which are larger or comparable with the wavelength of the
light can affect essentially the radiative part of thermal con-

if we assume a homogeneous distribution of the grains anguctivity. It follows from Eq.(A5) that the effective dielec-

introduce the correlation functiot(r —=r’)=(&(r)&(r’)). The
equality grad di€=-grad diMl/e has been used when Eq.
(A2) was obtained.

tric permittivity = is less than its average value Note,
however, that large corrections toare beyond the scope of
our approximation.
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