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Abstract. A method for determining the infrazed dielectric constant function of an isotropic
material from measurement of the reflectance from powdered samples has been implemented.
The method is based on an expression for the average dielectric constant of a heterogeneous
system, which shows percolation features. The results obtained through the use of this method
compare well with published results from single-crystal reflectance data, and show that damping
factors in powders are moderately higher than those measured for single crystals. The method
works best if sampies are made of small microparticles (less than 2 pm), pressed o filling
factors less than 0.6. Some precaution should be exercised with plastic ionic substances. The
method can be wsed to determine the dielectric constant of a large number of compounds that
cannot be obtained as centimetre-sized single crystals.

1. Introduction

The determination of the complex dielectric function in the infrared (IR) as a function of
wavenumber has been widely employed in the last 30 years in solid state physics [1-
3] to provide important information about optical phonons in the 2 = 0 region. This
dielectric function, sometimes loosely referred to as ‘dielectric constant’, is customarily
obtained from the measured reflectance spectrum of the material, but, to date, this technique
has been restricted to substances that could be grown as centimetre-sized single crystals.
Since most solid chemical compounds are polycrystalline when synthesized (or found in
Nature), the extension of this method of measurement to powdered samples would be a
worthwhile objective. Some attempts have indeed been made in the past few years [4-6])
to extract this kind of information from pressed powders or polished rock samples. These
“relied on simple models in which the pellet reflectance was corrected by dividing it by
the volume ratio of the particles in the pressed pellet [6] or else by applying a similar
correction to the dielectric constant obtained through Kramers—Kronig transformation {5].
However, more detailed studies [7] have shown that these direct corrections are grossly
inadequate and that unsophisticated methods must be. discarded. Some tests performed
by us in which IR absorption spectra of diluted Co30y particles were fitted using dielectric
constants obtained from pressed powder pellets [6] have shown significant lack of agreement
between experimental and calculated spectra.

Because direct corrections fail to give an adequate solution, it appears that a more
appropriate way to approach this problem should begin with a deeper knowledge of the
behaviour of the dielectric constant of pressed pellets. A cormrect description of such
behaviour can be obtained from some of the various theories of the average dielectric
constant for heterogeneous systems. Several different formulations [8-11] exist, each
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appropriate for different ranges of filling factor or dielectric constant of the system
components. The oldest and best known is that of Maxwell-Gamett [12] (MGT), but
formulations by Bruggermann [13] and Landauer [14,15], called effective-medivim theory
(EMT), have enjoyed a comparable degree of popularity. From these original works, three
different methodologies to deal with the average dielectric constant have emerged. The MGT,
an asymmetric formulation because one has to make a choice as to which component is
‘particle’ and which is ‘matrix’, has proved to be accurate in the calculation of R dielectric
constants for diluted heterogeneous aggregates [8, 16-21]. Bruggermann's expression {13]
introduces a differential procedure to calculate the average electrical conductivity (the
formalism for the dielectric constant is exactly the same) for heterogencous mixtures, which
has shown itself to be a very useful theoretical tool for describing the mathematical properties
of average dielectric constant theories [22-24], and it is the natural way to describe dielectric
properties of fractal and self-similar materials [25]. Together with this differential approach,
Bruggerman subsequently made use of the so-called EMT principle, which assumes that
the field around each particle (matrix and inclusions are treated symmetrically in EMT)
immersed in the heterogeneous system is a constant. Finally, Landauer’s EMT formulation
[14, 15] has been widely used to explain conductivity and dielectric constant properties [9—
11] of particle mixtures. Recently, the present authors [26] have developed a new approach
by combining the EMT principle with the fact, suggested by numerical simulation, that
percolation features must be taken into consideration in the computation of the dielectric
constant in heterogeneous systems. We use these previous results to link in this work
the average optical properties of the pressed pellet with the diclectric constant of the
microparticles, and show that this approach can be used to determine the optical parameters
in the infrared of inorganic materials when macroscopic crystals are unavailable. Like
most average dielectric theories, ours is formulated for static fields; it is clear that at IR
frequencies, the condition that the wavelength be larger than the particle size is easily
satisfied for colloidal sized particles, so, in a first approximation, retardation effects can be
neglected and static-field EMT can be used for these particles.

2. Experimental details

Measurements of the IR reflectance at near to normal incidence have been made on pressed
pellets composed of very small spherical or cubical particles of NiQ, MgO, MgAl Oy, CaFa
and SrTiC; (figure 1). The NiQ, CaF; and MgO samples were obtained from commercial
sources, and were subject to annealing at 400 °C for 5 h, prior to reflectance measurements.
These samples were composed of small (0.2 pm average diameter) rounded particles. The
MgAl, Oy and SrTi0s samples, consisting of small spheres 0.1-0.4 um in diameter, were
synthesized by a procedure of spray pyrolysis [27] and subsequently heated at a temperature
of 1050°C for spinel and 850°C for strontium titanate to improve the crystallinity, Whilst
the spinel particles preserved their spherical shape (figure 1(d)), the particles of strontium
titanate took on a cubic-like aspect (figure 1(g)). All the samples were characterized by
x-ray diffraction (XRD), tranpsmission electron microscopy (TEM) and/or scanuing electron
microscopy (SEM) and transmission IR spectroscopy.

For the specimens required for reflectance measurements, the powders were compressed
in a vacuum under 800 MPa with a very smooth die made of YSZ (yitria-stabilized zirconia).
The resulting pellets had a high-quality reflecting surface, with very low values of the
roughness coefficient for IR optics (around 0.5-0.3 pm) [28,29]. Absorbance samples were
the usual KBr pellets.
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Figure 1. Transmission (d) and scanning (other) electron micrographs of the materials used
in this work: (a) NiO, pellet surface. (b) NiO, pellet broken edge showing smooth surface
and jagged side. (c¢) MgO, pellet surface. showing some degree of recrystallization. (d)
Spinel, MgAI1>04, spherical particles seen in transmission. (¢) CaFa, peliet surface; pressure
recrystallization is noticeable. (f) CaF, smooth surface and jagged side of broken pellet. (g)
SrTiO3, cube-shaped crystallites. (#) SrTiO3, pellet surface showing signs of pressure sintering,
and side.
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The IR specular refiectance spectra were measured with a Nicolet 20 SXC and a
Nicolet 20 F FTIR spectrophotometer in the range of 3950210 cm~! and 600-100 cm™!
respectively, sampling every 0.48 cm™*. Absorbance was measured in the Nicolet 20 SXC
spectrometer, at a resolution of 2 cm™1.

3, Theory and computational methods
The average dielectric constant of a particle aggregate can be defined by

(e) = (DVg /€l E) g, i

where (D)) g, is the average value of the displacement parallel to the external applied field,
(E) g, is the same average value for ihe electric field and ¢ is the permittivity of free space,

In this work, we have studied systems composed of air- and pressure-packed
monodisperse colloidal particles, i.e. particles having all the same shape and size; perfect
size regularity is not strictly necessary, and the formulae we use do not contain size as a
parameter, provided that it is less than the wavelength, as mentioned above. Our equations
are restricted to particles having the shape of ellipsoids of revolution (spheroids), coming in
two varieties, ‘particles’, for which we use subscript p, and ‘matrix’, denoted by subscript
m. Shape is incorporated into the equations through the depolarization factors L, and
Ly, corresponding to the direction normal to the revolution axis of the spheroids; these
are functions of r, the axial ratio of the spheroids. Both particle and matrix materials
are considered isotropic in what follows, with dielectric constants denoted by ¢y and ¢,
although anisotropic cases can be treated under favourable circumstances. Under these
conditions, the average dielectric constant can be calculated by

( 2(1 = fH({e) — €m) (1 = H)e) ~ &m) )
(1 = Ly){€) + Lmém ~ 2Lmle) + (1 —2Lm)ém

2F((e) — &) Flle) — &) ) _
+ ((1 T+ Le T+ 020 ) =0

@

where £, the filling factor, is the volume fraction of ‘p’ material.

A detailed analysis of equation (2) reveals [26] that, when ¢, tends to infinity, the
function (e)(f) shows a discontinuity at a certain value of the filling factor, f = fo; f: can
be interpreted as a percolation threshold, and it can be proved that its value is given by the
following expression:

fe=H/(H+G) (3)
where

H = (3Ln+1)/QLn —2L3) @)
and

G = (2—3Lp)/(Lp —2LY). 5)

In a real pressed pellet, spheroidal ‘p’ particles are thought to be included in an air
matrix. A hypothesis employed above is that voids between inclusions have an average
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ellipsoidal shape described by the depolarization constant L. However, it is not easy
to estimate the effective value of Ly,. It is easier instead to obtain f; by experimental
measurements. To that end, we rewrite the average dielectric constant expression in terms
of f; instead of L,:

fol3 +26) — 31 £ {213 +26) — 3P —~ 8Gf.(1 — f)}'?

Lo =
o AGY,

©)

The choice of sign in the above equation should be made in such a way that 0 < Ly < 1/2;
in most practical the cases the minus sign should be chosen. Using this expression, we can
calculate {€) as a function of several variables:

{€) = (€)(&p, €my Lp, [ fo)- N

Qur purpose is to estimate €, from measured data of the specular reflectance, R(w),
which can be related to {¢)(w) through the Kramers—Kronig and Fresnel relations. Hence
an inverse expression of equation (2} is required in order to calculate €,:

[H(Lp — 2L + (3L — 2)]el + [H(4L; — 3Ly + 1) + (1 — 6Lp)1{e)ep
+ [HQ2Lp — 2L2) + (1 + 3L))e)* =0 (8)

where

H =

) ((1 _2((6) — €m) + ({e) — €m) ) )

f Leo)e) + Loyemn (2L {e) + (1 — 2Ly)en

However, although this method is useful to obtain a first approximation for &, our
data indicate that this procedure introduces errors, specially in the spectral region where
Re[{€){w)] = 0, where one frequently obtains negative values of Im{e,). For this reason,
a least-squares procedure is employed in order to refine €, by direct comparison with the
experimental reflectance data. For this purpose, classical (equation (10)) or semiquantum
(equation (11) [30,31] models of superposition of oscillators have been assumed for «p:

471'10:;60%;;
= E - - (10
€p = €eq + (CDT;C Z?) ~ i (10)

wl, — o? ~ i
& =€ . . (11)
e [R5

Using the well known relationship between the dielectric constant and the refiectance:
R =[(/{e) — /(i) + P (12)
we perform a non-lincar Ieast-sc:juares adjustment with M (=~ 1000) experimental reflectance

data to minimize the squared error function defined by

M .
A =Y {Rexp(r) — Rieol{) (F, For Lp; (@)1 , (13)

=1
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The index R =.[3(Rieo — Rexp)?/ Y R.%,tp]'f"2 was used to assess the quality of each
least-squares fit.

In equation (13) ¢, can be calculated by the classical (equation (10)) or guantum
expression (equation (11)). In these expressions, €., @Ik, Vi» Pk OF €c0r @OTEk> YTk Lk
¥ are the parameter sets that determine the dielectric constant of microparticles, and f,
Je» Lp are geometrical factors that only depend on the shape of particles and on the way they
pack in the pellet. In the software developed by us, afl of these parameters are adjustable.

For the calculation of a first approximation of f; and €., we have employed the
IR transparency region of the reflectance spectrum (around 1500 to 4000 cm™!). If the
roughness of the pellet surface is low and can be neglected, or else it has been adequately
allowed for [28, 29], the reflectance in this region only depends on f, f; and e,. It should
be pointed out, however, that f, f, and €, are parameters that present large values of the
correlation coefficients, especially in the transparency region, so they are difficult to refine
simultaneously, and it is advisable to obtain at least two of them from external sources,
so their values can be fixed in the least-squares refinement. The first variable, f, can
be obtained directly from measurement of the density of the pellet. The high-frequency
dielectric constant €. is in many cases available in the literature or else it can be measured
by some other optical method; in this circumstance, f; can be easily estimated and refined. If
€00 Were unknown, f. can be taken as f; ~ 0.9, as a starting approximation; this hypothesis
is supported by the results of numerical simulations [26,32]). Then we can use the least-
squares procedure in the transparency region of the reflectance spectrum to compute €., and
fe simultaneously. Qur experience indicates that this simultaneous refinement gives final
values of €, having about a 10% error. Consequently we have preferred in the examples
presented below to take €, from the literature whenever it was available; we have however
carried out a complete computation of all variables except f for the case of NiO, to show
that the method can give a realistic estimation of all relevant optical parameters.

As soon ag we have a first approximation of f, f, and ¢, the estimation of the
oscillator parameters is possible. The comect way to do it is to calculate the function {e(w))
in the reststrahl region by using the Kramers—Kronig relationships to obtain the phase of
the reflectance. Equations (8) and (9) connect {e(w)) with &,(ew). With this first estimate
of g(w) it is easy to determine approximate values of €, @Wtt, Vi Ok OF €oor @TE: Prks
®Lr, ik These values and the starting values of f, f; and L, (this can be obtained from
the observed shape of the particles) are used to carry out the final non-linear least-squares
computation over the whole measured reflectance spectrum.

We want to add some words about the experimental method of pellet preparation.
The importance of obtaining pressed powder pellets with a high-quality specular surface
cannot be overemphasized. If a pellet surface is rough, it reflectance spectrum suffers a
strong distortion, especially in the high-frequency region, and the refiectance decreases with
wavenumber instead of remaining constant, as would occur in this region for a smooth
insulator surface; this, in turn, introduces a sirong error in the high-frequency dielectric
constant as calculated by the Kramers—Kronig transformations. For a well pressed powder
pellet, the particle size gives the scale of surface roughness; it follows that only the use of
microparticles of size equal to or less than 1 um could satisfy the low-roughness condition
in the infrared. Furthermore, these particles must be perfectly packed under a high pressure
with a hard and very smooth striking surface. Our best results have been achieved through

“the use of a tough and hard ¥Sz (yttria-stabilized zirconia) ceramic die.
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4, Results and discussion

We have carried out complete determinations of optical parameters by least-squares
adjustments, as described in the previous section, from the measured reflectance spectra
of the following compounds: NiO, MgO, MgAl,Q4, CaF; and S1TiO;. These materials
were chosen because all of them are optically isotropic and can be easily obtained as
microscopic monodisperse particles. The experimental spectra and best fit obtained are
shown in figures 2-6 and the parameters corresponding to these results are in tables 1-5.

4.1. NiO

This substance crystallizes in space group R3m and its structure is a slight distortion of the
Fm3m NaCl structure type. For this reason Gielisse et af [33] and Mochizuki and Satoh [34]
considered this substance as optically isotropic in their determination of dielectric constants
from the IR reflectance spectrum measured on a single crystal. Because there exist some
differences between both sets of results, we have reproduced them, together with our results,
in table 1. ‘

Table 1. The | optical parameters of NiO, from pressed powder peftet (f =0.53, fixed) and a
single crystal. Frequencies and damping factors in cm™!.

Powder Single crystal

This paper (all This paper Ref. Ref.

parameters free)  (gqe fixed) [33] [34]
WFL 394604 3953+£05 405 400
Azp 6.75 £ 0.04 6.62£0.03 5.68 6.40
Y1 141404 147+ 04 18 11.04
[o0) 5602+ 0.6 560.3+0.8 560 563
dmpn 0.13£0.01 0.124+0.01 0.37 0.126
Y2 78 E3 7543 280 78257
[ 377 a7 57 5™
¥e 056 0.67 — —_
= 0.03 . 0.03 —_ —

» Taken from [34].

We have chosen this substance as the main test of the fitting procedure. First we
supposed that nothing was known on the NiO dielectric constant in the infrared. So,
besides the measured value f = 0.53 we imposed f, = 0.5. An initial value of &, = 5.6
was obtained from the fit of the experimental reflectance spectrum in the transparency
region. Then, a first estimate of the function ¢, was calculated from the spectrum {e)
obtained from the reflectance spectrum by the use of the Kramers-Kronig and Fresnel
relationships. This function was subsequently refined with the observed refiectance as the
reference. The final fit appears in figure 2, and the refined values of the optical parameters
are in table 1. A comparison between single-crystal data and our powder data reveals
very good agreement between both kinds of data, for this simple two-phonon classical
model; the agreement is particularly good between our powder data and the single-crystal
data published by Mochizuki and Satoh [34], the difference being only a 5 cm™ shift in
wr to lower frequency, and practically negligible shifts in the values of the strength and
damping factor of the oscillators. We carried out a second calculation in which we kept
fixed €, = 5.7, taken from the literature; the result, practically indistinguishable from the
previous one, is also shown in table 1.
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Figare 2. The R reflectance spectrum of powdered NiO: (----O----) observed values; (—)
values calculated with the parameters in first column of table 1.

4.2. MgO

The NaCl-type crystal structure of MgO belongs to space group Fm3m and hence is similar
to that of NiO. The material has one main classical IR mode and a secondary oscillator [35].
However, a sharp maximum at 400 em™! appears in the powder reflectance spectrum,
followed by two shoulders: the first one extends from 500 to 620 cm™!, and then the
reflectance decreases, featuring a second shoulder at 640 cm™! (see figure 3). The band
between 400 and 620 cm™! corresponds to the main IR mode, and the 640 cm™! shoulder
can be readily identified as the secondary oscillator. Qur calculation, based on f = 0.56,
€0 = 3.01, reproduces well the maximum at 400 ¢em™! and the shoulder at 640 cm™1,
However, the feature in the region between 500 and 620 cm™! is not reproduced precisely
by the theoretical spectrum, although the fit is at least qualitative; this behaviour in the
reflectance spectra of particle aggregates is quite general (see the discussion in section 4.6).
The oscillator parameters are in table 2, together with those published for a single crystal
[35].

Comparison between the optical parameters deduced from single-crystal and powder
reflectance reveals that both are very similar, except for the larger value of the damping
parameter for the main oscillator in the case of the powder sample (9 cm™! for powder
versus 7.62 em™" for single crystal). There exists an abundance literature [8, 16,21,36,37]
on IR transmission spectra for MgO powder samples, containing theoretical calculations of
such spectra, based on the absorption cross section or on MGT, which are compared with
the experimental absorption spectra. In most of these works it is generally accepted that
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Figure 3. The IR reflectance spectrum of powdered Mg0O: (- - --C- - --) measured values; (—)
values calculated with the ppp parameters in table 2.

Table 2. The & optical parameters of MgO from pressed powder pellet (f = 0.56, ex = 3.01
[351, fixed; f. = 0.5, refined) obtained in this paper (pPP) by least-squares fit (R = 0.16)
compared with single-crystal (sC) parameters published by Jasperse et al [35].

er (em™) 4rp y (em™1)
FPP sc PEP sc PPP sc
405+1 401 6.52 £ 0.07 6.62 9f1 162

6396 640 0.03:£001 0045 T7EIT 1024

the fit of experimental with calculated spectra in powdered samples requires the damping
parameters to be from 2 to 10 times larger than those of a single crystal [16, 36]; however,
some theoretical work [38, 39] predicts that the differences should not be so great, of the
order of a factor of 2 for the worst cases. Our damping parameters cortesponding to
powdered MgO samples are only slightly higher (1.18 times) than those determined on a
single crystal. We think that higher damping values found in the Jiterature are due to some
type of microparticle aggregation in the diluted samples used in transmission experiments.
Moreover, if f > 0.1, the MGT and cross-section calculations are not valid approximations
[26] and cannot correctly explain the IR absorption bands.

4.3. MgAlz 04
Group-theoretical analysis [40,41] predicts for materials with the spinel structure (Fd3m)
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four R-active modes, so we began by using a classical four-phonon model to fit the
experimental reflectance of the pellet. However, we could not reach a satisfactory fit.
More recently Striefler and Boldish [42] fitted the single-crystal reflectance spectrum using
a six-oscillator model; these authors justified the two additional oscillators because MgAly Oy
suffers a small distortion that breaks the Fd3m symmetry of spinels down to F43m [43,44],
and in this space group the structure will have seven IR-active bands, These irregularities
have also been detected in the powder reflectance spectrum, so we finally used a six-
oscillator model as well. The final adjustment is shown in figure 4 and in table 3, where
our results are compared to the published single-crystal parameters [42]. The resonance
frequencies of the main modes calculated from the powder spectra agree reasonably well
{within 10%) with those obtained from a single crystal, and the same can be said of the
strength and damping parameters. The exception is the powder mode placed at 414 cm™!,
which corresponds to the mode at 363 cm™! in the single crystal. This mode is strongly
active and its value for the strength deviates considerably from the value obtained in the
crystal, but this oscillator is strongly damped () == 115), so that its relative importance could
be equivalent to that of the 363 cm™! single-crystal mode. In the case of the powder modes
at 628 and 663 cm™!, it seems that they represent a splitting of the 674 cm™! single-crystal
mode, attributable to an artifact of the least-squares procedure; if this is so, then the weak
single-crystal mode at 581 cm™! goes undetected.

0.5

03

Reflectance

01

¢

200 300 400 500 600 700 800 900 1000
Wave Number (cm™)

Figure 4. The r reflectance spectrum of powdered spinel, MgAlOy: (----O- -- -) measured
values; (—) values calculated using the PPP parameters in table 3.
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Table 3. The R optical parameters of MgAl;O; from pressed powder pellet (f = 0.48,
€0 = 2.96 [42], fixed; f = 0.34, refined) obtained in this paper (ppF} by least-squares fit
(R == 0.09), and single-crystal (5c) parameters published by Striefler e af [42].

or (em™1) drp 7 (em™)
FPP §C PPP sC PFP sC
307+2 306 0372009 0334 19+ 6 19
41446 363 2.8 +034 J0.M5 11515 49
48441 491 3.1 £0.16 3526 27+ 2 32

6285 581  0.30%0.07 0022 7010 23
6631 674 0.32:+£0.04 0.714 26 3 29
8116 812 0010£0001 0015 60+£20 32

4.4, CCIFZ

The IR dielectric constants of fluorite were reported by Kaiser er al [45]. The material
features a main IR mede, in agreement with group-theoretical prediction, and a small
additional mode that can be attributed to an interaction between an optical and an acoustic
phonon. The experimental powder reflectance spectra and the best fit we get appear
in figure 5. In this case we have measured 2 very high value of the filling factor
(f = 0.75), which can be due to the high plasticity that is characteristic of halides. A
comparison between powder and single-crystal oscillator parameters, table 4, reveals a small
disagreement (within 10%) in the frequency of the second oscillator. Since its reflection
band is located in the middle of the wide plateau of the main mode, it turns out to be
rather difficult to detect. Another disagreement is found in the larger value of the damping
parameter of the main oscillator as obtained from powder data, which is 2.7 times greater
than the corresponding single-crystal value. In this case we think this high damping value
is a consequence of the large value of the filling factor of the pellet. At this compaction
ratio the original individual powder particles are partially sintered (figure 1(g)), with the
consequence that the concepts of particle shape, and indeed even of individual particles,
lose their original sense, and equation (2} no longer provides an accurate representation of
the system. Furthermore in this case we have found a strong correlation between damping,
filling factor and percolation threshold in the reststrahl region.

Table 4. The I optical parareters of CaFz from pressed powder pellet (f = 0.75, e = 2.045
[45], fixed; f: = 0.6, refined) obtained in this paper (ppF) by least-squares fit (R = 0.04), and
single-crystal (SC) parameters published by Kaiser er al [45].

er (cm™) dwp y (cm™)
PPP sC FFP sC FPP sC
264103 257 390003 42 124105 4.63.
359+&2 328 0381002 040 1304 115

4.5, SrTio;

The crystal structure at room temperature of this compound belongs to the ideal perovskite
type, space group Pm3m, and it has been chosen in this study because of its high dielectric
constant at low frequency.
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Figure 5. The IR reflectance spectrum of powdered CaFy: (----O----) measured values; (——)
values calculated using the ppP parameters in table 4.

The IR dielectric constant for SrTi0O; was first measured on single-crystal material by
Spitzer et al [46], who used a classical harmonic three-oscillator model, following the
predictions of group theory., However, the final fit achieved by these authors was not
satisfactory. Later, Barker and Hopfield [47] tried to fit the single-crystal reflectance
spectrum with a model of coupled oscillators, for which it was necessary to include an
additional set of parameters to describe the coupling between modes. In this case a good
fit was achieved, but at the cost of using a phenomenclogical model. Finally, Servoin et al
[48] used a semi-quantum expression as a model of the dielectric constant (see eguation (11)
above}. Application of this scheme showed that the origin of the disagreement between the
data and the predictions of the classical model is the implicit supposition that the damping
constant is the same for the longitudinal and transverse optical phonons. In SrTiO; the
wp—wr splitting is very important (around 300 cm™! for the 175 cm™! oscillator) and the
value of the damping at wr and wp should be different, a fact that is taken into account
in equation (11). This model has been employed in materials where the classical model
does not work properly [30,49]. Using this model, Servoin {48] was able to study the
temperature variation of the dielectric constant of SrTiO; from single-crystal reflectance
data.

Some preliminary tests performed with classical oscillators turned out to be unsuccessful
for our powder datz as well, s0 we finally decided to use the more recent semi-quantum
model (equation (11)) to fit the S:TiO; reflectance specira. The experimental powder
reflectance spectrum and our best fit, obtained with three different oscillators, are shown in
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‘Table 5. The R optical parameters of $:TiQ3 from pressed powder pellet (f = 0.75, ¢ = 5.2
[48], fixed; f: = 0.55 refined) obtained in this paper (PeP) by least-squares fit (R = 0.06), in
comparison with single-crystal (sC) parameters published by Servoin er al [48].

oy (em™) yr {em™) wp {em™1) yL (em™)
PPP sC PFP sC PEP sC PRP sC
103+£2 89 10043 25 1771 172 92 4
17942 175  11&£2 6 473205 475 15+1 §
54841 544 20£1 17 7901 798 89+3 26
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Figore 6. The & reflectance specerum of powdered SrTi04: (----O----) observed values;
(——) values calculated using the ppp parameters in table 5.

figure 6. In these conditions, an acceptable degree of agreement has been obtained. Looking
at the results (table 5), we can observe how, in general, the powder frequencies we get are
similar to those from the single crystal. The transverse damping parameters of the first and
second oscillators are larger than their single-crystal counterparts. We think that these strong
modes are affected by sample crystallinity; in this case, the spherical particles obtained by
spray pyrolysis are originally amorphous, and develop crystal order through annealing, so it
is reasonable to expect a degree of order not as good as that in a single crystal. It must also
be pointed out that the damping parameters of the longitudinal modes are of the order of
three times as big as those found in the single crystal. The origin of this could be sought not
only in the low crystallinity of the sample but mainly in the discontinuity in the reflectance
expression when |€| 2 O near to w. In this spectral region, R(¢) — 0 as € — 0 in the
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Figure 7. The 1 absorbance spectrum of SrTiOs particles diluted in KBr (g = 2.35):

{--~-O----) observed function; (——) calculated values (f = 0.10, f; = 0.45, optical
parameters from [48]).

quadrant Re(¢) > 0, while R(¢) — 1 as ¢ — 0 in the quadrant Re(¢) < 0. As a resuit
of this, any small error in the average dielectric constant as computed by equation (2) is
amplified by the behaviour of the reflectance expression in the neighbourhood of [¢| ~ 0.
This fact must generally oceur in all our computed spectra, and becomes more conspicuous
when the transverse and longitudinal damping parameters are separately considered.
Another problem is posed by the wide maxima observed at 300-450 and 650-700 cm™!,
near the w;, frequencies (figure 6). It seems that the origin of these features lies in the very
nature of the powdered sample and that these maxima, observed between wr and ¢y, in
all the compounds studied, do not comrespond to any aditional vibrational modes. In this
sample, the misfit in these spectral regions could also be due to some degree of particle
sintering in the pellet surface, as can be observed in figure 1(4). However, in this case,
IR transmission experiments (figure 7) also suggest that there could be some differences
between single-crystal and powder dielectric constants that could cause the small shoulders
located at 475 and 720 cm™! in this transmission spectrum.
It should be noted that our measurements stop at around 100 em™!. We know that the
lowest-frequency oscillator of this material is in the vicinity of 90 cm™!, so this band has

not been accurately fitted.

4.6. Discussion
In general, we can conclude that the use of equation (2) to fit reflectance spectra from powder



IR optical constants from reflectance on powders 7139

10

n=10

08

0.7 |

0.6 F

[OFI o

Reflectance

0.3

02 ¢

ol F

0.0 - L -
200 300 400 500 600 700 200

Wave Number (cui' )

Figure 8. The i reflectance spectrum of MgQ, calculated for fo = 0.5, f =nAf, Af =01,
where # is an integer running from 1 to 10,

pellets is an effective method to obtain experimentally dielectric constants from powdered
samples in the infrared. The results are very similar to those obtained from single crystals.
The frequencies wr and wy, of the normal modes as determined from powdered samples are
similar to those from single crystals, However, there exist, in some cases, discrepancies in
the values of the damping parameters. In general we may conclude that this does reflect a
real difference between the damping factors in powder and in the single crystal, the former
being at most 23 times the latter, but normally not rsuch mere than this. In the case of
SrTiO; we attribute the observed disagreement to two additional circumstances: the high
value of the single-crystal dielectric constant and the large filling factor of the pressed pellets.
If the modulus of the dielectric constant of an ionic substance is very large near wy and
very small near wr, the EMT approximation could lose accuracy in a range of frequencies
near wy. If the density of the pellet is high there exist some difficulties in the definition
of individual particles (see figures 1(c), (¢), (&), and microparticle shape variation or even
retardation effects cannot be rled out. Finally, we think that in some cases, such as SrTiOs,
it could be possible that a différence in the dielectric constant between a single crystal and
microparticles can exist, especially when the crystallinity of the powder particles is not very
high.

A difficulty of the method presented here is the high correlation dependences between
fs for €0 and . We have found that the best available experimental estimates of f
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and €5, must be used, and then the refinement of the other parameters can be attempted.
We have also detected some complications when two IR modes very close in frequency
are present. In this case the correct determipation of the optical parameters of each mode
becomes difficult, since these will be strongly correlated.

In the best working conditions (small spheroidal particles, f < 0.6 and je(w)] < 10?),
i.e. when the EMT hypotheses are fulfilled, the agreement between powder and single-crystal
dielectric constants and optical parameters is remarkably good as we have shown in the cases
of NiO and MgAl;04. These conditions can be acceptably satisfied in many metal oxides
and practically all covalent substances.

Finally, we want to point out the importance of using an adequate expression for EMT. We
have found how equation (2) correctly reproduces the shape of the experimental reflectance
band. For a strong IR mode in an ionic compound, a given single-crystal reflectance band
that extends with maximum reflectance from wr to @y fransforms in the powder case to a
sharp maximum at wy, followed by a shallow minimum and a wide plateau, which extends
to near wy. This implies a non-linear variation of reflectance with filling factor. We have
observed this behaviour in all the compounds studied, partially in MgAl,O4 and NiO and
clearly in MgO, CaF; and SrTi0O;. We have also confirmed that equation (2) reproduces
these features approximately, as can be seen in figure 8, where the calculated spectra of
aggregates of MgO are plotted for different filling factors (in this case we have used the
single-crystal parameters for the dielectric constant that appear in table 2). It is not easy
to obtain an analytic expression to determine the position of the reffectance minimum and
maximum of the spectrum of the aggregate. We have observed that these frequencies are
mainly affected by f. The parameters r and f; do not notably modify the position of the
maximum and minimum, especially in the range 0.4 < f < 0.8, but they do modify the
value of the reflectance.
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