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We report an optical properties investigation of randomly oriented polycrystalline solids with anisotropic
crystal structure. Using fresnoite as the model material, we demonstrate several domain size effects, most
notably that a cross-polarization response is observed for the case of large randomly oriented crystallites. We
compare our measured results with simulations from several different dielectric models and demonstrate that
the appropriate model depends upon the grain size. The results have important implications for the understand-
ing of optical isotropy in polycrystalline materials and bulk vs nanoscale effects.
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I. INTRODUCTION

If a material has no directional dependence to the optical
properties, it is characterized as being “optically isotropic.”
This natural definition is commonly broadened to include
two additional assumptions:s1d that such a material can be
properly described by a scalar dielectric function ands2d that
the dispersion of this dielectric function can be simulated by
simple models such as the classical damped harmonic oscil-
lator model.1 Although they are often appliedsand may even
be useful in practice to extract basic informationd,2,3 these
assumptions have not been tested in detail for granular ma-
terials.

Infrared spectral modeling of randomly oriented mesoc-
rystalline and microcrystalline materials from single-crystal
data presents a prominent test case for the two ideas that
extend the original definition of optical isotropy. This is be-
cause assumptionss1d ands2d, above, dictate how the optical
properties of a single crystal must be averaged in order to
simulate or predict the spectral properties of related isotropic
materials. Thus, various averaging schemes can be evaluated
by direct comparison with experimental data. An understand-
ing of the averaging procedure is very important for proper
interpretation of the spectra of polycrystalline materials, and
it is needed to extract microscopic spectral information about
the material if the sample is not available in single-crystal
form.

We selected fresnoitesBa2TiSi2O8d as a model material
for our investigations because of its strong optical anisotropy
in the Reststrahlen region and its availability in both single-
crystal and randomly oriented mesocrystalline and microc-
rystalline form.4–6 By comparing our measured spectral re-
sults with simulations from several different dielectric
models, we assess the concept of optical isotropy in the in-
frared range. An important consequence ofs1d is that the
principal dielectric functions of a single crystal must be av-
eraged in a way that a scalar dielectric function for the cor-
responding isotropic material is obtained. No cross-
polarization effect is anticipated. Criterias2d places certain
limits on the dielectric averaging procedures, namely, that

the dispersion of the single-crystal principal dielectric func-
tions as well as the dispersion of the averaged dielectric
function of the isotropic material must be described by
simple models. Using fresnoite as the target compound, we
find important grain size and dielectric effects which demon-
strate that assumptionss1d and s2d are not generally appro-
priate for describing the optical properties of polycrystalline
materials. Instead, we show that the scalar dielectric function
for small grain materials must be based upon an appropriate
average of the principal dielectric functions or indices of
refraction. In the case of large grain materials, the optical
model must account for the cross polarization response, re-
ported here for fresnoite.

II. METHODS

Polycrystalline fresnoite was prepared from a stoichio-
metric melt of the raw materialsfBaCO3 sMerckd, TiO2
sMerckd, SiO2 sSchottdg at 1500 °C. Quenching of the melt
led to a clear glass, which was crystallized by a 1 h heat
treatment at 1000 °C, resulting in a polycrystalline material
with a crystallite domain size of,300 nm. A direct crystal-
lization of the melt led to a partly oriented ceramic with a
crystallite size of,10 mm. The corresponding isotropic ma-
terial was prepared by milling the ceramic followed by a
compaction of the powder by spark plasma sinteringsSPSd.
The ceramics were gradually polished with 6, 3, and 1mm
grain size diamond paste until an optically reflecting surface
was achieved.7 The surface quality of the SPS sample was
somewhat lower compared to the crystallized glass. Both
polycrystalline samples have the same density as the single
crystal f4.43 g/cm3 sRef. 7dg within experimental error.

Room-temperature infrared reflectance spectra were mea-
sured using two different Fourier transform infrared spec-
trometers, a Bruker 113V and a Bruker 66, covering the fre-
quency range between 22 and 6000 cm−1. Polarization
selection was obtained using both polyethylene wire grid and
KRS-5 polarizers, as appropriate. Gold and aluminium mir-
rors served as the reference. Since the polycrystalline
samples were large, a sizable beams5 mmd was employed to
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assure the collection of average optical properties.
To test our ideas about optical isotropy in these polycrys-

talline materials, we carried out simulations to model the
spectral response for samples with different grain sizes.
Here, it is important to note that the terms “small” and
“large” are related to wavelength. For example, in the infra-
red, a “large” domain size is on the micron scale, whereas in
the ultraviolet spectral region, a domain size bigger than
30 nm should be considered “large.” To model the spectral
response of polycrystalline solids consisting of small crystal-
lites, we employed both effective medium approximation
sEMAd and average refractive index theorysARITd.4,8–16

Both techniques use the dielectric function data of the corre-
sponding single crystal and allow us to obtain an averaged
dielectric functionsor index of refractiond.2 For the case of
samples with large crystallites, we used average reflectance
and transmittance theorysARTTd. A detailed description of
this approach is given in Refs. 5, 6, and 17.

III. RESULTS AND DISCUSSION

Understanding the infrared response of large grain fresnoites

Figure 1 shows a comparison of the infrared spectral re-
sponse of two polycrystalline fresnoite samples with differ-
ent domain sizes. One material consists of crystallites with
an average diameter of,10 mm; the other sample has crys-
tallites with ,300 nm average diameter. Strong differences
in peak position, line shape, and relative peak intensity are
observed, except between about 600 and 880 cm−1, where
the single crystal is nearly isotropic and devoid of vibrational
structure. We attribute these spectral differences to the poly-
crystalline size effect, which is intimately connected with the

optical anisotropy of individual crystallites.18

Such a size effect in randomly oriented polycrystalline
samples has been noticed previously. The case of polycrys-
talline cuprate superconductors is a good example.19–21Here,
Doll et al. model the spectra of samples consisting of large
crystallites by averaging the individual crystallite reflec-
tancesRsVd, as a function of crystallite orientationV:

kRl =
1

2
kRsl +

1

2
kRpl = Ns3dE

Vs3d
SRssVd

2
+

RpsVd
2

DdV.

s1d

Ns3d is a normalization factor given by
Ns3d=seVs3ddVd−1. This approach is similar to a model pro-
posed earlier by Frech,22 which was validated by comparing
the measured reflectance from a microcrystalline sample of
NaNO3 for three different angles of incidence. To test Doll’s
hypothesis, we simulated the spectra of polycrystalline fres-
noite consisting of large crystallites based on the dielectric
response of the single crystal23 according to Eq.s1d and com-
pared the results to the measured infrared reflectancesFig.
2d. Peak positions, band shapes, and relative intensities are in
excellent agreement.24 We therefore conclude that this ap-
proach of averaging the reflectances works well for describ-
ing the polarized reflectance of large grain size polycrystal-
line samples.

The ARTT model incorporates the aforementioned for-
malism for simulating the spectral response of a large grain
polycrystalline sample by averaging the reflectances over the
orientations. It also applies an exact 434 matrix technique
developed by Yeh,25 modified slightly to permit air or
vacuum as incidence medium.26 This approach was origi-
nally developed to facilitate modeling of dual polarizer ex-
perimentssone before and one after the sampled. While simu-
lating the results of our experiments, we noticed that Eq.s1d
predicts cross-polarization terms in the reflectancekRspl and
kRpsl. Here, the brackets denote an average response, the first

FIG. 1. 300 K infrared reflectance spectra of randomly oriented
polycrystalline fresnoite with average crystallite diametersd<10
µm and 300 nm. These data were taken with a 20° angle of inci-
dence. Polarizer positions were set for boths- and p-polarized in-
cident radiation; no analyzer was used. The similarity between the
s- and p-polarized spectra for the small domain material is a con-
sequence of the sample isotropy and the comparably small angle of
incidence.

FIG. 2. Comparison of the measureds- and p-polarized reflec-
tance spectra of large domain sized polycrystalline fresnoite with
simulated results to test Doll’s hypothesissRef. 21d. A 20° angle of
incidence was employed. Polarization selectionss or pd was made
on the incident radiation; no analyzer was used.
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subscript indicates the orientation of the polarizer relative to
the plane of incidence, and the second subscript denotes the
same for the analyzer. The physical origin of this cross-
polarized reflectance is interesting. The components of the
reflectance,Rsp and Rps, are zero only along the principal
directions of a high-symmetry crystal and when the optical
axis is contained within the plane of incidence.24 Away from
these conditions, the orientationally averaged cross polariza-
tion terms kRspl and kRpsl are finite. The excellent resem-
blance between the experimental and simulated spectrum for
the single-polarizer experimentsFig. 2d encouraged us to
carry out additional experiments with two polarizers, includ-
ing those with crossed polarizers. The case of crossed
polarizers27 is of special interest, as the ARTT formalism
extends the earlier work of Doll21 and Frech22 by separately
quantifying the cross-polarization terms of a randomly ori-
ented polydomain medium with large grain sizes.

To test these ideas, we measured the cross-polarization
reflectance of both large- and small-domain polycrystalline
fresnoite. Our objective was to search for, investigate, and
quantify the frequency dependence of the predicted cross po-
larization effect. Figure 3 shows a comparison of the mea-
sured cross-polarization reflectance of large-grain polycrys-
talline fresnoite with the simulated spectral response.
Excellent agreement is obtained, indicating that ARTT is a
reasonable approach for modeling the cross polarization ef-
fect under these conditionssl,d/10d. Observation of a
cross polarization response for the case of large, randomly
oriented crystallites is important, as it implies that such an
isotropic material cannot be characterized by a scalar dielec-
tric function. That an isotropic solid cannot always be de-
scribed by a scalar dielectric function goes to the heart of the
definition of optical isotropy.1,28

Understanding the infrared response of small grain fresnoites

What can we learn from the spectra of the isotropic ma-
terial consisting of small crystallites? Since we observed no
cross-polarization spectral response, such materials can in-
deed be described by a scalar dielectric function, as no cou-
pling between thes- and p-polarized waves occurs.1 The
dispersion of this scalar dielectric functionk«sñdl can be
simulated by the classical damped-harmonic-oscillator
approach29 as

k«sñdl = o
i=1

N
Si

2

sñi
2 − ñ2d − i ñgi

+ k«`l. s2d

Here, oscillator positionñi, damping constantgi, and
strengthSi are of special interest for spectroscopists. How-
ever, we have to keep in mind that the crystallites themselves
are also optically anisotropic and that the oscillators can be
distinguished according to the orientation of their transition
moments relative to the crystal axes. For uniaxial fresnoite
sa=bÞcd, we can write

k«sñdl = o
i=1

Na Si,a
2

sñi,a
2 − ñ2d − i ñgi,a

+ o
i=1

Nc Si,c
2

sñi,c
2 − ñ2d − i ñgi,c

+
2

3
«`,a +

1

3
«`,c =̂

2

3
«asñd +

1

3
«csñd. s3d

Dispersion of the scalar dielectric function according to Eqs.
s2,3d is equivalent to a linear mixing of the principal dielec-
tric functions«asñd and «csñd. If we compare the measured
spectrum of a small-domain sample of polycrystalline fres-
noite with the simulated response based upon Eq.s3d, we
find overall poor agreement, except between 600 and
880 cm−1, where the fresnoite single crystal is almost isotro-
pic anywaysFig. 4d.

FIG. 3. A comparison of the measured and simulated cross-
polarized reflectance spectra of polycrystalline fresnoite consisting
of large crystallites. The angle of incidence was 6° in the far infra-
red, withs-polarized incident radiation. The angle of incidence was
20° in the middle infrared, and we show results for boths- and
p-polarized incident radiation. In each case, the analyzer was or-
thogonal to the polarizer. Note that cross polarization effects are not
observed in samples where the randomly oriented domains were
small compared with the wavelength of light.

FIG. 4. Comparison of the experimental and simulated reflec-
tance spectra of polycrystalline fresnoite consisting of small crys-
tallites. A 20° angle of incidence ands-polarized incident radiation
were employed for the measurements. The simulation employs a
linear combination of the principal dielectric functions of the
Ba2TiSi2O8 single crystalsRef. 4d. Note the poor agreement be-
tween the two curves.

OPTICAL ISOTROPY IN POLYCRYSTALLINE… PHYSICAL REVIEW B 71, 184116s2005d

184116-3



The failure of this simple model raises the question of
whether there are better approaches with which to describe
the averaged dielectric function for small-domain sized poly-
crystalline materials. Indeed, there are two prominent mod-
els. The first is EMA, which has its origins in
electrostatics7–15 and is often called the quasistatic
approximation.13 Its basic assumption is that a polycrystal-
line medium is made up of three different constituents with
principle dielectric functions«a, «b, and «c of the corre-
sponding single crystal. These constituents are embedded in
a hypothetically background medium with an average dielec-
tric function, which is self-consistently determined. There-
fore all constituents of the heterogeneous material are treated
equally. The average dielectric function of an inhomoge-
neous samplek«l is calculated from the ratio of the volume-
averaged displacement fieldDav and the electrical fieldEav
parallel to the applied fieldE0.

14 Extensions to the EMA
account for ellipsoidal crystallite shapes in polycrystalline
materials.14,15

For a uniaxial material with spherically shaped crystallites
and full volume occupation such as fresnoite crystallized
from the corresponding glass, the EMA yields

2

3

«a − k«l
«a + 2k«l

+
1

3

«c − k«l
«c + 2k«l

= 0, s4d

where

k«l+,− =
1

4
s«a ± Î«a

Î«a + 8«cd. s5d

The positive rootk«l+ is physically relevant.
An alternative method for the calculation of effective op-

tical constants is ARIT. This approach is similar to ARRT in
that orientationally averaged optical properties are calcu-
lated. However, the refractive indicesn1sVd and n2sVd are
averaged instead of reflectance and transmittance

knl = Ns3dE
Vs3d

Sn1sVd
2

+
n2sVd

2
DdV, s6d

since it is assumed that the crystallites are smaller than the
resolution limit of light, resulting in an averaged scalar index
of refraction as required.4 This scheme is thus slightly differ-
ent from that in EMA.

We simulated the dielectric response of polycrystalline
fresnoite consisting of small crystallites using both EMA and
ARIT theories and compare the results with the experimental
spectrum in Fig. 5. The strong resemblance between the
simulated and measured spectra indicates that both EMA and
ARIT are proper approaches, with slight advantages for
ARIT, especially in the vicinity of the oscillators. We note
that neither model contains the underlying assumption of a
linear combination of the principal dielectric functions. This
result shows that the dispersion of the averaged dielectric
function of a randomly oriented small-grain polycrystalline
material should be described by dielectric function models
that embed proper averaging techniques.

IV. CONCLUSION

We report an optical properties investigation of randomly
oriented polycrystalline materials with anisotropic crystal
structure. Using fresnoite as the model material, we demon-
strate several domain size effects in the infrared, although we
anticipate that these findings can be extended to other fre-
quency regimes. We find that randomly oriented polycrystal-
line materials with large crystallites show a sizable and
frequency-dependent cross polarization response. One conse-
quence of this observation is that such a material should not
be characterized by a scalar dielectric function. For the case
of a randomly oriented polycrystalline material consisting of
crystallites that are small compared to the wavelength of
light, there is no cross-polarization response, so the use of a
scalar dielectric function is appropriate. We show, however,
that a linear averaging scheme of the principal dielectric
function does not describe the average dielectric function of
such a material. To capture the frequency dispersion of the
averaged dielectric function for small grain materials, more
sophisticated models must be employed. These findings have
several implications for optical properties investigations of
polycrystalline materials. First, the term “optical isotropy”
should be taken only to imply that there is no directional
dependence to the optical properties. Further, because there
are important domain size effects in polycrystalline solids, it
is necessary to know the size of the ordered domains com-
pared with the wavelength of light in order to describe the
optical properties of a polycrystalline material. Finally, if a
considerable fraction of the polycrystalline sample consists
of large ordered domains, a Kramers-Kronig analysis or a
dispersion analysis may not be applicable since no average
dielectric function exists.30 Taken together, domain size ef-
fects in polycrystalline materials may hold interesting sur-
prises as well as opportunities for control and manipulation
of light.

FIG. 5. Comparison of the experimental and simulated reflec-
tance spectra of polycrystalline fresnoite consisting of small crys-
tallites. A 20° angle of incidence was used for the measurements.
Both s- and p-polarized incident radiation were employed, as ap-
propriate. No analyzer was used. The results of two different simu-
lation methods effective medium approximationsEMAd supper
paneld and average refractive index theorysARITd slower paneld,
are shown for comparison.
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