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Optical isotropy in polycrystalline Ba,TiSi,Og: Testing the limits of a well established concept
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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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[. INTRODUCTION the dispersion of the single-crystal principal dielectric func-
tions as well as the dispersion of the averaged dielectric

If a material has no directional dependence to the opticalunction of the isotropic material must be described by
properties, it is characterized as being “optically isotropic.”simple models. Using fresnoite as the target compound, we
This natural definition is commonly broadened to includefind important grain size and dielectric effects which demon-
two additional assumptiongl) that such a material can be strate that assumptior{¢) and (2) are not generally appro-
properly described by a scalar dielectric function &é2)dthat  priate for describing the optical properties of polycrystalline
the dispersion of this dielectric function can be simulated bymaterials. Instead, we show that the scalar dielectric function
simple models such as the classical damped harmonic osciler small grain materials must be based upon an appropriate
lator model* Although they are often applie@nd may even average of the principal dielectric functions or indices of
be useful in practice to extract basic informadids these refraction. In the case of large grain materials, the optical
assumptions have not been tested in detail for granular manodel must account for the cross polarization response, re-
terials. ported here for fresnoite.

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-  Polycrystalline fresnoite was prepared from a stoichio-
cause assumptiori$) and(2), above, dictate how the optical metric melt of the raw material§BaCQO; (Merck), TiO,
properties of a single crystal must be averaged in order tgMerck), SiO, (Schot}] at 1500 °C. Quenching of the melt
simulate or predict the spectral properties of related isotropifed to a clear glass, which was crystallized by a 1 h heat
materials. Thus, various averaging schemes can be evaluatgdatment at 1000 °C, resulting in a polycrystalline material
by direct comparison with experimental data. An understandwith a crystallite domain size of300 nm. A direct crystal-
ing of the averaging procedure is very important for propetiization of the melt led to a partly oriented ceramic with a
interpretation of the spectra of polycrystalline materials, anccrystallite size of~10 um. The corresponding isotropic ma-
itis needed to extract microscopic spectral information abouterial was prepared by milling the ceramic followed by a
the material if the sample is not available in single-crystalcompaction of the powder by spark plasma sinte(i8gS.
form. The ceramics were gradually polished with 6, 3, andri

We selected fresnoitéBa,TiSi,Og) as a model material grain size diamond paste until an optically reflecting surface
for our investigations because of its strong optical anisotropwas achieved.The surface quality of the SPS sample was
in the Reststrahlen region and its availability in both single-somewhat lower compared to the crystallized glass. Both
crystal and randomly oriented mesocrystalline and microcpolycrystalline samples have the same density as the single
rystalline form#-® By comparing our measured spectral re-crystal[4.43 g/cnd (Ref. 7)] within experimental error.
sults with simulations from several different dielectric = Room-temperature infrared reflectance spectra were mea-
models, we assess the concept of optical isotropy in the insured using two different Fourier transform infrared spec-
frared range. An important consequence(df is that the trometers, a Bruker 113V and a Bruker 66, covering the fre-
principal dielectric functions of a single crystal must be av-quency range between 22 and 6000 tmPolarization
eraged in a way that a scalar dielectric function for the corselection was obtained using both polyethylene wire grid and
responding isotropic material is obtained. No cross-KRS-5 polarizers, as appropriate. Gold and aluminium mir-
polarization effect is anticipated. Criteri@) places certain rors served as the reference. Since the polycrystalline
limits on the dielectric averaging procedures, namely, thabamples were large, a sizable bed@mm) was employed to
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FIG. 2. Comparison of the measursdand p-polarized reflec-
tance spectra of large domain sized polycrystalline fresnoite with
FIG. 1. 300 K infrared reflectance spectra of randomly orienteqs'mu""‘ted results to test Doll's h_ypo_theSRef. 2. A 20° angle of
polycrystalline fresnoite with average crystallite diametérs10 |nC|denf:e was emp,'o)’ed- Polarization selectisror p) was made
pum and 300 nm. These data were taken with a 20° angle of inci®" the incident radiation; no analyzer was used.
dence. Polarizer positions were set for bettand p-polarized in-
cident radiation; no analyzer was used. The similarity between th@ptical anisotropy of individual crystallite$.
s- and p-polarized spectra for the small domain material is a con- Such a size effect in randomly oriented polycrystalline
sequence of the sample isotropy and the comparably small angle gamples has been noticed previously. The case of polycrys-

Frequency (cm™)

incidence. talline cuprate superconductors is a good exartipféHere,
Doll et al. model the spectra of samples consisting of large
assure the collection of average optical properties. crystallites by averaging the individual crystallite reflec-

To test our ideas about optical isotropy in these polycrystancesR(Q}), as a function of crystallite orientaticf:
talline materials, we carried out simulations to model the
spectral response for samples with different grain sizes. <R>:}<RS>+E<R >:N(3)f <@+B‘&>dﬂ
Here, it is important to note that the terms “small” and 2 2" P a® 2 2
“large” are related to wavelength. For example, in the infra- (1)
red, a “large” domain size is on the micron scale, whereas in
the ultraviolet spectral region, a domain size bigger thartN® is a  normalization  factor  given by
30 nm should be considered “large.” To model the spectraN®=(,@dQ)%. This approach is similar to a model pro-
response of polycrystalline solids consisting of small crystalposed earlier by Frect,which was validated by comparing
lites, we employed both effective medium approximationthe measured reflectance from a microcrystalline sample of
(EMA) and average refractive index theofpRIT).#8-16  NaNGQ, for three different angles of incidence. To test Doll’'s
Both techniques use the dielectric function data of the correhypothesis, we simulated the spectra of polycrystalline fres-
sponding single crystal and allow us to obtain an averagedoite consisting of large crystallites based on the dielectric
dielectric function(or index of refraction? For the case of response of the single crystdhccording to Eq(1) and com-
samples with large crystallites, we used average reflectanqeared the results to the measured infrared reflectahice
and transmittance theolfARTT). A detailed description of 2). Peak positions, band shapes, and relative intensities are in

this approach is given in Refs. 5, 6, and 17. excellent agreemenRt. We therefore conclude that this ap-
proach of averaging the reflectances works well for describ-
IIl. RESULTS AND DISCUSSION ing the polarized reflectance of large grain size polycrystal-
line samples.

Understanding the infrared response of large grain fresnoites The ARTT model incorporates the aforementioned for-

Figure 1 shows a comparison of the infrared spectral remalism for simulating the spectral response of a large grain
sponse of two polycrystalline fresnoite samples with differ-polycrystalline sample by averaging the reflectances over the
ent domain sizes. One material consists of crystallites wittorientations. It also applies an exack4 matrix technique
an average diameter 6f10 um; the other sample has crys- developed by YeR® modified slightly to permit air or
tallites with ~300 nm average diameter. Strong differencesvacuum as incidence mediuth.This approach was origi-
in peak position, line shape, and relative peak intensity ar@ally developed to facilitate modeling of dual polarizer ex-
observed, except between about 600 and 880 cmhere  perimentgone before and one after the sampWhile simu-
the single crystal is nearly isotropic and devoid of vibrationallating the results of our experiments, we noticed that (.
structure. We attribute these spectral differences to the polyeredicts cross-polarization terms in the reflectatRg) and
crystalline size effect, which is intimately connected with the(R,¢. Here, the brackets denote an average response, the first
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tance spectra of polycrystalline fresnoite consisting of small crys-

FIG. 3. A comparison of the measured and simulated crosstallites. A 20° angle of incidence arspolarized incident radiation
polarized reflectance spectra of polycrystalline fresnoite consistingvere employed for the measurements. The simulation employs a
of large crystallites. The angle of incidence was 6° in the far infra-linear combination of the principal dielectric functions of the
red, withs-polarized incident radiation. The angle of incidence wasB&,TiSi,Og single crystal(Ref. 4. Note the poor agreement be-
20° in the middle infrared, and we show results for bethand  tween the two curves.
p-polarized incident radiation. In each case, the analyzer was or-
thogonal to the polarizer. Note that cross polarization effects are noynderstanding the infrared response of small grain fresnoites

observed in samples where the randomly oriented domains were ) )
small compared with the wavelength of light. What can we learn from the spectra of the isotropic ma-

terial consisting of small crystallites? Since we observed no
subscript indicates the orientation of the polarizer relative tacross-polarization spectral response, such materials can in-
the plane of incidence, and the second subscript denotes tlleed be described by a scalar dielectric function, as no cou-
same for the analyzer. The physical origin of this crosspling between thes- and p-polarized waves occufsThe
polarized reflectance is interesting. The components of thdispersion of this scalar dielectric functige(?)) can be
reflectance Ry, and R, are zero only along the principal simulated by the classical damped-harmonic-oscillator
directions of a high-symmetry crystal and when the opticalapproach’ as
axis is contained within the plane of incideriéedway from

these conditions, the orientationally averaged cross polariza- N 52
tion terms(Rspy and(R,¢ are finite. The excellent resem- (3(17)):2 7 = +(e,). (2)
blance between the experimental and simulated spectrum for =1 (07 =7~ vy,

the single-polarizer experimertfFig. 2) encouraged us to
carry out additional experiments with two polarizers, includ-
ing those with crossed polarizers. The case of crosse
polarizerg” is of special interest, as the ARTT formalism
extends the earlier work of D8H and FrecF? 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-polarizati
reflectance of both large- and small-domain polycrystalline

Here, oscillator position?;, damping constanty;, and
atrengthS, 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
qu:bi c), we can write

Na NC
fresnoite. Our objective was to search for, investigate, and =S S12,a + 32,(:
quantify the frequency dependence of the predicted cross po- -1 (T/iza—TjZ) ~iV%a in1 (742(:‘7/2) D%

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 ePispersion of the scalar dielectric function according to Egs.
fect under these conditioné\<d/10). Observation of a (2,3 is equivalent to a linear mixing of the principal dielec-
cross polarization response for the case of large, randomliific functionse,(v) ande.(v). If we compare the measured
oriented crystallites is important, as it implies that such arspectrum of a small-domain sample of polycrystalline fres-
isotropic material cannot be characterized by a scalar dielegoite with the simulated response based upon Bj. we

tric function. That an isotropic solid cannot always be de-find overall poor agreement, except between 600 and
scribed by a scalar dielectric function goes to the heart of th&80 cni?, where the fresnoite single crystal is almost isotro-
definition of optical isotropy:28 pic anyway(Fig. 4).

2 ) 1
*3fmat gEec = gsaﬁ) + gscﬁ)- ©)
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The failure of this simple model raises the question of 075
whether there are better approaches with which to describt
the averaged dielectric function for small-domain sized poly-  0-501
crystalline materials. Indeed, there are two prominent mod-@

els. The first is EMA, which has its origins in & 025
electrostatic§’® and is often called the quasistatic 3
approximation'3 Its basic assumption is that a polycrystal- § 0.00 T
line medium is made up of three different constituents withs 1, e Experiment
principle dielectric functionss,, e, ande. of the corre- % 0.50 —ARIT
o

sponding single crystal. These constituents are embedded i
a hypothetically background medium with an average dielec- 0254
tric function, which is self-consistently determined. There-

fore all constituents of the heterogeneous material are treate  0.00 . T . r Ay
100 300 500 700 900 1100 1300

equally. The average dielectric function of an inhomoge-

neous samplé€s) is calculated from the ratio of the volume- Frequency (cm™)

averaged displacement fieldl,, and the electrical fieldE,, _ _ _

parallel to the applied field,.24 Extensions to the EMA FIG. 5. Comparison of the experimental and simulated reflec-
account for ellipsoidal crystallite shapes in polycrystallinetance spectra of polycrystalline fresnoite consisting of small crys-
materialsl4 15 tallites. A 20° angle of incidence was used for the measurements.

For a uniaxial material with spherically shaped crystallitesBOth s and p-polarized incident radiation were employed, as ap-

. . . ropriate. No analyzer was used. The results of two different simu-
and full volume occupation such as fresnoite crystalhzeqD . . . o
f th di | the EMA vield ation methods effective medium approximatidBMA) (upper
rom the corresponding glass, the yields pane) and average refractive index theoRIT) (lower pane),

are shown for comparison.

28,=(e) | Lec—(s) _ @
3e,+2(e) 3ot ey IV. CONCLUSION
We report an optical properties investigation of randomly

where oriented polycrystalline materials with anisotropic crystal
structure. Using fresnoite as the model material, we demon-

1 —— strate several domain size effects in the infrared, although we
(€)e-= Z(Sai VeaVea + 8ec). (5 anticipate that these findings can be extended to other fre-
guency regimes. We find that randomly oriented polycrystal-
The positive roote), is physically relevant. line materials with large crystallites show a sizable and

frequency-dependent cross polarization response. One conse-

tical constants is ARIT. This approach is similar to ARRT in guence of this observation is that such a material should not
that orientationally averaged optical properties are calcupe characterlzed. by a scalar d|ele(;tr|c funct!on. For_the case
lated. However, the refractive indices(Q) and n,(Q) are of a randomly oriented polycrystalline material consisting of

averaged instead of reflectance and transmittance c_rystallltes _that are small qompared to the wavelength of
light, there is no cross-polarization response, so the use of a

n(Q) () scalar d_ielectric func'Fion is appropriate. We_ sh_ow, h_oweve_-r,
<n>:N(3)J (1—+2—)dQ, (6) that a linear averaging scheme of the principal dielectric
a®\ 2 2 function does not describe the average dielectric function of
such a material. To capture the frequency dispersion of the
since it is assumed that the crystallites are smaller than theveraged dielectric function for small grain materials, more
resolution limit of light, resulting in an averaged scalar indexsophisticated models must be employed. These findings have
of refraction as requiretiThis scheme is thus slightly differ- several implications for optical properties investigations of
ent from that in EMA. polycrystalline materials. First, the term “optical isotropy”
We simulated the dielectric response of polycrystallineshould be taken only to imply that there is no directional
fresnoite consisting of small crystallites using both EMA anddependence to the optical properties. Further, because there
ARIT theories and compare the results with the experimentaire important domain size effects in polycrystalline solids, it
spectrum in Fig. 5. The strong resemblance between thi necessary to know the size of the ordered domains com-
simulated and measured spectra indicates that both EMA anghred with the wavelength of light in order to describe the
ARIT are proper approaches, with slight advantages fooptical properties of a polycrystalline material. Finally, if a
ARIT, especially in the vicinity of the oscillators. We note considerable fraction of the polycrystalline sample consists
that neither model contains the underlying assumption of @f large ordered domains, a Kramers-Kronig analysis or a
linear combination of the principal dielectric functions. This dispersion analysis may not be applicable since no average
result shows that the dispersion of the averaged dielectridielectric function exist€ Taken together, domain size ef-
function of a randomly oriented small-grain polycrystalline fects in polycrystalline materials may hold interesting sur-
material should be described by dielectric function modelgrises as well as opportunities for control and manipulation
that embed proper averaging techniques. of light.

An alternative method for the calculation of effective op-
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