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Tensile strain induced changes in the optical spectra of SrTiO; epitaxial
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Effect of biaxial tensile strains on optical function and band edge transitions of ultra thin epitaxial films was
studied using as an example a 13 nm thick SrTiO; films deposited on KTaO; (100) single-crystal substrates. Optical
functions in the 200—1200nm spectral range were determined by spectroscopic ellipsometry technique. It was
found that tensile strains result in a shift of the low energy band gap optical transitions to higher energies and
decrease the refractive index in the visible region. Comparison of the optical spectra for strained SrTiO; films and
for homoepitaxial strain-free SrTiO;:Cr (0.01at.%) films deposited on SrTiO; (100) single crystalline substrates
showed that this ,,blue” shift of the band gap could not be related to technological imperfections or to reduced
thickness. The observed effect is connected with changes in the lowest conduction and in the top valence bands
that are due to increase of the in-plane lattice constant and/or onset of the polar phase in the tensile strain-induced
ultra-thin epitaxial SrTiO3 films.
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1. Introduction

Properties and functional ability of epitaxial films are
widely studied nowadays. In this regard thin films of
strontium titanate SrTiO3; (STO), a model of the ABO;
and related perovskites, are attracting a special interest.
Unique properties provide for various applications of STO
in modern nano-electronics and optics: integrated devices,
random access memory, capacitors, ultra-thin gate dielectric
layers, new generation of the microwave tuneable and
electroluminescence elements, nanoscale bistable resistivity
switchers, etc (see, e.g. [1-7]). So far, studies of STO
thin films have been focused mainly on the structure and
dielectric properties. Only few studies were devoted to basic
optical characteristics of STO thin films, such as refractive
index and band edge optical transitions (e.g. [8-17]) con-
trolling principal photo-electronic properties. Even so, these
studies have been performed with thin films of different
quality, polycrystalline (or defferent degree of crystallinity),
and/or amorphous films, deposited by various techniques
on various substrates with pronounced films-substrate inter-
facial layers, imperfections etc. The obtained contradictory
results have been considered disputable and explicit intrinsic
properties inherent to high-quality epitaxial STO thin films
have not been presented to date. To summarize, the
structural imperfections, presence of amorphous interfaces
and oxygen vacancies in most cases call for a distinct
reduction of the refractive index in the visible region.

In most cases, the band-gap energies of poor-crystallized
films with pronounced interlayer effects appear to be larger
than those of single crystals (e.g. [8,12,15]), although
it is not always the case [9]. The band-gap of highly
crystallized films appears to be at least comparable to
that of single crystals [10,14,15]. To our knowledge,
optics of sufficiently high nanometric quality of STO films
was studied in [13] (polycrystalline films on silica targets)
and [14] (homoepitaxial, metallic, oxygen-deficient STO
films on STO substrates) in which no conspicuous band
no conspicuous band edge shift has been found.

Recently, the fabrication and studies of 2D clamped
heteroepitaxial strained STO films have attracted a special
interest. Through the series of theoretical and experimental
works (e.g. [18-21]) it is believed today that polarization
response and tuneability of such films are influenced
crucially by misfit strains. In STO films with biaxial in-plane
tensile strains (films grown on tensile straining substrates),
the onset of ferroelectricity with the transition temperature
Tc up to room temperatures has been demonstrated [19,21].
This phenomenon is one of the leading research topics today
and stimulates active technological and physical studies of
the strained epitaxial films. However, reports on optical
properties and band gap energies of strained thin STO films
are vertually absent.

The present work deals with visible and near-UV op-
tical spectral ellipsometric studies of the complex optical
dielectric function of STO films epitaxially grown on KTaO3
(KTO) substrate (heteroepitaxial STO/KTO films). Due to
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large mismatch between lattice parameters of cubic per-
ovskite STO (asto = 3.905 A) and KTO (akto = 3.989 A),
biaxial in-plane tensile strain as large as 2.2% is expected
in STO/KTO. To sustain such strain, films with thickness
of only several nanometers should be grown [22]. For
comparison, homoepitaxial strain-free films of SrTiO:Cr
(0.01at.%) on STO(001) single crystals (STO/STO films)
were sintered and studied too. Such a small quantity of
Cr admixture does not practically influence band edge and
interband transitions, but even very small change of the
refractive index made by Cr impurities makes it possible to
apply the spectral ellipsometry technique more successfully.
Studies of homoepitaxial strain free STO/STO films allowed
us to take into account possible interface and thickness
effects. Additionally, as a reference and for reliability of
the received data, optical properties of STO single-crystals
were measured too.

2. Experimental

2.1. Epitaxial SrTiO3; films. Top seed solution-
grown KTO single crystals from University of Osnabrueck
were used as substrates for heteroepitaxial STO films.
Substrates have been prepared as thin (100) oriented plates
with optically polished surfaces.

STO and STO:Cr films with thickness 13 nm were de-
posited by in situ by pulsed laser deposition on KTO(001)
and STO(001) substrates, as described in [23].  For
fabrication of STO:Cr films, the Verneuil grown STO:Cr
(0.01at.%) single crystals were used as a target. Room-
temperature X-ray diffraction (XRD) analysis of STO/KTO
revealed that STO films were perovskite, epitaxial,
with (001) planes parallel to the substrate surface, and with
the epitaxial relationship STO[100](001) || KTO[100](001).
The out-of-plane and in-plane lattice parameters were found
to be ¢ ~ 3.864 A and a =~ 3.987 A, respectively. The biax-
ial in-plane tensile strain was about 2.1%, being consistent
with the expected misfit strain of 2.2%. STO/STO film
exhibited XRD patterns with the Bragg peaks completely
coinciding with those of the substrate suggesting good
homoepitaxial growth. More details on films deposition and
microstructure have been published in [24].

22. Spectroscopic ellipsometry. To study
in-plane optical properties of STO films, -ellipsometric
spectra were collected using a variable-angle spectroscopic
ellipsometer J.A. Woollam operating in a range of photon
energies £ =1-6.2¢V (wavelength 4 ~ 200—1200nm).
The main ellipsometric angles 1 and A were measured
in the reflection mode at angle of incidence 65—75°.
To eliminate depolarizing effects of back-surface reflection
from the substrate, the back surface of the substrates was
mechanically roughened. The ellipsometric spectra were
analyzed with the WVASE32 software package considering
a stack of semi-infinite substrate, STO film, surface rough-
ness, and ambient air. To improve the fitting procedure
and reduce the number of fitting parameters, all substrates

were measured independently and their calculated optical
constants were used in further STO films analysis as fixed
parameters. Resulting surface roughness of KTO and
STO substrates was ~ 2nm or less. The perturbation
of the ellipsometric data was mathematically removed by
assuming that the surface roughness could be approximated
as a Bruggeman effective medium [25]. For spectral
dependences of optical constants the generalized multi-
oscillator model was used. The thickness of STO films
calculated from ellipsometric data was in a good agreement
with XRD measurements. Resulting roughness of KTO
surface roughmess was less then 2 nm.

3. Results

3.1. SrTiO; crystals. Fig. 1 shows the resulting comp-
lex index of refraction (n* = n + ik) as determined from the
spectroscopic ellipsometry measurements for the bulk STO
single-crystal specimen. The magnitude of the real part of
the index of refraction at 2.06eV (600nm) is 2.38, which
agrees well with the reference [26] and ellipsometric data
of Zollner [13]. Tt is seen that refraction in visible region
is controlled by three refractive index maxima located at
3.88¢V (320nm), 4.10eV (302 nm) and 4.66eV (266 nm).

Fig. 2 presents real and imaginary parts of the dielectric
constant for STO bulk crystals determined from spectro-
scopic ellipsometry. Obtained &’ and &” spectra turn out to
be very close to those reported by Zollner [13] and are even
better resolved than those presented by Cardona [27] for
STO bulk crystals. Only the pronounced &”(hv) maximum
at 3.85eV observed by Zollner corresponds to a shoulder in
our experiment; however, we resolved two maxima at 4.28
and 4.84 eV. The conventional formula @ = (4mk)/A allows
us to obtain the spectrum of the absorption coefficient,
which is very close to those reported by Cardona [27].
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Fig. 1. Complex index of refraction for bulk STO extracted from
spectroscopic ellipsometry.

®usuka TBepgoro Tena, 2010, Tom 52, Bbin. 10



Tensile strain induced changes in the optical spectra of SrTiOs epitaxial thin films 1945

—_
(=]
—

1 2 3 4 5 6
Energy, eV
Fig. 2. Dielectric functions of STO crystals.

Although spectral ellipsometry does not allow sufficiently
accurate determination of the absorption coefficient magni-
tudes below 3.2 eV, where absorption is weak, our measure-
ments detercted the obvious presence of a long exponential
Urbach-type absorption tail a = agexp[—y(Eo — E)] near
the absorption edge of STO crystals. In agreement with [13],
this exponential tail spreads up to the point where absorp-
tion coefficient rises to ~ 100cm™! and at higher energies
is goes over to spectral region of indirect gap transitions
with E; = 3.29¢eV, as determined from the intercept of a
linear fit to a plot of a'/? versus energy. The obtained
indirect character of band gap in STO and the magnitude
of indirect band gap agree well with those reported for
STO in [10,13,28-30]. In agreemnet with experiments
and calculations [13,29-33] it corresponds to Rysr — s,
indirect transitions between the lowest conduction band
(CB) and upper valence band (VB). Besides, our analysis
shows a possibility of another indirect transition with energy
3.64 ¢V, which agrees well with the results [34] and can be
attributed to Ms; — I'syy gap. At higher energies, up to
about 5eV, the absorption coefficient obeys the relationship
ahv? ~ hv—E,, evidencing direct optical transitions with
energies 3.81, 3.9 and 4.34eV. They can be tentatively
attributed to direct gaps between I' (as in [13,29,34)),
X (as in [27,34]) and X or ' (as in [13]) points of the
Brillouin zone respectively. The broad maximum at ~ 5eV
seems to be similar to the A3 one reported by Cardona [27].
It can be caused by direct interband optical transitions in X
or M points of the Brillouin zone. Hence, we see that our
spectral ellipsometry is correct and can be used for furhter
studies of STO films.

3.2. SrTiO3/KTaO3 films. Figs. 3 and 4 present
complex index of refraction and absorption coefficient spec-
tra calculated as @ = (4mk)/A obtained for the STO/KTO
film in comparison with those for STO bulk crystals.
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Three obvious effects can be distinguished right away
for the STO/KTO film in comparison with STO bulk
crystals: 1) the magnitude of the refractive index at 600 nm
(206eV) is 2.36, which in contrast to epitaxial films
reported in [14] is only slightly smaller than that in bulk
crystals, evidencing perfect quality of our films, 2) the band
edge is shifted to higher eneergies, 3) the spectrum of inter-
band transitions looks smoothed. It is clearly seen that the
reduction of the refractive index in visible region is mainly
caused by a shift of the n(hv) spectral maximum in the
~ 4¢eV region to higher energies. At the same time, in
STO/KTO films this maximum is located at 4.08 eV, close to
the A} maximum reported by Cardona [27] and the shoulder
in our experiment for STO bulk crystals. Taking into account
the spectral dependence of the extinction coefficient &,
such transformation can be connected to absence or strong
suppression in STO/KTO films of the n(hv) maximum at
3.85eV present in STO bulk crystals.

As in STO crystals, the pronounced long exponential
Urbach-type absorption tail (one or two) presents in tensile

i 3.85/# v4.08

Energy, eV

Fig. 3. Complex index of refraction for STO cyrstals and the
STO/KTO films.
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Fig. 4. Spectral dependences of the absorption coefficient a for
STO bulk and STO/KTO film calculated as a = (4mk)/A.
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Fig. 5. Refractive index and extinction coefficient spectra of the
STO crystal and the STO:Cr/STO thin film.

strained STO/KTO films substituting the onset of indirect
optical transitions at high energies. The corresponding
a'/2(hv) plot results in the indirect band gap magnitude
of 3.82eV. At higher energies, the intense absorption obeys
the relation (ahv)? ~ hv—E, evidencing two direct optical
transitions with energies 4.16 and 4.32eV. At last, the
strong maximum of absorption coefficient at ~ 5.1eV can
be attributed to the direct optical transition, too.

3.3. SrTiO3/SrTiO3 films. As it was pointed above, the
properties of epitaxial ferroelectric thin films can be gener-
ally affected by strain, presence of surface and interface
layers, internal and random electrical fields, stresses, tech-
nological imperfections, oxygen vacancies, ets. To evaluate
qualitatively the possible effect of strain, optical properties
of homoepitaxial STO:Cr/STO film were analyzed.

As seen from Fig. 5, both STO:Cr/STO film and STO
bulk crystal have the same magnitude of refractive index in
the visible region, virtually identical magnitudes of optical
band edge and very close character of near band-edge inter-
band optical transitions. However, some spectra smoothing
and transformations resemble those for STO/KTO films.
The presence of interface and small thickness itself might
be probably responsible for the smoothing, leading, e.g.,
to a broadening of critical points of the Brillouin zone.
The actual mechanism of the smoothing is unclear, but
it is not subject of this study. Our attention was paid
to the comparison of optical spectra for heteroepitaxial
tensile strained STO/KTO films with those for unstrained
homoepitaxial STO:Cr/STO films, which allowed us to
ascribe the dramatic changes (blue shift of absorption edge)
in the shectra of STO/KTO films mainly to the presence of
biaxial tensile strain.

4. Discussion

At first, let us consider the possible nature of the ob-
served tensile strain effect using the crystal-optics approach.

Homogeneous biaxial tensile strain of STO film reduces its
symmetry from cubic m3m to tetragonal 4/mm. In such
case, the in-plane optics non-diagonal contribution of T,
stresses and related deformations can be neglected. The
changes of in-plane refractive index of such film can be
written as

b=bp+bp, (1)

where b is the change of refractive index, b, — describes
the photoelastic contribution controlled by changes in inter-
band transitions (in the simplest case — band-edge shifts)
due to in-plane lattice constant expansion, b, describes a
possible contribution of the phase transition. In most cases,
the photoelastic contribution is negative, b, = dn/da < 0
(a is a lattice constant), because actual tensile strain
decreases the in-plane density and so tends to diminish the
refractive index with rising strain [35]. Following [35] the
photoelastic contribution in tensile strained STO films can
be written as
n2

An = -3 [(p11 + p12)Aa12 — pi3Aas], (2)
where p;; is the photoelastic tensor, py; and piy are in-
plane, and p;3 out-plane components. Using magnitudes
of the photoelastic tensors from [36]: p;; =0.19 and
p12 = 0.044 gives p11 + 2p12 = —0.10. Because of this and
positive Aa > 0, the photoelastic contribution turns out to
be positive, which means a shift of the band edge to lower
energies. So, the predictions of crystal-optic photoelastic
analysis contradict our observation.

Now, let us try to connect the observed blue shift of the
STO/KTO films band gap with the peculial STO electronic
band structure and its changes due to the increase of the
lattice constant. According to the theoretical calculations
(e.g. [13,29,31-33,37]), hybridization manifest itself very
slightly in the structure of the upper VB and the lowest CB.
The upper VB consists of 2p atomic orbitals with a small
admixture of Ti and Sr atoms (Fig. 6). The bottom of the
lowest CB is constructed essentially of Ti 3dt,, and e,
states. Orbital contribution from Sr atoms is negligible
in this energy range and Sr 4dt,, and e, states make a
significant contribution to the DOS only at much higher
energies. In such situation, the band scheme transformation
and the E, dependence versus lattice constant, presented in
Fig. 7, describe the band gap evolution in the 2D tensile
strained epitaxial STO/KTO films. This picture is also
consistent with the following quantum chemical bonding
analysis. According to Harrison [38], in perovskite-like
materials such as STO, the dependence of the band gap
versus interatomic distance can be found in the following
way. The energy of the Ti 3d states of the lowest CB can
be expressed as I'| = ¢; whereas the energy of the O 2p
states of the upper VB can be written as

T2=¢&,+2V2Vppo + Vo), (3)

where V), and V,,; — are the ¢ and & bonding energies
of neighbouring O 2p states.
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Fig. 6. Band structure of STO in cubic phase [31].

The sum of V,,, and V,p; is

Vopo + Vopr = (Nppo + Npp) (B2 /m)d", (4)

where nppo, Nppz and n (n > 0) are dimensionless coeffi-
cients, h is Planck’s constant, m is electron mass, and d
is the distance between the neighbouring oxegen atoms.
Therefore, for E, we come to formula

I —Th=¢;— &+ 2\/5 (nppa + nppn)(hz/m)d", (5)

from which it is seen that the increase of the lattice constant
d enhances the E, magnitude. To put it simply, this effect
is caused by a decrease of the orbital overlap integrals and,
consequently, a decrease of the lowest CB and upper VB
widths and E, enhancement, as shown in Fig. 7. However,
the obtained result should to be considered cautiously
because the molecular approach does not take into account
crystal field effects.

It is remarkable that very similar effect had been observed
recently for STO nanopowders [39,40]. It was found that de-
creasing particle size in STO nanopowders is accompanied
by pronounced increase of the lattice constant. Expressing
the dependence of the band gap versus the change of the
lattice constant Aa as E, = Ego + kAa, where Eg is the
band gap energy for unperturbed STO, and taking more
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reliable data from [40] a = 3.910A and E, = 3.38¢V for
20 nm nanopowder, we obtain k ~ 6.5 eV/A, whereas simi-
lar estimate for strained STO/KTO films gives k ~ 18 eV/A.

Normal lattice
constant

Energy

} Forbidden gap

Valence band

a
Interatomic distance

Fig. 7. Dependence of the electronic energies (allowed bands)
versus the interatomic distance.
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It seems that the similarity is not random and it follows from
the considered mechanism that the pronounced blue shift of
interband optical transitions in STO/KTO tensile strained
films with respect to STO crystals (and/or homoepitaxial
STO/STO films) mainly concerns band edge transitions,
whereas the energy of absorption maximum at ~ 5eV
changes very little (Fig. 4). Hence, the explanation seems to
be found. However, ab initio theoretical estimates [41] made
on our request using the B3LYP hybrid exchange technique
as it had been done in [37], have shown that the energies of
al '-T', X—X, M—M, R—R, X—TI', M—TI" and R—T optical
gaps decrease with increasing lattice constant.

Thus, we believe that the mechanism directly connected
to blue shift of E, in the tensile strained STO/KTO films
describes at least a part of contributions to the discussed
phenomenon, or that the description of the band structure
for ultra-thin tensile strained epitaxial STO films calls for
special theoretical consideration distinct from that available
for crystals.

At the same time, decreasing of the refractive index in
the visible region and the ,blue shift“ of the optical band
gap in tensile strained STO/KTO film can be understood
as indirect manifestation of the polar phase transition from
the tetragonal phase to ferroelectric polar phase induced
by non relaxed tensile strains in ultra-thin STO/KTO films
as it has been predicted in [19]. Our experimental results
on STO/KTO films remarkably have something in common
with the results of theoretical [42,43] and experimental
studies of the tetragonal phase transition effect in the
band edge optics performed for related BaTiO; (BTO)
crystals [34]. In these studies, it was clearly demonstrated
that the cubic-tetragonal ferroelectric phase transition in
BTO is accompanied by splitting and distinct shifts of the
direct I' — I' band edge transitions to higher energies for the
light with electrical vector polarized along the spontaneous
polarization Pg (i.e. along the direction of lattice constant
increase), whereas considerably smaller changes were found
for the light polarized normal to this direction.

5. Conclusions

In this work we reported the first studies of the tensile
strain effect in the optical constant and optical band gap
transitions of ultra-thin strain-free 13 nm thick homoepitaxial
STO films grown on STO substrates and 2D-clamped in
plane tensile strained heteroepitaxial STO films of the same
thickness deposited on KTO substrates. The characteristic
refractive index magnitudes, band gap energies and the
energies of main near band-gap optical transitions for in
polarized light have been determined. The magnitude of
the refractive index and optical spectra of homoepitaxial
STO/STO films appeared to be nearly the same as those
for STO bulk crystals evidencing perfect films crystallinity.
Compared to STO crystal and homoepitaxial STO films,
heteroepitaxial tensile strained STO/KTO films exhibited a
pronounced shift of the band edge and near-edge interband

transitions to higher energies, and a reduction of refractive
index in visible spectral region. It was clearly shown
that these effects could not be related to technological
imperfections or to reduced thickness. Detailed treatment
of the experimental results allowed us to suggest that
the reduction of the refractive index and the shift of the
band edge optical transitions to higher energies observed
in STO/KTO films are caused by increasing of the in-
plane lattice constant immediately and onset of polar phase
inherent in tensile strain-induced ultra-thin epitaxial STO
films.

Authours thank to E. Kotomin and S. Piskunov for fruitful
discussion and theoretical computing.

References

[1] OG. Vendik, EK. Hollman, AB. Kozyrev, AM. Prudan.
J. Supercond. 12, 325 (1999).

[2] AK. Tagantsev, V.O. Sherman, K.F. Astafiev, J. Venkatesh,
N. Setter. J. Electroceram. 11, 5 (2003).

[3] W. Chang, SW. Kichoefer, KM. Pond, JA. Bellotti,
S.D. Quadri, D.G. Schlom, J.H. Haeni. J. Appl. Phys. 96, 6629
(2004).

[4] R.A. McKee, FJ. Walker, M.F. Chisholm. Phys. Rev. Lett. 81,
3014 (1998).

[5] M.J. Lancaster, J. Powell, A. Porch. Supercond. Sci. Technol.
11, 1323 (1998).

[6] K. Takaashi, N. Ellchiro, M. Chihiro, S. Mitsunobu. Res. Rep.
Kogakuin Univ. 95, 57 (2003).

[7] K. Szot, R. Dittmann, W. Speier, R. Waser. Phys. Staus Solidi
(RRL) 1, R86 (2007).

[8] M. Woehleke, V. Marello, A. Onton. J. Appl. Phys. 48, 1748
(1977).

[9] M.N. Kamalasanan, N.D. Kumar, S. Chandra. J. Appl. Phys.
74, 679 (1993).

[10] GE. Jellison, L.A. Boatner, D.H. Lowndes, R.A. McKee,
M. Godbole. Appl. Opt. 33, 6053 (1994).

[11] K. Kamaras, K.L. Barth, F. Keilmann, R. Henn, M. Reedyk,
C. Thomson, M. Cardona, J. Kircher, PL. Richards,
JL. Stehle. J. Appl. Phys. 78, 1253 (1995).

[12] R. Thomas, D.C. Dube. Jpn. J. Appl. Phys. (Pt I). 39, 1771
(2000).

[13] S. Zollner, A.A. Demkov, R. Liu, PL. Fejes, R.B. Gregory,
P. Alluri, JA. Curless, Z. Yu, J. Ramdani, R. Droopad,
TE. Tiwald. JN. Hilfiker, J.A. Hilfiker, J.JA. Woollam. J. Vac.
Sci. Technol. B 18, 2242 (2000).

[14] L. Pellegrino, M. Canepa, G. Gonella, E. Bellingeri, D. Marré,
A. Tumino, A.S. Siri. J. Phys. (Paris) IV 11, Pr11-337 (2001).

[15] D. Bao, X. Yao, N. Wakiya, K. Shinozaki, N. Mizutani. Appl.
Phys. Lett. 79, 3767 (2001).

[16] Y. Gao, Y. Masuda, K. Koumoto. J. Korean Ceram. Soc. 40,
213 (2003).

[17]) JH. Ma, ZM. Huang, XJ. Mang, SJ. Liu, X.D. Chang,
JL. Sun, J.Q. Xue, J.H. Chu. J. Appl. Phys. 99, 033 515 (20006).

[18] N.A. Pertsev, A.G. Zembilgotov, A K. Tagantsev. Phys. Rev.
Lett. 80, 1988 (1998).

[19] N.A. Pertsev, AK. Tagantsev, N. Setter. Phys. Rev. B 61, R
825 (2000); ibid. B 65, 219901 (2002).

[20] Z.G. Ban, SP. Alpau. J. Appl. Phys. 91, 9288 (2002).

®usuka TBepgoro Tena, 2010, Tom 52, Bbin. 10



Tensile strain induced changes in the optical spectra of SrTiOs epitaxial thin films 1949

[21] JH. Haeni, P. Irvin, W. Chang, R. Uecker, P. Roiche, Y.L. Li,
S. Shoudhury, W. Tian, M.E. Hawiey, B. Graigo, A.K. Tagant-
sev, X.Q. Pan, SK. Steffer, L.Q. Chen, SW. Kirchoofer,
J. Levy, D.G. Schlom. Nature 430, 758 (2004).

[22] F. He, B.O. Wells, SM. Shapiro. Phys. Rev. Lett. 94, 176 101
(2005).

[23] 1. Jaakola, J. Levoska, M. Tyunina. J. Appl. Phys. 102, 014 108
(2007).

[24] M. Tyunina, J. Narkilahti, J. Levoska, D. Chvostova, A. De-
jneka, V. Trepakov, V. Zelezny. J. Phys.. Cond. Matter 21,
232203 (2009).

[25] D.E. Aspens. Thin Solid Films 89, 249 (1982).

[26] M. Bass. Handbook of optics. 2nd ed. Optical Society of

America. McGraw—Hill professional (1995). V. 2. 1568 p.

7] M. Cardona. Phys. Rev. 140, A 651 (1965).

8] M. Capizzi, A. Frova. Phys. Rev. Lett. 25, 1298 (1970).

9] K. Van Benthem, C. Elsasser, R.H. French. J. Appl. Phys. 90,

6156 (2001).

[30] SI. Shablaev, AM. Danishevskii, VK. Subashiev, A.A. Ba-
bashkin. Sov. Phys. Solid State 21, 1140 (1979).

[31] AH. Kahn, AJ. Leyendecker. Phys. Rev. 135, A 1321 (1964).

[32] L.P. Mattheiss. Phys. Rev. B 6, 4718 (1972).

[33] T. Wolfram. Phys. Rev. Lett. 29, 1382 (1972); T. Wolfram,
E.A. Krant, FJ. Morin. Phys. Rev. B 7, 1677 (1973).

[34] SI. Shablaev, AM. Danishevskii, VK. Subashiev. Sov. Phys.
JETP 59, 1256 (1984).

[35] TS. Narasimhamurty. Photoelastic and electrooptic properties
of crystals. Plenum Press, N.Y~London (1981). 544 p.

[36] A.A. Giardini. J. Opt. Soc. Am. 47, 726 (1957).

[37] E. Heifets, RI. Eglitis, E.A. Kotomin, J. Maier, G. Borstel.
Surf. Sci. 513, 211 (2002).

[38] W.A. Harrison. Electronic structure and the properties of
solids. Freeman, San Francisco, CA (1980). P. 438.

[39] X.W. Wu, XJ. Liu. J. Lumin. 122—-123, 869 (2007).

[40] V.A. Trepakov, Z. Potﬁéek, M.V. Makarova, A. Dejneka,
P. Sazama, L. Jastrabik, Z. Bryknar. J. Phys.: Cond. Matter
21, 375303 (2009).

1] E. Kotomin, S. Piskunov. Unpublished results.

2] JR. Brews. Phys. Rev. Lett. 18, 662 (1967).

EM. Mishel-Calendini, G. Mesnard. J. Phys. C: Solid State

Phys. 6, 1709 (1973).

NN
)

®uauka TBepgoro tena, 2010, Tom 52, Boin. 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


