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Infrared spectra and second-harmonic generation in barium strontium
titanate and lead zirconate-titanate thin films: ‘‘Polaron’’ artifacts

J. F. Scott, a),b) A. Q. Jiang,a) S. A. T. Redfern, Ming Zhang, and M. Dawbera)

Department of Earth Sciences, Cambridge University, Cambridge CB2 3EQ, United Kingdom

~Received 26 February 2003; accepted 9 June 2003!

We report infrared absorption spectroscopy and second-harmonic generation data for barium
strontium titanate~BST! and lead zirconate-titanate~PZT! ceramic films in the 300025500 cm21

region. Second-harmonic generation experiments give temperature dependences in accord with
oxygen vacancy cluster theory@S. A. Prosandeev, Sov. Phys. JETP83, 747~1996!; S. A. Prosandeev,
V. S. Vikhnin, and S. Kapphan, Integr. Ferroelectr.32, 1047~2001!; J. Phys. Condens. Matter14,
4407~2002!#. A percolation model of vacancy ordering is discussed. The present work shows that
earlier data interpreted as polaron spectra in these films were actually artifacts due to interference in
the optical apparatus used@B. Guettler, U. Bismayer, P. Groves, and E. Salje, Semicond. Sci.
Technol.10, 245 ~1950#; more recent ‘‘polaron’’ spectra in WO3 films may also be artifacts@L.
Berggren, A. Azens, and G. A. Niklassson, J. Appl. Phys.90, 1860~2001!#. Numerical estimates of
the polaron massm** 516me in SrTiO3 and BST help prove that dielectric data in strontium
titanate interpreted as bipolarons@A. Levstik et al., Appl. Phys. Lett.81, 4046 ~2002!# are also
artifacts. © 2003 American Institute of Physics.@DOI: 10.1063/1.1596715#
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I. INTRODUCTION

The role of polarons in strontium titanate (SrTiO3) and
its isomorphic mixed crystals with Ba-substitution@barium
strontium titanate~BST!# is of interest in understanding it
low-temperature properties, including the fact that
(SrTiO3) has a relatively high superconducting temperat
(;0.25 K) in the form of a slightly oxygen-deficientn-type
superconductor (;n51019cm23), and thatTc does not vary
monotonically with n. This has suggested that it is not
Bardeen–Cooper–Schrieffer system and that bipolarons
play a role in the superconductivity. The notion that bip
larons may be the ground state for superconductivity rem
contentious, especially in the case of YBCO.1,2

In addition, the role of oxygen vacancies in ferroelect
perovskite oxides is thought to be important in fatigue3–6 and
in long-term degradation7–13 ~time-dependent dielectric
breakdown! when these materials are used in thin-film for
as switching devices~memories!; the latter effect is equally
important in high-dielectric paraelectrics such as B
(BaxSr12xTiO3). Earlier studies on lead zirconate titana
(PbZrxTi12xO3 or PZT! showed strong infrared absorption14

in the 4000 cm21 region, attributed~incorrectly, as we show
later! to self-trapped polarons at oxygen vacancy sites;
no studies were done as functions of vacancy concentra
or temperature. In the present article, we do both and s
that these spectra are artifacts. Thus, in the first part of
article, we devote considerable space to a careful refuta
of polaron interpretations of infrared data on ferroelect
films. In the second part of the article, we report~nominally
forbidden! second-harmonic generation~SHG! in both
donor- and acceptor-doped BST as functions of vacancy c
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centration and temperature; the SHG intensity dataI (T) sat-
isfy the oxygen-vacancy-cluster model of Prosandeevet
al.15,16

II. INFRARED DATA

A. Sample preparation and experimental setup

The doped and undoped Ba0.7Sr0.3TiO3 thin films were
grown on 4 in. platinum-coated Si wafers via chemical so
tion deposition, using a propionate-based solution. For
ther processing details, see Hasenkoxet al.17 The dopants
were added to be compensational: i.e., Mn was added to
on Ti sites and La on Ba/Sr sites, taking into account
charge compensation by cation vacancies. The single-p
BST films were;300 nm thick and exhibited a polycrysta
line structure with columnar morphology. A BST thin film
sample and several PZT samples from J. Cuchiaro at Sy
trix were also studied as comparisons.

The relationship between macroscopic high-tempera
electrical characteristics, oxygen vacancies in undoped
acceptor-doped SrTiO3 and BaTiO3 crystals and bulk ceram
ics has been explained by the point defect chemistry mo
introduced by Smyth and co-workers.18 The most detailed
survey of donor-doped bulk systems was given by Moos
Härdtl.19 Modifications to the conventional defect chemist
model have been proposed by Nowotny and Rekas.20 The
impact of grain boundaries on the defect chemistry
perovskite-type titanates has been revealed by Hagenbeet
al. as well as M. Vollmannet al.,21 while the phase separa
tion and formation of extended defects on perovskite s
faces has been investigated in detail by Szotet al.22

For titanate thin films, the first comprehensive study h
been published by Hofmanet al.23 Recently, it has been
found by Ohly24 that the high-temperature properties of BS
thin films differ distinctively from the bulk properties an
3 © 2003 American Institute of Physics
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3334 J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Scott et al.
indicate that the conventional defect chemistry model p
haps may not apply to thin films.17 ~Note, that Ohly’s work is
compatible with our x-ray photoemission~XPS! data,25 and
it may explain the observations by Shanthi and Sarma, to
discussed in a later section, that each oxygen vacanc
SrTiO32x contributes not 2.0 electrons to the conducti
band but forx.9% contributes only 0.5e.!

The mobility of electronic carriers in alkaline earth tita
ates has been studied by Choiet al.26 and by Moos and
Härdtl.27

In the present article, we complement those studies
determining the effect of donor/acceptor doping and te
perature on oxygen vacancies microscopically through t
SHG intensity.

Bruker IFS 113v and Bruker IFS 66v spectrometers w
used to record infrared spectra. The 113v spectrometer
used for low-temperature measurements, whereas a m
scope attached to the 66v spectrometer was used to me
spectra at room temperature and at high temperatures.
bar lamps, Hg Cd Te detectors and KBr beam splitters w
chosen for measurements in between 650 and 6000 c21

and tungsten lamps and CaF2 beam splitters were chosen fo
measurement between 4000 and 8500 cm21. For high-
temperature measurements, the samples were heated
Ar atmosphere in a heating stage which was coupled w
quartz windows and a water-cooling system. Lo
temperature spectra were measured with the sam
mounted inside a closed-cycle Leybold cryostat equip
with KRS5 windows. The substrates~double-polished Si wa-
fers! and Au mirrors were used as references. The exp
mental results showed that the use of the Si wafer or
mirror did not lead to significant spectral variations in t
near-infrared region. Single-beam reflectance spectra of
references and the samples were recorded with an instrum
tal resolution of 4 cm21 in normal ~for the microscope! or
near normal~for the 113v spectrometer! incident condition,
and the resultant spectra were calculated w
log10(I sample/I reference), whereI is the single-beam reflectanc
intensity.

B. General spectral characteristics

1. Line shapes and peak energies expected for
polarons in perovskite oxides

The absorption spectrums(v) for small polarons is ex-
pected to be symmetric~unlike asymmetric absorption peak
for large polarons! and approximately Gaussian. Howeve
our spectral data~Fig. 1! agree with neither those shapes n
for those calculated for large polarons. The only basis
concluding that the original bulk strontium titanate infrar
data were ‘‘small’’ polarons was that the absolute absorba
measured by Baer was too small28 by a factor of35 to fit the
‘‘large polaron’’ model of Gurevichet al.,29 even including
the correction factors of Feynmanet al.30 However, even
Reik,31 while concluding that strontium titanate is describ
by a small polaron model, emphasizes that this material
resents a ‘‘marginal case’’ between large and small. And b
Schirmer32 and Kudinovet al.33 stress that the high-energ
tail has ‘‘prevented complete interpretation of free small p
Downloaded 21 Aug 2003 to 131.111.44.144. Redistribution subject to A
r-

e
in

y
-
ir

e
as
ro-
ure
lo-
re

der
h
-
es
d

ri-
u

he
n-

h

r
r

e

p-
th

-

laron absorptions.’’ For the polaron coupling coefficient a
propriate to BST, Emin calculated34 the absorption position
width, and shape. The absorption peak lies nearhv52Wp ,
whereWp is defined as the polaron energy; and its half wid
at half height is typically a few timeshv0 , wherehv0 is the
energy of a characteristic phonon in the material~to be dis-
cussed later!. Guettleret al.14 and Reik and Heese35 give the
absorption as a function of frequencyv by a slightly differ-
ent approximation:

s~v!5~s0 /v!exp$2~hv2WD24WH!2/~8WHhv0!%,
~1a!

where WD is the difference in energy between empty a
filled states,v0 is the phonon energy, andWH is the polaron
hopping energy, approximately equal to half the polar
binding energyWp , and h is Planck’s constant.~Note that
this is a three-parameter fit, plus a scale factor.! In Eq. ~1a!,
the term 4WH in the numerator is a function of assume
dimensionality and, hence, number of nearest neighbors.
@3D# tetrahedrally coordinated system~four nearest neigh-
bors! Schirmer has shown32 it is 16/3 and in two-dimensiona
hexagonal arrays that it is six rather than four; it is eight
the Holstein two-well system. Dimensionality effects ha
also been considered by others.36,37Alexandrovet al.38 have
replaced the denominator by a termh2 which yields Eq.~1!
only in the limit of extremely small polarons, buth is not
separately and independently measurable. And Emin
argued39 that the termhv0 in the denominator in Eq.~1! is
actually the thermal average of the energy of the phon
with the strongest polaron coupling coefficient, which

FIG. 1. Infrared data at 293 K@fitted to a Eq. 1~a!# for strontium titanate
crystal, showing the strong phonon peak~see Refs. 46 and 47! at
1280 cm21; and for BST ceramic film, showing transmission interferenc
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3335J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Scott et al.
^n(T)11/2&hv0 and is approximated at low temperatures
the zero-point energyhv0/2. This introduces an importan
factor of approximately 2 in the fitting of data, and so f
low- T(kT!hv0), we rewrite Eq.~1a! as

@3D#:s~v!5~s0 /v!exp$2~hv2WD24WH!2/

~8^n11/2&WHhv0!%

5~s0 /v!exp$2~hv2WD24WH!2/

~4WHhv0!%; ~1b!

and in the most general case, the denominator of the e
nential in Eq.~1b! may be given by the Bose factor of pho
non occupancŷn11/2& as

8 WHhv0^n11/2&

58WHhv0$1/21@exp~hv0 /kT!21#21%; ~1c!

We emphasize here that the experimental temperature de
dence for linewidths in the feature in Fig. 1 do not satis
either Eqs.~1a! or ~1c!; that is, the width is neither tempera
ture independent, nor does it vary as rapidly askT or as the
Bose factor in Eq.~1c!. This is the first indication that the
spectra in Fig. 1, or Ref. 14, are not due to polarons.

For @2D# the formula equivalent to Eq.~1a! is

@2D#:s~v!5~s0 /v!exp$2~hv2WD

26WH!2/~8WHhv0!%, ~1d!

and for

@1D#:s~v!5~s0 /v!exp$2~hv2WD

28WH!2/~8WHhv0!%, ~1e!

for a two-well one-dimensional system. In general, assum
a dimensionality lower than@3D# does not improve or
worsen the fit to experimental spectra; it merely yields
different value of polaron energy~half the peak energy, or a
third, etc.!.

The spectral shape for absorption from large polaron
quite different; it is asymmetric, non-Gaussian, and giv
above a thresholdhv53Wp by

s~v!5~s0 /v!~kR!3@11~kR!2#24, ~1f!

wherehk5@2m*( hv23Wp)#1/2. This curve@Fig. 1~b!# has
a very steep slope on the low-frequency side and differs n
ligibly for @3D# and @2D# large polarons, unlike the smal
polaron case. Note that this formula does not contain
phonon energy.

Let us digress also to consider what the phonon
quencyv0 is: The Froehlich interaction between electro
and phonons is Coulombic and involves only longitudin
optical ~LO! phonons of the long wavelength. For a crys
with more than two atoms per primitive cell, such as stro
tium titanate or BST, there will be several LO phono
branches~three in the case of SrTiO3). However, in this
family of materials, one branch~with transverse optica
branch near 110 cm21 in SrTiO3 or BST at ambient tempera
tures! has by far the strongest oscillator strength~polaron
coupling coefficienta54.5). The frequency of the LO
phonons in strontium titanate or BST associated with this
Downloaded 21 Aug 2003 to 131.111.44.144. Redistribution subject to A
o-

en-

g

a

is
n

g-

y

-

l
l
-

is 815 cm21 ~despite the fact that two weakly infrared-activ
LO/transverse optical~TO! pairs lie between the energies
110 and 815 cm21). Thus, the first question is whetherv0 in
Eq. ~1! is 117 ~TO! or 815 cm21 ~LO! or some weighted
average of all branches and all wave vectorsq. The conven-
tional polaron theory of Landau or Feynman originally mo
eled carriers interacting only with long-wavelength L
phonons LO(q50), but beginning with the Holstein model
short-range electron–lattice interaction was invoked sim
to the deformation potential in covalent crystals. Eagles40 for
rutile and Salje41 for WO32x have used rather high
frequency phonons. Reik31 used^v&5692 cm21 for SrTiO3 ,
corresponding in his notation toh^v&b/251.7 where b
51/kT. This is the average of the three LO phonon energ
weighted by the polaron coupling coefficienta for each,
from Barker: viz.,a50.2 for v1(LO)5170 cm21; a51.2
for v2(LO)5473 cm21; and a54.5 for v3(LO)
5773 cm21. But others~e.g., Guettleret al. for PZT! have
inserted very low TO or local-mode energies in these exp
sions and not LO frequencies. Perhaps the best~most self-
consistent! work is that of Calvaniet al.42 who used the
local-mode frequencies they measured independently, ari
from oxygen vacancies in the same cuprate samples use
measure the polaron absorption. Almost all early theoret
publications on polarons ignore the LO/TO difference, alo
with wave vector dispersion, apparently erroneously think
that both are small. Sincea54.5 in SrTiO3 is based on the
LO frequency of 815 cm21 anda varies asv0

25/2, this is an
important point. To usea54.5 but a value ofv0 differing
from 815 cm21 is not self-consistent. In TiO2 , the important
v0 is evaluated asv05v(LO)5807 cm21 ~Eagles!,40 and in
«-WO3, Salje finds41 v05560 cm21 for polarons andv0

5742 cm21 for bipolarons, both values approximating th
known oxygen-stretching phonon energy range. We argu
the present article that in Eq.~1! the value ofv0 that would
be required to fit data for strontium titanate, BST or PZ
does not correspond to any known optical phonon bra
v~TO; q50), and that in particular the strongly Froehic
coupled LO phonon at 815 cm21 plays no particular role.
Note that the system dimensionality affects the number
nearest neighbors, for the cubic BST structure, with six ne
est neighbors for@3D# hopping; four for@2D#; two for @1D#;
and only one for Holstein’s original two-site model. In fac
Holstein in his early work43 pointed out a difference of32
in the polaron bandwidth for the@3D# model of Yamashita
and Kurosawa,44 compared with his@1D# model, though it
was by no means apparent that this arose from dimensio
ity arguments. In his original fit of polaron data on strontiu
titanate,45 Barker avoided these problems by simply fittin
data to a Gaussian whose peak position and linewidth w
both free parameters, subject to no constraints at all. In
judgement, this is not sufficient to establish even that
spectra are due to polarons~as opposed to point defects o
d2d absorption bands, or midgap states due to oxygen
cancy clusters!.

None of our least-squares fits to the equations descr
herein yield a characteristic phonon energy correspondin
knownq50 phonons nor to the one-phonon density of sta
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3336 J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Scott et al.
peak of approximately 120 cm21 ~from the two-phonon Ra-
man spectra!.46

The form of Eq.~1! is appropriate when the width of th
rigid–ion ~electron band calculated ignoring ion relaxatio!
polaron band is greater thanWH ; in this case, Firsov showe
that the width of the absorption line is nearly temperat
independent.47 Generally, however, polaron absorptio
widths will depend upon temperature. In the opposite lim
in which the rigid–ion bandwidth is much less thanWp , the
temperature dependence of the polaron absorption peak
width is given explicitly, in the present notation, by Bog
molov et al.48 and also by Alexandrovet al.49 as

s~v!5~s0 /v!exp$2~hv22Wp!2/8WpkT%, ~2!

~herek is Boltzmann’s constant! but Eq.~2! is valid accord-
ing to Bogomolov only above 600 K~i.e., half the Debye
temperatureQ/2) and, therefore, not useful in fitting ou
T-dependent data. This form derives from Eq.~1c!. Note that
in contrast to Eq.~1a! and ~1b! this is only a one-paramete
fit plus a scale factor; in general, it is impossible to fit e
perimental data for most materials to this equation, beca
Wp determines the peak position and also the linewidth
the polaron absorption, which in reality are independent,
the experimental polaron width increases much more slo
than linearly withT. @Unfortunately, this key Eq.~2! is mis-
printed and is dimensionally incorrect in the review by Au
tin and Mott.#50 No equivalentT-dependent low-temperatur
expression is known to us. Bogomolovet al. also estimate
bound polaron energies in TiO2 ~and related compounds wit
TiO6 octahedra such as BST! as

s~peak!50.7 eV55600 cm21, ~3!

in reasonable agreement with the peak~which we will show
to be an artifact! in present experiments, or those of Ref. 1
The theoretical estimate of the polaron absorption peak
ergy from Appel51 is ~present notation!:

WD14WH50.357a2hvLO55900 cm21 ~4!

~wherea is the polaron coupling coefficient andh is Planck’s
constant; note especially thatvLO is not v0) and is also in
fairly good agreement with the present experiment.~Fig. 1!.
@There is an algebraic error in Ref. 45, Eq.~4.11!, p. 213;
Appel gives our Eq.~4! incorrectly as, in his notation,J
2E050.1395a hv0 rather than J23E050.357a hv0 ,
where 2J is the polaron bandwidth andE0,0.]

@We emphasize the agreement between energy estim
in Eqs.~3! and~4! above and the spectral features in Fig.
or Ref. 14 because these were the important ‘‘red herrin
that produced erroneous interpretations of the data.#

Note that if we usea54.5, we must use52,53 vLO

5815 cm21, since the former was derived by Barker se
consistently from the latter for each LO phonon mode as

a5~2pe2/hvLO
2 !~2me vLO!1/2~Z/«`!. ~5!

The high-frequency tail, emphasized in Fig. 1~b!, should
have been an early give away that these data are not du
polarons, but unfortunately another possibility has been
cussed for SrTiO3 by Reik,31 who suggested two explana
tions: ~1! That the optical phonons in strontium titanate a
Downloaded 21 Aug 2003 to 131.111.44.144. Redistribution subject to A
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highly dispersive, and~2! that a nonadiabatic version o
Eagles’ theory54 would explain the tail. We show that the re
reason is that the spectra in Fig. 1 and Ref. 14 are artif
due to interferences in the 300 nm films used, which unf
tunately give an apparent peak in absorption~actually a dip
in transmission! near energies predicted for polarons.

2. Linewidths and self-consistent values of
gÄWp ÕvLO : False clues

It has been of theoretical interest to examine the ratio
polaron energiesWp and phonon frequenciesv0 . For PZT,
Guettler et al.14 fitted v05130 cm21, WD50, and 4WH

54080 cm21, whereWp52WH . However, in early theories
the phonon which dominates polaron interaction must be
long-wavelengthq50 LO phonon, and as just discusse
this lies52,53at 815 cm21 in SrTiO3 and in Sr-rich BST.~This
is very nearly the same value ofv0 as found in WO3 and
other perovskites by Salje and Hopman.!55 And so, we have
a similar question regarding the ratiog as to whether it isv0

or vLO which entersg. We note that the ratio of paramete
g5Wp /v0515.7 for PZT from Guettleret al. fails to satisfy
~by 33) all known theoretical models. That is, Ref. 14 is n
self-consistent regarding peak energies and linewidths.
strontium titanate, if we examine the experimental ratio
g5Wp /v0 for the valuea54.5, we must use the valu
vLO5815 cm21 used by Barker to derive that value ofa.
That is,g has been calculated theoretically as a function
a, and a was calculated as a function ofvLO ; hence, one
must calculateg self-consistently with this value ofvLO .
The ratio~neglectingWD) of

g5Wp /vLO52400 cm21/815 cm2153, ~6!

for the feature in Fig. 1 is plausible; this was a second ‘‘r
herring’’ in assigning interference features to polarons in p
ovskites such as PZT and strontium titanate. Austin a
Mott50 have noted that this ratio is generally of orderg
55.0 and for some models is 4.0, and Bogomolovet al. find
g5Wp /vLO54.0 in TiO2 ; for values ofa54.5, eight dif-
ferent theoretical estimates56–63 give Wp /vLO54.5 to 4.9.

Finally, we can estimate the number density of trapp
electrons in our BST films from the polaron peak positio
using Barker’s strontium titanate data;46 for a peak near
4200 cm21, we estimaten as a few times 1020cm23. This is
in accord with other estimates of near-surface vacancy c
centration for ABO3 perovskites.64–67This is another plausi-
bility argument that contributed to the misidentification of
spectral artifact in Ref. 14.

3. Vacancy –concentration dependence

a. Of polaron absorption intensities: Another false clu.
Our experimental data show very little change in absol
absorption intensity as the number of carriersn is varied via
donor or acceptor doping. At first, this seems unreasona
for polarons, since the intensity should be linearly prop
tional to n, but as Barker46,53 has pointed out, the imaginar
part of the dielectric susceptibility is given by

«95cn/vLO
2 , ~7!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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wherec is a constant, and due to coupling between plasm
and LO phonons,vLO

2 increases approximately linearly wit
n. For v.2000 cm21 Barker finds experimental confirma
tion of his theoretical prediction that

lim ~n/vLO
2 !5n/n5constant asn→`. ~8!

b. Of absorption peak energies. The four expressions
given in Eqs. ~1!–~4! all generally agree: 4900 cm21

620%, theory and experiment, for polaron absorption p
energy. We note also that there is a simpler relations
which can be used to estimate the polaron absorption p
energy for polarons that are not too small: One-half
Froehlich polaron coupling coefficienta is68 the number of
LO phonons dragged by each electron, and since
phonons involved have energy,52,53 815 cm21 and the po-
laron coupling coefficient in SrTiO3 ~and hence, BST! is
known53 to be a54.5 for the infrared mode of stronge
oscillator strength, the product of these two numbers give
rough estimate of the polaron energyWp as

Wp5a vLO/250.534.53815 cm2151834 cm21, ~9a!

and peak absorption energy at

hv52Wp53668 cm21, ~9b!

in reasonable agreement with experiment14 ~the slightly
higher experimental value could conceivably involve so
bipolaron contribution to the spectra, as discussed for pe
skite oxides by Salje41 and by Kostur and Allen!.69 Varying
the oxygen-vacancy concentration of BST by donor dop
with La ~0.7%! or acceptor doping with Mn~0.7%! gave
small but reproducible changes in the intensity, shape,
peak position in the absorption spectra~Fig. 2! near
4000 cm21; we know now that these were simply due
changes in index of refraction and hence to the interfere
wavelength peak in the films studied. The conductivity at
V of the La-doped specimens was 1026 A/cm2; for the Mn-
doped specimens, 231028 A/cm2; and for the undoped, 3
31027 A/cm2. In our donor-doped specimen, a 2.5% shift
peak position from 4150 to 4050 cm21 was observed.@A
shift of the same sign and magnitude in polaron absorp
peak frequency with donor or acceptor doping was also
fortunately observed for TiO2 by Bogomolov and Mermin.70

FIG. 2. Near-infrared transmission for 0.7% donor doping~La! and 0.7%
acceptor doping~Mn! at 292 K.
Downloaded 21 Aug 2003 to 131.111.44.144. Redistribution subject to A
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The profile~and width! of the BST peak and that in PZT ar
almost identical, which is expected in a simple oxyge
vacancy polaron model.#71–74

4. Polaron mass m ** in strontium titanate and barium
strontium titanate

Despite the fact that much of the present article is
voted to explaining why prior data arenot due to polarons,
the theoretical considerations we provide about pola
mass, etc., may prove useful in other contexts.1,2

We note that the effective~band! mass75,76m* in SrTiO3

is ;5.1me and, hence, the polaron mass is56

m** 5m* ~120.0008a2!/~120.167a10.0034a2!

53.1m* 516me , ~10!

whereme is the free electron mass. This value is in excelle
accord with recent values from dielectric measurements
a model.2 ~This value assumesa54.5, which, in turn, was
based on an LO phonon energy of 815 cm21.) The polaron
massm** in PZT was previously estimated14 as 3m*, using
the Froehlich approximation, in very close agreement w
the value 3.1m* for BST in Eq. ~10!. ~The strong coupling
limit of Landau and Pekar77 gives an even larger estimate o
m** 5m* a4/4859 m*; however, SrTiO3 and BST are not
in this very-small-polaron limit.! Austin and Mott have
pointed out thatm** .10me is sufficient to prevent the for-
mation of a cryogenic metallic state50 in SrTiO3 , and we
note that reduced strontium titanate does not always bec
metallic; it can remain semiconducting down to mK tem
peratures~although it becomes superconducting!.78–81 This
also supports the numerical value of 16me in Eq. ~10!. Note
that some band structure models of strontium titanate h
both light and heavy conduction electrons. Thus, it is a
possible that the mass we calculate is for the heavy electr
which could form polarons, whereas a metallic conduct
arises from the light electrons; this is the point of view
Gonget al., to be discussed later. The polaron coupling c
efficient a54.5 is relatively large in SrTiO3 , producing a
small or intermediate polaron~larger than the radius Kostu
and Allen69 calculate for the typical perovskite polaron o
50% of the lattice constanta0) in which the Rice–Sneddon
model82 is more accurate than the Landau–Pekar76 treatment
of the Froehlich Hamiltonian. We note that according
Devreeseet al., a54.5 is sufficient to form a bipolaron
ground state in@2D# but not @3D#. Therefore,@2D# localiza-
tion of oxygen vacancies may be of paramount importanc
bipolaron stability in these materials.

Very recently, our polaron mass value of 16 has help
show that the bipolaron model of Levstiket al.83 for dielec-
tric anomalies at 37 K cannot be correct in strontium titana
Ref. 83 is now known to be due to artifacts~series resistance
in the dielectric bridge!.

5. Temperature dependence

The temperature dependence of our absorption spect
shown in Figs. 3 and 4. IncreasingT moves the absorption
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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peak to lower frequencies in BST. The shift is rather sm
This disagrees with the small polaron case considered
Reik ~stronglyT dependent!.

Rather, more important than the temperature shift of
infrared peak position is the fact that the spectral linewi
widens with increasing temperature. A narrowing of wid
unusual in solid-state physics, was predicted in the orig
polaron theory of Yamashita and Kurosawa,44 who find spec-
tral linewidth Dv given by

Dv5c1 exp~2A/kT!, ~11!

FIG. 3. Apparent absorption spectra in BST at elevated temperat
(290 K,T,655 K). Traces are displaced along the ordinate axis by a
trary amounts for clarity.

FIG. 4. Apparent absorption spectra in BST at cryogenic temperat
(18 K,T,245 K); sample from J. Cuchiaro at Symetrix Corp. Ordinate
absorption in arbitrary units.
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wherec1 is a temperature independent constant andA is a
characteristic energy; this dependence was also empha
by Reik.31 However, our data disagree qualitatively with E
~11! and quantitatively with Eq.~2!.

According to standard defect chemistry theory, o
would expect that substitution of La13 for Sr12 would result
in oxygen wave function distortion and Ti13 -like 3d states
in the gap, which increase conductivity. This absence
also been observed by Higuchiet al.84,85 for Mn and Nb
substitutional for Ti in SrTiO3 single crystals and sugges
that much of the La did not substitute for Sr in our BS
samples. It may have accumulated at grain boundaries in
form of La2O3. This shows the pitfalls of naively applying
defect chemistry models to fine grained ceramic films. S
Hofman et al.23 for a discussion of this point. Finally, we
note that our experiments on strontium bismuth tanta
~SBT! thin films revealed no polarons in the infrared spect
as with pure SrTiO3

An additional complication to interpreting the data
Fig. 1 is that the broad peak lies very near in frequency
that of the characteristic O—H hydroxyl vibrations, which in
the gas phase are always around 3700 cm21. It is known that
hydrogen always goes into SrTiO3 as hydroxyl ions, attach-
ing to one of the Ti—O bonds to form Ti—OH @we note
parenthetically that it is possible to get 100% hydroxyl o
cupation in a stable perovskite,86 e.g., bernalite, Fe(OH)3].
We carried out measurements to high~650 K! and low ~20
K! temperatures, with the results shown in Fig. 4. By goi
to low temperatures, we had hoped to see other features,
as the disappearance of any polaron peak~it disappears at 10
K in rutile!49 or the infrared absorption of sharp-line O
spectra superimposed on the broad peak, but the line
3652 and 3756 cm21 are merely surface water. However,
hydroxl-structure perovskites such as Fe(OH)3 , the O—H
mode is shifted86 substantially, from 3700 cm21 to lower en-
ergies near 3100 cm21, and we tentatively interpret the
broader absorption in Fig. 1 near 3100 cm21 as due to OH
clusters. Not shown in our spectra are the lines at low
frequencies; in addition to seeing the well-known infrare
active phonons of BST, we see the strong Si—O and Ti—O
substrate lines at;1100 and 600 cm21 respectively, identi-
fied by Craciun and Singh,87 in our BST.

6. Relationship to resistivities

It has been claimed, that in rutile, there is an empiri
relationship88 between the peak absorption coefficie
I (max) due to polarons and the electrical resistivityr
(;3 ohm cm) of the samples. Near 300 K, it is given by

I ~max! cm21 r~V cm!55.33102 V, ~12!

and is only 20% less at 700 K. We do not think that t
relationship in Eq.~12! can be justified for any wide-band
gap oxide, such as SrTiO3 , BST, or rutile, since none o
those materials exhibit ohmic conduction~they are Schottky
or Frenkel–Poole conductors at voltages less than a few v
and Fowler–Nordheim above that, except at cryogenic te
peratures!. Therefore, one cannotdefinea resistivity in ohm
cm for them in order to test Eq.~12!. No relationship similar
to Eq. ~12! is expected even if the material were ohmic.
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7. Final disproof of the polaron interpretation

By varying the thickness of the thin-film samples stu
ied, we find that the broad feature in Fig. 1~and in PZT
samples! varies exactly as predicted for thin-film transmi
sion interference, and its shape corresponds closely to
predicted interference shape. In addition, if a wider range
wavelengths is measured~Fig. 5!, additional interferences
are observed. Hence, if one does wish to look for polaron
ferroelectric thin films, these interferences must be shif
out of the wavelength region of interest by carefully sele
ing film thicknesses. The aforementioned rather protrac
account is designed to prevent other investigators fr
studying artifacts. Relatively, few publications in solid-sta
physics describe failures: We simply failed to measure
larons in BST or PZT films.

III. SECOND-HARMONIC GENERATION DATA

A. Experimental setup

The intensity of optical frequency-doubled light is us
ally several orders of magnitude less than that of the fun
mental wave. For this reason, a high-intensity high-pow
laser light source is needed if optical SHG signals are to
detected from illuminated crystals. We used aQ-switched
Nd–YAG laser with a high peak power and low jitter as t
fundamental light source, with a 20 ns pulse width and 2
mJ energy pulse energy. This equates to a peak pulse p
of around 10 MW, in a beam of 6 mm diameter, or arou
3.53107 W cm22. Measurements of SrTiO3 were taken in
transmission geometry, with the beam focused to a diam
of around 100mm. The beam was attenuated by passing
through beam splitters in order to avoid sample damage.

FIG. 5. Infrared transmission peak energies vsT in BST film.
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laser was triggered using an external trigger from a con
computer. The sample was held on anx2y stage, positioned
vertically with the laser beam passing horizontally through
The stepper motor controllers for thex2y stage were polled
and set using the data acquisition and control computer, s
that the beam could be rastered across the sample.

The light passing through the sample was filtered,
remove the fundamental wave, using a high-power inter
ence beam splitter. A narrow band-pass~532 nm! filter was
then used to exclude background light, and frequen
doubled light ~532 nm! was measured using a low
background photomultiplier. In addition to the light me
sured at the sample, the fundamental beam was split be
falling on the sample, and part passed through a second s
dard quartz sample, filtered in the same way as that at
sample, and passed to a photomultiplier, from which a m
sure of the incident intensity was made. Thus, the intensit
the sample was measured with respect to the intensity
reference, for each shot of the laser. The signal from
photomultipliers was passed to an analogue-to-digital c
verter board on the computer via low-noise preamps, giv
several decades of range to a high sensitivity. Further fil
are placed along the optic axis of the instrument to exclu
light from the laser flash lamp, the furnace, and interfere
of frequency-doubled light created at the sample w
frequency-doubled light created at the quartz reference.
data acquisition and control software worked through a s
ply operated graphical interface, and incorporated pu
checking for each laser pulse measured. Checks were m
to ensure that only pulses for which the reference and sam
pulse peak maxima coincide and for which the onset of
reference and sample peaks coincident in the time dom
were accepted.

A polished ~100!-oriented single crystal of SrTiO3 was
used to measure the spatial dependence of the freque
doubled intensity of light, shown in Fig. 6. Furthe
temperature-dependent measurements of a BST thin
were made in reflection geometry with an unfocused be
impinging upon a sample attached to the cold finger o
He-circulating cryostat. Data were collected between 20
270 K and the temperature-dependent SHG intensity
shown in Fig. 7.

B. Vacancy–concentration dependence

In Prosandeev’s model,15,16 the SHG intensity should be
proportional to oxygen-vacancy concentration, with thean-
satzthat the vacancies form correlated extended defects; w
each oxygen vacancy is associated a local dipole, and
correlation length describing the orientation of nearby
poles is the parameter of interest. The SHG intensity is of
described as proportional to ‘‘cluster size’’,^S(T)&; how-
ever, this term is misleading since^S(T)& refers to the ex-
pectation value of the polarization of the vacancy dipo
~hence, correlation length!, and is not closely related to th
geometric size of the cluster. In particular,^S(T)& and,
hence, the SHG intensity both become vanishingly smal
T→`. The SHG intensity at 77 K is expected to be twice
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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strong as at ambient and, at 4 K, is expected to be nearly
order of magnitude larger than at room temperature.

C. Temperature dependence

Prosandeevet al.15,16 also give an expression~Eq. 13!
for SHG intensityI (T) as a function of temperature89,90

I ~T!5I 0@Ts coth~Ts /T!2T0#21/21I B , ~13!

whereTs is a saturation temperature~known to be between
35 K and 38 K from the temperature at which the dielect
susceptibility flattens out upon cooling!. The only adjustable
parameter in Eq.~13! is T0 , which in isomorphic KTaO3 is
0.48Ts ;15 so we take T0517 K as a startingvalue in the
least-squares fit of the present work. The constant IB in Eq.
(13) is not in Prosandeev’s single-crystal theory but was
added by us to represent the temperature-independent con-
tribution of grain boundaries(and surfaces) in ceramic BST
specimens.

Saljeet al.91 first introduced this saturation term involv
ing @Ts coth (Ts/T)2T0#

21 in a different context. Kleemann
et al.92,93 later used this expression for SrTiO3 :Ca. In the
latter model, the saturation temperature was assumed t
somewhat smaller and given byTs5TE/2, wherekB TE is the
energy of an Einstein oscillator corresponding to the exp
mentally measured soft optical mode of long-wavelengthq
50 (TE534 K in SrTiO3; 23 K in Ca:SrTiO3).

Equation~13! is tested in Fig. 7 for both pure SrTiO3

from Kapphanet al.89 and our BST data, and the single u
known parameter Ts is an adjustable parameter fitted to t
data; the known value in KTaO3 T0517 K ~the saturation
temperature of the dipole pseudospins! agrees with values
known independently for SrTiO3 from both dielectric data
and theoretical models.90 Mueller94 has used exactly the
same value ofTs538 K for SrTiO3 as we have, and Dec an

FIG. 6. SHG data~293 K! for a SrTiO3 crystal. Coordinates are real spac
(x, y), SHG intensity~z!.
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Kleeman92,93 have argued that althoughT0 might be much
smaller than 38 K~nearly zero! in pure SrTiO3 , it will be of
the order of 20 K in SrTiO3 mixed with CaTiO3 ~or perhaps
BaTiO3). Thus, all independent sources support our va
for this parameter for BST. The fit is very sensitive to t
ratio Ts /T0 .

IV. PERCOLATION OF POLARIZATION

Prosandeev’s work15,16suggests that the ordering of oxy
gen vacancies in ABO3 perovskites should give rise to
phase transition which is first order and of a percolation
ture, rather than displacive~it is not clear that this is the 2
3231 superlattice@actually 51/2351/231] self-ordering ac-
tually observed in SrTiO3). To test this hypothesis, we hav
fitted the activation enthalpy dataH(x) for oxygen–vacancy
motion from Steinsviket al.95,96 The results are shown in
Fig. 8. The exponent fitting the dependence ofH upon va-

FIG. 7. ~a! SHG intensity vs temperature for strontium titanate reduced
hydrogen~diamond symbols! or vacuum~triangles!. Solid curves are our fits
@to Eq. ~12!# with Ts538 K and T0537 K ~H reduced! and T0530 K
~vacuum reduced! andI B50. ~b! SHG intensity in BST vs temperature~293
nm MOD film with no top electrode!. Solid curve is@a fit to Eq.~12! with#
Ts538 K, T0525 K, andI B contributing 2.0 units of intensity. The anoma
lies at 77 K and 273 K are due to liquification of nitrogen and freezing
water on the sample surfaces and are intentionally shown as exampl
artifacts that can occur.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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cancy concentrationx is g51.7860.10, which agrees within
the small (65%) experimental uncertainty with the valu
7/4 expected for a cubic lattice,97 that is,

H5H0 ~xc2x!g, ~14!

with xc57% ~i.e., SrTiO2.80) taken as the vacancy conce
tration at which 23231 superlattices self-organize, as ev
denced by bright planes in the high-resolution electron
crographs ~HREM!; this adds support to Prosandeev
general idea ofpolarzation percolation.

In a different context, it is clear from the Kelvin-prob
work of Nowotny and Rekas98 that there exists a great dif
ference between the oxygen–vacancy concentration nea
surface and in the bulk of barium titanate on Pt electro
~and devices made from related compounds such as BST!.
This is manifested in the fact that the work function chan
versus oxygen partial pressure varies98 with exponent 2.5
60.3 for surfaces~Kelvin-probe measurements! but 4.4
60.4 for bulk. Those authors interpret their results as e
dence for a ‘‘segregation boundary layer’’ which they su
gest may involve adsorbed species, primarily chemisor
oxygen. They infer that there is a strong gradient in oxyg
vacancy concentration in these ABO3 perovskites, as in ou
PZT fatigue model.1–3

An important addition to Prosandeev’s model is the
sight from Becerroet al.99 ~and earlier work by Grenieret
al.!100–102 that the oxygen–vacancy clusters in perovski
are not isotropic but, in fact, develop along@101# directions
and, at higher vacancy concentrations, along planes. H
ever, this may be true only in Fe-doped SrTiO3 or CaTiO3

and not in reduced SrTiO3 , because Gonget al.103 find only
very short-range ordering in the latter~and a slight prefer-
ence for vacancies at one site in the tetragonal phase o
duced SrTiO3 ; note that the room-temperature tetragon
phase of reduced SrTiO3 is not the same phase as unreduc
SrTiO3 exhibits below 105 K, but one without a doubled-un
cell!. Most recently Marionet al.99 have shown that large
(3100) electrical conductivity increases occur at 1300 K
7% vacancy-concentration CaTiO3 . The known phase dia

FIG. 8. Graph of activation enthalpy~see Ref. 98! for displacement of
oxygen vacancies in strontium titanate vs vacancy concentration, sho
percolation exponent~see Ref. 99! of g57/4 near a critical vacancy con
centration of 7%.
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gram shows that this is not due to a displacive structu
phase transition; and they conclude that it is a percola
transition from a low-conductivity ordered-vacancy state b
low 1300 K to a disordered ionic conductor. Janovec~private
communication! has pointed out that the low-energy~un-
charged! domain walls in PZT are along@110# directions,
parallel to the chains of oxygen vacancies inferred
Becerroet al.; this supports our model of domain wall pin
ning by ordered vacancies.3,5

V. RUTHERFORD BACKSCATTERING DATA

Rutherford backscattering spectroscopy data for B
have been shown elsewhere104 which yield a peak hydrogen
concentration of 150 ppm~0.15 at.%!; the concentration is
not uniform but is maximum in a layer 147 nm from th
ferroelectric surface, i.e., midway through the 300 nm th
film. Concentrations in PZT and SBT are lower and pe
closer to the surface. Hydrogen is known not to substit
interstitially in perovskite oxides but to form hydroxl ions
oxygen sites. The strongly detrimental effects of even sm
amounts (,4%) of H2 on PZT and SBT were detailed ver
recently104 and include the fact that in the presence of
Pt-electroded SBT partially decomposes into elemental
~as reported by Hartmannet al.!104 and PZT partially decom-
poses at 823 K to yield 0.3% Pb.

VI. CONCLUSIONS: RELATIONSHIP BETWEEN
SECOND-HARMONIC GENERATION AND INFRARED
DATA

The present spectroscopic study does not confirm
presence of strong polaron coupling in BST or strontiu
titanate films. The assignment and quantitative analysis
ambiguous even in the early ‘‘classic’’ infrared studies
Barker or Reik on bulk material~Klinger105 has remarked
that d↔d Ti13 transitions also occur in this same 0.6–0
eV energy region, but Bogomolovet al.106 and Austin and
Mott50 have pointed out that the absorption in TiO2 ~or BST!
is 503 too large for that interpretation, on the basis of co
parisons between TiO2 and Ti2O3). It had originally been
thought106 that small polarons were much more likely
TiO2 than in SrTiO3 , based upon the anisotropic man
valley band structure model of the latter material by Ka
and Leyendecker;107 however, that model is no longe
viewed as even qualitatively correct.108,109The conclusion of
Austin and Mott that TiO2 is qualitatively different from
SrTiO3 in this respect is disproved by the uv reflectivi
spectra of both as obtained by Cardona110 and by Kurtz.111

~The argument of Austin and Mott was based on the assu
tion that there are nod electrons in TiO2 , but that there are in
stoichiometric SrTiO3 . We emphasize that pure SrTiO3 has a
d0 configuration and is an insulator by virtue of its ban
structure, not a correlated Mott-type insulator.! We see~Fig
1! no polaron absorption whatsoever in pure~unreduced!
strontium titanate.

Polarons could, in principle, dominate the electric
transport properties of BST under many conditions of pr
tical interest. We note however that51 ‘‘the mean free path for
electrons in a polar crystal is determined from the band m

ng
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m* and not the polaron massm**, since the electron–
phonon interaction is short range and unscreened.’’ The S
data and the activation enthalpy data of Steinsvik show
oxygen vacancy clustering is important and that Prosa
eev’s model of polarization percolation is appropriate
these ferroelectric oxides; we not only confirm Prosandee
model in quantitative detail for SHG intensity, but we sho
that Steinsvik’s activation enthalpies fit the expected 7/4 p
colation exponent. We note that evidence for oxyge
vacancy self-ordering into planar structures has very rece
also been obtained in Bi2Ti4O11 ~which consists of natura
layers of Bi4Ti3O12 and TiO2); 112 in this system, the oxygen
vacancies order within the TiO2 planes.

The relationship between the SHG data on oxygen c
tering and the infrared data, interpreted in terms of polaro
is manifested by the recent studies of Crandleset al.113 on
highly reduced strontium titanate. They carried out infrar
studies of SrTiO3 for carrier concentrations from 1018 to
1021cm23 and observed that the midinfrared reflectance n
4000 cm21 is temperature independent, as we observe h
for BST. Based upon that, they conclude that, contrary
earlier interpretations by Barker,46 by Lee et al.,114 and by
Reik and Heese,115 these arenot polaron spectra. They als
reject the interpretation by Calvaniet al.116 of intervalley
carrier scattering. They conclude that the midinfrared spe
are probably due to oxygen clustering, which Shanthi a
Sarma117 have shown to produce midgap states, althou
they also conclude that the plasmon is weaklylocalized.
Thus, even in bulk, the interpretation of polaron spectra
mains moot.

We end this article with mention of a puzzling coinc
dence: As Shanthi and Sarma discuss, based upon the
measurements of Gonget al.,103 for SrTiO32x each oxygen
vacancy contributes only 1.0 conduction electron contrary
the 2e expected from defect chemistry models, forx,9
62%; and forx.9% contributes only 0.5e. ~By compari-
son, substituting La for Sr contributes exactly 1.0e, as ex-
pected from defect chemistry.!118 This unexplained threshold
at which the defect chemistry changes qualitatively ha
value remarkably similar to the levelx5762% at which
Steinsvik’s data show self-ordering of oxygen vacanci
This unexpected coincidence has not been noted previo
in literature and has a suggested explanation.119 Perhaps oxy-
gen vacancies above;8% each contribute 0.5 electron t
the conduction band plus 1.5 that remain trapped as a
laron at the vacancy site. The hypothesis of Gonget al. is
that this ‘‘filling factor’’ of ;0.5e per oxygen vacancy arise
from the light and heavy electron conduction bands in str
tium titanate, and that only;25% of the electrons liberate
by oxygen vacancies wind up in the light electron ban
hence, the other 75% contribute negligibly to conduction
cause of their very heavy mass. A relevant model with de
calized states that become localized by impurities has b
discussed for oxides by Alexandrovet al.120

We emphasize that oxygen vacancy clustering in th
materials is a surface or near-surface phenomenon, not a
property.121 The kinetics of oxygen vacancies and stoichio
etry changes at surfaces in SrTiO3 have been analyzed ver
recently by Maieret al.121 Thus, despite a number of caref
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studies of oxygen–vacancy behavior in strontiu
titanate,103,121–123further work will be required on thicknes
dependence. Work by Maglione124 uses polarons to explain
the low-temperature dielectric and ultrasonic lo
anomalies125 in strontium titanate. Based upon earlier stud
of relaxation,126 he provides a ‘‘quantum polaron’’ theor
connecting polarons and oxygen–vacancy clustering.
though no explicit connection to Prosandeev’s model is p
vided, this may be made through the earlier work of Vu
meister and Glinchuk.127

Notable is the fact that Maglione invokes polaron co
pling with the lowest frequencytransverseoptical phonon
~TO!—not the LO. This is the ‘‘soft mode.’’128 But Magli-
one’s model of dielectric loss at cryogenic temperatures
fers from that of Scott129 or of Kityk et al.130 Other very
recent studies of self-trapped electrons in perovskites incl
the theoretical models of Kotominet al.131,132which explain
the green luminescence in KTaO3.

Recent results from a theoretical investigation by Do
nerberg and Birkholz133 show unambiguously that the elec
tronic ground state of oxygen vacancies V0

1 in BaTiO3 is of
eg symmetry, as predicted by Eglitiset al.,134 whereas the
electron paramagnetic resonance spectra of Ti13, 135,136 as
well, show that it ist2g . This implies that the EPR of Ti13

polarons trapped near oxygen vacancies do not recom
with the oxygen-vacancy ground state—an unexpected
unexplained wrinkle which merits additional study. Perha
of even greater importance, Schirmeret al. ~in press! have
shown that BaTiO3 exhibits a mixture of small Anderson
localized polarons and intermediate polarons is detected

We emphasize in closing that, in addition to artifacts th
can arise from optical studies of thin films, intrinsic diffe
ences should also be present between polarons in thin fi
and in bulk. As emphasized by Xiet al.137 and Petzeltet
al.,138 the defect density and strain in films of pure strontiu
titanate reveal very different soft-mode behavior in films a
different roles for oxygen vacancies. These differenc
should be studied further via film spectroscopy, now that
pitfalls are understood.
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