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Observation of the First-Order Raman Scattering in SrTiO3 Thin Films
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We have studied lattice dynamic properties of SglitBin films from 5 to 300 K using metal-
oxide bilayer Raman scattering. First-order zone-center optical phonons, symmetry forbidden in single
crystals, have been observed in the thin films, indicating strain-induced lowering of symmetry. The
asymmetric line shape of the T@honon is interpreted as evidence for micropolar regions in the thin
films, likely due to oxygen vacancies. The optical phonon lines and the asymmetry persist up to room
temperature. [S0031-9007(99)09277-7]

PACS numbers: 77.84.Dy, 63.20.Ls

Lattice dynamics is of central significance in the studieghe rocking curves 0.16°). Low-frequency (50 Hz—
of the quantum paraelectric SITi®STO). Mulleret al. 1 MHz) dielectric measurements show low dielectric
[1] proposed that the low temperature state of STCOosses [4] and qualitatively different quantum fluctuation
is a coherent quantum state associated with a rotonibehaviors from that of single crystals [3].
minimum in the TA mode. Various anomalies exhibited For Raman measurement, the sample was attached to
by STO at~35 K were suggested as a possible indicationthe cold finger inside an optical He-flow cryostat. The
of a transition to this state [2]. In STO thin films, we 5145 A line (2.4 eV) of an Af-ion laser was used for ex-
have reported quantum fluctuation and phase transitiogitation, and the pumping power was belév§ W /cn?.
behaviors that are different from those in the singleRaman spectra were measured with a SPEX Triplemate
crystals [3]. Stress has been suggested as the primaspectrometer equipped with a charge-coupled device de-
cause, although the relative roles of lattice mismatchector cooled with liquid nitrogen. The resolution was
and oxygen vacancies remains an open question. Faboutl.5 cm™!. Linear polarization of the Raman signal
applications in frequency and phase agile electronics [4was analyzed in the conventional backscattering configu-
reducing the dielectric loss of STO thin films is crucial. ration (laser beam and scattered light perpendicular to the
For single-crystal STO, the loss is primarily related tosample plane). The Porto’s notation is used to denote the
the phonon absorption involving the soft modes [5].scattering configurations. Theaxis is perpendicular to
However, due to difficulties in Raman measurements irthe film plane, and the, x’, y, andy’ axes are parallel to
transparent thin films, little has been studied of the softhe [100], [110], [010], and110] axes of the LAO struc-
and hard modes in STO thin films. Recently we haveure, respectively.
used the metal-oxide bilayer Raman scattering (MOBRS) Bulk STO crystals have a centrosymmetric structure:
technique, in which conducting metal oxides are utilizedcubic at high temperatures and tetragonal belbw=
as light reflectors, and were able to observe Raman signal®5 K. The zone-center optical phonons are of odd
from the STO thin films at room temperature [6]. In parity, and consequently are not Raman active [8]. The
this paper, we report on MOBRS studies of STO thinresults of the STO thin films are very different. In
films from 5 to 300 K. Strong peaks correspondingFig. 1, Raman spectra of three STO films of different
to the zone-center optical phonons symmetry forbiddernhicknesses measured @ = 5 K are shown together
in the bulk were clearly observed. The T@honon with that of a single crystal. By comparing with the
shows a strong Fano asymmetry, which we attributéhyper-Raman results of bulk single crystals [9,10], where
to the interaction of the polar mode with polarization optical phonons are active, we identify the strong peak at
fluctuations in micropolar regions. 170 cm™! as due to the TQ the weak peak a64 cm™!

STO films were grown by pulsed laser deposition (sedo the silent TQ, and the strong peak &5 cm™! to the
Ref. [4] for details). Between the single-crystal LaAIO TO, phonons. These peaks can be observed up to room
(LAO) substrate and the STO layer,0885 wm metallic temperature. The FWHM of the T,Q phonons increases
SrRuQ (SRO) film was grown to screen Raman signalswith temperature, changing in the rangel6f-20 cm™!,
from the LAO substrates. The lattice constant mismatctabout 4 times broader than that in bulk STO. Relatively
between the STO and SRO layers is very small (0.64%)veak features in the Raman spectrum marked with stars
resulting in a slightly tensile in-plane stress in the STOat 118, 221, 247, 386, arkD8 cm™! are related to the
films. X-ray diffraction measurement indicates that theSRO buffer layer [11]. In contrast, the Raman spectrum
STO films have a tetragonal structure with thaxis lying  of the STO single crystal is characterized by the second-
in the film plane [7]. Narrow full width at half maximum order scattering signal and the structural modes denoted
(FWHM) is found in both the Bragg peaks-(.1°) and by the letterR. The structural modes become Raman
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TO, T0 consistent with our dielectric measurements which show
5+ l TO 1 4 that the dielectric relaxation behaviors of STO thin films
change continuously to large film thickness [3,18]. The

R modes in the thin films are not detected, although it
should exist in the tetragonal phase. It could be due to
0.75um their weaker intensity c_ompared to thepoint phonons.
The symmetry of the thin films could also be even lower
than the tetragonal structure due to strain. The possible
orthorhombicity in the STO films should be very small, be-
yond the resolutions of both our polarization measurement
and the x-ray diffraction. [We found no linear polariza-
tion in x-y andx’-y’ coordinates at a circularly polarized
single excitation, and, at a linear polarized excitation, the;TO
crystal phonons were polarized along the excitation completely in
05700 200 300 400 500 600 700 800 900 thez(x', x')z and 80% in the:(x, x)z configurations.]
i 4 A uniform uniaxial strain does not break the inversion

Raman Shift (om") symmetry unless it exceeds the critical valuel (6 kbar)
FIG. 1. Normalized Raman spectra of STO films and a singl€for inducing ferroelectricity [13]. In our STO films, the
crystal measured df = 5 K with excitation at 2.4 eV. The |attice mismatch-induced strain is influenced by partial re-
spectra_are taken in(x’,x")z configuration. The STO film |axation and defects and therefore this strain is most likely

thickness is given next to each spectrum. The spectra wer : ‘o .
vertically shifted for clarity. The horizontal solid lines indicate ﬁOt uniformly distributed throughout the film, thus break-

the respective zero-signal levels. The stars denote the RamdRd the translation symmetry. The dielectric measurements
lines related to the SRO buffer layer. Structural modes in bulkof the STO films do not show a uniform ferroelectric phase.

STO are marked withR. The arrows show positions of the |nstead, a diffused peak is observed in &g curves [4],
zone center T 4 phonons. suggesting nonuniform dielectric properties in the films.
This is further conformed by x-ray diffraction that the su-
active belowT, due to the folding of thek point into the perlattice peak associated with the tetragonal phase is very
zone center at the phase transition [12,13]. Weaka@  broad ¢-0.1°) [7]. An analysis of the optical phonon line
TO, peaks can also be seen in the single-crystal spectrurshape indicates that the local lattice distortions in the STO
likely due to the impurities in the sample. films contribute to the lowering of the crystal symmetry.

The appearance of the strong TO phonon peaks indin Fig. 2, the enlarged spectra of the polar,L@nd non-
cates a lowering of the crystal symmetry in the STO films,polar TG, peaks for the2.3 um film are displayed for
the breaking of inversion, and/or translation symmetriesT = 5 K. The TO, peak is strongly asymmetric and ex-

In STO single crystals, the inversion symmetry can behibits a Fano profile: The scattering intensity increases at
broken by applying an electric field [12] or by inducing the high-energy side and is depressed at the low-energy
ferroelectricity with the help of an external stress [13],side of the Raman peak. The dashed line is a fit using the
impurities and defects [8,14], Ca doping [15], and, in an-following equation [19]:

other quantum paraelectric, KTa@KTO), Nb, and Li
doping [16,17]. In the later cases, it has been attributed
to the ferroelectric micro-ordered regions [15,17].

In our STO films, the lowering of the crystal symme-
try is in part due to the lattice mismatch between the STQvhere E(w) = 2(w — wo)/I’. Here, wq is the phonon
film and the SRO layer. One evidence of the strain effecfrequency in the absence of interactidn,is its FWHM,
caused by the lattice mismatch is the appearance of thé¢ is the amplitude, and is the asymmetry parameter,
silent nonpolar T@phonon, which becomes Raman activewhich is found to be positive in our spectra. In contrast,
only in the presence of a long-range lattice distortion of thehe TG, and TQ, peaks shown in Figs. 2(b) and 2(c) are
order of phonon wavelengths [16]. The x-ray diffraction mostly symmetric, which corresponds tp— « and a
result, that the films are in the tetragonal structure, supportisorentzian shape with the intensity of the phonon line
the existence of strain since without stress the structurequal toAg>. Note thatA and ¢ are not independent
of the single crystal should be cubic at room temperaandAg? does not diverge witly — o (see Refs. [20,21]
ture [7]. The tetragonal phase is observed in films withfor details). The Fano effect occurs whenever discrete
thicknesses fronf).2-2.5 um, suggesting that the effect excitations and a broad continuum interfere coherently
of the lattice mismatch-induced strain extends to a larg¢l9]. This continuum of excitations in STO films is polar
thickness. The persistence of the lattice mismatch-induceldecause it interacts with the polar T@honon, but the
strain could be explained by the small mismatch betweenonpolar TQ phonon line is symmetric. Although T,O
the STO film and the SRO layer (0.64%). This is alsois polar, its energy is much higher, and most likely the
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- 08 in samples of highest purity, acceptor-type impurities
T osl @ .-""\_“ TO, have been detected [24]. The defect chemistry studies
g 'y - show, however, that the existence of these impurities, as
< 04 . — well as cation off-stoichiometry, often results in oxygen
G g2 J vacancies in the titanates [24]. It was shown by Uwe
£ et al.that when a nominally pure STO single crystal
00 o 160 170 180 90 200 is reduced, ferroelectric microregions are induced in
it [14]. In thin films, besides cation off-stoichiometry
I—g‘ 081 (o) .-,"’-"\_ TO and acceptor-type impurities, oxygen vacancies can also
S o6l _,,/ ~ 8 result from insufficient oxygenation during the deposition
s I 4 N process. Based on these considerations, we conclude
z o4 15 B | that the micropolar regions in the STO films are most
g o2} . - . . " likely caused by the oxygen vacancies. It is difficult
= o4 250 260 270 280 200 to precisely determine the oxygen content in a thin
1.0 film. Using luminescence and optical second-harmonic
2 o8l generation measurements, Fiscle¢ral. determined that
2 osl the density of the dipolar microregions surrounding the
3 - oxygen vacancies is aboud!” cm™3 in well oxidized
Z 04 KTaO; single crystals [25]. The STO thin films in
_i_» 02t . ' . . this work are highly resistive (resistivity is higher than

10" Q cm), which indicates a low free- carrier density.
We can thus give a rough estimate of the oxygen vacancy
density in the STO films to be of the order ti'’ cm™3.
FIG. 2. (a) The Fano-like TOpeak for the2.3 um STO film The soft TQ mode is expected to appear concurrently
at 7 = 5 K. Dashed lines represent fits to the Fano profile.with other TO phonons. However, we did not detect any
(b),(c): The symmetric peaks for the T@nd TQ phonons,  features that could be attributed to its presence. Instead,
respectively. The linear background is subtracted for clarity. a broad maximum arour@d cm~! was found between 5
and 100 K. Similar features have been reported in the
density of states for the continuous excitation vanishes atduced STO single crystals, and attributed to the defect-
the TQ, frequency. induced ferroelectric microregions [14].

The possible continuous excitations that can interfere In Fig. 3(a),q for the TG, peak is plotted as a function
coherently with the optical phonons and give rise to theof temperature. It is nonzero at room temperature and
Fano asymmetry include electrons, as in semiconductoliscreases as the temperature decreases. In theory [20,21],
[20] and high?. superconductors [21], the two-acoustic- g ~ 1/py, Where py is the density of states for the
phonon states [22], or another TO phonon via acousticontinuous excitations aby. Our result shows thapg
phonons [23]. But these are unlikely the case for the ST@oes not vanish in the entire temperature region measured,
films: The asymmetric factog for the above effects are hence, the rapid polarization fluctuations exist in the
often negative, while it is positive in our results. In dopedSTO films even at room temperature. This could explain
STO and KTO single crystals, the asymmetric line shap¢he existence of the dielectric nonlinearity in STO films
similar to that in Fig. 2(a) has also been found [16]. Theup to room temperature, whereas in single crystals the
polarization fluctuations in the defect-induced micropo-nonlinearity (related to the hardening of the soft modes)
lar regions has been proposed to explain the asymmetmanishes above 70 K. We notice that thel" curve is
[15,17]. We believe that the Fano effect in our STO filmsstrikingly similar to the real part of the dielectric constant
results from the interaction of the Tvhonons with the €’ versusT curve measured at 20 kHz in STO films,
polarization fluctuations in the micropolar regions. Sincewhich is plotted in Fig. 3(b). In Fig. 3(c), we plot the
the optical phonons do not interact wittaticpolarization, temperature dependence of the ;L,Ontensities fig? in
we postulate the existence of a wide spectrunragfid  Eq. (1)] divided by the corresponding statistical factor
polarization fluctuations with frequencies up to the, 7O n(wo) + 1 for the2.3 wm film and the single crystal. A
phonon frequency. This is different from the situation instriking similarity is found between the thin film curves
Ref. [17], where the asymmetry is explained in terms ofand the imaginary part of the dielectric constafitversus
the slow modulations of the Raman tensor. The physicall curve in STO shown in Fig. 3(b), in particular the
origin of the rapid polarization fluctuations is not currently distinct features at about 40 and 85 K. In comparison,
clear, and the possibility that the soft optical modes are inthe TG4 peaks disappear around 30 K in the single
volved cannot be excluded. crystal.

Concerning the origin of the micropolar region, it is In conclusion, we have observed in STO thin films
impossible to rule out the existence of impurities: Evenstrong zone-center optical phonon peaks, symmetry
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