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The acoustic phonons in epitaxial ferroelectric (BaTiOs),,/(SrTiOg3),, superlattices (SLs)
are investigated by high-resolution ultraviolet Raman scattering. The temperature depen-
dence of the folded acoustic (FA) phonon Raman intensity through the ferroelectric transition
is addressed. A comparison of this behavior between SLs with different number of ferroelec-
tric BaTiOgunit cells n and spacer SrTiOs unit cells m is presented. A mechanism involving
the strain modulation of the spatially varying ferroelectric polarization is introduced to
explain the temperature dependence of the FA phonon scattering. The temperature depen-
dence of the polarization can be derived from an analysis of the first-order optical phonon
spectra. Using this information, the observed temperature dependence of the whole set of
SLs with different n can be consistently accounted for with the presented model. Atomistic
shell-model simulations of the spatial pattern of the SL polarization are presented to explain
the variation of the FA-spectral intensity for SLs with different m and the experimental fact
that no high-order FA-replicas are observed. These results demonstrate the strong coupling
between THz hypersound, charge, and light in these multifunctional nanoscale ferroelectrics.

PACS numbers: 78.30.-j, 78.20.hb, 77.90.+k

I. INTRODUCTION

Piezoelectric and ferroelectric materials are interesting in the search for stronger
couplings between light and THz phonons and between the latter and charge [1-7]. This
is particularly relevant for the development of more efficient THz phonon coherent sources
and for the transduction of THz vibrations into THz electromagnetic radiation [8]. In
this context, epitaxially grown ferroelectric oxide heterostructures and superlattices open
an enormous field of research for the tailoring of multifunctional and complex properties
that have been little studied so far. In fact, ferroelectric, piezoelectric, insulating, metallic,
superconducting, and magnetic materials could be combined to provide a rich menu of
physical properties and device performances.

Previous investigations of the ferroelectric properties of (BaTiOs3),/(SrTiO3),, su-
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perlattices have shown that reduced size, in combination with electrical and mechanical
boundary conditions, can be exploited to tailor the physical properties of these nanoscale
oxide ferroelectrics [9-14]. Materials that are usually not ferroelectric can become polar-
ized, and the critical thickness of ferroelectric thin films can be reduced to a single unit
cell. Their transition temperatures T can be tuned by hundreds of degrees in superlat-
tices, their polarization can be enhanced, and their switching properties can be modified
[9, 10, 15-17]. Oxide multilayers based on, for example, BaTiO3 and SrTiOs can be also
used to produce acoustic mirrors and cavities operative in the THz range with performance
superior to similar semiconductor superlattices [18, 19].

On the basis of the investigations carried out at the end of the 1960’s, we recently
proposed that superlattices and herestructures made of these oxide materials could be
particularly attractive in view of the expected strong coupling of the vibrational, charge,
and light degrees of freedom [7]. These ferroelectric oxides become strongly piezoelectric
below T¢. Additionally, evidence exists of a strong coupling in their bulk form between
the acoustic vibrations and the polarization [20, 21]. On the other hand, the presence of
a permanent polarization below T leads to a strong linear electro-optic coupling, which
is proportional to the ferroelectric polarization [22]. These two specific features, namely a
strong coupling between acoustic vibrations and polarization and between the latter and
light are at the base of an additional and potentially strong elasto-optic coupling operative
in the ferroelectric phase [22, 23]. The purpose of our investigation is to study how a spatial
engineering of the ferroelectric polarization in nanostructured materials could be exploited
to couple light with folded-acoustic high-frequency THz phonons using this mechanism.

In our previous letter we showed that the Raman intensity associated with folded
acoustic phonons in (BaTiOg), /(SrTiOg3),, superlattices (SLs) follows a temperature de-
pendence that can be related to the onset of ferroelectricity in these materials [7]. We
provide here a more detailed study that includes the complete set of spectra of the acoustic
phonons in these man-made materials, and we also provide results on the dependence of the
Raman-intensity on the thickness of the non-ferroelectric material SrTiOs, i.e., on the num-
ber of unit cells m. We also provide a complete description of the applied phenomenological
model that allows to better grasp the ingredients and assumptions involved. Our results in-
dicate that a ferroelectric polarization-dependent elasto-optic mechanism that couples light
with the folded acoustic phonons is operative in nanostructures where the polarization is
spatially varying with the period of the SL. The specific ferroelectric polarization spatial
pattern is thus relevant to describe the observed intensity of the observed folded-acoustic
(FA) phonons. To address this issue we present atomistic shell-model simulations of these
patterns and of their dependence with temperature. These calculations provide a frame-
work to explain the observed temperature dependence of the FA phonon intensity and the
non-observation of high-order replicas, and also to relate the observed Raman results to the
formation of ferroelectric domains.
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II. SAMPLES AND EXPERIMENTAL SET-UP

The BaTiO3/SrTiO3 SL samples were grown by reactive molecular-beam epitaxy
[16, 24]. The substrate was (001) SrTiO3 terminated at the TiO2 layer, with BaO being
the first layer deposited. The n and m values were controlled using reflection high-energy
electron difraction (RHEED) oscillations during growth and confirmed by x-ray difraction
(XRD) and in some samples by high-resolution transmission electron microscopy (HRTEM)
[16]. XRD shows excellent epitaxy and crystallinity in the SL samples, with all SL peaks
present in the 0-26 scan. HRTEM images show atomically sharp BaTiO3/SrTiOgs interfaces
and accurate periodicity [16]. According to XRD, all samples are commensurate to the
SrTiO3 substrate (a= 0.3905 nm), meaning that the SrTiO3 layers are strain free and the
BaTiOg3 layers are under 2.2% compressive biaxial strain (a= 0.3992 nm in bulk BaTiO3
at room temperature),

Bulk crystalline BaTiO3 (BTO) is cubic and paraelectric above T¢ of 403 K, and it
becomes tetragonal and ferroelectric below T¢. Unstrained bulk crystalline SrTiO3z (STO)
is paraelectric at all temperatures because of quantum fluctuations [14]. The devices studied
here are epitaxially grown crystalline SLs. These are denoted by BTO,,/STO,,, where n
and m refer to the thickness, in unit cells (u.c.), of the BTO and STO layers, respectively.
The strain in the BTO layers induced by STO substrates leads to T¢ larger than bulk
[16]. Conversely, T¢ is reduced when the number of atomic layers of BTO n is decreased
as the dipole-dipole interaction between BTO layers becomes weaker. For this same reason
thicker STO layers (m) suppress T¢ by reducing the coupling between the polarized BTO
layers [25]. The series of samples studied here were conceived to allow for the tuning of T¢
essentially by changing n (n ranging from 1 to 8), while the degree of polarization of the
STO layers was varied by controlling m (m being either 4 or 13). By these means, it is
possible to tune T¢ from 140 to 640 K [16].

Conventional visible Raman spectroscopy works poorly for thin films of ferroelectrics
and other wide—band-gap materials because the visible photon energy is much smaller than
the band gap [26]. Consequently, the absorption is extremely weak and the penetration
depth is large, allowing light to travel through the film into the substrate, which generates
overwhelming signals in the Raman spectra. For UV excitation, the photon energy is
above the band gaps of ferroelectrics, leading to a much stronger absorption and a shorter
penetration depth, preventing light from entering the substrate [16]. UV excitation near
the band gap also leads to strong resonance enhancement of Raman signals. UV Raman
spectroscopy has not been widely used for measurements of ferroelectric films because of
technical difficulties such as lower throughput efficiency, insufficient dispersion, and higher
stray-light level of UV Raman spectrometers as compared to those operating in the visible
range. The recent progress in UV Raman instrumentation has made the measurement of
ferroelectric films possible. To enable the present investigation, that aims to access the low-
frequency folded acoustic vibrations, we have optimized the resolution and throughput of a
triple monochromator Raman set-up to provide acoustic Raman spectra as close as 10 cm™!
to the UV 325-nm line of a HeCd laser, with a resolution better than 2 cm~!. Spectra were
recorded in both subtractive and additive configurations, in a back-scattering geometry
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FIG. 1: Left: Typical UV-Raman spectra of BTO,,/STO,, superlattices with varying number of
BTO unit cells n of 1 to 8 and m of 4. Strong first-order optic-phonon Raman peaks can be observed
above ~150cm~!. Below 100cm ™1, the folded-acoustic (FA) Raman peaks appear that are displayed,
in greater detail, in the right panel. Note that no higher-order FA phonon replicas are observed.

from 4 to 900 K using either a closed cycle cryostat (for low temperatures) or an evacuated
heater stage (above 300 K). The laser power in all cases was around 10 mW, focused on
an approximately 100-pm spot, controlled to avoid significant heating of the sample. Using
this set-up, we have been able to observe low-frequency vibrational excitations to limits
that have not been reported, to the best of our knowledge, so far.

III. EXPERIMENTAL RESULTS

Strong first-order (single-phonon) optical-phonon peaks can be observed below T¢ in
the UV-Raman spectra, as exemplified with the narrow lines observed above ~150 cm™!in
the left panel of Fig. 1 for a series of BTO,,/STO4 SLs of varying n. What is noteworthy
in these spectra is the subject of this paper, i.e., the strong narrow doublets observed in
the region between 30 and 80 cm™! for the different samples, and this is shown in greater
detail in the right panel of this same figure. These peaks are assigned to folded acoustic
longitudinal (FA) phonons. Due to the SL periodicity, the acoustic phonon branches are
folded back into the reduced Brillouin zone enabling their excitation by inelastic light
scattering [27]. The spectral position of the doublets is determined by the size of the
reduced Brillouin zone and thus by the SL period. We note that we have been able to
observe, in all the studied samples, only the first zone-center FA doublets, and no high-
order replicas. This contrasts with semiconductor SLs where several orders of phonon
doublets are typically observed [5].

The presence of the first-order optic-phonons in the spectra of Fig. 1 can be taken as a
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FIG. 2: Temperature variation of the Raman peaks corresponding to the FA doublet of a
BTO2/STO;3 SL with T¢ of approximately 200 K (left) compared with the behavior of a stan-
dard GalnAs/AlAs SL (right). The latter spectra were collected with visible 514.5nm excitation.
The inset of the right panel displays the GalnAs/AlAs SL Bose-corrected FA spectra, which, as
clearly observed, is independent of temperature.

signature of ferroelectric order and its disappearance with increasing temperature as a probe
of the phase transition [16]. In fact, the observation of the optical first-order vibrations only
below T¢ follows from the lifting of the inversion symmetry that accompanies the phase
transition to ferroelectric order. These modes are Raman forbidden in the paraelectric
phase. What is completely unexpected and peculiar to these ferroelectric SLs is that the
FA doublets also decrease their intensity with increasing temperature. This is illustrated
for a BTO2/STO;3SL with a transition temperature T of approximately 200 K in the left
panel of Fig.2. In fact, in standard semiconductor SLs where this FA vibrations have been
studied most [27], it is observed that the folded acoustic phonon intensity increases with
increasing temperature following the phonon population given by the Bose factor (see the
right panel of Fig.2).

We show in Fig.3 the temperature variation of the FA peak intensity for the studied
superlattices with m of 13 and n ranging from 1 to 8 [7]. The spectra have been Bose
corrected to discriminate standard effects due to the phonon population. Each curve is
normalized to its respective T—0 value. The ferroelectric phase transition temperature
T, derived from the behavior of the optic-phonon TOy4 peak, is shown for the different
samples with dashed arrows. The FA peak intensity follows an onset-like behavior related
to the appearance of the ferroelectric state. This is in sharp contrast with the discussed
behavior of standard semiconductor SLs for which the FA-phonon intensity is essentially
independent of temperature after Bose-correction is performed to the spectra (see right
panel of Fig.2). Interestingly, as shown in Fig.3, the peak intensity does not remain constant
once the ferroelectric order is established. In fact, it decreases when T approaches zero.
This is particularly evident for the three samples with higher T¢. We note that the lifting
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FIG. 3: Bose-corrected temperature dependence of the FA doublet intensity for a series of
BTO,,/STO,, SLs with m = 13 and n ranging from 1 to 8. The measured values are normal-
ized to the Raman intensity at T—0. The dashed arrows indicate the corresponding T¢ derived
from the temperature dependence of the TOgoptic-phonon peak intensity. The thin curves are
guides to the eye. The thick curves correspond to the proposed ferroelectric polarization mediated
scattering mechanism discussed in the text.

of inversion symmetry, as used to explain the observation of the first-order optical TO4
mode only below T, cannot be invoked to explain the observed anomalous temperature
behavior of the FA doublets.

As an additional property of the observed spectra we note that we have consistently
observed that the FA-intensity is larger for superlattices with thicker STO layers (larger
m). This is illustrated in Fig.4 for n of 3. The FA signals for m of 4 are only approximately
40% as intense as those observed in the sample with m of 13. From a comparison of the
Raman signals of the SL series with m of 13 and m of 4, it also follows that FA peaks are
observable for n of 1 and 2 (single and double unit-cell BTO layers) STO spacers with m
of 13 but not for the thinner STO spacers with m of 4.
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FIG. 4: Compared UV-Raman spectra for BTO3/STO,,, SLs with different STO spacers m of 4 and
13. (Left) Raman spectra taken at 200 K (red: m= 4, black: m = 13). Note the strong contrast in
FA-intensity for the two samples (detail in inset). The asterisks indicate laser plasma lines. (Right)
Temperature dependence of the FA-phonon intensity. Note that the transition temperature T¢ is
somewhat larger for m of 4 (as compared to the sample with thicker STO spacer m=14) due to the
larger dipolar coupling between STO layers. The intensity of the FA-doublets for m of 4, on the
other hand, is approximately 40% of that of the sample with m of 13 due to the smaller modulation
of the ferroelectric polarization in the sample (see text for a detailed discussion).

IV. DISCUSSION

In what follows, we will present a model to account for the described temperature
dependence of the FA-phonon Raman peaks in BaTiO3/SrTiO3SLs. The Raman scattering
by acoustic phonons is given by [7, 27]:

o(w) o [n(w+ 1] ’/E;(z)Ax(z)EL(z)dz . (1)

Ax(z) is the change induced in the material dependent dielectric susceptibility by the
acoustic phonon strain s, Ax(2)(0x(z)/0s)As(z) (s = 0u(z)/0z) with u(z) the phonon
displacement), and E7(FEg) is the laser(scattered) field. n(w) corresponds to the statistical
Bose-Einstein factor. In standard semiconductor SLs, the most important mechanism by
which the strain modulates x(z) is the deformation potential interaction. That is, the
phonon strain modulates the electronic states, which in turn results in a time dependent
variation Ay. The magnitude of this effect is usually expressed by the photoelastic constant
p(z) = 0x(z)/0s. The periodicity of p(z) defines the accessible reciprocal lattice vectors and
hence the possibility to observe FA vibrations. The intensity of the FA Raman scattered
signal, on the other hand, is proportional to the difference of p(z) between the two layers
in the SL period. As p(z) is only weakly dependent on the temperature through the
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temperature variation of the optical gaps, the main effect of T is given by n(w) in Eq.
1. Thus, FA intensities in semiconductor SLs are independent of temperature when the
raw experimental data are Bose corrected, as experimentally verified with the data shown
in the right panel of Fig.2. In contrast, for the oxide SLs studied here we have observed
that the measured FA intensities decrease and disappear above T¢ (see Figs.2 and 3). The
electronic states determining the dielectric susceptibility are not significantly modified by
the ferroelectric transition. Consequently, the standard photoelastic contribution should
not change at T¢. Thus, an additional mechanism is required to explain our observations.
The new mechanism should have the same periodicity of p(z) (to account for the observation
of standard FA doublets), should be absent above T (because the FA signal disappears
in the paraelectric phase), and must be efficient so as to explain the observed strong FA
Raman signals.

We propose that the inelastic scattering of FA phonons in these oxide SLs is me-
diated by the electric polarization P. The ferroelectric polarization in the BTO layers
PBTO develops below T¢, inducing a corresponding term in the paraelectric STO lay-
ers (PSTO o xgroPBTO). Here ysro is the dielectric susceptibility of STO. Thus, the
ferroelectric polarization P in the BTO/STO SLs displays the same periodicity as the
photoelastic constant p(z). In addition to the standard photoelastic mechanism, the di-
electric susceptibility in each material can be modulated by the phonon strain through
Ax(z) = (0x(z)/0P)(0P/0s)As(z). An effective photoelastic constant [23] thus adds to
p(z), which is given by w(z) = (9x(z)/0P)(0P/0s). Here, (0x(z)/0P) represents the
electro-optic constant, which in the ferroelectric phase can be assumed to be linear with
P through the quadratic electro-optic effect biased by the spontaneous polarization [22].
(OP/0s) is the piezoelectric coupling, which is strong below T¢ but becomes zero above
Te because of the centro-symmetric property of the cubic non-ferroelectric phase of the
oxides. According to Eq.1, the Raman intensity by FA phonons should be proportional to
the square of the spatial modulation of w(z) (i.e., to the difference Am between the BTO
and STO layers). As we show next, all the experimental observations can be consistently
accounted for within this model.

We have calculated the Raman intensity using Eq. 1, with Am(z) given by the pro-
posed P-mediated mechanism. An illustration of the applied procedure is presented in
Fig.5. We first use the fact that m(z) oc P [22, 23]. Second, the polarization PBTO| is
obtained for each sample from the TOy4 optical-phonon intensity, which is proportional to
P? [21, 28]. Third, the STO susceptibility ysTo is taken to be the same for all samples and
to follow a temperature dependence of the kind of that given by Ref. [29] (i.e., increasing
with decreasing temperature, and saturating when T— 0). And finally, with all these tem-
perature dependencies set, we leave as an adjustable parameter a constant « relating the
magnitude of 7(z) in the BTO and STO layers. The calculated curves are presented with
continuous curves in Fig.3, clearly providing a reasonable description of the data with a
minimum of assumptions and free parameters. We note that a for all curves turns out to
be almost constant, varying only between 0.75 and 1.

The interpretation of the obtained phenomenological description is quite straight-
forward. Since Aw = 0 above T¢, it follows that the folded acoustic phonon intensity
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FIG. 5: Example of application of the proposed model to the analysis of the temperature dependence
of the FA-phonon intensity for a BTO/STO SL with T¢ of approximately 200 K. Left: derivation of
the temperature dependence of the BTO polarization PBTO from a fit to the T-dependence of the
TO, optical-phonon peak intensity [16]. Center: fit to the experimental temperature dependence
of bulk xsro with data from Ref.[29]. For the SLs a similar behavior was used, letting for a
variation of the temperature at which xysto becomes constant in account of possible changes of this
quantum behavior at nanoscale thicknesses. xsTo was otherwise taken the same for all SLs with
the same number of STO units cells m. Right: Temperature dependence of 7(z) taken for the BTO
layers as mgro < PBPTO and 710 o« xs1oPETO. The difference in effective photoelastic constant
Am = mgTo — TsTodetermines the temperature dependence of the FA-phonon Raman intensity.

originated from this mechanism should decay with increasing temperature and should dis-
appear at the phase transition, in agreement with the data shown in Fig.3 for a series of
SLs with T¢ ranging from approximately 140 K to 490 K. The non observation of scat-
tering above T¢ implies, in addition, that the standard deformation potential mechanism
based on p(z) is comparatively negligible in the studied nanostructures and experimental
conditions. When the temperature is reduced below T¢ the polarization induced in the
STO layers should increase because of the critical enhancement of the susceptibility xsto
as T— 0. This is expected to result in a reduction in the spatial modulation of P [17]. The
consequence is a decrease in Am(z) and consequently of the Raman intensity as T— 0, as
in fact is observed for the SLs studied in Fig.3. The fact that the local polarization is not
strongly modulated at T= 0 throughout thin SLs as the ones studied here, is consistent
with published first-principles density-functional calculations [17]. On the other hand, our
results clearly indicate that the modulation of P augments with increasing temperature,
before decreasing as T approaches T¢.

The difference in ferroelectric polarization between the BTO and STO layers is ex-
pected to be smaller for thinner STO spacers [25, 30]. Thus, a smaller m should lead to a
weaker spatial modulation Ax(z) and consequently to a decrease in FA peak intensity, as
experimentally verified in Fig.4. A reduction in Ax(z) could also be obtained by an external
polarizing field, thus opening the way to a voltage-controlled light-scattering and coherent
phonon generation mechanism [31]. We note in ending that the spatial variation of 7(z)
is much more rounded as compared with p(z) [25, 30]. This implies that the predominant
component of Am(z) should correspond to the first reciprocal lattice vector G= 27 /dgr,
(dgr, is the SL period), thus providing a possible clue to our observation of only the first
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FIG. 6: Atomistic shell-model simulations of polarization profiles for two temperatures (80 K and
110 K) for a BTO3/STO1¢ SL. The dashed lines corresponds to the square (nominal) effective pho-
toelastic profile. (right) Calculated FA phonon Raman intensity (at T = 80 K) using the photoelastic
model that accounts for the proposed ferroelectric polarization mediated scattering mechanism (full
curve) and with the square-like photoelastic profile (dashed curve). Inset: comparison of the calcu-
lated Raman intensity for two different temperatures using the calculated ferroelectric polarization
profiles (left panel) as input.

folded phonon doublets in all the studied oxide SLs.

To verify this hypothesis we have performed atomistic shell-model simulations of the
polarization profile for a BTO3/STO1g SL at two temperatures 80 K and 110 K (shown in
the left panel of Fig.6). The details of the model used can be found in Ref. [32]. The calcu-
lations fix the lattice parameter to that of the substrate, STO, and allow for the formation
of domains. The latter lead to the energetically most stable configuration. In addition,
only when domains are allowed a significant spatial modulation of the polarization appears,
which is consistent with the observed ferroelectricity induced folded-acoustic phonon Ra-
man scattering. Note that in the calculated profiles, as already commented above, with a
decrease in the temperature, the modulation of P increases, following the establishment of
the ferroelectric polarization PBTO. We show in Fig.6 (right), the Raman spectra calculated
using Eq.1 and with these polarization profiles as input to obtain m(z). These spectra are
compared in Fig.6 with a FA-spectra calculated using the square-like photoelastic profiles
standard for semiconductor SLs. It is clear that for the rounded P (and hence 7(z)) profile
only the first-order FA-doublet is intense, while several replicas can be clearly observed us-
ing a more square-like photoelastic p(z) applicable for semiconductors, in agreement with
the spectra shown in Fig.2 (right). Note also that, for the two calculated temperatures,
below T, the intensity of the calculated spectra increase with a decrease in temperature,
which is in agreement with the temperature dependencies displayed in Fig.3.
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V. CONCLUSIONS

In conclusion, we have demonstrated that the nanoscale engineering of the ferroelec-
tric polarization in BaTiO3/SrTiO3 SLs leads to a T-dependent coupling between light
and THz folded acoustic vibrations. A strong dependence of the Raman intensity with
the ferroelectric polarization is demonstrated, with samples that vary the ferroelectric T
by hundreds of degrees due to the nanoscale structure of the superlattices. The results
are compared with a Raman efficiency model that includes a novel ferroelectricity-induced
mechanism for the scattering by folded acoustic phonons. The observed light-scattering
mechanism involves the strong piezoelectricity and biased quadratic electro-optic effect
existent in these oxides below T¢. Results on atomistic shell-model simulations of the fer-
roelectric polarization also provide clues for understanding the temperature dependence of
the FA-intensity and the fact that no high-order replicas of the FA-doublets are observed.
These results reflect the strong coupling between electronic, vibrational, and photonic de-
grees of freedom in these multifunctional nanoscale ferroelectrics. They also open interesting
new perspectives in the search for multifunctional materials with enhanced light-phonon
coupling, i.e., materials that can also be used for the generation of THz radiation with the
added potentiality of external field tuning. The presented high-resolution UV-Raman mea-
surements demonstrate, in addition, the power of this technique for the characterization of
large gap nanoscale materials and devices.
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