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Abstract

Elastic properties of YBa,Cu3O7_s single crystals and thin epitaxial films were
measured at room temperature by means of Brillouin scattering. The elastic
stiffnesses, which reflect a pseudo-tetragonal symmetry of the elastic properties,
were determined for both kinds of samples. For the single crystals, only small
differences from the previously published data were found. For the thin films, a
significant hardening of the shear stiffness Css (15%) was observed, in contrast
with the softening usually obtained for many compounds.

1. Introduction

The high-frequency elastic properties of the high-temperature superconductor YBa,CuzO7_;
(YBCO) have been studied by means of ultrasonic techniques, neutron scattering measure-
ments and, to a lesser extent, Brillouin light scattering spectroscopy. Most of the ultrasonic
experiments were done on polycrystalline sintered ceramic bulk samples [1-5]: the reported
data show a large dispersion of the observed stiffness constants which is probably related
to differences in the preparation procedures which result e.g. in variations of the porosity
of the samples. The elastic properties of YBCO single crystals were successfully measured
using ultrasonic [6-8], neutron scattering [9] and Brillouin scattering experiments [10—13];
depending upon the particular study, distinct sets of stiffness constants were obtained, providing
evidence of the elastic anisotropy of the structure. However, here again, the agreement between
different experimental findings and their comparison with the estimates [14] is not completely
satisfactory. Generally, a pseudo-tetragonal behaviour of the elastic properties is reported,
but some papers conclude that there is a significant orthorhombic contribution [8, 13]. A
non-negligible influence of the oxygen content on the elastic constants has been reported [15,
16]. Finally, some results on the elastic properties of YBCO thin films were obtained by
means of ultrasonic techniques [17-19]. They only concern the relative changes of the surface
acoustic wave velocities and attenuation near the superconducting phase transition. However,
the elastic properties of YBCO thin films have not been completely determined so far.
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The elastic properties are important characteristics of thin films: the amplitude of the
elastic anisotropy is related to the quality of the epitaxial growth; quantitative comparison
between the bulk and thin-film results allows one to evaluate the stresses near the substrate—
thin-film interface. The study of YBCO thin films is also of practical interest, since they are
successfully used as buffer layers for the epitaxial growth of ferroelectric thin films [20].

We investigated the long-wavelength surface acoustic phonons by means of Brillouin
scattering. The spectra generally consist of a Rayleigh pseudo-surface mode, a set of modes
guided within the thin film and longitudinal resonance features; they are analysed in terms of
displacement correlation functions calculated near the sample surface [21-26]. This analysis
provides a set of effective elastic constants, which are compared to those obtained for bulk
single crystals.

2. Description of the scattering by surface modes

As is well known, the light is scattered by two physically distinct processes: (i) surface ripple
and (ii) bulk elasto-optic coupling.

(i) The scattered radiation arising from the ripple is related to the autocorrelation function
g33 of the displacement component normal to the surface (denoted as u3):

kT
g3 = (us(z = 0usz(z =0)) = %Im{G%(Q”, )}

where G 13 is acomponent of the elastic susceptibility tensor [26]. This expression assumes
that the contribution of the top surface (air—thin film) is the leading one compared to the
contribution of the deeper interfaces of the layered structure studied. Due to the large
optical absorption of YBCO, this assumption is well justified for our experiments.

(i) The above-mentioned ripple process is usually dominant for opaque materials; however,
in some cases the elasto-optic contribution can be non-negligible, as observed in our
spectra described in the next section. The corresponding scattered field is related to the
strain-induced electric polarization:

Pi = —¢ijep pijmnttmn Ei

where p;jn, is the (fourth-rank) photo-elastic tensor and ¢;; is the (second-rank) dielectric
tensor; u,,, = ou,,/0x, is a displacement gradient term (the strain in the sample). The
scattered radiation is then essentially related to a linear combination of the correlation
functions of the displacement derivatives (u,,, (z)ux; (z')) integrated over the whole sample.
The terms of this linear combination are weighted by the photo-elastic coefficients. Due
to the large optical absorption of YBCO (penetration depth <50 nm) the integration can
be limited to a very thin layer close to the surface. Consequently, for the purposes of
a rough evaluation, the correlation functions can be approximated by their values at the
surface. For most of the crystals the p;;-coefficients (in Voigt notation) withi < 3, j < 3
are significantly larger than the others. A careful examination of the expression providing
the elasto-optic scattered intensity then allows one to conclude that the leading term is
proportional to

kT
gu=w@z=0u(z=0)= h—Im{Gu(Qu, w)}.
w

Let us emphasize that the above susceptibility G is expressed in the sagittal system of axes
(following figure 1): Q) is parallel to the x-axis. Thus, for any particular crystal orientation,
G 11 depends on an appropriate combination of the leading p;;-terms. The evaluation of gi;
can then provide a semi-quantitative estimate of the expected inelastically scattered intensity.
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Figure 1. A schematic diagram of the scattering geometry.

In the following discussion we use the above approximations and we attempt to interpret the
measured spectra using the elastic susceptibilities G1; and Gs3.

Let us briefly describe the spectral features related to the modes propagating along the
a-axis in orthorhombic crystals. One expects to observe:

(i) A Rayleigh surface mode (RSM) [27]. Both g;; and gs3 contribute to the scattered
intensity; the velocity of the RSM depends on the shear stiffness Css and, to a lesser
extent, on C;y, C3 and Cs3.

(i) A longitudinal surface resonance (called the high-frequency pseudo-surface mode:
HFPSM) [28] related to the contribution of gy;. Its velocity depends mainly on Cjy;
the shape of this spectral feature also depends on C3 and, to a lesser extent, on C33. The
dependence on Css is practically negligible.

(iii) Several guided modes (which only exist in layered structures) [27] corresponding to
the poles of g33. Their number, their velocities and their spectral intensities depend
on the same elastic constants as the RSM mode (C;;, Ci3, C33 and Css) and on the
geometrical parameters (layer thickness); in usual experimental conditions they are much
more sensitive to the thickness than the RSM mode.

For a more general propagation direction in the (a, b) plane the above-mentioned modes
show an in-plane anisotropy. Assuming an approximately tetragonal structure, this anisotropy
is characterized by the value of C + 2Cee. If the orthorhombicity is explicitly taken into
account, the differences between the constants C; and Cy;, Ci3 and Cp3, Css and Cy4 produce
additional contributions to the anisotropy.

3. Experimental results and discussion

The Brillouin spectra were obtained using a 2 x 3-pass tandem Fabry—Pérot interferometer;
backscattering geometry with an excitation wavelength of 514.5 nm was used. All of the
spectra were obtained with the v/v combination of polarizations of the incident/scattered light
(see figure 1). In the v/h arrangement no Brillouin signal was observed.

3.1. Single crystals

The (1 x 1 x 0.1 mm?) single crystal studied was cut with the crystallographic c-axis normal
to the illuminated face (c || z; see figure 1). The angle of incidence was varied from 30° to
65° and the direction of the wave vector @) of the phonons was also scanned within the (a, b)
plane. An example of a spectrum is given in figure 2. Two Brillouin lines were observed that
were related to the RSM at low frequency and to the HFPSM [10, 28] at higher frequency. We
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Figure 2. An example of a spectrum for the bulk YBCO single crystal; g;; and g33 are theoretical
autocorrelation functions obtained using the elastic constants given in the text.

verified experimentally that the conventional bulk modes are not observed: this is in agreement
with the statement that the elasto-optic scattering arises only from the proximity to the surface.

In principle, the whole set of measurements, fitted with the help of g;; and gs3, depend
on the whole set of non-vanishing elastic constants. However, not all of the constants can be
unambiguously determined. First, we found that, within the experimental error, the crystal is

practically tetragonal (i.e. Cj; = Cy, Ci3 & Ca3, C44 = Css). The most precise evaluations
are for

(i) Cy; which is closely related to the longitudinal resonance associated with a maximum of
g11 and

(i) Css which mainly governs the position of the Rayleigh surface wave and provides a
prominent maximum of gss.

We found C;; = 210 £ 10 GPa and Css = 38 £ 2 GPa, in relatively good agreement with the
previously published values determined by Baumgart et al, also deduced from Brillouin spectra
[10] (C; = 211 GPa and Css = 35 GPa). Our value of Css is slightly higher than that in [7]:
we observed experimentally a larger value of the Rayleigh wave velocity (vg = 2370 m s~!
to be compared to 2270 m s~1). The values of C33 and C;3 cannot be precisely derived from
our data: the contributions of C33 and C3 to the correlation functions can compensate each
other to some extent. If we take 160 GPa for C33, as proposed in [10], we obtain a rough
evaluation of C3 ~ 80 GPa in reasonable agreement with neutron scattering results (100 GPa,
derived in [9]). Notice that a very different value of C33 (61 GPa) was proposed in [7]: this
value does not allow a satisfactory fit of our spectra and therefore we did not retain it. In
contrast with those of Cy3 and Cs3, the evaluation of Css is rather accurate: no reasonable
variation of the other elastic constants can induce a shift of Css larger than 2 GPa. Cj, and Cgg
cannot be obtained independently from our experiments: one has access only to Cy, + 2Cegs.
We find Ci; + 2C¢ = 250 & 10 GPa which provides a value of the in-plane anisotropy
(C11 — Cip — 2C¢p) of about —40 GPa. This is in excellent agreement with [6] provided that
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the value of C;; (not measured in [6]) is taken equal to 210 GPa: it would then follow from
the experimental results reported in [6] that C¢¢ = 102 GPa, C1, = 46 GPa. Finally, let
us mention that disagreements persist between our values and some published results [8, 13]
which indicate a strong orthorhombic anisotropy.

3.2. Thin films

We used a 540 nm YBCO epitaxial layer prepared by laser ablation on a MgO(001) single-
crystal substrate. We measured its thickness using a scanning electron microscope with
precision of about 30 nm. The YBCO layer consists of highly oriented crystallites with
their c-axis normal to the film (c-domains) and with a high in-plane texture showing a fourfold
symmetry. The sample does not contain any a-domains as verified by an x-ray diffraction
study. The Brillouin scattering experiments were performed for various angles of incidence
as well as for various in-plane orientations of the sample. The spectra obtained are rather rich
(see figure 3): one observes a low-frequency surface mode, a series of Sezawa guided modes
at intermediate frequencies and, finally, a complicated feature, which cannot be accounted
for by the ripple contribution, near the expected longitudinal resonance frequency. Figure 4
shows the measured propagation velocities of the observed modes as functions of Q) (which
is scanned through the variation of the angle of incidence). The fits of the experimental
data are also shown: they represent the positions of the maxima of g;; and g33. These fits
allowed us to determine the values of four elastic constants for the YBCO thin film studied
(Css, C11, C33 and C3). In figure 4 we also show the values of some important characteristic
velocities: vy (MgO) represents the upper threshold of the velocities of the guided modes in
the YBCO film; v7(YBCO) is the calculated velocity of the bulk transverse mode related to
Css: it determines the low-velocity threshold of the guided modes. Finally, v, (YBCO) is
the calculated velocity of the bulk longitudinal mode related to Cj;: it roughly provides the
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Figure 3. An example of a spectrum for the thin-film YBCO/MgO structure; g;; and g33 are
theoretical autocorrelation functions obtained using the elastic constants given in the text.
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Figure 4. Propagation velocities of the modes observed in the YBCO/MgO structure (YBCO
thickness: & = 540 nm) as a function of Q| h; Q) is parallel to the crystallographic a-axis. Points:
measured values; full lines: positions of the maxima of the g;;- and g33-functions; dashed lines:
threshold velocities of the guided modes.

position of the longitudinal resonance. The velocities relative to YBCO were calculated using
the values of the elastic constants obtained for the thin film studied.

Figure 5 shows the in-plane anisotropy of the observed modes obtained for an angle of
incidence equal to 50°. The theoretical fits are also shown for comparison. Notice that not
only the frequencies but also the scattered intensities depend on the orientation, as theoretically
expected. The dotted curves of the theoretical fits correspond to orientations for which the
appropriate maxima of the correlation functions are very small or vanish. Consequently, the
scattered intensity is expected to be very small there. The agreement between the theory and
the experiment is good: it validates the tetragonal approximation for the elastic properties of
the YBCO thin film. The fit provides a value of 260 GPa for C;, + 2Cgg, which is close to that
obtained for the bulk sample.

Finally, we have noticed that the quality of the Brillouin spectra depends strongly on the
preparation procedure and on the choice of substrate. Thus, when we proceeded to a Brillouin
study of two YBCO epitaxial films (280 nm and 500 nm) grown by laser ablation on SrTiO3:Nb
substrates, we did not meet with success: the spectra obtained showed a signal-to-noise ratio
six times lower than that for the above-described spectra of a YBCO/MgO sample. On the other
hand, we obtained good quality Brillouin spectra with a two-layer PbTiO3/YBCO/SrTiO3:Nb
structure. Their analysis, which gives access to the elastic properties of the PbTiO;3 films,
will be published elsewhere. Here we only mention that the analysis cannot be performed in
the absence of quantitative data on the YBCO sublayers; we found that the elastic constants
derived from the present study of YBCO/MgO samples can be successfully used to determine
the elastic properties of the PbTiOj; films studied, thus allowing for a satisfactory interpretation
of the spectra of these bilayered structures.

The elastic constants obtained for the thin film as well as for the bulk sample are
summarized in table 1. When we compare our results for the bulk single crystal to the previously
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Figure 5. In-plane anisotropy of the modes observed in the YBCO/MgO structure. Incidence
angle: 50°. Full lines: simulations with g;;- and g33-functions. Dotted lines: regions where the
scattered intensity of a particular mode vanishes. Inset: the Rayleigh surface mode on an enlarged
scale.

Table 1. Room temperature elastic constants of the YBCO thin film and of the bulk single crystal
deduced from the present Brillouin study.

Elastic constant ~ Single crystal (GPa)  Thin film (GPa)

Ci1=Cxp 210 200
Cs3 160* 160*
Ci3=Cx 80 80
Css = Cyq 38.5 44.5
Ci2 +2Ce6 250 260

* Values taken from [10].

published ones, we conclude that our measurements validate the published values and choices
for Cy, C33, C1p and Ceg [10, 17], indicating to elastic properties in agreement with a tetragonal
symmetry. The comparison of the results obtained for the bulk sample and for the thin film
indicates small differences in C1; and Cy, + 2C¢g, Which are, however, mainly related to the
experimental uncertainties.

On the other hand, the thin film exhibits a significant hardening of Css (15%) with respect
to the bulk sample. This behaviour is mainly deduced from the increase of the RSM velocity.
The effect is clearly larger than the experimental errors; note that the velocity of the slow
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transverse wave determined from the bulk sample data (vy(bulk) = 2460 m s~!) is even
smaller than the RSM velocity measured in the thin film (vg (thin) = 2500 m s7h.

One finds in the literature a number of examples, e.g. metallic layers and multi-layers,
where shear strains play an important role in the elastic properties of thin-film structures
[29-32, 24]. The changes of effective elastic constants are mostly related to the breakdown
of the elastic properties in interfacial layers or in grain boundaries. This generally results
in a softening of the shear elastic constants with respect to those of the bulk; this softening
usually becomes stronger when the layer thickness decreases. However, a slight hardening of
the shear elastic constants has been observed for some thin films (e.g. in the case of nickel or
permalloy; see [24]), but a satisfactory interpretation is still lacking. The hardening of Css
found for YBCO thin layers then appears to be rather surprising but is not exceptional. It does
not seem to be directly related to significant strains near the substrate—film interface. Although
the YBCO/MgO lattice mismatch is as high as 8%, the value of the thin-film YBCO lattice
parameter ¢ does not differ from the bulk value by more than 1% as verified by means of x-ray
experiments. Moreover, the presence of an eventual interfacial layer between MgO and YBCO
would not significantly influence the velocity of RSM, since the penetration depth of this mode
is significantly smaller than the layer thickness: the RSM amplitude thus practically vanishes
near the thin-film/substrate interface. From the study of polycrystalline bulk samples it has been
shown that the effective elastic constants strongly depend upon the porosity [5, 33]: assuming
that the thin films studied show a non-negligible porosity, one would expect a softening of the
shear elastic constant in contrast to our results. Finally, a significant hardening of the shear
modulus when the oxygen concentration increases has been observed in YBCO [15, 16]; we
had no facilities to directly evaluate 6 but, from indirect evidence related to other experimental
studies performed on samples produced under the same conditions, it is clear that the difference
in § cannot be large enough to account for the measured hardening in our thin film. To conclude,
the interpretation of this effect remains an open problem.
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