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Evidence of an Elastic Instability between the Amorphous and the Microcrystalline State
of Ca-modified Lead Titanate as revealed by Brillouin Spectroscopy
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Brillouin spectroscopy was used to probe the hypersonic properties of Ca-modified lead titanate
between the pure amorphous and the coarse grained state. The samples were thin films rf sputtered
onto (100)-silicon wafer at ambient temperature, followed by an annealing process in the range from
673 to 873 K. An elastic instability of the longitudinally polarized sound mode suggests the existence
of a discontinuous structural transformation from the amorphous to the nanostructured state. [S0031-
9007(97)02610-0]

PACS numbers: 81.05.Ys, 68.35.Rh, 68.60.Bs, 78.35.+c
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Against the background of an increasing interest
nanostructured materials (nsM) the physical properties
the intermediate metastable structures between the p
amorphous and the microcrystalline states require spe
attention. One possible way to realize such intermedia
states is to produce sputtered amorphous (dielectric) fil
and to anneal these films successively in an appropri
way. It is likely that the annealing-induced transformatio
from the initial amorphous state to the final coarse grain
state may pass through one or more so-called metasta
nanocrystallized states (e.g. [1–5]). It is a matter
current physical interest (i) whether these intermedia
nanostructured states (nsS) can be fixed, (ii) how t
transformation from the amorphous to the microcrystallin
states takes place, and (iii) what are the properties
these intermediate states. Although the amorphous s
as well as the nsS are metastable, the possibility o
structural phase transformation between the crystalli
and the amorphous states has been proposed in
literature [1,5]. Based on free-energy simulations, Wa
et al. [6], only recently, have predicted a phase transitio
from the nanocrystalline to the glassy state. A hint fo
the existence of such a transition may be drawn from t
work of Rehnet al. [1]. These authors have reported a
elastic shear instability for ion damaged Zr3Al.

It is well established now that the evolution of the ns
is accompanied by an anomalous behavior in the el
tic properties when compared to the amorphous and
microcrystalline reference states [2,4,7,8]. Experimen
and theoretical results indicate a significant influence
the size of nanoparticles on the elastic properties of t
consolidated nsM (e.g., [2,4,9–13]). In turn, the ela
tic properties are expected to reflect the predicted tra
sition from the amorphous to the nsS. The aim of th
current paper is to show evidences for such a transf
mation in rf-sputtered films of Ca-modified lead-titanat
sPb0.76Ca0.24dTiO3 (PTC) at a critical annealing tempera
turesTca ø 823 Kd. As a sensitive probe we used the lon
240 0031-9007y97y78(11)y2240(4)$10.00
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gitudinally polarized acoustic phonon mode as detected
high resolution Brillouin spectroscopy (BS).

PTC is—in the single or coarse grained polycrystallin
state—a ferroelectric perovskite with a phase transitio
from the paraelectric to the ferroelectric state atTc ø
530 K [14]. At room temperature, the material is tetra
gonal with the point group 4MM. The lattice constants are
a  0.3887 nm andc  0.4091 nm [15]. The mass den-
sity r, calculated from the x-ray data, is7050 kgym3. In
the present case, the samples were thin PTC films rf sp
tered onto (100)-silicon substrates coated with a thin
layer as an adhesion promoter and diffusion barrier and
thin Pt layer as a bottom electrode. The as-sputtered film
were amorphous. As measured by SEM, the samp
were 1.2 mm thick, looked smooth, and showed no
macroscopic pores. The exact PbyTiyCa ratios of all
samples were checked by energy-dispersive x-ray (ED
analysis [16].

Table I gives the annealing temperaturesTa of the
samples, the related grain size diametersd as determined
by x-ray diffraction [16], and the Brillouin shiftsf mea-
sured by backscattering. The annealing time was usua
30 min, and the samples were subsequently quenched
ambient temperature. As a reference, a coarse grain

TABLE I. Annealing temperaturesTa, related grain sizesd,
and longitudinal acoustic phonon frequenciesf.

Annealing
Sample temperature Grain sized Brillouin shift f
number Ta (K) (nm) (GHz)

1 300 — 33.0
2 673 ,1 30.7
3 773 ,1 28.1
4 Tca , 823 ,35 32.2

44.2
5 873 ,46 42.3
6 1323 .1000 41.0
© 1997 The American Physical Society
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ceramic sintered at 1323 K was used. In none of t
samples was a parasitic pyrochlore structure detect
While the evaluation of the main PTC-diffraction peak
of sample (4) led to a grain size ofd  35 nm, there was
also a structured background indicating the coexistence
a second phase consisting of grains with much smal
size (subnanometer scale). It appeared that PTC in
nsS shows no tetragonal distortion and is therefore
sumed to be cubic. The refractive indexn was measured
by ellipsometry. Within the margin of errorn did not
vary with Ta giving n  2.45 6 0.01.

The BS measurements were performed at a la
wavelength ofl0  514.5 nm using the 90A- and the
180-scattering geometries, respectively [17] (see insets
Figs. 1 and 2). It has been shown previously (e.g
[15,16]) that the acoustic wavelengthL90A does not de-
pend on the refractive index of the sample and therefo
gives the relationshipL90A  l0y

p
2. In a macro-

scopically isotropic sample the use of both scatterin
geometries yields the optoacoustic dispersion coe
cient D [17,18]. In the acoustic dispersion-free cas
D  f180ys f90A

p
2 d gives the refractive indexn [17] at

the laser wavelengthl0 ( f90 and f180 are the phonon
frequencies measured in the 90A- and 180-scatter
geometry, respectively).

Figures 1 and 2 show representative spectra of fo
samples annealed as described below (see Table I). F

FIG. 1. Brillouin spectrum of PTC measured with the 90A
scattering geometry and the related nonlinear least square
of an amorphous sample deposited on glass. SA: sam
90A: scattering geometry defined by the sample habit a
the light vectorski and ks, f: phonon frequency in GHz,
I: intensity in counts, G: longitudinal phonon line of the glas
substrate, L: longitudinal phonon line of the homogeneo
sample.
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ure 1 gives the 90A spectrum of the fully amorphou
(as-sputtered) sample supported on a glass slide; this
in contrast to samples (1)–(6), which were sputtered on
silicon. Because of the low thickness of the sampl
film, the spectrum shows both the longitudinally polarize
phonon frequency of the sample (L) and the longitud
nal phonon lines of the glass substrate (G). The intensi
relation between the phonon lines of the glass substra
and the sample is about 30 and reflects the recent expe
mental improvements in the field of BS investigations o
thin films [19]. In order to simplify the deconvolution
of the longitudinal phonon lines we have prevented th
appearance of the transverse signals using VV scatteri
(vertical polarization of the incident laser light and verti-
cal polarization of the scattered light) [20]. The resulting
sound velocity of the sample amounts ton  3538 mys
and is rather low in comparison to the glass but is close

FIG. 2. Representative Brillouin spectra of PTC measure
in the 180-scattering geometry and related nonlinear lea
square fits. (a) Sample (3),Ta  773 K; (b) sample (4),Ta 
823 K; (c) sample (6), coarse grained state. 180: scatterin
geometry defined by the sample habit and the light vecto
ki and ks, f: phonon frequency in GHz,I: intensity in
counts, L1, L2: longitudinal phonon lines of the phase-separat
sample.
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that of glassy polymers [17]. Using 180 scattering thes
measurements have been repeated on the as-sputte
sample (1). Both results enabled us to calculate an op
toacoustic dispersion coefficientD ø n  2.4. Within
the margin of error this value coincides with that ob-
tained by ellipsometry, suggesting the absence of an
hypersonic relaxation processes. Figures 2(a)–2(c) sho
the Brillouin spectra of samples (3) and (4) and of the
coarse grained sample (6). Sample (3) was annealed
Ta ø 773 K just below the critical annealing tempera-
ture Tca ø 823 K, and sample (4) was annealed atTca.
Applying white light at grazing incidence, sample (4)
looked slightly hazy. Its spectrum [Fig. 2(b)] reflects the
coexistence of longitudinally polarized phonon frequen
cies confirming a macroscopic phase separation within th
scattering volumesø 50 3 50 3 1.2 mm3d already indi-
cated by the haziness of the sample. In order to obtain th
two well defined phonon lines of Fig. 2(b), the scattering
volume must consist of two kinds of elastically very differ-
ent grains with diameters beyond the acoustic wavelengt

Figure 3 shows the elastic stiffness modulic11 as well as
the hypersonic attenuationG11 of PTC as a function of the
annealing temperatureTa. It is obvious thatc11sTad under-
goes a significant softening up toTa ø 800 K [(1)–(3)];
the figure then shows a phase coexistence at 823 K (4
for T $ Tca  823 K the stiffness increases discontinu-
ously to that of the coarse grained state (6); and the diffe
ence between the lowest and the highest stiffness modul
amounts to a remarkable 67%. It is interesting to note
that the elastic stiffness of the nanostructured state [(4, up
per data point) and (5)] is larger than the stiffness of the

FIG. 3. Elastic stiffness modulic11 and hypersonic attenu-
ation G11 of differently annealed PTC. Ta is the annealing
temperature. The straight lines in this figure only represent
guide for the eye.
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coarse grained one (6). This would be consistent with clu
ters of nanosized cubic crystallites of PTC having a larg
orientation-averaged longitudinal modulus than the rela
tetragonal structured crystals of the coarse grained stat

As a further unexpected result, the phenomenon of
softening ofc11sTad on approaching the nanosized state im
plies that this softening takes place within the amorpho
state instead of the nsS. In order to make the calculat
of c11sTad we used the average density7050 kgym3 given
above. A reduction in the density of the material towar
the nanocrystalline state would yield a further decrease
the stiffness aroundTca and thus amplify the softening be
havior of c11sTa , Tcad. According to Table I samples
(1)–(3) are still amorphous with an average grain si
of 1 nm. Tentatively, we relate the slowing down o
c11sTa , Tcad to frozen precursors of the nsS within th
amorphous state. The elastic slowing down is stopped
Tca ø 823 K where the sputtered and subsequently a
nealed PTC probably realizes nanocrystalline clusters
sufficient size (in order to produce its own phonon lin
L2) embedded in a subnanocrystalline matrix. It shou
be stressed that the coexistence of isolated nanosized
ticles in an amorphous matrix would be incompatible wi
the observation of two longitudinally polarized phonon
at Tca. Recently, Mon [13] has predicted for nanofibe
a significant sound velocity reduction only for rod diame
ters below 4 nm. In accordance with these predictions
position of the phonon line L1 in Fig. 2 is consistent wit
any stiffness reduction predicted for the subnanocrystall
state. Thus,c11sTcad there yields a stiffness much smalle
than that of the microcrystalline state (6) and still small
than the stiffness of the pure amorphous state (1).

Defect relaxations have been discussed as a poss
source for the stiffness suppression in nsM [10]. Ther
fore, we also have analyzed the influence of the anne
ing on the hypersonic attenuation. According to Fig. 3 t
temporal attenuation coefficientG11sTad is, in the margin
of the resolution of our tandem spectrometer, almost ze
a slight increase ofG11sTad appears atTca. This result
is in agreement with the observation that the optoacous
dispersion coefficientD yields the refractive index. The
strongly increasedG11 of sample (6) is provoked by acous
tic scattering and the appearance of acoustic anisotr
in the coarse grained state, reinforced by the strongly
creased scattering volume of this bulk sample. As a ma
of fact, the slowing down ofc11 is not related to a hyper-
sonic attenuation anomaly. Internal friction therefore c
be excluded as a cause for the elastic softening.

Based on free-energy simulations, Wanget al. [6] have
postulated the existence of a phase transformation
tween the nsS and the frozen amorphous state, both st
being nonergodic. It is worth noting that such a structur
transformation would affect both the shear and the lo
gitudinal stiffness. Unfortunately, these authors do n
discuss the effect of a structural transformation from t
nsS to the amorphous state on the elastic stability of
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system. However, it seems to us that the shear instab
ity observed by Rehnet al. [1] in the course of forced
solid-state amorphization of Zr3Al as well as our results
on thermally induced crystallization of amorphous PT
can be taken as direct evidences for the phase transform
tion predicted by Wanget al.
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