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We have studied the concentration dependence of the Raman spectra of heteroepitaxighrBaO,
(BST) (x=0, 0.15, 0.30, and 0.45hin films deposited by rf sputtering @001) MgO substrates. It is found
that substitution of Ba by Sr leads to the distortions of the Ti-O bonds and causes the appearance of new bands
in the Raman spectra near the bands corresponding to the Ti-O vibrations. The Sr incorporation induces
relatively large shifts of the low-frequency Raman peaks attributeigpand A; 1o components of the soft
mode. TheE;g soft mode in BST films becomes underdampedxer0.3 and is very sensitive to the two-
dimensional compressive stresses.
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[. INTRODUCTION the dramatic increase of the low-frequency dielectric con-
stantey nearT, is directly related to the soft-mode behavior.
Integrated thin-layer ferroelectrics have become very atit should be underlined that the soft-mode temperature de-
tractive as active elements in microelectronic devices. Th@endence in thin ferroelectric films usually deviates from the
structure and properties of thin films are well known to ex-values known for bulk single crystat$* Very recent far-
hibit a number of deviations from those of bulk ceramics andnfrared (FIR) ellipsometry and low-frequency dielectric
single crystals. The origin of the size-dependent ferroelectriecneasurements in ST thin films revealed that the dramatic
properties remains a challenging problem, and a better urreduction of the dielectric constant is a consequence of the
derstanding as to which extent the bulk physical propertiesoft-mode hardeninf. In this aspect the lattice
can be used for design of thin-layer devices is actually redynamics—in particular, the soft-mode behavior—is of great
quired. The bulk properties of ferroelectric BaEi(BT) and  importance for the purpose of thin film characterization.
guantum paraelectric SITEAST) were extensively studied BT and ST are the classic and most studied ferroelectrics,
in the past; therefore, in addition to practical interest, thinboth theoretically and experimentalf.In the paraelectric
films of their solid solutions are very attractive as modelcubic phase BT and ST have similar crystal structure. Ex-
systems for studying the effect of finite size on ferroelectricplicit first-principles calculations showed that the differences
properties. between BT and ST are to some extent volume effects, which
Thin films of (Ba, _,Sr,) TiO; (BSTx) are very good can- are shown by a compression of BT unit cell to the volume of
didates for a wide range of applications: for example, asST one or a dilatation of ST to the volume of BTA widely
high-density dynamic random access memories, large-scalccepted view is that the lattice instability of BT stems from
integrated capacitors, pyroelectric detectors, and phagbe Ti(3d) and O(2) hybridization that prefers a smaller
shifters>? High-quality BST epitaxial films are required for Ti-O distance than half of the lattice constant of B8
tunable microwave applicatioisTherefore, the synthesis Most of the experimental data obtained in BT are consistent
and characterization of BST thin films have generated largavith a complicated combination of displacive and order-
research efforts in the last few years. The optical, structuraklisorder behavior. According to the order-disorder model, in
and electrical properties of BST films have been found tahe paraelectric phase the Ti ion does not have a potential
depend substantially on the preparation method, composenergy minimum at the center of the unit cell, but has eight
tion, film thickness, grain size, and annealfhg.Conse- minima along thg111] pseudocubic axes. In the tetragonal
quently, reliable methods to characterize thin films are ofphase, four sites along a face of the unit cell become ener-
great interest. getically favored, with a time-averaged position along the
Raman spectroscopy has been used as a nonperturbiagis, in the orthorhombic phase the Ti ions preferentially
probe for thin films characterization. Useful information occupy two of the eight sites, and finally in the rhombohedral
about impurities, internal stress, and crystal symmetry haphase they are completely orderf@dwithin the framework
been obtained in various thin and ultrathin filfiis® More-  of the displacive model, the atoms primarily occupy the ideal
over, the structural changes associated with the ferroelectricubic sites at high temperatures and the ferroeledtrig
phase transition usually have a large effect on the Ramasoft-mode in BT corresponds to Ti displacement with respect
spectrum. As known from the Lyddane-Sachs-Teller relationto oxygen octahedr&:?!
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Vibrational spectra of BT single crystals have been extenized Raman spectra of bulk ceramics and polycrystalline
sively studied in the pa&t 2’ and lend support to displacive- films BSTx (x=0, 0.1, 0.2, and 0)3in the range between
order-disorder crossover. No first-order Raman activity is exyoom temperature and 350 °C was recently published by
pected in the paraelectric phase with idea} ©@ubic  Naik et al’® but no evidence of the soft mode was found. It
symmetry, but two broad bands at260 and 530 cm® per-  was reported that the values ®f in thin films are higher
sist with significant intensif??due to disorder of Tiions in than those of the bulk samples due to the presence of inter-
agreement with eight-site model. The lowest-lying transversg@rain stress. Furthermore, a new Raman mode has been dis-
F,, mode exhibits softening in the paraelectric phase anglosed at~620 cmi ! in all the thin-film samples. These
supports the displacive mechanism. However, this mode iguthors proposed that this new mode originates from the
overdamped, apparently, due to the above-mentioned largérain in the grain-boundary regions of the polycrystalline
amplitude motionhopping of the Ti ions. Furthermore, FIR film.
reflectivity measuremerf indicated that on cooling, the In our recent paper, polarization-dependent Raman spec-
soft mode levels off near 60 c¢m far aboveT,~395 K and  tra of BSTx/MgO (x=0 and 0.45 heteroepitaxial thin films
it was emphasized that the soft mode is unable to explain therere reported for the first tin&€. The underdampef o, soft
temperature dependence &f in the vicinity of T.. Very ~ mode centered at 89 cm at room temperature was unam-
probably the soft mode levels off due to its coupling with thebiguously observed in the film witk=0.45. It is puzzling
critical relaxation, revealed from backward-wave-oscillatorthat the temperature dependence of g soft mode in the
transmission measurements where its complete softening bBST-0.45 film is very similar to those previously reported for
low 10 cmi ' was found, explaining the whole dielectric pure ST filmst*1>37=49Namely, the lowesEq mode exhib-
anomaly at the cubic-tetragonal phase transition irtBT. its softening down te- 100 K, but in contrast to the bulk ST,

In the tetragonal phase the soft mode splits ifjcandE BT crystals, and BST-0.5 powder sample, this mode saturates
components. At room temperature, tBgo soft mode is at ~64 cm ! on further cooling.
also overdamped and according to the results reported in In this paper, we report the experimental results obtained
numerous papers and summarized by Scalaérial>® the  from the heteroepitaxial thin-film samples of BSTx=0,
soft-mode frequency is about 34—38 th while the half- 0.15, 0.30, and 0.4%repared on MgO substrates. A detailed
width is somewhere between 85 and 115¢ém This mode assignment and a comparison with bulk ceramics is
low-frequency response may be also well fitted even by aiven. The lattice dynamics is discussed in the terms of a
Debye relaxator. The correspondidg component of the displacive-order-disorder crossover, previously established in
soft mode is found at about 276 ¢rh In the orthorhombic ferroelectric perovskites. We have considered the influence
phase the soft mode becomes underdamped and slightly softf several phenomena, which lead to profound changes in the
ens with decreasing temperature, while at the transition t®kaman spectra of BST thin films with respect to bulk ceram-
the rhombohedral phase this mode abruptly stiffénp to ics.

250 cm 1.
Due to quantum fluctuations the ferroelectric state does Il. EXPERIMENTAL DETAILS
not occur in pure ST, but ferroelectricity can be induced by
stress, electric field, and doping. The ferroeleckig, soft Heteroepitaxial BST (thickness 0.5-0.8&m) thin films

mode in ST was revealed in the broad temperature intervakere deposited of001) MgO single crystalline substrates by
8-1200 K by FIR reflectivity® neutron scattering’ and Ra-  rf sputtering of polycrystalline targets of the corresponding
man scattering under applied electric fiéfdThe soft mode composition. Transparent and mirror-smooth films were real-
is always underdamped and its frequency decreases froimed by means of layer-by-layer growth. Details of the
150 cmi ! at 1200 K down to 11 cm! at 8 K. Although the  growth conditions have been previously reported?
ferroelectricF 1, soft mode explains rather well the tempera- Briefly, the deposition[density of rf discharge (1-2.5)
ture dependence of the dielectric constant and the displacive 10° W m™2, target-substrate distance 6—10 mm] was car-
mechanism in ST dominates, we note that the displaciveried out in oxygen atmosphere under a pressure of 0.6-0.7
order-disorder crossover has been found at the 105-K strudorr. The substrates were heated at 800-950 °C during
tural transition of ST involving the zone-bounddRys mode  the deposition. The film composition was determined by pri-
related to the libration of the oxygen octahetfa. mary x-ray spectra, obtained on the CAMEBAX microana-
Presently available information concerning the lattice dy-lyzer with an accuracy of-2%. The surface and cross-
namics of BSTx solid solutions is rather fragmental. De- section relief(before and after chemical etchingf the films
tailed concentration dependence of phonon-mode frequenwere studied by optical and electron microscopy. After
cies in BSTx ceramics &6 K was reported? but the etching, perfect BST films displayed well-defined 180°
temperature dependence was not studied. Later on, the soft-domain structuré? The unit-cell parameters at room tem-
mode behavior in the powder sample of BST-0.5 was disperature were determined by means of x-ray diffraction
closed by neutron-diffraction measuremetiteIR measure- (XRD) and summarized in Table I. For all the films studied
ments in paraelectric pha¥erevealed that the soft mode here, a tetragonal distortion with theaxis perpendicular
becomes underdamped in BST-0.1 bulk crystals, wherea® the substrate and the following orientation relations
room temperature FIR transmission spettf BSTx films ~ between the BS¥% film and the MgO substrate have
(x=0.35 and 0.6p showed very broad absorption peaksbeen found: (00Xs|(001)ygo and [100]gsq|[ 100]ygo -
above 100 cm!. The temperature dependence of unpolar-For temperature-dependent measurements, the DRON-3 dif-
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TABLE |. Lattice parameters;/a ratio and the soft-mode fre-

quency for the BS films studied in the present work. Raman

spectra of the films, which are marked by asterisks in the left col-

umn, are shown in Figs. 1-3.

Sr concentration, ¢ a E1o soft-mode *2

X Ay (A) claratio frequency (cm?) _2

o* 4.0318 3.998 1.008 355 overdamped 8 x =045

0.15 40190 3.978 1.010 455 overdamped &

0.30 3.9888 3.969 1.005 560 £ x=0.30

0.30 3.9956 3.959  1.009 601 = x=015

0.30° 4.0001 3.954 1.012 681

0.30 4.0065 3.957 1.013 79 BT

0.45" 3991 3.939 1.013 8s1 e M9
0 200 400 600 800 1000

fractometer was supplied with a precise heater with a tem- Wave number (cm”)

perature stability+ 0.5 K.

Raman spectra were excited using the polarized light of a - )
coherent INNOVA 90 At laser  =514.5 nm) and ana- 'of Y(Z2)Y scattering geometry.
lyzed using a Jobin Yvon T64000 spectrometer equipped o )
with a charge coupled device and a photon counting detectop€tup. The wave vector of the incident light was parallel to
on samples carefully oriented according to the crystallo\Was para_lllel or perpendicular to theaxis of the f|I'm.As one
graphic axes ofc-domain films: X||[[100], Y|[[010], and  ca&n seein Fig. 1 the MgO subst_rate has no noticeable Raman
Z|[001]. Raman spectra were obtained in backscattering geines in the spectral range studied. _
ometry using a microprobe device that allows the incident 1Ne room-temperature Raman spectra of BT and BST thin
light to be focused on the sample as a spot of aboun2in films are shpwn in Figs. 1.—3. As a result of excellent smglg—
diameter. For high-temperature measurements the sampl€fstal quality of all the films, their Raman spectra exhibit
were placed in a hot stage where the temperature was cofemarkable polarization dependence. This feature safely con-

FIG. 1. Room temperature Raman spectra of BSMin films

trolled with accuracy better than 0.2 K. firms the absence of 90° domains in our films. However, the
presence of 180° domains causes partial depolarization of
IIl. EXPERIMENTAL RESULTS the incident/scattered light on the domain walls and, there-

fore, leakage of intense lines into the forbidden geometries

In the paraelectric cubic phase ABO; perovskites there can be expected. Figure 1 shows pArephonons, where LO
are 12 optic modes that transform according to the triplyand TO components can be observed simultaneously because
degenerate irreducible representations of thep@nt group:  of light scattering on the domain walls. It is noticeable that
I'eub=3F1,+F,. TheF, modes are IR active and tife,,  main typical features of BT single crystdhave been clearly
is the so-called “silent mode” since it is neither IR nor Ra-
man active. In the tetragonal ferroelectric phase, each triply
degeneraté& ;, mode splits intcA; + E modes, while thé,,
silent mode splits intd; + E modes. Thusl'.;=3A;+4E
+B;. All the A; andE modes are both IR and Raman active
while theB; mode is only Raman active. In addition, long-
range electrostatic forces in the ferroelectric phase split al
the A; and E modes into transvers@fO) and longitudinal
(LO) components. Detailed measurements of/glland E
TO and LO phonons in the tetragonal BT were previously
performed in single-domain crystafs.

According to the Raman tensor for the tetragoRal,
point group, thew,, component involve#\; phonons exclu-
sively. For thea,, and ay, components theA; and B,
phonons are allowed simultaneously, wtidenodes are only
allowed fora,, anda,, components. Consequently, in a per- . L . L . L . L .
fect c-domain BSTx film the E;ro component of the soft 0 200 400 600 800 1000
mode can be observed in distinct scattering geometry. In the Wave number (cm™)
present work we used the so-called “side-view backscatter-
ing” geometry*® that allows one to record purd; and E FIG. 2. Room temperature Raman spectra of BIHin films
modes from a-domain tetragonal film using a micro-Raman for Y(XX)Y scattering geometry.

ty (arb. units)

Intens
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FIG. 3. Room temperature Raman spectra of BSMHin films \\\
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rected for the Bose-Einstein factor.

) ) Sr content (%)
observed in the Raman spectra of the BT/MgO film. The

sharp interference dip at 180 crhand the broad peaks at FIG. 4. A,-E splitting of the soft mode as a function of the Sr
270, 525, and 720 cnt are remarkable characteristics of the content. The dashed line is a guide for the eye.

A1(z2) spectrum of BT. In thexx spectrumFig. 2) the sharp

dip apparently disappears and a narrow peak 480 cni ! interference dip inzz spectra much more pronounced in
emerges, as observed in BT single crystal. Engymmetry  BSTx films (see Fig. L To estimate the bare frequency of
Raman spectrum contains the overdamfgg soft mode, the A; 1o soft mode we applied a coupled damped harmonic
which can be clearly seen in Fig. 3. Note that in this figureoscillator model to fit the experimental spectra obtainezlzin
the intensities have been corrected for the temperature factgyeometry. TheA;-E splitting of the soft mode reflects the
The 180 cm* E mode is poorly resolved since it is over- anisotropy of the short-range interatomic forces in the tetrag-
lapped with the tail of the overdamped soft mode in the BTonal phase. As shown in Fig. 4, thg-E splitting in BSTx

film, but this peak is clearly seen in all BST films. As men- films steadily decreases with increasing Sr concentration.
tioned above, the cubic sileft,, mode splits intdB; andE We have compared Raman spectra of BT and BST-0.3
components in the tetragonal phase. The corresponding ceramics with the aim to verify the soft-mode parameters in
mode was observed at 308 chin the xz spectrum, the bulk samples. Unpolarized Raman spectra of BT and
whereas théB; component with nearly the same frequency BST-0.3 bulk ceramic samples at room temperature are
can be traced in diagonal geometries. The high-frequ&cy shown in Fig. 5. Due to the random orientation of crystallites
modes at 466LO) and 48%TO) cm™* are rather weak even

in the spectra of single crystals and in Fig. 3 these peaks ar
apparently overlapped with the broadband at 525 triThe
latter peak, as well as the 270 chband, arise in thexz
spectrum due to the leakage of tAg symmetry modes. In
turn, the leakage of th&;g soft mode into the diagonal
geometries occurs.

All remarkable BT features dominate in the Raman spec-
tra of the BSTx films presented in Figs. 1-3. Most of the
peaks exhibit shifts with the increasing Sr content and addi-
tional bands centered at380, 580, and 640 cnt arise in
xx and zz spectra. The 130 cht weak band overlapped
with the tail of the soft mode was observed in thegeom-
etry. The most sensitive to the Ba/Sr substitution isEig
soft mode exhibiting remarkable upward shift with increas-
ing X. Moreover, as can be seen in Fig. 3, this mode acquires L L L L
underdamped line shape & 0.3. TheE1q frequencies and 0 200 400 600 800
lattice parameters for all films studied are summarized in
Table I. The broad peak observed at 280 ¢nin BT and
interpreted a#\; 1o component of the cubi&,, soft mode FIG. 5. Room temperature Raman spectra of BT and BST-0.3
exhibits considerable downward shift that makes the sharperamics.

units)

Intensity (arb

BST-0.3

BT

Wave number (cm™)
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FIG. 6. Ep soft mode in BST-0.3 films of different tetragonal-
ity. The overdamped soft mode in the BT film is shown for com-

Wave number (cm)
o
o
T
1

E(TO) | i

parison. 100 | .

in a ceramic sample Raman bandsAyf and E symmetry [ 0o 0 9 o °.2o° °

were obtained simultaneously. All remarkable features of o *°

bulk BT can be seen clearly and our spectra are very similar 50 . . ) . . . ) .

to those reported by Naikt al'®* As shown in Fig. 5 the 300 350 400 450 500

overdampedE o soft mode has practically the same shape in
BT and BST-0.3 samples, whereds 1o band exhibits a
downward shift upon Sr addition. Comparing Figs. 1-3 and  FiG. 7. Temperature dependence of #hero and Eqo compo-

Fig. 5 one can conclude that tligo soft mode stiffness is @ nents of the soft mode in BST-0.3 films near the ferroparaelectric
peculiar feature of heteroepitaxial thin films. phase transition. The upper panel shows temperature dependence of
Varying the temperature of the substrate during the depothe unit-cell parameter. Open symbols correspond to the BST-0.3
sition we have obtained several BST-0.3 films of differentfim with c/a=1.013 at room temperature. Filled symbols corre-

tetragonality. As can be seen in Fig. 6, the lowest Iyii@  spond to the BST-0.3 film witle/a=1.012 at room temperature.
mode in these films is always underdamped with the maxi-

mum between 56 and 79 ¢m. The tail of the overdamped ) )
soft mode in the BT film is shown in Fig. 6 for comparison the soft mode is markedly shifted to lower wave numbers,

(bold line). As one can see from Table | there is a strongWhile E1o component remains overdamped and below
correlation between th&x, soft-mode frequency and the 150 cm ! both spectra are quite similar. Substitution of Ba
tetragonal distortion of the film. by Sr with the smaller ionic radius causes local distortions

Temperature dependence of the Raman spectra for8ST-and breaks partially the translational symmetry of the BT
films of different tetragonality and different composition was lattice. As a consequence the= 0 Raman selection rules are
studied with the aim to the clarify temperature behavior ofrelaxed and activation af#0 phonons from the Brillouin
the E1o and A 1o components of the soft mode at the ferro- zone interior is expected in BST solid solutions. Accordingly,
paraelectric phase transition. As in BT single crystafSthe  all Raman peaks in the spectra of BST-0.3 ceramics are
frequency of theEro soft mode in BSTx films increases  slightly broadened and a new band near 580 trappears.
towardsT., whereas frequency of th&; ro component is  Note that the latter peak emerges on the high-frequency
nearly constant..The temperature dependgnces for two s8houlder of the 525 cm' band, which is markedly asym-
lected BST-0.3 films of different tetragonality are shown inmetric in the spectrum of pure BT. The origin of the asym-
Fig. 7 together with the temperature dependencies of the unjhetric line shape of this band in BT is not yet understood. To
cell parametec in these films. The latter provides determi- gy jain this asymmetry in thez spectrum of pure BT crys-
nation of T in thin films with a greater precision. tals, Scalabrinet al?® introduced a coupling between the
threeA; modes and obtained perfect fitting curves. However,
we agree with Burns and Daédlthat fitting procedure ap-

A comparison of BT and BST-0.3 bulk ceramics at roomplied in Ref. 23 seems rather unphysical due to the very large
temperature shows that in BST-0.3 tAg 1o component of coupling coefficients. It is rather doubtful that coupling be-

Temperature (K)

IV. DISCUSSION
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tween well-separated modes centered at270 and thin films with respect to the bulk ceramics of the same com-
525 cm ! really occurs. One can assume that the remarkablposition. Moreover, from the ionic motion associated with
asymmetry of the 525 cit band is an intrinsic property of each vibrational mode one can conclude that Sr incorpora-
BT associated with the partial relaxation of the0 Raman  tion seriously affects the Ti-O bonds in the host lattice. In the
selection rules due to the hopping motion of the Ti ions infollowing discussion we consider three distinct phenomena
the tetragonal phase. A comparison of BT and BST-0.3 bulkhat we assume to occur in thin film&) local lattice distor-
ceramics suggests that Ba/Sr substitution modifies the potefions due to Ba/Sr substitutiof2) oxygen vacancies; ar@)
tial relief of the Ti ions and additional moder several mechanical constraint imposed on the film by the underlying
mode$ arises on the high-frequency asymmetrical shouldegsubstrate.
of the 525 cm* band. We have to stress that the fitting of  Our results clearly show that the principal effect of Ba
the BST-0.3 spectrum allows for one more component asubstitution by Sr in thin films is associated with a relatively
about 620—640 cmt, but this component is rather weak and large shift of the low-frequency Raman peaks attributed as
poorly defined to be included into consideration. An addi-E;, andA; 1o components of the soft mode. The behavior of
tional band at-560 cm * was also observed in BST ceram- the soft-mode frequency in solid solutions is a result of a
ics by Naik etal,”® moreover a weak feature near delicate balance among the short-range force constants, long-
620-640 cm* can be also traced in Fig. 2 of Ref. 13. Since range interactions, and masses of the involved ions.Exfae
unpolarized Raman spectrum contains all phonon modes, §oft mode in BST films fox=0.3 acquires the underdamped
is rather difficult to arrive at the final decision concerning line shape, which is a remarkable characteristic of ST. More-
this frequency range. Apparently, Raman spectra of hetover, for a particular concentratiox£ 0.3) theErq eigen-
eroepitaxial thin films obtained in different scattering geom-frequency steadily increases with increasaig ratio. This
etries are much more informative. behavior implies that the soft-mode hardening is not a simple
In the following, we consider a concentration dependencenass effect of Ba/Sr substitution and indicates that the incor-
of the Raman spectra of thin films with the aim to identify poration of Sr in theA sites deeply modifies the delicate
normal modes, which are sensitive to the Ba/Sr substitutionpalance of the short-range and long-range forces of BT lat-
Freire and Katiy&® have calculated the eigenvectors and thetice. A strong decrease in thfg -E splitting of the soft mode
frequencies of each normal mode and reported graphical reyith increasing Sr content suggests a reduction of the anisot-
resentation of all zone-center normal modes in the tetragonabpy of the short-range interatomic forces in BST films.
phase of BT. According to the normal-mode classification,Upon Sr addition, the spacing and bond angles between a
the soft mode in BT corresponds to a motion of the Ti ionparticular atom and its second or third neighbors tend to be
against the oxygen octahedron. In the paraelectric phase thfferent. Being a microscopic technique, Raman spectros-
corresponding lowest-lying,, mode smoothly softens. Be- copy is very sensitive to instantaneous atomic shifts from
low T., the A; component becomes abruptly stable attheir regular sites. The directions of these displacements can
~270 cm !, whereas overdampel component continues be inferred from the Coulombic interactions with the neigh-
to soften from 60cm! at T, to 35cm’ at room boring atoms. Substitution of smaller Sr for Ba causes dis-
temperaturd® Apparently this mode is very sensitive to the placements of neighboring oxygens towards Sr and, conse-
change in the length of the Ti-O bond. The 180 Cnsharp  quently, leads to a decrease of the Ti-O-Ti bond angle. These
line originates from the secorfd,, IR active mode, which distortions inevitably modify the short-range Ti-O force con-
exhibits rather weak temperature dependence in the paraelestants and disturb the Ti(§ and O(2%) hybridization. As a
tric phasé®* This mode corresponds to a vibration of the Baconsequence the phase-transition sequence in BST might be
ions against the Tiggroup. In the tetragonal phase the sepa-deeply modified.
ration between thé\; and E components of this mode is For all BST films studied here tha parameter of the
negligible; moreover, no LO-TO splitting was found in BT tetragonally distorted unit cell is smaller than that in bulk
crystals? In BST films this hard mode is practically unal- ceramics of the same composition. One can assume that de-
tered upon Sr addition. The 308 chline originates from crease in thex parameter is associated with the decrease in
the silentF,, mode, which exhibits neithd,-E nor LO-TO  the Ti-O-Ti bond angle making the Ti ions lying in basal
splitting in the tetragonal phag&The corresponding normal plane closer to each other. The displacements from the time-
mode consists of out-of-phase vibrations of oxygens only. Iraveraged tetragonal positions and formation of a zigzag dis-
BST films this mode shows no remarkable lifting in fre- tortion of the Ti-O-Ti bonds change not only the soft-mode
guency with increasing Sr content. The thiFd, mode ex- parameters, but may also cause appearance of new extra
hibits remarkable\;-E splitting belowT.. Their LO and TO  bands in the region of Ti-O vibrations at 580 and 640 ¢m
components are also well separated and in BT crystal,  Note, that these extra bands are much more pronounced in
and A; o frequencies were found at 515 and 725 ¢m  xx geometry than in thez one(see Figs. 1 and)2implying
respectively’® This mode consists of a motion of the Ti and that the layer-by-layer growth makes the distorted Ti-O-Ti
Ol ions against the O2 and O3 oxygens, which are located iohains appear mostly in basal plane. Similar modes 560
the perpendicular plane, and is associated with a change and 620 cm! were also observed in BT powder samples
the Ti-O-Ti bond angle. under hydrostatic pressure beyond 2.1 GPa and were inter-
We have observed significant transformation of the  preted as caused by the shifts of the atoms from regular
and E components of the soft mode and activation of addi-lattice sites to interstitial positiof§.Note that extra bands at
tional bands in the Raman spectra of heteroepitaxial BSF-560 and 620 cm® were also observed in polycrystalline
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BST films!® These authors concluded that the mode akessentially unstressed. The long-range nature of the forces
~560 cm ! is due to the disordered paraelectric phasejnvolved in ferroelectric transition and the large electrostatic
whereas the 620 cnt peak was attributed to the presence ofenergies driving domain formation suggest that the size ef-
enhanced grain boundaries in submicron-sized grains in thifects are very important in thin films. Strong compressive
films. In both cases these extra peaks are associated with tstresses and inevitable oxygen vacancies lead to the specific
departure of the Ti ions from their regular sites in BT lattice. 180° domain structure in BST films prepared on MgO.
In the disordered cubic lattice the Ti ions occupy the body- In our films the valuer,,= o, was estimated from XRD
centered positions on the average, though displaced along theeasurements to be in the range 200—-450 MPa at room tem-
cube diagonals and causing the disorder. The grain boungperature. Since the two-dimensioriaD) stresses are higher
aries as well as domain walls are strongly distorted region# films with larger c/a ratio, one can assume that these
where profound alterations of the crystal structure comparegdtrong compressive stresses result in an enhanced tetragonal
to the bulk of the grains occur. distortion of the film. These additional distortions give rise to
Furthermore, we have to take into account inevitable oxy-Raman bands, which would be normally forbidden for the
gen vacancies in films prepared by rf sputtering. It is impor-undistorted tetragonal lattice. Uvet al*® have shown that a
tant to realize that the atomic displacements around an oxyionzero Raman intensity is expected to arise due to the cou-
gen vacancy also induce zigzag Ti-O-Ti chains. The nearestling of normal modes with the static distortion. A large part
two Ti and four Ba cations are displaced away from theof the Brillouin zone will contribute to the scattering and the
oxygen-vacancy defect while the nearest eight O anions ar@tensity of these modes is proportional to the Fourier trans-
attracted towards it. Thus, both Sr and oxygen vacancies digerm of the static distortion. Thus, the observed broadening
turb Ti-O bonds and may have quite similar fingerprints inof the Raman lines in BT film with regard to the single
Raman response. The unit cell volumes of the films used igrystal reflects the effect of the strain field. Beside the cou-
this study are very close to those of bulk ceramics. This facpling of the normal modes with the static distortion the
suggests very low number of oxygen vacancies in our 0 Raman selection rules are relaxed due to breaking of the
samples. Park and Ch&flhave showed that oxygen vacan- translational symmetry in BST solid solution and at the mo-
cies in Ti-O-Ti chains along the polar axis create local mentwe are unable to separate these effects. Adequate quan-
polar regions randomly distributed in the film volume. Thet titative estimations call for polarized Raman spectra obtained
number of oxygen vacancies plays a very important role irffrom epitaxial films and single crystals under the same ex-
determining the dielectric properties of the film devices andperimental conditions.
their fatigue. A strong correlation between the dielectric As shown above, Ba/Sr substitution induces a relatively
properties of BST films and oxygen vacancy concentratiodarge shift of the soft-mode components in BST films. Be-
has been recently report&dTherefore, systematic studies sides, the soft mode must be very sensitive to the biaxial
on the influence of oxygen vacancies on the lattice dynamieonstraint imposed by the substrate. It is known that 2D
cal properties of BST films are obviously required. compressive stress results in an increase in the cubic-
Enhanced tetragonal distortions in heteroepitaxial BSTtetragonal transition temperature, while a decrease is ex-
MgO films arise also due to mechanical constraint imposegbected for hydrostatic pressute’ Accordingly, under hydro-
on the film by the substrate. There is a large lattice parametetatic pressure the soft mode exhibits a downward shift,
mismatch between BST and MgQ@;< a). Therefore, dur- whereas an upward shift is expected under in-plane 2D com-
ing the heteroepitaxial growth misfit dislocations appear topressive stress. As it is shown in Fig. 6 tBey soft-mode
minimize the uncompensated energy of tensile stresses. Asfeequency increases from 56 to 79 thwith increasingc/a
result of this process, “normalization” of the unit cell param- ratio. The 2D compressive stress also increases from 200 to
eters of the film occurs. However, BST/MgO thin films 450 MPa with increasing/a ratio. The tetragonality of the
(thickness<1 um) exhibit considerable tetragonal distor- all BST-0.3 films was found largesee Table )l than that of
tion with respect to the bulk ceramics of the same composibulk ceramics of corresponding compositigbulk c/a
tion. In heteroepitaxial BST films sputtered onto M@O1) =1.003). However, the unit-cell volumes of these films are
the thermoelastic compressive stresseg€ o,,) are gener- nearly equal to that of bulk samples, implying that the dis-
ated by the mismatch of the thermal expansion coefficientsortion of the BSTx films is in agreement with the Poisson
of the film and substrateaf<<as) and appear on cooling ratio. This fact also suggests that our BST-0.3 films exhibit
from the deposition temperature. These strong compressiveery low concentration of oxygen vacancies, which have to
stresses are minimized if, on cooling through the ferroelecincrease the unit-cell volume due to reduction of the Cou-
tric phase transition, the tetragonal unit cells appear with théomb attractive forces. Therefore, one can conclude that the
¢ axis normal to the substrate surface. A tail-to-tail polariza-observed E+o soft-mode hardening in BST-0.3 films is
tion is one of the patterns that emerges from atomic relaxmostly associated with the 2D compressive stress.
ations around oxygen vacanci¥sSuch vacancy-induced an- From the temperature dependence of the lattice param-
tiphase polarizations can play an important role in domaireters we have found that, exhibits upward shift in BST-0.3
pinning in thin films on cooling from the deposition tempera-films in agreement with Landau-Devonshire theb.
ture. It is well known that in bulk crystals and large grain Moreover, due to the significant 2D clumping and inevitable
ceramics 90° and 180° domains appear to minimize elastipoint defects the ferroparaelectric phase transition in thin
and electrostatic energies in the tetragonal ferroelectric statéilms is usually diffuse. In thin ferroelectric films dielectric
Therefore, bulk materials are usually fully transformed andsusceptibility usually exhibits rather broad peak and tem-
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perature dependence of the lattice constants is also rathetry. It is found that all remarkable BT features dominate in
smooth. It is difficult to indicate the transition point but the Raman spectra of the BSTflms. We assume that Sr
rather the transition intervdlusually 10—-20 K wherec(T) incorporation in theA sites modifies the short-range and
curve exhibits smooth minima and domain pattefpb-  long-range forces of BT lattice and causes local distortions
served using scanning electron microscopisappear. For of the Ti-O-Ti chains. As a consequence, several additional
BST-0.3 films studied in this worl . increases from 360 bands at 130, 380, 580, and 640 chrarise in the Raman
+5 K up to 40G:5 K with increasing 2D compressive spectra with increasing Sr content. The most sensitive to the
stress from 200 to 450 MPa&/a ratio increases from 1.005 Ba/Sr substitution is thE;g soft mode that exhibits remark-

to 1.013, respectivelyAs in BT single crystal$>“°the fre-  able hardening with increasingand acquires underdamped
guency of theErg soft mode increases gradually on ap- line shape fox=0.3. A strong decrease in tifg-E splitting
proachingT. from below. The linewidth also increases but of the soft mode with increasing Sr content suggests a reduc-
the soft modes in BST-0.3 and BST-0.45 films are alwaygion of the anisotropy of the short-range interatomic forces in
underdamped. A typical frequency shift of the underdampe®ST films. It is shown thaE;g soft mode is also very sen-
E1o soft mode never exceedst3 cm ! in the temperature sitive to the mechanical constraint imposed on the film by
interval 295—-420 K. The frequency of thfg 1o component the substrate.

of the soft mode is practically temperature independent. No As in pure BT crystal, the frequency of titso soft mode
discontinuity was observed nedl, in agreement with the increases on approachifig from below, whereas thé; 1o
diffuse character of the ferroparaelectric transition. Abdye component of the soft mode is temperature independent.
all Raman peaks steadily lose their intensity but severaBoth Raman and XRD measurements confirmed upward
broad features persist far beyofid as well as in BT single shift of T, in BST-0.3 films, as expected from a conventional

crystals. Landau-Devonshire approatf?
Therefore, the decrease in thg-E splitting with increas-
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