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Lattice dynamics in Ba,Sr;_,TiO 5 single crystals: A Raman study
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The lattice dynamical properties of &, TiO3 single crystals withk=0.05, 0.1, 0.2, 0.35, and 0.5 have
been studied by Raman spectroscopy in the temperature range 5—-300 K. We present the data on the compo-
sition and temperature dependence of the phonon modes8r,Bd 05, in particular, the soft modes. At low
temperatures, the well-defindfland A; soft modes have been observed in the crystals of all compositions
studied. For low Ba conterik< 0.2) the soft modes extrapolate to zero and remain underdamped in the entire
temperature range, indicating the displacive type of the ferroelectric phase transitionr=B®, i.e., in the
composition range of the B&r,_, TiO; phase diagram where three ferroelectric phases exist, the soft modes
exhibit less softening and become heavily damped in the temperature range corresponding to the orthorhombic
and tetragonal phases. This demonstrates that the order-disorder-type behavior becomes stronger with increas-
ing Ba content. However, no first-order Raman scattering in the cubic phase was observeg8rin B&®; of
compositions studied, in contrast to pure BaJiOhe temperature behavior of tidg soft mode indicates that
the ferroelectric phase transition is of the first order in®a, TiO3 with x=0.2, and turns into the second
order for smaller Ba concentrations.
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I. INTRODUCTION three consecutive phase transitions from a cub®mn to a

Barium strontium titanate B8r,_,TiOs (BST) is a typical ~ tetragonal #m phase at 403 K, then to an orthorhombic
perovskite ferroelectric solid solution extensively studied formm2 phase at 278 K, and, finally, to a rhombohedrai 3
many yeard:2 Recently, thin film BST has been the subject phase at 183 K’ In Ba,Sr;_,TiO; the temperatures of these
of many studies because of its potential for device applicathree phase transitions decrease nearly linearly with decreas-
tions, such as dynamic random access memory or tunablag x and coincide at about 100 K and=0.1518 For lower
microwave deviced? An issue of major importance for de- Ba concentrations only one ferroelectric phase exists. Bulk
vice applications of ferroelectric materials is the understandSrTiO; is an incipient ferroelectrigquantum paraelectric
ing of the difference between thin film and bulk crystal in which the ferroelectric phase transition is suppressed
behaviors. Because lattice dynamics is essential for undeby quantum fluctuation® An antiferrodistortive cubic-
standing the fundamental properties of ferroelectrics, detragonal phase transition occurs at 105 K, which involves
knowledge of lattice dynamics in BST is indispensable forthe rotation of the Ti-O octahedra. The tetragonal structure
basic and applied research of this material. For ferroelectricgl/mmmis still centrosymmetric and, hence, not ferroelectric.
the lowest frequency transverse optical phonon, the soft The perovskite crystal structure has five atofose for-
mode, is of particular importance. Its eigenfrequency apimula uniy per unit cell, therefore, there are 12 optical vibra-
proaches zero at a critical temperaturg where a lattice tional modes. In the cubic phas®m the zone-center optical
instability leads to a ferroelectric phase transition. In thephonons belong to B,+F,, irreducible representations.
paraelectric phase, the zone-center optical phonons are coRach of the=, modes is triply degenerate, and all of them are
nected to the static dielectric constant via the Lyddaneof odd symmetry with respect to the inversion, therefore,
Sachs-Teller relation. Lattice dynamics of bulk single Raman inactive. ThE,, modes are infrared active, while the
crystal and polycrystalline BaTiD(BTO)**2 and SrTiQ F,, modes are silent. Upon transition to the tetragonal phase
(STO'“-1¢have been investigated extensively using varioustmmthe F,, modes split intoA; and E modes, and th&,,
experimental techniques including Raman scattering. Irphonon gives rise t@; and E modes. TheE modes are
comparison, despite the large number of studies dealing witdoubly degenerate. In the orthorhombic phase? the op-
BST, the investigation of lattice dynamical properties in thistical vibrations belong té\;, A,, B, andB, symmetry. In the
widely used device material is very limited. It is very diffi- lowest temperature, rhombohedral phase, the modes originat-
cult to find a lattice dynamics reference of BST single crys-ing from the cubicF,, phonons are split intA; and E
tals to assist the lattice dynamical studies of BST thin flmsmodes, while theF,, vibrations produced, and E modes.
The present work attempts to change this situation by prethe symmetridA; andE modes are Raman active. For #he
senting a detailed Raman study of vibrational spectra of BSphonons the atomic displacements are parallel tozthgis
single crystals. (polar axis in the ferroelectric phagewhile for theE modes

The pure compounds, BaTi@nd SrTiQ, have the same atoms vibrate in they plane perpendicular to the polar axis.
cubic perovskite structure in the high-temperature phaseAlso, in polar crystals, to which BST belongs, long-range
Barium titanate is a typical ferroelectric, which undergoeselectrostatic interaction results in additional splitting of each
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optical phonon branch into transver&0) and longitudinal magnetic resonance studi2slemonstrated the coexistence
(LO) modes. of both displacive and order-disorder components in the
In BTO, theF,, soft mode is heavily overdamped in the phase transition mechanism in BTO and the breakdown of
paraelectric cubic phage? The term “overdamping” usually local cubic symmetry due to the motion of Ti ions between
implies the ratiol'/w> 2, whereT is the phonon mode Off-center sites in the paraelectric phase. .
linewidth, andw is the mode frequency. Upon this condition ~ Experimental results have established that phase transi-
there is no distinct peak at finite frequency in Raman spectrdions in BTO have both displacive and order-disorder-like

In the tetragonal phase of BTO, the soft mode splits isgo ~ PrOPerties. Theoretical models were develdfed which
and E components, and th& soft mode remains over- describe the dynamics of ions as consisting of two compo-
damped.™® In the o7rthorhombic phase, Laabiet al20 re- nents with different time scale: rapid vibrations associated

ported the damping of the soft mode to decrease, so th\é’ith the soft phonons and slow relaxational modes. In inter-

.._mediate ferroelectrics like BaTithere is strong coupling
mode becomes underdamped below 253 K. At the transitio : .
to the rhombohedral phase, according to Laabidil 2 the Between the soft and relaxational modes, probably leading to

' ~ overdamping of the soft mode. First-principles theory of
soft mode abruptly stlffer_ls up te200 cni™. . ferroelectpricgphase transitions for Ba'EiQRepf. 33 alsg

The heavy overdamping of the soft mode in BTO hasghoys the phase transitions to be intermediate between
been attributed to the order-disorder character of the ferrogrqer-disorder and displacive character.
electric phase transition in this material. For a long time |5 contrast to BTO, STO remains paraelectric down to
since the discovery of ferroelectricity, barium titanate hadiow temperatures, the zone-center optical phonons remain
been considered as an example of displacive ferroeleétricsRaman inactive. The spectrum of STO crystal is dominated
supported by earlier neutréhRamari-?and hyper-Ramafi  py the second-order features. Application of an electric field
experiments, which demonstrated the existence of the soffreaks the inversion symmetry, thus allowing the observation
TO phonon mode and its softening in the paraelectric phasgf the soft mode by Raman scatterittgThe soft mode is
with decreasing the temperature. However, the soft modgell defined and does not tend to zero as temperature de-
becomes highly overdamped near the Curie temperature, anfleases, saturating at32 K due to quantum fluctuations.
its frequency does not extrapolate to zeroTatA discrep-  The soft mode in STO exhibits no overdamping over the
ancy was observed neal& between the dielectric constant entire temperature range, and excellent agreement is ob-
obtained from capacitance measurements and from the soferved between the dielectric constant and the soft mode,
mode frequenCieS via Lyddane—SaChS-Teller relation. both in temperature and electric field dependéﬁd@o Sig-

The order-disorder picture was initially suggested forpjficant disorder effects have been observed in STO, and
BaTiO; in order to explain the observation of strong diffu- therefore it is considered as predominantly displacive-type
sive x-ray scattering’ It was later supported by the obser- ferroelectric. Due to the antiferrodistortive phase transition at
vation of the symmetry-forbidden first-order Raman lines105 K, sharp peaks d® modes, which are the zone-edge
aboveT,, in the cubic phase, and by electronic paramagnetigoint) phonons, become Raman active via double folding of
resonance(EPR studies’®> An eight-site order-disorder the Brillouin zonet4
model was proposed, in which the Ti ions in the paraelectric = Since the pure BTO and STO show different behavior, the
phase do not reside in the center of the cubic unit cell. Inproperties of solid solution B&r,_TiO5 can be expected to
stead there are eight equivalent off-center energy minimayolve with composition. The order-disorder behayisuch
located along111] directions. In the high-temperature phase 55 overdamping should be enhanced with increasing Ba
all sites are occupied by Ti ion with equal probability, and contents. However, the experimental results of lattice dynam-
the average symmetry is cubic. Four sites become preferefes in BST are very limited. So far, Lemardweported the
tially occupied in the tetragonal phase, only two nearestmost detailed Raman scattering result in BST. They mea-
neighbor sites are the most probably occupied in the orthosured at 6 K the concentration dependence of Raman lines in
rhombic phase, and only one site remains occupied IBST with x=0 to 1, mostly in ceramic samples. The low-
rhombohedral phase. Thab initio calculations of the total temperature Raman lines were assigned to various phonon
energy as a function of Ti ion displaceméfitsn the cubic  modes. No temperature dependence of the Raman spectra
phase show the presence of absolute energy minima at tkgnd phonon modes was reported in this work. A micro-
[111] off-center positions, while localthigher energy  Raman study of Dobalet al3® focused on the cubic-
minima exist for[100] displacements. The low-frequency tetragonal phase transition temperature as a function of com-
(~10° Hz) motion of Ti ion between equivalent off-center positionx in Ba-rich BgSr,_,TiO5 ceramics(x=0.65—1.0.
cites was suggested to be responsible for the discrepandy another study® Naik et al. reported Raman spectra of
between the dielectric constant and soft mode behavior neaeramic bulk and thin-film samples of polycrystalline BST
the Curie temperature. This relaxational motion leads to thevith x=0.7—1.0 between room temperature and 350°C. The
appearance of intensive low-frequency near-excitation scatess of intensity of several tetragonal-phase phonon modes
tering in Raman spectr@o-called central peakThe obser- was used to determine the ferroelectric to paraelectric phase-
vation of a central peak in the Raman spectra of Bafi®  transition temperatures. In these Ba-rich compositions, they
provided the evidence of such a slow relaxational motionobserved broad first-order Raman features well beybnd
Later femtosecond time-resolved stimulated Ramarsimilar to the behavior of pure BTO. Kuet al3’ reported
measurement$ allowed one to distinguish between over- Raman and x-ray diffraction studies of polycrystalline BST
damped soft modes and relaxational modes. Recent nucleaamples in the entire composition range at room temperature.
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At this temperature, they found that BST is ferroelectric forCO, laser(55 W maximum powerwas focused to form a
x=0.7. hot zone on the rod. The temperature of the hot zone was
There have been several Raman studies of BST thin filmggept around theliquidus line temperature. The rod was
whose lattice dynamical properties are influenced by straimoved slowly with respect to the molten zone at a pull rate
and defects in the films. By measuring the soft modeadjusted according to the BST composition. The LHPG pro-
phonons in epitaxial BST films witlk=0.05, 0.1, 0.2, 0.35, cess produced BST crystals with 15 mm in length and
and 0.5, we found that the lattice dynamical behaviors in th€.8 mm in diameter. X-ray diffraction showed single phase
films are strikingly similar to those in relaxor ferroelectrics, and from the Laue back reflection patterns the growth direc-
which was explained by the existence of polar nanoregionsion was identified ag110), the same as that of the seed
in the thin films3839 Petzelt and Ostapchukt al*® also  crystal. The crystals studied in this work ared.8 mm in
pointed out an important difference in the soft mode behavyiameter and 2—3 mm in length with polish&HL0), (1?1),

ior of BST thin films and ceramics, such as the soft mOdeand (001) faces. The BTO single crysta=0 was obtained
hardening in thin films and presence of the symmetry-. o MTI Corp .(Richmond CA

forbidden first-order Raman peaks in the spectra of paraelec-
tric phase. They attributed these effects to polar grain bounds-p
aries, porosity and other structural distortions in films.

Raman spectra were recorded using a SPEX Triplemate
ectrometer equipped with a liquid-nitrogen-cooled multi-

a1 : _.channel coupled-charge-device detector. The samples were
Yuzyuket al.™ applied Raman spectroscopy to study Ba rIChattached to the cold finger inside a continuous He flow cry-

(x=0.59 BaSn,TiO; films grown on MgO substrates, fo- ostat. Spectra were recorded in backscattering geometry in

cusing mainly on the strain effects on the ferroelectric phas?arallelz(x,x)?and perpendiculaz(x,y)z polarization con-
i

transitions in films. They observed the soft phonon modes i gurations. [z axis in most cases was parallel to tHELO)
irection of initial cubic phase, for BaSr, sTiO5 crystal we

the spectra of thin films and studied the influence of compoy,
measured the spectra alon@01) direction, too] The

sition variation on the soft modes. Kiet al*? studied the
effect of crystallinity on the microwave dielectric losses in 14.5 nm A} laser line was used for excitation. The laser
eam was focused to a spot 6300 um diameter, and the

BST films and found the correlation between the increase
dielectric loss and the symmetry-breaking defects evidence dser power density was kept at a low le¢el30 W/cn?) to
avoid sample heating.

by Raman spectra.
Given the technological importance of the BST material,
in both bulk and thin film forms, it is imperative to have a

comprehensive understanding of its lattice dynamical prop- IIl. RESULTS AND DISCUSSION
erties, preferably measured using high quality single crystals
which are free from extrinsic effects due to strain and defects A. Raman spectra atT=5 K

as in thin films. The existing results in the literature, although Raman spectra of BST Crysta|s measured ab K for
very informative and important, have not provided such ax=0 (STO), 0.05, 0.1, 0.2, 0.35, 0.5, and(BTO) are pre-
comprehensive picture of lattice dynamics in BST. There isented in Fig. 1. The spectra of pure BTO and STO crystals
no lattice dynamics study based on BST single crystals. Iyre in agreement with those in the literatffe->-15STO re-
this work we present a detailed Raman study of BST singlgnains paraelectric down to low temperatures, and the zone-
crystals with different compositions and measured betweegenter optical phonons remain Raman inactive. The spectrum
5-300 K. We found that for low Ba conteft<0.2) the soft  of STO crystal is dominated by the second-order features.
modes extrapolate to zero @ and remain underdamped, Sharp peaks at 45, 144, and 444 ¢rare ofR modes, which
indicating a displacive type of the ferroelectric phase transiare zone-edgé€R point) phonons becoming Raman active
tion. Forx=0.2, the soft modes become heavily damped inbecause of the double folding of the Brillouin zone due to
the orthorhombic and tetragonal phases, and the ordestructural phase transition at 105'K.
disorder-type behavior becomes stronger with increasing Ba Addition of Ba to STO changes the low-temperature lat-
content. No first-order Raman scattering in the cubic phas@ice dynamics significantly. Fax=0.05 the crystal becomes
of BST is observed for all compositions studied<0.5), in  ferroelectric at about 60 K and, increases withx. Conse-
contrast to pure BTO. These single crystal results can bguently, the low temperature Raman spectra of the BST crys-
used as a reference point for the understanding of the latticeils are dominated by the first order peaks. Two distinct lines
dynamical properties in BST ceramics and thin films. of the TQ, phonons, the soft modes #fand E symmetries,
are seen in the low-frequency range, their frequencies being
25 and 47 cimt, respectively, for BgysSr, ¢sTiO5, and de-
pending strongly on temperature and the composition of the
The lack of literature data on BST single crystals may becrystals. The soft mode behavior will be considered in detalil
due to the difficulties in growing high purity crystals. The in the next section. Other, higher frequency phongrerd
BST single crystals witkx=0.05, 0.1, 0.2, 0.35, and 0.5 for mode$ are also observed, whose frequencies change slowly
this study were grown by laser-heated pedestal growtlwith composition. The spectra shown in Fig. 1 were mea-
(LHPG) technique®® Dense ceramics of BST with homog- sured in the scattering geometry with parallel polarizations
enous microstructure and small grains were first prepared bgf incident and scattered light. We did not observe any de-
the solid state reaction and cut into rods of 20 mthmm  pendence of the spectra on the polarization configuration,
X1 mm in size. During the growth, the laser radiation of aeven for the spectra measured along tB@1) direction of

Il. EXPERIMENTAL DETAILS
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FIG. 1. Raman spectra of Bar;_,TiO5 crystals at 5 K. The
spectra of pure SrTiQand BaTiQ crystals are also shown. The
peaks labele®R in the spectra of STO crystals are the structural A
modes. Vertical dashed-dotted lines are guides to the eye. 50 100 150 200

Raman shift (cm™)

initial cubic phase. This is likely because our crystals were

not poled during cooling down to low temperatures, and FIG. 2. Temperature e\_/olution of low-frequency Raman spectra

there are different domain orientations in the ferroelectricof BaShTiOs crystals withx=0.05, 0.1, 0.35, and 0.ga~(d),

phases. Therefore the low temperature spectra of the crystdfgSPectively. Dashed-dotted lines indicate the soft modes.

in both polarization configurations contain all the Raman ac-

tive phonon modes. whereas in pure BTO, the frequency of theli@ode of A,
The frequencies of observed phonon lines at 5 K for allsymmetry is clearly higher than that of the L@ode, and

compositions are given in Table I. The following phonon thus well separatett.In Ba, S sTiO3 crystal, the shoulder

modes are present in the spectra of BST crystals ghalh- on the low-frequency side of the T(peak (more clearly

zero Ba concentrations studied: the T®oft mode(A,; and ~ seen in Fig. 2is likely due to the LQ mode. The separation

E components TO,+L0O,;, TO3+L0O,, LO;, TO,, and LQ, between these modes increases witland forx=0.5 it be-

modes. Mode assignment is based on the literature data féomes large enough to distinguish the modes in Raman spec-

pure STO and BTO crystals. It has been shown that in STOya. Therefore, the Raman lines labeled as,#00, are as-

the frequencies of TQand LO, phonons nearly coincid®;'6  sumed to contain contributions from both TO and LO modes.

It has been shown that in ST®as well as in BTG, the

TABLE I. Frequenciescm™) of observed lines in the Raman frequencies of T@and LG, phonons also nearly coincide.

spectra of BST crystals of all compositiorsat T=5 K. Arrows in ~ Therefore, the Raman lines labeled as;¥QO, are also

the LO; column indicate that this mode was not distinguished fromassumed to contain contributions from both TO and LO

the TG, for all compositions except 0.5. modes. The LQphonon line is broad, which is probably due

to an overlap with the second-order Raman features. This
X TO,; LO; TO, TOz;and LO, LO; TO, LO,4 mode was observed at 795 thfor pure STO by hyper-

E A Raman scatterint
It should be noted that in the spectra ofyBgbry 957105

005 25 47 — 170 264 475 548 789  crystal the structuraR modes already disappeared, indicat-
01 40 70 — 171 268 475 547 787 ing that there is no antiferrodistortive phase transitionxor
0.2 56 94 — 172 274 475 544 780 =0.05. This is consistent with the phase diagram for
035 66 104 — 173 276 473 542 778 BaSnTiOs reported by Lemanoet al*®
05 97 155 174 191 204 476 535 747  Several bands have been observed in the spectra of

BST crystals in the frequency ranges 200-300 and
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600—750 cit. These broad bands are attributed to the
second-order Raman scattering, similarly to the bands ob-
served in pure ST In STO these second-order bands
dominate the spectra in the entire temperature range. Their
detailed assignment to various two-phonon processes in STO
was made by Nilsen and Skinnérin the BST crystals, the
second-order lines appear at the similar positi@sscan be
seen in Fig. 1, but they have much weaker intensities com-
pared to the first-order TO peaks in the ferroelectric phases.
The temperature behavior of the second-order features is dis-
tinctly different from that of the first-order peaks. As it is
discussed below, the first-order lines disappear in the
paraelectric phase, while the second-order features remain in
the spectra in the entire temperature range, including the cu-
bic phase.

100

TK)

_ FIG. 3. Temperature dependence of tBeand A; soft mode
Another weak band at about 120130 ér(iabeledDA frequenciegleft and right panels, respectivelfor all compositions

in Fig. 1) is seen in the spectra of BST crystals, and itSyf g5 crystals studied. Inset shows the composition dependence of
intensity increases with. Lemanov mentioned an observa- e o, —E mode splitting at 5 K.

tion of this feature in Raman spectra of BST ceramics and
attributed it to the first-order Raman scattering by non-zonepolarization®® The fact that the; mode frequency does not
center phonons activated by alloy disoréfelhis seems to  tend to zero afl, is evidence that the polarization has dis-
be a reasonable explanation since this feature is not seen dontinuity at this point. The ferroelectric phase transition is
pure STO, and its intensity increases withi.e., increased known to be of the first order for BTO, and it becomes of the
degree of alloying. second order fox< 0.2. This is consistent with the results of
dielectric studies of BST ceramics by Lemarehal X In the
Bay 5S1p 5TiO; crystal the temperature dependence of Ahe
mode frequency undergoes small jump-~at75 K and in-
Figure 2 shows the low-frequency Raman spectrdlection at~145 K, indicating the tetragonal-orthorhombic
(15-200 cm?) of BaSr,_,TiO5 crystals withx=0.05, 0.1, and orthorhombic-rhombohedral phase transitions.
0.35, and 0.5 as a function of temperature. These spectra Our results of BST crystals show a dramatically reduced
illustrate the following features in the temperature evolutioncoupling in the tetragonal phase between #jesoft mode
of the phonon lines(i) bothE andA, components of the TO  and the TQ hard mode ofA; symmetry characteristic of the
mode clearly demonstrate softening with increasing tempergpure BTO%4 In BTO, the two peaks merge into a broad
ture; (i) the linewidth(damping of the soft modes increases band centered at about 250 ¢mat T.. The characteristic
with temperatureiii ) in contrast to the TOmodes, the hard features of theA; phonon spectrum in BTO—the interfer-
mode frequencies remain nearly unchanged over the entience of the sharp TQine with the broad T@ mode and the
temperature range of ferroelectric phadbss can be seen in broad asymmetric T9Qand TQ, features—were interpreted
Fig. 2 showing both the TDand the TQ modes; (iv) the by the coupling between these three modespfymmetry
first-order Raman lines decrease in intensity as the temperselated to the disorder behavftt? Some indications of
ture approaches the ferroelectric-paraelectric phase transition
(T.), and disappear completely aboVg so0p " T T
The temperature dependence of tand A; soft mode I )
frequencies is shown in Fig. 3. The low-temperature soft [
mode frequencies are higher and the-E splitting is larger 200
for higher Ba content, indicating an increasing spontaneous [
polarization withx. According to the BST phase diagram of I
Lemanovet al 8 obtained from the dielectric studies of BST 100
ceramics, which is plotted in Fig. 4 by the dotted lines, all I
the data for thé&e mode presented in Fig(& correspond to [
the rhombohedral phase. THe mode frequency decreases e
with increasing temperature while its linewidtdamping 00 01 02 03 04 05 06
increases, and the peak of this mode becomes undistinguish- Ba content x

able in the orthorhombic phase. The splitting of the double £ 4. The ranges of the intensive low-frequency scattering as
degenerate@ mode of the rhombohedral phase into B¢ 3 function of Ba contents for Ba,Sr;_,TiO; crystals(vertical bars.
andB, components in the orthorhombic phase were not obppen circles show the ferroelectric phase transition temperatures
served. TheA; mode frequency tends to zero when the tem-for crystals as determined from the intensities of the first-order Ra-
perature approacheg, in BST crystals withx=<0.2, but  man peaks. Triangles indicate the positions of peaks in the tempera-
shows much less softening for higherThe square of thd;  ture dependence of the dielectric constant. Dotted lines represent
soft mode frequency is proportional to the spontaneoushe phase diagram for bulk BSRef. 18.

B. Temperature evolution of the soft phonon modes

T(K)
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the A; mode coupling can be seen in the spectra ofdamped soft mode, we believe that the intensive low-
Bay sSIpsTiO5 crystal, e.g., asymmetry of the Treak in  frequency Raman scattering in BST, similarly to BTO, in-
the temperature range 100—225 K. However, the coupling isludes the contribution of both heavily damped soft mode
much less pronounced than in pure BTO, and there is nand relaxational motion.
sharp interference dip between the T&hd TG modes as in Figure 4 shows the temperature ranges of Ehenode
pure BTO. Further, as clearly seen in Fig. 2, the couplingoverdamping for all compositions of BST crystals measured,
decreases with decreasing Ba content. This is consistent with comparison with the phase diagram for BSTHere un-
the results by Kuet al.3” who also observed disappearanceder the “range of overdamping” we mean the temperatures
of the interference dips between thg¢ TO; and TQ modes  where the intensive low-frequency scattering was observed,
in the Raman spectra of BST for Ba compositions 0.6,  and the soft mode is undistinguishable in the spectsone
which is in the cubic phase at room temperature and thean see, the intensive low-frequency scattering in BST crys-
Raman spectra are dominated by the second-order featureals occurs mostly in the orthorhombic and tetragonal phases.
Our results demonstrate the same, as the BST crystals of dlhe E soft mode is not overdamped in the rhombohedral
compositions studied in the present paper are paraelectric phase, and it is not seen in the spectra abbyebecoming
room temperature and show no first-order Raman scatteringraman inactive in the cubic phagét should be noted that
In Ba,Sr,_,TiO5 of the compositions studied here the according to the phase diagram of BST obtained by
peaks ofA; (TO;) and A, (TO,) modes remain distinctly Lemanovet al!® the temperature of 140 K corresponds to
separated in the entire temperature range below ththe orthorhombic phase for=0.5, but the spectra of our
ferroelectric-paraelectric phase transition, as shown in Figcrystal at this temperature indicate that the crystal is likely to
2(d). The A; soft mode disappears at, while theA; TO,  be in rhombohedral phagéAs the temperatures of the three
mode merges with the second-order Raman line centered phase transitions converge with decreasinghe range of
~225 cm? and then disappears as well. This behavior al-overdamping narrows. Overdamping was not observed for
lows us to use the vanishing intensity of tAgsoft mode to  BST crystals withx=0.1 and 0.05.
determineT,, in particular in the case of a first-order phase Since the three phase transitions in BTO and BST with
transition when the polarization has a discontinuitfatand x=0.2 are related to the order-disorder effects, and the
the A; soft mode does not tend to the same frequenci as lowest-temperature phase is completely ordered, one can
mode at the phase transition temperature. This approach @iggest that there will be no overdamping in the rhombohe-
very useful for BST thin films where dielectric measure-dral phase. Fox<0.2, where only one ferroelectric phase
ments do not always allow the determination of the phasexists, the displacive behavior should be dominant, and the
transition temperatur®. For BST crystals with low Ba con- soft mode is not overdamped as we have observed experi-
tent no signs of thé,; mode coupling have been observed in mentally. The above mentioned fact that coupling of #e
the spectra. modes in BgsSrysTiO3 crystals is much less pronounced
Another difference in the soft mode behavior of BST compared to pure BaTi)and disappearance of the coupling
crystals with different Ba contents is tiiesoft mode damp- for smallerx also indicates decreased degree of disorder for
ing. In pure BaTiQ the soft mode is heavily overdamped at crystals with lower Ba content.
the temperatures nedg,’~® and remains overdamped in te-
tragonal phase. In the orthorhombic phase of BTO, Laabidi
et al2° showed that the soft mode is also heavily damped  C. Hard modes: The composition and temperature
(T'/w>1) in the entire temperature range of the orthorhom- dependences
bic phase, although the damping decreases with temperature, |n this section we consider the behavior of optical

and below 253 KI'/ w<+2, which allows one to consider phonons other than the TO-the hard modes. Figure 5
the mode to be underdamped. However, intensive lowshows the variation of the hard mode frequencies with Ba
frequency, near-excitation scattering persists in the Ramagontentx at T=5 K. Our data for the composition range stud-
spectra of the orthorhombic phase, and disappears at thed complement the data reported by Lema¥idy present-
orthorhombic-rhombohedral phase transitfiwe observed ing the mode assignment and making clear distinction be-
similar behavior in BST crystals of high Ba conte(® tween the first- and second-order Raman features, which
=0.2). The spectra of the BST crystals in the orthorhombicwere presented in the Ref. 34 together in the same graphs.
phase[e.g., Fig. 2d) at the temperatures 150, 16Q lire  Also, we add the data for the l{phonon. This weak line
similar to those presented by Laabétial. for orthorhombic  presents the spectra of all BST compositions studied, as well
BTO. Drastic increase of the low-frequency scattering at theas pure BaTiQ For STO, it was observed at 475 cthby
transition from the rhombohedral to orthorhombic phase ihyper-Raman scatteriri§.
clearly seen[See Fig. 2d), the spectra of BaSrsTiO3 Most hard modes exhibit a weak decrease of their fre-
crystals at 140 K(rhombohedral phageand 150 K(ortho-  quencies with increasing temperature. The frequency shift is
rhombic phasg or Fig. Ac) the spectra of BgssSlhesT1O3  more noticeable in BST crystals with largerwhich remain
crystals at 100 and 120 K. in ferroelectric phase up to higher temperatures, making pos-
The low-frequency near-excitation scattering in BTO wassible the observation of the phonon lines in Raman spectra
related to the central peak, which is attributed to the relaxover broader temperature range. Figure 6 shows the tempera-
ational motion of the off-center Ti iorf$-27 Although our  ture dependence of the T@nd TQ, phonon frequencies for
data do not allow us to distinguish the central peak from theall compositions studied. These two modes show the most
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of TO, and TQ, phonons as well as the T@A; soft modeg for
FIG. 5. Composition dependence of the hard phonon mode freg, .Sr, .TiO5 crystals. Each mode intensity is normalized by the
quencies at 5 K. Dotted lines are guides to the eye. The half-soligggse factomn+1=(1-exgd—%w/kT))™%, and divided by the corre-
circles label the TQand LO, modes, undistinguishable in spectra. sponding intensity at 5 K. Inset shows the enlarged part of the
figure near thel. (logarithmic scalg
significant changes with temperature. For

ﬂgﬁ%&%%ig@ns ev>\<lci:tipt Oiﬁgrezgi?]znontg;qpueergﬁlﬁz declr:eoarorthorhombic-rhombohedral phase transitions. The pro-
: y nounced jumps of the TOmode frequency at these phase
BaysS1psTiO; crystals the TQ mode frequency decreases transitioné arg characterigg for Ba‘Ei@rys%/aIs‘?vlzv13 P
\rl‘vgzrl'még?:g%ttimptirit%eKUpv\tlﬂ;ZOilit.iﬁ'ﬂo SK’JhefgrrearEg'lﬂs Figure 7 shows the temperature dependence of the hard
5 m_yl This beh Fi/i - corr I’t with tjh tp ; tp ft mode intensities. T_he!\l TO; soft mode intensity is also
cm=. 1his behavior correlates at of t soft  ghown, The intensities are normalized by the Bose fator
N +1=(1-exg~%w/kT))™%, and divided by the intensity of the
55°E ' "o, ] corresponding mode at 5 K. Thg soft mode exists in ferro-

ggode (Fig. 3), indicating the tetragonal-orthorhombic and

DWQQ ‘] electric phases only. Its intensity decreases as the tempera-
1 ture approaches thg, from below, and vanishes &, as it

was mentioned in the preceding section. The Raman intensi-

ties of the hard modes also decrease with increasing tempera-

ture and the phonon lines disappear abdyebecoming Ra-

man inactive due to the symmetry selection rules.

Again, the behavior of the T{and TQ, phonon modes in
BST is different from that in pure BaTiQIn BTO, the broad
features at 260 and 530 Cfare observe&?% and assigned
to the TO modes, having, symmetry in tetragonal phase
and remaining in the spectra upon the transition into the
cubic phasé.More recent studies reported the temperature
evolution of the Raman spectra of BTO in tetragonal and
cubic phase$!*8 have clearly demonstrated that these fea-
tures are due to the first-order Raman scattering by TO
phonons, which persist in the spectra up to the temperatures
well above the tetragonal-cubic phase transition in BTO. The
breakdown of the Raman selection rules was attributed to the
order-disorder behavior—the off-center motion of Ti ions lo-
cally breaking the inversion symmeft§/® The absence of the
first-order Raman lines in the spectra of cubic phase of
Ba,Sr,_, TiO5 with x<0.5 studied here, indicates that BST

FIG. 6. Temperature dependence of the,T&dd TQ phonon  has a significantly lower degree of disorder compared to
frequencies for Bgr, TiO5 crystals. BTO.
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The fact that the selection rules are obeyed in BST allowd®ehavior characteristic for the order-disorder phase transi-
one to determine th&, from the temperature dependence oftions becomes less noticeable with decreasing Ba content.
Raman intensities. As one can see from Fig. 7, the intensitieBaSr,_,TiO; with x<0.2 can be considered as predomi-
of both hard modes and thfg soft mode vanish at the same nantly displacive type ferroelectrics with single ferroelectric
temperature. Similar behavior was observed for BST crystalphase and well-defined soft mode in the entire temperature
of all compositions studied. range. The composition and temperature dependencies of the

It should be noted that in thin films the symmetry selec-hard phonon modes shows that other features of the disorder
tion rules are not strictly obeyed because of defects, anbehavior characteristic for pure BaTjGuch as the coupling
weak features of the hard modes are seen in Raman specttithe TO modes of thé; symmetry and the presence of the
even in the cubic phas€ This makes it more difficult to use first-order Raman peaks in the cubic phase, are much less
Raman intensity of the hard modes to determipeBut the  pronounced in BST. The weak indications of the mode
A, soft mode still can be used if the phase transition is of thecoupling were observed for BgSr, sTiO5 crystals only, and
first order, as it was discussed in Sec. lll B. In this case theéhe first-order scattering in the paraelectric phase was not
polarization has a discontinuity &, and theA; mode ap- observed in the BST crystals of all the compositions studied.
pears in the ferroelectric phase at a frequency, at which no The TO, A; soft mode frequency decreases significantly

phonon mode exists in the cubic phase. and tends to merge with the mode when temperature ap-
proachedl; from below in BST crystals witlx=< 0.2, but the
IV. SUMMARY A; mode shows much less softening in crystals with higher

) ) _ Ba content. This indicates that the polarization is discontinu-
~We have studied the phonon properties o§&a,TiO3  ous atT, in crystals withx> 0.2, but the discontinuity appar-
single crystals withx=0.05, 0.1, 0.2, 0.35 and 0.5 by Raman ently disappears for smallet, i.e., the ferroelectric phase
spectroscopy in the temperature range 5-300 K. At low teMyransition known to be of the first order for pure BaTj@s

peratures two components of the T€bft phonon, th& and 150 of the first order in B&r,_,TiO5 with high Ba content,
A; modes have been observed for all compositions studiegy;t turns into the second order far 0.2.

Heavy damping of the soft mode and the intensive low-
frequency Raman scattering related to the order-disorder be-
havior are observed in BST crystals witk=0.2 in the tem-
perature and composition diapason of the orthorhombic and This work was partially supported by DOE under Grant
tetragonal phases. There is no soft mode overdamping in thdo. DE-FG02-01ER45907, by DARPA under Grant No.
rhombohedral phase, which is completely ordered, and thBABT63-98-1-002, and by NSF under Grant No. DMR-
soft mode is Raman inactive in the cubic phase of BST. Th&103354.

ACKNOWLEDGMENTS

*Electronic address: datl0@psu.edu 14256(1998.
1F. Jona and G. ShiranEgrroelectric CrystalgDover, New York, 13M. Osada, M. Kakihana, S. Wada, T. Noma, and W.-S. Cho, Appl.
1993. Phys. Lett. 75, 3393(1999.

2M. E. Lines and A. M. GlassPrinciples and Applications of *W. G. Nilsen and J. G. Skinner, J. Chem. Ph¢8, 2240(1969.
Ferroelectrics and Related Materia(©xford University Press, 1°P. A. Fleury and J. M. Worlock, Phys. Re%74, 613(1968.

New York, 1977. 164, Vogt and G. Rossbroich, Phys. Rev. B}, 3086 (1981); H.
3Thin Film Ferroelectric Materials and Devicesdited by R. Vogt, ibid. 38, 5699(1988.

Ramesh(Kluwer Academic, Boston, 1997 17]_andolt-Bornstein Numerical Data and Functional Relationships
“4Ferroelectric Thin Films: Synthesis and Basic Propertiedited in Science and TechnologWNew Series, Group lIl, Vol. 16

by C. P. de Araujo, J. F. Scott, and G. W. Tay(@ordon and (Springer, New York, 1981 p. 67.

Breach, Amsterdam, 1996 18y V. Lemanov, E. P. Smirnova, P. P. Syrnikov, and E. A. Tara-
5W. Cochran, Adv. Phys9, 387 (1960. kanov, Phys. Rev. B4, 3151(1996.
6C. H. Perry and D. B. Hall, Phys. Rev. Lett5, 700(1965. 19K. A. Miiller and H. Burkard, Phys. Rev. B9, 3593(1979.

M. DiDomenico, Jr., S. P. S. Porto, and S. H. Wemple, Phys. ReV?°K. Laabidi, M. D. Fontana, and B. Jannot, Solid State Commun.
Lett. 19, 855(196%; M. DiDomenico, Jr., S. H. Wemple, S. P. 76, 765(1990.

S. Porto, and R. P. Bauman, Phys. R&V4, 522 (1968). 213. Harada, J. D. Axe, and G. Shirane, Phys. Red, B55(1971).
8A. Scalabrin, A. S. Chaves, D. S. Shim, and S. P. S. Porto, Phy$?R. Comes, M. Lambert, and A. Guinier, Solid State Comm@in.

Status Solidi B79, 731 (1977). 715 (1968; Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
9G. Burns and F. H. Dacol, Phys. Rev. B3, 5750(1978). Theor. Gen. Crystallogr26, 244 (1970.

10H. Vogt, J. A. Sanjurjo, and G. Rossbroich, Phys. Rev28  22K. A. Miiller and W. Berlinger, Phys. Rev. B4, 6130(1986.
5904(1982; H. Presting, J. A. Sanjurjo, and H. Vodhid. 28, 24R. E. Cohen and H. Krakauer, Phys. Rev4R, 6416(1990).
6097 (1983. 25J. P. Sokoloff, L. L. Chase, and D. Rytz, Phys. Rev.3B, 597

113, D. Freire and R. S. Katiyar, Phys. Rev.3, 2074(19889). (1989; 40, 788(1989.

12U. D. Venkateswaran, V. M. Naik, and R. Naik, Phys. Rev5&  26M. D. Fontana, K. Laabidi, and B. Jannot, J. Phys.: Condens.

174302-8



LATTICE DYNAMICS IN Ba,Sr,_TiO3 SINGLE... PHYSICAL REVIEW B 70, 174302(2004)

Matter 6, 8923(1994. 67, 012302(2003.
27T. P. Dougherty, G. P. Wiederrecht, K. A. Nelson, M. H. Garrett, 403, Petzelt and T. Ostapchuk, Ferroelectr27, 93 (2002).
H. P. Jenssen, and C. Warde, Phys. Re\b@ 8996(1994). 41yu. 1. Yuzyuk, V. A. Alyoshin, I. N. Zakharchenko, E. V. Sviri-
28B, Zalar, V. V. Laguta, and R. Blinc, Phys. Rev. Le®0, 037601 dov, A. Almeida, and M. R. Chaves, Phys. Rev.68, 134107
(2003, (2002; Yu. I. Yuzyuk, P. Simon, I. N. Zakharchenko, V. A.

29M. Stachiotti, A. Dobry, R. Migoni, and A. Bussmann-Holder,
Phys. Rev. B47, 2473(1993.

30A. Bussmann-Holder, J. Phys. Chem. Sol6id 1445(1996.

31y, Girshberg and Y. Yakobi, J. Phys.: Condens. Mattér 9807

Alyoshin, and E. V. Sviridovjbid. 66, 052103(2002; Yu. .
Yuzyuk, J. L. Sauvajol, P. Simon, V. L. Lorman, V. A. Alyoshin,
I. N. Zakharchenko, and E. V. Sviridov, J. Appl. Phy&3, 9930

(1999. (2003; Yu. I. Yuzyuk, R. S. Katiyar, V. A. Alyoshin, I. N. Za-
324, J. Bakker, Phys. Rev. B2, 4093(1995. kharchenko, D. A. Markov, and E. V. Sviridov, Phys. Rev6B,
33W. Zhong, D. Vanderbilt, and K. M. Rabe, Phys. Rev. Lét8, 10410.4(2003- .

1861(1994; Phys. Rev. B52, 6301(1995. 42T.-G. Kim, J. Oh, T. Moon, Y. Kim, B. Park, Y.-T. Lee, and S.
34V, V. Lemanov, Phys. Solid Stat89, 318(1997). Nam, J. Mater. Res18, 682(2003.
3p, S, Dobal, A. Dixit, R. S. Katiyar, D. Garcia, R. Guo, and A. S. “*D. Garcia, R. Guo, and A. S. Bhalla, Integr. Ferroeleé®, 57

Bhalla, J. Raman Spectros82, 147 (2001J). (2002.

36R. Naik, J. J. Nazarko, C. S. Flattery, U. D. Venkateswaran, V. M.*A. S. Chaves, R. S. Katiyar, and S. P. S. Porto, Phys. Rel0B
Naik, M. S. Mohammed, G. W. Auner, J. V. Mantese, N. W. 3522(1974).
Schubring, A. L. Micheli, and A. B. Catalan, Phys. Rev.@, 450. G. Vendik and S. P. Zubko, J. Appl. Phy&8, 5343(2000).

11 367(2000. 46M. P. Fontana and M. Lambert, Solid State Commu, 1
87S.-Y. Kuo, W.-Y. Liao, and W.-F. Hsieh, Phys. Rev.@}, 224103 (1972.

(2002). 47S. Wada, T. Suzuki, M. Osada, M. Kakihana, and T. Naoma, Jpn.
38D, A. Tenne, A. M. Clark, A. R. James, K. Chen, and X. X. Xi, J. Appl. Phys., Part 137, 5385(1998.

Appl. Phys. Lett.79, 3836(2001). 48y.-J. Jiang, L.-Z. Zeng, R.-P. Wang, Y. Zhu, and Y.-L. Liu, J.
39D. A. Tenne, A. Soukiassian, M. H. Zhu, A. M. Clark, X. X. Xi, Raman Spectros@7, 31(1996); L. M. Li, Y.-J. Jiang, and L.-Z.

H. Choosuwan, Qi He, R. Guo, and A. S. Bhalla, Phys. Rev. B Zeng, ibid. 27, 503(1996.

174302-9



